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Abstract. The degradation of marine dissolved organic mat- DOC (co-metabolism; priming effect). A priming effect was
ter (DOM) is an important control variable in the global not observed but the glucose addition led to a slight in-
carbon cycle. For our understanding of the kinetics of or-crease of background DOC. The molecular analysis demon-
ganic matter cycling in the ocean, it is crucial to achieve astrated that DOM generated during glucose degradation dif-
mechanistic and molecular understanding of its transformafered appreciably from DOM transformed during the degra-
tion processes. A long-term microbial experiment was per-dation of the algal exudates. Our results led to several con-
formed to follow the production of non-labile DOM by ma- clusions: (i) based on our experimental setup, higher sub-
rine bacteria. Two different glucose concentrations and dis-sstrate concentration resulted in a higher concentration of non-
solved algal exudates were used as substrates. We monitoréabile DOC; (ii) TEP, generated by bacteria, degrade rapidly,
the bacterial abundance, concentrations of dissolved and pathus limiting their potential contribution to carbon seques-
ticulate organic carbon (DOC, POC), nutrients, amino acidstration; (iii) the molecular signatures of DOM derived from
and transparent exopolymer particles (TEP) for 2 years. Thalgal exudates and glucose after 70 days of incubation dif-
molecular characterization of extracted DOM was performedfered strongly from refractory DOM. After 2 years, however,
by ultrahigh resolution Fourier transform ion cyclotron res- the molecular patterns of DOM in glucose incubations were
onance mass spectrometry (FT-ICR MS) after 70 days ananore similar to deep ocean DOM whereas the degraded exu-
after~ 2 years of incubation. Although glucose quickly de- date was still different.

graded, a non-labile DOC background (5-9 % of the initial
DOC) was generated in the glucose incubations. Only 20 %

of the organic carbon from the algal exudate degraded within

the 2 years of incubation. The degradation rates for the nonl Introduction

labile DOC background in the different treatments varied be-

tween 1 and 11 pmol DOC ! year*. Transparent exopoly- Refractory dissolved organic matter (DOM) in the oceans
mer particles, which are released by microorganisms, werdepresents a large reservoir of organic carbon in the global
produced during glucose degradation but decreased back &@rbon cycle (642 Pg C, Hansell, 2013). The ultimate sources
half of the maximum concentration within less than 3 weeks©f marine DOM are primary production in the sunlit surface
(degradation rate: 25 pg xanthan gum equivalentsd=1) layer of the ocean and continental runoff. If this DOM resists
and were below detection in all treatments after 2 years. Addegradation long enough (weeks to months) to be removed
ditional glucose was added after 2 years to test whether lafrom the surface ocean by physical processes, its transport

bile substrate can promote the degradation of background® depths can be an important sink for atmospheric carbon
(Carlson et al., 1994, 2010). The formation of refractory
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DOM is a prerequisite for an efficient sequestration of dis- particulates, TEP play an essential role for the aggregation
solved organic carbon (DOC; 86 Tg C ye&rHansell etal.,  and vertical flux of particulate organic matter (POM) (All-
2009) as it occurs in areas of deep-water formation, particudredge et al., 1993; Passow et al., 1994; Logan et al., 1995). It
larly in the polar oceans. has even been suggested that TEP concentration determines
The average DOC atom in the ocean has a radiocarbon agaggregation (Passow et al., 1994; Arrigo, 2007; Gardes et al.,
of 4000-6000 years (Bauer et al., 1992). However, for spe2011). TEP also provide surfaces and substrates for bacteria
cific DOM fractions and molecular formulas, the residenceand archaea, creating hot spots of microbial activity (Smith
time can be substantially longer (Loh et al., 2004; Lechten-et al., 1992; Passow and Alldredge, 1994; Azam and Long,
feld et al., 2014). It is not clear how this carbon buffer will 2001). Despite their dominant role in marine carbon cycling,
evolve in the future global biogeochemical cycle and how it very little is known about the lability of TEP, especially on
affects the climate system (Denman et al., 2007). The effitimescales longer than 1 or 2 weeks (Passow, 2002a).
cacy of forming refractory organic matter from labile sub- In the past, in vitro degradation experiments mainly pro-
strates, which depends on the environmental conditions, izided bulk chemical characteristics and molecular informa-
critical for the magnitude of the sequestration flux. tion for a small fraction of refractory DOM (e.g. Lara and
Microbial utilization and modification is probably the Thomas, 1995; Ogawa et al., 2001). The application of ul-
most important process for the formation of refractory DOM trahigh resolution Fourier transform ion cyclotron resonance
(Jiao et al., 2010 and references therein). It increases the awnass spectrometry (FT-ICR MS) resulted in major advances
erage marine DOC turnover time and efficiently contributesin the molecular characterization of complex organic mat-
to carbon sequestration. In experimental incubations, marinéer samples (e.g. Kujawinski et al., 2002; Stenson et al.,
bacteria form non-labile organic matter from simple sub-2002). The technique is suitable for identifying molecular
strates such as glucose. These non-labile substances perdigtmula fingerprints of different sources (e.g. Hughey et al.,
for up to more than a year (e.g. Skoog et al., 1999; Ogawa2007; Gonsior et al., 2011; Schmidt et al., 2011) and trans-
2001; Gruber et al., 2006), suggesting that microbial activ-formation processes (Rodgers et al., 2000; Kujawinski et al.,
ity may indeed be responsible for converting labile photo-2004) of organic matter. Based on FT-ICR MS analyses, it
synthates into refractory organic matter. It is unknown, how-has been previously hypothesized that the molecular com-
ever, whether the organic material produced in such experiposition of all refractory organic matter is similar and in-
ments is chemically similar to refractory DOM and therefore dependent of its ultimate source (Koch et al., 2005; Rossel
could be preserved on timescales beyond those achievabkt al., 2013). Conceptually, this contradicts the findings that
in lab incubations. sources and transformation processes are molecularly im-
The persistence of refractory DOC in the ocean is at-printed in organic matter. A better mechanistic understanding
tributed to its intrinsic chemical stability (e.g. Koch et al., of the processes which convert labile material (which con-
2005; Hertkorn et al., 2006) and its low concentration, espe+ains the original biochemical signal) into refractory organic
cially in the deep ocean (Kattner et al., 2011). The ability or matter (which represents the sequestration potential) is re-
inability of the in situ microbial community to express mem- quired to resolve this contradiction. So far, such kinetics are
brane transporters for DOM uptake may also control DOM not well constrained although crucial for the conservation of
degradation (e.g. Arnosti, 2004). The lack of essential inor-molecular biomarker signals.
ganic nutrients and trace elements and labile (bioavailable) In our experiments, we investigated changes in DOM and
organic substrates (called co-metabolism or priming effect)TEP concentrations and shifts in the molecular composition
can also impede microbial degradation of organic matter (e.gof DOM during the microbial utilization of glucose and an
Horvath, 1972; Alderkamp et al., 2007; Bianchi, 2011). Pre-algae exudate during a period of 2 years. The main goal
sumably, a combination of all of these factors leads to theof the study was to test the hypothesis that the degradation
long average turnover time of marine DOM. of different substrates leads to refractory DOM with simi-
Many marine microorganisms release ubiquitous amountdar molecular characteristics. Specifically, we tested if DOM
of exopolymeric substances (Myklestad, 1995). A surface-with refractory molecular characteristics can be generated on
active fraction of marine exopolymers, which are rich in timescales of less than 3 months. Since the relative contribu-
acidic polysaccharides, abiotically forms a class of particlestion of nitrogen (and sulfur) heteroatoms in organic matter
called transparent exopolymer particles (TEP; Mopper et al.can determine bioavailability, we investigated their incorpo-
1995; Zhou et al., 1998; Passow, 2000). Exudates from phyration into persistent DOM. We also examined if the addition
toplankton and bacteria are often rich in TEP and their dis-of labile substrates results in an increased mineralization of
solved precursors (Myklestad, 1995; Passow, 2002b; Ortegarefractory DOM (co-metabolism; priming effect) and veri-
Retuerta et al., 2009), which exist in a size continuum fromfied the hypothesis that the majority of TEP are labile and
fibrillar macromolecules (Leppard, 1995) to TEP 100s of mi- removed within weeks.
crometers long (Verdugo et al., 2004). Micro- and nano-gels
are thought to be identical to TEP precursors, although this
is still open to discussion (Verdugo and Santschi, 2010). As
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Table 1. Experimental setup: three different substrates were incubat

anic matter 4175

ed in 50 L glass bottles for 70, 695 and 734 days.

Bottle Medium  Inoculum Glucose Algal exudatel3C glucose DOM extraction Treatment/control
(45L) (aL) (320uM C) (140puM C) (45uMC) after (days)

S9none] x <0.2um - - - 70 Sterile background control

SAGIc] X <0.2pum X - - 70 Sterile glucose control

SCexud] X <0.2um - X - 70 Sterile exudate control

[none] X < 3um - - - 70 Background control

[Glc] X < 3um X - - 70 [Glc]

[exud] X <3um - X - 70 [exud]

[13GIc] <3pm - - x 70 *3Glc]

[Glc] X < 3um X - - 695 [Glc]

[Glc] X < 3um X - - 695 [Glc]; co-metabolism

[exud] X <3um - X - 695 [exud]; co-metabolism

[13GIc] x <3um - - x 695 13Gic]

2 Material and methods

2.1 Experimental setup

Eleven 50L glass bottles containing seven treatments ang

four controls were incubated for 70, 695 as well as 734 day
(second addition of glucose after 699 days) in the dark&x 0
(Table 1). The general design of the experiment followed tha
of Ogawa et al. (2001). Briefly, substrate and bacterial inocu
lum were added to sterile artificial seawater and changes i
DOM were monitored.

The incubation bottles (Table 1) consisted of (i) three repli-
cate treatments that contained glucose ([Glc]), (ii) two that
contained dissolved algae exudates ([exud]) and (iii) two
that contained'3C-labeled glucose ¥fGlic]; D-glucose-1-
13C, Sigma). These treatments were inoculated with bac
teria. Additionally, four different controls were prepared:
the two background controls received inoculum or sterile-
filtered inoculum, respectively, but no substr&fadne]) and
(%9none]). The two other sterile controls received sterile-
filtered inoculum and either exudate$[éxud]) or glucose
(%9Glc]). A natural microbial community collected from
Antarctic surface water was used as the bacterial inoculum
After 699 days of incubation, glucose was added to on
[exud] and one [Glc] treatment to evaluate the potential influ-
ence of co-metabolism on DOC degradation (Table 1). Sam
ples for bulk parameters were collected at 11 to 15 time step
during the incubations and samples for the DOM extraction
and molecular formula characterization by ultrahigh resolu-
tion mass spectrometry were collected after 70 and 695 day:

with identical substrates:(= 3 for glucoses = 2 for exu-
dates,n = 2 for 13C-labeled glucose). In the following, the
treatments are labeled with the type of substrate in squar
brackets ([Glc]; [exud];; or [*3GIc],). The subscript index
(x) indicates the day or period of sampling if applicable.
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2.2 Preparation of experiment

The 50L glass bottles were acid (HCI, 2M, Merck,

ro analys) and base washed (NaOH, 2M, Merciro
nalys) and then rinsed with ultrapure water (Milli-

spore). Each bottle was filled witk 45L of sterile-filtered

(0.2 um, Polycap, Whatman) artificial seawater, containing

Nacl (24.99¢g 1), MgCly x 6H,0 (11.13g 1), NapSOy

.16gL1), CaCb x 2H,0 (1.58¢gL 1), KCI (0.79gL1)

4
|i\nd NaHCQ (0.17 g L=1) dissolved in ultrapure water. All

salts except Cagl (sterile filtered) were pre-combusted
(500°C, 5h) before use. Sterile-filtered nutrient solutions

were added as NaNDONH4Cl and KH,PQy, each at a final

concentration of- 52 pmol L1,

Sterile-filtered (0.2 um, precleaned, Minisart 16534, Sar-
torius) solutions were added as substrates: (i) glucose (final
concentration~ 320 pmol C 1), (ii) algae-DOM-derived
from a culture of the haptophytisochrysis galbangdfinal
concentration~ 140 umol DOC 1) and (iii) *3C-labeled
glucose (final concentration: 45 pmol C 1), The second
addition of glucose (at day 699) was to a final concentra-
tion of ~170pumol CL-1. Isochrysis galbanavas grown
axenically in a commercial facility in /2 medium (Guillard

and Ryther, 1962; Guillard, 197&ttps://ncma.bigelow.org/
node/79 to high density and cells were removed by sequen-
tial filtration (Sartobran 300: 0.45 um followed by Minisart,
Bartorius: 0.2 pm). It would have been unfeasible to generate
> 10L of exudates from an axenic Antarctic diatom under
standard laboratory conditions. After filtration, the exudates

X . 98Y3pere stored at OC in the dark until the experiment started.
Results are primarily presented as averages of repl|cate|§

inally, 3 L of this filtrate were added to the respective treat-
ments (Table 1).

All samples, except the two control samplg&lc] and
e[exud] were incubated with 1L inoculum (3um filtrate,
PC, Nuclepore), collected in the Weddell Sea (Antarctica)
at a water depth of 100m (12 December 20045487S,
55°33 W; R/V Polarstern PS67/006-118) and stored in the

Biogeosciences, 11, 411B8-2014
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3) 4 [Glc] and [exud] received a second addition of glucose on
H—L— F—a day 699 and were incubated for another 35 days (phase 3).
- ,‘f‘v At every sampling day, unfiltered and filtered (0.2 um; pre-
G | cleaned, Minisart 16534, Sartorius) samples (15mL each)
T( : were collected for instantaneous organic carbon analyses.

Three additional unfiltered samples (15 mL each) were filled

into pre-combusted (50@, 5 h) glass ampoules (Wheaton)
: and frozen for later analysis of total organic carbon (TOC)
| and total dissolved nitrogen (TDN). Filtered samples for
amino acid analyses (0.2um, 10 mL) were filled into pre-
combusted ampoules, 10M HCL {1, v:v, Suprapur,
Merck) was directly added and samples were stored frozen
(—28°C) in the dark. 40mL of samples were filtered

" (0.45 um, GMF, Whatman), filled into polyethylene (PE) bot-
Figure 1. Experimental setup: 11 glass bottléstbtal volume 49L) tles and store(_j frozen-@8°C) for later nutrlent_mea_sure-
each of which contained sterile artificial seawater medium (includ-ments' Approxmately 1L of Samplg water was f|lled !nto PE,
ing additional nutrients), 1L seawater inoculum and three differ- P0ttles, filtered (0.4um PC; Poretics) and stained immedi-
ent substrates. The bottles were closed with a rubbé)idnd air ~ ately for TEP analysis. For bacterial counts, 60 mL of sam-
exchange was enabled by a sterile 0.2 um fi{{8r Samples were ple was filled into PE bottles and fixed with formaldehyde
taken through a valvét) using a peristaltic pump and gla@ and (10 % final concentration); replicate filters were prepared and
Teflon tubing. counted within 1-4 weeks.

2.4 DOM extraction

dark at °C until the beginning of the experiment 5 months
later. Inoculum used for the sterile contréfnone],*qGlc] Samples for DOM extraction were collected after 70 and
and®9exud] was sterile filtered using Teflon filters (0.2 um, 695 days (Table 1) by sequential filtration (1 pm, 0.2 um,
Polycap, Whatman). All bottles were topped off to a total vol- Whatman Polycap 75 TF) of 16-34 L, followed by acidifi-
ume of 49 L with sterile-filtered artificial seawater and sealedcation to pH2-3 using HCI (Merck, Suprapur) and extrac-
with a rubber plug (Fig. 1). All bottles were dark-incubated tion (Dittmar et al., 2008) using pre-cleaned solid-phase ex-
at 0°C in a cold room. traction (SPE) cartridges (PPL, BondElut, 5g). The extrac-
tion was performed by gravity at a speed<of.2 mL min1.
The cartridges were eluted with 20 or 40 mL MeOH (Merck,
LiChrossolv), depending on sample volume, equivalent to
During the first phase of the experiment each bottle was sub?nza\geratqe ennchmbent fréctor of 7?10' IIExtracts welre frozen
sampled for bacteria, TEP, DOC, particulate organic carbon(_ 8°C) in pre-combusted (S0, 5h) glass ampoules.
(POC), glucose and amino acid determination at eleven time
points (days 2, 4, 6, 9, 13, 16, 21, 27, 34, 41, 55). Prior to2.5 Bacterial and flagellate abundance
sampling, each bottle was mixed for 2 min to ensure sample
homogenization. Sampling was performed using a glass tub8acteria were filtered onto two replicate black filters
which was installed through the cork of the bottle and sealed0.2um Polycarbonate, Poretics), stained with,64
with a valve (Fig. 1). The water was sucked up using a peri-diamidino-2-phenylindole (DAPI) or NN’-dimethyl-N-
staltic pump and Teflon tubing. The firstLlO0 mL of sample  [4-[(E)-(3-methyl-1,3-benzothiazol-2-ylidene)methyl]-1-
was discarded. Sterile air exchange in the headspace of eagthenylquinoline-1-ium-2-yl]-N-propylpropane-1,3-diamine
bottle was enabled by a filter (0.2 um, Minisart 16534, Sarto-(SYBR Green), stored frozen and counted within 1-4 weeks
rius) which was also inserted into the cork. using a Zeiss fluorescence microscope (for details see Porter
After 70 days, the first phase of the experiment was ter-and Feig, 1980; Noble and Fuhrman, 1998). At least 300
minated (Table 1). The remaining volume of all controls andbacteria per replicate filter were counted in at least 10-20
one treatment of each type, i.e. [exud], [Glc] afdglc], fields of vision. Bacteria were enumerated in two size classes
was filtered (0.2 um, Polycap, Whatman) and solid-phase ex{< 2 um and >2um) in samples from day 34 and 323.
tracted (PPL, Varian). The four remaining bottles were incu- The presence of flagellates was investigated on day 28 in
bated another 625 days (subsampling at 303/323 days). On&vo sub-samples ([exud] and [Glc]). Samples (60 mL) were
[Glc] and the second'fGlIc] treatment as well as half of the filtered onto black filters (0.8 um Polycarbonate, Poretics),
third [Glc] and the second [exud] sample volumes were sam-stained immediately with DAPI and counted via fluorescence
pled at day 695 ending phase 2. The remaining treatmentmicroscopy (Kemp et al.,, 1993). Both test samples were

2.3 Sampling
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negative, suggesting that protozoa did not play a prominen2.9 Ultrahigh resolution mass spectrometry
role in bacterial dynamics. (FT-ICR MS)

2.6 Transparent exopolymer particles FT-ICR MS analyses were carried out as described previ-
, , . ously (e.g. Lechtenfeld et al., 2013). In summary, prior to
TEP were filtered directly after sampling (15-250mL 4naiysis, DOM extracts were diluted with methanol : water
filter—1) in quadruplicates onto 0.4 um filters (Polycarbon- (1:1, v: v). Samples were ionized by electrospray ioniza-
ate, Poretics), stained with Alcian Blue and stored frozen uny;,, (ESI, Apollo Il electrospray ionization source, Bruker

til go!orimetricql analysis. 1-10 days later. The Alcian Blue Daltonik, Bremen, Germany) in negative mode at an infusion
staining capacity was calibrated with xanthan gum and quansj rate of 120 uL ! on a Fourier transform ion cyclotron

tified based on the absorptivity at 787 nm. Concentrations argasonance mass spectrometer (FT-ICR MS; SolariX, Bruker
given in pg xanthan equivalents per liter (Passow and A"'Daltonik, Bremen, Germany) equipped with a 12T refrig-

dredge, 1995). erated, actively shielded, superconducting magnet (Bruker
Biospin, Wissembourg, France). 300 scans were added to
one mass spectrum. The magnitude threshold for the peak
detection was set to a signal-to-noise ratio>efl. Mass
spectra were recalibrated internally with compounds, which
bon (TOC, unfiltered sample) were determined by high tem-were repeatedly identified in marine DOM samples (Koch et

perature catalytic oxidation and subsequent non-dispersiv@ 2008; Flerus et al.,, 2011y/z: 247.06120, 297.13436,
infrared spectroscopy and chemiluminescence detectio§27'14493’ 369.15549, 397.15041, 439.16097, 483.18719,

(TOC-VCPN, Shimadzu). Final TOC, DOC and TDN con- _551.24979,_ 595.23962). The average mass accuracy of the
centrations are average values of triplicate measurements. [ftérnal calibrants was below 100 ppb.

the standard variation or the coefficient of variation exceeded _

0.1uM or 1%, respectively, up to two additional analyses2-10 FT-ICR MS data evaluation

were performed and outliers were eliminated. After each . ) )

batch of five samples, one reference standard (DOC-DSRA!l ions were smglzy charg?g as confirmed by the spac-
Hansell Research Lab, University of Miami, USA), one ul- N9 Of the related™*C, and **C*“C,_, mass peaks. The
trapure water blank and one potassium hydrogen phthalatSPectra were evaluated in the mass range of 200»6@0
standard were measured. The limit of detection (3 the  |N€ base peak in this mass range was defined as 100 %
blank) and quantitation (9 of the blank) was 7 and 21 umol and rel_atlve intensities for all other peaks were calculated
CL-1, respectively. The accuracy wass %. POC was de- accordmgly. For the process of formula assignment, only
termined by the difference between TOC and DOC measurePeaks with a relative intensity between 2-100 % were con-

2.7 Dissolved and particulate organic carbon
and nitrogen

DOC, total dissolved nitrogen (TDN) and total organic car-

ments. sidered. Molecular formulas were calculated freryz val-
ues allowing for elemental combinatio#8Co_o, 13Co_1
2.8 Inorganic nutrients, free glucose and total THo— o0 1¥No_4 800_o 32592 34Sy_1 and a mass accuracy
hydrolysable amino acids threshold of|Am| < 0.5ppm. The double bond equivalent

(DBE=1+1/2 (2C— H + N)) of a valid neutral formula had
Nutrients were measured using an autoanalyzer (Evolutiorio be an integer value 0 and the “nitrogen rule” was applied
Ill, Alliance Instruments) according to seawater standard(Koch et al., 2007). Formulas which were detected in a pro-
methods (Kattner and Becker, 1991; Grasshoff et al., 1999)cess blank (PPL extraction of ultrapure water) and in the list
Free glucose was analyzed using high pressure anion exsf potential surfactants (Lechtenfeld et al., 2013) were re-
change chromatography with pulsed amperometric detectiomoved from the entire data set. Formulas containiftCaor
based on previous methods (Johnson and LaCourse, 1998%S isotope and did not correspond to a parent formtf@,(
Mopper et al., 1992; Engbrodt and Kattner, 2005). Sam-32S) were also removed from the data set.
ples were injected using an autosampler (AS-4000, Merck- As an additional level of formula validation, all formulas
Hitachi) and an ion chromatography system (DX-500; PA-were sorted according to DBE and ppm (Fig. 2a, b). A small
1 guard column, 4« 250 mm anion-exchange PA-1 column, proportion of formulas corresponded to very high DBE val-
ED-40 electrochemical detector, all Dionex). The detectionues, many of which were false assignments of sulfur con-
limit was 20 nM C. Total hydrolysable amino acids were de- taining compounds (as identified by the peak ratio of the
termined on days 4, 16 and 41, based on the method by Fitzparent and daughter ions). We therefore used RB® as
nar et al. (1999). an additional cut-off which resulted in an unambiguous as-
signment for the complete data set. The distribution of mass
accuracy also showed that the majority of the assigned for-
mulas are well within the 0.5 ppm threshold. After these
validation steps, we excluded the stable isotop¥ and

www.biogeosciences.net/11/4173/2014/ Biogeosciences, 11, 411B8-2014
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Figure 2. Validation of molecular formulaga) double bond equivalent (DBE) arfd) mass accuracy (in ppm) are displayed in increasing
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formula and the number of carbon atoms estimated from the stable carbon isotope galid@Ch et al., 2007). gey is displayed versus

the relative intensity of the parent ion.
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Figure 3. Concentration changes with time for the microbial degradatiqa)ajlucose [Glc](b) algal-derived exudates [exud] atg) 13C-

labeled glucoselFGIc] treatments: dissolved organic carbon (DOC), particulate organic carbon (POC, only available for [Glc] treatments),
glucose, transparent exopolymer particles (TEP) and bacterial abundance (bagaxig)t Error bars represent the range of values based
on triplicates for [Glc] and duplicates for [exud] anEIc]. On day 699, 170 pM glucose-C was added to one [Glc] and one [exud] bottle
(singular samples).

343 pecause they only represented duplicates of the patope ratio provided an additional level of formula validation
ent formulas for subsequent sample comparisons. IntensityFig. 2c, Koch et al., 2007).

weighted average (wa) molecular masses and element ra-

tios were calculated from the normalized peak magnitudes.

For formulas with a very high relative intensity, the iso-
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Table 2. DOC concentrations for selected days, DOC consumed {3&3C minimum of non-labile DOC produced (calculated from the
DOC concentration at day 27 minus day 21; D§g), maximum POC concentration (P@fx), maximum abundance of bacterial cells
(BAmayx), cell carbon content=£ POGnax/BAmay), decay rate of non-labile DOC (period from day 27 until day 695) and the estimated
bacterial growth efficiency (BG&¢m). Note — n.d. stands for not determined.

[Glc] [13GIc] [exud]

Average DOC concentrations (umol CH):

Day 2: initial substrate 3269 53+2 144+ 0

Day 21: local minimum 2&8 11+1 135+0

Day 27: local maximum 45 3 16+£2 141+1

Day 695: final concentration 343 15 115
DOCconsuntil day 21 (umol C 1) 3267 53 9
Minimum non-labile DOGyqq (LMol C () 17+£6 5+1 6+0
POGnax (Hmol C L™1) 30+20 n.d. 12+4
BAmax (cells L™1) 28x1010 24x100 85x10°
Calculated cell carbon content (fg C cel) 13 n.d. 17
Decay rate for non-labile DOC (nmol CtLyr—1) 4 1 11
BGEgstim (DOCcons/ (DOCcons+ POGnax); unitless) 0.1 n.d. 0.6

2 Glucose was completely consumed after 21 days.

The degradation state was assessed using the degradeable 3. Total dissolved hydrolysable amino acids and their contri-
tion index (Ideg), as suggested in a recent study (Flerusbution to organic carbon (AA-C) in umol‘r_l and percent of total
et al., 2012)./4eg can only be applied for PPL-extracted DOC (%) in the [Gc], £3Glc] and [exud] treatments on day 4, 16
marine SPE-DOM analyzed with FT-ICR MS and electro- @nd 41.
spray ionization in negative moddgeg can be calculated -
from raw peak magnitudes of ten compounds which were [Cle] (n=3) [FClc](n=2) [exud] ¢ =2)
found to correlate either positively (PQg: Ci3H1g07, t(d AAC % AAC % AA-C %
C14H2007, C15H2207, C15H2208, C16H2408) Or negatively

4 0.7 0.0 1.9 0.5 0.7 0.3
(NEGyye4t C17H2009, C19H22010, CooH22010, C20H24011, 16 61 04 a1 43 02 37
C21H26011) with A4C of marine DOC (Flerus et al., 2012; a1 43 23 3.4 3.1 0.7 56

Eq. 1):

; >_magnitudesNEG,, 1
9e9™ 3" (magnitudes NEG,, + magnitudes POg,) D3 Results

Higher Iqeq values correspond to a higher degree of degrada3.1 Substrate degradation and transformation
tion.
Glucose was completely metabolized after 21 days in [Glc]
2.11 Statistical analysis and [3Glc] treatments (Fig. 3a, c). Simultaneously, non-
glucose DOC was generated with concentrations reaching
In the following, duplicates will be presented as mean val-454 3 ([Glc]27) and 164 2 pmol C L2 ([13GIc]o7; Table 2).
ues and their respective range and triplicates as means anghis microbially produced DOC will be termed “non-labile”
standard deviation of the mean. For the FT-ICR MS data setj, the following. The proportion of non-labile DOC formed
we assessed the molecular similarity between samples by apy the [Glc] treatments relative to the original substrate-C
plying cluster analyses and multidimensional scaling (MDS) can be calculated from the difference of the DOC concen-
based on Bray—Curtis similarity (Bray and Curtis, 1957) andtration between day 21 and 27 (5-9 % of the initial glucose-
untransformed normalized peak magnitudes (Software: “R"c: Taple 2) or by subtracting the average DOC blank in the
and Primer, Version 6). controls (16 pmol DOC t1) from the DOC concentration in
a treatment ([Glcl;: 9% of the initial glucose-C). During
the following 23 months, the non-labile DOC decreased at a
rate of 4 umol and 1 pmol Ct! year ! for [Glc]7_e95 and
[23GIc]o7—695, respectively (Table 2). After 695 days, the re-
maining proportion of non-labile DOC in the [Glg} treat-
ments was 6 % of the original substrate-C. The modification
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of DOM in the [exud] treatments could not be followed to (a) DOC concentration
the same detail because the added exudate consisted already 3% .
of a complex mixture of substances preventing a quantifica- K R °
tion of substrate changes. The changes in DOC concentration 7 250 e ::{g‘l’g]e]
in the [exud] treatments were small during the exponential 2 %00 ~+ “Jexud]
growth of bacteria. After the exponential phase, the DOC in 51’ 1501 At—i [none]
[exudb7_e9s decreased at a rate of 11 pmol ClLyear?, s ¥ * *
faster than in the [Glc] treatments (Fig. 3b). Particulate or- 100
ganic carbon (POC) concentration in the [Glc] treatments S0 e N
reached its maximum at 21 days @0 pmol C L-1). Since '\Q’?kig”"\z‘g)“?’ p R—"
the values reached the limits of precisiong % precision), (b) Bacterial abundance
the errors were relatively large. For the [exud] afédIc]
treatments POC was much lower. Except for the maximum 10™
concentration in [exud} (1244 umol CL~1), POC could 10° 1
not be quantified in these treatments. 5 N

After 699 days glucose was added to one [gd¢hnd one 2 10 /./.74/@
[exudkggtreatment to track potential priming effects (Fig. 3). © 10 1 e + /Z,//Z —_—
Twenty-five days later, the DOC concentration was similar or \ 7:( / 07
slightly above the value before the glucose addition in both 10° 1 g/o:&gﬂ
bottles and TEP had increased slightly to 100 and 109 pg ‘ ‘ ‘ ‘

10 20 30 40 50

XeqL1in [Glc] and [exud], respectively.

For selected samples, total hydrolysable amino acids were
determined. The proportion of organic carbon derived fromFigure 4. Control samples: DOC concentration and bacterial cell
amino acids (AA-C) increased for [Glc] and3GIc] and  abundance during the incubation period.
decreased in [exud] treatments at day 16 and increased
again towards the end of the first phase of the experiment
(Table 3). The relative increase of AA-C with incubation 3.3 Inorganic nutrients
time coincided with the average increase of organic nitro-
gen in the mass spectrometry data set (see Sect. 3.6). Thauring the entire experiment, nutrient concentrations were
amino acid composition was dominated by glycine, glutamicsufficiently high to prevent the limitation of bacterial growth
acid/glutamine and leucine. Most other amino acids were(Fig. 5). Due to the addition of the algal-derived DOM

Time (days)

near or below the limit of detection. solution, the initial concentrations of nitrate, nitrite and
phosphate were higher(150 pmol =1, ~ 9 umol L~ and
3.2 Controls ~ 10 umol L1, respectively) in the [exud] compared to the

[Glc] and [}3GIc] treatments. The bacterial inoculum did not

Four controls provided experimental validation (Table 1). 44 getectable amounts of nutrients to the incubations.

The background contrénone] had an average DOC con- Ammonium decreased from about 55 to 28 umotLin

. —1 . . .

Centrgtlon of_ 15L—3_umo| DOC L™ during the er_1t|re - ihe [Glc] and [3GIc] samples, slightly increased at 41
cubgtlon period (Fig. 4). Tpe poC conce_ntrauon_ of the days and decreased again at 55 days whereas it remained
sterile background controPnone] was slightly higher o imqqt constant at 60 umott in the [exud] treatments.

—1 .
(23+12umol DOCL™). Both values were near the limit \jiyate nitrite and phosphate remained almost constant
of quantitation. The DOC concentration of the inoculum in all treatments

was 43+ 1pumol L1, but after the 1:49 dilution with the
medium, it contributed only marginally to DOC.
No temporal change in DOC (Fig. 4), nutrient or TEP

concentration was observed during the first 5_5 days in thes,cterial cell growth started slowly with a long lag phase
two background controf${none] and‘[none] or in the two (15 gays) which may be attributed to the low incubation

sterile substrate control¥[Glc] andS9exud]. The bacterial temperature (9C). Exponential growth and pronounced
abundance increased slightly with time, but remained 2-3 0r¢panges in substrate concentration and in TEP formation oc-
ders of magnitude below the abundance of the substrate treat;;ired between day 16 and day 21 in the [Glc] aRG[c]
ments (compare Fig. 3). treatments and slightly later, between day 21 and day 26, in
the [exud] treatments (Fig. 3). Despite the fact that the ini-
tial DOC concentration in [Glc] was 6.5 times higher than
in [*3Glc], the maximum bacterial cell number was only
slightly lower in [13Glc]z4 compared to [Glel (Table 2). In

3.4 Bacterial growth dynamics
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—~ 70 (a) [Glc] (b) [exud]
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Figure 5. Inorganic nutrients: concentration of nitrite, ammonium, phosphate and nitrate during the incubation period. Changes are displayed
as averages fdi) [Glc] treatments § = 3) and(b) [exud] treatmentsi( = 2). Error bars represent the range of values. Changé§®1¢]
treatments (not shown) were almost identical to [Glc] samples.

contrast, the maximum bacterial cell number in [exqdjas 1667+ 518 ngequl, respectively; Fig. 3). TEP produc-
3.3 times lower than in [Glg}. tion in [exud] treatments increased steadily until day 55
Not only were the maximal bacterial cell concentrations (1934 31 pg Xeq L~1), but remained an order of magnitude
in [exud] lower than in [Glc] but the cells were also slightly lower than in [Glc]. Although the bacterial abundance (BA)
smaller. In [Glcks 97 % of bacteria were- 2 um, whereas and TEP concentration were not correlated, the TBR
only 92 % were that large in [exugl] After 323 days, 83% ratio at the maximum of the bacterial abundance was sim-
and 63 % of bacteria were considered large in [glghnd ilar for [Glc]o7 and [3Glc],7 (61 and 90 f9Xeq cell~1, re-
[exudko3, respectively. A rough estimate of the carbon con- spectively). In contrast, this ratio was lower at 8Xq
tent of a microbial cell was derived by dividing the POC con- cell~? in the [exud}; treatments. Although TEP and DOC
centration for [Glc}1-41 and [exud}7—41 (30 and 12pumol  were also not significantly correlated within each treatment,
POC L1, respectively) by the maximum bacterial abun- the TEP/ DOC ratio was appreciably higher in [Gjg]and
dance (2.8< 10'° and 0.85x 100 cellsL™1, respectively).  [*3Glc]o7 (35 and 93 pgeqpmol~ C~1, respectively) com-
This resulted in an average cell carbon content of 13fg Cpared to [exud}; (1 ugXequmol ch.
cell~1 for [Glc] and 17 fg C celtfor [exud]. After the maximum TEP concentration was reached in
The bacterial growth efficiency (BGE) can be calculated the glucose incubations [Glg] and [-3Glc]o1, TEP quickly
from the ratio of bacterial production (BP) to respiration decreased by about 25 uigeqL—ld‘1 towards day 55. In
(BR) using Eq. (2) (del Giorgio and Cole, 1998): the [exud] treatments, TEP increased until day 554{g
XeqL~1d™1). Atthe end of the experiment, on day 695, TEP

BGE=BP/(BP+BR). ) was below detection in all treatments.

We estimated BGE (BGiim) by using the maximum POC _ _
concentration (PO and the total amount of DOC con- 3.6 Molecular formulas determined by ultrahigh

sumed (DOGons Eq. 3, Table 2). The estimate is based on resolution MS
the assumption that all of the POC produced is derived from

bacterial biomass or colloids formed by bacteria. The average molecular characteristics derived from ultrahigh
resolution mass spectra of the solid-phase extracted DOM are
BGEesim = POGnax/ (POGnax+ DOCcond ®3) presented in Table 4. The spectrum biGIc]7o was differ-

The estimated BGE was comparable in the treatments whic/gnt from all other spectra: it generally showed fewer peaks

contained glucose (0.1) and substantially higher in the [exud ut several additional peak clus_ters in the mass range above
treatments (0.6). 00m/z. The total peak magnitude was 2-3 times lower

Concentrations of flagellates were below detection in a”compared to all other samples. We attributed this to a_nalyti-
treatments, suggesting that grazing did not significantly im_cal reasons (salt residues) and therefore excluded this spec-

pact microbial dynamics. trum from the subsequent mplecular compari'sglns.
To evaluate the data quality and reproducibility we com-
3.5 Transparent exopolymer particles (TEP) pared *none], “[none] and®*qGlc], which only differed

by the presence/absence of glucose. These controls were
The concentration of TEP was highest during the expo-highly similar based on the number of assigned peaks, the
nential growth in [Glc}: and [Glc],; (1683+ 189 and Iqeg and the peak magnitude weighted average element
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Table 4. Mean data of the molecular characterization via FT-ICR MS: number of identified peaks in the spectrum (signal-to-noise ratio
> 4), number of formulas assigned)( peak magnitude weighted averages (wa) of the molecular mass{Madsuble bond equivalent
(DBEwa), oxygen-to-carbon ratio (PCwa), hydrogen-to-carbon ratio (HCwa), carbon-to-nitrogen ratio (CNwa) and carbon-to-sulfur

ratio (C/ Swa). The degradation indeXdeg) indicates the relative state of degradation of marine SPE-DOM using electrospray ionization

in negative mode (Flerus et al., 2012). IOS (%; island of stability, Lechtenfeld et al., 2014) is the total relative peak magnitude of the most
stable molecular formulas compared to the total peak magnitude of all CHO containing molecular formulas.

Sample Peaks:j n Massya DBEwa O/Cwa H/Cwa C/Nwa C/Swa Ipeg [0S (%)

Sqnonekg 11941 2183 415 8.7 0437 1260 505 239 081 50
°[nonelo 13618 2289 426 8.9 0443 1254 477 226 0.81 52
S9GIc] 70 12480 2232 422 8.9 0440 1250  47.9 239 081 51
[Glcl7o 14027 3404 449 8.9 0433 1296  39.2 175 0.85 43
[GIclgys 13591 2930 416 8.8 0438 1240 326 103 0.80 50
[Glclgos 13643 2565 420 87 0439 1260  37.9 118 0.82 50
[13GIclggs 13357 2350 428 8.9 0455 1250 414 192  0.83 53
Sqexudlzg 15668 3082 412 8.2 0454 1291 457 182  0.52 40
[exudlzo 13962 4424 494 9.9 0462 1.269  33.8 153  0.70 36
[exudlsgs 14040 4677 442 9.0 0459 1261 355 155  0.61 39

ratios (Table 4). The average coefficient of variation for las increased at 70 days and decreased at 695 days. For all
their relative peak magnitude (as an indicator for repro-treatments/qegwas higher after 70 days and decreased again
ducibility) was 7.9%. The reproducibility for larger peaks at 695 days. All treatments showed, compared to the number
(> 40% relative peak magnitude) was better and resultedf C atoms, an increase in organic nitrogen and organic sulfur
in a coefficient of variation of only 2.6 %. The average after microbial incubation. The total relative peak magnitude
peak magnitude weighted ratios for the three replicatesof the most stable compounds (island of stability, I0S, Lecht-
were for O/ Cya = 0.4404+ 0.003, H/ Cya = 1.2554+0.005, enfeld et al., 2014) compared to the total peak magnitude of
C/Nwa=48.7£ 1.6 and ¢/ Sya= 2348+ 7.5. They were  all CHO compounds was calculated (Table 4). All treatments
thus considered to be process replicates and their averagghowed a lower relative contribution of IOS compounds after
peak magnitudes were used as a reference for the compar0 days and a higher contribution towards 695 days.
ison with [Glc] treatments{exud] was used as the control ~ The inoculum, which was added to each treatment, intro-
for the [exud] treatments. duced a small proportion of refractory compounds (Antarc-
The mass spectra of the different treatments revealedic surface water, 149 dilution), which needs to be consid-
characteristic molecular differences particularly between theered for the molecular level comparison. Also, algae-derived
[Glc] and [exud] samples (Table 4). The [exud] spectra wereDOM in the [exud] treatments contained a background of or-
characterized by an almost Gaussian peak distribution typiganic compounds derived from the culture medium. To avoid
cal for natural organic matter (Fig. 6). In contrast, all [Glc] artifacts in data processing, molecular differences between
and [3Glc] treatments showed spectra with several addi-treatments and controls were explored based on relative
tional peaks which did not match with the typical DOM peak peak magnitude ratios: each mass peak in a substrate treat-
magnitude distribution. The number of peaks and assignednent was compared to the respective peak in the control
molecular formulas in the [exud] spectra was higher com-treatment. Therefore, we used the relative peak magnitudes
pared to [Glc] treatments. The average molecule in the [exudfor each mass peak=(molecular formula) to calculate the
samples was larger and contained, compared to the nunpeak magnitude ratio Peglpie/ (Peakamplet Peakontrol)-
ber of C atoms, more oxygen and nitrogen. In addition, theA peak magnitude ratio of 1 represents peaks which were
[exud] treatments showed a lowkfeq value (less degraded) predominant in the sample treatment (red colors, Fig. 6), a
than [Glc] treatmentslgeg in the sterile controf9exud] in- value near zero represents peaks which were conspicuous
dicated that the original algae-derived DOM was more labilein the control (blue colors) and a relative peak magnitude
than the background DOM introduced by the inoculum in of 0.5 denotes unchanged relative peak magnitudes (white
Sqnone],°[none] and*Glc]. color). In addition, we selected all peaks which were unique
Incubation time also had an influence on the molecularin the substrate treatments compared to their respective con-
composition. For [exud] treatments, the number of peaks astrol (circles and numbers, Fig. 6). Only a few formulas30)
signed with a molecular formula increased with time whereasuniquely occurred in the controls compared to the substrate
the total number of peaks in the spectrum slightly decreasedncubations. The only exception was tHfexud] control, in
In [Glc] samples, the number of peaks and molecular formu-
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Figure 6. FT-ICR mass spectra of the solid-phase extracts of microbially degi@jletlicose [Glc] andb) algal-exudate [exud] after 70

and 695 days of incubation. Left panel: measured spectra (in blue) and reconstructed spectra based on all identified molecular formulas
containing C, H and O (in black). Right panel: van Krevelen plots represent all CHO molecular formulas. Formulas which occurred uniquely
in the samples and not in the controls (averag&mone],>9Glc], [none] for [Glc] and®exud] for [exud]) are marked with a black circle.

All other formulas are represented by the color which reflects the ratio of the peak magnitude in the sample versus the respective magnitude
in the controls (Sample / (SampleRef)). The black circle represents the area in which molecular formulas with the highest residence times

in the ocean would be displayed (according to Lechtenfeld et al., 2014; island of stability). The crosses represent those 10 peaks which are
used to calculate the degradation state of marine DOM (Flerus et al., Ba2,grey crosses represent molecular formulas which are labile;

black crosses represent refractory molecular formulas.

which we detected 173 unique formulas which were absenbutside the center of the patch was detected particularly af-
in the [exud}o treatment. ter 70 days (blue colors in Fig. 6) but relative peak magni-
For data representation, we used the van Krevelen diagrartude gains also occurred in the center where compounds with
(van Krevelen, 1950; Kim et al., 2003; Fig. 6). All formulas longer ocean residence times are expected.
which consisted of C, H, and O were displayed with respect A hierarchical cluster analysis and multidimensional scal-
to their molecular hydrogen/carbon and oxygen/carbon raing (MDS) was applied to summarize the molecular dif-
tio. Saturated and reduced compounds appear in the uppdéerences between the treatments (Fig. 7). The analysis was
left whereas unsaturated and oxidized substances appear based on untransformed relative peak magnitudes and did not
the lower right of the van Krevelen diagram. include formulas containingfC. Although we expected that
Most molecular changes occurred in the boundary area othe 13C-label in the }3GIc] treatments would be detectable
the patch in the diagram (indicated by the red color and cir-in the non-labile DOM pool, enrichment é8C compared
cles in Fig. 6). For the [Glc] incubations, in particular, the to the unlabeled controls and treatmefjtic], *9Glc] and
strongest peak magnitude increase occurred outside of thgslc] was not found. This result was verified by an additional
center region in which the most persistent marine molecu-cluster analysis which included théC-isotopes: the analy-
lar formulas would be displayed (as identified in Lechtenfeld sis yielded identical results as the approach in absence of the
et al., 2014, Fig. 6, black ellipse). However, after 695 days,stable carbon isotopes (data not shown).
these changes were less pronounced, indicating that the ma- The degree of similarity between samples is indicated by
terial became more similar compared to the control samplesthe similarity scale in the cluster analyses (Fig. 7, left panel).
In the [exud] treatments, a relative loss of peak magnitudeA similarity value of 100 would be derived from two samples
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Figure 7. Sample comparison based on hierarchical cluster analysis (left panel) and multidimensional scaling (right panel). Relative peak

magnitudes of all identified molecular formulas (isotopologues excluded) were compared based on Bray—Curtis similarity and group average
clustering.

with identical relative intensities for all mass peaks in the DOM dynamics in [Glc] treatments could be followed in
spectrum. In the MDS analysis (Fig. 7, right panel), the sim-greater detail than in [exud] samples: in the [Glc] treatments
ilarity is expressed by the distance between samples in théhe changes of the original substrate (glucose) could be di-
MDS plot. A stress value ok 0.03 indicates an excellent rectly monitored and, in this way, labile and non-labile DOC
representation of sample similarities in a two-dimensionalcould be distinguished. In the [exud] treatments, we only ob-
representation. In addition, samples are grouped accordingerved the gross DOC change without the option to differen-
to three levels of similarity derived from the cluster analysis. tiate between substrate and non-labile DOC.

An additional confirmation of good data reproducibility
of the measurements was provided by the high degree of
similarity between the duplicates of the [Gd¢] treatments 4.1  Bulk DOM changes: microbial consumption and
(Fig. 7). In agreement with the results of the average parame-  transformation of organic carbon
ters (Table 4), the three contréi§none],*[Glc] and[none]
showed the most similar molecular patterns (Fig. 7). Thes

I imil h 3Gl
controls were most similar to the [Glgs and [ Glclsos most pronounced between day 16 and 27 and glucose was

treatments wher Wi issimilar. The [exud] treat- .
eatments whereas [Gigjwas d_ss_ ' e [exud] treat completely consumed by day 21, when DOC showed a min-
ments formed a cluster most dissimilar from all other sam-. " . .

. . imum. This suggests that the glucose was utilized rapidly
ples and were similar to the respective contfgxudl;o.

once bacteria responded and non-labile DOM was generated,
evident in our experiment as an increase of DOC after the
4 Discussion consumption of glucose. A similar shift from a mixture of
labile DOM to non-labile DOM is assumed to have occurred
According to a recent definition, marine DOC may be classi-between day 16 and 21 in the [exud] treatments but it is less
fied as “labile” if itis removed on timescales of hours to days, well resolved. The fraction of labile DOM was small in the
as “semi-labile” if the lifetime reaches 1.5 years and as original [exud] as DOC decreased by only 6 %. This suggests
“refractory” if it persists for 16 000 years or longer (Hansell, that the added algal exudates were already degraded when
2013). In our study, the concentration of background DOCthe experiment started. Obviously, the most labile fraction of
persisted until the end of the 2-year experiment, and couldhe exudation products was utilized immediately upon their
therefore be termed semi-labile. However, using only bulkrelease or during storage, before our experiment. Inorganic
DOC concentrations, we cannot decide whether the matenutrients were present in sufficient amounts throughout our
rial produced in our experiment could persist on even longerexperiment and therefore did not limit microbial growth and
timescales (refractory DOM). In fact, DOM can also be re- substrate degradation. Apart from the changes we observed
garded as a dynamic continuum of compounds of variablefor the ammonium concentration in the [Glc] antfGlc]
persistence and degradability (Flerus et al., 2012). Thereforeyeatments, we assume that changes in nutrient concentra-
the DOC that was microbially formed in the experiment will tions were below detection. The DOC net consumption of
be called non-labile in this context. 9 umol DOC L1 in the [exud] treatments in the exponential

9n the [Glc] and [3Glc] treatments, microbial growth was
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growth phase (Table 3) would require less tha pmol L1 utilization. Therefore, chemoautotrophy is unlikely to have
inorganic nitrogen and far less phosphate. contributed to organic carbon production.

The rapid initial uptake of glucose and the production of  Although we did not include microbial community analy-
non-labile DOC is consistent with findings of earlier studies ses, it is to be expected that the composition of the bacterial
(e.g. Brophy and Carlson, 1989; Ogawa et al., 2001; Grubecommunities developed differently due to the different sub-
et al., 2006; Kawasaki and Benner, 2006) and the concepstrates and also changed over time. The microscopic observa-
of the microbial carbon pump (Jiao et al., 2010; Benner andions indicated that 8 % of the bacterial cells in the [exyd]
Herndl, 2011). About 5-9 % of the initial glucose carbon per- treatments were smaller in size compared to the [Glc] sam-
sisted as non-labile DOC in our experiment. This was com-ples. The average carbon content of bacteria were similar
parable to a proportion of 5% (incubation at°2® 28°C) in [exud] and [GIc] treatments (17 vs. 13fg C c&l) and
found by Ogawa et al. (2001). Gruber et al. (2006) incubatedboth were in the range of marine bacteria (e.g. #2613 fg
much higher glucose concentrations resulting in a higher abC cell~1, Fukuda et al., 1998). The estimated BGE was much
solute non-labile DOC concentration, but a similar propor- higher in the [exud] compared to the [Glc] treatments: BGE
tion of remaining DOC (4.4 %,; incubation at 2G). The  inthe [exud] samples resembled the high values measured in
slightly larger fraction of hon-labile DOC in our experiment situ in the Weddell Sea (Bjornsen and Kuparinen, 1991; del
may be explained by the much lower incubation temperatureGiorgio and Cole, 1998) and in incubations using algal exu-
of 0°C. A positive correlation between the amount of the la- dates (del Giorgio and Cole, 1998; Cavalli et al., 2004). Bac-
bile DOM and temperature was previously found (Lonborg terial growth efficiency for the glucose treatments was much
et al., 2010). lower and in agreement with low values for highly oxidized

The dynamics of substrate consumption differed substanand nitrogen-poor labile substrates (Vallino et al., 1996; del
tially between [Glc] and [exud] treatments: in [Glc] treat- Giorgio and Cole, 1998). For our experiment, the differences
ments, bacteria quickly metabolized 100 % of the glucose,n BGE of the microbial population accurately reflected the
at a decay rate of 50 pmol glucose-Ct! d~1 (day 16-21)  mismatch between the carbon utilization and the associated
and produced TEP and non-labile DOC. A comparison be-bacterial growth.
tween [3GIc] and [Glc] suggests that the bacterial cell abun-  We hypothesized that the bioavailability of the produced
dance and the amount of TEP produced were independenton-labile DOM could be increased by the addition of labile
of the available glucose concentration. In the [exud] treat-substrates (co-metabolism, priming effect; Horvath, 1972;
ments, the production of TEP and the microbial biomass waBianchi, 2011). However, the addition of glucose after 699
smaller than in the [GIc] treatments, and as much as 80 % oflays in our experiment did not enhance degradation of the
the initial DOC was still present even after 2 years of incu- non-labile material. Instead, the added glucose was quickly
bation, indicating that only 20 % of the algae exudate was la-consumed and the concentration of non-labile DOC re-
bile. The decay rate of the remaining non-labile [exud] DOM mained constant or slightly increased. Thus, for our setup,
was, however, faster compared to the decay of the non-labileve can reject the hypothesis that the addition of glucose
DOM generated from glucose. This suggests that the treatenhances degradation of non-labile material. The slight in-
ments still differed in their composition and biodegradability crease of non-labile DOM after glucose addition rather sup-
of the non-labile DOM fraction. On a molecular formula ports the idea that the formation of non-labile DOM is de-
level, this is supported by the lowégeg value in [exud] than  pendent on the substrate concentration. Alternatively, the in-
[Glc] before and after incubation. crease might also be explained by the degradation of the two-

It is conspicuous that, although the amount of initial car- year-old DOC and a subsequent overcompensation of newly
bon consumed differed strongly between the three treatformed non-labile DOC due to the glucose addition.
ments, the bacterial cell abundance in all treatments was on It must be considered that the artificial seawater medium
the same order of magnitude. Since we can rule out addidid not contain trace elements because the standard trace
tional carbon fixation by other autotrophic organisms, threeelement (and vitamin) solutions would have introduced
explanations appear possible: (i) additional carbon was fixeddditional organic compounds (such as ethylenediamine-
by chemoautotrophic bacteria, (ii) the size and carbon con{etraacetic acid; EDTA). However, the priming experiment
tent of the bacterial cells and (iii) the bacterial growth effi- suggests that the microbial community was not generally
ciency differed between treatments. trace-element-limited because microbial growth and degra-

A substantial uptake of ammonium was observed in thedation after glucose addition was still possible. Neverthe-
[Glc] and [13GIc] treatments but not in the controls, indicat- less, trace element limitation might have prevented or slowed
ing that ammonium was the preferred source of nitrogen fordown degradation of the non-labile DOM.
microbial growth. However, neither a parallel increase in ni- TEP were formed during the experiment, particularly from
trate, which would be indicative for chemoautotrophy, nor bacteria growing on glucose and less from those growing on
a decrease in ammonium in the [exud] treatments was obthe algae-DOM. Bacteria are known to form TEP or their
served, where cell production was high compared to carbomprecursors (Stoderegger and Herndl, 1999; Sugimoto et al.,

2007). Due to their affinity to other particles (stickiness),
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TEP are important for the biological pump (Alldredge et al., DOM generated in previous, shorter-term bacterial glucose
1993; Passow et al., 1994; Logan et al., 1995). The formaexperiments might have not reached a molecular composi-
tion of aggregates increases the sinking velocities of partition which resembles refractory DOM. The major chemical
cles, allowing a larger fraction of carbon to reach the deepdifferences between [Glg} and [Glckgs were: (i) a lower
ocean before degradation. Our experimental results suggesdyerage relative contribution of hydrogen and (ii) a higher
however, that the role of TEP for the biological pump could contribution of nitrogen and sulfur per molecule after 695
be limited by its residence time. The average TEP degradadays.
tion rate in the [GIc] treatments was 25 KgqL =1 d 1. The The [exud] incubation, in contrast, resulted in a molecular
contribution of organic carbon in xanthan gum monomerscomposition which strongly differed from the refractory pat-
(Cszs5H49029) is 45% @ : w). For a rough estimate of the terns. The majority of compounds which were unique or in-
carbon balance, we can assume that xanthan gum monomecseased relative to the control were not part of typical refrac-
are representative for TEP produced in the treatment. Hencedpry compounds, even after 2 years of incubation (Fig. 7). In
the respective TEP degradation rate would be 11 g TEPeontrast to the chemical changes observed in the [Glc] treat-
CL1d™! or ~1umol TEP-CLL1d~1. The comparison to ments, the [exud] treatments did not show an increase of ni-
typical POC concentrations in the surface ocean of roughlytrogen and sulfur between day 70 and day 695. This might be
1-10 umol POC L (e.g. Stramski et al., 2008; Neogi et al., explained by a more efficient incorporation of heteroatoms
2012) suggests short residence times on the order of houiigito the microbial biomass and would be consistent with
to days. However, TEP composition and, by extension, theithigher BGEsiimVvalues for the exudate treatments. The DOM
bioavailability vary depending on their formation history. formed in the [exudjgs should therefore more appropriately
be termed semi-labile.

4.2 Molecular imprints of substrates and In comparison to the treatments, all control samples, ex-

incubation time cept®9exud], showed relatively higliyeq values indicating

an advanced state of degradation. The inoculum was the ex-

The central objective of this study was to explore the molecu-clusive source of natural organic matter in the background
lar formula composition of DOM produced by marine bacte- and®9Glc] controls, and it was derived from Antarctic sur-
ria. The results obtained by FT-ICR MS, glucose and aminoface water. The DOM from surface water in the Southern
acid analyses are in agreement with studies demonstratin@cean has been shown to be old (Druffel and Bauer, 2000),
that microbial degradation leads to molecular transformatiorresulting in highZgeg values (Lechtenfeld et al., 2014). In
of DOM (e.g. Tranvik, 1993; Ogawa et al., 2001; Kujawinski comparison, the [exud] incubations had much lovigg val-
et al., 2004; Gruber et al., 2006; Rossel et al., 2013). Basedes (more labile) which increased with microbial degrada-
on the molecular formulas and their respective peak magnition. Apart from these general patterns, howeYgg did not
tudes, all treatments differed from their substrate controls anghow a clear trend. One possible explanation for the [Glic]
were distinguishable with respect to substrate type and incutreatments is that most molecular changes occurred in com-
bation time (Fig. 6). In a previous study, we hypothesizedpounds which were in the boundary area of the patch in the
that “the chemical characteristics which lead to refractoryvan Krevelen diagram whereas thgqformulas are located
properties of DOM are similar, largely independent from the more in the center (Fig. 6). An alternative way to assess
source material and mediated by microbial or photodegradathe DOM degradation state was to compare the total relative
tion” (Koch et al., 2005). Here, we specifically wanted to ver- peak magnitude of the most stable compounds (I0S, Lecht-
ify if the material which was produced by microbes and per-enfeld et al., 2014) to the total peak magnitude of all com-
sisted for 2 years resembled refractory organic compoundspounds. This comparison showed a more coherent trend in
The results demonstrated that the molecular signatures, evemhich both substrates had a smaller percentage of IOS com-
after 2 years of incubation, strongly differed between sub-pounds after 70 days{(more labile) and a higher contribu-
strates. Therefore, our previous very general hypothesis mugion after 695 days=£ more degraded).
be rejected and refined: in fact, the molecular formulas which Apart from variations in compounds containing car-
dominated in [Glc] treatments after 70 days were primar-bon, hydrogen and oxygen, changes in the contribution of
ily compounds known for their short ocean residence timesheteroatoms other than oxygen were also found: the contri-
(Flerus et al., 2012; Lechtenfeld et al., 2014) and thereforebution of molecules containing nitrogen and sulfur atoms in-
do not belong to the pool of refractory compounds. How- creased in all treatments (Table 4). Accordingly, the amino
ever, the molecular signatures observed in the [Glc] treat-acid carbon yield in the samples was increased after 41 days
ments after 695 days became more similar to the control®f incubation (Table 3). For the [Glc] an&{GIc] treatments,
(Fig. 7). This indicates at least two steps of DOM degrada-this was expected: the DOM was directly derived from bac-
tion: within days the very labile glucose was utilized and newteria or reworked microbial biomass which is characterized
DOM was generated that lasted for at least 70 days. Continby low C/ N ratios (Fukuda et al., 1998). The organic sub-
ued microbial activity then transformed this DOM into the strate in the [exud] treatments was also derived from fresh
refractory DOM observed after 2 years. This implies that thebiomass (algae) and relatively low /@y, Were expected.
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However, the initial G Nyj4 ratio in thé“[exudl;o was com-  of FT-ICR MS to unravel the transformation, source and fate
parable to thé9Glc]7o control, which was an additional in- of organic matter in the ocean.
dication that the exudates were already partly degraded be- The cooling of water masses in the polar oceans is the most
fore they were added to the samples. Therefore, it was reaimportant mechanism for the advection of DOC into the deep
sonable that @ Nya (and C/ Sya) decreased similarly to the ocean 86 Tg C year?; Hansell et al., 2009). The forma-
glucose incubations. Although we found, based on a princi-tion of refractory compounds within the microbial carbon
pal component analysis (PCA, data not shown), that nitrogerpump (Jiao et al., 2010) intensifies the process of efficient
and sulfur containing molecular formulas contributed only a sequestration of carbon during this process. Only chemically
little to the sample heterogeneity, their occurrence might be atable compounds can be exported into the deeper ocean and
good indicator for microbial alteration in future studies. The stored for millennia. Generally, the experimental results sup-
increase of the heteroatom contribution by microbial activity ported the concept of DOM as being a consortium of or-
(as determined with FT-ICR MS) was also observed in otherganic compounds with continuous age (Flerus et al., 2012)
experiments and environments (Schmidt et al., 2009; Liao eaind vast differences in ocean residence times which can be
al., 2012; Rossel et al., 2013). substantially longer than the bulk age of DOC (Lechtenfeld
Unexpectedly, thel3C-isotope label (D-glucose-#C) etal., 2014). If we only focus on bulk changes, the non-labile
was not detectable in the DOM of thé@ic] treatments. DOC removal in our study varied between 1 and 11 umol
There are several potential explanations: (i) thec&bon  CL~! yearl. Compared to the lowest in situ net DOC re-
was preferentially mineralized, (i) the labeled compoundsmoval rates of 0.003-0.15 pmol C khyear ! in the bathy-
were not extracted or not ionized and detected, (iii) the la-pelagic zone (Hansell et al., 2009 and references therein),
beled compounds were below the detection limit or (iv) werethis was still 2—3 orders of magnitude faster. With respect
preferentially embedded in the microbial biomass. A similarto the formation of refractory DOM, our study led to am-
loss of the stable carbon isotope label was reported by Longbiguous results: DOM derived from algal exudates showed
necker and Kujawinski (2011). molecular patterns which did not match with refractory DOM
Since FT-ICR MS only yields molecular formulas and no whereas the molecular signatures in the incubated [Glc] sam-
chemical structures, it is not possible to unambiguously desples closely resembled refractory material after 2 years. An
ignate a specific compound as being refractory solely basethcubation time of 2 years is, of course, much shorter than
on elemental composition and its similarity to deep oceanthe average residence time of refractory DOC in the deep
DOM. It should also be noted that the evaluation of sam-ocean. Therefore, non-labile DOC in the environment can be
ple similarity based on molecular formulas (and their respec{further degraded and transformed by prolonged incubation,
tive peak magnitudes) is generally a function of molecularchanges in the microbial community (e.g. McCarren et al.,
complexity. If the number of molecular formulas increases2010; Herlemann et al., 2014) or photodegradation (Gonsior
in sample sets, the similarity between samples must also inet al., 2009; Rossel et al., 2013).
crease, particularly if the compositional space (i.e. the pos- If the non-labile DOC produced in the experiment (5-9 %
sible combinations of elements in a molecule) converges thef the substrate DOC) would be identical to refractory sub-
maximum of all chemically feasible combinations (Hertkorn stances in the ocean, this would create an unreasonably high
et al., 2008). For our sample set, definite conclusions can bélux to the refractory DOC pool. It is therefore likely and has
drawn if the elemental composition of a substance differsbeen shown in previous studies that mechanisms other than
from the defined subset of refractory compounds (such asnolecular composition contribute to the DOC preservation
in the [Glcl;o treatment). In theory, the chemically relevant and degradation. A pulse of additional carbon could facil-
constitutional isomers of a molecular formula with a molecu- itate degradation by exceeding a chemoreceptive threshold
lar size of~ 400 Da can be immense (Hertkorn et al., 2008). for prokaryotes (Kattner et al., 2011). On the other hand, if
However, recent studies indicate that the structural diversitythe finding that a higher substrate concentration leads to a
in refractory material is probably limited to specific substruc- higher concentration of refractory DOM in the ocean is true,
tures and functional groups (Hertkorn et al., 2006, 2013; Wittthis would have a strong impact on marine carbon fluxes.
et al., 2009). The reservoir of DOC in the ocean would depend on primary
production. A scenario of lower marine primary production
L . . in a more stratified future ocean would then also result in a
4.3 Implications for the marine organic carbon flux smaller pool of carbon fixed in the refractory marine DOC.
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