
1 Introduction
2
3 Surfaces of marine animals were found to be a unique habitat for colonization by 
4 microorganisms, and the microbial communities associated with living surfaces showed a 
5 pronounced variety [1]. Till recently, studies focused on the colonization of benthic organisms 
6 such as sponges [2–6], bryozoans [7], and cnidarians, within which are included mainly corals 
7 [8–13]. Recent studies of bacteria colonizing crustacean surfaces in the marine pelagic 
8 environment, showed considerable dissimilarities with bacterial communities in the 
9 surrounding seawater [14–16]. Recently, associated bacteria were reported for gelatinous 

10 plankton such as appendicularians [17], ctenophores [18–21], and also cnidarian jellyfish 
11 [18,22–28]. Moreover, several studies investigated the role of microbes during jellyfish blooms, 
12 and demonstrated high bacterial growth, changes in bacterial community structure in the 
13 surroundings of live or decaying jellyfish, and subsequently consequences in altering trophic 
14 interactions with higher trophic levels and implications for the carbon, nitrogen, and phosphorus 
15 cycles [29–37].
16
17 However, very few studies focused on microbial associations with scyphozoan jellyfish during 
18 their life span. Studies show a presence of endobiotic bacteria in jellyfish tentacles [28] and 
19 suggest that jellyfish could be vectors of bacterial pathogens and implicated in infections of 
20 farmed salmons [24,25]. Cleary et al. [22] presented data on the bacterial community 
21 composition associated with scyphozoan Mastigias cf. papua etpisoni and box jellyfish 
22 Tripedalia cf. cystophora, while Weiland-Bräuer et al. [27] and Daley et al. [18] focused on 
23 Aurelia aurita s.l. bacterial associates. These studies showed a diverse and specific associated 
24 bacterial community, which in composition differs among different marine 
25 ecosystems/different jellyfish populations, and has little similarity to the surrounding seawater.
26
27 Furthermore, Weiland-Bräuer et al. [27] showed that Aurelia aurita harbours a different 
28 bacterial community on its outer, mucus-covered surface of the exumbrella and gastral cavity, 
29 and that microbial community composition differs at different life stages, especially between 
30 benthic (polyps and strobila) and sequential planktonic life stages (ephira and juvenile and adult 
31 medusa). In addition, an intracellular Mycoplasma strain, a possible endosymbiont, has been 
32 detected. Studying microbiomes in the gastral cavity of Cotylorhiza tuberculata, Mycoplasma-
33 like bacteria was one of four bacterial taxa composing a community of reduced diversity [24]. 
34 Most of the bacteria were suggested to have an intracellular lifestyle and established a 
35 cooperative relationship with their host. In addition, a new candidate bacterial taxa were 
36 proposed [23,26].
37
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38 Bacterial colonization of given surface is determined by the availability of nutrients, host 
39 immune responses, and competition between bacteria from the surrounding environment for 
40 attachment space [38]. The epidermis and gastrodermis of jellyfish, including A. aurita, contain 
41 numerous types of unicellular mucus producing gland cells, leading to the formation of thin, 
42 constantly renewing mucus layers over external medusa [39,40]. Under certain conditions like 
43 stress, during reproduction and digestion, and also when dying, the amount of released mucus 
44 is even more pronounced ([40] and the references within). Mucus on jellyfish surfaces was also 
45 found to have a role in surface cleaning and defense against predators. Shanks and Graham [41] 
46 characterized mucus secretion as an important chemical defense mechanism, since it contained 
47 toxins and discharged and undischarged nematocysts. The contribution to jellyfish chemical 
48 defense is, besides mucus, the production of toxins or antimicrobial compounds, such as 
49 isolated antibacterial peptide aurelin from mesoglea of Aurelia aurita [42].
50
51 Further, secreted mucus, whether still covering the surface of jellyfish or already dissociated in 
52 forms of blobs, is an attractive niche for bacteria. Since jellyfish mucus is composed mainly of 
53 proteins, lipids, and lower percentage of carbohydrates [43], it is a high quality energy source 
54 which is readily utilized by bacteria, especially those with a competitive advantage and 
55 specialized for settling from surrounding seawater. This indicates that jellyfish as a host can 
56 actively or passively affect/select bacterial associates. In addition, bacterial community 
57 structure can be also influenced by bacterium-bacterium antagonism, as seen on particles [44], 
58 and by environmental conditions determining the presence of metabolically active bacteria and 
59 physiological responses of the host [45]. Whether bacteria directly adhere to external cell layers 
60 of jellyfish, or are only associated in the thin mucus layer is not clear, however all of the above 
61 indicates that the association of bacteria with jellyfish is highly dynamic and complex.
62
63 Aurelia are among the most widespread scyphozoan medusae that form large aggregations in 
64 coastal areas, fjords, and estuaries, and other semi-enclosed or enclosed systems. Moon jelly, 
65 Aurelia sp. 8 [46] recently designated as A. solida [47], is also a very common jellyfish in the 
66 northern Adriatic Sea, where 200 years of data show the stabilization of its massive 
67 reoccurrence after 2002 [48]. Medusae are generally present from February until late June [49], 
68 with peak abundance in the spring [48,50]. The jellyfish outbreaks worldwide seem to become 
69 more frequent and last longer in recent years [51]. Whether this is just a rising phase of a natural 
70 pattern of decadal oscillations or a true increase of gelatinous zooplankton blooms is still 
71 unclear [52]. Still, some data show more frequent and abundant jellyfish aggregations in some 
72 coastal areas around the world [48,53], causing numerous socio-economic and ecological 
73 problems [54,55]. It has been hypothesized that jellyfish benefit from human-caused changes 
74 in environment such as climate change, overfishing, eutrophication, habitat modification, and 
75 species introductions [56–59].
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76
77 This study is the first to investigate the associations of bacteria with live moon jellyfish in the 
78 Gulf of Trieste (northern Adriatic Sea) using both culture-independent and culture-based 
79 methods. Our hypotheses were the following: (i) the bacterial community associated with 
80 medusa is specific and significantly different from the ambient bacterial population in the 
81 environment; (ii) the bacterial community composition of different body parts of medusa, i.e. 
82 exumbrella surface, oral arms, and of gastral cavity vary; and (iii) medusa-associated bacterial 
83 community structure at the time of jellyfish population peak and during senescent phase at the 
84 end of bloom, when jellyfish start to decay, differ. 
85
86
87 Materials and Methods 
88
89 Sampling site and sampling
90
91 The Gulf of Trieste is the northernmost part of the Adriatic Sea. It is characterized by a shallow 
92 water column, with salinity and temperature variations, and strong seasonal stratification in late 
93 summer [60]. In such an environment, Aurelia populations show clear seasonality with late-
94 autumn-early winter recruitment of ephyrae from attached polyps, spring medusa growth, and 
95 their decay at high early summer temperatures [59].
96
97 Sampling of Aurelia medusae was performed during the warmer part of the year in the 
98 beginning of May and late June 2011, at the time of adult medusa biomass accumulation. While 
99 in May, at the time of population peak, jellyfish were viable and swimming actively, in June, 

100 at the end of blooming period, sampled jellyfish were already in the senescent phase and started 
101 to decay. Jellyfish were sampled individually by divers or from a boat with a sample bucket. 
102 Each individual was placed in plastic bag with some seawater and was transported to the 
103 laboratory. Before further analysis, each jellyfish was measured and rinsed twice with sterile 
104 seawater (0.2 µm pre-filtered and autoclaved). For determination of the total bacterial 
105 community associated with Aurelia, samples of exumbrella and oral arms of about 8 cm2 in 
106 size, were cut out with a sterile razor blade and stored at -80 °C. At the same time, mucus from 
107 gastral cavity was sampled with a sterile syringe and stored under the same conditions.
108 At the same time of medusa sampling, ambient seawater samples were collected with a Niskin 
109 sampler (V= 5L) at 5 m depth at the oceanographic buoy Vida (45° 32’ 55. 68” N, 13°33’ 1.89” 
110 E), where most of jellyfish were restrained at the time of sampling. Each time before sampling 
111 standard physical properties, including seawater temperature, salinity and oxygen concentration 
112 were measured with a CTD fine-scale probe (Microstructure Profiler MSS90, Sea & Sun 
113 Technology GmbH).
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114
115 Bacterial isolates from jellyfish and seawater samples
116
117 Viable bacterial cells from the surfaces of jellyfish and seawater samples were determined with 
118 the spread plate method on modified ZoBell marine agar media [61]. For jellyfish exumbrella, 
119 the whole exumbrella surface was inoculated on the plate to create jellyfish imprints of 
120 exumbrella-associated bacteria, while the gastro vascular cavity was scraped with a sterile 
121 cotton swab and spread evenly over the surface of agar plates. For seawater samples, 100 µL 
122 was evenly spread on an agar plate. Inoculated plates were incubated in the dark at an in situ 
123 temperature for 21 days. For each plate, the number of colony forming units (CFU) was 
124 determined and distinctive morphological types of colonies were described. Since direct prints 
125 of jellyfish exumbrella were created on agar plates, we estimated the abundance of bacteria as 
126 CFU/cm2. For DNA extraction, individual colonies were aseptically picked and streaked onto 
127 fresh agar plate until single colonies were obtained. A single colony of each bacterial isolate 
128 was inoculated in modified liquid ZoBell media and incubated in the dark at the in situ 
129 temperature until growth was observed (increased turbidity). Part of the liquid cultures was 
130 stored in 30% glycerol (final concentration) at – 80 °C for bacterial culture collection. Data on 
131 the seawater cultivable bacterial community from the Gulf of Trieste were taken from the 
132 dataset gathered during two-year sampling campaign of cultivable bacterial community, of 
133 which the sampling time and location coincided with the sampling time of jellyfish (May and 
134 June 2011) (Acc. No. KC307273- KC307520). Also, for this dataset sampling was performed 
135 at 5 m depth and the bacterial culture collection was obtained as described above.
136
137 DNA extraction and PCR
138 Bacterial DNA was extracted from a liquid culture with a modified Chelex-based procedure 
139 [62], or with a commercial kit (NucleoSpin Tissue, Macherey - Nagel) according to 
140 manufacturer’s protocol. Bacterial cells were harvested by centrifugation and washed twice 
141 with 1x PBS buffer (stock 10x; 1.4 M NaCl, 27 mM KCl, 101 mM Na2HPO4, 18 mM KH2PO). 
142 When using Chelex (BioRad), the washed cells were re-suspended in 200 µl of 5% Chelex 
143 solution. The suspension was incubated for 15 min at 99 °C and transferred at 4 °C for 10 min., 
144 and was centrifuged at 4000 rpm for 10 min. The water phase with dissolved DNA was 
145 transferred to a new tube and stored at -20 °C until further downstream applications. Bacterial 
146 16S rRNA genes were amplified using universal bacterial primers 27F and 1492R. The PCR 
147 reaction mix (50 µl) contained 2 µl (50-100 ng) of extracted genomic DNA, 1x reaction buffer 
148 (TrisKCl-MgCl2), 2 mM MgCl2, 0.2 mM dNTP, 1 µM of each primer, and Taq polymerase 
149 (5U/µl, Fermentas). The PCR temperature cycling conditions were as follows: initial 
150 denaturation at 94°C for 2 min.; 30 cycles of denaturation at 94°C for 1 min., annealing at 55°C 
151 for 2 min., and elongation at 72°C for 2 min. The final cycle was followed by extension at 72°C 
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152 for 5 min. The quality and size of PCR products was confirmed by agarose gel electrophoresis 
153 (1% agarose (Sigma) in 1x TAE buffer) with etidium bromide (10 mg/ml) and visualized using 
154 an UV transilluminator (BioDocAnalyze Gel documentation system, Biometra). The bacterial 
155 16S rRNA genes were partially sequenced with 27F primer at Macrogen Inc.
156
157 Total bacterial community composition 
158
159 Jellyfish-associated bacterial community DNA extraction 
160 Exumbrella and oral arms samples were thawed down. Bacterial DNA was extracted with 
161 CTAB (cetyl- trimethyl-ammonium bromide) as described before [21] with slight modification. 
162 Samples were placed into a tube containing 2% CTAB solution (1.4 M NaCl, 100 mM Tris_Cl 
163 pH= 8, 2% CTAB, 20 mM EDTA pH=8, 0.2% β- mercaptoethanol), and were incubated at 
164 65°C for 1 h. Afterwards, a STE buffer (6.7% sucrose, 50 mM Tris-Cl pH= 8, 1 mM EDTA 
165 pH= 8) and proteinase K (100 µg/ml final concentration, Sigma) were added and the mixture 
166 was incubated at 55°C overnight. Following chloroform-isoamylacohol (24:1, v/v, Sigma) and 
167 phenol- chloroform- isoamylacohol (25:24:1, v/v, Sigma) purification steps, DNA was 
168 precipitated at - 20°C overnight with isopropanol. The pellet was washed with 70% ice-cold 
169 ethanol and dried in a speed vac. The precipitated DNA was re-suspended in 0.22 µm pre-
170 filtered, autoclaved 1X TE buffer, and kept at – 20°C.
171
172 Seawater’s total bacterial community DNA extraction
173 Seawater samples were filtered onto 0.2 µm polyethersulfone membrane filters (47 mm 
174 diameter, PALL Inc.), which were stored at - 80°C. DNA was extracted from the filters (one 
175 quarter per sample) as described in Böstrom et al. [63], with slight modifications. DNA was 
176 precipitated at - 20°C for 1 h, with 0.1 volume of sodium acetate (3 M NaAc, pH= 5.2) and 0.6 
177 volume of isopropanol. The pellet was washed with 70% ice-cold ethanol and dried in a speed 
178 vac. Precipitated DNA was re-suspended in 0.22 µm, pre-filtered, autoclaved TE buffer, and 
179 kept at - 20°C. 
180
181 Denaturing Gradient Gel Electrophoresis
182 For DGGE analysis of jellyfish-associated and seawater’s total bacterial community, the 
183 bacterial 16S rRNA genes were amplified using a universal primer set, 341F with a 40 bp GC-
184 clamp and 907R as described before [64,65]. The PCR reaction mix with a final volume 50 µl 
185 contained 2 µl of extracted DNA (50–100 ng), 1x reaction buffer (Tris KCl-MgCl2, Fermentas), 
186 1.5 mM MgCl2 (Fermentas), 0.2 mM dNTP (Fermentas), 0.5 µM of each primer (Sigma), 0.38 
187 µg/ml BSA (Fermentas), and Taq polymerase (5 U/µl, Fermentas). The PCR touchdown 
188 protocol according to Don et al. [66] was used: with initial denaturation at 94°C for 5 min., 
189 followed by 10 touchdown cycles and 20 standard cycles: denaturation for 1 min. at 94°C, 
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190 primer annealing for 1 min. at 55°C, and primer extension for 3 min. at 72°C. The last cycle 
191 was followed by 2 min. incubation at primer extension temperature of 72°C. 
192
193 When we were unable to obtain a sufficient quantity of PCR products from jellyfish samples, 
194 we used a two-step nested PCR- DGGE strategy [67], modified to analyze the marine bacterial 
195 community. Bacterial 16S rRNA genes were first amplified with universal primer set, 27F and 
196 1492R. The PCR reaction mix, with a final volume 50 µl, contained 2 µl of extracted DNA (50-
197 100 ng), and was prepared the same as described above in this section. The PCR temperature 
198 cycling conditions were as follows: initial denaturation for 2 min. at 94°C, followed by 25 
199 standard cycles: denaturation at 94°C for 1 min., primer annealing for 1 min. at 50°C, and 
200 primer extension at 72°C for 1 min. The last cycle was followed by 5 min. incubation at the 
201 primer extension temperature of 72°C. Second, nested amplification was performed using a 
202 DGGE primer set, PCR mixture, and a touchdown annealing protocol, as described above in 
203 this section. The quality and size of PCR products were tested by agarose gel electrophoresis. 
204 PCR products were analyzed by DGGE electrophoresis, as previously described in [33].
205 Distinct bands were excised from the gel and placed in 100 µl of sterile Sigma water overnight 
206 to elute DNA. The eluted DNA was re-amplified using primer set 341F and 907R and the same 
207 reaction mix (a final volume 50 µl) with 2 µl of eluted DNA, as described above in the first 
208 paragraph in this section. The cycling protocol used was the same as to amplify the DNA of 
209 bacterial isolates (see section on Bacterial isolates DNA extraction and PCR). The bacterial 16S 
210 rRNA genes were partially sequenced with 341F primer at Macrogen Inc.
211
212 Bacterial 16S rRNA gene clone libraries
213 For jellyfish and seawater samples clone libraries construction, bacterial 16S rRNA gens were 
214 amplified using the same DNA as for DGGE and universal primer set, 27F and 1492R, as 
215 described before [33]. The PCR reaction mix with a final volume 50 µl contained 2 µl of 
216 extracted DNA (50-100 ng), and was prepared as described above (see section on DGGE, first 
217 paragraph). For samples with low DNA concentration (extracted from jellyfish samples), a 
218 nested PCR-libraries approach was used [68], and modified to analyze marine bacterial 
219 community. Again, bacterial 16S rRNA gene was first amplified with a universal primer set, 
220 27F and 1492R using same protocol and reaction mix as in the first amplification step of the 
221 nested PCR-DGGE strategy (see the section on DGGE, second paragraph). Second, nested 
222 amplification was performed using primers 341F and 907R. The PCR reaction mixture and 
223 cycling protocol were the same as used for clone library construction (described above in this 
224 section [33]). The PCR products were immediately ligated into a commercially available pCR 
225 2.1 vector and transformed into competent E. coli TOP 10 cells using a commercially available 
226 TA Cloning Kit (Invitrogen), and according to the manufacturer’s protocol. The plasmid inserts 
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227 from of each clone library were partially sequenced using M13F primer or 27F primer at 
228 Macrogen Inc.
229
230 Sequence analyses
231
232 Raw sequence data recovered from bacterial isolates and clone libraries were passed through 
233 the DNA Baser program (www.DNAbaser.com) to remove traces of sequencing primer, and to 
234 trim away ambiguous bases at the end of a sequence. The clone libraries sequences were also 
235 checked for vector contamination and were analyzed with the program Bellerophon 
236 (https://greengenes.lbl.gov/) to detect chimeric sequences, which were removed. Additionally, 
237 Mothur software [69] was used to further reduce poor quality sequence data. Sequence 
238 taxonomic identities (with ≥ 97%) of bacterial isolates and sequences recovered from clone 
239 libraries and DGGE bands were assigned using the BLAST (Basic Local Alignment Tool) 
240 algorithm available at NCBI (National Centre for Biotechnology Information). Around 50% of 
241 the sequences recovered from clone libraries and DGGE bands exhibited <97% similarity to 
242 previously published GenBank entries (omitted from further analysis). Classification of 
243 bacterial isolates was done down to the genus level, and of clones and DGGE bands down to 
244 the family level. The number (N) of high quality sequences, with ≥ 97% similarity to the nearest 
245 GenBank entry, and the number of distinct bacterial genus and families (Sobs) is presented in 
246 Supporting Information (S1 Table, S2 Table). The contribution of distinct bacterial genus or 
247 families was expressed as a percentage of the total number of sequences in each sample or 
248 library (relative abundance) (S1 Table, S2 Table). Chloroplast sequences were omitted from 
249 further analysis.
250
251 Nucleotide sequence accession numbers
252 The 16S rRNA gene sequences, for all bacterial isolates, clone libraries, and DGGE bands, 
253 obtained in this study have been deposited in the GenBank (NCBI) under following accession 
254 numbers: from KF816449 to KF816471, and KF816480 to KF816592 for bacterial isolates 
255 (Supporting information, Table S5), from KF816761 to KF816832, from KF817469 to 
256 KF817519, from MF952738 to MF952748, and from MF952764 to MF952865 for sequences 
257 obtained from clone libraries, and from MF952749 to MF952763 for sequences obtained from 
258 DGGE bands. 
259
260 Diversity indices and statistical analyses
261
262 To compare the diversity of viable bacterial isolates from jellyfish and surrounding seawater, 
263 ecological diversity indices were calculated for each sample: the number of different bacterial 
264 genus (species richness (Sobs)), Shannon diversity index (H’), Margalef’s index (d), Pielou’s 
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265 evenness index (J’) and Chao-1 index. The same parameters were calculated for 16S rRNA 
266 bacterial clone libraries at the family level. Additionally, in order to estimate how well the 
267 actual species composition was captured, for each clone library a coverage value was calculated 
268 as C= 1-n1/N, where n1 is the number of phylotypes appearing only once in the library, and N 
269 is the library size [70].
270
271 Non-metric multi-dimensional scaling (nMDS) plots were used to determine the similarities 
272 between DGGE banding patterns. For this purpose, a similarity matrix was calculated (using 
273 Jaccard resemblance measure) based on the presence/absence matrix of align bands. Analysis 
274 of similarity (ANOSIM) was used to verify the significance of similarity among bacterial 
275 communities, as indicated by nMDS, by testing the hypothesis that bacterial communities from 
276 the same cluster are more similar to each other than to communities in different clusters.
277 Cluster analysis was used to determine scaled similarities between 16S rRNA gene clone 
278 libraries (total bacterial communities) and between bacterial isolates (culturable bacterial 
279 communities). For cluster analysis of 16S rRNA gene clone libraries, a Bray-Curtis similarity 
280 matrix was constructed from arcsine-transformed relative abundances of distinct bacterial 
281 families in each clone library. For bacterial isolates, a Bray-Curtis similarity matrix was 
282 constructed from untransformed relative abundances of distinct bacterial genus in each 
283 culturable bacterial community. Based on the similarity matrix, dendrogram was produced with 
284 group-average linkage algorithm. The similarity profile test (SIMPROF) was used to define 
285 statistically significant clusters in samples.
286
287 To examine the difference between communities associated to different jellyfish body parts and 
288 seawater, one-way ANOSIM statistic with 999 permutations, based on Bray-Curtis similarity 
289 matrix, was made. Samples were grouped according to isolation source (communities of 
290 jellyfish exumbrella (AK), jellyfish oral arms (AR) and jellyfish gastral cavity (AG) and 
291 communities of seawater (W)). Similarly, one- way ANOSIM statistic with 999 permutations 
292 was made to examine the difference between communities associated with jellyfish at the time 
293 of population peak and at the end of blooming period. Samples were grouped according to time 
294 (communities associated to jellyfish sampled at time of population peak (May) and those 
295 sampled at the end of the bloom, when jellyfish were in senescent phase (June)). Additionally, 
296 similarities percentage (SIMPER) analysis was used to determine which bacterial group 
297 contribute the most to the differences between communities of different body parts of jellyfish 
298 and water communities (for culturable and total bacterial community). Diversity indices and 
299 statistical analysis were performed using Primer v6 [71] and PAST, version 3.9 [72].
300
301
302 Results
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303
304 The composition of the bacterial community associated with scyphomedusae Aurelia, which 
305 frequently blooms in the Northern Adriatic, was studied and compared with the community 
306 composition from the surrounding seawater, in order to understand if the jellyfish-associated 
307 community is specific and significantly distinct from the ambient seawater bacterial 
308 assemblage. The composition of bacterial community associated with different jellyfish 
309 compartments (exumbrella surface, oral arms, and in the gastral cavity) was analysed to 
310 examine the compartment-specificity of associated bacterial consortia. In addition, we 
311 compared the composition of the bacterial community associated with jellyfish collected during 
312 two different time points of bloom development/progression: (i) at the peak of population, and 
313 (ii) at the end of the blooming period/at the decay of the bloom. The bacterial community 
314 composition/structure was determined using both culture-independent and culture-dependent 
315 techniques.
316
317 Comparison of jellyfish-associated and ambient seawater bacterial community 
318 composition
319
320 The phylogenetic analyses of the bacterial 16S rRNA gene clone libraries revealed significant 
321 difference between jellyfish-associated and ambient seawater bacterial communities 
322 (ANOSIM, global R= 0.777, p< 0.01) (Fig 1A). The bacterial communities associated with 
323 Aurelia showed the dominance of bacterial phyla Proteobacteria, which consisted of 
324 Alphaproteobacteria (up to 75%), Gammaproteobacteria (up to 45.5%), and 
325 Betaproteobacteria (up to 53.5%), with different relative contributions in the individual 
326 jellyfish sample (Fig 1B). At the family level, Alphaproteobacteria were dominated by 
327 Rhodobacteraceae (mostly Phaeobacter, Ruegeria)) and Betaproteobacteria by 
328 Burkholderiaceae (Burkholderia) (Fig 1B, S1 Table). Within Gammaproteobacteria, mostly 
329 Vibrionaceae (Vibrio), Pseudoalteromonadaceae (Pseudoalteromonas), Xanthomonadaceae 
330 (Stenotrophomonas), and Pseudomonadaceae (Pseudomonas) (Fig 1B, S1 Table) were 
331 detected.

332 Fig 1. Bacterial 16S rRNA gene clone libraries constructed from samples of Aurelia 
333 jellyfish and ambient sweater.

334 (A) Cluster analysis based on bacterial 16S rRNA gene clone libraries. AK-jellyfish exumbrella 
335 surface, AR-jellyfish oral arms, AG-mucus from gastral cavity and W-ambient seawater. 
336 Samples were collected in May (grey squares) and June (inverted black triangles).The 
337 dendrogram was inferred with the group average algorithm, based on the Bray–Curtis similarity 
338 matrix of arcsine transformed averaged abundances. Grey branches do not differ significantly 
339 (SIMPROF test, p> 0.05). (B) Composition of bacterial 16S rRNA gene clone libraries 
340 (expressed as percentage of clones) constructed from samples of jellyfish exumbrella surface 
341 (AK1, AK2), oral arms (AR1), mucus from gastral cavity (AG1) and the ambient seawater 
342 (W_May) sampled in May and jellyfish exumbrella surface (AK6, AK7), oral arms (AR6) and 
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343 the ambient seawater (W_Jun) sampled in June. Cumulative column charts represent relative 
344 abundances of bacterial family and area chart in the background represent relative abundances 
345 of major bacterial groups and Proteobacteria class. Taxa with relative abundance of< 3% across 
346 all samples are subsumed under Other Bacteria.

347

348 In comparison to the jellyfish-associated bacterial community, the ambient seawater bacterial 
349 community was more diverse and dominated by three bacterial phyla: Proteobacteria, 
350 Flavobacteria, and Cyanobacteria (Fig 1B, S5 Table). Alphaproteobacteria (up to 38.6%) were 
351 dominated by Rhodobacteraceae and SAR11, Gammaproteobacteria (up to 21.4%) by 
352 Litoricolaceae and SAR86; Flavobacteria (up to 17.4%) by Flavobacteriaceae and 
353 Cryomorphaceae, and Cyanobacteria (up to 15.4%) by Synechococcus. We also detected 
354 Actinobacteria (10.3% in May) with the representative from the Microbacteriaceae family. (Fig 
355 1B, S1 Table). According to SIMPER analysis Synechococcus, SAR11 and Flavobacteriaceae 
356 contributed the most to difference between jellyfish-associated and water column bacterial 
357 community (S3 Table).
358
359 The bacterial community composition associated with different body parts of jellyfish 
360
361 The results of 16S rRNA gene clone libraries analysis pointed on the statistically significant 
362 differences between bacterial communities associated with different body parts of jellyfish 
363 (exumbrella surface, oral arms, and gastral cavity) (ANOSIM, global R= 0.571, p< 0.05)(Fig 
364 1A). The bacterial communities’ composition associated with different body parts of jellyfish 
365 sampled at the peak of population, were as follows. The bacterial communities associated with 
366 jellyfish exumbrella were dominated by Alphaproteobacteria (up to 75%), followed by 
367 Gammaproteobacteria (up to 22.2%) and Betaproteobacteria (up to 12.5%) (Fig 1B). The 
368 population of Alphaproteobacteria was dominated by Rhodobacteraceae, mostly Phaeobacter, 
369 Ruegeria, but also Rhizobiaceae, Hyphomicrobiaceae, and Sphingomonadaceae were detected. 
370 Within Gammaproteobacteria, mostly Xanthomonadaceae (Stenotrophomonas), but also 
371 Alteromonadaceae (Alteromonas), and within Betaproteobacteria exclusively 
372 Comamonadaceae were detected. (Fig 1B, S1 Table). The bacterial community of jellyfish oral 
373 arms was more diverse than the bacterial community associated with exumbrella and gastral 
374 cavity (S5 Table). The bacterial community associated with oral arms consisted of 
375 Alphaproteobacteria (50%, exclusively Rhodobacteriaceae) and a higher percentage of 
376 Gammaproteobacteria (31.3%) composed mainly of Vibrionaceae (Vibrio), but also 
377 Pseudoalteromonadaceae, Moraxellaceae, and Pseudomonadaceae. Betaproteobacteria were 
378 detected (12.5%, only Burkholderiaceae), and also a small percentage of Actinobacteria (6.3%) 
379 (Fig 1B, S1 Table). In contrast, the bacterial community in the gastral cavity, was dominated 
380 by Betaproteobacteria (53.5%), followed by Gammaproteobacteria (27.9%) and 
381 Actinobacteria (11.6%, dominated by Micrococcaceae). At the family level, Burkholderiaceae 
382 (Burkholderia) and Alcaligenaceae dominated the Betaproteobacteria class. The 
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383 gammaproteobacterial population was almost exclusively Pseudomonadaceae (Pseudomonas) 
384 (Fig 1B, S1 Table).

385 The bacterial community structure of different jellyfish body parts was also studied using 
386 denaturing gradient gel electrophoresis (DGGE). Bacterial community fingerprints varied, both 
387 within and between sample types (exumbrella, oral arms, and gastral cavity). Despite the 
388 observed heterogeneity (S1 Fig), the DGGE-based non-metric multidimensional scaling 
389 (nMDS) analysis showed that bacterial communities clustered according to jellyfish body part 
390 (S1 Fig) (ANOSIM, global R= 0.633, p< 0.05). Jellyfish-associated bacterial community 
391 composition was more similar between replicates of the samples collected from the same body 
392 parts (40%) than different jellyfish body parts ( Fig 2). Phylogenetic information obtained from 
393 excised DGGE bands showed that bacterial taxa across all samples mostly belonged to 
394 Alphaproteobacteria (Roseobacter, Phaeobacter, Ruegeria all Rhodobacteraceae), but also 
395 Gammaproteobacteria (Vibrio, Pseudoalteromonas, Stenotrophomonas) and 
396 Betaproteobacteria (Burkholderia) (S1 Fig, S7 Table).

397 Fig 2. Non-metric multidimensional (nMDS) analysis based on bacterial community 
398 DGGE banding patterns of Aurelia jellyfish samples.

399 AK- jellyfish exumbrella surface, AR-jellyfish oral arms, AG- mucus from gastral cavity and 
400 W- ambient seawater. Samples were collected in May (grey squares) and June (inverted black 
401 triangles). Resemblance circles: grey line - 40% similarity; black line - 50% similarity.

402

403 Bacterial community structure shifts due to jellyfish population senescence
404
405 Our results show the difference between the bacterial communities associated with jellyfish 
406 collected during the peak of the jellyfish bloom and one month later, at the jellyfish population 
407 senescence (Fig 1). Changes in bacterial communities, due to jellyfish population senescence 
408 were evident as the shift towards Gammaproteobacteria, mostly at the expense of 
409 Betaproteobacteria, and to a lesser extent at the expense of Alphaproteobacteria, whose 
410 dominance became less pronounced. In addition, diversity was lower in the bacterial 
411 community associated with senescent jellyfish S5 Table). Bacterial communities associated 
412 with exumbrella surface were composed of Gammaproteobacteria (up to 42.9%) and 
413 Alphaproteobacteria (up to 66.7%; almost exclusively Rhodobacteriaceae of which mostly 
414 Roseovarius, Ruegeria). Within Gammaproteobacteria, previously dominant 
415 Xanthomonadaceae were replaced with Alteromonadaceae (Marinobacter) and Vibrionaceae 
416 (Vibrio). In addition, Pseudoalteromonadaceae (Pseudoalteromonas) and Moraxellaceae were 
417 detected (Fig 1B, S1 Table). A similar change/shift was evident in the bacterial community 
418 structure determined in the sample of oral arms. Gammaproteobacteria were dominant (45.5%; 
419 taxa composition similar to that associated with exumbrella surface, with even more 
420 pronounced Vibrio dominance), followed by Alphaproteobacteria (36.4%, exclusively 
421 Rhodobacteraceae) and Betaproteobacteria (18.2%, exclusively Burkholderiaceae). The shift 
422 in bacterial community structure was supported by SIMPER analysis showing that 
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423 Rhodobacteriaceae and Comamonadaceae were more frequent in the bacterial community 
424 associated with jellyfish at the peak of the bloom, and Rhodobacteriaceae, Vibrionaceae, and 
425 Alteromonadaceae in the bacterial community associated with senescent jellyfish (S8 Table).

426
427 Culturable bacterial community composition
428
429 Altogether, 135 bacteria were isolated from the exumbrella surface and gastral cavity of 
430 jellyfish, sampled during the peak of jellyfish population (AK1, AK3, AK6, AG1, AG6), and 
431 at the end of the blooming period (AK8, AK10, AK11, AG8, AG11). Regarding the 
432 morphology of bacterial colonies, we detected nine morphotypes in May, and only three 
433 morphotypes in June. The estimated abundance of cultural bacteria associated to jellyfish 
434 exumbrella was 1.9 CFU/cm2 in May, and 2.0 CFU/cm2 in June. Identification of 16S rRNA 
435 gene sequence revealed that across all samples, bacteria predominantly belonged to 
436 Proteobacteria (Gammaproteobacteria followed by Alphaproteobacteria and 
437 Betaproteobacteria), Actinobacteria, and Firmicutes (Bacilli) (exhibiting ≥ 97% identity to 
438 previously described bacterial species). Analysis of bacterial isolates again showed significant 
439 differences between seawater and jellyfish-associated communities (ANOSIM, global 
440 R=0.393, p< 0.05) (Fig 3), with seawater communities being more diverse (Fig 4, S6 Table). 
441 Gammaproteobacteria (mostly Vibrio and Pseudoalteromonas) dominated the exumbrella 
442 surface-associated community (up to 100%) and the community of gastral cavity (> 60%), while 
443 bacterial isolates obtained from ambient seawater were mainly affiliated with 
444 Alphaproteobcateria (88% in May and 42% in June, mostly Erythrobacter 
445 (Erythrobacteraceae) and Brevundimonas (Caulobacteraceae)), followed by 
446 Gammaproteobacteria (32%, mostly Halomonas (Halomonadaceae), Idiomarina 
447 (Idiomarinaceae)) and Actinobacteria (25%, Brevibacterium (Brevibacteriaceae)) which were 
448 more abundant in June (Fig 4, S2 Table). According to SIMPER analysis, Erythrobacter, 
449 Brevibacterium, and Brevundimonas contributed the most to the difference between jellyfish-
450 associated and water communities (S4 Table). 
451
452 Fig 3. Cluster analysis based on culturable fraction of bacterial community associated 
453 with Aurelia jellyfish. 

454 AK- jellyfish exumbrella surface, AG- mucus from gastral cavity and W- ambient seawater. 
455 Samples were collected in May (grey squares) and June (inverted black triangles). The 
456 dendrogram was inferred with the group average algorithm, based on the Bray–Curtis similarity 
457 matrix of arcsine transformed averaged abundances. Grey branches do not differ significantly 
458 (SIMPROF test, p> 0.05).

459
460
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461 Fig 4. Bacterial isolates obtained from Aurelia jellyfish and ambient seawater. 

462 (A) Bacterial isolates obtained from jellyfish exumbrella surface (AK1, AK3, AK6), gastral 
463 cavity (AG1, AG6) and seawater (W_May) in May in the Gulf of Trieste. (B) Bacterial isolates 
464 obtained from exumbrella surface (AK8, AK10, AK11) and gastral cavity (AG8, AG11) of 
465 jellyfish and seawater (W_Jun) in June in the Gulf of Trieste. Cumulative column charts 
466 represent relative abundances of bacterial genus and area chart in the background represent 
467 relative abundances of major bacterial groups and Proteobacteria class. Taxa with relative 
468 abundance of< 3% across all samples are subsumed under Other Bacteria..

469
470
471 Differences between culturable bacterial communities of different body parts were small. 
472 Bacterial communities associated with jellyfish exumbrella at the time of population peak were 
473 dominated by Gammaproteobacteria (from 44.4% up to 100%), while Alphaproteobacteria and 
474 Actinobacteria represented up to 22.2% of the community (Fig 4A). Small percentages of 
475 isolates belonged to Betaproteobacteria (11%, exclusively Delftia Comamonadaceae) Bacilli 
476 (9%; mostly Exiguobacterium) and Bacteriodetes (12.5%). Considering the main 
477 representatives within Gammaproteobacteria, Vibrio (Vibrionaceae), Pseudoalteromonas 
478 (Pseudoalteromonadaceae), and Stenotrophomonas (Xanthomonadaceae) dominated , but also 
479 Pseudomonas (Pseudomonadaceae), Alteromonas (Alteromonadaceae), and Psyhrobacter 
480 (Moraxellaceae) were detected. Representatives of Alphaproteobacteria were mostly 
481 Labrenzia and Phaeobacter (Rhodobacteraceace), and representatives of Actinobacteia mostly 
482 Kocuria (Micrococcaceae) and Microbacterium (Microbacteriaceae) (Fig 4A, S2 Table). The 
483 composition of bacterial communities in jellyfish gastral cavity was similarly dominated by 
484 Gammaproteobacteria (> 60%), followed by Alphaproteobacteria (up to 40%) and 
485 Betaproteobacteria and Bacilli (both 10%). The population of Gammaproteobacteria was 
486 dominated by Pseudoalteromonas followed by Pseudomonas, Vibrio, and Stenotrophomonas 
487 (Fig 4A, S2 Table).
488
489 Changes in culturable bacterial community composition, presumably related to jellyfish 
490 population decay, at the end of blooming period were significant (ANOSIM, global R= 0.362, 
491 p< 0.05). Changes were evident as there was even more pronounced dominance of 
492 Gammaproteobacteria (from 66.7% up to 100%) in communities associated to jellyfish 
493 exumbralla and of gastral cavity (Fig 4B). Within the Gammaproteobacterial population, 
494 predominant community members Pseudoalteromonas, Stenotrophomonas, and Pseudomonas 
495 almost or completely ‘disappeared’, and Vibrio became highly dominant or even formed a 
496 monoculture representative (Fig 4B, S2 Table). The change in community structure towards 
497 Vibrio was also confirmed by SIMPER analysis (S9 Table). Consequently, the prevalence of 
498 Vibrio also resulted in lower diversity (S6 Table).
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499
500 Discussion

501 Aurelia associated bacterial community

502 Comparison of jellyfish-associated and ambient seawater bacterial community composition

503 Our results on bacterial community composition, assessed by culture-dependent and cultural-
504 independent approaches, demonstrated significant differences between bacterial community 
505 associated with Aurelia and the ambient seawater bacterial assemblage. Phylogenetic analysis 
506 showed a wide diversity of bacterial community associated with jellyfish, including members 
507 of Proteobacteria (Alpha-, Gamma-, and Beta-proteobacteria), which dominated the 
508 community, and members of Actinobacteria and Cyanobacteria. Ambient seawater bacterial 
509 communities were more diverse, and dominated by three bacterial phyla: Proteobacteria, 
510 Flavobacteria, and Cyanobacteria. Also, within Proteobacterial groups associated with 
511 jellyfish and the one detected within ambient seawater assemblage, had different taxonomic 
512 affiliations, and the dominance or exclusivity of only one taxon was hardly present.

513 Similar observations of the jellyfish-specific bacterial community, distinct from the community 
514 in ambient seawater, were reported previously for A. aurita [18,27] and also other marine 
515 animals [45]. Since associated bacterial assemblages differed from the ambient seawater 
516 bacterial community, and from bacteria associated with other types of substrates/surfaces found 
517 in the water column, it was suggested that associations with animals might be specific to some 
518 degree [45]. According to Taylor et al. [73] sponge bacterial associates could be separated/split 
519 into three groups: (i) bacterial specialists - found on only one host species; (ii) host associates - 
520 found on multiple hosts; and (iii) generalists - found on multiple hosts and within the seawater 
521 community. In our study most bacteria associated with Aurelia were not detected in the ambient 
522 seawater, however, they were closely related to bacteria previously found in association with 
523 other host animals (exhibiting at least 97% similarity), indicating that this relationship is not 
524 host-specific. Previous studies on A. aurita bacterial associates also did not reveal the presence 
525 of any Aurelia-bacterial specialists, with the exception of Mycoplasma sp. (class Mollicutes), a 
526 possible/hypothetical endosymbiont [18,27]. However, in our study, we were not able to detect 
527 any Mycoplasma members. In addition, bacterial community composition was very different to 
528 the community associated with A. aurita from the North West Atlantic and the Baltic Sea 
529 [18,27]. This might suggest the possible effect of host genetics background (different 
530 populations of Aurelia species in geographically distant locations), and also the important’s of 
531 environmental and anthropogenic conditions, determining the presence, activity, and 
532 composition of bacterial community in jellyfish’s environment.

533 We found another interesting result, which is the consistently unsuccessful amplification of 
534 bacterial 16S rRNA genes from jellyfish samples, unless an additional nested PCR reaction was 
535 performed. Problems with DNA amplification were reported before in the analyses of the tissue 
536 of healthy corals, and were attributed to the low abundance of bacterial associates [74], 
537 confirming previous observation of rare isolated bacterial cells within coral tissue by in situ 
538 hybridization [75]. This indicates that unsuccessful DNA amplification in our study also could 
539 be the consequence of the overall low bacterial number on jellyfish exumbrella, the oral arm 
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540 surface, and in the gastral cavity. The speculations on the low number of Aurelia jellyfish-
541 associated bacteria, was also confirmed by scanning electron microscopy of the adult medusa 
542 umbrella surface in our parallel study (data not shown). Our results show that the surface was 
543 covered with mucus, and we observed mucus secretions in the form of flocs on all external 
544 surfaces, but with no bacteria observed. Unlike the epidermal umbrella surface, the examination 
545 of mucus secreted from exumbrella surface, revealed the presence of considerable amounts of 
546 bacteria (data not shown). Using the same microscopic method, Johnston and Rohwer [76] 
547 similarly found that external cell layers of coral are invariably clean of adhering microbes. They 
548 did, however, suggest the possibility of a dynamic community hovering in the boundary layers 
549 above the coral epidermis. So, the possibility that the majority of bacteria dwell in mucus 
550 produced by medusa rather than being present within the mesoglea or attached to epidermis is 
551 also in agreement with observations by Weiland-Bräuer et al. [27], detecting the majority of 
552 bacteria located on the outer surface of coating mucus, covering A. aurita polips. This could 
553 also support our results of bacterial colonies grown after imprints of jellyfish surfaces on agar 
554 plates, where it was estimated CFU less than two bacterial colonies/cm2 of jellyfish surface in 
555 May and June. The presence of rare bacterial cells could be due to the fact that adult medusa 
556 has evolved mechanisms of defense against epibiotic organisms. One type of mechanism could 
557 be the production of antibacterial peptide aurelin, extracted from mesoglea of A. aurita [42]. 
558 Based on that, we can speculate that A. aurita is a ‘hostile’ environment for bacteria. It is also 
559 known that jellyfish surfaces, including A. aurita, are covered by a constantly renewing mucus 
560 layer, which was found to have implications in surface cleaning and defense against predators 
561 [39–41]. Similarly as Garren and Azam [77] demonstrated for corals, surface cleaning by mucus 
562 production could be used by jellyfish to regulate an abundance of bacterial associates. Even 
563 more so, during certain conditions, including stress, the mucus production is more pronounced 
564 [41]. In our study, extensive mucus release (from surface and gastral cavity) was detected 
565 during the processing of jellyfish, possibly leading to bacterial loss and low bacterial numbers 
566 of jellyfish associates in our samples. 

567 Despite being rare, the total and the culturable part of the bacterial community associated with 
568 Aurelia jellyfish from the Gulf of Trieste was found to be diverse. It was composed mostly of: 
569 (i) bacteria belonging to genus Ruegeria, Phaeobacter, and Pseudoalteromonas, known for 
570 their extraordinary ability to successfully compete and colonize surfaces, and also to enhance 
571 survival chances of the host organism [78–81]; (ii) bacteria belonging to genus Alteromonas 
572 and Vibrio, known as particle and surface colonizers with the ability to degrade and utilize a 
573 broad spectrum of organic substrates [81]; and (iii) bacteria belonging to genus 
574 Stenotrophomonas, Burkholderia, and Achromobacter, mostly known as medically important 
575 strains, but also with high bioremediation potential due to ability of PAHs and xenobiotic 
576 degradation and with broad antibiotic resistance [82–87]. With the exception of Ruegeria, 
577 Burkholderia, and Achromobacter, other bacteria were also recovered by culturing. The 
578 presence of Ruegeria and Phaeobacter (Alphaproteobacteria - Roseobacter clade) and 
579 Pseudoalteromonas, Alteromonas, and Vibrio (Gammaproteobacteria) is not surprising, since 
580 they are known as successful and dominant particle/surface colonizers [80,88,89], and regularly 
581 associated with marine sponges [4], corals (tissue and mucus) [8,9,13,90–93], and ctenophores 
582 [18,20,94]. A more interesting feature of Aurelia jellyfish associated bacterial community was 
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583 the high relative abundance of Burkholderia and Achromobacter (Betaproteobacteria). This 
584 group is not characteristic of a marine environment but was found in environments 
585 characterized with lower salinity and higher nutrient concentrations, such as estuaries [95]. 
586 Betaproteobacteria were also found in association with sponges [3,5,96], corals [9,11,12], 
587 ctenophores [19,94], and cnidarian Hydra [97], but, with the exception of the last, their relative 
588 abundances were lower than in our study. Of the above bacterial taxa, only Phaeobacter, Vibrio, 
589 and Pseudoalteromonas were previously found in association with A. aurita [18,27,33]. 

590

591 The bacterial community composition associated with different body parts of jellyfish

592 Bacterial community composition differed significantly between different Aurelia medusa body 
593 parts, especially the one within the gastral cavity. The communities of exumbrella and oral arms 
594 shared dominant bacterial groups, Alphaproteobacteria followed by Gammaproteobacteria, 
595 while the community in the gastral cavity was dominated by Betaproteobacteria, followed by 
596 Gammaproteobactera and Actinobacteria. Within Alphaproteobacteria, bacterial communities 
597 of the exumbrella surface and oral arms were affiliated with Phaeobacter, Ruegeria, and within 
598 Gammaproteobacteria with Stenotrophomonas, Alteromonas, Pseudoalteromonas, and Vibrio. 
599 In the gastral cavity were members of Betaproteobacteria affiliated with Burkholderia, 
600 Cupriavidus, and Achromobacter. Members of Gammaproteobacteria affiliated mostly with 
601 Pseudomonas, and members of Actinobacteria with Kocuria.

602 In contrast to the total bacterial community, bacteria isolated from jellyfish (from both the 
603 exumbrella surface and gastral cavity) were mostly affiliated with Gammaproteobacteria, 
604 within the most relevant members affiliated with Vibrio, Stenotrophomonas, and 
605 Pseudoalteromonas. The observed dominance of different bacterial classes within the total 
606 bacterial community and cultured bacterial community in our study is not that surprising, since 
607 both culturing and molecular-based methods are biased towards certain microbial groups. 
608 Similar observations, were reported previously by Rohwer [11] studying coral-associated 
609 bacterial communities. In addition, the culturing approach revealed the presence of bacteria 
610 affiliated with Microbacterium (Microbacteriaceae), Sphingobacterium 
611 (Sphingobacteriaceae), Brevundimonas (Caulobacteraceae), and Delftia (Comamonadaceae). 
612 However, considering the main representatives within bacterial groups, molecular-based 
613 studies and the culture-dependent method more or less pointed to the presence/dominance of 
614 the same bacterial taxa. 

615 The pronounced difference in composition between gastral cavity bacterial community and 
616 communities of exumbrella and oral arms surface could be the consequence of different 
617 surface/epithelial structures and their function. Exumbrella and oral arms are densely covered 
618 with cilia. The epidermis contains numerous mucus cells, especially in densely ciliated area 
619 [39]. Mucus cells were thought to contribute to the constantly renewing mucus layer involved 
620 in surface cleaning [40], and potentially controlling the density of associated bacteria. The 
621 exumbrella and oral arms surfaces are in constant contact with bacteria in surrounding ambient 
622 seawater, attracted by secreted mucus, which is potentially a high quality energy source and 
623 settling niche. The bacteria of genus Phaeobacter and genus Ruegeria, which belongs to 
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624 Silicibacter-Ruegeria subgroup, are members of Roseobacter clade, known as the successful 
625 surface colonizers, and as the fastest utilizers of nutrients in the marine environment [80]. They 
626 produce acylated homoserine lactons (AHLs), the quorum-sensing signals involved in biofilm 
627 formation and function [80]. Besides the production of broad range biologically active 
628 metabolites, bacteria of the Pseudoalteromanas genus produce extracellular enzymes and 
629 exopolysaccharides, which all together enable them to successfully compete for nutrients and 
630 colonization of surfaces [79]. Bacteria of Alteromonas and Vibrio genus are widespread in the 
631 marine environment and are common surface and particle colonizers [81]. Alteromonas 
632 produces and secretes a variety of extracellular enzymes that contribute to the hydrolysis of 
633 biopolymers, including polysaccharides, proteins, nucleic acids, and lipids, which are the major 
634 components of marine organic particles [81]. According to Allers et al. [98], their versatile 
635 metabolism helps them exploit a complex substrate source, such as coral mucus, which in 
636 composition resembles to mucus produced by jellyfish A. aurita [43]. Vibrio species are major 
637 chitin utilizers, largely contributing to global carbon and nitrogen cycling. Although association 
638 with insoluble chitinous surface of detritus and life zooplankton is a preferable lifestyle for 
639 vibrios [81], they were found in association with other marine animals, including jellyfish, and 
640 there are indices that could be highly enriched in the seawater at the end of the jellyfish blooms 
641 [33]. Ritchie [90] characterized the Vibrio species more as ‘visitors’ than true residents, and as 
642 commensal microorganisms that can potentially become opportunistic under certain conditions. 
643 Vibrio coralliilyticus was found in high abundances in coral tissue slurry [9] and proven to 
644 infect and cause tissue damage in corals at higher temperatures [99]. The Stenotrphomonas 
645 genus was usually represented in low abundances in communities associated with marine 
646 animals [3,5,9], but found to be producing antimicrobial compounds [100]. Otherwise, 
647 Stenotrophomonas species are found in many environments, but mostly associated with 
648 terrestrial plants that provide plant protection and growth promotion. They were also found to 
649 be resistant to heavy metals and antibiotics, and to degrade pollutants like polycyclic aromatic 
650 hydrocarbons (PAHs) and xenobiotics [85]. 

651 In contrast, the gastral cavity is somehow isolated from the surrounding environment. The 
652 gastral cavity surface is covered by finger-like villi, with numerous cilia at their apical region, 
653 and with vesiculous receptacles at the basal region. Mucus cells in the gastrodermis are present 
654 mostly at the apical region of the villi, while gastrodermis at the basal region is composed 
655 mainly by serous cells, producing digestive enzymes [39]. As a niche, the jellyfish ‘gut’ could 
656 somehow impose strict requirements of bacteria to survive. Studies on Cotylorhiza tuberculata 
657 showed possible intracellular symbiotic bacteria within organs of the gastral cavity (gastric 
658 filaments), with possible involvement in the digestion process [26]. The dominance of 
659 Betaproteobacteria in medusa gastral cavity detected within our study is somehow surprising, 
660 since they are more characteristic for organic aggregates in limnetic ecosystems [89]. However, 
661 bacteria of the Burkholderia and Achromobacter genus were also isolated from the marine 
662 environment, including animals [83,87]. Both were found to be able to degrade PAHs and to be 
663 resistant to multiple antibiotics [82–84,86,87]. Similarly, Achromobacter species were found to 
664 be n- alkane degrader and to remove also anthracene, phenanthrene, and pyrence from the 
665 environment [82]. In addition, Achromobacter sp. HZ01 possesses genes related to the 
666 metabolism of secondary metabolites [83]. The Cupriavidus species were not detected in the 
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667 marine environment, to our knowledge, however they were attributed with the ability to degrade 
668 aliphatic hydrocarbons [101]. Similarly, were the marine Pseudomonas species found to be able 
669 to degrade hydrocarbons like naphthalene, present within petroleum [86,102]. However, they 
670 were also found in association with sponges, producing antimicrobial compounds [2,100]. 
671 Kocuria isolated from marine sponges were found to produce the antibiotic kocurin, active 
672 against Staphylococcus aureus (MRSA) [103,104]. Even more so, Kocuria isolated from the 
673 marine environment was found to be able to utilize polyethylene as a sole carbon source [105]. 
674 The Gulf of Trieste, an ecosystem where Aurelia used in our study was collected, is known to 
675 be impacted by different anthropogenic pressures. Consequently, the sediment and the water 
676 column is polluted with PAHs and other chemical compounds [106] as well as by faecal 
677 bacteria, originating from coastal run off and municipal wastewater discharges [106]. This 
678 suggests that the bacterial community associated with jellyfish from this environment could be 
679 adapted to such environmental conditions. Furthermore, supporting our hypothesis, polyps 
680 generating Aurelia medusa were previously found attached to artificial structures such as port 
681 pillars [107]. This indicates that pollution adapted bacterial community could evolved and 
682 prosper at polyp and medusa stages. This altogether suggests possible impact of anthropogenic 
683 pollution on the structure of bacterial community associated with jellyfish and possible 
684 adaptation mechanism of jellyfish associated bacterial population.

685 Hosts recruit bacteria, which are beneficial for their development or contribute to their well-
686 being. Selection of certain bacteria in different medusa body parts could be the strategy of 
687 Aurelia, to harbor bacteria with specific functions needed in different body parts. Bacterial 
688 associates found on Aurelia exumbrella and oral arms surface were previously supposed to 
689 assist in host defense against pathogens and fouling organisms from surrounding seawater 
690 [13,93,108,109]. This is not surprising, since Vibrio and pigmented strains of Phaeobacter, 
691 Ruegeria, and Pseudoalteromonas produce antimicrobial compounds when attached to live or 
692 inert surfaces [44,109–112]. In addition, some of extracellular compounds produced by 
693 Pseudoalteromonas bacteria were found to enhance the chances of host organisms to survive 
694 in specific marine habitats [79]. Apprill et al. [78] even proposed possible role of 
695 Pseudoalteromonas in coral planula settlement and adhesion process, while were the 
696 Roseobacter clade bacteria supposed to be important in coral development. The role in host 
697 defense was also proposed for bacteria of Stenotrophomonas, detected within all body part 
698 communities and for Pseudomonas [2,100], and Actinobacteria [103,113], present within the 
699 gastral cavity. However, bacteria in ‘digestive system’ should be more involved in food 
700 digestion and nutrition, which is reasonable, since jellyfish are supposed to ‘lack’ some 
701 digestive enzymes to utilize prey [114]. An especially intriguing ability of the gastral cavity 
702 bacteria is degradation of PAH’s, xenobiotics, and plastic. Jellyfish mucus was found to have 
703 structural properties to effectively accumulate nanoparticles [40] and PAHs [115]. This 
704 property could be also applied to entrap micro- plastic particles, which was demonstrated for 
705 corals [116]. PAHs were found to be highly toxic for zooplankton organisms, however, adult 
706 medusa A. aurita and M. leidyi showed a higher tolerance to exposure [117]. A. aurita under 
707 stress conditions, release blobs of mucus [41], detected also under exposure to crude oil 
708 (containing PAHs) [115]. This suggests that sloughing as a possible way to reduce the toxic 
709 effect of crude oil. In addition, when PAHs were entrapped within jellyfish mucus, 
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710 hydrocarbon-degrading bacteria cell densities doubled, which resulted in a significant increase 
711 in oil degradation [115]. Some of toxic particles, entrapped within mucus and covered with 
712 degrading bacteria, could be also transferred by ciliary currents and boundary layer flow to a 
713 marginal umbrella groove, and then to gastral cavity, since this is one type of prey capture 
714 recognized for A. aurita [114], which could explain high abundances of hydrocarbon and plastic 
715 degrading bacteria found in the gut of Aurelia jellyfish within our study. Even more so, since 
716 toxic compounds are utilized by associated bacteria, less are accumulated within jellyfish tissue 
717 and are not transferred to higher trophic levels.

718

719 Bacterial community structure shifts due to jellyfish Aurelia population collapse

720 The shift in bacterial community composition within a one-month period (from May to June) 
721 was observed. It resulted in a higher abundance of Gammaproteobacteria, especially Vibrio, 
722 which became a dominant member of community. This shift towards Vibrio was even more 
723 evident in cultural bacterial community. 

724 The major difference between both studied months was a rise in the temperature and the 
725 viability state of Aurelia jellyfish in the Gulf of Trieste. In June was the end of blooming period 
726 and jellyfish were in the phase of dying, which was evident as typical signs of moribund 
727 jellyfish: degenerated tentacles, oral structures, and gonads, reduced swimming ability and 
728 necrosis of the epithelial bell tissue [118]. The process is normally triggered by environmental 
729 stress like change in temperature or salinity, food availability, parasitism, and spawning or even 
730 more likely, interacting stressors [118]. Nevertheless, in summer, the greater part of the Aurelia 
731 jellyfish population was found to be parasitized, along with altered morphology, growth, and 
732 swimming pattern in the Big Lake (Mljet Island, Croatia) [119]. This could indicate that 
733 jellyfish defense mechanism was probably disturbed due to environmental stress (higher 
734 temperature), which resulted in parasitism and mortality. 

735 The senescing process in jellyfish indirectly affects interaction between jellyfish (host) and 
736 bacterial associates, which leads to a shift in the associated microbial community. Moribund 
737 jellyfish, without their own defense mechanisms, represent organic rich particles, where the 
738 structure of associated bacterial community is influenced solely by bacterium-bacterium 
739 antagonism and environmental conditions, determining the presence of metabolically active 
740 bacteria. Jellyfish tissue was found to be high quality labile organic substrate for bacteria [33-
741 35]. Previous bacterial degradation experiments performed on Aurelia jellyfish in the Gulf of 
742 Trieste, resulted in the increase in Vibrio abundance [33].

743 Vibrio was recognized before as ‘visitor,’ exploiting the nutrient-rich niche [90]. As such, this 
744 commensal microorganism probably dwells in the ‘cloud’ of jellyfish mucus and under the right 
745 conditions becomes opportunistic. Vibrios rapidly grow in organic-rich environments [120], 
746 and together with tolerance to higher temperature [121] (documented in June in the Gulf of 
747 Trieste), up-regulating virulence determinants such as motility, resistance to antimicrobial 
748 compounds, hemolysis, and cytotoxicity detected in coral pathogens [81] and the references 
749 within), it can outcompete other bacterial residents and become highly dominant. 
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750

751 Conclusion
752

753 Both culture-dependent and independent methods have been extensively used to study and to 
754 understand the role of microbial communities associated with marine animals, especially 
755 crustacean zooplankton, and benthic sponges and corals. Data available on A. aurita are still 
756 limited. With the exception of Mycoplasma bacteria, a possible endosymbiont detected within 
757 A. aurita tissue [18,27], the nature of the relationship between Aurelia jellyfish and bacterial 
758 associates is not straight forward. In addition, it is hard to say whether or not these bacteria are 
759 true residents of jellyfish, forming a species-specific association with the host or are just 
760 opportunistic microbes residing in niche of an organically- rich environment. So far, we only 
761 speculate on the role of bacterial associates, although Weiland-Bräuer et al. [27] suggested 
762 associated bacteria may play important functional roles during the life cycle of A. aurita.

763 Bacteria associated with Aurelia jellyfish in the Gulf of Trieste were found to be mostly 
764 generalists, composing for the host beneficial assemblage possibly involved in food digestion 
765 and protection from toxic compounds, pathogens, and other fouling organisms. With 
766 speculation on the active and passive role of Aurelia jellyfish in selection of bacterial associates, 
767 demonstrated for other animals [45], jellyfish may form a relationship with diverse 
768 metabolically active microorganisms, providing more effective adaptation of host to changing 
769 environmental and anthropogenic conditions. From this perspective, the relationship somehow 
770 resembles suggested coral probiotic theory [122]. 

771 Further investigation of such a relationship is necessary to understand the relevance of the 
772 associated bacteria for the host during its life spam and during/after the bloom period, especially 
773 in areas experiencing seasonal blooms, influencing food webs, and biogeochemical cycles in 
774 those regions. Even more so, despite the small number of experimental data, our results suggest 
775 that the jellyfish - bacteria link could be applied as an effective pollution- control method in 
776 marine environments affected by crude oil and micro plastic. Finally, we would also like to 
777 emphasize the importance of culturing organisms. Although the method is biased towards 
778 certain bacterial groups, it remains important to obtain complete genome sequences, to identify 
779 properties of organisms, and to help understand the biology and ecology of microbial species.
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1131 Classification of bacterial clones was done down to the family level. The contribution of distinct 
1132 bacterial families is expressed as a percentage of the total number of sequences in each sample. 
1133 N is the total number of bacterial clones in the library; Sobs is the number of distinct bacterial 
1134 families. In brackets beside bacterial family are the only representatives detected within the 
1135 family. Numbers (N) in light grey and with asterisk (*) are total number of sequences recovered 
1136 from clone library, including sequences affiliated with Chloroplast (%; presented at the bottom 
1137 of table) that were omitted from further analysis.
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1139 S2 Table. Bacterial isolates obtained from samples of jellyfish exumbrella (AK) and 
1140 mucus from gastral cavity (AG) and seawater samples (W) at 5 m depth collected on May 
1141 and June 2011 in the Gulf of Trieste. Classification of bacterial isolates was done down to 
1142 the genus level. The contribution of distinct bacterial genus or families is expressed as a 
1143 percentage of the total number of sequences in each sample. N is the total number of isolated 
1144 bacteria; Sobs is the number of distinct bacterial genus.
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1146 S3 Table. Similarities percentage (SIMPER) analysis of 16S rRNA gene clone libraries 
1147 from samples of jellyfish exumbrella (AK), oral arms (AR) and mucus from gastral cavity 
1148 (AG) and seawater samples (W) collected on May and June 2011 in the Gulf of Trieste. 
1149 Seawater group (W) includes water samples collected at 5m depth on May and June.
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1151 S4 Table. Similarities percentage (SIMPER) analysis of culturable fraction of bacterial 
1152 community associated with jellyfish exumbrella (AK), mucus from gastral cavity (AG) 
1153 and seawater (W) collected in May and June 2011 in the Gulf of Trieste. Seawater group 
1154 (W) includes the results of the water samples collected at 5m depth on May and June.
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1156 S5 Table. The diversity indices S, H’, d, J’, Chao- 1 and library coverage’s (C) describing 
1157 composition of total bacterial community associated with jellyfish exumbrella (AK), oral 
1158 arms (AR) and mucus from gastral cavity (AG) and seawater (W) collected in May and 
1159 June 2011 in the Gulf of Trieste. S represents the number of distinct bacterial families detected 
1160 in each bacterial 16S rRNA gene clone library. C is a coverage value (C = (1–n1/N), where n1 
1161 is number of phylotypes appearing only once in the library and N is the library size.
1162
1163 S6 Table. The diversity indices S, H’, d, J’, Chao- 1 describing composition of culturable 
1164 fraction of bacterial community associated with jellyfish exumbrella (AK) and mucus 
1165 from gastral cavity (AG) and seawater (W) collected in May and June 2011 in the Gulf of 
1166 Trieste. S represents the number of distinct bacterial genus detected in each sample.
1167
1168 S7 Table. Bacterial 16S rRNA sequences obtained from DGGE bands from jellyfish 
1169 samples with their accession numbers. In the table is the name and an accession number of 
1170 their closest relative in GeneBank (NCBI) with % of similarity, family, taxon and isolation 
1171 source.
1172
1173 S8 Table. Similarities percentage (SIMPER) analysis of 16S rRNA gene clone libraries 
1174 from jellyfish samples collected at the time of population peak and at the end of the bloom 
1175 in the Gulf of Trieste. Group May includes samples of jellyfish exumbrella surface (AK1, 
1176 AK2) and oral arms (AR1) sampled in May. Group June includes samples of jellyfish 
1177 exumbrella surface (AK6, AK7) and oral arms (AR6) collected in June.
1178
1179 S9 Table. Similarities percentage (SIMPER) analysis of culturable fraction of bacterial 
1180 community associated with jellyfish at the time of population peak and at the end of the 
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1181 bloom in the Gulf of Trieste. Group May includes samples of jellyfish exumbrella surface 
1182 (AK1, AK3, AK6) and gastral cavity (AG1, AG6) collected in May. Group June includes 
1183 samples of jellyfish exumbrella surface (AK8, AK10, AK11) and gastral cavity (AG8, AG11) 
1184 collected in June.
1185
1186 S1 Fig. DGGE profile of bacterial 16S rRNA gene fragments of samples from Aurelia 
1187 jellyfish exumbrella surface, oral arms and mucus from gastral cavity. AK1, AK2: 
1188 exumbrella surface of jellyfish collected in May; AK6, AK7: exumbrella surface of jellyfish 
1189 collected in June; AR1: sample of oral arms of jellyfish collected in May; AR6: oral arms of 
1190 jellyfish collected in June; AG1: gastral cavity mucus sample; S: standard. Numbers on the 
1191 figure represent bands that were cut from the gel and successfully sequenced; color dots place 
1192 sequence in one of bacterial groups.
1193

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted May 23, 2018. ; https://doi.org/10.1101/329524doi: bioRxiv preprint 

https://doi.org/10.1101/329524
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted May 23, 2018. ; https://doi.org/10.1101/329524doi: bioRxiv preprint 

https://doi.org/10.1101/329524
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted May 23, 2018. ; https://doi.org/10.1101/329524doi: bioRxiv preprint 

https://doi.org/10.1101/329524
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted May 23, 2018. ; https://doi.org/10.1101/329524doi: bioRxiv preprint 

https://doi.org/10.1101/329524
http://creativecommons.org/licenses/by/4.0/


.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted May 23, 2018. ; https://doi.org/10.1101/329524doi: bioRxiv preprint 

https://doi.org/10.1101/329524
http://creativecommons.org/licenses/by/4.0/

