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Studies of the red algal genus Bostrychia over the last 15 years have made it a model system for many evolutionary 

processes within red algal species. The combination of newly developed, or first employed methods, in red algal species 

studies has made Bostrychia�a pioneer genus in intraspecific studies. Bostrychia was the first genus in which a mitochon-

drial marker was used for intraspecific red algal phylogeny, and the first for which a 3-genome phylogeny was undertak-

en. The genus was the first red alga used to genetically show maternal plastid and mitochondria inheritance, and also to 

show correlation between cryptic species (genetically divergent intraspecific lineages) and reproductive incompatibility. 

The chemotaxonomic use, and physiological function of osmolytes, has also been extensively studied in Bostrychia. Our 

continuous studies of Bostrychia also highlight important aspects in algal species studies. Our worldwide sampling, and 

resampling in certain areas, show that intensive sampling is needed to accurately assess the genetic diversity and there-

fore phylogeographic history of algal species, with increased sampling altering evolutionary hypotheses. Our studies 

have also shown that long-term morphological character stability (stasis) and character convergence can only be cor-

rectly assessed with wide geographic sampling of morphological species. While reproductive incompatibility of diver-

gent lineages supports the biological species nature of these lineages, reproductive incompatibility is also seen between 

isolates with little genetic divergence. It seems that reproductive incompatibility may evolve quickly in red algae and the 

unique early stages of fertilization (e.g., gametes covered by walls, active movement of spermatium nuclei to the distant 

egg nucleus), also well investigated in Bostrychia,  may be key to our understanding of this process.
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compatibility; speciation

INTRODUCTION

While studying model systems can be controversial, 

the prolonged study of a particular group of organisms 

(e.g., a species or genus) allows a level of insight that is 

difficult to achieve from one-off species studies. The 

study of model organisms allows several areas of research 

to converge to address significant questions that, hope-

fully, will be of interest outside the realm of the model 

organisms. Model organisms do have the drawback that 

evolutionary histories are species-specific (patterns 

of selection and stochastic events), so that they do not 

faithfully represent all similar taxa. Nevertheless, model 

organisms have proven very useful in elucidating par-

ticular biological phenomena. The green alga Chlamydo-

monas�reinhardtii is one example that has been used to 
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ily into two genera (Bostrychia, Stictosiphonia J. D. Hook-

er et Harvey) based on the number of tier cells per axial 

cell (a single transverse division producing two tier cells 

per axial cell in Bostrychia, and more than one division 

producing more than two tier cells per axial cell in Sticto-

siphonia). King and Puttock (1989) synonymized many of 

Post’s species and sub-specific ranks, but also described 

new species.

DEVELOPMENT OF MOLECULAR MARKERS IN 
RED ALGAE

For intraspecific studies, and for studies of closely relat-

ed species, markers of appropriate variability are needed. 

Fifteen years ago, these markers were few. The ribosomal 

RNA (rRNA) cistron was the most widely used marker in 

the early history of organismal phylogeny (Woese and Fox 

1977). While the reasons for its use in bacterial phylogeny 

have been defended (Woese 2000), mostly its ease of use 

in the days before the development of the polymerase 

chain reaction (PCR) made its use ubiquitous. Along with 

the rRNA gene, very early in algal molecular systematics 

the ribosomal internal transcribed spacer (ITS) spacer1-

5.8S rRNA-ITS spacer2, commonly just called ITS, was 

used as a marker. These primers, developed by White 

et al. (1990), appeared to be universal and were quickly 

used in red algae (Goff et al. 1994). While the ITS marker 

has appropriate levels of variation for inter- and intra-

specific phylogenies, there are several drawbacks. Its size 

varies greatly in red algae making even PCR amplification 

difficult and results in a few cases of mis-amplification of 

contaminants (Bown et al. 2003). Alignment, especially if 

lengths are very variable, has made its use in determining 

the relationships between distantly related species, even 

of the same genus, problematic. Similar to the rest of the 

ribosomal cistron, the ITS is present in multiple and un-

linked copies. While this has some advantages (e.g., ease 

of amplification of degraded DNA) at the level of intra-

specific analysis, it can cause problems. Due to its large 

copy number and the effective population size of copies, 

and random nature of copy homogenization, copies can 

remain that were previously found in different ancestors 

or multiple copies still present within individuals (main-

tenance of ancestral polymorphisms). This can cause 

problems in producing reliable phylogenies and means 

that monophyly of groups (even species) will take longer 

to manifest than other single copy markers (i.e., organel-

lar) (Álvarez and Wendel 2003).

Organelle markers have many advantages (and disad-

study flagellar functioning (Iomini et al. 2009) and plastid 

inheritance (Nishimura 2010). In brown algae, the work 

done by Müller and colleagues on life cycles and hybrid-

ization (e.g., Müller and Eichenberger 1995) and viruses 

(Müller et al. 1996) of Ectocarpus spp. has to the first 

brown algal genome sequence (Cock et al. 2010). In red 

algae, model organisms are less obvious. While research 

on Porphyra spp. has been impressive, the diversity with-

in this one genus, and its polyphyletic sister genus Ban-

gia, makes it difficult to compare between species that 

are distantly related (e.g., Broom et al. 2004).

One red alga that has had consistent research and a va-

riety of approaches used to address its evolution and bi-

ology is the Rhodomelacean genus Bostrychia Montagne 

(Ceramiales). While this alga has had a long taxonomic 

history, our research in the last 15 years, addressing evo-

lutionary and speciation questions, has made this a good 

example of the insights that are possible with prolonged 

study of a single genus. This genus also was the first in 

which several techniques, markers and discoveries of red 

algae were first made or developed. This review will try to 

summarize this work and indicate where this work has 

shed insight into general questions in red algal biology.

TAXONOMIC HISTORY

Bostrychia is usually found in the tropical eulittoral 

around the world, but is most closely associated with 

estuarine habitats. It is especially conspicuous in man-

grove habitats, but is also found in cold temperate and 

subantarctic regions. The type species (Bostrychia�scorpi-

oides�[Hudson] Montagne) is from Europe and is usually 

associated with estuaries.

The genus is distinct within the Rhodomelaceae, main-

ly by having a regular arrangement of tier cells (trans-

verse divisions of the pericentral cells usually found in 

the Rhodomeleaceae). Only one other genus is known 

to have this arrangement of tier cells (Rhodolachne). Its 

morphological taxonomy has had two comprehensive 

reviews. The first was by Post (1936), who did the main 

taxonomic and biogeographic work on this genus in the 

first half of the twentieth century. She recognized a single 

genus in the subfamily Bostrychioideae, and commented 

that two groups could be recognized in the subfamily 

based on attachment structure types. She also proposed 

many varieties and subspecies within known or newly 

described species. The second monograph was by King 

and Puttock (1989), who supported a generic distinction 

first proposed by Falkenberg (1901) dividing the subfam-



Zuccarello & West   Evolution and Speciation in Bostrychia

23 http://e-algae.kr

organelles in offspring. The first confirmation of mater-

nal inheritance of chloroplasts in red algae was with the 

use the RuBisCo spacer, SSCP and crosses of isolates of 

Bostrychia�radicans (Montagne) Montagne (Zuccarello et 

al. 1999b). This study confirmed that while plastids were 

found in spermatia, tetrasporophytes grown from suc-

cessful crosses possessed the RuBisCo spacer sequence 

of the maternal plant. A similar study was conducted us-

ing the cox2-3 spacer, and demonstrated that mitochon-

dria are maternally inherited in Bostrychia� moritziana�

(Sonder ex Kuetzing) J. Agardh (Zuccarello et al. 1999a). 

Of course, paternal leakage (inheritance of organelles 

from the other parent) could still be possible and only the 

screening of many isolates would indicate how consistent 

this pattern is within and between species of red algae. A 

recent study has shown that paternal and biparental in-

heritance of chloroplast and mitochondria, while rare, is 

possible in Porphyra�yezoensis Ueda (Choi et al. 2008).

PHYLOGEOGRAPHY OF BOSTRYCHIA: B. CALLIP-
TERA AND B. TENUISSIMA AND B. RADICANS-B. 
MORITZIANA

Bostrychia calliptera

With the availability of several markers and samples 

from around the world, the very first red algal three-

genome (nuclear, plastid, mitochondria) phylogenetic 

and phylogeographic study was undertaken on the spe-

cies complex of B.�calliptera (Montagne) Montagne and 

B.�pinnata J. Tanaka et M. Chihara (Zuccarello and West 

2002). This was also the first study to estimate mutation 

rate and divergence times using molecular markers in 

red algae. 

Taxonomically, the two species did not form recip-

rocally monophyletic lineages and the older name B.�

calliptera is accepted as per the International Code of 

Botanical Nomenclature. All three genomes showed con-

gruent topology with three well-supported lineages: one 

confined to the Atlantic, one specific to the Indo-Pacific, 

and a third found throughout the world. Also, samples 

collected close to the Isthmus of Panama, but on oppo-

site geographic sides, were used to estimate the diver-

gence rate. Molecular clock dating was only done on one 

lineage, as the other two lineages had not evolved in a 

clock-like manner, based on, at the time, recommended 

rate tests. Within the error of all clock estimates and cali-

brations using the last closure of the Isthmus (Knowlton 

and Weigt 1998), the analysis of one lineage suggested 

vantages) that include haploid complement, supposed 

uniparental inheritance and, therefore, a smaller ef-

fective population size (Palumbi et al. 2001). For intra-

specific studies, non-functional DNA is often preferable 

to protein coding genes. One of the first markers to be 

developed that is near-universal in red algae and shows 

good levels of variation was the chloroplast encoded ribu-

lose-1, 5-bisphosphate carboxylase oxygenase (RuBisCo) 

spacer (Destombe and Douglas 1991, 1992). These spac-

er primers also amplify the 5-prime end of the RuBisCo 

large subunit and 3-prime end of the RuBisCo small sub-

unit. The amplicon is between 250 and 350 bp in length. 

The size of this spacer also makes it appropriate to use 

for single-stranded conformation polymorphism (SSCP). 

This method separates small DNA fragments based on 

sequence versus solely on size (Sunnucks et al. 2000). 

This is especially useful in population studies where 

many sequences are expected to be very similar, thus re-

ducing sequencing costs substantially. SSCP analysis of 

amplified product variation was first used in red algae 

with Bostrychia (Zuccarello et al. 1999b).

The mitochondrial genome has always been con-

sidered to be slow-evolving in red algae. This is wide-

ly-known in higher plants and subsequently a similar 

situation was hypothesized in other photosynthetic or-

ganisms (Bakker et al. 2006). Therefore, the development 

of mitochondrial markers was not pursued in red algae. 

The first mitochondrial molecular marker used was also 

developed for the study of Bostrychia. An intergenic 

spacer using conserved regions of the cox2 and cox3 gene 

was developed and shown to be amplified in many red 

algal genera (Zuccarello et al. 1999a). This cox2-3 spacer 

showed greater intraspecific variation than the RuBisCo 

spacer, indicating that the mitochondrion was evolving 

at a rate that could make it more useful in phylogenetic 

and population studies. Subsequently, the cytochrome 

oxidase subunit 1 gene (cox1 or COI) has been proposed 

as a barcoding gene in red algae (Saunders 2005).

Organelle inheritance

While it was always suspected that organelles were in-

herited maternally in red algae, genetic confirmation had 

to wait for appropriate genetic markers to be developed, 

i.e., markers variable within isolates that were still able 

to cross. While electron microscopy revealed both mito-

chondria and chloroplasts in many red algal spermatia 

(e.g., Kugrens and West 1972), it was always assumed 

that the large size and cytoplasmically-rich carpogo-

nium would at least lead to the dilution of any paternal 
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and West 2003, Zuccarello et al. 2011) and New Caledonia 

(Zuccarello et al. 2006). The morphological difference be-

tween these two species was determined to be the pres-

ence of monosiphonous laterals on B.�moritziana (King 

and Puttock 1989). The first molecular study (Zuccarello 

and West 1997) showed that isolates mostly from the 

Americas formed two groups that correlated fairly well 

with their ability to hybridize, but not with presence of 

monosiphonous laterals. This was the first paper to show 

a correlation between sequence similarity and ability to 

hybridize in red algae. The paper also highlighted the 

probability of cryptic species within this species complex. 

Subsequent papers (Zuccarello et al. 1999d, Zuccarello 

and West 2003) revealed seven evolutionarily divergent 

and well-supported lineages in this species complex. The 

distribution of these lineages showed different patterns 

with some found in particular ocean basins, but many 

with world-wide distributions. More importantly, differ-

ent lineages were found in the same locality, often meters 

from each other. Crossing experiments between isolates 

showed that they were reproductively incompatible. This 

indicates that these morphologically similar but diver-

gent lineages fit the criteria of species, except for the ab-

sence of morphologically distinguishable characters as-

sociated with each lineage, so from two species we could 

identify seven cryptic species. 

Factors driving morphological differentiation in red al-

gae are not known, since many morphological characters 

used in algal taxonomy have no obvious selective advan-

tage. For example, what is the advantage of one type of 

attachment structure over another, or light cortication 

versus heavier cortication, or monosiphonous lateral 

branches versus polysiphonous lateral branches? There-

fore, it is possible that changes are driven by random 

processes. In a stable environment these changes may be 

rare, even constrained, so that change is difficult. It was 

suggested that the morphology of the red alga Bangia has 

been stable for over 1 billion years (Butterfield 2000). This 

indicates that we are overlooking much of the variation 

existing in populations and true species by basing our 

observations only on morphological criteria. There are 

many studies that confirm the abundance of cryptic spe-

cies in red algae (e.g., Saunders 2005, Robba et al. 2006).

An advantage of repeat studies on a single species is 

highlighted by studies of the B.� radicans-B.� moritziana�

species complex from the east coast of the U. S. and from 

Pacific Mexico. The first study targeted plants along the 

east coast of the U. S. (Zuccarello et al. 1999d); as these 

plants were also going to be used for physiological and 

crossing experiments (Karsten et al. 1994a), only one 

that this species had been morphologically static for over 

40 million years. The mutation rate of the genes tested 

indicated that ITS and the cox2-3 spacer had similar mu-

tation rates, greater than the plastid spacer and the large-

subunit rRNA gene.

Bostrychia tenuissima

A similar study (Zuccarello et al. 1999c) looking at 

variation in the RuBisCo spacer of isolates of B.� tenuis-

sima revealed that three lineages of B.� tenuissima were 

found on the coast of New South Wales; these lineages 

were highly divergent and showed a north-south pat-

tern. One lineage from southern Australia to New South 

Wales just south of Sydney (42-34° S), another from Syd-

ney to northern New South Wales (34-33° S) and the last 

from 28° S northwards. Interestingly these lineages also 

showed different patterns of sorbitol content, with the 

southern lineage having only sorbitol while the other lin-

eages had both sorbitol and dulcitol. A hypothesis pro-

posed that the southern lineage lost its dulcitol synthesis 

pathway because it is more sensitive to cold tempera-

tures (Karsten et al. 1995a).

Both these studies occurred before a comprehensive 

phylogeny of the genetic variants and species of the ge-

nus Bostrychia (Zuccarello and West 2006, more later). 

These later analyses indicated that certain assumptions 

of intra-species analysis were not fulfilled. These lin-

eages, the three lineages in B.� calliptera and the three 

lineages in B.�tenuissima, were not monophyletic. While 

the relationships within the lineages were confirmed, 

certain hypotheses based on the previous analyses need 

reinterpretation. The morphological stasis seen between 

lineages in B.� calliptera may be a case of convergence, 

while within lineages that are 40 million years old mor-

phological stasis can still be invoked. Instead of ecologi-

cal differentiation within a species, B.� tenuissima, we 

have different non-monophyletic species with almost 

non-overlapping distributions and morphological con-

vergence of the B.� simplisciuscula /� B.� tenuissima mor-

phology (Zuccarello and West 2006).

Bostrychia radicans-Bostrychia moritziana

By far the greatest amount of our research is on the 

species complex of B.� radicans and B.� moritiziana. Pa-

pers have reported its global phylogeography (Zuccarello 

et al. 1999d, Zuccarello and West 2003) and specific pat-

terns in various regions of the United States (Zuccarello 

and West 2003, Zuccarello et al. 2006), Mexico (Zuccarello 



Zuccarello & West   Evolution and Speciation in Bostrychia

25 http://e-algae.kr

al. 2001, 2004, Zuccarello et al. 2001). This is one of the 

novel insights from population genetics data, as organ-

isms that release spores in the environment would a�pri-

ori be expected to have a more uniform genetic structure, 

at least on local scales. Many phylogeographic studies of 

red algae have been based on limited sampling within 

locations. These could all benefit from further study to 

comprehensively assess the existing variation and the 

evolutionary hypotheses derived from this data.

MOLECULAR PHYLOGENY OF BOSTRYCHIA: 
POLYPHYLY OF MORPHOLOGICAL SPECIES

The advent of molecular methodologies revolution-

ized our understanding of many aspects of algal evolu-

tion. The ‘reverse’ taxonomy provided by molecular data 

has also led to a taxonomy that, in theory, reflects the 

evolution of the organisms more accurately (Markmann 

and Tautz 2005). This ‘reverse’ taxonomy has proven es-

pecially useful in algal systematics, where phylogenetic 

relationships are based on few morphological synapo-

morphies and, therefore, homology is always in doubt.

Molecular phylogeny of all species recognized by King 

and Puttock was undertaken in two separate studies 

(Zuccarello and West 2006, 2008). The sampling of this 

global Bostrychia phylogeny was informed by previous 

work on separate species (Zuccarello et al. 1999c, 1999d, 

Zuccarello and West 2002, 2003), so that the phylogeny 

incorporated from the genetic diversity of the species 

under study. These species were often from disparate lo-

calities and / or from well-sampled populations in which 

diverse lineages were found. This Bostrychia phylogeny 

used two ‘traditional’ genetic markers. One was the chlo-

roplast-encoded ribulose-bisphosphate carboxylase / 

oxygenase (rbcL). This marker has been used extensively 

in the Rhodophyta, from the very first comprehensive 

algal phylogeny (Freshwater et al. 1994) to the present 

day. RbcL has several properties that make it useful: it is a 

fairly large gene (sequence length and various amplified 

products vary between 1,200 and 1,400 bp) and, for pro-

tein coding, alignment is straight-forward. As well, the 

partitioning of codons for phylogenetic analysis is easily 

achieved. A second marker is the nuclear-encoded rRNA 

gene, which has also been used extensively in the Rho-

dophyta. Although the small subunit was the first to be 

used extensively in algal systematics (Ragan et al. 1994), 

the increased length and many variable regions of the 

large-subunit rRNA gene have proven useful for phyloge-

netic analyses at all taxonomic levels (Harper and Saun-

or two plants were collected from each site (Zuccarello 

et al. 1999d, Zuccarello and West 2003). They showed a 

pattern of a certain haplotype in the north (haplotype B), 

another common haplotype further south (haplotype C) 

and a further haplotype from another lineage in the most 

southerly areas (haplotype D). Suggested hypotheses for 

this pattern include physiological adaptation of haplo-

type B to cooler conditions and adaptation of haplotype 

D to warmer conditions. Collecting more extensively (av-

erage 10 samples per site) more that 10 years later, Zuc-

carello et al. (2006) found different patterns. Haplotype C 

was almost non-existent, haplotype D was found further 

north and haplotype B was found further south. There 

are two non-mutually exclusive explanations for this. 

First, increased sampling provided a more accurate pat-

tern of the distribution of genetic variation within areas. 

Second, in the intervening 10 years climatic conditions 

and distribution patterns of haplotypes changed. The ge-

netically well-structured populations of mangrove algae 

(Zuccarello et al. 2001) suggest that sampling in a single 

area (meters square) could easily miss detection of hap-

lotypes in that area.

This re-evaluation of phylogeographic hypotheses was 

also driven by repeated studies in Pacific Central Amer-

ica. An initial study (Zuccarello et al. 1999d, Zuccarello 

and West 2003) showed low variation in Pacific Mexico, 

with one major haplotype (A1) along the whole coast 

from Baja California to Guatemala; also, samples from 

Pacific Mexico were all reproductively compatible (Zuc-

carello and West 1995, 2003). This uniformity led to the 

proposal of two scenarios that suggested either a recent 

introduction to the Pacific, and / or a more uniform en-

vironment leading to genetically connected populations 

and low differentiation between populations (Zuccarello 

and West 1995, 2003). The results from more intensive 

sampling (average 18 samples per site) suggested that 

the previous phylogeographic proposals of the species 

in this area were untenable. With sampling in areas from 

southern Mexico to El Salvador (Zuccarello et al. 2011), 

closer to the Isthmus of Panama, genetic variation was 

shown to be higher, with haplotypes previously only 

identified from the Atlantic, new haplotypes found plus 

the major northern haplotype (A1) found as far south as 

El Salvador. Again, further and more intensive sampling 

in an area already sampled, plus an area further south, 

has changed our hypotheses of the evolution of this spe-

cies complex in the east Pacific. 

Can these results be expanded to other groups? Cer-

tainly it is well known that other algae have populations 

genetically structured at small spatial scales (Faugeron et 
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of the genes employed, it would appear that these mor-

phologies were produced or maintained in multiple, not 

closely related groups.

One other genus in the Rhodomelaceae has been re-

ported with tier cells, the genus Rhodolachne Wynne. 

While the generitype was not sequenced, molecular 

analysis of R.�radicosa Itono showed it to be a new spe-

cies of Bostrychia (B.� radicosa [Itono] West, Zuccarello 

et Hommersand). This previously under-reported spe-

cies had been found throughout the Indo-Pacific (West 

et al. 2006b). Whether Rhodolachne will be confirmed as 

a distinct genus, with convergence of the morphological 

character of tier cells, requires collection and molecular 

analysis of a confirmed specimen of the generitype Rho-

dolachne�decussuta M. J. Wynne.

So what does it mean for other groups and our under-

standing of species? It seems that we need to be very cau-

tious with the characters we use and morphological di-

versity that we see within species. While molecular data is 

never foolproof (i.e., limited genes can give relationships 

that do not reflect the complexity of a species history), 

we must accept that both the number of morphological 

characters and the homology of morphological charac-

ters, especially in algal groups, is even more likely to be 

misleading both in phylogenetic reconstruction and in 

generic and species descriptions. Molecular studies with-

in species and supported evolutionary clades, as exem-

plified in the research on Bostrychia, also highlight that, 

for many, a typological species concept is still in use. It is 

likely that classifying specimens based on morphology is 

both under-representing variation with morphologically 

similar but evolutionarily distinct groups merged, and 

on some occasions inflating diversity with morphologi-

cal variation within species, with morphological varia-

tion that has been used to separate species being plastic 

within a species. It seems these problems are being ad-

dressed, with few species descriptions in algae presented 

these days without some molecular data supporting the 

relationships.

ASEXUALITY

As with many red algae (West et al. 2001), mechanisms 

of asexual propagation are found in Bostrychia (West and 

Zuccarello 1999). In the B.�radicans-B.�moritziana species 

complex, asexuality is manifest as tetrasporophytes that 

produce either bisporangia or tetrasporangia, and these 

spores recycle into tetrasporophytes. The first report of 

asexual plants of B.�moritziana also led to its description 

ders 2001). Unfortunately, the variable regions can make 

alignment of the rRNA highly problematic. 

The phylogeny of the Bostrychioidiae used both rbcL 

and nuclear-encoded partial sequence to the large-

subunit RNA gene. The work highlighted two aspects 

related to the taxonomy of Bostrychia and more general 

aspects. One aspect was the polyphyly of the morpho-

logical character used to distinguish genera by King and 

Puttock (1989) (i.e., Stictosiphonia from Bostrychia). Tier 

cell numbers greater than two seems to have evolved 

more than once: in warm water clades “Stictosiphonia” 

tangatensis, “Stictosiphonia” kelanensis, and in a clade 

containing some cold water “Stictosiphonia” (S.�intricata, 

S.� arbuscula, S.� gracilis, S.� vaga). This led us to synony-

mize Stictosiphonia into Bostrychia. This application of 

molecular data again showed that the apparent homol-

ogy and synapomorphic nature (shared tier cell number, 

in this case) of this easily distinguishable morphological 

character was unwarranted. This is just one example of 

the utility of ‘reverse taxonomy’ and, more significantly, 

the ability of molecular data to indicate supported rela-

tionships and, therefore, to highlight morphological con-

vergence. Now, instead of hypothesizing an evolutionary 

scenario of character derivation to produce two generic 

groups, we must ask why this character is plastic and look 

more carefully at its development to identify any stages 

that may reflect this homoplasy.

Not only at this level were morphological characters 

misleading in determining the systematics of this tribe, 

but the data also revealed that characters that had been 

applied to identify new species were also not useful. For 

example, some samples identified as B.� simplisciuscula�

showed no sequence variation from some isolates of B.�

tenuissima. These species were separated by King and 

Puttock (1989) based on monosiphonous branches in B.�

simplisciuscula and their absence in B.�tenuissima. In a 

previous study (Zuccarello and West 2002), cortication 

was also shown not to distinguish monophyletic species 

in the species groups B.� calliptera and B.� pinnata. The 

presence or absence of cortication, and the presence or 

absence of a clear morphological character such as ter-

minal branches being monosiphonous or polysiphonous 

would be used to distinguish species in many groups. It 

is clear that morphological characters such as these, at 

least in Bostrychia, cannot designate species.

Unfortunately, not only do these characters not sup-

port species but morphologically distinguishable ‘spe-

cies’ are not even monophyletic. The previously men-

tioned species B.� simplicuiscula and B.� calliptera are 

found in three distinct lineages. Within the resolution 
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Eggert et al. 2006). 

Polyols are maintained as soluble compounds in the 

cells and apparently play multiple functions in red algae 

as they do in other organisms. As organic osmolytes they 

are important in regulating osmotic pressure, cell vol-

ume and fluid balance. When salinity increases, polyol 

synthesis also increases in the cells. These compatible 

solutes protect and stabilize organelle systems, protein 

synthesis and enzymatic functions. Manifold increases 

of polyol levels occur in B.�moritziana, B.�radicans and B.�

simpliciuscula (Karsten et al. 1993, 1994a, 1994b).

Polyols also serve as important antioxidants by scav-

enging harmful oxygen radicals, as heat protectants 

by stabilizing proteins and as quick energy sources for 

maintenance metabolism (Eggert and Karsten 2010).

Polyol distribution in different taxa

Polyols as well as other low molecular weight carbo-

hydrates serve as important taxonomic characters at all 

levels from class to subspecies. For example, sorbitol is 

found in all genera of the class Stylonematophyceae that 

have been analyzed thus far. Dulcitol is also found in the 

class, but only in the genus Rhodospora (Karsten et al. 

1999, 2003). The distribution of compatible solutes has 

been extensively investigated for Bostrychia. The follow-

ing summarizes the state of knowledge.

B. arbuscula J. Hooker et Harvey. Only one sample 

from New Zealand has been analyzed and was shown to 

contain sorbitol and digeneaside (Karsten et al. 1995a).

B. calliptera / B. pinnata. Isolates from Australia, Bra-

zil, Guatemala, Peru, Japan and Singapore contain sorbi-

tol and dulcitol (Karsten et al. 1992, 1995a, Pedroche et al. 

1995). Traces of digeneaside were evident in B.�calliptera 

from Brazil but none was seen in B.�pinnata from Japan 

(Karsten et al. 1995a).

B. flagellifera Post. No isolates have been analyzed.

B. harveyi Montagne. Only one sample (Tasmania, 

Australia) has been analyzed and showed only sorbitol 

and digeneaside (Karsten et al. 1995a).

B. intricata (Bory de Saint-Vincent) Montagne (as St-
ictosiphonia hookeri). Isolates from Australia, New Zea-

land, Argentina, Chile and South Africa had only sorbitol 

with traces of digeneaside (Karsten et al. 1992, 1995a, 

1996, West et al. 1996).

B. kelanensis Grunow ex Post. Only two isolates from 

Australia were analysed and contained only sorbitol and 

digeneaside (Karsten et al. 1992, 1995a).

B. montagnei Harvey. Samples from Bermuda, Brazil 

and the USA contains sorbitol and dulcitol (Karsten et al. 

as a new species (B.�bispora) (West et al. 1992a). However, 

later work using molecular markers demonstrated that 

this species did not differ genetically from sexual plants 

(Zuccarello et al. 1999d) and the name was synonymized 

with B.�moritziana. The patterns of asexual populations 

were studied extensively around Australia (West and Zuc-

carello 1999, Zuccarello et al. 1999d). Sexual plants of B.�

moritziana from lineage 1 (Zuccarello et al. 1999d) were 

found in most southern areas of Australia (State of Victo-

ria), while the number of populations of sexual plants di-

minished on the east coast of Australia and became very 

rare in populations north of Sydney, New South Wales. 

Asexual plants were also found in Fiji and both sexual and 

asexual plants in New Caledonia (12 of 16 plants in cul-

ture were asexual). B.�moritziana from lineage 1 was also 

found in South Africa and these plants were also shown to 

be sexual. It would appear that southern populations, at 

least in this lineage, are sexual and northern populations 

are mainly asexual. There are many theories of the forces 

driving asexuality. In animals, geographic parthenogen-

esis is related to populations found in marginal habitats 

(Haag and Ebert 2004). This asexuality in marginal habi-

tats could possibly be evoked for the mangrove-associat-

ed alga Caloglossa�vieillardii (Kützing) Setchell in which 

asexual plants are found only in the extreme edge of its 

range in South Australia (West et al. 2001), with sexual 

plants found further north along the west and east coasts 

of Australia. But, this would be unusual for the mangrove 

associated B.�moritziana lineage 1, where its most wide-

ly distributed life cycle is asexual, and asexuality seems 

mostly to be restricted to its northern limits. The causes 

and maintenance of asexuality need further investigation 

and simple theories have to take into account empirical 

observations.

POLYOLS

Bostrychia possesses two polyols, sorbitol and dulci-

tol, which are both hexan-1, 2, 3, 4, 5, 6-hexol, that are 

unique within the Florideophyceae. The distribution and 

function of these polyols have been extensively studied 

in algae and flowering plants.

Synthesis and function

The enzyme synthesis pathways of sorbitol and dul-

citol in Bostrychia have not yet been investigated. Other 

enzymatic pathways in polyol synthesis are known for 

red algae (e.g., mannitol synthesis) (Karsten et al. 1997, 
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vey) Kuntze (now B.�tenella, King and Puttock 1989) also 

contained both polyols.

B. vaga J. D. Hooker et Harvey. Only one sample from 

the Falkland Islands has been investigated by Kremer 

(1976) and that contained both sorbitol and dulcitol. 

To have a full understanding of the taxonomic and 

ecological importance of polyols in species of Bostrychia, 

it is clear that more extensive acquisition and analyses 

of each species is needed throughout their geographic 

ranges.

Fertilization

The life cycle of Bostrychia plants can differ between 

asexual populations or sexual populations (see above), 

and the life cycle of red algae has been extensively stud-

ied in culture and in�situ. While stages after fertilization 

(post-fertilization development) have been well-studied, 

especially for their utility in red algal systematics (Hom-

mersand and Fredericq 1990), few studies have investi-

gated the early stages of fertilization. While these pro-

cesses are interesting in and of themselves, aspects of 

early gamete recognition may also be important in un-

derstanding speciation processes in red algae (Brodie 

and Zuccarello 2007). The cytological events occurring in 

the early stages of syngamy in red algae have been stud-

ied in Bostrychia in two seminal papers (Pickett-Heaps 

and West 1998, Wilson et al. 2002). The spermatial nu-

clei, after attachment to the trichogyne, divide without 

undergoing DNA synthesis. There is then cell wall dis-

solution between the spermatium and the trichogyne 

(egg extension). After dissolution, the two nuclei enter 

the trichogyne. Video-microscopy, time-lapse observa-

tions revealed that one nucleus traveled towards the 

carpogonium (egg cell body), while the other nucleus 

traveled in the opposite direction towards the trichogyne 

tip. Which nucleus moves in which direction was shown 

to be random and the first nucleus to emerge does not 

always move in one direction consistently. The mecha-

nism of this spermatangial differentiation is not known, 

but the movement involves the actin cytoskeleton and 

myosin, and is inhibited by a range of specific cytoskel-

etal-inhibiting drugs. These processes seem to be very 

similar in another member of the Rhodomelaceae (Mur-

rayella�periclados) (Wilson et al. 2003), so the mechanism 

of nuclear movement may not be species specific; other 

stages (e.g., spermatium attachment, cell wall dissolu-

tion, movement of nuclei on cytoplasmic cytoskeleton) 

could be stages in which barriers to reproductive isola-

tion occur. Intriguingly, the mechanism of spermatial nu-

1992, 1995a). Traces of digeneaside were evident in one 

field sample from Brazil.

B. moritziana. Isolates from Venezuela, Brazil and 

Australia contained sorbitol and dulcitol (Karsten et al. 

1992, 1993).

B. radicans. Strains from South Carolina to Connecti-

cut (lineage 5, haplotype B, see Zuccarello and West 2003) 

were shown to produce only sorbitol whereas strains 

from all other regions (Florida, USA, Mexico, Venezuela, 

Peru, Brazil, Australia). Micronesia have sorbitol and dul-

citol (Karsten et al. 1992, 1994b, 1995a, West et al. 1992a, 

Pedroche et al. 1995). Digeneaside was variably present 

in those samples with and without dulcitol (Karsten et al. 

1994b).

B. radicosa (Itono) J. A. West, G. C. Zuccarello et M. 
H. Hommersand. Isolates from Australia, Madagascar, 

Malaysia, New Caledonia and Thailand contained high 

levels of digeneaside and low levels of sorbitol. Traces of 

dulcitol were also detected in New Caledonia and Mada-

gascar isolates (West et al. 2006b). This is the only species 

of Bostrychia with such a high concentration of digenea-

side and very low concentration of polyols. This species 

is also common in Micronesia, but analyses are not com-

pleted.

B. scorpioides Montagne. A sample from France con-

tained sorbitol and dulcitol with traces of digeneaside 

according (Karsten et al. 1995a). Kremer (1976) demon-

strated that both polyols were present in another sample 

from Brittany.

B. simpliciuscula / B. tenuissima. Samples of lineage 

H3, from Singapore and Australia contained sorbitol and 

dulcitol (Karsten et al. 1992). In Australia all the popula-

tions south of latitude 34° S and belonging to lineage H1, 

contained sorbitol and digeneaside, whereas in lineages 

H2 and H3 all those north of 34° S contained sorbitol 

and dulcitol (Karsten et al. 1992, 1995b,  Zuccarello et al. 

1999c).

B. tangatensis Post. Only one sample from South Af-

rica was analyzed and it contained sorbitol, dulcitol and 

digeneaside (Karsten et al. 1995a). It was also isolated 

from Madagascar (West et al. 2006a). It differed from the 

morphologically similar species, B.� kelanensis, which 

contained only sorbitol and digeneaside.

B. tenella (J. V. Lamouroux) J. Agardh. Many isolates 

from Puerto Rico, Belize, Panama, Brazil, Philippines, 

Indonesia and Australia contained sorbitol and dulcitol 

(Karsten et al. 1992). Only one isolate from the Philip-

pines was analyzed for digeneaside and it was positive 

(Karsten et al. 1995a). Kremer (1976) showed several 

samples (Australia, Brazil, Venezuela) of B.�binderi (Har-
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ity and the genetic distinctness of populations) must be 

one of the major concepts if we wish to understand the 

production of diversity and the evolution of characters 

under selection. What controls this isolation is unknown, 

but results from an early study on the proteome of B.�rad-

icans / B.�moritziana (Kim et al. 2008) has suggested use-

ful approaches to investigating specific proteins that vary 

substantially between lineages or sexual stages of known 

reproductively compatible and incompatible isolates.

This research has been very fruitful over the years and 

further investigation in this genus in the coming years will 

greatly benefit from this accumulated knowledge. Apply-

ing new techniques (e.g., next-generation-sequencing) 

to address questions of speciation in Bostrychia, where 

a solid background of reproductive cycles, reproductive 

compatibility, genetic diversity and cryptic species has 

been established, promises to give us significant insights 

into the processes that produce the wide diversity of red 

algal species known in the world.
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