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The vast majority of marine dissolved organic carbon (DOC), the largest reservoir of
reduced carbon on Earth, is believed to accumulate in the abyssal layers of the ocean
over timescales of decades to millennia. However, evidence is growing that small animals
that migrate vertically every day from the surface to mesopelagic layers are significantly
contributing to the active vertical flux of organic matter. Whether that represents an
important source of carbon available for microbial production and respiration at the
mesopelagic realm, and its contribution to oceanic carbon budgets and energy flows,
is yet to be explored. Here we present data suggesting that Red Sea migrating animals
may produce an overlooked source of labile DOC (used at a mean rate of 2.1 µmol C L−1
d−1 ) that does not accumulate but fuels the metabolism in the twilight zone, generating
a disregarded hotspot for heterotrophic prokaryotes.
Keywords: Red Sea, mesopelagic layer, diel vertical migration, heterotrophic prokaryotes, dissolved organic
carbon

INTRODUCTION
In the extensive oligotrophic ocean, dissolved organic carbon (DOC) is produced mostly in
the euphotic zone and passively mixed downward (Jiao et al., 2010; Hansell, 2013) where deep
heterotrophic prokaryotes (bacteria and archaea) shape both its amount and composition while
remineralizing most of it back to carbon dioxide (Carlson and Hansell, 2014). DOC incorporation
into bacterial biomass and respiration are crucial steps in the carbon cycle. More than 80% of
the organic carbon annually exported downwards from surface waters is ultimately respired in
the mesopelagic or twilight zone (Arístegui et al., 2007) considered as the depth range from 200
to 1,000 m. This is the region through which carbon must pass in order to reach the deep ocean
(Arístegui et al., 2009), limiting the extent of carbon sequestration from the atmosphere.
Besides microbial communities, with activities documented to be higher than previously
assumed (Gasol et al., 2009), the mesopelagic is also the region where many animals retreat during
the day to find refuge from efficient visual predators (Robinson et al., 2010), making excursions to
the surface waters to feed at night. During such migrations they actively transport freshly consumed
carbon from the surface down to the mesopelagic layer in daily pulses, in what is called the diel
vertical migration (DVM). Documented worldwide (Klevjer et al., 2016; Proud et al., 2017) the
DVM to the mesopelagic layer is responsible for the biggest vertical movement of biomass on Earth
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short-term (8 days) experiments of natural water samples prefiltered through 0.8 µm and incubated at in situ light and
temperature conditions. Hereafter we will use the term “bacteria”
when referring to the heterotrophic prokaryotic communities,
although archaea were significantly present at depth (Figure S4),
and use “S” for surface waters (5 m), “I” for intermediate waters
(275 m) and “D” for waters from the DSL (550 m).

(Steinberg et al., 2000, 2002; Hays, 2003). It has been documented
that migrating zooplankton can supply 37% of the total organic
carbon remineralized in mesopelagic waters and that the
associated DOC flux can be more than three times the DOC flux
gradient by diapycnal mixing (Steinberg et al., 2000).
Although most studies on DVM distribution patterns in the
oceans have been focused on towed mesopelagic zooplankton,
recent acoustic data from around the world oceans, acquired
during the Malapsina expedition (Irigoien et al., 2014), estimated
the mesopelagic fish biomass to be of 10 billion tons, about one
order of magnitude higher than that estimated from formerly
catch data (Lam and Pauly, 2005) probably due to low capture
efficiency. This undercounted biomass of migrating fish and its
associated DOC flux, estimated to exceed 40% of the total carbon
export in the oligotrophic ocean (Davison et al., 2013), may have
important implications for our understanding of the global ocean
carbon fluxes. The amount of mesopelagic fish that migrates
every night to the surface waters changes from one oceanic region
to another (Klevjer et al., 2016). Assuming a constant feeding
rate, the larger the quantity of fish migrating, the higher the
carbon transported daily from the surface to the deep waters. The
associated effects on microbe-DOC interactions at those depths
and its ecological consequences are still to be explored.
The Red Sea is the world northernmost tropical sea and
represents an extreme oligotrophic environment with high
transparency of waters in the upper layers, and high temperatures
(>21.6◦ C) throughout the subsurface layers (Halim, 1984).
Particularly low zooplankton concentrations have been reported
at mesopelagic depths (<6 individuals m−3 ), leaving most
of the zooplankton of the Red Sea distributed in the upper
100-200 meters of the water column (Dypvik and Kaartvedt,
2013). Consequently, nearly the whole mesopelagic macrofauna
community of the Red Sea is dominated by fish that, due to low
feeding opportunities in deep waters, migrate to the epipelagic
to feed at night, spending the day digesting, excreting and
hiding from visual predators at mesopelagic depths (Dypvik and
Kaartvedt, 2013), and generating a well differentiated day/night
acoustic scattering signal (Klevjer et al., 2012). Acoustic data also
reveal that more than 95% of the mesopelagic fish community
migrates vertically on a diel basis (Klevjer et al., 2012).
As a result of these particular conditions the Red Sea offers
a simplified natural system to study the potential impact of
the mesopelagic migrating fish community and associated DOC
supply, on the heterotrophic prokaryotes co-habiting these
waters. We hypothesize that migrating fish is supplying a source
of labile DOC to the mesopelagic layer that can be contributing to
enhanced microbial respiration and biomass production at that
layer.
To test this hypothesis we investigated, for the first time, the
lability of dissolved organic matter and the carbon flow through
heterotrophic prokaryotes within the acoustic deep scattering
layer (DSL) of the mesopelagic Red Sea during daytime (550 m
depth, Figure 1), and compare it with two overlaying water
layers; the surface (5 m) and an intermediate depth (275 m).
We did so by monitoring the DOC consumption, heterotrophic
prokaryotes growth and biomass production, plus their singlecell physiological state and community composition through
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MATERIALS AND METHODS
Study Site
Sampling was conducted in the central Red Sea off King Abdullah
Economic City (KAEC, 22.47 ◦ N 39.03 ◦ E) in November 11th
2015 on board of KAUST R/V Explorer. Detailed description of
the study site is provided in Wiebe et al. (2016) and Røstad et al.
(2016).

Sample Collection and Acoustic Data
Acquisition
A SeaBird R SBE 11plus V 5.2 system was deployed to collect
samples for the vertical characterization of the water column and
to get enough water from 5, 275, and 550 meters depth for the
experimental set up. Water temperature (T, ◦ C), salinity (Sal),
fluorescence (Fluor, R.U.) and dissolved oxygen concentration
(mg L−1 ) were recorded in all depth profiles. Discrete samples
for dissolved inorganic nutrients, DOC, total dissolved nitrogen
(TDN) and bacterioplankton bulk and single-cell characteristics
were collected at 14 different depths (5, 20, 40, 60, 70, 80, 100,
150, 200, 275, 400, 550, 600, and 700 m).
Continuous acoustic measurements were performed during
the above sampling, in November 11th 2015, with a Simrad EK60
38 kHz echosounder mounted on the ships hull. To get calibrated
and noise free measurements of the migrating organisms full
diel cycle, a mooring with the same type of echosounder was
deployed on the seafloor on 4 February 2016 at the same location,
as described by Røstad et al. (2016).

Experimental Set Up
The different layers to sample water (5, 275, and 550 m) were
chosen according to the acoustic data acquired the same day of
the experiment (see Figure 1B). 10 L of water from each layer
depth were collected at noon. The water was immediately filtered
through 0.8 µm polycarbonate filters to exclude bacterial grazers
and virtually all phytoplankton, distributed into 2 L acid cleaned
polycarbonate bottles and incubated at in situ temperatures (set
at 29.5◦ C for the surface layer and 22.0◦ C for both 275 and
550 m depth layers) during 8 days. Surface waters were incubated
with a 12 h light/12 h dark cycle, in order to simulate real in situ
conditions, while waters from 275 and 550 m were incubated
in the dark. All incubations were duplicated and 2 pseudoreplicates were measured in each incubation. Subsamples for
DOC concentration (µmol C L−1 ), total bacterial abundance
(cells mL−1 ), Live and Dead bacterial cells (cells mL−1 ), and
actively respiring bacteria (cells mL−1 ), were taken daily (see
below) with the aim to test the potential bacterial growth and
associated carbon flow through the system.

2
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FIGURE 1 | Acoustic data. (A) Typical diel cycle variation in the vertical distribution of migrating organisms from acoustic backscatter in the central Red Sea. Sv (dB) is
a proxy for biomass. (B) Daytime uncalibrated echogram section recorded at the time of sampling. Contouring represents the presence (in orange) and absence (in
white) of fish biomass. Circles indicate the depths of water samples collected to run the experiments from the three different water layers studied: surface (S, green),
intermediate (I, blue) and deep scattering layer (D, orange).

Inorganic Nutrients and DOC Analysis

fluorescence intensity after being stained with nucleic acid dye
(SybrGreen, Molecular Probes) (Marechal et al., 1997). Samples
were previously fixed with 1% paraformaldehyde + 0.05 mL
glutaraldehyde (final concentration), and kept for 10 min at
4◦ C in the dark, then deep-frozen in liquid nitrogen, and
stored at −80◦ C until further analysis. Membrane intact cells
(referred in the text as Live) were distinguished from membranecompromised cells (referred in the text as Dead) by the
combination of SyberGreen (Molecular Probes) and propidium
iodide (Sigma Chemical) (Grégori et al., 2001). Live cells were
analyzed in vivo. Actively respiring cells (CTC+), were detected
by the presence of red fluorescent oxidized crystals deposited
after staining with 5-Cyano-2, 3-di-(p-tolyl) tetrazolium chloride
salt (Sigma-Aldrich Co.) (Sherr et al., 1999), kept in the dark
for 90 min and ran at high speed (∼115 mL min−1 ). Bacterial
abundance was estimated after daily calibrating the flow rate. An
empirical calibration between side-angle light scatter (SSC) and
bacteria cell diameter (cell diameter= 0.908 + 0.34 log (SSC)
(Calvo-Díaz and Morán, 2006) was used to estimate biovolume
(Bv, µm3 ). To monitor the ultimate accuracy of SCC value and
to calibrate the flow cytometric signals 1.0 µm fluorescent latex
beads (Molecular Probes), the same used in Calvo-Díaz and
Morán (2006), were added to each sample as internal standards.
Estimated biovolume was converted into cell-specific biomass
using Gundersen et al. (2002) conversion: fg C cell−1 = 108.8 ×
[Bv]0.898 and then converted into bacterial biomass (BB, µmol C
L−1 ).

Samples for dissolved inorganic nitrogen were taken at the
beginning of the experiment, and after 1 and 6 days of incubation.
Samples were filtered through 0.2 µm Millipore R polycarbonate
filters and filtrates were stored frozen at −20◦ C until analysis.
−
Nitrate (NO−
3 ) and nitrite (NO2 ) were analyzed by colorimetry
R
on a Bruan and Luebbe Autoanalyzer following the methods
described at Hansen and Koroleff (2007) for the automated
analysis in segmented flow. Limits of quantification were 0.2 and
−
0.06 µmol L−1 for NO−
3 and NO2 respectively. All standards
were prepared with a nutrient-free artificial seawater matrix in
acid-washed glassware.
Samples for DOC and total dissolved nitrogen (TDN)
were filtered through 0.2 µm Millipore R polycarbonate filters,
acidified with H3 PO4 until pH 1-2, and kept in the dark
at 4◦ C until analysis by high temperature catalytic oxidation
(HTCO) at the laboratory. All glass material used was previously
acid cleaned and burned (450◦ C, 4.5 h). Consensus reference
material of deep sea carbon (42–45 µmol C L−1 and 31–
33 µmol N L−1 ) and low carbon water (1–2 µmol C L−1 ),
provided by D. A. Hansell and Wenhao Chen (Univ. of
Miami), were used to monitor the ultimate of DOC and TDN
concentration measurements. Dissolved organic nitrogen (DON)
concentrations were calculated by subtracting the dissolved
inorganic nitrogen (DIN) to the TDN concentrations (DON =
−
TDN-DIN), where DIN (µmol C L−1 ) = [NO−
3 ]+ [NO2 ].

Bulk and Single-Cell Heterotrophic
Prokaryotes Properties

Bacterial Growth and DOC Decay Rates

Heterotrophic prokaryotes were analyzed using a BD FACSCanto
flow cytometer. Four different physiological groups were
considered and their measurements and analysis followed
the methodology described in more detail in Gasol and
Morán (2015). Briefly, high nucleic acid (HNA) and low
nucleic acid (LNA) cells were distinguished by their green

Bacterial specific growth rates (µ, d−1 ) were calculated as
the slope of the natural logarithm of BA vs. time during
the exponential growth phase of the four physiological groups
considered.
Bacterial growth efficiencies (BGE, %) were estimated as
the ratio of bacterial production rate (µmol C L−1 d−1 )
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Sequence Analysis and Data Processing

estimated from the increase in bacterial biomass during the
exponential growth phase (1BB/1t, where 1BB = BBmax −
BBmin ), to the consumption of available carbon (µmol C L−1
d−1 ) estimated from the decrease in total DOC throughout
the incubations as 1DOC/1t, where 1DOC = [DOCInitial
– DOCResidualAV ]. DOCInitial is the initial DOC concentration
and DOCResidualAV is the averaged concentration of residual
DOC after the steepest decreased was observed and a relatively
constant concentration was remaining. Bacterial carbon demand
(BCD) equals the carbon utilization rates or consumption
rate of available carbon expressed in µmol C L− 1 d−1 . Thus
BCD = 1DOC/1t where 1t is the length of the DOC decay
along the incubations. DOC decay rates (k, d−1 ) were calculated
as the ratio of BCD and initial DOC concentration from each
incubation. The fraction of DOC utilized during the incubations
(DOCuse) was normalized by time (% of DOC utilized d−1 ),
because of the varying lengths of the DOC decay at the
different experiments. Thus DOCuse was calculated as [1DOC
×100/DOCInitial ]/1t and it was used as indicative of its lability.
However it should be taken into account that these are potential
carbon consumption rates observed in a confined incubation
and they could to a certain extent differ from those in the
environment.

Raw sequence reads were first trimmed for their index, adaptor,
and primer sequences. Trimmed sequences were then checked
for their quality by removing reads that are, 250 nt in length
and with Phred score, 20. Chimeras were identified on UCHIME
by referencing a core reference set that was downloaded from
Greengenes (i.e., gold strains gg16 – aligned.fasta). RDP Classifier
was used for taxonomical assignments of the 16S rRNA gene
sequences at 95% confidence level. Sequences were aligned using
the RDP Infernal Aligner, and aligned sequences were binned
for unique operational taxonomic units (OTUs) identified at
97% 16S rRNA gene similarity. The cluster matrix generated
from RDP pipeline was then used in rarefaction analysis, and
dissimilarity tests were based on the Bray-Curtis dissimilarity
index using analysis of similarities (ANOSIM), non-parametric
multivariate analysis of variance.

Statistical Analysis
STATISTICA software was used for statistical analyses. Analysis
of variance (ANOVA) and post-hoc comparative tests were
carried out with the use of Fisher’s least significant difference
(LSD) tests in order to reveal the significance (p < 0.05) between
all the paired comparisons. The number (n) of data used to
calculate the means and standard deviations illustrated in the
figures was 2, corresponding to the duplicate incubations.

Amplicon-Based Next-Generation
Sequencing

RESULTS AND DISCUSSION

For genomic analysis, 2 L of water were sampled at the beginning
and end of the incubations. Samples were filtered using 0.22 µm
filters and the filters were stored at −80◦ C. Genomic DNA
was extracted from the stored filter using the Power R Soil
DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA) with
slight modifications to the protocol by adding lysozyme and
achromopeptidase to the lysis buffer (Ansari et al., 2015). DNA
quality was assessed using 260/280 nm and 260/230 nm ratios
with a NanoDrop ND-1000 Spectrophotometer (NanoDrop
Technologies, US).
PCR amplification of the V4-V5 region of the 16SrDNA
gene was performed using the forward primer 515F (5′ GTGYCAGCMGCCGCGGTAA-3′ ) and reverse primer 909R
(5′ -CCCGYCAATTCMTTTRAGT-3′ ) (Ansari et al., 2015)
modified with Illumina adaptors. The PCR amplification
was performed in a Gene Amp PCR-System 9700 (Applied
Biosystems, USA) in a total volume of 25 µL containing 2.5
TM
µL 10 × PremixF and 0.5 units of AccuPrime
Taq DNA
Polymerase High Fidelity (Life Technologies, USA), 0.4 µM
of each primer, and 10 ng template DNA. Thermal cycling
conditions were as follows: an initial denaturation at 95◦ C for
3 min, and 25 cycles at 95◦ C for 30 s, 55◦ C for 30 s, and 72◦ C for
30 s, with a final extension at 72◦ C for 5 min. The PCR cleanup
of the product was performed using AMPure XP beads. As
described in the MiSeq Reagent Kit Preparation Guide (Illumina,
USA), the purified mixture was used in the index PCR to
attach dual indices and Illumina sequencing adapters using the
nextera XT index kit. Later the PCR products were purified and
quantified, and different samples were pooled and submitted for
sequencing.
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The 24 h echogram from Figure 1A shows the depth distribution
of the acoustic scattering layers at the mesopelagic station
sampled in the Red Sea. The data was collected in February 2016
and represents a pattern that is typical year-round, including
November, as attested in Kaartvedt et al. (2017). Figure 1B
displays the acoustic data during the time of water sampling
for the experiment. A clear deep and intense scattering layer
was recorded between 500 and 600 m depth during daytime. This layer, previously documented to be dominantly
composed of skinnycheek lanternfish (Benthosema pterotum)
among other species (Dalpadado and Gjøsaeter, 1987), and
completely migrating to the surface at night (Klevjer et al., 2012;
Dypvik and Kaartvedt, 2013) was the one chosen for the D
experiment. The daily absence of migrating animals at 275 m was
chosen for the I experiment. However, we may notice that this
depth is directly affected by the daily migrating motion of fish,
rapidly swimming through it twice per day.
Vertical distributions of environmental variables (Figure S1)
revealed maximum oxygen values of 4.7 mg L−1 between 3070 m depth, overlapping with the peak of Chla fluorescence
(i.e., between 50 and 80 m), and decreased to ∼ 0.6 mg L−1 ,
corresponding to hypoxic waters (Ekau et al., 2010), from
300 m depth downward. Water temperature was 29.5◦ C in the
upper 50 m, decreased sharply over the subsequent 150 m, and
remained rather constant at ca. 22.0◦ C below 200 m. Initial DOC
concentrations in µmol C L−1 in the experiments averaged 78.2
± 0.4 at the S layer, 58.4 ± 0.2 at the I layer and 56.0 ± 0.3 at the D
layer (Figure 2), not significantly different from those measured
in the vertical profile (p > 0.5, Figure S2A). On the contrary,
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total bacterial abundance (BA, cells mL−1 ), dominated by LNA
cells in the upper 200 m and by high nucleic acid (HNA) cells
below 200 m (Figure S3A), showed significantly lower values
(p < 0.05) at the beginning of the experiment (i.e., 2.05 × 105 ,
4.94 × 104 and 8.48 × 104 at the S, I, and D layers respectively)
than those from the vertical profile (i.e., 4.17 × 105 , 1.07 × 105 ,
and 9.88 × 104 at 5, 275, and 550 m respectively). That could
be explained by some grazing that may have occurred before
water filtration, particularly higher at the S and I layers, where
values before and after filtration differed by ca. 50%, compared
with the differences found in D waters (∼15%). Partial bacterial
cell removal by filtration might also be expected (Gasol and
Morán, 1999), especially of large cells, although this does not
seem likely because of the increase in bacterial size with depth
(Figure S3B).
Interactions between DOC and heterotrophic prokaryotes
within the incubations differed largely between the three depths
assessed (Figure 2). DOC dynamics along the incubations were
similar in all three experiments. DOC removal (in µmol C
L−1 ) was significant (4.3 ± 0.2 at S, 7.2 ± 1.0 at I, and 4.6 ±
0.9 at D) during the first 3–4 days in all of the experiments
(Figure 2), and values remained relatively constant for the rest
of the incubation (averaging 73.8 ± 0.2 at S, 50.9 ± 0.7 at
I, and 51.1 ± 0.5 at I and D). Heterotrophic prokaryotes
dynamics in the incubations revealed a concomitant increase
in bacterial abundance and biomass (BB, Figure 2) peaking
at different times in each experiment: 3.6 days in S (2.78 ±
0.09 × 105 cells mL−1 , 0.150 ± 0.006 µmol C L−1 ), 6.6 days
at I (1.78 ± 0.09 × 105 cells mL−1 , 0.161 ± 0.028 µmol C
L−1 ) and 7.6 days at D (1.84 ± 0.05 × 105 cells mL−1 , 0.196
± 0.030 µmol C L−1 ), and displayed a slightly slower but
more sustained response at the incubations from mesopelagic
waters (I and D) than at the surface (S). Specific growth rates
(µH+L , Table S1) at the mesopelagic layers (0.26 ± 0.10 and
0.24 ± 0.05 d−1 for the I and D experiment, respectively)
were significantly higher (p < 0.05) than at the surface layer
(0.08 ± 0.01 d−1 ). It is worth mentioning that even if we
started with similar cell sizes in all experiments (averaging
0.026 ± 0.002 µm3 ), huge increases were observed in the D
incubations, reaching mean values of 0.088 ± 0.014 µm3 at
the end of the D experiment (Figure 3) that represented a 3.6fold increase relative to initial values, and 2.4 times larger cells
than the largest measured in the S incubations (0.037 ± 0.001
µm3 ).
When jointly assessing the rates of DOC consumption and
BB increases, estimated bacterial growth efficiency (BGE) yielded
values between 1.57 ± 0.46% and 3.40 ± 0.53%, falling within the
range of previous estimates for the oligotrophic and deep ocean
(del Giorgio and Cole, 1998; Burd et al., 2010). The relatively
larger increase in BB in the D experiment, resulted in significantly
higher BGE at the deep scattering layer (3.40 ± 0.53%) relative
to the surface (1.84 ± 0.26%) (p < 0.05, post-hoc, Fisher LSD
test) and intermediate water (1.57 ± 0.46%) (p < 0.05, posthoc Fisher LSD test) (Figure 4). Interestingly, initial DOC from
the D layer showed significantly lower C:N ratios (13.97 ± 0.23)
relative to the I layer (14.53 ± 0.32) and the S layer (14.48 ± 0.08)

FIGURE 2 | Carbon dynamics within the incubations. Evolution of averaged ±
SD of bacterial biomass (BB, µmol C L−1 ) and dissolved organic carbon
(DOC, µmol C L−1 ) concentrations along the incubations, from the different
water layers studied: surface (S, green), intermediate (I, blue) and deep
scattering layer (D, orange).

Frontiers in Marine Science | www.frontiersin.org

5

August 2018 | Volume 5 | Article 259

Calleja et al.

Mesopelagic Microbial-DOM Hotspots

transparency and UV radiation penetration in the epipelagic
waters due to the high oligotrophy of the central Red Sea, together
with the high temperatures experienced year round, may be
triggering very strong chemical photo-degradation of surface
DOC, transforming the freshly produced planktonic DOC into
a more refractory and less bio-reactive material (Obernosterer
and Benner, 2004). This, together with the inorganic nutrient
limitation in surface waters (DIN values at the time of sampling
were lower than 0.3 µmol N L−1 in surface waters, Figure S2B)
may explain the small DOC utilized fraction at the surface layer
during the daytime.
It is interesting to note that both mesopelagic layers, I
and D, harbored heterotrophic bacterial communities that
were more active than in surface waters (Table S1). Bacterial
community composition from these layers showed the same
initial predominant taxa (Figure S4). However, as mentioned
above, the ability to incorporate the fraction of consumed DOC
into their biomass (i.e., BGE) was significantly higher for the
prokaryotes growing in the D incubations than for the ones
growing in the I experiments (Figure 4).
The apparent bacterial carbon utilization rates for the
mesopelagic layer measured in our experiments (2.1 µmol C
L−1 d−1 ), are higher than previous estimates for the Atlantic
ocean (1 µmol C L−1 yr−1 ) (Carlson et al., 2010) and the
Mediterranean Sea (1.2 µmol C L−1 month−1 ; Santinelli et al.,
2010). These differences can be partly attributed to differences
in the temperature of mesopelagic waters between the different
ocean basins (Raymond and Bauer, 2000; Carlson et al., 2010).
The Red Sea harbors the warmest deep waters of the world
ocean, displaying a constant temperature of ca. 22◦ C below
200 m (10◦ C higher than the warmest mesopelagic waters of the
tropical oligotrophic ocean ranging between 4 and 12◦ C). As
temperature has been documented to be a critical factor affecting
both bacterial growth rates and respiration (Kirchman et al.,
2009), the elevated temperatures may be favoring the growth
rates of the heterotrophic prokaryote communities inhabiting
mesopelagic Red Sea waters compared to the Mediterranean
and North Atlantic mesopelagic waters (with temperatures of
ca. 12 and 4◦ C, respectively) thus increasing the rate at which
available DOM is being utilized. At the same time, warm waters
can increase fish metabolic rates (Klevjer et al., 2012) and
food can be metabolized and excreted faster. This may also
trigger the supply of labile DOC at faster rates than in colder
mesopelagic waters. Factors other than temperature, such as the
proportion of vertically migrating animals, that changes spatially
and seasonally accordingly to the DVM patterns of each ocean
province (Klevjer et al., 2016), may also have an effect on the
DOC supply and lability in the mesopelagic layer of other oceanic
regions.
It has also been recently proposed that migrating animals
in the mesopelagic ocean mechanically fragment and degrade
particulate material into slow-sinking particulate and dissolved
organic matter that is subsequently remineralized by microbes
(Giering et al., 2014). This process might be occurring intensively
when fish are rapidly migrating up and down twice per day
between the surface and the acoustic layer, hence affecting the
intermediate layers, represented by the I layer. We hypothesize

FIGURE 3 | Prokaryotic cell size distribution. Distribution of prokaryotic cell
size, represented as bacterial bio-volume (BBv, µm3 ), at the initial time (T0 )
and final time (Tf ) of the incubations from water taken at surface (S, green),
intermediate (I, blue) and deep scattering (D, orange) layers. The empty circles
represent the BBv measured from the niskin sample, before the filtration for the
experiment was performed. The horizontal line inside the boxes represents the
mean value, and the horizontal gray lines outside the boxes indicate the
standard deviation.

FIGURE 4 | Prokaryotic biomass incorporation. Bacterial growth efficiencies
(BGE, %) estimated for each water layer: surface (S, green), intermediate (I,
blue) and deep scattering layer (D, orange). BGE values were calculated for the
same period of bacterial exponential growth phase and DOC decay in each
experiment, ranging from 3.6 to 4.6 days. Different lower case letters represent
statistically significant differences (P < 0.05, post-hoc Fisher LSD test).

(p < 0.05, post-hoc Fisher LSD test), suggestive of a DOC with
higher nitrogen content at the scattering layer depth, capable to
support higher growth efficiencies (del Giorgio and Cole, 1998).
The fraction of DOC utilized during the incubations (% DOC
d−1 ), indicative of its lability, was significantly higher (p < 0.05,
post-hoc Fisher LSD test) at the two mesopelagic layers (6.15 ±
0.02 and 4.33 ± 1.00 for the I and D experiments respectively)
than that of the surface (2.09 ± 0.09 at the S experiment)
(Table S2), indicating that surface DOC in the Red Sea during
the day time was likely less labile than that at the I and D layers,
as also suggested by the C:N values. We hypothesize that high
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with recent findings from the Malaspina circumnavigation
expedition which revealed that a large fraction of all
organisms forming the mesopelagic scattering layers of
all oceans are able to cope with very low oxygen values
(Klevjer et al., 2016). Klevjer and co-workers showed that
the proportion of vertically migrating animals was inversely
correlated with deep water oxygen levels, suggesting that
oxygen limitations at depth could be offset by vertical
migration to the surface. This may help explain the high
proportion (>95%) of the mesopelagic fish community
performing the DVM in the Red Sea, with stronger
consequences for the prokaryotic community of the mesopelagic
realm.
Our results show ample evidence of the flow of previously
undocumented amounts of labile DOC during daytime in the
DSL of the mesopelagic Red Sea. With a mean experimental
consumption rate of 2.1 ± 0.04 µmol C L−1 d−1 , available
DOC at the scattering layer enhanced heterotrophic prokaryotes
growth relative to the surface layers. We thus hypothesize
that vertically migrating animals, documented worldwide in
the global mesopelagic ocean (Klevjer et al., 2016; Proud
et al., 2017), feeding in the surface waters during night time
and defecating at mesopelagic depth during the day generate
hotspot micro-environments due to organic matter inputs
that enhance the heterogeneity in the ocean interior, further
stimulating the growth and organic matter remineralization
by free living microbes (Azam and Malfatti, 2007). The effect
of daily migrating animals, mainly dominated by fish in
the Red Sea (Dypvik and Kaartvedt, 2013; Kaartvedt and
Røstad, unpublished data), may contribute to the pool of
labile mesopelagic DOC both directly, through exudation and
defecation of organic material to the scattering layers during the
daytime, and indirectly, by favoring solubilization of particles
such as fecal pellets through mechanical fractionation while
rapidly swimming to and from the surface layer every sunset and
sunrise.
We demonstrate, for the first time, a relationship between
the acoustic signal of the DSL and heterotrophic prokaryotic
metabolism. The supply of significant amounts of labile DOC by
fishes was able to sustain microbial growth efficiencies twice as
high at the DSL of the mesopelagic Red Sea than those at the
surface. Whether this is also the case in other oceanic regions
is yet to be explored. We believe that a further understanding
of the mechanisms driving the supply, uptake and processing of
this overlooked source of carbon in the twilight zone could give
insights into the long debate about unbalanced carbon budgets in
the deep ocean (Burd et al., 2010).

that this may help explain the high rates of DOC consumption
encountered at the I incubation. The effect of the presence and
absence of migrating animals on the heterotrophic prokaryotes
of the Red Sea twilight zone was evaluated further in another
experiment at the same site (Morán et al., unpublished data),
in which samples from the DSL collected during midday
(when fish are at the DSL) and during midnight (when
fish have migrated to the surface) on consecutive days were
incubated. The fraction of labile DOC at the DSL almost
doubled in the midday incubation (4.2% midday vs. 2.4%
midnight), which coupled with greater heterotrophic prokaryote
production during daytime resulted in significantly higher BGE
values.
The physiological state of bacterial cells also diverged across
the three considered depths, especially between incubations from
S waters and those from mesopelagic waters (both I and D
layers). The high percentage of Live bacteria (75–90%) in all
three experiments for most of the incubation time (Figure S5A)
provides evidence of the overall good physiological state of
prokaryotes in mesopelagic waters. In the I and D layers there
was a marked and significantly higher increase (p < 0.05) of
the percentage of HNA bacteria (from ∼50 to ∼80%), than
that observed at the S layer (from ∼40 to ∼58%) (Figure S5B).
Actively respiring bacteria (CTC+) represented a minor fraction
of the total community at the beginning of the experiment
(with values ranging from 1.28 to 18.7 × 103 cells ml−1 ),
and they experienced an order of magnitude increase at the I
and D experiments (% CTC+ increased from ∼5 to ∼ 50%
at I and D, and only from ∼10 to ∼ 16% at S, Figure S5C)
further confirming the presence of noticeable amounts of labile
carbon being respired in the mesopelagic realm. It should be
noted that this labile DOC was capable of sustaining twice as
much bacterial biomass in the D layer compared with surface
waters (Figure 2), mostly due to differences in mean cell size
(Figure 3) and the increase in Rhodobacteraceae. This group
of Alphaproteobacteria was initially of minor importance (0.4–
5%) but grew to reach contributions of 34, 42, and 56% of
BB at the S, I, and D experiments, respectively (Figure S4).
It is worth noticing that in both mesopelagic layers (I and
D) the dominant family (before the samples were incubated)
was the ammonia-oxidizing archaea Nitrosopumilaceae, with
contributions of 40 and 51% of total abundance at the I and
D layers, respectively (Figure S4). This suggests that vertically
migrating animals might contribute to increase ammonia
concentrations in the mesopelagic waters of the Red Sea, thus
supplying an important energy source for chemoautotrophic
prokaryotes (Baltar et al., 2016). It could be that bacterial
communities present in the mesopelagic, different from those in
the epipelagic layer (Figure S4), are also better adapted to utilize
DOC delivered by excretion of migrating mesopelagic fishes. At
the end of the incubations each layer showed the dominance
of different bacterial families: Flavobacteriaceae at the S layer,
Oceanospirillaceae at the I layer and Alcanivoracaceae at the D
layer.
It is interesting to note that mesopelagic fish were able
to function and survive under conditions of low oxygen
concentrations (∼0.6 mg L−1 , Figure S1). This is in accordance
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