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Patterns of bacterial diversity in the marine
planktonic particulate matter continuum
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Depending on their relationship with the pelagic particulate matter, planktonic prokaryotes have
traditionally been classified into two types of communities: free-living (FL) or attached (ATT) to
particles, and are generally separated using only one pore-size filter in a differential filtration.
Nonetheless, particulate matter in the oceans appears in a continuum of sizes. Here we separated this
continuum into six discrete size-fractions, from 0.2 to 200 um, and described the prokaryotes
associated to each of them. Each size-fraction presented different bacterial communities, with a
range of 23-42% of unique (OTUs) in each size-fraction, supporting the idea that they contained
distinct types of particles. An increase in richness was observed from the smallest to the largest size-
fractions, suggesting that increasingly larger particles contributed new niches. Our results show that
a multiple size-fractionation provides a more exhaustive description of the bacterial diversity and
community structure than the use of only one filter. In addition, and based on our results, we propose
an alternative to the dichotomy of FL or ATT lifestyles, in which we differentiate the taxonomic groups
with preference for the smaller fractions, those that do not show preferences for small or large
fractions, and those that preferentially appear in larger fractions.
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Introduction

Particulate matter in the oceans appears in a high
variety of types, in a continuum of sizes from truly
dissolved to visible macroaggregates (Azam et al.,
1993; Azam, 1998; Simon et al., 2002; Verdugo et al.,
2004). This continuum is dynamic and patchy (Long
and Azam, 2001) and can present hot spots of
microbial activity (Alldredge et al., 1986; Azam
et al.,, 1993; Seymour et al.,, 2004). Depending on
their relation with the particulate matter present in
the environment, planktonic microorganisms have
traditionally been classified into two types of
communities: free-living (FL) or attached (ATT). It
is well known that ATT pelagic prokaryotes can
develop dense communities of cells (Simon et al.,
2002), and present specialized metabolisms charac-
terized by high rates of extracellular enzyme activity
(Karner and Herndl, 1992; Smith et al., 1992),
prokaryotic production (Kirchman and Mitchell,
1982) and respiration (Grossart et al., 2007). In
contrast, FL. microorganisms tend to have smaller
genomes (Smith et al., 2013) adapted to low substrate
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concentrations, with high expression of membrane
transporter genes (Satinsky et al., 2014), and tend to
exhibit motility (Mitchell et al., 1995; Fenchel, 2001;
Grossart et al., 2001).

To analyze both communities, microbial ecologists
use differential filtration, so that the first filter retains
the ATT communities while the FL prokaryotes go
through that filter and are collected by a second
(typically 0.2pm) filter. There is a wide range of
filters used to distinguish between FL and ATT
fractions: 0.8 pym (Schapira et al., 2012), 1.6 m
(Ganesh et al., 2014), 3.0um (Eloe et al., 2011),
5.0pm (Lapoussiere et al., 2011), or even 30pnm
(Fuchsman et al., 2011) pore sizes. But most of these
studies have used only one size to separate ATT from
FL and have thus missed the possibility of detecting,
if they exist, diverse ATT communities associated to
distinct sizes. A few studies have focused on two
size-fractions (for example, 0.8 and 10 pm (Dang and
Lovell, 2002), 1.0 and 60 pm (Kellogg and Deming,
2009), 0.8 and 3.0 pm (Smith et al., 2013 and Wilkins
et al., 2013) and 3.0 and 8.0 pm (Milici et al., 2016)),
yet no one has systematically used a set of different
sized filters to size fractionate bacterioplankton
samples. The lack of consensus on the pore-size
used to separate both types of communities makes a
comparison among studies very difficult or even
impossible. The choice of the filter may bias the
results as distinct filters might retain distinct
particles with distinct bacterial communities.
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Moreover, the use of various size-fractions might
reveal a more comprehensive view of bacterioplank-
ton complexity by contemplating a wider variety of
habitats where planktonic bacteria develop.

Considering that the biogeochemical role of pro-
karyotes in the microbial food web depends strongly
on the size, quantity and quality of the suspended
particles (Malfatti and Azam, 2009; Grossart, 2010a),
current studies should perhaps deviate from the
traditional dichotomy of ATT vs FL communities
and take into account the variety of sizes and
complexity of organic and inorganic structures that
can be found in the water column and that might
serve as prokaryotic niches. To test this idea, we
analyzed marine bacterial communities in different
size-fractions, ranging from the purely FL to particles
of 200 pm, in an oligotrophic coastal station of the
Mediterranean Sea, and all along a year. The
microbes were collected by serial filtration on six
filters of decreasing pore sizes, to test whether the
composition of the bacterial community differs
among the size-fractions and to explore whether a
multiple size-fractionation of the samples provides a
more complete description of the whole bacterial
community than the use of only one filter to separate
FL from ATT communities. The null hypothesis
would be that microbial community composition
shows no relationship with the pore-size of the filter
and, by extension, to the sizes of the particles.

Materials and methods

Study area, sampling and basic parameters

Samples were collected monthly from June 2012 to
June 2013 from the Blanes Bay Microbial Observa-
tory (BBMO, www.icm.csic.es/bio/projects/icmicro
bis/bbmo/) a coastal station (20 m depth) placed at
0.5 miles offshore (41°40’N, 002°48’E) in the NW
Mediterranean Sea which has regularly been
sampled for microbial ecology studies during the
last decades (Gasol et al., 2012). Surface water (0.5 m
depth) was taken and pre-filtered through a 200 pm
mesh net and transported to the laboratory in
darkness. For DNA analysis, a total of 101 were
filtered sequentially through 20, 10, 5, 3, 0.8 and
0.2 pm pore-size polycarbonate filters (20 pm pore-
size filter from GE Water and Process Technologies
(Trevose, PA, USA) and the rest of the filters from
Millipore (Billerica, MA, USA)) of 47 mm diameter,
using a peristaltic pump at very low speed and
pressure. To prevent clogging we changed the filters
when the flow slowed down (usually the 0.2 and
0.8 pm pore-size filters were replaced at least once
per filtration). All the filters of the same pore-size
were pooled as one sample. The filters were stored
inmediatelly at —80°C until extraction. The size-
fractions were defined as: 0.2—0.8; 0.8-3.0; 3.0-5.0;
5.0-10; 10-20; and 20-200pm, and in order to
simplify the nomenclature, they will also be referred
by the lowest size (that is, ‘0.8 fraction’ indicates
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from 0.8 to 3 pm) along the manuscript. A description
of the measurement of environmental parameters and
the abundance of prokaryotes on those filter sizes can
be found in Supplementary Methods 1.

DNA extraction, sequencing and sequences processing
The DNA was extracted as described in (Massana
et al., 1997). Hypervariable V1-V3 16 S tags were
PCR amplified and 454 GS FLX+ pyrosequenced
with primers 28 F/519R by Research and Testing
Laboratory (Lubbock, TX, USA; http://www.research
andtesting.com/). A total of 495897 amplicon frag-
ments were produced. Reads from 150 to 600 bp
were quality checked (Phred quality average > 25) by
using a 50 bp sliding window in QIIME (Caporaso
et al., 2010). Pyrosequencing errors were reduced
with Denoiser in QIIME. Reads were clustered into
Operational Taxonomic Units (OTUs) with a 97%
similarity threshold with UCLUST in QIME. Chi-
meras were detected with ChimeraSlayer (Haas
et al., 2011) and SILVA108 as a reference database,
in MOTHUR (Schloss et al., 2009). Taxonomy
assignment was done using SILVA Incremental
Aligner (SINA v1.2.11). Unwanted OTUs (eukar-
yotes, chloroplast, mitochondria or OTUs with less
than five sequences in total) were removed. The
months with at least one size-fraction that could not
be amplified were discarded. A total of 48 samples
where selected, representing 8 months: September,
October, November and December of 2012 and
January, March, April and June of 2013. The samples
were randomly subsampled to the lowest number of
reads present in the data set. A summary of sequence
information can be found in Supplementary Table 1.

Data analysis

Statistical analyses and graphs were done in R
(www.r-project.org) and JMP software (www.jmp.
com). The OTU table was square-root transformed
and a Bray—Curtis distance matrix was generated.
The environmental database was normalized and an
Euclidean distance matrix was generated. Non-
metric multidimensional scaling analysis was used
to visualize the distances between communities. A
PERMANOVA (Adonis test, vegan-Package) was
performed to discern statistically significant differ-
ences due to the factors size-fraction and month.
Bray—Curtis distances were calculated between
samples of September 2012 and the respective size-
fractions of the following months. The diversity of
each size-fraction was calculated using the Shannon
Index (H’) and the True Alpha, Beta and Gamma
Diversity (Tuomisto, 2010) with R package Simba.
Similarities among size-fractions were explored with
the average clustering method (Unweighted Pair
Group Method with Arithmetic Mean: UPGMA),
and a SIMPROF analysis was performed to detect
the significant clusters (at P<0.05). Rank-abundance
curves for each size-fraction were plotted in log-log
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scales. Indicator OTUs (Dufrene and Legendre, 1997)
of a given size-fraction were obtained using the
INDVAL analysis (R package lavdsv, INDVAL values
>0.3 and P<0.05). Niche Breadth (Bj; Levins, 1968)
of each OTU was calculated and OTUs with Bj<3
were considered specialists, OTUs with Bj=[3-4]
were considered Intermediate and OTUS with Bj>4
were considered generalists. OTUs with relative
abundance >1% were considered abundant, those
at 1-0.1% were considered intermediate, and those
<0.01% were considered rare.

The OTUs were grouped at phylum, class and
genera level. The high-rank taxonomic groups which
represented >1% of the total abundance in at least
one size-fraction, were selected for further analyses.
The rest were classified as ‘other bacteria’. With
these criteria, a total of 17 taxonomic groups were
selected. To assess differences in the relative
abundances of individual taxonomic groups among
size-fractions, analysis of variance (P<0.05) and
Tukey’s post-hoc tests were conducted. Relative
abundances of the taxonomic groups were drawn
in a heatmap and were clustered hierarchically by
the UPGMA method.

Results

The environmental parameters of the eight sampled
dates presented elevated variability (the CVs were on
average 57%; Supplementary Table 2). The non-
metric multidimensional scaling plot (Figure 1)
indicated that the samples clustered by month and
by size-fraction. A PERMANOVA test (Supple-
mentary Table 3) confirmed that differences between
‘size-fractions’ were significant (P<0.001) and dif-
ferences between ‘months’ were also significant
(P<0.001). Bray—Curtis distances between distinct
months (Supplementary Figure 1) showed annual
periodicity, being the community composition of
nearby months more similar than those of distant
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months. The communities of smaller size-fractions
remained rather constant over the year, compared
with the communities of the larger size-fractions.
Most (94% on average) bacteria were in the >0.2 pm
filter, while 4.9% were in the 0.8 ym filter, and
<0.5% were present in the remaining filters
(Supplementary Figure 2).

Bacterial diversity increased with increasing size-
fraction at each month as indicated by the Shannon
Index and species richness (Figures 2a and b). The
20-200 pm size-fraction presented the most diverse
community, whereas the 0.2-0.8 pm size-fraction
had the lowest diversity. The average a-diversity
(diversity within a size-fraction) was 179.8, the
global g (rate of community differentiation among
size-fractions) was 3.3 and the global y (total
diversity within the six size-fractions) was 595.6
(Supplementary Table 4). The accumulated number
of species in the range of the size-fractions (species
discovery curve or species-accumulation curve)
presented a logarithmic form, which reached a
‘plateau’ and was close to saturation (Figure 3). A
clustering dendrogram (Figure 4) revealed that every
fraction shared OTUs preferentially with the closest
size-fractions. Lower levels of dissimilarity were
found in the larger size-fractions (that is, they were
more similar among them). A SIMPROF analysis to
detect significant clustering (P<0.05) separated
primarily the smallest fraction (0.2—-0.8 pm) from
the rest of fractions, and secondly the 0.8-3.0 pm
size-fraction from the larger fractions. The larger
fractions clustered by pairs: 3.0-5.0pm with
5.0-10 pm and 10-20 pm with 20-200 pm. The
rank-abundance curves (Figure 5) indicated that
each size-fraction presented a strong dominance
generated by a few OTUs, yet the size-fractions with
higher dominance (that is, the smaller fractions)
presented less diversity, as can be observed by the
steeper slope in this representation.

On an average (+s.d.), the percentage of
unique OTUs in each size-fraction ranged from
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Figure 1 Non-metric multidimensional scaling (nMDS) representing the distance between samples by size-fraction (a) and month (b).
The nMDS was created with a Bray—Curtis distance matrix derived from the OTU table.
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fraction. The curve was constructed with the median values of the 8 months, with its s.d. The equation of the curve: y=97.7In(x)+152.

R*=0.95.

23+4.5% (3.0-5.0um) to 42.6+7.9% (20-200pm)
(Supplementary Table 5), and the percentage of
shared OTUs by all size-fractions (that is, ubiquitous,
with global co-ocurrence) accounted for 3.3+1.1%
of the total OTUs (Supplementary Table 6). The
percentage of shared OTUs between two size-
fractions (co-ocurrence between two size-fractions)
ranged from 23.7+6.8 to 44.7+6.7% (Supple-
mentary Table 7), where every fraction shared
species preferentially with the closest size-fractions
and the highest percentages were found in the
intermediate fractions. A total of 49 Indicator OTUs
were identified (INDVAL>0.3, P<0.05) (Supple-
mentary Table 8). The size-fractions with higher
numbers of indicator OTUs were the size-fraction
0.2-0.8pm and the 20-200pm (24 and 18,
respectively).

When separating the values of Niche Breadth (Bj)
into three ranks of abundances (Supplementary
Table 9), specialists were predominantly ‘rare’
(<0.01% abundant) and generalist OTUs were
predominantly ‘abundant’ (>1% abundant). The
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number of specialist OTUs increased with the size
of the fraction, while the number of generalist OTUs
decreased with the size of the fraction (Figure 6a).
The relative abundances of the specialists decreased
from 0.2 to 3.0 pm and increased from 3.0 to 20 pm.
The contrary was observed for the relative abun-
dances of the generalist organisms (Figure 6b).
Analysis of variance tests showed that 16 of the 17
selected (that is, relatively dominant) taxonomic
groups presented statistically significant differences
in relative abundances among size-fractions
(Supplementary Table 10). Considering the differen-
tial presence of each group in the six particle-sizes
(Figure 7) and the samples clustering (Figure 8), a
total of four categories could be differentiated. The
first category (A) encompassed the taxonomic groups
that were enriched in the smallest size-fractions: for
example, SAR11 and SAR116. The second category
(B) comprised the taxonomic groups that were
enriched in the smaller size-fractions, but depleted
or absent in the smallest size-fraction (0.2—0.8 pm):
for example, Synechococcus sp. The third category
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(C) included the taxonomic groups that did not
present enrichment when increasing or decreasing
the size-fraction: for example, Deferribacterales,
Oceanospirillales, Actinobacteria. The fourth cate-
gory (D) was composed of taxonomic groups that
were enriched in the lager size-fractions: for exam-
ple, Rhodobacterales, Cytophagia, Alteromonadales,
Verrucomicrobia, Vibrionales, Spingobacteriia, Fir-
micutes, Planctomycetes, Deltaproteobacteria, Fla-
vobacteria and Rhizobiales.

Discussion

We describe here the diversity of a coastal bacterio-
plankton community by using a serial filtration system

designed to separate the continuum of sizes of the
plankton particulate matter into six discrete size-
fractions. Our approach is unique because most
studies that have analyzed the diversity of FL vs PA
communities have done so by using only one or two
filter sizes. In addition, we have inspected a broader
range of sizes (from 0.2 to 200 pm). Our choice of the
filters was based on the most common filters used to
separate the various types of communities found in
the literature. Many studies have considered as ‘FL
fraction’ all bacteria that passed through 0.8 pm
filters, yet in quite some studies the size limit chosen
was the 3pum as they intended to recover also the
very large bacteria. Others considered that the ‘ATT
fraction’ starts at 5.0 pm or even at larger sizes. Here,
by characterizing the different bacterial communities
present in various size-fractions we obtained infor-
mation on the size dependence of bacterial commu-
nity structure, a protocol that reveals a more
comprehensive view of the pelagic microorganisms
in the plankton. The data comprised here covers
almost a year-round data set of the Blanes Bay
Microbial Obsevatory including high variability in
terms of environmental parameters and bacterial
community composition (Figure 1, Supplementary
Table 2 and 3, Supplementary Figure 1). Despite this
high seasonal variability, we describe patterns of
bacterial diversity in the size-fractions that were
conserved all along the year. We consider that these
patterns are strong, conserved with time, and have
the potential to be present also in other aquatic
systems. From our data we cannot state that this is a
general trend across all aquatic ecosystems yet the
patterns derived from the analysis of the six size-
fractions in our samples is a null hypothesis to be
tested in further studies.

A common question addressed in FL vs ATT
bacterial studies is to determine which size-fraction
contains more diversity. Previous studies performed
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in marine areas close to our sampling site have
shown contradictory trends: some found more
diversity in the FL fraction (Acinas et al., 1999;
Ghiglione et al., 2007), whereas other studies found
more diversity in the ATT fraction (Crespo et al.,
2013). The same occurs in other marine ecosystems:
some authors found that FL. communities were richer
than ATT communities (Hollibaugh et al., 2000;
Moeseneder et al.,, 2001), whereas other authors
found the opposite (Zhang et al., 2007; Eloe et al.,
2011; Fuchsman et al., 2011; Ortega-Retuerta et al.,
2013; BiZic-Ionescu et al., 2015). Still, others found a
gradient, with more diversity in the smallest size-
fractions (Kellogg and Deming, 2009). A recent study
across a latitudinal gradient in the Atlantic found
that in some of the sampled stations the small size-
fraction was the richest, whereas in other stations the
larger size-fraction presented more diversity (Milici
et al., 2016). This highly contrasting conclusions
could be produced by the different filters used in the
various studies or because of the distinct kinds of
particles present in each environment. Here, we
covered a broader range of sizes and we analyzed
more size-fractions. Our data reflect that the diver-
sity is variable in each size-fraction depending on the
season, but there is always an increase of diversity
from the smallest to the largest size-fractions.
Diversity tripled from the commonly considered FL
sample (that is, 0.2—0.8m) to the largest size-
fraction (>200pm, Figure 2a and b). Moreover, the
larger fractions presented lower levels of dominance
compared with the smallest fractions, being dom-
inance and diversity inversely proportional in all
size-fractions (Figure 5). Our results indicate that
there is a high decrease in the abundance of bacteria
per unit of volume in the larger fractions (on average
94% bacteria were in the 0.2pum fraction, 4.9%
bacteria were in the 0.8 pm fraction, and less than
0.5% were present in the remaining size-fractions in
these samples, Supplementary Figure 2). Thus,
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according to our results, the larger the size-fraction,
the more bacterial diversity is contained, even
though there are fewer bacteria per unit of volume.
We also observed that the % of unique OTUs in
each filter ranged from 23 to 42% (Supplementary
Table 5), indicating that the six size-fractions
analyzed contained different environments (that is,
types of particles) that created distinct niches and
that contributed to the global differentiation of
bacterial communities. Interestingly, we observed
more specialist organisms (in number of OTUs and
in relative abundance) with increasing size-fraction,
which could be understood as an increase in the
number of distinct niches with the increase of the
size-fraction. The existence of these niches could be
assigned to the development in larger particles of
chemical gradients including low levels of oxygen or
even anoxia (Alldredge and Cohen, 1987), and where
biogeochemical processes such as denitrification
(Karl et al., 1984) or methanogenesis could be
present. In fact, in the large size-fractions we
detected Tenacibaculum sp. that are known to carry
out nitrate reduction (Suzuki et al., 2001) and thus
develop in microaerophilic conditions; Blastopirel-
lula sp. that are known to perform nitrate reduction
under anoxic conditions (Anammox; Schlesner
et al., 2004); facultative anaerobes such as Vibrio
sp. (Baumann et al., 1980), and strict anaerobes such
as Propionigenium sp. (Schink and Pfennig, 1982). In
particular, these organisms were identified as size-
fraction indicator species according to our analysis
(Supplementary Table 8). In addition, the size-
fractionation scheme would also separate the phyto-
plankton and zooplankton present in the nano- and
microsized fractions, and thus the distinct bacterial
communities that they harbor. The phytoplankton
community in Blanes Bay is generally dominated
throughout the year by Prymnesiophyceae (~5pm)
and episodically by Bacillariophyta (2—-200pm)
(Gutiérrez-Rodriguez et al, 2011), and the
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zooplankton community is dominated by nauplii
and copepodites, in the 53—200 pm and 20-200 pm
size-fractions respectively (Calbet et al., 2001;
Almeda et al., 2011). Several studies have shown
that certain bacterial OTUs can be associated to
certain phytoplankton taxa (for example, Pinhassi
et al., 2004; Sala et al., 2005; Sison-Mangus et al.,
2016) and, to a lesser extent, also to zooplankton
(Grossart et al., 2010b; Bickel et al., 2014). Thus, the
higher diversity and the higher percentage of unique
OTUs in the larger size-fractions can also presuma-
bily be related, at least in part, to the specific
bacterial communities attached to phytoplakton
and <200 pm zooplankton.

There is not a strict separation between ATT and
FL, and it likely exists a dynamic exchange between
these categories (Grossart, 2010a). The presence of
commonly considered FL groups in large particles
can be explained if they have the potential to also
live attached to particles, they search refuge from
predation in particles, they form filaments or cellular
aggregates, they are parasites or symbionts of protists
or phytoplankton, or they are hitchhiking on protists
or zooplankton (Grossart et al., 2010b). By contrast,
the presence of commonly considered ATT bacteria
in small size-fractions could be explained if they can
also live as FL or if they are individual cells
dispersing from an aggregate. It may be argued that
filtration, the most common method to separate FL
and ATT lifestyles, may cause clogging and disag-
gregation. With clogging, FL. would be retained in
larger size-fractions. And by disaggregation, ATT
bacteria could pass through the filter to smaller size-

fractions. We minimized both processes by prefilter-
ing all the sample through 200pm, filtering a
reduced water volume (101 in total), using very
low vacuum pressure, and changing the filters when
the flow slowed down. Our data indicate that several
taxonomic groups can be found in more size-
fractions than one. Moreover, we can associate
various preferences to some of the high-rank taxo-
nomic groups: some were enriched when increasing
the size-fraction, some were enriched when decreas-
ing the size-fraction, some did not enrich when
increasing or decreasing the size-fraction, and some
were enriched when decreasing the size-fraction but
were depleted or absent in the smallest size one
(Figures 7 and 8). We believe this is a new
perspective that might allow a better understanding
of the natural history of the different bacterial
taxonomic groups in relation with the particulate
matter present in the environment.

Various remarkable organisms could be assigned
to each of the categories cited above. 'SAR11' were
present all along the continuum of size-fractions but
were enriched in the smallest size-fraction (Figure 8:
category ‘a’). They were ~70% of the community in
the 0.2pm fraction, and 5-15% in the remaining
size-fractions. Their elevated presence in the smal-
lest size-fraction is understandable since isolates of
this group are known to have a very reduced size,
and genomic studies of the first cultured member of
this clade (Pelagibacter ubique) indicate adaptation
to a mostly FL lifestyle (Giovannoni et al., 2005). Yet,
some SAR11 have also been observed in larger size-
fractions, and have been considered as ATT ecotypes
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Figure 8 Heatmap representing the relative abundances of individual taxonomic groups among size-fractions. The taxonomic groups
were clustered hierarchically by the UPGMA method. A total of four categories were differentiated: (a) taxonomic groups enriched in the
small size-fractions; (b) taxonomic groups enriched in increasing size-fractions, but depleted or absent in the smallest one (0.2—0.8 pm);
(c) taxonomic groups that do not present enrichment in relation with the size-fraction; and (d) taxonomic groups enriched in increasing

size-fractions. The data presented are the average of the 8 months.

that may occupy a niche in association with larger
bacterioplankton and phytoplankton (Allen et al.,
2012). The relatively large presence of SAR11 in
larger particles occurred in 2 months in particular,
suggesting that this particle-attachment could appear
under specific environmental conditions only. This
would be consistent with the extensively described
microdiversity within the SAR11 clade (Garcia-
Martinez and Rodriguez-Valera, 2000; Brown and
Fuhrman, 2005).

Other relevant bacterial groups that presented the
same pattern as SAR11 (that is, were enriched mainly
in the 0.2—-0.8 pm fraction: category ‘a’, Figure 8) were
the 'SAR116' (>1% of the 0.2pum community and
<1% in the largest size-fractions). It is interesting to
point out that in a previous 16S rDNA pyrotag
sequencing study of the composition of sorted high-
nucleic acid containing (HNA) and low-nucleic acid
containing (LNA) bacteria from Blanes Bay done a few
years before the current study, SAR11 were enriched
in the LNA cell fraction while SAR116 were enriched
in the HNA fraction (Vila-Costa et al., 2012). This same
pattern was observed also for the Acidobacteria, the
Betaproteobacteria and for the Gammaproteobacteria
(enriched in the LNA in the study by Vila-Costa et al.,
but present in the higher size-fractions in our study).
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Other groups enriched in the HNA cells in that study
(such as the Rhodobacterales and the Bacteroidetes)
presented higher contributions to community structure
in the larger sizes in our current work (see below). We
take these contrasting observations as evidence that
association to particles (and thus, to large size-
fractions) is not directly a size (and genome content)
-related feature of the different organisms, but goes
beyond that feature in what has been considered a
‘lifestyle’, that is known to present a phylogenetically
defined signal (that is, Salazar et al., 2015).
Cyanobacteria of genus Synechococcus sp. were
also enriched in small size-fractions with relative
abundance maxima in the 0.8-3.0 pm size-fraction
(Figure 8: category ‘b’; 50% of the community) and
almost non-existent in the smallest size-fraction
(0.2—0.8 pm, <2% of the community). The average
size of Synechococcus sp. is ~1pm (for example,
Morel et al., 1993), which is larger than that of most
FL bacteria, so they are large enough to be retained
by the 0.8pm filter and not contribute to the
smaller fraction. In fact, the absence of Synechoc-
cocus sp. from the 0.2-0.8pm fraction and
the relatively low contribution to the community
in the size-fractions >3 pm indicate that the
filtration system used was successful and bias-free.



If Synechoccocus had been found in the <0.8pm
fraction or abundantly in the >3pm, it would have
raised concerns on the quality of the filtration. Their
absence supports our size-fractionation protocol.

In contrast with the patterns observed in SAR11
and Synechococcus sp., some taxonomic groups
were enriched in the largest size-fractions
(Figure 8: category ‘d’). Generally the taxonomic
groups in category ‘d’ had been found in the ATT
bacterial fraction in previous studies in the Medi-
terranean. Planctomycetes together with Bacteroi-
detes and Alpha- and Proteobacteria were found
enriched in particles in the Adriatic Sea (BiZic-
Ionescu et al., 2015); In the NW Mediterranean,
Bacteroidetes was the most important group in the
ATT fraction, although as in our study, also
Firmicutes or Verrucomicrobia were abundant phyla
(Crespo et al., 2013). In other contrasting environ-
ments, such as at 6000 m in the Puerto Rico Trench
(Eloe et al., 2011) or in the Black Sea suboxic zone
(Fuchsman et al., 2011) other groups were found in
the ATT fraction, but Planctomycetes was always
found enriched in particles. The phylum 'Plancto-
mycetes' has been described as able to attach to
surfaces (Bauld and Staley, 1976) such as macroalgae
(Bengtsson and @vreds, 2010; Lage and Bondoso,
2011), invertebrates (Fuerst et al., 1997) or macro-
scopic detrital aggregates (Delong et al., 1993; Crump
et al., 1999), where they contribute to biopolymer
degradation (Woebken et al., 2007). They were > 3%
of the communities of sizes >3 pm, but ~1% in the
smallest size-fractions (Figure 3).

Phylum 'Bacteroidetes' is here represented by
classes Flavobacteria, Cytophagia and Sphingobac-
teriia, and all of them were enriched in the large size-
fractions. They were ~20-30% of the communities
of sizes >3pm, but<10% in the smallest size-
fractions. Phylum Bacteroidetes has been known to
contain heterotrophic bacteria with capacity for
adhesion to particles (Williams et al., 2012) and
production of extracellular enzymes with degrada-
tive capabilities (Kirchman, 2002), which allow them
to have an important role during algal blooms
(Buchan et al., 2014). Moreover some bacteroidetes
have the capacity to survive as FL cells in situations
of low levels of nutrients and the presence of light,
thanks to the proteorhodopsin gene (Gonzélez et al.,
2008). This might explain their presence also in the
smallest size-fraction.

The phylum 'Verrucomicrobia' was also enriched
when increasing the size-fraction. This group has
been observed in marine snow (Rath et al., 1998),
where they are very efficient biopolymer degraders
(Martinez-Garcia et al., 2012), and they have also
been observed in association with nanoeukaryotic
cells (Petroni et al.,, 2000). The association of
Verrucomicrobia and eukaryonts is that close that it
has even been speculated that Verrucomicrobia was
the origin of the eukaryotic flagella (Li and
Wu, 2005). The possible association with nano-
eucaryotes would explain the observed elevated
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values of Verrucomicobia in the 3.0-5.0 pm size-
fraction (~2%).

Finally, some groups did not present a gradient of
enrichment when increasing or decreasing the size-
fraction (Figure 8: category ‘c’). 'Actinobacteria’ were
enriched in the smallest size-fraction but presented
also enrichment in the largest size-fractions. As
SAR11, they have been described as small FL cells
with streamlined genome and with rhodopsins that
allows a photoheterotrophic metabolism (Ghai et al.,
2013). And as in SAR11, we can interpret the
enrichment in large size-fractions as caused by the
presence of different ecotypes. These ecotypes might
be expressing light-capturing proteorhodopsin in the
particle microenvironment, as has already been
described in a river plume (Satinsky et al., 2014).

Following the Sieburth et al. (1978) nomenclature,
the size spectra sampled by our multiple size-
fractionation comprises from the pico- (0.2 pm) to
the microplankton sizes (200pum), where we
observed a saturation of the species-accumulation
curve. This defines the border between the classic
‘microbial environment’, spatially structured by
pico/nanostructures, and a ‘non-microbial environ-
ment’, characterized by larger structures. This
information might be useful in the design of multi-
scale studies focusing on the holistic description of
the community (Pinel-Alloul and Ghadouani, 2007).
Therefore, the knowledge of the dynamics at
small scales and their implications for larger
scales would allow us to improve our understan-
ding of global ocean biogeochemistry (Azam and
Malfatti, 2007).

Concluding, we show that the size of the particle is
crucial for determining prokaryotic community
structure, and the use of various size-fractions
reveals a more comprehensive view of the pelagic
microorganisms in the plankton. Moreover, and in
the same way as the dichotomy of particulate organic
matter vs dissolved organic matter is more accurately
regarded as a continuum of sizes (Azam et al., 1993;
Verdugo et al., 2004), the dichotomy of FL vs ATT
bacteria should be better regarded as gradients of
enrichment in larger or smaller size-fractions. This
approach provides a more integrated perspective of
the relations between the ecology of microbes and
the chemical substrates presents in the ocean.
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-Supplementary Figure 1: Bray-Curtis distances calculated between the same size-fractions of

different months. September’12 was taken as a reference for the comparisons.
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-Supplementary Figure 2: Prokariotic abundance in the filters of the different sizes at each

sampling date. The x axes indicate the size of the filter.
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Supplementary Methods 1:

To determine prokaryotic abundance on the particles, seawater was fixed with
glutaraldehyde (final concentration 1%) and distinct volumes were filtered through
black polycarbonate membrane filters (Poretics) of 5 different pore-sizes: 0.2 um (5
mL), 0.8 um (20 mL), 3.0 um (150 mL), 5.0 um (150 mL), 10.0 um (150 mL). Before
finishing filtering all the volume, the last 5 mL of each sample were maintained for 5
min with 50 pL of DAPI dye (0.5 mg ml™) in the dark. The filters were placed on
microscope slides and with inmersion oil (Type-F, Olympus). DAPI positive cells were
enumerated by epifluorescence microscopy (Olympus BX61 epifluorescence

microscope).

Temperature and salinity were obtained with a CTD probe (SD2014, SAIV A/S).
Chlorophyll a was measured according to the procedure of Yentsch and Menzel (1963).
Bacterial heterotrophic activity was estimated using the *H-leucine incorporation
method (Kirchman et al., 1985). Inorganic nutrients were analyzed using a CFA Bran
Luebbe autoanalyser following the methods described by Hansen and Koroleff (1999).
Samples for total organic carbon (TOC) determinations were collected in 10 mL
precombusted (450 °C, 24 h) glass ampoules. After acidification with 50 pL 25%
H;PO4 to pH<2, the ampoules were heat-sealed and stored in the dark at 4°C until
analysis. Analyses were carried out using a Shimadzu TOC-CSV organic carbon
analyzer. Particulate organic carbon (POC) was measured by filtering 60 mL (four
replicates) on pre-combusted GF/F glass fibre filters. The filters were then frozen in
liquid nitrogen and kept at —80°C until analysis. Prior to analysis, the filters were dried
at 60°C for 24 h and exposed to hydrochloric acid vapours for 48 h to destroy inorganic

material. They were then analysed in a Perkin-Elmer 240 C:H:N autoanalyser.
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Supplementary Table 1: A summary of sequence information and number of identified OTUs.

Number of Number of
X . INumber of |Number of Number
Sample Date Size-fraction Clean reads OTUS
Raw reads [Clean reads i of OTUS )

(Normalized) (Normalized)
X114STORM2012SEPO1 ([September 0.2 5443 5442 1000 250 118
X115STORM2012SEP02 |[September 0.8 6788 5127 1000 392 154
X116STORM2012SEP03 ([September 3 5309 3892 1000 473 240
X117STORM2012SEP04 ([September 5 7707 5552 1000 664 266
X118STORM2012SEPQO5 |September 10 3586 3223 1000 546 301
X119STORM2012SEP0O6 |[September 20 7299 6408 1000 931 331
X120STORM20120CT01 [October 0.2 5103 5083 1000 332 144
X121STORM20120CT02 |October 0.8 16900 16328 1000 468 110
X122STORM20120CT03 [October 3 19227 12745 1000 1070 258
X123STORM20120CT04 |October 5 6388 4652 1000 621 275
X124STORM20120CTO05 [October 10 8774 7094 1000 936 354
X125STORM20120CT06 |October 20 4871 4578 1000 825 366
X126STORM2012NOV01 |November 0.2 10448 10326 1000 518 180
X127STORM2012N0OV02 |November 0.8 7212 5247 1000 727 281
X128STORM2012N0OV03 [November 3 3961 3524 1000 326 168
X129STORM2012N0OV04 [November 5 3720 3248 1000 319 162
X130STORM2012NOV05 |November 10 5184 4539 1000 347 146
X131STORM2012NOV06 [November 20 5862 4415 1000 875 374
X132STORM2012DEC01 |December 0.2 3793 3727 1000 193 107
X133STORM2012DEC02 |December 0.8 4293 2434 1000 202 113
X134STORM2012DEC03 |[December 3 7571 2992 1000 433 248
X135STORM2012DEC04 |December 5 8081 4943 1000 669 286
X136STORM2012DECO5 |December 10 8773 4946 1000 696 306
X137STORM2012DEC06 |December 20 8318 4733 1000 769 326
X138STORM2013JANO1 [January 0.2 12485 12134 1000 673 178
X139STORM2013JANO2 [January 0.8 8075 5073 1000 358 148
X140STORM2013JANO3 [January 3 7805 2643 1000 401 242
X141STORM2013JANO4 [January 5 4837 1590 1000 332 262
X142STORM2013JANOS [January 10 6850 3047 1000 572 322
X143STORMZ2013JANO6 [January 20 7895 4095 1000 788 335
X150STORM2013MARO01 [March 0.2 3661 3126 1000 211 125
X151STORM2013MARO02 [March 0.8 8311 4389 1000 482 207
X152STORM2013MARO03 [March 3 5705 3653 1000 236 127
X153STORM2013MARO04 [March 5 17386 11270 1000 741 192
X154STORM2013MARO5 [March 10 13195 7969 1000 412 151
X155STORM2013MARO06 |March 20 5443 2067 1000 334 233
X156STORM2013APR0O1 |April 0.2 4308 4296 1000 145 76
X157STORM2013APR02 |April 0.8 9030 8581 1000 244 86
X158STORM2013APR0O3 |April 3 9441 6496 1000 400 159
X159STORM2013APR04 |April 5 6269 4221 1000 430 201
X160STORM2013APRO5 |April 10 5522 3709 1000 267 148
X161STORM2013APR0O6 |April 20 5051 3630 1000 317 166
X168STORM2013JUNO1 |June 0.2 17143 17036 1000 402 117
X169STORM2013JUNO2 |June 0.8 10499 9559 1000 561 146
X170STORM2013JUNO3 |June 3 4265 2504 1000 191 123
X171STORM2013JUNO4 [June 5 2939 2473 1000 336 210
X172STORM2013JUNOS |June 10 9784 7212 1000 466 149
X173STORM2013JUNO6 |June 20 3190 2710 1000 609 319




Supplementary Table 2: Environmental parameters measured in each sampling date and
Median, Standard deviation (SD) and Coefficient of variation (CV) of each parameter. Total
Number of Bacteria were measured on DAPI counts on 0.2 um pore-size filters. See
"Supplementary Methods 1" for details.

Temperature . Chlorophyll PO*, NO, X Total Number of Bacteri‘al

Date] (0) salinity (ug L) w | wm) Si0, (uM) Bacteria (cell L") Produc_tllo_r: TOC (uMm)|POC (um

(pmol L™ h™)
13-Sep-1 22.464) 38.16 0.16 0.027] 0.069 1.052 4.11x10° 364.39 7.91
9-Oct-1j 18.31f 37.91 0.34 0.026 0.038} 0.932 9.14x10° 139.37 5.5
6-Nov-12] 16.66] 38.044 0.4§ 0.221 3.523 2.036] 9.37x10° 51.48 93.94 16.26
11-Dec-12 14.25| 38 0.48 0.083 1.36 2.023 7.48 x10° 58.77 66.58 5.43
15-Jan-13} 13.27 38.1 0.89 0.12 1.212 1.5641 5.08 x10° 8.11 94.99 21.91
12-Mar-1 12.78] 38.14 1.08 0.16 3.289 2.475 9.45 x10° 40.93 66.07 8.96
17-Apr-1 14.51] 37.87 0.49 0.08 0.646) 1.356 1.53 x10° 99.81 73.95 8.66
4-Jun-1 16.92 37.62 0.3 0.103 0.34 1.249 8.72x10° 41.04 76.43 8.46
Median| 16.15 37.98 0.53 0.1 1.31 1.59 8.58 x10° 100.49 78.66 10.39
SD| 2.99 0.17] 0.29 0.06] 1.29 0.5 3.16 x10° 106.6 11.77 5.37
CcV 18.49 0.44| 54.68 59.41 98.7 32.03 36.85 106.09 14.97 51.7




Supplementary Table 3: Permutational multivariate analysis of variance (PERMANOVA) examining the effects of
the factors “month” (seasonality) and “size-fraction” on the bacterial communities on the filters. Key to
abbreviations and column headings: D.f, degrees of freedom; MS, mean square; F, F ratio; R2, coefficient of
determination; P, p-value. Probabilities are marked as follows “***’ p<0.001; ‘**’ p<0.01; ‘*’ p<0.05.

Source of variation |D.f MS F R? P Significance
Size-fraction 5 0.74709 6.5717 0.31878 0.0001 xk

Month 7 0.57192 5.0308 0.34165 0.0001 HHE
Residuals 35 0.11368 0.33956

Total 47




Supplementary Table 4: True alpha, beta and gamma diversity in each sampling date. Median,
Standard deviation (SD) and Coefficient of variation (CV) of each parameter are also presented.

gamma beta alpha

SEP 647 3.3 197.3
OoCT 711 34 208.2
NOV 637 3.4 187.3
DEC 658 3.2 206.2
JAN 699 3.2 218.5
MAR 535 33 163.5
APR 345 3 1135
JUN 533 3.7 144
Median 595.6 3.3 179.8
SD 113.3 0.2 34.1
Ccv 19 5.6 19




Supplementary Table 5: Percentage of unique OTUs in each size fraction and in each sampling date.
Size-fractions are referred to by the lowest filter size.

0.2 um 0.8 um 3.0 um 5.0 um 10 pm 20 uml

SEP 354 33.1 23.9 31.3 32.7 41.2
OCT 51.2 25.5 32.2 27.6 36.4 39.1
NOV 21.3 42.2 19.6 14.9 39.3 54.1
DEC 26.1 27.9 21.1 333 32 31.9
JAN 32.9 24.5 19.8 25.8 38.7 41.6
MAR 21.8 43.1 17.1 36.8 21 45
APR 19 12.9 24 41.5 26.7 33.1
JUN 31.8 41.3 26.7 38.4 38.3 54.7
Median 29.9 31.3 23 31.2 331 42.6
SD 9.8 9.9 4.5 7.9 6.1 7.9
cvV 32.8 31.7 19.5 25.3 18.4 18.6




Supplementary Table 6: Percentage of shared OTUs in all size fractions (i.e. ubiquitous, with
global co-ocurrence) and in each sampling date.

Number of OTUs present Total number oii

in all 6 size-fractions] OTUs| Percentagel

SEP 19 647 2.9
OCT 18 711 2.5
NOV 19 637 3
DEC 14 658 2.1
JAN 26 699 3.7
MAR 29 535 5.4
APR 16 345 4.6
JUN 13 533 24
Median 19.3 595.6 3.3
SD 5.2 113.3 1.1
cv 27.2 19 32.3




Supplementary Table 7: Percentage of shared OTUs between two size-fractions (average values of
the 8 months and their standard deviations). Size-fractions are referred by the lowest filter size.

0.2 um 0.8 um 3.0 um 5.0 um 10 pm 20 uml

0.2 um 39.247 34.1+10.2 29.449.5 25.919.4 23.7+6.8

0.8 pm 35.9+4.3 32.312.1 27.7£3.9 26.9+5.3|

3.0 pm 44.7+6.7 43.9+5.8 38.1+6.8

5nu 40.315.9 37.613.9

10 pm 39.8+9.6
20 pm




Supplementary Table 8: Indicator OTUs of each size-fraction (INDVAL >0.3, p<0.05).

Size-
Fraction

Taxonomy

Number of
different
OTUs

0.2-0.8 ym

Bacteria;Actinobacteria;Acidimicrobiia;Acidimicrobiales;OCS155 marine group;
Bacteria;Bacteroidetes;Flavobacteria;Flavobacteriales;Flavobacteriaceae;
Bacteria;Bacteroidetes;Flavobacteria;Flavobacteriales;Flavobacteriaceae;NS5 marine group;
Bacteria;Proteobacteria;

Bacteria;Proteobacteria;Alphaproteobacteria;
Bacteria;Proteobacteria;Alphaproteobacteria;SAR11 clade;
Bacteria;Proteobacteria;Alphaproteobacteria;SAR11 clade;Surface 1;
Bacteria;Proteobacteria;Alphaproteobacteria;SAR11 clade;Surface 4;
Bacteria;Proteobacteria;Gammaproteobacteria;

Bacteria;Proteobacteria;Gammaproteobacteria;Oceanospirillales;SAR86 clade;

2
1
3

Total number of Indicator Species:

0.8-3.0 ym

Bacteria;
Bacteria;Cyanobacteria;

Bacteria;Cyanobacteria;Cyanobacteria;Subsectionl;Familyl;Synechococcus;

Total number of Indicator Species:

10-20 pm

Bacteria;Bacteroidetes;Flavobacteria;Flavobacteriales;NS9 marine group;

Total number of Indicator Species:

20-200 ym

Bacteria;

Bacteria;Bacteroidetes;Bacteroidia;Bacteroidales;Porphyromonadaceae;
Bacteria;Bacteroidetes;Flavobacteria;Flavobacteriales;Flavobacteriaceae;
Bacteria;Bacteroidetes;Flavobacteria;Flavobacteriales;Flavobacteriaceae;Gramella;
Bacteria;Bacteroidetes;Flavobacteria;Flavobacteriales;Flavobacteriaceae;Nonlabens;
Bacteria;Bacteroidetes;Flavobacteria;Flavobacteriales;Flavobacteriaceae; Tenacibaculum;
Bacteria;Cyanobacteria;Cyanobacteria;SubsectionlV;
Bacteria;Fusobacteria;Fusobacteriia;Fusobacteriales;Fusobacteriaceae;Propionigenium;
Bacteria;Planctomycetes;Planctomycetacia;Planctomycetales;Planctomycetaceae;Blastopirellula;
Bacteria;Planctomycetes;Planctomycetacia;Planctomycetales;Planctomycetaceae;Planctomyces;
Bacteria;Proteobacteria;Alphaproteobacteria;Rhodobacterales;Rhodobacteraceae;
Bacteria;Proteobacteria;Alphaproteobacteria;Rhodobacterales;Rhodobacteraceae;Ruegeria;
Bacteria;Proteobacteria;Alphaproteobacteria;Rhodobacterales;Rhodobacteraceae;Sulfitobacter;
Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Alteromonadaceae;Alteromonas;
Bacteria;Proteobacteria;Gammaproteobacteria;Alteromonadales;Pseudoalteromonadaceae;Pseudoalteromonas;
Bacteria;Proteobacteria;Gammaproteobacteria;Oceanospirillales;Alcanivoracaceae;Alcanivorax;

Bacteria;Proteobacteria;Gammaproteobacteria;Vibrionales;Vibrionaceae;Vibrio;

Total number of Indicator Species:

18




Supplementary Table 9: Percentage of specialist, intermediate and generalist OTUs (see Material
and Methods for definition) classified in 3 ranks of relative abundance: Abundant (>1%),
Intermediate (1-0.1%), Rare (<0.01-0.1%). Average values of the 8 months and their standard

deviations.

Niche Breadth

Specialist Intermediate Generalist
g Abundant (>1%) 4.7+1.2 4.0+1.2 2.7+1.2
c
"'g Intermediate (1 to 0.1%) 38.4+1.3 4.741.3 0.510.3
< Rare (<0.1 %) 45.8+2.8 0 0




Supplementary Table 10: Results of ANOVA tests calculated with the relative abundance of each individual
taxonomic group and among size-fractions. Size-fractions are referred by the lowest filter size. Key abbreviations
and column headings: F, F ratio; P, p-value. Probabilities are marked as follows “***’ p<0.001; “** p<0.01; ‘*
p<0.05. Letters refer to results of post hoc Tukey tests (p < 0.05). Different letters (A, B, C, D) indicate significant
differences among treatments.

Post-hoc Tukey test

F P £ £ £ £ £ £
3 3 S S 3 3
o -] =] o o o
o o o n - N
A
SAR11, Alphaproteobacteria 28.2426 ok
B B B B B
GROUP A
A A A A A
SAR116, Alphaproteobacteria 3.9604 ok
B B B B B
A
GROUP B |Synechococcus, Cyanobacteria 20.4772 *HK B B B B
C
A A A A
Actinobacteria 3.8047 *
B B B B B
GROUP C |Deferribacteres 1.6679 n/4A A A A A A
A A A A A
Oceanospirillales, Gammaproteobacteria 2.7278 *
B B B B B
A
Rhodobacterales, Alphaproteobacteria 5.1116 ok
B B B B B
A
Cytophagia, Bacteroidetes 6.5044 Ak
B B B B B
A
Alteromonadales, Gammaproteobacteria 13.331 kK B B B B
C C C C
A A A A A
Verrucomicrobia 6.9208] *
B B
A A
Vibrionales, Gammaproteobacteria 6.8541] *EK
B B B B B
A A
B B
Sphingobacteria, Bacteroidetes 10.9746 ok
GROUP D C C C
D D D
A A A A A
Firmicutes 3.9104 *k
B B B B
A A A A A
Planctomycetes 4.1519 *H
B B B B
A A A A
Deltaproteobacteria, Proteobacteria 5.4162 *kk B B B B
C C C
A A A A
Flavobacteria, Bacteroidetes 8.7272 kK B B
C C
A A A A A
Rhizobiales, Alphaproteobacteria 2.8708] *
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