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The refractory nature of marine dissolved organic matter (DOM) increases while it travels
from surface waters to the deep ocean. This resistant fraction is in part composed of
fluorescent humic-like material, which is relatively difficult to metabolize by deep water
prokaryotes, and it can also be generated by microbial activity. It has been recently
argued that microbial production of new fluorescent DOM (FDOM) requires the presence
of humic precursors in the surrounding environment. In order to experimentally test
how the chemical quality of the available organic compounds influences the production
of new FDOM, three experiments were performed with bathypelagic Atlantic waters.
Microbial communities were incubated in three treatments which differed in the quality of
the organic compounds added: (i) glucose and acetate; (ii) glucose, acetate, essential
amino acids, and humic acids; and (iii) humic acids alone. The response of the
prokaryotes and the production of FDOM were simultaneously monitored. Prokaryotic
abundance was highest in treatments where labile compounds were added. The rate of
humic-like fluorescence production, scaled to prokaryotic abundance, varied depending
on the quality of the additions. The precursor compounds affected the generation of
new humic-like FDOM, and the cell-specific production of this material was higher in
the incubations amended with humic precursors. Furthermore, we observed that the
protein-like fluorescence decreased only when fresh amino acids were added. These
findings contribute to the understanding of FDOM variability in deep waters and provide
valuable information for studies where fluorescent compounds are used in order to track
water masses and/or microbial processes.
Keywords: Atlantic Ocean, deep sea, DOC, FDOM, PARAFAC, EEMs, precursors, organic matter

INTRODUCTION
An important issue to be considered when exploring the role of the ocean in carbon sequestration
is the biogeochemical fate of the organic matter. Conventionally, it is known that the biological and
solubility pumps combined are important for the transfer of carbon (C) from the atmosphere to the
ocean interior, resulting in the temporary or permanent storage of carbon (Volk and Hoffert, 1985;
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proxy to study the cycling of DOM that is resistant at centennial
time scales (Catalá et al., 2015). In water masses exhausted in
labile or semi-labile fractions of DOM, bacteria could “prime”
the recalcitrant compounds decomposition if labile compounds
are added to the media (Carlson et al., 2002; Bianchi, 2012). The
“priming effect” (PE), bacterial remineralization of unreactive
organic carbon substrates when labile sources are available, was
described for the first time in soil sciences in 1926 by Löhnis
(Löhnis, 1926). The PE has been experimentally observed in a
variety of environments and with additions of different carbon
compounds: in soils (Kuzyakov, 2002; Fontaine et al., 2004); fresh
water ecosystems (De Haan, 1977; Shimp and Pfaender, 1985;
Bianchi et al., 2015; Catalán et al., 2015); and also in marine
ecosystems, mainly using mesocosm experiments (Carlson et al.,
2002; Fonte et al., 2013; Guenet et al., 2014). However, as it
was mentioned before, the mechanisms that hinder the complete
remineralization of DOM, causing the relative permanence of
part of this pool, from months to millennia, are not really well
understood.
Despite the several studies conducted during the last years
to assess the spatial and temporal variability of DOM quality
(Yamashita et al., 2011; Koehler et al., 2012; Gontikaki et al.,
2013; Kothawala et al., 2014), little is known about how
the reactivity of DOM varies across landscapes (rivers, lakes,
estuaries, coastal ocean, deep ocean). Most of these studies have
recognized that DOM reactivity is not only inherently linked
to its chemical composition, but also depends on ecosystem
properties (Dittmar, 2015). A better understanding of microbial
FDOM transformations in the deep ocean is required before
FDOM can be consistently applied as a water mass tracer or as
a proxy for a fraction of the DOM.
Recent studies have found a high correlation between
apparent oxygen utilization (AOU) and the generation of humiclike compounds, indicating that humic-DOM in the dark ocean
could originate from in situ microbial respiration (Yamashita
and Tanoue, 2008; De La Fuente et al., 2014; Jørgensen et al.,
2014b), which agrees with the MCP concept proposed by Jiao
et al. (2010). Furthermore, Andrew et al. (2013) suggested that
the production of humic-like fluorescence signal is favored when
terrestrial chemical precursors are present. In order to gain
insight into the microbially-mediated FDOM variability, the
present study examines how the quality and quantity of the
organic substrates influence simultaneously the generation of
humic fluorescence signal and the microbial activity. This was
carried out by performing incubation experiments using water
samples from the deep Atlantic Ocean. These calculations are key
to understand the particularities of deep waters C storage and the
functioning of the MCP.

Honjo et al., 2014; Legendre et al., 2015). The recently introduced
concept of the microbial carbon pump (MCP) postulates
mechanisms by which dissolved refractory organic matter is
produced and accumulated in the ocean through microbial
activity, underlying the role that this refractory pool plays in
carbon sequestration in marine systems (Jiao et al., 2010).
The mechanisms that produce dissolved organic matter
(DOM) are, among others: phytoplankton exudation
(Hopkinson et al., 2002; Romera-Castillo et al., 2011; Sarmento
et al., 2013), release by viral lysis (Brussaard, 2004; Motegi et al.,
2009), sloppy feeding and the solubilisation of particulate organic
matter (POM) by bacterial and archaeal hydrolases (Nagata et al.,
2000; Sala and Güde, 2004). These various mechanisms condition
not only DOM production but also its quality, and consequently
its ultimate fate.
The study of DOM in the ocean interior has been in
the spotlight for several years. A fraction of this pool, called
chromophoric dissolved organic matter (CDOM; Coble, 1996),
absorbs light at both ultraviolet (UV) and visible wavelengths.
A sub-fraction of this CDOM, the fluorescent DOM (FDOM;
Coble, 1996, 2007), fluoresces when irradiated with UV light.
In 1961, Weber described a technique to elucidate the main
fluorescing groups of compounds, i.e., fluorophores, by varying
the excitation and emission wavelengths and constructing a
matrix of the resulting intensities (Weber, 1961). This technique
generates the so-called fluorescence excitation-emission matrix
(EEM) which was first applied by Coble et al. (1990) to
characterize marine FDOM. This technique, however, does
not permit the quantification of specific molecules. A better
understanding of specific molecules has become possible with the
recently developed Fourier transform ion cyclotron resonance
mass spectrometry (FT-ICR-MS), a methodology that offers
novel insights for molecular-level characterization of the complex
composition and structure of DOM (Kim et al., 2003; Koch
et al., 2005; Koprivnjak et al., 2009; Stubbins et al., 2014;
Repeta, 2015). Nevertheless, the most exhaustive analysis that
has been performed to date (Hertkorn et al., 2006) could
only identify 8% of the molecules composing the DOM pool.
These authors combined multidimensional nuclear magnetic
resonance (NMR) with FT-ICR-MS on solid phase extracted
dissolved organic matter (SPE-DOM), and their results indicate
that carboxylic-rich alicyclic molecules (CRAM) are the major
component of DOM. Great efforts are being performed in recent
years to relate molecular formulas to the optical measurements
of DOM in order to associate fluorescent signatures to
single molecules (Stubbins et al., 2014; Reader et al., 2015).
Nevertheless, the challenge of identifying and revealing the
composition of DOM remains still incomplete. With that said,
fluorescence spectroscopy methods, being rapid and inexpensive,
are convenient for certain studies focused on humic- and
protein like compounds that require large coverage, spatial or
temporal.
Marine DOM is composed of a large variety of substances
owning different turnover rates and residence times. The
turnover times of some FDOM components have been estimated
to be, on average, higher than the deep ocean water renewal,
and thus the fluorescence measurements have been proposed as a
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MATERIALS AND METHODS
Sample Collection and Experimental
Strategy
We conducted three experiments (DEEP I, DEEP II, and DEEP
III) with natural prokaryotic communities from deep waters
of the South Atlantic Ocean. Seawater was taken during the
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FIGURE 1 | Graphic summary of the XIVth FICARAM cruise: cruise track followed on board the Spanish R/V Hespérides (A), contour plot of
temperature expressed in ◦ C (B), and contour plot of salinity (C). Panels include information about the sampling station and depths for each experiment. Ocean
data View is used for mapping (Schlitzer, 2015).

In each experiment, sample filtration through 0.6 µm poresize polycarbonate filters started within 20 min after collection.
Then, the water was distributed into four 20 L fluorinated
polyethylene carboys. The first container was kept as a control
(K). Acetate and glucose (both had been found to be very labile
compounds with turnover times of hours to days in marine
waters (Azam and Hodson, 1981; Ho et al., 2002), were added
to the second container (CL). A combination of carbon-based
substances was added to the third container (CM). In this case,
not only glucose and acetate were added, but also a mixture
of compounds of different lability, including terrestrial humic
acids and amino acids, which are known to be essential for
prokaryotic metabolism, (see Table 1). In the last carboy (CR),
Suwannee River humic acids (Ref. 2R101N) provided by the
International Humic Substances Society (IHSS) was added. All
the organic carbon (OC) substrates were dissolved in 50 mL of
Milli-Q water prior to the addition into the carboys. In the
case of Suwannee River humic acids, a pH of 12 was needed
to favor the dilution, thus we previously added the material in
a solution of NaOH and later we compensate the pH adding
HCO−
3 . All carbon amendments were calculated to result in an
approximately 30 µmol C increase in dissolved organic carbon
(DOC) concentration. After the additions, the containers were
manually shaken and kept 1 h at 4◦ C before sampling the initial
point (t0 ) in order to assure homogenization. At t0 , water from
each of the experimental conditions was distributed among
72 acid clean 250 mL glass bottles (18 bottles per treatment).
Three glass bottles per experimental condition were harvested
at every sampling date, and the three bottles were considered
experimental replicates. The experiments were conducted on
board in a dark temperature-controlled chamber at 4◦ C and
monitored for a total of 35 days. Intensive samplings were
scheduled for days: 0, 5, 10, 15, 25, and 35, where the variables

TABLE 1 | A list of the compounds added to each experimental treatment
(Sigma-Aldrich Co. LLC.).
Compound

Molecular

Final estimated concentration

formulae

(µmol C L−1 ) per treatment
CL

CM

D-glucose

C6 H12 O6

15

3.33

Sodium acetate

C2 H3 O2 Na

15

3.33

Sodium pyruvate

C3 H3 NaO3

Humic acids

Unknown

3.33

Cellulose

(C6 H10 O5 )n

3.33

CR

3.33

Chitin

(C8 H15 NO6 )n

3.33

D-aspartic

C4 H7 NO4

3.33

N-acetyl-D-glucosamine C8 H15 NO6

3.33

L-arginine hydrochloride C6 H14 N4 O2

0.33

L-histidine hydrochloride C6 H9 N3 O2 · HCl
L-isoleucine
C6 H13 NO2

0.33

L-leucine

C6 H13 NO2

0.33

L-lysine hydrochloride

C6 H14 N2 O2

0.33

L-methionine

C5 H11 NO2 S

0.33

30

0.33

L-phenylalanine

C9 H11 NO2

0.33

L-threonine

C4 H9 NO3

0.33

L-tryptophan

C11 H12 N2 O2

0.33

L-valine

C5 H11 NO2

0.33

FICARAM-15 cruise, carried out from the 20th of March to the
22nd of May 2013, following a track from Punta Arenas (Chile)
to Cartagena (Spain). Experiment DEEP I was performed with
water taken from station 5 (48◦ 18′ 18.6′′ S; 54◦ 54′ 35.4′′ W)
at 4500 m while in experiments DEEP II and DEEP III we used
3000 m water from stations 18 (40◦ 30′ 0′′ S; 48◦ , 5′ 28′′ W) and
53 (17◦ 50′ 1.21′′ S; 31◦ 38′ 2.4′′ W), respectively (Figure 1).
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with non-negativity constraints. A series of PARAFAC models
were tested with 3–7 components fitted to the data. Split-half
validation was used to divide the data into six random halves
of equal size and the model run independently on the halves. A
four-component PARAFAC model was validated. According to
the residual analyses, we could confirm that less than 10% of the
fluorescence was left unexplained (subtraction of the modeled
from the measured spectra yielded a residual fluorescence an
order of magnitude lower than the measured EEMs). The
characteristics of the four components of the PARAFAC model
are shown in Figure 2. Their excitation and emission maxima
are specified in Table 2 and they are associated to components
already detected in previous studies. Three out of the four
components identified (FIC1, FIC2, and FIC4) are placed in
humic-like fluorescence regions and one of them (FIC3) in the
protein-like area.
Heterotrophic prokaryotes were enumerated with a
FACSCalibur (Becton Dickinson) flow cytometer equipped
with a 15 mW argon-ion laser (488 nm emission) as described
by (Gasol and Del Giorgio, 2000). Samples (1.8 mL) were
immediately fixed with 1% paraformaldehyde plus 0.05%
glutaraldehyde (final concentrations), incubated for 10 min
at room temperature, frozen in liquid nitrogen and stored at
−80◦ C. Before analysis, samples were unfrozen, stained with
SYBRGreen I (Molecular Probes) at a final concentration of
10 µM and left in the dark for about 15 min. Each sample was
then run at low speed (∼12 µL min−1 ) for 2 min with Milli-Q
water as a sheath fluid. We added 10 µL per sample of a solution
of yellow-green 0.92 µm Polysciences latex beads (106 beads
mL−1 ) as an internal standard. Bacteria were detected by their
signature in a plot of side scatter vs. FL1 (green fluorescence).
Data analysis was performed with the Paint-A-Gate software
(Becton Dickinson).

measured were: prokaryotic abundance, FDOM, and CDOM.
Furthermore, after day 3 (t3 ), one bottle of each condition
was sampled daily to monitor prokaryote abundances. This
subsampled bottle was then considered replicate number 1 in the
following intensive sampling.

Measurements
The ship’s rosette was equipped with a SBE11plus (Sea-Bird
Electronics) CTD probe, recording, at each station, profiles of
temperature, conductivity, and oxygen. Analyses of dissolved
inorganic nutrient concentrations, nitrate (NO3 ), phosphate
(PO4 ), and silicate (SiO2 ), were done on board by standard
segmented flow analyses with colorimetric detection (Hansen
and Grasshoff, 1983) using a Skalar Autoanalyser. Precisions
were ±0.01 µmol kg−1 NO3 , ±0.02 µmol kg−1 PO4 , and
±0.01 µmol kg−1 SiO2 . DOC samples were collected in 10 mL
precombusted (450◦ C, 24 h) glass ampoules. After acidification
with 50 µL of 25% H3 PO4 to pH < 2, the ampoules were heatsealed and stored in the dark at 4◦ C until examination. Analyses
were carried out in a Shimadzu TOC-CSV organic carbon
analyser. Three to five injections of 150 µL were performed per
replicate. DOC concentration in each replicate was calculated by
first subtracting a Milli-Q blank and then dividing by the slope of
a daily standard curve made from potassium hydrogen phthalate.
The precision of measurements was ±0.7 µmol L−1 . All samples
were checked against deep Sargasso Sea reference water (2600 m)
provided by D. Hansell (U. of Miami).
FDOM was measured using a Perkin Elmer LS55
luminescence spectrometer equipped with a xenon discharge
lamp (20 kW/8 µs). A red sensitive R928 photodiode multiplier
worked as a reference detector. The running parameters for the
instrument were set as follows: scan speed at 250 nm min−1
and slit widths (for excitation and emission wavelengths) at
10 nm, at a constant room temperature of 20◦ C in a 1 cm
quartz fluorescence cell. Excitation-emission matrices were
performed by concatenating 21 excitation/emission spectra of
the sample, obtained at a constant offset of 10 nm between the
excitation and emission wavelengths. The spectra were collected
starting from the highest excitation wavelength, to minimize the
exposure of the sample to low-wavelength radiation and thereby
minimize photodegradation. Following Lawaetz and Stedmon
(2009), fluorescence measurements were expressed in Raman
Units (R.U.) by normalization to the integrated water Raman
scattering band of Milli-Q water freshly generated on board
every day. Our results can be compared with quinine sulfate
units (QSU) having in account that 1 QSU is equivalent to 86 ±
1 R.U.
To better characterize the dynamics of the FDOM, PARAFAC
modeling of the EEM datasets was conducted using the drEEM
toolbox (Murphy et al., 2013) in the Matlab R software package.
The dataset for PARAFAC modeling was composed of 289
samples collected during the cruise to increase the consistency of
the model, 64 of them belonging to the DEEP water experiments.
In order to organize the data for the modeling process, regions
of no fluorescence or scatter were removed. By doing so, our
EEMs ranged from 250 to 450 nm along the excitation axis, and
from 350 to 550 nm along the emission axis. The model was run
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Statistical Analyses
The software SigmaPlot v11.0 (Systat Software Inc.) was used to
perform the statistical analyses applied in this work. Two-way
ANOVA was carried out to test if differences between conditions
and experiments were significant and t-tests to discriminate if
the temporal evolution of the different variables measured in an
experiment could be considered significant. For both types of
tests, significance was set to p < 0.05.

RESULTS
Initial Conditions
The physical and chemical signatures of the water masses
used in each experiment, Antarctic Bottom Water (AABW)
in experiment DEEP I, Circumpolar Deep Water (CDW) in
experiment DEEP II and North Atlantic Deep Water (NADW)
in experiment DEEP III, are listed in Table 3. AABW presented
the lowest temperature and highest concentration of nutrients.
As shown in Figure 1, the temperature and salinity of the deep
Atlantic Ocean increased as latitude decreased, whereas DOC
decrease values ranging from 40 to 45 µmol L−1 , in agreement
with previous observations of deep ocean DOC (Hansell et al.,
2009).

4

December 2015 | Volume 2 | Article 106

Aparicio et al.

Deep-Sea Biological Transformations of FDOM

FIGURE 2 | Fluorescence signatures of the four PARAFAC components (FIC1 to FIC4) identified during the experiments are shown in panel (A). Values
expressed in R.U. (B) Line plots showing split-half validations in which each component’s excitation (left) and emission (right) spectra are estimated from independent
halves of the dataset.

A compilation of excitation-emission matrices acquired at
the beginning of each experiment (t0 ) is presented in Figure 3.
Clearly different patterns, depending on the treatment, are
apparent. When comparing the EEMs for the control (K, no
carbon addition, Figures 3A–C) among experiments, the starting
points for the different water samples are similar, reflecting the
limited range in DOC values between sites. High fluorescence

Frontiers in Marine Science | www.frontiersin.org

values (>0.01 R.U.) were located around the FIC2 maxima at
Ex/Em wavelengths (275 nm/468 nm) while the other humic-like
fluorophores (325 nm/423 nm and 380 nm/428 nm) had lower
intensities (0.006 − 0.008 R.U.). Signals for protein-like material
(281 nm/363 nm) were even lower (∼0.004 R.U.). Likewise, the
fluorescence intensities for the labile carbon treatments (CL) at
t0 (Figures 3D–F) did not reach values higher than 0.01 R.U.,
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TABLE 2 | Optical characteristics of five components derived from the PARAFAC and their comparison with the results from previous studies available in
the OpenFluor database (Murphy et al., 2014).
Compound

Ex. max (nm)

Em. max (nm)

Assignment
Murphy
et al., 2008

Walker
et al., 2009

Yamashita
et al., 2010a

BERC3*

C1

FIC1

325

423

C3

FIC2

275

468

C2/C4*

FIC3

<281

363

FIC4

380

428

Kothawala
et al., 2012

Graeber
et al., 2012

Brym et al.,
2014

C1*/C4
CX

C6*

CT

C5

C1*

P3*

C3

For all comparisons Tucker’s Congruence Coefficient (TCC) was >0.95.
*Component does not completely match.

TABLE 3 | Physical and chemical signatures of the water masses used in each of the three DEEP experiments.
Station

Depth (m)

Water mass

(experiment)

Temperature

Salinity

(◦ C)

Nitrate

Phosphate

Silicate

Oxygen

DOC

(µmol kg−1 )

(µmol kg−1 )

(µmol kg−1 )

(µmol kg−1 )

(µmol L−1 )
47.5

5 (DEEP I)

4500

Antarctic Bottom Water (AABW)

0.27

34.673

32.82

2.27

128.37

221.3

18 (DEEP II)

3000

Circumpolar Deep Water (CDW)

1.84

34.764

29.28

1.98

90.75

204.9

45.8

53 (DEP III)

3000

North Atlantic Deep Water (NADW)

2.78

34.917

20.51

1.21

32.51

250.4

41.8

highest values at the end of the exponential-growth phase. After
t10 , the prokaryotic communities in all the experiments entered
stationary phase. This lasted until the end of the experimental
period.

indicating that the added compounds did not influence the
initial fluorescence signal. As expected, in the mixed substrate
treatment (CM, Figures 3G–I), the addition of amino acids and
humic acids increased remarkably the initial fluorescence values.
The addition of pure amino acids was the main reason behind
the high values observed within the protein-like region (∼0.03
R.U.), while the addition of Suwannee River natural organic
matter caused higher values within the humic-like regions of the
EEM, e.g., up to ∼0.021 R.U. at the FIC2 maximum area and
around 0.018 R.U. for the rest of the humic-like fluorophores.
Finally, the initial EEMs of the CR treatments (refractory
carbon, Figures 3J–L) also showed a similar trend for the three
experiments. The Suwannee River humics additions altered only
the visible wavelength emission enhancing humic-like intensities
(up to ∼0.06 R.U.), a reflection of the terrestrial nature of the
added compounds.

Fluorescence Characterization
To easily visualize the net change in the humic-like and the
protein-like fractions of the FDOM during the exponentialgrowth and stationary phases of the experiments, we subtracted
the fluorescence intensities at t0 from those measured at t10 and
also the values at t10 from those measured at tfinal . We also
divided the resultant values by the number of days each phase
lasted. The bar charts in Figure 5 show fluorescence intensity
increases/decreases for each humic-like component in each
experiment. The resultant fluorescence intensities during the
exponential-growth phase and the stationary phase were similar
for experiments DEEP II and DEEP III, but DEEP I presented
divergent patterns. In DEEP I, FIC1, FIC2, and FIC4 intensities
decreased for all treatments during the exponential-growth phase
(Figures 5A,D,G). The largest decreases during this phase were
observed in the CR conditions followed by the decreases in the
CM conditions. On the contrary, we found increases during the
same time period in DEEP II and DEEP III, the highest being
again detected in the CR and CM conditions, with the exception
of the FIC4 signal in the CM and CL conditions in DEEP III,
which decreased (Figures 5B,C,E,F,H,I). During the stationary
phase of the three experiments the fluorescence signals tended to
increase in all treatments. The values of this increase were always
the highest for the CR conditions, regardless of the experiment,
except in one case, for the FIC4 component.
A different temporal dynamic was observed for protein-like
substances, FIC3 (Figure 6). All the experiments showed similar
trends in K, CL, and CR treatments. The FIC3 component signal

Responses to Treatments
Dynamics of the Prokaryotic Community
Prokaryotic abundance increased throughout the first 5 days of
the incubation following the same trend in the three experiments
(Figure 4). Prokaryotic abundance at t0 was about 8.0·103 ,
2.3·104 , and 1.1·104 cells mL−1 for experiments DEEP I, DEEP
II, and DEEP III, respectively. The stationary phase was reached
after 10 days of incubation in all experiments. Prokaryote
concentration at the end of the exponential growth phase ranged
from 6.9·104 to 8.0·104 cells mL−1 in the K treatments, from
7.8·105 to 9.2·105 cells mL−1 in the CL conditions, from 5.8·105
to 6.1·105 cells mL−1 in the CM incubations and from 6.5·104
to 1.3·105 cells mL−1 in the CR conditions. During the first
days of experiment the slopes of the curves indicated faster
growth rates for the CM treatments than for the rest of them,
although the number of cells in the CL treatment reached the
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FIGURE 3 | FDOM characterization (EEMs) of all the initial (t0) water samples. From left to right: K conditions for DEEP I (A), DEEP II (B) and DEEP III (C); CL
conditions for DEEP I (D), DEEP II (E) and DEEP III (F); CM conditions for DEEP I (G), DEEP II (H) and DEEP III (I); and lastly, CR conditions for DEEP I (J), DEEP II (K)
and DEEP III (L). Location of the excitation and emission maxima of the four PARAFAC components identified is indicated by the numbers attributed (1, FIC1 Ex/Em:
325 nm/423 nm; 2, FIC2 Ex/Em: 275 nm/468 nm; 3, FIC3 Ex/Em: 281 nm/363 nm; 4, FIC4 Ex/Em: 380 nm/428 nm). Values expressed in R.U.

with no amino acid amendments (K, CL, and CR) and where
FIC3 fluorescence increased with time, as prokaryotes grew
(Figure 6). Using the equation described by this empirical model
(Figure 7; R2 ∼ 0.75, N = 41), we have estimated the proteinlike fluorescence (eFIC3) due to prokaryotic growth for each
sampling day of the CM condition. Comparing these values with
the observed FIC3 intensity, we could estimate the fraction of the
signal due to the original amino acids amended to this condition
(aaFIC3), which decreased with time (Figure 8).

was very low at the beginning of the experiments for the K,
CL, and CR treatments, while in the CM condition the added
amino acids induced elevated values of protein-like fluorescence
(Figure 6). FIC3 intensity coupled to prokaryotic abundance
in all treatments except in that amended with protein-like
precursors (CM). The decay of FIC3 signal in DEEP II and DEEP
III experiments was higher than the decrease detected for this
component in DEEP I. We hypothesized that the FIC3 increase
in K, CL, and CR is due to bacterial growth while in the CM
treatment, the consumption of the added fluorescent proteinlike substances overcame FIC3 production. To examine the
relative importance of FIC3 consumption with respect to FIC3
generation in CM, we estimated the production in this treatment
using an empirical model based on the relationship between
FIC3 fluorescence and prokaryotic abundance (Figure 7). The
model was constructed with the data pooled from the treatments
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DISCUSSION
PARAFAC Component Source
Identification
The OpenFluor spectral database (Murphy et al., 2014), was
used to identify the different PARAFAC components present
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reported PARAFAC components, which have been associated to
tryptophan-like, protein-bound and free amino acids (Yamashita
and Tanoue, 2003; Stedmon and Markager, 2005b; Murphy et al.,
2008; Kothawala et al., 2012; Kowalczuk et al., 2013).The spectral
characteristics of FIC4 have not been traditionally defined (Coble,
1996) but it occupies a region very close to those of the humiclike substances. Other studies that have found this component,
mainly in the watershed of tropical rivers (Yamashita et al., 2010a)
and its estuaries (Brym et al., 2014), have assigned it to a microbial
reduced quinone-like substance (Ariese et al., 2004; Cory and
McKnight, 2005).

Dynamics of Humic-Like Fluorescence in
Response to Different Types of Organic
Matter Additions
Since the incubations were performed in the dark, thus
preventing photo bleaching, the changes in concentration and
quality of FDOM humic-like compounds should exclusively be
induced by prokaryotic metabolism, abiotic condensation or
viral life cycles. With the exception of the exponential-growth
phase in DEEP I, we observed an accumulation of the humiclike fraction across all treatments in the three experiments
(Figure 5). In general, the increase in humic-like substances
was higher in the conditions where humic precursors were
added. These results would be in accordance with the hypothesis
postulated by Andrew et al. (2013) about the requirement of
polyphenolic terrestrial precursor material to generate additional
humic fluorescence signal. The overall picture fits with the
expectations that the quality of the precursor material is a
significant factor determining the characteristics of the generated
DOM. It is remarkable that, in CM and CR conditions, a
production of humic-like substances in the stationary phase
was recorded in the three experiments. These results agree
with the trends observed in earlier studies that reported the
accumulation of humic-like fluorescence during the development
of incubation experiments. Most of these experiments were
performed with the addition of different C sources to the media
as phytoplankton exudates added to sea water tanks (RochelleNewall and Fisher, 2002; Stedmon and Markager, 2005a; RomeraCastillo et al., 2011). Our results also agree with other studies
that found a positive correlation between in-situ microbial
respiration and humic-like FDOM generation in the deep (De
La Fuente et al., 2014; Guerrero-Feijóo et al., 2014; Jørgensen
et al., 2014b; Lønborg and Álvarez-Salgado, 2014) as the three
humic-like components showed an increase of intensity during
the stationary phase.
In two out of the three experiments (DEEP II and III), the
main trend of the humic-like compounds showed the same
pattern for the total extent (tfinal –t0 ). Yet, when we related
these FDOM increases to prokaryotic abundance, the cell-specific
production of FDOM components (Table 4) differed depending
on the available source of organic matter. This result indicates
that the quality of the precursor material is a significant factor
determining the characteristics of the generated DOM and also
modifies the organisms’ activity. In fact, in the CR condition,
where lower prokaryotic abundances were observed, the humic

FIGURE 4 | Prokaryotic abundance (in cells mL−1 ) during experiments
DEEP I (A), DEEP II (B), and DEEP III (C). Vertical lines show standard
deviations of 3 replicates.

in our incubations. Two out of four components (FIC1 and
FIC2) were clearly placed in areas traditionally related to
humic-like fluorescence (Coble, 1996). FIC1 has recently been
reported as a constituent of terrestrial and aquatic fulvic acids.
Different studies devoted to track the origin of the organic
compounds using their optical properties have found it in
coastal areas around the globe, from Florida (Yamashita et al.,
2010b; Brym et al., 2014) to Australia (Cawley et al., 2012),
including Arctic rivers estuaries (Walker et al., 2013), the Bay
of Liverpool (Yamashita et al., 2011), and even the ballast
water of different commercial ships (Murphy et al., 2006). The
fluorescent intensity of FIC2 is very similar to the traditional
peak-A (Coble, 1996) a humic-like material found in rivers
and sensitive to photodegradation (Søndergaard et al., 2003;
Stedmon et al., 2007; Walker et al., 2009; Lapierre and del
Giorgio, 2014). The FIC3 component showed characteristics of
tryptophan-like fluorescence and was similar to other previously
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FIGURE 5 | Variations of each humic-like component in the four experimental conditions of the three experiments. From top to bottom: variations of FIC1
for DEEP I (A), DEEP II (B) and DEEP III (C); variations of FIC2 for DEEP I (D), DEEP II (E) and DEEP III (F); and variations of FIC4 for DEEP I (G), DEEP II (H) and
DEEP III (I). Exponential-growth and stationary phases are separated in the graphs. Values expressed in R.U.

I compared to DEEP II and III. The relevance of temperature
in controlling the degradation of organic matter by microbes
has been highlighted many times before (Leahy and Colwell,
1990; Delille, 2004; Vázquez-Domínguez et al., 2007). It is known
that the metabolism of cold tolerant prokaryotes is adapted to
regulate cellular activities at low temperatures (Feller et al., 1996),
however a sudden relatively relevant increase of temperature
combined with the availability of DOM sources in excess, and
the nature of the DOM already present in the media may
cause differences in the behavior of cells while incorporating
nutrients (Pomeroy and Wiebe, 2001). In DEEP I experiment,
this change in the metabolism could have promoted a fast
growth of the bacteria, supporting the use of the humic-like
substances instead of its production. We are also aware that the
prokaryotic diversity found in AABW differed from those present
in NADW and CDW (M. Sebastián, personal communication).
For that reason, we cannot reject the hypothesis that the different
groups of microorganisms present in the water could have
experienced a faster growth in DEEP I, and thus changing the
consumption/production ratio of the humic-like substances.

FDOM production per cell turned out to be significantly higher
than in the other treatments.
Our results (Figure 5 and Table 4) allow us: (i) to reinforce
Andrew et al. (2013) theory (previously stated), and (ii) to
demonstrate the (Jørgensen et al., 2014b) hypothesis, who
highlighted the idea that the less labile the precursor material
is, the more humic fluorescence is generated. In addition, these
results emphasize the appropriateness of distinguishing between
different growth stages to better understand the dynamics of
produced/consumed DOM.
Concerning humic FDOM dynamics, some discrepancies
were observed between the DEEP I and the other two
experiments, i.e., an assimilation of the humic-like components
in DEEP I vs. an accumulation in DEEP II and III. We are
aware that the characteristics of the water masses differed,
and that this is perhaps the main reason behind the different
responses. Seawater temperature for experiment DEEP I was
0.27◦ C while the temperatures for the DEEP II and DEEP III
experiments were 1.84 and 2.78◦ C, respectively. Although all
three temperatures were low, the DEEP I samples suffered the
most substantial change when located at the temperature control
chamber, set to 4◦ C. This fact could explain the steepest slope
detected in the prokaryotes’ growth curves for all conditions in
the DEEP I experiment during the first 10 days of incubation
(Figure 4). The prokaryotic growth rate turned out to be
approximately two times higher during the first days in DEEP

Frontiers in Marine Science | www.frontiersin.org

Dynamics of Protein-Like Fluorescence in
Response to Different Types of Organic
Matter Additions
The large initial drop detected in FIC3 fluorescence in the
CM treatments is likely due to the utilization of the added
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FIGURE 6 | Temporal evolution of FIC3 component in (A) DEEP I, (B)
DEEP II, and (C) DEEP III for the four experimental conditions. Values
expressed in R.U.

FIGURE 8 | Temporal evolution of: i) observed FIC3 fluorescence
intensity (black dots), ii) protein-like fluorescence due to prokaryotic
growth estimated following the model described in Figure 7 (eFIC3)
(dashed line and empty dots), and iii) fraction of the FIC3 signal due to
the amended amino acids (aaFIC3) in CM treatment (gray dots) for
experiments DEEP I (A), DEEP II (B), and DEEP III (C). Values expressed
in R.U.

prokaryotic by-products that fluoresce in the protein-like region
(Yamashita and Tanoue, 2003). The differences between the CM
and the other conditions were caused by the different origin
of the carbon sources available for prokaryotic consumption.
In previous experiments where the only source of carbon was
glucose, a selective release of amino acids (D-alanine) and an
increase of other components (glucosamine and muramic acid)
was observed, associated to prokaryotic growth (Kawasaki and
Benner, 2006; Azúa et al., 2014; Jørgensen et al., 2014a). These
findings concur with the increase of protein-like fluorescence
observed in the K, CL, and CR treatments in our experiments.

FIGURE 7 | Exponential growth model of FIC3 intensity vs. bacterial
abundances for all the K, CL, and CR treatments together. Prokaryotic
abundances are expressed in cells mL−1 and fluorescence intensities in R.U.

amino acids by prokaryotes, while the signal increase in the K,
CL, and CR conditions could be attributed: (i) to an increase
in prokaryotic biomass, as microbial cells have protein-like
fluorescence themselves (Determann et al., 1998) or (ii) to

Frontiers in Marine Science | www.frontiersin.org

10

December 2015 | Volume 2 | Article 106

Aparicio et al.

Deep-Sea Biological Transformations of FDOM

TABLE 4 | Overall production/consumption of humic-like fluorescence per cell [(FDOM at tfinal –FDOM at t0 )·(prokaryotes at tfinal –prokaryotes at t0 )−1 ]
for all the different treatments during the experiments (in R.U.·cells−1 d−1 ).

DEEP I

DEEP II

DEEP III

K

CL

CM

CR

FIC1

−5.22 ± 0.02 · 10−9

−2.34 ± 0.06 · 10−9

−1.16 ± 0.03 · 10−9

−8.90 ± 0.05 · 10−9

FIC2

−4.48 ± 3.02 · 10−9

−8.56 ± 0.11·10−10

3.18 ± 0.01 · 10−9

−7.42 ± 0.02 · 10−9

FIC4

−6.05 ± 3.06 · 10−9

−2.59 ± 0.02 · 10−9

−3.55 ± 0.11 · 10−9

−1.00 ± 0.05 · 10−8

FIC1

4.17 ± 2.10 · 10−9

−1.48 ± 0.01·10−10

4.88 ± 1.01 · 10−9

4.17 ± 1.03 · 10−8

FIC2

7.39 ± 3.06 · 10−9

1.44 ± 0.04 · 10−9

1.37 ± 0.0210−8

4.94 ± 2.0510−8

FIC4

−4.15 ± 1.02 · 10−9

1.84 ± 0.33 · 10−9

2.16 ± 0.12·10−11

3.65 ± 0.0210−8

FIC1

2.01 ± 0.110−9

−4.28 ± 2.00 · 10−9

3.72 ± 0.01 · 10−

9.75 ± 3.0310−9

FIC2

−1.13 ± 0.00 · 10−9

4.60 ± 0.0010−9

3.44 ± 0.0210−9

1.32 ± 0.02 · 10−8

FIC4

−4.81 ± 1.45 · 10−9

2.24 ± 0.00·10−10

−2.80 ± 0.06 · 10−9

1.48 ± 0.07 · 10−8

microbial net production and consumption of FDOM. A clear
FDOM net consumption was only observed in the experiment
with Antarctic Bottom Water (AABW). To better understand
the final fate of organic matter, further experiments should
include analyses of organic matter at molecular levels (e.g., with
spectrometry methods) and microbial gene diversity.
Based on our findings we conclude that, although mechanisms
that hinder DOC total remineralization in deep waters are still
poorly understood, the sequestration of OC in the deep ocean can
significantly be reduced when labile substrates become available.

On the other hand, using data from Bermuda (BATS) and
Hawaii (HOT) time series, Kaiser and Benner (2009) found that
carbohydrates and amino acids were preferentially used during
microbial decomposition of marine organic matter.
We suggest that, in our CM conditions, prokaryotes may
have been using the available amino acids for growth. Thus, the
drop in the fluorescence signal would correspond to the balance
between production and assimilation microbial processes. In
order to evaluate the relative importance of these two processes,
we estimated the FIC3 signal produced by prokaryotes in the CM
condition by applying an exponential model (Figure 7).
According to the model calculations, approximately 90% of
the fluorescence detected at t0 was due to the added amino
acids in the CM treatment, while this percentage decreased down
to about 2% of the total fluorescence detected at t10 or t15
(Figure 8), implying that bacteria used the amino acids added
to supply their metabolic requirements until they reached the
end of the exponential growth phase. This is in accordance
with prior results obtained in degradation experiments (NietoCid et al., 2006) where they observed a rapid consumption
of recently produced dissolved protein-like material which was
accumulated in the water column only when gross primary
production exceeded a threshold value. Nevertheless, during the
stationary phase, values of eFIC3 remained practically unaltered,
suggesting that the prokaryotic community would have entered
in a low-anabolic activity stage. In this regard, our results
indicate that prokaryotic heterotrophic activity participates in
both consumption and production of protein-like fluorescent
substances, although production tends to surpass consumption
during the exponential phase when labile/refractory substances
are present.
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