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and Alonso-Sáez L (2022) Novel
Interactions Between Phytoplankton

and Bacteria Shape Microbial
Seasonal Dynamics

in Coastal Ocean Waters.
Front. Mar. Sci. 9:901201.

doi: 10.3389/fmars.2022.901201

ORIGINAL RESEARCH
published: 22 July 2022

doi: 10.3389/fmars.2022.901201
Novel Interactions Between
Phytoplankton and Bacteria Shape
Microbial Seasonal Dynamics in
Coastal Ocean Waters
Nestor Arandia-Gorostidi 1,2*, Anders K. Krabberød3, Ramiro Logares4,
Ina Maria Deutschmann4, Renate Scharek1, Xosé Anxelu G. Morán1,5,
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Trophic interactions between marine phytoplankton and heterotrophic bacteria are at the
base of the biogeochemical carbon cycling in the ocean. However, the specific
interactions taking place between phytoplankton and bacterial taxa remain largely
unexplored, particularly out of phytoplankton blooming events. Here, we applied
network analysis to a 3.5-year time-series dataset to assess the specific associations
between different phytoplankton and bacterial taxa along the seasonal scale,
distinguishing between free-living and particle-attached bacteria. Using a newly
developed network post-analysis technique we removed bacteria-phytoplankton
correlations that were primarily driven by environmental parameters, to detect potential
biotic interactions. Our results indicate that phytoplankton dynamics may be a strong
driver of the inter-annual variability in bacterial community composition. We found the
highest abundance of specific bacteria-phytoplankton associations in the particle-
attached fraction, indicating a tighter bacteria-phytoplankton association than in the
free-living fraction. In the particle-associated fraction we unveiled novel potential
associations such as the one between Planctomycetes taxa and the diatom
Leptocylindrus spp. Consistent correlations were also found between free-living
bacterial taxa and different diatoms, including novel associations such as those
between SAR11 with Naviculales diatom order, and between Actinobacteria and
Cylindrotheca spp. We also confirmed previously known associations between
Rhodobacteraceae and Thalassiosira spp. Our results expand our view on bacteria-
phytoplankton associations, suggesting that taxa-specific interactions may largely impact
the seasonal dynamics of heterotrophic bacterial communities.
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INTRODUCTION

Marine heterotrophic bacteria represent the largest and most
diverse biomass in the ocean (Whitman et al., 1998; Venter et al.,
2004). Due to their enormous taxonomical and functional
diversity, marine bacteria occupy a wide range of ecological
niches, from oligotrophic waters to organic matter-rich
phytoplankton blooms (Martiny et al., 2006; Haggerty and
Dinsdale, 2017). Some studies have shown that the dynamics
of marine bacterial communities follow predictable temporal
patterns (Fuhrman et al., 2015; Bunse and Pinhassi, 2017),
including the rare members (Alonso-Saez et al., 2015).
Recurrent environmental drivers such as resource availability
or water column mixing may control the presence of different
clades. For example, the SAR11 or SAR86 clades have been
described to dominate bacterial communities during stratified
periods (Vergin et al., 2013) due to their adaptations to grow
under low nutrient conditions (Morris et al., 2002; Giovannoni
et al., 2005; Dupont et al., 2012). On the other hand, members of
Actinobacteria or Roseobacter grow better under water column
mixing conditions (Morris et al., 2005). Despite the well-known
role of environmental factors on bacterial dynamics, the
relevance of biotic interactions is increasingly recognized
(Lima-Mendez et al., 2015). As direct and indirect suppliers of
fresh and labile dissolved organic matter (DOM), phytoplankton
has been typically considered one of the most important agents
controlling bacterial community composition in surface waters
(Riemann et al., 2000; Teeling et al., 2012; Landa et al., 2016). Yet,
there is still a lack of knowledge on specific interactions between
bacteria and phytoplankton taking place in marine waters,
particularly under non-bloom conditions.

The most widely studied interactions between bacteria and
phytoplankton are typically mutualistic. Bacteria can provide
phytoplankton with essential nutrients for growth (Cooper and
Smith, 2015), including vitamin B1 and B12 (Croft et al., 2005;
Cruz-Lopez and Maske, 2016) or iron-siderophore chelates
(Amin et al., 2009). Bacteria-phytoplankton info-chemical
signaling is also important for phytoplankton cell division
(Amin et al., 2015). These associations are more usual in
bacteria that live attached to phytoplankton cells, as they can
establish close symbiotic interactions between the phytoplankton
cells (Rooney-Varga et al., 2005; Grossart et al., 2007; Arandia-
Gorostidi et al., 2017). Due to the metabolic and functional
complexity of these interactions, several authors have suggested
that bacteria-phytoplankton associations could be taxa-specific
(Pinhassi et al., 2004; Grossart et al., 2005; Jasti et al., 2005).
Therefore, rapid successions of phytoplankton and bacterial taxa,
as observed under phytoplankton bloom conditions (Teeling
et al., 2012), may strongly determine microbial diversity and
dynamics at the short-term scale, i.e., days (Needham and
Fuhrman, 2016)

To assess the great complexity in microbial community
potential interactions, an increasing number of studies are
applying network analysis techniques, either at the spatial
scale, i.e., biogeographical patterns (Lima-Mendez et al., 2015)
or in time-series data (Steele et al., 2011; Chow et al., 2013; Cram
et al., 2015). This approach has been successfully used, e.g., to
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determine the environmental parameters controlling the
dynamics of marine microorganisms (Steele et al., 2011) or to
investigate the role of biotic interactions such as viral mortality
on bacterial distribution (Chow et al., 2013). Potentially, network
analysis may also help us understand the interactions between
bacterial taxa and specific phytoplankton groups in long time-
series. Yet, so far, very few studies have applied network
techniques to explore taxa-specific bacteria-phytoplankton
interactions. In a short-term survey in waters off the California
coast, potential mutualistic and competitive interactions were
observed during daily phytoplankton bloom events (Needham
and Fuhrman, 2016). Long-term observations, although studied
to a lesser extent, have shown the importance of environmental
parameters shaping the temporal microbial dynamics (Gilbert
et al., 2012), while only a recent works have described the
potential importance of taxa-specific associations between
bacteria and photosynthetic picoeukaryotes on the annual
reoccurrence of microbial taxa (Lambert et al., 2019; Lambert
et al., 2021). These works, however, were not able to discern
between biotic interactions from mere co-occurrences between
bacteria and phytoplankton due to preferences for similar
environmental properties.

In this work, we explored specific biotic associations between
heterotrophic bacterioplankton (as assessed by 16S rRNA gene
amplicon sequencing) and microphytoplankton taxa (as assessed
by microscopic analysis) using network analysis after removing
indirect dependencies among bacteria-bacteria or driven
by preferences for similar environmental conditions. The
combination of a 3.5-years time-series survey with a post-
analysis network technique allowed us to disentangle potential
biotic interactions between phytoplankton and bacteria and their
importance on shaping microbial seasonal dynamics.
RESULTS

Environmental Variables and
Phytoplankton Abundance
Samples to test the associations between bacteria, phytoplankton
and environmental variables were collected monthly between
July 2009 and December 2012. During this period,
environmental variables followed the typical seasonality of a
Northern temperate coastal site. Temperature varied from winter
minima (minimum 12.1°C recorded in March 2010) to summer
maxima (maximum 21.7°C recorded in September 2009,
Figure 1). Inorganic nutrients concentration (see Figure 1A
for nitrate and Figure S1 for nitrate, nitrite, phosphate and
silicate) followed an opposite seasonality, peaking in winter and
showing annual minima (e.g., no Nitrate detected in May 2012)
during spring and summer stratified period. Total chlorophyll a
concentration, as a proxy of phytoplankton biomass, either
peaked in late winter-spring (1.9 μg l-1, February 2012) or in
autumn (2.7 μg l-1, October 2009), while the lowest values were
consistently found in summer (0.04-0.11 μg l-1).

Diatoms (Bacillariophyta) were the most abundant
microphytoplanktonic group, with Pseudo-nitzschia spp. as the
July 2022 | Volume 9 | Article 901201
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most abundant genus (mostly during spring, 1.80*105 cells l-1 in
May 2012). The genus Chaetoceros (subgenus Hyalochaete)
peaked in October 2009 (1.33*105 cells l-1, Figure 1B) and
Leptocylindrus spp. dominated during the bloom of March
2012 (1.79*105 cells l-1). Although other diatom genera such as
Frontiers in Marine Science | www.frontiersin.org 3
Lauderia spp. and Thalassiosira spp. were considerably less
abundant (Figure 1C), they peaked recurrently in the spring
and autumn phytoplankton blooms. In the case of the diatom
Navicula spp., we found higher concentrations in winter and
autumn. Dinoflagellates were usually less abundant (ca. two
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FIGURE 1 | Temporal variation of in situ temperature and nitrate concentration (all available inorganic nutrients dynamics are shown in Figure S1) (A). Variation in
total chlorophyll a concentration (green line) and most abundant phytoplankton genera (B) and other less abundant (<1.0 104 cells l-1) phytoplankton genera (C) at
the time-series.
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orders of magnitude) than diatoms throughout the year.
Heterocapsa spp. was the most abundant dinoflagellate genus,
but only peaked in January 2010 (1.23*105 cells l-1), while
Prorocentrum spp. was the second most abundant genus
(3.80*104 cells l-1 in May 2012). The abundance of other less
abundant genera, such as Gyrodinium was more homogeneous
along the time-series.

Relative Abundance of Bacterial OTUs
in the Free-Living and Particle-
Attached Fractions
In order to identify the bacterial groups present in the free-living
and particle-attached fractions, amplicon sequencing analysis was
performed for the 3.5-year time series samples. While free-living
samples were analyzed monthly during the period of study, the
particle-attached fraction was only analyzed in 12 samples, which
represented 28.5% of the 3.5-year time series samples. In order to
collect reliable data about phytoplankton-associated microbial
communities, this fraction was only analyzed when
phytoplankton biomass was high. These 12 samples coincided
mostly with spring and autumn phytoplankton bloom events. We
detected 4900 OTUs of free-living bacteria at a distance cut-off of
0.01 (after resampling to 4314 reads per sample), as described in
Alonso-Sáez et al. (2015). SAR11 showed the highest percentage of
reads (34.6% on average), followed by Flavobacteriales (14.6%) and
Rhodobacterales (7.3%). For the particle-attached bacterial fraction,
we found 3797 OTUs (in a dataset with 2535 reads per sample after
resampling), with Flavobacteriales as the most abundant group
(21.4% of total reads), followed by Rhodobacterales (11.0%) and
Alteromonadales (5.6%).

To detect seasonal changes in bacterial community
composition in the time-series study, we analyzed the Principal
coordinates analysis (PCoA, Figure 2) and the Bray-Curtis
dissimilarity index for each season and size fraction (Figure S2).
We found the lowest average dissimilarity value in summer, while
the dissimilarity of spring was significantly higher (t-test, p-
value=0.013, n=11). Additionally, we found the highest
dissimilarity for the particle-attached bacterial fraction,
exceeding the free-living ones. No seasonal changes of the
particle-attached microbial community composition were
analyzed due to the low number of samples.

Network Analysis of Bacteria and
Environmental Variables
We performed a Local similarity analysis (LSA) between 761
free-living bacterial OTUs, 273 phytoplankton groups and 5
environmental properties to infer biotic and abiotic correlations
between them. The analysis resulted in 24689 significant
correlations (Figure S3). In the other hand, due to the lower
number of samples sequenced for the particle-attached fraction
(12 samples in total), we considered the maximal information-
based nonparametric exploration method (MINEv2, Reshef
et al., 2011) more appropriate for this dataset.

Free-living bacteria-bacteria associations comprised in total 719
nodes (representing different OTUs in the case of bacteria) and
23073 significant edges, where 21769 of themwere positive and only
Frontiers in Marine Science | www.frontiersin.org 4
1304 negative. Next, we investigated subnetworks of different phyla
before and after EnDED analysis (Table 1). For example, the phyla
with the lowest number of nodes, i.e., Actinobacteria,
Planctomycetes, and Verrucomicrobia (range n=18-28 before
EnDED n=3-10 after EnDED, Table 1), showed the highest
number of edges per node and the lowest path length (L),
indicating a high interconnection of these groups within the
network (Table 1). By contrast, Bacteroidetes (Flavobacteriales)
had a higher number of nodes (n=118 before EnDED and n=32
after EnDED) but showed the lowest edge density and relatively
high L, which suggests a less interconnected network.

Free-living bacteria correlations with environmental variables
(Table 2) resulted in 344 nodes (5 environmental parameters and
338 bacterial OTUs) and 784 edges (with average absolute LS=0.58
± 0.13). The highest percentage of edges between bacteria and
environmental variables was found for bacterial OTUs and
temperature (Table S1), which accounted for 31.0% and 22.6%,
respectively, of total associations between bacteria and
environmental variables. According to the CCA analysis,
temperature also explains the distribution of the summer samples
(Figure S4), while the distribution of the winter microbial
community is explained by nutrient concentration. We found 69
nodes positively correlated with temperature, predominantly
affiliated with Firmicutes (n=15), while OTUs negatively
correlated with temperature were more abundant (65% of all
OTU-Temperature edges). Although the most abundant SAR11
OTU correlated positively with temperature, we observed that this
group also showed the highest number of OTUs negatively
correlating with temperature (n=24), followed by Flavobacteriales
(n=23) and Actinobacteridae (n=19) orders. Other environmental
variables such as salinity or chlorophyll a concentration were
correlated with only a few taxa. In particular, 17.9% of
Verrucomicrobia OTUs correlated negatively with chlorophyll a,
while inorganic nutrients concentrations correlated positively
mostly with Actinobacteria and Xanthomonadales.

We also analyzed the correlations between different
phytoplankton taxa with environmental parameters (Figure
S5). We found that most of the groups correlated positively
with inorganic nutrient concentration (nitrate, phosphate or
silicate, n=8). The Naviculales showed the highest number of
nodes correlated with nitrate and phosphate. Haslea spp. and
Navicula spp. genera were positively correlated with both
nutrients and Pleurosigma spp. with nitrate. sSome groups
such as Navicula spp. or Thalassiosira spp. were negatively
correlated with temperature. Silicate showed also a strong
positive correlation with Haslea spp. and members of the
order Dictyochales.

Network Analysis Between Bacteria in
the Free-Living and Particle-
Attached Fractions
To analyze the free-living bacteria-bacteria associations, we
removed the edges that were due to environmental preferences
using the EnDED method, (see M&M for more information). In
addition, we removed isolated nodes, i.e., nodes without edges. The
number of total bacterial nodes and bacterial edges decreased
July 2022 | Volume 9 | Article 901201
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considerably (see Table 1). To estimate preferential associations
between different microbial groups, we calculated the fraction of
observed from all potential associations (i.e., edge density) between
specific groups. In the free-living fraction we observed the highest
edge density among low-abundant groups such as between
Epsilonproteobacteria and Deltaproteobacteria, between
Frontiers in Marine Science | www.frontiersin.org 5
Epsilonproteobacteria and Deltaproteobacteria with SAR202, or
between distinct Nitrospina and Verrucomicrobia OTUs
(Figure 3A). On the other hand, edge density between bacteria in
the particle-attached subnetwork was considerably lower, with the
Phycisphaerae and Verrucomicrobiales class showing the highest
edge densities with other OTUs of the same class (Figure 3B).
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Network Analysis Between Bacteria and
Phytoplankton Taxonomic Groups
After applying EnDED to remove indirect bacteria-phytoplankton
associations, the biotic network (which includes free-living bacterial
OTUs and phytoplankton genus) decreased considerably in size.
Among the bacteria-phytoplankton associations we found 8 diatom
groups (with 32 positive associations with bacterial taxa) and only 2
dinoflagellates (with only 3 positive associations, Figure 4).
Flavobacteriales showed the highest number of correlations with
distinct phytoplankton groups in the free-living fraction, including 4
diatoms (Naviculales spp., Thalassiosira spp., Chaeroceros spp. and
an unknown centric diatom) and two dinoflagellates (Minuscula
spp. and one unknown thecate dinoflagellate). Additionally, we
found specific associations between 2 free-living SAR11 OTUs with
the order Naviculales (Haslea genus). Similarly, free-living
Rhodobacterales were correlated with the genus Thalassiosira
(with 3 out of 4 OTUs in the network correlating with this
diatom taxon). The phylum Actinobacteria showed specific
correlations with Cylindrotheca spp., with the 3 OTUs present in
the network correlating with this diatom taxa, representing 75% of
all Cylindrotheca-bacteria associations.

In general, the phytoplankton genera showing associations
with particle-attached bacteria were different from those
interacting with free-living bacteria (Figure 5), with the
exception of Cylindrotheca spp. and Pseudonitzia spp., which
appeared associated with Actinobacteria and Alteromonadales in
both fractions, respectively. Although most of the particle-
attached bacteria-phytoplankton associations took place with
diatoms (80% of all edges), we found that Flavobacteriales and
Actinobacteridae, the groups with the largest number of edges
(12 edges each) were associated indistinctly with diatoms and
Frontiers in Marine Science | www.frontiersin.org 6
dinoflagellates. Among diatoms, Leptocylindrus spp. was the
genus with the highest number of edges with bacterial OTUs
(7 edges), including several of the Planctomycetes phylum.
DISCUSSION

The study of marine microbial temporal and spatial dynamics and
their controlling drivers has regained more attention with the
latest advances in network analysis (see review in Fuhrman et al.,
2015). Classically, abiotic factors have been considered the main
controlling variables of marine microbial dynamics (Gilbert et al.,
2012; Giovannoni and Vergin, 2012; Sunagawa et al., 2015). Yet,
some studies have shown that the interactions between different
organisms may be at least as important as the abiotic factors (El-
Swais et al., 2015; Lima-Mendez et al., 2015; Worden et al., 2015).
Biotic associations occurring between heterotrophic bacteria and
phytoplankton have been shown to be particularly relevant driving
the microbial community dynamics during phytoplankton blooms
(Bunse et al., 2016; Needham and Fuhrman, 2016), but the impact
of such associations shaping the microbial community
composition at seasonal and yearly time scales remain largely
unknown. Furthermore, a strong yearly rhythmicity of small
autotrophic and heterotrophic microbes recently shown
(Lambert et al., 2019; Lambert et al., 2021), suggest re-occurrent
seasonal biotic associations between bacteria and phototrophic
picoeukaryotes in marine waters. Here, we unveiled novel
seasonal biotic associations between bacteria and large
microphytoplankton taxa in a temperate ecosystem, which have
been previously addressed solely in the context of short-term
phytoplankton bloom conditions.
TABLE 1 | Topological statistics for subnetworks corresponding to different bacterial groups (bold type for phyla and class) before and after applying EnDED.

Bacterial groups
subnetworks

reads
(%)

Before EnDED After EnDED

Nodes
(N)

Degree
(D)

Degrees per
node

CL L Nodes
(N)

Degree
(D)

Degrees per
node

CL L

Alphaproteobacteria 47.06% 213 11187 52.5 0.58 2.84 34 869 25.6 0.56 2.10
SAR11 34.63% 86 4192 48.7 0.61 2.81 15 307 20.5 0.58 2.21
Rhodobacterales 7.34% 40 669 16.7 0.53 3.18 6 152 25.3 0.60 2.09
Rhizobiales 1.19% 27 2454 90.9 0.59 2.52 4 106 26.5 0.54 1.99
Rickettsiales 1.91% 14 634 45.3 0.56 3.14 5 149 29.8 0.55 1.89
Rhodospirillales 0.93% 19 1714 90.2 0.6 2.67 2 98 49.0 0.45 1.77

Gammaproteobacteria 17.07% 125 7710 61.7 0.57 2.86 31 779 25.1 0.63 2.03
SAR86 8.15% 26 1162 44.7 0.55 3.2 5 150 30.0 0.69 2.02
Alteromonadales 2.01% 18 537 29.8 0.4 3.19 8 125 15.6 0.51 2.11
Xanthomonadales 3.25% 27 1652 61.2 0.64 2.56 8 232 29.0 0.60 1.92

Bacteroidetes 15.28% 138 5452 39.5 0.48 2.97 34 774 22.8 0.53 2.10
Flavobacteriales 14.55% 118 4296 36.4 0.48 2.99 32 719 22.5 0.53 2.04
Sphingobacteriales 0.69% 19 1034 54.4 0.5 2.83 2 55 27.5 0.67 2.00

Actinobacteria 5.31% 63 7515 119.3 0.54 2.42 10 389 38.9 0.54 1.93
Acidimicrobidae 4% 25 2261 90.4 0.49 2.55 6 223 37.2 0.50 1.92
Actinobacteridae 0.96% 36 4962 137.8 0.58 2.34 4 163 40.8 0.61 1.94

Firmicutes 3.16% 40 1230 30.8 0.59 2.97 10 311 31.1 0.59 2.00
Lactobacillales 1.56% 29 706 24.3 0.59 2.98 7 234 33.4 0.59 1.96

Verrucomicrobia 1.34% 28 1990 71.1 0.6 2.69 5 150 30.0 0.46 1.93
Planktomycetes 0.51% 18 1209 67.2 0.68 2.56 3 19 6.3 0.66 2.39
July 2022
 | Volume 9 | Art
icle 90
The table shows the percentage of reads of each group in comparison with total bacteria reads, number of nodes (N), number of edges (E), the average number of edges per node,
clustering coefficient (CL) and average path length (L). Bold numbers indicate values for phyla and class.
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The fact that low-abundant bacterial OTUs (such as
Actinobacteridae, Verrucomicrobiales, or Planctomycetales),
rather than abundant OTUs, dominated the bacteria-bacteria
associations in the free-living and particle-attached networks is
in agreement with previous studies (Faust et al., 2015; Lima-
Mendez et al., 2015). The high edge density within the bacteria-
bacteria subnetwork st i l l remained after removing
environmentally-driven associations with EnDED, supporting
the view that some of these associations between low-abundant
groups may be related to interactions between different taxa. Our
resu l t s ind ica te a co-assembly be tween taxa l ike
Deltaproteobacteria and SAR202, or between distinct OTUs of
Nitrospira, Planctomycetes, or Verrucomicrobia, which are low-
abundant yet biogeochemically relevant groups in coastal marine
ecosystems (Freitas et al., 2012; Koch et al., 2015; Delmont et al.,
2018). Associations between Planctomycetes and Nitrospira may
be related to a potential cooperation in the cycling of nitrogen, as
members of this group participate in N2 fixation (Delmont et al.,
2018) and nitrification (Daims et al., 2015). In the case of
SAR202 and Deltaproteobacteria, while we cannot identify the
functional reason for these potential co-assemblies, it is
noticeable that these two taxa usually co-occur along the
vertical profile in the open ocean (Galand et al., 2010;
Cardozo-Mino et al., 2021).

Low-abundant bacterial taxa also showed more associations
with environmental parameters compared to high-abundant
ones (Table 2). We found that a major fraction of these low-
abundant taxa (72%) was negatively correlated with
temperature (Figure S2). This result agrees with previous
observations showing that the abundance of rare bacterial
taxa is maximal in winter, when water column mixing
transports bacterial taxa usually found below the pycnocline
to the surface (Vergin et al., 2013; Alonso-Saez et al., 2015),
Frontiers in Marine Science | www.frontiersin.org 7
increasing the overall diversity of the upper layers (Garcia et al.,
2015). Although temperature was the main abiotic variable
determining the free-living microbial dynamics, as previously
observed in other datasets (Raes et al., 2011; Sunagawa et al.,
2015), other variables such as chlorophyll a and inorganic
nutrient concentrations also determined a large fraction of
bacteria-environmental variable associations. For example,
members of the order Verrucomicrobiales showed a high
number of negative correlations with chlorophyll a and
nutrient concentration, which may indicate that some
Verrucomicrobiales OTUs thrive in more oligotrophic
conditions, as suggested by the observed preference of this
group for summer stratified conditions (Alonso-Saez et al.,
2015). Surprisingly, OTUs from groups usually associated with
phytoplankton biomass such as Flavobacterales and
Alteromonadales (Riemann et al., 2000; Kirchman, 2002;
Tada et al., 2011) did not positively correlate with chlorophyll
a concentration, perhaps because chlorophyll a is not always a
good indicator of the availability and lability of DOM that is
incorporated by heterotrophic bacteria (Morán and Scharek,
2015). Our results coincide with other works showing that the
influence of chlorophyll a concentration on microbial seasonal
dynamics is not as relevant as other parameters like
temperature (Steele et al., 2011; Chow et al., 2013; Krabberød
et al., 2022), suggesting that chlorophyll concentration per se
cannot predict the dynamics of individual bacterial OTUs.

Despite the importance of environmental variables shaping
the composition of the microbial community, we found stronger
correlations between distinct taxonomic groups of free-living
bacteria and phytoplankton than with environmental parameters
(as indicated by the higher LS score in Figure S6). Such specific
associations between free-living bacteria and phytoplankton may
also explain the high dissimilarity in bacterial community
TABLE 2 | Percentage of associations between bacterial groups and different environmental variables: Temperature (T), salinity (Sal.), nutrients, chlorophyll a
concentration (Chl-a), and photoynthetically available radiation (PAR, 400-700 nm).

T Sal. Nutrients Chl PAR Environmental parameters

Alphaproteobacteria 16.81 (-0.21) 3.02 (0.04) 13.36 (0.39) 3.02 (-0.53) 0.86 (-0.51) 39.7 (0.12)
SAR11 23.47 (-0.44) 0 21.43 (0.54) 0 1.02 (-0.39) 37.8 (0.21)
Rhodobacterales 9.09 (-0.56) 9.09 (-0.53) 6.82 (0.26) 0 0 22.7 (-0.14)
Rhizobiales 0 3.7 (0.56) 3.7 (0.01) 0 0 66.7 (0.19)
Rickettsiales 26.67 (0.58) 6.67 (0.55) 6.67 (-0.46) 20 (-0.57) 0 60 (0.02)
Rhodospirillales 20 (0.19) 0 15 (0.2) 15 (-0.32) 0 60 (0.09)

Gammaproteobacteria 25 (-0.1) 2.27 (-0.22) 15.91 (0.37) 2.27 (-0.55) 2.27 (-0.66) 50 (0.13)
SAR86 17.24 (0.12) 3.45 (0.5) 10.34 (0.25) 0 0 37.9 (0.22)
Alteromonadales 5.26 (0.63) 5.26 (-0.63) 5.26 (0.56) 0 5.26 (-0.75) 15.8 (0.16)
Xanthomonadales 33.33 (-0.52) 0 29.63 (0.49) 0 0 59.3 (0.15)

Bacteroidetes 23.81 (-0.15) 4.08 (0.21) 12.24 (0.24) 2.04 (-0.54) 2.04 (0.13) 35.4(0.06)
Flavobacteriales 24.19 (-0.13) 3.23 (0.32) 12.1 (0.19) 2.42 (-0.54) 2.42 (0.13) 35.5 (0.04)
Sphingobacteriales 18.18 (-0.15) 9.09 (-0.03) 13.64 (0.46) 0 0 31.8 (0.08)

Actinobacteria 24.62 (-0.63) 6.15 (-0.6) 32.31 (0.67) 0 10.77 (-0.69) 53.8 (0.19)
Acidimicrobidae 29.63 (-0.62) 0 29.63 (0.65) 0 3.7 (-0.55) 40.7 (0.24)
Actinobacteridae 19.44 (-0.64) 11.11 (-0.6) 33.33 (0.69) 0 16.67 63.9 (0.23)

Firmicutes 37.5 (0.57) 0 2.5 (-0.5) 0 0 42.5 (0.1)
Lactobacillales 34.48 (0.57) 0 3.45 (-0.5) 0 -0.71 34.5 (-0.01)

Verrucomicrobia 21.43 (0.36) 7.14 (0.58) 7.14 (-0.25) 17.86 (-0.58) 0 67.9 (-0.05)
Planctomycetes 15 (-0.53) 0 20 (0.54) 0 0 55 (0.24)
Total 22.6 (-0.15) 3.29 (-0.01) 24.57 (0.33) 2.89 (-0.55) 2.5 (-0.52) 45.2 (0.12)
July 2022
Bold numbers indicate values for phyla and class.
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composition observed between different years in spring
(Figure 2). For example, conspicuous changes in the dominant
phytoplankton taxa were found in May 2011 and 2012, with a
high contribution of the dinoflagellate Gymnodinium spp. or the
diatom Pseudo-nitzschia spp., respectively, likely impacting the
composition of bacterial assemblages. As rapid changes in
phytoplankton species during spring blooms take place over
the scale of days (Needham and Fuhrman, 2016), and these
changes could not be resolved at the time scale of our monthly
sampling, this may result in the apparent lack of inter-annual
reoccurrence in spring.

Correlations of bacterial taxa with diatoms dominated the
free-living bacteria-phytoplankton subnetwork, which may be
due to the higher abundance of diatoms, with dinoflagellates only
producing sporadic blooms during the 3.5-year time-series.
However, a strong impact of diatoms on the free-living
bacterial community should not be disregarded, as a preference
for diatom-derived organic matter by most bacterial taxa has
been prev ious l y shown (Sa rmento e t a l . , 2013) .
Rhodobacteraceae has been described as a major component of
the bacterioplankton community during diatom blooms (Teeling
et al., 2012; Klindworth et al., 2014; Teeling et al., 2016).
Interestingly, many of these works showed a high contribution
of Rhodobacteraceae during Thalassiosira sp. blooms (Riemann
et al., 2000; Teeling et al., 2012), and cell-specific interactions of
Rhodobacteraceae with diatoms (including Thalassiosira)
through ammonium cross-feeding has been recently evidenced
(Zecher et al., 2020). Our results support the idea of a preferential
association between these two groups also along the seasonal
scale, particularly for the Rosebacter genus (mostly NAC11-7
clade). However, the fact that Rhodobacterales was also
associated with other phytoplankton groups such as
Naviculales highlights their ability to closely interact with
different diatoms (Buchan et al., 2005; Buchan et al., 2014).
Flavobacteriales, another major group typically related to
Frontiers in Marine Science | www.frontiersin.org 8
phytoplankton blooms (Abell and Bowman, 2005; Rinta-Kanto
et al., 2012; Bunse et al., 2016) showed the highest number of
nodes and edges with different diatom and dinoflagellate groups,
suggestive of their broad ability to interact with different
phytoplankton taxa. This result may also be related to the
ability of Flavobacteria to use DOM from different sources of
phytoplankton (Cottrell and Kirchman, 2000; Williams et al.,
2013; Buchan et al., 2014).

Beyond these well-described phytoplankton-bacteria
interactions, we found other interesting biotic associations with
taxa that are typically not dominant under phytoplankton blooms.
In particular, we found a specific association between two SAR11
OTUs representing up to 5.9% of total SAR11 abundance, with the
diatom order Naviculales. It should be noted that we found no other
correlations between SAR11 and phytoplankton taxa, and our
results agree with previous studies showing a higher abundance of
some SAR11 OTUs under the presence of diatoms (Carlson et al.,
2009; Eiler et al., 2009). Some members of Naviculales produce high
amounts of sulphur-containing organic compounds (Busby and
Benson, 1973), which may alleviate the requirement for reduced
sulphur by SAR11 for growth (Tripp et al., 2008). However, the
exudates of other phytoplankton taxa are also a source of these
compounds, and therefore, the underlying mechanism behind the
potential specific association of SAR11 with Naviculales
remains unknown.

Another interesting specific biotic association detected in the
free-living bacteria-phytoplankton subnetwork was the
association of Actinobacteria OTUs (which represent the 5.3%
of all bacterial OTUs) with Cylindrotheca spp. Increasing
abundance of Actinobacteria under the presence of a
Cylindrotheca spp. inoculum has been recently described
(Zhang and Chi, 2020), while our data further suggest that,
under environmental conditions, some Actinobacteria (from the
Acidimicrobineae and Propionibacterineae suborders) may have
taxa-specific interactions with this diatom groups.
BA

FIGURE 3 | Edge-density indicating the fraction observed from all potential associations between specific bacterial groups in the free-living (A) and particle-attached
fractions (B).
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In the particle-attached fraction, the high number of edges
between bacteria and phytoplankton detected (with 40% more
nodes and 36% more edges than in the free-living fraction
considering a maximal information coefficient, MIC>0.7) can be
due to the distinct methods used for the network construction
(Local similarity analysis, LSA, for free-living and Maximal
Information-based Non-parametric Exploration, MINE, for
particle-attached fraction). However, the larger microbial
composition dissimilarity found in the particle-attached fraction
than in the free-living one (Figure 2D) suggests a closer bacteria-
phytoplankton interactions in the attached fraction, as observed in
previous works (Jasti et al., 2005; Rooney-Varga et al., 2005;
Grossart et al., 2007; Arandia-Gorostidi et al., 2017). Specific
interactions between phytoplankton and their associated bacteria
Frontiers in Marine Science | www.frontiersin.org 9
have already been shown in previous works (Sapp et al., 2007;
Ramanan et al., 2015). These associations are often linked to the
exchange of essential nutrients for growth, such as B-vitamins
(Croft et al., 2005). It has also been observed that bacteria
associated with the phycosphere have stronger interactions with
phytoplankton cells than the free-living cells (Rooney-Varga et al.,
2005; Grossart et al., 2007), most likely due a higher ability for
trophic interactions within the phycosphere (Arandia-Gorostidi
et al., 2017). Our results support these observations, and further
suggests that taxa-specific associations are frequent in coastal areas.

Within the attached fraction network, the Flavobacteria showed
the highest number of edges with phytoplankton, highlighting their
role as phytoplankton-derived organic matter consumers within
and outside the phycosphere. Surprisingly, Actinobacteria (mostly
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dominated by the Nocardioides and Pseudonocardia genera) was as
abundant as Flavobacteria in the particle-attached bacteria-
phytoplankton subnetwork, even if their total contribution to the
attached fraction was low. Although the ability of Actinobacteria to
incorporate complex alga-derived organic matter has been reported
(Tada and Suzuki, 2016), they are usually more abundant as free-
living cells (Needham and Fuhrman, 2016; Mestre et al., 2017). Yet,
our data suggest that different Actinobacteria OTUs can develop
tight associations by attachment to specific phytoplankton cells and,
thus, they should be also considered as an important component of
the phycospheres’ microbiome. Another interesting observation is
the unique association of the Planctomycetes phyla (which includes
the Planctomycetales and Phycisphaerales orders) with
Leptocylindrus spp. Although associations of Planctomycetes with
diatoms have been previously observed (Morris et al., 2006; Allen
et al., 2012), our data indicates that this phylummay develop strong
interactions with some phytoplankton groups, partially determining
the seasonal abundance of this bacterial group.

In summary, this study expands previous reports describing the
role of potential bacteria-phytoplankton associations in the
dynamics of marine bacteria (El-Swais et al., 2015; Lima-Mendez
et al., 2015) to show the role of potential taxon-specific interactions,
not only in short-time periods (Bunse et al., 2016; Needham and
Fuhrman, 2016) but also at annual and interannual time-scales. To
predict the future dynamics of bacterial communities under a
changing environment, the response of such potential interactions
should be considered. While temperature has been shown to be the
main environmental variable driving microbial distribution,
the high number of edges between bacteria and phytoplankton
and the higher absolute strength of these connections (indicated as
LS value), suggest that bacteria-phytoplankton associations were at
Frontiers in Marine Science | www.frontiersin.org 10
least as relevant as environmental factors in shaping the dynamics of
the bacterial community. These observations could also be true for
other phytoplankton groups, including pico-phytoplankton, as
species-specific interactions within the phycoshere in the latter
group have been reported (Lupette et al., 2016). However,
stronger trophic interactions in the exchange of C and N was
observed between bacteria and microphytoplankton, as compared
to picophytoplankton (Arandia-Gorostidi et al., 2017, Arandia-
Gorostidi et al., 2020), reflecting the ecological relevance of the
associations studied here. Although more detailed experimental
studies are required to explain the underlying mechanisms of
these potential interactions, this work represents an important
step forward to elucidate bacteria-microphytoplankton
interactions in coastal oceans for a diverse taxonomic groups.
EXPERIMENTAL PROCEDURES

Samples Collection and DNA Extraction
Between July 2009 and December 2012, surface seawater samples
(5m depth) were collected monthly at the station E2 (43.675°N,
5.578°W) located 13 km off Gijón/Xixón (Spain) in the Southern
Bay of Biscay. Samples were collected in 5 L Niskin bottles and
transported to the laboratory in dark conditions within 6 hours.
Additionally, 250 mL of seawater was fixed with acid lugol’s
solution for phytoplankton taxonomical analysis. Seawater in
situ conditions (temperature and conductivity) were measured
by CTD a SeaBird 25 CTD probe and photosynthetically active
radiation (PAR, 400-700 nm) was measured with a Biospherical
QSP-2200 spherical quantum sensor. Chlorophyll a
FIGURE 5 | Subnetwork showing positive associations between particle-attached bacterial OTUs and phytoplankton groups. Edge length reflects the association
strength measured via the MIC score. Phytoplankton groups are differentiated between Diatoms and Dinoflagellates. different box-border colors indicate distinct
bacterial groups. Node labels indicate the order and the names between parentheses indicate the most specific taxonomical level identified for each OTU.
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concentration (Chl a) was obtained by filtrating 100 ml samples
through glass fibre filters (Whatman GF/F). Filters were frozen at
-80°C until the analysis. Pigments were extracted by incubating
in 90% acetone for 24 h in the dark at 4°C. Chl a was measured
using a Perkin Elmer LB-50s spectrofluorometer calibrated with
pure Chl a following the protocol by Neveux and de Billy (1986).
Samples for nutrients analysis (NO 

3−, NO 
2−, PO 

4 −  and 
SiO 

4 − ) were frozen after the collection and analyzed using a
Technicon autoanalyzer as detailed in Calvo-Dı ́az and
Morán (2006).

Once in the laboratory, approximately 2 L of seawater was
sequentially filtered through 3 μm pore size polycarbonate filters
(GTTP, 25mm, Millipore, Eschborn, Germany), to collect bacteria
attached to phytoplankton and particles, and through 0.2 μm filters
(GTTP, 25mm, Millipore, Eschborn, Germany), to retain free-living
bacteria. In total, we collected 39 samples of free-living bacteria (0.2
μm filters) and a subset of 12 samples coinciding with high
chlorophyll concentrations for particle-attached bacteria (3 μm
filters). Filters were stored at -80°C until DNA extraction, which
was carried out with a PowerWater DNA Isolation Kit (Mobio,
Carlsbad, CA, USA). 16S rDNA tags were amplified using the
bacterial general primers 341F and 805R (Herlemann et al., 2011).
Finally, amplicons were sequenced on a 454 FLX+ platform and
analyzed using the MOTHUR platform (Schloss et al., 2009) in two
separate sets (corresponding to the free-living and particle-
attached). The analysis of both fractions was performed as
described in Alonso-Saez et al., 2015. While the free-living
sequences were included in Alonso-Sáez et al. (2015), the particle-
attached bacteria sequence dataset is published for the first time in
this study. The resulting sequences were downsized to 4314 (in the
free-living fraction) and 2532 reads (in the particle-attached
fraction) by random re-sampling to equal the depth of sequencing
for all samples in each dataset.

Phytoplankton taxonomical analysis was carried out using the
inverted microscope method (Utermöhl, 1958). Volumes
between 25 mL and 100 mL of the Lugol’s fixed samples,
depending on the chlorophyll concentration, were transferred
to sedimentation columns. After 24 hours of cell sedimentation,
phytoplankton taxa were identified and counted using a NIKON
inverted microscope with a 10X and 20X magnifications.

Network Analysis
Using the local similarity analysis (LSA) program (Ruan et al., 2006),
we inferred correlations between 761 free-living bacterial OTUs
(present in at least 25% of the samples), 273 phytoplankton
taxonomical groups, and five environmental parameters:
Temperature, salinity, chlorophyll concentration, inorganic
nutrient concentration (nitrate and phosphate) and
photosynthetically active radiation (PAR). For each pairwise
comparison, LSA calculates the local similarity (LS) score,
determines the p-value and a false-discovery-rate corrected q-value
(Storey and Tibshirani, 2003). Only associations with significance p
and q-value < 0.05 were considered for further analysis.

Next, we identified and removed indirect edges between
bacterial OTUs and/or phytoplankton groups that were due to
similar or different environmental preferences using the tool
EnDED (Deutschmann et al., 2021). Shortly, EnDED evaluates
Frontiers in Marine Science | www.frontiersin.org 11
associations between two OTUs and/or phytoplankton taxa that
are both connected to the same environmental factor and
discriminates if the microbial edge (or associations) was caused
by a similar or contrary environmental preferences. We used the
intersection combination approach of the four methods (Sign
Pattern, Overlap, Interaction Information, and Data Processing
Inequality) and set the number of permutations to 10000. Before
applying EnDED, we removed rare OTUs from the network, i.e.,
we considered only the OTUs that were present in more than
10% of the samples and had a cumulative abundance higher than
100 reads. Additionally, before the EnDED filtration we also
removed the phytoplankton groups that were less abundant than
1% of the total phytoplankton abundance at least in one of
the samples.

Due to the lower number of samples sequenced for the particle-
attached fraction (12 samples in total) and the lack of temporal
equidistance between them, as required for LSA analysis, we used
the maximal information-based nonparametric exploration
(MINEv2, Reshef et al., 2011) analysis for this dataset. A
correlation matrix was generated using 518 OTUs (those present
at least in the 25% of the samples) and 98 phytoplankton taxa.
MINE was run using default parameter values for alpha, c, and TIC.
All variables were analyzed as pairs. Due to the large number of
correlations obtained, to build the network only strong associations
(with a MIC>0.7) were considered for further analysis.

Both networks comprise nodes, which represent the variables
used in the analysis (i.e., bacterial OTUs, phytoplankton groups,
or environmental parameters), and edges (associations), which
indicate significant correlations (positives or negatives) between
the nodes. We visualized the networks using Cytoscape 3.4.0
(Shannon et al., 2003). Starting from the main network, we
generated subnetworks to observe specific correlations between
different bacterial OTUs, between bacterial OTUs and
environmental parameters, and between bacterial OTUs and
different phytoplankton groups.

Network Statistics
For the MINE analysis between particle-attached bacterial OTUs
and phytoplankton, the strength of the correlation was calculated
by the Mutual Information Coefficient (MIC). For LSA analysis,
four statistics were calculated: 1) Local Similarity Score (LS)
(Ruan et al., 2006) representing the strength of the correlations
between two nodes; 2) Average shortest path length (L) represents
the average smallest number of steps (number of nodes) between
all node pairs; 3) average clustering coefficient (Cl) of the network
quantifies the interconnection within the network, i.e., how well
the network is clustered (high clustering indicates that a nodes
association partners tend to be connected as well); 4) Edge-
density is the fraction between observed and potential edges
indicating network connectivity.
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