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Summary

To better understand the functional responses in
prokaryotes to dissolved organic matter (DOM), we
compared the transcriptional pattern of natural pro-
karyotic communities grown in continuous cultures
on seawater amended with phytoplankton-derived
DOM. Metatranscriptomic reads were classified taxo-
nomically (by genomic binning) and functionally
(using Kyoto Encyclopedia of Genes and Genomes),
and the relative gene expression of individual taxa
(genome bins) was compared with the total community
response. In the first experiment comparing seawater
and seawater amended with diatom-derived DOM,
metatranscriptomes revealed pronounced differences
in pathways involved in carbohydrate and lipid
metabolism. In the second experiment comparing
seawater amended with cyanobacteria- and diatom-
derived DOM, metatranscriptomes had similar func-
tional profiles, likely reflecting more similar DOM
regimes in this experimental setup. Among the five
most abundant taxa investigated in more detail, two
featured pronounced differences in transcript abun-
dance between treatments suggesting that they were
specialized in the use of only one of the two DOM
regimes. However, these two taxa were less involved
in carbohydrate metabolism than others and had few
genes that were significantly regulated in response to
the DOM source. Our results indicate that both sub-
strate composition and the competitive interplay of
community members were decisive for the functional
response of a microbial system.
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Introduction

Prokaryotes are main processors of marine dissolved
organic matter (DOM), much of which is derived from
phytoplankton exudates (Baines and Pace, 1991; Benner,
2002). Taxonomically distinct phytoplankton species
produce DOM with different chemical composition
(Biersmith and Benner, 1998; Sarmento etal., 2013).
Thus, the question of whether prokaryotic community
composition changes in response to phytoplankton DOM
of different origins has been investigated. Outcomes of
these studies have differed, however, with some indicat-
ing pronounced compositional responses and others only
weak effects (Van Hannen et al., 1999; Lekunberri ef al.,
2012; Sarmento and Gasol, 2012; Landa et al., 2013b).
One explanation for these contrasting results could
be that both specialist and generalist strategies exist
among prokaryotic taxa (Langenheder etfal, 2005;
Gomez-Consarnau et al., 2012; Dinasquet et al., 2013).
Depending on the degree of selectivity for specific organic
substrates, specialist or generalist behaviour could domi-
nate a community.

Recently developed methodologies such as metatran-
scriptomics allow insights into the genes that underlie
the functional response of microbes, and therefore can
provide a new perspective on the taxonomic response
(Jansson et al.,, 2012). Early metatranscriptomic studies
found microbial taxa, transporters, enzymes and meta-
bolic pathways that specifically responded to the
addition of phytoplankton and vascular plant-derived
DOM (Poretsky etal., 2010) or marine high-molecular-
weight DOM (McCarren et al., 2010; Shi etal., 2012).
Other metatranscriptomic studies described the temporal
succession of taxa and expressed functions in response
to phytoplankton blooms (Rinta-Kanto etal, 2012;
Teeling et al., 2012).

Most previous experimental studies are based on
single additions of DOM, thereby exploring short-term
responses to pulsed amendments or successional
changes associated with shifts in the quality or quantity of
the remaining DOM over time. In contrast, little attention
has been paid to how DOM supplied under steady-state
conditions affects bacterial taxonomy, gene composi-
tion or ecological strategies. Continuous cultures allow
temporally sustained inputs of DOM, more closely mim-
icking the gradual release of phytoplankton exudates.
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However, they select for organisms with growth rates that
exceed cell loss due to the dilution. Continuous cultures
typically have high reproducibility (Hoskisson and Hobbs,
2005) and limit succession of the bacterial community
thereby providing a better opportunity to observe direct
interactions between taxa. In combination with high-
throughput metatranscriptomics, continuous cultures are
well suited to untangle the complex processes occurring
during DOM degradation by focusing on a subset of
organisms and interactions while simultaneously mimick-
ing natural conditions.

The objective of the present study was to investigate
concurrently the response at the taxon and the community
level of a natural prokaryotic assemblage supplied with
different DOM sources under steady state conditions. We
focused on the gene expression pattern of a few abundant
taxa and characterized their transcriptional behaviour in
comparison to the functional patterns in the bulk commu-
nity, with particular interest in specialist versus generalist
behaviour of individual taxa.

Results

Inorganic nutrients, DOM and bulk prokaryotic
abundances in continuous cultures

We compared the transcriptional response of prokaryotic
marine communities to different DOM sources in two inde-
pendent continuous culturing experiments (Exp_SwDi
and Exp_CyDi). During the 15-day experimental period,
nutrient conditions remained stable in the continuous cul-
tures (Supporting Information Table S1). After an initial
growth phase of 24 h in Exp_SwDi, prokaryotic abun-
dances stabilized in three out of four continuous cultures.

Table 1. Summary of sequenced transcripts.

Cell abundances decreased in one of the control cultures,
and this replicate was therefore discarded from further
analyses. Prokaryotic abundances were 3.9+ 0.9 x 10°
cells mI™' and 4.6 + 0.7 x 10° cells mI™" in the two repli-
cates of the diatom treatment (mean + SD, n=15) and
2.6 0.8 x 10° cells mI' in the control (Landa etal.,
2013a). In Exp_CyDi, prokaryotic abundances remained
stable at 5.1 + 0.6 and 4.2 £ 0.7 x 108 cells mI"! (mean +
SD, n=5) in the diatom and cyano treatment respectively
until day 8. A decrease in prokaryotic abundances was
then detectable until day 11, followed by a second stable
phase at 7.5 + 0.5 x 10° cells mI™" in the diatom treatment
and at 5.2+ 0.7 x 10° cells ml~" in the cyano treatment.
We observed an increase in heterotrophic nanoflagellates
that coincided with the decrease in prokaryotic abun-
dance (Landa et al., 2013b). Chemical characteristics of
the two DOM sources were published previously (Landa
etal.,, 2013b) and indicate differences in the relative
concentrations of total hydrolyzable neutral sugars
(Supporting Information Fig. S1A) and amino acids (Sup-
porting Information Fig. S1B). Ultra-high resolution mass
spectrometry (FT-ICR MS) points furthermore to compo-
sitional differences of other DOM molecules including i.e.
lipids (Supporting Information Fig. S1C). Samples for
metatranscriptomic analyses were collected at the end of
the experiments on day 15.

Characterization of the most active community members

In total, we obtained > 17 million potential prokaryotic
protein encoding reads for downstream analysis, of
which 71% could further be assigned to a function
(Table 1). The most commonly sampled taxonomic class
was Gammaproteobacteria, representing 64% of the total

mRNA mRNA

# taxonomic # functional % functional copies copies
Technical replicates assignments assignments assignments # taxa # genes ml~' cell™
Exp_SwDi: control1a 1383 864 1058 036 76% 1650 4241 1.5x 10° 620
Exp_SwDi: diatom1a 4 602 232 3091 085 67% 1822 6095 1.4 x10° 316
Exp_SwDi: diatom1b 1942 427 1311716 68% 1783 5251 1.9 x 10° 432
Exp_SwDi: diatom2a 2 560 303 1601515 63% 1796 5234 1.2x10° 230
Exp_SwDi: diatom2b 1385 098 988 978 71% 1740 4817 1.5x 10° 290
Exp_CyDi: cyanola 734 343 548 611 75% 1699 4790 1.4x 108 442
Exp_CyDi: cyano1b 809 356 615 961 76% 1700 4806 1.8 x 108 557
Exp_CyDi: cyano2a 553 250 414 514 75% 1626 4362 1.4 x 108 551
Exp_CyDi: diatom1a 740 665 531 561 72% 1731 4804 1.9%x 108 516
Exp_CyDi: diatom1b 1336 344 913 605 68% 1774 5272 1.6 x 108 450
Exp_CyDi: diatom2b 1176 335 841 247 72% 1758 5170 1.6 x 108 426
Total 17 224 217 11 502 315 71% 1868 7876

control = aged seawater control; diatom = addition of DOM derived from Phaeodactylum tricornutum; cyano = addition of DOM derived from
Synechococcus sp. WH7803; 1,2 = suffixes for the biologic replicates; a,b = suffixes for the technical replicates; mRNA-tax = number of mRNA
reads with prokaryotic taxonomic assignment; mRNA-fun = number of prokaryotic reads with assigned function (KEGG orthologs); %fun = per cent
of prokaryotic reads assigned to a function; taxa = number of genome bins; genes = number of KEGGorthologs.

© 2014 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology
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Alcanivorax sp. DG881

A. borkumensis

C. psychrerythraea
Glaciecola sp. HTCC2999
N. caesariensis
IMCC1989

OpoEEm

OTU_1289 (Alcanivorax sp. DG881)
OTU_772 (C. psychrerythraea)
OTU_1116 (Glaciecola sp. HTCC2999)
OTU_1550 (N. caesariensis)
OTU_2275 (IMCC1989)

Fig. 1. Relative abundance of mMRNA reads assigned to the key taxa (> 5% of metatranscriptome in at least one of the cultures) (A), and
relative abundance of the corresponding OTUs as determined by 454 pyrosequencing of the 16S rRNA gene (Landa et al., 2013a,b) (B).

IMCC1989: gammaproteobacterium IMCC1989.

metatranscriptome, followed by Alphaproteobacteria,
Flavobacteria and Betaproteobacteria with 20%, 3%
and 2% respectively. We could detect transcriptomes
assigned to five taxa that accounted for >5% of the
metatranscriptome in at least one of the continuous
cultures, hereafter referred to as key taxa: IMCC1989,
Neptuniibacter caesariensis, Colwellia psychrerythraea,
Glaciecola sp. HTCC2999 and Alcanivorax sp. These taxa
are all Gammaproteobacteria and together made up
between 24% and 55% of the total metatranscriptomes
(Fig. 1A). Four of the taxa could be assigned with 93—100%

similarity to 16S rRNA gene operational taxonomic units
(OTUs) obtained from 454 pyrosequencing of the commu-
nities from the same experiment (Table 2), and had similar
relative abundance in both 16S rRNA libraries and
transcriptomes (Fig. 1). We also identified an OTU
sequence with satisfactory 16S rRNA gene sequence simi-
larity (96%; Table 2) to Glaciecola sp. HTCC2999, but it
was detected only at low abundance in the pyrosequencing
data sets (Fig. 1B). The transcriptome of Alcanivorax
borkumensis was pooled with Alcanivorax sp. DG881 in all
downstream analyses (see Methods).

Table 2. BLASTN query output of 16S rRNA gene OTU representative sequences from pyrosequencing analysis Landa et al., (2013a,b) versus

16S rRNA sequences of reference genomes.

strain OTU % id

length # mismatches gap size e-value
gammaproteobacterium IMCC1989 2275 97.6 250 6 0 47128
Neptuniibacter caesariensis 1550 92.6 349 26 0 271%
Alcanivorax borkumensis - - - - - -
Alcanivorax sp. DG881 1289 99.8 398 0 1 0
Glaciecola sp. HTCC2999 1116 95.6 362 14 2 3166
Colwellia psychrerythraea 3504 97.0 394 6 5 0

OTU = OTU identifier for 16S rRNA; %id = per cent identity; length = alignment length; # mismatches = number of mismatches.

© 2014 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology
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In Exp_SwDi, gammaproteobacterium IMCC1989 and
N. caesariensis were the two key taxa. IMCC1989 dis-
played similar transcript abundances in both DOM
regimes, while N. caesariensis had much lower trans-
cript abundance in the diatom treatment compared
with the control treatment. In Exp_CyDi, Glaciecola
sp. HTCC2999, C. psychrerythraea and Alcanivorax sp.
were the key taxa. Glaciecola sp. HTCC2999 and
C. psychrerythraea had similar transcript abundances
in the diatom and the cyano treatment; in contrast,
Alcanivorax showed pronounced abundance differences
between treatments and was the most abundant taxon in
the cyano treatment (Fig. 1). Within each experiment, the
taxonomic distribution of absolute mMRNA copy numbers
was similar to that of the relative values because mRNA
copies mI~! were roughly equal in all treatments (Table 1).

A dendrogram based on functional assignments of tran-
scripts was constructed to check whether treatment or
taxonomic assignment correlated better with expression
patterns for the key taxa. Within an experiment, tran-
scripts assigned to the same reference genome bin were
more similar to each other than they were to different
genome bins, and the influence of treatment was subor-
dinate to taxonomy (Fig. 2). However, if considering treat-
ments from both experiments, reads from all key taxa
except Glaciecola sp. HTCC2999 separated into two dis-
tinct clusters for each taxon (Fig. 2).

Functional changes of the bulk community

Pathways were assigned to a variety of Kyoto Encyclope-
dia of Genes and Genomes (KEGG) categories, and we
used the path-index (PI) values (see Methods) to investi-
gate the change of a pathway’s importance between treat-
ments. We designed the calculation so that positive
Pls indicate an enrichment in the diatom treatment
(Exp_SwDi and Exp_CyDi), while negative Pls indicate an
enrichment in the control (Exp_SwDi) or cyano treatment
(Exp_CyDi). Higher absolute values of Pl indicate that the
treatment had a larger effect on the expression of a
pathway. Among the pathways considered here (KEGG
classes ‘metabolism’ and transporter proteins in pathways
‘k002010” and ‘ko02060’), we found more pathways with
Pls close to zero in Exp_CyDi compared with Exp_SwDi,
including a narrower spread and a lower mean absolute
value of the Pl in Exp_CyDi (variance = 0.14; mean abso-
lute = 0.22) than in Exp_SwDi (variance =0.32, mean
absolute = 0.44).

For subsequent evaluations, we considered only those
pathways that contained at least one significantly different
gene (Fig. 3). In Exp_SwDi, all pathways involved in car-
bohydrate and lipid metabolism had Pls that indicated
enrichment in the diatom treatment (Fig. 3A). Pathways
related to nucleotide metabolism were also diatom

N. caesarensis (control1)

N. caesarensis (diatom1)

N. caesarensis (diatom2)

IMCC1989 (diamtom?2)

IMCC1989 (diamtom1)

IMCC1989 (control1)

Alcanivorax sp. (diatom2)

Alcanivorax sp. (diatom1)

Alcanivorax sp. (cyano2)

Alcanivorax sp. (cyano1)

IMCC1989 (cyano2)

IMCC1989 (cyano1)

IMCC1989 (diamtom?2)

IMCC1989 (diamtom1)

N. caesarensis (cyano2)

N. caesarensis (cyano1)

N. caesarensis (diatom2)

N. caesarensis (diatom1)

Alcanivorax sp. (diatom2)

Alcanivorax sp. (diatom1)

Alcanivorax sp. (control1)

Glaciecola sp. HTCC2999 (diatom2)

Glaciecola sp. HTCC2999 (diatom1)

Glaciecola sp. HTCC2999 (control1)

Glaciecola sp. HTCC2999 (cyano2)

Glaciecola sp. HTCC2999 (cyano1)

Glaciecola sp. HTCC2999 (diatom2)

Glaciecola sp. HTCC2999 (diatom1)

C. psychreryrthraea (cyano2)

C. psychreryrthraea (cyano1)

C. psychreryrthraea (diatom2)

C. psychreryrthraea (diatom1)

C. psychreryrthraea (diatom2)
( )
( )

e Iy

C. psychreryrthraea (diatom1
C. psychreryrthraea (control1

Fig. 2. Dendrogram displaying similarities between the genome
bins of the key taxa in different cultures. The clustering was based
on normalized count data after functional binning (Bray—Curtis
dissimilarity, Ward’s linkage). Transcriptome bins from Exp_SwDi
are labelled with filled circles, whereas those from Exp_CyDi are
labelled with open circles. IMCC1989: gammaproteobacterium
IMCC1989; abbreviation for cultures: see Table 3.

biased, but mostly in a range closer to zero. In contrast,
pathways related to amino acid metabolism were spread
over a wide range of Pls (Fig. 3A). Pathways encoding the
metabolism of vitamins and cofactors were mostly
enriched in the control, often with Pls in the outer range
(Fig. 3A). Transporters were usually assigned to Pls in the
outer range, although which treatment was enriched
depended on the substrate, e.g. cobalt/nickel transport
was enriched in the control treatment, while iron and
sugar transport was enriched in the diatom treatment
(Fig. 3A).

In Exp_CyDi, pathways involved in nucleotide metabo-
lism, lipid metabolism and amino acid metabolism gener-
ally had Pls close to zero (Fig. 3B). In contrast, pathways
involved in carbohydrate metabolism were distributed

© 2014 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology
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Fig. 3. Alist of KEGG pathways sorted according to their path indices (Pl) and organized by functional category. P-values from differential
gene expression analysis of the total metatranscriptome (all transcripts) or key taxa (IMCC1989: gammaproteobacterium IMCC1989) are
highlighted in red if significantly increased in the control and in green if significantly increased in the diatom treatment (significance level:

P < 0.1). Indicator genes for the key taxa are indicated in black. If modules subordinate to KEGG pathways were considered, the KEGG
pathway name is given before the module. Only pathways with at least one significantly different gene in selected categories are shown, along
with their indicator genes and significantly different genes. Each row in the P-value and indicator gene columns represents an individual gene.
Different row heights serve only to facilitate reading of pathway information. The complete list of pathways and genes is provided in

Supporting Information Table S2.

over a wider range of positive and negative Pls (Fig. 3B).
As in Exp_SwDi, transporters had strongly positive or
negative Pls, with the direction of the trend depending on
the specific substrate. Here, for example, sulfate transport
was enriched in the cyano treatment, whereas sulfur in
the diatom treatment was possibly incorporated in its
organic form (sulfonate or taurine) as indicated by an
enhanced sulfonate/nitrite/taurine transport signal.

Functional differences in key taxa

Neptuniibacter caesariensis (Exp_SwDi) and Alcanivorax
sp. (Exp_CyDi) featured pronounced fluctuations in rela-
tive activity and abundance within an experiment based
on mRNA and 16S rRNA abundances (Fig. 1). This was in
contrast to IMCC1989, Glaciecola sp. HTCC2999 and
C. psychrerythraea, which had similar relative abun-
dances between treatments within an experiment. To
better understand the fluctuation patterns in mRNA abun-
dance of N. caesariensis and Alcanivorax sp., we com-
pared individual gene expression patterns between
treatments using taxon-specific differential expression
analyses, as well as the function of indicator genes com-
pared with those of the other taxa.

In the N. caesariensis transcriptome bin in Exp_SwDi,
only a few of the metabolic and transporter genes were
significantly different between treatments (34 genes; Sup-
porting Information Table S2), indicating only subtle meta-
bolic regulation in this taxon. This was in contrast to
IMCC1989, which was characterized by minor abundance
differences but for which many genes showed differential
regulation (188 genes, Supporting Information Table S2).
Among the few genes that were significantly changed in
the N. caesariensis transcriptome, some were in path-
ways that were relevant to the observed community level
differences i.e. genes in the pathways for amino sugar
and nucleotide sugar metabolism and for cobalt transport,
the central atom of vitamin B,. However, N. caesariensis
did not feature significant changes of genes within the
pathway itself. Neptuniibacter caesariensis also had
many indicator genes in the pathways involving co-
balt transport and vitamin Bi> biosynthesis (Fig. 3A).
IMCC1989 expressed indicator genes within the vitamin
B1» biosynthesis pathway as well, and several of these
genes were significantly different between treatments

(Fig. 3A). IMCC1989 expressed many other indicator
genes in the carbohydrate metabolism pathways, but this
was not the case for N. caesariensis (Fig. 3A).

In Exp_CyDi, both Alcanivorax sp. and C. psychrery-
thraea had limited intra-specific expression differences;
only 11 metabolic and transporter genes were differen-
tially expressed in Alcanivorax sp. and only four in
C. psychrerythraea (Supporting Information Table S2). By
contrast, Glaciecola sp. HTCC 2999 had 37 genes with
significantly different relative expression (Supporting
Information Table S2). Several indicator genes for
Alcanivorax sp. were found in pathways associated with
sulfate transport. For both pathways, there were large
absolute PI values and significantly enriched genes in the
cyano treatment. In contrast, there were few cases of
indicator genes of Alcanivorax sp. in pathways associated
with carbohydrate metabolism (Fig. 3B). Instead, carbo-
hydrate metabolism pathways were dominated by indica-
tor genes of the Glaciecola sp. HTCC2999 transcriptome
(Fig. 3B).

Discussion

Characterizing functional changes in the
bulk community

In Exp_SwDi we compared the response of prokaryotes
to aged seawater (control) and seawater amended with
diatom-derived DOM, the latter of which contained
slightly higher concentrations of DOM (13 uM) that was
likely rich in labile compounds in the form of amino acids
and carbohydrates (Landa et al., 2013a,b). The culture
with diatom-derived DOM showed an enrichment of tran-
scripts for both carbohydrate and lipid metabolism. The
enhanced expression of genes for lipid metabolism was
found in both anabolic and catabolic pathways, and
therefore might reflect degradation of lipids present in the
diatom DOM (Landa etal, 2013b) and/or a general
increase in membrane synthesis. Previous studies have
similarly shown that the addition of high molecular weight
DOM from surface seawater to microbial communities
induced the enrichment of genes involved in carbohy-
drate and lipid metabolism (McCarren et al., 2010). The
increased expression of enzymes involved in vitamin syn-
thesis in the control treatment (Fig. 3A) likely reflects a
lower vitamin concentration compared with the diatom

© 2014 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology
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P-values |Indicator genes|

Pl KEGG pathway/module KEGG category

N. caesariensis
N. caesariensis

All transcripts
IMCC1989
IMCC1989

-2.550 |ABC transporters: cobalt/nickel transport
-1.605 |Cysteine and methionine metabolism: methionine salvage
-0.545 |ABC transporters: ATP-binding cassette

-0.519 |Porphyrin and chlorophyll metabolism: vitamine B,, biosynthesis

-0.358 |Glycine, serine and threonine metabolism: ectoine synthesis
-0.294 |Biotin metabolism

-0.137 |One carbon pool by folate

-0.089 |Riboflavin metabolism

-0.045 |Valine, leucine and isoleucine biosythesis

-0.041 |Folate biosynthesis

-0.018 [Glycine, serine and threonine metabolism (ectoin synthesis excluded
-0.013 |Alanine, aspartate and glutamate metabolism

0.011__|Lysine degradation
0.036 |Nicotinate and nicotinamide metabolism

Increasing enrichment in the

control treatment

0.041 |Lysine biosynthesis
0.112  |Tryptophan metabolism

0.127 |Cysteine and methionine metabolism (methionine salvage excluded)

0.156 |Propanoate metabolism

0.190 |Thiamine metabolism

0.194 |Pyruvate metabolism

0.199 |Purine metabolism Nucleotide Metabolism

0.235 |Citrate cycle (TCA cycle)

Increasing enrichment in the diatom treatment

0.240 |Pyrimidine metabolism Nucleotide Metabolism

0.257 |Butanoate metabolism

0.275 |Glycolysis / Gluconeogenesis

0.276 |Tyrosine metabolism

0.294 |Glyoxylate and dicarboxylate metabolism

0.312 |Glycerophospholipid metabolism
0.358 _|Fatty acid metabolism
0.420 |Phenylalanine, tyrosine and tryptophan biosynthesis

0.424 |Arginine and proline metabolism

0.427 |Valine, leucine and isoleucine degradation

0.485 |Pentose phosphate pathway

0.492 |Porphyrin and chlorophyll metabolism (vitamine B, biosynthesis excluded)
0.526 |Fatty acid biosynthesis

0.564 'Eoynthesiss of unsaturated fatty acids

0.677 |Fructose and mannose metabolism

0.822 |Amino sugar and nucleotide sugar metabolism

10.938 |Ascorbate and aldarate metabolism
11.138 _|Inositol phosphate metabolism
.259 |Sphingolipid metabolism
.316__|ABC transporters: iron(lll) transport

.351 |Steroid hormone biosynthesis

1.763 |Pentose and glucuronate interconversions

1.802 | ABC transporters: manganese/zinc/iron transport
2.936 |ABC transporters: ribose transport

© 2014 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology
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P-values |Indicator genes|
© ©
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Pl |KEGG pathway/module KEGG category 2182 S| & 2
HHEHEIE IR
gleglsl s 82
52185 2|8 |%
e8| 2| | 8
<00/ O | 6 <
-3.138|ABC transporters: sulfate transport _—
-1.762| ABC transporters: sorbitol/mannitol transport
-1.136|ABC transporters: phosphonate transport
-1.057|ABC transporters: manganese/zinc/iron transport

-0.804Inositol phosphate metabolism
-0.654 | Ascorbate and aldarate metabolism
-0.506|Glycine, serine and threonine metabolism: ectoine synthesis
-0.493 | Antibiotic transport

-0.450|Pentose and glucuronate interconversions

-0.399|Retinol metabolism

Glycine, serine and threonine metabolism

-0.246 (ectoine synthesis excluded)

-0.210| Tyrosine metabolism

-0.159|Lysine degradation

-0.093|Porphyrin and chlorophyll metabolism: vitamine B, biosynthesis

-0.075|Glycerolipid metabolism
-0.057 | Sphingolipid metabolism

-0.048|Fatty acid metabolism

-0.029|Phenylalanine metabolism

Increasing enrichment in the cyano treatment

-0.028 | Histidine metabolism

0.038|ABC transporters: putative hydroxymethylpyrimidine transport
0.041|Fatty acid biosynthesis

0.053|Propanoate metabolism

Cysteine and methionine metabolism

0.064 (methionine salvage excluded)

0.069|Valine, leucine and isoleucine degradation

0.086|Pyrimidine metabolism Nucleotide Metabolism

0.087|Arginine and proline metabolism

0.095|Phenylalanine, tyrosine and tryptophan biosynthesis

0.112|Amino sugar and nucleotide sugar metabolism

0.123|Glyoxylate and dicarboxylate metabolism

Increasing enrichment in the diatom treatment

0.128| Tryptophan metabolism

0.130|Nicotinate and nicotinamide metabolism

0.142|Pyruvate metabolism

0.155|Purine metabolism Nucleotide Metabolism

0.168| Citrate cycle (TCA cycle)

0.177|Glycolysis / Gluconeogenesis

0.424|Pentose phosphate pathway

0.460|Al
1.140|A
2.241|A

C transporters: general L-amino acid transport
C transporters: sulfonate/nitrate/taurine transport
C transporters: glycine betaine/proline transport

||

Fig. 3. cont.

© 2014 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology
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treatment, since vitamins added to the phytoplankton
culture growth medium would have been carried over into
the diatom DOM preparation. The maximum carry-over
(i.e. if phytoplankton cells did not use any of the added
Bi2) would result in 57 pmol I' vitamin By in the continu-
ous culture medium, which is in the same range as
vitamin Bi, concentrations in the ocean that reach up to
30 pmol I" (Saiudo-Wilhelmy et al., 2012). Pathways in
the nucleotide metabolism class were slightly increased
in the diatom treatment; this is likely due to greater
prokaryotic growth. A less distinct pattern was observed
for amino acid metabolism, and this may be due to the
central role of amino acids in prokaryotic metabolism: if
amino acids are scarce in a treatment, bacteria may
express genes for amino acid biosynthesis, and if
plentiful, they may induce the expression of catabolic
enzymes.

In Exp_CyDi, we compared the prokaryotic response to
two different phytoplankton-derived DOM sources that
both contained labile compounds but had several distinct
chemical differences, including differences in the compo-
sition of neutral sugars and amino acids (Supporting Infor-
mation Fig. S1). Differences in amino acid composition of
phytoplankton exudates that could be linked to differ-
ences in bacterial community composition have been
observed previously (Sarmento etal.,, 2013). Further,
some marine bacteria are auxotrophic for specific amino
acids (Tripp etal, 2009) and therefore may respond
strongly to different amino acid composition in the
exudates.

We found little correspondence between the analysed
amino acids or neutral sugars (Supporting Information
Fig. S1) and the enrichment or depletion of specific path-
ways that could be involved in their processing in
Exp_CyDi (Fig. 3B). However, neutral sugars and amino
acids made up between 2—6% of the carbon in DOM in the
media (Landa et al., 2013b), leaving open the question of
whether overall chemical changes correlated with tran-
scriptional patterns. Nonetheless, none of the major
KEGG metabolic categories displayed any clear trend in
response to the treatments (Fig. 3B) even though some
individual amino acid and carbohydrate pathways were
clearly increased in the cyano or diatom treatment.
Moreover, Pls calculated for Exp_CyDi tended to be close
to zero. These results suggest that the communities
responded functionally in a similar way to the addition of
diatom-derived and cyanobacteria-derived DOM, and
thus that the labile components of these DOM sources
were of similar quality. Our results accordingly imply that
two phytoplankton derived DOM sources (Exp_CyDi)
triggered more similar transcriptional responses by
prokaryotes than did phytoplankton derived DOM com-
pared with unamended seawater (control, Exp_SwDi).
Similarly, a study focusing on taxonomic data showed that

different phytoplankton blooms induced the development
of similar prokaryotic communities that were nonetheless
quite distinct from the unamended control community
(Lekunberri et al., 2012).

Characterizing functional changes in the key taxa

The majority of prokaryotes growing in our continuous
cultures were Gammaproteobacteria (Landa et al.,
2013a,b) which, based on transcript abundance, were
also the most active community members. Members
of Alphaproteobacteria and Bacteroidetes are often
detected in association with the occurrence of marine
phytoplankton blooms (Lekunberri et al., 2012; Sarmento
and Gasol, 2012; Teeling et al., 2012) but were not abun-
dant here. The continuous cultures possibly favoured
Gammaproteobacteria by selecting for faster growing
organisms. Indeed, a recent study demonstrated that
Alphaproteobacteria and Bacteroidetes, although actively
incorporating phytoplankton exudates, proliferated less
rapidly than Gammaproteobacteria (Sarmento and Gasol,
2012). For the key taxa in both experiments, transcript
and 16S rRNA abundances matched well for four of
the five dominant Gammaproteobacteria taxa. However,
Glaciecola sp. HTCC2999 appeared disproportionately
active given the low relative abundance of 16S rRNA
(Fig. 1).

Transcriptome bins of the key taxa clustered within an
experiment according to their taxonomic origin and only
on a subordinate level according to the treatment (Fig. 2).
Consequently, at least within each experiment, the taxo-
nomic identity was more predictive of gene expression
patterns than the DOM regime. Pronounced functional
differences in the transcripts that were binned to the same
taxon but derived from two different experiments (Fig. 2)
suggest different gene regulation by these taxa across
experiments. However, this observation could also indi-
cate that the transcripts were derived from genetically
different populations present in the inocula used for the
two independent experiments, despite the fact that they
binned to the same reference genome. Nonetheless,
population-level variation does not affect our analyses
because direct comparisons were only made within the
same experiment.

The abundance of Gammaproteobacteria as a group
remained unchanged between treatments (Landa et al.,
2013a), but some individual members of this class exhib-
ited abundance and expression changes in response to
the treatments (Fig. 1). We were especially interested in
why N. caesariensis and Alcanivorax sp. had higher fluc-
tuations in relative transcript abundance in response to
different DOM sources. The observed changes in tran-
script abundance, which correlated well with abundance
changes of corresponding 16S rRNA genes (Fig. 1) indi-
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cate that these taxa were less successful in adapting to
the supply of different DOM sources than the other three
key taxa. We therefore interpreted enhanced abundance
fluctuations in N. caesariensis and Alcanivorax sp. as
specialist behaviour. On the other hand, the other taxa
apparently dealt well with the different DOM sources and
featured more generalist behaviour. Both N. caesariensis
and Alcanivorax sp. were only slightly involved in carbo-
hydrate metabolism pathways (Fig. 3). Both reference
strains have been shown to grow only on a restricted
range of carbon sources, including organic acids for
N. caesariensis (Arahal et al., 2007) and aliphatic hydro-
carbons and fatty acids for Alcanivorax sp. (Yakimov
et al.,, 1998; Green et al., 2004). Limited ability to metabo-
lize the carbohydrates that were introduced with the phy-
toplankton exudates (Landa etal., 2013a) may have
caused other species to out-compete N. caesariensis,
particularly in the diatom treatment of Exp_SwnDi. Further-
more, the ability of N. caesariensis to incorporate cobalt
and synthesize vitamin Bi, (Fig. 3A) was likely advanta-
geous for this taxon in the vitamin-depleted control.
However, in contrast to the bulk community, this taxon did
not decrease its relative expression of Bi, synthesis
genes in the diatom treatment (Fig. 3A). Possibly
N. caesariensis is adapted to marine environments with
Bi,» limitation and is not capable of regulating its
biosynthesis on the transcriptional level. However, this
trait is energetically expensive (Martens et al., 2002), and
may have been disadvantageous for N. caesariensis
when expressed in the vitamin-enriched phytoplankton
treatment, potentially contributing to reduced competitive-
ness. Only some prokaryotes possess genes for vitamin
Bi2 synthesis, while most other organisms depend on
uptake of B, released by these prokaryotes (Roth et al.,
1996). Our results imply that vitamin B, levels are not
only critical for eukaryotic phytoplankton but also impact
the ecology of co-occurring bacterial communities (Koch
et al., 2012; SafAudo-Wilhelmy et al., 2012).

Taxa of the genus Alcanivorax are usually a minor com-
ponent of unpolluted marine waters, but they can increase
to high abundances in oil-contaminated systems (Kasai
etal., 2002). Isolates from this genus have also been
shown to grow on aliphatic hydrocarbons and on fatty
acids (Yakimov et al., 1998; Green et al., 2004). We could
detect several indicator genes of Alcanivorax sp. involved
in alkane degradation (K00529, K05297, K00496; Sup-
porting Information Table S2), as well as a trans-enoyl-
CoA isomerase (K13239) that catalyses conformational
changes in long-chain unsaturated aliphatic hydrocar-
bons. None of these genes were significantly enriched
between the two treatments, possibly due to the fact that
aliphatic hydrocarbons, such as those from the fatty acid
component of membrane lipids, were supplied by both
phytoplankton exudates. Alcanivorax sp. DG881, the
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genome to which most of the Alcanivorax sp. transcripts
were assigned (Fig. 1), was isolated from a dinoflagellate
culture (Green et al., 2004). We speculate that this bac-
terium associates with phytoplankton blooms in nature,
and that the lipids and fatty acids detected in the DOM
sources used in our experiments (Supporting Information
Fig. S1C) may be a key substrate in this niche.

According to indicator gene analysis, Alcanivorax sp.
contributed specifically to sulfate uptake (Fig. 3B) and
assimilation (gene K00958, Supporting Information Table
S2). Expression of genes in these transport processes
was strongly increased in the cyano treatment according
to the large Pl absolute values. The uptake of inorganic
sulfate from seawater may increase when organic sulfur
compounds, such as taurine, are scarce. According to
transporter protein expression, organic sulfur compounds
may have been abundant in the diatom treatment and
could have originated from diatom polysaccharides
that contain substantial amounts of sulfate residues
(Alldredge, 1999; Urbani et al., 2012).

Neptuniibacter caesariensis and Alcanivorax sp. have
different life history strategies but share some common-
alities that may have been responsible for the specialist
metabolisms observed here (Fig. 1). First, both taxa had
few genes that were significantly regulated in response
to the treatments (Fig. 3B), suggesting little versatility in
the usage of the different DOM sources. Second, neither
taxon was heavily involved in metabolizing carbohy-
drates, in agreement with previous characterizations
of the reference strains as specialists with a restricted
range of growth substrates that do not include sugars
(Yakimov etal., 1998; Arahal etal., 2007). Eukaryotic
phytoplankton are generally thought to produce a higher
fraction of polysaccharides in their exudates than
cyanobacteria (Myklestad, 2000). A reduced adaptive
capacity to use different substrates and the restricted
use of carbohydrates may therefore be reasons why
these taxa were ineffective at utilizing diatom-derived
DOM.

The use of continuous cultures as opposed to the addi-
tion of DOM at a single time point can provide high repro-
ducibility and stability (Hoskisson and Hobbs, 2005),
which in the study facilitated a comparison of the tran-
scriptional response to different DOM sources. By exclud-
ing responses to the successive degradation of the DOM
source, observed functional and taxonomic differences
between transcriptomes must be linked to a specific quan-
tity and quality of the DOM.

We conclude from our data that phytoplankton DOM
plays key roles in aquatic systems both as variable
sources of labile substrates and indirectly by shifting the
interplay among prokaryotes present in the indigenous
community. We confirm results from earlier studies that
some taxa have a specialist behaviour and feature a more
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pronounced response in terms of transcript and 16S rRNA
abundance changes than others to DOM source shifts.
We identified reduced adaptive capacity and restricted
use of carbohydrates as possible reasons for such spe-
cialist behaviour. Identification of scenarios that induce a
preponderance of specialist versus generalist taxa should
provide a valuable perspective on discrepancies concern-
ing the degree of community changes induced by different
phytoplankton DOM sources.

Experimental procedures
Continuous cultures and sample collection

Two independent continuous culture experiments were per-
formed, referred to as Exp_SwDi and Exp_CyDi. Each of the
experiments consisted of two treatments that differed in DOM
characteristics of the growth media. In Exp_SwDi, seawater
aged for 6 weeks [control, 74 uM dissolved organic carbon
(DOC)] was compared with the same aged seawater
amended with DOM from a diatom culture (Phaeodactylum
tricornutum) (seawater + diatom DOM, 87 uM DOC). In
Exp_CyDi, seawater aged for 6 weeks (63 uM DOC) was
amended with DOM from the cyanobacterium Syne-
chococcus sp. WH7803 (seawater + cyanobacterial DOM,
73 uM DOC) or with DOM from the P. tricornutum (seawa-
ter + diatom DOM, 75 uM DOC). These phytoplankton strains
were obtained from a culture collection at the Observatoire
Océanologique de Banyuls.

The continuous culture system and the seawater sampling
are described in detail in Landa and colleagues (2013a,b).
Seawater for the growth media and the prokaryotic commu-
nity that served as inoculum was collected in the northwest
Mediterranean Sea (42°28.3’'N, 03°15.5’E) at 3 m depths. For
the growth media, roughly 300 | were collected in September
2009 for Exp_SwDi and in January 2010 for Exp_CyDi and
each stored in a polycarbonate (PC) carboy in the dark at
room temperature for 6 weeks to allow degradation of most of
the labile DOM. The phytoplankton cultures were grown in
low DOM (15 uM DOC) artificial seawater amended with
nutrients according to the Guillard’s F/2 medium, and DOM
was harvested in early stationary phase by collecting the
filtrate after sequential filtration through a combusted GF/F
filter (90 mm diameter, Whatman, Kent, UK) and an acid-
washed, ultrapure water rinsed 0.2 um PC filter (90 mm
diameter, Nuclepore filter Whatman, Kent, UK). Concentra-
tions of DOC in the diatom exudate were 151 uM and 138 uM
for Exp_SwDi and Exp_CyDi respectively, and the DOC con-
centration in the cyanobacterial exudate was 78 uM. In
Exp_SwDi, diatom-derived DOM was mixed with seawater to
obtain a final concentration of 13 uM C phytoplankton-
derived DOM in the diatom treatment. In Exp_CyDi, each of
the DOM sources was mixed with seawater to obtain final
concentrations of 15 uM C phytoplankton-derived DOM in
the cyano and the diatom treatments. Nitrogen (NOj in
Exp_SwDi, and NO3 and NH," in Exp_CyDi) and phosphorus
(PO.%) were added in excess to the initial cultures as well as
to the growth media to assure that organic carbon was the
limiting factor for prokaryotic growth (Supporting Information
Table S1).

The prokaryotic cultures were prepared by inoculating the
growth media with a natural prokaryotic community (< 0.8 um
filtrate) in a 10:1 ratio (final volume of cultures 61). The
prokaryotic communities were collected on the starting day of
the experiment (14 November 2009 for Exp_SwDi and 1
March 2010 for Exp_CyDi) in the NW Mediterranean Sea as
described above. Prokaryotic growth was maintained in batch
mode until stationary phase was reached, and cultures were
then switched to continuous mode for the duration of the
incubation. For both experiments, duplicate cultures were
established for each treatment. However, in one of the control
cultures from Exp_SwDi the abundance of prokaryotes
decreased over time, so this replicate was eliminated from
further analyses. The dilution rate in Exp_SwDi was 0.27 d™'
and in Exp_CyDi was 0.28 d', and cultures were maintained
over five and six generations respectively.

Sampling for metatranscriptomic analysis

After 15 days, samples for metatranscriptomic analysis were
siphoned from the incubation vessels into a combusted glass
bottle. Roughly 11 (in duplicate) was immediately filtered
through nitrocellulose membranes (GSWP, Millipore,
Billerica, MA, USA, 0.2 um pore-size, 25 mm diameter) using
a peristaltic pump. The filtration time did not exceed 10 min.
From each continuous culture, two filters (serving as techni-
cal replicates) were collected for RNA extraction (Table 3).
These filters were stored in RNAlater (Life Technologies,
Carlsbad, CA, USA) at —80°C. Further subsamples for DNA
extraction (100 ml) were filtered onto polyethersulfone filters
(SUPOR, Pall Cooperation, Port Washington, NY, USA;
0.2 um pore-size, 13 mm diameter) and stored in lysis buffer
(Qiagen, Valencia, CA, USA) at —80°C. Deoxyribonucleic acid
was extracted with the Qiagen kit following the manufactur-
er's instructions. The extracted DNA was later used to
produce antisense rRNA to subtract rRNA from the
metatranscriptome samples as described below.

RNA processing and sequencing

Ribonucleic acid was extracted as previously described
(Gifford et al., 2011). Briefly, frozen filters for RNA extraction
were vortexed with PowerSoil beads (MOBIO, Carlsbad, CA,
USA) in 2 ml RLT buffer (Qiagen, Valencia, CA, USA) after
the addition of artificial mRNAs as internal standards as
described elsewhere (Satinsky et al., 2013), and then were
processed following the instructions of the RNAeasy Kit
(Qiagen, Valencia, CA, USA). Deoxyribonucleic acid was
removed from the extracted RNA using the turboDNAse
(Applied Biosystems, Austin, TX, USA). To further remove
rBNA, we used a protocol based on hybridization with
antisense rRNA amplified from DNA of the same samples
(Stewart et al., 2010). Analyses of the DNA-free RNA extract
(Bioanalyzer, Agilent Technologies, Santa Clara, CA, USA)
indicated the presence of eukaryotic rRNA in Exp_CyDi but
not in Exp_SwDi; we therefore subtracted eukaryotic rRNA
from the samples of Exp_CyDi in addition to bacterial rRNA
using the same antisense rRNA method. The remaining
RNA was amplified using the Message Amp II-Bacteria
kit (Life Technologies, Grand Island, USA) and finally re-
verse transcribed into complementary DNA (cDNA) using
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Table 3. Overview of the experimental setup.
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experiment treatment DOC input (uM) DOC medium (uM) culture technical replicates
Exp_SwDi control 74+3 (n=4) 74+2 (n=10) control1 control 1a
control 1b*
control2 control 2a*
control 2b*
diatom 87+7 (n=4) 75+2 (n=10) diatom1 diatomia
diatom1b
diatom2 diatom2a
diatom2b
Exp_CyDi cyano 73+3 (n=11) 75+2 (n=12) cyanoi cyanola
cyanolb
cyano2 cyano2a
cyano2b*
diatom 75+2 (n=11) 75+2 (n=12) diatom1 diatom1a
diatom1b
diatom2 diatom2a*
diatom2b

control = aged seawater control; diatom = addition of DOM derived from Phaeodactylum tricornutum; cyano = addition of DOM derived from
Synechococcus sp. WH 7803; 1,2 = suffixes for the cultures (biological replicates); a,b = suffixes for the technical replicates; technical replicates
marked with asterisks indicate those that were lost during the experimental procedure or excluded from data analyses for reasons mentioned in
the manuscript. Concentrations of dissolved organic carbon (DOC) were measured by (Landa et al., 2013a,b) in the input medium and the culture
(mean values + SD are given, n=number of time points for which chemical analyses were carried out).

SuperScript Il First-Strand Synthesis System for RT-PCR
(Invitrogen, Carlsbad, CA, USA) and NEBNext mRNA
Second Strand Synthesis Module (New England Biolabs,
Ipswich, MA, USA). Transcripts were sheared to approxi-
mately 220 bp, and paired-end sequencing was performed at
the Duke Institute for Genome Sciences and Policy (lllumina
GAlIx platform). Sequences are available via the CAMERA
database (http://camera.calit2.net) under accession number
CAM_P_0001134.

Bioinformatics analysis

The SHE-RA software package (Rodrigue etal., 2010)
was used to join paired-end reads, and low-quality pairings
were removed using 0.5 as the cut-off value. Further quality
trimming was carried out with the SeqTrim pipeline
(Falgueras et al., 2010) with the parameters set as follows:
minimal read length = 100; maximal frequency of Ns = 0.18;
minimal nucleotide quality for a called base =20; window
width = 10. Non-mRNA reads (rRNAs, internal standards)
were detected using Usearch [with the UBLAST nucleotide
algorithm set to standard parameters (Edgar, 2010)] by
searching against a sequence database containing refer-
ence rRNA gene sequences from taxa in major phylogenetic
lineages (Gifford et al., 2013). All reads with a bitscore < 50
were categorized as putative mRNA sequences and kept for
further analyses.

The potential mRNA reads were compared in a local
BLASTX search (Altschul et al., 1997) against the National
Center for Biotechnology Information (http://www.ncbi.nlm
.nih.gov/) RefSeq database (version 49) and top hits with a
bitscore > 40 were kept for information on taxonomic affilia-
tion, with the exception of hits (defined by Gl numbers) that
were only detected once in the total data set. Transcripts
were sorted into genome bins, referred to as ‘taxa’, based on
the closest hit to a bacterial reference genome.

Reads that were affiliated with genomes of prokaryotic
origin (Bacteria, Archaea) were functionally assigned to

orthologs of the Kyoto Encyclopedia of Genes and Genomes
(KEGG, Kanehisa et al., 2007). For this purpose, a local
BLASTX search against the full KO-database provided by
KOBAS 2.0 (http://kobas.cbi.pku.edu.cn/home.do; download:
February 2012) was performed using the Usearch UBLAST
protein algorithm while adjusting the settings to keep the 10
first hits and reject up to 1000 sequences. The best hit that
could be assigned to a KEGG ortholog was kept for further
statistical analyses. Hits were selected according to cut-off
criteria tested previously (Mou et al., 2008): e-value <0.1,
identity >40%, and alignment coverage > 23 amino acids.
In the remainder of the manuscript, KEGG orthologs are
referred to as ‘genes’.

We found evidence for possible contamination of two tech-
nical replicates with genomic DNA (Supporting Information
Fig. S2 and S3) and the reads from these two replicates were
therefore excluded from further analyses (Table 3).

Characterization of the most active community members

Transcripts assigned to a taxonomic bin that represented
> 5% of the total metatranscriptome in a culture were used for
more detailed analyses. It was assumed that these reads
were derived from the most abundant and active taxa in the
experiments, and they are referred to as ‘key taxa’.

In order to estimate the cell abundance of these key taxa
and verify their presence in the samples, we used 16S rRNA
from a previously analysed pyrosequencing data set derived
from the same experiments (Landa etal.,, 2013a,b). 16S
rRNA gene sequences for the key taxa were identified by a
BLASTN search of all available OTU representative
sequences against 16S rRNA gene sequences from refer-
ence genomes of the key taxa. None of the OTUs in the
pyrosequencing library had the 16S rRNA gene of
Alcanivorax borkumensis as the first hit, even though a
number of metatranscriptome reads binned to this genome.
Instead, all Alcanivorax-like OTU representative sequences
affiliated with Alcanivorax sp. DG881 as the first hit or an
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equally good hit. Consequently, although the transcriptome
binning indicated the presence of two Alcanivorax taxa
(Alcanivorax borkumensis and Alcanivorax sp. DG881), 16S
rRNA genes point to the presence of only one population
more closely related to Alcanivorax sp. DG881. We therefore
pooled the mRNA reads binning to Alcanivorax borkumensis
and Alcanivorax sp. DG881 into a single genome bin
(Alcanivorax sp.) for all downstream analyses. To check the
consistency of binning, we compared the transcriptome com-
position of the key taxa after normalizing to the same number
of reads by subsampling. Transcripts were subsequently
clustered using Bray—Curtis dissimilarity and Ward’s linkage.

Differential expression analysis

Differential expression analyses were performed using the
DESeq package (Anders and Huber, 2010). Reads from tech-
nical replicates (Table 3) obtained from one culture were
pooled, resulting in two biological replicates (cultures) per
treatment for statistical analyses. The biological replicate for
the control was lost (Table 3), and this sample was therefore
processed using the DESeq protocol for comparisons without
full replication. We increased the detection power by remov-
ing the least abundant genes (the lowest 40% quantile, about
0.1% of the considered reads) before performing compari-
sons between the treatments (Anders and Huber, 2010).
Comparisons between the experiments were not carried out
because the different starting populations would have made
taxonomic binning inconsistent across studies. Differential
expression analyses between treatments were performed for:
(i) the total metatranscriptome, which characterized changes
in bulk function of the community and (ii) key taxa, in order to
learn more about their individual functional responses to dif-
ferent DOM sources.

Characterizing changes in pathway expression using
KEGG and the path index

To account for the annotation uncertainties arising when a
gene falls into multiple KEGG pathways, we developed a
path-index parameter (PI) that is based on the results of the
differential expression analyses of the complete data set and
information in the KEGG database. First, the probability that
a gene was actively involved in a certain pathway (pko) was
estimated by the reciprocal value for the number of pathways
this gene is assigned to (np) according to the KEGG data-
base (information downloaded: 09/27/2012) as:

pko = X

np
We excluded all pathways involved in the classes ‘Human
Diseases’ and ‘Organismal Systems’ for the calculation of pko
because the prokaryotic organisms in our samples are not
expected to express pathways in these two classes. Next, we
identified modules within pathways that specifically differed
between treatments by marking genes that were enriched or
depleted. In the case of transporters, genes were grouped
into modules according to their substrate specificity. For sim-
plicity we refer in the text to both, pathways or subordinate

modules as pathways.

The PI for pathway j was then estimated as:

n pko; xlog, (fc;)
Pl = ZH%
J

where n is the number of genes detected in pathway j of the
compared treatments, and fc; is the fold change of gene iin
pathway j between the treatments as given in the output of
the differential expression analysis. The fc for genes with no
hit in one treatment was set to a minimal estimation based on
depth of sampling of the metatranscriptome, if the normalized
abundance (given by the base mean parameter in the DESeq
program) for this gene in the other treatment was > 1.
Otherwise, we set fc=1. The log transformation of the fc
provided a more balanced spread in the distribution of the
resulting Pls by avoiding extreme values and giving less
weight to low abundance genes with high fc. The PI therefore
provides a quantitative estimate of the relative transcriptional
increase or decrease in a group of genes organized in
pathways or functionally similar groups. In the subsequent
presentation of Pls we concentrate on pathways involved
in the classes metabolism and transporter proteins [ABC
transporters (path:ko02010) and phosphotransferase system
(PTS) (path:ko02060)], since genes involved these functions
are likely most relevant for understanding transcriptional
responses to DOM.

Indicator genes

Indicator genes describe those genes that are predominantly
expressed by an individual taxon (>50% of the transcripts
coding for this gene). For the calculation, we considered all
genes assigned to the key taxa in order to focus on expres-
sion differences among them. We determined indicator genes
for each key taxon in the experiment they were abundant in,
as described previously (Gifford et al., 2013), with the modi-
fication that expression outliers were not preselected. We
instead multiplied the indicator value with the frequency of
transcripts from gene j in taxon i within culture ¢, as sug-
gested in the original indicator value method (Dufrene and
Legendre, 1997). Because of considerably different read
numbers per taxon in different cultures, taxon/culture-specific
weighting factors were incorporated. Thus, the indicator value
of gene j in the transcriptome of taxon / would be:

v, =(i[%xgpq)jx—zf” -x100

c=1 i i:1X/’

where a; is the total number of reads in taxon i, a. is the
number of reads of taxon iin culture ¢, gp;is the presence (i)
or absence (0) of gene jin culture ¢, nis the total number of
replicates considered. x; is the expression frequency of gene
j in the transcriptome of taxon j, and s is the number of
selected taxa in culture c. We designated gene j as an
indicator gene for taxon iif /V;> 50 and > 10 hits to this gene
were detected.

Acknowledgements

We appreciate the assistance that Shalabh Sharma,
Marcelino Suzuki, Michel Krawczyk and Olivier Lagrasse

© 2014 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology



provided with bioinformatic analyses, and we appreciate
Stéphane Blain’s help with the experimental setup and
Brandon Satinsky’s work in preparing the internal standards.
This work was supported by grants from the Agence
Nationale de la Recherche (ANR, Project BACCIO, A
Biomolecular Approach to the Cycling of Carbon and Iron in
the Ocean, ANR-08-BLAN-0 309) and the Gordon and Betty
Moore Foundation. The authors declare no competing com-
mercial interests in relation to the submitted work.

References

Alldredge, A.L. (1999) The potential role of particulate diatom
exudates in forming nuisance mucilaginous scums. Ann Ist
Super Sanita 35: 397-400.

Altschul, S.F., Madden, T.L., Schaffer, A.A., Zhang, J.H.,
Zhang, Z., Miller, W., and Lipman, D.J. (1997) Gapped
BLAST and PSI-BLAST: a new generation of protein data-
base search programs. Nucleic Acids Res 25: 3389—-3402.

Anders, S., and Huber, W. (2010) Differential expression
analysis for sequence count data. Genome Biol 11: R106.
doi:10.1186/gb-2010-11-10-r106.

Arahal, D.R., Lekunberri, |., Gonzalez, J.M., Pascual, J.,
Pujalte, M.J., Pedros-Alio, C., and Pinhassi, J. (2007)
Neptuniibacter caesariensis gen. nov., sp nov., a novel
marine genome-sequenced gammaproteobacterium. Int J
Syst Evol Microbiol 57: 1000-1006.

Baines, S., and Pace, M. (1991) The production of dissolved
organic matter by phytoplankton and its importance to bac-
teria: patterns across marine and freshwater systems.
Limnol Oceanogr 36: 1078—1090.

Benner, R. (2002) Chemical composition and reactivity. In
Biogeochemistry of Marine Dissolved Organic Matter.
Hansell, D.A. and Carlson, C.A. (eds). San Diego, USA:
Academic Press, pp. 59-90.

Biersmith, A., and Benner, R. (1998) Carbohydrates in phy-
toplankton and freshly produced dissolved organic matter.
Mar Chem 63: 131-144.

Dinasquet, J., Kragh, T., Schroter, M.L., Sendergaard, M.,
and Riemann, L. (2013) Functional and compositional suc-
cession of bacterioplankton in response to a gradient in
bioavailable dissolved organic carbon. Environ Microbiol
15: 2616-2628.

Dufrene, M., and Legendre, P. (1997) Species assemblages
and indicator species: the need for a flexible asymmetrical
approach. Ecol Monogr 67: 345-366.

Edgar, R.C. (2010) Search and clustering orders of magni-
tude faster than BLAST. Bioinformatics 26: 2460-2461.
Falgueras, J., Lara, A., Fernandez-Pozo, N., Cantén, F,
Pérez-Trabado, G., and Claros, M.G. (2010) SeqTrim: a
high-throughput pipeline for pre-processing any type of

sequence read. BMC Bioinformatics 11: 38.

Gifford, S.M., Sharma, S., Rinta-Kanto, J.M., and Moran,
M.A. (2011) Quantitative analysis of a deeply sequenced
marine microbial metatranscriptome. ISME J 5: 461-
472.

Gifford, S.M., Sharma, S., Booth, M., and Moran, M.A. (2013)
Expression patterns reveal niche diversification in a marine
microbial assemblage. ISME J 7: 281-298.

Goémez-Consarnau, L., Lindh, M.V., Gasol, J.M., and
Pinhassi, J. (2012) Structuring of bacterioplankton commu-

The response of prokaryotes to DOM in seawater 13

nities by specific dissolved organic carbon compounds.
Environ Microbiol 14: 2361-2378.

Green, D.H., Llewellyn, L.E., Negri, A.P., Blackburn, S.1., and
Bolch, C.J.S. (2004) Phylogenetic and functional diversity
of the cultivable bacterial community associated with the
paralytic shellfish poisoning dinoflagellate Gymnodinium
catenatum. FEMS Microbiol Ecol 47: 345-357.

Hoskisson, P.A., and Hobbs, G. (2005) Continuous culture —
making a comeback? Microbiology 151: 3153-3159.

Jansson, J.K., Neufeld, J.D., Moran, M.A., and Gilbert, J.A.
(2012) Omics for understanding microbial functional
dynamics. Environ Microbiol 14: 1-3.

Kanehisa, M., Araki, M., Goto, S., Hattori, M., Hirakawa, M.,
Itoh, M., et al. (2007) KEGG for linking genomes to life and
the environment. Nucleic Acids Res 36: D480-D484.

Kasai, Y., Kishira, H., Sasaki, T., Syutsubo, K., Watanabe,
K., and Harayama, S. (2002) Predominant growth of
Alcanivorax strains in oil-contaminated and nutrient-
supplemented sea water. Environ Microbiol 4: 141-147.

Koch, F., Hattenrath-Lehmann, T.K., Goleski, J.A.,
Sanudo-Wilhelmy, S., Fisher, N.S., and Gobler, C.J. (2012)
Vitamin B and B, uptake and cycling by plankton commu-
nities in coastal ecosystems. Front Microbiol 3: 363.

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

Landa, M., Cottrell, M.T., Kirchman, D.L., Kaiser, K.,
Medeiros, P.M., Tremblay, L., et al. (2013b) Phylogenetic
and structural response of heterotrophic bacteria to dis-
solved organic matter of different chemical composition in
a continuous culture study. Environ Microbiol. doi:10.1111/
1462-2920.12242; in press.

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

Lekunberri, I., Lefort, T., Romera-Castillo, C., Cardelus, C.,
Coll-Llado, M., Ruiz-Gonzalez, C., et al. (2012) Relation-
ship between induced phytoplankton blooms and the struc-
ture and dynamics of the free-living heterotrophic bacterial
community. Mar Ecol Prog Ser 448: 23-U58.

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 107: 16420-16427.

Martens, J.H., Barg, H., Warren, M.J., and Jahn, D. (2002)
Microbial production of vitamin Bi.. Appl/ Microbiol
Biotechnol 58: 275-285.

Mou, X.Z., Sun, S.L., Edwards, R.A., Hodson, R.E., and
Moran, M.A. (2008) Bacterial carbon processing by gener-
alist species in the coastal ocean. Nature 451: 708-713.

Myklestad, S. (2000) Dissolved organic carbon from phyto-
plankton. In The Handbook of Environmental Chemistry.
Wangersky, P.J. (ed.). Berlin Heidelberg, Germany:
Springer, pp. 111-148.

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

© 2014 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology



14 S. Beier, A. R. Rivers, M. A. Moran and I|. Obernosterer

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.

Rodrigue, S., Materna, A.C., Timberlake, S.C., Blackburn,
M.C., Malmstrom, R.R., Alm, E.J., and Chisholm, S.W.
(2010) Unlocking short read sequencing for metag-
enomics. PLoS ONE 5: e11840.

Roth, J.R., Lawrence, J.G., and Bobik, T.A. (1996) Cobalamin
(coenzyme Bi,): synthesis and biological significance.
Annu Rev Microbiol 50: 137—-181.

Sanudo-Wilhelmy, S.A., Cutter, L.S., Durazo, R., Smalil, E.A.,
Gomez-Consarnau, L., Webb, E.A., etal. (2012) Multiple
B-vitamin depletion in large areas of the coastal ocean.
Proc Natl Acad Sci 109: 14041-14045.

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

Sarmento, H., Romera-Castillo, C., Lindh, M., Pinhassi, J.,
Sala, M.M., Gasol, J.M., etal. (2013) Phytoplankton
species-specific release of dissolved free amino acids and
their selective consumption by bacteria. Limnol Oceanogr
58: 1123-1135.

Satinsky, B.M., Gifford, S.M., Crump, B.C., and Moran,
M.A. (2013) Use of internal standards for quantitative
metatranscriptome and metagenome analysis. Methods
Enzymol 531: 237-250.

Shi, Y., McCarren, J., and Delong, E.F. (2012) Transcrip-
tional responses of surface water marine microbial assem-
blages to deep-sea water amendment. Environ Microbiol
14: 191-206.

Stewart, F.J., Ottesen, E.A., and DelLong, E.F. (2010) Devel-
opment and quantitative analyses of a universal rRNA-
subtraction protocol for microbial metatranscriptomics.
ISME J 4: 896-907.

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.

Tripp, H.J., Schwalbach, M.S., Meyer, M.M., Kitner, J.B.,
Breaker, R.R., and Giovannoni, S.J. (2009) Unique
glycine-activated riboswitch linked to glycine-serine
auxotrophy in SAR11. Environ Microbiol 11: 230-238.

Urbani, R., Sist, P., Pletikapi¢, G., Misi¢ Radi¢, T., Svetli€ic¢,
V., and Zutié, V. (2012) Diatom polysaccharides:
extracellular production, isolation and molecular charac-
terization. In The Complex World of Polysaccharides.
Karunaratne, D.N. (ed.). Rijeka, Croatia: InTech, pp. 345—
370.

Van Hannen, E.J., Mooij, W., van Agterveld, M.P., 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.

Yakimov, M.M., Golyshin, P.N., Lang, S., Moore, E.R.B.,
Abraham, W.R., Lunsdorf, H., and Timmis, K.N. (1998)
Alcanivorax borkumensis gen. nov., Sp. nNov.,, a new,
hydrocarbon-degrading and surfactant-producing marine
bacterium. Int J Syst Bacteriol 48: 339-348.
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Additional supporting information is available in the online
version of the article at the publisher's web-site.

Fig. S1. Chemical characteristics of the input media and the
two DOM sources published previously by (Landa etal.,
2013b). 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
based on analysis by FT-ICR MS showing ratios of H/C
and O/C for compounds specific of diatom DOM and
cyanobacterial DOM in the PPL-extracted fraction (C). For
the two phytoplankton DOM sources, the PPL recovery effi-
ciency was 8% of total DOC. Areas tentatively assigned as
carboxylic-rich alicyclic molecules (CRAM), proteins, lipids,
condensed hydrocarbons and amino sugars are also
shown.

Fig. S2. Dendrograms (Bray—Curtis dissimilarity, Ward’s
linkage) based on a normalized count data set after taxo-
nomic (A) and functional (B) binning of the sequence data.
Filled circles indicate technical replicates from Exp_SwDi and
open circles indicate technical replicates from Exp_CyDi.
Fig. S3. In order to display differences in expression pat-
terns between the outliers cyano2b/diatomia (Exp_CyDi,
Supporting Information Fig. S1) and the remaining technical
replicates, this heatmap highlights genes that were signifi-
cantly differently expressed between outliers and the re-
maining technical replicates. The heatmap illustrates that dif-
ferences between the outliers, and the remaining samples
were mostly due to genes that were highly enriched in the
outlier samples, but low in abundance or undetected in the
remaining samples. This pattern might be caused by contami-
nation with genomic DNA. DNA contamination would also
explain why samples cyano2b/diatomia (Exp_CyDi) clus-
tered as outliers in the functional but not in the taxonomic
cluster analysis (Supporting Information Fig. S1). Signifi-
cance was tested following the differential expression analy-
sis in the DESeq package (Anders and Huber, 2010) and a
significance level of P< 0.1 with the P-value adjusted for
multiple testing using the Benjamini-Hochberg procedure.
The displayed subset of genes was not scaled for the
heatmap but originates from the total data set, which was
normalized by sample according to the DESeq package.
SwDi or CyDi before the technical replicate designates its
origin from Exp_SwDi and Exp_CyDi.

Table S1. Concentrations of dissolved organic carbon
(DOCQ), nitrate + nitrite (NOs+NO;) and phosphate (PO,*) in
the input media and the biological replicates during the
experimental period. In Exp_CyDi, nitrogen was also added
in the form of NH," to the input medium (20 uM final concen-
tration). Mean values * SD are given. For each time point, the
average value of the two replicate + DOM cultures was used.
n=number of time points for which chemical analyses were
carried out.

Table S2. List of all genes with KEGG number (ko) that were
analysed for differential expression in pathways in the
metabolism class, and in transporter protein categories [ABC
transporters (path:ko02010), phosphotransferase system
(PTS) (path:ko02060)]. Kegg_colour gives the colour codes
used in the colour-mapping tool provided by KEGG (http://
www.genome.jp/kegg/tool/map_pathway2.html) in order to
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map significantly (intense colour) or non-significantly (light
colour) enriched (green) and decreased (red) genes (with
respect to the diatom treatment in both experiments). Genes
with pko =1 are indicated with a blue border, with the pko
value representing the probability of a gene contributing to a
certain pathway. The colour coding was used for grouping of
genes after visual inspection in order to use these groups of
genes as units for Pl calculation. The units of genes used for
PI calculation are designated in the column pathway/module.
The fold change indicates an enrichment or decrease of a
gene in the diatom treatment of both experiments, if values
are >0 or <O respectively. The terms class, category,
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pathway and description indicate the KEGG BRITE nomen-
clature. P-values adjusted with the Benjamini-Hochberg
procedure were obtained for each gene from differential
expression analysis for all genes or transcriptomes of the key
taxa. Genes are highlighted in red if significantly decreased
and green if significantly increased in the diatom treatment in
Exp_SwDi and Exp_CyDi (significance level: padj <0.1).
Indicator genes (IV > 50, more than 10 reads) are displayed
in yellow (gammaproteobacterium IMCC1989), blue (N.
caesariensis), violet (Alcanivorax sp.), pink (C. psychrery-
thraea) or turquois (Glaciecola sp. HTCC2999).
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