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Abstract

Feeding behavior of the invasive bivalve Limnoperna fortunei in the presence of single-celled, colonial, and filamentous
cyanobacteria was tested in laboratory experiments to evaluate the effects of size and shape on mussel feeding. The first
hypothesis holds that golden mussel filters more efficiently smaller particles, such as single cells of Microcystis, which
could be more easily assimilated by its filtering apparatus. The second hypothesis sustains that L. fortunei filters more
efficiently rounded colonies, such as Microcystis, which would be more easily ingested than lengthy filamentous, such
as Planktothrix. Filtration rates of golden mussel in the presence of single-celled, colonial and filamentous cyanobacteria
were similar. Nevertheless, there was a great difference in the ingestion and pseudofeces production rates. Single cells
were widely accepted as food, while filamentous and colonial cyanobacteria were massively expelled as pseudofeces.
The results confirmed the first hypothesis that golden mussel prefers to ingest smaller particles. The second hypothesis
was rejected since filamentous were preferentially ingested than colonial cyanobacteria. Golden mussel has the potential
to remove toxic cells (Microcystis), however this potential would be reduced in cyanobacteria blooms, where colonial
forms which are preferentially rejected by L. fortunei, are predominant. In this case, the presence of this invasive bivalve
could also enhance the occurrence of blooms by rejecting colonial and filamentous cyanobacteria in pseudofeces.
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Impactos da filtracao do bivalve invasor Limnoperna fortunei (Dunker, 1857)
sobre cianobactérias solitarias, coloniais e filamentosas

Resumo

O comportamento alimentar do bivalve invasor Limnoperna fortunei na presenca de cianobactérias solitdrias, coloniais
e filamentosas foi testado em experimentos laboratoriais, para avaliar os efeitos do tamanho e da forma na alimentacio
dos mexilhdes. A primeira hipdtese sustenta que o mexilhdo dourado filtra as particulas menores com maior eficiéncia,
como as células solitdrias de Microcystis, as quais seriam assimiladas mais facilmente. A segunda hipétese sustenta
que L. fortunei filtra com mais eficiéncia as colonias arredondadas, como Microcystis, que seriam mais facilmente
ingeridas do que os filamentos longos, como Planktothrix. As taxas de filtragdo do mexilhdo dourado na presenga das
cianobactérias solitdrias, coloniais e filamentosas foram semelhantes. No entanto, houve uma grande diferenca nas
taxas de ingestdo e produ¢do de pseudofezes. As células solitdrias foram amplamente aceitas como alimento, enquanto
as cianobactérias filamentosas e coloniais foram massivamente expulsas sob a forma de pseudofezes. Os resultados
confirmaram a primeira hipétese, a de que o mexilhdo dourado prefere ingerir particulas menores. A segunda hipdtese foi
rejeitada, pois os filamentosos de Planktothrix foram preferencialmente ingeridos em relaco as colonias de Microcystis.
O mexilhdo dourado apresenta potencial para remover células toxicas de cianobactérias (Microcystis); entretanto,
esse potencial ficaria reduzido em eventos de floracdo, em que as formas coloniais, preferencialmente rejeitadas por
L. fortunei, sdo predominantes. Nesse caso, a presenca do bivalve no ambiente poderia ainda potencializar a ocorréncia
da floracdo via rejei¢do das cianobactérias coloniais e filamentosas nas pseudofezes.

Palavras-chave: Mexilhdao dourado, Microcystis, Planktothrix, taxas de filtragdo, espécies exoticas.
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1. Introduction

Bivalve feeding mechanisms by filtering particles
can strongly influence pelagic and benthic communities,
especially when some species occur in large densities.
Bivalves play an important role in regulating dynamics
of aquatic ecosystems through processes such as removal
of particles, nutrient cycling, and biodeposition (Milke
and Ward, 2003).

Invasive species have the potential to promote
changes in the structure of aquatic ecosystems because
of their rapid establishment and high densities. Zebra
mussel Dreissena polymorpha (Pallas, 1771) (Bivalvia,
Dreissenidae) is an example of an invasive bivalve altering
ecosystem and community structure of lakes and rivers
(Naddafi et al., 2007). This mussel is invasive in many
freshwater ecosystems in Europe and North America. In
places where dense populations of D. polymorpha were
established, phytoplankton biomass was changed (Holland,
1993; Fahnenstiel et al., 1995; Caraco et al., 1997), as
well as the seston composition (Vanderploeg et al., 1996;
Smith et al., 1998; Strayer et al., 1999).

Studies have pointed out the fact that zebra mussel
can change cyanobacteria density and promote the
occurrence of cyanobacteria blooms (Lavrentyev et al.,
1995; Vanderploeg et al., 2001; Nicholls et al., 2002).
Cyanobacteria dominance is a global problem, especially
in freshwater ecosystems, due to bloom formation and
toxin production. Poisoning and even death of wild
animals, domestic animals and humans may be linked
to cyanobacteria toxicity (Carmichael et al., 2001).
Nevertheless, the effects of zebra mussel on cyanobacteria
densities remain contradictory. Various studies have
documented that zebra mussel filtration promoted the
decrease of cyanobacteria densities (Bastviken et al.,
1998; Dionisio-Pires and van Donk, 2002). Other studies
have found that the presence of zebra mussel in invaded
ecosystems has led to increased cyanobacteria densities
(Lavrentyev et al., 1995; Vanderploeg et al., 2001; Juhel et al.,
2006; Naddafi et al. 2007).

Most studies concerning bivalve filtration were carried
out using laboratory cultures of single-celled cyanobacteria.
However, bloom forming cyanobacteria occur mainly
as colonies or filaments in nature. Colonies eventually
formed in laboratory conditions are usually small and
without mucilage with the predominance of single cells
(Dionisio-Pires and van Donk, 2002). Laboratory studies
under controlled conditions of mussel feeding in the presence
of colonial and filamentous cyanobacteria are scarce
(Dionisio-Pires et al., 2005; Bontes et al., 2007). Studies
performed with natural seston containing natural colonies
of Microcystis have found that D. polymorpha promoted
the increase of cyanobacteria densities by low filtration on
colonies and their rejection as pseudofeces (Baker et al.,
1998; Makarewicz et al., 1999; Vanderploeg et al., 2001;
Nicholls et al., 2002; Naddafi et al., 2007). Natural colonies
of Microcystis are usually large, therefore non-preferentially
ingested (Vanderploeg et al., 2001).
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The invasive bivalve Limnoperna fortunei (Dunker,
1857) (Bivalvia, Mytilidae), known as golden mussel, has
a similar behavior to zebra mussel D. polymorpha. Since
its invasion in South America in 1991, golden mussel has
been proliferating and dominating aquatic ecosystems
such as rivers, lakes, and reservoirs (Mansur et al., 2004;
Darrigran and Mansur, 2006). This invasive species
has a great potential to change the structure of invaded
environments due to its ability to quickly proliferate and
turn into massive populations.

Studies on L. fortunei impacts on phytoplankton biomass
and food chain structure are rare (Boltovskoy et al., 2009;
Molina et al. 2010). In a previous study, the hypothesis
was tested that L. fortunei prefer to intake non-toxic
phytoplankton (diatom N. palea and non-toxic strain
of M. aeruginosa) and reject toxic cyanobacteria (toxic
strain of M. aeruginosa) as pseudofeces (Gazulha et al.,
2007). Golden mussel has shown preferential acceptance
of Microcystis, regardless of being toxic or non-toxic, and
great rejection of diatom as pseudofeces. The long-term
grazing experiment showed there were no negative effects
of toxic Microcystis on filtration and survival of golden
mussel suggesting other factors than toxicity influence
selective feeding of golden mussel (Gazulha, 2010).

The aim of this study was to compare filtration rates and
the feeding behavior of golden mussel (L. fortunei) when
exposed to food of different sizes and shapes: single-celled
(M. aeruginosa), colonial (M. aeruginosa), and filamentous
(natural bloom of Planktothrix sp.) cyanobacteria. The first
hypothesis holds that golden mussel filter more efficiently
smaller particles, which could be more easily assimilated
by bivalve filtering apparatus. The second hypothesis
sustains that L. fortunei filter more efficiently rounded
shapes, such as colonies of Microcystis, which would be
more easily ingested than length filamentous cyanobacteria.
To test these hypotheses non-toxic food from the same
nutritional group (i.e. cyanobacteria) was used to avoid
possible effects of these factors in the results.

2. Material and Methods

2.1. L. fortunei sampling and acclimation

Golden mussels used in the experiments were collected
from the Guaiba Lake, southern Brazil. In the laboratory,
mussels were kept in an aquarium containing natural water
from the sampling site to acclimatize for 24 hours. The
aquarium was kept in acclimatized room (24 °C) at constant
aeration. These specimens selected for the experiments
were apparently healthy as indicated by their filtration
activity. The mussels were of similar sizes (approximately
30 mm) so as to avoid possible differences in filtration
rates related to their sizes. Selected mussels were washed
and brushed to remove microorganisms attached to their
shells and were placed in flasks containing mineral water
for a 4 hours period without food to evacuate and clear
their guts.
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2.2. Cyanobacteria strains

Non-toxic (NPCD-1) strain of Microcystis aeruginosa
was provided by the Laboratory of Ecophysiology and
Toxicology of Cyanobacteria from the Federal University
of Rio de Janeiro, Brazil and cultivated in ASM-1 growth
medium. NPCD-1 strain was batch-cultured in 250 mL
Erlenmeyer flasks in a 25 °C incubator with a 14:10 h
light: dark cycle and light intensity of 2000 lux. Bloom
of Planktothrix sp. was sampled from the Guaiba Lake.
Non-toxicity of Planktothrix natural bloom was confirmed
by analyses of microcystins (MC-LR) using ELISA test
kit (Beacon®).

2.3. Filtration, ingestion and pseudofeces
production rates

The feeding behavior of golden mussel was evaluated
by assessing the Filtration Rate (FR) or Clearance Rate
(CR), Ingestion Rate (IR), and Pseudofeces Production
Rate (PPR). FR was assessed by considering the amount
of particles captured by the mussels. IR equaled FR less
PPR. Pseudofeces are the filtered particles agglomerated
with mucus which are expelled periodically by inhalant
opening, i.e. particles filtered but not ingested. Therefore,
the filtration rate equalled the ingestion rate only if no
pseudofeces were produced.

Filtration rates of golden mussel were estimated
using the following equation based on Coughlan (1969)
(Equation 1):

FR = V(In(C,/C)-In(C’ /C’ ))/NT (1)

where FR is the filtration rate (mL.mussel'.h~! or
mL.mgDW-Lh™), V is the volume of water in the experimental
chamber (mL), N is the number of mussels per chamber
or their dry weight (mgDW), T is the total filtration time
(h), C, is the food concentration (mm3.L™") at T = 0, C,
is the food concentration at time T in flasks with mussel,
C’, is the food concentration in the control flask (without
mussel) at T = 0 and the C’ is the food concentration in
the control flask at time T.

The samples taken to estimate food concentration
(mm3.L") were preserved in 1% Lugol solution and counted
in a Sedgewick-Rafter chamber. Biovolume (mm?3) was
calculated according to Hillebrand et al. (1999). Mussel
tissue was removed from shells and oven-dried at 60 °C
for 48 hours to assess the dry weight (mgDW).

2.4. Experimental design

Limnoperna fortunei was fed on non-toxic strains of
single-celled, colonial, and filamentous cyanobacteria to
evaluate the effects of size and shape on selective feeding.

This experiment was conducted using 3 types of food
(Table 1) with 10 replicates each at an initial biovolume
of 2 mm3.L". A 60 um-plankton net was used to separate
colonial from single Microcystis in a NPCD-1 strain. Each
replicate was performed in a flask containing 400 mL of
mineral water, food suspension and one mussel. Flasks
were kept in an acclimatized room (24 °C) during total
filtration time (1 hour) and were gently stirred every
15 minutes to keep food particles in suspension. Flasks
were prepared in the same conditions, with no mussel, to
assess possible phytoplanktonic growth during filtration
time. Each specimen of golden mussel was monitored under
a stereomicroscope during total filtration time (1 hour). The
number of feces and pseudofeces released by the mussels
was scored and expressed as events h™.

A method was applied in the present study to estimate
accurately pseudofaeces production by mussels (Gazulha,
2010). All feces and pseudofeces produced were captured
using a micropipette in the moment of expelling and
preserved in 1% Lugol solution. To assess it, the PPRs
samples were disintegrated in an ultrasound Bandelin Sonorex
RK 100H for 10 minutes to separate cells from the mucus
and counted in a Sedgewick-Rafter chamber (mm3.L™").
Applying the ultrasound was efficient to separate cells
from the mucus and did not damage the cells. Individuals
used in this experiment kept their filtering ability with the
valves opened and the inhalant siphon exposed during the
total filtration time (1 hour).

2.5. Statistical analysis

Data on golden mussel feeding were submitted to
analyses of variance (One-way ANOVA) with Tukey’s test
for multiple comparison to detect significant differences
(o =0.05) of FRs, IRs and PPRs among food types. Tukey’s
test was performed after confirming the normality of data
using Kolmogorov-Smirnov (KS) test (o = 0.05).

3. Results

FRs of golden mussel varied from 404.6 to 848 mL.
mussel".h™!. The mean value was 606.6 mL.mussel"".h".
Mean FRs slightly varied from 562.1 on filamentous to
663.2 mL.mussel".h™' on colonial Microcystis (p > 0.05;
Figure 1). L. fortunei FRs in relation to body mass ranged
from 6.8 to 26.1 mL.mgDW-".h~" at a mean value of
14.8 mL.mgDW-".h"". There were no significant differences
on mussel FRs among different types of food (p > 0.05).
Mean values barely varied from 13.7 mL.mgDW~".h"!
when mussel fed on filamentous Planktothrix to 16.2 mL.
mgDW-"h! when it fed on colonial Microcystis (Figure 1).

Table 1. Food types (species, strain, shape, and size) used in Limnoperna fortunei feeding experiment.

Cyanobacteria species Strain Shape Size (GLD¥)
1) Non-toxic Microcystis aeruginosa NPCD-1 Single cells 3.7 um
2) Non-toxic Microcystis aeruginosa NPCD-1 Colonial 60-100 um
3) Non-toxic bloom of Planktothrix sp. NB Filamentous 100-1000 um
*Qreatest Linear Dimension.
Braz. J. Biol., 2012, vol. 72, no. 1, p. 33-39 35
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Figure 1. Filtration Rates (FR), Ingestion Rates (IR), and Pseudofeces Production Rates (PPR) of L. fortunei (mL.mussel'.h!
and mL.mgDW~"h™") in the presence of filamentous, colonial, and single-celled cyanobacteria (symbol = mean, and bar = SE).
Natural bloom of filamentous Planktothrix (NB F), colonial M. aeruginosa (NPCD-1 C), and single-celled M. aeruginosa

(NPCD-1 S).

IRs ranged from 7.1 to 610.5 mL.mussel".h"'. Golden
mussel ingestion greatly varied among food types (p < 0.05;
Figure 1). Single cells of Microcystis were highly ingested, at a
mean rate of 502.2 mL.mussel".h!. Filamentous Planktothrix
were less accepted than single cells, and were ingested
at a rate of 135.1 mL.mussel".h~!. Colonial Microcystis
were scarcely ingested at a rate of 10.3 mL.mussel™".h™.
In terms of body mass, IRs varied from 0.2 to 18. mL.
mgDW-"h! and the mean value was 5.3 mL.mgDW-"h"".
Single cells were preferentially ingested by golden mussel
and the mean rate was 12.3 mL.mgDW~".h"!, while colonies
were ingested at a very low rate of 0.3 mL.mgDW-".h"!
(p < 0.05; Figure 1). L. fortunei preferentially ingested
single-celled and greatly rejected filamentous and colonial
cyanobacteria.

PPRs varied from 42.7 to 838.7 mL.mussel'.h".
Golden mussel greatly rejected colonial Microcystis
(p <0.05) at a mean rate of 652.9 mL.mussel™".h~" (Figure 1).
Filamentous cyanobacteria were rejected at a mean rate
of 427 mL.mussel™".h". Single-celled Microcystis was the
food type which was less rejected as pseudofeces (p < 0.05)
at a mean rate of 92.4 mL.mussel"".h™! (Figure 1). PPRs
in body mass varied from 0.9 to 25.8 mL.mgDW-"h".
Colonial Microcystis were most rejected by golden mussel
at a mean rate of 15.9 mL.mgDW~".h"!, while single-
celled Microcystis was hardly rejected at a mean rate of
2.3 mL.mgDW-"'h"! (p < 0.05; Figure 1).

Golden mussel pseudofeces releasing ranged from 16
to 233 events.h™!, and the mean value was 106.6 events.h™'.
Both colonial Microcystis and filamentous cyanobacteria
were greatly rejected as pseudofeces (p < 0.05; Figure 2).
Golden mussel when fed on single-celled Microcystis
expelled a very low quantity of pseudofeces when compared
to colonial and filamentous (p < 0.05; Figure 2). Feces
released by golden mussel varied from 1 to 4 events.h™!
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and did not significantly change among different types of
food (p > 0.05; Figure 2).

4. Discussion

FRs of golden mussel in the presence of single-celled,
colonial, and filamentous food were similar. Despite
this, there was a great difference between IRs and PPRs
among food types. Single cells were widely accepted as
food, while filamentous and colonial cyanobacteria were
massively expelled as pseudofeces and barely ingested.
The first hypothesis was accepted given that golden mussel
prefers to ingest smaller particles, such as single cells of
Microcystis. The second hypothesis was rejected, since
filamentous were preferentially ingested than colonial
cyanobacteria, although filamentous Planktothrix was
highly rejected, as well as Microcystis colonies, when
compared to single cells.

Some studies performed with other bivalves, especially
Dreissena, indicate that mussels preferentially ingest
smaller particles. Vanderploeg et al. (2001) have shown
zebra mussel predominantly ingested small colonies and
single cells of M. aeruginosa from laboratory cultures,
while Microcystis colonies from natural seston were
mostly rejected. Baker et al. (2000) have revealed that
zebra mussel when fed on a mixture of Scenedesmus and
Microcystis ingested preferentially cyanobacteria, while
green algae were commonly incorporated into a mucus
string and rejected as pseudofeces. Smaller particles, such
as single cells of Microcystis, were ingested and larger ones,
such as Scenedesmus, were rejected. Nadafi et al. (2007)
studying the effects of Dreissena on natural seston have
shown that zebra mussel greatly expelled in pseudofeces
large phytoplankton.

In experiments on the impact of Dreissena on natural
seston from the Hudson River, Bastviken et al. (1998)
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Figure 2. L. fortunei pseudofeces and feces (events.h™) in the presence of filamentous, colonial, and single-celled
cyanobacteria (symbol = mean, and bar = SE). Natural bloom of filamentous Planktothrix (NB F), colonial M. aeruginosa

(NPCD-1 C), and single-celled M. aeruginosa (NPCD-1 S).

found that FRs on different phytoplankton species were
similar and even large filaments or colonies were cleared.
Nevertheless, their rejection as pseudofeces varied greatly.
They also observed that zebra mussel ingested preferentially
single-celled Microcystis while Microcystis colonies were
immensely rejected as pseudofeces. Bastviken et al. (1998)
also found similar FRs on different sizes and shapes of
food, whereas PPRs varied hugely.

L. fortunei preferably ingested Microcystis cells,
regardless of being toxic or not, and highly expelled diatom
Nitzschia palea as undesirable food (Gazulha, 2010). Low
ingestion of Nitzschia was attributed to their larger cell
volume in comparison to Microcystis, as well as to stiff
silicate frustules of diatoms which would not make them
a suitable food. Similar results were registered in the
present study wherein larger particles, such as colonial and
filamentous, were commonly expelled while small single
cells were widely accepted by golden mussel.

There are few experiments focusing on ingestion of
filamentous algae by bivalves (Dionisio-Pires et al., 2005;
Bontes et al., 2007). Bontes et al. (2007) have studied
feeding of bivalve Anodonta anatina on filamentous
(Planktothrix) and colonial (Microcystis) cyanobacteria.
They have concluded that mussels can filter and ingest
colonial, as well as larger filamentous cyanobacteria
regardless of their toxicity. They have also observed
high pseudofeces production by Anodonta when fed with
filamentous Planktothrix suggesting this species is not a
very suitable food.

In a feeding experiment using zebra mussel, Dionisio-
Pires et al. (2005) registered high FRs on single-celled,
colonial and filamentous cyanobacteria. However, a significant
difference was not observed concerning pseudofeces
releasing among different cyanobacteria. Present results
on golden mussel corroborate with zebra mussel data
since significant differences of FRs were not observed on
different cyanobacteria sizes and shapes. However, our data
disagrees since high rejection of filamentous and colonial
cyanobacteria was found. The absence of differences on
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pseudofeces releasing observed by Dionisio-Pires et al.
(2005) could be related to the method used to evaluate the
pseudofeces production. They evaluated pseudofeces after
the filtration time, although mussels actually keep releasing
pseudofeces while they are filtering, which could have led
to an underestimation of excreted products.

There are many differences among methods used
to estimate feeding of mussels, making it difficult to
compare results. Several studies do not effectively separate
filtered or cleared from ingested and rejected food making
comparisons among studies not always valid. In the present
study, feeding activity of each L. fortunei specimen was
carefully observed under a stereomicroscope. All feces
and pseudofeces released during total filtration time were
collected and quantified, which makes data more accurate.

The selective feeding of golden mussel could promote the
return of non-selected food to sediments and favor species
rejected that possibly remain alive in the bottom of systems,
as suggested by Baker et al. (1998). The present results
have shown feeding selection of golden mussel does not
occur during clearing, but in the labial palps and gills after
the filtration of particles. Some studies have registered that
food particles have remained alive after being expelled by
mussels. Nadafi et al. (2007) have observed that colonial
cyanobacteria Gloeotrichia echinulata were viable after
rejection by zebra mussel and could return unharmed
to the water column and migrate vertically due to their
possession of gas vacuoles. Baker et al. (1998) showed
that pseudofeces from zebra mussel containing diatoms
can resuspend under turbulent mixing during seasonal
circulation and autumn turnover. They also observed that
algae from zebra mussel pseudofeces when cultured in a
laboratory continued to grow.

The impacts of mussels on trophic chains will probably
be related to the system mixing regime (Bastviken et al.,
1998). In well mixed systems, phytoplankton would not be
able to avoid contact with mussels. On the other hand, in
systems with low mixing, phytoplankton would be able to
avoid this contact by locomotion or buoyancy regulation.
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Thus, mussel impact on the plankton community is dependent
on the ecosystem mixing regime among other indirect
factors, such as light and nutrients (Bastviken et al., 1998).

L. fortunei is an efficient filter-feeding indicating its
potential in removing particles from the water column and
causing great changes to the trophic structure of food chains.
The presence of golden mussel may result in a dominance
of large phytoplankton (colonies and filaments) over small
phytoplankton in ecosystems where this invasive bivalve
occurs in massive densities.

5. Conclusion

The impacts of golden mussel on planktonic communities
may be high, since this invasive bivalve occurs in massive
densities on invaded ecosystems and their filtration rates
are high when compared with other freshwater invasive
bivalves. Moreover, L. fortunei has the ability to select food
particles, and thus promote the dominance of certain species
of plankton in aquatic ecosystems. The presence of mussel
could lead to a reduction in single cells (Microcystis), and
favor an increase in colonial (Microcystis) and filamentous
(Planktothrix) cyanobacteria. Golden mussel has the potential
to remove toxic cells (Microcystis), however this potential
would be reduced in cyanobacteria blooms, where colonial
forms which are preferentially rejected by L. fortunei, are
predominant. In this case, the presence of this invasive
bivalve could also enhance the occurrence of blooms by
rejection of colonial and filamentous cyanobacteria in
pseudofeces.
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