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J Phycol. 31, 401-412 (1995)

EFFECTS OF BROMIDE AND IODIDE ON STALK SECRETION IN THE
BIOFOULING DIATOM ACHNANTHES LONGIPES (BACILLARIOPHYCEAE)!

Lisa M. Johnson,? Kyle D. Hoagland

School of Biological Sciences and Department of Forestry, Fisheries & Wildlife,
University of Nebraska, Lincoln, Nebraska 68588

and

Michael R. Gretz

Department of Biological Sciences, Michigan Technological University, Houghton, Michigan 49931

ABSTRACT

Extracellular polymeric substance (EPS) secretion was
examined in the stalked marine diatom Achnanthes lon-
gipes Ag. in defined medium. This common biofouling
diatom exhibited an absolute requirement for bromide for
stalk production and substratum attachment, whereas el-
evated iodide concentrations in the growth medium inhib-
ited stalk formation and adhesion. Varying EPS mor-
phologies resulted from altering bromide and iodide levels:
pads, stalk-pads, stalks, and no EPS. Cells showed no
differences in growth with bromide or iodide concentra-
tions, indicating that they were not physiologically stressed
under conditions that impaired EPS secretion. Cells grown
in elevated iodide secreted significantly more soluble ex-
tracellular carbohydrate into the medium, suggesting that
the EPS was soluble and unable to be polymerized into a
morphologically distinct gel. By replacing sulfate with me-
thionine, the diatom lost its ability to form stalks even in
the presence of bromide, indicating that free sulphate may
be required for proper cross-linking of stalk polymers. Lo-
tus-FITC, a fluoresceni-tagged lectin, preferentially la-
beled the EPS and, thus, was used to visualize and quan-
tify EPS secretion along a bromide gradient in conjunction
with an image analysis system. This technique demonstrat-
ed a direct correlation between the amount of bromide
present in the medium and the specific EPS morphology
Jformed.

Key index words: Achnanthes longipes; Bacillario-
phyceae; biofouling; bromide; diatom; EPS secretion; im-
age analysis; inhibition of adhesion; iodide; Lotus-FITC;
stalks

Diatoms are ubiquitous fouling microorganisms
(Bishop et al. 1974, Marszalek et al. 1979, Daniel et
al. 1980, Caron and Sieburth 1981, Daniel and
Chamberlain 1981, Characklis and Cooksey 1983,
Callow 1993). They adhere to submersed structures
by secreting insoluble mucilages combined with gly-
coproteins in the form of adhering films, capsules,

pads, tubes, and stalks (Chamberlélin 1976, Blunn

and Evans 1981, Daniel et al. 1987, Callow 1993,
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Hoagland et al. 1993). This adherence usually is
permanent and imparts an ecological advantage to
the attached organism (Daniel et al. 1987). Diatom
mucilages have been more appropriately defined as
extracellular polymeric substances (EPS; Hoagland
et al. 1993), a term that is widely used to describe
polysaccharides secreted external to the plasma
membrane and that relates to their diverse chemical
and physical nature (Sutherland 1988).

Achnanthes longipes, grown under ideal culture
conditions, produces a stalk 200-500 um long and
7-9 um wide, which elevates it above the substra-
tum. It is a common marine fouling diatom that is
highly resistant to toxic antifouling coatings (Hen-
dey 1951, Callow et al. 1976, Blunn and Evans 1981)
and, thus, a contributor to the biofouling problem
by increasing the frictional drag on ocean-going ves-
sels. Cleaning ship hulls costs millions of dollars each
year, and frictional drag leads to excess fuel con-
sumption, leading to additional unnecessary loss of
revenue (Alberte et al. 1992). Thus, there is clearly
a need for understanding the biology of EPS pro-
duction in A, longipes, which results in an increase
in slime film thickness and, therefore, contributes
to the fouling problem. EPS secretion leads to ad-
hesion; thus, study of the former will lead to a better
understanding of the latter.

The nutritional requirements for the formation
of permanent EPS morphological structures such as
stalks, tubes, pads, and capsules by diatoms is not
well documented (Hoagland et al. 1993). EPS pro-
duced by marine planktonic diatoins under varying
physiological conditions has been investigated most
extensively. These secretions consist of soluble poly-
mers, not insoluble EPS. However, insoluble EPS
production by Navicula pelliculosa (Lewin 1955) and
the benthic diatom Amphora coffeaeformis have been
examined (Bruno et al. 1993). Extracellular poly-
saccharide release increases under conditions of re-
duced salinity (Allan et al. 1972), nutrient depletion
(Lewin 1955, Myklestad and Haug 1972, Myklestad
1977), elevated N/P ratios (Myklestad and Haug
1972, Myklestad 1977), and stationary phase of
growth (Lewin 1955, Myklestad and Haug 1972,
Myklestad et al. 1989, Bhosle et al. 1993, Bruno et
al. 1993). There are also conflicting arguments
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whether EPS is generated by healthy photosynthe-
sizing cells (Mague et al. 1980, Fogg 1983) or is a
product of senescent cells (Sharp 1977).

Prior to this study, Johnson (1995) found that
Achnanthes cells grown in f/2-enriched ASPM (Guil-
lard 1975), a defined seawater medium, formed only
pads, whereas in f/2-enriched natural seawater they
always produced stalks. This indicated that some
factor necessary for stalk formation was lacking in
f/2-enriched ASPM. Subsequently, an array of fac-
tors was tested, including medium dilution, macro-
nutrients (N, P, N:P ratios, Ca, Mg, S), micronutri-
ents (Fe, V, Li, Ru, Al, Br, I, F, f/2-enrichment
concentration and dilution), heavy metals (Cd, Sr,
Pb, Cr, Ba, Sn), chelators, pH, dialysis, ion ex-
change, and buffers (Johnson 1995). All were un-
successful in inducing stalk secretion except bro-
mide. In addition, the presence of elevated iodide
levels in the culture medium not only prevented
stalks but also resulted in the absence of all insoluble
EPS. The current study addresses bromide as a nu-
trient required for stalk formation in Achnanthes lon-
gipes as well as the effect of iodide on the prevention
of stalk secretion.

MATERIALS AND METHODS

A unialgal culture of Achnanthes longipes (NIES 330) was ob-
tained from the National Institute for Environmental Studies,
Japan. Cultures (xenic) were maintained in 300-mL flasks con-
taining 200 mL of f/2-enriched ASPM seawater, a synthetic sea-
water medium (Guillard 1975), or Alga-Gro® seawater medium
(Carolina Biological Supply, Burlington, NC), an enriched natural
seawater medium (“ESW”) at 18° C and illuminated on a 12:12
h LD cycle with cool-white fluorescent bulbs (photosynthetically
active radiation = 100 umol-m—2:s~! measured with a LiCor®
quantum light sensor, Lincoln, NE). In this report, the media {f/
2-enriched ASPM and Alga-Gro® seawater will be referred to as
f/2 and ESW, respectively.

Conditions for EPS production. Cells were harvested from flasks
with a rubber policeman, rinsed once and suspended in ASPM
seawater base (without f/2 nutrients), and homogenized for 1
min at 8000 rpm with an Ultra-Turrax T-25 Tissuemizer (Tek-
mar, Cincinnati, OH). Ten milliliters of sterile media and 0.5 mL
of homogenized cell suspension were added to a series of 15-x-
60-mm sterile polystyrene Petri dishes and examined for EPS
secretion after 2 days (EPS secretion type can be determined at
this time).

Optimum chloride, bromide, and iodide concentrations for
stalk production and inhibition of insoluble mucilage secretion
were obtained by modification of procedures by McLachlan and
Craigie (1967). Chloride was replaced by bromide in a graded
series, both on a weight/volume basis while maintaining the 2.3%
sodium salt concentration in f/2 (Guillard 1975). Nal was added
weight/volume to the optimum chloride /bromide concentration
for stalks.

Once optimum chloride, bromide, and iodide concentrations
were determined, a protocol for obtaining various EPS secretion
types was established. Chloride was kept constant, as a dilution
of 51 M NaCl and various concentrations of bromide were pre-
pared from 1.0 M NaBr. Different concentrations of iodide were
made from dilutions of 6.7 M Nal.

Growth measurements. For cell number and optical density de-
terminations, approximately 1 X 10° cells-mL~' were grown in
15 mL of the following media: 1) f/2, 2) ESW, 3) f/2 prepared
with 340/30 mM Cl-/Br-, and 4) /2 prepared with 340/30/

0.067 mM Cl-/Br~/17). Cells were harvested, and cell counts
(Palmer-Maloney cell) and optical density readings (at 660 nm
with a Milton-Roy spectrophotometer) were recorded every 3
days.

Extracellular carbohydrate release. Total soluble extracellular car-
bohydrate as ug glucose equivalents-cell-'-mL~! media extract
was determined after the method of Hanson and Phillips (1981),
except that cells were grown and counted as for growth studies
and the phenol-sulfuric acid sample mixture was allowed to cool
15 min before reading at 490 nm in a Perkin-Elmer A-3B UV-
VIS spectrophotometer. Total soluble glucose equivalents and
cell densities were measured in quadruplicate.

Substitution of methionine for sulfate. f/2 medium was made up
as earlier, except equimolar amounts of sulfur as L-methionine,
20 mM, were substituted for sulfate sulfur in f/2 medium, with
other constituents kept constant. One group of cells was rinsed
4 x in f/2 medium substituted with methionine to remove excess
sulfate from the growth medium before a gradient of bromide
concentrations was applied: 0 mM (f/2), 2.5 mM, 10 mM, 30 mM,
and 30 mM Br~/0.067 mM I-. Another group of cells was rinsed
4x in f/2 prepared with sulfate and then placed in f/2 with
methionine and the same series of bromide and iodide concen-
trations. With sulfate present in the inoculum, the final sulfate
concentration in each Petri dish was calculated to be 0.06 mM.

Stalk quantification. For stalk quantification, two NaBr gradients
were employed: a low-range gradient with bromide concentra-
tions of 0.01, 0.1, 0.5, 1.0, 5.0, 10, 20, 30, 40, and 50 mM Br~
and a low- to high-range gradient with 10, 30, 100, 300, 400,
500, and 600 mM Br—. Cells were added to Petri dishes as earlier,
except 0.30 mL of 4-5 x 105 cells-mL~" were introduced. Two
Petri dishes were established per treatment, each containing a
single 18-mm glass coverslip cleaned with 10% HCL, and incu-
bated for 2 days. The experiment was performed twice for each
gradient, using fresh media.

For lectin labeling, cells grown on coverslips (described earlier)
were rinsed twice in phosphate-buffered saline (10 mM PBS, pH
7.2) for 10 min each and labeled with 25 uL of 100 pg-mL~*
Lotus lectin-FITC conjugate (E-Y Labs, San Mateo, CA) in PBS
for 3 h. Lotus-FITC preferentially stained stalks rather than cells,
making it a useful tool to visually isolate stalks for image analysis.
Lotus lectin (isolated from Lotus tetragonolobus) is specific for ter-
minal a-L-fucose residues (Sharon and Lis 1972), a terminal and
major monosaccharide found in A. longipes (Gretz et al. 1993).
Blocking nonspecific binding sites with bovine serum albumin
and fixing the cells did not improve labeling intensity; therefore,
the simpler and less time-consuming direct method was sufficient.
Samples were rinsed for 1 min in PBS and mounted in Aqua-
Polymount (PolySciences, Inc.) to hinder fluorescence quench-
ing. Labeled stalks were examined on a Nikon Diaphot-TMD
inverted fluorescence microscope equipped with a dual band set
fluorescence filter cassette containing a FITC filter cube (Nikon
B-1E/B-1A): excitation 485 nm and emission 535 nm. Photo-
graphs of Lotus-FITC—stained material were taken with Kodak
Ektachrome Ultra 400 film.

Toacquire images, 10 fields of view per coverslip were collected
by an Optronics TEC-470 CCD video camera (Optronics Engi-
neering, Goleta, CA) equipped with a 0.55 X relay lens and 1.5 x
photo eyepiece. Images from the microscope were relayed to a
Gateway 2000 P5-60 computer and processed with Optimas Im-
age Analysis software, Version 4.1 (Optimas Corporation, Ed-
monds, WA). Every image was collected at the same camera speed
(Y s), contrast (7), and brightness (6) and with red and blue
thresholds set at 0, all controlled by the Optronics TEC-470 CCD
video processor. For analysis, image files (TIFF) were displayed
on a Sony Trinitron PVM-1344Q) color video monitor.

Lengths and widths of stalks were measured using Optimas
Data Collection Utilities by drawing lines along the lengths and
widths of stalks, in micrometers, on the computer image and
storing the data. Pads and amorphous EPS were excluded in the
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measurements, These data were used to calculate area and vol-
ume of stalks. Total EPS was measured from the same images by
setting threshold values such that green fluorescing Lotus-FITC
was distinguished from unstained background. Area, in square
micrometers, of the stained EPS was calculated by estimating total
percentage of pixels per percentage of threshold in micrometers
of the ROI (or region of interest). Total amorphous EPS pro-
duction (in pm? was finally compared to stalk area (in um?) as
percentage of EPS area not containing stalks: [(total EPS area —
total stalk area)/total EPS area] x 100.

Scanning electron microscopy. For scanning electron microscopy,
cells grown on 10-mm glass coverslips were fixed in 2% glutar-
aldehyde in £/2 and postfixed in 1% OsO, at 25° C, dehydrated
in ethanol, critical point-dried with liquid CO,, and then mount-
ed directly on aluminum stubs. Specimens were Au sputter—coat-
ed and then observed using the Cambridge S4-10 stereoscan
scanning electron microscope (SEM).

Statistics and data analysis. A completely randomized design with
replicates was used for growth interactions and soluble carbo-
hydrate release with an algal culture tube as the experimental
unit and an aliquot per tube as the sampling unit. Analysis of
variance (ANOVA) was used to test the treatment effects of cell
density and total soluble carbohydrate release, respectively. For
image analysis data (stalk volume and total EPS area), the exper-
imental design was a generalized randomized (complete) block
design (Steel and Torrie 1980), with a coverslip as the experi-
mental unit, image as the sampling unit, and a block as a “run”
assumed to be a random effect. ANOVA was used to test treat-
ment effects of bromide concentrations, using log-transformed
data to meet the assumptions of homogeneity of variance. A
significance value of P < 0.05 was used for all experiments and,
when tests were significant, least squares (LS) means were used
to compare treatment means.

RESULTS

Optimum bromide and iodide concentrations. Varying
halide ratios resulted in four types of EPS secretion:
1) stalks, long, upright 200-500-um-long secretions
(Figs. 1, 3); 2) pads, small ““cushion-like” secretions
that, when stalks are present, are the spatially dis-
tinct regions where stalks are attached to the sub-
stratum (Fig. 5); 3) stalk-pads, prostrate distorted
half-stalk, half-pad material (Fig. 6); and 4) no in-
soluble EPS present, only raphe EPS released; cells
were “clean” and virtually free of a mucilaginous
coating (cells treated with iodide; Figs. 2, 4). “Amor-
phous EPS’’ was any secretion having no distinguish-
able form.

The optimum level of bromide and chloride for
stalk secretion (i.e. in comparison to cells grown in
ESW) was 340 mM Cl~ and 30 mM Br—, respectively
(Table 1). As Br~ concentrations were sequentially
decreased, there was a gradation in EPS morphology
from stalks to stalk-pads to solely pads. Only pads
were produced in f/2 medium, which lacked Br~.

Increasing I~ levels resulted in a similar effect,
with a change from a predominance of stalks to pads,
until the molarity reached 0.067 mM, in which no
insoluble EPS was produced even in the presence of
Br~ and cells clung weakly to the substratum. This
phenomenon was apparently irreversible because af-
ter repeated rinsing and adding stalk-inducing me-
dium, cells still did not form stalks.

Growth study. The concentrations of Br~ and I~

required for optimum stalk production were much
higher than those found in seawater, 0.84 mM and
0.5 uM, respectively (Brewer, 1975); consequently,
growth measurements were performed to deter-
mine whether or not the concentrations of Br— and
I~ affected cell growth rates. Determination of
growth rates was particularly critical for iodide, giv-
en the possibility that the production of no insoluble
EPS by cells grown in elevated iodide concentrations
was a result of physiological stress.

End-point analysis (one-way ANOVA) showed a
significant difference in cell density among the four
treatments (P = 0.0001, Fig. 7). Cells grown in de-
fined media showed no significant difference in céll
densities. However, the ESW treatment had a sig-
nificantly lower density (P = 0.0001) than the other
three, probably due to the much higher nutrient
levels in the defined media.

Total soluble extracellular carbohydrate secretion. The
growth study showed that elevated I~-treated cells
grew at rates very similar to those grown in defined
media lacking I~, except that they did not produce
insoluble EPS. Total soluble extracellular glucose
equivalents were estimated for stalk-producing, pad-
producing, and noninsoluble EPS—producing cells
to determine whether or not iodide-treated cells se-
creted more soluble carbohydrate into the medium.
Soluble carbohydrate release in cells having pads,
stalks, and no stalks /pads culminated early and then
dramatically decreased with time (Fig. 8). Total sol-
uble carbohydrate secretion reached a maximum at
3 days, then decreased through 5 days, followed by
a gradual decline up to 28 days. There was a sig-
nificant treatment effect of total soluble carbohy-
drate secretion (P = 0.0001). Cells producing no
stalks or pads released significantly more soluble car-
bohydrate into the medium than the other two treat-
ments throughout the 4-week study period, except
at 3 days, where LS means showed there was no
significant difference among the three treatments
(P = 0.2496). LS means also showed that at days 19
(P = 0.2147) and 26 (P = 0.0656) no significant
difference in total soluble carbohydrate existed be-
tween pad-formers and stalk-formers.

Stalk volumes along a bromide gradient. Different
amounts of stalk material were produced under dif-
ferent bromide concentrations (Fig. 9). At the lower
concentration gradient (0.01-50 mM Br~), an ex-
ponential increase in stalk volume occurred from
0.01 to 5.0 mM Br—, then remained constant from
10 to 20 mM Br~. Subsequently, an abrupt doubling
in stalk volume at the optimum bromide level (30
mM Br~) followed by an abrupt twofold decrease in
stalk volume and a slight decline at 40-50 mM Br-
(see Fig. 9, inset) were observed. There was a sig-
nificant treatment effect of bromide concentration
on subsequent stalk formation (P = 0.0142), and LS
means showed that 30 mM Br~ differed significantly
from all other bromide levels. The second gradient
(10-600 mM Br~), which encompassed the upper
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Fics. 1-6. EPS secretion morphology with varying bromide levels. Scale bars = 20 pym. F1G. 1. Achnanthes cells with optimum stalks.
Cells (arrow) are variable in size but average 20 ym in width by 30 um in length. Widths and lengths of stalks (arrowhead) also vary,
7-9 by 200-500 um, respectively. Treatment: 340/30 mM CI~/Br~. Nonstained, live preparation. Bright field optics. Fi. 2. SEM of
iodide-treated (0.067 mM I-) cells. Note that no insoluble EPS has been secreted by the cells. Arrow indicates approximate region on
the valve face, i.c., the raphe, where pads and stalks are normally secreted. Fic, 3. SEM of cells with stalks. Arrow indicates the collar
region, which becomes separated from the pad as the stalk develops. ESW treatment. Fic. 4. Bright field micrograph showing iodide-
treated cells. Again, no insoluble EPS has been secreted. Arrow points to area on cell where insoluble EPS is secreted. Cells lack firm
adhesion and adhere to the substratum by only raphe mucilage. Black asterisk (bottom center) shows the biofilm residue normally
associated with the bottom of the flask in which the cells were originally grown before transferring to media containing 0.067 mM 1-.
F1G. 5. Phase-contrast micrograph of cells with pads (arrowhead). Note the highly distinctive core in the center of the pad. Pads are
often elongated, showing an extended core (arrow). f/2 treatment. Unstained, live preparation. Phase-contrast optics allows visualization
of the cores without staining. Fic. 6. Cell with stalk-pad, consisting of a short stalk portion (arrowhead) and an amorphous pad region
with distorted ‘“‘ladder-like” core region (arrow). Note that the stalk portion is normal, lacking a deformed core; however, the usual
thin central core cannot be seen in this photograph. 340/70 mM Cl~!/Br~ treatment. Unstained, live preparation. Phase-contrast
optics.
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TasLe 1. Effect of bromide and iodide on EPS secretion morphology.
+ = present, — = absent. Stalk-pad = prostrate distoried half-stalk,
half-pad material.

Halide molarity (mM) Secretion morphology

Cl- Br- I- Stalk Stalk-pad Pad
3402 0 0 - — +
340° 30v 0 + - -
340 10 0 + + +
340 0.1 0 = + +
340 0.01 0 = - +
340 30 67 x 10-¢ + . -
340 30 67 x 10-° - + -
340 30 67 x 10~ - - +
340 30 67 x 103 - - =

@ Molarity of NaCl in f/2 medium.
b Optimum stalk production levels.

bromide level where no stalks formed, again showed
a threefold increase, between 10 mM Br~ and the
optimum level (30 mM Br™), followed by a greater
than threefold decrease at 100 mM Br~ (Fig. 9). A
gradual leveling occurred between 100 and 400 mM
Br-, and there was an abrupt leveling of stalk pro-
duction from 400 to 600 mM Br~. No stalks were
formed at the highest Br~ level (600 mM). Again,
there was a significant treatment effect of bromide
on stalk secretion (P = 0.0057), and LS means showed
30 mM Br~ to be significantly different from all
other bromide concentrations.

Total EPS secreted along a bromide gradient. The
trend seen for total EPS secreted and stalk area along
the bromide gradient (Fig. 10) was similar to that

G 2

ESW
0.067mM I
340 mM/30 mM Ci/Br

o»oe

Cell Density X 10%mL

9 12 15
Time (d)

Fic.7. Cell density (cells-mL~") as a function of time. Vertical
bars = =1 SE. There was a significant treatment effect on cell
density (P = 0.0001); cells grown in ESW exhibited much lower
growth than cells grown in defined media. There was no signif-
icant difference between cells grown in /2, elevated iodide (0.067
mM I-), and the optimum bromide level (340,/30 mM Cl-/Br-),
indicating elevated iodide levels were not physiologically stressful
to cells.

0.010 -
O0—0 No Insoluble EPS

- &— Pads
©
8 o008 - &—4 - Stalks
b2}
[
[7]
w©
.2 0.006 -
=
o
]
> |
o 0004 -
8 1
2
=) |
= |
= 0.002 -

0.000 - x S - ——r T —— Ll

0 2 4 6 8 10 12 14 16 18 20 22 24 2
Time (d)

Fic.8. Total extracellular carbohydrate (as glucose) for three
types of EPS released over time. Secretion maxima at 3 days,
followed by a sharp decline and leveling off after 2 weeks. Vertical
bars = +1 SE. Cells producing no insoluble EPS secrete signifi-
cantly more carbohydrate than cells making stalks or pads (P =
0.0001), except at day 5, where there was no significant difference
among the treatments (P = 0.2496).

observed for stalk volumes. At the lower bromide
gradient, an exponential increase occurred from 0.01
to 30 mM Br—, followed by an exponential decrease
to 50 mM Br~ (Fig. 10B, inset). However, in this
case no twofold increase occurred at the optimum
level of 30 mM Br~. A significant difference between
bromide treatments was observed (P = 0.0219).
However, LS means showed no significant effect of
bromide concentration between 20 mM bromide and
the optimum bromide level, 30 mM (P = 0.1352).
The threshold spanning the lower to upper range,
10-600 mM Br—, showed a twofold increase to the
optimum level of 30 mM Br~, followed by a three-

1800
Low Concenlration Gradient
1600 ©—© 0,01 mM - 50 mM NaBr
1400 { Low to High Concentration Gradient
= 1 \ o—e 10 mM - B00 mM NaBr
& 12004 |
3 Ly
£ 1000 |
E s\
Z 8o | .
3 o\
% 600 i ;
400 k —
4 T— '
200 4 % \E\ L
~—. |
0 -4 T - - - — - ‘_“:’—____’
0 100 200 300 400 500 600

mM NaBr

F1c. 9. Stalk volume expressed as a function of molar NaBr
concentration. Vertical bars = =1 SE. The low concentration
gradient shows an exponential increase in stalk volume from 0.01
to 5 mM Br-, then a constant response between 10 and 20 mM,
followed by an exponential rise to the optimum bromide level
(30 mM) and a gradual decline from 40 to 50 mM (P = 0.0142).
Inset shows expanded curve. The low to high concentration gra-
dient from 10 to 600 mM Br~ shows a threefold maximum in
stalk volume at 30 mM, followed by a leveling off at higher con-
centrations (P = 0.0057).
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A Low Concentration Gradienl 200 - | ‘
E 500 ©—© 001 mM-50 mM NaBr 100 1 /w\ |
3 400 Low lo High Concentration Gradient o Mr_ s
=1 e—e 10 mM - 600 mM NaBr 5 20 40
£ 300
< |
x
® 200 | :']\‘
[ I
100 }A‘a > " |
| ir —_— . _
o B T ey S
600 -1 B ' ) 260
| Low Concenlration Gradient 200 ")]}-'a\ |
<~ 500 I - ©—© 0.01mM-50 mM NaBr 150 .|
§ | \ Low to High Concenlration Gradient 100 -
— 400 * o—e 10 mM - 600 mM NaBr ¥ |
3 \ o 20 40
< 300 - : //i\ —
& : Sy 3
i 200 - E}é\' ~
~
100 l {
0 100 200 300 400 500 600
mM NaBr

Fic. 10. Molar NaBr concentration along the same two bro-
mide gradients as for stalk volume vs. A) stalk area and B) total
EPS area. Vertical bars = =1 SE. Both curves show the same
general shape as for stalk volume, particularly the peak at 30 mM
Br-. This peak is not so pronounced for the low concentration
gradient in the Total EPS area graph (see inset) and P = 0.1352
for 30 and 10 mM Br-. Note the general increase in EPS area
vs. stalk area, especially at the very low and very high Br~ con-
centrations.

fold drop to 100 mM Br—. This was followed by a
leveling off at 300 mM Br~ and an increase at 400
mM Br-, followed by a linear decrease to 600 mM
Br— (P = 0.0028); LS means showed that the EPS
area at 30 mM Br~ was significantly different from
the other concentrations.

EPS was produced at all levels of bromide. Total
EPS area was at least twice that of stalk area (Fig.
10B). Those bromide levels resulting in production
of decreased stalk areas (i.e. fewer or shorter stalks)
tended to have a larger percentage of increase in
EPS area (Fig. 11), reflecting a higher quantity of
amorphous EPS. The lower the stalk area, the great-
er the corresponding total EPS area. Total EPS ar-
eas increased about 100-fold for those bromide lev-
els where no stalks were formed, 0.01 and 600 mM
Br—. Conversely, cells grown at the optimum bro-
mide level (30 mM) had the lowest percentage of
total EPS area increase, reflecting that most of the
secreted EPS occurred as stalks.

The trend in stalk and EPS secretion along a bro-
mide gradient progressed from cells possessing only
pads (Fig. 12), to stalk-pads or elongated pads (Fig.
13), to a few thick stalks, stalk-pads, and amorphous
EPS (Fig. 14), to many small stalks and amorphous
EPS (Fig. 15), and finally to stalks (Fig. 16). At higher
concentrations of bromide, beyond the optimum
threshold, a reversal in the trend is observed: from
few short stalks, stalk-pads, and amorphous EPS (Fig.
17), to stalk-pads and pads (Fig. 18) and to only pads
at the highest bromide concentration (Fig. 19).

Substitution of methionine for sulfate. Cells rinsed 4 X
in f/2 prepared with methionine, and subsequently
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Fic. 11. Percentage of EPS area not containing stalks; pro-
duced in response to a) the high-range and b) the low-range
bromide gradients. Arrow = optimum bromide concentration,
30 mM Br-. Treatments with lower stalk volume tend to show
larger areas without stalks, indicating much of the total EPS is
not polymerized into stalks, Also, note that the lowest area of
amorphous EPS occurs at the optimum bromide concentration
because most of the polymer exists as stalks.

placed in media of varying concentrations of bro-
mide substituted with methionine, appeared healthy.
However, they lacked adhesion and seemed to have
reduced division rates. No motile cells, even those
positioned on their valve face, were observed until
4 days and only in 30 mM Br~. Normally, cells be-
come motile within a few hours after inoculation.

Cells that were rinsed 4x in f/2 prepared with
magnesium sulfate (20 mM) and then distributed to
media containing methionine and differing bromide
concentrations were healthy, rapidly dividing and
actively motile within several hours. The final sulfur
concentration in each of the Petri dishes was 0.06
mM sulfur. No insoluble EPS, as pads, stalk-pads, or
stalks, were produced at any bromide concentration.
Iodide + methionine—treated cells appeared no dif-
ferent from bromide + methionine-treated cells.
Cells were weakly adherent, apparently attached to
the substratum only by raphe mucilage.
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Fics. 12-19. Cells and EPS labeled with Lotus-FITC. The label is EPS-specific; EPS is green while cells appear red due to chlorophyll
autofluorescence. Scale bars = 50 um. F1c. 12, 0.01 mM Br~, lowest bromide concentration where no stalks form. Only pads are present
(arrow). The label is more specific for outer regions of the pads making them appear ring-like. Arrowhead = single cell. Fic. 13. 0.1
mM Br-. Note elongation of pad mucilage into stalk-pad morphology (arrow). Fic. 14. 5 mM Br~. Few stalks are present at this
concentration (arrow). Stalks formed at suboptimum bromide levels tend to be short and stout. Fic. 15. 10 mM Br~. Well-developed
thin stalks, although relatively short. Amorphous EPS, not polymerized into stalks, still present (small black asterisk). Fic. 16. 30 mM
Br—. Bromide concentration optimum for stalk secretion. Stalks well defined and extremely elongate. The collar region (arrow) stained
more intensely than the stalks. It appears ring-like as do the pads (arrowhead), suggesting a similar origin and polymer composition.
Fic. 17. 100 mM Br-, Increasing the concentration of bromide above the optimum level resulted in a similar trend as that seen for the
suboptimum levels. Note similarity of morphology to that seen in Figure 14. Stalks are short and wide. The amount of amorphous EPS
dramatically increased. Fic. 18. 300 mM Br—. At elevated levels of bromide, EPS is formed as elongate pads (arrow). EPS secreted at
high bromide concentrations was less defined than that at very low concentrations; compare to Figures 12 and 13. Fic. 19. 600 mM
Br~. Extreme bromide level at which no stalks are produced. Pads stain uniformly, more weakly specific for the outer region.
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DISCUSSION

Growth requirements for bromide and iodide. This in-
vestigation demonstrates that bromide is essential
for stalk secretion in the fouling diatom Achnanthes
longipes, while elevated iodide concentrations inhibit
insoluble EPS production and limit adhesion. The
physiological requirement for bromide is sparsely
documented in algae with reports confined to the
red and brown algae. Polysiphonia urceolata requires
bromide for optimal growth (Fries 1975), and the
refractile inclusions in vesicle cells of members of
the Bonnemaisoniaceae fail to form in bromide-lim-
iting conditions (Wolk 1968). Pedersén (1969) found
that low levels of bromide stimulated growth in sev-
eral brown algal species, the effect being reversed
at high levels (100 uM). Eliminating bromide from
the culture medium resulted in diminished growth
of Fucus edentatus embryos (McLachlan 1977). The
demand for iodide has been found for several red
and brown algae (Fries 1966, Iwasaki 1967, Pe-
dersén 1969, Woolery and Lewin 1973), whereas no
iodide requirement was found for green algae or
chrysophytes (von Stosch 1961).

This study represents the first account of bromide
required for a developmental process in diatoms.
However, contrary to reports on the red and brown
algae, bromide is not required for maintenance of
optimal growth rates in Achnanthes longipes, because
optimal growth rates were observed in the presence
or absence of bromide. This phenomenon suggests
that the possession of stalks is not crucial to the
growth of these organisms; however, A. longipes was
grown under nutrient-rich conditions without com-
petition. In nature, A. longipes competes for space,
light, and nutrients. In a biofilm where many sessile
and motile diatoms occupy the substratum and com-
pete for nutrients, the possession of a securely at-
tached stalk that raises the cell into a region where
there may be more nutrients and optimal light in-
tensity may confer an advantage (Blunn and Evans
1981, Hoagland et al. 1982, Hudon and Legendre
1987, Jonsson et al. 1994).

Although this investigation reports the require-
ment of bromide for stalk secretion in Achnanthes
longipes, the role of bromide in stalk induction and
the mechanism of iodide inhibition is unknown.
Nevertheless, these potential roles will be discussed
based on limited evidence, primarily from studies of
macroalgae.

Varying EPS quantity reflects lack of polysaccharide
polymerization. Different quantities of stalk and EPS
material were produced under varying bromide con-
centrations, implying incomplete crosslinking or
polymer gelation except at the optimum bromide
concentration. All treatments produced pads, ex-
cept the elevated iodide treatment. Normal stalk
ontogeny begins as the EPS, secreted through one
end of the raphe, is first secreted as a basal pad
(Daniel et al. 1987). Subsequently, additional ma-
terial is added, and the stalk raises the cell above

the substratum (White and Chamberlain 1982, Dan-
iel et al. 1987). It is unknown whether or not there
is cell polarity and whether or not the stalk is se-
creted from a particular raphe end. The duration
of stalk secretion in A, longipes was briefly recounted
by Hendey (1951), who described initial pad for-
mation followed by “elongation of this mucus pad
into a stalk or stipe” as occurring in a “few hours.”
More investigation of this very basic phenomenon
is needed to corroborate biochemical and physio-
logical data. According to White and Chamberlain
(1982) and Daniel et al. (1987), some of the basal
pad material is carried along with the elongating
stalk and develops into a ring-like structure called
the collar (Fig. 12), which envelopes the stalk at the
proximal end. The presence of a collar also has been
described by Blunn and Evans (1981). The similar
nature of pad and collar material has been suggested
based on histochemical results, in that a strong pe-
riodic acid—Schiff reaction was seen in both struc-
tures; however, the pad showed traces of sulfation,
whereas the collar gave a pure carboxylated reaction
(Daniel et al. 1987). They attribute this to the ex-
tension of stalk material, growing away from the
pad. The pad and collar stain more intensely than
the stalk region with fucose-specific lectins Lotus,
(Figs. 12-14), Anguillia (Johnson, unpubl.), and, more
s0, Ulex (Wustman, unpubl.), also suggesting a sim-
ilar nature of the pad and collar. At the same time,
this implies that the stalk may be quite different in
chemical composition and, thus, in physical prop-
erties, i.e. gel quality, as well. The stalk may be
composed of a polymer matrix with much more rigid
properties than pads; thus, when cells are grown in
suboptimum bromide concentrations as well as very
high levels of bromide, there may be an inhibition
of stiff gel polymerization or crosslinking limiting
the ability to form an upright stalk. However, we
presently are unable to distinguish between the sup-
pression of gelation or crosslinking in this system.
Achnanthes stalks are composed predominantly of
polysaccharides. Neutral monosaccharide analysis
shows that the stalk consists primarily of terminal
and 3-linked fucosyl residues (Gretz et al. 1993).
Methylation analysis provided evidence for sulfated
and carboxylated polymers, and protein was found
to comprise 5.0% of the total stalk fraction (Gretz
et al. 1993). This analysis is inclusive of the entire
insoluble stalk structure secreted by A. longipes, in-
cluding both the pad and collar region, and thus
may be misrepresentative of these potentially dis-
crete regions. The chemistry of Achnanthes pad poly-
mers is presently under investigation and should re-
veal whether the pads and stalks are chemically dis-
tinct.

As demonstrated by the current study, cells pro-
ducing no insoluble EPS secrete significantly more
total soluble extracellular carbohydrate into the me-
dium. This suggests that they are unable to secrete
polymer which can form molecular associations
leading to an insoluble matrix; thus, soluble com-
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ponents are released into the surrounding medium.
Stalk formers release significantly less soluble ex-
tracellular carbohydrate, suggesting that much of
the manufactured photosynthate is packaged into
stalk material. Pad-producing cells secrete an inter-
mediate amount of soluble extracellular polysaccha-
ride because they do form some insoluble EPS. This
is also supported by the results of measuring total
EPS area along a bromide gradient. Total EPS area
(with the exception of 20 mM; see Fig. 10B) for the
optimum bromide concentration (30 mM) was great-
er than all other bromide levels. Some EPS under-
went gelation or crosslinking forming amorphous
EPS; however, some of the polymer must have been
soluble and released into the medium, without as-
sociation within the matrix. The physical properties,
such as gel formation, of polysaccharides are influ-
enced by polymer shape, which depends on basic
chemical structure and solvent properties (Christen-
sen 1989, Christensen and Characklis 1990). That
we see variation in EPS secretion type implies that
the chemical composition or solvent properties are
altered with varying bromide and iodide levels. Poly-
mer matrix properties of EPS in other marine dia-
toms change when grown in different media, al-
though the exact mechanism is unknown. The di-
atom Nitzschia frustulum, grown in high salinity me-
dia, produced EPS that was soluble whereas in low
salinity media it tended to form EPS in the form of
flocculent precipitates (Allan et al. 1972).

Soluble extracellular carbohydrate release de-
creased dramatically with time; i.e. cells in the log
phase secreted significantly more glucose equiva-
lents than during the stationary phase (Fig. 8). This
has also been demonstrated for the planktonic dia-
tom Chaeotoceros affinis, in which rapidly dividing cells
released more extracellular carbohydrate than sta-
tionary phase cells (Myklestad et al. 1989). However,
when photosynthetic rate is accounted for, as total
cell carbohydrate, its marked decrease during the
stationary phase contradicts this finding. Relative
extracellular release was much more pronounced in
senescent cells (Claus 1988, Myklestad et al. 1989).
Total cell carbohydrate was not measured in this
investigation but should be considered in future
studies.

Possible role of sulfate in gel polymerization. Ach-
nanthes stalks consist of four concentric layers; his-
tochemical work indicated negatively charged pol-
ysaccharides, with stains for localized uronic acids,
in the outer three layers and neutral sugar localiza-
tion in the outer two layers (Daniel et al. 1987).
Neutral polysaccharides were also localized in the
outer layers of the stalk of A. subsessilis by Blunn and
Evans (1981). The inner layer and the interface be-
tween the third and inner layers stained intensely
for sulfate groups (Daniel et al. 1987). This has also
been confirmed by x-ray microanalysis on thin sec-
tions of A. longipes, where a strong sulfur peak oc-
curred in the dense fibrillar region of the stalk (John-
son 1995). Sulfur has also been detected in the stalk

central core by SEM x-ray analysis. (Novarino 1993).
Highly sulfated stalk centers have been documented
in other fouling diatoms such as Achnanthes subsessilis
(Blunn and Evans 1981) and Licmophora flabellata
and L. abbreviata (Daniel et al. 1987). Examination
of normal stalks and distorted stalk-pads showed that
normal stalks have a long, thin central core, whereas
the stalk-pad has a thickened “ladder-like” core (Fig.
6). These stalk-pads are prostrate, growing along
the surface of the substratum. We suggest that with-
out the optimum bromide concentration, cells may
be unable to adequately incorporate sulfate linkages
between neighboring polymer chains and consoli-
date them into a rigid core matrix. In addition, sub-
stituting methionine for sulfate in the growth me-
dium resulted in no stalk formation despite the pres-
ence of an optimum bromide level. No insoluble EPS
was produced, and cells lacked firm adhesion to the
substratum. This implies that sulfate plays an inte-
gral role in polymer assembly and /or secretion and
gel formation, not only in stalk secretion but also in
insoluble EPS production. Sulfation of fucan is re-
quired for adhesion (Crayton et al. 1974) and lo-
calized insertion of polysaccharides into the rhizoid
wall of Fucus zygotes (Hogsett and Quatrano 1978,
Quatrano 1982). Binding between neighboring sul-
fated oligosaccharide side chains on glycoproteins
is attributed to cell wall assembly or attachment to
the cell membrane in Chlamydomonas reinhardii and
Lobomonas piriformis (Roberts et al. 1980). Achnanthes
stalks contain trace amounts of protein (Gretz et al.
1993). The addition of methionine results in no in-
soluble EPS production, suggesting that the integ-
rity of the stalks and pads is not sustained by disulfide
bridges in the protein component but that free sul-
fate groups are essential for polymer structure.

Possible bromide requirement for enzyme catalysis. The
necessity for bromide may involve the action of a
haloenzyme that uses bromide in catalysis, such as
a bromoperoxidase. This function is currently un-
der investigation. Haloenzymes are responsible for
the ability of marine algae to extract halides, Cl-,
Br—, and I, from the water and synthesize man
different halometabolites (Fenical 1975, Neidleman
and Geigert 1986, Kirk 1991).

Bromometabolite synthesis has been documented
in some marine diatoms; however, nearly all halo-
metabolites have been characterized for macroal-
gae. Recently, bromoform and bromoalkane emis-
sion by ice diatoms Nitzschia stellata and Porosira pseu-
dodenticulata (Sturges et al. 1992, 1993) has been
measured. A brominated phenolic benzaldehyde
synthesized by Navicula sp. has also been reported
(Manley and Chapman 1978). Haloperoxidases have
not yet been characterized for diatoms thus far;
however, the presence of bromometabolites in di-
atoms suggests that they may be present.

Although haloperoxidases have not been directly
implicated in the process, peroxidases are enzymes
involved in cell wall biosynthesis in higher plants
through their oxidation of phenolic compounds (Fry
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1982a, b, Cooper et al. 1984, Northcote 1985). It
is believed that phenolic compounds play a role in
wall synthesis and stabilization through crosslinking
between glycoproteins by means of covalent bonds
or chelated complexes (Smith and O'Brien 1979,
Cooper et al. 1984, Fry 1988). However, a similar
process is now believed to occur in brown algae
(Vreeland and Laetsch 1990, Vreeland et al. 1993).

Vreeland et al. (1993) found that both carbohy-
drate and phenolic substances were secreted during
initial adhesion of Fucus zygotes. Based on experi-
mental evidence such as vanadate peroxidase activ-
ity in secretory vesicles during zygote attachment
and evidence that phenolics crosslink with carbo-
hydrate “fibers” in the presence of this enzyme, the
authors confirmed that a vanadate-requiring halo-
peroxidase catalyzes the formation of phenolic
crosslinks between wall carbohydrates. The finding
that Fucus zygotes secrete numerous phenolic vesi-
cles immediately following zygote fertilization led
Clayton and Ashburner (1994) to consider the pos-
sibility that phenolics may also have a role in zygote
wall formation in Durvillaea.

Achnanthes stalks subjected to ultraviolet light
(300-400 nm) did not autofluoresce (Johnson, un-
publ.), a preliminary indicator of the presence of
phenolic compounds (Fry 1979, Smith and O’Brien
1979). Other methods for detecting phenolics will
be used in future work. Although the presence of
phenolic compounds and haloperoxidase activity in
A. longipes has yet to be demonstrated, it is conceiv-
able that the process of stalk secretion is similar to
that of wall synthesis and adhesion in Fucus.

Vanadate added to or deleted from the growth
medium of A. longipes did not affect stalk production
(Johnson 1995). However, it was introduced at levels
much higher (0.5-500 uM) than that found in sea-
water, 50 nM (Brewer 1975). The effects of lower
concentrations of vanadate should be examined;
nevertheless, the influence of trace contamination
in other media salts cannot be overlooked.

Inhibition by bromide and iodide. Stalk secretion was
suppressed by both very low and extremely high
bromide concentrations (Figs. 9, 10). As with any
required nutrient, very low bromide levels were in-
sufficient to elicit the physiological process of stalk
secretion, while too much bromide in the medium
was inhibitory. Although we presently have no ev-
idence of enzyme involvement in Achnanthes stalk
secretion, elevated bromide levels inhibit haloen-
zyme activity in a number of marine algae (Manthey
and Hager 1989, Soedjak and Butler 1991, Shefhield
et al. 1993, van Schijndel et al. 1993).

Results of the soluble extracellular carbohydrate
release experiment suggest that EPS is synthesized
under elevated iodide concentrations but is soluble
and released into the surrounding medium. The ac-
tion of elevated iodide may prevent gelation of stalk
polymers, possibly by inhibiting the action of bro-
mide. That iodide may irreversibly prevent the ac-

tion of bromide is supported by the observation that
once Achnanthes cells have been cultured in iodide-
treated media, they no longer form stalks when this
media is replaced by a stalk-promoting one, and
growth is not impaired. Although we do not yet
know the mechanism in A. longipes, there are reports
of'iodide inhibition from other marine algal systems:
1) iodide acts as an enzyme inhibitor of selected
haloperoxidases (Pedersen 1976, Neidleman and
Geigert 1986), and 2) iodide prevents gelation and
assembly of polymers (Grasdalen and Smidsred 1981,
Watase et al. 1990).

Variability among bromide treatments. The basis for
the large variability seen among treatments of the
same bromide concentration, despite the consisten-
cy in the general trend along the bromide gradient,
is not known, Ideal stalks are invariably obtained in
ESW, while in defined media optimum stalks (200—
500 pm in length) were not consistently produced.
This suggests that some other factor was involved
in maximal stalk secretion other than bromide.

Concluding remarks. Because this is the first report
on the role of bromide in Achnanthes stalk secretion,
we have drawn on existing evidence from other algal
groups in an attempt to hypothesize on the bromide
requirement in this fouling diatom. In short, the
mechanisms of the stimulatory function of bromide
and inhibitory role of iodide in A. longipes stalk se-
cretion are unknown. However, this study sets the
stage for subsequent work investigating the roles
these halides have in the regulation of stalk devel-
opment in Achnanthes longipes. Further investigation
should involve elucidation of the following: 1) per-
oxidase or bromoperoxidase activity, 2) localization
of alleged phenolic compounds in the stalk or cell
of the diatom, 3) localization of bromide and iodide
in the cell or stalk using x-ray microanalysis, and 4)
degree of sulfation in stalks versus amorphous EPS.
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