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Abstract

Planktonic particle-associated bacteria comprise particle-attached and motile free-living cells. These groups were obtained by settle-
ment in Imhoff cones. Dilution plating on marine agar 2216 (ZoBell marine agar) and microscopic counts indicated a cultivability of
0.7% (0.4%–1.2%) of bacteria in coastal seawater collected at Helgoland Roads, North Sea. Particle-associated bacteria presented a mi-
nority population in seawater, but had a larger cultivability of 25% (0.9%–100%) for populations collected by settlement of particles and
5.7% (0.9%–24%) for populations collected by filtration. Partial 16S rRNA gene sequences indicated that 84% of the cultured taxa were
either enriched in particle-associated microbiomes or only found in these microbiomes, including Sulfitobacter and other Rhodobacter-
aceae, Pseudoalteromonas, Psychromonas, Arcobacter and many Flavobacteriaceae. Illumina-based 16S rRNA V3V4 amplicon sequences of
plate communities revealed that nearly all operational taxonomic units had a cultivated and described strain in close phylogenetic
proximity. This suggested that decades of strain isolation from seawater on ZoBell marine agar had achieved a very good coverage
of cultivable genera abundant in nature. The majority belonged to particle-associated bacteria, complementing observations that
abundant free-living seawater bacteria often require cultivation conditions closer to their natural habitat like liquid cultivation in
oligotrophic medium.
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Introduction
The great plate count anomaly depicts the discrepancy between
the direct microscopic count of all cells in aquatic habitats and
the capacity to grow as colonies on solid agar media (Staley and
Konopka 1985). The viable cells represented 0.1% to 1% of all cells
and the authors hypothesized that the non-viable cells were dif-
ferent, probably being oligotrophic bacteria. Today, most cells of
the planktonic bacterial community still remain uncultivated on
plates (Joint et al. 2010, Steen et al. 2019), despite high-throughput
approaches using several media and dilution series at environ-
mental temperatures (Alejandre-Colomo et al. 2020). With liquid
media, isolation experiments had observed cultivabilities of 35%
(Hahnke et al. 2015) and 50% (Button et al. 1993). ZoBell´s marine
agar has been the standard plate medium for the cultivation of
marine bacteria for more than 60 years (Oppenheimer and ZoBell
1952). It is still among the media enabling the highest numbers of
colony-forming units (CFUs) (Eilers et al. 2000, Hahnke and Harder
2013, Alejandre-Colomo et al. 2020).

Aquatic habitats are not homogeneous, they offer a range of
niches in time and space, that is, close to particles (Caron et al.
1982) and phytoplankton (Stocker 2012). These niches support
high diversity in aquatic microbiomes. Small, non-motile free-
living bacteria constitute the large majority of the communities
(Koch 2001, Morris et al. 2002, Lauro et al. 2009). They often have
small genomes and a small substrate range (i.e. of polysaccha-
rides) (Caron et al. 1982, Alldredge et al. 1986, Rappé et al. 2002,
Simon et al. 2002, Lauro et al. 2009, Smith et al. 2013b, Rieck et

al. 2015, Kappelmann et al. 2019). These traits likely result from
genome streamlining, an adaptation to the oligotrophic marine
environment with its micromolar substrate concentrations (Gio-
vannoni et al. 2014). This physiology is in contrast to the more co-
piotrophic physiology of smaller populations of motile free-living
and of particle-attached bacteria. Motile free-living bacteria have
a chemotactic sensing and use one or more polar or lateral flag-
ella to swim to phytoplankton and other particles (Lauro et al.
2009, Stocker and Seymour 2012). Particle-attached bacteria pos-
sess attachment capability and often gliding motility (Burchard
1980, Liao et al. 2015). Their close proximity to nutrient hot spots—
phytoplankton and particles in the sea—enables high metabolic
activity, making them significant microbial contributors to bio-
chemical cycles (Smith et al. 1992, DeLong et al. 1993, Grossart
et al. 2007, Ziervogel and Arnosti 2008, Lauro et al. 2009, Ziervogel
et al. 2010, Pedler et al. 2014). These particle-associated bacteria
are a minority of the bacterioplankton in marine and freshwater
habitats. In previous publications, particle-attached cell popula-
tions ranged from low percentages such as 0.1%–4% (Alldredge et
al. 1986) to up to 32% (Ghiglione et al. 2007). Motile populations
ranged from 10% to 80% (Mitchell et al. 1995; Grossart et al. 2001,
Stocker and Seymour 2012). It was suggested that their adaptation
to nutrient-rich particles implies a better cultivability, especially
on solid media (Hahn et al. 2004).

In this contribution, we experimentally test the hypothesis
that viable marine bacteria on plates are dominated by particle-
associated bacteria. So far, sequential filtration has been applied
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Figure 1. Relative population of particle-attached bacteria observed by
microscopy in sample microbiomes and cultivability of these
microbiomes on 2216 agar plates. Samples were taken during a
phytoplankton spring bloom off Helgoland in 2018. Cell counts of
particle-associated cells were from Heins et al. (2021b). Microbiomes
were enriched in free-living bacteria (full circle) or particle-attached
bacteria (by filtration, open diamond) or particle-associated bacteria (by
settlement in cones, open circle).

to separate particles from free-living bacteria, mainly by 3.0-μm
filters (Ayo et al. 2001, Crespo et al. 2013, Bižić-Ionescu et al. 2015).
It does not separate non-motile from motile free-living bacte-
ria. To obtain an enrichment of motile free-living bacteria, we
have recently introduced Imhoff´s sedimentation cones that allow
motile, chemotactic bacteria to follow the settling phytoplank-
ton and other particles by swimming to the bottom of the cone
(Heins et al. 2021b). This separation resulted in a top water frac-
tion enriched in non-motile free-living bacteria and a bottom frac-
tion highly enriched in particles, particle-attached bacteria and
chemotactic free-living bacteria. In combination with sequential
filtration and centrifugation, we used enrichment factors (EFs) de-
rived from relative read abundances of 16S rRNA gene amplicons
in subpopulations to classify aquatic microorganisms into five
groups: (a) fragile (filtration-sensitive) or (b) rigid free-living bacte-
ria smaller than 3 μm, (c) non-sinking large bacteria and bacterial
aggregates, (d) swimming chemotactic particle-associated bacte-
ria and (e) particle-attached bacteria (Heins et al. 2021b). The en-
richment factors reflect the distribution of taxa over the niches
in aquatic habitats, as each microorganism spends a part of its
life free-living in the sea, as offspring or in search of new food
sources (Iversen and Ploug 2010). The separation of populations
in sediment cones enabled the separation of free-living bacteria
into non-motile and motile bacteria, a prerequisite to study olig-
otrophic and copiotrophic subpopulations and to verify experi-
mentally the hypothesized prevalence of particle-associated bac-
teria among the cells growing on ZoBell marine agar.

Material and Methods
Sampling
Seawater was sampled 1 m below the surface at the long-term
ecological research site Helgoland Roads (54◦11’03’N, 7◦54’00’E)

during a diatom-dominated phytoplankton spring bloom in April
and May 2018 (Heins et al. 2021b). Five sampling time groups were
chosen covering pre-bloom condition (groups 1 and 2) and bloom
conditions with the first and second chlorophyll a maxima and
an intermediate period (groups 3, 5 and 4, respectively, Table S4).
The seawater was stored at 4◦C in 10-L containers and was pro-
cessed within 2 h after sampling, starting by gently inverting the
resuspended particles. Additionally, plankton net catches were
obtained with a pore size of either 20 or 80 μm.

Seawater fractionation and sample plating
Unprocessed seawater samples were diluted in a 10-fold series
with artificial sterile seawater (Winkelmann and Harder 2009)
prior to inoculation. A plate inoculum of 200 μl was distributed
with a sterile, one-way inoculation loop using a plate rotator. The
medium was ZoBell marine agar (marine agar 2216, Difco Labora-
tories, Detroit, MI, USA).

For the separation by sequential filtration, 500 ml of seawater
was filtered through 10-μm (filter code: TCTP) and 3-μm (filter
code: TSTP) pore-sized filters, resulting in two particle-attached
and one free-living fraction from the two retentates "F_10 μm"
and "F_3 μm", as well as the 3-μm filtrate "F_0.2 μm", respec-
tively. "F_0.2 μm" comprised all cells with a size of 0.0 to 3 μm,
but only the cells of the retentate on a 0.2-μm filter (filter code:
GTTP) were counted, resulting potentially in an overestimation
of the cultivability of the free-living cells. Also, seawater bacteria
were counted after direct filtration onto a 0.2-μm filter. All filters
were composed of a hydrophilic polycarbonate membrane (Mil-
lipore, Darmstadt, Germany) and had a diameter of 47 mm, with
an effective filter diameter of 39 mm and an effective filter area of
1195 mm2. Cells of the particle fractions were recovered by rinsing
the filters repeatedly with 3 ml of artificial seawater and collect-
ing the particles in a sterile Petri dish. One ml of the resuspen-
sion was homogenized gently by shear force using sterile pestles
and tubes (Bel-Art ProCulture micro-tube homogenizers, Thermo
Fisher Scientific Inc., Schwerte, Germany). All fractions were di-
luted and plated as aforementioned.

A Rotina 35R centrifuge (Hettich, Tuttlingen, Germany) was
used to obtain a particle fraction (pellet) and a free-living fraction
(supernatant) from 50 ml of seawater by forced gravitation, ap-
plying 4890 x g for 10 min. The pellet was removed with a pipette.
Homogenization and plating were performed as aforementioned.
This method had a limited separation capacity (Heins et al. 2021b).

Imhoff sedimentation cones (Brand Scientific, Wertheim, Ger-
many) were used to separate 1 L of seawater by natural gravita-
tion. After 3 h of settlement, particles at the bottom of the cone
were removed through a stopcock and dispersed with a micro ho-
mogenizer. Both the top fraction (upper water layer, free-living
fraction) and the bottom fraction (particle-associated bacteria)
were diluted and plated as aforementioned.

Some harvested bottom fractions were further separated. After
resuspension in 50 ml of artificial seawater (ASW) they were cen-
trifuged with 4890x g for 10 min, resulting in a free-living motile
(supernatant) and a particle-attached bottom fraction.

The particle-rich samples retrieved from the 20- and 80-μm
pore-sized plankton net catches were homogenized, diluted and
plated as described above.

DADA2 analyses of the microbial communities in
inocula
Bacterial communities in the inocula have previously been char-
acterized (Heins et al. 2021b). The reads (accessible in the Euro-
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Figure 2. Relative abundance within CFU microbiomes and colony phylogeny of the 29 most abundant genera (≥7 CFUs genus−1). CFUs grown on 2216
plates were individually sampled and identified using Sanger sequencing. Roman numerals indicate culture-independent free-living (I) and
particle-associated (III-V) bacterial groups, as described in Heins et al. (2021b). I: free-living bacteria smaller than 3 μm; III: large, filamentous or
aggregate (rosette)-forming bacteria; IV: particle-associated bacteria living in both modes (motile free-living and particle-attached); V:
particle-attached bacteria; nd: not defined (not classified in one of the groups). C_FL/PA: centrifugation-derived free-living (= supernatant) and
particle-attached (= pellet) fraction; F_10 μm, F_3 μm, F_0.2 μm: sequentially filtered fractions of the respective size range >10, 10–3 and <3 μm,
respectively; PN_20 μm/ 80 μm: plankton net fractions caught with a net size of 20 or 80 μm; SC_BF/TF: sedimentation cone bottom and top fraction
after 3 h of gravitational settlement; SW: seawater.

pean Nucleotide Archive project PRJEB41742) were reanalyzed us-
ing the DADA2 pipeline (version 1.16.0) (Callahan et al. 2016) with
the standard filtering parameters: maxN = 0, truncQ = 2, rm.phix
= TRUE and maxEE = 2. With the "learnErrors" method 103 431
192 total bases in 454 453 reads from six samples were used for
learning the error rates of R1 (forward reads), and 104 301 605 to-
tal bases in 454 453 reads from six samples were used for learning
the error rates of R2 (reverse reads). A core sample inference algo-
rithm with the parameters OMEGA_A = 1e-40, OMEGA_C = 1e-40
and BAND_SIZE = 16 was applied to the filtered and trimmed se-
quences. Denoised forward and reverse reads were merged only if
they had an overlap of at least 12 bases. The "removeBimeraDe-

novo()" function was used to remove chimeras. Less than 1% of
the merged sequence variants were determined to be chimeric.
Taxonomy was assigned to the amplified sequence variant (ASV)
table without chimeras based on the Silva database (v. 138.1).

Partial 16S rRNA gene sequencing of individual
colonies
Colonies were imaged with a Nikon Coolpix AW110 camera
(Nikon, Chiyoda, Japan) and then a small amount of each colony
was transferred into 20 μl of PCR-grade water using sterile 1-
μl pipette tips. The cell material was dispensed by twisting the
pipette tip between the fingertips for 30 s. Cells were broken up
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Figure 3. Microbial communities on plates investigated by partial 16S rRNA amplicon sequencing: relative read abundance of genera that had in the
Illumina reads, in at least one sample, a relative abundance of ≥3%. Samples were taken during a phytoplankton spring bloom off Helgoland in 2018.
Color scales indicate higher order affiliation: red: Actinobacteria, yellow: Flavobacteriia, green: Firmicutes, blue: Alphaproteobacteria, purple:
Gammaproteobacteria. C_FL/PA: centrifugation-derived free-living (= supernatant) and particle-attached (= pellet) fraction; F_10 μm, F_3 μm, F_0.2 μm:
sequentially filtered fractions of the respective size range >10, 10–3 and <3 μm; PN_20 μm/80 μm: plankton net fractions caught with a pore size of
20 or 80 μm; SC_BF/TF: sedimentation cone bottom and top fraction after 3 h of sedimentation; SC_BF_PA/FL: sedimentation cone bottom fraction
after 3 h of sedimentation, resuspension and separation by centrifugation into a free-living (FL) and particle-attached (PA) fraction; SW: seawater.

in five freeze and thaw cycles iterating between –20 and 4◦C. One
μl of the broken cell suspension contained approximately 50 ng
of DNA and served as a template for partial 16S rRNA gene am-
plification, together with 15 μl of 2x High-Performance GoTaq®
G2 DNA Polymerase Master Mix (Promega, Madison, WI, USA),
0.3 μl of a 100 pmol μl−1 working solution of the reverse primer
907R (5′-CCGTCAATTCCTTTRAGTTT-3′), 0.05 μl of a 100 pmol
μl−1 working solution of the forward primer 27f-YM (5′-AGAGTTT
GATYMTGGCTCAG-3′) and 13.65 μl of PCR-grade water (Muyzer
et al. 1995, Frank et al. 2008). The cycler program began with a

4-min denaturation at 94◦C, followed by 35 cycles of a 1-min de-
naturation at 94◦C, 1 min of annealing at 55◦C and a 3-min elon-
gation at 72◦C, with a final elongation for 10 min at 72◦C. After pu-
rification with Sephadex G-50 superfine columns (Sigma-Aldrich,
Taufkirchen, Germany), the amplicon was sequenced with the
reverse primer 907R using a 3130xl Genetic Analyzer (Applied
Biosystems, Foster City, CA, USA). Sequences were trimmed with
Sequencher 4.6 (Gene Codes, Ann Arbor, MI, USA) and compared
against the databases NCBI, the living tree project (LTP, Ludwig et
al. (2021)) and SILVA 138.1 (Pruesse et al. 2012) for strain affilia-
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Figure 4. Phylogenetic position of OTUs that grew on plates and had an identity of <95% (bold letters) to the sequences of microorganisms present in
the Bacterial and Archaeal 16S Ribosomal RNA RefSeq Targeted Loci Project (NCBI), based on maximum likelihood analyses. No. reads: total number of
reads affiliating with an OTU in this study (out of 3.9 million reads in total). The scale bar indicates 10% sequence divergence.

tion. The sequences were deposited in the NCBI database under
the accession numbers OM316820-OM317558.

16S rRNA gene amplicon sequencing of plate
microbiomes
For Illumina amplicon sequencing, biomass of 407 dilution plates
of individual samples was harvested from four seawater samples,
11 samples enriched in free-living bacteria and 31 samples en-
riched in particle-associated bacteria (Table S4). For each sam-
ple, only the plates with inocula of the three highest dilutions
that showed growth were harvested, containing 1–15, 10–100 and
100–300 CFUs or a lawn of coalesced colonies, respectively. Plates
were wetted with artificial seawater and sterile one-way inocu-
lation loops were used to collect the suspensions of all dilution
plates in a centrifugation tube. After centrifugation, the biomass

was weighted and resuspended in phosphate buffer to 150 mg of
biomass ml−1. DNA was extracted from 15 mg of biomass with a
MP Biomedicals™ FastDNA™ SPIN Kit for soil samples according
to the manufacturer´s protocol (Thermo Fisher Scientific). DNA
concentration, fragment length analysis and amplification of the
hypervariable V3V4 region of the bacterial 16S rRNA gene were
performed as described in Heins et al. (2021b). Equimolar am-
plicon pools were sequenced on an Illumina HiSeq2500 in rapid
mode with a 2 × 250 bp paired-end run performed by the Max
Planck Genome Centre, Cologne, Germany (https://mpgc.mpipz.m
pg.de/home/).

Next, 5.2 million 16S rRNA reads were paired with BBmerge v.
37.82 applying default settings without mismatches in the over-
lapping region (Bushnell et al. 2017). A total of 4.3 million merged
reads were de-multiplexed and quality trimmed using MOTHUR

https://mpgc.mpipz.mpg.de/home/
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(Schloss et al. 2009). The command "trim.seqs" was used with the
setting of a minlength = 300, maxambig = 0, maxhomop = 8, all-
files = T and checkorient = T. The resulting high-quality merged
sequences (3.9 million) were classified with the SILVAngs pipeline
(Quast et al. 2013) using SILVA release version 138.1, SINA version
1.2.10 and VSEARCH version 2.15.1. We used a minimum align-
ment length of 150, a minimum quality score of 30 (minimum
length of a sequence/reads) and a similarity threshold of 0.99 for
the creation of operational taxonomic units (OTUs). Reads that
did not produce a BLAST (v. 2.2.30+) hit, for which the sum of the
sequence identity and the alignment coverage divided by 2 was
higher or equal to 93%, were assigned and combined as reads with
"no relative" (SILVAngs 2015). In total, 3 876 908 sequences were
classified and analyzed after processing, with a minimum of 35
921 and maximum of 90 908 per sample. Read abundance was nor-
malized for each sample using R and the "decostand()" function
(method = total) of the vegan package (Oksanen et al. 2020). The
large number of Illumina reads likely supported the detection of
taxa that underwent substrate-induced cell death or only formed
microcolonies. We defined a growth threshold, based on the maxi-
mum relative read abundance of the most abundant SAR11 clade.
Members of the SAR11 clade constitute the majority of the bacte-
rioplankton in coastal areas (more than 30%) (Morris et al. 2002,
Eiler et al. 2009, Teeling et al. 2012, Teeling et al. 2016), but do not
grow to visible colonies on plates (Rappé et al. 2002). Raw reads of
all 46 samples were deposited at the European Nucleotide Archive
and are accessible under the number PRJEB50169.

Statistical evaluation and visualization
Statistical analyses, data transformations and graphing were per-
formed in R studio (R Core Team 2014). Statistical evaluation of
the CFU communities between the methods was performed with
a Permutational Multivariate Analysis of Variance (PERMANOVA)
using distance matrices from the "vegan" package, with the "veg-
dist()" function and the "method = bray" setting (Oksanen et al.
2020). This analysis was followed by a pairwise comparison using
the "pairwise.perm.manova()" function and the "method = Euclid-
ian" setting. The packages ComplexHeatmap (Gu et al. 2016), cir-
clize (Gu et al. 2014), picante (Kembel et al. 2010), rioja (Juggins
2020), colorspace (Zeileis et al. 2009) and dplyr (Wickham et al.
2018) were used for further data visualization and transformation.

Results and Discussion
Cultivability of microbial populations
Seawater was collected during a diatom-dominated phytoplank-
ton spring bloom at Helgoland Roads off Helgoland, an offshore
island in the German Bight of the southern North Sea. Filtration,
centrifugation and gravitation in Imhoff cones were applied to ob-
tain seawater fractions enriched in subpopulations of free-living
and of particle-associated bacteria. Particle-containing bottom
fractions of sedimentation cones were sometimes centrifuged to
separate the motile free-living bacteria from particle-attached
cells. Total cell counts (Table 1) showed over the duration of the
2018 North Sea spring season a bacterioplankton bloom (Heins
et al. 2021b). In the microscopic view, less than 1% of all bac-
teria were attached to particles (Heins et al. 2021b). Seawater
and fractions thereof were serial diluted with artificial seawater
and then inoculated on ZoBell marine agar. The concentration
of CFUs (always referring to seawater) increased with rising total
cell counts per ml seawater (Table 1). We defined cultivability as
colonies larger than 1 mm in diameter (ml sample)−1 divided by

the DAPI-stained (DNA-containing) cells (ml sample)−1. Seawater-
inoculated plates showed, with 0.5% to 0.7%, a cell cultivability
in the range of previous observations for unprocessed seawater
samples from the same sampling site (Helgoland Roads) (Gerdts
et al. 2004, Alejandre-Colomo et al. 2020, Heins et al. 2021a). Al-
though free-living fractions contained less particles than unfrac-
tionated seawater, a similar cultivability was observed, ranging
from 0.4% to 1.2%. Overall, the free-living populations contributed
most CFUs; only a small portion was obtained from the particle-
associated fractions. These observations are of limited value with
respect to the habitat of the cells, because particle-attached cells
spend a certain time of their lives as free-living cells in search of
new particles.

The particle-enriched fractions had a higher cultivability than
fractions enriched in free-living bacteria (Table 1). Microbiomes
associated with particles of >10 μm had, with 24%, the high-
est cultivability. Also, the particle-containing bottom fraction of
sedimentation cones showed a high cultivability. This not only
included the particle-attached bacteria, but also the free-living
motile bacteria collected in the supernatant after centrifugation
of the bottom fraction (Table 1), indicating that many motile
particle-associated and particle-attached bacteria grew readily on
plates.

Microscopy provided not only the means to count cells on fil-
ters, but also to count the portion of cells in direct contact with al-
gae or transparent exopolymeric particles (Heins et al. 2021b). The
cultivability increased with a higher percentage of cells in direct
contact with particles, from 0.67% ± 0.23% (n = 15) for seawater
and free-living fractions to 5.7% ± 6.7% (n = 10) for cells washed
off 3- and 10-μm filters and 25% ± 38% (n = 6) for cells that had
settled together with particles. In a single experiment, particle-
associated cells were separated from particles by centrifugation
and had a cultivability of 81% (Table 1 and Fig. 1). Overall, the con-
centration of particle-attached cells in seawater was larger than
that of CFUs, sufficient to explain all the CFUs in seawater sam-
ples. The observations also indicated that not all particle-attached
cells form colonies on ZoBell marine agar (Table S1).

Diversity of individual colonies
To further support a prevalence of particle-associated bacteria
among the colonies grown on ZoBell marine agar, we character-
ized the diversity of cells growing on plates, performing partial 16S
rRNA gene sequencing of individual colonies and of whole plate
communities using Sanger sequencing and amplicon library se-
quencing on the Illumina platform, respectively.

Individual, morphologically often diverse colonies from plates
with the smallest inoculum yielded 739 sequences affiliated to
106 genera or families. The most abundantly sequenced genera
were isolated from all fractions, an indication that each bac-
terium, even particle-attached bacteria, spends a certain time
free-living in the sea (Iversen and Ploug 2010) (Fig. 2, Table S2).
Following the lifestyle classification based on seawater fraction-
ation and enrichment factors (Heins et al. 2021b), within the
abundantly present genera (≥7 strains), only Planktomarina and
Lentibacter were classified as members of the free-living bacteria
(group I). Both bacteria formed small colonies (Fig. 2). The major-
ity of colonies was affiliated with 21 genera identified as particle-
attached or particle-associated bacteria: Algibacter, Tenacibaculum
and Psychromonas were members of a group that can be enriched
by particle filtration (group III); group IV comprised particle-
associated bacteria that were either particle-attached or free-
swimming, like Maribacter, Cellulophaga, Pseudoalteromonas, She-
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wanella, Sulfitobacter and Vibrio. Colwellia, Hoeflea and Winograd-
skyella represented the strongly particle-attached group (group V)
(Fig. 2). These particle-associated bacteria formed large colonies
on plates, with the exception of Hoeflea and Dokdonia. Many are
known to attach to phyto- and zooplankton or are part of the
phycosphere (Mestre et al. 2017, Seymour et al. 2017, Heins et
al. 2021b). In addition, cells of these genera pass through a 3-
μm pore-sized filter in their free-living stage, which explains the
occurrence in the free-living, particle-free fraction. These results
support the hypothesis that particle-associated bacteria domi-
nate the CFU microbiome on ZoBell marine agar.

Seawater and subfraction microbiomes used in this study were
previously described in a cultivation-independent study (Heins et
al. 2021b). We used the reads to perform a DADA2 analysis to en-
hance the taxonomic resolution of the affiliation from genus to
ASVs of the highly variable V3V4 region of the 16S rRNA gene (Ta-
ble S3). These ASVs present amplicons of 99% sequence identity,
whereas in the Silva classification the affiliation of a sequence to
a genus can be based on an identity threshold as low as 93%. Over-
all, the DADA2 analysis of 40 inocula communities with 3 236 537
reads identified 22 603 ASVs in total, of which we considered 10
461 partial 16S rRNA gene variants with at least two reads and at
least a relative read abundance of 0.01% in one sample in the fol-
lowing analysis. The enrichment factor analysis of the ASVs con-
firmed the free-living lifestyle of well-known planktonic bacteria
including Ca. Actinomarina, Formosa, the flavobacterial North Sea
groups NS2, NS3a, NS4 and NS5, SAR406, Planktomarina, AEGEAN-
169, SAR11 clade I, OM43 and SAR86 and SAR92.

Of 739 CFU sequences, 95% affiliated with at least 98.7% iden-
tity to one of 249 ASVs observed in the inocula communities
from Helgoland. Using enrichment factors of the ASVs (Heins et
al. 2021b), we determined the preferred habitat of the 249 ASVs
that represented the colony-forming cells. Only 21 ASVs were as-
signed as free-living bacteria, whereas 124 ASVs were more en-
riched in particle-associated fractions. Nineteen ASVs were nearly
equally distributed (EF values between 0.8 and 2.0). According to
this analysis, Leeuwenhoekiella, Subsaxibacter, Brevundimonas, Plank-
tomarina, Planktotalea, Limnobacter and Acidovorax were free-living
bacteria. Free-living as well as particle-associated ASVs were
present in Flavobacterium, Polaribacter, Sulfitobacter, Loktanella, Pseu-
doalteromonas, Shewanella, Alcanivorax and Psychrobacter. Although
some of these genera have a rather broad taxonomic breadth,
it suggests that a genus can include free-living and particle-
associated species. Eighty-five ASVs were rare ASVs not detected
in seawater, which is a prerequisite for the calculation of an en-
richment factor. This finding is also evidence of an access to rare
species by fractionation of seawater.

Diversity of plate microbiomes
The characterization of CFU microbiomes by Illumina-based par-
tial 16S rRNA gene amplicon sequencing has recently more of-
ten been applied, that is, with CFUs from a raccoon (Junkins and
Stevenson 2021) and from tropical sediment (Demko et al. 2021).
We used the technology to cover the (whole) diversity on plates
and to use the method´s sensitivity to identify bacteria of small
colonies that were not visible to the naked eye. A dilution series
yielded the biomass of three plates with different inocula pop-
ulation sizes, containing statistically 1–15, 10–100 and 100–1000
CFUs. Series of consecutive days were combined to obtain finally,
for five time points during the spring bloom, 46 samples with the
biomass of 407 plates (Table S4). We observed plates—90 mm in
diameter—with up to 300 visible colonies, but sometimes a lawn

of bacteria. In this lawn, bacterial interactions may have modi-
fied the growth through benefiting or inhibiting factors. To exclude
these biological influences, the next generation of experiments
linking CFU microbiomes to 16S rRNA amplicon sequencing has to
aim at thousands of individual colonies per sample grown within
distance of each other.

The definition of a growth threshold was guided by the abun-
dance of a genus in seawater and knowledge of its cultivability
on plate media. We selected the most abundant SAR11 OTU as
the threshold to delimit successful growth. The SAR11 clade is
the most abundant taxon in the photic zone of the ocean and its
members do not grow on solid media (Morris et al. 2002, Rappé
et al. 2002, Eiler et al. 2009, Teeling et al. 2012, 2016). In the Illu-
mina amplicon dataset, the most abundant SAR11 OTU had rel-
ative read abundances of 5 × 10−5 in a sample. Hence, an OTU
relative read abundance of >1×10−4 was evaluated as successful
growth.

The dataset of 3.9 million reads included, in total, 65 294
OTUs with a sequence identity of over 99%. These were classified
into 592 taxa based on a threshold of >93% identity to a refer-
ence sequence in the Silva 138.1 dataset. Only 512 reads (0.01%)
had no reference sequence and, therefore, were listed in a group
of "no relatives". This number is very low in comparison with
the cultivation-independent direct analyses of Helgoland samples
that resulted in 0.5% to 2.6% of "no relatives" for seawater and up
to 19% in particle fractions (Heins et al. 2021b).

On the genus level, most reads affiliated with Sulfitobacter, an
alphaproteobacterial genus of the Rhodobacteraceae and a motile
member of the phycosphere and particle microbiomes (Seymour
et al. 2017) (Fig. 3). Other abundant alphaproteobacterial OTUs
were affiliated (with decreasing read numbers) to Sphingorhabdus,
Pseudophaeobacter, members of the Yoonia/Loktanella twin genera
clade (Wirth and Whitman 2018), Erythrobacter, "Oceanibulbus"
(now Sulfitobacter (Liu et al. 2017)), Albirhodobacter, Celeribacter and
Hoeflea (Fig. 3). The Gammaproteobacteria were less diverse and only
four genera were frequently present across samples. These were,
in decreasing order of their relative read abundance, Psychrobacter,
members of the Burkholderia-Caballeronia-Paraburkholderia clade,
Halomonas and Pseudomonas. Psychrobacter was highly abundant in
the filtered and plankton net fractions >10 μm and in the sedi-
mentation cone fractions (Fig. 3).

Within the phylum Bacteroidetes, the genetically broad genus
Flavobacterium was most abundant and selectively enriched from
seawater and free-living fractions. All other abundant flavobac-
terial genera, that is, Polaribacter, Winogradskyella, Algibacter, Cellu-
lophaga, Dokdonia and Zobellia, are known as particle-associated or
particle-attached bacteria. Gramella was found in high abundance
(>3%) on plates inoculated from the >80μm plankton net fraction
(Fig. 3), as expected from the cultivation-independent characteri-
zation of the samples (Heins et al. 2021b).

Overall, the CFU community compositions of fractions were
significantly different from each other (P < 0.001, Permanova,
Table S5), especially between the plankton net and sedimen-
tation cone bottom fractions—both contain highly enriched
particle-associated communities—in comparison with the fil-
tered free-living and small (3–10 μm) particle fractions (P <

0.05, pairwise Manova, Table S6). CFU seawater communities
were similar to free-living community fractions (both the 0.2
to 3 μm fraction of sequential filtration and the top fraction
of the sedimentation cones) (Table S6). These differences coin-
cide with the variations observed directly on the fractions in a
cultivation-independent community characterization (Heins et al.
2021b).



Heins and Harder | 9

Quantification of such amplicon data has to be considered with
some cautiousness. Besides the stochastic effect in the dilution se-
ries, rRNA operon copy numbers of strains and biomass variations
per colony may have caused differences between both datasets
(e.g. Lentibacter and Planktomarina formed only small colonies). Fur-
thermore, taxon-specific biases of the sequencing technology fur-
ther modulate the observed read abundance of individual taxa
(Aird et al. 2011, Oyola et al. 2012).

Comparison with the database of cultivated
bacteria
The OTU classification used in this study referred to a database
including sequences of as-yet uncultivated strains (Silva 138.1).
In addition, we analyzed all ASVs of the whole dataset and identi-
fied 1336 ASVs (99% identical in V3V4 sequence) with read abun-
dances at least twice of the one of the most abundant SAR11 OTU.
These ASVs were compared with the Bacterial and Archaeal 16S
Ribosomal RNA RefSeq Targeted Loci Project (PRJNA33175) of mi-
croorganisms in culture, available from NCBI. Most of the 1336
ASVs had an identity of 98% or more to a validly described species.
Only 42 ASVs had, according to a BlastN analysis, an identity of
below 95% (Fig. 4).

The fact that almost all ASVs had a related described species
or strain is an indication that the isolation of planktonic marine
bacteria on plates in the last few decades has covered nearly all
cultivable genera abundant in nature, based on the resolution of
partial 16S rRNA genes. This observation coincides with large-
scale cultivation experiments. Using MALDI-ToF and full length
16S rRNA genes, Alejandre-Colomo et al. (2020) obtained 13 novel
genera and 143 novel species within 3652 strains obtained from
Helgoland seawater samples over a spring season. High diversity
on the species level can be expected, but the diversity analyses of
closely related species and of strains of a species are beyond this
study and require marker genes with a higher taxonomic resolu-
tion or genome information (Žure et al. 2017, Delmont et al. 2019).

Conclusion
Sedimentation cones (Heins et al. 2021b) were used to sepa-
rate bacterioplankton into free-living non-motile bacteria and
particle-associated bacteria comprising free-living motile and
particle-attached bacteria. The particle-associated bacteria had
a larger cultivability on ZoBell marine agar. In contrast to free-
living planktonic bacteria, particle-associated bacteria encounter
in nature more variable environmental conditions, that is, tran-
siently high substrate concentrations, which are occurring locally
for a short time when algae lyse (Seymour et al. 2017). These con-
ditions coincide with the millimolar substrate concentrations in
plate media. By contrast, genome-streamlined free-living bacteria
lack defense systems (i.e. the PII system to inhibit the influx of am-
monium) (Smith et al. 2013a, Alejandre-Colomo et al. 2021). Our
diversity analyses suggest that cultivation on plates will still in-
crease the number and diversity of species, however, most plank-
tonic genera that are cultivable on ZoBell´s marine agar plates
may already be represented by a strain in culture.
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