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ABSTRACT

Morphological comparisons, hybridization experiments,
and molecular phylogenetic analyses using the RUBISCO
spacer region were undertaken on 12 populations of Cal-
oglossa leprieurii (Montagne) J. Agardh in order to clar-
ify their relationships. In addition, data from one popu-
lation of the morphologically similar but asexual species,
C. apomeiotica (West et Zuccarello), were included in the
assessment. Three morphological types were recognized on
the basis of the number of cell rows at nodes of the main
axis opposite to the lateral branch and blade width: single/
broad (with three mating groups), multiple/broad (three
mating groups) and multiple/slender (one mating group).
In the molecular analyses, C. leprieurii was resolved as
two clusters that correspond phenetically to the single and
multiple cell row types. Both the morphological and molec-
ular data indicate that the asexual species was derived
from sexual plants of the multiple cell row type. The repro-
ductive compatibility correlates with genetic distance rather
than geographical distance. Sympatric mating groups are
completely incompatible and have 10–21 nucleotide
changes in the examined region, whereas mating groups
that produce abnormal progeny or pseudocystocarps are al-
lopatrically distributed with 5–7 nucleotide changes. The
present data suggest that the two populations, one with
single and the other with multiple cell rows, which are
sympatrically distributed in southeastern Japan, have prob-
ably evolved by allopatric speciation. The single/broad type
that is restricted to the western Pacific, may have diverged
genetically between eastern and western Australia, with
subsequent dispersal from the western population as far as
Japan.
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Among the many models proposed for speciation,
one of the most widely accepted is allopatric speci-
ation, in which a population is divided by external
barriers, genetic exchange is interrupted and ge-
netic divergence accumulates between these dis-
junct populations, and reproductive isolation
evolves as a by-product of this genetic differentia-
tion. This model is based on observations of speci-
ation in terrestrial organisms. There have been rel-
atively few attempts to examine patterns and pro-
cesses of speciation in marine habitats (Palumbi
1994), because external barriers are often difficult
to detect and dispersal range and direction are still
unclear. In addition, widespread and continuous
marine populations make it difficult to delineate
population boundaries. The problem of recognizing
population boundaries is generally easier to address
in estuarine habitats than in the marine environ-
ment, because most estuaries are semi-isolated from
one another by fully marine regions. Members of
Bostrychia Montagne and Caloglossa J. Agardh are
representative red algae in such regions. Recent bio-
systematic studies on Bostrychia (West et al. 1993,
Zuccarello and West 1995, 1997) and Caloglossa (Ka-
miya et al. 1995, 1997) have demonstrated a number
of reproductively isolated entities within particular
taxa showing sympatric as well as allopatric distri-
butions. Furthermore, both genera include asexual
species in which neither gametophyte nor carpo-
sporophyte stages have been observed (West et al.
1992, 1994).

The present study is based on Caloglossa leprieurii
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TABLE 1. Abbreviation, species name, blade width type, locality, date of collection, and culture number of plants used in this study. Accession numbers
are recorded in the DDBJ, EMBL, and GenBank sequence databases.

Abbr. Species
Blade
width Locality Date Culture no.a Accession no. Isolator

AUS1 C. leprieurii broad Mangrove Bay, Exmouth,
Western Australia

8 Oct. 91 922,* 923, 924 D89954 M. Kamiya

AUS2 C. leprieurii broad Oak Beach, Queensland, Australia 20 Sep. 91 9,* 716, 727 D89955 M. Kamiya
AUS3 C. leprieurii broad Nielsen Park, Sydney, NSW, Australia 17 Oct. 91 880,* 886 D89956 M. Kamiya
CON
JPN1
JPN2
JPN3
JPN4
MEX
MON
OGA
PER
SAF
SGP1
SGP2
VZL

C. continua
C. leprieurii
C. leprieurii
C. leprieurii
C. leprieurii
C. apomeiotica
C. monosticha
C. ogasawaraensis
C. leprieurii
C. leprieurii
C. leprieurii
C. leprieurii
C. leprieurii

—
broad
broad
broad
slender
broad

—
—

broad
broad
broad
slender
broad

Kuriyama River, Chiba, Japan
Ôho River, Okinawa Is., Japan
Ôura River, Okinawa Is., Japan
Shimajiri, Miyako Is., Japan
Shimajiri, Miyako Is., Japan
Espiritu Santo Is., Mexico
Derby, Australia
Kido River, Chiba, Japan
Puerto Pizarro, Tumbes, Peru
Umlalazi, Natal, South Africa
Changi, Singapore
Ubin Is., Singapore
Laguna des Restinges, Isla

Margarita, Venezuela

14 Jul. 91
22 Nov. 91
8 Dec. 91
2 Apr. 91
2 Apr. 91

19 May 92
2 Oct. 91

22 Nov. 91
10 Feb. 90
4 Oct. 91

13 Jan. 93
13 Jan. 93
13 Apr. 91

639*
627, 631
902,* 903
731, 736,* 739
467, 472, 490*
910*
892*
596*
1048*
1053*
936, 937*
928, 932,* 935
1052*

D89950
—

D89949
D87813
D89951
D89948
D89960
D89961
D89959
D89957
D89953
D89952
D89958

M. Kamiya
M. Kamiya
M. Kamiya
M. Kamiya
M. Kamiya
M. Kamiya
M. Kamiya
M. Kamiya
J. A. West
J. A. West
M. Kamiya
M. Kamiya
J. A. West

a Cultures used in DNA analyses are indicated with asterisks.

(Montagne) J. Agardh and C. apomeiotica West et
Zuccarello. C. leprieurii is distributed worldwide and
is phenetically diverse, so its morphology has been
examined extensively (Post 1936, 1943, King and
Puttock 1994a), as has crossability between popula-
tions (West et al. 1993, Kamiya et al. 1995). At least
four reproductively isolated groups have been rec-
ognized around the western Pacific region (Kamiya
et al. 1995). These four groups, including two that
are sympatric in Japan or Singapore, could be as-
signed to three phenetic types based on both the
number of cell rows at nodes and blade width. Cal-
oglossa apomeiotica was described on the basis of a
complete lack of sexually reproductive stages, al-
though it has similar morphological and physiolog-
ical features to C. leprieurii (West et al. 1994). This
asexual species was reported only from Pacific Mex-
ico, and the southernmost asexual population was
1200 km distant from the northernmost eastern Pa-
cific population of C. leprieurii. It is, however, un-
clear whether this asexual species was derived from
a sexually reproducing population of C. leprieurii.

Caloglossa leprieurii and C. apomeiotica (referred to
here as the C. leprieurii complex) are likely appro-
priate species in which to study the patterns and
processes of algal speciation owing to the morpho-
logical and reproductive diversity among/within
their populations. The present study addresses the
following questions: can populations of C. leprieurii
be differentiated consistently on the basis of mor-
phology and mating group; if so are these popula-
tions recognizable in molecular phylogenetic analy-
sis; and are the data consistent with the origin of the
asexual species C. apomeiotica from C. leprieurii?

In addition to existing comparative data on C. le-
prieurii from the western Pacific (Kamiya et al.
1995), data were collected on the vegetative and re-
productive morphology for C. leprieurii from Peru,

South Africa, and Venezuela and for C. apomeiotica
from Pacific Mexico. Reproductive compatibility was
also tested between newly isolated and previously es-
tablished strains of C. leprieurii.

Molecular phylogenetic analyses based on the
RUBISCO spacer and the flanking regions of the
large (rbcL) and the small (rbcS) subunits were per-
formed to infer the inter/intraspecific relationships
of C. leprieurii and C. apomeiotica. Ribulose-1,5-bis-
phosphate carboxylase/oxygenase (RUBISCO) con-
sists of eight large and eight small subunits. The
large and small subunits are both encoded on the
plastid genome and are separated by a short spacer
in the Rhodophyta (Valentin and Zetsche 1990, Des-
tombe and Douglas 1991). Some workers have sug-
gested that the RUBISCO spacer is adequate to infer
a relationship among closely related species or
among populations within a species (Maggs et al.
1992, Goff et al. 1994, Stache-Crain et al. 1997, Zuc-
carello and West 1997).

The branching pattern of secondarily produced
blades has been considered as one of the most im-
portant characters for classification of Caloglossa spe-
cies (King and Puttock 1994a). The C. leprieurii com-
plex, C. continua (Okamura) King et Puttock, and
C. monosticha Kamiya produce only secondary en-
dogenous branches, whereas all the other species of
this genus, for example C. ogasawaraensis Okamura,
have adventitious ones. Thus, three additional spe-
cies, C. continua, C. monosticha, and as an outgroup,
C. ogasawaraensis, were included in the molecular
analyses.

MATERIALS AND METHODS

Methods of collection and culture and the crossing test are
described in Kamiya et al. (1997). Collections were made at the
localities indicated in Table 1 and Figure 1.

DNA analyses were completed for 15 isolates (indicated by as-
terisks in Table 1). Approximately 0.1 g wet weight of algal tissue
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FIG. 1. A map showing collection
sites of C. leprieurii and C. apomeiotica.
The abbreviations correspond to those
in Table 1.

FIGS. 2–3. Drawing of a part of thallus of C. leprieurii. Termi-
nology follows King and Puttock (1994a). Scale bar 5 200 mm.
FIG. 2. Surface view of nodal part of thallus. Transverse pericen-
tral cells and secondary pit connections are omitted. FIG. 3. Sec-
tional view of middle part of thallus. AB, abaxial side; AC, axial
cell; AD, adjacent side; AX, adaxial side; DPC, dorsal pericentral
cell; FLA, first axial cell of the lateral axis; FMA, first axial cell of
the main axis; LA, lateral axis; LPC, lateral pericentral cell; MA,
main axis; MC, marginal cell; NA, nodal axial cell; OP, opposite
side; VPC, ventral pericentral cell; WC, wing cell.

ground in liquid nitrogen was lysed with 400–600 mL UNSET buff-
er (8 M Urea, 2% SDS, 0.15 M NaCl, 1 mM EDTA, and 0.1 M
Tris-HCl, pH 7.5; Garriga et al. 1984) and incubated at 608 C for
1 h. Following lysis, total DNA was extracted by a standard phe-
nol/chloroform method and precipitated with ethanol (Sam-
brook et al. 1989). Phenol/chloroform extractions were repeated
until no interphase was present. Total DNA served as a template
for the polymerase chain reaction (PCR). The RUBISCO spacers
were amplified using primers containing sequences from the re-
gion 54 bp upstream from the 39 terminus of the rbcL gene and
complementary to the region 151 bp downstream from the 59
terminus of the rbcS gene, 59-TATACTTCTACAGACACAGCTGA-
39 (primer rbc-1) and 59-TGTAAAACGACGGCCAGTA(CT)(AG)
TCAAA(AT)AA(AT)GG(AT)A(AG)(AT)CCCCA-39 (primer rbc-
4.2), respectively. The latter primer was synthesized in the mixed
form and was added to the M-13 universal forward sequence (18

bp) at the 59 terminus. Each 100 mL of PCR reaction mixture
containing 70.5 mL sterile water, 10 mL 103 PCR buffer (Promega
Corp., Madison, Wisconsin), 1.5 mM MgCl2 solution, 20 mM each
dNTP, 0.2 mM rbc-1 primer, 1.0 mM rbc-4.2 primer, 2.5 units Taq
polymerase (Promega Corp.) and 1 mL (0.01–1 mg) genomic
DNA was overlaid with mineral oil. PCR amplifications were per-
formed in the QTP-1 thermal cycler (Nippon Genetics Corp., To-
kyo, Japan) with 30 cycles at 938 C for 1 min, 608 C for 2 min,
and 728 C for 3 min. The subsequent PCR was completed using
1 mL of the first PCR product as template. The reaction contents
and temperature profile of the second PCR were the same as
outlined previously, except the M-13 universal primer (0.2 mM)
was used instead of rbc-4.2. Amplification in the PCR products
was checked for correct length, purity, and yield on 2% TAE-
agarose gels with ethidium bromide according to standard meth-
ods (Sambrook et al. 1989). Excess primers and dNTP were re-
moved from the second PCR products by incubating at 08 C for
1 h with a 0.6 volume of precipitation solution (20% polyethylene
glycol [MW 7500] and 2.5 M NaCl). After centrifugation at 14,000
rpm for 10 min, the pellet was washed with cold 70% ethanol,
air-dried, then dissolved in 15 mL sterilized distilled water.

Double-stranded PCR products were sequenced directly using
a DNA autosequencer (model 373A, Applied Biosystems, Foster
City, California) and the dye-terminator method according to the
manufacturer’s instructions. Complete sequences were deter-
mined over both strands of the RUBISCO spacer and the flanking
regions of rbcL and rbcS.

The sequences obtained were aligned for phylogenetic analyses
using the Clustal W computer program (Thompson et al. 1994).
Two independent types of data analyses were used to assess the
stability of evolutionary relationships resolved in the molecular
phylogenies: the distance-based neighbor-joining method and the
character-based maximum parsimony analysis. Pairwise nucleo-
tide distance estimates of the sequences were calculated using
Kimura’s two-parameter method (Kimura 1980) in the program
DNADIST in PHYLIP 3.5c (Felsenstein 1993). Phylogenetic trees
were inferred from these distance estimates using the neighbor-
joining method (Saitou and Nei 1987, program NEIGHBOR in
PHYLIP 3.5c). Maximum parsimony analysis was performed with
the program PAUP 3.1.1 (Swofford 1993) using branch-and-
bound search procedures. Stability of the resulting groups was
tested by bootstrap analyses (1000 replications, Felsenstein 1985)
in both the distance matrix and maximum parsimony method.

RESULTS

Morphology. Terms used in this study representing
thallus orientation and cell rows are defined in Fig-
ures 2 and 3. Gross morphology was examined in
both field-collected and cultured specimens of Cal-
oglossa leprieurii from Peru (PER), South Africa
(SAF), and Venezuela (VZL) and of C. apomeiotica
from Mexico (MEX). The thalli were leaf-like, flat,
pale or dark brown, subdichotomously branched,
and up to 20 mm high (Fig. 4). Each blade (0.9–3.1
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FIGS. 4–8. Details of 40-day-long cultured specimens from Natal, South Africa. FIG. 4. Whole thallus. A secondary endogenous branch
(arrow) and rhizoids (arrowheads) occurring at the nodes. Scale bar 5 2 mm. FIG. 5. Monosiphonous rhizoids (arrows) produced at the
node on the ventral side. Scale bar 5 200 mm. FIG. 6. A secondary endogenous branch (arrow) occurring at the node on the dorsal side.
Scale bar 5 200 mm. FIG. 7. Part of thallus at the node. First axial cell of the main axis (large arrow) produces seven cell rows (small
arrows). Scale bar 5 50 mm. FIG. 8. Part of thallus at the node. Three cell rows (small arrows) are derived from the first axial cell of the
main axis (large arrow). Note primary pit connections between cells (arrowheads). Scale bar 5 10 mm.

mm long and 0.4–1.5 mm wide) was deeply or slight-
ly constricted at the nodes and consisted of a midrib
flanked on either side by wings. The midrib was con-
spicuous, composed of axial cells, each with two
transverse and two lateral pericentral cells (Fig. 3).
Axial cells (90–140 mm long and 15–25 mm diame-
ter) were longer and narrower than pericentral cells
(75–130 mm long and 20–30 mm diameter). Each
cell row composing wings had 11–28 cells at the
middle of the internode. The wing cells (15–60 mm
diameter) were irregular or subquadrate in shape
and rapidly decreased in size from midrib to mar-
gin.

The apical cell was large and dome-shaped (8–15
mm high, 10–18 mm diameter) cutting off 3–6 disc-
shaped segments posteriorly, which were 3–8 mm
high and 10–25 mm diameter. Lateral and transverse
pericentral cells were initiated from the 4th to 8th
and the 7th to 10th segments from the apex, re-
spectively. Lateral branches originated from the 4th
to 8th axial cell from the apex. Monosiphonous rhi-
zoids (10–15 mm diameter and 80 mm or more long)
were produced from ventral pericentral cells around
nodes (Fig. 5). A few secondary endogenous branch-
es occurred on the dorsal side of axial cells at nodes
(Fig. 6).

These morphological features were conserved un-
der culture conditions, except that blade widths
were occasionally narrower (0.1–0.9 mm), generally
under adverse culture conditions, such as old me-
dium, low salinity (,8‰), or low temperature

(,158 C). However, plants reverted to broad blades
when transferred to optimal culture conditions.

The isolates of Caloglossa leprieurii from Peru
(PER), South Africa (SAF), and Venezuela (VZL)
exhibited a Polysiphonia-type life history, whereas the
C. apomeiotica isolate from Pacific Mexico (MEX) was
asexual and recycled the sporophyte stage. The re-
productive morphology of the sexual isolates was al-
most identical to that of C. leprieurii from Japan (Ta-
naka and Chihara 1985).

The number of cell rows produced from axial
cells at nodes were compared (Table 2). All the
specimens examined showed the absence of an ad-
axial cell row from the first axial cell of the lateral
axis (FLA in Fig. 2), which has been regarded as a
diagnostic character of Caloglossa leprieurii. In all
field-collected specimens, there were more than two
cell rows from the first axial cell of the main axis
(FMA in Fig. 2) opposite to the lateral branch (Figs
7, 8), and these numbers were stable in the cultured
strains. Considering the number of cell rows and the
blade width, all the specimens examined herein
were of the multiple/broad type morphology
among the three morphotypes (Figs. 9–14) of Ka-
miya et al. (1995).

Crossing tests. Crossability was examined among 12
strains of Caloglossa leprieurii (Fig. 15). Some of the
results between the isolates from Australia, Japan,
and Singapore are based on published data in Ka-
miya et al. (1995). No cystocarps were formed on
the separated female gametophytes used as negative



365EVOLUTIONARY DIVERGENCE IN CALOGLOSSA

TABLE 2. The number of cell rows derived from an axial cell around nodes among populations of C. leprieurii and C. apomeiotica. Numbers in
parentheses were rarely observed. NA, nodal axial cell; FMA, first axial cell at the main axis; FLA, first axial cell at the lateral axis.

Species Locality

NA

Opposite Abaxial

FMA

Opposite Adjacent

FLA

Adaxial Abaxial

Field specimens
C. leprieurii
C. leprieurii
C. leprieurii
C. apomeiotica

Natal, South Africa
Margarita, Venezuela
Tumbes, Peru
Espiritu Santo, Mexico

1–3
1, 2
1–3
1–(3)

1
1
1
1 (2)

2–5
2, 3
2–5
(2)–5

1, 2
1, 2
1–(3)
1–3

0
0
0
0

1–3
1, 2
1–(3)
1–(4)

Cultured specimens
C. leprieurii
C. leprieurii
C. leprieurii
C. apomeiotica

Natal, South Africa
Margarita, Venezuela
Tumbes, Peru
Espiritu Santo, Mexico

1–(4)
1, 2
1–(4)
1, 2

1
1
1
1

3–7
2, 3
(1)–5
2–5

1, (2)
1, 2
1–(3)
1–3

0
0
0
0

1–(3)
1, 2
1–(3)
1–4

FIGS. 9–14. Part of thalli showing the order of cell rows around nodes of cultured specimens. Note the number of cell rows on the
opposite side (small arrows) derived from the first axial cell of the main axis (FMA in Fig. 2, large arrows). Scale bar (5 50 mm) in
Figure 13 applies to Figures 9, 11, and 13, and scale bar (5 10 mm) in Figure 14 applies to Figures 10, 12, and 14. FIGS. 9, 10. Single/
broad type from Shimajiri, Miyako Island, Japan. FIGS. 11, 12. Multiple/broad type from Changi, Singapore. FIGS. 13, 14. Multiple/slender
type from Shimajiri, Miyako Island, Japan.

controls. In almost all crosses, spermatia were ob-
served attached to trichogynes on female gameto-
phytes. Successful crossings between male and fe-
male strains that had originated from the same te-
trasporophyte were regarded as positive controls. In
all the positive controls, female strains discharged
carpospores that developed into viable sporophytes
(5F1 sporophytes), which subsequently released tet-
raspores that produced fertile gametophytes (5F1
gametophytes).

The strains from South Africa (SAF) and Vene-
zuela (VZL) were interfertile, whereas the strain
from Peru (PER) did not cross with any others.

Many pseudocystocarps were produced in all com-
binations within the multiple/broad strains, though
only when male strains were present. Pseudocysto-
carps were more or less conical or cylindrical (150–
400 mm diameter and 150–600 mm high) and more
slender than normal cystocarps (350–750 mm di-
ameter and 300–750 mm high). Each possessed sev-
en to nine longitudinal pericarp filaments and an
ostiole, as in normal cystocarps. Normal cystocarps
also produced lots of carposporangia which ap-
peared darker in color within 2 weeks, whereas in
pseudocystocarps, such color was not observed, even
after a few months in culture. Most pseudocysto-
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FIG. 15. Results of the hybridization experiments. Each number indicates a strain number listed in Table 1. 1, F1 sporophytes and
subsequent F1 gametophytes were fertile (shaded); 18, F1 sporophytes were fertile but subsequent F1 gametophytes were not viable; 1*,
F1 sporophytes were not viable; -*, pseudocystocarps were produced; -, no reproduction occurred; blank, no data.

FIG. 16. Aligned RUBISCO spacer (shaded region) and
flanking rbcL (upstream) and rbcS (downstream) subregions
from 11 strains of C. leprieurii, and one each of C. apomeiotica,
C. continua, C. monosticha, and C. ogasawaraensis. Strain abbre-
viations are the same as in Table 1. Dots indicate identical
bases as in the sequence for JPN2, and dashes indicate inser-
tions/deletions.

carps included gonimoblast-like cells that were stain-
able with cotton blue, although whether karyogamy
occurred between the spermatial and carpogonial
nuclei was not established.

DNA analysis. The RUBISCO spacer and the
flanking regions of rbcL and rbcS were sequenced for
11 isolates of Caloglossa leprieurii, one isolate of each
C. apomeiotica, C. continua, C. monosticha, and the out-
group C. ogasawaraensis. The size of the RUBISCO
spacer varied from 77 to 87 bp, and insertion or

deletion accounted for 20 variable positions in the
spacer region (Fig. 16). The region examined had
high A 1 T content (68.2%–74.0%). The aligned
dataset was 271 nucleotides long (rbcL 31 bp, RUB-
ISCO spacer 90 bp, rbcS 150 bp). There were 61
variable sites (excluding gaps) identified among all
the isolates; 38 of these are phylogenetically infor-
mative. Completely interfertile strains had identical
sequences (JPN2 and JPN3, AUS2 and AUS3, see
Table 3) or a single point mutation (SAF and VZL,
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JPN4 and SGP2) in the determined sequence. Five
to seven sites varied between the strains that pro-
duce sterile F1 progeny or pseudocystocarps. Com-
pletely incompatible isolates of C. leprieurii had 7 to
25 changes. Caloglossa apomeiotica had 11–19 differ-
ences from the single/broad or multiple/slender
strains, but only four to eight from the multiple/
broad ones.

The phylogenetic tree obtained from neighbor-
joining analysis is provided (Fig. 17). Maximum par-
simony analysis resulted in a single most parsimo-
nious tree (length 5 98 steps, consistency index 5
0.827) with an identical topology to the neighbor-
joining tree. The sequence data divided the Calo-
glossa leprieurii complex into two groups: the single
cell row and the multiple cell row groups. Both anal-
yses resolved the evolutionary relationships within
the single cell row group, supported by high boot-
strap values, whereas those within the multiple cell
row group, including C. apomeiotica, showed low
bootstrap values for the most part.

DISCUSSION

The results indicate general agreement among
the morphological data, the reproductive crossabil-
ity, and the molecular phylogenetic analyses. Mem-
bers of the same mating group, regardless of collec-
tion location, displayed greater DNA sequence sim-
ilarity relative to strains belonging to different mat-
ing groups. As observed in other algae (e.g. the
volvocacean green alga Pandorina morum Bory [Cole-
man et al. 1994] and the ceramiacean red alga Bos-
trychia radicans (Montagne) Montagne [Zuccarello
and West 1997]), the ability to hybridize correlates
with genetic, rather than geographic, distance. This
suggests that breeding incompatibility, as demon-
strated in the laboratory, functions as a real barrier
to mixing between different gene pools in nature.

Recent taxonomic investigations have considered
the number of cell rows around nodes as a diagnos-
tic character for Caloglossa species. King and Puttock
(1994a) separated C. continua from C. leprieurii by
the presence of the adaxial cell row(s) from the first
axial cell of the lateral axis (FLA in Fig. 2). Kamiya
et al. (1997) distinguished C. monosticha from C. con-
tinua based on the number of cell rows from the
nodal axial cell (NA in Fig. 2). In a similar way, one
could propose the division of C. leprieurii into two
species based on the number of cell rows from the
first axial cell of the main axis (FMA in Fig. 2). The
type locality of C. leprieurii, French Guiana, is in the
Atlantic region and specimens from that area pos-
sess multiple cell rows (see below). If the type spec-
imen has multiple cell rows, then a new species
could be erected for specimens with a single cell
row. However, elucidation of the phylogenetic rela-
tionships within the multiple cell row lineage, in-
cluding C. apomeiotica, would be required before de-
finitive taxonomic conclusions could be reached.

Caloglossa apomeiotica was included within the mul-
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FIG. 17. Phylogenetic tree inferred
by the neighbor-joining method. Branch
lengths are proportional to evolution-
ary distances. A single most parsimo-
nious tree constructed by maximum
parsimony analysis had an identical to-
pology to this tree. Bootstrap values
were computed independently for
1000 resamplings of neighbor-joining
method (above the line) and maxi-
mum parsimony analysis (below the
line). The strains in a shaded box be-
long to a same mating group.

tiple cell row lineage, supported by a high bootstrap
value (Fig. 17), and this provides strong support for
the asexual species being derived from sexual plants
of the multiple cell row type. Although the present
molecular analyses failed to resolve the evolutionary
relationship within the multiple cell row lineage, the
Peruvian sexual plant (PER) showed the closest ge-
netic distance to C. apomeiotica (Table 3). Their mor-
phological similarity and low genetic distance are
consistent with the view that C. apomeiotica in Pacific
Mexico was derived from C. leprieurii populations
further south in the Americas through a loss of sex-
ual reproduction (West et al. 1994). Recently, J. A.
West, C. G. Zuccarello and M. Kamiya (unpubl.) iso-
lated asexual plants of C. leprieurii from Florida. The
loss of sexuality may have occurred more than once
within the C. leprieurii complex and may bring into
question the validity of C. apomeiotica as a monophy-
letic taxon. Assessment of this species will require
further DNA sequence data from additional sexual
and asexual isolates.

Blade width is variable under certain culture con-
ditions, which makes it difficult to distinguish clearly
between broad and slender forms. Specimens show-
ing intermediate blade widths have even been found
in some populations (Kamiya et al. 1995). Nonethe-
less, there appears to be a phylogenetic relationship
between the slender plants from two distant popu-
lations (JPN4 and SGP2) on the basis of both repro-
ductive compatibility and genetic affinity (Figs. 15,
17), and this suggests their slender forms are ge-
netically determined rather than environmentally
induced.

In Drosophila, sympatric species (strains) exhibited
a greater sexual isolation coefficient than allopatric
ones (Ehrman 1965, Ahearn et al. 1974), and fur-
thermore, at higher genetic distances, almost all spe-
cies pairs show strong reproductive isolation, wheth-
er allopatrically or sympatrically distributed (Coyne
and Orr 1989). Furthermore, in some freshwater
green algae at least, reproductively incompatible
mating groups are distributed sympatrically in some
areas, whereas mating groups that produce abortive
zygotes and that are presumably more closely relat-

ed are rarely found in the same location (Closterium
[Ichimura 1981, Ichimura and Kasai 1984], Pandor-
ina [Coleman 1977]). In C. leprieurii, sympatrically
distributed mating groups are completely sterile
with 10–21 site differences, whereas mating groups
forming sterile offspring or pseudocystocarps are al-
lopatrically distributed with five to seven site
changes. This fits with a view that genetic divergence
and reproductive isolation were established allopat-
rically, in which case, the allopatric speciation the-
ory can be applied to this essentially brackish water
species.

Two different mating groups of C. leprieurii are
sympatrically distributed in southeastern Japan and
Singapore (Kamiya et al. 1995). In the case of the
Japanese population, the single/broad thalli (JPN3)
were abundant at Miyako Island, Japan, and the
multiple/slender thalli (JPN4) were intermingled
with them on pneumatophores or trunks of man-
grove trees. Despite the overlap in present distri-
butions, the two entities are both morphologically
and genetically distinct from each other. Their phe-
netic and genetic affinities suggest that the multi-
ple/slender entity has probably evolved from the
multiple/broad one and that they have only later
become sympatric in Japan. Sympatric speciation,
however, cannot be rejected in the two mating
groups from Singapore (SGP1 and SGP2) due to the
unresolved phylogenetic relationship within the
multiple cell row lineage.

The single/broad plants from western Australia
(AUS1) are reproductively and phylogenetically
closer to those from Japan (JPN1, 2, and 3) than to
those from eastern Australia (AUS2 and 3). The Jap-
anese plants probably originated from western Aus-
tralia after gene exchange was interrupted between
the eastern and western Australian populations. Ex-
ternal barriers could be assessed by examining the
population boundary between the two mating
groups found in Australia, where C. leprieurii occurs
around the entire coastline, except for the southern
part of Western Australia (King and Puttock 1994b).
Furthermore, we recently obtained single/broad
plants of C. leprieurii from the Celebes, Indonesia,
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and investigations of their relationship with the sin-
gle/broad group examined here could help in in-
terpreting the dispersal pathway of this entity
around the western Pacific region.

The number of cell rows from the first axial cell
of the main axis (FMA in Fig. 2) opposite the lateral
branch can be easily ascertained from previously
published photographs or drawings of Caloglossa le-
prieurii. A single cell row is seen in the specimens
from Indonesia (as C. leprieurii var. hookeri [Post
1943:129, fig. 5]) and southern Australia (Kraft and
Woelkerling 1990:50, fig. 3.4E). Two or more cell
rows are shown in the specimens from Pakistan (Ta-
naka and Shameel 1992:84, fig. 24), New Jersey (Yar-
ish and Edwards 1982:118, fig. 15), and South Africa
(Papenfuss 1961:16, fig. 14, Lambert et al. 1987:355,
fig. 3G). When these published data and the results
here are considered, it becomes clear that the single
cell row type is restricted throughout Southeast Asia
and Australia, whereas the multiple cell row type
grows widely in the Indian Ocean, west Atlantic, and
east Pacific regions. Nevertheless, the genetic dis-
tance among the mating groups in the latter is lower
than among the former. The multiple type may have
dispersed worldwide for a relatively short period in
recent times, or alternatively, the interruption of
gene exchange among the populations may have
been of more recent date.

Hommersand (1986) proposed a pathway of mi-
gration from South Africa to the eastern Pacific
Ocean by way of the persistent South Equatorial and
Guiana Currents and through the gap between
North and South America that was closed in the late
Pliocene (3.5 Ma). If the creation of the Isthmus of
Panama was the external barrier of genetic ex-
change between east and west American populations
of C. leprieurii, then the reproductive sterility and the
genetic difference between Peruvian (PER) and
South African/Venezuelan (SAF/VZL) mating
groups may have been established about 3 Ma. It
was probably after the introduction of C. leprieurii
populations to the Pacific that the asexual species
C. apomeiotica became isolated in the northernmost
mangrove regions, although the molecular analyses
could not verify this hypothesis.

Specimens of C. leprieurii from South Africa and
Venezuela, despite a distance of 12,000 km, are re-
productively interfertile and show almost the same
DNA sequences. Gene flow must have occurred un-
til a recent date between the two populations if they
had already existed before 3 Ma. Recent molecular
studies suggest that trans-Atlantic dispersal in sea-
weeds may be a common phenomenon (Bot et al.
1989, Kooistra et al. 1992, Pakker et al. 1996). Cal-
oglossa and other algae distributed in mangrove
regions are often epiphytes on mangrove pneumat-
ophores or trunks, and therefore, driftwood of man-
groves may facilitate distribution of these algae.

Pseudocystocarps, produced in the crossings be-
tween the mating groups of the multiple/broad

type, have been reported in crossing experiments
with Bostrychia (Zuccarello and West 1995), Caloglos-
sa (Kamiya et al. 1997), Chondrus (Brodie et al.
1993), Gigartina (Guiry et al. 1987), and Gracilaria
(McLachlan et al. 1977, Plastino and Oliveira 1988).
Because pseudocystocarps are produced between
morphologically similar or identical entities, the for-
mation of such structures has been considered as
indicative of an evolutionary link between them
(Guiry et al. 1987). In the present study, this is sup-
ported by lower genetic distances demonstrated be-
tween the mating pairs producing pseudocystocarps.
However, several taxa have been reported to pro-
duce these structures on females parthenogeneti-
cally (Bostrychia [J. A. West, C. G. Zuccarello and M.
Kamiya, unpubl.], Caloglossa [Tanaka and Kamiya
1993], Gracilaria [Bird and McLachlan 1982]), and
it is necessary to elucidate the mechanism of pseu-
docystocarp formation histologically and cytogenet-
ically to better understand red algal reproduction
and speciation.

In conclusion, plants of the same morphological
type or in the same mating group have a higher
genetic affinity, and thus the molecular phylogenet-
ic analyses based on the RUBISCO spacer and the
flanking regions of rbcL and rbcS seem to be ade-
quate for assessing the relationships between the
Caloglossa leprieurii populations. This study also dem-
onstrates the value of combining data from diverse
approaches, such as morphology, crossability, and
genetic distance studies, in establishing the specia-
tion processes and the course and direction of dis-
persal.

We sincerely thank Profs. T. Hori and I. Inouye, University of
Tsukuba, for their valuable advice and comments in carrying out
the present studies, and Dr. A. Critchley, University of Witwaters-
rand, for sending field samples from Natal, South Africa. This
work was supported in part by Grant-in-Aid for Scientific Re-
searches (03041017) from the Ministry of Education, Science, and
Culture, Japan.

Ahearn, J. N., Carson, H. L., Dobzhansky, T. & Kaneshiro, K. Y.
1974. Ethological isolation among three species of the plan-
itibia subgroup of Hawaiian Drosophila. Proc. Natl. Acad. Sci.
USA 71:901–3.

Bird, C. J. & McLachlan, J. 1982. Some underutilized taxonomic
criteria in Gracilaria (Rhodophyta, Gigartinales). Bot. Mar. 25:
557–62.

Bot, P. V. M., Stam, W. T., Boele-Bos, S. A., van den Hoek, C. &
van Delden, W. 1989. Biogeographic and phylogenetic stud-
ies of Cladophora (Cladophorales, Chlorophyta) using DNA–
DNA hybridization. Phycologia 28:159–68.

Brodie, J., Guiry, M. D. & Masuda, M. 1993. Life history, mor-
phology and crossability of Chondrus ocellatus forma ocellatus
and C. ocellatus forma crispoides (Gigartinales, Rhodophyta)
from the north-western Pacific. Eur. J. Phycol. 28:183–96.

Coleman, A. W. 1977. Sexual and genetic isolation in the cosmo-
politan algal species Pandorina morum. Am. J. Bot. 64:361–8.

Coleman, A. W., Suarez, A. & Goff, L. J. 1994. Molecular delin-
eation of species and syngens in volvocacean green algae
(Chlorophyta). J. Phycol. 30:80–90.

Coyne, J. A. & Orr, H. A. 1989. Patterns of speciation in Drosoph-
ila. Evolution 43:362–81.

Destombe, C. & Douglas, S. E. 1991. Rubisco spacer sequence



370 MITSUNOBU KAMIYA ET AL.

divergence in the rhodophyte alga Gracilaria verrucosa and
closely related species. Curr. Genet. 19:395–8.

Ehrman, L. 1965. Direct observation of sexual isolation between
allopatric and between sympatric strains of the different Dro-
sophila paulistorum races. Evolution 19:459–64.

Felsenstein, J. 1985. Confidence limits on phylogenies: an ap-
proach using bootstrap. Evolution 39:783–91.

1993. PHYLIP (Phylogeny Inference Package) version
3.5c. Distributed by the author, Department of Genetics, Uni-
versity of Washington, Seattle.

Garriga, G. H., Bertrandt, H. & Lambowitz, A. 1984. RNA splic-
ing in Neurospora mitochondria: nuclear mutants defective in
both splicing and 39 end synthesis of large rRNA. Cell 36:623–
34.

Goff, L. J., Moon, D. A. & Coleman, A. W. 1994. Molecular de-
lineation of species and species relationships in the red algal
agarophytes Gracilariopsis and Gracilaria (Gracilariales). J. Phy-
col. 30:521–37.
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