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ABSTRACT 15 
Only 1 % of marine bacteria are currently culturable using standard laboratory procedures and this is a 16 
major obstacle for our understanding of the biology of marine microorganisms and for the discovery of 17 
novel microbial natural products. Therefore, the purpose of the present study was to investigate if 18 
improved cultivation conditions, including the use of an alternative gelling agent, and supplementation 19 
with signaling molecules, could improve the culturability of bacteria from seawater. Substituting agar 20 
with gellan gum improved viable counts 3 – 40-fold, depending on medium composition and 21 
incubation conditions, with a maximum of 6.6 % culturability relative to direct cell counts. Through V4 22 
amplicon sequencing we found that culturable diversity was also affected by a change in gelling agent, 23 
facilitating the growth of orders not culturable on agar-based substrates. Community analyses showed 24 
that communities grown on gellan gum substrates were significantly different from communities grown 25 
on agar, and that they covered a larger fraction of the seawater community. Other factors, such as 26 
incubation temperature and time, had less obvious effects on viable counts and culturable diversity. 27 
Supplementation with acyl homoserine lactones (AHLs) did not have a positive effect on total viable 28 
counts and no strong effect on culturable diversity. However, low concentrations of AHLs did increase 29 
the relative abundance of Sphingobacteria. Hence, with alternative growth substrates it is possible to 30 
significantly increase the number and diversity of cultured marine bacteria.   31 
 32 
  33 
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IMPORTANCE 34 
Serious challenges to human health, such as the occurrence and spread of antibiotic resistance and an 35 
aging human population in need for bioactive pharmaceuticals, have revitalized the search for natural 36 
microbial products. The marine environment, representing the largest ecosystem in the biosphere, 37 
harbors an immense and virtually untapped microbial diversity producing unique bioactive compounds. 38 
However, we are currently only able to cultivate a minute fraction of this diversity. The lack of 39 
cultivated microbes is not only hampering bioprospecting efforts, but also our general understanding of 40 
marine microbes. In this study we present a means to increase the number and diversity of cultured 41 
bacteria from seawater, showing that relatively simple changes to medium components may facilitate 42 
the isolation and growth of hitherto unknown bacterial orders.   43 
  44 
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INTRODUCTION 45 
The ocean is the largest ecosystem on Earth covering 70 % of the surface of the planet and representing 46 
the greatest pool of microbial life on the planet (1). Microorganisms are key players in the 47 
biogeochemical cycles and their remineralization of organic matter forms the basis of all life. 48 
Furthermore, microorganisms are excellent sources of bioactive compounds, such as antibiotics, 49 
hydrolytic enzymes and anticancer agents (2, 3). For decades, terrestrial microorganisms have been 50 
used as sources of such bioactive compounds; however, the growing need for new drugs and 51 
bioprocessing compounds has led to the expansion of bioprospecting efforts to include other 52 
environments. The marine environment, in particular marine microorganisms, is considered a very 53 
promising source of novel bioactivities. They have evolved to survive and grow under conditions 54 
differing from that of terrestrial environments (high salinity, pressure, oligotrophy) and therefore the 55 
chemistry of many of their bioactive compounds is different from those produced by terrestrial 56 
organisms, potentially having novel targets and mechanisms of action (4–8). 57 
The vast majority of marine microorganisms (90 – 99 %) have not yet been successfully cultured under 58 
laboratory conditions (3), a phenomenon that has been referred to as the ‘great plate count anomaly’ 59 
(9). Furthermore, cultured microorganisms are not representative for the actual diversity; for instance, 60 
cultivation-independent approaches have revealed that Alphaproteobacteria represent one of the most 61 
abundant marine bacterial classes (10, 11) whilst most cultured microorganisms belong to the 62 
Gammaproteobacteria. Genomic and metagenomic sequencing have enabled the study of the overall 63 
function and activity of environmental microbial communities (12–17) and has also allowed for both 64 
the identification of novel bacterial groups and the assessment of the biotechnological potential of 65 
microbial communities by identifying biosynthetic pathways of pharmaceutical interest, and for 66 
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bioprocessing. However, exploitation of metagenomes through heterologous expression and production 67 
of fully functional products is difficult (18, 19). Therefore, there is a great interest in improving the 68 
culturability of microorganisms. Furthermore, cultivation-based tools are still of paramount importance 69 
for a comprehensive understanding of the biology, ecology and bioactivity of prokaryotes, and it is 70 
essential for future bioprospecting (1, 19). 71 
For the last two decades scientists have tried to bring ‘not-yet-culturable’ species into culture and a 72 
range of approaches have indeed improved either overall culturability or enabled culturing of specific 73 
organisms. Typically, these approaches attempt to mimic the natural niche by reducing nutrients, 74 
adding specific compounds or changing incubation atmosphere, temperature, and time (e.g. 20–25). 75 
Also, the requirement of a mixed microbial community and signals from this community has been 76 
proposed as an explanation for the lack of culturability (1, 26). Indeed, D’Onofrio et al. (2010) (27) 77 
showed, by co-culturing experiments, that some marine microbes only grow when paired with a 78 
specific combination of other species. Similarly, a co-culture approach, brought between 30 and 40 % 79 
of soil and seawater bacteria into culture (24).   80 
Agar is by far the most widely used gelling agent in microbiology, however a number of other 81 
compounds such as xanthan gum, carrageenan and gellan gum have similar gelling properties. Several 82 
studies have demonstrated that solidifying growth substrates with gellan gum, which is a fermentation 83 
product of Sphingomonas elodea (28), appears to enhance culturability of some microorganisms. 84 
Gellan gum solidifies at room temperature in the presence of multivalent cations such as magnesium 85 
and calcium (28, 29) and its high thermal stability makes it ideal for isolation and growth of several 86 
thermophilic microorganisms (30–33). Studies on soil and freshwater sediment bacteria have 87 
shown that alternative gelling agents, such as gellan gum, may allow more microorganisms to 88 
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grow and form colonies on solid substrates compared to substrates solidified with agar (30–32, 89 
34–37), resulting in the isolation of previously unculturable bacteria (35, 38). Improving the 90 
culturability of marine bacteria through the application of alternative gelling agents in growth 91 
substrates has so far not been done. Hence, the purpose of the present study was to determine how gellan 92 
gum, as compared to agar, affected the overall culturability and the culturable diversity of microbial 93 
communities from seawater. Furthermore, the effect of specific quorum sensing signaling molecules on 94 
culturability was assessed.  95 
 96 
MATERIALS AND METHODS 97 
Sampling. Surface seawater was collected at two different time points in Hornbæk Harbor, Denmark 98 
(56°05'42"N, 12°27'29"E): S1 on September 28th 2015, 08.30 AM (14.3 °C, 4.85 mg L-1 dissolved 99 
oxygen (DO), 14 PSU) and S2 on November 1st 2015, 09.30 AM (10.4 °C, 0.81 mg L-1 DO, 25 PSU). 100 
At each sampling, approximately 3 L of seawater was collected at a depth of 0.5 m from three replicate 101 
sampling sites (A, B, and C) within a radius of 10 meters.  102 
In situ abundances of planktonic bacteria. Total bacterial abundances in the free-living size fraction 103 
(< 5 µm) were determined using epifluorescence counts of SYBR Gold stained cells as previously 104 
described (39, 40).  105 
Growth media and cultivation conditions. Pre-filtered seawater (5 µm) was plated on four different 106 
growth media (marine broth or seawater solidified with agar or gellan gum). Two of the media were 107 
also supplemented with two different concentrations of AHLs. Marine broth agar (MBA) and Marine 108 
broth gellan gum (MBG) contained the following per liter dH2O: 37.4 g Marine Broth (BD Difco; 109 
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Franklin Lakes, NJ, USA), and 15 g agar (AppliChem; Darmstadt, Germany), or 6.5 g gellan gum (CP 110 
Kelco, San Diego, CA, USA) and 0.95 g MgSO47H2O. Seawater agar (SWA) and Seawater gellan 111 
gum (SWG) contained per liter glass wool filtered (GWF) seawater: 15 g agar, or 6.5 g gellan gum and 112 
0.95 g MgSO47H2O.  113 
The agar-containing media (MBA and SWA) were prepared by dissolving all ingredients by boiling 114 
followed by sterilization. SWG medium was prepared by mixing gellan gum, MgSO47H2O and GWF 115 
seawater followed by sterilization. The MBG medium was prepared in two solutions; One with 4 × 116 
concentrated Marine Broth (14.96 g Marine Broth in 100 mL dH2O), and one with 2.6 g gellan gum 117 
and 0.39 g MgSO47H2O in 300 mL dH2O. The solutions were sterilized, cooled to 80 °C, mixed and 118 
immediately poured into plates. All growth media were sterilized by autoclaving at 121 °C for 15 119 
minutes. 120 
The AHL-containing media (only MBA and SWA) were supplemented with two different 121 
concentrations of a mixture of four AHLs: N-(3-hydroxylhexanoyl)-L-HSL (OH-C6; University of 122 
Nottingham; Nottingham, UK), N-(3-hydroxydecanoyl)-DL-HSL (OH-C10; Sigma; St. Louis, MO, 123 
USA), N-(3-oxodecanoyl)-L-HSL (O-C10; Sigma; St. Louis, MO, USA), and N-(3-oxododecanoyl)-L-124 
HSL (O-C12; Sigma; St. Louis, MO, USA). Stock solutions with 10 mM of each AHL dissolved in 125 
EtOAc were stored at -20 °C. The AHLs were added after sterilization of the media in equal amounts: 126 
0.125 μM and 12.5 µM of each giving final concentrations of 0.5 µM or 50 µM. To minimize the 127 
inactivation of the compounds, the media were poured in petri dishes, dried, and immediately stored at 128 
5 °C. Furthermore, they were made within 24 hours of use. All other media were supplemented with 129 
amounts of solvent (EtOAc) equivalent to that added to AHL-supplemented media. 130 
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The pre-filtered seawater samples from replicate samples A, B, and C were 10-fold serially diluted in 131 
0.9 % saline solution and plated on each medium type. Four identical sets of plates (MBA, MBG, 132 
SWA, SWG) were inoculated at each of the two samplings: One set of plates were incubated at 25 °C 133 
for 2 weeks, one at 25 °C for 5 weeks, one set at 10 °C for 5 weeks and one at 10 °C for 10 weeks. To 134 
assess the effects of AHLs on culturability, four identical sets of AHL-supplemented plates 135 
(MBAAHL0.5, MBAAHL50, SWAAHL0.5, and SWAAHL50) were also used for plating and incubated as 136 
above. Culturability (%) of marine bacteria on the respective media, were based on CFUs as compared 137 
to the in situ bacterial abundances determined by fluorescence microscopy counts. 138 
Detection of AHLs in seawater. A 2-fold serial dilution of a mixture of the four AHLs (50-0.02 μM 139 
AHL-mix) was prepared in filtered (GWF) autoclaved seawater. Each dilution was extracted with an 140 
equal volume of ethyl acetate containing 0.5% formic acid, and shaken 200 rpm for 30 min, centrifuged 141 
at 3,000 × g for 5 min before the upper ethyl acetate phase was removed, and evaporated to dryness 142 
under nitrogen flow. Samples were re-suspended in 300 μL of Acetonitrile-H2O (1:1) with 1 % 143 
(vol/vol) formic acid, vortexed, shortly centrifuged and transferred to auto sampler vials. The samples 144 
(1 µL injected) were the analyzed using Ultra high performance liquid chromatography – quadrupole 145 
time of flight mass spectrometry (UHPLC-QTOFMS) on an Agilent 1290 Infinity UHPLC (Agilent 146 
Technologies; Santa Clara, CA) fitted with an Agilent Poroshell 120 Phenyl Hexyl column (2.7 µm, 147 
250 × 2.1 mm) and coupled to an Agilent 6545 QTOF, as described in detail in (47). A linear gradient 148 
consisting of water and ACN both buffered with 20 mM FA and the water further with 10 mM 149 
ammonium formate was used. The gradient started at 5 % ACN and increased to 85 % in 14, and then 150 
to 100 % in 1 min where it was held for 2 min. Data processing was performed using MassHunter 151 
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Qualitative Analysis B.07.00 (Agilent Technologies) using mass extraction window of m/z ± 0.005 for 152 
the [M + H] +, [M + Na] +, [M + NH4]+ ions of the AHLs.  153 
Besides the four AHLs used in the media, the following reference standards were co-analysed in the 154 
sequence: N-butanoyl-HSL (C4), N-hexanoyl-HSL (C6), N-octanoyl-HSL (C8), N-decanoyl-HSL (C10), 155 
N-dodecanoyl-HSL (C12), N-tetradecanoyl-HSL (C14), N-(3-oxohexanoyl)-HSL (O-C6), and N-(3-156 
oxooctanoyl)-HSL (O-C8).  157 
DNA extraction and V4 amplicon sequencing. To compare the microbial community in seawater 158 
with the culturable microbial communities on different solid media, DNA was extracted for V4 159 
amplicon sequencing. At each sampling time point, particle-associated bacteria from 3 L of seawater 160 
were filtered onto two 5 μm PC filters (8 μm MCE backing filter; GE Water & Process Tech.; Trevose, 161 
PA, USA), 1.5 L per filter. The planktonic fractions in the filtrates were subsequently filtered onto 162 
three 0.2 μm PC filters (Frisenette; Knebel, Denmark) with 1 μm MCE backing filters (Advantec; 163 
Dublin, CA, USA), one liter on each filter. All filters were stored at -20 °C in 50 mL falcon tubes until 164 
DNA was extracted. Prior to extraction, each filter was divided in to 5 mm strips and 5 mL lysis buffer 165 
(40 mM EDTA, 50 mM Tris pH 8.3, and 0.75 M sucrose) was added to each tube. Bacterial biomass 166 
from solid substrate plates was harvested from three replicate plates containing approximately 200 167 
separable macrocolonies each. Biomass was harvested by washing off the plate with lysis buffer (5 mL 168 
per plate) and transferring the solutions to 50 mL falcon tubes. 169 
Filters and colony biomass from plates were incubated at room temperature for 1 hour with regular 170 
agitation. Samples were heated to 100 °C for 10 min and cooled. The rest of the DNA extraction 171 
procedure was adapted from (42): Lysozyme (Sigma; St. Louis, MO, USA) was added to a final 172 
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concentration of 100 mg mL-1 and samples were incubated at 37 °C for 45 min with regular agitation. 173 
Sodium dodecyl sulfate (SDS) and Proteinase K (Sigma; St. Louis, MO, USA) were added to final 174 
concentrations of 0.4 % and 0.2 mg mL-1, respectively. Following one hour of incubation at 55 °C with 175 
regular agitation, samples were centrifuged at 3,000 × g for 5 min and transferred to new tubes. 176 
Extractions were done twice with 5 mL of phenol:chloroform:isoamyl alcohol (25:24:1 vol/vol/vol; 177 
Sigma, St. Louis, MO, USA), followed by extraction of the aqueous phase with one volume of 178 
chloroform:isoamyl alcohol (24:1 vol/vol; Sigma, St. Louis, MO, USA). Ethanol precipitation was 179 
performed using 2 volumes of ice-cold 96 % ethanol and 0.1 volume of sodium acetate (3 M, pH 5.5) 180 
followed by incubation at -20 °C overnight. The precipitated DNA was pelleted, washed with ethanol 181 
and dissolved in sterile Milli-Q water (pH 8). 182 
A total of 106 samples were included in the V4 amplicon sequencing; 29 samples from S1 representing 183 
five seawater samples and 24 plate-communities, and 77 from S2 representing five seawater samples 184 
and 72 plate-communities. A nested PCR approach was applied (43, 44), in which the 16S rRNA genes 185 
were amplified using the universal 27F and 1492R primer set (45). The V4 region was amplified using 186 
the 16S rRNA gene PCR products as template in the subsequent PCR applying primers listed in Table 187 
1 and procedures previously described (43). The PCR products were purified (AmPure XP PCR 188 
purification, Agencourt Bioscience Corporation, Beverly, MA, USA), quantified (Qubit®, dsDNA BR 189 
assay, Eugene, USA), and pooled (3 µg PCR product from each sample) prior to 250PE  Illumina 190 
MiSeq sequencing at BGI Tech Solutions, Hong Kong. 191 
Sequence analyses. De-multiplexed sequences were assembled and de-noised using mothur v.1.33.3 192 
(46). Poorly assembled sequences, sequences containing ambiguous base calls, sequences containing 193 
homopolymers longer than eight nucleotides, and sequences aligning poorly to the SILVA database 194 
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(version 123)(47) were excluded from the data sets. Chimeras were identified using UCHIME (48) and 195 
these were removed along with sequences of non-bacterial origin. OTU-based and phylogeny-based 196 
approaches were applied in the sequence analysis. In the former, the clean sequences were clustered 197 
into operational taxonomic units (OTUs) using a species level cutoff (97 % nucleotide sequence 198 
similarity) after which the OTUs were classified according to the SILVA database. Reproducibility 199 
between replicate samples and recovery of seawater OTUs from the different media were done based in 200 
8,500 sequences per sample (rarefaction curves are in Supplementary Fig. S1), and visualized using R 201 
v. 3.3.2 and the Vennerable package. Sequences that were unclassified at the order level and were 202 
highly abundant on solid media were subjected to a nucleotide BLAST (BLASTn) against the NCBI 203 
nucleotide sequence database. Community composition analyses were done using the phyloseq package 204 
in R v. 3.3.2. Measures of alpha- (Chao1 and Shannon) and Beta- (Bray-Curtis distances) diversity, 205 
were also calculated based on 8,500 sequences from each sample. In the phylogeny-based approach, 206 
Beta-diversity was assessed using weighted UniFrac distances calculated using mothur v.1.33.3’s 207 
weighted UniFrac algorithm. Heatmaps showing relative OTU richness was constructed using the 208 
CIMminer tool for clustered image maps (https://discover.nci.nih.gov/cimminer/). 209 
Statistical analyses. To evaluate the significance of the observed differences in overall culturability on 210 
growth media solidified with agar and gellan gum, respectively, a paired, two-tailed t-test was applied 211 
(n = 8, α = 0.05).  212 
The significance of the differences in microbial community structure (Beta-diversity) was analyzed 213 
using the analysis of molecular variance (AMOVA)(49–51) on the Bray-Curtis distances from the 214 
OTU-based sequence analysis (1,000 randomizations, α = 0.05), and using the parsimony method (P-215 
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test) on the weigthed UniFrac distances in the phylogeny-based analysis (1,000 randomizations, α = 216 
0.05). 217 
Accession numbers. Amplicon sequencing reads were deposited in the Sequencing Read Archive 218 
(SRA) database on NCBI (Accession number SRP091481) and a representative sequence of the 219 
unclassified actinobacterial OTU279 was deposited under accession number KY452456. 220 
 221 
RESULTS 222 
Coastal surface seawater was sampled on two occasions, sampling 1 (S1) and sampling 2 (S2). 223 
Microbial abundances were determined by direct cell counts and by colony counts on different growth 224 
substrates based on either a nutrient-rich medium (marine broth; MB) or a nutrient-poor medium 225 
(filtered seawater; SW) solidified with either agar (MBA and SWA) or gellan gum (MBG and SWG). 226 
Plates were incubated at 10 °C for five or ten weeks, or at 25 °C for to or five weeks. In S2, some SWA 227 
and MBA plates were furthermore supplemented with two different concentrations of acylated 228 
homoserine lactones (AHLs). Viable counts were determined and the composition and diversity of the 229 
culturable communities were assessed and compared to seawater communities by V4 sequencing. 230 
In situ abundances of planktonic bacteria, as estimated by SYBR gold staining and fluorescence 231 
microscopy, were 8.4 × 105 cells mL-1 ± 2.3 × 105 cells mL-1 and 5.8 × 106 cells mL-1 ± 1.6 × 106 cells 232 
mL-1 for S1 and S2, respectively. The viable counts (CFUs) on solid growth media ranged from 70 ± 37 233 
CFU mL-1 for seawater agar (SWA) incubated at 10 °C for 5 weeks (S1) to 3.8 × 105 ± 1.4 × 105 CFU 234 
mL-1 for marine broth gellan gum (MBG) incubated at 25 °C for 5 weeks (S2). Generally, MBG 235 
enhanced culturability compared to the other substrates, with 2.4 – 6.6 % of bacteria being culturable 236 
on this substrate depending on sampling time point and incubation conditions (Table 2). The equivalent 237 



13  

medium solidified with agar (MBA) exhibited significantly less culturability with 0.4 – 2.3 % (P = 238 
0.005). The less nutrient rich seawater media showed lower culturability than the richer marine broth 239 
based media, and on these substrates gelling agent had an even more marked impact on culturability (P 240 
< 0.001). 241 
Microbial community composition and culturable diversity. From S1 and S2 combined, a total of 242 
1.4 × 107 V4 amplicon sequences were retained after cleaning. Clustering the sequences at 97 % 243 
nucleotide sequence similarity produced 7,647 and 7,594 OTUs for S1 and S2, respectively. The 244 
number of sequences per sample varied between 3.8 × 103 and 6.8 × 105 (Table S1) with a mean of 1.3 245 
× 105 ±  9.7 × 104 (s.d.).  246 
At the time of S1, the particle associated microbial community (≥ 5 µm) in the seawater was dominated 247 
by the Alteromonadales, Flavobacteriales, Rhodobacterales, Sphingobacteriales, Verrucomicrobiales, 248 
and a large fraction of bacteria unclassified at the order level (Fig. 1). Similarly, Alteromonadales, 249 
Flavobacteriales, Rhodobacterales, and unclassified orders dominated the free-living, planktonic 250 
fraction (< 5 µm, ≥ 0.2 µm), but the Sphingobacteriales and Verrucomicrobiales decreased in relative 251 
abundance, whereas the Actinomycetales increased in abundance relative to the particle-associated 252 
communities. Low abundance (< 4 %) OTUs accounted for approx. 25 % of the sequences in the large 253 
size fraction, and the majority of the microbial diversity present in the seawater at this time point was, 254 
according to Chao1 richness estimates and Shannon diversity index values (Supplementary Fig. S2), 255 
associated with particles. Approximately one month later, during S2, a different microbial community 256 
dominated by the Campylobacterales (approx. 25 – 50 %), was present in both size fractions (Fig. 2). 257 
Concomitantly, measures of alpha-diversity were lower during S2 than during S1 (Fig. S2) and in 258 
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contrast to S1, the planktonic fraction of the microbial community was more diverse than the particle-259 
associated fraction during S2. 260 
As for overall culturability, the composition of the cultured fractions of the microbial community was 261 
affected by media and gelling agents. In S1, the orders Rhodospirillales, Thiotrichales, and Vibrionales 262 
were only observed above the threshold of 4 % on  substrates solidified with gellan gum (Fig. 1). Two 263 
replicate marine broth plates solidified with gellan gum (MBG) exhibited a high relative abundance of 264 
sequences relating to the Actinomycetales (10 – 20 %) in S1. These plates were incubated at 10 °C for 265 
10 weeks. This order was also represented on one seawater plate solidified with gellan gum (SWG) and 266 
one marine broth plate solidified with agar; however in lower relative abundance (Fig. 1). This was not 267 
just due to a single OTU reaching a high relative abundance on these plates as the Actinomycetales 268 
order had a high relative OTU richness on this substrate (Fig S3). The Campylobacterales, 269 
Burkholderiales, and Rhodobacterales also seemed to have consistently higher relative abundances on 270 
substrates solidified with gellan gum during both samplings (Fig. 1 and 2). Agar-based substrates 271 
supported the growth of the Flavobacterales better compared to substrates solidified with gellan gum 272 
during S1 (Fig. 1). In S2, this trend was not as obvious and most culturable communities were 273 
dominated by sequences related to the Campylobacterales order, except for the SWA plates (Fig. 2). 274 
SWA favored the growth of the Flavobacteriales, and the gammaproteobacterial orders 275 
Alteromonaldales and Oceanospirillales in S1, whereas the alphaproteobacterial orders were generally 276 
absent or low in abundance on these substrates (Fig. 1). Concomitantly, SWA plates also exhibited the 277 
lowest Shannon diversity values of the S1 dataset (Supplementary Fig. S2B). Similarly, the 278 
Flavobacteriales and the three gammaproteobacterial orders Alteromonadales, Oceanospirillales, and 279 
Vibrionales accounted  for almost all of the sequences on these substrates in S2 (Fig. 2). Some orders, 280 
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e.g. the Rhodobacterales, Campylobacterales, Oceanospirillales, Vibrionales, Alteromonadales, 281 
Actinomycetales, and Flavobacterales, exhibited a relatively high OTU richness across all substrate 282 
types and incubation conditions (Fig. S3 and S4), whereas their relative abundance varied substantially 283 
between treatments (Fig. 1 and 2). From the community analysis it seemed that consistency between 284 
replicates was highest in natural communities, while there, in some cases, were larger deviations in 285 
cultured communities (e.g. SWA communities in S1; Fig. 1). This notion was substantiated by the fact 286 
that only a limited number of OTUs was shared between all three replicates in many of the treatments 287 
(Fig. S5-S7).  288 
The community structure analyses substantiated that gelling agent had an impact on the composition of 289 
the culturable microbial communities. From S1, the communities growing on substrates solidified with 290 
gellan gum clustered together in two overall clusters (Fig. 3). The exceptions were one community 291 
from a MBG plate that clustered with three communities from agar plates and one SWA plate 292 
incubated at 25 °C for five weeks which clustered with one of the gellan gum sub-clusters. Another 293 
replicate from the same treatment did not cluster with other communities. The remaining communities 294 
growing on agar-based substrates formed three sub-clusters. The observed sub-clusters did not seem to 295 
be defined by the media or the incubation conditions (Fig. 3). A PARSIMONY test on the UniFrac 296 
distances confirmed that the observed differences in community structure on substrates solidified with 297 
either gellan gum or agar, were significant (P = 0.003). This was not the case for any of the other 298 
treatments i.e. medium, incubation time, and incubation temperature (P > 0.05; Table 3). In the OTU-299 
based analyses of community structure the same result was obtained using the AMOVA test on Bray-300 
Curtis distances (Table 3). For S2, the microbial communities clustered together both based on gelling 301 
agent and based on medium type (Fig. 4). The 23 gellan gum plate communities clustered together in 302 
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two overall sub-clusters except for five plates, which spread among MBA plates, or with one of the 303 
seawater communities. A total of five MBA plates also clustered with the two gellan gum sub-clusters 304 
whilst all SWA communities clustered together in two distinct sub-subclusters. The fact that both 305 
gelling agent and medium influenced the community structure was substantiated by the PARSIMONY 306 
and AMOVA tests (P ≤ 0.002; Table 3). The effect of incubation times on the structure of the cultured 307 
microbial communities was not statistically significant according to the same analyses (P > 0.05; Table 308 
3). UniFrac data suggested that incubation temperature did have an effect (PARSIMONY, P = 0.03), 309 
while this effect was not statistically significant according to the OTU-based approach (AMOVA, P = 310 
0.07). The seawater communities were similar to each other and distinct from the cultured communities 311 
in both samplings except from one replicate in S2 that was more similar to the community from a MBG 312 
plate (Fig. 4). Whether some substrates supported the growth of a community more similar to the one 313 
present in situ was unclear based on the community structure analyses, but a comparison of the number 314 
of seawater OTUs that was recovered on the different substrates suggested that substrates solidified 315 
with gellan gum supported the growth of more OTUs than the corresponding agar-solidified substrate, 316 
and it supported the growth of more of the OTUs observed in seawater (Fig. 5). Furthermore, this 317 
analysis also suggested that the overlap between OTUs recovered on substrates solidified with gellan 318 
gum and substrates solidified with agar was relatively small.   319 
Recovery of unclassified OTUs. Sequences unclassified at the order level were most frequently 320 
recovered during S1 where the in situ abundance of unclassified OTUs was highest (Fig. 1, 2). One 321 
MBA plate, incubated at 25 °C for 5 weeks, supported the growth of unclassified OTUs, exhibiting 322 
relative abundances of approximately 5 %.(Fig. 1). Two MBG plates, one incubated at 10 °C for 10 323 
weeks, and one incubated at 25 °C for 5 weeks, also exhibited relatively high abundances of  324 
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unclassified OTUs with ca 5 and 10 %, respectively (Fig. 1). One OTU, OTU279, represented 5,798 325 
sequences in S1 and 5,360 (92 %) of these were derived from MBG plates. Blast results showed that 326 
this OTU exhibited 100 % nucleotide sequence similarity to numerous environmental sequences from 327 
various marine environments (e.g. Accession no.: KR077719, KR077314, KT731894, and 328 
KM224111). It also exhibited 95 – 100 % similarity to six un-cultured putative actinobacteria isolated 329 
from coastal water using fluorescence-activated cell sorting (Accession no.: JF488172, HQ675198, 330 
HQ675197, HQ675140, HQ675191, and HQ675143), and 95 % nucleotide sequence similarity to an 331 
uncultured member of a proposed novel marine actinobacterial sub-class, the ‘Candidatus 332 
Actinomarinidae’ known only from metagenomes (52). Its closest described relative, the 333 
actinobacterium Conexibacter woesei, showed 81 % nucleotide sequence similarity to OTU279. 334 
Similar observations were done for abundant unclassified beta- and gammaproteobacterial OTUs. 335 
Impact of AHLs on culturability. Supplementation with AHLs had a negative, or no effect on viable 336 
counts (Table 2). It did affect microbial community composition in some instances during S2 (Fig. 6). 337 
For MBA substrates incubated at 10 °C for 5 weeks, the relative abundance of Alteromonadales 338 
increased relative to other orders with increasing AHL concentrations. On MBA alone the 339 
Alteromonadales was observed in the community of one replicate with a relative abundance of ca 35 340 
%. In contrast it was recovered from all three MBAAHL0.5 communities where it dominated two 341 
replicates, and on all three replicate MBAAHL50 plates it was the dominant order. This trend was not 342 
observed for any of the other growth conditions. Most notable was the occurrence of 343 
Sphingobacteriales on substrates supplemented with AHLs. This order was not recovered from any of 344 
the other substrates, but one replicate plate in three of four treatments supplemented with 0.5 µM AHLs 345 
exhibited high relative abundances of this order (Fig. 6). The community structure analysis suggested 346 
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that gelling agent and medium were stronger drivers of community composition than AHL-347 
supplementation as substrates containing AHLs seemed scattered among the other sub-clusters (Fig. 4). 348 
One exception was a distinct sub-cluster representing six MBA communities more similar to 349 
communities grown on SWA plates than to other MBA-derived communities. The PASIMONY test 350 
substantiated that differences in the community structure between AHL-supplemented and non-351 
supplemented substrates were not significant based on the UniFrac distances, while the OTU-based 352 
analyses suggested that they were significant at an alpha-level of 0.05 (Table 3). In situ concentrations 353 
of the four applied AHLs and 17 additional relevant AHLs (41) were below the detection level of 10 354 
nM on both sampling occasions.  355 
 356 
DISCUSSION 357 
Marine environments accommodate a wealth of different microbes; a diversity that is far from reflected 358 
in current collections of cultured marine bacteria. This lack of available laboratory cultures is a severe 359 
impediment to our understanding of the biology of marine microbes, but also to the discovery of novel 360 
bioactive compounds. Based on previous findings (30–32, 34, 35, 37), we reasoned that substituting 361 
agar in different solid growth media targeting marine bacteria with an alternative gelling agent, i.e. 362 
gellan gum, would affect culturability. The findings presented in this study show that this substitution 363 
does improve culturability of marine bacteria; both in terms of viable cell counts, and in terms of 364 
culturable diversity. In fact, we observed an increase in viable counts of 3 – 40-fold on substrates 365 
solidified with gellan gum compared to substrates solidified with agar. Cultivation of soil communities 366 
on gellan gum-substrates increase the viable count 1 – 2-fold (35) and similar results have been shown 367 
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for lake sediment communities (37). The improvement observed in our study was most significant for 368 
the nutrient-poor seawater media, where viable counts were generally very low. Rich media supported 369 
the growth of more bacteria in all cases, most were observed on MBG substrates with 6.6 % relative to 370 
direct counts. Hence, a rich medium solidified with gellan gum seems to be the most appropriate of the 371 
tested substrates to cultivate the majority of bacteria from these coastal surface waters. Incubation 372 
times of up to three months may improve culturability of both soil and marine bacteria (20, 21, 25, 53), 373 
yet in comparison to medium and gelling agent, incubation time and temperature had a minor effect on 374 
viable counts in this study.  375 
Data describing differences in the culturable diversity on substrates based on different gelling agents 376 
are generally limited and based on very small data sets, yet previous studies have suggested that while 377 
gellan gum improves viable cell counts, the diversity of culturable soil bacteria may not be significantly 378 
different (25, 35, 38). In contrast, we found that the gelling agent was a key driver of the structure of 379 
the different cultured communities in both samplings. In fact, from S1, gelling agent was the only 380 
factor that had a significant effect on the diversity between cultured communities. This was evident 381 
from both the phylogenetic distances between samples (weighted UniFrac) and for community 382 
differences occurring at the species level (sequences binned at 97 % sequence similarity). Furthermore, 383 
media solidified with gellan gum-substrates recovered more of the OTUs that were observed in 384 
seawater than their corresponding agar-solidified substrates at both sampling time points. The fact that 385 
gelling agent indeed does affect culturable diversity corroborates observations by Tamaki et al., (2005) 386 
who saw a change in the relative abundance of phyla in randomly chosen colonies from agar- and 387 
gellan gum-based substrates inoculated with freshwater sediment samples (36).  388 
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Some of the major differences between the fractions of the communities that were culturable on gellan 389 
gum-substrates and agar-substrates related to the relative abundances of the orders of Flavobacterales, 390 
Actinomycetales, Campylobacterales, Burkholderiales, Rhodospirillales, Rhodobacterales, and 391 
Thiotrichales. The former exhibited higher abundance on substrates solidified with agar and hence 392 
conventional agar-based media may be more suited for targeting marine flavobacteria. The remaining 393 
orders were found in higher abundances, or exclusively, on media solidified with gellan gum showing 394 
that gelling agent can be a powerful tool in the cultivation of targeted groups of marine bacteria. 395 
Moreover, sequences representing unknown bacterial orders were more frequently observed in 396 
communities derived from substrates solidified with gellan gum showing that the cultured communities 397 
on gellan gum plates are not only different from communities culturable on agar-based substrates, they 398 
also cover more of the natural community and more of the unknown fraction of this community. Some 399 
of the abundant unclassified OTUs were only related to environmental sequences while others were 400 
closely related (>95 % sequence similarity) to marine gammaproteobacteria and actinobacteria isolated 401 
using fluorescence-activated cell sorting (54). One of the most abundant OTUs representing an 402 
unknown order, OTU279, was a putative marine actinobacterium related to the novel sub-class 403 
‘Candidatus Actinomarinidae’ (52). The fact that hitherto uncultured marine actinobacteria are 404 
culturable on MBG plates, and that the actinomycetes present in the seawater at S1 seemed to be 405 
recovered on MBG is promising in terms of discovering novel bioactive compounds as this group of 406 
bacteria is currently responsible for approximately 7,000 of the compounds in the Dictionary of Natural 407 
Products (55) and for more than half the microbially derived antibiotics currently known (8). Gavrish et 408 
al. (2008) reported that collections of soil actinobacteria isolated using gellan gum were different from, 409 
and more diverse than, actinobacteria obtained using agar (56) and taken together, it is likely fruitful 410 
for future bioprospecting efforts, looking to obtain novel bioactive compounds from marine and soil 411 
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actinobacteria, to incorporate alternative gelling agents. As it is only a few families of the 412 
actinobacteria, e.g. the Streptomycetaceae and Micromonosporaceae, that produce bulk of the bioactive 413 
compounds known from this group (8), it is uncertain whether gellan gum supports the growth of more 414 
bioactive strains or not. This will have to be assessed by a thorough evaluation of new isolates, or by a 415 
metagenomics-based approach.  416 
The reason for the altered culturability observed between gellan gum substrates and agar substrates is 417 
not known. However, agar and gellan gum are composed from different sugars and agar, being a 418 
macroalgal polymer, may bias the composition of the cultured community towards certain microbes 419 
specialized in utilization of agar or potentially galactose residues released from the substrate. The 420 
similar observations from soil and freshwater environments (35–37) does however suggest that it may 421 
rather be the glucose, glucuronic acid, and rhamnose residues from gellan gum (57), which potentially 422 
stimulate the growth of a broader section of the microbial community. Alternatively, the agar media 423 
have negative effects on bacterial growth. In fact, it was recently shown that reactive oxygen species 424 
may be formed during sterilization of agar media, negatively affecting culturability (58). 425 
We also assessed the effect of other factors than gelling agent on culturability, and as mentioned the 426 
medium had significant impact on viable counts while incubation time and temperature had less 427 
marked, yet in some cases measurable effects on culturability. This was also true when considering 428 
community composition and the diversity between cultured communities. At the species level, 429 
temperature did not have a significant effect on community structure in any of the samplings, but the 430 
UniFrac data suggested that temperature may have had an effect during S2. We never observed a 431 
significant effect of incubation time on the clustering of individual culturable communities. It is 432 
however well-known that incubation times spanning months facilitates the cultivation of some 433 
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fastidious bacteria (20, 21, 25, 53), and the lack of marked differences in our study is probably due to 434 
the relatively small temporal difference between treatments, i.e. a three week difference in incubation 435 
time at 25 °C and five weeks at 10 °C. From S2 we observed an interaction between gelling agent and 436 
medium. Specifically, all SWA-grown communities formed distinct sub-clusters. One reason why the 437 
communities from these plates were different from other media was that the Campylobacterales order, 438 
which was dominating the seawater community and the other substrates, did not grow on these plates, 439 
highlighting that small scale temporal variations in the natural community, the gelling agent, and the 440 
growth medium all significantly affect the outcome of cultivation efforts.  441 
Moreover, we speculated that supplementing substrates with extracellular signaling molecules could 442 
enhance culturability of marine bacteria. Previous attempts to culture Baltic Sea bacterioplankton in 443 
liquid cultures (59) suggested that micro-molar concentrations of AHLs could stimulate culturability. 444 
We supplemented media with AHLs known from marine Gram-negative bacteria, specifically of the 445 
Vibrionaceae family (41), but AHL supplementation had a negative impact on viable counts, 446 
suggesting that high concentrations of AHLs, as compared to the in situ concentrations of < 10 nM, 447 
may in fact be toxic to some bacteria. Furthermore, it did not have a clear effect on the culturable 448 
diversity. Efforts to culture marine sponge–associated bacteria on agar-plates with AHLs have shown 449 
similar results (60) and hence, increasing culturability on solid media supplemented with signaling 450 
molecules is not straight forward. One exception was the Sphingobacteriales bacteria which accounted 451 
for approximately 10 % of sequences on most SWAAHL0.5 and MBAAHL0.5 plates, so efforts to cultivate 452 
specific community members on solid substrates can be facilitated using AHLs. 453 
In conclusion, it is clear that a substantial fraction of the hitherto un-culturable marine bacteria are in 454 
fact culturable when the right substrates are applied. The gelling agent is specifically an important, but 455 



23  

often overlooked, factor and substituting agar with other gelling agents in future efforts to cultivate 456 
marine bacteria is essential in order to bring more marine bacteria in to culture and to discover new 457 
natural products.  458 
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TABLE AND FIGURE LEGENDS 630 
 631 
TABLE 1 V4 primers for 250PE Illumina MiSeq sequencing used in this study. Index sequences are 632 
shown in bold. 633 
 634 
TABLE 2 Culturability of bacteria given as colony forming units (CFU mL-1) relative to total cell 635 
counts (cells mL-1) in seawater. 636 
 637 
TABLE 3 Significance of treatment effects on community structure for sampling 1 (S1) and sampling 638 
2 (S2). PARSIMONY tests were performed on weighted UniFrac distances and analyses of molecular 639 
variance (AMOVA) were performed on Bray-Curtis distances.  640 
 641 
FIGURE 1 The culturable community compositions during Sampling 1 compared to the in situ 642 
community. The composition is depicted as relative proportions of bacterial orders  obtained from 643 
seawater  (5 μm, 0.2 μm filters) and from cultivated bacteria on marine broth agar (MBA), marine 644 
broth gellan gum (MBG), seawater agar (SWA), and seawater gellan gum (SWG).  645 
 646 
FIGURE 2 The culturable community compositions during Sampling 2 compared to the in situ 647 
community. The composition is depicted as relative proportions of bacterial orders obtained from 648 
seawater  (5 μm, 0.2 μm filters) and from cultivated bacteria on marine broth agar (MBA), marine 649 
broth gellan gum (MBG), seawater agar (SWA), and seawater gellan gum (SWG).  650 
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 651 
FIGURE 3 Un-rooted tree depicting weighted UniFrac distances (distances indicated by the scale bars) 652 
between individual samples from Sampling 1 (S1). Sample names are given according to growth 653 
substrate and incubation time, except for seawater samples which are named according to filter size 654 
(µm). 655 
 656 
FIGURE 4 Un-rooted tree depicting weighted UniFrac distances (distances indicated by the scale bars) 657 
between individual samples from Sampling 1 (S2). Sample names are given according to growth 658 
substrate and incubation time, except for seawater samples which are named according to filter size 659 
(µm). 660 
 661 
FIGURE 5 Venn diagrams comparing the recovery of planktonic (< 5µm, ≥ 0.2 µm) seawater OTUs 662 
(Filter) on different substrates and showing the overlap of OTUs recovered on equivalent media 663 
solidified with either gellan gum (MBG and SWG), or agar (MBA and SWA) from Sampling 1 (S1) 664 
and Sampling 2 (S2). Communities from all incubation conditions have been pooled.  665 
 666 
FIGURE 6 The culturable community composition on solid media supplemented with acylated 667 
homoserine lactones (AHLs) compared to the in situ composition and the composition on non-668 
supplemented media. The composition is depicted as relative proportions of bacterial orders obtained 669 
from seawater (5 μm, 0.2 μm filters), and from cultivated bacteria on marine broth agar (MBA), marine 670 
broth agar supplemented with 0.5 (MBA•) or 50 (MBA••) µM AHLs, seawater agar (SWA), and 671 
seawater agar supplemented with 0.5 (SWA•) or 50 (SWA••) μM AHLs.  672 



TABLE 1 V4 primers for 250PE Illumina MiSeq sequencing used in this study. Index sequences 
are shown in bold. 
 

Forward 
Primer Sequence (5’‐ 3’) 
V4.SA501 AATGATACGGCGACCACCGAGATCTACACATCGTACGTATGGTAATTGTGTGCCAGCMGCCGCGGTAA
V4.SA502 AATGATACGGCGACCACCGAGATCTACACACTATCTGTATGGTAATTGTGTGCCAGCMGCCGCGGTAA
V4.SA503 AATGATACGGCGACCACCGAGATCTACACTAGCGAGTTATGGTAATTGTGTGCCAGCMGCCGCGGTAA
V4.SA504 AATGATACGGCGACCACCGAGATCTACACCTGCGTGTTATGGTAATTGTGTGCCAGCMGCCGCGGTAA
V4.SA505 AATGATACGGCGACCACCGAGATCTACACTCATCGAGTATGGTAATTGTGTGCCAGCMGCCGCGGTAA
V4.SA506 AATGATACGGCGACCACCGAGATCTACACCGTGAGTGTATGGTAATTGTGTGCCAGCMGCCGCGGTAA
V4.SA507 AATGATACGGCGACCACCGAGATCTACACGGATATCTTATGGTAATTGTGTGCCAGCMGCCGCGGTAA
V4.SA508 AATGATACGGCGACCACCGAGATCTACACGACACCGTTATGGTAATTGTGTGCCAGCMGCCGCGGTAA
Reverse 
Primer Sequence (5’‐ 3’) 
V4.SA701 CAAGCAGAAGACGGCATACGAGATAACTCTCGAGTCAGTCAGCCGGACTACHVGGGTWTCTAAT
V4.SA702 CAAGCAGAAGACGGCATACGAGATACTATGTCAGTCAGTCAGCCGGACTACHVGGGTWTCTAAT
V4.SA703 CAAGCAGAAGACGGCATACGAGATAGTAGCGTAGTCAGTCAGCCGGACTACHVGGGTWTCTAAT
V4.SA704 CAAGCAGAAGACGGCATACGAGATCAGTGAGTAGTCAGTCAGCCGGACTACHVGGGTWTCTAAT
V4.SA705 CAAGCAGAAGACGGCATACGAGATCGTACTCAAGTCAGTCAGCCGGACTACHVGGGTWTCTAAT
 V4.SA706  CAAGCAGAAGACGGCATACGAGATCTACGCAGAGTCAGTCAGCCGGACTACHVGGGTWTCTAAT           

 

 

 

 



TABLE 2 Culturability of bacteria given as colony forming units (CFU mL-1) relative to total cell 

counts (cells mL-1) in seawater. 

 

Substrate 

Culturability (%) 
S1 S2 

10 °C 25 °C 10 °C 25 °C 
5 
weeks 

10 
weeks   2 

weeks
5 
weeks  5 

weeks
10 
weeks  2 

weeks
5 
weeks 

MBA 0.4 0.7 1.5 1.5 0.4 0.4 0.7 2.3 
MBAAHL0.5 0.2 0.3 1.3 1.8 0.1 0.2 0.6 1.4 
MBAAHL50 0.1 0.1 0.2 0.2 0.1 0.2 0.1 0.1 
MBG 2.5 2.7 3.8 4.1 3.2 3.4 2.4 6.6 
SWA 0.01 0.03 0.02 0.02 0.01 0.02 0.003 0.005 
SWAAHL0.5 0.01 0.02 0.01 0.01 0.01 0.02 0.007 0.01 
SWAAHL50 0.01 0.01 0.01 0.03 0.002 0.004 0.002 0.003 
SWG 0.1 0.2   0.4 0.6  0.2 0.2  0.1 0.2 
 

 

 



TABLE 3 Significance of treatment effects on community structure for sampling 1 (S1) and 

sampling 2 (S2). PARSIMONY tests were performed on weighted UniFrac distances and analyses 

of molecular variance (AMOVA) were performed on Bray-Curtis distances.  

 
Significance (P-value) 

  S1 S2 
Treament PARSIMONY AMOVA PARSIMONY AMOVA 
Gelling agent 0.003 <0.001 0.002 <0.001 
Medium 0.6 0.07 <0.001 <0.001 
Incubation time 0.5a 0.6a 0.6-0.9b 0.07-0.09b 
Incubation temperature 0.5a 0.6a 0.03 0.07 
AHL0.5 Na na 0.08 0.03 
AHL50 Na na 0.07 0.003 

 
a In S1 incubation time and temperature comparisons were identical as all plates incubated at 10 °C were incubated for 
10 weeks and all plates incubated at 25 °C were incubated for 5 weeks        
b In S2 two different incubation times were applied for each temperature (10 °C for 5 weeks and 10 weeks; 25 °C for 2 
weeks and 5 weeks) 
na: not applicable  
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SUPPLEMENTAL MATERIAL 

 

Table S1 The number of sequences and OTUs from each sample in the dataset. 

  
Number of sequences and OTUs in each sample 

Sampling Sample Number of sequences Number of OTUs 

S1 

Filter.0.2um.A 220295 852 

Filter.0.2um.B 165079 1076 

Filter.0.2um.C 86853 1122 

Filter.5um.A 251406 2997 

Filter.5um.B 363554 3076 

MBA.10C.10w.A 102657 372 

MBA.10C.10w.B 53969 240 

MBA.10C.10w.C 106918 226 

MBA.25.5w.B 119813 297 

MBA.25C.5w.A 108321 157 

MBA.25C.5w.C 136518 152 

MBG.10C.10w.A 302303 1493 

MBG.10C.10w.B 144939 830 

MBG.10C.10w.C 172083 148 

MBG.25C.5w.A 36590 98 

MBG.25C.5w.B 183976 237 

MBG.25C.5w.C 211098 189 

SWA.10C.10w.A 79051 111 

SWA.10C.10w.B 91203 202 

SWA.10C.10w.C 96301 59 

SWA.25C.5w.A 95666 82 

SWA.25C.5w.B 8791 83 

SWA.25C.5w.C 187820 71 

SWG.10C.10w.A 65216 151 

SWG.10C.10w.B 67144 162 

SWG.10C.10w.C 115029 194 

SWG.25C.5w.A 687394 425 

SWG.25C.5w.B 180930 229 

SWG.25C.5w.C 199525 852 

S2 

Filter.0.2um.A 138337 3015 

Filter.0.2um.B 113220 944 

Filter.0.2um.Ca 3813 208 

Filter.5um.A 225494 1057 

Filter.5um.B 291596 1280 

MBA.0.5.10C.5w.Ab 45862 77 

MBA.0.5.10C.5w.Bb 54884 94 



2 
 

MBA.0.5.10C.5w.Cb 110085 173 

MBA.0.5.25C.2w.Ab 21065 46 

MBA.0.5.25C.2w.Bb 26655 59 

MBA.0.5.25C.2w.Cb 151989 102 

MBA.10C.10w.A 75313 114 

MBA.10C.10w.B 320221 55 

MBA.10C.10w.C 40700 61 

MBA.10C.5w.A 93617 277 

MBA.10C.5w.B 127045 80 

MBA.10C.5w.C 114783 128 

MBA.25.2w.A 160553 246 

MBA.25C.2w.B 207982 164 

MBA.25C.2w.C 192807 201 

MBA.25C.5w.A 82020 63 

MBA.25C.5w.B 93446 77 

MBA.25C.5w.C 61493 61 

MBA.50.10C.5w.Ac 41791 92 

MBA.50.10C.5w.Bc 17682 72 

MBA.50.10C.5w.Cc 84869 130 

MBA.50.25C.2w.Ac 19261 62 

MBA.50.25C.2w.Bc 49606 91 

MBA.50.25C.2w.Cc 110176 184 

MBG.10C.5w.A 510041 471 

MBG.10C.5w.Ba 4801 59 

MBG.10C.5w.C 151464 130 

MBG.10C.10w.A 46633 43 

MBG.10C.10w.B 184191 59 

MBG.10C10w.C 56434 49 

MBG.25C.2w.A 177643 348 

MBG.25C.2w.B 82369 169 

MBG.25C.2w.C 105949 227 

MBG.25C.5w.A 169192 46 

MBG.25C.5w.B 52877 49 

MBG.25C.5w.C 63316 49 

SWA.0.5.10C.5w.Ab 73126 134 

SWA.0.5.10C.5w.Bb 74161 170 

SWA.0.5.10C.5w.Cb 94583 281 

SWA.0.5.25C.2w.Ab 37458 56 

SWA.0.5.25C.2w.Bb 113836 138 

SWA.0.5.25C.2w.Cb 134027 111 

SWA.10C.10w.A 158612 130 

SWA.10C.10w.B 60867 78 

SWA.10C.10w.C 253819 82 

SWA.10C.5w.A 123741 235 
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SWA.10C.5w.B 127184 251 

SWA.10C.5w.C 117251 446 

SWA.25C.2w.A 215608 181 

SWA.25C.2w.B 128752 238 

SWA.25C.2w.C 141008 398 

SWA.25C.5w.A 92017 109 

SWA.25C.5w.B 106022 112 

SWA.25C.5w.C 54175 65 

SWA.50.10C.5w.Ac 60425 74 

SWA.50.10C.5w.Bc 108097 72 

SWA.50.10C.5w.Cc 101780 58 

SWA.50.25C.2w.Ac 43389 54 

SWA.50.25C.2w.Bc 135259 110 

SWA.50.25C.2w.Cc 102638 85 

SWG.10C.10w.A 213337 88 

SWG.10C.10w.B 201466 68 

SWG.10C.10w.C 119261 112 

SWG.10C.5w.A 161499 267 

SWG.10C.5w.B 183605 329 

SWG.10C.5w.C 119067 253 

SWG.25C.2w.A 278480 139 

SWG.25C.2w.B 146178 190 

SWG.25C.2w.C 169674 757 

SWG.25C.5w.A 155510 153 

SWG.25C.5w.B 42587 91 

SWG.25C.5w.C 56308 60 

   
a These samples were excluded from the subsequent sequence analyses due to the subsampling cutoff of 8,500 sequences. 
b Plates supplemented with 0.5 µM AHLs  
c Plates supplemented with 50 µM AHLs  
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FIGURE S1 Rarefaction curves from all sequenced samples from sampling 1 (A) and sampling 2 

(B). Sequences were clustered at a 97 % sequence similarity. In the subsequent diversity analyses 

8,500 sequences from each sample were analyzed as indicated by the dashed line.  
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FIGURE S2 Measures of alpha-diversity in the two data sets. The Chao1 richness estimates for 

sampling 1 and 2 are shown in panels A and C, respectively, and the Shannon diversity index values 

are shown in panels B and D for sampling 1 and 2, respectively.  
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FIGURE S3 Heatmap displaying the relative OTU richness across samples in S1. The scale bar represents log10+1 transformed OTU richness.  
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FIGURE S4 Heatmap displaying the relative OTU richness across samples in S2. The scale bar represents log10+1 transformed OTU richness.
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FIGURE S4 Weighted Venn diagrams showing the number of OTUs shared between replicates 

within each treatment during S1. Diagrams are only weighted within treatments.  
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FIGURE S5 Weighted Venn diagrams showing the number of OTUs shared between replicates 

within each treatment during S2, excluding communities from plates supplemented with AHLs. 

Diagrams are only weighted within treatments.  
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FIGURE S6 Venn diagrams showing the number of OTUs shared between replicates within each 

of the AHL-supplemented treatments during S2. Diagrams are only weighted within treatments. 
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