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Summary

The bathypelagic ocean is one of the largest ecosys-

tems on Earth and sustains half of the ocean’s

microbial activity. This microbial activity strongly

relies on surface-derived particles, but there is grow-

ing evidence that the carbon released through

solubilization of these particles may not be sufficient

to meet the energy demands of deep ocean prokar-

yotes. To explore how bathypelagic prokaryotes

respond to the absence of external inputs of carbon,

we followed the long-term (1 year) dynamics of an

enclosed community. Despite the lack of external

energy supply, we observed a continuous succession

of active prokaryotic phylotypes, which was driven by

recruitment of taxa from the seed bank (i.e., initially

rare operational taxonomic units [OTUs]). A single

OTU belonging to Marine Group I of Thaumarchaeota,

which was originally rare, dominated the microbial

community for � 4 months and played a fundamental

role in this succession likely by introducing new

organic carbon through chemolithoautotrophy. This

carbon presumably produced a priming effect,

because after the decline of Thaumarchaeota, the

diversity and metabolic potential of the community

increased back to the levels present at the start of the

experiment. Our study demonstrates the profound ver-

satility of deep microbial communities when facing

organic carbon deprivation.

Introduction

The oligotrophic bathypelagic ocean is one of the largest

ecosystems on Earth and accounts for 50% of the oceans’

heterotrophic activity (Arı́stegui et al., 2009). This system

is characterized by persistently low dissolved organic

carbon (DOC) concentrations that sustain reduced pro-

karyotic abundances (Carlson et al., 2011). Even though it

is a rather stable environment, life in the bathypelagic is

tough from a microbial point of view (Herndl and Rein-

thaler, 2013). The DOC pool consists mainly of

increasingly recalcitrant compounds that are by-products

of microbial metabolism (the so-called microbial pump;

Jiao et al., 2010) and some short-lived (hours to weeks)

labile or semilabile DOC that becomes available through

the transformation and solubilisation of surface-derived

(Arı́stegui et al., 2009) or buoyant particles (Baltar et al.,

2010), or through in situ chemolithoautotrophy (Herndl

et al., 2005). Sinking particles are considered the main car-

bon source for bathypelagic communities (Nagata et al.,

2000; Hansell and Ducklow, 2003), yet the flux of these

particles is intermittent and variable on temporal and spa-

tial scales (Arı́stegui et al., 2002; Arı́stegui and Montero,

2005). This frequent carbon scarcity seems to have led to

the development of versatile metabolisms, as hinted by

increasing findings of potential metabolic flexibility in deep

ocean prokaryotes (Swan et al., 2011; Tang et al., 2016;

Landry et al., 2017). However, the responses of deep

ocean microbes to organic carbon starvation have not

been explored.

Most of the knowledge we have about long-term starva-

tion responses comes from studies with a few bacterial

strains belonging to the phylum Proteobacteria (Novitsky

and Morita, 1977; Amy and Morita, 1983; Finkel, 2006;

Soora et al., 2013). These studies have shown that in the

absence of fresh energy supplies, stable populations per-

sist for months to years, as the result of continuous cycles

of life and death. Yet, no studies have dealt with prolonged
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starvation of natural assemblages, which are characterized

by astounding levels of phylogenetic and metabolic diver-

sity (Pedr�os-Ali�o, 2012). This is particularly true for the

bathypelagic, which is already an energy limited system.

One complexity associated to natural communities is that

prokaryotes compete with their neighbors for resources.

Another level of complexity is that microbial communities

contain a seed bank that can resuscitate upon shifts in

environmental conditions (Lennon and Jones, 2011;

Gibbons et al., 2013) and that could play an important role

in successional dynamics upon starvation.

Here, we investigated how a bathypelagic community

withstood prolonged starvation in the absence of their

main source of carbon, i.e. the surface-derived particle

flux. To this aim, a parcel (600 l) of water from 2100 m

depth was enclosed for 1 year, and we followed the taxo-

nomic and functional dynamics of the prokaryotic

community with weekly or by-weekly sampling frequency

during the first 2 months, and monthly after that. We

expected to find a rather stable community maintaining

basal activities after most labile DOC had been consumed,

but instead we observed a dramatic succession of active

phylotypes along the year.

Results and discussion

Long-term dynamics of the starved

bathypelagic community

Total organic carbon (TOC) and total nitrogen (TN) were

quite constant throughout the experiment (Fig. 1A), with

TOC values within the range reported for the world’s bathy-

pelagic regions (35–45 mM, Hansell and colleagues

(2009)). Heterotrophic prokaryotic production values (esti-

mated as leucine incorporation rates) at the very start of

the experiment (Fig. 1B) were higher than previously

observed values in the bathypelagic (e.g., Baltar et al.,

2009), likely due to some confinement effect (see method-

ological considerations in the Experimental procedures

section). Then, it decreased drastically within the first

2 weeks of the experiment, when most of the labile DOC

was likely consumed. During the second month (day 49),

heterotrophic production decreased further but remained

rather constant for more than a month (day 105, Fig. 1B,

inset), after which it decreased again down to a minimum

value on day 165. Later on, production remained low but

displayed a relative maximum on day 278. The values

detected at the end of the experiment are within the low

range of heterotrophic production values observed in the

Mediterranean bathypelagic (Luna et al., 2012).

Prokaryotic cell abundances were generally low, in

agreement with previous observations in the deep Mediter-

ranean (e.g., Luna et al., 2012). They presented a relative

minimum between days 105 and 165 and afterward

increased back to the initial values (Fig. 1C). Coincident

with the initial sharp decrease in leucine incorporation, we

observed the presence of a population of small cells (with

an estimated carbon content of 6.5 fgC cell21, instead of

the estimated 12.5 fg cell21 of the normal-size cells, Sup-

porting Information Fig. S1) that peaked between days

21 and 49 of the experiment. Reduction in size is a
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Fig. 1. Dynamics of an enclosed bathypelagic community during 1-year of starvation.

(A) Total organic carbon (TOC) and total nitrogen (TN), (B) heterotrophic prokaryotic production measured as leucine incorporation, (C)

prokaryotic abundance (PA), total cells represented as filled circles and population of microcells (see Supporting Information Fig. S1), as open

circles (D) diversity and richness estimated with the Shannon index (solid line) and number of OTUs (dashed line), respectively. Error bars

represent the standard deviation of the replicates (see Experimental procedures).
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well-described response of many bacteria upon carbon

starvation, being an important survival strategy for reduc-

ing energy costs (Novitsky and Morita, 1976). However,

the decline in this population of microcells observed on

day 77 of the experiment likely suggests the demise of a

large fraction of these cells, which is supported by the

strong decline observed in taxonomic diversity (Fig. 1D).

This indicates that size reduction might be one strategy

that bathypelagic prokaryotes have to cope with carbon

scarcity, but some cells in such stage do not seem to with-

stand starvation for long periods. In fact, prokaryotic

species richness decreased to half of the initial values at

the end of the experiment (Fig. 1D).

In terms of taxonomic composition, there was a striking

succession of phylogenetic groups in the rDNA profiles

(Fig. 2). Alpha- and Gammaproteobacteria dominated the

initial community, being the genus Alteromonas the major

contributor on day 1 (� 35% of total reads), but the relative

abundance of this genus decreased drastically shortly after

(Supporting Information Fig. S2). Alteromonas is a major

player in the drawdown of labile DOC in the ocean (Pedler

et al., 2014), and its fast disappearance further supports

the idea that labile DOC was rapidly consumed. Unlike

most other prokaryotic groups, the relative contribution of

Alphaproteobacteria to the community structure remained

relatively constant along the experiment (Fig. 2), but there

was also a marked succession of phylotypes within this

group (Supporting Information Fig. S3).

On day 77, coincident with the decline in the population

of microcells, the contribution of Marine Crenarchaoetic

Group I (MCGI) of Thaumarchaeota remarkably increased,

peaking on day 133, where it represented more than 70%

of the sequences. A single operational taxonomic unit

(OTU) that was rare at the beginning of the experiment

(� 0.02% of the total DNA reads) accounted for 96% of

the MCGI population. These changes in species contribu-

tions caused the dramatic drop in taxonomic diversity

(Fig. 1D). The dominance of Thaumarchaeota lasted until

month 6 (day 194). Afterward, the contribution of this phy-

lum notably decreased and members of Bacteroidetes,

Alphaproteobacteria and Planctomycetes became the

major contributors to the prokaryotic community (Fig. 2).

It has been postulated that PCR-based surveys over-

estimate the relative contribution of abundant taxa to the

community structure and display bias against the ones pre-

sent in low proportion (Gonzalez et al., 2012). Thus, in

order to test whether the dominance of archaeal sequen-

ces was a consequence of the demise of a large fraction of

cells of the different bacterioplankton groups or a real

‘bloom’ of Archaea, we quantified Thaumarchaeota and

MCGI 16S gene abundances through quantitative PCR

(qPCR). We observed that the abundance of this phylum

was actually higher at the beginning of the experiment

(Supporting Information Fig. S4), where most Thaumarch-

aeota OTUs displayed higher relative abundances

(Supporting Information Fig. S5). Nevertheless, a relative

maximum was observed on day 133, when we found the

maximum contribution in terms of sequences (Supporting

Information Fig. S4) and the lowest prokaryotic abundan-

ces (Fig. 1C). These results suggest that there was not a

real bloom and that the high dominance of Thaumarch-

aeota sequences was the consequence of a drastic

decrease in the abundance of different bacterial phylo-

types. The success of these Thaumarchaeota MCGI

OTUs likely relies on their ability to fix inorganic carbon

(Herndl et al., 2005). Indirect evidence of this comes from

the nitrite peak that we observed coincident with the rise in

Thaumarcheota relative abundance (Supporting Informa-

tion Fig. S6), because autotrophic Thaumarchaeota obtain

the energy to fix inorganic carbon through the oxidation of

ammonia to nitrite (K€onneke et al., 2005).

We then assessed changes in the fluorescent DOM

along the experiment through excitation/emission matrices,

which allow to identify protein-like (peak T) and humic-like

(peak C and M) substances (Coble, 1996). We found a

remarkable signature of protein-like compounds when the
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relative abundance of Thaumarchaeota reached its maxi-

mum value (Supporting Information Fig. S7). This

constitutes another indirect evidence supporting the intro-

duction of labile DOM through chemolithoautotrophy.

Based on the increase in total prokaryotic cell abundance

and the change in community composition observed after

the peak of Thaumarchaeota, we hypothesize that these

archaeal cells played a central role in DOM cycling in the

system and their metabolism by-products enabled growth

of bacterial taxa which ended up outcompeting them.

To further explore this idea, we monitored the functional

capabilities of the community along the experiment by

measuring a suite of hydrolytic enzymes. These enzymes

enable microorganisms to utilize complex DOC com-

pounds and high activity values have been reported for

deep sea microbial communities (Hoppe and Ullrich, 1999;

Baltar et al., 2013; 2009). Esterase activity was high within

the first 2 weeks of the experiment, showed its lowest

values when Thaumarchaeota dominated the community

and increased back to the original values when

Thaumarchaeota relative abundance decreased and Bac-

teroidetes became the major contributors to the

community (Figs 2 and 3A). This enzymatic activity is an

estimator of overall potential activity of the microbial

enzymes involved in organic matter transformations

(Chrost et al., 1999). The rise in esterase activity implies

that after 1 year with no external carbon inputs the micro-

bial community maintained the ability to regain its

metabolic potential.

The trends observed in other enzymatic activities likely

reflect changes in the quality of the DOM pool and in commu-

nity traits associated to the shifts in taxonomic composition.

a-glucosidase, ß-glucosidase, leu-aminopeptidase and

chitobiase activities followed the same pattern as leucine

incorporation (Figs 1B and 3B–E), with a drastic decrease

within the first 2 weeks of the experiment and a relative

maximum later in the experiment coincident with the

increase in the contribution of Bacteroidetes and Plancto-

mycetes (Fig. 2) and the rise in esterase activity

(Fig. 3A). Fucosidase activity, which is involved in the
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Fig. 3. Temporal dynamics of different enzymatic activities as an indication of the metabolic potential of the microbial communities.

Each data point represents the average of four replicates and error bars represent the standard deviation.
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degradation of polysaccharides (Sun et al., 2016), was

low at the beginning of the experiment but displayed a

maximum on day 223, when the peak in esterase activity

was observed (Fig. 3F). Alkaline phosphatase followed a

similar trend than bacterial abundance, but values

remained relatively high throughout the experiment (Fig.

3G), supporting the view that these enzymes play an

important role in the acquisition of carbon from dissolved

organic phosphorus compounds in the bathypelagic

(Hoppe and Ullrich, 1999; Baltar et al., 2009).

Dynamics of the most responsive OTUs

We next explored the identity and dynamics of the most

responsive OTUs along the experiment, i.e., the ones that

played the largest role in the taxonomic, and therefore,

likely in the metabolic, succession. To that end, we focused

on those taxa that displayed the largest changes in relative

abundances (‘responsive’ OTUs, see Experimental proce-

dures). Then, we categorized these responsive OTUs as

‘pre-bloom’, if their mean relative abundances were higher

before the peak of Thaumarchaeota (days 1–49, Fig. 2), or

‘post-bloom’, if their relative abundances were higher after

day 165, when the Thaumarchaeota population started to

decline. We identified 91 OTUs in the ‘pre-bloom’ pool (73

bacterial and 18 archaeal OTUs, see Supporting Informa-

tion Table S1 for further details), which accounted for

roughly 95% of all the sequences during the first 49 days

(Fig. 4A). After this date, their contribution to the total num-

ber of sequences markedly decreased, and from day 77 to

the end of the experiment, they only represented between

10% and 20% of the total sequences. Interestingly, despite

the drastic decrease in their contribution to the community,

half of these ‘pre-bloom’ OTUs were still present at the end
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of the experiment (Fig. 4C), suggesting that they managed

to survive but were present in very low abundances.

Noticeably, when taking into account all the OTUs that

were abundant (representing > 1% of the reads), we found

that only one Erythrobacter OTU (Alphaproteobacteria)

was relatively abundant before and after the bloom (data

not shown).

The ‘post-bloom’ pool was composed by 76 OTUs, 75

bacterial OTUs and one archaeal MCGI OTU, which was

the one that dominated the community during days 77–

194 of the experiment (Figs 2 and 4B, see Supporting

Information Table S1 for further details). A total of 84% of

the ‘post-bloom’ OTUs were rare (< 0.1% relative abun-

dance) during the first month of the experiment, and only

23 out of the 76 OTUs were detected in the original com-

munity (Fig. 4D). After the first month, the relative

abundance of the ‘post-bloom’ OTUs remarkably increased

and ended up representing over 80% of the reads at the

end of the experiment. Hence, the ‘post-bloom’ OTUs,

which accounted only for 7% of the 1117 OTUs detected

during the whole experiment, are mostly ‘seed’ OTUs, i.e.,

OTUs that transitioned from very rare or dormant to abun-

dant when they found favorable conditions. Microbial

seedbanks have been proposed to play a fundamental role

in environmental microbial dynamics (Lennon and Jones,

2011; Caporaso et al., 2012; Gibbons et al., 2013; Shade

et al., 2014). Yet recruitment of taxa from the seedbank

has only been demonstrated in short-term incubation

experiments (Aanderud et al., 2015; Baltar et al., 2016).

Our results constitute the first demonstration of recruitment

from the seedbank over a long-time period in a controlled

laboratory setting. The shift in conditions for these respon-

sive OTUs was likely triggered by the introduction of fresh

organic carbon into the system through inorganic carbon

fixation by the chemolithoautotrophic Thaumarchaeota

(Supporting Information Figs S6 and S7), which dominated

the community for almost 4 months. We hypothesize that

this freshly produced carbon probably had some sort of

‘priming effect’ (Kuzyakov et al., 2000) that facilitated the

degradation of previously unreactive organic matter.

Both the ‘pre’ and ‘post-bloom’ OTUs were composed of

an assortment of diverse prokaryotes (Fig. 4E and F), yet

the composition of these pools was remarkably different.

Alphaproteobacteria were major contributors to both pools,

but members of the order Rhodobacterales and the SAR11

clade dominated at the beginning of the experiment, whereas

Rhodospirillales dominated at the end. Gammaproteobacte-

ria represented � 25% of the OTUs in the ‘pre-bloom’ pool

but accounted for a small fraction of the ‘post-bloom’ OTUs,

and the taxonomic affiliation of the OTUs within this class

also differed from the ‘pre’ counterparts (Fig. 4E and F).

The ‘post-bloom’ pool was also composed by other phyla

that had not been detected in the ‘pre-bloom’ pool, such as

Hydrogenedentes, Gemmatimonadetes, Nitrospirae and

Chloroflexi. In addition, members of the Sphingobacteriales

and Cytophagales dominated the Bacteroidetes population,

whereas this phylum represented a minor fraction of the total

community at the beginning of the experiment. The success

of these groups in such a carbon-limited system points to

complementary alternative metabolisms and the ability to

use recalcitrant compounds, as supported by the increase in

the hydrolytic activities (Fig. 3). Indeed, Bacteroidetes, Gem-

matimonadetes, Planctomycetes and Verrucomicrobia have

been reported to harbour genes encoding hydrolytic

enzymes involved in the degradation of polymers (Fern�an-

dez-G�omez et al., 2013; Li et al., 2015). Within the

Bacteroidetes, members of the Sphingobacteriales have

been observed to have special ability to utilize complex car-

bon compounds and even predate on other bacteria (McIlroy

and Nielsen, 2014). Hydrogenedentes have the potential

ability to utilize hydrogen as energy source (Rinke et al.,

2013) and degrade complex compounds (Rinke et al., 2013;

Nikolaki and Tsiamis, 2013). Nitrospirae obtain energy from

nitrite oxidation and members of this phylum have been

shown to have extremely versatile metabolisms, which allow

them to use CO2, organic compounds, perform aerobic

hydrogen oxidation and even ammonia oxidation (Koch et al.,

2015; Daims et al., 2015). Chloroflexi bacteria are also

thought to be metabolically flexible (Yilmaz et al., 2015) and

have the potential to use recalcitrant DOM compounds

(Landry et al., 2017).

To further confirm that the recruited OTUs drove the meta-

bolic succession we analysed the relationships between the

16S rRNA and rDNA sequences of both the ‘pre’ and ‘post’

bloom OTUs to infer the activity status of these OTUs (e.g.,

Campbell et al., 2011; Hugoni et al., 2013). If the prokaryotes

present at the end of the experiment were starving or grow-

ing under suboptimal conditions, the relationship between

their rRNA and rDNA reads would have a smaller slope than

the slope of those dominating at the beginning of the experi-

ment. Using this approach, we found that the recruited taxa

at the end of the experiment (‘post-bloom’ OTUs) were as

active as the ones prevalent before the bloom (Fig. 5). This

observation supports the view that the recruited taxa ensured

the long-term metabolic potential of the community.

Taken together, our findings show that prolonged starva-

tion in a bathypelagic microbial community led to a

consistently active community maintained by a continuous

succession of prokaryotic groups. We hypothesize that

Thaumarchaeota played a crucial role in this succession

by introducing fresh DOC through chemoautotrophy into

the system, and this DOC had a ‘priming effect’ that

enabled the resuscitation of metabolically diverse taxa that

ended up dominating the microbial community. While our

experimental approach is not a perfect reproduction of

what occurs in situ (see methodological considerations in

the Experimental procedures), it demonstrates the pro-

found malleability of deep-sea microbial populations in the
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absence of external influences. It has been long assumed

that the surface-derived particle flux sustains microbial

activities in the bathypelagic but our results show that after

1 year deprived of surface-derived particles, prokaryotic

abundance and diversity displayed similar values to the

beginning of the experiment. This provides conclusive evi-

dence of how resourceful deep ocean prokaryotes are

when facing organic carbon-limiting conditions and hints at

which phylogenetic groups are likely to thrive in those

extreme conditions.

Experimental procedures

Experimental set up

The bathypelagic water (600 l) was collected from 2100 m in the

Northwestern Mediterranean Sea (40838031.0100N, 285101.600W)

in October 2014 during the MIFASOL-I cruise on board the R/V

Garcı́a del Cid. The water was collected at night the last day of

the cruise before steaming back to harbor, by multiple deploy-

ments of a rosette equipped with Niskin bottles. Water was

filtered through a 200 mm mesh to remove large zooplankton

and poured into different thoroughly acid-rinsed 20-l containers.

The content of these containers was transferred to a 600 l

HDPE container that had been previously acid-cleaned, rinsed

once with distilled water and rinsed five times with the sampled

water. This container was attached to a plastic pallet, to simplify

the handling, and covered with black plastic to prevent exposure

of the water to light throughout the handling and the experiment.

Once back in the lab, the sampled water was allowed to sit for

24 h before starting the experiment. The container was gently

agitated by moving it back and forth using a pallet jack prior to

each sampling and samples were syphoned out of the tank by

means of an autoclaved and acid-rinsed glass-tube attached to

a long silicon tube, with the help of a 60-ml syringe. The lid of

the container covered the tube during the sampling, to avoid

immigration of foreign taxa. Samples were taken at different

time intervals (on days 1, 7, 14, 21, 33, 49, 77, 105, 133, 165,

194, 223, 278 and 364) during 1 year. The container was

maintained in the dark and at � 178C, which is only 38C higher

than the typical bathypelagic Mediterranean Sea temperature

(Luna et al., 2012). The container was airtight except for the

moment of sampling, so a certain gas exchange was allowed.

However, given that both oxygen and CO2 are not limiting in

bathypelagic waters (Copin-Mont�egut, 1993; Tanhua et al.,

2013) and the low prokaryotic biomass observed along the

experiment, we believe this gas exchange did not have any sig-

nificant effect in the C and O2 budget.

Methodological considerations

We are aware that our approach has some shortcomings,

being the most obvious one the dramatic change in conditions

during water recovery, particularly in pressure. Only a few

studies have dealt with the effect of changes in hydrostatic

pressure on microbial activity and diversity, but no firm conclu-

sions can be drawn from these studies (Herndl and

Reinthaler, 2013 and references therein). It is certainly possi-

ble that some pressure-sensitive prokaryotes died during

sample collection. However, since we are interested in the

long-term response and the whole experiment was carried out

under the same pressure, we believe the dynamics observed

are independent of this variable.

Confinement of natural assemblages usually leads to

changes in community composition and activity (Schafer

et al., 2000; Massana et al., 2001), with Alteromonas bacteria

playing a main role in these shifts (e.g., Eilers et al., 2000;

McCarren et al., 2010). We tried to reduce the confinement

effect by performing the incubation with a large volume of

water (600 l) (see Ferguson et al., 1984 and references

therein). However, the dominance of Alteromonas and the

high activity observed during the first week of the experiment

(Fig. 1B) suggest that there was some enrichment due to con-

finement. This issue is inherent to any experimentation with

natural communities but we believe mesocosms experiments

are still invaluable tools for understanding the functioning of

marine ecosystems. Although we acknowledge that the dra-

matic alterations our parcel of water experienced within the

first days probably led to changes in the diversity of the bathy-

pelagic community, our main goal was not to exactly

reproduce the bathypelagic environment ex situ but to investi-

gate the long-term response of bathypelagic prokaryotes to

the absence of external inputs of organic carbon. To further

confirm that the OTUs detected in this study are bathypelagic

dwelling organisms, we searched these OTUs in a trans-

Mediterranean bathypelagic survey (HOTMIX cruise; Ortega-

Retuerta et al., in preparation) and identified 77% of them.

Prokaryotic heterotrophic production and abundance

Prokaryotic heterotrophic production was estimated from the

incorporation of tritium-labeled leucine (Kirchman et al., 1985)

using the centrifugation procedure. Four replicates of 1.2 ml

and two trichloroacetic acid (TCA)-killed controls were incu-

bated with 3H-Leucine at a final concentration of 40 nM.

Incubation was performed in the dark at in situ temperature

for 4 h and stopped with 5% TCA, final concentration.

The samples were then kept frozen at2208C until processing,

following (Smith and Azam, 1992).
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Fig. 5. Relationships between the proportion of 16S rRNA and 16S

rDNA sequences in the bacterial ‘pre’ and ‘post-bloom’ OTUs (see

main text for details).
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Prokaryotic cell abundance was estimated by flow cytome-

try as described elsewhere (Gasol and Moran, 2015).

Prokaryotic cell size was estimated from the side scatter sig-

nal using the equation provided by Calvo-Dı́az and Moran,

(2006). The carbon content of the prokaryotic cells was

obtained following Gundersen and colleagues (2002).

Enzymatic measurements

We monitored the enzymatic activities of Leu-aminopeptidase,

a-glucosidase, b-glucosidase, fucosidase, chitobiase,

alkaline phosphatase and esterase using L-leucine-7-amino-

4-methylcoumarin, 4-methylumbelliferyl a-D-glucoside, 4-

methylumbelliferyl b-D-glucoside, 4-methylumbelliferyl b-D-

fucoside, 4-methylumbelliferyl N-acetyl-b-D-glucosaminide,

4-methylumbelliferyl phosphate and 4-methylumbelliferyl

butyrate as substrates, respectively (all purchased at Sigma-

Aldrich, St. Louis, MO, USA) following the method developed by

Hoppe (1983). Assays were performed as described in Sala

and colleagues (2016). Briefly, each sample (350 ml) was pipet-

ted in quadriplicate into 96 black well plates, and substrates

were added to obtain a final concentration of 125 lM. The fluo-

rescence of the 96-well plates was measured at the beginning

and after 5 h incubation at in situ temperature conditions with a

Tecan Infinite 200 microplate reader at 365 nm excitation and

450 nm emission wavelengths. The increase in fluorescence in

each well was converted into activity using a standard curve

prepared with the fluorophores 4-methylumbelliferone (MUF) or

4-methylcoumarinyl-7-amide 4 (Sigma-Aldrich, St. Louis, MO,

USA).

Total organic carbon and total nitrogen

A total of 10 ml water samples were collected in precombusted

(4508C, 24 h) glass ampoules. After adding 50 ml of 25% H3PO4

to acidify at pH < 2, the ampoules were heat-sealed and stored

in the dark at 48C until analysis. TOC and TN concentrations

were quantified with a Shimadzu TOC-LCSV organic C/N ana-

lyzer. Between three and five injections of 150 ml per replicate

were performed. The final organic carbon and nitrogen concen-

trations in each sample were calculated by subtracting a Milli-Q

blank and dividing by the slope of daily-made standard curves

made from potassium hydrogen phthalate and glycine respec-

tively. Reference samples of the Material Reference Certificate

(MRC Batch-13 Lot//08–13; Hansell Laboratory, RSMAS, Uni-

versity of Miami) were used daily for quality control.

Inorganic nutrients

Samples for inorganic nutrients (10 ml) were kept frozen at

2208C until analysis, which was performed using a CFA

Bran1 Luebbe autoanalyser following the methods described

by Hansen and Koroleff (2007).

Nucleic acid extraction

Total nucleic acid extractions were performed using the stan-

dard phenol-chloroform protocol with slight modifications

(Logares et al., 2014). Once extracted, the volume was split in

two. One of the aliquots was treated with the Turbo DNA-free

kit (Applied Biosystems, Austin, TX) to remove residual DNA,

and PCRs were run to check that DNA had been completely

removed. DNA and RNA were quantified using a Qubit fluo-

rometer assay (Life Technologies, Paisley, UK). RNA was

reverse transcribed using random hexamers and the Super-

ScriptIII kit (Invitrogen, Grand Island, NY, USA), according to

the manufacturer’s instructions.

Samples were sent for sequencing at the Research and

Testing Laboratory (Lubbock, TX). We used the primers 515F

and 926-R (Parada et al., 2016) to amplify the 16S rRNA from

the DNA and cDNA pools. Illumina MiSeq 2 3 250 flow cells

were used for sequencing following Illumina protocols

described elsewhere (C�ucio et al., 2016).

qPCR analyses

The absolute abundance of the Thaumarchaeota phylum and

the MCGI lineage were followed by qPCR using the primer sets

and the PCR program summarized in Hong and colleagues

(2015) and Auguet and colleagues (2011), respectively. Plas-

mids containing 16S rRNA genes of the Thaumarchaeota

phylum and the MCGI lineage were used as standards.

Absolute 16S rRNA gene copies ml21 were quantified in trip-

licate from DNA extracts and standard DNA dilution curves by

qPCR (LightCycler 480; Roche, Branford, CT, USA). In each

qPCR run, amplification of control water samples was done in

triplicate in order to confirm the lack of exogenous DNA con-

taminations. DNA distribution and reactive dispensing was

done in 384-well plates, using an automatic pipetting system

(Echo 525; Labcyte, San Jose, CA), that allowed the miniaturi-

zation of the assays in a final volume of 1.5 ml (0.5 ml of DNA

at 0.5 ng ml21 and 1 ml of reactive mix). Reactive mix solutions

were prepared mixing each primer pair (10 mM) with ready-to-

use hot start reaction mix LightCyclerVR 480 probes master

(Roche, Branford, CT, USA) and molecular grade water to a

final primer concentration of 0.8 mM. After quantifications,

absolute abundances (number of copies per ml) were calcu-

lated. Specificity of reactions was confirmed by melting curve

analyses and after looking for unspecific PCR products such

as primer dimers or gene fragments of unexpected length in

agarose gel electrophoresis.

Data analyses

Computing analyses were run at the Marine Bioinformatics

Service of the Institut de Ciències del Mar (ICM-CSIC) in Bar-

celona. The Illumina sequences were quality filtered following

(Logares, 2017). The sequences of both the DNA and cDNA

pools were clustered into OTUs at 97% cutoff using the

UPARSE algorithm implemented in USEARCH (Edgar, 2013).

Singletons (i.e., OTUs occurring once in just one sample) and

chimerical OTUs were removed. The remaining OTUs were

taxonomically annotated using BLASTagainst the SILVA data-

base as reference. OTUs assigned to chloroplasts were

removed for subsequent analyses. All raw sequences used in

this study are publicly available at the European Nucleotide

Archive (ERS1993945–ERS1993972).

Data treatment and statistical analyses were performed

with the Rstudio software using version 1.0.44. The OTU table

was randomly subsampled down to the minimum number of
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reads per sample in order to avoid statistical artifacts due to

an uneven sequencing effort among samples. This subsam-

pling was obtained by rarefying the OTU table to the minimum

number of reads (26,090 reads/sample) using the rrarefy func-

tion in the vegan package (Oksanen et al., 2015). For the sub-

sampled OTU table the sample of cDNA obtained on day 1 of

the experiment was excluded, due to the low number of reads

it contained (3248).

Analyses of the responsive OTUs. To analyze which OTUs

showed the largest changes in abundance, we calculated the

average Euclidean distance of the relative abundance of each

OTU between all sampling dates, using the R-script presented

in Appendix S1 of Ruiz-Gonz�alez and colleagues (2015).

Those OTUs showing a mean distance > 10 were considered

‘responsive’ OTUs. This value represented an average maxi-

mum change of 626 sequences between two sampling dates

for any responsive OTU (range 26–17,749).
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