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Abstract The ecological interaction between microor-
ganisms and seaweeds depends on the production of
secondary compounds that can influence microbial di-
versity in the water column and the composition of reef
environments. We adapted the 3H-leucine incorporation
technique to measure bacterial activity in biofilms asso-
ciated with the blades of the macroalgae Sargassum spp.
We evaluated (1) if the epiphytic bacteria on the blades

were more active in detritus or in the biofilm, (2)
substrate saturation and linearity of 3H-leucine incorpo-
ration, (3) the influence of specific metabolic inhibitors
during 3H-leucine incorporation under the presence or
absence of natural and artificial light, and (4) the effi-
ciency of radiolabeled protein extraction. Scanning elec-
tron microscopy showed heterogeneous distribution of
bacteria, diatoms, and polymeric extracellular secretions.
Active bacteria were present in both biofilm and detritus
on the blades. The highest 3H-leucine incorporation was
obtained when incubating blades not colonized by mac-
roepibionts. Incubations done under field conditions
reported higher 3H-leucine incorporation than in the
laboratory. Light quality and sampling manipulation
seemed to be the main factors behind this difference.
The use of specific metabolic inhibitors confirmed that
bacteria are the main group incorporating 3H-leucine but
their association with primary production suggested a
symbiotic relationship between bacteria, diatoms, and
the seaweed.

Introduction

The use of radiolabeled (3H or 14C) leucine has gained wider
acceptance in the studies of microbial ecology since the
1980s [72]. This technique has the advantage of being
simple, economical, and quick [87], and the leucine incor-
poration in protein content reveals the activity and carbon
production of microorganisms [51]. Considering its efficien-
cy in estimating energy fluxes, the leucine incorporation
technique is still being adapted to different microbial hab-
itats in marine, freshwater, and soil environments [4, 7, 8,
15, 16, 33, 42, 65]. In marine systems, the leucine uptake
technique is widely used to measure bacterioplankton
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carbon production in oceanic and coastal environments [21,
95], such as estuarine silt [1], salt-marsh sand [90], coastal
[44], and deep-sea sediments [24], as well as detritus and
roots from estuarine macrophytes [98]. Despite its clear
advantages, the leucine incorporation technique has not yet
been updated to seaweed species. On the other hand, studies
of bacteria–algae interactions using molecular techniques
have revealed the community composition of microorgan-
isms [2, 89, 92].

Biofilm supports functionally and phylogenetically di-
verse microbial communities that are involved in biogeo-
chemical cycles of many elements [50]. Biofilm formation
on plant surfaces is linked to active bacterial attachment
processes and production of exopolymeric substances. Epi-
phytic bacteria on macroalgae benefit from organic com-
pounds and oxygen furnished by the algae. In turn, bacteria
mineralize exuded organic materials and provide CO2 and
other metabolic compounds that favor algal growth [63]. On
the other hand, antibiotics can be produced as secondary
metabolites of both algae and bacteria, but many microbial
populations are able to degrade them into the low concen-
trations usually found in natural environments [3]. On a
small scale, the bacteria–algae interaction has an indirect
influence on other organisms and in the composition of reef
environments [70, 88].

The seaweed Sargassum is globally distributed and is a
very important primary producer in reef environments,
rocky shores, and the open ocean. Its photosynthetic activity
may regulate microbial metabolism through production of
secondary metabolites [2]. In the Cabo Frio upwelling re-
gion (Rio de Janeiro state, Brazil), Sargassum is ecological-
ly very important as a food source and place of refuge for
many organisms [27, 38, 59]. The presence of Sargassum in
this region is seasonal, and its life cycle is associated with
the upwelling period during spring/summer seasons [41].

The aim of this study was to adapt the 3H-leucine incor-
poration technique so as to measure the activity of epiphytic
bacteria in biofilms associated with the blades of Sargas-
sum. We used specific metabolic inhibitors to evaluate the
activity of bacteria and other organisms in leucine uptake.
We also did experiments in situ and under laboratory con-
ditions to assay the influence of light in the bacteria–algae
interaction. The presence and distribution of microorgan-
isms were observed by scanning electron microscopy
(SEM).

Methods

Seaweed Sampling and Processing

Specimens of Sargassum furcatum and other species were
collected during 2006 and 2007 at different sites of Arraial

do Cabo, RJ (23° S, 42° W), the main upwelling area on the
Brazilian coast, in the Cabo Frio region [17, 94]. Samples
were collected manually by SCUBA at 1–10-m depth and
kept in ziplock bags with local water up until analysis in the
laboratory. Blades were chosen randomly and collected with
tweezers to avoid hand contact. Blades were incubated in
the dark at 25 °C in 2.0-mL microcentrifuge tubes with
1.0 mL of local water filtered through 0.22-μm polycarbon-
ate membranes.

SEM

To observe the presence and distribution of microorganisms
in biofilms formed on Sargassum blades, samples were
fixed in buffered 4 % glutaraldehyde (0.05 M cacodylate,
pH 7.4) and kept under refrigeration until SEM processing.
Thereafter, blades were washed with buffered sterilized
seawater (0.05 M cacodylate, pH 7.4) and postfixed in
1 % OsO4 for 1 h at 20 °C. After washing, the samples
were submitted to a sequential dehydration in ethanol/water
solutions (30, 50, 70, and 100 %). The samples were dried in
critical-point drying equipment Bal-Tec SPD 030, mounted
in aluminum stubs, and coated with a thin gold layer by
using a sputter coater Bal-Tec SCD 050. Samples were
analyzed and photographed with Zeiss EVO 40 using an
accelerating voltage of 15 kV.

Blade Incubation Procedure

We implemented a series of technical evaluations prior to
the main experiments. Firstly, we tested if epiphytic bacteria
on blades were more active in detritus or in the biofilm. An
experiment was done incubating (1) the intact blade, (2) the
blade after 1 min of vortex, (3) the detritus released by the
blade after vortex, (4) a scrubbed blade, and (5) its scrubbed
material. Despite evidence of mechanical stress, the use of
SDS or EDTAwas avoided to reduce chemical influence on
the live biofilm. During sampling, macroepibionts (filamen-
tous algae, calcareous algae, and hydrozoans) were ob-
served on the blades, and hence the influence of their
presence on 3H-leucine incorporation was tested.

Blanks were prepared by addition of formaldehyde (5 %
final concentration), and results were subtracted from sam-
ples killed with 5 % formaldehyde after 30 min of incuba-
tion. Extraction was done by filtration [16]. After 10 min in
an ultrasonic bath, 5 % (final concentration) trichloroacetic
acid (TCA) was added to precipitate the formed 3H-protein.
After 30 min, samples were filtered through 0.22-μm mem-
branes presoaked in unlabelled leucine (1,500 nM). Filters
were washed two times with 5 % TCA and 80 % ethanol.
After drying, membranes were immersed in a liquid scintil-
lation cocktail for radioactivity measurement. Leucine in-
corporation rate (in moles per centimeter per hour) was
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calculated considering net disintegrations per minute
(DPM), sample size, leucine concentration, and 3H-leucine
specific activity (72 Cimmol−1). Once there was no corre-
lation between leucine incorporation and weight, size (width
and height), or area of blade, we incubated 1 cm2 of blade in
the following experiments. When the blade was larger than
1 cm2, we needed to cut the blade before incubation, but
there was no significant change in results obtained with cut
blades (n04, p00.49).

Substrate Saturation and Linearity of 3H-Leucine
Incorporation

After the blade incubation procedure was determined, we
carried out a series of experiments to assess leucine satura-
tion concentration (15, 25, 35, 45, 55, 70, or 100 nM of final
concentration) and the best incubation time (5, 15, 30, 45,
60, 90, or 120 min) with triplicates and two blanks. The
samples were stored at −18 °C until protein extraction. All
described experiments were done with two blanks and in
triplicate adding 20 nM leucine. This concentration was
used in previous bacterioplankton studies in the region
[40]. The following experiments were done adding 40 nM
leucine, and protein extraction was done after up to 15 days
as longer storage periods lead to significant leucine break-
down by radiolysis, as shown by Miranda et al. [65] in
freshwater periphyton samples.

Efficiency of Radiolabel Protein Extraction

We tested acid and alkaline extraction methods and also
compared filtration [52] and microcentrifugation procedures
[65] with minor modifications. The extraction methodolo-
gies were as follows:

1. During the extraction by filtration [52], samples were
first sonicated in an ultrasonic bath. The tested sonica-
tion times were 1, 5, and 10 min. Following sonication,
110 μL of 50 % trichloroacetic acid (final concentration
equivalent to 5 % TCA) was added. After 30 min, the
samples were filtered through 0.22-μm cellulose Milli-
pore membranes presoaked in unlabeled (cold) leucine
(1,000 nM). The filters were washed two times with 5 %
TCA and two times with 80 % ethanol. After drying, the
filters were placed in vials with 2 mL of scintillation
cocktail (Cytoscint) and radioassayed by scintillation
counting (TRICARB PACKARD 1600) for 30 min or
after the accumulation of 10,000 counts. DPM values
were obtained after quenching correction by using the
external standard of the equipment. 3H-Leucine bacteri-
al incorporation rates were calculated using DPM, the
specific activity of 3H-leucine, and a conversion rate
from DPM to 1 mol of leucine [51].

2. The alkaline extraction procedure followed adaptations
by Marxsen [62]. After thawing, the samples were
centrifuged at 6,000×g for 6 min. The supernatant was
discarded, and 1 mL of 20 % acetic acid was added to
remove carbonates. A new centrifugation was done
(6,000×g for 6 min), and samples received 0.2 mL of
a solution composed of 80 mL of concentrated ethanol,
20 mL of distilled water, and 10 mg of cold leucine.
After a new centrifugation (6,000×g for 5 min) and
addition of 0.2-mL alkaline solution (0.5 M NaOH,
25 mM EDTA, 1 % SDS), samples were heated to
100 °C for 2 h. After centrifugation (6,000×g for
5 min), 0.5 mL from the supernatant was added into
4.5 mL of scintillation cocktail (Cytoscint) for beta
radiation measurements.

3. An adaptation was tested following Miranda et al. [65]
for periphyton associated with macrophyte roots. First-
ly, 1 cm2 of blade was incubated with 3H-leucine for
30 min in 1.0 mL of water from the studied site filtered
at 0.22 μm; 60 μL of 100 % TCA stopped the incuba-
tion, and samples were frozen until protein extraction.
Extraction started with a 5-min sonication bath, and the
blade was removed. Samples were centrifuged at
2,500×g for 15 min, and the supernatant was transferred
to a new microcentrifuge tube. A new centrifugation
was done at 13,000×g for 10 min, and the supernatant
was discarded; 1.5 mL of cold TCA (5 %) was added,
and the centrifugation process was repeated. One milli-
liter of 80 % ethanol was added, and a new centrifuga-
tion was done. Finally, 1 mL of scintillation cocktail
(Cytoscint) was added, and after an overnight period,
the beta radiation was counted.

Influence of Specific Metabolic Inhibitors on 3H-Leucine
Incorporation Under Dark as well as Natural and Artificial
Light

The influence of light during the incubations was evaluated
in two preliminary experiments using nine replicates and
three blanks, one in the laboratory under artificial fluores-
cent light and another in the laboratory situated in a beach
under natural light. We tested 5 % formaldehyde and 5 %
TCA to stop incubation, but no difference was observed.
Labeled proteins were extracted following Coelho-Souza et
al. [16].

Thereafter, we tested the effect of specific metabolic
inhibitors of heterotrophic bacteria, sulfate-reducing bacte-
ria, yeasts, and primary producers. The experiments were
done in field and laboratory environments, under dark and
light conditions. We added 40 nM 3H-leucine and used two
blanks and four replicates. We followed the method de-
scribed by Miranda et al. [65] with some modifications
(Fig. 7). Immediately after starting incubation in the field,
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the microcentrifuge tubes were put in 125-mL glass Winkler
bottles with local water. To simulate dark conditions, the
bottles were covered with aluminum foil. Bottles were put in
open-end transparent acrylic tubes and incubated in situ
(25 °C) for 75 min. Laboratory incubations were done under
artificial fluorescent lamps as well as in the dark at 25 °C.

Specific inhibitors were added to samples 2 h before 3H-
leucine addition. We tested three types of antibiotics (5 μg/L
streptomycin, 100 units/L penicillin, and 0.2 nM chloram-
phenicol) and inhibitors of sulfate-reducing bacteria (20 mM
sodium molybdate), photosynthesis (10 μM diuron), and
eukaryotes—mainly yeasts (0.02 % cycloheximide).

In field experiments, we measured untreated controls, and
samples were treated with combined antibiotics (5 μg/L strep-
tomycin, 100 units/L penicillin, and 0.2 nM chloramphenicol)
and with diuron, a photosynthesis inhibitor. In the laboratory,
we compared untreated controls with samples treated with (1)
5 μg/L streptomycin, (2) 100 units/L penicillin, (3) 20 mM
sodium molybdate, (4) 10 μM diuron, and (5) 0.02 % cyclo-
heximide. All these experiments were carried under dark and
light conditions.

Statistical Tests

Data were not normally distributed even when transformed.
Therefore, we used the Mann–Whitney nonparametric test
to compare data from experiments with two treatments and
the Kruskal–Wallis test if there were more treatments [101].
Experiments with the addition of specific metabolic inhib-
itors were statistically tested using bifactorial ANOVA [93].
Therefore, we considered the following factors as fixed: (1)
light/dark conditions and (2) the different inhibitors nested
in factor 1. For all tests, we considered a 0.05 significance
level.

Results

Microorganism Distribution on Blades

The presence of bacteria and other microorganisms on Sar-
gassum blades was confirmed by SEM images. The surface
of the seaweed blades was fouled to different degrees, and
the microbial community varied in structure (Fig. 1). Blade
coverage varied from a smooth detritus or bacteria coating
(Fig. 1a, b) to a complex coating (Fig. 1c–f) heterogeneous-
ly formed by bacteria, diatoms (mainly Cocconeis), and
other cells immersed in a matrix of extracellular polymeric
substance (EPS) (Fig. 1c–f). A three-dimensional network
with bacteria and diatoms was registered (Fig. 1d). A very
dense EPS matrix was observed around diatoms (Fig. 1e).
The high abundance of diatoms near criptostoma, an algae
structure responsible for nutrient uptake, was also noted.

Blade Incubation

The high variability in distribution of microorganisms on
blades observed on SEM images was corroborated by 3H-
leucine incorporation data. The leucine incorporation experi-
ment indicated that bacteria were mainly associated not only
with the biofilm but also with epiphytic detritus (Fig. 2). We
observed that measurements of bacterial activity were clearly
influenced by the incubation procedure (p00.03). Intact
blades tended to have the highest bacterial activity (up to
seven times higher than brushed blades) and the lowest data
variability. Bacterial activity was similar in incubations of
extracted detritus and of blades without detritus. The brushing
of blades might destroy the biofilm structure and influence the
bacteria–algae interaction. Biofilm extracted by brushing also
presented low bacterial activity and is probably associated
with a low brushing efficiency. Brushing also resulted in
higher activity in blanks (91 % of DPMsamples), as observed
when incubating detritus removed by vortexing (70 %). The
blank average was 43 % in detritus samples, while it was
around 7 % when blades were incubated.

The variability of 3H-leucine incorporation is not only
related to heterogeneity of microorganism distribution in
biofilms but also to fouling by macroorganisms. The pres-
ence of macroepibionts decreased bacterial activity by al-
most three times (Fig. 3), and the presence of hydrozoans
resulted in the lowest 3H-leucine incorporation (p00.02).
Therefore, we used blades without visible macroepibionts in
the following experiments.

Substrate Saturation and Linearity of 3H-Leucine
Incorporation

3H-leucine incorporation increased due to higher substrate
concentration but tended to stabilize around 40–50 nM
(Fig. 4). Applying the Michaelis–Menten equation, maxi-
mum velocity (Vmax) was an order of magnitude higher than
our results, and Km (substrate concentration that yields a
half-maximal velocity) was four orders higher than the
leucine concentrations used herein. Therefore, leucine mil-
limolar concentrations were needed to obtain substrate sat-
uration. We decided to use 40 nM of leucine in the next
experiments to decrease the possibility of leucine incorpo-
ration by algae and avoid an aberrant substrate concentra-
tion. Also, the variance was not high within this
concentration range. The time-course curve indicated the
highest 3H-leucine incorporation after 120 min, but it was
linear between 15 and 60 min (Fig. 5).

Extraction Procedure

The sonication time was the first extraction parameter test-
ed, and we concluded that 5-min sonication was adequate
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(data not shown). We found no significant difference in
protein extraction efficiency between the acid (TCA) extrac-
tion followed by filtration and the alkaline extraction

followed by centrifugation (Table 1; n010, p00.57). How-
ever, in this situation, the filtration method showed blank
values five times higher than the centrifugation method.

Fig. 1 SEM images of S.
furcatum blades showing a the
presence of detritus on blades,
bar02 μm; b attachment of
bacteria to blade surface, bar0
1 μm; c biofilm formation and
the initial colonization of blade
surface by bacteria, bar05 μm
(insert figure shows bacteria in
detail, bar01 μm); d a portion
more densely occupied with
bacteria and diatoms, bar0
4 μm; e an abundant EPS
matrix forming a three-
dimensional structure, where
some diatoms are immersed,
bar09 μm; and f the presence
of diatoms (Cocconeis) close to
the criptostoma, bar0120 μm,
(insert figure shows a detail of
diatom immersed on EPS,
bar04 μm)
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Fig. 2 Bacterial activity (in picomoles of leucine incorporated per
centimeter per hour) associated with the blades of Sargassum spp.
using different incubation procedures. IP intact blade, PWD blade
without detritus, D detritus, BP brushed blade, BB brushed biofilm

Fig. 3 Influence of the presence of epibionts in the measurement of
bacterial activity (in picomoles of leucine incorporated per centimeter
per hour) associated with the blades of Sargassum spp. No epibiont
blade from the apical portion of the algae, Algae fil filamentous algae,
Algae cal Calcarea algae
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Acid extraction is easier to use than alkaline extraction
and showed a better cost/benefit. When the centrifugation
and filtration methods were compared, the former yielded
blanks with almost 20 times smaller DPM values. On aver-
age, the blank/sample ratio using centrifugation was 4 %
while using filtration was 17 %. Therefore, we decided to
apply acid extraction with centrifugation in further
experiments.

Influence of Specific Metabolic Inhibitors Under Different
Light Conditions

Previous experiments showed that under laboratory condi-
tions, 3H-leucine incorporation tended to be higher under the
influence of light. However, it was statistically different under
natural light but not under fluorescent light (n09, p00.02 and

p00.16, respectively). This indicated that light quality was an
important factor regulating 3H-leucine incorporation, indicat-
ing that leucine incorporation was coupled with primary pro-
duction. Therefore, experiments under light/dark conditions
were carried out both in situ and in the laboratory, adding
specific metabolic inhibitors to verify the role of different
organisms in 3H-leucine incorporation. Then, we tested two
treatment conditions (light influence and inhibitors action).
Meanwhile, in the field, we just evaluated the action of anti-
biotics and diuron, while in the laboratory, we also tested the
action of sulfate-reducing bacteria (SRB) and eukaryote
inhibitors.

The influence of specific inhibitors in incorporation of 3H-
leucine was dependent on the incubation procedure. Incorpo-
ration was higher and with smaller variance in in situ experi-
ments than in laboratory ones (Fig. 6). In the former (Fig. 6a),
the presence of antibiotics decreased 3H-leucine incorporation
in both the presence and absence of light (n04, p00.02). An
85% reduction was observed under light and 63% under dark
conditions. On the other hand, the addition of a photosynthesis
inhibitor only reduced incorporation rates significantly in the
dark, on average decreasing 47%, while a 32% reduction was
observed under light. Meanwhile, the high variance should
also be considered. For instance, there was no significant
difference when the same treatments were used under light
or dark conditions (n04, p00.83).

A wide range of inhibitor types were applied in the
laboratory experiments and 3H-leucine incorporation rates
tended to be higher in the dark (p00.73), except in the
presence of antibiotics and of a eukaryotic inhibitor
(Fig. 6b). As expected, the presence of antibiotics signifi-
cantly decreased heterotrophic activity (p00.02), but the
other inhibitors caused no significant reduction under both
light and dark conditions. Specifically in the dark, the mean
3H-leucine incorporation rates decreased 96 % with strepto-
mycin, 86 % with penicillin, 44 % with a eukaryotic inhib-
itor, 19 % with an SRB inhibitor, and 13 % with a
photosynthetic inhibitor. Despite the lack of statistical sig-
nificance, the reduction with eukaryotic inhibitor was high
and suggested a eukaryote–prokaryote coupling in Sargas-
sum biofilm. In the presence of artificial fluorescent light,
incorporation rates decreased only under antibiotics, by
around 90 % with streptomycin and 58 % with penicillin.
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Fig. 4 Incorporated 3H-leucine saturation curve (in picomoles of
leucine incorporated per square centimeter per hour) in biofilm asso-
ciated with the blades of Sargassum spp.
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Fig. 5 Time course of 3H-leucine incorporation (in picomoles of
leucine incorporated per square centimeter per hour) by biofilm asso-
ciated with the blades of Sargassum spp.

Table 1 3H-Leucine incorporation rates (mean ± standard deviation)
comparing acid and alkaline, as well as filtration and centrifugation
extraction methods

Extraction method 3H-leucine incorporation (pmol of
leucine incorporated cm2−1h−1)

TCA + filtration 0.11±0.06

NaOH + centrifugation 0.13±0.07
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Discussion

The association between epiphytic bacteria and seaweeds is
well described [9], including species of the genus Sargassum
[47]. To verify the presence of bacteria and other microorgan-
isms in our samples, biofilm formation was followed by
scanning electron microscopy. The greatest advantage of this
technique is to provide a three-dimensional image of the
studied surface. However, a molecular study of the microbial
composition in Sargassum biofilm is also recommended.

Different groups of bacteria were observed in Sargassum
biofilms in many levels of complexity (Fig. 1). The abun-
dance and growth of microorganisms are not related in
natural systems, and cell death rates as well as grazing rates
should be estimated in future studies. Bacteria such as
Pseudomonas, Pseudoalteromonas, and Coccus as well as
diatoms such as Cocconeis, Navicula, and Nitszchia were
observed on Sargassum biofilms from the studied region
(Baeta-Neves, personal communication). The importance of
bacteria and diatoms in the biofilm stages is well estab-
lished, with a high Cocconeis abundance in the first stage
[19, 86]. Murray et al. [67] observed that exudation by
diatoms stimulated bacterial DNA synthesis. However, the
interaction between auto- and heterotrophic microorganisms
can be positive or negative for both groups [18, 56, 66].

Studies with Ulva biofilms showed the presence, coloniza-
tion, and competition between microorganisms as well as the
importance of these interactions in the biofouling process [78,
79]. The synergic action due to bacteria interaction also resulted
in higher antibiotic resistance [10]. These studies highlighted the
competitive success of Pseudoalteromonas [77]. Pseudomonas
aeruginosa is also common in distinct biofilm matrixes and
showed positive as well as negative interactions with other
microorganisms. Nadell et al. [68] observed that the same clone
of P. aeruginosa generated distinct phenotypic lineages able to
adapt their behavior to local conditions and chemical gradients,
and their function structured the biofilm.

Bacterioplankton composition changes over a millimeter
scale [57, 84], and no distribution pattern was observed in the
Sargassum biofilm with the SEM images. Biofilm structure can
determine the flux of compounds and consequently the bacterial
metabolic and physiological activities [68]. These characteristics
increase variance and make data interpretation difficult.

Blade Incubation Procedure

We tried to adapt the 3H-leucine incorporation technique to
epilithic algal matrixes (EAM), including calcareous algae
such as Jania sp. and Amphiroa sp. (data not shown). EAM
are important benthic primary producers in the studied area

Fig. 6 The effect in addition of
specific metabolic inhibitors on
3H-leucine incorporation in
experiments done under light or
dark in a field and b laboratory
conditions. Details in the text.
One asterisk statistically
different under dark treatments,
two asterisks statistically
different under light treatments
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[28]. The detritus associated with EAM incorporated more
3H-leucine than the algal matrix itself, and incubations done in
the dark showed a higher 3H-leucine incorporation. However,
when incorporation of EAM and Sargassum sp. was
expressed on a weight basis, the biofilm associated with
Sargassum blades presented 20 times higher 3H-leucine in-
corporation rates than the detritus associated with EAM. The
presence of detritus with a highly variable bacterial activity
was a common feature for both Sargassum and EAM.

Bacteria may use any available surfaces in order to survive
under starvation and/or nutrient deprivation conditions. These
surfaces could be both detritus [11] and biofilm [77]. Marine
snow can be a source of benthic bacteria and originates from
many sources such as plankton, suspended sediment, and
macroalgae fragments, as well as feces from fish and other
organisms [25]. In general, deep water is a source of diatoms
in upwelling systems [40, 94] and the high abundance of
diatoms was also observed in the biofilm SEM images.

As observed by SEM images, bacterial distribution and
activity onto the blade may explain the wide variation
reported in the 3H-leucine incorporation rates. We observed
that the activity of bacteria could be associated with both
detritus and biofilm on Sargassum blades and the structural
complexity of both surfaces is a source of variance. The
higher variance of bacterial activity in detritus than in the
biofilm could be associated with the expected higher level of
particulate inorganic materials in the former (Fig. 2). The
highest measure of DPMblank/DPMsample observed was
when detritus was incubated, suggesting abiotic incorpora-
tion throughout the 3H-leucine particle adsorption. Further-
more, the high rates of abiotic adsorption of the radiolabeled
substrate in samples with high organic matter can interfere
with the measurement of bacterial production [65].

The composition of the macroalgal biofilm is determined by
a range of factors including the colonization rate by free floating
bacteria, community growth, and the polymers that biofilms
contain [82]. EPS are not only useful for attachment, locomo-
tion, feeding, and protection but also act as a glue to bind other
materials [99]. Ras et al. [80] showed that EPS size diversity was
higher in mixed heterotrophic/autotrophic biofilms than hetero-
trophic ones. The distribution of microorganisms is also associ-
ated with the nature of substrate and with the water flow that
transports dissolved and particulate organicmatter [20]. Burke et
al. [9] suggested that the competitive lottery model may explain
the colonization pattern on algal surfaces. It has been shown that
mechanical, nutritional, and metabolic signals, as well as
quorum-sensing and host-derived signals, can shift bio-
film development [53]. For instance, quorum-sensing
signals play an important role in the ecological interac-
tion between bacteria and their eukaryotic host [39].

Resources as well as species diversity change seasonally
and influence microorganism interspecific competition [64].
All these factors could explain the variability observed in

the 3H-leucine incorporation measured herein. This expres-
sive variability had also been observed in biofilms from
other environments, which could be associated with the
spatial–temporal scale of each study [13, 16, 54].

Microbial biofilms control the fluxes of compounds in
seaweed surfaces, protecting them against toxins and ultravio-
let radiation. On the other hand, the presence of macroepi-
bionts changes the shape and weight of surface, competing for
resources and decreasing the macroalgae growth rates [97].
Therefore, macroepibionts should inhibit both microorganisms
and macroalgae growth since they compete for space and
resources, respectively. It could explain the decrease in leucine
incorporation that we found (Fig. 3). Bacterial activity in
relation to the blade portion and position could also be associ-
ated with the presence of macroepibionts and with seaweed
photosynthetic activity. Gao and Umezaki [35] reported higher
photosynthetic activity in apical blades and vesicles. Differ-
ences in 3H-leucine incorporation between apical and basal
blades as well as different portions of the blades were not
observed (data not shown). On the other hand, vesicles were
notmeasured, and their importance in photosynthesis increases
with the age of Sargassum [34], showing an adaptation process
of the macroalgae since the abundance of macroepibionts on
blades also increases with the age of the latter [75].

Substrate Saturation

The potential pitfalls of methods based on radiolabel incorpo-
ration are attributed to the paucity of information on substrate
use and on the metabolism of heterogeneous natural popula-
tions, particularly the lack of information regarding potential
variability in colonization species and their metabolic require-
ments [46]. As mentioned by Dixon and Turley [23], some of
the problems in techniques using 3H when applied to sedi-
ments, or detritus, are (1) the difficulty in deriving an empir-
ical factor to convert substrate incorporation rates to bacterial
cell production, as an effect of slurring the sediment to dis-
perse added precursors; (2) the abiotic adsorption of the radio-
labeled product onto sediment particles that interferes with the
signal-to-noise ratio; (3) the difficulties and uncertainties in
extraction of the radiolabeled product from detritus; (4) the
potentially high isotopic dilution; (5) the catabolism of tritiat-
ed label (e.g., 3H2O formation); and (6) how to relate the
incorporation rates to accurate rates of bacterial production.
However, the advantages of the approach compensate its pit-
falls, and to our knowledge, no better tool has yet been
developed to measure bacterial secondary production.

In this context, we avoided empirical factors, bacterial
production estimates, and addition of high substrate concen-
trations to reduce isotopic dilution. The isotope dilution is the
proportion in which an added radiolabeled substrate is incor-
porated in comparison with the exogenous concentration and
the substrate biosynthesis [74]. If isotope dilution is not
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measured, substrate incorporation can be underestimated [6,
12]. Isotope dilution can be minimized by adding high leucine
concentration [30]. To avoid underestimation of bacterial pro-
duction and to minimize precursor degradation, we recom-
mend to use saturated concentrations of leucine and short
incubation times in future studies and also to evaluate if
saturation curves vary among sites and habitats. On the other
hand, incorporation rates are dependent upon the concentra-
tion of leucine that is added. As leucine concentration is
increased, incorporation also increases up to a saturating con-
centration. Concentrations have to be high enough to repress
the “de novo” synthesis of leucine by bacteria and to “swamp”
the incorporation of unlabelled external leucine that might be
present in the samples. Minimal concentrations meeting these
requirements should be used. At higher concentrations, there
could be some incorporation inhibition or incorporation by
organisms other than bacteria or even adsorption to particles
[37, 48]. Therefore, we decided to use unsaturated concen-
trations of leucine since it was more important to avoid Sar-
gassum incorporation.

Usually, leucine incorporation rates are higher in eutrophic
than oligotrophic systems [73]. The supply of organic carbon
may determine how much leucine is incorporated directly into
protein and how much is degraded to other amino acids [52].
In marine bacterioplankton, saturation of leucine is typically
around 10–20 nM, and in the Cabo Frio upwelling system, it
was 10 nM [14]. The concentration used to estimate bacter-
ioplankton production in ultraoligotrophic systems is 40–50
nM [55], and using these concentrations, we observed a low
associated error in our measurements. Tornblom and Sonde-
gaard [91] reported that leucine saturation was 400 nM when
1 cm of Zostera marina leaf was incubated, and higher bac-
terial activity was observed in older leafs.

It is important to consider that algae could also be taking
up leucine and turning the label over as dissolved organic
matter, but Sargassum incorporation is more probable if
saturated concentrations were applied (Fig. 4). Fleurence
[31] observed that leucine represented 4–9 % of the proteins
found in phaeophytes and that protein content corresponded
to 3–15 % of their dry weight. In the Cabo Frio region,
protein content made up to 16 % of Sargassum vulgare dry
weight [61], and leucine represented 9 % of all protein
content [60]. Leucine assimilation by Sargassum can be a
technical artifact that needs to be evaluated in future studies.

Linearity of 3H-Leucine Incorporation

As found by Findlay et al. [29], we observed constant leucine
incorporation and no leucine degradation in incubations of up to
60 min (Fig. 5). Also, higher incubation periods could increase
leucine degradation and tritium respiration. The nonlinear incor-
poration would indicate a change in bacterial composition [26]
and in its metabolism. On the other hand, short incubations may

not stimulate all bacterial assemblages [7]. In addition, a longer
period is recommended to observe the effect of metabolic inhib-
itors. It is difficult to do short field incubations [65].

Environmental factors such as temperature and the loca-
tion of sampling stations are also important to determine the
time of incubation. Tornblom and Sondegaard [91] used
distinct incubations times for Z. marina leafs, depending
on local temperature, but always between 30 and 60 min.
The abundance and composition of bacterial communities
can change spatially [97], and we observed the highest rates
in Sargassum sampled in the main upwelling-influenced
area of the studied sites in the Cabo Frio embayment (data
not shown). Unfortunately, it was not possible to measure
temperature during sampling, but temperature was the same
during the incubations for all compared treatments.

Extraction Efficiency

We observed equivalent results using both acid and alkaline
extraction methods but with high variability between repli-
cates. Tornblom and Sondegaard [91] used TCA, sonication,
and filtration as an efficient extraction method with low
associated error in leafs of Z. marina. In Sargassum blades,
we observed that the microcentrifuge procedure was more
time-consuming than the filtration procedure but decreased
the associated errors and was much more economic. In our
study, sonication was more efficient than the vortex proce-
dure, and it increased the dispersion of organic and inorgan-
ic aggregates with bacteria [76]. Also, the acid extraction,
by stopping the reaction with 5 % TCA, decreases the
consumption of chemical compounds. The use of 20 %
acetic acid did not change the extraction efficiency in blades
of Sargassum, but it may be important in other habitats such
as turf algae since carbonates, silt, and sand facilitate ad-
sorption of tritium and amino acids. In this case, it is better
to incubate slurries of detritus than the algal matrix [65].

Suggested Technical Protocol

Our protocol is an adaptation of the protocol suggested by
Miranda et al. [65] for freshwater periphyton with some
modifications. Following Fig. 7, we recommend the incuba-
tion of 1 cm2 of the intact blade in 1.5 mL of 0.22-μm filtered
local water in microcentrifuge tubes (2.0 mL), with the addi-
tion of 40–50 nM 3H-leucine for 1-h incubations. Addition of
TCA to a 5 % final concentration stops the reaction and
precipitates proteins. If not extracted right away, samples can
be frozen for up to 15 days without noticeable leucine degra-
dation by radiolysis. After thawing, the protein extraction
procedure follows centrifugation purification until the addi-
tion of 1-mL scintillation cocktail. Counting samples the next
day reduces chemiluminescence and ensures better mixing
between pellet and cocktail. Complete chemiluminescence
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self-extinction takes up to 4 days, during which sample and
blank DPM values change proportionally, leaving the calcu-
lated incorporation rates unaffected.

Light Quality During Sample Incubation

The quality of light (natural × fluorescent lamps) and the
incubation conditions influenced 3H-leucine incorporation
in the studied matrix. Usually, in situ experiments do not
yield the same results as laboratory ones [15, 35, 36], and
our results showed higher 3H-leucine incorporation in the
field incubations. Light quality (natural × fluorescent)
includes distinctions in wavelength and ultraviolet radiation.
Häder et al. [43] reported the effect of ultraviolet light in
bacteria associated with biofilms of Z. marina leaves, and
Törnblom and Sondergaard [91] observed that there was an
association between auto- and heterotrophic processes. In
phototrophic biofilms, dissolved organic nitrogen, as the
amino acid leucine, can also be incorporated by phototro-
phic organisms [32, 81]. Considering that Sargassum bio-
film is hetero- and phototrophic, as observed in SEM
images, the influence of light on our results is probably
associated with the coupling between auto- and heterotro-
phic processes. Light quality and sample manipulation also
affect the functionality of biofilm defense mechanisms [10].

Specific Metabolic Inhibitors

The use of a photosynthesis inhibitor decreased 3H-leucine
incorporation more intensely in experiments done in situ, more

so under dark conditions. Diuron acts on photosystem II block-
ing the transport of electrons through the photosynthesis chain
reaction [67, 96] and also reduces bacterial survival [58].

Biofilms are known for their ability to decrease antibiotic
action, and such are a challenge in medical and deontological
areas [49]. This is associated with the biofilm width and with
chemical characteristics of extracellular polymeric matrixes
[20, 22]. Wunder et al. [100] concluded that antibiotic specia-
tion and molecular size are important factors affecting the
interactions between antibiotics and biofilms. It may explain
in part the variable inhibition by antibiotics used in field and
laboratory incubations described herein (Fig. 6). Streptomycin
caused a higher inhibition of 3H-leucine incorporation than
penicillin. Following Jawetz et al. [45], streptomycin inhibits
bacterial protein synthesis and acts mainly in mycobacterium
with a lipid-rich cellular wall. On the other hand, penicillin acts
mainly on Gram-positive bacteria since it inhibits cell wall
synthesis and induces bacterial lysis. However, the permeabil-
ity of cell walls differs between bacteria since protein compo-
sition varies in type and concentration. Chloramphenicol is a
synthetic bacteriostatic with a wide action that directly inhibits
protein synthesis. Chloramphenicol-dependent inhibition of
bacterial protein biosynthesis is mainly due to prevention of
peptide chain elongation [83]. Nair et al. [69] observed a better
efficiency of chloramphenicol on marine bacteria than strepto-
mycin. On the other hand, penicillin was more efficient against
pigmented bacteria while chloramphenicol affected nonpig-
mented bacteria.

Sulfate-reducing bacteria are important in the sulfur cycle
in most marine environments, but the presence of sodium

Incubation of 1 cm2 of an intact blade in 1.5 mL of 0.22 µm filtered local water 

Add 40-50 nM of 3H-leucine  
After 1 h stop the incubation with 5 % TCA (final concentration) 

The extraction procedure starts with a sonication during 5 minutes 

The supernatant is transferred to another microcentrifuge tube (2.0 mL)

Centrifugation in 2500 g during 15 minutes  

Centrifugation in 13000 g during 10 minutes  

The supernatant is discarded and the formed pellet is washed with 5 % TCA

Centrifugation in 13000 g during 10 minutes  

The supernatant is discarded and the formed pellet is washed with 80 % Ethanol

Centrifugation in 13000 g during 10 minutes  

The supernatant is discarded and 1 mL of scintillation cocktail is added to beta couting in the next day

Fig. 7 Procedure to measure
bacterial heterotrophic activity
in biofilm associated with the
blades of Sargassum sp.
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molybdate did not change 3H-leucine incorporation rates in
incubations done in the laboratory. Molybdate enters cells
via a sulfate transport system and interferes with the forma-
tion of adenosine phosphosulfate, leading to deprivation of
reduced sulfur compounds for growth, forming adenosine
phosphomolybdate in the cell [71].

Sharma et al. [85] observed that fungi were more active in
older Sargassum-associated detritus and that detritus protein
content increased while the concentration of amino acid de-
creased. In our experiments, the addition of cycloheximide
(eukaryotic inhibitor) decreased mean 3H-leucine incorpora-
tion by almost 50 %, suggesting a eukaryote–prokaryote
coupling. Cycloheximide is a protein synthesis inhibitor
which blocks the translocation step in elongation [5]. Besides
fungus, diatoms and Sargassum are eukaryotes that should
have a strict association with heterotrophic bacteria.
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