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Abstract

Use of light, transmission, and scanning electron microscopes revealed that the epidermal cell wall of the red algal
agarophyte&racilaria tikvahiaeMcLachlan andG. corneaJ. Agardh consists of a decklamelle and outer and

inner wall layers. The two species differed, with corneahaving a significantly thicker outer wall and a more
diffuse decklamelle. After induction, the zooidsldifva lactucawould attach to glass slides and the two species of
Gracilaria via an adhesion pad. Within a few days, 3-5 celled germlings penetrated the decklamelle and outer wall
layer of both basiphytes. By the time the epiphyte germlings reached the 15 celled stage, they had penetrated the
inner wall layer. The differences in epidermal cell wall construction between the two basiphytes may play a role in
the ability of zooids olJ. lactucato attach in nature where epiphytization®f corneais infrequent.

Introduction A review of how algal spores settle, attach and
grow on seaweeds indicates that there is little known
The ‘space race’ between seaweeds is evident by thehow epiphytes attach (Fletcher & Callow, 1992). In
number of macroalgae and microalgae that occur as contrast, the outer wall structure and chemical com-
epiphytes. Competition between seaweed basiphytesPosition of epidermal cells of red algae has been
and their epiphytes has been shown under natural (Ar- €lucidated (for review see Craigie, 1990) including
rontes, 1990) and culture conditions (Friedlander & species ofGracilaria (Verdus et al., 1985; Kling et
Ben-Amotz, 1991; Svirski et al., 1993). Further, stud- al., 1989).
ies have shown that removal aflva lactucafrom With the development of seaweed mariculture, in-
species ofracilaria is difficult to impossible (Fried-  terest has expanded to possible interactions due to the
lander, 1992; Bushmann & Kuschel, 1988). Algal detrimental effects of epiphytes on seaweeds (Fried-
basiphytes can exhibit a variety of defenses against!ander, 1992). A number of studies, that have ex-
attachment (Ducker & Knox, 1984), including pro- amined ways to control of epiphytes, have focused
duction of a mucilaginous covering, rapid growth (e.g. ©n the green algaJlva lactucaand the cultivation
annuals), sloughing of outer cell walls, allelopathy or of Gracilaria spp. (Fletcher, 1995). These include
the release of toxic chemicals such as phenolics (Davis G- conferta(Friedlander & Ben-Amotz, 1991; Fried-
et al., 1989)’ and by having ephemera| or annual life lander, 1992; Friedlander et al., 1991, 1996; Svirski et
histories. For example, the production of hydrogen al-, 1993),G. verrucosa(Zvyagintesv & Kozmenko,
peroxide byGracilaria confertais in reaction to bac- ~ 1995), ands. chilensigBuschmann & Kuschel, 1988;
terial degradation of its cell wall (Weinberger et al., Buschmann & Gomez, 1993; Pickering et al., 1993).
1999).
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The present study examines the structural interac-

tion between the epiphyte and two speciesGorh-
cilaria that differ in levels of epiphytization. It is

Ulva lactuca Branches identified with young epi-
phytes were selected using the dissecting and com-
pund microscopes. Sections of fresh or preserved (5%

proposed that the green alga penetrates the wall of formaldehyde in seawater) branches were examined
the basiphyte, forms a resistant attachment, and thatunder light microscopes with the aid of a 1% aqueous

differences in wall structure exist in the epiphyte-
resistants. corneaand epiphytized tikvahiae

Materials and methods

Collection and culture

Gracilaria tikvahiaeandUIva lactucawere atached on
jetties in 0.2 to 0.5 m adjacent to the Skyway Bridge at
the mouth of Tampa Bay (2735 05’ N, 82 37 03’

W). Gracilaria corneawas attached on limestone in
0.5 to 1.0 m on the south side of Pigeon Key{22

12’ N, 81° 09 18" W) and Bahia Honda Key (289

12 N, 81° 16 517 W) in the Florida Keys (Dawes et
al., 1999). All plants were rinsed in ambient seawater
and transported in coolers to the laboratory within 12
h. In the laboratory, all plants were cleaned and 1 to
3 cm long branches placed in culture dishes in growth
chambers using a 12-h photoperiod and 2000l
photon T2 s71, in 24°C. The medium consisted of
30 to 32 ppt salinity filtered, autoclaved seawater. The
f/2 culture medium of Guillard was modified t4
(Guillard & Ryther, 1962) and added in a 24-h pulse
once a week.

Induction of swarmers

A number of procedures were used to induce zooid
production inUlva lactuca These included desicca-
tion and reflooding and changes in the photoperiod
(Smith, 1947; Christie & Evans, 1962), replacement or
removal of the growth media (Lersten & Voth, 1960;
Nilsen & Nordby, 1975), and removal of inhibitors by

solution of toluidine blue or use of a phase micro-

scope. Sectioning was carried out using a cryotome
(Lipshaw, model 1700). Section thickness ranged
between 12-2@m.

Fixation for scanning and transmission electron
microscopy followed the techniques of Dawes (1988).
Approximately 0.5 cm long branch segments were
placed in 10 ml vials with 5% glutaraldehyde (25%
reagent grade, stored under nitrogen) in 0.1 M caco-
dylate buffer with 0.25 M sucrose. After 3 h, the sec-
tions were rinsed using a decreasing series of sucrose
concentrations in the buffer and then postfixed for 3 h
at room temperature with 2% osmium tetroxide in 0.1
M cacodylate buffer as described by Ramus (1969).
Dehydration with ethanol and propylene oxide was
carried out using the procedure of Crang (1997). Em-
bedding was with a low viscosity (hard version) epoxy
resin (Ladd Research Industries) with polymerization
occurring at 70°C for 24 h. Ultrathin sections were
cut using Sorvall (model MT-2B) or LKB (model 8800
Ultratome III) ultramicrotomes and glass or diamond
knives. Sections were stained for 30 min in uranyl
acetate and 20 min in lead citrate and examined with a
Hitachi H-500 TEM. Branch segments to be examined
with the scanning electron microscope (JEOL JSM-
35) were fixed as described and ethanol was the sole
dehydrant. Critical point drying was with a Ladd unit
and the specimens were coated with gold-paladium
using a Pelco Sputter Coater (model 3).

Stereological analysis

Transmission electron micrographs were taken of

using 1 crd blades and changing the media twice daily central, non-oblique ultrathin sections from 5 blocks
(Stratmann et al., 1996). In all procedures, the treated of tissue all at a standard magnification. The micro-
blades were floated over branche€o#cilariasothat ~ 9raphs were scanned with a scanner (Hewlett-Packard,
when the zooids were released after 2 to 3 days, theyModel 4C) at 250 dpi (10 dots mm) and the cell
settled on the red alga. Regardless of the procedure,Wa” layers measured using a two-point spatial calibra-
use of field or cultured plants during spring tides (i.e. tion tool of an image analyzer program (Sigma Scan,

period of full moon) resulted in the highest success in Jandel Inc). The data consisted of three width meas-
swarmer production (Smith, 1947). urements of 5 distinct epidermal cells (decklamelle,

outer wall, inner wall) for branches from 7 plants (n
= 35 species!). Cell wall thickness was compared
within and between the two species using one-way
Branches of both species Gfracilaria were prepared  ANOVAs (p <0.05). Pair-wise comparisons were
after 10 to 16 days following exposure to zooids of made with the Student-Newman-Keuls Method.

Preparation for microscopy
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Figure 1. Scanning electron micrographs of young branches of cult@redilaria cornea A branch tip (Figure 1A). Mature region 3to 4 cm
below the tip showing the individual epidermal cells underneath the covering layer (Figure 1B). The surface lacks bacterial or algal epiphytes.

Figure 2 Scanning electron micrographs of a young branch of @itecilaria tikvahiae A branch tip (Figure 2A). Mature region 3 to 4 cm
below tip of branch shows the individual epidermal cells underneath the covering layer (Figure 2B). Bacteria and debris occur on the surface.

Results ure 1A), prepared the same was@stikvahiae did
not show surface tension.
Cell wall Frozen sections dBracilaria cornea(Figure 3A,

unstained) ands. tikvahiae(Figure 3B, stained with
toluidine blue) showed that the decklamelle and outer
wall (arrow) are continuous when viewed with the
light microscope. Using the transmission electron mi-
croscope, ultrathin sections of the epidermal cells of
both species (Figure 4A, 4B) revealed a decklamelle,
a uniform outer wall, and an inner cell wall. The

Using the scanning electron microscope, branches of
G. cornea(Figure 1A, 1B) andGracilaria tikvahiae
(Figure 2A, 2B) show a continuous covering. Tips of
G. tikvahiae(Figure 2A) showed significant folding
probably reflecting some shrinkage of the meristem-
atic tissue during critical point drying due to surface
tension. In contrast, the branch tips®f cornea(Fig-
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Figure 3. Light micrographs of branch sections showing the wall of the epidermal cells consisting of a continuous decklamelle (d) and outer
wall (arrows) over the epidermal cells. Syracilaria corneg B) G. tikvahiae

Figure 4. Ultrathin sections showing the construction of the outer epidermal wall dbrakilaria corneaand B)G. tikvahiae Each epi-
dermal cell has a distinct inner wall (i) that is covered by the outer wall (0) and the decklamelle (d). Debris is evident on the decklamelle of
field-collected thalli ofG. tikvahiae(Figure 4B, arrow).

Table 1. Thickness gm) of the outer epidermal cell wall @racilaria cornea

(Gc) andG. tikvahiae(Gt) as measured 2 cm behind the growing branch tip
and using transmission electron micrographs. See text for descriptions of wall
layers. n =35+ 1 S.D.

Species Thicknesgumn)
Decklamelle  Outer wall Inner wall Total

G. cornea 0.32+0.10 3.38:0.66 1.2%0.07 4.92+0.26
G.tikvahiae 0.14+0.03  1.09+-0.36 0.64+0.17 1.87+0.50
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decklamelle, outer, and inner walls Gf corneawere decklamelle (Figure 7A, arrow) and then its rhizoids
significantly thicker than inG. tikvahiae(Table 1). (arrows) reached the outer wall (Figure 7B).
Measurements of standard transmission electron mi-
crographs of ultrathhin sections 2 cm behind the apical
tip of a branch showed the mean wall thickness to be Discussion
4.92 um for G. corneaand 1.87um for G. tikvahiae
(Table 1). The decklamelle is dense and granular in Species ofUlva and Enteromorphaare considered
appearance, 0.3 to 0/om thick in mature branches, to be holo-epiphytes (Evans, 1981), although they
and distinct from the outer wall d&. tikvahiae(Fig- may be difficult or impossible to remove from some
ure 4B). Because field collected plants were used, thespecies ofGracilaria (Buschmann & Gomez, 1993;
branches of5. tikvahiaehad epiphytes and some sed- Friedlander et al., 1996). In contrast, other species
iment (Figure 4B, arrow). Unlikés. tikvahiae the (e.g.G. corned seem to avoid or have low levels of
decklamelle ofG. corneawas more diffuse, being  epiphytism under natural and mariculture conditions.
electron dense at the surface and grading into the The present study demonstrates thatlactucacan
outer wall (Figure 4A). In both species, the outer wall pe an amphi-epiphyte (Ducker & Konx, 1984) 6f
was continuous with the middle lamellae, while the tikvahiaeand G. cornea even though the two spe-
inner wall surrounded the individual epidermal cells cies differ in wall construction. Penetration of the cell
(Figure 4A, 4B). wall by the epiphyte helps explain the difficulty in
removingU. lactucafrom tank cultured seaweeds.
Gracilaria tikvahiaeandG. corneahave cell walls
that are similar to that shown in ultrathin sections for
G. verrucosaVerdus et al., 1985; Kling et al., 1989;
Using the scanning electron microscope, the adhesionMariani et al., 1990) ands. dura (Delivopoulos et
pad ofUlva lactucawas evident for germlings (3 to  al., 1989). The covering layers and cell wall of epi-
5 celled stage) attached to glass slides (Figure 5A, ar- dermal cells of both species consists of a continous
row) and to the decklamelle &racilaria cornea(Fig- decklamelle and an outer wall that was continuous
ure 5B). The germlings penetrated the decklamelle, with the midddle lamellae as well as an inner wall
which formed a rim (Figure 5B) around their bases. that surrounds each cell. Thus, this study supports the
The adhesion pad and decklamelle rim were also vis- description of Mariani et al. (1990) with the inner wall
ible if the germlings were removed (Figure 5C). In being the primary wall. Further, a fibrillar layer was
some instances, the removal of a germling resulted in evident in the cell wall of the tw&racilaria species
loss of the decklamelle leaving a pit on the surface of that probably consists of cellulose microfibrils as well
the basiphyte (Figure 5C). On occasion, the adhesionas agar (Bellanger et al., 1990; Dawes et al., 1961).
pad remained on the surface of the decklamelle as seen  The term decklamelle that Brand (1901) called the
on an older (15 celled) filament &f. lactucaon G. wall covering ofCladophorais more appropriate than
tikvahiae(Figure 5D, arrow), but more commonly the cuticle because it contains protein: 80%Harphyra
epiphyte had penetrated the decklamellae by the time umbilicalis (Hanic & Craigie, 1969), 38 to 44% in

Epiphyte attachment

the germlings were 5 cells long (Figure 5E). Chondrus crispugCraigie et al., 1992), and 50% in
Using the transmission electron microscope, ul- Iridaea cordata(Gerwick & Lang, 1977). Although
trathin sections ofGracilaria tikvahiaeshowedUlva the decklamelle ofGracilaria species has not been

lactuca attached to the decklamelle (Figure 6A), analyzed, it is clearly visible in ultrathin sections of
which formed a rim around the epiphyte’s base (ar- the two species studied and @& verrucosa(Verdus
row). In the inital stages of attachment (Figure 6A), et al., 1985; Kling et al., 1989; Mariani et al., 1990).
basal cells of filaments df). lactucapenetrated the  Further, the decklamelle @. tikvahiaediffers from
decklamelle but not the outer wall layer. A similar that of G. cornea the former appearing dense with
stage is evident in the scanning electron micrographs a distinct boundary at the outer wall, while the lat-
(e.g Figure 5B). With continued growth, the epi- ter appears more diffuse and grades into the outer
phyte penetrated the outer and inner cell wall layers wall. Based on field and mariculture observatioBs,
of the epidermal cells irG. tikvahiae(Figure 6B). corneais known to have a low level of epiphytes com-
Attachment and penetration by the epiphyte i@o pard with other species (e@ conferta, G. tikvahige
corneais similar. Initially, the epiphyte penetrated the The significantly thick outer wall and more structur-
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Figure 5. The attachment dfllva lactucagermlings. Two-week old germlings formed an adhesion pad on a glass slide (Figure 5A, arrow), and
penetrated the decklamelle Gfacilaria cornea(Figure 5B). Bacteria are evident around the attachment sites. If the germlings are removed,
their adhesion pads can remain or cause removal of the decklamelle (Figure 5C: A, B respectively). Adhesion pads are also visible at the base
of older (15 celled) filaments df.. lactucaon G. tikvahiae(Figure 5D, arrow). The germlings penetrate the decklamelle as seen with 5-celled

filaments ofU. lactucaon G. cornea(Figure 5E).
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Figure 6. Ultrathin sections showing the penetration of the basal cell of a young filaméHvaflactucathrough the decklamelle and outer

wall of Gracilaria tikvahiae During attachment, the decklamelle is pushed up forming a rim (arrow) around the adhesiorpéathfca(U)

and has not penetrated the outer (0) wall (Figure 6A). In later stages, the germling’s basal cells (U) penetrate the outer and inner walls (I) with
the decklamellar rim also visible (Figure 6B, arrows).

Figure 7. Ultrathin sections showing the penetration of the basal cell of young filametésaflactucathrough the decklamelle and outer
wall of Gracilaria cornea Initially, the attachment by the epiphyte (U) is superficial with the basal cells penetrating only the decklamelle
(Figure 7A, arrow). In later stages, rhizoids (U, arrows) penetrate the outer wall (0) growing toward the inner (l) wall (Figure 7B).

ally diffuse decklamelle of5. corneaprobably play a spp. (Moss & Woodhead, 1970) demonstrates how
role in epiphyte resistance. effective these green algae are in attachment.
Sporelings oUlva lactucaproduce adhesion pads Studies by Weinberger et al. (1999) Gn conferta
during the initial phase of attachment on glass slides have demonstrated a possible extracellular defense
as reported previously fddlva (Braten, 1975; Cal-  system against cell wall degrading microorganisms.
low et al., 1997; Shihira-Ishikawa & Nishijima, 1998) Although under normal conditiorGracilaria cornea
andEnteromorphgEvans & Christie, 1970; Leonardi  is not epiphytized, it can be when held in static
& Caceres, 1991). In the present study, the basal cultures under induced blades Ofva lactuca The
cell of U. lactuca germlings penetrated the deck- differences in deckelamellae construction between the
lamelle and the outer wall of both species within a two species probably have ecological and physiolo-
few days followed by rhizoid development. Penetra- gical bases under natural conditions that are not now
tion by U. lactucaappears to result from digestion of evident. However, it appears that epiphyte-free spe-
the decklamelle and the two wall layers. The penetra- cies may have a structural basis that could be useful in
tion of paint surfaces by germlings &nteromorpha mariculture.
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