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ABSTRACT
THE TAXONOMIC AND SYSTEMATIC RELATIONSHIPS OF SEVERAL SALT
MARSH FUCUS TAXA (HETEROKONTOPHYTA, PHAEOPHYCEAE) WITHIN
THE GULF OF MAINE AND IRELAND EXAMINED USING MICROSATELLITE
MARKERS
by
Aaron L. Wallace

The University of New Hampshire, May, 2005

The present thesis utilizes microsatellite markers to examine genetic affinities
between several salt marsh Fucus ecads in order to ascertain their relationships with
attached parental species. Chapter I provides an introduction to the genus Fucus and
discusses morphological plasticity, systematic difficulties, and studies of hybridization
between different Fucus species.

Chapter II describes my development of microsatellite markers for Fucus. Four
polymorphic microsatellite loci were used to determine the origin of a dwarf muscoides-
like Fucus from the Brave Boat Harbor (ME) salt marsh. Similar forms were originally
described in Europe, and appear to be derived from F. vesiculosus L. However, my
results indicate that dwarf Fucus populations from Brave Boat Harbor are largely
comprised of hybrids between F. vesiculosus and F. spiralis L., and differ from

morphologically similar European plants.
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Chapter III presents the results of a larger Gulf of Maine survey that examined the
genetic affinities of several estuarine taxa. My results support the hypothesis that the
smallest limicolous muscoides-like forms are generally hybrids of F. vesiculosus and F.
spiralis. However, somewhat larger muscoides-like forms that grade into the ecad F.
spiralis ecad lutarius (Kiitzing) Sauvageau are composed of a mixture of hybrid and
‘pure’ genotypes, largely from F. spiralis. The rélationships between F. vesiculosus, its
variety spiralis Farlow and ecad volubilis (Hudson) Turner are also examined.

Chapter IV examines the affinities of the European dwarf taxon Fucus cottonii
Wynne et Magne. Samples were collected from Rosmuc, Ireland, near the type location
for this species, and genetic relationships were examined between F. cottonii, F.
vesiculosus, F. spiralis, and a putative F. vesiculosus x F. spiralis hybrid. My results
suggest that F. cottonii from Rosmuc is not of hybrid origin, but is affiliated with F.
vesiculosus. In addition, the putative hybrid was genetically indistinguishable from F.
vesiculosus, and may be equivalent to F. vesiculosus var. spiralis from the Gulf of Maine
or F. vesiculosus var. volubilis (Hudson) Turner from Europe. Taken together, the work
described in this thesis helps shed light on the relationships between several problematic
groups of algae and resolves some taxonomic confusions that have plagued the genus

Fucus.

x1
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CHAPTER I

A SURVEY OF TAXONOMIC PROBLEMS WITHIN THE GENUS FUCUS
(HETEROKONTOPHYTA, PHAEOPHYCEAE) AND THE USE OF MOLECULAR
APPROACHES FOR SYSTEMATICS STUDIES OF MARINE MACROALGAE

Summary

Traditionally, marine algae have been classified according to the morphological
species concept (MSC), by which morphological discontinuities between groups are used
to deliﬁeate species boundaries. However, the high levels of morphological plasticity
displayed by many seaweeds have resulted in a large degree of taxonomic confusion
under the MSC. The present chapter summarizes the difficulties caused by morphological
plasticity within the genus Fucus, particularly as it applies to those forms lacking a
holdfast (commonly termed ecads). Systematic difficulties at the inter- and intraspecific
level within the genus are also discussed. Hybridization and introgression between
different species of Fucus are believed to be the causes of some taxonomic problems
within the genus based upon field and laboratory experiments. The environmental factors
that give rise to ecad morphologies are discussed, and the taxonomic treatments that have
been applied to these forms are summarized. Next, the advantages and limitations of
microsatellite markers in resolving intra- and interspecific relationships are outlined, and
the results of microsatellite developments for several groups of marine algae are

presented. Finally, a description of all taxa studied in this thesis is provided.
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Introduction
The ability to identify taxon boundaries has important practical implications for

understanding ecosystems and biodiversity in terms of species management and
conservation. Further, it is impossible to study processes such as speciation,
hybridization, and gene flow without some understanding of the systematic relationships
between the taxa involved. Within the algae (particularly macroalgae and diatoms), the
most common approach to systematics has been to differentiate taxa based upon
morphological discontinuities between them [the morphotype approach or
“morphological species concept (MSC)” — Mathieson et al. 1981, Guiry 1992, John and
Maggs 1997, Wattier and Maggs 2001]. In their discussion of algal systematics Wattier
and Maggs (2001) note that the bias towards morphological discontinuity as a basis for
taxonomy is strong enough that “...as far as we can determine, newly discovered sibling
species have never been formally described on the basis of non-morphological

~ characters.” Such reliance upon morphology in delineating algal taxa has several
advantages. Firstly, the MSC is relatively easy to apply where a properly described
herbarium specimen is regardéd as the type for the species. Secondly, the MSC is
applicable in cases where the biological species concept of Mayr (1963) fails, such as the
relatively large number of algal species that reproduce asexually or by selfing. Finally, it
is comparatively easy to gather morphological data from a large number of individuals
and sampling is not an intrinsically destructive process (Mathieson et al. 1981). However,
the morphological species concept has several drawbacks. For example, it fails to

distinguish cryptic species, even when they may be reproductively isolated from other
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conspecifics (Guiry 1992, Sosa and Lindstrom 1999, Wattier and Maggs 2001). Problems
also arise with species that display bi- or triphasic life histories, each possessing their
own distinctive morphology (Dring 1974, Moss 1974, Mathieson et al., 1981). Further,
phenotypic responses to environmental or genetic factors can mask diagnostically
important characters within the same species. Conversely, the high levels of phenotypic
plasticity displayed by some species can make it difficult to distinguish morphological
differences that are assumed to separate species under this concept (Russell 1978,
Mathieson et al. 1981, Norton and Mathieson 1983, Prud’Homme van Reine et al. 1996,
Wattier and Maggs 2001, Durand et al. 2002, Schaeffer et al. 2002). Partly for these
reasons, there has been a trend towards the use of biochemical and genetic techniques to
delineate taxonomic and systematic relationships among many groups of algae. While
molecular approaches have become increasingly popular, several workers have pointed
out that they should complement rather than replace other investigative methods, such as
culture studies, common garden and reciprocal transplant studies, and morphometric
analyses (Mathieson et al. 1981, Norton and Mathieson 1983, John and Maggs 1997,
Wattier and Maggs 2001). However, with this important caveat in mind, there is no doubt
that the application of molecular methods has greatly increased our understanding of
algal systematics, particularly at the generic and intraspecific levels.

The current chapter gives a general introduction to the research presented in this
thesis. First, several problems in the taxonomy and systematics of the brown algal genus
Fucus L. are discussed, with particular emphasis to those resulting from the large degree
of phenotypic plasticity within the genus. The results of several morphological and

genetic experiments related to the intra- and interspecific systematics of Fucus are also
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summarized. Secondly, the ecology and systematics of salt marsh forms are discussed,
and descriptions of the taxa examined in this study are provided. Finally, the advantages
and limitations of microsatellite markers as tools for population genetic research are

considered, along with a summary of their use in marine algae.

Mbrphological Variation and its Causes in Fucus

The genus Fucus (Heterokontophyta: Phaeophyceae) is comprised of at least six
species (Powell 1963) that occur commonly within the intertidal and shallow subtidal
zones as well as in salt marshes throughout the northern hemisphere. Fucoid algae are
important components of their constituent ecosystems; thus, several studies of
Ascophyllum Stackh. (a sister genus of Fucus) have estimated their biomass and primary
productivity (Brinkhuis 1976, Chock and Mathieson 1976, Cousens 1984). In addition,
both open coastal and salt marsh fucoids provide food and shelter for other marine
organisms (Fritsch 1959). Peters et al. (2004) note that Fucus species are economically
important and commonly used in genetic, ecological, and cell biology studies. In
addition, Prud’Homme Van Reine et al. (1996) suggest that Fucus may be well suited as
an indicator species for biodiversity studies.

Species of Fucus are differentiated by a variety of morphological and sexual
criteria (Fritsch 1959, Powell 1963, Rice and Chapman 1985, Leclerc et al. 1998, Serrio
et al. 1999a — also cf. Table 1). Different species also display distinct ecologies, such as
their zonation along the shore. For example, F. vesiculosusf L. tends to occur within the
mid intertidal to shallow subtidal zones, whereas F. spiralis L. is generally found within

the upper intertidal zone. The differences in zonation appear largely due to variable
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resistance to desiccation (Fritsch 1959) and the differing abilities of species to regain full
photosynthetic activity after periods of emersion (Dring and Brown 1982, Chapman
1995). Species of Fucus share a common body plan, consisting of a discoid holdfast that
serves to attach the plant to rocks or other solid substrata and a thallus with a central
midrib that branches into individual fronds. Terminal reproductive structures
(receptacles) are present seasonally. Figures 1a and 1b provide photographs of F.
vesiculosus and F. spiralis.

As with many seaweeds, species of Fucus display high levels of morphological
plasticity. For this reason, and despite the existence of diagnostic morphological
characters, various authors have noted much taxonomic confusion associated with Fucus
at both the inter- and intra-specific level (Baker and Bohling 1916, Burrows and Lodge
1951, Fritsch 1959, Powell 1963, Chapman and Chapman 1973, Russell 1978, Marsden
et al. 1983, Pérez-Ruzafa and Garcia 2000). The extensive levels of morphological
variation found in Fucus are due in part to environmental factors, including variability of
wave exposure, salinity, desiccation, temperature, and light availability (Baker and
Bohling 1916, Naylor 1936, Fritsch 1959, Russell 1979, 1986, 1987, Mathieson et al.
1981, Norton et al. 1982, Norton and Mathieson 1983, Kalvas and Kautsky 1993, 1998,
Chapman 1995, Munda and Kremer 1997, Ruuskanen and Béck 1999, 2002). Probably
the most widely accepted species taxonomy for Fucus was created by Powell (1963), who
grouped more than one hundred previously described taxa into six species (F. ceranoides
L., F. serratus L., F. spiralis L., F. vesiculosus L., F. distichus L. and F. virsoides J.

Ag.). Several other taxa have since been accorded species status by various authors [for
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example F. cottonii Wynne et Magne 1991', and F. evanescens C. Ag. (1820) by Rice
and Chapman 1985].

Intraspecific morphological variation in Fucus may be considerable. While some
studies have found a direct correlation between environmental gradients and phenotypic
response (Kalvas and Kautsky 1993, 1998, Chapman 1995, Ruuskanen and Bick 1999,
2002), it also appears that genetic factors are involved. For example, Munda and Kremer
(1997) used morphometric characters and population analysis to examine relationships
within F. vesiculosus on Helgoland Island. They found that vesiculated and evesiculated
forms grew side by side in a patchwork mosaic and concluded that ecological factors
alone were not sufficient to explain the observed morphological differences. Rice and
Chapman (1985) observed a similar patchwork of morphologies based upon the analysis
of thirty-nine characters in F. distichus; hence, they argued that these populations
consisted of two distinct species, F. distichus and F. evanescens C. Ag., with the latter
often being regarded as a subspecies of the former. Several studies have examined the
presence of two distinct morphologies of F. spiralis occurring as mixed stands [F.
spiralis and F. spiralis f. nanus (Stackhouse) Bargesen] using both morphological
characters and pyrolysis mass spectrometry (Anderson and Scott 1998, Scott et al. 2000,
2001). Such studies have concluded that the distinct morphologies found in these stands
were best described taxonomically as formae (implying genetic differences) rather than
environmentally induced morphotypes.

Morphological plasticity has also resulted in taxonomic confusion at the

interspecific level within Fucus. The common occurrence of ‘intermediate’ morphologies

' F. cottonii Wynne et Magne = F. muscoides Feldmann et Magne (Feldmann and Magne 1964).
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where different species of Fucus grow together has long been recognized. 'Such
individuals are often regarded as interspecific hybrids (Thuret 1854, Sauvageau 1908a,
Kniep 1925, Burrows and Lodge 1951, Boney 1966, Niemeck and Mathieson 1976,
Bolwell et al. 1977, Evans et al. 1982, Scott and Hardy 1994, Hardy et al. 1998, Coyer et
al. 2002a), although the high degree of variation found within Fucus species has made
confirmation using morphological characters difficult. Hybrid plants tend to be found in
narrow bands between different species of Fucus or in areas subject to recent
environmental disturbance where the previous fucoid species have been displaced
(Burrows and Lodge 1951, Boney 1966). Based upon these observations several workers
have hypothesized that hybrids may be unable to effectively compete with parental forms
under ordinary circumstances (Sauvageau 1909, Kniep 1925, Burrows and Lodge 1951,
Boney 1966).

Although difficult to demonstrate morphologically, several lines of evidence
support the likelihood of natural hybridization between different species of Fucus. Thuret
(1854) produced hybrids by crossing F. serratus (male) and F. vesiculosus (female), and
a variety of other workers have since carried out interspecific crosses with varying
success (see Mathieson et al. 1981 and Coyer et al. 2002b for specific details). A
cytological analysis of several Fucus species by Evans (1962) concluded that “...
uniformity in chromosome number, size, and appearance in the various species may help
to explain the ease with which hybrids are formed”. In this case, it would be expected that
chromosomal similarities would aid in introgression rather than hybridization per se (also
see Lewis 1996). Culture experiments by McLachlan ez al. (1971) using four species of

Fucus [F. distichus, F. serratus, F. edentatus (synonymous with F. evanescens), and F.
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vesiculosus] led these workers to conclude that morphological variation in Fucus was
largely due to interspecific hybridization. In contrast to earlier workers (Stomps 1911,
Burrows and Lodge 1951), Bolwell et al. (1977) found that interspecific barriers to
fertilization between Fucus species exist. However, such barriers apparently weaken with
the age of the egg. In addition, several studies have noted that the eggs of Fucus release a
sperm attractant that can act inter-specifically (Boney 1966, Green et al. 1990). Serréo et
al. (1996) and Berndt et al. (2002) found that gamete release in some species of Fucus is
inhibited by turbulent conditions, while Berndt et al. (2002) speculated that delayed
gamete release due to stormy conditions could promote hybridization.

Within the last decade several studies have attémpted to examine hybridization in
Fucus. Scott and Hardy (1994) conducted morphological analyses similar to Burrows and
Lodge (1951) and reported the presence of hybrids between F. vesiculosus and F. spiralis
in a narrow band between the zones occupied by each species. Hardy et al. (1998)
confirmed the identity of putative hybrids between F. vesiculosus and F. spiralis using
pyrolysis mass spectrometry (also see Russell 1995). Finally Coyer et al. (2002a)
confirmed the presence of hybrids between F. serratus and F. evanescens in a zone of
secondary contact using microsatellite markers®. In addition, hybridization has now been
documented for several groups of brown algae (particularly the Laminariales) using
several approaches, including aftiﬁcial crosses (Lewis and Neushul 1994, 1995), and

genetic markers such as the internal transcribed spacer (ITS) region of the ribosomal

? Secondary contact is probably the most widely accepted mechanism for the formation of hybrid zones. In
this scenario, a population becomes geographically subdivided and one or more of the subpopulations
undergo allopatric speciation. The geographic regions in which the new species subsequently co-occur after
speciation are thus referred to as zones of secondary contact. Reviewed in Hewitt (1988).
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cistron (Liptak and Druehl 2000, Kraan and Guiry 2000a) and the ribulose bisphosphate
carboxylase/oxygenase (RuBisCo) spacer region (Kraan and Guiry 2000b).

Interestingly, the presence of a large number of transitional forms and their
apparent ability to hybridize led Stomps (1911) to propose that F. spiralis, F. vesiculosus,
and F. ceranoides were simply different forms of the same species. However, this view
has not gained widespread acceptance (Burrows and Lodge 1951, Powell 1963).
Nonetheless, Burrows and Lodge (1951) acknowledged that the ability of these species to
interbreed implied that barriers to the creation of a single polymorphic species were
largely due to ecological differentiation (a hypothesis that was subsequently called into
question by Bolwell et al. 1977, see above). More recently, Serrdo et al. (1999a)
confirmed the close evolutionary relationship between F. ceranoides, F. spiralis, and F.
vesiculosus using the ITS region; they also found that these three species formed a well-
supported clade along with F. virsoides J. Ag., but that sequence variation in the ITS
region was not able to resolve relationships between them (also see Leclerc et al. 1998).
Other studies have distinguished between closely related Fucus species using several
approaches, including pyrolysis mass spectrometry (Hardy et al. 1998), cellulose acetate
isozyme electrophoresis (Hull et al. 2001), and a combination of nuclear, mitochondrial,

and chloroplast markers (Coyer ef al. 2002a).

Causes of Morphological Variation Amongst Salt Marsh Fucus
All of the Fucus species initially classified by Powell (1963) are saxicolous (i.e.,
they grow attached to rock). However, two species (F. spiralis and F. vesiculosus) may

give rise to detached salt marsh forms lacking a holdfast. Such detached forms are often
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referred to as ecads, which emphasizes the strong influence of environmental factors
upon their morphology (Baker and Bohling 1916).” For the present discussion, an ecad
may be defined in the sense of Clements (1905) as morphological variability due to
habitat (see Chapter IV for further details). Salt marsh ecads may be either entangled or
loose-lying (i.e. lying directly on the muddy banks of estuaries or entangled among the
bases of marsh plants such as Spartina spp.) or embedded (with the base of the plant
being partly buried by mud or silt).* Ecads may arise via fragmentation of attached plants
by several means, including ice rafting, herbivory, and wave action, etc. (Chock and
Mathieson 1976, Norton and Mathieson 1983). Fragments deposited in a suitable habitat
will grow, proliferate, and potentially produce more fragments. Alternatively, a zygote
may become attached to an object that is insufficient to provide anchorage (a small stone
or shell fragment) or is ephemeral (i.e., a rotting piece of wood or the roots or rhizomes
of other salt marsh flora), leading to subsequent loss of a holdfast and detachment (Baker
and Bohling 1916, Fritsch 1959, Boney 1966, Chapman and Chapman 1973, Norton and
Mathieson 1983). Finally, a study by Torrey and Galun (1970) using F. vesiculosus
demonstrated that rhizoid formation was inhibited by high salinities; Norton and
Mathieson (1983) have suggested that this could also give rise to detached forms in salt

marshes.

3 Fucus ceranoides is a species that is restricted to inner estuarine sites near freshwater sources (Chapman
1995). While it also gives rise to some ecad forms (Baker and Bohling 1916), it does not occur within the
Gulf of Maine and is therefore not treated here.

*The term embedded is synonymous with the term limicolous (buried within mud), and they are used
interchangeably in this thesis.

10

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



While it has been emphasized that fucoid ecads are all derived from attached
forms (Fritsch 1959), their morphologies are often very different than those of ‘parental’
species. Fucoid ecads are characterized by a lack of a holdfast, spiraling of the thallus,
extensive proliferation, a trend towards reduction in size, a loss of sexual reproduction,
and enhanced vegetative proliferation (Baker and Bohling 1916, Fritsch 1959, Chapman
and Chapman 1973, Boney 1966, Norton and Mathieson 1983). The possible causes of
detachment (lack of a holdfast) of Fucus ecads were reviewed in the preceding paragraph,
while the environmental factors that may result in the other morphological alterations
described are discussed below.

A high degree of spiraling or curling of the thallus tends to be commonly
observed in Fucus ecads that grow entangled amongst the bases of salt marsh plants such
as Spartina Schreb. [e.g., F. vesiculosus ecad volubilis (Hudson) Turner], while spiraling
is less pronounced or absent in smaller embedded forms (i.e. muscoides-like or dwarf
limicolous Fucus). Baker and Bohling (1916) concluded that spirality was caused by
salinity, differential nutrient access, and growth by the side of the plant actually in
contact with the underlying muddy substrata. Alternatively, in their review of detached
seaweeds Norton and Mathieson (1983) propose spirality as a response by a plant to a
constantly changing orientation. Proliferation (extensive branching of the thallus) may
result from damage to the plant (Norton and Mathieson 1983). Baker and Bohling (1916)
observed that proliferation tended to occur where the thallus was subject to some degree
of burial as well as during the winter. Dahl (1971) showed that burial and damage to the

brown algae Zonaria farlowii Setchell and Gardner resulted in enhanced proliferation.
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A trend towards reduction in size has been very generally observed for Fucus
ecads (Baker and Bohling 1916, Fritsch 1959, Boney 1966, Chapman and Chapman
1973, Niell et al. 1980, Norton and Mathieson 1983). As noted by Norton and Mathieson
(1983), Fucus ecads tend to be found in the high intertidal zone, where many seaweeds
(including those with a holdfast) exhibit slow growth and reduction in size (Norton et al.
1981) due to factors such as increased exposure to air. Baker and Bohling (1916) stated
that reduction in thallus length was caused solely by exposure, whereas narrowing of the
thallus was caused by low salinities. They hypothesized that the combination of these two
factors produced a morphological/ecological gradation from entangled to embedded
forms along these two environmental gradients. Similarly, Brinkhuis (1976) observed that
gradation in size between two ecads of Ascophyllum correlated with vertical position on
shore, with smaller forms occurring higher within the intertidal. Reduction in size is
especially frequent among embedded forms where gradual sedimentation results in partial
burial of the detached thallus followed by basal decay and rotting. When such burial
reaches a dichotomy it will ultimately separate the thallus into two plants, a process
sometimes referred to as dichotomic splitting (Den Hartog 1972, Norton and Mathieson
1983). When combined with extensive proliferation, dichotomic splitting can give rise to
the dense carpet-like patches that are a common feafure of the smallest Fucus ecads
(Figure 1).

The loss of sexual reproduction is nearly universal among Fucus ecads. While
several workers have reported receptacles on detached Fucus plants (Sauvageau 1908a,
1915, Cotton 1912, Baker and Bohling 1916, Skrine et al. 1932, Lynn 1935), others note

that the gametes from these plants are often inviable (Gibb 1957, Norton and Mathieson
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1983). Further, several workers (Gibb 1957, Chock and Mathieson 1976) have reported
that receptacles are often found on recently detached plants, and conclude that receptacle
initiation in these cases likel3./ occurred prior to detachment. Thus, it appears that
initiation of receptacle formation is inhibited in detached ecads. While the specific causes
of reduced sexual reproduction have not been .identiﬁed, various causal factors have been
suggested, including high humidity (Baker and Bohling 1916), decreased nutrient uptake
or irradiance, exposure to biologically produced inhibitors, and reversion of the plant to a
juvenile state (reviewed in Norton and Mathieson 1983). However, the latter authors
point out that the clonal reproduction of ecads is an efficient way to propagate copies of a

genotype with proven survival ability for a particular environment (also see Smith and

Walters 1999).

Systematic and Taxonomic Difficulties of Salt Marsh Fucus Ecads

Previous studies of Fucus ecads have been largely confined to Europe, where
there have been conflicting treatments of their taxonomy (Sauvageau 1908a, b, 1923,
Baker and Bohling 1916, Feldmann and Magne 1964, Niell et al. 1980, Wynne and
Magne 1991). Difficulties in developing a generally acceptable taxonomy are largely the
result of four factors: 1) The somewhat arbitrary delineation of taxa resulting from a
morphological continuum between different forms; 2) The possibility that similar ecad
morphologies may be derived from multiple parental species (i.e., convergence of
morphology); 3) Disagreements over the significance of specific character states, and; 4)
Failure to provide evidence to justify changes in taxonomic ranking. All four problems

are discussed below.
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The morphological gradations of Fucus ecads are even more pronounced than
those found in saxicolous taxa; hence, they are more difficult to treat taxonomically. The
most comprehensive attempt to simplify conflicting taxonomies was carried out by Baker
and Bohling (1916) during an extensive survey of detached/embedded Fucus forms in
British salt marshes. They regarded all estuarine Fucus taxa that lacked a holdfast to be
derived from F. vesiculosus, with the sole exception of F. ceranoides. Their conclusions
were based upon the presence of a morphological continuum connecting even the
smallest embedded fragments to attached F. vesiculosus via intermediate entangled plants
and the usual dioecious state of the receptacles when present. For convenience, Baker and
Bohling established three taxa, F. vesiculosus ecads volubilis, caespitosus, and muscoides
Baker et Bohling. Differences between these ecads were based largely on decreases in
size, spirality, and vesiculation of the thallus, as well as a loss of receptacles, grading
from ecad volubilis through ecad muscoides. However, transitional morphologies exist at
the boundaries of these designated groups that cannot be easily classified. Mathieson and
Dawes (2001) reported a similar situation in a Maine estuary, with numerous transitional
forms linking a muscoides-like dwarf Fucus to F. spiralis ecad lutarius (Kiitzing)
Sauvageau (Figure 1). The importance of morphological gradation as it affects ecad
systematics has also played a role in disputes over the taxonomic status of the dwarf
limicolous Fucus described from European salt marshes, which has been regarded by
various workers as a variety (F. vesiculosus var. muscoides, Cotton 1912), ecad (F.
vesiculosus ecad muscoides, Baker and Bohling 1916, Niell et al. 1980) or distinct
species (F. cottonii, Feldmann and Magne 1964, Parke and Dixon 1976, Wynne and

Magne 1991).
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Convergence of morphology is also an issue in ecad systematics. For example, the
muscoides-like Fucus reported by Mathieson ef al. (2001) and Mathieson and Dawes
(2001) is very similar to the ecad muscoides of Baker and Bohling (1916), although the
two forms are apparently derived from different species. Further, the channel wrack
Pelvetia canaliculata L. also appears to give rise to dwarf morphologies resembling ecad
muscoides and the muscoides-like Fucus (Skrine 1928, Carter 1933).

Disagreements regarding the value of specific character states have also plagued
the classification of Fucus ecads. For example, in his studies of Fucus ecads, Sauvageau
recognized two species, F. lutarius Kiitzing (which lacked vesicles) and F. volubilis
Hudson (a vesiculated form) and argued that the former was most likely affiliated with F.
spiralis (Sauvageau 1908a, b, 1923). However, Baker and Bohling (1916) placed F.
lutarius in their ecad volubilis. Both arguments hinged largely on the weight given to the
sexual state of the receptacles. Baker and Bohling (1916) argued that the dioecious state
of the receptacle favored an origin from F. vesiculosus. By contrast, Sauvageau (1907,
1908a, 1915) argued that as the receptacles were always female, this condition probably
resulted from reduction of the receptacle from a hermaphroditic to a dioecious state due
to environmental factors with a consequent loss of males. As several workers have
proposed that the sexual state of the receptacles in the only conclusive diagnostic trait
between F. vesiculosus and F. spiralis (Burrows and Lodge 1951), this debate highlights
the difficulty of classifying such variable forms and demonstrates the need for systematic
assessments based upon combinations of morphological, non-morphological (i.e.

chemical and/or molecular), and transplant data where applicable (see below).
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Finally, transfers in taxonomic ranking are sometimes carried out with little or no
supporting evidence. Russell (1987) and Norton and Mathieson (1983) cite several
instances of such transfers in fucoid ecads, such as the elevation of Baker and Bohling’s
ecad volubilis to ecotype status by Davy de Virville (1944, reviewed in Norton and
Mathieson 1983) or the confusion over the taxonomic status of the dwarf limicolous
Fucus discussed by Norton and Mathieson.” In the latter example, Norton and Mathieson
point out that transplant experiments that might have shed light on the issue were never
carried out. The potential value of transplant experiments for algal taxonomy was
discussed by Wattier and Maggs as well (2001) who also noted the current unpopularity
of this approach. The utility of transplant and common garden experiments for the
taxonomy of Fucus ecads has been recently demonstrated by Mathieson and Dawes

(2001),

Microsatellite Markers and their Utility in Marine Algae

Microsatellites are short, tandemly repeated nucleotide motifs (often defined as
<8 bases in length). Mutation generally occurs by polymerase slippage during DNA
replication that results in the gain or loss of repeat units, although mutations in the region
flanking the repeat or within the repeat itself (leading to ‘interrupted’ motifs) may also
occur (cf. Jarne and Lagoda 1996, Ellegren 2000, Schlétterer 2000, Orti et al. 1997).
Thus, loci containing microsatellites tend to be hypervariable as compared to

conventional genetic markers; hence, microsatellites are often preferred for the study of

% In the case discussed by Norton and Mathieson (1983), the ecad Fucus vesiculosus ecad muscoides was
raised to species status without comment by Parke and Dixon (1976).
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population structure and other microevolutionary processes. The utility of microsatellite
markers in resolving species and population level questions has been demonstrated for
many organisms, including insects (Freiburger et al. 2004), gymnosperms (Vendramin et
al. 1998, Marquardt and Epperson 2004), fish (Lu et al. 2001, Bernatchez et al. 2002,
Shaw et al. 2004), fungi (Bucheli et al. 2001), and mammals (Domingo-Roura 2002).
The potential utility of microsatellite markers for resolving taxonomic and
systematic issues within marine algae is increasingly recognized (cf. Wattier and Maggs
2001). Microsatellites possess several advantages over other molecular techniques
commonly used for population or species level studies such as restriction fragment length
polymorphism (RFLP), randomly amplified polymorphic DNAs (RAPDs), or amplified
fragment length polymorphism (AFLP). Microsatellite markers are co-dominant, simple
to score, permit high-throughput analysis, and results are easily reproducible within and
between laboratories. Also, unlike RFLP, RAPDs, and AFLP they are unaffected by the
small amounts of contaminating DNA often present in DNA isolations from marine algae
(Wattier and Maggs 2001). However, there are also seyeral potential problems associated
with microsatellites, most of which may result in the underestimation of the actual
number of heterozygotes. For example, stutter effects may arise from DNA polymerase
slippage during PCR, making it difficult to detect heterozygotes whose alleles differ by
only one or two repeats.® Stutter effects tend to be most severe with dinucleotide repeats

and become progressively less obtrusive as the repeat length increases. A second problem

6 “Stutter” refers to artificial peaks seen during an electrophoresis run that are + 1-2 repeat units < or > the
actual allele size. It is caused by slippage of DNA polymerase as it moves along a microsatellite repeat,
resulting in a gain or loss of repeats. If an individual is heterozygous for alleles that differ by only 1-2
repeats, then the resulting pattern may mistakenly be interpreted as a homozygous genotype displaying
stutter.
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may arise due to ‘binning’ effects.” Muller (1991) has pointed out that discrepancies
between bin boundaries and the actual range of variation present in the allele scoring
process may produce an apparent heterozygote deficit. The presence of non-amplifying
alleles (or nulls) will also produce an apparent heterozygote deficit. Several possible
causes may exist for null alleles, including point mutations or indels in the primer-
binding sites within the flanking regions (Ede and Crawford 1995, Paetkau and Strobeck
1995). In addition, short allele dominance, or the preferential exponential amplification of
short alleles over longer ones during PCR, may cause null alleles and apparent
heterozygote deficits. In fact, short aliele dominance has been documented for one
microsatellite locus in the red alga Gracilaria (Wattier ef al. 1998). Finally, the nature of
mutation in microsatellites may cause size homoplasy (i.e., alleles are identical by state
but not by decent) and this possibility should be borne in mind when analyzing data from
such loci.

Currently, microsatellite markers have been developed for several groups of
marine algae; including the red algal genera Gracilaria (Wattier et al. 1997, Luo et al.
1999) and Porphyra (Teasdale 2004), the green algae Cladophoropsis (Van Der Strate et
al. 2000) and Enteromorpha (Alstrom-Rapaport and Leskinen 2002), and within the
brown algal orders Laminariales (Billot et al. 1998, Whitmer 2002) and Fucales (Coyer et
al. 2002c, Olsen et al. 2002, Engel et al. 2003). Table 2 provides a summary of several

microsatellite isolations for algae. The average number of alleles per locus observed in

7 “Binning” is a way of resolving size-calling difficulties both within and between polyacrylamide gels. In
reality each allele is some whole number of bases in size; however, the ‘assigned’ size on a gel may vary
continuously over a given range. Bins designate cutoff points between which an allele will always be
assigned a given size. For example, given an allele size of X bp, a bin might be defined as X+1 bp, and any
allele in this size range will then be called as X.
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these studies is often <10, and it has been noted that microsatellite loci in algae tend to be
less polymorphic than those in higher plants and animals (Wang ef al. 1994, Téth et al.
2000, Wattier and Maggs 2001). A striking example of this was found by Teasdale
(2004) who saw no polymorphism at ten microsatellite loci in Porphyra umbilicalis (L.)
J. Agardh. Interestingly, primers for these loci even supported cross-species amplification
by PCR, while not displaying size polymorphism between species. Low levels of
polymorphism and genetic diversity in marine algae are borne out by other studies as
well. For example, Lindstrom (1993) found no intraspecific polymorphism for two
species of Porphyra over a range of1000 kilometers using isozyme analysis. Hull et al.
(2001) reported low levels of genetic diversity in four Fucales species using cellulose
acetate electrophoresis, while other workers have also suggested that low genetic
diversity may be common within the brown algae as a whole (Williams and Di Fiori
1996)

A further general observation is that the proportion of microsatellite loci within
algal nuclear genomes appears to be less than in other eukaryotes (Wattier and Maggs
2001). The difference in proportion does not simply appear to be due to genome size. The
haploid genome sizes of several algal taxa have been determined, including the red algal
genera Porphyra (= 300 Mbp Kapraun et al. - 1991) and Chondrus (= 150 Mbp - Peters

| et al. 2004), as well as the heterokont orders Laminariales (580-720 Mbp), Fucales
(1095-1271 Mbp), and Ectocarpales (127-290 Mbp — all from Peters et al. 2004). While
the haploid genome sizes of gymnosperms and angiosperms are generally estimated to be
larger than those of algae (4120-76,900 Mbp and 50-125,000 Mbp, respectively; data

from Li 1997), the range of genome size in algae is comparable to groups such as insects
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(98-7350 Mbp) and fungi (8.8-1470 Mbp; data from Li 1997) from which numerous
microsatellite loci have been reported (T6th et al. 2000). Although Wattier and Maggs
(2000) do not offer an explanation for the observation of low proportions of
microsatellites in algal nuclear genomes, it may be simply a result of the relatively small
numbers of taxa studied to date.

While most of the papers cited in Table 2 simply report the development of
microsatellites, a new generation of algal studies is beginning to applylthese markers
towards analyses of population structure, genetic diversity, hybridization,
phylogeography, and paternity and fertilization within marine algae. For example, Engel
et al. (1999) used two microsatellite loci to conduct paternity studies in Gracilaria,
demonstrating that male fertilization efficiency was not a simple function of spermatic
dispersal distance. Van der Strate et al. (2002, 2003) used eight microsatellite loci to
examine population structure and the presence of cryptic species within Cladophoropsis.
Coyer et al. (2003) used seven microsatellite loci to examine population structure in
northern European populations of Fucus serratus. In addition, Coyer et al. (2002a) used
five nuclear microsatellite loci, along with mitochondrial and chloroplast markers, to
demonstrate the presence of hybrids between F. serratus and F. evanescens in a zone of
secondary contact. Studies such as those described above as well as the research
presented here demonstrate the utility of microsatellite analyses in combination with
other genetic and morphological approaches to enhance our understanding of marine

algae and ecosystems.
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Description of Taxa Examined in this Thesis

Within the Gulf of Maine, which extends along the northwest Atlantic from Nova
Scotia to Cape Cod, MA, Fucus is represented by four species (F. serratus, F. distichus,
F. spiralis, and F. vesiculosus), along with several infraspecific taxa (Mathieson and
Hehre 1986, Sears 2002). The present study examines some aspects of the taxonomy and
systematics of several Fucus taxa distributed throughout the Gulf of Maine and Ireland
using microsatellite markers. The taxa involved are F. spiralis, F. spiralis ecad lutarius
(Kitzing) Sauvageau, a muscoides-like Fucus (from the Gulf of Maine), F. cottonii
Wynne et Magne (from Ireland), F. vesiculosus, F. vesiculosus ecad volubilis (Hudson)
Turner, and F. vesiculosus var. spiralis Farlow. Pictures and descriptions of all taxa can
be found in Figure 1 and Table 1, respectively. A brief summary of each taxon is
provided below.

Fucus spiralis L. is a perennial cosmopolitan species occurring along the open
coast and (occasionally) within estuaries throughout much of the northern Hemisphere.
Along the coast, it tends to occur within the upper intertidal zone, where it may grow up
to >30 cm depending upon environmental conditions (Sears 2002). Stunted or dwarf
forms (sometimes referred to as f. nanus) may be found within the extreme upper
intertidal zone of exposed sites or high up on muddy banks of inner estuarine sites. Its’
reproductive period is between June—SeptemBer (Mathieson 1989).

Fucus vesiculosus L. has a geographic distribution similar to that of . spiralis,
although it is more common within salt marshes than is the latter species. It appears to
display a greater tolerance for reduced salinity than F. spiralis (Niemeck and Mathieson

1978), and it is the only species of Fucus widely distributed throughout the Baltic Sea
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(Serrdo et al. 1999b). Fucus vesiculosus is also perennial and generally occurs within the
mid to lower intertidal. Reproduction occurs from March to June (Mathieson 1989).

Fucus vesiculosus var. spiralis Farlow is a perennial taxon characterized by a very
spiraled thallus that may or may not display vesicles. It is a mid-intertidal plant that
commonly occurs in salt marshes along tidal channels or on heavily sedimented rocky
shores (Sears 2002). Although F. vesiculosus var. spiralis possesses a holdfast, Taylor
(1957) notes its resemblance to F. vesiculosus var. volubilis (Hudson) Turner and
speculates that these two taxa may be identical. Baker and Bohling (1916) also note the
resemblance of F. vesiculosus var. spiralis from the United States with F. vesiculosus
var. volubilis from British estuaries. Receptacles may be present from March through
June (Niemeck and Mathieson 1976, Mathieson 1989), but to date no studies have
examined the viability of gametes in this taxon.

As noted above, Fucus vesiculosus ecad volubilis (Hudson) Turner resembles F.
vesiculosus var. spiralis, except that it is a detached form that occurs in salt marshes
entangled amongst Spartina species. It is generally heavily spiraled and proliferous and
ranges in size from very small fragments (several centimeters) to plants that may be
longer than average attached forms of F. vesiculosus (i.e., over a meter). While this taxon
is probably perennial, I am unaware of any studies that have determined its average
lifespan.

Fucus spiralis ecad lutarius (Kiitzing) Sauvageau is an entangled or loose lying
ecad that has been reported from salt marshes in Europe and the Northwest Atlantic
(Sauvageau 1923, Chapman 1939, Taylor 1957, Mathieson and Dawes 2001, Mathieson

et al. 2001). Chapman (1939) considered it a “low marsh plant” affiliated with Spartina
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alterniflora Loisel. It is distinguished from F. vesiculosus ecad volubilis in that the fronds
are narrower and show little spiraling. The average size of this ecad is also considerably
smaller than F. vesiculosus.ecad volubilis. Receptacles are rare, but when present they are
dioecious (Sauvageau 1907).

Fucus cottonii Wynne et Magne has been described from several locations in
Europe (Cotton 1912, Baker and Bohling 1916, Niell 1980) as well as Alaska® (Ruiz et
al. 2000) where these small (<5-6 cm) embedded plants occur in dense carpets on well-
drained areas of salt marshes, generally in the extreme upper intertidal and associated
with Spartina alterniflora or S. patens (Aiton) Muhl. Receptaclesare rare, but when
present they are dioecious. As discussed later, in Europe this species has generally been
regarded as arising from F. vesiculosus via intermediates such as F. vesiculosus ecad
volubilis. The muscoides-like forms are similar in morphology and ecology to F. cottonii,
and have been reported from multiple estuarine sites throughout the Gulf of Maine
(Mathieson and Dawes unpublished). A comparison of muscoides-like plants from the
Gulf of Maine with Fucus cottonii collected near the type location in Ireland has shown
some morphological differences between the two ecads (the Ireland samples are on
average smaller — Mathieson and Dawes unpublished). In addition, Mathieson and Dawes
(2001 and unpublished) have shown that muscoides-like forms from the Gulf of Maine
differ in origin from F. cottonii. Determining the origins of the muscoides-like forms and
their affinities to F. cottonii is a primary goal of this thesis (cf. Chapters II-IV). Various
taxonomic difficulties arise when discussing F. cottonii and the muscoides-like Fucus.

Throughout this thesis, both taxa may be variously referred to as ‘dwarf Fucus’ or ‘dwarf

¥ Although Ruiz et al. referred to the Alaskan forms as F. cottonii, it would probably be better to avoid such
a designation pending further morphological, ecological and genetic studies.
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limicolous Fucus’. However, the term F. cottonii is only used for dwarf forms in Europe,
whereas muscoides-like is used for such forms in the Northwest Atlantic or (to a lesser
' extent) Alaska.

In his discussion of environment and form in the Phaeophyta, Russell (1978)
distinguishes between an ecotype (“a phenotypic expression determined to some extent
by genetic differences”) and an ecad (“morphological differences which are due to direct
environmental effects”) and criticizes the application of these terms without sufficient
evidence. By providing a better understanding of the population genetics of estuarine
Fucus within the Gulf of Maine, this study will provide some of the evidence needed to

resolve the confusing systematics of this group.
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Figure 14. Factorial correspondence analysis of Rosmuc Fucus.
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Figure 15. Neighbor-Joining analysis of Rosmuc Fucus taxa.
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Table 11. General population parameters for all Rosmuc Fucus taxa (PH = putative hybrid) as well as the F,HYB.

Number of Alleles per Locus

Estimates of Fig

Taxa total # of Mean # F26I1 F90 L94 L58 Hg Ho F26Il F90 L94 Ls8 Global
genotypes Alleles
/N
F. vesiculosus 44/44 12.25 20 17 8 4 0.737 0.471 0.319" 0.705" |- 0.162 0.136 0.364'
F. spiralis 29/50 6.5 10 5 9 2 0.39 0.126 0.716" | 0.536" | 0.505 1! 0.679'
F. cottonii 24/32 8 11 10 6 5 0.589 | 0.241 0.782" 10.793" [ 0.093" | 0.407" | 0.596'
PH 53/53 11.25 16 16 9 4 0.685 | 0.405 0.351" ] 0.703" [ 0246 | 0.16' | 0.411
FHYB 40/40 12 20 13 10 5 0.693 0.788 -.065 -0.1 -0.302* | -0.072 | -0.139°
'Significant deviation from Hardy-Weinberg equilibrium showing a heterozygote deficit.
*Significant deviation from Hardy-Weinberg equilibrium showing a heterozygote excess.
Table 12. Possible scoring errors and estimates of putative null allele frequencies using MicroChecker.
Potential scoring problems Putative null allele frequencies
Stutter Large Allele F2611 F90 L9%4 L58
Dropout

F. vesiculosus N/A N/A 0.321 0.147 N/A N/A
F. spiralis F2611 N/A 0.152 0.301 0.101 0.04
F. cottonii F90 N/A 0.256 0.336 N/A 0.133
PH F26I1 N/A 0.332 0.159 0.069 N/A
FHYB N/A N/A N/A N/A N/A N/A




Table 13. Pairwise Fstestimates for Rosmuc Fucus over all loci.

PH F. spiralis F. vesiculosus F:HYB
F. cottonii 0.144 0.396 0.114 0.167
PH 0 0.32 0.01 0.099
F. spiralis --- 0 0.255 0.099
F. vesiculosus --- --- 0 0.047

Table 14. Pairwise Fst estimates for all taxa examined from Wells Harbor, Brave Boat

Harbor, and Rosmuc.

Wells Harbor Brave Boat Harbor Rosmuc
Fs Fvv | mlIF Fs Fv Fvv | mlF Fs Fv PH
Wells Fvv | 0.416
Harbor | mlIF | 0.269 | 0.116
Brave Fs |0.010] 0417 | 0.254
Boat Fv | 0.388 | 0.141 | 0.091 | 0.387
Harbor | Fvv | 0.275 | 0.127 | 0.043 | 0.251 | 0.057
miF | 0.202 | 0.136 | 0.019 | 0.197 | 0.116 | 0.014
Rosmuc | Fs | 0.530 | 0.333 | 0.344 | 0.525 | 0.299 | 0.319 | 0.350
Fv ]0.390|0.190 | 0.203 | 0.406 | 0.149 | 0.161 | 0.219 | 0.125
PH [0.378{0.174 | 0.193 | 0.396 | 0.145 | 0.155 | 0.208 | 0.182 | 0.011
Fc [0.53210.327]0.332 | 0.523 | 0.288 | 0.308 | 0.343 | 0.147 | 0.087 | 0.127

Fs, F. spiralis; Fv, F. vesiculosus; Fvv, F. vesiculosus ecad volubilis; mlF, muscoides-
like Fucus; Fc, F. cottonii; PH; putative F. vesiculosus x F. spiralis hybrid.
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