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Abstract The decomposition of jellyfish after major
bloom events results in the release of large amounts of
nutrients, which can significantly alter nutrient and
oxygen dynamics in the surrounding environment.
The response of the ambient bacterial community to
decomposing jellyfish biomass was evaluated in two
marine ecosystems, the Gulf of Trieste (northern
Adriatic Sea) and Big Lake (Mljet Island, southern
Adriatic Sea). The major difference between these two
ecosystems is that Aurelia sp. medusae occur through-
out the year in the oligotrophic Big Lake, whereas in
the mesotrophic Gulf of Trieste, they occur only
seasonally and often as blooms. Addition of homog-
enized jellyfish to enclosed bottles containing ambient
water from each of these systems triggered consider-
able changes in the bacterial community dynamics and
in the nutrient regime. The high concentrations of
protein, dissolved organic phosphorous (DOP), and
PO,’~ immediately after homogenate addition stim-
ulated increase in bacterial abundance and production
rate, coupled with NH,"* accumulation in both
ecosystems. Our preliminary results of the bacterial
community structure, as determined with denaturing
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gradient gel electrophoresis, indicated differences in
the bacterial community response between the two
ecosystems. Despite divergence in the bacterial com-
munity responses to jellyfish homogenate, increased
bacterial biomass and growth rates in both distinctive
marine systems indicate potentially significant effects
of decaying jellyfish blooms on microbial plankton.
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Introduction

The material from dead organisms (detritus) plays an
important role in the cycling of organic matter in the
marine environment (e.g., Alldredge, 1972, 1976,
2005). Bacterial decomposition of phytoplankton and
numerous other organic matter sources has been
demonstrated in field and laboratory experiments
(e.g., Caron et al.,, 1982; Alldredge & Youngbluth,
1985; Alldredge et al., 1986; Simon et al., 1990;
Passow & Alldredge, 1994; Passow et al., 1994).
Gelatinous macrozooplankton often are regarded as
nutritionally poor food sources due to their high water
content and predation on them often disregarded;
however, predation on jellyfish by fish and large
marine animals, such as sunfish and leatherback
turtles (reviewed in Arai, 2005; Houghton et al.,
2006), indicates that these organisms are good
organic sources and potential substrates for bacteria.
In particular, during the decomposition of blooms,
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jellyfish carcasses can serve as major carbon sources
to the environment (Billett et al., 2006; Yamamoto
et al., 2008). The total organic content of jellyfish is
1-2% of wet weight (Larson, 1986; Clarke et al.,
1992) and generally consists of low carbohydrate
(7 £ 5%), intermediate lipid (22 £+ 12%), and high
protein (72 £+ 14%) contents (reviewed in Pitt et al.,
2009).

The few studies that have addressed the fate of
dead jellyfish (Titelman et al., 2006; West et al.,
2009) indicated rapid decomposition and nutrient
release, whether in the water column or on the
sediment surface. Scavengers tend to enhance the
decomposition of carcasses by increasing the avail-
able surface area, but most of the organic matter is
ultimately processed by bacteria. Bacteria hydrolyze
and utilize virtually all natural polymers by means of
extracellular enzymes. The turnover rate of soluble
proteins by bacteria in seawater is only hours
(Hollibaugh & Azam, 1983; Hoppe et al., 1988)
and similar to the turnover rate of free amino acids in
solution (Keil & Kirchman, 1993). The end products
of protein degradation, such as dissolved primary
amines and free amino acids, contribute to the
dissolved organic and inorganic nitrogen (e.g.,
ammonium) pools (Kremer, 1977). Degradation of
lipids (phospholipid components of cell membranes)
and nucleic acids (DNA and RNA) contributes to the
dissolved organic phosphorous pool (DOP) (Kremer,
1975; Bamstedt & Skjoldal, 1980; Arai, 1997). Thus,
the release of large amounts of nutrients into the
marine environment from jellyfish bloom decompo-
sition potentially causes substantial changes in sub-
strate quality and quantity, and could affect the
composition and activity of the bacterial community
(Martinez et al., 1996; Pinhassi et al., 1999; Schafer
et al., 2001; Carlson et al., 2002). This has been the
subject of only one previous study (Titelman et al.,
20006).

We have conducted incubation experiments to
evaluate the responses of native bacterial communi-
ties to the addition of dead jellyfish biomass.
Homogenized tissue of Aurelia sp. was used as the
jellyfish substrate. This genus of scyphomedusae
occurs worldwide in numerous coastal and shelf sea
environments (Lucas, 2001) where it frequently
forms large blooms (Hamner & Dawson, 2009). We
examined the degradation of Aurelia sp. and its
effects on the ambient bacterial community during
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spring of 2008 and 2009 in the Gulf of Trieste
(northern Adriatic Sea), where they often form
blooms in the winter—spring period (Kogovsek
et al., this volume) and in Veliko jezero (Big Lake,
Mljet Island, southern Adriatic Sea), where they are
abundant throughout the year (Benovié et al., 2000).
Effects of jellyfish tissue on bacterial abundance and
production, and on the bacterial community structure,
were monitored concurrently with changes in protein
and nutrient concentrations.

Materials and methods
Sampling and locations

Experiments were performed in the Bay of Piran
(Gulf of Trieste, northern Adriatic Sea) and in the
marine lake Veliko jezero (Big Lake) at Mljet Island
(southern Adriatic Sea). Experiments were conducted
at both locations during spring of 2008 and 2009. The
two sets of results from each location were treated as
replicates for the site. Seawater samples were
collected with a Niskin sampler at 3-m depth at the
station BF (45°32.804N; 13°33.034E) in the Bay of
Piran, and at 3- and 30-m depths at station Buza
(42°46,477N; 17°23.304E) in Big Lake. Before each
sampling, seawater temperature and salinity profiles
were determined with a CTD fine-scale probe
(Microstructure Profiler MSS90, Sea & Sun Tech-
nology GmbH). The water temperatures in spring
2008 and 2009 were 14 and 11°C, respectively, in the
Bay of Piran (3-m depth), between 17 and 19°C in
Big Lake at 3-m depth, and ~ 10°C at 30-m depth in
both years. The ambient ammonium concentration
varied in the spring 2008 and 2009 between 0.5 and
0.82 uM in the Bay of Piran and between 0.19 and
0.43 puM in Big Lake. The ambient orthophosphate
concentration was low and similar in both years in
both ecosystems, between 0.1 and 0.17 pM at 3-m
depth, and 0.03 and 0.04 pM at 30-m depth
(Table 1).

Immediately after sampling, seawater was filtered
through a 200-pm mesh net and subsequently through
GF/F filters (Whatman) to yield a filtrate containing
microorganisms <0.8 um in size. The filtered seawa-
ter was collected in 8-1 acid-washed, autoclaved
polycarbonate bottles (Nalgene) and was used for the
jellyfish decomposition experiments as described
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Table 1 Summary of jellyfish degradation experiments with details of the incubations and ambient seawater temperature (7),
ammonium (NH4 1), and orthophosphate (PO43 ~) concentrations

Exp. code Incubation time Depth (m) T (°C) Inoculate (g 1N NH,* (uM) PO437 (uM)
Piran 2008 17 Apr-5 May 2008 3 14 30.0 0.50 0.10
Piran 2009 24 Mar-15 Apr 2009 3 11 12.5 0.82 0.17
Mljet 2008 8 May-12 May 2008 3 17 15.0 0.30 0.11
30 10 15.0 0.19 0.03
Mljet 2009 15 May-22 May 2009 3 19 5.5 0.32 0.15
30 11 3.1 0.43 0.04

below. At the same time, subsamples of filtrate were
frozen at —20°C for nutrient analysis.

Jellyfish decomposition experiments

Aurelia sp. medusae were collected by dip net from
the surface during bloom events (April 2008 and
March 2009) in the Bay of Piran and by divers in Big
Lake. Bell diameter and wet weight were recorded for
each individual. Bell diameters ranged from 6.3 to
18.5 cm, and a mean wet weight was 15 g. In each
experiment, 3-5 jellyfish of different sizes were
selected and their whole bodies homogenized with an
Ultra-Turrax TP 18/10 (Janke & Kundel®) at
20,000 rpm for several minutes. The whole tissue
was homogenized to enhance its degradation by the
ambient bacterial community in the sampled sea
water. Sea water samples were inoculated with
different concentrations of the homogenate (from 3
to 30 g 1!, Table 1). The volume of added homog-
enate was recalculated according to the average
organic content of Aurelia sp. and approximate
jellyfish concentration during the bloom (Alvarez-
Colombo et al., 2008; Turk et al., 2008). Part of the
homogenate was frozen and stored for CHNS
elemental analysis.

All experiments were carried out in 8-1 polycar-
bonate bottles with GF/F pre-filtered sea water, as
described above. A measured weight of homogenized
jellyfish tissue was added to each experimental bottle
(Table 1). Bottles with filtered sea water without
jellyfish homogenate served as controls. The bottles
were incubated in situ at each study site to provide
ambient conditions of irradiance and water temper-
ature. Locations, dates, durations, and depths of the
incubations are in Table 1.

The same sampling procedure was followed at
both locations throughout the experiments. Bottles

were sampled immediately after inoculation (7)), and
subsamples for nutrient and bacterioplankton analysis
were taken on days 1, 2, 4, 6, 8, and 18 in 2008 and
on days 1, 2, 3, 6, 9, and 22 in 2009 Bay of Piran
experiments. During the experiments in Big Lake, the
subsamples were taken daily. Prior to sampling, the
enclosed fluid was mixed gently. Subsamples were
taken by pouring 500 ml of seawater into acid-
washed, autoclaved flasks. Some air was introduced
into incubation bottles during subsampling.

Subsamples (5 ml) for bacterial carbon production
measurements were incubated immediately after
sampling. 300-ml subsamples were filtered (GF/F
Whatman) and kept frozen for nutrient analysis.
30 ml of seawater was fixed for bacterial counts and
stored at —4°C. At the beginning and end of the
experiments, sea water from the bottles was filtered in
triplicate onto 0.2-pm polyethersulfone membrane
filters (PALL Inc.) for bacterial community analysis.
Those filters were stored at —80°C for DNA
extraction.

Bacterial abundance and carbon production

Bacterial abundance was determined from formalde-
hyde-fixed (<0.2 um pre-filtered, 2% final concen-
tration) seawater samples. The samples were filtered
onto 0.2-pm black polycarbonate filters (Millipore),
and bacteria were stained with DAPI (4’,6-diamino-2-
phenylindole, 1 pg ml~', final, Sigma) (Porter &
Feig, 1980). From each sample, more than 200
bacteria or at least 10 fields per filter were counted
using an Olympus BX51 epifluorescence microscope.
Pictures were taken using an Olympus Microscope
Digital DP70 camera and analyzed with computer
software Olympus DP-Soft BX-51. A carbon-to-cell
ratio of 19.8 fg C bacterium ™! (Lee & Fuhrman,
1987) was used to estimate bacterial biomass.
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Bacterial carbon production (BCP) was measured
by *H-leucine incorporation (Kirchman et al., 1985).
Each sample was incubated in triplicate with *H-
leucine (20 nM, final, Amersham) for 1 h. Samples
with trichloroacetic acid (TCA) added to 5% final
concentration prior to addition of *H-leucine served as
controls. Incubation was stopped by adding TCA (5%
final concentration) to all samples. The samples were
washed according to the centrifugation protocol (Smith
& Azam, 1992). Radioactivity was measured using a
liquid scintillation counter (Canberra Packard and
TriCarb Liquid Scintillation Analyzer, model 2500
TR). BCP was calculated as described by Simon &
Azam (1989). Bacterial community growth rate, 1, was
calculated as the ratio of BCP to bacterial biomass (B).

Bacterial community structure

DNA was extracted from the filters as described in
Bostrom et al. (2004), with slight modifications. DNA
was precipitated at —20°C for 1 h, with 0.1 volume of
ammonium acetate (3 M NaAc, pH 5.2) and 0.6 volume
of isopropanol; 5-pul baker’s yeast tRNA (stock
9.7 mg ml~") was added as co-precipitant. The pellet
was washed with 70% ice-cold ethanol and air
dried. Precipitated DNA was re-suspended in 0.02-pum
pre-filtered, autoclaved H,O, and kept at —20°C.
Bacterial 16S rDNA was amplified using a universal
primer complementary to position 907-927 (Muyzer &
Smalla, 1998) and a bacterial primer complementary to
position 341-358, with a 40-bp GC-clamp (Muyzer
et al.,, 1993). The PCR reaction mix contained 1x
reaction buffer (Tris KCI), 2 mM MgCl,, 0.2 mM
dNTP, 1 puM of each primer, Taq polymerase
(5 U pl™', Fermentas), and 1 pl of DNA (50-100 ng).
The PCR touchdown protocol of Don et al. (1991)
was used; entailing initial denaturation at 94°C for
5 min, followed by a thermal cycler program: denatur-
ation for 1 min at 94°C, primer annealing for 1 minatan
initial 65°C, decreasing 1°C every two cycles to a final
50°C, primer extension for 3 min at 72°C. Ten touch-
down cycles were run followed by 20 standard cycles
(denaturation for 1 min at 94°C, primer annealing for
1 min at 55°C, primer extension for 3 min at 72°C). The
last cycle was followed with a 10-min final incubation
at an annealing temperature of 72°C. The size and
quality of PCR products were confirmed by agarose gel
electrophoresis. DNA concentration was measured
fluorometrically using PicoGreen quantification reagent
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(Molecular Probes). PCR products were analyzed
by DGGE electrophoresis (C.B.S. Scientific Co.).
60 ng pl=' of PCR product was loaded onto 6%
polyacrylamide gels (acrylamide:N,N’-methylbis-
acrylamide 37:1) containing a denaturant gradient top
to bottom of 29-52% (100% denaturant is defined as
7 M urea and 40% (v/v) formamide). Electrophoresis
wasrun at 150 V for 6 husing 0.5 x TAE running buffer
at 60°C. The concentration and volume of DNA loaded
per lane were constant, which enabled quantitative
comparison between bands. A dendrogram was con-
structed from DGGE banding patterns by the software
Quantity One 4.6.2 (Bio-Rad) using Dice coefficient and
cluster analysis by the unweighted-pair group method
using arithmetic average. DGGE bands were visually
detected, and the presence and position of bands were
employed in the similarity analysis.

Nutrient analysis

All nutrient analyses were performed on GF/F pre-
filtered water samples. Samples were analyzed for
total dissolved nitrogen (TDN), ammonium (NH4),
nitrite (NO, ™), nitrate (NO3 ™), total dissolved phos-
phorus (TDP), and orthophosphate (POS), using the
standard protocols (Grasshoff et al., 1983). Dissolved
organic phosphorus (DOP) was calculated as the
difference between TDP and PO,*~. Dissolved oxygen
(DO) concentration was measured in triplicate by the
standard Winkler method.

Protein concentrations were determined by the
standard Bradford method (Bradford, 1976) using the
Bio Rad Protein Assay Kit. Seawater samples for
protein assays were filtered through GF/F filters and
stored at —20°C prior to analysis. For each sample,
triplicate 2-ml aliquots were centrifuged for 10 min at
20,000 g at 4°C. ODs95 was measured versus reagent
blanks (0.22-um pre-filtered seawater) and protein
concentrations were determined using a standard curve
prepared by dilutions of a bovine serum albumin
standard in the range 1-20 pg protein ml ™.

Results
Bacterial and nutrient dynamics

Bacterial colonization of jellyfish micro-particles was
observed by microscope within the first 24 h of the
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experiment, and bacterial numbers increased substan-
tially in the following days. In experiments in the Bay
of Piran in 2008, the abundance of bacteria increased
from an initial value of 4.1 x 10® to 2.3 x 10"
cells 17" by day 2. At the same location in spring
2009, the bacterial abundance increased from
2.8 x 108 t0 2.7 x 10" cells 17" by day 6, showing
a much longer lag phase (Fig. 1A). Bacterial carbon
production (BCP), measured only in 2009, showed a
pattern similar to that of bacterial abundance. At the
beginning of the experiment, BCP was low
(0.1 ug C 17" d™ ") in the bottles with added jellyfish,
but increased by day 3 to 24.7 pg C 17! d~'. After an
initial lag period, BCP reached high values on day 6
(90.5 pg C 17'ah (Fig. 2A). Bacterial growth rate
varied from 0.002 to 1.15d™".

In experiments in both years at Big Lake, bacterial
abundance peaked in the first 3 days, increasing from
3 x 10° to 2.9 x 10” cells ™" in 2008 and from
8 x 10% to 4.6 x 10” cells 1™ in 2009 (Fig. 1B).
BCP showed a pattern similar to that for bacterial
abundance in 2009. In contrast to the Bay of Piran
experiment, BCP peaked at 101.5 pg C 17! d™'in the
first 2 days in the jellyfish-inoculated bottle, but then
decreased to 8.3 ug C17'd™' at the end of the
experiment (day 7) (Fig. 2B). Bacterial growth rate
varied from 0.29 to 1.14 d™'. Changes in bacterial
abundance and BCP were much smaller in the control
bottles, in both locations (Fig. 2).

The initial dissolved protein concentration,
measured immediately after addition of jellyfish
homogenate, was 2 pg ml~" in 2008 and 0.7 pg ml~'
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in 2009 in the Bay of Piran experiment (Fig. 3A, B)
and increased in the first 1-2 days of incubation.
After this increase, protein concentration declined
over the next 24 h by 55% in 2008 and 80% in 2009
(Fig. 3A, B).

In Big Lake, the initial protein concentrations in the
bottles with jellyfish was 0.64 pg ml~' in 2008 and
1.07 pg ml~" in 2009 (Fig. 3C, D). After 2-3 days of
incubation, it decreased by 30 and 50% in 2008 and
2009, respectively (Fig. 3C, D). The decreases in
protein concentrations corresponded to the increase in
bacterial abundance and productivity. In the control
bottles at both locations, the protein concentrations
were consistently low (below 0.35 pg ml™") and did
not change during the experiments.

Ammonium concentration (NH, ") increased with
time in all of the jellyfish-inoculated bottles. At the Bay
of Piran, in the first 5 days of each experiment,
ammonium increased continuously from 0.5 to
60 uM in 2008 and from to 0.82 to 100 pM in 2009.
At Big Lake in the first 4 days of each experiment,
NH, " concentration increased continuously from 0.3
t038.2 utMin 2008 and from 0.32to 17 pM in 2009. As
different amounts of jellyfish homogenate were added
to the bottles, the concentration of ammonium was
expressed as relative accumulation per amount of
added homogenate (Fig. 4). NH, " concentrations in all
control bottles remained low and did not change
throughout the experiments.

The concentrations of DOP and PO,>~ were higher
in all experimental bottles with jellyfish homogenate
than in the control bottles (Fig. 5). In the 2008 Bay of
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Fig. 1 Bacterial abundance measured during the jellyfish enrichment experiments in the Bay of Piran (A) and Big Lake (B) in
spring 2008 and 2009. Each point represents 30 replicates (mean =+ standard deviation)
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Fig. 2 Bacterial carbon production (BCP) measured during the jellyfish enrichment experiments in the Bay of Piran (A) and Big

Lake (B) in spring 2009. Each point represents 3 replicates (mean =+ standard deviation)
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Fig. 3 Dissolved (GF/F filtrate) protein concentration (ug ml™") measured during the jellyfish enrichment experiments in the Bay of
Piran (A, B) and Big Lake (C, D) during spring of 2008 and 2009. Each point represents 3 replicates (mean + standard deviation)

Piran experiment, the initial DOP and PO43 ~ con-
centrations were four to seven times higher than those
in the controls (Fig. SA). After the first 24 h, DOP
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concentrations decreased continuously to the end of
the experiment, while the PO,>~ initially decreased
but accumulated at the end of the experiment. A
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similar pattern was observed in 2009, except that
DOP increased sharply until day 2, reaching eight
times the concentration in the control and then
decreased to below initial level. PO,*~ concentra-
tions doubled during the first 3 days, reaching four
times the concentration in the control, and then
levelled off until day 9, reaching a much higher
concentration on day 22 (Fig. 5B).

In Big Lake experiment in 2009, a similar pattern
was observed. After an initial increase, DOP con-
centrations decreased slightly but steadily, while
PO, levels decreased but then rose sharply from
days 4 to 7 (Fig. 5D). The 2008 experiment lasted
only 4 days, so only the initial increases of DOP and
PO43_ concentrations were recorded, the latter start-
ing to decrease slightly on day 4, which suggested a
pattern similar to that observed in 2009 (Fig. 5C).

The dissolved oxygen (DO) concentration was not
measured regularly, and the experimental bottles
were gently aerated each sampling time; however, a
decrease in DO concentration from 5.9 to 3.04 ml 1™
was observed in Big Lake experiment in spring 2009.

Bacterial community composition

PCR-DGGE analysis of 16S rDNA was used to track
changes in bacterial community composition from

the beginning (7,) to the end of the experiments in
the bottles with jellyfish homogenate (7tA) and
controls (7¢C) in 2008 (Fig. 6). The bacterial com-
munity composition in the jellyfish-inoculated bottles
changed with time, as indicated by differences
between the community fingerprints at T and T¢. In
the Big Lake experiment, the number of bands in the
fingerprints did not change between T, and T, either
in the jellyfish-inoculated bottles (7¢A) or in the
control (7¢C). Comparison of the positions of bands
in the fingerprints showed that some were conserved
in all fingerprints (T, TtA, and T;C), while other
bands either disappeared or appeared in the jellyfish-
inoculated bottles and in the control.

In the Bay of Piran experiment, the number of
bands decreased between T, and T, especially in the
controls (7;C) (Fig. 6). Although, some bands were
conserved at the same position in all fingerprints,
indicating that some bacterial groups were always
present, both the band positions and intensities
clearly showed that temporal changes in bacterial
community composition occurred in the jellyfish-
inoculated bottles and in the controls.

A dendrogram based on the presence and/or
absence of bands showed that the bacterial commu-
nities grouped in two clusters; the jellyfish-inoculated
communities (A) formed one cluster and the T
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Fig. 5 Dissolved organic phosphorous (DOP) and orthophos-
phate (PO,>") concentrations measured during the jellyfish
enrichment experiments in the Bay of Piran (A, B) and in Big

communities another (Fig. 7). The control communi-
ties fit into separate clusters.

Discussion

It has been shown that Aurelia sp. exerts direct
predatory pressure on mesozooplankton and micro-
zooplankton populations (Stoecker et al., 1987;
Sullivan et al., 1994; Purcell & Sturdevant, 2001;
Malej et al., 2007; Lo & Chen, 2008). There is also
evidence of an indirect cascading effect of Aurelia sp.
on autotrophic and heterotrophic microbial plankton
(Turk et al., 2008). Heterotrophic bacteria, as major
consumers of dissolved organic matter (DOM)
in marine ecosystems (Azam & Malfatti, 2007;
Kirchman, 2008), may benefit most from increased
DOM levels as jellyfish decompose. Decomposition
of other gelatinous zooplankton, such as salps,
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ctenophores, and appendicularia, contributes to the
general pool of marine snow in the ocean (Caron
et al., 1982). Jellyfish play an important role in
providing large amounts of carbon and nutrients to
the microbial loop by several possible pathways:
(a) excretion, (b) mucus production and release
(Schneider, 1989; Hansson & Norrman, 1995;
Riemann et al.,, 2006), and (c) decaying biomass
(Titelman et al., 2006; West et al., 2009). The
decomposition of jellyfish after major bloom events
releases large amounts of nutrients, and may signif-
icantly alter nutrient and oxygen dynamics in the
surrounding environment (Pitt et al., 2009). Depend-
ing on the degree of mixing in the water column,
decaying jellyfish may also contribute substantially to
bottom water hypoxia (West et al., 2009). Moreover,
the decomposition of jellyfish can lead to a large flux
of particulate carbon to the sediment (Mills, 1995;
Billett et al., 2006).
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Fig. 6 Temporal changes in bacterial community composi-
tion fingerprints analyzed by DGGE during the jellyfish
enrichment experiments conducted in the Bay of Piran and
Big Lake in spring 2008. First three lanes represent the results
of the community fingerprints from the experiment in the Big
Lake (BL) and next six lanes community fingerprints
determined during the jellyfish enrichment experiments in the
Bay of Piran (PI, two replicates). To—at the beginning of the
experiments, Tr—at the end of the experiments, A—jellyfish-
inoculated bottle, C—control. The numbers below each lane
are the numbers of bands detected

Fig. 7 Dendrogram
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We have evaluated the response of native bacterial
communities to a large influx of particulate organic
matter in marine ecosystems—the Bay of Piran
(northern Adriatic Sea) and Big Lake (Mljet Island,
southern Adriatic Sea). The important difference
between these ecosystems is the year-round presence
of Aurelia sp. in Big Lake (Benovic et al., 2000) as
compared with their periodic occurrence in great
abundance in the Gulf of Trieste (Purcell et al., 1999;
Kogovsek et al., this volume). Furthermore, Big Lake
is an enclosed marine lake, connected to the Adriatic
Sea by a long, narrow, shallow channel, but the Bay
of Piran is part of the regularly flushed northern
Adriatic Sea. The experiments were conducted in
both locations during the spring, and ambient
temperature, salinity, chlorophyll a, nutrient levels,
and bacterial abundance were similar, though tem-
peratures were slightly lower and phytoplankton
biomass slightly higher in the Bay of Piran experi-
ments (data not shown).

The addition of homogenized jellyfish to sea water
triggered considerable changes in bacterial community
dynamics and in the nutrient regime at both locations
(Figs. 1, 2, 3, 4, 5). Although different concentrations
of inoculate were added, similar patterns of bacterial
and nutrient dynamics were observed in different
years at each location (Table 1). The initially high
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concentrations of protein, DOP, and PO43_ in the
inoculated bottles maintained an increase in bacterial
abundance and productivity. In the Bay of Piran
experiment, the protein concentration increased in the
first 2448 h due to rapid jellyfish degradation, as also
observed by West et al. (2009). This was followed by a
steady decrease, presumably due to proteolysis and
uptake by bacteria; however, in Big Lake, protein
concentration peaked upon addition of jellyfish
homogenate to the bottles and decreased rapidly
thereafter. The addition of jellyfish homogenate to
water from Big Lake triggered a rapid bacterial
community response, with increased bacterial abun-
dance and production in 24-48 h (Fig. 1B, 2B). In
contrast, the bacterial response lagged in the Bay of
Piran experiment, with the greatest increase in bacte-
rial abundance and production after 6 days (Fig. 1A,
2A). One explanation for the difference in the bacterial
community response times could be the higher seawa-
ter temperature in Big Lake in both years (Table 1).
Another explanation is that the native bacterial com-
munity in Big Lake may be predisposed toward
decomposition of jellyfish tissue because Aurelia sp.
occur and die in the lake year-round, whereas the
bacterial community from the Bay of Piran may need to
adapt to the new jellyfish substrate.

Utilization of substrates is believed to be driven by
the extent of nutrient or energy limitation in the
system (Thingstad et al., 1997; Caron et al., 2000).
Given that the two ecosystems have low ambient
concentrations of NH, ", rapid depletion of proteins
followed by an accumulation of ammonium in the
incubation bottles is not surprising (Figs. 3, 4).
Although PO,>~ increased steadily, the DOP con-
centration did not change dramatically in Big Lake,
suggesting that other sources of phosphorous may
have been available to the microbial community
(Fig. 5D). Because inorganic and organic phospho-
rous compounds are the limiting elements for micro-
bial growth in both ecosystems, those available from
the degrading jellyfish were rapidly consumed by
bacteria, and PO437 accumulation was observed only
in the experiments with prolonged incubation
(>6 days) (Fig. 5A, B).

Protein consumption coupled with NH,t accumu-
lation and oxygen consumption in the jellyfish-
inoculated bottles suggests that the proteins were
catabolized for energy rather than assimilated in
salvage pathways (Cherrier & Bauer, 2004; West
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et al., 2009). Because dissolved oxygen levels in the
incubation bottles decreased with time, the hypoxic
conditions may have affected bacterial community
composition as well as their metabolic processes.
Information from several recently completed bacte-
rial genome sequences shows substantial cellular
allocations to amino acid and peptide transport,
which suggests that these substrates are important
for meeting bacterial nitrogen demands (Giovannoni
et al., 2005). Among the nitrogen-containing reduced
carbon substrates, dissolved-free amino acids and
protein (or dissolved combined amino acids) appear
to support the greatest fraction of bacterial growth
(Kirchman, 2008).

In addition to the different times of the bacterial
response to the addition of jellyfish homogenate, the
bacterial community structure dynamics diverged in
the two ecosystems. The number of bands in the
community fingerprints did not change between T
and Ty in the Big Lake experiment. Although, the
final bacterial community fingerprint (%) appears to
differ from that of the 7, community, both 7tA and
T;C groups appear in the same cluster, which
indicates a similar community composition. The
similarities between the 7y community fingerprints
suggest that the native Big Lake bacterial community
is adapted to decomposing jellyfish biomass, which
occurs throughout the year in this environment. The
rapid response of the bacterial community to the
addition of jellyfish homogenate in Big Lake also
supports this conclusion. The relative intensities of
bands from the 7y communities in Big Lake indicate
that certain bacterial groups in the 7tA community
proliferate in the presence of jellyfish homogenate,
suggesting that some specific groups are better
adapted than others to utilize this substrate for their
growth.

In contrast, in the Bay of Piran where jellyfish are
not always present, the number of bands decreased
from T, to Tt bacterial community fingerprints (TFA
and T;C). This decrease in bacterial diversity could be
due to the lack of certain nutrients in the bottles, as
compared to ambient concentrations, because no
supplements other than jellyfish homogenate were
added to the enclosed communities. This could
explain the large decrease in the number of bands
in the 7yC community fingerprints. Surprisingly, the
number of bands in TtA was considerably greater than
that in the T¢C fingerprints, and the high intensity of
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some bands indicates that certain bacterial groups in
the TA communities were dominant. These results,
together with high and constantly increasing produc-
tivity of the bacterial community exposed to decaying
jellyfish tissue, suggest that jellyfish detritus supports
bacterial growth, although only part of the bacterial
community was able to utilize this substrate. Changes
in bacterial community composition resulting from
introduction of a new substrate are not surprising
because ectohydrolytic enzyme profiles and activities
are highly variable among different bacterial groups
(Martinez et al., 1996). Adaptation of the bacterial
community to the new substrate apparently took time
because the greatest increase in bacterial abundance
and productivity was recorded after 6 days (as
compared to the rapid response in Big Lake). Another
explanation for this result is the difference in the
ambient seawater temperature (Table 1). The dendro-
gram (Fig. 7) shows that jellyfish-inoculated bacterial
communities (7TiA) clustered together, indicating simi-
larities in species composition, which may be due to
stimulation or inhibition of specific bacterial groups
(Titelman et al., 2006).

Conclusions

Addition of jellyfish homogenate to ambient (GF/F
filtered) seawater triggered responses in the bacterial
communities from two different Adriatic Sea marine
ecosystems. The initially high concentrations of
protein, DOP, and PO43 ~ in the inoculated bottles,
resulting from addition of jellyfish homogenate,
supported increased bacterial abundance and produc-
tion, coupled with NH4* accumulation and oxygen
consumption in both ecosystems. The response of the
bacterial community to the added substrate was more
rapid in Big Lake, where jellyfish occur all year, than
in the Bay of Piran where jellyfish are not always
present. In addition, the bacterial community com-
position diverged in the two ecosystems. In Big Lake,
the final and control community fingerprints were not
much different; however, the addition of jellyfish
homogenate to Bay of Piran seawater resulted in
dramatic changes in bacterial community composi-
tion. Our results suggest significant effects of decay-
ing jellyfish blooms on bacterial and nutrient
dynamics. Despite divergence in bacterial community
responses to jellyfish homogenate, increased bacterial

biomass and growth rates in both distinctive marine
systems indicate potentially significant effects of
decaying jellyfish blooms on microbial plankton.
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