














306 RUTZLER & SANTAVY

Remarks. Phormidium corallyticum can be considered close to P. submem-
branacea, as already pointed out. P. submembranacea, however, is diagnosed
by: cells that are 5um wide and 4-10um long, constrictions at the trichome
nodes, rounded terminal cells, and a depressed conical calyptra that develops

Fig.2. Phormidium corallyticum filaments as seen by light microscopy, unstained. Inset: Enlarged
(100 x oil immersion objective) view showing round and tapering end cells. (Scales = 10 um).

Fig.3. Phormidium corallyticum, filament tip variations sketched from light photomicrographs.
(Scale = 10 um).
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with age. It has been found only on rocky shores, never in association with live
coral (GEITLER, 1932; Humm & Wicks, 1980).

The new species is named for its coral tissue dissolving properties (Greek lyo:
dissolve).

Fig.4. Phormidium corallyticum, scanning electron micrographs. a: Filament with tapering end
cell. b: Filament with rounded end cell. c: Tapering tip, enlarged. d: Trichome cells with mucus
coating enlarged; arrow indicates new cross wall formation (Scales = 5um).
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Material and distribution. Holotype BDA 81.08 A [microscope slide] on L
ploria strigosa (DANA), 3 m, Three Hill Shoals, Bermuda, K. RUTZLER, col. !
July 1981; deposited in the U. S. National Herbarium, Smithsonian Institutio
Washington, D.C., USA. Paratypes from Bermuda and Carrie Bow Ca
Belize, are also deposited at the U. S. National Herbarium and in the Depas
ment of Invertebrate Zoology (Lower Invertebrates) of the same institutio
Phormidium corallyticum is also known from the reefs of Florida, the Floris
Keys, the Bahamas, and Jamaica (A. ANTONIUS, pers. comm.; TAYLOR, 1983

2. Cellular organization

Cell walls and sheath. Outer walls are 35-40 nm thick and show the character
tic sequence of four layers (L I-LIV) over-the plasmalemma (Fig. 7). Layer ]
is covered by thin sheath material. Cross walls (septa) between cells a
separated only by the two inner layers (L I-LII). Cell shrinkage during embe
ding of the material is evident from the undulating appearance of wall layers a
from clear spaces between cells (Figs. 5, 6a, 7b). New septa form one per ¢
at a time, by symmetrical annular ingrowth (Figs.5, 6a, 7b). Small circul
(60-200nm) electron transparent areas (granules?) appear regularly in crc
sections on either side of the base of newly developing cross walls (“sep!
granule”, Fig. 7b); these are distinct from clear areas between cross walls a
plasmalemma caused by shrinkage. Photosynthetic lamellae are cut by develo
ing septa without changing their longitudinal trend. Neither plasmodesmata n
junctional pores could be detected.

A thin mucilaginous layer coats the outer cell wall but does not form
prominent sheath. Its fibrils are without noticeable orientation, and are intc
meshed in a network that is much denser than that of the coral mucus that al
appears on the photomicrographs (Figs. 5, 7b). The mucous layer is 10-100r
thick, the average being 40 nm and thus similar in dimension to the cell wal

Thylakoid and nucleoplasm. The photosynthetic apparatus consists of thin f
lamellae radiating from a longitudinal axis or core — the nucleoplasm — towar
the peripheral plasmalemma (Figs.6b, 7a). In a cell cross section the me:
branes resemble the spokes of a wheel; although they do not penetrate t
nucleoplasm, they are arranged as if they originated at a common axis.

tangential longitudinal sections the thylakoids appear as parallel lines extendi
from one cross wall to the next. On all sections we examined, the lamellae 2
flat, without intrathylakoid vacuolization, and oriented in one plane, except
a few locations where large granules cause deflections from the straight tre
(Fig. 7 a). Stacking of membranes does not occur; branching or anastomoses z
either rare or absent. The nucleoplasm occupies 30-40 % of the cell lume
There are about 80 thylakoids per cell cross section; each is 10nm thi
(distance between membranes) and 65-80nm from the next (at the circumf
ence). Width of the lamellae, extending from the nucleoplasmic region to witt
20-30 nm of the plasmalemma, is 0.3-1.0 um, 0.7 um on the average; no dir¢
connection with the plasma membrane is evident. The membrane sheets are t
same length as the cell (about 4 um), although the general trend appe:



Fig.5. Phormidium corallyticum, transmission electron micrographs. a: Longitudinal median sec-
tion of part of a filament. b: Longitudinal, nearly median section of a dividing cell, showing outer
wall (ow), cross walls (cw; one septum being formed), thylakoid (th) with polyglucoside granules
(pg), nucleoplasm (np), polyphosphate body (pp), cyanophycin granule (cg), polyhedral body (pb),
and mucus of substrate coral (mc). (Scale = 5um for a; 1 um for b).



Fig. 6. Phormidium corallyticum, transmission electron micrographs. a: Longitudinal tangential
section of two cells showing thylakoid (th) arrangement at peripheral chromatoplasm; trend of
lamellae across septum is evident; nucleoplasm (np) is exposed in left cell. b: Cross section of cell
depicting regular arrangement of thylakoid (th) membranes radiating from nucleoplasm (np) toward
outer cell wall (ow). (Scales = 1 um).
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Fig.7. Phormidium corallyticum, transmission electron micrographs. a: Cross section showing
radial thylakoid (th) with polyglucoside granules (pg), outer cell wall (ow) with sheath (sh), and
nucleoplasm (np). b: Longitudinal section illustrating outer cell wall (ow) with sheath and mucus
from substrate coral (mc), cross wall (cw) with septal granule (?) (sg), cyanophycin granule (cg),
polyhedral body (pb), polyphosphate body (pp), and nucleoplasm (np). (Scales = 0.1 um).
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continuous and is interrupted only by the cross walls. Phycobilisome granules
line the thylakoid membranes in the usual manner but the available resolution
does not offer additional detail.

Cytoplasmic inclusions. At least four types of inclusions are readily distinguish-
able on the basis of their shape, size, density, and position within the cell. Most
prominent are the cyanophycin (structured) granules, although their abundance
is quite variable among cells examined (Figs. 5, 7b). They occur mainly in the
peripheral cytoplasm, where these large granules influence the trend of the
thylakoid membranes, and close to cross walls between cells. They have an
angular outline and, although they are very electron dense, some show a faint
radial pattern. Larger cyanophycin granules (cross sections) measure
300-500 nm in diameter. Inclusions of similar size (300450 nm) that are distinct-
ly polygonal in outline, medium gray and uniform in density, and distributed
close to or within the nucleoplasmic region are polyhedral bodies (Fig.7b).
Polyphosphate bodies are represented only by “holes” left behind after the
actual granule disintegrated. These empty areas occur within the nucleoplasm of
many cells, particularly in filaments collected from the active edge of the black
band adjacent to diseased coral tissue; the holes measure 0.6-1.2 um in diameter
(Fig.5). It is not known whether smaller “holes” (30200 nm) were also caused
by removal of polyphosphate. Other small spherical inclusions include electron-
dense polyglucoside granules 15-30 nm in diameter, most of which are arranged
in rows between thylakoids (Fig.5, 7a), and lipid droplets 30-50 nm, with a
dense outer margin and less dense core, concentrated toward the cell periphery.

Discussion

To ensure proper systematic placement of the new organism within the Cy-
anophyta, we consulted the three major phycologic taxonomic reviews and
revisions of the past fifty years as well as some specialized recent reports that
would help clarify the value of commonly used systematic characters. There is
general agreement that this organism belongs to the family Oscillatoriaceae
(order Hormogonales) because it forms uniseriate, unbranched trichomes and
lacks heterocysts. Generic allocation, on the other hand, requires reevaluation
of morphological features whose significance and stability have been disputed
by numerous authors over the past century. It should be emphasized that we are
dealing with the traditional phycological classification of the group because
ultrastructure and bacteriological methods have not yet been applied to a
sufficient number of species, nor has the taxonomic significance of these new
characters been tested enough to allow replacement of light optical observation.

GeITLER (1932) separates the Oscillatoriaceae into two groups according to
the absence or presence of a distinct sheath. The seven genera of the former
group are distinguished by trichome size and shape, as well as the presence of
cell wall constrictions. The second group, comprising 18 genera, is recognized
by the quality of sheaths, pseudobranching, number of trichomes per sheath,
and shape and grouping of filaments. The difficulty of determining genera is
evident from the fact that some genera are listed in two opposing parts of the

|
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key (Gomontiella: with and without sheath; Polychlamydum, Schizothrix: one
versus several trichomes per sheath) and that many exceptions to qualifying
characters are listed in footnotes.

In the latest thorough phycological revision of the family, DrRoOUET (1968)
considers the sheath an environmentally influenced and therefore variable and
taxonomically useless character and reduces the Oscillatoriceae to only six
genera. Except for the aberrant Spirulina (without apparent cross walls'), the
generic separation is based on just a few characters, such as trichome tapering,
presence or absence of granules, and thickening of terminal cell walls.

DRroOUET’s extreme views on oscillatoriacean variability and systematics are
criticized by BourreLLy (1970: 430, 431), who employs a classical systematic
concept, but he concedes that numerous controlled cultures are still needed to
clarify the validity of certain species. Eleven freshwater genera are dealt with by
BoURRELLY and separated on the basis of sheath, number of trichomes per
sheath, spores, trichome shape, cell shape, and membrane thickness.

The principal questionraised by these two opposing views is to what extent
morphological features resolvable by light microscopy — such as sheaths, cell
tapering, shape and membrane thickening of end cells, cell wall constrictions,
granules, vacuoles, and pseudobranching — are genetically controlled and to
what extent they are influenced by environmental conditions. Ambiguity as a
result of nonquantitative evaluation of characters (e. g., thin: thick; few: many;
indistinct: distinct; more: less) is common to both classification systems and is a
substantial element of misinterpretation.

The attempts to determine environment-induced variability in Cyanophyta
are summarized by BAker & BoLp (1970). Unfortunately, in the past many
workers employed only field observations to determine variability and therefore
could not improve upon taxonomic judgment. Supporting culture studies were
rare or incidental, and were poorly controlled until a series of investigations
during the 1960s — cited in BAKEr & BoLp (1970) — examined the influence of
environmental parameters (such as concentration of organic materials and other
nutrients, moisture, pH, salt concentration, and media composition) on mor-
phological features (including sheath structure and thickness, sheath coloration,
trichome structure, cell shape and proportions, granulation, filament motility,
and false branching, and plant mass configuration). In essence, all these
experiments showed that some characters, particularly sheath formation, termi-
nal cell shape, trichome structure, and cell proportions, are to be considered
taxonomically important because they do not change beyond recognition within
one taxon, despite their obvious variability. This observation supports Gom-
onNT’s (1892) view of almost a century ago that environmental modifications do
not change one species into another (assuming a well-founded species concept).
Examples of less reliable characters are numbers and types of false branching
that seem entirely dependent (in those species considered) on moisture content
of the substrate.

Baker & BoLp (1970) themselves made a significant contribution to oscil-
latoriacean taxonomic methodology by culturing isolates from soil, air, marine,

! Spirulina does not strictly fit the diagnosis of the family because trichomes are multicellular by
definition.
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and freshwater samples under controlled conditions on nutrient agar. This work
determined or confirmed that some morphological features, particularly the
macroscopic structure of the plant mass, the sheath formation, and the shape of
the terminal cell, are constant characteristics whose nature cannot be mistaken
despite a certain degree of variability. Type of granulation and vacuolization, on
the other hand, as well as cell size and shape, and thickening of the outer wall of
the terminal cell — all considered important attributes in DROUET’S (1968)
classification — were found to fluctuate considerably with age and among
different isolates of a monospecific population.

At the beginning of our investigation, we had difficulty deciding whether to
call the delicate mucous polysaccharide layer enveloping the trichomes of the
black band cyanophyte a proper sheath. To avoid the issue, we applied the
Drouer system (Drouer, 1968; Humm & Wicks, 1980), which places the
organism in the genus Schizothrix because it lacks granules along the cross walls
and thickening of the outer membrane of the terminal cell, and because, if
trichome tapering occurs, only the terminal cell is attenuated. This characteriza-
tion seems unsatisfactory as it is based mainly on characters (or rather absence
of characters) that are experimentally proven to be unreliable. Furthermore,
members of Schizothrix are known to have distinct, firm, even colored sheaths —
although they can leave these and survive as naked trichomes, as DROUET (1963)
demonstrated — and to form multiple trichomes per sheath and pseudobranches,
characters that do not occur in our organism.

Pure culture material was used by RIPPKA et al. (1979) in an attempt to
distinguish between phenotypic and genotypic expression in cyanobacteria.
Forty-four strains of oscillatorians (“Section III genera”) are examined and
classified by characters seen with the light microscope. Nineteen of these strains
are placed in three distinct sheathless genera (Spirulina, Oscillatoria,
Pseudanabaena), the remaining twenty-five are assigned to the provisional LPP
(Lyngbya-, Phormidium-, Plectonema-like) groups. Our organism falls in the
heterogeneous LPP group B (possessing isodiametrical or cylindrical cells, high
motility, unpronounced sheaths, cell width under 5pum); neither physiological
nor genetic testing of strains in this group by Rippka and colleagues allowed
further meaningful breakdown into useful taxonomic units.

Encouraged by BAker & BoLp’s (1970) assessment, we reconsidered the
classical systematics, particularly, the significance of the sheath. Accordingly,
we noted that our organism has affinities to three genera, Oscillatoria, Phor-
midium, and Lyngbya, which are distinguished solely by the presence and
development of sheaths. Like Gomont (1892), we reserve Oscillatoria for
species that do not develop a sheath, as judged by light microscope staining and
electron microscopy of numerous specimens in different growth phases. Phor-
midium, as defined here, has a mucilaginous envelope that can be stained by
methylene blue, contrasted by India ink, or made visible by electron micros-
copy; this envelope does not remain intact and distinct if separated from the
trichome. Lyngbya, on the other hand, has a “distinct” sheath because the
envelope is solid and discrete, allowing trichomes to glide back and forth, and
remains intact even after the trichome has left (this quality is independent of
possible layered structure); sheaths are visible without staining or contrasting by
simple light microscopy.
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It can be argued that our definitions are arbitrary and that borderline cases
and transitions are likely to occur. However, we are focusing on one species that
we have studied at two distant geographical locations and under many different
ecological conditions and growth phases. In view of these observations and the
literature based on light microscope studies it seems logical and convenient to
place our organism in the genus Phormidium. A similar conclusion was reached
by PEArsON & KINGSBURY (1966) in their experimental study of a “Lyngbya sp.”
that displays an indefinite and thin sheath under all culture conditions. The
sheath of Oscillatoria rubescens DE CANDOLLE, studied under the electron
microscope by Jost (1965), also corresponds closely to the mucus envelope of
Phormidium corallyticum and would justify transfer of that species to Phor-
midium.

Our own electron microscope studies have limited value for this discussion
because our observations could not be related to the finestructural morphology
of a sufficient number of known oscillatoriacean species. Our findings can be
used, however, as a data bank for future investigations in this direction (Fig. 8).
In examining the finestructure of Phormidium corallyticum, we have paid
particular attention to details that have already been identified as actually or
potentially significant characters for taxonomic use (WHITTON, 1972). The cell
wall is composed of four layers (LI-LIV), as is typical for bluegreen algae
(Jost, 1965). Only the inner layers (LI, LII) participate in the formation of

Pg cw

th sh

Fig. 8. Phormidium corallyticum, semischematic, three dimensional reconstruction of cell organiza-

_tion; parts of outer cell wall and thylakoid region are removed for clarity. Cell components shown
are: Outer cell wall (ow), sheath (sh), cross wall (cw), thylakoid membranes (th), nucleoplasm (np),
cyanophycin granules (cg), polyhedral bodies (pb), polyglucoside granules (pg), and polyphosphate
bodies (pp).
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cross walls, septa close in symmetrically, and there are no outer wall pores or
plasmodesmata. Membrane undulations and other shrinkage phenomena were
also noted by Jost (1965) and shown to take place during polymerization of
embedding media as they are absent in freeze etching preparations of the same
material. Freeze etchings by Jost also reveal the structure of mucilage or sheath
material better than epoxy resin sections. The mucous coating of Oscillatoria
rubescens in an epoxy thin section looks identical to that of Phormidium
corallyticum, but in freeze etchings the fibrils (3 X500nm) of O. rubescens are
clearly perpendicular to the cell wall; a high water content of the mucilaginous
layer can also be demonstrated by this technique if antifreeze treatment is
omitted (Josr, 1965: Figs. 2, 10-12, 20). A comparative study of solid Lyngbya-
type sheaths, particularly by freeze etching, would be most useful because
differences in microfibril orientation in some thick sheaths have already been
demonstrated (LEAk, 1967: Fig. 4; LamonT, 1969: Fig. 6¢).

The thylakoid may be the most important taxonomic feature made visible by
electron microscopy, although, as with any other character, a certain variability
has to be anticipated with age, cell inclusions, and environmental conditions
(WHITTON, 1972; LANG & WHITTON, 1973). From a list of eighteen cytoplasmic
membrane characters considered systematically significant (WHITTON, 1972:
Table I), only one applies directly to the organization of Phormidium corally-
ticum; that is, the thylakoids run at right angles to the [outer] wall. This
diagnosis applies to membrane arrangement that is parallel or perpendicular to
the cross walls, both of which are demonstrated in the literature. Lamellae that
are perpendicular to longitudinal and parallel to cross walls, occur in an
unnamed filamentous form illustrated by LANG & WHitTON (1973). Thylakoids
perpendicular to both outer and cross walls have been noted in a few Oscil-
latoriaceae, such as Oscillatoria rubescens (Jost, 1965: Figs. 17, 19, 27) and O.
spongeliae (BERTHOLD et al., 1982: Figs. 2, 9-11). The thylakoid of O. rubescens
differs from that of P. corallyticum in that its membranes are stacked (up to 17
per group) and not radial; that is, they would not meet at one point if projected
toward the cell center. Photosynthetic membranes of O. spongeliae are radial
but their somewhat fragmented appearance in cross section indicates elaborate
branching in one plane; they also show extensive intrathylakoidal vacuolization.
Generic assignment of the latter species, possibly to Borzia as suggested by
FELDMANN (1958), should be reconsidered in the light of recent work with the
electron microscope (WILKINSON, 1980; BERTHOLD et al., 1982; RUTZLER, in
prep.).

The taxonomic value of inclusion bodies is probably limited in comparison
with features of the thylakoids, although shape and distribution of some — for
instance, polyglucoside granules — are considered useful (WHITTON, 1972), and
others — such as stallar bodies (BERTHOLD et al., 1982) — are promising but need
more comparative study. However, all inclusions found by us in Phormidium
corallyticum are common types and correspond to figures and descriptions given
for a great variety of prokaryotes (LANG, 1968; FoGG et al., 1973; SHIVELY,
1974).

These and other new characters are clearly needed before another revision of
Oscillatoriaceae can be attempted. The ultrastructure of cell detail in these small
organisms opens a new field. The improved method of visual examination at this
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level of study could be supplemented by a series of biochemical tests, which
have become standard procedure in bacteriology. Even the most advanced
techniques will fail to clarify systematic relationships, however, unless variabili-
ty of old and new characters is studied under carefully controlled conditions.

Summary

Phormidium corallyticum, a new species of the cyanophyte family Oscil-
latoriaceae found in shallow reefs of the subtropical and tropical western
Atlantic, such as those of Bermuda, Florida, and Belize, is notable for its
destruction of coral. Traditional phycological methods based on light micros-
copy alone make it difficult to classify the new organism within the existing
oscillatoriacean systems. We have studied finestructure and responses to diffe-
rent ecological conditions in nature and in culture, but these characters have
received no attention in the monographs on the group and will not assist in
classification until an appropriate revision is made. Since generic allocation is
unsatisfactory under the DRroOUET classification, the classical system employed by
GerTLER and BOURRELLY should be reconsidered. Experiments show that several
characters used in the classical system are more stable and reliable than field
workers have interpreted them to be. The mucilaginous trichome envelopes
differ from proper solid sheaths but appear distinctive enough to justify revival
of the genus Phormidium, which many authors treat as a junior synonym of
Lyngbya. More and better defined taxonomic features could be made available
through comparative study of this species group by electron microscopy and
biochemical reactions. If these new characters, along with the traditional ones,
are submitted to controlled testing of environmentally induced variability, we
can hope to arrive at an improved taxonomic hierarchy.
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