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Abstract

Pteroceramium, a descriptive name given to an undescribed winged species closely
related to  Ceramium, has uniaxial filamentous thallus construction  with
pseudodichotomous branching. Alternate branches become dominant. This pattern of
growth is referred to as cellulosympodial growth. All growth is from an apical cell
which cuts off subapical cells. The subapical cells develop into axial cells. Each axial
cell cuts off six pericentral cells in a ring around its apical pole. The pericentral cells
divide further to form the cortical band. Pcl always forms on the outer face of the
thallus as determined by the preceding pseudodichotomy and gives rise to the larger
outer wing which is a lateral expansion of the cortical band. The smaller inner wing
forms from Pc6 on the inner face. The other pericentral cells give rise apically to
uniseriate spines. The pericentral cells also give rise to rhizoids and adventitious lateral

branches.

Each axial cell has a large central vacuole with a few peripheral chloroplasts,
mitochondria and floridean starch granules. The smaller wing cells have a much denser
cytoplasm with fewer small vacuoles, many chloroplasts which are more closely packed
together and more floridean starch granules than axial cells. Chloroplasts have a typical
Rhodophyta ultrastructure with single, evenly spaced thylakoids with phycobilisomes.

Pit connections have a plug core but no plug cap.

Preroceramium has a typical Polysiphonia-type triphasic life history. The
carposporophyte is naked and tetraspores are produced in a characteristic decussate

cruciate arrangement.

The effect of a number of physical and chemical factors on growth and morphogenesis
was investigated. Pteroceramium grew best at irradiance levels between 79 pmol m? g1
and 129 pmol m™ s™ with growth being limited at 30 pmol m? s, The largest axial
cells and wings were obtained from the material grown at 79 pmol m? s and the
smallest measurements for material grown at 129 pmol m? s, Monochromatic light
fields of red, green and blue caused reduced growth rates compared to the control

replicates grown in a white light from both incandescent and fluorescent lights. Light
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quality had no effect on morphogenesis. The critical daylength for maximum rates of
cell elongation was 10 hours or longer, although 16 hours light caused a decrease in
final axial cell volume. Optimum temperatures for growth of Preroceramium were
between 20°C and 25°C with growth decreasing at 15°C and 30°C. Axial cell volume
was reduced and wing size was stunted at these two extreme temperatures tested.
Scouring by sand caused axial cells to decrease in volume although the wings were
unaffected. Smothering by sand did not prevent growth although axial cells and wings
were greatly decreased in size, with the wings consisting of only one or two other cells.
Tumbling to disrupt gravity did not affect the angle of each pseudodichotomy.
Decreased levels of nitrogen and phosphorus limited growth but had little effect on
axial cell volume and wing development. Pteroceramium was stenohaline with
maximum growth at 34°/  and reduced growth at 30°/, and 40% .,. Pteroceramium grew
best at pH 7.5 and pH 8.5 with decreased growth at pH 6.5 and pH 5.5. The various
pHs tested had little effect on morphogenesis.

The best photosynthetic responses were obtained from material preconditioned at
80 umol m? s”' compared with that at 30 umol m? s and 150 umol m? s™. There was
a decrease in pigment content with increasing irradiance at which the alga was grown.
Phycoerythrin was the dominant pigment. Exposure to a high irradiance
(3000 umol m? s) for 30 minutes or longer inhibited photosynthesis. Plants did not
fully recover even 24 hours later, indicating that this damage was permanent.
Preroceramium was able to acclimatize slowly over a week to temperature changes
within the range of 15°C to 25°C. Rapid increases of 5°C within this temperature
range increased photosynthetic performance and a rapid drop of 5°C decreased
photosynthetic performance. However, a 10°C increase or drop reduced

Pteroceramium’s photosynthetic performance. Photosynthetic rates were decreased in

alkaline conditions and increased in acidic conditions.

Pteroceramium has well defined developmental patterns with basal band growth of axial
cells and tip growth in the rhizoids. The pericentral cells are formed in a set sequence
similar to Ceramium species with Pcl forming on the outer face, Pc2 and Pc3 forming

on the lower and upper surface nearest to Pcl respectively, Pcd and Pc5 forming on
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the lower and upper surface respectively farthest from Pcl, and Pc6 forming on the

inner face. This sequence is unaffected by the direction of illumination or gravity.

Exogenous application of plant hormones (TAA, GA; and kinetin) in the concentration
range of 10°M to 10°M had no effect on growth and morphogenesis in
Preroceramium. Application of polyamines and their precursors caused a decrease in
growth and a reduction in cell size at concentrations higher than 10* M. Polyamine
inhibitors caused a reduction in growth and cell size at concentrations higher than
10° M. Arginine increased growth at concentrations 10° M and 10°® M. High power
liquid chromatography (HPLC) separation of Preroceramium extracts indicated that
spermidine was present in Preroceramium at approximately 38 ug spermidine g fresh
weight. The apical tip exerts an apical dominance effect on the subordinate branches,
suppressing their elongation. Removal of the dominant apical tip increased adventitious
branch formation. This effect was not reversed by application of exogenous IAA at

concentrations of 10° M to 10* M.
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Chapter 1

Introduction

1.1 The experimental organism - a note regarding nomenclature

The experimental organism under investigation in this work has been referred to
by the descriptive name Pteroceramium, meaning "winged Ceramium"”. This name
has been used for convenience in preference to gen. nov. throughout the text. The
alga belongs to a new monotypic genus that is being described elsewhere. The alga
has previously been referred to as Ceramieae indet. (STEGENGA and BOLTON,
1992; STIRK and AKEN, 1993). A voucher specimen of the clonal material used
in this study has been deposited in the University of Natal Herbarium (NU 10678).
The formal description done elsewhere (AKEN and NORRIS, in prep.) will cite

this voucher specimen and the published name will have priority.
1.2 The Rhodophyta

Rhodophyta are a monophyletic taxon of eukaryotes (GABRIELSON, GARBARY
and SCAGEL, 1985) showing greater diversity in form, life history and reproductive
strategies than any other algal division. There are approximately 4100 species in 675

genera, found mainly in temperate and tropical marine waters (LEE, 1980;
KRAFT, 1981).

Rhodophyta are characterised by:

1) phycobiliproteins as accessory pigments organized in phycobilisomes attached to
thylakoids;

2) chloroplasts with unstacked, single thylakoids;
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3) absence of flagella and vestigial basal bodies (centrioles) at any stage in their

life history;
4) chlorophyll @ with chlorophyll d as a minor component; and

5) floridean starch (a(1,4)-linked glucans) as a storage product found in the
cytoplasm (GABRIELSON, GARBARY and SCAGEL, 1985).

This range of diversity suggests an ancient lineage (PUESCHEL, 1990) although
there is a poor fossil record. The most extensive fossil records are found from the
Cretaceous period (160 million years ago) onwards. Most of these fossils are
calcareous, referable to the Corallinaceae with the most significant deposits being

found in tropical seas as coral reefs (DIXON, 1973).

The nature of the ancestral red alga is unknown. Rhodophyta are taxonomically
distant from other algal divisions owing to the presence of phycobiliprotein
pigments and lack of flagella and basal bodies. This may indicate early divergence
from a common eukaryotic ancestor (BRAWLEY and WETHERBEE, 1981).
Another possible theory is that the Rhodophyta are derived from blue-green algae
as both have similar floridean starch, phycobiliprotein pigments and absence of
flagella. The strongest argument against this theory is the difference in eukaryotic
and prokaryotic states (DIXON, 1973). Another proposal is that Rhodophyta are
a sister group to higher fungi and share a common ancestor independent of all
other eukaryotes. This relationship is based on Rhodophyta and fungi both having
similar life histories, plugged pits and absence of flagella. However, this proposal
is not supported by ultrastructural studies (GABRIELSON, GARBARY and
SCAGEL, 1985).

1.3 Classification of the Rhodophyta

Historically, the Rhodophyta have been subdivided into two subclasses with the less
advanced Bangiophycidae lacking pit connections, apical growth and sexual

reproduction, and the more advanced Florideophycidae characterized by pit
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connections, apical growth and sexual reproduction. However, some Bangiophycidae
have been found to have apical growth; e.g. Conchocelis stage of Porphyra in the
Bangiales, sexual reproduction, and pit connections; e.g. Rhodochaetales and
Bangiales. Likewise, some Florideophycidae have intercalary growth; e.g.

Delesseriaceae and Corallinaceae, and lack a triphasic life history.

It has recently been proposed to drop the subclasses and place all the orders in a
single class, the Rhodophyceae (LEE, 1980). This proposal is supported by a
cladistics study involving 35 different characters (GABRIELSON and GARBARY,
1987). Characters chosen were mainly reproductive, although morphological,
ultrastructural and biochemical characters were also considered. The subclass
Bangiophycidae was shown to be paraphyletic (a group that includes a common
ancestor and some but not all of its descendants). Also, no synapomorphies (shared
derived characters) were found to unite the Bangiophycidae into a monophyletic
group. The Florideophycidae were shown to be monophyletic with synapomorphic
characters being the formation of tetrasporangia and gonimoblast filaments. This
classification with a single class, the Rhodophyceae, will be followed in this study
(Table 1.1).

There is disagreement over the most primitive Rhodophyta order. The most
common suggestion is an Acrochaetiaceae species with early divergence of the
former Bangiophycidae orders, implying a reduction from, rather than ancestor to,
the more complex orders (KRAFT, 1981). The order Acrochaetiales is
characterized by extreme simplicity of the thallus with the absence of a
differentiated carpogonial branch. Carpogonia are either sessile on the side of a

vegetative branch, intercalary or terminal (PAPENFUSS, 1966).

It is generally agreed that the Ceramiales "represent a sort of culmination or end
point of specialization" (KRAFT, 1981) and are the most clearly defined order. The
Ceramiales are considered a monophyletic order, exhibiting unique bipolar spore
germination with highly derived characters. The Ceramiaceae is the most primitive
family in the order with the other three families being derived from a ceramiacean
ancestor (GARBARY and GABRIELSON, 1990).
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Table 1.1 Classification of the Rhodophyta followed in this study highlighting the

position of Pteroceramium. Former Bangiophycidae orders are shown by *.

Division Class Order Family

Rhodophyta Rhodophyceae Porphyridiales*
Erythropeltidales*®
Rhodochaetales*
Compsopogonales™®
Bangiales™*
Acrochaetiales
Nemaliales
Palmariales
Corallinales
Batrachospermales
Hildenbrandiales
Gelidiales
Gracilariales
Bonnemaisoniales
Gigartinales
Rhodymeniales
Ceramiales Ceramiaceae
Delesseriaceae
Rhodomelaceae

Dasyaceae

1.4 Morphology of Ceramium Roth

Most Ceramium species are small delicate plants with their diagnostic feature being

the pattern of cortical cell development (WOMERSLEY, 1978). The erect or
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prostrate thallus has uniaxial construction and is pseudodichotomously or irregularly
branched (SIMONS, 1966). The thallus is differentiated into axial and cortical cells.
Axial cells are large (up to 1.5 mm in length), ovoid to cylindrical in shape and are
hyaline or faintly pigmented (DIXON, 1960a). The cortex is an aggregation of
filaments of limited growth which may partially or totally cover the axial cells
(DIXON, 1960a; SIMONS, 1966).

Filaments of unlimited growth arise from transverse divisions of a principal apical
cell. The subsequent subapical cell divides further, giving rise to 3-10 pericentral
cells, depending on the species (WOMERSLEY, 1978). The remaining mother cell
enlarges to form an axial cell (DIXON, 1960a). This enlargement is an important
factor contributing to longitudinal growth and is correlated with development of
large vacuoles. When mature, an axial cell has a peripheral layer of cytoplasm with
a few chromophores. There may also be a central strand of cytoplasmic material
running between pit connections. This strand contains a nucleus but eventually both
the strand and nucleus disintegrate (DIXON, 1960a).

Pericentral cells form in a definite sequence with a fixed orientation. The first
formed pericentral cell (Pcl) is cut off on the outer face of each axial cell as
determined by the previous pseudodichotomy. The remaining pericentral cells are
cut off successively in pairs in an alternating sequence to form a ring at the apical
pole of each axial cell. The orientation of other structures; e.g. spines and hairs,

depend on the orientation of the pericentral cells (DIXON, 1960a).

Lateral branches of limited growth are formed when each pericentral cell divides
to produce four apical cells - two directed acropetally and two basipetally. These
cells continue to divide, producing successively smaller cells. Usually acropetal
development is more extensive than basipetal development (WOMERSLEY, 1978).

These lateral branches of limited growth form an encircling band appressed to the
axial cell (DIXON, 1960a).

There are two types of lateral branches of unlimited growth:
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1) in the apical region, lateral branches of unlimited growth form in a
pseudodichotomous manner. The apical cell divides along the two inclined
walls, cutting off two new apical cells. The first is formed on the inner face
and the second on the outer face. These two new apical cells divide
transversely a number of times before the next pseudodichotomy. Growth
is usually unequal between the dominant and subordinate branches
(DIXON, 1960a) with the dominant branches forming the main axis. There
are usually 6-10 axial cells for each branch between pseudodichotomies
(DIXON, 1960b). This branching pattern can be distorted by profuse
adventitious branching (WOMERSLEY, 1978); and

2) in mature parts of the thallus, lateral branches of unlimited growth form by the
transformation of an apical cell of a lateral branch of limited growth and are
called adventitious branches (DIXON, 1960a).

1.5 Ultrastructure of the Rhodophyta
There is a very distinctive absence of flagella and centrioles.

The cell wall is composed of cellulose microfibrils in an electron transparent matrix.
The inner layer consists of randomly orientated microfibrils and the outer layer has
a paralle] arrangement of microfibrils. The cell wall is surrounded by a thick,
protein-rich mucilage layer which contributes to thallus integrity (PUESCHEL,
1990).

The presence of pit connections is correlated with apical growth and a fundamental
filamentous construction (PUESCHEL and COLE, 1982). Pit connections are
formed by centripetal ingrowth of a septum being halted short of completion,
resulting in a plasmalemma-lined aperture. Pit connections between daughter cells
are termed primary pit connections while non-kindred cells have ultrastructurally
similar connections termed secondary pit connections. A common constituent in all
pit connections is a plug core which is a homogenously granular mass of protein

occluding the aperture. There have been no successful attempts of enzymatic
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digestion of the plug core, suggesting that these proteins are so highly cross-linked
that they are resistant to digestion (TRICK and PUESCHEL, 1990). Some orders
have one or two electron opaque layers (plug caps) covering the plug core. The
outer cap layer is composed of glycoproteins, taking up carbohydrate specific stains
and protein specific stains and being digested by proteolytic enzymes (RASCIO,
MARIAIN, DALLA VECCHIA and TREVISAN, 1991a; TRICK and PUES-'C-HEL,
1991). The outer cap layer varies from dome-shaped in the Corallinales and
Batrachospermales to plate-like in the Nemaliales and Palmariales (TRICK and
PUESCHEL, 1991). There is also a cap membrane on each side of the plug core.
The structure and organization of pit connections is considered taxonomically
significant, especially at familial and ordinal levels (Table 1.2; PUESCHEL and
COLE, 1982). There is no difference in the ultrastructure of pit connections
between heteromorphic life history stages, increasing the taxonomic importance of
this feature (PUESCHEL, 1989). Ceramiales have pit plugs covered by a cap
membrane and a consistent absence of plug caps (PUESCHEL and COLE, 1982).

The proposed function of the pit connections is symplastic communication
controlled by a membranous barrier (PUESCHEL, 1990). Secondary pit
connections are common in red algae; e.g. Hildenbrandia crustose species may have
up to eight secondary pit connections per cell. The suggested function for these is

improved coherence between vertical filaments, increasing thallus toughness
(PUESCHEL, 1988).

Chloroplasts have a double unit membrane (BRAWLEY and WETHERBEE,
1981). They vary in shape from stellate to discoid, ramifying to highly lobed.
Unstacked photosynthetic membranes (thylakoids) are evenly spaced throughout the
stroma. Water soluble phycobiliprotein pigments form electron dense granules
termed phycobilisomes which are attached to the outer thylakoid surface.
Phycobilisomes have a diameter of approximately 35 nm (DUCKETT and PEEL,
1978). The chloroplast is usually encircled by a single peripheralu thylakoid which
may be closed or open. Variations on this are several peripheral thylakoids or a
total absence as in the lower Rhodophyceae orders. This is thought to be a derived
character (SCOTT and BROADWATER, 1989). A genophore is an electron
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Table 12 Ordinal distribution of pit plug features in the Rhodophyceae
(PUESCHEL, 1990)

Order No. of cap layers Cap membrane
Rhodochaetales 0

Compsopogonales 0

Bangiales 1

Acrochaetiales 2 +
Nemaliales 2 +
Palmariales 2 +
Corallinales 2

Batrachospermales 2 ?
Hildenbrandiales 1 +
Gelidiales 1 +
Gracilariales 0 +
Bonnemaisoniales 0o +
Gigartinales 0 +
Rhodymeniales (0] +
Ceramiales 0 +

transparent region within the stroma composed of DNA (PUESCHEL, 1990).
There may also be electron dense "globules” in the stroma which could possibly be
involved in lipid synthesis and storage (BRAWLEY and WETHERBEE, 1981).
Floridean starch is deposited free in the cytoplasm compared to higher plants and
green algae where amylopectin is deposited in the chloroplast. When viewed with
a scanning electron microscope, the floridean starch granules bave concentric

layering and a radiating fibrillar substructure (PUESCHEL, 1990).

Mitochondria are similar to those found in higher plants, consisting of a double unit

membrane with an infolding of the inner membrane to form cristae (PUESCHEL,
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1990). The electron transparent region has DNA fibrils (BRAWLEY and
WETHERBEE, 1981).

Vacuoles are generally large with a single membrane and are most prominent in

mature cells. Their main role is in osmotic regulation (PUESCHEL, 1990).

Golgi apparatus are most common in vegetative cells, especially during
sporogenesis. There are 4-15 stacked cisternae. The forming face (CIS), as in most
eukaryotes, is associated with endoplasmic reticulum. However, in the Rhodophyta,
the golgi apparatus is often associated with mitochondria, possibly facilitating
energy transfer. Endoplasmic reticulum may either be rough or smooth. It is usually
found in the cell periphery and around the nucleus, often increasing during mitosis
and meiosis (OATES and COLE, 1989; PUESCHEL, 1990).

The nucleus is typically eukaryotic consisting of a nuclear envelope with nuclear
pores and a nucleolus. During interphase the nucleus is generally small (3-5 um).
Multinuclearity is common, arising from cell fusion or uncoupling of karyokinesis
and cytokinesis (PUESCHEL, 1990).

Microbodies have a granular content and a single unit membrane. In other plant
groups, microbodies contain a number of enzymes. Their activity in the red algae
is uncertain (PUESCHEL, 1990).

1.6 Reproduction in the Rhodophyta

The basis for the ordinal classification in the Rhodophyceae is usually the pre- and
post-fertilization development in the female reproductive structures (GUIRY,
1978). Post-fertilization varies in different genera but is constant for each species
(DIXON, 1973; BOLD and WYNNE, 1978).

There is great diversity in Rhodophyta reproductive strategies with both sexual and

asexual stages being found. There are three basic algal life history patterns:
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1) monophasic, usually with only asexual stages; e.g. Porphyridium species;

2) biphasic, with alternation of phases between gametophyte and sporophyte

generations. This is common in the primitive Rhodophyceae orders; and

3) triphasic, found in the more advanced Rhodophyceae orders, including the
Ceramiales (ANG and DE WREEDE, 1990).

Sexual organ differentiation patterns are highly conserved with all spore types
showing similar ultrastructural characteristics to male gametes (HOMMERSAND
and FREDERICQ, 1990). In the Rhodophyta all gametes and spores are non-
motile, a condition found elsewhere only in the Prokaryotes, Cyanophyta and
Prochlorophyta (GUIRY, 1990). Three patterns of sexual organ development can
be distinguished in the Rhodophyta, each being diagnostic for a distinct

evolutionary line:

1) intercalary reproductive cells with spermatia and spores being cut off from a
continuously dividing mother cell. This is characteristic of the orders

Rhodochaetales, Compsopogonales and Erythropeltidales;

2) spermatia and carpospores formed in packets by successive perpendicular
divisions of a mother cell. Conchospores are generated in fertile rows and
monospores are formed terminally in the filamentous Conchocelis stage. This

is diagnostic of the other primitive Rhodophyceae orders; and

3) spermatia and all other spores produced through transformation of apical
initials. This is characteristic of the more advanced orders
(HOMMERSAND and FREDERICQ, 1990).

Facultative asexual reproduction is important as an alternative reproductive strategy

(HAWKES, 1990). Examples of mitospores involved in asexual reproduction

include:
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1) parasporangia that produce more than four spores but are not homologous with
tetrasporangia as meiosis does not occur (BOLD and WYNNE, 1978) and
they do not replace the tetrasporangia (DIXON, 1973). They form by
cellular proliferation and separation and can be initiated by a single terminal
cell. In Plumaria elegans (Bonnemaison) Schmitz there are 6-7 paraspores
per parasporangium while in some Ceramium species, several hundred

paraspores have been noted (DIXON, 1973); and

2) monosporangia produce single uninucleate spores by mitosis. They occur either
on haploid or diploid plants (DIXON, 1973; GUIRY, 1978) and repeat the
parental phase. They can be borne individually, in groups or in chains
(seirosporangia). This is a common method of reproduction in the more
primitive orders that lack a triphasic life history (MAGGS, 1988).

Parthenogenesis may also occur. This happens when gametes do not undergo sexual

union but develop into gametophyte plants (BOLD and WYNNE, 1978).
1.6.1 Generalized triphasic life history

Uninucleate spermatangial mother cells, derived from specialized cortical cells,
each produce 2-5 spermatangia which are cut off subterminally from the mother
cell. Each spermatangium produces a single non-motile spermatium
(HOMMERSAND and FREDERICQ, 1990). Most spermatia are small, spherical
to ovoid in shape, lack plastids but have 1-2 nuclei, a few mitochondria,
dictyosomes, ribosomes and endoplasmic reticulum (BROADWATER, SCOTT and
WEST, 1991). They lack a cell wall but are surrounded by a thick mucilaginous coat
(BOLD and WYNNE, 1978; LEE, 1980).

Spermatia have pronounced polar orientation with the nucleus in the apical portion
and vacuoles, filled with striated fibrous material, in the basal portion (DIXON,
1973; LEE, 1980). The gelatinisation of the spermatangial wall near the apex and

the concurrent release of fibrous material from the vacuole cause a swelling that
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pushes out the spermatium. Spermatia are carried passively through the water
column (DIXON, 1973).

Carpogonia (haploid female reproductive structures) develop from an apical cell
of a lateral or terminal filament which ceases to grow (DIXON, 1973,
HOMMERSAND and FREDERICQ, 1990). Carpogonia may be sessile or borne
on a short 3-4 celled carpogonial branch which can arise laterally, as a secondary
filament produced by an adventitious initial or terminally, by transformation of an
apical cell (HOMMERSAND and FREDERICQ, 1990). In the more advanced
orders, carpogonial branch cells are often different in size and shape from the

surrounding vegetative cells and lack chloroplasts (DIXON, 1973).

Carpogonia consist of an inflated basal portion and a narrow gelatinous elongated
tip, the trichogyne (DIXON, 1973; LEE, 1980). Trichogynes vary in size; e.g. in
Gigartinales the trichogyne is a short 5 um cylinder while in Ceramiales it is up to
100 pm in length. However, the relative volumes of the trichogyne and basal
portions are usually similar. Trichogynes are the receptive sites for spermatia, with
contact usually occurring near the distal rather than the proximal end of the
trichogyne (DIXON, 1973). Attachment appears to require a binding substance
secreted by exocytosis from the tip of the trichogyne (HOMMERSAND and
FREDERICQ, 1990). In Aglaothamnion neglectum Feldmann-Mazoyer the
spermatia are not sticky as they do not bind to each other or to the male
gametophyte. They only adhere to a trichogyne or hairs found on the female
gametophyte. Water movement causes the hairs and trichogyne to come into
contact, transferring spermat