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Abstract
Bacterioplankton provide important ecosystem functions by carrying out
biogeochemical cycling of organic matter. Playing an important role in the microbial
loop they help remineralize carbon and nutrients. Bacteria also interact with
phytoplankton during phytoplankton blooms. However, fundamental understanding on
the underlying molecular mechanisms involved in the degradation of phytoplanktonderived organic matter is still in its infancy. Therefore, we analysed data from a
mesocosm experiment following a natural phytoplankton-bloom from an upwelling
system in the North- East Atlantic Ocean. The purpose was to contribute a mechanistic
understanding based on functional gene expression analysis of natural microbial
assemblages. Our results show the difference in functional gene expression within a
bacterial metacommunity and how this functional response drastically switches between
bloom build up and senescence. Transcripts showed a broad change in gene expression
involving major SEED categories, with the bloom senescence phase exhibiting a higher
relative abundance in major categories such as Carbohydrates, Protein Metabolism and
Amino Acids and Derivatives. Within these categories genes connected to carbon
utilization and transport systems (Ton and Tol) as well as chemotaxis showed a higher
abundance during bloom senescence. The change in functionality based on transcripts
showed a different bacterial community composition appearing over a very short time.
We thus conclude that the bacterial functional gene expression response between buildup and degradation bloom phases is remarkably different and associated with a change

in the identity of bacteria with active expression. Our findings highlight the importance
of bacterial substrate specialists with different functional roles during different time
points of phytoplankton blooms.

Sammanfattning
Bakterioplankton bidrar med viktiga ekosystemfunktioner genom biogeokemisk cykling
av grundämnen. Genom remineralisering av kol och nutrienter spelar de en viktig roll i
"The microbial loop". Bakterier interagerar även med fytoplankton när dessa bildar
blomningar. En fundamental förståelse för de ungerliggande molekylära mekanismerna
involverade i degradering av fytoplankton deriverat organiskt material är fortfarande i
ett tidigt stadie. Därför utförde vi ett mesocosm-experiment under en naturlig
fytoplankton blomning i ett upvällningssystem i nordöstra Atlanten. Syftet var att bidra
med en mekanistisk förståelse baserad på genuttryck-analys av naturliga mikrobiella
samhällen. Våra resultat visar skillnader i funktionella genuttryck inom ett bakteriellt
meta-sammhälle och hur uttrycken skiftar drastiskt mellan tidig jämfört med sen
blomningsfas. Gentranskripten visade en bred förändring i genuttryck och involverade
stora SEED-kategorier, där slutfasen av blomningen visade en högre relativ abundans
inom kategorier som Carbohydrates, Protein Metabolism, och Amino Acids and
Derivatives. Inom dessa kategorier, visade även gener kopplade till kol-metabolism
(Ton and Tol) samt kemotaxis ett förhöjt uttryck under blomningens senare fas.
Förändringen i funktionalitet baserad på gentranskript visade ett väldigt annorlunda
bakteriellt samhälle formas på mycket kort tid. Därför drar vi slutsatsen att responsen
till fytoplankton-blomningen i form av bakteriellt funktionellt genuttryck är oerhört
annorlunda mellan blomingens olika faser och associeras med en förändring i bakteriell
taxonomi med aktivt genuttryck.
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Introduction
Upwelling zones are characterized by introgression of cool nutrient rich water into
surface waters typically depleted in nutrients This induces phytoplankton growth with
high chloryphyll a (chl a) concentrations and elevated primary production values in the
surface water column (Picado et al. 2015).
Bloom events affect the entire ecosystem by creating fluctuations in nutrient ratios and
production of organic matter (Bunse and Pinhassi 2017, Pinhassi and Hagström 2000,
Nogueira et al. 1997, Tada et al. 2011). These variations create noticeable patterns in the
environment, affecting other trophic levels. Different ways of influencing the
ecosystems include altering the stoichiometry of available organic compounds, or
competition among microorganisms for (in)organic nutrients. The phytoplankton
themselves are also part of the diet of organisms from higher trophic levels, and are
known to be grazed upon by zooplankton, and may even control the zooplankton
populations and subsequently higher trophic levels by a bottom-up cascade.
Furthermore, heterotrophic bacteria are thought to be dependent on phytoplankton as
they process phytoplankton-derived organic matter (Buchan et al. 2014). Yet, little is
known about how bacterial functionality and community shifts between phytoplankton
bloom build up and senescence phases.
Bacterio- and archaeoplankton communities comprise an essential cornerstone in
aquatic systems, providing several important functions to the ecosystem, for example
cycling of biologically relevant elements such as carbon, nitrogen, oxygen and
hydrogen (Falkowski et al. 2008). Marine bacteria exhibit an astonishing ability to
utilize a variety of electron acceptors and different organic substrates, and even light
energy can be utilized to create a proton motive force (Gómez-Consarnau et al. 2010).
This metabolic diversity gives bacteria a wide range of tools allowing them to exist in
most environments (Falkowski et al. 2008). Additionally, the transfer of genes, not only
vertically, but also horizontally allows bacteria to exchange genetic material
(Rodriguez-Valera et al. 2016). Horizontal gene transfer (HGT) provides benefits to
bacterial evolution in terms of potentially rapid adaptations among bacterial
populations, and may even help transfer metabolic adaptations between bacteria (Juhas
et al. 2009). Furthermore, in aquatic systems, heterotrophic bacterioplankton are key to
the recycling of dissolved organic matter (DOM). The process of incorporating organic
matter into biomass, and subsequently accumulation of newly built and larger organic
entities into higher trophic levels was coined the microbial loop (Azam et al. 1983).
This makes heterotrophic bacterioplankton important players in the biological carbon
pump (Azam 1998). Notably, bacterial interactions with other organisms, directly or
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indirectly, play an important role in forming the ecosystems found today (Ramanan et
al. 2016). An understanding of how and when these interactions take place, and what
effect they have on the aquatic life spectrum is part of learning how impactful the
bacterial community may be on the surrounding environment. For example, bacteria
interact with the availability of biologically relevant compounds such as 2,3dihydroxypropane-1-sulfonate (DHPS) and dissolved organic matter (DOM) (Durham
et al. 2015).
Studies have shown that phytoplankton is usually limited either by sunlight, nitrogen,
phosphorous, or other trace compounds (Sylvan et al. 2006, Brush 2009). However, less
attention has been paid to the role of organic compounds, such as vitamins, and how
they potentially limit phytoplankton growth (Gobler et al. 2007). Recent research
emphasizes organic compounds and their availability in the water column, like vitamins
or hormones, may also be altered by bacteria (Durham et al. 2015, Amin et al. 2015).
Additionally, bacteria may be opportunistic and when resources are stochastically
appearing both spatially and temporally, and using receptors and chemotaxis,
bacterioplankton can quickly sense and take advantage of appearing substrates such as
dissolved organic carbon pulses (Stocker et al. 2008). Furthermore, the bacterioplankton
may also be subjected to top-down control from viruses or flagellates that may reduce
abundant and especially “blooming” bacterial populations, known as the “kill the
winner” hypothesis (Thingstad and Lignell 1997).
With the breakthrough in molecular methods, more insight into the microbial world and
its endeavors has become possible, allowing to study bacterial community composition
and activity in more detail. This shows more intricate and tightly coupled relationships
between bacterial taxa and their nutrient utilization from their surroundings (Teeling et
al. 2012). Introducing the study of the genome, its expression and products; genomics,
transcriptomics and proteomics comprise an essential part of the omics. The omics
allows the tracing of interactions between prokaryotic groups such as community shifts
in microbial assemblages coinciding with phytoplankton blooms (Pinhassi et al. 2004).
Dissolved organic matter (DOM) is a complex category of organic compounds
comprised of low- and high-molecular weight molecules that may be divided into
biomolecules such as amino acids, fatty acids and carbohydrates for example (Nebbioso
and Piccolo 2013). To understand how bacteria interact with these substances, studies
can be directed at the dynamics of different kinds of enzymes and transporters
microorganisms utilize; such as CAZymes, sulfatases or TonB-dependent transporters.
Even studies of transcriptomic responses to changes in the environment have been
performed (Teeling et al. 2012, Morris et al. 2010, Basu et al. 2017) to help understand

the flux of nutrients and carbon coupled to bacteria. These methods may even be used to
track responses that may occur very fast on the transcriptomic level (Lagorce et al.
2012). Effectively expanding beyond the knowledge of who is there and what they are
potentially capable of, the addition of transcriptomics allows for a glimpse of what is
actually happening between bacteria and phytoplankton. Although, there are processes
such as post -translational modification and different decay rates of mRNA that
provides difficulties in interpreting transcriptomics, it still provides important clues as
to what processes organisms studied are relocating their resources on. Transcriptomics
may elucidate active processes such as nutrient acquisition, growth and membrane
transport. which can help understand potential ecological interactions (Cooper and
Smith 2015) such as competition, commensalism and mutualism.
Ample knowledge has been gathered on bacterioplankton dynamics during the
degradation/senescence phase of phytoplankton blooms. However, studies investigating
the early development phase of phytoplankton blooms in comparison to later bloom
stages are to our knowledge missing. The aim of the current study was to investigate the
senescence phase, while also comparing it to the developing phase of the phytoplankton
bloom. The reasoning was that bacteria potentially meet distinct nutritional conditions
under these bloom phases. Therefore, we conducted a mesocosm experiment, with
natural phytoplankton communities from the highly productive upwelling system of the
west coast of Spain, Vigo in the northeast Atlantic. We obtained a metatranscriptomic
dataset covering the entire bloom (8 days), however the main focus is the comparison
between day 1 and 3. We report here for the first time an in-depth study of heterotrophic
bacterioplankton gene expression dynamics across distinct phases of a phytoplankton
bloom. We hypothesized that gene expression between the development and senescence
phase of the bloom would be remarkably different. The experimental setup allowed to
gain new insights into functional aspects of heterotrophic bacterioplankton and their
role in carbon processing during phytoplankton blooms.

Materials and Methods
Preparation of samples and data
This section will cover the retrieving and treatment of samples up until before the part
where this thesis work starts to deal with the sample information.
Study site, sampling and experimental setup
This study is part of the ENVISION project “ElucidatiNg the role of B-VItamins in
microbial plankton community structure, activity and succesSION in a coastal

upwelling system”, which was conducted in three cruises throughout 2016 in the NorthEast Atlantic Ocean at the west-coast of Vigo, Spain (Fig. 1). Sampling of sea water for
this study was carried out during the ENVISION cruise III, from the 5th - 14th of
August 2016 on board the RV Ramon Margalef. Water was collected from 2 m depth
and was pooled in a ~150 L drum. The pooled water was pre-filtered through 200 µm
mesh size filter net in order to exclude larger grazers, before aliquoting in equal
volumes of ~ 10 L at a time until three 190 L tanks were homogeneously filled with
sample water. The three mesocosm tanks were placed in a big flow-through tank and
continuously flushed with in situ water to ensure ambient water temperature during
incubations. The three mesocosm tanks were incubated on board exposed to in situ light
conditions and a day/night cycle. In order to prevent evaporation of water and
contamination of mesocosm tanks by e.g. sea bird excrements, tanks were covered with
transparent PCTE foil (102 µm thick). After sunset tanks were covered with a light-tight
lid until sunrise to prevent exposure due to artificial light sources during night. The
daily sampling procedure was as following, each mesocosm tank was stirred at ~ 12:00,
~ 5 min prior to subsampling of ~5 L water which was used for standard rate
measurements such as bacterial abundance, bacterial production, primary production,
chlorophyll a concentration, organic and inorganic nutrient concentration analysis.
Samples for DNA and RNA analyses were collected every second day (~ 4 L each).

Figure 1. Location of the Vigo ENVISION mesocosm sampling site coordinates:
42°07'42.4"N 8°55'45.0"W

Heterotrophic and autotrophic picoplankton abundances
Abundances of heterotrophic bacteria and picoautotrophs (Synechococcus,
Prochlorococcus, and picoeukaryotes) were determined with a Becton Dickinson
FACSCalibur flow cytometer equipped with a 488 nm laser (Calvo-Díaz & Morán
2006). Samples (1.8 mL) were preserved with 1% paraformaldehyde and 0.05%
glutaraldehyde, and frozen at –80°C until analysis. Aliquots of the same sample were
used for the analysis of picophytoplankton (0.6 mL) and heterotrophic bacteria (0.4
mL). Prior to analysis, heterotrophic bacteria were stained with 2.5 mM SybrGreen
DNA fluorochrome. Picoplankton groups were identified on the basis of their
fluorescence and side scatter (SSC) signatures. Synechococcus and Prochlorococcus
cyanobacteria and three groups of eukaryotic cells (small and large picoeukaryotes plus
cryptophytes) were identified in plots of SSC versus red fluorescence (FL3, >650 nm),
and orange fluorescence (FL2, 585 nm) versus FL3. Two groups of heterotrophic
bacteria were distinguished based on their green fluorescence (FL1, 530 nm) as a proxy
for nucleic acid content: low (LNA) and high nucleic acid (HNA) content bacteria. The
empirical calibrations between SSC and mean cell diameter described in Calvo-Díaz &
Morán (2006) were used to estimate biovolume (BV) of picoautotrophs and
heterotrophic bacteria. BV was finally converted into biomass by using the volume-to-C
conversion factors from Worden et al. (2004) for picophytoplankton and the allometric
relationship of Norland (1993): fg C cell–L = 120 Å~ BV0.72 for heterotrophic
bacteria.
Size-fractionated chlorophyll a (chl a)
Size-fractionated chl a concentrations were determined by using 150 mL water samples
which were filtered sequentially through 3.0 and 0.2 μm polycarbonate filters. Chl a
was extracted with 90% acetone at 4°C overnight and samples were kept in the dark.
Fluorescence was determined using the non-acidification technique (Welschmeyer
1994), with a TD-700 Turner Designs fluorometer calibrated with pure chl a. Mean
values for biological triplicates were calculated.
Bacterial Heterotrophic Production (BP)
Bacterial heterotrophic production was estimated through the [3H]leucine incorporation
method by Kirchman et al. (1985) according to Smith and Azam (1992). Samples were
incubated at in situ temperature in the dark for 1 h, and subsequently leucine
incorporation terminated by spiking the samples with 50% TCA to a final concentration
of 4.5%. Samples were resuspended in 1 mL liquid scintillation cocktail (FilterCount,
Perkin Elmer) and incubated for ~ 24 h at RT in the dark. The leucine incorporation rate
was estimated by counting the radioactivity with a liquid scintillation counter and

subtracting the disintegration per minutes (DPM) of the blank from the mean DPM
counts of triplicate samples.
Primary Production (PP)
75 mL of sample water was aliquoted into four acid-cleaned polystyrene bottles (3 light
and 1 dark) and spiked with NaH14CO3. Subsequently samples were incubated for 3 to 4
h at in situ temperature. After the incubation period, samples were sequentially filtered
through 3.0 and 0.2 μm polycarbonate filters by applying a low vacuum (<50 mm Hg).
Polycarbonate filters were processed according to Marañón et al. (2001) to determine
14

C incorporation rates.

Inorganic and organic nutrients.
Aliquots for inorganic nutrient analysis (NH4, NO2, NO3, PO4, and SiO2) were collected
in 50 mL polyethylene bottles and stored at –20°C until further analysis by standard
colorimetric methods with an Alpkem segmented flow analyzer. Dissolved organic
carbon (DOC) concentrations were obtained by filtering water through 0.2 μm filters
(Pall, Supor membrane Disc Filter) in an all-glass filtration system under elevated air
pressure with N2. Filtered water was collected into pre-combusted (450°C, 12 h) 10 mL
glass bottles, and acidified with H3PO4 to pH < 2 before heat sealing. Samples were
measured with a Shimadzu TOC-CVS analyzer (Pt-catalyst) according to ÁlvarezSalgado & Miller (1998).
mRNA collection and extraction and metatranscriptomics analysis
Microcosm water for metatranscriptomic analysis was filtered during the exponential
growth phase. Approximately 3.5 L of sample water were filtered through Sterivex filter
units (GP 0.22 μm, EMD Millipore), preserved in 2 mL RNAlater (Qiagen) within half
an hour of sampling, immediately flash frozen in liquid nitrogen and stored at -80˚C
until further processing. Total RNA was extracted using a protocol adapted from
Poretsky et al. (2009) with RNeasy Mini Kit (Qiagen). In brief, Sterivex filter units
were thawed on ice at room temperature for 30 min. Subsequently, RNAlater was
removed by using a sterile 20 mL syringe. The inner part of the sterivex filter holding
the filter membrane was cut loose using a razor cutter. Filters were gently transferred
into 15 mL Falcon tubes containing a solution of 4 mL RLT lysis buffer + βMercaptoethanol (10 µL/mL RLT buffer) and 1.5 g of 200 µm zirconium beads (OPS
diagnostics). Cells were disrupted by vortexing the tubes for 15 min at room
temperature (Genie II, Scientific Industries), followed by centrifugation for 5 min at
3260 g, supernatant were transferred to tubes containing 1 volume of 70 % ethanol, and
each sample was mixed by pipetting up and down several times. RNA extraction and

purification were further performed using RNeasy Mini Kit according to manufacturer’s
instructions and each sample was divided into two spin columns. Total RNA was eluted
two times with 35 µL of preheated RNase-free water. Each sample was DNase treated
using TURBO DNA-free Kit (ThermoFisher Scientific) according to manufacturer’s
protocol and DNA removal as well as RNA quality were controlled by running
randomly selected subsamples with a positive control on an Agarose-Gel with bleach
(final con. 0.12%) according to (Aranda et al. 2012). RNA yield was measured using
Nanodrop 2000 (Thermo Fisher Scientific), and fluorometric quantification of RNA
concentration was assessed with Quibit 2.0 (Invitrogen). Prior to transcriptome analysis,
the two best replicates from each sample were selected for further processing.
Ribosomal RNA was depleted using RiboMinus Transcriptome Isolation Kit and
RiboMinus Concentration Module (ThermoFisher Scientific) according to the
manufacturer’s protocols. Shortly, ribosomal RNA molecules were removed by binding
to streptavidin-coated magnetic beads and only the rRNA-depleted fraction was further
concentrated and purified using silica-based spin columns. RNA was amplified using
the MeassageAmp II-Bacteria RNA Amplification Kit (ThermoFisher Scientific)
according to manufacturer’s instructions and finally aRNA was quantified using
Nanodrop and Quibit, and stored at -80°C send for sequencing at the National Genome
Infrastructure, SciLifeLab Stockholm on an Illumina HiSeq 2500 platform in rapid
mode and with v3 chemistry to obtain 2 x125bp long paired-end reads.

Bioinformatics
Metatranscriptomic analysis
The paired-end reads (2x125bp) Illumina HiSeq 2500 raw reads were quality checked
with FastQC (Andrews 2010) and MultiQC (Ewels et al. 2016), adapter sequences were
removed with cutadapt (Martin 2011) and reads trimmed with Sickle (Joshi and Fass
2011) and filtered with ERNE (Del Fabbro et al. 2013) against a “contamination
reference” database to filter reads designated as artefacts (custom made by Morans lab).
Subsequently, forward and reverse reads were merged with PEAR (Zhang et al. 2014)
with default parameters. Merged reads were aligned with DIAMOND (Buchfink et al.
2015) against the NCBI RefSeq protein database (O'Leary, Wright et al. 2016).
Subsequently, taxonomy identifiers and the SEED subsystem were assigned by running
MEGAN (Huson et al. 2016) on the command line. Finally, the megan output files (daa)
were converted into tab separated files (tsv) and a differential gene expression (DGE)
analysis was performed with the R package EdgeR according to Chen et al. (2016) with
RStudio (RStudio 2016) using the packages tidyverse and vegan. The amount of genes
from raw input files until annotation can be seen in Table 1.

Work carried out within the thesis framework
The in-depth comparison of gene expression using tidyverse and vegan is focused on
Day 1 and Day 3, and not the entire experiment. The SEED classification system is
divided into three levels of organization, the first and largest category, known as
SEED1, that classifies the large processes that genes are part of will be referred to in
italics, this involves categories such as Carbohydrates and Protein metabolism. The
second category, SEED2, refers to processes occurring within the highest SEED level,
for example metabolic pathways including Glycolysis and the TCA cycle. Lastly the
third category is comprised of single genes and are referred to as simply genes.
Considering the complexity and hardships in understanding the genes involvement in
different processes, several genes may occur in different SEED1 and 2 categories as it is
not yet possible to determine in what processes the genes are actually involved in if they
are present in more than one larger category.

Results
Overall bloom dynamics
Chl a increased and peaked at Day 2 at a mean concentration of 18 µg L-1, before a
rapid decline starting on Day 2 (Fig. 2). While chl a concentrations decreased, the
dissolved organic carbon (DOC) increased rapidly (Fig. 2), and comparatively high
concentrations were observed from day 2 until the end of the experiment.
Concentrations of phosphorus and inorganic nitrogen decreased rapidly from 0.43 and
6.6 µM to levels below 0.21 and 0.35, respectively within the first two days of
incubations. Bacterial abundance increased on day four with the highest abundance of
close to 1×106 cells mL one day after DOC maximum (Fig. 2). The primary production
-1

peaked at day two reaching a value of 72.6 mgC/m3/h (Fig. S2) and correlated positively
with the chl a concentration. The bacterial production increased from day one to three
while the bacterial abundance decreased during this time, showing an increase that was
not related to the increase in bacterial abundance. The bacterial production peaked at
day five with 87.2 mgC/m3/day.

Figure 2. Dynamics in Chl a, dissolved organic carbon (DOC), bacterial abundance (millions) over the course
of the experiment. Error bars denote standard deviations of triplicate mesocosms.

Comparison of gene expression patterns across the bloom
A non-metric multidimensional scaling (NMDS) was performed to visualize the
differences in the gene expression of the annotated genes between the starting day, day
one and every second day thereafter of incubation. The analysis grouped the days zero
(D0) and day one (D1) closely together, and the biological replicates were grouped
further apart within days compared to between day zero and day one (Fig. 3). The
remaining days showed distinct differences between each other. We further statistically
tested if the observed clusters were different by performing a PERMANOVA based on
pairwise Bray-Curtis distances (P < 0.001df= 3, R2=0.87). The result supported the notion
that expression profiles were indeed significantly different in the comparison between
the bloom development and the senescence phases.

Table 1. The mean number of reads (in millions) for each sample and each step
from raw input to annotated genes representative of taxons (n = number of
biological replicates, sig = significant genes).
cruise day
(sample)
ENV3_D
7
ENV3_D
5
ENV3_D
3
ENV3_D
1

raw

input

assembled

unassembled

annotated

seed

taxon

sig

n

36.2

14.3

10.7

3.6

2.8

0.6

2.8

-

3

33.1

11.9

8.3

3.6

2.4

0.6

2.4

-

3

34.5

14.1

11.1

2.9

4.7

2.2

4.7

657

3

30.3

11.7

8.5

3.2

2.6

1 2.6

728

3

Figure 3. Non metric multidimensional scaling (NMDS) plot of functional gene expressions of all days that
were sampled for transcriptomics (group centroids depicted in crossed open circles).

Comparison of metatranscriptomics between Day 1 and Day 3
Although the transcriptomic data covered the entire experiment, the focus of the current
analysis were on the samples from Day 1 and Day 3 when major shifts in nutrients and
microbial variables were observed. The comparison between these two days also cover
the bloom build up phase and the following senescence phase, making it a comparison
of high interest. The number of genes within each SEED category were summarized
over biological triplicates and compared for the ten most abundant categories (Fig 4).
The genes that were assigned to several SEED categories were counted once in each
category. The highest number of genes overall was found in Carbohydrates, followed
by Amino Acids and Derivatives and Protein Metabolism. The number of genes that was
significantly either up- or downregulated during one of the two days were also
compared (Fig 4). Instead of Carbohydrates, Protein Metabolism was the category with
highest abundance. The amount of significantly differentially expressed genes (P <
0.05) in each category was on average a major part of the total number of genes.

Figure 4. Number of genes found within the top ten SEED categories compared between day one and three,
partitioned into total number of genes (top) and number of significantly ( P<0.05) expressed genes (bottom).

Figure 5. Mean transcript counts per million (CPM) with ± standard deviation (SD) of biological triplicates for
the top ten SEED categories compared between day one and three, calculated for the significantly (P<0.05)
expressed genes (top) and all genes within a category (bottom).

The gene counts were normalized to counts per million and compiled for each SEED
category (Fig. 5) by summarizing the mean CPM of the biological triplicates for each
SEED. The expression patterns of the community showed a similar pattern in seed
categories, with the top three still being Protein Metabolism, Carbohydrates and Amino
Acids and Derivatives. Focusing on the significantly differentially expressed genes, it is
noticeable that genes belonging to Virulence is one of the most abundant groups in the
significantly expressed genes with elevated relative abundance on Day 3.

SEED and SEED2 categories
The genes were chosen based on “impact factor”, which was calculated by the change in
gene “importance” between days based on total abundance and difference in abundance
between days. This means that a gene is ranked based on logfold change and its total
abundance, prioritizing high changes in abundant genes as compared to low changes in
low abundance genes. The SEED2 categories were selected based on the sum of impact
factors of all genes within the category. The SEED2 category represents a level of
organization that relates to metabolic processes and pathways that provide a good
overview of what processes are relatively up- or down- regulated within each SEED
category and is a good way of visualizing functional gene response. This showed that
within the Carbohydrates, processes such as mannose, maltose and maltodextrin
utilization or pathways like the Entner-Doudoroff had a significantly elevated relative
abundance during day three. On the other hand, photosynthetic pathways such as
photorespiration and the Calvin-Benson-Bassham Cycle had a higher abundance during
day one (Fig. 6).
Carbohydrates
Comparing the top ten impactful genes of the Carbohydrates, six were involved in
utilization of different sugars, like mannitol, lactate and glycogen. Most of these
utilization genes had a significantly elevated relative abundance during the third day of
the experiment (Table S1). Looking further into the Carbohydrates, the 50 most
impactful genes constitute genes involved in different pathways such as TCA,
glyoxylate bypass and Calvin-Benson-Bassham cycle. In addition to these pathways,
many of the genes were involved in the metabolism of different sugars, such as N-acetyl
glucosamine and deoxyribose (Table S1).
Cofactors, vitamins and prosthetic groups
B-vitamins have previously been recognized as factors that may limit phytoplankton
growth (Panzeca et al. 2011, Koch et al. 2011). Vitamin B12, also known as cobalamin,
is required for the methionine synthase (MetH) (Banerjee et al. 1989) to produce
methionine. Another variant of the enzyme, known as MetE, is not dependent on
cobalamin and is preferentially used during cobalamin deficiency (Croft et al. 2005) to
produce the amino acid. The metH-gene in the build up phase (Day 1) had a
significantly higher relative abundance as compared to the senescence phase (Day 3)
(Table S2), while the metE-gene was not significantly changed, although a trend
towards higher abundance during bloom senescence was seen. This can be interpreted
as either the cobalamin becoming scarce, or the community changed towards organisms
that lack the metH-gene.

Connecting this to the Amino Acids and Derivatives, it is noticeable that three out of the
four SEED2 categories involved in only methionine metabolism had lower abundance
in day three as well (Table S3). The Amino Acids and Derivatives category in general is
a diverse category including biosynthesis, degradation and other processes with amino
acids and different amino acids play different roles in bacterial metabolism. Moreover,
different bacterial taxa may utilize the same amino acids in different ways. Therefore,
this paper will not analyze in detail the responses in this category.
Protein metabolism
Summarizing the Protein Metabolism into SEED2 categories showed that the most
abundant as well as most elevated gene abundances during the senescence phase were
involved in different ribosomal subunits, elongation factors as well as chaperones
participating in protein folding (Table S4). These are typically related with high
bacterial growth.
Virulence
The majority of genes in this category had significantly increased relative abundance
during day three. The genes span a wide variety of functions including various metal
resistances, secretion as well as multidrug efflux pumps (Table. S5). Efflux pumps are
mainly known for conferring antibiotic resistance in bacteria (Nikaido 1998).
Other top seed categories
The Membrane Transport included a wide variety of different transporters and systems.
The systems that were expressed most abundantly and with a high increase during the
bloom senescence phase were the Ton and Tol transport systems (Table S6). These
showed an abundance ten times higher than the second most abundant SEED2 category.
The Ton system is involved in energy and substrate transport across membranes and can
help to create an electrochemical gradient between the membranes (Lazdunski et al.
1998).
Carbon metabolism
Mapping the genes involved in the central carbon metabolism (Krebs, glycolysis and the
Pentose phosphate pathway) using the Biocyc software (Caspi et al. 2016) showed an
elevated activity during day three compared to day one. Additionally, looking at the
genes that regulate the irreversible steps in each metabolic pathway, almost all of the
genes had a significantly higher abundance during the bloom senescence phase (Fig. 6).
On the other hand, a higher allocation towards the photosynthetic pathway of the
Calvin-Benson-Bassham cycle was observed during bloom development. The pentose
phosphate pathway is not mapped in the figure as the first phase shares the same genes

as the Entner-Doudoroff pathway, and the second part included no significant changes
in regulation, for any rate-limiting steps or unidirectional reactions.

Figure 6. Changes in relative abundance of genes involved in rate-limiting or unidirectional reactions of the
central carbon metabolism pathways and the Calvin-Benson cycle, compared between day one and three.
Standard deviation denote standard deviations of triplicate mesocosms.

Discussion
Nutrient dynamics in the mesocosms
Analysis of the mesocosm dynamics showed a phytoplankton bloom with an
exponential growth phase followed by a rapid decline in chl a. The chl a reached its
maximum the second day in parallel with the depletion of nitrogen and phosphorous
(Fig. S1). Following this the phytoplankton population crashed, and concurrently the
dissolved organic carbon increased, which most likely act as a key driver for the
bacterial population growth (Figueroa et al. 2016), as seen by the increase in both
bacterial production and abundance. This is a possible explanation for the shift in
transcriptomic response, shown by the overall change in gene expression (Fig. 3, 4).
This change of expression is prominent especially for central carbon metabolism and
carbohydrate genes (Fig. 6). It is probable that the dissolved organic carbon may act as
a driver for bacterial proliferation, as increasing bacterial abundance previously has
been correlated with DOC availability (Wear et al. 2015).
Transcriptomic response
The NMDS indicated a higher similarity in gene expression between day zero and day
one as compared to day three (D3) which is largely separated from the bloom build up

cluster (Fig. 3), suggesting a difference in gene expression between the developing
phase compared to the senescence of the phytoplankton bloom. The rest of the days
being distinctly different indicate a succession in the community which could be due to
shifts in genes expressed and/or changes in the bacterial community as the bloom
proceeded. The number of significant differentially expressed genes on average
constitutes more than half of the genes present in relative abundance (Fig. 6). While
counting the actual genes, less than half is significantly differentially expressed. This
large amount of change in expression is what causes the shift in community
functionality. From day one where the phytoplankton community appeared more active
as seen by the primary production (Fig. S2), genes involved in photosynthesis and the
Calvin-Benson-Bassham cycle were higher expressed. After the bloom, genes that
significantly increased were more involved in the central carbon metabolism and growth
related genes. However, it is important to note that expression levels are relative.
Nevertheless, the central carbon metabolic pathways were elevated during day three,
showing a community shift towards more active growth (Fig. 6). The gene fbaA is part
of the glycolysis and gluconeogenesis, as well as the Calvin-Benson-Bassham cycle,
suggesting that use of this pathway from the autotrophic community could explain the
higher abundance of this gene during day one.
While the bacterial abundance response was seen at day four (Fig. 2), it could be
detected even earlier at the transcriptomic level. The transcriptome from day three
showed a clear upregulation in the energy producing pathways of the central carbon
metabolism which also nicely correlated with the bacterial production. This suggests
that bacteria were already at this time exposed to a substantial pulse of organic matter
released from the decaying phytoplankton and “sense” the presence of available
dissolved organic carbon in the extracellular environment prior to utilization. Indeed,
transcriptomic responses to algal derived organic matter has been shown to occur quite
rapidly when exposed to dissolved organic matter from phytoplankton (Beier et al.
2015, Rinta-Kanto et al. 2012).
Carbohydrates from phytoplankton are mainly exudated or leached during blooms
(Cisternas-Novoa et al. 2015, Takeo and Katsumi 2001), not only as different
polysaccharides but also as aldoses such as galactose, glucose and mannose (Biersmith
and Benner 1998). Indeed, it has been shown that genes involved in carbohydrate
metabolism are upregulated during phytoplankton blooms (Rinta-Kanto et al. 2012).
The genes involved in carbohydrate metabolism were generally directed towards low
molecular weight sugars, and genes targeting different aldoses were upregulated during
day three (Table S1). Furthermore, genes coding for at least three different glucosidases

were found to be upregulated during day three. Suggesting breakdown of complex
carbohydrates.
N-acetylglucosamine is a biologically important amino sugar with structural
homologues found in bacterial cell walls, lipopolysaccharides as well as in chitin
present in zooplankton (Beier and Bertilsson 2013). The compound has been shown to
be part of the metabolism of several bacterial isolates (Riemann and Azam 2002). Two
genes found within the carbohydrate transcriptome, N-acetylglucosamine regulated
methyl-accepting chemotaxis protein, as well as N-acetylglucosamine-regulated TonBdependent outer membrane receptor in the membrane transport category, (Table S6)
were both upregulated during the senescence phase. Thus, suggesting that bacteria are
capable of actively sensing organic matter and that compounds such as low-molecular
weight sugars are important substrates in the decay phase.
The use of chemotaxis among bacteria to locate and move towards and against
chemical gradients is a phenomenon that has been widely studied (Yang et al. 2015,
Sampedro et al. 2014 and references therein). Chemotaxis may potentially confer
competitive fitness to the organism that possess it (Yao and Allen 2006). We noted a
substantial increase of genes in Motility and Chemotaxis, with 58 out of 63 genes in this
category exhibiting significantly elevated transcripts during the bloom senescence phase
(Table S7). The majority of these genes were involved with flagellar proteins, indicating
a strong shift towards motility in the bacterial metacommunity. Unfortunately, the
response in chemotaxis genes could not be used as an indicator of the preferred
substrate of the bacteria (e.g. amino acids as compared to carbohydrates), even though
this would have been very interesting. Indeed, chemotaxis towards certain compounds
has been shown to be used only as environmental cues for orientation, and not for direct
substrate utilization (Yang et al. 2015).
Virulence
Of the top ten genes in Virulence, genes coding for drug efflux pumps were upregulated
in the bloom senescence phase (Table S5). Multi-drug efflux pumps are structures that
infers a resistance toward certain solutes, such as antibiotics by pumping these out of
the cell (Piddock 2006). This suggests that bacteria may be competing with each other
not only in terms of resource exploitation, but also with other means such as chemical
warfare by producing compounds that may kill or force competing bacteria to allocate
their resources other processes than just acquiring nutrients. Although genes related to
viral lysis were not thoroughly explored it is possible that the sudden decrease in
bacterial abundance at day three is due to viral predation pressure. The DOC is still

remaining high during the rest of the bloom suggesting that either some other resource
is limiting the bacteria or they are being controlled by phages.
Ecological strategies and their reflection in the transcriptome
Nutrients in the water column are not uniformly distributed over time and space, instead
they are distributed sporadically in areas such as coastal areas which are subjected to
elevated nutrient fluxes (Jickells 1998). The bacterial metacommunity in a marine
system is usually complex and comprised of a wide number of taxonomic units.
Furthermore, the response of bacteria to nutrient fluxes can be observed in a number of
ways, as there are several different ecological strategies and bacteria may be divided
into categories such as oligotrophic or copiotrophic depending on their response to
nutrient availability (Fierer et al. 2007). For example, occupying different niches by
specializing in different nutrients for energy. By comparing the most common genes
and their regulation during bloom build up and senescence phases, as well as genes
involved in chemotaxis and motility, it can be deduced that the community is shifting
from an autotrophic phytoplankton dominated community towards a more heterotrophic
and opportunistic community of scavengers that is actively searching and acquiring the
released DOM from phytoplankton exudates and leaching.

Conclusion
This paper concludes that the mechanisms driving biogeochemical cycling of DOM
shift tremendously between the development and the senescence phase of a
phytoplankton bloom. Remarkably higher relative transcript abundances were obtained
in precisely that comparison than during other stages in the senescence phase of blooms.
A surprising diversity of functions was obtained among the significant genes, including
organic nutrient acquisition (Carbohydrates and amino acids), substrate degradation and
uptake as well as motility and chemotaxis. Furthermore, shifts in molecular mechanisms
were associated with important changes in the active parts of the bacterial community
(Pontiller et al. 2018 unpublished). Those shifts occurred on a very short temporal scale,
highlighting important functional contributions of copiotrophs and substrate specialists
in the cycling of DOM in the oceans.
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