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Effects of Gelling Agent and Extracellular
Signaling Molecules on the Culturability
of Marine Bacteria

Anita Mac Rygaard, Mariane Schmidt Thggersen, Kristian Fog Nielsen, Lone Gram,
Mikkel Bentzon-Tilia

Department of Biotechnology and Biomedicine, Technical University of Denmark, Kongens Lyngby, Denmark

ABSTRACT Only 1% of marine bacteria are currently culturable using standard lab-
oratory procedures, and this is a major obstacle for our understanding of the biol-
ogy of marine microorganisms and for the discovery of novel microbial natural prod-
ucts. Therefore, the purpose of this study was to investigate if improved cultivation
conditions, including the use of an alternative gelling agent and supplementation
with signaling molecules, improve the culturability of bacteria from seawater. Re-
placing agar with gellan gum improved viable counts 3- to 40-fold, depending on
medium composition and incubation conditions, with a maximum of 6.6% culturabil-
ity relative to direct cell counts. Through V4 amplicon sequencing we found that
culturable diversity was also affected by a change in gelling agent, facilitating the
growth of orders not culturable on agar-based substrates. Community analyses
showed that communities grown on gellan gum substrates were significantly differ-
ent from communities grown on agar and that they covered a larger fraction of the
seawater community. Other factors, such as incubation temperature and time, had
less obvious effects on viable counts and culturable diversity. Supplementation with
acylated homoserine lactones (AHLs) did not have a positive effect on total viable
counts or a strong effect on culturable diversity. However, low concentrations of
AHLs increased the relative abundance of sphingobacteria. Hence, with alternative
growth substrates, it is possible to significantly increase the number and diversity of
cultured marine bacteria.

IMPORTANCE Serious challenges to human health, such as the occurrence and
spread of antibiotic resistance and an aging human population in need of bioactive
pharmaceuticals, have revitalized the search for natural microbial products. The ma-
rine environment, representing the largest ecosystem in the biosphere, harbors an
immense and virtually untapped microbial diversity producing unique bioactive com-
pounds. However, we are currently able to cultivate only a minute fraction of this di-
versity. The lack of cultivated microbes is hampering not only bioprospecting efforts
but also our general understanding of marine microbes. In this study, we present a
means to increase the number and diversity of cultured bacteria from seawater,
showing that relatively simple changes to medium components may facilitate the
isolation and growth of hitherto unknown bacterial orders.

KEYWORDS AHLs, cultivation, gellan gum, marine microbiology, microbial
communities

he ocean is the largest ecosystem on Earth, covering 70% of the surface of the
planet and representing the greatest pool of microbial life on the planet (1).
Microorganisms are key players in the biogeochemical cycles, and their remineralization
of organic matter forms the basis of all life. Furthermore, microorganisms are excellent
sources of bioactive compounds, such as antibiotics, hydrolytic enzymes, and antican-
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cer agents (2, 3). For decades, terrestrial microorganisms have been used as sources of
such bioactive compounds. However, the growing need for new drugs and biopro-
cessing compounds has led to the expansion of bioprospecting efforts to include other
environments. The marine environment, particularly marine microorganisms, is consid-
ered a very promising source of novel bioactivities. Marine microorganisms have
evolved to survive and grow under conditions differing from those of terrestrial
environments (e.g., high salinity, pressure, and oligotrophy). Therefore, the chemistry of
many of their bioactive compounds is different from those produced by terrestrial
organisms, potentially having novel targets and mechanisms of action (4-8).

The vast majority of marine microorganisms (90 to 99%) have not yet been successfully
cultured under laboratory conditions (3), a phenomenon that has been referred to as the
“great plate count anomaly” (9). Furthermore, cultured microorganisms are not represen-
tative of the actual diversity. For instance, cultivation-independent approaches have re-
vealed that Alphaproteobacteria represent one of the most abundant marine bacterial
classes (10, 11), while most cultured microorganisms belong to Gammaproteobacteria.
Genomic and metagenomic sequencing has enabled the study of the overall function and
activity of environmental microbial communities (12-17) and has also allowed the identi-
fication of novel bacterial groups and the assessment of the biotechnological potential of
microbial communities by identifying biosynthetic pathways of pharmaceutical interest,
and bioprocessing. However, the exploitation of metagenomes through heterologous
expression and the production of fully functional products is difficult (18, 19). Therefore,
there is great interest in improving the culturability of microorganisms. Furthermore,
cultivation-based tools are still of paramount importance for a comprehensive understand-
ing of the biology, ecology, and bioactivity of prokaryotes and are essential for future
bioprospecting (1, 19).

For the last 2 decades, scientists have tried to bring “not-yet-culturable” species into
culture, and a range of approaches have indeed either improved overall culturability or
enabled culturing of specific organisms. Typically, these approaches attempt to mimic
the natural niche by reducing nutrients, adding specific compounds, or changing
incubation atmosphere, temperature, and time (e.g., see references 20-25). Also, the
requirements for a mixed microbial community and signals from this community have
been proposed as an explanation for the lack of culturability (1, 26). Indeed, D’Onofrio
et al. (27) used coculturing experiments to show that some marine microbes only grow
when paired with a specific combination of other species. Similarly, a coculture
approach brought between 30 and 40% of soil and seawater bacteria into culture (24).

Agar is by far the most widely used gelling agent in microbiology; however, a
number of other compounds, such as xanthan gum, carrageenan, and gellan gum, have
similar gelling properties. Several studies have demonstrated that solidifying growth
substrates with gellan gum, which is a fermentation product of Sphingomonas elodea
(28), appears to enhance the culturability of some microorganisms. Gellan gum solid-
ifies at room temperature in the presence of multivalent cations such as magnesium
and calcium (28, 29), and its high thermal stability makes it ideal for the isolation and
growth of several thermophilic microorganisms (30-33). Studies on soil and freshwater
sediment bacteria have shown that alternative gelling agents, such as gellan gum, may
enable more microorganisms to grow and form colonies on solid substrates than on
substrates solidified with agar (30-32, 34-37), resulting in the isolation of previously
unculturable bacteria (35, 38). Improving the culturability of marine bacteria through
the application of alternative gelling agents in growth substrates has so far not been
done. Hence, the purpose of the present study was to determine how gellan gum, in
comparison with agar, affects the overall culturability and the culturable diversity of
microbial communities from seawater. Furthermore, the effect of specific quorum-
sensing signaling molecules on culturability was assessed.

RESULTS
Coastal surface seawater was sampled on two occasions, sampling 1 (S1) and
sampling 2 (S2). Microbial abundances were determined by direct cell counts and by
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TABLE 1 Culturability of bacteria
Culturability (%)

S1 S2

10°C 25°C 10°C 25°C
Substrate 5 wk 10 wk 2 wk 5 wk 5 wk 10 wk 2 wk 5 wk
MBA 0.4 0.7 1.5 1.5 0.4 04 0.7 23
MBAAL05 0.2 0.3 1.3 1.8 0.1 0.2 0.6 1.4
MBAALLs0 0.1 0.1 0.2 0.2 0.1 0.2 0.1 0.1
MBG 25 2.7 3.8 4.1 3.2 34 24 6.6
SWA 0.01 0.03 0.02 0.02 0.01 0.02 0.003 0.005
SWA L0 5 0.01 0.02 0.01 0.01 0.01 0.02 0.007 0.01
SWA HLs0 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
aGiven as CFU (CFU ml—") relative to total cell counts (cells ml~7) in seawater.

colony counts on different growth substrates based on either a nutrient-rich medium
(marine broth; MB) or a nutrient-poor medium (filtered seawater; SW) solidified with
either agar (MBA and SWA, respectively) or gellan gum (MBG and SWG, respectively).
Plates were incubated at 10°C for 5 or 10 weeks or at 25°C for 2 or 5 weeks. In 52, some
SWA and MBA plates were further supplemented with two different concentrations of
acylated homoserine lactones (AHLs). Viable counts were determined and the compo-
sitions and diversity of the culturable communities were assessed and compared with
those from seawater communities by V4 sequencing.

In situ abundances of planktonic bacteria, as estimated by SYBR gold staining and
fluorescence microscopy, were 8.4 X 10> cells mI=" + 2.3 X 10° cells ml~" and 5.8 X
106 cells mI=" = 1.6 X 10° cells mI=" for S1 and S2, respectively. The viable counts
(CFU) on solid growth media ranged from 70 = 37 CFU ml~" for seawater agar (SWA)
incubated at 10°C for 5 weeks (S1) to 3.8 X 10°> = 1.4 X 10> CFU ml—" for marine broth
gellan gum (MBG) incubated at 25°C for 5 weeks (52). Generally, MBG enhanced the
culturability compared with that of the other substrates, with 2.4 to 6.6% of bacteria
being culturable on this substrate depending on sampling time point and incubation
conditions (Table 1). The equivalent medium solidified with agar (MBA) exhibited
significantly less culturability with 0.4 to 2.3% (P = 0.005). The less nutrient-rich
seawater media showed lower culturability than the richer marine broth-based media,
and on these substrates, gelling agent had an even more marked impact on cultur-
ability (P < 0.001).

Microbial community composition and culturable diversity. From S1 and S2
combined, a total of 1.4 X 107 V4 amplicon sequences were retained after cleaning.
Clustering the sequences at 97% nucleotide sequence similarity produced 7,647 and
7,594 operational taxonomic units (OTUs) for ST and S2, respectively. The numbers of
sequences per sample varied between 3.8 X 103 and 6.8 X 10° (see Table S1 in the
supplemental material) with a mean and standard deviation of 1.3 X 10° = 9.7 X 10%

At the time of S1, the particle-associated microbial community (=5 um) in the
seawater was dominated by Alteromonadales, Flavobacteriales, Rhodobacterales, Sphin-
gobacteriales, Verrucomicrobiales, and a large fraction of bacteria unclassified at the
order level (Fig. 1). Similarly, Alteromonadales, Flavobacteriales, Rhodobacterales, and
unclassified orders dominated the free-living, planktonic fraction (=0.2 um to <5 um)
but the Sphingobacteriales and Verrucomicrobiales decreased in relative abundance,
whereas the Actinomycetales increased in abundance relative to the particle-associated
communities. Low-abundance (<4%) OTUs accounted for approximately 25% of the
sequences in the large-size fraction, and the majority of the microbial diversity present
in the seawater at this time point was, according to Chaol richness estimates and
Shannon diversity index values (see Fig. S2 in the supplemental material), associated
with particles. Approximately 1 month later, during S2, a different microbial commu-
nity, dominated by Campylobacterales (approximately 25 to 50%), was present in both
size fractions (Fig. 2). Concomitantly, measures of alpha-diversity were lower during S2
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FIG 1 Culturable community compositions during sampling 1 compared with that of the in situ community. The compositions
are depicted as relative proportions of bacterial orders obtained from seawater (5 um, 0.2-um filters) and from cultivated
bacteria on marine broth agar (MBA), marine broth gellan gum (MBG), seawater agar (SWA), and seawater gellan gum (SWG).
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than during S1 (Fig. S2) and in contrast to S1, the planktonic fraction of the microbial
community was more diverse than the particle-associated fraction during S2.

As for overall culturability, the compositions of the cultured fractions of the micro-
bial communities were affected by media and gelling agents. In S1, the orders Rho-
dospirillales, Thiotrichales, and Vibrionales were only observed above the threshold of
4% on substrates solidified with gellan gum (Fig. 1). Two replicate marine broth plates
solidified with gellan gum (MBG) exhibited high relative abundances of sequences
relating to Actinomycetales (10 to 20%) in S1. These plates were incubated at 10°C for
10 weeks. This order was also represented on one seawater plate solidified with gellan
gum (SWG) and one marine broth plate solidified with agar, though in lower relative
abundance (Fig. 1). This was not just due to a single OTU reaching a high relative
abundance on these plates, as the Actinomycetales order had a high relative OTU
richness on this substrate (see Fig. S3). Campylobacterales, Burkholderiales, and Rhodo-
bacterales also seemed to have consistently higher relative abundances on substrates
solidified with gellan gum during both samplings (Fig. 1 and 2). Agar-based substrates
supported the growth of Flavobacteriales better than substrates solidified with gellan
gum during S1 (Fig. 1). In S2, this trend was not as obvious and most culturable
communities were dominated by sequences related to the Campylobacterales order,
except for the SWA plates (Fig. 2). SWA favored the growth of the Flavobacteriales and
the gammaproteobacterial orders Alteromonadales and Oceanospirillales in S1, whereas
the alphaproteobacterial orders were generally absent or low in abundance on these
substrates (Fig. 1). Concomitantly, SWA plates also exhibited the lowest Shannon
diversity values of the S1 data set (Fig. S2). Similarly, Flavobacteriales and the three
gammaproteobacterial orders Alteromonadales, Oceanospirillales, and Vibrionales ac-
counted for almost all of the sequences on these substrates in S2 (Fig. 2). Some
orders, e.g., the Rhodobacterales, Campylobacterales, Oceanospirillales, Vibrionales,
Alteromonadales, Actinomycetales, and Flavobacteriales, exhibited relatively high
OTU richness across all substrate types and incubation conditions (see Fig. S3 and
S4), whereas their relative abundances varied substantially between treatments
(Fig. 1 and 2). From the community analysis, it seemed that the consistency
between replicates was highest in natural communities, while in some cases, there
were larger deviations in cultured communities (e.g., SWA communities in S1) (Fig.
1). This notion was substantiated by the fact that only a limited number of OTUs was
shared by all three replicates in many of the treatments (see Fig. S5 to S7).
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FIG 2 Culturable community compositions during sampling 2 compared with that of the in situ
community. The compositions are depicted as relative proportions of bacterial orders obtained from
seawater (5 um, 0.2-um filters) and from cultivated bacteria on marine broth agar (MBA) and marine
broth gellan gum (MBG) (A) and on seawater agar (SWA) and seawater gellan gum (SWG) (B).

The community structure analyses substantiated the impact of gelling agent on the
composition of the culturable microbial communities. From S1, the communities
growing on substrates solidified with gellan gum clustered together in two overall
clusters (Fig. 3). The exceptions were one community from an MBG plate that clustered
with three communities from agar plates and one SWA plate incubated at 25°C for 5
weeks that clustered with one of the gellan gum subclusters. Another replicate from
the same treatment did not cluster with other communities. The remaining commu-
nities growing on agar-based substrates formed three subclusters. The observed sub-
clusters did not seem to be defined by the media or the incubation conditions (Fig. 3).
A parsimony test on the UniFrac distances confirmed that the observed differences in
community structure on substrates solidified with either gellan gum or agar were
significant (P = 0.003). This was not the case for any of the other treatments, i.e.,
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FIG 3 Unrooted tree depicting weighted UniFrac distances (indicated by the scale bar) between individual samples from sampling 1 (S1). Sample names are
given according to growth substrate and incubation time, except for seawater samples, which are named according to filter size (um).

medium, incubation time, and incubation temperature (P > 0.05) (Table 2). In the
OTU-based analysis of community structure, the same results were obtained using
analyses of molecular variance (AMOVAs) on Bray-Curtis distances (Table 2). For S2, the
microbial communities clustered together based both on gelling agent and on medium
type (Fig. 4). The 23 gellan gum plate communities clustered together in two overall
subclusters except for five plates, which spread among MBA plates or with one of the
seawater communities. A total of five MBA plates also clustered with the two gellan
gum subclusters, while all SWA communities clustered together in two distinct sub-

TABLE 2 Treatment effects on community structure for S1 and S2

S1 P value® S2 P value®
Treatment 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 0.5 0.6 0.6-0.9¢ 0.07-0.09¢
Incubation temp 0.5 0.6 0.03 0.07
AHLs (0.5 uM) NA4 NA 0.08 0.03
AHLs (50 M) NA NA 0.07 0.003

aParsimony tests were performed on weighted UniFrac distances, and analyses of molecular variance

(AMOVA) were performed on Bray-Curtis distances.

bTime 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.

“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).
9NA, not applicable.
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FIG 4 Unrooted tree depicting weighted UniFrac distances (indicated by the scale bar) between individual samples from sampling 2 (S2). Sample
names are given according to growth substrate and incubation time, except for seawater samples, which are named according to filter size (um).

subclusters. The fact that both the gelling agent and the medium influenced the
community structure was substantiated by the parsimony testing and AMOVA (P =
0.002) (Table 2). The effect of incubation time on the structures of the cultured
microbial communities was not statistically significant according to the same analyses
(P > 0.05). UniFrac data suggested that incubation temperature did have an effect
(parsimony, P = 0.03), whereas this effect was not statistically significant according to
the OTU-based approach (AMOVA, P = 0.07). The seawater communities were similar
to each other and distinct from the cultured communities in both samplings except
from one replicate in S2 that was more similar to the community from an MBG plate
(Fig. 4). Whether some substrates supported the growth of a community more similar
to the one present in situ was unclear on the basis of the community structure analyses,
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FIG 5 Venn diagrams comparing the recoveries of planktonic (=0.2 um to <5 um) seawater OTUs (Filter)
on different substrates and showing the overlap of OTUs recovered on equivalent media solidified with
either gellan gum (MBG and SWG) or agar (MBA and SWA) from sampling 1 (S1) and sampling 2 (52).
Communities from all incubation conditions were pooled.

but a comparison of the numbers of seawater OTUs that were recovered on the
different substrates suggested that substrates solidified with gellan gum supported the
growth of more OTUs than the corresponding agar-solidified substrate, and they
supported the growth of more of the OTUs observed in seawater (Fig. 5). Furthermore,
this analysis also suggested that the overlap between OTUs recovered on substrates
solidified with gellan gum and substrates solidified with agar was relatively small.

Recovery of unclassified OTUs. Sequences unclassified at the order level were
recovered most frequently during ST where the in situ abundance of unclassified OTUs
was highest (Fig. 1 and 2). One MBA plate incubated at 25°C for 5 weeks supported the
growth of unclassified OTUs, exhibiting relative abundances of approximately 5% (Fig.
1). Two MBG plates, one incubated at 10°C for 10 weeks, and one incubated at 25°C for
5 weeks, also exhibited relatively high abundances of unclassified OTUs with ca. 5 and
10%, respectively (Fig. 1). One OTU, OTU279, represented 5,798 sequences in S1, and
5,360 (92%) of these were derived from MBG plates. BLAST results showed that this OTU
exhibited 100% nucleotide sequence similarities to numerous environmental se-
quences from various marine environments (e.g., accession no. KR077719, KR077314,
KT731894, and KM224111). It also exhibited 95 to 100% similarities to six uncultured
putative actinobacteria isolated from coastal water using fluorescence-activated cell
sorting (accession no. JF488172, HQ675198, HQ675197, HQ675140, HQ675191, and
HQ675143) and 95% nucleotide sequence similarity to an uncultured member of a
proposed novel marine actinobacterial subclass, the “Candidatus Actinomarinidae”
known only from metagenomes (39). Its closest described relative, the actinobacterium
Conexibacter woesei, showed 81% nucleotide sequence similarity to OTU279. Similar
observations were found for abundant unclassified beta- and gammaproteobacterial
OTUs.

Impact of AHLs on culturability. Supplementation with AHLs had a negative or no
effect on viable counts (Table 1). It did affect microbial community composition in some
instances during S2 (Fig. 6). For MBA substrates incubated at 10°C for 5 weeks, the
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FIG 6 Culturable community compositions on solid media supplemented with acylated homoserine
lactones (AHLs) compared with the in situ composition and the compositions on nonsupplemented
media. The compositions are depicted as relative proportions of bacterial orders obtained from seawater
(5 wm, 0.2-um filters) and from cultivated bacteria on marine broth agar (MBA) and marine broth agar
supplemented with 0.5 (MBA®) or 50 (VBA®®) M AHLs (A), and seawater agar (SWA) and seawater agar
supplemented with 0.5 (SWA®) or 50 (SWAee) uM AHLs (B).

relative abundance of Alteromonadales increased relative to other orders with increas-
ing AHL concentrations. On MBA alone, Alteromonadales was observed in the commu-
nity of one replicate with a relative abundance of ca. 35%. In contrast, it was recovered
from all three communities from MBA plates with 0.5 wM AHLs (MBA,,, o) Where it
dominated two replicates, and it was the dominant order on all three replicates from
MBA plates with 50 uM AHLs (MBA ;. so)- This trend was not observed for any of the
other growth conditions. Most notable was the occurrence of Sphingobacteriales on
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substrates supplemented with AHLs. This order was not recovered from any of the
other substrates, but one replicate plate in three of four treatments supplemented with
0.5 uM AHLs exhibited high relative abundances of this order (Fig. 6). The community
structure analysis suggested that gelling agent and medium were stronger drivers of
community composition than AHL supplementation, as the substrates containing AHLs
seemed scattered among the other subclusters (Fig. 4). One exception was a distinct
subcluster representing six MBA communities more similar to communities grown on
SWA plates than to other MBA-derived communities. The parsimony test substantiated
that differences in the community structures between AHL-supplemented and non-
supplemented substrates were not significant on the basis of the UniFrac distances,
while the OTU-based analyses suggested that they were significant at an alpha level of
0.05 (Table 2). In situ concentrations of the four applied AHLs and 17 additional relevant
AHLs (40) were below the detection level of 10 nM on both sampling occasions.

DISCUSSION

Marine environments accommodate a wealth of different microbes, a diversity that
is far from reflected in current collections of cultured marine bacteria. This lack of
available laboratory cultures is a severe impediment to our understanding of the
biology of marine microbes and also to the discovery of novel bioactive compounds.
Based on previous findings (30-32, 34, 35, 37), we reasoned that replacing agar in
different solid growth media targeting marine bacteria with an alternative gelling
agent, i.e., gellan gum, would affect culturability. The findings presented in this study
show that this substitution does improve culturability of marine bacteria, in terms of
both viable cell counts and culturable diversity. In fact, we observed an increase in
viable counts of 3- to 40-fold on substrates solidified with gellan gum compared with
that from substrates solidified with agar. Cultivation of soil communities on gellan gum
substrates has been shown to increase the viable count 1- to 2-fold (35), and similar
results have been shown for lake sediment communities (37). The improvement
observed in our study was most significant for the nutrient-poor seawater media, where
viable counts were generally very low. Rich media supported the growth of more
bacteria in all cases; most were observed on MBG substrates with 6.6% relative to direct
counts. Hence, a rich medium solidified with gellan gum seems to be the most
appropriate of the tested substrates to cultivate the majority of bacteria from these
coastal surface waters. Incubation times of up to 3 months may improve the cultur-
ability of soil and marine bacteria (20, 21, 25, 41), yet in comparison with medium and
gelling agent, incubation time and temperature had minor effects on viable counts in
this study.

Data describing differences in the culturable diversity on substrates on the basis of
different gelling agents are generally limited and based on very small data sets, yet
previous studies have suggested that while gellan gum improves viable cell counts, the
diversity of culturable soil bacteria may not be significantly different (25, 35, 38). In
contrast, we found that the gelling agent was a key driver of the structure of the
different cultured communities in both samplings. In fact, from S1, gelling agent was
the only factor that had a significant effect on the diversity between cultured commu-
nities. This was evident from both the phylogenetic distances between samples
(weighted UniFrac) and the community differences occurring at the species level
(sequences binned at 97% sequence similarity). Furthermore, media solidified with
gellan gum substrates recovered more of the OTUs that were observed in seawater
than their corresponding agar-solidified substrates at both sampling time points. The
fact that gelling agent indeed does affect culturable diversity corroborates observations
by Tamaki et al. who saw a change in the relative abundance of phyla in randomly
chosen colonies from agar- and gellan gum-based substrates inoculated with freshwa-
ter sediment samples (36).

Some of the major differences between the fractions of the communities that were
culturable on gellan gum substrates and agar substrates related to the relative abun-
dances of the orders of Flavobacteriales, Actinomycetales, Campylobacterales, Burkhold-
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eriales, Rhodospirillales, Rhodobacterales, and Thiotrichales. Flavobacteriales exhibited
higher abundance on substrates solidified with agar; hence, conventional agar-based
media may be more suited for targeting marine flavobacteria. The remaining orders
were found in higher abundances, or exclusively, on media solidified with gellan gum,
showing that gelling agent can be a powerful tool in the cultivation of targeted groups
of marine bacteria. Moreover, sequences representing unknown bacterial orders were
observed more frequently in communities derived from substrates solidified with gellan
gum, showing that the cultured communities on gellan gum plates are not only
different from communities culturable on agar-based substrates but also cover more of
the natural community and more of the unknown fraction of this community. Some of
the abundant unclassified OTUs were only related to environmental sequences,
whereas others were closely related (>95% sequence similarity) to marine gammapro-
teobacteria and actinobacteria isolated using fluorescence-activated cell sorting (42).
One of the most abundant OTUs representing an unknown order, OTU279, was a
putative marine actinobacterium related to the novel subclass “Candidatus Actino-
marinidae” (39). The facts that hitherto uncultured marine actinobacteria are culturable
on MBG plates and that the actinomycetes present in the seawater at ST seemed to be
recovered on MBG are promising in terms of discovering novel bioactive compounds,
as this group of bacteria is currently responsible for approximately 7,000 of the
compounds in the dictionary of natural products (43) and for more than half the
microbially derived antibiotics currently known (8). Gavrish et al. reported that collec-
tions of soil actinobacteria isolated using gellan gum were different from and more
diverse than actinobacteria obtained using agar (44). Taken together, the results show
that it will likely be fruitful for future bioprospecting efforts looking to obtain novel
bioactive compounds from marine and soil actinobacteria to incorporate alternative
gelling agents. As it is only a few families of the actinobacteria, e.g., the Streptomyc-
etaceae and Micromonosporaceae, that produce the bulk of the bioactive compounds
known from this group (8), it is uncertain whether gellan gum supports the growth of
more bioactive strains. This will have to be assessed by a thorough evaluation of new
isolates or by a metagenomics-based approach.

The reason for the altered culturability observed between gellan gum substrates
and agar substrates is not known. However, agar and gellan gum are composed of
different sugars, and agar, being a macroalgal polymer, may bias the composition of
the cultured community toward certain microbes specialized in utilizing agar or,
potentially, galactose residues released from the substrate. However, the similar ob-
servations from soil and freshwater environments (35-37) suggest that it may rather be
the glucose, glucuronic acid, and rhamnose residues from gellan gum (45) that poten-
tially stimulate the growth of a broader section of the microbial community. Alterna-
tively, the agar media have negative effects on bacterial growth. In fact, it was recently
shown that reactive oxygen species may be formed during sterilization of agar media,
negatively affecting culturability (46).

We also assessed the effect of factors other than gelling agent on culturability. As
mentioned, the medium had a significant impact on viable counts, whereas incubation
time and temperature had less marked, yet in some cases measurable, effects on
culturability. This was also true when considering community composition and the
diversity of cultured communities. At the species level, temperature did not have a
significant effect on community structure in any of the samplings, but the UniFrac data
suggested that temperature may have had an effect during S2. We never observed a
significant effect of incubation time on the clustering of individual culturable commu-
nities. However, it is well known that incubation times spanning months facilitate the
cultivation of some fastidious bacteria (20, 21, 25, 41), and the lack of marked differ-
ences in our study is probably due to the relatively small temporal difference between
treatments, i.e., a 3-week difference in incubation time at 25°C and 5 weeks at 10°C.
From S2, we observed an interaction between gelling agent and medium. Specifically,
all SWA-grown communities formed distinct subclusters. One reason why the commu-
nities from these plates were different from those grown on other media was that the
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Campylobacterales order, which dominated the seawater community and the other
substrates, did not grow on these plates, highlighting that small-scale temporal varia-
tions in the natural community, the gelling agent, and the growth medium all signif-
icantly affect the outcome of cultivation efforts.

Moreover, we speculated that supplementing substrates with extracellular signaling
molecules could enhance the culturability of marine bacteria. Previous attempts to
culture Baltic Sea bacterioplankton in liquid cultures (47) suggested that micromolar
concentrations of AHLs stimulate culturability. We supplemented media with AHLs
known from marine Gram-negative bacteria, specifically of the Vibrionaceae family (40),
but AHL supplementation had a negative impact on viable counts, suggesting that high
concentrations of AHLs, compared with the in situ concentrations of <10 nM, may in
fact be toxic to some bacteria. Furthermore, it did not have a clear effect on the
culturable diversity. Efforts to culture marine sponge-associated bacteria on agar plates
with AHLs have shown similar results (48); hence, increasing the culturability on solid
media supplemented with signaling molecules is not straight forward. One exception
was the Sphingobacteriales, which accounted for approximately 10% of sequences on
some SWA 05 and MBA,, o5 plates. Thus, efforts to cultivate specific community
members on solid substrates can be facilitated using AHLs.

In conclusion, it is clear that a substantial fraction of the hitherto unculturable
marine bacteria are in fact culturable when the right substrates are applied. The gelling
agent is specifically an important, but often overlooked, factor, and replacing agar with
other gelling agents in future efforts to cultivate marine bacteria is essential for
bringing more marine bacteria into culture and to discover new natural products.

MATERIALS AND METHODS

Sampling. Surface seawater was collected at two different time points in Hornbaek Harbor, Denmark
(56°05'42"N, 12°27'29"E), namely on 28 September 2015 at 8:30 a.m. (14.3°C, 4.85 mg liter~' dissolved
oxygen [DO], 14 practical salinity units [PSU]) for S1 and on 1 November 2015 at 9:30 a.m. (10.4°C, 0.81
mg liter=" DO, 25 PSU) for S2. At each sampling, approximately 3 liters of seawater was collected at a
depth of 0.5 m from three replicate sampling sites (A, B, and C) within a radius of 10 m.

In situ abundances of planktonic bacteria. Total bacterial abundances in the free-living-size
fraction (<5 wm) were determined using epifluorescence counts of SYBR gold-stained cells as previously
described (49, 50).

Growth media and cultivation conditions. Prefiltered seawater (5 um) was plated on four different
growth media (marine broth or seawater solidified with agar or gellan gum). Two of the media were also
supplemented with two different concentrations of AHLs. Marine broth agar (MBA) and marine broth
gellan gum (MBG) contained 37.4 g marine broth (BD Difco, Franklin Lakes, NJ, USA) supplemented with
either 15 g agar (AppliChem, Darmstadt, Germany) or 6.5 g gellan gum (CP Kelco, San Diego, CA, USA)
and 0.95 g MgSO,-7H,0 per liter distilled H,O (dH,0). Seawater agar (SWA) and seawater gellan gum
(SWG) contained either 15 g agar or 6.5 g gellan gum and 0.95 g MgSO,-7H,0 per liter glass wool-filtered
(GWF) seawater.

The ingredients for agar-containing media (MBA and SWA) were dissolved by boiling and the media
were sterilized. SWG medium was prepared by mixing gellan gum, MgSO,-7H,0, and GWF seawater and
then sterilized. The MBG medium was prepared in two solutions, one with 4X concentrated marine broth
(14.96 g in 100 ml dH,0) and one with 2.6 g gellan gum and 0.39 g MgSO,-7H,0 in 300 ml dH,0. The
solutions were sterilized, cooled to 80°C, mixed, and immediately poured into plates. All growth media
were sterilized by autoclaving at 121°C for 15 min.

The AHL-containing media (only MBA and SWA) were supplemented with two different concentra-
tions of a mixture of four AHLs: N-(3-hydroxylhexanoyl)-.-homoserine lactone (HSL) (OH-C; University of
Nottingham, Nottingham, UK), N-(3-hydroxydecanoyl)-oL.-HSL (OH-C,; Sigma, St. Louis, MO, USA), N-(3-
oxodecanoyl)-L-HSL (O-C,,; Sigma, St. Louis, MO, USA), and N-(3-oxododecanoyl)-.-HSL (O-C,,; Sigma, St.
Louis, MO, USA). Stock solutions with 10 mM of each AHL dissolved in ethyl acetate (EtOAc) were stored
at —20°C. After sterilizing the media, equal concentrations (0.125 uM or 12.5 uM) of each of the AHLs
were added, giving final concentrations of 0.5 uM or 50 uM, respectively. To minimize the inactivation
of the compounds, the media were poured in petri dishes, dried, and immediately stored at 5°C.
Furthermore, they were made within 24 h of use. All other media were supplemented with an amount
of solvent (EtOAc) equivalent to that added to AHL-supplemented media.

The prefiltered seawater samples from replicate samples A, B, and C were 10-fold serially diluted in
0.9% saline solution and plated on each medium type. Four identical sets of plates (MBA, MBG, SWA, and
SWG) were inoculated at each of the two samplings; one set of plates was incubated at 25°C 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 assess the effects
of AHLs on culturability, four identical sets of 0.5 uM or 50 uM AHL-supplemented plates (MBA,, ¢ s/
MBA A1 sor SWA L0 @and SWA . 50) were also used for plating and incubated as above. The culturability
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(%) of marine bacteria on the respective media was based on CFU counts in comparison to the in situ
bacterial abundances determined by fluorescence microscopy counts.

Detection of AHLs in seawater. A 2-fold serial dilution of a mixture of the four AHLs (from 50 to 0.02
M AHL mix) was prepared in filtered (GWF) autoclaved seawater. Each of the dilutions was extracted
with equal volumes of EtOAc containing 0.5% formic acid (FA), shaken at 200 rpm for 30 min, and
centrifuged at 3,000 X g for 5 min before the upper EtOAc phase was removed and evaporated to
dryness under nitrogen flow. Samples were resuspended in 300 ul of acetonitrile (ACN)-H,O (1:1) with
1% (vol/vol) FA, vortexed, centrifuged for a short time, and transferred to autosampler vials. The samples
(1 wl injected) were analyzed using ultra-high-performance liquid chromatography-quadrupole time of
flight mass spectrometry (UHPLC-QTOF MS) on an Agilent 1290 Infinity UHPLC (Agilent Technologies,
Santa Clara, CA) fitted with an Agilent Poroshell 120 phenyl-hexyl column (2.7 um, 250 mm by 2.1 mm)
and coupled to an Agilent 6545 QTOF, as described in detail in reference 51. A linear gradient consisting
of water and ACN both buffered with 20 mM FA and the water further buffered with 10 mM ammonium
formate was used. The gradient started at 5% ACN and increased to 85% in 14 min, and then to 100%
in 1T min where it was held for 2 min. Data processing was performed using MassHunter Qualitative
Analysis B.07.00 (Agilent Technologies) using a mass extraction window of m/z = 0.005 for the [M + H]*,
[M + Nal*, and [M + NH,]" ions of the AHLs.

Besides the four AHLs used in the media, the following reference standards were coanalyzed in
the sequence: N-butanoyl-HSL (C,), N-hexanoyl-HSL (Cy), N-octanoyl-HSL (Cg), N-decanoyl-HSL (C,,),
N-dodecanoyl-HSL (C,,), N-tetradecanoyl-HSL (C,,), N-(3-oxohexanoyl)-HSL (O-C), and N-(3-oxooctanoyl)-HSL
(0-Cy).

DNA extraction and V4 amplicon sequencing. To compare the microbial community in seawater
with the culturable microbial communities on different solid media, DNA was extracted for V4 amplicon
sequencing. At each sampling time point, particle-associated bacteria from 3 liters of seawater were
filtered through two 5-um polycarbonate (PC) filters (8-um mixed cellulose ester [MCE] backing filter; GE
Water & Process Tech., Trevose, PA, USA) (1.5 liter per filter). The planktonic fractions in the filtrates were
subsequently filtered through three 0.2-um PC filters (Frisenette, Knebel, Denmark) with 1-um MCE
backing filters (Advantec, Dublin, CA, USA), 1 liter on each filter. All filters were stored at —20°C in 50-ml
Falcon tubes until DNA was extracted. Prior to extraction, each filter was divided into 5-mm strips, and
5 ml lysis buffer (40 mM EDTA, 50 mM Tris [pH 8.3], and 0.75 M sucrose) was added to each tube. Bacterial
biomass from solid substrate plates was harvested from three replicate plates containing approximately
200 separable macrocolonies each. Biomass was harvested by washing the plates with lysis buffer (5 ml
per plate) and transferring the solutions to 50-ml Falcon tubes.

Filters and colony biomass from plates were incubated at room temperature for 1 h with regular
agitation. Samples were heated to 100°C for 10 min and cooled. The rest of the DNA extraction procedure
was adapted from that described in reference 52. Lysozyme (Sigma, St. Louis, MO, USA) was added to a final
concentration of 100 mg ml~" and samples were incubated at 37°C for 45 min with regular agitation. Sodium
dodecyl sulfate (SDS) and proteinase K (Sigma, St. Louis, MO, USA) were added to final concentrations of 0.4%
and 0.2 mg ml~", respectively. After incubating for 1 h at 55°C with regular agitation, samples were
centrifuged at 3,000 X g for 5 min and transferred to new tubes. Extractions were performed twice with 5 ml
of phenol-chloroform-isoamyl alcohol (25:24:1 vol/vol/vol; Sigma, St. Louis, MO, USA), followed by an
extraction of the aqueous phase with one volume of chloroform-isoamyl alcohol (24:1 vol/vol; Sigma, St. Louis,
MO, USA). Ethanol precipitation was performed using 2 volumes of ice-cold 96% ethanol and 0.1 volume of
sodium acetate (3 M, pH 5.5) and incubating at —20°C overnight. The precipitated DNA was pelleted, washed
with ethanol, and dissolved in sterile Milli-Q water (pH 8).

A total of 106 samples were included in the V4 amplicon sequencing, 29 samples from S1 repre-
senting five seawater samples and 24 plate communities and 77 samples from S2 representing five
seawater samples and 72 plate communities. A nested PCR approach was applied (53, 54), in which the
16S rRNA genes were amplified using the universal 27F and 1492R primer set (55). The V4 region was
amplified using the 16S rRNA gene PCR products as the template in the subsequent PCR applying
primers listed in Table 3 and procedures previously described (53). The PCR products were purified
(AmPure XP PCR purification; Agencourt Bioscience Corporation, Beverly, MA, USA), quantified (Qubit
dsDNA BR assay; Eugene, USA), and pooled (3 g PCR product from each sample) prior to 250PE lllumina
MiSeq sequencing at BGI Tech Solutions, Hong Kong.

Sequence analyses. Demultiplexed sequences were assembled and denoised using mothur v.1.33.3
(56). Poorly assembled sequences, sequences containing ambiguous base calls, sequences containing
homopolymers longer than eight nucleotides, and sequences aligning poorly to the SILVA database
(version 123) (51) were excluded from the data sets. Chimeras were identified using UCHIME (57), and
these were removed along with sequences of nonbacterial origin. OTU-based and phylogeny-based
approaches were applied in the sequence analysis. In OTU-based analysis, the clean sequences were
clustered into operational taxonomic units (OTUs) using a species-level cutoff (97% nucleotide sequence
similarity) after which the OTUs were classified according to the SILVA database. Reproducibility between
replicate samples and recovery of seawater OTUs from the different media was determined based on
8,500 sequences per sample (rarefaction curves are in Fig. S1 in the supplemental material) and visualized
using R v. 3.3.2 and the Vennerable package. Sequences that were unclassified at the order level and
were highly abundant on solid media were subjected to a nucleotide BLAST (BLASTn) against the NCBI
nucleotide sequence database. Community composition analyses were performed using the phyloseq
package in R v. 3.3.2. Measures of alpha (Chao1 and Shannon) and beta (Bray-Curtis distances) diversity
were also calculated based on 8,500 sequences from each sample. In the phylogeny-based approach,
beta-diversity was assessed using weighted UniFrac distances calculated using the weighted UniFrac
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TABLE 3 V4 primers for 250PE Illumina MiSeq sequencing used in this study

Primer

Sequence (5'-3')?

Forward
V4.SA501
V4.SA502
V4.SA503
V4.SA504
V4.SA505
V4.SA506
V4.SA507
V4.SA508

AATGATACGGCGACCACCGAGATCTACACATCGTACGTATGGTAATTGTGTGCCAGCMGCCGCGGTAA
AATGATACGGCGACCACCGAGATCTACACACTATCTGTATGGTAATTGTGTGCCAGCMGCCGCGGTAA
AATGATACGGCGACCACCGAGATCTACACTAGCGAGTTATGGTAATTGTGTGCCAGCMGCCGCGGTAA
AATGATACGGCGACCACCGAGATCTACACCTGCGTGTTATGGTAATTGTGTGCCAGCMGCCGCGGTAA
AATGATACGGCGACCACCGAGATCTACACTCATCGAGTATGGTAATTGTGTGCCAGCMGCCGCGGTAA
AATGATACGGCGACCACCGAGATCTACACCGTGAGTGTATGGTAATTGTGTGCCAGCMGCCGCGGTAA
AATGATACGGCGACCACCGAGATCTACACGGATATCTTATGGTAATTGTGTGCCAGCMGCCGCGGTAA
AATGATACGGCGACCACCGAGATCTACACGACACCGTTATGGTAATTGTGTGCCAGCMGCCGCGGTAA

Reverse

V4.SA701
V4.SA702
V4.SA703
V4.SA704
V4.SA705
V4.SA706

CAAGCAGAAGACGGCATACGAGATAACTCTCGAGTCAGTCAGCCGGACTACHVGGGTWTCTAAT
CAAGCAGAAGACGGCATACGAGATACTATGTCAGTCAGTCAGCCGGACTACHVGGGTWTCTAAT
CAAGCAGAAGACGGCATACGAGATAGTAGCGTAGTCAGTCAGCCGGACTACHVGGGTWTCTAAT
CAAGCAGAAGACGGCATACGAGATCAGTGAGTAGTCAGTCAGCCGGACTACHVGGGTWTCTAAT
CAAGCAGAAGACGGCATACGAGATCGTACTCAAGTCAGTCAGCCGGACTACHVGGGTWTCTAAT
CAAGCAGAAGACGGCATACGAGATCTACGCAGAGTCAGTCAGCCGGACTACHVGGGTWTCTAAT

9Index sequences are shown in bold.

algorithm from mothur v.1.33.3. Heatmaps showing relative OTU richness were constructed using the

CIMminer tool for clustered image maps (https://discover.nci.nih.gov/cimminer/).

(n

Statistical analyses. To evaluate the significance of the observed differences in overall cultur-
ability on growth media solidified with agar and gellan gum, paired two-tailed t tests were applied

= 8, a = 0.05).

The significance of the differences in microbial community structure (beta-diversity) were assessed
using AMOVA (58-60) on Bray-Curtis distances from the OTU-based sequence analysis (1,000 random-
izations, « = 0.05) and using the parsimony method (P test) on the weighted UniFrac distances in the
phylogeny-based analysis (1,000 randomizations, o = 0.05).
Accession number(s). Amplicon sequencing reads were deposited in the NCBI Sequence Read
Archive (SRA) database (accession number SRP091481) and a representative sequence of the unclassified
actinobacterial OTU279 was deposited in GenBank under accession number KY452456.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/
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