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GENERAL INTRODUCTION







GENERAL INTRODUCTION

Bacteria are found in all kinds of ecosystems on Earth, even the most extremes.
These microscopic unicellular organisms are far from being trivial: with about 103°
bacterial cells on Earth, total bacterial biomass is equivalent to plant biomass (Whitman
et al,, 1998). The study of the diversity of these organisms is a step towards global

comprehension of their role in any kind of ecosystem.

Bacterial diversity and functions in the environment

The term “bacterial diversity” is often used in reference to the number and
phylogenetic identity of bacterial taxa. Estimates of total diversity indicate there could
be as much as 10° different bacterial taxa on Earth (Dykhuizen, 1998), though the
likelihood of such a high number is questioned (Schloss & Handelsman, 2004; Pedrés-
Alid, 2006). The sequencing of the universal bacterial 16S rRNA gene (Woese & Fox,
1977) has enabled the comparison and classification of bacterial taxa. With this
approach, up to 52 phyla have been identified, for most of which no cultured
representative is available (Figure 1)(Rappé & Giovannoni, 2003). Whatever the actual
number of bacterial taxa is, and whether we can determine it or not, it appears that
bacterial phylogenetic diversity is considerable and that most of this diversity remains

to be discovered.

From an ecological point of view, it is tempting to make the hypothesis that such
a high phylogenetic diversity reflects or results from the different roles bacteria play in
their various environments, or the ecological niches they occupy. Microbial ecologists

have been searching for associations between bacterial taxa and functional or ecological
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traits. In some cases, these associations exist and were easily identified. For instance,
autotrophy, or the capacity of performing inorganic carbon fixation, is mostly found in
cyanobacteria. In the case of this specific functional trait, phylogeny perfectly matches
function. Phylogeny also partly explains the distribution of bacterial taxa in the
environment. Marine bacterial populations usually comprise members of a dozen broad
phyla among the 52 currently identified (Figure 1), most of which belong to

Proteobacteria and Bacteroidetes (Fuhrman & Hagstréom, 2008).

Verrucomicrobia
— 005 vadinBE97

Chlamydiae
Planctomycetes
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Figure 1. Major phyla of the domain Bacteria, from Rappé & Giovannoni
(2003). The 12 original phyla described by Woese (1987), the 14 phyla
possessing cultivated representatives and the 26 candidate phyla without
cultivated representatives are shown in black, white and gray, respectively.
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Similarly, broad groups such as Betaproteobacteria and Actinobacteria are often found
dominant in freshwater systems (Glockner et al., 1999; Humbert et al., 2009). This type
of very general distributions of major bacterial groups suggests adaptation to life in
saline or to freshwater environments associated to phylogeny at a low resolution

(Lozupone & Knight, 2007).

However, the hypothesis that the bacterial groups defined by phylogeny share
similar functional and ecological traits contrasts with the existence of many studies
demonstrating that phylogenetically close taxa can have different lifestyles and
properties (Field et al, 1997; Casamayor et al, 2002; Garcia-Martinez et al., 2002).
Bacterial evolution is not restricted to vertical transfer but also consists in horizontal
transfer. Concretely, this means that phylogenetically unrelated bacteria can exchange
genetic material. This unique feature is a major source of diversity and complicates the
relationship between phylogenetic signature and functional capacities (Wiedenbeck &
Cohan, 2011). The extent to which functional traits of bacterial groups are linked to
phylogeny likely depends on two crucial factors: the phylogenetic level at which the
groups are defined, and the functions investigated. Different bacterial groups exhibit
various evolution rates, which suggests that different ecological roles might have to be
sought for at various phylogenetic levels depending on the groups (Zinger et al., 2012).
For instance, the dominance of Alphaproteobacteria, and in particular the SAR11 clade,
in marine systems is common knowledge (Morris et al, 2002). However, different
SAR11 sub-groups have been associated to distinct geographical distributions (Pommier
et al, 2005). This illustrates that the chosen trait, here abundance or geographical
distribution, and the level of phylogenetic resolution, here clade or subclade, are critical

to find a link between phylogeny and ecological or functional properties.
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Marine bacteria and the carbon cycle

Among the many functions of bacteria, a major one is the degradation of organic
matter. This function is of particular importance in the ocean, where heterotrophic
bacteria obtain the carbon necessary for energy and biomass production mainly from
dissolved organic matter (DOM). Oceans cover 70% of the Earth surface and oceanic
DOM constitutes a major reservoir of organic carbon, equivalent to the 700 Gt of carbon
contained in atmospheric CO; (Nagata, 2008). The majority of this huge carbon stock is
considered refractory, meaning it is resistant to microbial consumption, and

accumulates in the ocean (Bauer, 2002).

Atmosphere
CO,
Il P Upper ocean
CO DOM
’ Primary DOC concentration (M)
N i / Semi-labile
production e
[ —
. Heterotrophic
Semi -labile 4
J- -’ bacteria
»
Refractory  ________- s
[ —
Deep ocean

Figure 2. Simplified representation of DOM production and use by heterotrophic
bacteria in the upper ocean. The distribution of the semi-labile and refractory
DOM in the water column is also indicated. Labile DOM isn’t represented
because of its low concentration.
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The semi-labile and labile DOM pools represent a smaller fraction of the total and yet
account for the majority of bacterial production. The turnover times of labile compounds
such as amino acids and free sugars is so high, from a few minutes to a few hours, that
they are almost undetectable and account for less than 1% of total DOM (Nagata, 2008).
Considering that the net oxidation of only 1% of oceanic DOM over a year represents the
same flux of carbon as anthropogenic CO: emissions (Hedges, 2002), the role of
heterotrophic bacteria in the remineralization of DOM renders them key players of the

carbon cycle (Figure 2).

In this context, the question of the link between functional traits and phylogeny is
a major one. Considering the various origins of oceanic DOM (Moran & Hodson 1994;
Nagata, 2000), the complexity and diversity of the compounds constitutive of this
carbon pool (Repeta et al.,, 2002; Benner, 2002; Benner & Kaiser, 2003), the existence of
specific traits involved in organic matter degradation among distinct phylogenetic
groups could have important repercussions in ecosystem functioning. If so, community
composition and diversity would be crucial elements driving the efficiency and outcome
of DOM transformation. For this reason, substantial efforts have been made to identify
the relationship between the high diversity of marine bacteria and functional traits

involved in DOM degradation.

Investigating the roles of distinct bacterial taxa in carbon utilization

From a conceptual point of view, there is no reason to believe that some groups
among those commonly found in marine systems cannot use oceanic DOM at all.

Dissolved organic carbon is at the base of energy and biomass production in
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heterotrophic bacteria, which implies that they are all capable to sense and use it in the
environment. However, many studies indicate clear substrate preferences and distinct
substrate utilizations for some bacterial taxa, which suggests these taxa are not
functionally equivalent. For instance, the examination of the genomic content of several
clades within the Bacteroidetes revealed the presence of genes involved in
polysaccharide degradation, among others (Gonzalez et al., 2008; Gomez-Pereira et al,,
2012). Microautoradiography coupled to fluorescent in situ hybridization showed that
members of this group were in fact actively taking up high molecular weight compounds
while Alphaproteobacteria displayed a preference towards glucose and amino acids, and
Gammaproteobacteria preferentially used amino acids and ATP (Cottrell & Kirchman,
2000; Alonso-Saéz et al., 2012). However, these substrates preferences were found to
vary throughout the year (Alonso-Saéz & Gasol, 2007), suggesting no strict relationship
between phylogenetic groups and carbon substrate identity. The response of various
phylogenetic groups to more complex DOM sources from different phytoplankton
species also indicated distinct but weak preferences of these groups for various DOM

sources (Sarmento & Gasol, 2012).

These studies demonstrated the variable capacities of different bacterial taxa to
incorporate several labile substrates, however most of them also concluded that all
groups were generally able to use all the carbon sources (Gomez-Consarnau et al,
2012). This suggests that despite obvious preferences, bacterial groups can still use a
wide range of labile compounds, and that no substrate was utilized by one group
exclusively. This indicates two important things. First, that many if not all bacterial
groups are capable of generalist carbon uptake, in the sense that most bacterial groups
do not depend on a sole substrate for their growth. They seem to be able to use different

compounds, an idea supported by several findings (Rink et al., 2007; Mou et al,, 2008).
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Second, that functional redundancy exists among bacterial groups, at least for the

degradation of labile compounds such as amino acids, proteins or carbohydrates.

If any bacterial group can incorporate any labile compound and be replaced by
any other group, then modifications of the DOM pool such as changes in concentration,
availability or chemical composition should have no impact on the structure of natural
bacterial communities. Some studies actually report few modifications of bacterial
community composition following modification of the DOM pool (Langenheder et al,,
2005; Rooney-Varga et al,, 2005). However, in most cases, changes in DOM supply and
composition led to changes in activity associated to shifts in bacterial community
composition (Pinhassi et al., 1999; Arrieta & Herndl, 2002; Kirchman et al., 2004). This is
well illustrated in phytoplankton blooms, as revealed by diversity analysis (Fandino et
al,, 2001; Pinhassi et al., 2004; Tada et al., 2011; Teeling et al., 2012). The exploration of
the genes expressed in the context of phytoplankton blooms or of an additional supply of
labile DOM in general demonstrated uneven stimulation of phylogenetic groups by DOM
and concluded to resource partitioning among the members of the bacterial community
(McCarren et al., 2010; Poretsky et al., 2010) that were generally predicted by phylogeny

(Rinta-Kanto et al,, 2012).

Objectives of the thesis and organization of the manuscript

In light of the various findings reported above, the question of the importance of
bacterial community composition for DOM degradation, through the existence of specific
functional traits, remains unresolved. The objective of this thesis was to examine the

effect of DOM on heterotrophic bacterial diversity and community composition. We
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expected that if DOM degradation required the active presence of adapted groups, then
different bacterial communities would grow on DOM of various composition and
concentration. We chose to grow natural bacterial communities in continuous cultures
to stabilize abiotic parameters, and focus on differences in DOM concentration or
chemical composition as potential drivers of bacterial diversity in the cultures. The
principle and theoretical functioning of continuous cultures are detailed in the

Methodology section of this manuscript.

Three independent experiments were conducted, each of them designed to

address a specific question (Figure 3).

Mediterranean Sea Southern Ocean

o N TN AT
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\ I \ I \ I
\ / \ / \ /
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on bacterial diversity?

addition of phytoplankton DOM

on bacterial diversity?

Figure 3. Simple scheme of the three continuous culture experiments presented

in this manuscript, and the questions they were designed to address.

Two experiments were conducted in the Mediterranean Sea and are presented in
the first part of this manuscript. The aim of the first experiment was to examine the

response of heterotrophic marine bacteria to an addition of phytoplankton-derived
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DOM. This experiment and the results and hypotheses that were developed were

published in Aquatic Microbial Ecology and are presented in Chapter 1.

The aim of the second experiment was to examine the response of heterotrophic
bacteria to phytoplankton-derived DOM of different origin and chemical composition.
This experiment and its results and interpretations are presented in Chapter 2, prepared
from the revised version of an article submitted to Environmental Microbiology in July

2013.

The second part of this manuscript focuses on the KEOPS2 oceanographic cruise,
that took place in the Southern Ocean during October and November 2011 and during
which the third continuous culture experiment was conducted. The cruise’s general
objective was to study the establishment of a phytoplankton bloom in response to a
natural iron fertilization event (Blain et al.,, 2007). One aim of the on-board continuous
culture experiment was to investigate the response of heterotrophic bacteria to an
addition of phytoplankton-derived DOM in this environment. In parallel, in situ bacterial
diversity was investigated over the course of the bloom, in various bloom environments.
The final objective was to evaluate whether the results from the continuous culture
experiment could improve our understanding of the in situ bacterial response to bloom
conditions. The general context of the KEOPS2 project and the results obtained from the
experiment and the in situ analysis of bacterial diversity currently constitute

unpublished data and are presented in Chapter 3.

In a final “General discussion and conclusion” chapter, the various results
collected during this thesis were pooled together and compared, to extract general
messages and answers to the questions that were addressed with this work. This section

and the General Introduction were translated into French at the end of the manuscript.
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METHODOLOGY

I. EXPERIMENTAL APPROACH

The question of the structuring effect of DOM on bacterial diversity has been
subject of research over the past 15 years. Previous studies have addressed this issue by
linking changes in bacterial community composition to modifications in DOM matter
supply in various aquatic environments (Fandino et al,, 2001; Rink et al., 2007; Teeling
et al.,, 2012) or through different experimental approaches. Among those, enrichments in
bioassay experiments run in batch mode and in mesocosm experiments, and cross-
inoculations are the most common (Docherty et al., 2006; Judd et al., 2006; Tada et al,,
2012). The objective of the present work was to address the link between DOM and
bacteria from a different angle, using an experimental system that has long been proved
useful in microbiology but has rarely been used in this specific context: continuous
cultures. A large part of this thesis was dedicated to the preparation, set up, running,
sampling and data analysis of three continuous cultures experiments, two in Banyuls-
sur-mer and one in the Southern Ocean. The first part of this chapter will shed some
lights on the theoretical concepts and practical aspects associated with such an
experimental system. Understanding the principle and functioning of continuous

cultures is indeed essential to maximize its use and to produce adequate interpretations.

1. Continuous cultures

Continuous cultures, or chemostats, were described for the first time more than
sixty years ago (Monod, 1950; Novick & Szilard, 1950). Initially, they were dedicated to

the study of microbial growth on a single limiting resource, and their use was rapidly
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extended to the study of various aspects of microbial physiology and ecology, such as the
competition for resource (Dykhuizen & Davies, 1980; Currie & Kalff, 1984; Fiichslin et
al,, 2012); the response to antibiotics (Cozens et al., 1986; Anwar et al., 1989); predator-
prey relationships (Bohannan & Lenski, 1997; Hahn et al., 1999; Massana & Jiirgens,
2003) and substrate degradation (Van Hannen et al.,, 1999; Kisand et al.,, 2008). The

system has also been used for the study of phytoplankton physiology and ecology

(Sommer, 1984; Stomp et al., 2004).

A chemostat is an open system where abiotic conditions are maintained stable by
continuous input of medium in the culture. As a consequence, microbial populations
reach a steady state (Figure 1A), as opposed to batch culture incubations where

bacterial populations decline after a while, when resource is exhausted (Figure 1B).

A A
A STEADY STATE B
- = Stationary
. phase
. Exponential )
Exponential growth Decline phase
’E\D growth phase ?l) phase
) 2
= =2
5 =
3 5]
£ E
=
= E
= —
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Lag
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> >
Time Time

Figure 1. Illustration of bacterial growth stages in a chemostat culture
(A) and in a batch culture (B). Adapted from Pearson Education, Inc

(2004).
Since its invention, the chemostat has been subject of theoretical research, to

describe its functioning and with the aim to provide mathematical explanations for the

results obtained by experimentation. In a simple one strain, one limiting substrate
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chemostat culture, with an assumed growth efficiency of 1, the dynamics of biomass and

substrate concentration can be described as follows (Figure 2):

ds = SX + 9 (s S)
at yr
and
ax =u(S$)X QX
ac M 4
where:

* Sisthe concentration of the limiting substrate in the chemostat (mol 1-1)

* Sinis the input substrate concentration (mol I'1)

e u(S) is the strain’s growth rate as a function of substrate concentration (h1)
¢ Xis the biomass (mol I'1)

e Qis the flow rate (1 h1)

* Vis the volume of the culture (1).

g Q
r—)
Input
Output
S
Sin
X RV
Medium Culture

Figure 2. Scheme of the chemostat. Bacterial cells are represented by yellow
ovals.
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In this model, the substrate concentration in the culture, S, is determined by the

amount of substrate supplied by the medium,%Sin, the loss of substrate through the
outflow, —%S, and through bacterial utilization, —u(S)X. The biomass X depends on

population growth, u(S)X, and on the removal caused by the outflow, — %X .

When the bacterial population reaches steady state, substrate concentration and

. e . ds 1 ax .
biomass are stable. The variation in substrate concentration, 7 and in biomass, - s

zero, therefore the equations above are equal to zero. The equilibrium in the chemostat

can therefore be expressed as:
Xe = Sin— Se

Where Xe and Se represent biomass (mol I'1) and substrate concentration (mol I'1) in the

culture at equilibrium, and

Q
u(Se) =
1(S)a H(S)a
A B
umax umax
H(Se) =D f--mmems , (S =D |
s, s s, s

Figure 3. Growth rate as a function of substrate concentration in a simple
chemostat model, for a strain of low (A) or high (B) affinity towards the

limiting subtrate. On this graph, D represents the dilution rate, D=§.
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These two equations indicate three major aspects regarding a chemostat culture in

steady state:

* Substrate concentration Se is determined by flow rate only, for a given u(S)
(Figure 3)
* Growth rate is equal to dilution rate.

* Biomass Xe is determined by Si, and Se, which depends on the flow rate.

Theoretically, the concentration of substrate remaining in the culture at equilibrium
(Se) can be different from zero, when the strain’s affinity for the substrate is low (Figure
3A). However, when affinity is high, then Se approaches zero (Figure 3B). In that case,

biomass at equilibrium is determined mainly by Six.

From this simple model, many others have been developed to incorporate other
aspects of microbial growth: growth efficiency, density-dependent growth, substrate-
inhibited growth, competition for resource in multiple species cultures, predator-prey
interactions, mortality rates among others (e.g. Wolkowicz & Lu, 1992; Xiu et al,, 1997;
Ruan et al,, 2007; Harmand et al., 2008; Rapaport et al., 2009). In particular, competition

for a substrate in a chemostat has been described as illustrated in Figure 4.

H(Sin H(Sin H(Sin

Hmzl\ 1

S5

SCZ ’S Scz Scl ’S 801:802 S

Figure 4. Illustration of competition between two species (blue and green) for
the acquisition of a single limiting substrate, at various dilution rates.

el
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According to this model, when two species are in competition for a single limiting
substrate, dilution rate (D) determines the species that will outcompete the other,
according to their individual growth characteristics. The ecological concept of
competitive exclusion (Hardin, 1960) predicts that when environmental parameters are
stable, which is the case in a chemostat, only the most efficient species remain after a
long period of time. In the case illustrated in Figure 4A, species 1 (blue) is expected to
outcompete species 2 (green), because at the chosen dilution rate, it is capable of faster
substrate utilization and growth. The use of a higher dilution rate, as illustrated in
Figure 4B, will inverse the patterns and favor species 2 (green), for the same reasons.
Therefore, competition in a chemostat theoretically selects for the most efficient
bacterial group and removes the unsuccessful competitors. However, in some cases,

coexistence of two species of equal efficiency is permitted, as illustrated in Figure 4C.

Total biomass (X)

Time

Figure 5. Fluctuations in the relative abundances of individual species over
time in a one limiting substrate chemostat initially inoculated with a hundred
species, as predicted by a simulation. Each colored line corresponds to the
biomass over time of a given species. The figure was provided by A. Rapaport
(MODEMIC).
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In the case of a chemostat where a high number of species compete for the
limiting substrate, the existing models suggest interesting oscillation patterns in the
relative abundances of the different species over time (Figure 5). This indicates that
dynamic restructuration of communities that can occur for some time before the
eventually dominant species outcompetes the others. Such phenomena would lead to
the observation of different dominant species at different sampling time points, as

illustrated in Figure 5.

The experiments that were carried out during this thesis not only involved
multiple species, but also multiple substrates provided in limiting conditions, and were
probably characterized by various mechanisms of substrate utilization and competition.
For this reason, our experiments represent complex systems and require more

complicated models.

Figure 6. Picture of the continuous culture set up used in Banyuls.

The experiments performed during this thesis (Figure 6) were designed to follow
the response of natural, complex bacterial communities to various resource conditions.

We chose continuous cultures with the objective of maintaining bacterial growth under
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steady state ressource conditions over the course of the experiment. Moreover, in a
chemostat, growth rate is constrained by flow rate, as demonstrated above. In a multi
species system such as the ones we set up, only species with a growth rate equal to or
higher than the imposed flow rate can develop and avoid being washed out of the
culture. Therefore, this system also constituted a selective tool, in which only species
with sufficient growth rate on the substrates provided to them could grow. This set up
allowed us to supply communities with a controlled carbon-limited medium, stabilize
bacterial biomass, and follow bacterial response to the various tested conditions in
terms of growth and biomass build-up, metabolism (enzymatic activities) and diversity.

The details regarding each experiment are provided in the respective chapters.

2. Field work

A substantial part of this work consisted in the preparation, participation, and
data collection and analysis of the KEOPS2 cruise that took place in October-November
2011 in the Southern Ocean. The main objective was the sampling and analysis of
bacterial diversity in the various environments that were visited during the cruise. The
cruise details are extensively provided in Chapter 3. A considerable interest of the cruise
was the opportunity to link experimentally obtained data with in situ observations,
through an on-board continuous culture experiment. The latter was conducted in the
same spirit as the first two previously run in Banyuls, but was adapted to the local
environmental conditions (e.g. nutrient conditions, temperature). The final objective
was to compare the responses of a Southern Ocean winter bacterial community to the

experimental and in  situ increase of phytoplankton-derived @ DOM.
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II. DIVERSITY ANALYSIS: 454 TAG PYROSEQUENCING

1. Choosing the tool for bacterial diversity analysis

The study of marine bacteria has been hindered for many years by the
inadequacy of traditional cultivation methods, which enable the detection of less than
1% of total bacteria in these environments. To circumvent this issue, alternative
techniques were developed, benefiting from the significant progresses accomplished in
the field of molecular biology over the last thirty years. In contrast with cultivation, the
access to bacterial DNA from a water sample is easy and only requires pre-
concentration, often performed by collecting the cells on a filter. Therefore, many
current methods for marine bacterial community description and analysis rely on
bacterial nucleic acids (DNA and/or RNA). These nucleic acids bear huge information
about the bacteria they are collected from, and variations in the nucleotide sequence of
crucial genes have been used to discriminate between different bacterial groups and
infer phylogenetic relationships between them. As a consequence, the sequencing of

targeted genes has become a widespread tool in microbial ecology.

Several genes have been identified as good candidates and consequently used to
study either phylogenetic or functional microbial diversity. Among them, the gene
coding for the 16S ribosomal RNA was chosen at the emergence of these DNA-based
classification techniques and remains the gene typically chosen for diversity studies.
This essential gene of 1542 bp is found in all bacteria on Earth, and characterized by the
alternation of conserved regions, which make ideal targets for amplification primers,

and nine variable regions (Baker et al., 2003) (Figure 7).
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Figure 7. E. coli 16S rRNA gene sequence and secondary structure adapted
from the Center for Molecular Biology of RNA (University of California).
Variable regions are color-coded and represented according to Chakravorty et

al., 2007.

The precise nucleotide sequences of these variable regions allow the distinction
of bacterial groups at high levels of phylogenetic resolution. Because it has been
extensively studied, a huge amount of data is now available, and databases (e.g. NCBI,
Greengenes, SILVA, RDP) have been dedicated to the analysis, classification, validation,
and storage of thousands of 16S rRNA gene sequences from prokaryotes collected all

around the world, including marine environments.
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Recently, sequencing technology has undergone rapid and drastic improvements,
and traditional tools have given way to next generation sequencing (NGS) technologies.
Among them, 454 pyrosequencing is a rapid, high throughput and low cost sequencing
technique that produces thousands of sequences of a few hundred bp in a few hours
(Margulies et al., 2005). Since its development, this technology has been used for a wide
range of applications, including phylogenetic analyses based on key genes. In marine
microbial ecology, 454 pyrosequencing has become one of the most common
approaches for 16S rRNA gene-based analysis of prokaryote diversity (Zinger et al,

2012).

For all these reasons, a molecular approach based on the diversity of the 16S
rRNA gene as a proxy of bacterial diversity, coupled to the efficiency and high
throughput of new sequencing technology was a good strategy to meet our objectives. In
the context of this thesis work, 454 pyrosequencing of the 16S rRNA gene was
performed for the analysis of bacterial diversity both in the continuous culture

experiments and the KEOPS2 project.

2. How does pyrosequencing work?

Pyrosequencing is a PCR-based technique that was designed to rapidly produce
high amounts of sequence data. Specific primers are used to target the gene of interest,
and single strand molecules of DNA are bound to a micro bead using adapters. The mix
is prepared so that each bead carries only one DNA template. A first PCR is performed in
a micro emulsion, resulting in beads carrying thousands of copies of their initial DNA

template (Figure 8A).

29



METHODOLOGY : PYROSEQUENCING

Each « micro-
emulsion » contains
everything needed
for a PCR reactio
(enzymes, dNTPs...)

|

B -~
dNTP: A
C >
DNA polymerase DNA polymerase
CCACTAAGCTG
Sulfurylase (I:C|AI(I:ATTACTG
GGTG APS GGTG
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Luciferin NO LIGHT PRODUCTION

Oxyluciferin
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Figure 8. Principle of pyrosequencing.

A: Single strand DNA fragments (green and orange, for two different sequences)
bind to micro beads via adapters (purple) in a PCR emulsion and amplification
is performed.

B: The DNA-bead complexes are placed into wells of a fibre-optic slide with
smaller beads containing enzymes necessary to pyrophosphate sequencing.
The four nucleotides are sequentially delivered.

C: Illustration of the detection mechanism occurring when a nucleotide is
incorporated (green sequence, left) as compared to an absence of
incorporation (orange sequence, right).

30



METHODOLOGY : PYROSEQUENCING

The beads are then placed into micro wells, so that each well contains only one bead
(Figure 8B). Smaller beads containing enzymes necessary to DNA polymerization and
further detection are also placed in the wells. Nucleotides (ANTPs) are then sequentially
delivered to the slide. When a nucleotide is incorporated into a sequence, the DNA
polymerase releases an inorganic pyrophosphate (PPi) used by sulfurylase to produce
ATP. The ATP activates a third enzyme, luciferase, which produces light (Figure 8C). A
CCD (charge coupled device) camera detection system records light emission for each

well and translates the signal into a peak.

GCCATTCGTCAAGC

2
0

TACGTACGTACGTACGTACG

Figure 9. Example of a flowgram obtained for the sequencing of the indicated
nucleotide sequence. For each nucleotide provided to the plate, a peak
indicates incorporation, and its height is proportional to the number of
nucleotides incorporated.

The height of the peak depends on the intensity of light, which depends on the quantity
of pyrophosphate released, and therefore, on the number of nucleotides incorporated. A
fourth enzyme, apyrase, degrades unincorporated nucleotides and ATP before the
following nucleotide pulse is accomplished. At the end of the run, each well, therefore

each DNA template is characterized by a flowgram from which the sequence of the DNA
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template initially bound to the bead can be reconstructed (Figure 9). The final flowgram

obtained for the entire run constitutes the raw data.

3. Raw data processing

Once a flowgram is obtained, a series of bioinformatics manipulations have to be
performed to convert raw data into reliable good quality sequences from which
diversity analyses can be accomplished. Like for all PCR-based methods, pyrosequencing
results can be affected by typical PCR artefacts such as amplification errors and
production of chimeric sequences, which can introduce biases in subsequent analyses
and lead to diversity overestimations. Other inaccuracies can also result from
pyrosequencing itself, which has been shown to cope poorly with long homopolymers
and lead to ambiguous sequences. For all these reasons, a substantial amount of
sequencing noise and incorrect, bad quality sequences needs to be removed from the
raw data. The development, testing and validation of the adequate bioinformatics tools
constitute an entire field of research, and many algorithms and entire pipelines have

been developed, published and released over the past few years.

Two independent series of runs, for the analysis of the two continuous culture
experiments conducted in Banyuls during the first part of this thesis, and for the KEOPS2
project, have been performed by a sequencing platform, and processed separately. Given
the time lapse separating the two series of analysis, the tools chosen to process the data
were sometimes different, reflecting recent evolution of the bioinformatics pipelines

(Table 1). Most of the analyses, however, were performed using the QIIME pipeline
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important steps of these analyses are described hereinafter.

Table 1. Major steps in the processing of sequences, and bioinformatics tools used for each

independent run

Data processing

Continuous cultures

Continuous cultures and in situ diversity

ELERS (Chapters 1 & 2) (KEOPS2, Chapter 3)
- . AmpliconNoise (Quince et al.,, 2011)
DRiBistiE (ReederDSiHIl((:llise}:t 2010) This step was performed using the Mothur
st pipeline (Schloss et al., 2009)
Usearch (=Uclust+Uchime)
OTU picking Uclust . . (Edgar, 2010)
(Edgar, 2010) Chimera checking and removal was performed
garn at this step using Uchime, implemented in
Usearch
Choosing a
representative Most abundant Most abundant
sequence

Assigning taxonomy

RDP classifier (Wang et al., 2007) against
Greengenes database released in October 2012

RDP classifier (Wang et al., 2007) against
Greengenes database released in October 2012

PyNast (Caporaso et al., 2010a) using a
Greengenes template (DeSantis et al.,, 2006)

Al Chimera checking and removal was PyNast (C?S;rﬁz?eezgl’sigtlig?t 1;15 1r;gogé})reengenes
performed at this step using ChimeraSlayer p N
(Haas etal., 2011)
Building a
phylogenetic tree Fasttree (Price et al,, 2009) Fasttree (Price et al.,, 2009)

a) Denoising

One of the most crucial steps is the identification and removal/correction of
sequencing noise. Two different algorithms have been used for the two independent
runs (Table 1). Both are based on a flowgram clustering that allows to infer the “true”
sequence from similar flowgrams among which some may present an ambiguous signal.

Denoiser (Reeder & Knight, 2010), used for the first dataset, constitutes an adaptation of
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a ‘“routine” flowgram alignment program (PyroNoise, Quince et al, 2009).

AmpliconNoise (Quince et al., 2011), used for the second dataset, is a pipeline that

performs both a flowgram clustering (PyroNoise) and a sequence alignement (SeqNoise)

to correct errors resulting from PCR as well as pyrosequencing errors.

b) Quality filtering and sample assignment

Another crucial aspect is the removal of sequences that are too short, too long

and contain low quality scores. This was performed with the same QIIME script in both

cases, and enabled the removal of sequences shorter than 200 bp and containing

ambiguous barcode and primer sequences. The same script was used to assign

sequences to samples by barcode recognition, after which barcodes and primers were

removed.

These two steps considerably reduced each database’s size and number of total

sequences (Table 2).

Table 2: Number of sequences remaining after each of the first two steps of data cleaning, for each dataset. The
order in which each step was performed is indicated with a) and b) for each dataset. The numbers in brackets
indicate the percentage of the raw number sequences removed at each step.

First dataset
(18 samples)

Second dataset
(73 samples)

Raw number of sequences 264,909 1,583,079
Number of sequences after

quality filtering and sample a) 199,968 b) 559,041
assignment (25%) (14%)
(% removed)

Number of sequences after b) 124,372 a) 783,928
denoising (% removed) (28%) (50%)
% total sequences removed 53% 64%
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c) Creating OTUs

After denoising, the remaining sequences were clustered into OTUs (Operational
Taxonomic Unit) at a sequence similarity threshold of 97%. OTU were picked using the
Uclust method and the clustering algorithm “furthest” (Table 1). The algorithm works by
picking seed sequences and generate clusters, regrouping sequences under a cluster
based on their percent identity with the seed sequence. 3602 OTUs were created for the
first dataset. At this stage in the second dataset, chimeric sequences were also identified
by combining de novo and reference-based detection with Uchime, implemented in
Usearch (Table 1). The sequences identified as chimeras with either detection method

were removed and a total of 2078 OTUs was obtained.

As recommended by the QIIME’s development team, the rest of the analyses were
performed with only one sequence per OTU to reduce dataset size and therefore
computational cost. The most abundant sequence found in each OTU was considered the

best representative and conserved for further analyses.

d) Assigning taxonomy

The taxonomic identification of OTUs at different phylogenetic levels, from
kingdom to genus, was performed using the RDP classifier method (Table 1) (Wang et
al, 2007). This program uses sequence segments of eight nucleotides and compares
them to a reference database. It then calculates the probability of the observed
assignments with a naive Bayesian algorithm, assuming that the sequence segments are
completely independent, and provides a confidence value along with each assignment.

For the first dataset, the assignment was first performed using the Greengenes database
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available at the time, and rerun with the October 2012 release, which was also used for

the KEOPS2 dataset.

e) Aligning sequences and constructing a phylogenetic tree

Sequences were aligned using PyNast (DeSantis et al., 2006), an algorithm that
aligns each candidate sequence based on the alignment of its closest relative in a
reference database. Chimeric sequences were checked and removed after the alignment
for the first dataset using ChimeraSlayer (Haas et al.,, 2011). The aligned sequences were
filtered, to remove positions corresponding to gaps in all sequences and determine the

positions that are crucial to build a phylogenetic tree.

f) Constructing an OTU table

Finally, an OTU table was constructed for each dataset. The OTU table contains
the taxonomic information of each OTU, and its abundance in the different samples. This
table enables all subsequent analyses, such as estimations of alpha and beta diversity.
Alpha diversity estimates provide information about the diversity within a sample:
richness, evenness, phylogenetic diversity; whereas beta diversity provides comparison
of diversity between samples, through the calculation of phylogenetic and non-
phylogenetic distance matrices. For these analyses, identical sequence numbers in all
samples are required. Therefore, each OTU table was randomly subsampled to 3416 and

2930 sequences for the first and the second dataset, respectively.
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4. Data analyses

a) Within sample diversity: alpha diversity

A lot of diversity indices have been developed and used in all fields of ecology.
Four of them were chosen for the analysis of each dataset. These indices provide

mathematical estimations of various aspects of microbial diversity.
* Chaol

Chao1l is an index that aims to estimate a community’s richness, e.g. the number
of species, or OTUs, it contains (Chao, 1987). The major constraint in determining
community’s richness is the impossibility to achieve the sampling of the total diversity.
In most cases, the values obtained for the Chaol increase with increasing sampling
depth (number of sequences), indicating total diversity has not yet been sampled. The

Chaol index provides an indication on the theoretical total number of species/OTUs.
*  Equitability

The equitability index estimates the evenness of a community. A community with
high evenness, where for instance all OTUs display similar relative abundances, is more
diverse than a community composed of the same OTUs but with a few dominant ones
and the majority of others remaining minor. For the two datasets, the equitability index

was calculated using QIIME as follows:

H

E= logS

where H stands for Shannon’s entropy (see below) and S stands for the total number of

species. The logarithm to base 2 was used for this calculation.
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*  Phylogenetic distance

The phylogenetic distance index provides an estimation of the phylogenetic
diversity within a community. It was calculated using QIIME, and its value corresponds
to the minimum total length of all the phylogenetic branches required to span a given
community on the phylogenetic tree built with the sequences in all the dataset (Faith,
1992). The higher the index, the more diverse the community is regarding the position

of the OTUs in the phylogenetic tree.
* Shannon

The Shannon index is a classic diversity metric in ecology (Hill, 1973) and is
probably one of the most robust diversity indices (Haegeman et al., 2013). This index
considers both the number of species (or richness) and the relative abundance of each of

these species (or evenness). [t was also calculated using QIIME as follows:

N
H=- ZPilog pi
i=1

where N is the total number of species (or OTUs), and p; the proportion (or relative
abundance) of the ith species. The Shannon index increases with increasing diversity.

Again, the QIIME script uses logarithm to base 2 for this calculation.

b) Between sample diversity: beta diversity

The communities developing in the various treatments of the continuous culture

experiments and in the distinct sites during KEOPS2 were further compared by the
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calculation of distance matrices. Three calculation metrics were used for the two

datasets: Bray Curtis, weighted and unweighted UNIFRAC.

*  Bray Curtis

Bray Curtis (Bray and Curtis, 1957) is a non-phylogenetic metric that allows to
determine the dissimilarity between two communities by comparing the relative

abundance of the OTUs present in each community.

*  UNIFRAC

UNIFRAC metrics (Lozupone and Knight, 2005) enable the calculation of distance
between communities by taking into account a phylogenetic component, which is given
by the phylogenetic tree constructed with the sequences found in these communities.
Two UNIFRAC metrics were used in this context. The first one, unweighted, calculates a
distance between communities through the differences in the taxonomy of the OTUs,
without taking into account their relative abundances. The weighted UNIFRAC, by
contrast, uses both the relative abundance of the OTUs and their position on the

phylogenetic tree to calculate the overall distance between communities.
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CHAPTERS 1 & 2 : INTRODUCTION

The link between heterotrophic bacterial communities and dissolved organic
matter (DOM) has been largely investigated in aquatic environments and is now
unquestionable (Azam et al., 1994; Pinhassi et al.,, 1999; Kirchman et al,, 2004; Judd et
al, 2006; Obernosterer et al., 2010). However, the mechanisms through which the
various characteristics of DOM, such as carbon concentration, bioreactivity and

composition, influence bacterial populations remain challenging to characterize.

Surprisingly, few studies directly address the question of an increase in DOM
concentration, though this kind of resource modification frequently occurs in aquatic
systems. In a lake, variations in the concentration of humic substances in batch cultures
led, for the lowest concentrations, to different band patterns on DGGE analyses of
bacterial communities present in the cultures after 10 days (Eiler et al., 2003). In their
study, the identity but not the number of bands varied with changes in substrate
concentration, indicating changes in the composition of the communities in response to
varying low carbon concentrations (Eiler et al., 2003). In a soil study, Langenheder &
Prosser (2008) found that varying concentrations of benzoate changed the composition
of the active fraction of bacterial communities after three days, suggesting distinct
bacterial taxa responded to different substrate concentrations. In their study, the
relative abundance of the responding taxa increased with increasing substrate
concentrations, which resulted in a lower diversity of the active community. However,
these authors didn’t investigate whether these functional responses were associated
with changes in the composition or diversity of total communities (Langenheder &

Prosser, 2008).
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Other studies have investigated bacterial community response to substrate
addition as compared to control conditions, testing changes in concentration as well as
substrate identity. Pinhassi et al. (1999) tested the effect of an addition of protein or
starch on marine bacterial populations in mesocosms over a period of four days. The
authors found no effect of an addition of starch compared to a control treatment, but
observed a shift in community composition following protein amendment. Additions of
glucose, leucine and yeast extract promoted the growth of distinct bacterial groups after
two weeks in a microcosm study performed with marine bacterial communities (Alonso-
Saez et al., 2009). Similarly, Gdmez-Consarnau et al. (2012) showed that the addition of
single labile compounds such as glucose, amino acids, acetate or pyruvate to batch
cultures of marine bacteria stimulated different bacterial groups and led to different
community structures after four days. Taken together, these studies indicate that there
was an effect of an additional supply of carbon, but that the response of bacterial

communities also depended on the nature of the substrates tested.

Therefore the identity, complexity and reactivity of carbon substrates could play
a major part in the response of bacterial communities to DOM. This aspect of DOM-
bacteria interactions has received considerable attention, in different types of
environments and through various experimental approaches. Cross-inoculation studies
usually observed a convergence of various bacterial inocula when grown on the same
DOM source, suggesting bacterial diversity can be driven by DOM composition
(Kirchman et al., 2004; Docherty et al., 2006; Judd et al.,, 2006). Incubations of lake
bacterial populations with various organic substrates such as leachates from algae and

maple leaves (Kritzberg et al., 2006) or with algal- and soil-derived DOM (Pérez &
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Sommaruga, 2006) led to distinct bacterial community structure. In marine systems,
similar observations were made after incubating bacteria with detritus from a green
alga or from a cyanobacterium (van Hannen et al., 1999); or with high or low molecular
weight DOM (Covert & Moran, 2001). Phytoplankton blooms dominated by distinct
species were also found associated with distinct bacterial populations (Pinhassi et al,,
2004). However, other studies using similar approaches did not observe such clear

responses (Langenheder et al., 2006; Orwin et al., 2006).

Overall, these studies provide evidence that bacterial populations respond to a
variation in DOM concentration, composition or both, and propose interesting scenarios
to explain their findings, such as the concept of concentration niches (Eiler et al., 2003;
Langenheder & Prosser, 2008) or the existence of generalist and specialist behavior
within a given bacterial taxon (Gomez-Consarnau et al.,, 2012; Langenheder & Prosser,
2008). Moreover, the phylogenetic classification of the bacterial groups identified in
these studies is consistent with observations of bacterial responses to changes in
resource condition in the environment described extensively in the literature (Fandino
et al., 2001; Rink et al,, 2007; West et al,, 2008; Tada et al., 2011). This indicates that
these studies were able to grow bacterial taxa that appear to respond to in situ

modifications of the DOM pool.

For several reasons though, they do not fully elucidate the characteristics of these
processes. In batch cultures or mesocosms, environmental parameters such as nutrient
concentrations are likely to change over time, which means bacterial populations are
subject to a set of constrains and not only to different DOM conditions. This could partly

hamper the observation of true DOM effects, especially if other potential shaping factors
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such as top down control are also present. In most cases, the substrates used for
amendment represent only a fraction of the very large and complex pool of both labile
and refractory material that constitutes the DOM typically found in aquatic
environments. The fingerprinting methods used in most of these studies to detect
changes in community structure do not allow a detailed phylogenetic analysis. Only
some aspects of bacterial diversity can be investigated, such as the presence/absence
and relative abundance of the dominant phylotypes, but more subtle changes affecting
less abundant groups can easily be missed. Providing alpha diversity estimations with
these techniques is also complicated (Bent et al., 2007). For all these reasons, the
question of how DOM concentration and composition can affect bacterial diversity is still

unresolved.

In this context, two objectives of this thesis were to examine the response of
marine bacterial communities, first, to an increased supply of DOM, and second, to
differences in DOM chemical composition. We wanted to address these questions from a
new angle. To reach this objective, we chose to use continuous cultures to maintain
natural bacterial communities under stable abiotic conditions over a certain number of
bacterial generations. Our experimental design, sampling strategy and analytical tools

allowed us to:

v' Make sure DOM was the only parameter responsible for potential differential
diversity patterns between the various conditions tested, by keeping other

abiotic factors steady.
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v Extensively screen bacterial diversity (alpha-, beta-diversity and phylogenetic

characteristics) using 454 pyrosequencing.

v Study the change of diversity patterns over time, with two time points in each
treatment from day O (initial community) to day 8 (after three generations) and

day 15 (after five generations).

Following this general strategy, the experiments presented Chapters 1 and 2 were

designed to address two questions:

*  What is the effect of an increased supply of phytoplankton-derived DOM

on bacterial diversity? (Chapter 1)

* What is the effect of differences in the chemical composition of

phytoplankton-derived DOM on bacterial diversity? (Chapter 2)
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CHAPTER ONE

RESPONSE OF HETEROTROPHIC MARINE BACTERIA TO AN ADDITION
OF PHYTOPLANKTON-DERIVED DISSOLVED ORGANIC MATTER
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ABSTRACT: Heterotrophic bacterial metabolism is tightly linked to the availability of dissolved
organic matter (DOM), but the relationship between substrate supply and bacterial diversity
remains unresolved. The objective of the present study was to determine how an increase in the
supply of bioavailable DOM affects bacterial metabolism and diversity. We addressed this issue by
growing a natural bacterial community over 5 generations in continuous cultures either on seawa-
ter (dissolved organic carbon concentration equal to 74 pM) or on seawater amended with 13 pM
of diatom-derived DOM. Bacteria markedly responded to the additional DOM supply, as revealed
by 1.6-fold higher bacterial abundances and 10-fold higher cell-specific o- and B-glucosidase
activities in the +DOM treatment than in the control throughout the experimental period. Analysis
of diversity as determined by tag pyrosequencing of 16S rRNA genes after 3 and 5 bacterial gen-
erations showed that the bacterial communities in the +DOM treatment were more similar to each
other than to communities in the control. Diversity indices such as richness and phylogenetic dis-
tance were higher in the DOM-amended cultures than in the control. Gammaproteobacteria dom-
inated the communities selected in our cultures, representing between 87 and 99 % of the se-
quences. The addition of DOM led to a higher relative abundance of several bacterial groups, in
particular Alphaproteobacteria, Bacteroidetes, and Verrucomicrobia, which accounted for up to
14 % of the sequences, compared to the control in which they represented <5 % of the sequences.
Our results demonstrate that in this experimental context, an increased supply of bioavailable
DOM sustained a higher bacterial diversity.

Published online May 28

Aquatic environments harbor a vast bacterial di-
versity (Giovannoni & Rappé 2000, Sogin et al.
2006). The factors that shape this bacterial diversity
and in turn how the bacterial community contributes
to ecosystem functioning have become a subject of
intense research. The variability in bacterial com-
munity structure on different temporal and spatial
scales has been shown to correlate with changes in
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INTRODUCTION biotic and abiotic environmental factors, indicating

their selective control of bacterial communities
(Ramette 2007, Logue et al. 2012). These studies
have further provided insight into the co-occurrence
of different phylotypes, suggesting environmentally
driven interactions among bacterial groups (Fuhr-
man et al. 2006, Gilbert et al. 2012). However, the
question of how patterns in phylogenetic diversity
are linked to patterns in functional capabilities
remains unanswered.
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A key role of heterotrophic bacteria in the aquatic
environment is the degradation of dissolved organic
matter (DOM). Previous studies have provided some
evidence that bacterial community composition
varies with DOM source, indicating the structuring
effect of DOM (Van Hannen et al. 1999, Covert &
Moran 2001, Kirchman et al. 2004). Different meta-
bolic capabilities to degrade and utilize DOM among
bacterial groups is one of the hypotheses that has
been developed to explain these observations, an
idea that was first supported by results from fluores-
cence in situ hybridization coupled to microauto-
radiography (Cottrell & Kirchman 2000, Teira et al.
2004, Vila-Costa et al. 2007). Single-cell analyses
have demonstrated that polymeric substances are
preferentially degraded by Bacteroidetes (Cottrell &
Kirchman 2000), a finding that was later confirmed
by genomic analyses of several members of this
group (Bauer et al. 2006, Gémez-Pereira et al. 2012).
Metatranscriptomic analyses of bacterial communi-
ties grown on different DOM sources further reveal
taxon-specific expression of genes related to carbon
metabolism (McCarren et al. 2010, Poretsky et al.
2010, Rinta-Kanto et al. 2012). These studies provide
some evidence for a link between resource supply
and bacterial community composition, suggesting
some specialization of bacterial groups over a range
of phylogenetic levels.

If, as suggested by these previous studies, DOM
structures bacterial community composition by favor-
ing the development of certain bacterial groups, the
way bacterial communities come into contact with
DOM might modulate the bacterial response. Aqua-
tic systems receive DOM through different modes
and at variable concentrations. River discharges and
atmospheric deposition provide episodic pulses of
organic matter supply on time scales of hours to days
(Naudin et al. 1997, Jurado et al. 2008), in contrast to
the overall continuous supply of DOM by phyto-
plankton. While an episodic pulse of organic matter
is likely to have short-term consequences predomi-
nantly on the active part of the bacterial community,
DOM that continuously supports bacterial growth
probably affects bacterial diversity over a longer time
scale.

To address the question of how bacterial diversity
is linked to DOM supply, we investigated the
response of a natural bacterial community to the
sustained input of a small amount of bioavailable
DOM under constant environmental conditions. We
expected an increase in bulk bacterial abundance
without any changes in bacterial diversity if the
added DOM stimulates all bacterial groups. In con-
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trast, distinct diversity patterns between experimen-
tal conditions would be observed if the added DOM
stimulates different bacterial groups. Our results
show an increase in bacterial diversity, including
richness and phylogenetic diversity, in response to
the addition of bioavailable DOM.

MATERIALS AND METHODS
Experimental design

To explore DOM-bacteria interactions, we de-
signed an experiment using continuous cultures.
Seawater for the continuous cultures was collected
in the NW Mediterranean Sea, 5 nautical miles off
Banyuls-sur-Mer (42°28' 300" N, 03°15' 500" E; 95 m
overall depth). For the medium, 300 1 of seawater
were collected in September 2009 at 3 m using an
All-PFA Double-Bellows Pump (Asti) connected to
50 m PVC tubing. Seawater was 20 pm filtered and
stored in 1 polycarbonate (PC) carboy in the dark
at room temperature for 6 wk to allow degradation
of the readily bioavailable DOM. One day before
the start of the experiment, the 300 1 were sequen-
tially filtered through 0.4 and 0.2 pm filters using a
Sartobran cartridge (150 cm?, Sartorious), and the
filtrate was stored at 4°C in the dark in acid-
washed (10 % HCI), Milli-Q water rinsed 20 1 poly-
carbonate carboys. For the initial cultures, seawater
(10 1) was collected at the start of the experiment
on 6 November 2009 at the site described above at
5 m. The seawater was 0.8 pm filtered (PC, Nucle-
pore), 2 1 of the filtrate were used as initial bac-
terial inoculum, and 8 1 were filtered on a 0.2 pm
cartridge (Sterivex, Millipore) and stored at —80°C
for further analyses.

The exudate of the diatom Phaeodactylum tricor-
nutum was used as a source of bioavailable DOM in
one of the 2 experimental conditions. The P. tricornu-
tum cells were grown in low (15 pM) concentrations
of dissolved organic carbon (DOC) artificial seawater
amended with nutrients in Guillard's F/2 medium.
We did not autoclave the artificial seawater to avoid
potential DOC contamination, and thus, the phyto-
plankton culture was not axenic. As a consequence,
the most labile fraction of the DOM was probably
degraded in the phytoplankton culture, and the exu-
date recovered at the end of the exponential growth
phase was most likely dominated by semi-labile
DOM. The culture was grown at 18°C under continu-
ous light. A total culture volume of 121 was prepared.
Cell growth was followed by measuring the ab-
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sorbance at 660 nm. The culture was sequentially fil-
tered through a combusted GF/F filter (90 mm dia-
meter, Whatman) and an acid-washed, Milli-Q rinsed
0.2 pm PC filter (90 mm diameter, Nuclepore). The
filtrate was recovered in acid-washed, Milli-Q rinsed
4 1 PC carboys and stored at 2°C during the entire
experimental period. The DOC concentration in the
exudate was 151 pM.

The continuous cultures were run under 2 condi-
tions, each conducted in duplicate. In the control,
the initial bacterial community was grown on sea-
water only, while in the +DOM treatment, the bac-
terial community was grown on seawater amended
with DOM from the Phaeodactylum tricornutum
culture. At the start of the experiment, the initial
bacterial community was diluted 1:10 either with
seawater (74 pM DOC concentration) or with a mix-
ture of seawater and phytoplankton-derived DOM
(82 pM final DOC concentration) prepared as
described above. We added 13 pM of phytoplankton
DOC to seawater because in the ocean this bioavail-
able resource makes up a relatively small fraction of
bulk DOM (Benner 2002). The final volume of each
of the bacterial cultures was 6.5 1. To ensure that
organic carbon was the limiting factor for bacterial
growth, nitrogen and phosphorus were added in
excess to both the control and the +DOM treatment.
The final concentrations in the initial cultures were
94 pM for nitrite and nitrate and 11 pM for phos-
phate. The input media for each of the 2 conditions
consisted of either seawater or a mixture of seawater
with phytoplankton-derived DOM. The concentra-
tion of inorganic nutrients was identical in both
types of media (94 pM for nitrite and nitrate and
11 uM for phosphate). We prepared 4 1 of each type
of medium every 2 d and kept them in acid-washed
PC carboys at 2°C before use. The 2 replicate cul-
tures were supplied by a single PC carboy contain-
ing the input medium.

The cultures were run in a closed system consisting
of 4 all-glass vessels (15 cm diameter, 50 cm height)
connected to the medium by Teflon tubing. The con-
tinuous supply of input medium and the output of the
cultures were conducted using a peristaltic pump
(Gilson). The cultures were bubbled with filter-
sterilized air (Sartorios). The bacterial cultures were
run as a batch culture until the stationary phase was
reached before starting the inflow of input medium
and the outflow of culture. The dilution rate was
0.27 d7!, resulting in a generation time of 2.6 d. We
selected this dilution rate based on growth rates of
0.3 d°! determined in situ for coastal Mediterranean
waters (Obernosterer et al. 2010). The continuous
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cultures were run in a temperature-controlled room
(18°C) in the dark.

The cultures were sampled daily during the 15 d
experimental period. Samples were taken with glass
syringes (Hamilton) connected with a Luer lock to
Teflon tubes that reached the bottom of the cultures.
This system allowed us to sample without opening
the culture containers. The glass syringes were
extensively rinsed with Milli-Q water prior to sam-
pling. A total of ~100 ml was sampled every day in
each culture, representing <2 % of the total volume
of the cultures.

Inorganic nutrients and dissolved
organic carbon

For inorganic nutrients, subsamples (6 ml) were
collected in 20 ml acid-washed polyethylene vials.
Concentrations of nitrate (NO37), nitrite (NO,7) and
phosphate (PO,*") were determined immediately
after sampling using the automated colorimetric tech-
nique on a Skalar autoanalyzer following the protocol
of Tréguer & Le Corre (1975). For DOC, triplicate
15 ml subsamples were filtered through 2 precom-
busted GF/F filters (Whatman) and stored after acidi-
fication with orthophosphoric acid (HzPOy,, final pH 2)
in precombusted glass vials with Teflon-lined caps in
the dark. DOC analyses were performed by high
temperature catalytic oxidation on a Shimadzu TOC-
V-CSH analyzer (Benner & Strom 1993). The analyti-
cal precision was 1 to 2% (coefficient of variation).

Enumeration of heterotrophic bacteria

For heterotrophic bacterial abundance, duplicate
subsamples (1.8 ml) were fixed with formaldehyde
(2% final concentration). The samples were incu-
bated at 4°C for 30 min and stored at —80°C until
flow cytometric analysis. Samples were thawed and
stained with SYBR Green I (Invitrogen—-Molecular
Probes) at 0.025 % (v/v) final concentration for 15 min
at room temperature in the dark. Counts were per-
formed with a FACSCalibur flow cytometer (Becton
Dickinson) equipped with an air-cooled argon laser
(488 nm, 15 mW) (Lebaron et al. 2001).

Enzymatic activities

We measured the hydrolysis of the fluorogenic
substrate analogues 4-methylumbelliferyl-o-bp-gluco-
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pyranoside and 4-methylumbelliferyl-B-p-glucopy-
ranoside (MUF-0-Glc and MUF-B-Glc, respectively,
Sigma Aldrich) to estimate potential activity rates
of a- and B-glucosidases (Hoppe 1983). We followed
a protocol from Van Wambeke et al. (2009) with
some modifications. Triplicate subsamples (380 pnl)
of each culture were incubated with MUF-o-Glc
and MUF-B-Glc prepared at 10 mM in methyl cel-
losolve after determining saturating concentrations.
The final concentration of the substrate was
500 pM. The samples were incubated for 8 h in the
dark at the same temperature as the cultures. For
the 2 enzymes, a blank was prepared each time
using sterile seawater and incubated under the
same conditions as the samples from the cultures.
Incubations were stopped by addition of alkaline
(pH 10.5) glycine-ammonium hydroxide buffer
(0.05 M glycine + 0.2 M NH,OH) (10% final con-
centration). The samples were stored at —20°C until
analysis. The samples were thawed at +55°C, and
550 pl of borate buffer (pH 10, Sigma-Aldrich) were
added. Fluorescence was determined at 460 nm
under 364 nm excitation on a fluorescence spec-
trophotometer (Hitachi F-2500).

Bacterial diversity

After ~3 bacterial generations (Day 8), samples for
bacterial diversity (200 ml) were collected from the
outflow in autoclaved PC flasks. Bacterial cells were
collected on a 0.2 pm PC filter (47 mm diameter,
Nuclepore), and the filters were stored at —80°C until
further analysis. At the end of the experiment, corre-
sponding to ~5 bacterial generations (Day 15), sam-
ples (1500 to 2300 ml) were collected in autoclaved
PC flasks, concentrated on a 0.2 pm cartridge
(Sterivex, Millipore) and stored at —80°C until further
analysis.

DNA was extracted as described by Laghdass et al.
(2011). Briefly, the bacterial cells collected on the
filters were lysed using lysis buffer (40 mM EDTA,
50 mM Tris and 0.75 M sucrose) and performing 3
freeze-thaw cycles with liquid nitrogen and a water
bath at 65°C. After denaturation and degradation of
proteins using sodium dodecyl sulfate (1 %) and Pro-
teinase K (0.2 mg ml™!), the DNA was purified using
a Qiagen AllPrep DNA/RNA extraction kit according
to the manufacturer's instructions. The molecular
size and purity of the DNA were analyzed using
agarose gel electrophoresis (1 %). In total, 7 samples
were extracted, and for each sample, a total amount
of 600 ng was sent to the Research and Testing Labo-
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ratory (www.researchandtesting.com) for 454 tag
pyrosequencing.

The bacterial 16S rRNA genes were sequenced
using the FLX-Titanium platform as described by
Wolcott et al. (2009). The regions V2 and V3 of the
16S rRNA gene were amplified using primers target-
ing 410 bp between positions 121 and 531 on the
Escherichia coli reference sequence (Baker et al.
2003). For the 7 samples that were analyzed, a total
number of 88 121 sequences was obtained. The raw
data are deposited in the Euopean Nucleotide
Archive under accession number ERP002553 and can
be accessed at www.ebi.ac.uk/ena/data/view/ERP00
2553. All further analyses were conducted using the
Quantitative Insights Into Microbial Ecology (QIIME)
pipeline (http://qiime.org) (Caporaso et al. 2010).
The sequences were quality filtered, and all se-
quences shorter than 200 bp or containing ambigu-
ous bases were eliminated from the data set. Se-
quences were then attributed to each sample
according to their barcode sequence. These opera-
tions led to the removal of ~25% of the sequences
with either bad quality scores or ambiguous barcode
sequences. The sequencing errors were corrected
among the remaining sequences using the QIIME
denoiser algorithm, and barcodes and primers were
removed (Caporaso et al. 2010). Operational taxo-
nomic units (OTUs) were identified using the uclust
picking method and defined at a 97 % sequence sim-
ilarity level, and only the most abundant sequence
was conserved as a representative. Taxonomy was
assigned using the RDP classifier program (Wang et
al. 2007) with the most recent Greengenes reference
data set released in October 2012. The sequences
were aligned using the PyNast algorithm (DeSantis
et al. 2006, Caporaso et al. 2010). The chimeric se-
quences were identified and removed with Chimera-
Slayer (Caporaso et al. 2010).

A phylogenetic tree was constructed using the
FastTree method (Price et al. 2009), and an OTU
table was created. To enable comparisons between
samples, the OTU table was subsampled to ensure an
equal number of sequences in each sample. The
resulting OTU table comprised 3416 sequences per
sample. All further analyses, such as alpha and beta
diversity estimations, were conducted with this OTU
table. Phylogenetic differences between samples
were tested using Andrew Martin's phylogenetic test
(P-test) (Martin 2002, Eckburg et al. 2005). The clus-
tering of samples was checked for robustness with
jackknife analyses and for significance with an
ANOSIM. All statistics were performed using the
QIIME pipeline.
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RESULTS

Nutrient conditions and bulk bacterial
response in the continuous cultures

The chemical parameters were stable for the 15 d
experimental period. The sum of the concentrations
of NO3;™ and NO,™ was 93 + 2 and 90 + 3 pM (mean +
SD, n = 15) in the control and the +DOM treatment,
respectively. The mean concentrations of PO,*™ (11 =
1 nM) were not different under the 2 conditions (data
not shown). DOC concentrations in the cultures re-
mained stable over time, with mean values of 74 + 2
and 75 £ 2 puM in the control and the +DOM treat-
ment, respectively (Table 1).

Organic carbon appeared to be the primary limit-
ing factor of bacterial growth in the cultures. Ratios of
DOC:(NO;~ + NO,7) and DOC:PO,*" in the cultures
were 0.8 and 7, respectively, throughout the experi-
ment and thus well below the C:N:P ratios of hetero-
trophic bacteria (45:9:1) (Goldman et al. 1987). Con-
centrations of DOC in the input media were 74 + 3
and 87 + 7 pM for the control and the +DOM treat-
ment, respectively. The difference in the DOC con-
centrations between the input medium and the
DOM-amended cultures demonstrates that bacteria
rapidly utilized the added DOC. In the control, DOC
utilization was below our limit of detection.

Bacterial abundances increased exponentially in
all cultures during the first 24 h when the system was
maintained as a batch. After the initial growth phase,
bacterial abundances stabilized in 3 out of 4 cultures.

Table 1. Basic biogeochemical parameters in the continuous
culture system. Concentrations of dissolved organic carbon
(DOC) are given for the input media and the cultures. Mean
values + SD of measurements performed during the 15 d
experimental period are given. For the +DOM treatment,
the mean value of the replicate incubations was used at each

time point
Control +DOM
Input medium
DOC (uM) 74 £3 877
(n=4) (n=4)
Culture
DOC (uM) 74+ 2 75+ 2
(n=10) (n=10)
Bacterial abundance 26+0.8 43+0.5
(10° cell m1™) (n=195) (n=195)
a-glucosidase activity 0.13+0.1 1.17+0.2
(amol cell”* h™?) (n=28) (n=28)
B-glucosidase activity 0.18 £ 0.1 1.23+0.2
(amol cell™ h™?) (n=28) (n=28)
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In one of the control cultures, bacterial abundance
decreased over time, and this replicate had to be
discarded for further analysis. Bacterial abundances
were 3.9 + 0.9 x 10° and 4.6 = 0.7 x 10° cells ml™! in
Replicates 1 and 2 of the +DOM treatment, respec-
tively (mean + SD, n = 15). The bacterial abundance
in each of the replicate +DOM cultures was signifi-
cantly higher (1.5- and 1.7-fold, respectively; Wil-
coxon test, p < 0.008) than the bacterial abundance
in the control culture (2.6 + 0.8 x 10° cells ml™)
(Table 1). This response of heterotrophic bacteria to
the addition of DOM was also reflected in bacterial
enzymatic activities. o- and B-glucosidase activities
were significantly different between conditions
(Wilcoxon test, p < 0.004), with roughly 10-fold
higher cell-specific activities in the +DOM treatment
(Table 1).

Effect of DOM addition on the
bacterial diversity

We explored bacterial diversity and composition
after 3 and 5 bacterial generations by tag pyrose-
quencing the 16S rRNA gene and clustering the
sequences into OTUs at >97% identity. In total,
507 OTUs were obtained from the clustering of the
sequences, and the total number of OTUs for the ini-
tial community was 254. In the control, the number of
OTUs was 62 and 67 after 3 and 5 generations,
respectively. A higher number of OTUs was ob-
served in the +DOM treatment both after 3 genera-
tions (118 in Replicate 1 and 119 in Replicate 2) and
after 5 generations (80 in Replicate 1 and 109 in Re-
plicate 2). A dendrogram based on a weighted UNI-
FRAC similarity matrix, using the relative abundance
of each OTU and phylogenetic affiliation, illustrates
that time was the major factor in determining the dif-
ferences among the bacterial communities. At each
time point, however, the bacterial communities
grown on the DOM-amended seawater clustered
separately from the bacterial communities grown on
seawater alone (Fig. 1). This clustering was robust, as
confirmed by jackknife analyses and statistical
examination (ANOSIM, p = 0.01).

We further compared the dissimilarity between
replicate communities and also between the commu-
nities in the DOM-amended cultures versus the con-
trol, using the P-test (Martin 2002). At both time
points, the within-treatment variability between the 2
DOM-amended replicate cultures (7 and 3% after
3 and 5 generations, respectively) was not significant
(P-test; p > 0.08). In contrast, the dissimilarity between
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Control, 3G
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+DOM, R2, 5G

126 1

Control, 5G

Initial community
0

25 20 15 10 5
Fig. 1. UPGMA analysis of bacterial communities sampled in
the continuous cultures after 3 (3G) and 5 generations (5G).
The dendrogram was constructed using the average linkage
method on a weighted UNIFRAC similarity matrix. R1 and
R2: Replicates 1 and 2 for the +DOM treatment. Values on
the scale bar and the nodes indicate the percentage of

dissimilarity

indicating that the sampling was deep enough to
cover most of the diversity (Fig. 2). The indices for
bacterial richness and phylogenetic distance were
higher in the DOM-amended cultures than in the
control culture at both time points. Richness de-
creased between the third and fifth generation, but
the DOM-amended cultures were still more diverse
(Fig. 2a). Phylogenetic distance was almost twice as
high in the DOM-amended cultures than in the con-
trol culture, with remarkable steadiness over time
(Fig. 2b). Overall, these indices were lower in the cul-
tures compared to the inoculum (Chaol: 753; phylo-
genetic distance: 28).

We investigated the OTUs that were potentially
selected by the DOM addition. The identification of
an OTU deemed specific to one experimental condi-
tion was based on its presence in one condition and
its absence from the other. OTUs present in all 3 cul-
tures were considered common. The phylogenetic
diversity of the OTUs specific to the +DOM treatment
was higher than in the control (Fig. 3). Alphaproteo-
bacteria, Bacteroidetes, Verrucomicrobia, and other
groups made up the largest part (60% after 3 and

the DOM-amended cultures and the control 300, g
was significant for Replicates 1 and 2 after 3 e +DOM, 3G
generations and for Replicate 1 after 5 genera- 250{ 4 +DOM,5G {
tions (p < 0.02). Taken together, our results in- © Control, 3G i } (]
a Control, 5G

dicate that at each time point, the differences g 200 ' ¢ ;o .t ? f IE
in bacterial community structure between the g 150 g;i § } } i ? ££ o
2 experimental conditions were due to a re- ° i?i { }% % 00 o
sponse to the DOM addition. Interestingly, a 100 3 % % I i ; i ° cooo ) o oR . Z an alb,
dendrogram constructed from an unweighted ? )\ I é on6 Z 6o, afant e
UNIFRAC similarity matrix, which does not 501 g850¢gan"
consider the relative abundance of each OTU - a ®
but considers only its presence or absence and 0 500 1000 1500 2000 2500 3000
phylogenetic affiliation, revealed an inverse
pattern in which communities clustered first 4 p
according to the experimental condition and 8 12]
then according to time (data not shown). This § ;i%*%i
pattern suggests that the presence of OTUs % 104 % § } ; % ; % % % % %
was mainly determined by the experimental g gl ; ; § i ; i i §
condition, whereas their abundance was mainly =~ 2 % : % nBaadpAn
determined by time. With either analysis, the g 64 3 ) § aanhB2858 248865009007 0°
data indicate the importance of the DOM addi- % 4l @ i 28848 860 86" o
tion in structuring bacterial communities in & S s80
these continuous cultures. 2| &®

To better understand the changes induced Oé ‘ ‘ ‘ ‘ ‘ ‘
by the DOM addition, we calculated the 0 500 1000 1500 2000 2500 3000

Chaol index for bacterial richness and the
phylogenetic distance. Overall, the rarefaction
curves of the bacterial communities grown in
the continuous cultures reached a plateau,

Number of sequences

Fig. 2. Rarefaction curves of the diversity indices (a) Chaol and
(b) phylogenetic distance after 3 (3G) and 5 generations (5G). For
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the +DOM treatment, mean values + SD are given
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94 % after 5 generations) of the OTUs specific to the
DOM-amended treatment. In contrast, Gammapro-
teobacteria accounted for 99 and 83 % of the control-
specific OTUs after 3 and 5 generations, respectively.

Bacterial community composition

As indicated by the clustering of samples (Fig. 1),
the communities selected by our experimental sys-
tem largely differed from the initial community
(Fig. 4, see Table S1 in the Supplement at www.int-
res.com/articles/suppl/a069p157_supp.pdf). The bac-
terial communities present in both the control and
the +DOM treatment were dominated by Gamma-
proteobacteria, belonging mainly to 3 orders: Alte-
romonadales, Oceanospirillales, and Thiotrichales
(Fig. 4a, Table S2 in the Supplement). However, their
relative abundance was lower in the DOM-amended
cultures than in the control due to a more pro-
nounced response of other bacterial groups to the
culture conditions. The relative contribution of
Alphaproteobacteria after 3 and 5 generations was 3-
and 2-fold higher in the DOM-amended treatment
than in the control (Fig. 4b, Table S3 in the Supple-
ment). This pattern was observed for the Rhodo-
bacterales, Rhodospirillales, and other groups within
the Alphaproteobacteria. The proportion of sequences
belonging to several other bacterial groups, in partic-
ular Bacteroidetes and Verrucomicrobia, was also
noticeably enhanced in the +DOM treatment
(Fig. 4c,d, Tables S4 & S5 in the Supplement). A max-
imum of 0.1% of the sequences detected in a single
sample could not be properly characterized even to
the phylum level. Overall, the taxonomic affiliation of
the sequences retrieved from our cultures confirms
the higher phylogenetic diversity in the DOM-
amended cultures illustrated in Fig. 2b.

DISCUSSION

Bacterial diversity, including richness and phyloge-
netic diversity, increased in response to an enhanced
supply in bioavailable DOM in our experiment. We
chose continuous cultures to provide insight into how
a sustained input of DOM under C-limited conditions
affects the structure of a natural bacterial community.
We were successful in maintaining both stable abiotic
conditions and organic carbon as the growth-limiting
factor throughout the experimental period. As a se-
lective tool, continuous cultures set a lower limit for
the growth rate through the dilution rate (Kovarova-
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Kovar & Egli 1998), restricting bacterial growth to the
groups that are most responsive or adapted to the cul-
ture conditions, as reflected by the lower diversity in
the cultures compared to the inoculum. Our result
thus reflects the adaptation of a bacterial community
after 3 and 5 generation times to a small increase in a
mixture of organic carbon substrates of varying
bioavailability and chemical composition.

Continuous cultures are technically challenging,
and the large volumes used for each culture in the
present study together with the duration of the exper-
iment made it difficult to set up more than 2 replicate
conditions. The patterns in diversity were repeatable
for the replicate +DOM cultures and for the samples
taken after 3 and 5 generations of each condition, in-
dicating that our conclusions are robust. The observa-
tion that the response to the DOM addition in terms of
bacterial biomass, metabolism, and diversity was the
same over time supports the hypothesis that differ-
ences between the +DOM and the control were real
rather than due to chance. For all these reasons, we
have confidence in the validity of our conclusions, de-
spite the loss of 1 control replicate.

The surprising finding of the present study is the
increase in diversity, including richness and phylo-
genetic diversity, of the bacterial communities in the
phytoplankton DOM-amended cultures. We con-
sider 2 possible explanations for this observation.
The increase in bacterial richness could be linked to
the higher DOC concentrations due to the DOM
addition. A previous study using a DNA fingerprint-
ing method found changes in bacterial diversity
with increasing DOC (40 to 540 nM) (Eiler et al.
2003). In the present study, the total concentration
only partly explains our results because the addition
of DOM changed DOC concentrations only slightly
(13 pM added to the original 74 pM). By contrast,
the phytoplankton DOM most likely had a different
chemical composition and bioavailability than the
seawater DOM that had been aged for 6 wk prior to
the start of the experiment. Carbohydrates con-
tribute substantially to DOM from phytoplankton
(Biddanda & Benner 1997, Aluwihare & Repeta
1999). Molecular-level analyses have identified the
same individual sugars in phytoplankton DOM and
surface DOM; however, their relative contributions
and in particular the DOC yields vary greatly
between DOM sources (Biersmith & Benner 1998,
Aluwihare & Repeta 1999). The higher glucosidase
activities are thus likely a response to higher con-
centrations of oligo- and polysaccharides in our
DOM-amended cultures, supporting the idea that
DOM composition was different between the condi-
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Fig. 4. Percentage of the total made up by the indicated bacterial groups in the communities present in the continuous cultures
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tions. The compounds present in the phytoplankton
DOM could act as new niches, based on different
chemical composition and higher concentrations,
sustaining growth of bacterial groups that were less
successful in the culture provided with seawater
only. The higher number of OTUs in response to an
increase in bioavailable DOM could be due to a
direct link between the identity and diversity of the
substrates present in the added DOM and functional
properties of the selected bacterial groups.

Independent of treatment, Gammaproteobacteria
represented the majority of bacteria selected by our
experimental system. This result is not surprising
because Gammaproteobacteria, such as Vibrio and
Alteromonas, are frequently observed in high abun-
dances in incubation experiments (Eilers et al. 2000,
Pinhassi & Berman 2003, Nelson & Carlson 2012).
These previous studies and the present one clearly
point to their opportunistic life style, characterized
by rapid growth and their ability to quickly take up
a range of substrates (Lauro et al. 2009). Gamma-
proteobacteria highly expressed transporter genes
linked to broad carbon uptake patterns during an in
situ phytoplankton bloom (Teeling et al. 2012), and
members of this phylum had some of the most
diverse transcriptomes for a variety of metabolic pro-
cesses in a coastal bacterial community (Gifford et al.
2012). The high abundance of Gammaproteobacteria
in our continuous cultures and their low contribution
to the +DOM-specific community indicate that this
group responded to the culture conditions rather
than to the DOM input. This likely reflects their capa-
bility to rapidly adapt to a variety of compounds in
the original seawater DOM and also in the phyto-
plankton DOM.

Rhodobacterales, Rhodospirillales, and Rickettsi-
ales belonging to Alphaproteobacteria, Flavobacteria
belonging to Bacteroidetes, and Verrucomicrobia
responded most to the DOM addition. These bacter-
ial groups have been shown to respond to in situ
phytoplankton blooms and blooms simulated in
mesocosm studies (Pinhassi et al. 2004, Rink et al.
2007, West et al. 2008). Communities specific to a
given diatom culture were mainly composed of
Alphaproteobacteria and Bacteroidetes and to a
lesser extent of Gamma- and Betaproteobacteria
(Schafer et al. 2002, Grossart et al. 2005). The Roseo-
bacter clade contributed substantially to the overall
carbohydrate uptake during a mesocosm experiment
with phytoplankton DOM, as evidenced by highly
expressed DOC-related transporter genes (Poretsky
et al. 2010). Bacteroidetes and in particular Flavobac-
teria were found to produce specific enzymes, such
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as fucosidases and sulfatases, involved in the degra-
dation of polysaccharides produced during an in situ
diatom bloom (Teeling et al. 2012). Using stable iso-
tope probing, Nelson & Carlson (2012) observed that
OTUs belonging to Flavobacteria and Verrucomicro-
bia substantially contributed to the incorporation of a
Synechococcus exudate. These latter studies suggest
a function-related response of bacterial groups to
phytoplankton DOM.

The question of how specific the utilization of DOM
is to a given bacterial group has been addressed in
several previous studies (Malmstrom et al. 2005,
Alonso-Saez & Gasol 2007, Mou et al. 2008, Gomez-
Consarnau et al. 2012, Sarmento & Gasol 2012).
These studies demonstrated that the potential to uti-
lize a variety of simple, monomeric substrates is
widespread among bacterial groups but that affini-
ties for a given substrate might vary (Alonso-Sdez &
Gasol 2007, Mou et al. 2008, Gomez-Consarnau et al.
2012). Mixed substrate sources of high biological
availability, such as DOM from phytoplankton exu-
dates (Nelson & Carlson 2012, Sarmento & Gasol
2012) or extracellular polymeric substances (Elifantz
et al. 2005), are utilized by a diverse bacterial com-
munity, perhaps reflecting substrate complexity. By
investigating how a natural DOM source selects from
a bacterial community in a constantly C-limited sys-
tem over several generation times, our experiment
complements these previous studies. Our results pro-
vide a first mechanistic insight into this issue, by
investigating the potential adaption of a bacterial
community at both the community and the OTU level
to a natural DOM source.

Bacterial diversity in aquatic systems is maintained
by several bottom-up and top-down factors. Resource
competition is common in the oligotrophic ocean, and
access to bioavailable organic carbon often limits
bacterial growth (Kirchman & Rich 1997, Church et
al. 2000, Van Wambeke et al. 2002). We wanted to
test the idea of a DOM-stimulated modification of
bacterial diversity using an experimental approach
that focuses on DOM-bacteria interaction, while
maintaining most other potential driving factors con-
stant. The increase in diversity we observed in our
experiment might be counteracted in the environ-
ment by factors such as top-down control, inorganic
nutrient limitation, or a combination of these or other
factors. Whether the results from our experiment per-
formed with a bacterial community from the NW
Mediterranean Sea are valid for other marine envi-
ronments and the extent to which different sources of
DOM contribute to the maintenance of bacterial
diversity should be the focus of future research.
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Table S1. Description of the initial bacterial community, prior to incubation in the continuous cultures. Per-
centages of the total sequences belonging to each considered phylogenetic group are given. Phylogenetic
affiliation was done using the RDP classifier against the Greengenes database. ‘Other’ refers to pooled

assemblages of groups with low sequence numbers or that were not assigned

Phylum Class Order Family % of total sequences

Proteobacteria A 77.87
Alphaproteobacteria A 58.37

Rhodospirillales Rhodospirillaceae 6.00

Rickettsiales 48.51
Pelagibacteraceae 32.73
Other 15.78

Other 3.87

Betaproteobacteria A 0.73

Deltaproteobacteria A 3.75

Sva0853 3.48

Other 0.27
Gammaproteobacteria A 14.43

Alteromonadales A 0.88

Alteromonadaceae 0.41

Other 0.47

Chromatiales 1.46

HTCC2188 2.02

Oceanospirillales 8.58

Alcanivoracaceae 0.15

Halomonadaceae 8.08

Thiohalorhabdaceae 0.26

Other 0.49

Other 1.5

Other 0.59

Bacteroidetes 0.56
Flavobacteria 0.47

Flavobacteriales 0.38

Flavobacteriaceae 0.29

Other 0.09

Other 0.09

Sphingobacteria Sphingobacteriales 0.09

Actinobacteria 1.90
Acidimicrobiia Acidimicrobiales 1.70

0OCS155 1.32

Z.A3409¢ 0.26

Other 0.12

Actinobacteria Actinomycetales 0.20
Cyanobacteria Synechococcophycideae Synechococcales Synechococcaceae 13.26
SAR406 AB16 3.28
Arctic96B-7 A714017 3.10

Other 0.18

Verrucomicrobia 0.69
Pedosphaerae Arctic97B 0.15

Opitutae 0.18

Pelagicoccales Pelagicoccaceae 0.03

Puniceicoccales Puniceicoccaceae 0.15

Verrucomicrobiae Verrucomicrobiales Verrucomicrobiaceae 0.36

Other 0.18

Other 2.46
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Table S2. Percentage of sequences belonging to phylogenetic groups within Gammaproteobacteria after 3 and 5
generations in the control treatment and the replicate +DOM treatments. Phylogenetic affiliation was done using the
RDP classifier against the Greengenes database. ‘Other’ refers to pooled assemblages of groups with low sequence

numbers or that were not assigned

3 generations

5 generations

Control +DOMI1 +DOM2 Control +DOMI1 +DOM2
Order Family Genus % of total sequences
Sum of Gammaproteobacteria 98.54 92.68 91.01 94.82 89.17 86.50
Alteromonadales 21.55 42.33 62.79 53.16 76.99 80.30
Alteromonadaceae 20.08 37.12 55.62 52.87 75.64 78.86
Alteromonas 13.93 10.30 16.86 0.06 0.94 1.35
BD2-13 0 0.03 0.15 0 0 0
Glaciecola 0.12 0.88 1.46 0.06 0.67 1.90
HTCC2207 0 0 0 0 0.03 0.09
Marinobacter 0.20 0 0 0.03 0.03 0.03
Umboniibacter 0 0.20 0.15 0 0 0.09
ZDO0117 0.06 0.06 0.23 0.03 0 0.26
Other 5.77 25.65 36.77 52.7 73.97 75.15
Colwelliaceae 0 0.09 0.09 0 0 0
Colwellia 0 0 0.03 0 0 0
Other 0 0.09 0.06 0 0 0
J115 1.26 0.88 1.26 0.12 0.26 0.23
OM60 0 0 0 0 0.15 0.06
Pseudoalteromonadaceae 0.18 3.98 5.21 0.03 0.91 0.97
Pseudoalteromonas 0.18 3.95 5.18 0.03 0.91 0.97
Other 0 0.03 0.03 0 0 0
Shewanellaceae 0 0.09 0.03 0 0 0
Other 0.03 0.18 0.59 0.15 0.03 0.18
Chromatiales 0 0 0 0.12 0.06 0.03
Enterobacteriales Enterobacteriaceae 0 0 0 0 0 0.06
HTCC2188 0.41 1.76 1.23 1.32 0.38 1.46
HTCC2089 0 0.09 0.26 0.12 0 0.70
HTCC2188 0.41 1.67 0.97 1.20 0.35 0.76
Other 0 0 0 0 0.03 0
Oceanospirillales 72.04 41.86 7.64 36.50 9.48 1.08
Alcanivoracaceae 52.37 27.87 4.54 0.64 0.64 0.32
Alcanivorax 52.37 27.87 4.54 0.59 0.64 0.32
Other 0 0 0 0.06 0 0
OM182 0 0.03 0 0 0.12 0.06
Oceanospirillaceae 16.69 9.81 1.43 33.23 8.55 0.53
Marinomonas 0 0.03 0.03 0 0 0
Oleibacter 1.61 6.18 0.29 0 0 0
Oleispira 2.37 0 0 0 0 0
Neptuniibacter 9.31 1.80 0.79 32.69 0 0.32
Other 3.39 1.80 0.32 0.54 8.55 0.21
Oleiphilaceae 0.18 0.09 0.06 0 0 0
Other 2.81 4.07 1.61 2.63 0.18 0.18
Thiotrichales Piscirickettsiaceae 3.28 5.83 14.14 2.96 1.96 3.37
Cycloclasticus 0 0 0 0.09 0 0.09
Methylophaga 3.28 5.83 14.02 2.87 1.96 3.16
Other 0 0 0.12 0 0 0.12
Vibrionales Vibrionaceae 0 0.41 4.77 0 0 0
Vibriofortis 0 0.03 0 0 0 0
Other 0 0.38 4.77 0 0 0
Xanthomonadales Sinobacteraceae 0 0 0 0.09 0 0
Other 1.26 0.50 0.44 0.67 0.29 0.20
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Table S3. Percentage of sequences belonging to phylogenetic groups within Alphaproteobacteria after 3 and 5
generations in the control treatment and the replicate +DOM treatments. Phylogenetic affiliation was done using
the RDP classifier against the Greengenes database. ‘Other’ refers to pooled assemblages of groups with low
sequence numbers or that were not assigned

3 generations

5 generations

Order Family Genus
Control +DOMI1 +DOM?2 Control +DOM1 +DOM?2
% of total sequences
Sum of Alphaproteobacteria 1.23 3.10 5.24 3.19 5.50 8.05
Kiloniellales 0 0 0 0.03 0 0.64
Rhizobiales 0 0.23 0.47 0.03 0.41 0.44
Hyphomicrobiaceae 0 0.03 0 0.03 0.09 0.09
Other 0 0.20 0.47 0 0.32 0.35
Rhodobacterales 1.08 2.25 3.86 2.75 2.08 5.09
Hyphomonadaceae 0 0.03 0.03 0.23 0 0.12
Hyphomonas 0 0 0.03 0.06 0 0
Maricaulis 0 0 0 0 0 0.09
Oceanicaulis 0 0 0 0 0 0.03
Other 0 0.03 0 0.18 0 0
Rhodobacteraceae 1.08 2.22 3.83 2.52 2.08 4.98
Anaerospora 0.44 0.53 0.91 1.64 0.41 2.17
Loktanella 0 0.03 0.03 0 0 0
Octadecabacter 0 0 0.03 0 0 0
Phaeobacter 0.47 0.70 0.85 0.41 0.97 1.58
Thalassobius 0 0 0 0 0 0.03
Other 0.17 0.97 2.02 0.47 0.70 1.20
Rhodospirillales Rhodospirillaceae 0 0 0.06 0 1.93 1.05
Rickettsiales 0.15 0.56 0.64 0.38 0.32 0.56
AEGEAN 112 0 0 0.03 0 0 0
Pelagibacteraceae 0.15 0.26 0.47 0.15 0.15 0.41
Other 0 0.29 0.15 0.23 0.18 0.15
Sphingo- 0 0 0.12 0 0 0
monadales
Sphingomonadaceae 0 0 0.06 0 0 0
Sphingopyxis 0 0 0.06 0 0 0
Other 0 0 0.06 0 0 0
Other 0 0 0.06 0 0 0
Other 0 0.06 0.09 0 0.76 0.26
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Table S4. Percentage of sequences belonging to phylogenetic groups within Bacteroidetes after 3 and 5
generations in the control treatment and the replicate +DOM treatments. Phylogenetic affiliation was done using
the RDP classifier against the Greengenes database. ‘Other’ refers to pooled assemblages of groups with low
sequence numbers or that were not assigned

3 generations S generations
Class Order Family Genus Control +DOMI1 +DOM2 Control +DOM1 +DOM2
% of total sequences

Sum of Bacteroidetes 0.20 3.25 2.28 0.38 1.52 1.05

Bacteroidia Bacteroidales Prevotellaceae Prevotella 0 0 0 0 0.03 0
Flavobacteria 0.20 3.22 2.20 0.38 0.76 0.76
Flavo- 0.20 2.96 2.05 035 0.44 0.64

bacteriales

Cryomorphaceae 0 0.35 0.06 0 0 0

Flavo- 0.20 2.58 1.87 0.29 0.44 0.59
bacteriaceae

Leeuwenhoekiella 0 0 0.18 0 0 0

Polaribacter 0 0.06 0 0 0 0
Sediminicola 0 0.06 0.32 0 0 0.35

Tenacibaculum 0 0.15 0.06 0 0 0
Other 0.20 2.31 1.32 0.29 0.44 0.23
Other 0 0.03 0.12 0.06 0 0.06
Other 0 0.26 0.15 0.03 0.32 0.12
Sphingo- Sphingo- 0 0.03 0.09 0 0.70 0.26

bacteria bacteriales

Balneolaceae 0 0 0.09 0 0.15 0.06
Ekhidnaceae 0 0 0 0 0 0.15

Saprospiraceae 0 0.03 0 0 0.56 0

Aureispira 0 0.03 0 0 0.53 0

Other 0 0 0 0 0.03 0
Other 0 0 0 0 0 0.06
Other 0 0 0 0 0.03 0.03
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Table S5. Percentage of sequences belonging to phylogenetic groups within Betaproteobacteria, Deltaproteobacteria,
Epsilonproteobacteria, Verrucomicrobia and Cyanobacteria after 3 and 5 generations in the control treatment and the
replicate +DOM treatments. Phylogenetic affiliation was done using the RDP classifier against the Greengenes
database. ‘Other’ refers to pooled assemblages of groups with low sequence numbers or that were not assigned, except
for the sequences not assigned at the phylum level

3 generations 5 generations
Class Order Family Genus Control +DOM1 +DOM?2 Control +DOM1  +DOM2
% of total sequences
Other Proteobacteria 0 0.21 0.09 1.47 3.46 3.71
Betaproteobacteria Zyeitl?ljé(s) Methylophilaceae 0 0 0 0 0.12 0
Methylotenera 0 0 0 0 0.03 0
Other 0 0 0 0 0.09 0
Deltaproteobacteria 0 0.12 0 1.35 3.34 3.48
Bdello- Bacterio- .
. Bacteriovorax 0 0 0 0 0.03 0.09
vibrionales voracaceae
Mpyxococcales OM27 0 0.12 0 1.35 3.31 2.61
Other 0 0 0 0 0 0.79
Epsilon- Campylo- Campylo- Arcobacter 0 0.03 0 0 0 0
proteobacteria bacterales bacteraceae
Other 0 0.06 0.09 0.12 0 0.23
Verrucomicrobia 0 0.50 0.88 0 0.09 0.50
Opitutae 0 0 0 0 0 0.33
Pelagicoccales Pelagicoccaceae Pelagicoccus 0 0 0 0 0 0.18
Other 0 0 0 0 0 0.15
Verrucomicrobiae Verruco- Verruco 0 0.50 0.88 0 0.09 032
microbiales microbiaceae
Cyanobacteria 0 0.09 0.20 0 0.12 0
Synecho-
. Synechococcales Synechococcaceae  Prochlorococcus 0 0.09 0.20 0 0.12 0
coccophycideae
Other 0.03 0.06 0.26 0.15 0.06 0.06
Not assigned 0 0.12 0.03 0 0.09 0.12
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CHAPTER TWO

RESPONSE OF HETEROTROPHIC MARINE BACTERIA TO
PHYTOPLANKTON-DERIVED DISSOLVED ORGANIC MATTER OF
DIFFERENT ORIGIN AND CHEMICAL COMPOSITION
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Summary

Dissolved organic matter (DOM) and heterotrophic
bacteria are highly diverse components of the ocean
system, and their interactions are key in regulating
the biogeochemical cycles of major elements. How
chemical and phylogenetic diversity are linked
remains largely unexplored to date. To investigate
interactions between bacterial diversity and DOM, we
followed the response of natural bacterial communi-
ties to two sources of phytoplankton-derived DOM
over six bacterial generation times in continuous cul-
tures. Analyses of total hydrolysable neutral sugars
and amino acids, and ultrahigh resolution mass spec-
trometry revealed large differences in the chemical
composition of the two DOM sources. According to
454 pyrosequences of 16S ribosomal ribonucleic acid
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genes, diatom-derived DOM sustained higher levels
of bacterial richness, evenness and phylogenetic
diversity than cyanobacteria-derived DOM. These dis-
tinct community structures were, however, not asso-
ciated with specific taxa. Grazing pressure affected
bacterial community composition without changing
the overall pattern of bacterial diversity levels set by
DOM. Our results demonstrate that resource compo-
sition can shape several facets of bacterial diversity
without influencing the phylogenetic composition of
bacterial communities, suggesting functional redun-
dancy at different taxonomic levels for the degrada-
tion of phytoplankton-derived DOM.

Introduction

The bacteria-mediated transformation of dissolved
organic matter (DOM) is a major flow of carbon and
energy in aquatic environments. This process is depend-
ent on the biological availability of DOM, which varies
with source and chemical composition (Nagata, 2008).
Molecular level analyses have identified amino acids,
amino sugars and neutral sugars as molecules that sub-
stantially contribute to the bioreactive DOM pool with
turnover times of minutes to weeks (Benner, 2002). The
question of whether bacterial community composition
matters for the degradation of DOM has received much
attention over the past years. Substrate preferences and
metabolic capacities were revealed for some phylotypes
within the diverse bacterial community that processes
DOM (Fuhrman and Hagstrom, 2008; Moran, 2008).
Whether functional traits requested for DOM degradation
are specific to bacterial phylotypes and how this affects
the link between the composition and diversity of DOM
and bacterial communities remain largely unresolved.
Phytoplankton is the dominant source of bioreactive
DOM in ocean surface waters (Hedges, 1992). Changes
in bacterial activity and diversity in response to phyto-
plankton blooms were reported previously, and these
changes were often related to modifications in the DOM
supply (Fandino et al., 2001; Arrieta and Herndl, 2002;
West et al., 2008; Tada et al., 2011). An idea that emerged
from these observations is that shifts in bacterial diversity
are a required first step to optimize the degradation of
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DOM as its composition changes. These DOM-induced
shifts in bacterial diversity imply that bacterial groups with
specific metabolic traits are selected for as resources
change. Metabolic preferences and substrate affinities
have been shown to vary among bacterial groups (Cottrell
and Kirchman, 2000; Elifantz et al., 2005; Alonso-Saez
and Gasol, 2007). Further, recent experimental and in situ
transcriptomic studies suggest resource partitioning
between different members of the microbial community
(McCarren et al., 2010; Poretsky et al., 2010; Rinta-Kanto
et al., 2012; Teeling et al., 2012).

Bacterial utilization of different DOM sources is,
however, not always associated to bacterial diversity pat-
terns. Modifications in DOM supply only slightly affected
the structure of bacterial communities in some studies
(Kirchman et al., 2004; Rooney-Varga et al., 2005; Rink
et al,, 2007), indicating that broad bacterial groups are
capable of regulating their activities to use a range of
substrates, with no or little changes in community struc-
ture. The lack of a change implies that these bacterial
groups behave as generalists with functional redundancy
among the bacterial taxa making up the group and are
capable of degrading many components in the DOM pool
(Fernandez et al., 1999; Langenheder et al., 2005; Mou
etal, 2008). Given the variability of the responses
observed in these previous studies, the question on the
extent to which DOM can act as a driver of bacterial
diversity is still open.

In the present study, we addressed the question of
whether chemically distinct DOM pools select for bacterial
communities that differ in their structure and phylogenetic
composition. Using a continuous culture approach, we
supplied the different DOM sources at equal dissolved
organic carbon (DOC) concentrations over several gen-
eration times and simultaneously examined chemical
characteristics of the DOM and the taxonomic composi-
tion of the bacterial community. These data allowed us to
explore whether resource composition is a shaping force
on the structure and phylogeny of the bacterial communi-
ties selected in the cultures. Our results indicate no
phylogenetic response of bacterial groups to either DOM
source, but the communities selected by each DOM
source presented distinct structural patterns in richness,
evenness and phylogenetic diversity.

Results

Concentration of DOC and inorganic nutrients in the
continuous cultures

The continuous cultures were supplied with two input
media that had almost identical bulk DOC concentrations
(75+2 pM for the diatom DOM and 73 + 3 uM for the
cyanobacterial DOM, Table S1).To establish C-limitation,
inorganic nutrients were added in excess to each input

medium (192 uM for NO;™ + NO., 20 uM for NHs*and
24 uM for PO4*). Concentrations of NO; + NO,™ and
PO,* as well as DOC did not differ between the input
media and the cultures, and they remained stable during
the 15 days of the experiment (Table S1). Ratios of DOC:
(NOs +NO;) and DOC: PO in the cultures were
0.4 and 3, respectively, throughout the experiment, well
below the C:N:P ratios of heterotrophic bacteria (45:9:1)
(Goldman et al., 1987), indicating bacteria were limited by
carbon availability rather than inorganic nutrients in these
incubations.

Chemical characterization of the two DOM sources

To obtain insights into the chemical composition of the two
DOM sources, we analysed total hydrolysable neutral
sugars (THNS) and amino acids (THAA). Concentrations
and C-normalized yields of both biochemical groups were
higher in the diatom DOM than in the cyanobacterial DOM
(Table 1). THNS and THAA made up 13% and 18%,
respectively, of the DOC pool in the diatom DOM, and
5.6% and 3.5%, respectively, in the cyanobacterial DOM.
This pattern was maintained in the input media after
mixing each DOM source with aged seawater (Table 1).
Relative concentrations (mol%) of individual neutral
sugars and amino acids varied greatly between the two
media (Fig. 1A and B). In the diatom DOM medium, the
relative concentrations of individual sugars were similar,
ranging between 10 and 20 mol% (Fig. 1A). By contrast,
fucose dominated the THNS pool (56 mol%) in the
cyanobacterial DOM medium, whereas the relative con-
centration of the remaining six sugars was much smaller
(5—-15 mol%). The two DOM sources also differed in
amino acid compositions (Fig. 1B). Sixteen amino acids
could be detected in our samples. Glycine was the most
abundant amino acid in the two media, but its relative
concentration was much higher in the cyanobacterial
DOM medium (27 mol%) than in the diatom DOM medium
(16%). The cyanobacterial DOM medium was also more

Table 1. Chemical characteristics of the DOM sources, obtained by
filtration of a diatom and a cyanobacterial culture, and the input
media, obtained after mixing each DOM source with aged seawater.
Concentrations of total hydrolysable neutral sugar-C and total hydro-
lysable amino acid-C and the respective C-yields are given.

Neutral sugars Amino acids
(uM C) (% DOC) (UM C) (% DOC)
DOM source
Diatom 17 13 25 18
Cyanobacteria 4.4 5.6 2.7 3.5
Input medium
Diatom DOM 2.7 3.6 4.2 5.6
Cyanobacteria 1.6 2.1 1.7 2.3

DOM

© 2013 John Wiley & Sons Ltd and Society for Applied Microbiology, Environmental Microbiology
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Fig. 1. Chemical characteristics of the input media and the two
DOM sources. Composition (mol%) of total hydrolysable neutral
sugars (A) and amino acids (B) in the diatom DOM medium and
the cyanobacterial DOM medium. van Krevelen diagram showing
ratios of H/C and O/C for compounds specific of diatom DOM and
cyanobacterial DOM in the PPL-extracted fraction (C). Areas
tentatively assigned as carboxylic-rich alicyclic molecules (CRAM),
proteins, lipids, condensed hydrocarbons and amino sugars are
also shown. Abbreviations for neutral sugars as follows: fucose
(Fuc), rhamnose (Rha), arabinose (Ara), galactose (Gal), glucose
(Glc), mannose (Man) and xylose (Xyl). Abbreviations for amino
acids as follows: glutamic acid (GLU), glycine (GLY), leucine (LEU),
alanine (ALA), aspartic acid (ASP), y-aminobutyric acid (GABA),
phenylalanine (PHE), lysine (LYS), arginine (ARG), threonine
(THR), serine (SER), valine (VAL), histidine (HIS), ornithine
(ORN), B-alanine (BALA) and isoleucine (ILEU).
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enriched in y-aminobutyric acid and B-alanine, the two
non-protein amino acids analysed. In contrast, glutamic
acid, alanine, aspartic acid, threonine and leucine were
more abundant in the diatom DOM medium. A degrada-
tion index (DI), calculated based on the amino acid com-
position of the DOM sources (Dauwe et al., 1999; Davis
et al., 2009), was higher in the diatom DOM (2.80) than in
the cyanobacterial DOM (-0.02), indicating a more
advanced degradation state in the latter. Our results indi-
cate a higher evenness of amino acids and neutral sugars
following hydrolysis in the diatom DOM, suggesting a
higher diversity of the polymers in this DOM source.

In addition, we determined molecular formulae of com-
pounds in the extracted fraction of each DOM source,
accounting for 8% of the total DOM, by ultrahigh resolution
mass spectrometry [Fourier-transform ion cyclotron reso-
nance mass spectrometry (FT-ICR MS)]. A total of 580
compounds were found exclusively in the diatom DOM,
968 compounds were found only in the cyanobacterial
DOM and 1032 molecular formulae were common in both
samples. As for THNS and THAA, the FT-ICR MS results
indicate differences in the composition of the two DOM
sources (Fig. 1C). The diatom DOM was characterized by
higher H/C and lower O/C ratios than the cyanobacterial
DOM, resulting in the latter in a shift in the van Krevelen
diagram towards an area characteristically occupied by
carboxyl-rich alicyclic compounds. Compounds found
exclusively in the diatom DOM had an overall higher
molecular weight (461 versus 438 Da in cyanobacterial
DOM) and were richer in sulphur and phosphorus,
but diatom DOM had fewer nitrogen compounds than
cyanobacterial DOM (Fig. S2). The average distance
between each molecular formula in van Krevelen space
was computed for both DOM sources (Kim et al., 2003).
For cyanobacterial DOM, the average distance was
0.2184 £ 0.0001, whereas the average distance for diatom
DOM was 0.2512 +0.0001. Therefore, cyanobacterial
DOM displayed a higher number of compounds, yet
compounds in diatom DOM were ~ 15% more chemically
different to each other than the compounds in cyano-
bacterial DOM.

To test the bioavailability of the two DOM sources prior
to the continuous culture experiment, we determined the
overall growth rate of a natural bacterial community
growing on the diatom and cyanobacterial DOM media
in batch mode. Growth rates were only slightly higher
in the diatom medium (0.70+0.07 d') than in the
cyanobacterial medium (0.56 + 0.06 d~') but were lower in
aged seawater alone (0.31 £ 0.04 d™).

Abundance of heterotrophic bacteria and nanoflagellates

In all continuous cultures, bacterial abundance increased
between day 0 and day 4 and then stabilized at 5.1 + 0.6
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and 4.2 £ 0.7 x 10° cells ml~' [mean + standard deviation
(SD), n=5] in the diatom DOM and the cyanobacterial
DOM cultures, respectively, between day 4 and day 8
(phase 1, Fig. 2A). Bacterial abundances decreased in all
cultures between day 8 and day 11 and then stabilized at
7.5 % 0.5 x 10° cells mI" in the diatom DOM cultures and
at 5.2+ 0.7 x 10° cells ml" in the cyanobacterial DOM
cultures from day 11-15, defined as phase 2. No signifi-
cant differences in bacterial abundance were detectable
between the two treatments during phase 1 or phase 2
(Wilcoxon test, P> 0.05) (Fig. 2A).

Decreases in bacterial abundance at day 8 were
paralleled by increases in heterotrophic nanoflagellates
(HNF) abundance (Fig. 2B). HNF abundance was less
than 100 cells mI~" in all cultures during phase 1 and
started to increase at day 5, reaching up to 1000 cells ml
in the diatom DOM cultures and 5000 cells mlI-! in the
cyanobacterial DOM cultures at day 10. During phase

2 of the experiment, HNF abundance remained stable
(Fig. 2B).

Bacterial diversity

We explored bacterial diversity and composition at the end
of phase 1 (after three bacterial generation times) and at
the end of phase 2 (after six bacterial generation times) by
tag pyrosequencing the 16S ribosomal ribonucleic acid
(rRNA) gene and clustering the sequences into operational
taxonomic units (OTUs) at > 97% identity, leading to a total
of 697 OTUs. Statistical analyses performed on a Bray
Curtis distance matrix indicated that clustering of the rep-
licates was significant at each time point and treatment
[analysis of similarity (ANOSIM), P = 0.01]. This tight clus-
tering of the 16S rRNA genes in the replicates indicates
overall high replication of the two cultures growing on the
same DOM source, and it further suggests that differences
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Fig. 3. Diversity indices of bacterial communities in the diatom DOM and the cyanobacterial DOM cultures after three (3G) and six
generation times (6G). Mean and SD of biological replicates are given. Asterisk indicates significant differences between treatments

(P<0.05).

in the bacterial communities were due to the treatment at
each time point. We calculated the phylogenetic distance,
Chao1l (a measure of richness), evenness and the
Shannon index (which includes both richness and even-
ness) of the communities in the two treatments (Fig. 3).
All diversity indices were significantly higher for bacte-
rial communities in the diatom DOM cultures than in the
cyanobacterial DOM cultures after three generations (Stu-
dent’s t-test, P < 0.05). After six generations, the indices
remained higher in the diatom DOM cultures, and the
differences were significant for the evenness and

Shannon indices (Student’s ftest, P < 0.05). Consistently
with these results, the number of major OTUs (i.e. OTUs
accounting for > 1% of the total number of sequences)
was higher in the diatom DOM -cultures than in the
cyanobacterial DOM cultures at both time points
(Table 2). It is also interesting to note that three out of the
four diversity indices increased in all cultures between the
third and sixth generation time (Fig. 3A, C and D), and
only the Chao1 decreased in the diatom DOM cultures
and remained stable in the cyanobacterial DOM cultures
(Fig. 3B).
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Table 2. Number of abundant OTUs (> 1% of total number of sequences) in the replicate cultures (R1, R2), in both replicate cultures of one DOM
source (shared — DOM source) and in all cultures (shared — all cultures) after three and six generation times.

Diatom DOM

Three generation times

Cyanobacterial DOM

Diatom DOM Cyanobacterial DOM

Six generation times

R1 R2 R1 R2 R1 R2 R1 R2
Number of OTUs > 1% 19 20 15 14 25 26 12 14
Shared — DOM source 14 6 19 10
Shared — all cultures 5 9

Bacterial community composition

The phylogenetic diversity in each bacterial commu-
nity was further investigated by comparing the relative
abundance of major phylogenetic groups (Fig4 and
Tables S3-S5). The communities selected in our cultures
were all dominated by Gammaproteobacteria (between
47% and 88%) and Alphaproteobacteria (between 9%
and 37%) and differed substantially from the bacterial
community in the inoculum (Table S2). There was a
change in the phylogenetic composition of the cultures
between phase 1 and phase 2 due to a substantial
increase in relative abundances of Betaproteobacteria,
Bacteroidetes, and minor groups (Fig. 4). The proportion
of unassigned sequences, which probably belong to
poorly characterized phylogenetic groups, was overall
very low (< 1%) but increased at the end of the experiment
in all cultures (Table S5). The detailed phylogenetic com-
position of the communities is presented in Tables S3-S5.

Overall, the majority of the OTUs dominating in one
culture were also present in at least one of the three other
cultures but with different relative contributions (Fig. S3A

3 Generation times

100
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80

% of total sequences

Initial community =~ Diatom DOM  Cyanobacterial DOM  Diatom DOM

6 Generation times

70
60
50
40 -
30
20 -
10 -
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and B). No pattern was found between the relative abun-
dance of any major OTU and the respective treatment. A
phylogenetic test (Martin, 2002) revealed that the commu-
nities selected in the four cultures at each time point were
different, including those growing on the same type of
DOM (P<0.05). Some phylogenetic groups were
observed only in one treatment, such as Glaciecola and
Thalassomonas that appear specific to the diatom DOM
cultures at the two time points, but with small contribu-
tions to the total community (< 1% of total number of
sequences; Tables S3-S5).

To wunderstand the observed differences in the
phylogenetic diversity (Fig. 3A), we calculated the
diversity indices within Gammaproteobacteria, which
accounted for > 47% of total sequences in all cultures at
the two time points. We observed that all diversity indices
determined for Gammaproteobacteria were higher in the
diatom DOM cultures than in the cyanobacterial DOM
cultures (Fig. S4). Similar analyses could not be applied
to other major groups such as the Alphaproteobacteria
because of their low relative abundance in at least one of
the samples.

Fig. 4. Contribution of broad phylogenetic
groups (% sequences of total number of
sequences) to bacterial communities in the
initial community, the diatom DOM and the
cyanobacterial DOM cultures after three and
six generation times. For each treatment,

OOther the two replicate cultures are presented.

DO Bacteroidetes
ODeltaproteobacteria
OBetaproteobacteria
@ Alphaproteobacteria

B Gammaproteobacteria
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Discussion

We designed here an experiment that allowed us to
focus on DOM as shaping factor of several facets of
bacterial diversity. Our study demonstrates that
phytoplankton-derived DOM with different chemical com-
position does not affect the phylogenetic composition of
bacterial communities but can sustain different levels of
bacterial diversity. These results suggest that the two
distinct DOM pools did not select for functionally special-
ized OTUs, but the types of substrates present in each of
the DOM sources could have provided a different
number of niches thereby resulting in a structuring effect
on bacterial diversity. These results suggest functional
redundancy for the degradation of phytoplankton-derived
DOM.

Functional redundancy implies that the metabolic capa-
bilities required to access DOM are widespread among
bacterial groups. Our observation supports the hypothesis
suggested by Sarmento and Gasol (2012) about overall
weak interactions between phytoplankton-derived DOM
and bacterial community composition. Using a single cell
approach to track the utilization of several radiolabeled
phytoplankton exudates, these authors demonstrated
that most broad bacterial groups were capable of metabo-
lizing a variety of exudates even though the contribution of
each group to total uptake differed among treatments
(Sarmento and Gasol, 2012). Similarly, addition of
labile monomeric compounds favoured the growth of
a few phylotypes that were not restricted to any single
broad bacterial group (Alonso-Séez and Gasol, 2007;
Gomez-Consarnau et al., 2012). These previous studies
and the present study lend support to the notion of
overall generalist bacterial behaviour in using labile DOM
as suggested by Mou and colleagues (2008). Our study
further extends this idea to complex pools of substrates
that represent a major source of DOM in the surface
ocean.

In contrast to these experimental studies, successions
of distinct bacterial populations were recently observed
during an in situ phytoplankton bloom in the coastal North
Sea (Teeling et al., 2012) and during mesocosm experi-
ments following the degradation of bioavailable DOM
(McCarren et al. 2010; Dinasquet et al., 2013). The taxon-
specific expression of enzymes indicated that distinct
bacterial communities accounted for the degradation of
phytoplankton-derived DOM during different phases
of the bloom (Teeling et al., 2012). The amount and com-
position of DOM produced by phytoplankton varies with
growth state (Myklestad etal., 1989; Biddanda and
Benner, 1997; Barofsky et al., 2009). Changes in the com-
position of DOM over the course of a bloom could be more
pronounced than differences in the DOM produced by two
phytoplankton species in the same growth phase, with
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varying effects on bacterial diversity. In our experiment,
the DOM sources were supplied continuously, maintaining
the composition stable over time. Thus, the DOM used
in the present study does not represent the entire spec-
trum of changes in DOM composition and supply that
probably occur during a phytoplankton bloom or during a
long-term degradation experiment. Further, major inor-
ganic nutrients rapidly decrease with increasing phyto-
plankton biomass and in batch-type incubations (Teeling
et al.,, 2012). In these cases, the bacterial response is not
exclusively driven by DOM but also by the competitive-
ness among phylotypes in the acquisition of inorganic
nutrients (Sebastian and Gasol, 2013). In the present
study, inorganic nutrients were continuously supplied in
excess to assure that organic carbon limited bacterial
activity. How co-limitation by inorganic nutrients affects
the phylogenetic response remains to be investigated.

As opposed to the absence of taxonomic responses,
the diversity of bacterial communities grown on the two
DOM sources differed greatly in our experiment. A few
previous studies specifically addressed the question of
how DOM could affect bacterial diversity, pointing to a
possible link between the chemical composition as well as
the number and the complexity of organic compounds,
and the richness of the responding bacterial community.
According to a DNA fingerprinting approach, the number
of ribotypes varied for bacterial communities grown
on two sources of phytoplankton detritus (van Hannen
etal.,, 1999). These authors observed lower richness
for bacterial communities grown on cyanobacterial detri-
tus compared with green algal detritus. Another DNA fin-
gerprinting approach indicated differences in ribotype
numbers in soil bacterial communities depending on the
added chemical class, such as carbohydrates, fatty acids,
aromatic molecules or amino acids (Wawrik et al., 2005).
Using a stable isotope probing approach in combination
with 454 pyrosequencing, Nelson and Carlson (2012)
observed that a cyanobacterial exudate was incorporated
by a higher diversity of bacteria compared with glucose
or gluconic acid. The addition of diatom DOM to sea-
water increased bacterial richness (Landa et al., 2013),
whereas single-pulse enrichments with monomeric com-
pounds were not associated with changes in bacterial
richness (Gomez-Consarnau et al., 2012).

How DOM affects richness and other facets of bacterial
diversity is most likely driven by the tools required for the
cleavage of the chemically different substrates, their
uptake and metabolism by bacteria. Compounds that are
readily available, such as labile monomers, could have a
minor direct influence on bacterial community structure. In
this case, competitiveness in terms of substrate affinity
and growth rate is likely the driving factor for the success
of the most rapidly responding groups, and thus for poten-
tial changes in bacterial diversity. By contrast, compounds
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requiring enzymatic machineries at varying levels of com-
plexity could be more selective, favouring bacteria that
possess specific metabolic capabilities. This notion is
supported by recent findings that the genetic potential for
the uptake of simple compounds and the cleavage of
small oligosaccharides is phylogenetically widespread,
whereas the potential for polymer degradation appears
to be restricted to a few taxonomically distinct clades
belonging to all phyla (Berlemont and Martiny, 2013).

In the present study, the diversity of bacterial commu-
nities was lower when grown on cyanobacterial DOM. The
higher relative concentrations of fucose, glycine, non-
protein amino acids, and carboxylic acid-like compounds;
the lower amino acid and neutral sugar carbon yields and
the DI all suggest that the cyanobacterial DOM was more
degraded than the diatom DOM (Cowie and Hedges,
1994; Hedges et al., 1994; Dauwe et al., 1999; Hertkorn
et al., 2006; Davis et al., 2009). These DOM characteris-
tics can be explained by the fact that our cultures were
not axenic and by the longer growth phase of the
cyanobacterial culture. The cyanobacterial DOM therefore
contained most likely a lower amount of simple sub-
strates, therefore providing less substrate niches and sus-
taining a reduced number and variety of bacteria. The
more degraded cyanobacterial DOM also could have con-
tained a larger fraction of molecules that require specific
enzymatic tools. This DOM source could therefore be
considered as more selective in that it sustained a
reduced number of OTUs in our continuous culture where
the residence time limits the interaction between a given
compound and the bacterial community.

The absence of specific responses from broad
phylogenetic groups to DOM source and composition
could be the reflection of resource partitioning taking
place at a finer phylogenetic level (Johnson et al., 2006;
Bhaya et al., 2007; Hunt et al.,, 2008). Recent studies
have demonstrated that the distribution of genes encod-
ing for enzymes to access abundant biopolymers, such as
glycoside hydrolases (Berlemont and Martiny, 2013),
chitinase and N-acetyl-glucosaminidase (Zimmerman
et al,, 2013), clustered according to distinct populations
within phyla of the sequenced genomes investigated. In
the present study, the diversity of Gammaproteobacteria,
the dominant class in our experiment, was higher in the
cultures supplied with diatom DOM than with cyano-
bacterial DOM, even at identical relative abundance in the
two treatments. This could be interpreted as resource
partitioning among closely related OTUs within broad
bacterial groups.

The higher diversity in the diatom DOM-supported
bacterial communities than in the cyanobacterial DOM-
supported communities was maintained despite the
grazing activity after three generation times. Previous
studies demonstrated that grazing pressure can strongly

affect bacterial community structure (Simek et al., 1997),
particularly under different resource conditions (Matz and
Jiurgens, 2003; Alonso-Saez et al., 2009). In the present
study, grazing probably explains the decrease in the rela-
tive abundance of dominant groups and OTUs to the
benefit of others, resulting in an increase in evenness
between the third and sixth generation time. Some of the
differences between treatments observed after three gen-
eration times, such as the significantly higher richness
and phylogenetic diversity in the diatom DOM cultures,
were smaller after the appearance of grazers. That the
Shannon index remained unchanged supports previous
findings by Hahn and Héfle (2001) who suggested that
top-down control maybe less important in controlling bac-
terial diversity in systems where bottom-up control is
strong, which is the case in our experiment where bacteria
were C-limited.

Understanding how the chemical composition of DOM
and the diversity of heterotrophic bacteria affect the
interplay between these two key components of the
marine C cycle is a major challenge. The present study
provides insights to this issue by the concurrent detailed
chemical analyses of DOM and bacterial diversity under
well-defined experimental conditions. Our results suggest
the existence of substrate niches associated to bio-
reactive DOM, thereby affecting levels of bacterial diver-
sity. The exploitation of these niches requires traits
ranging from basic to specific functions, which in turn are
weakly associated to phylogeny. These mechanisms
driving bacterial community structure are likely to occur
also in aquatic systems. With our experimental approach,
we focus on the fraction of DOM that turns over on the
time scales of days and on bacterial groups capable of
maintaining relatively high growth rates. We propose that
a structuring effect similar to that observed for labile to
semi-labile DOM in the present study can be extended to
a larger range of DOM compounds that turn over much
slower and possibly involve slow-growing members of the
bacterial community. The modifications by grazers of the
observed treatment-specific bacterial diversity demon-
strate that the effect of resource composition on bacterial
diversity can potentially be underestimated. This observa-
tion emphasizes the need of experimental approaches to
understand the many complex mechanisms co-occurring
in natural systems.

Experimental procedures
Experimental design

Continuous cultures were chosen to investigate the response
of a natural bacterial community to different DOM sources.
Two growth media, each consisting of a mixture of aged
seawater and DOM originating from a phytoplankton culture,
were inoculated with a natural bacterial community (Fig. S1).
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Bacterial growth was maintained in batch-mode until the sta-
tionary phase, and the cultures were then switched to con-
tinuous culture mode for the entire experimental duration.
The cultures were run in two treatments, defined by input
media with different DOM sources. Duplicate cultures were
performed for each treatment.

Preparation of media for the continuous cultures

Seawater for the input media and for the natural bacterial
community was collected in the NW Mediterranean Sea, 5
nautical miles off Banyuls-sur-Mer (42°28’300 N—03°15’500
E, 95 m overall depth). Roughly 3001 were collected in
January 2010 at 3 m using an All-PFA Double-Bellows Pump
(Asti) (Cole-Parmer, Hills, IL, USA) connected to 50 m poly-
vinyl chloride tubing. Seawater was 20 um filtered and stored
in one polycarbonate (PC) carboy in the dark at room tem-
perature for 6 weeks to allow degradation of most of the labile
DOM. DOC values decreased from 78 uM at the time of
sampling to 63 uM after 6 weeks. The 300 | were then
sequentially filtered through 0.4 and 0.2 um filters using
a Sartobran cartridge (Sartorius, Goettingen, Germany)
(150 cm?, Sartorious), and the filtrate was stored at 4°C in the
dark in acid-washed (10% HCI), Milli-Q (Millipore, Billerica,
MA, USA) water-rinsed 20 | PC carboys.

For the preparation of the two initial growth media and the
input media, the seawater was mixed with DOM harvested
either from a diatom culture (Phaeodactylum tricornutum) or
a cyanobacterial culture (Synechococcus sp. 7803). These
strains were obtained from a culture collection at the
Observatoire Océanologique de Banyuls. We used the DOM
from phytoplankton cultures as bioavailable sources for bac-
terial growth, but we did not aim to link the bacterial response
to the taxonomic identity of the phytoplankton species that
provided the DOM. Therefore, no effort was made to maintain
the phytoplankton cultures axenic, and the DOM collected
should be considered as phytoplankton-derived DOM pro-
cessed to some extent by bacteria. For clarity, we refer to the
two DOM sources as ‘diatom DOM’ and ‘cyanobacterial
DOM'’ throughout the manuscript.

The phytoplankton cultures were grown in low DOC
(15 uM) artificial seawater (ASW) amended with nutrients
according to the Guillard’s F/2 medium. Absorbance meas-
urements at 660 nm were carried out every day to monitor
culture development. To obtain DOM from the phytoplank-
ton cultures, each culture was sequentially filtered through
a combusted GF/F filter (90 mm diameter, Whatman,
Maidstone, UK) and an acid-washed, Milli-Q-rinsed
0.2um PC filter (90 mm diameter, Nuclepore, Whatman,
Maidstone, UK). The filtrate was recovered in acid-washed,
Milli-Q-rinsed 4 1 PC carboys and stored at 2°C during the
entire experimental period. DOM was collected in the early
stationary phase, which was reached after 5days in the
diatom culture and after 3 weeks in the cyanobacterial
culture. Subsamples (20 ml) to determine concentrations of
THNS and THAA were stored in high density polyethylene
bottles at —20°C until analysis (see below). Concentrations
of DOC (see below) were 138 and 78 uM in diatom DOM
and cyanobacterial DOM respectively. Each of the DOM
sources was mixed with seawater to obtain 15 uM
phytoplankton-derived DOC in each treatment. Total DOC
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concentrations were 75 and 73 uM in the input media
prepared with diatom DOM and cyanobacterial DOM
respectively.

Continuous cultures

We used a natural bacterial community from seawater (10 I)
collected at 5 m at the site described above the first day of the
experiment (1 March 2010) as inoculum. After an 0.8 um
filtration (PC, Nuclepore), 2| were used as initial bacterial
inoculum, and the remaining 8 | were filtered on a 0.2 um
cartridge (Sterivex, Millipore, Billerica, MA, USA) and stored
at —80°C for further analyses. For the initial bacterial cultures,
the 0.8 um-filtered inoculum was diluted 1:10 with seawater
amended with either diatom DOM or cyanobacterial DOM.
The final volume of all bacterial cultures was 6 |. To assure
that organic carbon was the limiting factor for bacterial
growth, nitrate, ammonium and phosphate were added to the
initial cultures as well as to the input media. We used large
volume continuous cultures to avoid any possible perturba-
tion of the steady state conditions in the cultures because of
the daily sampling for biological and chemical analyses
(roughly 2% of the total volume). The supply of one culture
over six generation times requires large volumes of fresh
medium limiting our replication to two per treatment.

The cultures were set up in a closed system consisting of
four all-glass vessels (15 cm diameter, 50 cm height) con-
nected to the medium with PTFE tubing (Thermo Scientific,
Waltham, MA, USA). The system was run as a batch until the
stationary phase was reached before starting the inflow of
input medium and the outflow of culture performed by a
peristaltic pump (Gilson, Middleton, WI, USA). Four litres of
medium was prepared every 2 days and kept in acid-washed
PC carboys at 2°C before use. The two replicate cultures
were supplied by a single PC carboy containing the input
medium, prepared in the same proportions of seawater and
diatom DOM or cyanobacterial DOM as the initial cultures,
with identical final concentrations of DOC and inorganic nutri-
ents. The dilution rate was 0.28 d™', resulting in a generation
time of 2.5 days. We selected this dilution rate based on
growth rates of 0.3 d™' determined in situ for coastal Mediter-
ranean waters (Obernosterer et al., 2010). The cultures were
bubbled with filter-sterilized air (Sartorious) and run in a
temperature-controlled room (18°C) in the dark.

The cultures were sampled daily during the 15 day experi-
mental period. Samples were taken with glass syringes
(Hamilton, Reno, NV, USA) connected with a luer-lock to
PTFE tubes that reached the bottom of the cultures. This
system allowed us to sample without opening the culture
containers. The glass syringes were extensively rinsed with
Milli-Q water prior to sampling. A total of about 100 ml was
sampled everyday in each culture, representing less than 2%
of the total volume of the cultures.

Inorganic nutrients and DOC

Triplicate 15 ml subsamples for DOC measurements were
filtered through two pre-combusted GF/F filters and stored in
the dark after acidification with orthophosphoric acid (HsPQO.,
final pH2) in pre-combusted glass vials with PTFE-lined
caps. DOC analyses were performed by high-temperature
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catalytic oxidation on a Shimadzu TOC-V-CSH analyser
(Shimadzu Corporation, Kyoto, Japan) (Benner and Strom,
1993). The analytical precision was 1-2% (CV). For inorganic
nutrients, 5 ml subsamples were collected in acid-washed
polyethylene vials. Concentrations of nitrate (NOj7), nitrite
(NO") and phosphate (PO,*) were determined immediately
after sampling using the automated colorimetric technique on
a Skalar autoanalyser (Skalar Analytical B.V., Breda, The
Netherlands) following the protocol of Tréguer and Le Corre
(1975).

Analyses of THAA and THNS

THAA in filtered samples were quantified, after acid hydroly-
sis, by high-performance liquid chromatography using pre-
column derivatization and fluorescence detection (Mopper
and Lindroth, 1982). Aspartic acid and glutamic acid peaks
include the contribution of glutamine and asparagine, respec-
tively, that were deaminated during hydrolysis. Among the 18
amino acids quantified, only 16 with concentrations above
detection limit are shown: glutamic acid, glycine, leucine,
alanine, aspartic acid, y-aminobutyric acid, phenylalanine,
lysine, arginine, threonine, serine, valine, histidine, ornithine,
B-alanine and isoleucine. A DI was calculated using amino
acid composition according to the method described by
Dauwe and colleagues (1999) adapted to DOM (Peter et al.,
2012).

Seven neutral sugars: fucose, rhamnose, arabinose, galac-
tose, glucose, mannose and xylose were analysed according
to Skoog and Benner (1997) with modifications. Briefly,
samples were hydrolysed in 1.2 mol I' sulphuric acid and
neutralized with a self-absorbed ion retardation resin (Kaiser
and Benner, 2000). After desalting with a mixture of cation
and anion exchange resins, neutral sugars were isocratically
separated with 25 mM NaOH on a PA 1 column in a Dionex
500 system (Thermo Scientific) with a pulsed amperometric
detector. Detector settings were analogous to Skoog and
Benner (1997). The concentrations of THNS and THAA in the
input media were calculated using the values measured in
each DOM source and in aged seawater.

Solid-phase extraction and ultrahigh resolution mass
spectrometry by electrospray ionization (ESI)
FT-ICR MS

Ultrahigh resolution mass spectrometry requires DOM
samples at high concentration. Therefore, solid-phase extrac-
tion of the two DOM sources was performed on PPL car-
tridges (Varian) (Agilent, Lake Forest, CA, USA) following the
protocol by Dittmar and colleagues (2008). The phytoplank-
ton cultures were filtered as described above. The < 0.2 um
filtrates of the diatom (8.53 I) and the cyanobacterial cultures
(5.05 1) were acidified to pH 2, and then each passed over
one pre-treated PPL cartridge (6 ml HPLC-grade methanol)
at a flow rate of 3 ml min~'. The PPL cartridge was then rinsed
with 0.01 N HCI (12 ml) and dried with ultrapure N,. The
extracted DOM was recovered by sequential elution with
each 10 ml methanol (HPLC grade) into combusted 20 ml
glass tubes at a flow rate of < 2 ml min~". Elutes were dried in
a Genevac Personal Evaporator (Genevac, Ipswich, UK) and

then stored at —20°C in the dark until further analyses. For
blank determination, the same procedure was performed with
ASW. The few organic compounds detected by mass spec-
trometry in the ASW were subtracted from the two phyto-
plankton exudates. To determine the recover efficiency,
100 wl of the final 1 ml extract were diluted with 10 ml of
Milli-Q water, and DOC concentrations were measured with a
Shimadzu TOC-Vcph analyser (Shimadzu Corporation) using
potassium hydrogen phthalate as standard for DOC calibra-
tion curve. For the two DOM sources, the PPL recovery
efficiency was 8% of total DOC.

ESI FT-ICR MS analysis of DOM (in 1:1 water: methanol
solution) was performed in negative mode with an Apollo
electrospray ion (ESI) source of a Bruker Daltonics 12 Tesla
Apex Qe FT-ICR mass spectrometer at the College of Sci-
ences Major Instrumentation Cluster Laboratory, Old Domin-
ion University, Virginia. Samples were internally calibrated
using naturally present fatty acids (Sleighter et al., 2008).
Only m/z values with a signal to noise > 4 were considered.
A molecular formula calculator (Molecular Formula Calc
version 1.0; NHMFL, Tallahassee, FL, USA) generated
formula matches using carbon, hydrogen, oxygen, nitrogen,
sulphur and phosphorus. By using the soft ESI technique, the
DOM compounds were ionized as intact moieties. The
masses of the individual molecules in the complex DOM
cocktail were determined with such accuracy that we were
able to determine the molecular formulae of 1612 compounds
in diatom DOM and 2000 in cyanobacterial DOM. In order to
obtain a measure of the chemical differences between the
molecules in each sample, we computed the average dis-
tance in van Krevelen space between each molecular
formula and all other molecular formulae identified in the
sample as follows:

1

dist = —

iiJ(oc, —0C,? +(HC, —HC,?

j=1i=1

where N is the total number of molecular formulae identified
in each sample, OC; and HC; are the normalized ratios of
oxygen to carbon and hydrogen to carbon for a given
molecular formula, and OC;and HC; are the normalized ratios
for all other molecular formulae identified in the sample. The
implicit assumption is that compounds with similar chemical
characteristics will occupy similar regions in the van Krevelen
diagram (Kim et al., 2003), leading to relatively small average
distances, whereas compounds that are more chemically
different to each other will be found farther apart in the
diagram, leading to larger average distances.

Enumeration of heterotrophic bacteria and
heterotrophic nanoflagellates

For heterotrophic bacterial abundance, duplicate subsamples
(1.8 ml) were fixed with formaldehyde (2% final concentra-
tion), kept at 4°C for 30 min and then stored at —80°C until
flow cytometric analysis as described in Lebaron and
colleagues (2001). For the enumeration of HNF, samples
(3.8 ml) were fixed with 1% glutaraldehyde (final concentra-
tion), incubated for 30 min at 4°C and then stored at —-80°C
until  flow cytometric analyses following the protocol
described in Christaki and colleagues (2011).
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Bacterial diversity sampling and DNA extraction

After about three bacterial generations (day 7), 200 ml
samples were collected from the outflow in autoclaved PC
flasks. Bacterial cells were collected on a 0.2 um PC filter
(47 mm diameter, Nuclepore), and the filters were stored at
—80°C for bacterial diversity analysis. At the end of the experi-
ment, corresponding to about six bacterial generations (day
15), samples (500—-700 ml) were collected in autoclaved PC
flasks, concentrated on a 0.2 um cartridge and stored at
—80°C until further analysis.

DNA was extracted as described in Laghdass and
colleagues (2011). Briefly, a lysis step was applied to the
filters and cartridges with a lysis buffer (40 mM
ethylenediaminetetraacetic acid, 50 mM Tris, 0.75 M
sucrose) and three freeze-thaw cycles with liquid nitrogen
and a water bath at 65°C. After denaturation and degrada-
tion of proteins using sodium dodecyl sulphate (1%) and
proteinase K (0.2 mgml'), DNA was purified using an
AllPrep DNA/RNA extraction kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. The molecular
size and the purity of the DNA were analysed by agarose gel
electrophoresis (1 %). In total, nine samples were extracted,
and 600 ng of DNA per sample was sent to the Research
and Testing Laboratory (http://www.researchandtesting.com)
for 454 tag pyrosequencing.

454 sequencing and analysis

The bacterial 16S rRNA genes were sequenced using the
FLX-Titanium platform (Roche, Basel, Switzerland) as
described in Wolcott and colleagues (2009). Sequencing was
performed on regions V2 and V3 of the 16S rRNA gene.
Chosen primers targeted 410 bp between positions 121 and
531 on the Escherichia colireference sequence (Baker et al.,
2003). For the nine samples that were analysed, a total
number of 88 121 sequences was obtained. All further analy-
ses were conducted using the Quantitative Insights Into
Microbial Ecology (QIIME) pipeline (http:/giime.org)
(Caporaso et al., 2010). The sequences were quality filtered,
and all sequences shorter than 200 bp or containing ambigu-
ous bases were eliminated from the data set. Sequences
were then attributed to each sample according to their
barcode sequence. These operations led to the removal of
about 25% of the sequences with either bad quality scores or
ambiguous barcode sequences. The sequencing errors were
corrected among the remaining sequences using the QIIME
denoiser algorithm, and barcodes and primers were removed
(Caporaso etal., 2010). OTUs were identified using the
uclust picking method and defined at a 97% sequence simi-
larity level, and only the most abundant sequence was con-
served as a representative. These sequence data have been
submitted to the DNA DataBase of Japan/European Molecu-
lar Biology Laboratory/GenBank databases under accession
number ERP002553. Taxonomy was assigned using the
Ribosomal Data Project (RDP) classifier programme (Wang
et al., 2007) with Greengenes reference data set released in
October 2012. The sequences were aligned using the PyNast
algorithm (DeSantis Jr et al., 2006; Caporaso et al., 2010).
The chimeric sequences were identified and removed with
ChimeraSlayer (Haas et al., 2011).

Bacterial diversity and dissolved organic matter 11

A phylogenetic tree was constructed using the FastTree
method (Price et al., 2009), and an OTU table was created.
To enable comparisons between samples, the OTU table was
subsampled to ensure an equal number of sequences in
each sample. The resulting OTU table comprised 3416
sequences per sample. All further analyses such as alpha
diversity estimations were conducted with this OTU table.
Indices such as Chao1 (Chao, 1987), phylogenetic distance
(Faith and Baker, 2007), Shannon (Hill, 1973) and equitability
(E = H/log,*S, where H stands for Shannon’s entropy and S
stands for the total number of OTUs) were calculated. Differ-
ences in alpha diversity between treatments were tested
statistically using the Student’s ttest. Phylogenetic differ-
ences between samples were tested using Andrew Martin’s
phylogenetic test (Martin, 2002; Eckburg et al., 2005). The
clustering of samples was checked for robustness with jack-
knife analyses and for significance with an ANOSIM. All
analyses were performed using the QIIME pipeline.

Acknowledgements

We thank M. Suzuki, S. Fagervold and N. West for their
support during the analyses of the pyrosequencing data. G.
Vetion and B. Riviéere kindly provided the P. tricornutum and
Synechococcus sp. cultures. We also thank P. Hatcher and
R. Sleighter at the College of Sciences Major Instrumentation
Cluster at Old Dominion University for running our samples in
the FT-ICR MS. The constructive comments of two anony-
mous reviewers greatly improved a previous version of the
manuscript. Financial support for this work came from the
ANR project BACCIO (ANR- 08-BLAN-0309) and the PUF
grant. MTC and DLK were supported by NSF OCE 1030306.
L. Tremblay received financial support from the UPMC during
his sabbatical stay at the Laboratoire d’Océanographie
Microbienne.

References

Alonso-Saez, L., and Gasol, J.M. (2007) Seasonal variations
in the contributions of different bacterial groups to the
uptake of low-molecular-weight compounds in Northwest-
ern Mediterranean Coastal Waters. Appl Environ Microbiol
73: 3528-3535.

Alonso-Séez, L., Unanue, M., Latatu, A., Azua, |., Ayo, B.,
Artolozaga, I., et al. (2009) Changes in marine prokaryotic
community induced by varying types of dissolved organic
matter and subsequent grazing pressure. J Plankton Res
31: 1373-1383.

Arrieta, J.M., and Herndl, G.J. (2002) Changes in bacterial
B-glucosidase diversity during a coastal phytoplankton
bloom. Limnol Oceanogr 47: 594—-599.

Baker, G., Smith, J., and Cowan, D.A. (2003) Review and
re-analysis of domain-specific 16S primers. J Microbiol
Methods 55: 541-555.

Barofsky, A., Vidoudez, C., and Pohnert, G. (2009) Metabolic
profiling reveals growth stage variability in diatom exu-
dates. Limnol Oceanogr Meth 7: 382-390.

Benner, R. (2002) Chemical Composition and Reactivity. In
Biogeochemistry of Marine Dissolved Organic Matter.
Hansell, D.A., and Carlson, C.A. (eds). San Diego, CA,
USA: Elsevier Science, p. 808.

© 2013 John Wiley & Sons Ltd and Society for Applied Microbiology, Environmental Microbiology

93



12 M. Landa et al.

Benner, R., and Strom, M. (1993) ) A critical evaluation of the
analytical blank associated with DOC measurements by
high-temperature catalytic oxidation. Mar Chem 41: 153—
160.

Berlemont, R., and Martiny, A.C. (2013) Phylogenetic distri-
bution of potential cellulases in bacteria. Appl/ Environ
Microbiol 79: 1545—1554.

Bhaya, D., Grossman, A.R., Steunou, A.-S., Khuri, N,
Cohan, F.M., Hamamura, N., et al. (2007) Population level
functional diversity in a microbial community revealed by
comparative genomic and metagenomic analyses. ISME J
1: 703-713.

Biddanda, B., and Benner, R. (1997) Carbon, nitrogen, and
carbohydrate fluxes during the production of particulate
and dissolved organic matter by marine phytoplankton.
Limnol Oceanogr 42: 506-518.

Caporaso, J.G., Kuczynski, J., Stombaugh, J., Bittinger, K.,
Bushman, F.D., Costello, E.K., et al. (2010) QIIME allows
analysis of high-throughput community sequencing data.
Nat Methods 7: 335-336.

Chao, A. (1987) ) Estimating the population size for capture-
recapture data with unequal catchability. Biometrics 43:
783-791.

Christaki, U., Courties, C., Massana, R., Catala, P., Lebaron,
P., Gasol, J.M., and Zubkov, M.V. (2011) Optimized routine
flow cytometric enumeration of heterotrophic flagellates
using SYBR Green |. Limnol Oceanogr Meth 9: 329-
339.

Cottrell, M.T., and Kirchman, D.L. (2000) Natural assem-
blages of marine proteobacteria and members of the
Cytophaga-Flavobacter cluster consuming low-and high-
molecular-weight dissolved organic matter. App! Environ
Microbiol 66: 1692—1697.

Cowie, G.L., and Hedges, J.I. (1994) ) Biochemical indicators
of diagenetic alteration in natural organic matter mixtures.
Nature 369: 304-307.

Dauwe, B., Middleburg, J.J., Herman, P.M.J., and Heip,
C.H.R. (1999) Linking diagenetic alteration of amino acids
and bulk organic matter reactivity. Limnol Oceanogr 44:
1809-1814.

Davis, J., Kaiser, K., and Benner, R. (2009) Amino acid and
amino sugar yields and compositions as indicators of dis-
solved organic matter diagenesis. Org Geochem 40: 343—
352.

DeSantis Jr, T., Hugenholtz, P., Keller, K., Brodie, E., Larsen,
N., Piceno, Y., etal. (2006) NAST: a multiple sequence
alignment server for comparative analysis of 16S rRNA
genes. Nucleic Acids Res 34: 394-399.

Dinasquet, J., Kragh, T., Schroter, M.-L., Sondergard, M., and
Riemann, L. (2013) Functional and compositional succes-
sion of bacterioplankton in response to a gradient in
bioavailable dissolved organic carbon. Environ Microbiol.
doi :10.1111/1462-2920.12178.

Dittmar, T., Koch, B., Hertkorn, N., and Kattner, G. (2008) A
simple and efficient method for the solid-phase extraction
of dissolved organic matter (SPE-DOM) from seawater.
Limnol Oceanogr Meth 6: 230-235.

Eckburg, P.B., Bik, E.M., Bernstein, C.N., Purdom, E.,
Dethlefsen, L., Sargent, M., etal. (2005) Diversity of
the human intestinal microbial flora. Science 308: 1635-
1638.

Elifantz, H., Malmstrom, R.R., Cottrell, M.T., and Kirchman,
D.L. (2005) Assimilation of Polysaccharides and Glucose
by major bacterial groups in the Delaware Estuary. Appl/
Environ Microbiol 71: 7799-7805.

Faith, D.P., and Baker, A.M. (2007) Phylogenetic diversity
(PD) and biodiversity conservation: some bioinformatics
challenges. Evol Bioinform Online 2: 121-128.

Fandino, L.B., Riemann, L., Steward, G.F., Long, R.A., and
Azam, F. (2001) Variations in bacterial community structure
during a dinoflagellate bloom analyzed by DGGE and 16S
rDNA sequencing. Aquat Microb Ecol 23: 119-130.

Fernandez, A., Huang, S., Seston, S., Xing, J., Hickey, R.,
Criddle, C., etal. (1999) How stable is stable? Function
versus community composition. App! Environ Microbiol 65:
3697-3704.

Fuhrman, J.A., and Hagstrom, A. (2008) Bacterial and
Archaeal community structure and its patterns. In Microbial
Ecology of the Oceans. Kirchman, D.L. (ed.). Hoboken, NJ,
USA: John Wiley & Sons, Inc, pp. 45-90.

Goldman, J.C., Caron, D.A., and Dennett, M.R. (1987) Regu-
lation of gross growth efficiency and ammonium regenera-
tion in bacteria by substrate C:N ratio. Limnol Oceanogr
32: 1239-1252.

Goémez-Consarnau, L., Lindh, M.V., Gasol, J.M., and
Pinhassi, J. (2012) Structuring of bacterioplankton commu-
nities by specific dissolved organic carbon compounds.
Environ Microbiol 14: 2361-2378.

Haas, B.J., Gevers, D., Earl, A.M., Feldgarden, M., Ward,
D.V., and Giannoukos, G., et al. (2011) Chimric 16S rRNA
sequence formation and detection in Sanger and 454-
pyrosequenced PCR amplicons. Genome Res 21: 494—
504.

Hahn, M.W., and Héfle, M.G. (2001) Grazing of protozoa and
its effect on populations of aquatic bacteria. FEMS
Microbiol Ecol 35: 113-121.

Hannen, E.J., Van Mooij, W., Agterveld, M.P., Van Gons, H.J.,
and Laanbroek, H.J. (1999) Detritus-dependent develop-
ment of the microbial community in an experimental
system: qualitative analysis by denaturing gradient gel
electrophoresis. Appl Environ Microbiol 65: 2478—-2484.

Hedges, J.I. (1992) Global biogeochemical cycles: progress
and problems. Mar Chem 39: 67-93.

Hedges, J.l., Cowie, G.L., Richey, J.E., Quay, P.D., Benner,
R., Strom, M., etal. (1994) ) Origins and processing of
organic matter in the Amazon River as indicated by carbo-
hydrates and amino acids. Limnol Oceanogr 39: 743—
761.

Hertkorn, N., Benner, R., Frommberger, M., Schmitt-Kopplin,
P., Witt, M., Kaiser, K., et al. (2006) Characterization of a
major refractory component of marine dissolved organic
matter. Geochim Cosmochim Acta 70: 2990-3010.

Hill, M.O. (1973) Diversity and evenness: a unifying notation
and its consequences. Ecology 54: 427-432.

Hunt, D.E., David, L.A., Gevers, D., Preheim, S.P., Aim, E.J.,
and Polz, M.F. (2008) Resource partitioning and sympatric
differentiation among closely related Bacterioplankton.
Science 320: 1081-1085.

Johnson, Z.., Zinser, E.R., Coe, A., McNulty, N.P,
Woodward, E.M., and Chisholm, S.W. (2006) ) Niche par-
titioning among Prochlorococcus ecotypes along ocean-
scale environmental gradients. Science 311: 1737—-1740.

© 2013 John Wiley & Sons Ltd and Society for Applied Microbiology, Environmental Microbiology



Kaiser, K., and Benner, R. (2000) Determination of Amino
sugars in environmental samples with high salt content by
high-performance Anion-exchange chromatography and
pulsed Amperometric detection. Anal Chem 72: 2566—
2572.

Kim, S., Kramer, R.W., and Hatcher, P.G. (2003) Graphical
method for analysis of ultrahigh-resolution broadband
mass spectra of natural organic matter, the Van Krevelen
Diagram. Anal Chem 75: 5336-5344.

Kirchman, D.L., Dittel, A.l., Findlay, S.E., and Fischer, D.
(2004) Changes in bacterial activity and community struc-
ture in response to dissolved organic matter in the Hudson
River, New York. Aquat Microb Ecol 35: 243-257.

Laghdass, M., Blain, S., Besseling, M., Catala, P., Guieu, C.,
and Obernosterer, |. (2011) Effects of Saharan dust on the
microbial community during a large in situ mesocosm
experiment in the NW Mediterranean Sea. Aquat Microb
Ecol 62: 201-213.

Landa, M., Cottrell, M.T., Kirchman, D.L., Blain, S., and
Obernosterer, 1. (2013) Changes in bacterial diversity in
response to dissolved organic matter supply in a continu-
ous culture experiment. Aquat Microb Ecol 69: 157—168.

Langenheder, S., Lindstrom, E.S., and Tranvik, L.J. (2005) )
Weak coupling between community composition and func-
tioning of aquatic bacteria. Limnol Oceanogr 50: 957-967.

Lebaron, P., Servais, P., Agogue, H., Courties, C., and Joux,
F. (2001) ) Does the high nucleic acid content of individual
bacterial cells allow us to discriminate between active cells
and inactive cells in aquatic systems. Appl Environ
Microbiol 67: 1775—-1782.

McCarren, J., Becker, J.W., Repeta, D.J., Shi, Y., Young,
C.R., Malmstrom, R.R., et al. (2010) Microbial community
transcriptomes reveal microbes and metabolic pathways
associated with dissolved organic matter turnover in the
sea. Proc Natl Acad Sci U S A 107: 16420-16427.

Martin, A.P. (2002) Phylogenetic approaches for describing
and comparing the diversity of microbial communities. App/
Environ Microbiol 68: 3673-3682.

Matz, C., and Jargens, K. (2003) ) Interaction of nutrient
limitation and protozoan grazing determines the pheno-
typic structure of a bacterial community. Microb Ecol 45:
384-398.

Mopper, K., and Lindroth, P. (1982) Diel and depth variations
in dissolved free amino acids and ammonium in the Baltic
Sea determined by shipboard HPLC analysis. Limnol
Oceanogr 27: 336-347.

Moran, M.A. (2008) Genomics and Metagenomics of Marine
Prokaryotes. In Microbial Ecology of the Oceans. Kirchman,
D.L. (ed.). Hoboken, NJ, USA: John Wiley & Sons, Inc, pp.
91-129.

Mou, X., Sun, S., Edwards, R.A., Hodson, R.E., and Moran,
M.A. (2008) ) Bacterial carbon processing by generalist
species in the coastal ocean. Nature 451: 708-711.

Myklestad, S., Holm-Hansen, O., Varum, K.M., and Volcani,
B. (1989) Rate of release of extracellular amino acids and
carbohydrates from the marine diatom Chaetoceros affinis.
J Plankton Res 11: 763—-773.

Nagata, T. (2008) Organic Matter—Bacteria Interactions in
Seawater. In Microbial Ecology of the Oceans. Kirchman,
D.L. (ed.). Hoboken, NJ, USA: John Wiley & Sons, Inc, pp.
207-241.

Bacterial diversity and dissolved organic matter 13

Nelson, C.E., and Carlson, C.A. (2012) Tracking differential
incorporation of dissolved organic carbon types among
diverse lineages of Sargasso Sea bacterioplankton.
Environ Microbiol 14: 1500-1516.

Obernosterer, I., Lami, R., Larcher, M., Batailler, N., Catala,
P., and Lebaron, P. (2010) Linkage between bacterial
carbon processing and the structure of the active bacterial
community at a coastal site in the NW Mediterranean Sea.
Microb Ecol 59: 428—-435.

Peter, S., Shen, Y., Kaiser, K., Benner, R., and Durisch-
Kaiser, E. (2012) Bioavailability and diagenetic state
of dissolved organic matter in riparian groundwater.
J Geophys Res 117: G04006. doi:10.1029/2012JG002072.

Poretsky, R.S., Sun, S., Mou, X., and Moran, M.A. (2010)
Transporter genes expressed by coastal bacterioplankton
in response to dissolved organic carbon. Environ Microbiol
12: 616-627.

Price, M.N., Dehal, P.S., and Arkin, A.P. (2009) FastTree:
computing large minimum evolution trees with profiles
instead of a distance matrix. Mol Biol Evol 26: 1641-1650.

Rink, B., Seeberger, S., Martens, T., Duerselen, C.-D.,
Simon, M., and Brinkhoff, T. (2007) Effects of phytoplank-
ton bloom in a coastal ecosystem on the composition of
bacterial communities. Aquat Microb Ecol 48: 47—-60.

Rinta-Kanto, J.M., Sun, S., Sharma, S., Kiene, R.P.,, and
Moran, M.A. (2012) Bacterial community transcription pat-
terns during a marine phytoplankton bloom. Environ
Microbiol 14: 228-239.

Rooney-Varga, J.N., Giewat, M.W., Savin, M.C., Sood, S.,
LeGresley, M., and Martin, J.L. (2005) Links between Phy-
toplankton and bacterial community dynamics in a coastal
marine environment. Microb Ecol 49: 163—175.

Sarmento, H., and Gasol, J.M. (2012) Use of phytoplankton-
derived dissolved organic carbon by different types of
bacterioplankton. Environ Microbiol 14: 2348—2360.

Sebastian, M., and Gasol, J.M. (2013) Heterogeneity in the
nutrient limitation of different bacterioplankton groups in
the Eastern Mediterranean Sea. ISME J 7: 1665—-1668.
doi: 10.1038/ismej.2013.42.

Simek, K., Vrba, J., Pernthaler, J., Posch, T., Hartman, P,
Nedoma, J., et al. (1997) Morphological and compositional
shifts in an experimental bacterial community influenced by
protists with contrasting feeding modes. App/ Environ
Microbiol 63: 587-595.

Skoog, A., and Benner, R. (1997) Aldoses in various size
fractions of marine organic matter: implications for carbon
cycling. Limnol Oceanogr 42: 1803-1813.

Sleighter, R.L., McKee, G.A., Liu, Z., and Hatcher, P.G.
(2008) Naturally present fatty acids as internal calibrants
for Fourier transform mass spectra of dissolved organic
matter. Limnol Oceanogr Meth 6: 246—253.

Tada, Y., Taniguchi, A., Nagao, I., Miki, T., Uematsu, M.,
Tsuda, A., et al. (2011) Differing growth responses of major
Phylogenetic groups of marine bacteria to natural Phyto-
plankton blooms in the Western North Pacific Ocean. App/
Environ Microbiol 77: 4055-4065.

Teeling, H., Fuchs, B.M., Becher, D., Klockow, C.,
Gardebrecht, A., Bennke, C.M., etal. (2012) Substrate-
controlled succession of marine Bacterioplankton popula-
tions induced by a Phytoplankton bloom. Science 336:
608-611.

© 2013 John Wiley & Sons Ltd and Society for Applied Microbiology, Environmental Microbiology



14 M. Landa et al.

Tréguer, P., and Le Corre, P.L. (1975) Manuel d’analyse des
sels nutritifs dans I'eau de mer (utilisation de I'autoanalyzer
Il Technicon R) (Brest: UBO).

Wang, Q., Garrity, G.M., Tiedje, J.M., and Cole, J.R. (2007)
Naive bayesian classifier for rapid assignment of rRNA
sequences into the new bacterial taxonomy. Appl Environ
Microbiol 73: 5261-5267.

Wawrik, B., Kerkhof, L., Kukor, J., and Zylstra, G. (2005) )
Effect of different carbon sources on community composi-
tion of bacterial enrichments from soil. Appl Environ
Microbiol 71: 6776—-6783.

West, N.J., Obernosterer, ., Zemb, O., and Lebaron, P. (2008)
Major differences of bacterial diversity and activity inside
and outside of a natural iron-fertilized phytoplankton bloom
in the Southern Ocean. Environ Microbiol 10: 738-756.

Wolcott, R.D., Gontcharova, V., Sun, Y., and Dowd, S.E.
(2009) Evaluation of the bacterial diversity among and
within individual venous leg ulcers using bacterial tag-
encoded FLX and Titanium amplicon pyrosequencing and
metagenomic approaches. BMC Microbiol 9: 226.

Zimmerman, A.E., Martiny, A.C., and Allison, S.D. (2013)
Microdiversity of extracellular enzyme genes among
sequenced prokaryotic genomes. ISME J 7: 1187—1199.

Supporting information

Additional Supporting Information may be found in the online
version of this article at the publisher's web-site:

Fig. S1. Schematic illustration of the experimental set up.
The grey-shaded boxes represent the continuous cultures
inoculated at the beginning of the experiment with a natural
bacterial community, and then supplied with the respective
medium. A detailed description of the experiment is provided
in the Section ‘Experimental procedures’.

Fig. S2 van Krevelen diagrams showing compounds
detected exclusively in the diatom DOM and exclusively in
the cyanobacterial DOM, and their chemical characteristics.
m/z — averaged molecular weight.

Fig S3. A. Heat map representing major OTUs (> 1%) for the
bacterial communities in each culture after three generation
times. Relative abundance of OTUs is presented as follows:
Dark blue — dominant OTU; middle blue — OTUs with relative
abundances higher than 5%; light blue — OTUs with relative
abundances higher than 1%; Grey — OTUs with relative abun-
dances less than 1%; Dark — OTUs absent from culture. The
relative abundance of the dominant OTU was 22% (diatom
DOM, R1), 21% (diatom DOM, R2), 46% (cyanobacterial
DOM, R1) and 35% (cyanobacterial DOM, R2). The OTU
numbers marked in red were also dominant after six genera-
tion times.

B. Heat map representing major OTUs (> 1%) for the bacterial
communities in each culture after six generation times. Rela-
tive abundance of OTUs is presented as follows: Dark blue —
dominant OTU; middle blue — OTUs with relative abundances
higher than 5%; light blue — OTUs with relative abundances
higher than 1%; Grey — OTUs with relative abundances less
than 1%; Dark — OTUs absent from culture. The relative
abundance of the dominant OTU was 11% (diatom DOM, R1),
9% (diatom DOM, R2), 37% (cyanobacterial DOM, R1) and
25% (cyanobacterial DOM, R2). The OTU numbers marked in
red were dominant after three generation times.

Fig. S4. Rarefaction curves of diversity indices determined
for Gammaproteobacteria after three (left panels) and six
(right panels) generation times.

Table S1. Concentrations of dissolved organic carbon
(DOC), nitrate + nitrite (NO;+NO,") and phosphate (PO.*) in
the input media and the cultures during the experimental
period. Mean values + SD are given. Nitrogen was also
added in the form of NH,* (20 uM final concentration) to the
two input media. For each time point, the average value of the
two replicate cultures for each treatment was used to calcu-
late the mean value. n=number of time points for which
chemical analyses were done.

Table S2. Phylogenetic characterization of the inoculum.
Numbers correspond to the relative contribution of each
group to the total community. Phylogenetic affiliation was
done using the RDP classifier against the Greengenes data-
base. ‘Other’ refers to pooled assemblages of groups with
low sequence numbers and to non-assigned sequences.
Table S3. Percent sequences belonging to phylogenetic
groups within Gammaproteobacteria after three and six gen-
eration times in diatom and cyanobacterial DOM cultures.
Numbers correspond to mean value of the replicates + SD.
Phylogenetic affiliation was done using the RDP classifier
against the Greengenes database. ‘Other’ refers to pooled
assemblages of groups with low sequence numbers and to
non-assigned sequences.

Table S4. Percent sequences belonging to phylogenetic
group within proteobacteria (except Gammaproteobacteria,
see Table S3) after three and six generation times in diatom
and cyanobacterial DOM cultures. Numbers correspond to
mean value of the replicates + SD. Phylogenetic affiliation
was done using the RDP classifier against the Greengenes
database. ‘Other’ refers to pooled assemblages of groups
with low sequence numbers and to non-assigned sequences.
Table S5. Percent sequences belonging to other phylo-
genetic groups after three and six generation times in diatom
and cyanobacterial DOM cultures. Numbers correspond to
mean value of the replicates £ SD. Phylogenetic affiliation
was done using the RDP classifier against the Greengenes
database. ‘Other’ refers to pooled assemblages of groups
with low sequence numbers and to non-assigned sequences.
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Figure S1: Schematic illustration of the experimental set up. The grey shaded boxes
represent the continuous cultures inoculated at the beginning of the experiment with a
natural bacterial community, and then supplied with the respective medium. A detailed
description of the experiment is provided in the Section “Experimental Procedures”.
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Fig. S2: van Krevelen diagrams showing compounds detected exclusively in the Diatom
DOM and exclusively in the Cyanobacterial DOM, and their chemical characteristics. m/z
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Average number C =23.69 +6.2; 100% of compounds
Average number H = 32.57 + 7.08; 100% of compounds
Average number O = 6.81 £ 2.24; 100% of compounds
Average number N = 1.75 + 1.58; 64% of compounds
Average number S = 0.26 + 0.47; 24.1% of compounds
Average number P = 0.081 £ 0.32; 6.7% of compounds
Average m/z = 461.3 £+ 95.46



Figure S3a :

Heatmap representing major OTUs (>1%) for the bacterial communities in each culture after
3 generation times. Relative abundance of OTUs is presented as follows: Dark blue —
dominant OTU; middle blue — OTUs with relative abundances higher than 5%; light blue —
OTUs with relative abundances higher than 1%; Grey - OTUs with relative abundances less
than 1%; Dark — OTUs absent from culture. The relative abundance of the dominant OTU
was 22% (Diatom DOM, R1); 21% (Diatom DOM, R2) ; 46% (Cyanobacterial DOM, R1)
and 35% (Cyanobacterial DOM, R2). The OTU numbers marked in red were also dominant
after 6 generation times.

OTU number | Diatom DOM, R1 Diatom DOM, R2 Cygrg)lt)/[atclt{e lr fal Cy]grg)lt)/i c}t{eznal Taxonomy
225 Bacteriovoracaceae ()
772 Methylophaga (y)
2290 Methylophaga (y)
278 Oleibacter (y)
296 Piscirickettsiaceae (y)
3211 Oceanospirillaceae (y)
1289 Alcanivorax (y)
1208 Piscirickettsiaceae (y)
299 Alteromonadaceae (y)
126 Phaeobacter (o)
1521 Oceanospirillaceae (y)
1154 Alteromonadaceae (y)
2279 Oleiphilaceae (y)
3318 _ Piscirickettsiaceae (y)
912 | Thalassobius (o)
1310 Rhodobacteraceae (o)
127 Rhodobacteraceae (o)
844 Phaeobacter (o)
929 Oceanospirillaceae (y)
2039 Piscirickettsiaceae (y)
2434 Phaeobacter (0)
219 Alteromonadaceae (y)
220 Alcanivorax (y)
2583 Alcanivorax (y)
1286 Alteromonas (y)
Piscirickettsiaceae (y)
Piscirickettsiaceae (y)
Piscirickettsiaceae (y)
Oceanospirillaceae (y)
Vibriofortis (y)
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Figure S3b :

Heatmap representing major OTUs (>1%) for the bacterial communities in each culture after
6 generation times. Relative abundance of OTUs is presented as follows: Dark blue —
dominant OTU; middle blue — OTUs with relative abundances higher than 5%; light blue —
OTUs with relative abundances higher than 1%; Grey - OTUs with relative abundances less
than 1%; Dark — OTUs absent from culture. The relative abundance of the dominant OTU
was 11% (Diatom DOM, R1) ; 9% (Diatom DOM, R2) ; 37% (Cyanobacterial DOM, R1) and
25% (Cyanobacterial DOM, R2). The OTU numbers marked in red were dominant after 3
generation times.

OTU number | Diatom DOM, R1 | Diatom DOM, R2 Cyg‘g’;’zcglr fal ‘ Cygg’;’i“g‘al ‘ Taxonomy

772 Methylophaga (y)
2290 _ | Methylophaga (v)
278 Oleibacter (y)
347 @)

225 Bacteriovoracaceae (9)
632 _ Methylophilaceae ()
299 Alteromonadaceae (y)
2718 Sinobacteraceae (y)
844 Phaeobacter (0)
2630 Chromatiales (y)
2417 _ Hyphomonadaceae (o)
2544 _ Oceanospirillales (y)
2909 Methylophilaceae (B)
1208 Piscirickettsiaceae (y)
699 Alteromonadales (y)
2072 Alteromonadaceae (y)
1316 _ Cryomorphaceae (CFB)
2100 Pelagibacteraceae (o)
126 Phaeobacter (o)
1154 Alteromonadaceae (y)
564 ()

1289 Alcanivorax (y)
912 Thalassobius (o)
127 Rhodobacteraceae ()
1310 Rhodobacteraceae ()
2770 Rhodobacteraceae ()
220 Alcanivorax (y)
1173 Alteromonadales (y)
923 Methylophilaceae (B)
1260 Alteromonadaceae (y)
3453 (o)

1403 Saprospiraceae (CFB)
859 Piscirickettsiaceae (y)
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Figure S4

Rarefaction curves of diversity indices determined for Gammaproteobacteria after 3 (left
panels) and 6 (right panels) generation times.
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Table S1. Concentrations

of dissolved organic

carbon (DOCQ),

nitrate+nitrite (NO3 +NO2 ) and phosphate (PO43 ) in the input media and

the cultures during the experimental period. Mean values * SD are given.

Nitrogen was also added in the form of NH4* (20 pM final concentration)

to the two input media. For each time point, the average value of the two

replicate cultures for each treatment was used to calculate the mean

value. n= number of time points for which chemical analyses were done.

DOC (uM) NO3 +NO2 (pM) PO43 (uM)
Input medium

Diatom DOM 75%2 187+7 21+1
(n=11) (n=11) (n=11)

Cyanobacterial 73+3 196+7 26%3
DOM (n=11) (n=11) (n=11)

Cultures

Diatom DOM 75%2 191+10 211
(n=12) (n=12) (n=11)

Cyanobacterial 752 20310 26%3
DOM (n=12) (n=12) (n=11)
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Table S2. Phylogenetic characterization of the inoculum. Numbers correspond to the relative contribution of
each group to the total community. Phylogenetic affiliation was done using the RDP classifier against the
Greengenes database. ‘Other’refers to pooled assemblages of groups with low sequence numbers and to non-

assigned sequences.

Phylum Class Order Family Genus Imtlal.
community
Actinobacteria Acidimicrobiia Acidimicrobiales 4.78
0CS155 2.94
ZA3409c 1.62
Other 0.21
Bacteroidetes 1.13
Flavobacteriia Flavobacteriales 1.04
Cryomorphaceae  Fluviicola 0.09
Flavobacteriaceae 0.55
Other 0.31
Other 0.09
Sphingobacteriia Sphingobacteriales Ekhidnaceae 0.09
Chloroflexi 0.95
SAR202 0.28
TK17 0.67
Cyanobacteria 2.30
Synechococcophycideae Synechococcales Synechococcaceae Prochlorococcus 2.20
Other 0.09
Gemmatimonadetes 0.46
Planctomycetes 0.21
Proteobacteria 76.77
Alphaproteobacteria 57.30
Rhizobiales Hyphomicrobiaceae 0.15
Rhodobacterales Rhodobacteraceae 1.07
Rhodospirillales Rhodospirillaceae 4.53
Rickettsiales 49.28
AEGEAN_112 0.64
Pelagibacteraceae Pelagibacter 38.35
Other 10.28
Other 2.27
Betaproteobacteria 0.92
Methylophilales Methylophilaceae 0.83
Other 0.09
Deltaproteobacteria 2.54
Bdellovibrionales  Bacteriovoracaceae 0.06
Desulfobacterales  Nitrospinaceae Nitrospina 0.09
Myxococcales 0.12
Sva0853 2.05
Other 0.21
Gammaproteobacteria 15.70
Alteromonadales 0.18
Chromatiales 1.47
HTCC2188 0.83
Oceanospirillales 9.37
Halomonadaceae 8.97
0M182 0.40
Thiohalorhabdales 2.88
Thiohalorhabdaceae 0.83
Other 2.05
Xanthomonadales 0.06
Other 0.92
Other 0.31
SAR406 AB16 6.58
SBR1093 1.25
Verrucomicrobia 0.37
Other 0.36
Non assigned 4.84
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Table S3. Percent sequences belonging to phylogenetic groups within Gammaproteobacteria after 3 and 6
generations in diatom- and cyanobacterial DOM cultures. Numbers correspond to mean value of the replicates + SD.
Phylogenetic affiliation was done using the RDP classifier against the Greengenes database. ‘Other’refers to pooled
assemblages of groups with low sequence numbers and to non-assigned sequences.

3 generations 6 generations
Diatom DOM Cyanthz)al\cjlterlal Diatom DOM Cyanthz)al\cjlterlal
Order Family Genus % of total sequences
S G b . 65.66 74.70 56.40 82.74
um of Gammaproteobacteria +092 +1949 +13.22 2248
C L . 30.48 31.71 19.44 14.24
Thiotrichales Piscirickettsiaceae +1.01 +938 +814 +517
10.30 25.31 16.54 13.91
Methylophaga +9.83 +18.02 +8.50 +4.87
20.18 6.40 2.90 0.33
Other +10.85 + 8.64 +0.36 +0.29
0 irillal 21.56 35.31 13.96 51.99
ceanospiritiales +4.96 +29.91 +2.05 +0.90
Al . Al . 4.13 29.57 4.05 40.48
canivoracaceae canivorax +0.74 +3343 +203 £ 654
0 irill 15.82 5.34 6.49 11.28
ceanospirifiaceae +2.89 +3.32 +4.44 +7.24
Oleib 8.61 0.96 5.69 9.67
etbacter +2.08 +0.45 +3.68 +6.14
Oleispi 0.08 0.11 0.03 0
etspira +0.02 +0.02 +0.05 +0
Oth 7.13 4.27 0.77 1.61
ther +4.94 +3.74 £0.72 +1.11
. 1.24 0.10 0.37 0.13
Oleiphilaceae +1.13 +0 +0.25 +0.09
Oth 0.37 0.30 3.05 0.11
ther +0.20 +0.20 +0.29 £0.11
Alteromonadales 8.05 518 12.11 10.10
+0.38 +1.01 +3.27 +7.15
Alteromonadaceae 6.38 4.21 7.86 6.22
+0.68 +0.54 +3.00 +4.20
Alteromonas 0.19 1.13 0.11 0.62
+0.05 +1.51 +0.11 +0.65
2.03 1.13 2.30 2.70
BD2 13 +1.38 +1.01 +1.67 +2.41
Glaciecola 0.59 0 1.08 0
+0.47 +0 +0.23 +0
0.64 0.22 1.64 0.97
HTCC2207 +0.59 +0.14 +1.11 +0.47
1.95 0.19 1.67 1.05
Zbo117 +1.40 +0.09 +1.65 +0.59
Other 0.99 1.53 1.05 0.88
+0.99 +1.76 +1.31 +0.07
Colwelliaceae 0.32 0.69 0.41 0.40
+0.32 +0.70 +0.27 +0.56
Thalassomonas 0.06 0 0.05 0
+0.09 +0 +0.02 +0
Other 0.26 0.69 0.37 0.40
+0.23 +0.70 +0.25 +0.56
0.86 0.26 3.03 3.38
J115 +0.72 +0.18 +0.18 +2.30
Shewanellaceae 0.37 0.03 0.57 0.05
+0.07 +0.05 +0 +0.07
Other 0.13 0 0.22 0.05
+0.05 +0 +(0.18 +0.02
4.88 1.40 4.08 5.09
HTCC2188 +2.57 +1.04 +0.54 +0.34
Chromatiales 0.26 0 2.57 0.14
+0 +0 +0.43 +0.07
0.03 0 3.64 091
Xanthomonadales +0.05 +0 +099 £ 007
Other 0.40 1.10 0.61 0.27
+0.02 +1.06 +23 +0.07
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Table S4. Percent sequences belonging to phylogenetic group within Proteobacteria (excep