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Abstract: Extracellular mucilage from cells of Dictyosphaerium pulchellum Woob 1872
was removed by controlled ultrasonication. Batches of exponentially growing cells, with
and without mucilaginous capsules, were incubated during 48 hours with 50, 100, 200
and 300 pg.1-1 of copper (added as copper sulfate). Free divalent cation concentration at
the beginning of the experiment was estimated by MINEQL+. Both celtular yield and to-
tal chlorophyll content were negatively affected by the increment of copper concentration
in the incubation media. Mucilage removal enhanced susceptibility to bleaching, while it
did not modify significantly cellular density at the end of the experiment.
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Introduction

Several toxic effects for copper have been reported in algae, such as reduction of
chlorophyll and accessory pigments content, interraption of electron transport in
Photosystem II, changes in membrane permeability, reduction of growth rate and
enhanced 0x1datlon of proteins, lipids, sterols and free fatty acids (SANDMAN &
BOGER 1980, Ralet al 1981, STAUBER & FLORENCE 1987, LOBBAN & HARRISON
1994, BARON et al..1995, GLEDHILL et al. 1997, GIRLING et al. 2000, SCHIARITI et
al. 2004). Frequently, in algae cations can be immobilized extracellularly through
adsorption to (glyco)proteins and acid polysaccharides in mucilage (SUEUR et al.
1982, KapPLAN et al. 1997, GLEDHILL et al. 1999, LoMBARDI & VIEIRA 2000, LoM-
BARDI et al. 2002). Adsorption of metal ions to the cell surface determines the ini-
tial toxicant loading of the cells, by concentrating metals in the proximity of cell
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membrane transporters (FRANKLIN et al. 2002). Differences in cell wall composi-
tion may be responsible for differences in susceptibility to copper exposure
(PrASAD et al. 1998, SCHIARITI et al. 2004).

Dictyosphaerium pulchellum WooD 1872 is a cosmopolitan freshwater phy-
toplankter. Following their liberation from autosporangia, autospores remain at-
tached in bundles by means of the remains of mother cell walls (KOMAREK &
PerMAN 1978) forming up to 64-celled aggregates. Partial hydrolysis of mother
cell walls during cell division renders a mucilaginous sheath around the aggre-
gate. In the present work, experimental conditions for mucilage removal by ul-
trasonication were optimized in order to study the incidence of mucilage on

=chlorophyll bleaching and cellular yield after 48 hours of exposition to increas-
ing copper concentrations.

Materials and methods
Axenic cultures of Dictyosphaerium pulchellum WooD are maintained in-Bold’s Basal
Medium (BBM) (NicHOLS & BoLD 1965) in the culture collection of the laboratory of
Phycology (Departamento de Biodiversidad y Biologia Experimental, FCEN, UBA) by
successive replication. Suspension cultures were carried out at 23+ 1 °C, with constant
cool-white fluorescent light illumination (60 mmol photons. m—2.s-1) and agitation in
shaker.

For toxicity bioassays, BBM was prepared in MilliQ water with the omission of
chelator (EDTA) as indicated in EPA (1985) and copper in the micronutrient solutions.
The addition of copper (as sulfate) proceeded to make up the following final copper con-
centrations: 50, 100, 200 and 300 mg.1-1 (in BBM 50, BBM 100, BBM 200 and BBM300,
respectively) and pH was adjusted to 6.4 at the beginning of the experience. Free divalent
copper cation concentration in each case was estimated by MINEQL+ software
(SCHECHER & Mc Avoy 1994).

All bioassays were carried out with an initial cell density of at least 1.105 cells per ml
using as inoculum a late exponential growing phase culture (duplication time for the ex-
ponential phase estimated in 16 hours). Cells were axenically harvested by centrifuga-~
tion, washed repeatedly and pre-incubated in BBM without copper addition before the
onset of the bioassays. The resulting algal suspension (50 ml) was subdivided in two
batches (2x 25 ml), in order to proceed to mucilage removal in one of them under laminar
flow hood (see below). Controls (BBMO) (without copper addition) and four replicas
were run for each series with (S) and without (NS) mucilage removal.

Controlled mucilage removal was achieved by tip ultrasonication operating at a maxi-
mum frequency of 20 KHz with a Vibra Cell Ultrasonicator (Sonics and Materials, USA).
Efficiency of mucilage removal was estimated after different time intervals of exposure to
ultrasound. Estimation of cell viability after each ultrasonication treatment was done by
examination of the capacity for mucilage regeneration after 48 h by microscope observa-
tion of at least 100 cells, contrasted with Indian ink.

Histochemical staining was performed according to KrRISHNAMURTHY (1999). For di-
gestion with protease, cells were resuspended in 0.2 M phosphate buffer pH 6.8 with the
addition of 4 units of Pronase from Streptomyces griseus (EC 3.4.24.31, Sigma). Incuba-
tion proceeded at 37 °C during 48 h.

Cellular counts were obtained in a Neubauer chamber (standard error under 10 %,
VENRICK 1978). Spectrophotometric quantification of chiorophyll content was deter-
mined in the cellular pellet of 4 ml of culture suspension. The pellet was resuspended in
warm methanol (80 °C) for 30 minutes, keeping it protected from light. The extract was
clarified by centrifugation and chlorophyll estimation was done using the trichromatic
equations of SCOR-UNESCO (1966).
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Fig. 1. Nomarski micrograph of tetracellular aggregate of Dictyosphaerium pulchellum.
chl — cupuliform chloroplast; ma — mucilage; v — vacuole. Arrowhead indicates tracts of
mother cell walls. [Scale bar = 10 mm]

The effects of copper concentration on cell density and chlorophyll content were stud-
ied by simple linear regression analysis. Differences between slopes for sonicated and.
non sonicated cells were obtained applying analysis of difference between independent
regressions (SOKAL & JAMES 1981).

Results

Algal population at the beginning of the bioassays majorly consisted of tetracel-
Iular aggregates of slightly ovoid to spherical cells, joined in bundles by means of
the remaining tracts of the mother cell walls. Abundant extracellular mucilage ex-
hibited slightly lobulated borders (Fig. 1). Cells presented a unique cupuliform
chloroplast with conspicuous intraplastidial pyrenoid. A prominent vacuole was
located in the central invagination of the plast. Purple metachromasia with tolui-
dine blue O and positive staining with ruthenium red suggested acid nature of
mucilage components. After digestion with pronase, the percentage of aggregate
cells dropped from 50 to 27 % through rupture of cell wall tracts in cellular aggre-
gates, producing the liberation of single cells. No evident changes in mucilagi-
nous capsules could be detected by optical microscopy after enzyme digestion.




Table 1: Percentages of mucilage removal and regeneration after exposure to increasing ultrasonication intervals in Dictyosphaerium pulchellum.

Time [sec] 5 10 15 20 25 30 35 40 45 50 55 60
Mucilage removal [%] 10 47 55 70 85 87 9 100 100 100 100 100
Mucilage regeneration 100 100 100 100 100 92 87 74 70 61 58 46

after 48 h [%]

Table 2: MINEQL+ estimation of copper concentrations as free divalent cation (Cu2+) and associated in major inorganic saltsa. Concentrations are
expressed in moles. 1-1.

Total added copper Cu2+ Total soluble CuHPO, Cu(OH), CuSO4 Cus(POy), CuOH
(as sulfate) copper
BBM 0 b.c -~ 1.52.10-19 - 8.13.10-19 - - - -
BBM 50°b 7.90.10-7 1.20.10-7 7.90.10-7 6.42.10-7 - - - -
BBM 100 b 1.59.10-6 2.42.10-7 1.59.10-6 1.29.10-6 - - - -
BBM 200 b 3.17.10-6 4.83.10-7 3.17.10-6 2.58.10-6 6.36.10-8 3.54.10-8 - -
BBM 300 b 476.10-6 7.25.10-7 4.76.10-6 3.87.10-6 9.56.10-8 5.34.10-8 - -
BBM 500 7.90.10-6 1.08.10-6 7.07.10-6 5.74.10-¢6 1.42.10-7 8.09.10-8 2.77.10-7 -
BBM 750 1.19.10-5 1.08.10-6 7.07.10-6 5.74.10-6 1.42.10-7 8.20.10-8 1.61.10-6 2.71.10-8
BBM 1000 1.59.10-5 1.08.10-6 7.07.10-6 5.74.10-¢6 1.42.10-7 8.29.10-8 2.94.10-6 2.71.10-8

aThe table only shows values above 10-8 moles.l-1 (except for the control BBM 0).
b Culture media selected for experiments
¢ Free divalent copper cation in BBM with EDTA (1.1.10-12 M) and without EDTA (9.58.10-7 M) are given as comparison,
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Fig. 2. Final cell density (cells.ml-1) after 48 hours exposure to different copper con-
centrations in cultures of Dictyosphaerium pulchellum with and without preliminary mu-
cilage deprivation. All data correspond to media = SD. Numbers on top the bars repre-
sentzvalues of percentages of the respective controls.

Solubilization of extracellular mucilage increased with ultrasonication time
(Table 1). After 40 sec of exposure to ultrasound, all the cells appeared devoid of
mucilage, but outlasting sonication treatment over 25 sec resulted in a diminished
capacity for mucilage regeneration after 48 hours (Table 1). The capacity for mu-
cilage regeneration was used as an indicator of cellular viability and/or adequate
physiological condition to start the bioassays. Thus, even when only 85 % of the
cells were deprived of mucilage after 25 sec of ultrasonication, this interval was
selected for the preparation of inocula for bioassays, in order to guaranty 100 %
cell viability.

Copper concentrations to be assayed were selected in a preliminary experi=
ence, employing total added copper concentrations of 50, 100, 200, 300, 500, 750
and 1000 mg. I-1. Copper concentrations above 300 mg. -1 resulted lethal. Esti-
mation of free copper cation by MINEQL+ indicated that in media without
EDTA all the added copper sulfate remained soluble up to BBM 300 (Table 2). In
absence of EDTA, copper is mainly associated to phosphate (CuHPO,). Note that
in BBM with EDTA, free copper divalent cation concentration is less than five or-
ders of magnitude. Free copper cation (which is the toxic species) increased al-
most linearly in the media used in the present experiments.

After 48 h of exposure to increasing copper concentrations, cellular density
was negatively affected (Table 3, Fig. 2). Growth inhibition (expressed as per-
centage of the control) was always significant (p<0.05) in all assays respect the
control. For non sonicated cells, significant final cell yield differences (p <0.05)
were only found among BBM-NS50 and BBM-NS200-300 and between BBM-
NS100 and BBM-NS300. For sonicated cells, BBM-S50 differed significantly
from the other assays (p<0.05) and BBM-S100 and BBM-S200 differed from
BBM-S300. Yet, slopes of regression curves obtained with (b = —561) and with-
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Table 3: Cellular density and total chlorophyll content after 48 hours of exposure to dif-
ferent copper concentrations in cells of Dictyosphaerium pulchellum with (S) and with-
out (NS) preliminary mucilage deprivation.

Cellular density Total chlorophyll Total chlorophyll

[cells per ml] [pg chl.ml-1] [pg chl.per cell]
BBM-S0 340347 £ 9049 910+ 48 2.683.10-3£1.875.10+4
BBM-S50 305475 £ 12514 51022 1.674.10-3 £ 1.411.10+4
BBM-S100 262894 + 23068 425 £ 44 1.613.10-3£4.524 .10-5
BBM-S200 234465 + 16551 323+£38 1.372.10-3+£6.070.10-5
BBM-S300 162613 £ 4509 217126 1.340.10-3 + 1.318.10-4
BBM-NSO 376325 + 45744 1135+ 103 3.052.10-3£4.943.10+4
BBM-NS50 302135+ 15131 598+ 92 1.977.10-3 £3.124. 104
BBM-NS100 269097 + 33309 435 £ 47 1.628.10-3 £ 1.785.10-4
BBM-NS200 135372 + 7964 315+29 1.351.10-3+ 1.378.10+4

BBM-NS300 182600 + 12383 235+35 1.300.10-3+£2.118.10+4

out’(b = —581) mucilage removal were parallel (p>0.05) (Fig. 3a,b) indicating
that preliminary sonication had no incidence whatsoever in enhancing the nega-
tive effect of copper on final cell biomass yield. According to the mechanism of
cell division in Dictyosphaerium pulchellum (KOMAREK & PERMAN 1978), a re-
duction in the percentage of aggregates would be expected together with the de-
crease in final cellular yields. In fact, cellular aggregates diminished from 94 % in
BBMO to 18 % in BBM300. Additionally, cellular morphology was particularly
altered at 300 mg.1-! Cu, where bleaching appeared together with a reduction of
chloroplast size and altered cupuliform shape. Cells were densely vacuolated and
showed different degrees of plasmolyzation.

Total chlorophyll per milliliter diminished with copper concentration (Table 3).
Since the decrease in chlorophyll content did not keep a linear relation with the
reduction in cell density (12 = 0.4677), bleaching effect cannot be solely attrib-
uted to the reduction in cellular yield. When analyzing variation of chlorophyll
content on a per cellular basis (Table 3, Fig. 4), values also decreased with the in-
crement of copper concentration. Contrary to the observation of change in cellu-
lar yield, different slopes in regression curves of total chlorophyll per cell with
(b =-0.00055) and without (b = —0.00072) mucilage removal (p<0.05) (Fig. a,
b) indicated that preliminary sonication affected bleaching degree. In fact, for
cells deprived of mucilage at the beginning of the experiment, significative differ-
ences in chlorophyll content per cell (p<0.05) were detected between BBM-S50
and BBM-S§200, while in untreated cells significative differences appear between
BBM-NS50 and BBM-NS300.

Fig. 3: Regression curve (confidence belt 95 %) for cell densities as a function of copper
concentration in Dictyosphaerium pulchellum with (3a) and without (3b) preliminary
mucilage deprivation.
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Fig. 4. Final total chlorophyll content per cell {mg per cell] after 48 hours exposure to
different copper concentrations in cultures of Dictyosphaerium pulchellum with and
without preliminary mucilage deprivation. All data correspond to media + SD. Numbers
on top the bars represent values of percentages of the respective controls.

Discussion

Physicochemical form (speciation) of a metal is a critical factor controlling metal
bioavailability and toxicity (Twiss 1996). This bioavailability depends upon a se-
ries of environmental conditions, such as dissolved oxygen, pH and presence of
inorganic and/or organic chelators and ligands (GLEDHILL et al. 1997) which
modify the thermodynamic conditions for chemical equilibrium of association-
dissociation between free and bound cation. As it has been previously pointed out
(STOKES et al. 1973) the omission of chelator (EDTA) in the culture media in-
creased total free divalent cation concentration respect the complete BBM (with
EDTA) (Table 2). Thus, toxicity effects are evident at lower added copper .con-
centrations (GEIS et al. 2000). Taking into account that free divalent cation is the
toxic species, all the bioassays were carried out in copper concentrations at least
5 orders of magnitude exceeding that of complete BBM. Even so, none of the as-
sayed concentrations resulted lethal in the term of the experiment (48 h).
Omission of EDTA in culture media might hinder the bioavailability of essen-
tial nutrients, such as iron (GEis et al. 2000). Nevertheless, in our 48 h experi-
ments controls showed normal growth. Moreover, incrementing sensibility to
copper by the lack of chelator in the media, in our case, had the advantage of
stressing the effect of extracellular mucilage as metal ligand and facilitating com-
parisons between cells with and without mucilage. Copper starving of the cells
before the onset of the experiences could have also enhanced metal toxicity by
increased uptake of the cation at the beginning of the incubation. Mucilage regen-

Fig. 5. Regression curve (confidence belt 95 %) for total chiorophyil content per cell as
a function of copper concentration in Dictyosphaerium pulchellum with (5a) and without
(5b) preliminary mucilage deprivation.
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eration in mucilage deprived cells cannot be ruled out in the term of the experi-
ment. In fact, mucilage regeneration was used as indicator of cell viability, essen-
tial condition to carry out the experiment. But, copper uptake in copper starved
cells occurs immediately upon incubation in copper-containing media (HILL et al.
1996). If there is a difference between the initial surfaces exposed to the media
(that is to say, cells with or without mucilage), initial conditions for copper up-
take and/or adsorption to the surface will differ. Probably, copper membrane
transporters are more accesible in pre-sonicated cells and when such cells are in-
cubated in increasing copper concentrations, alterations in metal uptake will ap-
pear earlier than in non-sonicated cells (SUNDA & HUNSTMAN 1998).

Algal surfaces (mucilage, cell walls and membranes) can act as ligands for
metal ions since they contain several functional groups with different metal
affinities. Though chemical characterization was not attempted in the cell wall/

.mucilage composition of D. pulchellum, the presence of negatively charged
groups in the cell surfaces can be inferred from the histochemical stains applied.
Ehe presence of (glyco)proteins suggested by partial digestion with proteases, in-
dicates the existence of N-ligands for copper. N-ligands have been demonstrated
to possess a higher affinity for copper cations than carboxylates (KIEFER et al.
1997) and they would function at lower copper concentrations, while lower affin-
ity carboxylate groups would be saturated at higher metal concentrations. Affinity
for different ligands is also implied in copper binding to cell membrane trans-
porters. Recently, Fox & GUERINOT (1998) have characterized a copper trans-
porter that binds the cations to the N-terminal dominium rich in methionine and
serine exposed on the external face of the plasmalemma.

Metal toxicity and metal nutrition are often closely interrelated (SUNDA &
HunsTtMAN 1998). Coordination sites (in membrane transporters, prosthetic
groups of metaloproteins, enzymes or chlorophylls) are seldom specific for only
one metal. Metals with similar ionic radii or coordination geometries will com-
pete for the same site. A well known example is the relation between extracellular
concentrations of Cu2+, Zn2+ and Mn2+ (SUNDA & HUNSTMAN 1998). If the con-
centration of the former two strongly exceed that of the latter, a competition for
membrane transporters is established and negative feedback control for copper
and zinc uptake will be altered, causing intracellular accumulation of Cu2+ and
Zn2+ on one hand, and Mn2+ deficiency, on the other. Excess of intracellular Cu2+
can replace Mg2+ in chlorophyll molecules, rendering them photosynthetically
inactive (KUPPER et al. 2002). Mn2+ deficiency causes impaired water lysis in
PSIT (BARON et al. 1995).

In Chlorophyceae, the major copper proteins are chloroplast plastocyanin and
mitochondria cytochrome oxidase, in an approximate 10: 1 relation (HILL et al.
1996). Copper active uptake from the medium continues until the saturation of
the biosynthetic pathway for plastocyanin is reached. Extrapolating from data for
Chiamydomonas reinhardtii, in D. pulchellum the needs for plastocyanin synthe-
sis operating at a cell density of 3. 105 cells per ml would occur at approx. 50 nM
Cu, which is lower than the concentration employed in our assays.
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The binding capacity of algal surfaces poses an interesting point in the consid-
eration of the initial bioassay rate between cell density and copper concentration.
Copper is rapidly adsorbed to algal cells, attaining equilibrium within minutes
compared to slower uptake and effects on cell division. Thus, toxicity is propor-
tional to the amount of copper associated with the cells if dissolved copper does
not become limiting during the experiment (FRANKLIN et al. 2002). These authors
obtain a diminution in copper toxicity for a range of added copper concentrations
of 2.5 to 30 mg. -1 with initial cell densities of 105 cells per ml. Note that our
lower tested copper concentration is 50 mg.1-1, thus no attenuation of copper tox-
icity would be expected for the cellular densities inoculated.

Copper exposure caused decrease in cellular density. Lower cell division rate
is also reflected by the increasing number of single cells in copper stressed cul-
tures. This coincides with the observation of SCHROEVERS & ROEST (1967), who
observed a decreasing frequency of aggregates of Dictyosphaerium pulchellum
under adverse environmental conditions. A tendency from 4-celled to unicellular
forms of Scendesmus has been also reported with increasing copper concentra-
tions (STOKES et al. 1973). :

Increment in copper concentration was accompanied by reduction of chloro-
phyll content per cell. Bleaching effect due to exposure to high copper concentra-
tions has been repeatedly informed for algae (Rar et al. 1981, STAUBER & FLo-
RENCE 1987, RUSTENBIL et al. 1994, PRASAD et al. 1998, ScHIARITI et al. 2004).
This may be the consequence of the inhibition of chlorophyll biosynthetic path-
way (CLUSTERS & VAN ASSCHE 1985, JONES & JORDAN 1993) or of the synthesis
of protein D1, responsible for the assemblage of chlorophyll molecules in the re-
action center of the photosystems (PATSIKKA et al. 1998). Decrease in chlorophyll
content kept no lineal relation with decrease in cellular density, differing from the
results informed by Lam et al. (1999) for Chlorella vulgaris. Mucilage removal at
the beginning of the experiment enhanced bleaching effect. As mentioned above,
adsorption to extracellular mucilage components delays metal uptake by the cell,
since it introduces an additional step of chemical equilibrium metal-ligand within
mucilage previous to the corresponding association with membrane transporter.
Chlorophyll bleaching implies intracellular uptake of copper, so at a given time
interval (48 h) it will result more evident in those cells with less barriers for cop-
per uptake. Copper binding to extracellular ligands in Chlorophyceae has been
reported to occur more efficiently during exponential growth (LOMBARDI &
VierA 2000). Using different spin labels for electronic paramagnetic resonance,
FREIRE-NORDI et al. (1998) calculated their diffusion coefficients through mu-
cilage capsules and cell walls in the desmid Spondylosium panduriforme and
concluded the capsule plays a role in selectivity as a result of polar interactions
with the labels. In short, the more copper is adsorbed to negatively charged poly-
saccharides in the extracellular mucilage, the less will be accessible to specific
membrane transporters for cellular uptake. Twiss et al. (1993) concluded that
copper tolerance in a strain of Scenedesmus acutus was related with extracellular
cell wall binding and exclusion of the metal.
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Extracellular mucilage secretion is an active process (note that the longer son-
ication intervals, which probably affected cell viability, coincide with the incapa-
bility of regenerating mucilage after 48 h of incubation). KOMAREK & PERMAN
(1978) mention the presence of pores in the cell wall of Dictyosphaerium and re-
late these to mucilage liberation. Preliminary TEM and fluorescence observations
(RODRIGUEZ et al., unpublished results) indicated an abundant vesicle traffic from
Golgi to plasmalemma in actively secreting cells. Nevertheless mucilage extru-
sion appears more as a process related to cell division rather than as a response to
metal stress. When observing the kinetic of regeneration of mucilage in the
desmid Spondylosium panduriforme, GOUVEA & VIEIRA (1998) concluded that
capsule regeneration is genetically determined and independent of environmental
conditions.

We conclude that in Dictyosphaerium pulchellum controlled mucilage re-
- moval by ultrasonication enhanced susceptibility to bleaching, while it did not
modify significantly cellular density.
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Extracellular mucilage secretion is an active process (note that the longer son-
ication intervals, which probably affected cell viability, coincide with the incapa-
bility of regenerating mucilage after 48 h of incubation). KOMAREK & PERMAN
(1978) mention the presence of pores in the cell wall of Dictyosphaerium and re-
late these to mucilage liberation. Preliminary TEM and fluorescence observations
(RODRIGUEZ et al., unpublished results) indicated an abundant vesicle traffic from
Golgi to plasmalemma in actively secreting cells. Nevertheless mucilage extru-
sion appears more as a process related to cell division rather than as a response to
metal stress. When observing the kinetic of regeneration of mucilage in the
desmid Spondylosium panduriforme, GOUVEA & VIEIRA (1998) concluded that
capsule regeneration is genetically determined and independent of environmental
conditions.

We conclude that in Dictyosphaerium pulchellum controlled mucilage re-

- moval by ultrasonication enhanced sasceptibility to bleaching, while it did not

modify significantly cellular density.
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