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Abstract

Taurine (Tau), an amino acid-like compound, is present in almost all marine metazoans including crustacean
zooplankton. It plays an important physiological role in these organisms and is released into the ambient water
throughout their life cycle. However, limited information is available on the release rates by marine organisms,
the concentrations and turnover of Tau in the ocean. We determined dissolved free Tau concentrations
throughout the water column and its release by abundant crustacean mesozooplankton at two open ocean sites
(Gulf of Alaska and North Atlantic). At both locations, the concentrations of dissolved free Tau were in the low
nM range (up to 15.7 nM) in epipelagic waters, declining sharply in the mesopelagic to about 0.2 nM and
remaining fairly stable throughout the bathypelagic waters. Pacific amphipod-copepod assemblages exhibited
lower dissolved free Tau release rates per unit biomass (0.8 = 0.4 ymol g~ ! C-biomass h™') than Atlantic cope-
pods (ranging between 1.3 = 0.4 yumol g~ ' C-biomass h™' and 9.5+ 2.1 yumol g~ ' C-biomass h™'), in agreement
with the well-documented inverse relationship between biomass-normalized excretion rates and body size. Our
results indicate that crustacean zooplankton might contribute significantly to the dissolved organic matter flux
in marine ecosystems via dissolved free Tau release. Based on the release rates and assuming steady state dis-
solved free Tau concentrations, turnover times of dissolved free Tau range from 0.05 d to 2.3 d in the upper
water column and are therefore similar to those of dissolved free amino acids. This rapid turnover indicates that
dissolved free Tau is efficiently consumed in oceanic waters, most likely by heterotrophic bacteria.

Marine dissolved organic matter (DOM) originates primar-
ily from phytoplankton either via extracellular release or via
zooplankton grazing and viral lysis (Carlson and Hansell
2014). However, essentially all marine organisms release
DOM into the ambient water (Steinberg et al. 2004; Carlson
and Hansell 2014). The importance of DOM as a substrate
for heterotrophic bacteria is well established (e.g., Carlson
and Hansell 2014; Moran et al. 2016). Among other DOM
compounds, dissolved free amino acids (DFAA) are released
into the ambient water and serve as a major nutrient and
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energy source for heterotrophic bacterioplankton (Keil and
Kirchman 1999; Zubkov et al. 2008; Sarmento et al. 2013).
Consequently, DFAA are turned over in euphotic waters in
the range of minutes to days (Fuhrman and Ferguson 1986;
Simon and Rosenstock 2007; Simon et al. 2012). As a conse-
quence of this rapid turnover, the concentration of DFAA in
coastal and open ocean waters is usually in the low nanomo-
lar range in surface waters and decreases with depth, reach-
ing concentrations close to or below the detection limit in
the bathypelagic layers (Sipler and Bronk 2015).

In contrast to DFAA in the ocean, taurine (2-aminoetha-
nesulfonic acid, Tau) is far less studied. Tau is a naturally
occurring free non-protein organic acid with a sulfonic
group instead of the carboxyl group characteristic for amino
acids. Only a few studies have reported dissolved free Tau
concentrations in coastal and near-shore surface waters,
which are typically in the low nanomolar range (up to
~35 nM) (Mopper and Lindroth 1982; Kuznetsova and Lee
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2002; Lu et al. 2014). However, to the best of our knowledge,
dissolved free Tau concentrations have not been reported for
open oceanic and deep waters.

Tau is synthesized by a wide range of marine organisms,
such as fish (Chang et al. 2013), invertebrates (Allen and
Garrett 1971; Welborn and Manahan 1995) including crusta-
ceans (Finney 1978), and algae (Amin et al. 2015; Tevatia
et al. 2015). The role of Tau as an osmolyte in marine meta-
zoans (Awapara et al. 1959; Awapara 1962; Allen and Garrett
1971) and in prokaryotes (McLaggan and Epstein 1991; Gra-
ham and Wilkinson 1992) is well known. Tau plays an essen-
tial role in physiological processes such as osmoregulation,
cytoprotection, and neuromodulation (Kaya and Sano 1991;
Huxtable 1992; Yancey 200S5; Carreto and Carignan 2011;
Ripps and Shen 2012). Moreover, free and combined Tau
might play a role in detoxification (Rosenberg et al. 2006;
Koito et al. 2010) and signaling processes (Wang and Doug-
las, 1997; Amin et al. 2015).

Metazoans can either synthesize Tau from the sulfur-
containing amino acids cysteine or methionine or take it up as
a food source. Several studies have reported the presence of Tau
in the tissues, as well as in the release products of zooplankton,
especially in crustaceans such as copepods and shrimps (Webb
and Johannes 1967; Jeffries 1969; van der Meeren et al. 2008)
and in their eggs (Wang et al. 2005). Subsequently, Tau can be
released into the surrounding waters together with other
organic compounds by excretion, during sloppy feeding, or
from the fecal pellets and carcasses of metazoans.

In contrast to eukaryotic organisms, bacteria are able to
metabolize Tau as a carbon, nitrogen, sulfur, and/or energy
source (Cook and Denger 2006). Recent meta-proteomics and
-genomics studies have revealed that genes encoding trans-
port proteins responsible for Tau uptake as well as enzymes
involved in Tau degradation pathways are widespread in
marine bacterioplankton communities in surface (Smith et al.
2013; Williams and Cavicchioli 2014; Luo et al. 2015; Wang
et al. 2016) and deep waters (Eloe et al. 2011; Hawley et al.
2014; Ledn-Zayas et al. 2015). Moreover, members of ubiqui-
tous marine prokaryotic lineages, such as SAR11 and Rhodo-
bacteraceae, utilize Tau for growth (Schwalbach et al. 2010;
Steindler et al. 2011; Lenk et al. 2012). However, the potential
role of Tau as substrate and/or energy source for heterotrophic
bacteria in the ocean has not been explored.

The goal of this study was to determine the concentra-
tions of dissolved free Tau from surface to bathypelagic
waters at two contrasting open ocean sites, the Gulf of
Alaska (GoA) and the North Atlantic (NA). Moreover, we
determined the release rates of dissolved free Tau by abun-
dant marine mesozooplankton common in these two oce-
anic regions and corresponding turnover times.

Material and methods

Study area and sampling
Sampling was conducted in the GoA during the DORC
(Deep Ocean Refractory Carbon) research cruise aboard the
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R/V Melville in August 2013 (Fig. 1A) and in the NA during
the MODUPLAN cruise aboard the R/V Sarmiento de Gamboa
in August 2014 (Fig. 1B; transects 1 and 2). Water samples
were collected with a CTD (conductivity, temperature,
depth) rosette holding 12 L Niskin bottles at 12 and 18 sta-
tions on the GoA and NA research cruises, respectively. Sea-
water was sampled from surface to bathypelagic layers at 6-
10 depths per station. Water was collected from the Niskin
bottles into 100 mL polycarbonate flasks (acid-rinsed and
three times rinsed with sample water prior to collecting the
sample) and immediately processed as described below.

Determining dissolved free Tau and DFAA concentrations

For determining dissolved free Tau and DFAA concentra-
tions, water was collected from the 100 mL polycarbonate
flasks with 20 mL polypropylene syringes (Braun) and fil-
tered through pre-rinsed 0.2 um Acrodisc filters (25 mm
diameter; Pall, Supor membrane) into pre-combusted glass
vials. Triplicate samples of 5 mL were taken from each depth
and stored frozen at —20°C until further analysis using high-
pressure liquid chromatography (HPLC) and fluorescence
detection after pre-column ortho-phthaldialdehyde (OPA)
derivatization according to the protocol of Jones et al.
(1981), with slight modifications of the mobile phases and
gradient as described below.

For the analysis, an Agilent 1260 Infinity Bioinert HPLC
System was used, consisting of an autosampler, a quaternary
pump, a column oven, and a fluorescence detector. A pri-
mary amino acid standard mix was obtained from Agilent
Technology. Tau, alpha-aminobutyric acid (AABA) and
gamma-aminobutyric acid, aspargine, glutamine, trypto-
phan, methanol, tetrahydrofuran, and sodium acetate trihy-
drate were obtained from Sigma Aldrich (Germany). The
OPA reagent and the borate buffer (0.4 N, pH = 10.2) were
purchased from Agilent Technologies (USA).

For open ocean water samples, 1 nM AABA was added as
internal standard for the quantification of Tau. Samples with
Tau concentrations between the limit of detection (LOD)
and limit of quantification (LOQ) were spiked with 1 nM
Tau to confirm the identification and quantification. Inter-
nal standards should be in the range of the samples, there-
fore samples from the incubation experiments (described
below) were initially measured without the addition of an
internal standard to estimate Tau concentrations using exter-
nal standards. Subsequently, samples were grouped accord-
ing to their preliminary Tau concentrations and re-measured
with the appropriate amount of internal standard (ranging
between 1 nM and 1 pM). Additionally, external standard
series were measured for each HPLC run. The linearity of the
standard curves was determined by least-squares linear
regression analysis. Derivatization was carried out with the
robotic autosampler. Five ul. OPA reagent and 75 uL borate
buffer were added to 1 mL sample (consisting of 990 uL of
sample and 10 uL internal standard) and subsequently mixed.
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Fig. 1. Location of the sampling stations in (A) the Gulf of Alaska (GoA) and (B) the North Atlantic (NA).

After 2 min of reaction time at room temperature, 500 uL of column (4.6 X 150 mm, 3.5 ym) with a Zorbax ECLIPSE AAA
the reaction mixture were injected into the HPLC. The fluo- guard cartridge (4.6 X 150 mm, 5 ym), the column tempera-
rescent derivatives were separated on a Zorbax ECLIPSE AAA ture set at 25°C and a flow rate of 0.8 mL min~'. Excitation
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and emission wavelengths were 340 nm and 450 nm, respec-
tively. An example of the separation of amino acids using
the standard mix including Tau (1 gM, gain 10) is shown in
Supporting Information Fig. S1. Mobile phases were 50 mM
sodium acetate (pH=6.8) and methanol. Tetrahydrofuran
was added to facilitate the separation of the individual com-
pounds. The elution gradient program used in this study for
detecting and quantifying amino acids and Tau is shown in
Supporting Information Table S1.

The accuracy and precision of the method to determine
Tau concentrations were assessed as detailed below. Individ-
ual test samples were amended with six concentrations of
Tau (1 nM, 5 nM, 10 nM, 500 nM, 1000 nM, and 1500 nM).
Five replicates for each concentration were measured. The
recovery R (in %) was estimated as R=(Ca—Cu)/Csx100,
where Ca and Cu are the concentrations of Tau in amended
and unamended samples, respectively, and Cs is the concen-
tration of the Tau standard added to the test samples. The
precision of the method was determined by calculating the
relative standard deviation (RSD %) for the replicates. To test
the accuracy and precision of the spiked low-concentration
samples, eight replicates of test samples of known concentra-
tion (0.25 nM Tau) as well as spiked test samples (spiked
with 1 nM Tau, i.e., 0.25 + 1 nM Tau) were measured. Repli-
cates were randomly positioned in the autoanalyzer covering
an entire run of measurements (beginning, middle, and
end). LOD and LOQ were determined by measuring sequen-
tial dilutions of Tau standards until the signal-to-noise ratios
>3 and >10 were reached, respectively. R ranged from 99%
to 111% with an accuracy of 0.25 £0.001 (not spiked) and
1.25 = 0.003 (spiked). The correlation coefficient (R?) ranged
between 99.7% and 99.9%, the LOD and LOQ varied
between 0.01 to 0.02 (nM) and 0.1 to 0.2 (nM), respectively.
For more details see Supporting Information Table S2.

Determining dissolved organic carbon (DOC) and
nitrogen (DON)

Dissolved organic carbon (DOC) and total dissolved nitro-
gen (TDN) concentrations from water samples were analyzed
simultaneously using a Shimadzu TOC-V¢sy analyzer cou-
pled with a TNM-1 Total Nitrogen Analyzer as previously
described (Dickson et al. 2007). Nitrite and nitrate concen-
trations were determined according to Braman and Hendrix
(1989) and ammonium as described in Holmes et al. (1999)
on the samples collected at the GoA. DON concentrations
from GoA samples were calculated as the difference between
the TDN and the sum of the dissolved inorganic N-species
(NO3-N, NO,-N, and NHy4-N).

Determining dissolved free Tau and DFAA release by
crustacean mesozooplankton

Copepod-amphipod assemblages were incubated during
the GoA cruise at six stations (Sta. 5, 8, 12, 17, 20, 29, see
Fig. 1A). During the NA cruise, incubation experiments were
conducted with mixed copepod communities at Sta. 14 (see
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Fig. 1B), and with single copepod species (Acartia sp., Centro-
pagus sp., Calanus sp., Clausocalanus sp., Paracalanus/Pseudo-
calanus sp.) at three stations (Sta. 59, 111, and 115, see Fig.
1B). Dissolved free Tau and DFAA concentrations as well as
bacterial abundance were monitored in the incubations over
24 h and 8 h in the GoA cruise and NA cruise, respectively.
As dissolved free Tau and/or DFAA concentrations declined
or remained stable after 8-10 h in the incubations conducted
during the GoA cruise, in the NA cruise the incubation time
and the sampling intervals were kept shorter.

Zooplankton samples were collected using integrated ver-
tical plankton tows. One or two tows per station were per-
formed depending on the amount of zooplankton specimens
collected (Tables 1, 2). The zooplankton net (200 ym mesh
size) was hoisted at 30 m min ! in the GoA and at 15 m
min~' in the NA from ~600 m and ~200 m depth to the
surface in the GoA and NA, respectively. During the NA
cruise, we hoisted the net at a lower speed than in the GoA
to reduce potential stress for the mesozooplankton. The con-
tent of the cod end of the plankton net was transferred into
a plankton splitter, concentrated over a 63 pum Nitex screen
and then placed in 0.2 um filtered seawater collected at the
same location.

Sorting of individual crustacean mesozooplankton species
for the Tau release experiments in the NA was done under a
dissecting microscope. During sorting and transfer into the
incubation vessels care was taken that mesozooplankton
specimens were never exposed to air. Specimens were incu-
bated in 500 mL of 0.2 um filtered seawater (collected at the
same location as the zooplankton) in pre-combusted glass
jars under dim light conditions at 10°C. The integrated
mean temperatures for the GoA (0-600 m) and for the NA
(0-200 m) water column were ~10°C and ~15°C, respec-
tively. However, the zooplankton individuals in the NA
migrate during the day to depths below 200 m, where they
are also exposed to temperatures of ~10°C. The incubations
were conducted at 10°C in both cruises to minimize differ-
ences in release rates due to temperature. At each sampling,
4 mL of water was collected for dissolved free Tau and DFAA
measurements and 1.5 mL for bacterial abundance. Each of
the parameters was sampled in duplicate. Water samples for
dissolved free Tau and DFAA measurements were taken at
2 h intervals until 12 h, and at a final time point after 24 h
for the incubations in the GoA. During the NA cruise, incu-
bations were conducted in triplicate. Water samples were
collected at 0.5 h intervals until 2 h after starting the incuba-
tion and, subsequently, at 3 h, 5 h, and 8 h. Additionally,
0.2 um filtered seawater without mesozooplankton added
served as a control (1 per experiment) and was sampled at
the same time intervals as the mesozooplankton incubations.
Release rates were calculated by linear regression analyses
until the time point when the first amino acid species or Tau
did not further increase in concentration.
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The numbers of mesozooplankton specimens used in each
of the incubations are given in Tables 1 and 2. The release
rates of dissolved free Tau and DFAA were estimated by least-
square linear regression analysis between the dissolved free
Tau or DFAA concentration and the incubation time. Exam-
ples for the changes in dissolved free Tau concentrations
over time in the mesozooplankton incubations from the
GoA and the NA, respectively, are given in Supporting Infor-
mation Fig. S2.

Release rates (umol g~' C-biomass h™') of dissolved free
Tau and DFAA species and the ratio of dissolved free Tau to
the sum of DFAA released by crustacean zooplankton were also
calculated (Supporting Information Table S3). The C-biomass
of the zooplankton species was determined as described below.
No release rates were calculated for dissolved free Tau or DFAA
species when the regression analyses of the linear increase in
dissolved free Tau or DFAA concentration over time in the
incubations resulted in an R*<0.60 and a p value > 0.05, or
when dissolved free Tau and DFAA were released at the begin-
ning of the experiment and remained constant or decreased
thereafter. R* and p values are given in Supporting Information
Table S4. Asparagine and serine were occasionally coeluting,
thus their concentrations are given as sum of Asn + Ser.

Determining microbial abundance in the
mesozooplankton incubations

Microbial abundance was monitored over the course of
the mesozooplankton incubation experiments. Water from
the incubations (1.5 mL) was fixed with glutaraldehyde
(0.5% final concentration) at room temperature for 10 min.
Subsequently, the samples were frozen in liquid nitrogen for
10 min and stored at —80°C. Prior to flow cytometric analy-
sis, the samples were thawed to room temperature and
0.5 mL subsamples were stained with SYBR Green I (1X final
concentration) in the dark for 10 min, and 1 um fluorescent
beads (Molecular Probes, 1 X 10° mL™ ') were added to the
samples as an internal standard. Prokaryotes were enumer-
ated on an Accuri C6 (Becton Dickinson) based on their sig-
nature in a plot of green fluorescence vs. side scatter. No
significant increase in microbial abundance over time was
observed in the incubation experiments (data not shown).

Determining the biovolume of the crustacean
mesozooplankton used in the incubation experiments
After the incubations, the mesozooplankton specimens
were collected, fixed with formaldehyde (4% final concentra-
tion) and stored at 4°C until further measurements in the
home lab. The length and diameter of the zooplankton speci-
mens were measured under the dissecting microscope with a
calibrated Stereo Lumar V.12 (ZEN software) to estimate their
biovolume (Supporting Information Table S5). We used the
formula of an ellipsoid (V =3mrabc) (Lawrence et al. 1987) to
estimate the biovolume of copepods, and for amphipods we
assumed a conical shape (V=1mr?h) (Halliday 2001). The bio-
volume was converted into carbon biomass using 0.08 pg C
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um ™3 for copepods (Beers and Stewart 1970; Monti and Umani
2000), and 0.05 pg C yum ™3 for amphipods (Mullin 1969).

To estimate the in situ bulk release rates and turnover
times of dissolved free Tau (i.e., the time that mesozooplank-
ton would need to release an equal amount of Tau as the
measured concentrations in the environment) in the surface
waters at both oceanic sites, the mean release rates of dis-
solved free Tau determined in the incubation experiments
and the mean dissolved free Tau concentrations of the upper
water column were used along with published copepod
abundance data (Supporting Information Table S6) from the
northeast Atlantic (Fernandez de Puelles et al. 1996) and the
western subarctic Pacific (Yamaguchi et al. 2002). The in situ
bulk release rates and turnover times were calculated as:

RRt=RRcxA
T=C/RRt

where RRt is the release rate for the whole copepod commu-
nity (nmol L™! d™ '), RRc is the mean community-specific dis-
solved free Tau release rate obtained in the incubation
experiments and given in Table 1 (for the GoA: 425.1 =96
pmol individual ' h™' or 10.2 nmol individual ' d°!, n=7;
for the NA: 24.4 +0.3 pmol individual ' h™! or 0.6 nmol
individual ' d~!, n=3; A is the copepod abundance obtained
from the literature (number L™), T is the turnover time in
days (d) and C is the mean dissolved free Tau concentration
obtained in this study (upper 100 m: GoA: 2.5 nM; NA:
2.6 nM). The turnover times of dissolved free Tau given below
have to be considered as estimates due to the potential errors
associated with the use of published abundance and biomass
data of zooplankton and due to the patchiness of zooplank-
ton. Future research will focus on direct measurements of the
turnover time by marine microorganisms.

Statistical analysis

Statistical analyses (Mann-Whitney Test) were performed
with SPSS Statistics 20. The effect size (Hudges g) was calcu-
lated in Excel. The range of ¢ is 0-1 and indicates the effect
size between the experiments: ¢ <0.2 indicates small effects,
£> 0.5 medium effects, and g > 0.8 strong effects.

Results

Physico-chemical characteristics of the water column at
the respective sites

Potential temperature/salinity diagrams for the study sites
are given in Supporting Information Fig. S3. Temperatures in
surface waters varied between 14°C and 16°C in the GoA and
between 20°C and 24°C in the NA, decreasing with depth
until reaching approximately 1.0°C and 2.5°C in the deepest
layers of the GoA and NA, respectively. Salinity generally
increased with depth in the GoA with lowest values in sur-
face water (~31.5) and maxima in the deep ocean (~34.7).
In the NA, low salinity was recorded in surface waters (34.5)
and below 1200 m depth (35.5), corresponding to Labrador
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Seawater and North Atlantic Deep Water (van Aken 2007).
The highest salinity (~36) at the NA site was measured at
around 1000 m depth, corresponding to Mediterranean
Water.

Dissolved oxygen concentrations were generally lower in
the GoA than in the NA (Supporting Information Fig. S4)
except in surface waters. The oxygen minimum was located
at ~1000 m depth at both sampling areas, however it was
much more pronounced in the GoA, where suboxic levels
were detected, than in the NA.

Dissolved free Tau concentrations throughout the water
column

Dissolved free Tau concentrations were in the 1-16 nM
range in surface waters and decreased with depth to about
0.1 nM below 200 m in both the GoA and NA (Fig. 2). Thus,
dissolved free Tau concentrations were significantly higher
in the epipelagic than in the meso- and bathypelagic layers
at both sites (Mann-Whitney, p <0.05). No significant differ-
ences in dissolved free Tau concentrations, however, were
obtained between the meso- and bathypelagic layers, and
between the two sites (Mann-Whitney, p >0.05). In the epi-
pelagic layer of the NA, the highest dissolved free Tau con-
centration was obtained close to the coast (up to 15.7 nM).
High dissolved free Tau concentrations in the GoA were also
found at more coastal stations (ranging between 4.2 nM and
9.7 nM) than further offshore (Fig. 2).

The contribution of dissolved free Tau-C to DOC was gen-
erally low. In the upper epipelagic realm it ranged from
~0.001% to 0.1% at both oceanic sites, while in the meso
and bathypelagic layers it was 0.0001-0.01% (Supporting
Information Fig. S5A). The contribution of dissolved free

Dissolved free taurine in oceanic waters

Tau-N to DON in the GoA was about one order of magni-
tude higher than the contribution of dissolved free Tau-C to
the DOC pool (Supporting Information Fig. S5).

Dissolved free Tau release by crustacean
mesozooplankton

In the GoA, the dominant mesozooplankton species were
the calanoid copepod Neocalanus cristatus and the amphi-
pods Themisto sp. and Vibilia sp. (Table 1). The community-
specific dissolved free Tau release rates ranged between 0.5
umol g~! C-biomass h™* and 1.7 ymol g~ ' C-biomass h™'. A
positive relationship was observed between dissolved free
Tau release rates and the contribution of amphipods to the
zooplankton assemblage (R*=0.730; Fig. 3). However, the
sample with 100% contribution of amphipods is strongly
influencing this relationship. In the GoA, the release rates
per mesozooplankton specimen ranged between 317 pmol
individual ' h™! and 571 pmol individual ' h™' (Table 1).
The highest community-specific dissolved free Tau release
rates per individual as well as per biomass in the GoA were
obtained for an assemblage consisting exclusively of amphi-
pods (Table 1).

The mesozooplankton community collected in the GoA
exhibited higher dissolved free Tau release rates per speci-
men than in the NA (Table 1). Community-specific dissolved
free Tau release rates normalized to zooplankton biomass,
however, were about one order of magnitude higher in the
NA than in the GoA (Mann-Whitney, p <0.05; ¢>0.9; Table
1). Thus, the large-sized zooplankton of the GoA exhibited
lower dissolved free Tau release rates per biomass than the
small-sized zooplankton of the NA (Supporting Information
Fig. S6).

In the NA, the community-specific dissolved free Tau
release rates obtained from the mixed copepod community
were higher than the species-specific release rates obtained
in the single-species incubations (compare RRc and RRg in
Tables 1 and 2, respectively). The community-specific dis-
solved free Tau release rates with Calanus sp., Acartia sp. and
Centropagus sp. dominating the mixed community ranged
between 7.7 umol g~ ' C-biomass h™! and 11.8 umol g~ ' C-
biomass h™! (Table 1). In contrast, species-specific dissolved
free Tau release rates ranged from 1.1 ymol g~ ' C-biomass
h™' to 7.6 yumol g~' C-biomass h™' (Table 2, Supporting
Information Fig. S6). The effect size (Supporting Information
Table S7) varied from 0.6 (Calanus sp.) to 0.9 (Centropagus
sp.), indicating an inherent difference between the
community-specific and the species-specific dissolved free
Tau release rates. Calanus sp. exhibited significantly higher
species-specific dissolved free Tau release rates (4.4-7.6 pmol
g ! C-biomass h™!; Table 2; Supporting Information Fig. S6)
than Centropagus sp. (1.1-1.8 pmol g~ ' C-biomass h™%;
p<0.05, ¢=0.9). Similar species-specific dissolved free Tau
release rates were measured for Clausocalanus sp. (3.3-5.1
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pumol g~! C-biomass h™') and Acartia sp. (3.2-4.6 ymol g~ *
C-biomass h™1).

Estimating dissolved free Tau release rates and turnover
times in the water column

Since copepods account for >90% of total abundance of
mesozooplankton (Longhurst 1985) in the world’s oceans,
we used copepod abundance data from the literature (Sup-
porting Information Table S6), the mean community-specific
dissolved free Tau release rates and mean dissolved free Tau
concentrations obtained in this study to estimate bulk dis-
solved free Tau release rates and turnover times in the water
column. We assumed steady state in situ dissolved free Tau
concentrations. In epipelagic waters (0-100 m depth) the
integrated mean dissolved free Tau concentration was
2.5 nM in the GoA and 2.6 nM in the NA. Given the range
of copepod abundance for the western subarctic Pacific and
the northeast Atlantic (Supporting Information Table S6)
and the mean community-specific dissolved free Tau release
rates (see Table 1) of 10.2 nmol individual * d~! and 0.58
nmol individual ' d~' for the GoA and the NA, respectively,
we obtain a bulk dissolved free Tau release rate of the cope-
pod community of 35.8-51.9 nmol L' d~! and 1.1-2.6
nmol L™! d™' for the GoA and the NA epipelagic waters,
respectively. Based on the bulk dissolved free Tau release
rates and the dissolved free Tau concentrations, we estimate
Tau turnover times of 0.05-0.07 d and 1.0-2.3 d for the epi-
pelagic waters of the GoA and the NA, respectively.

DFAA released by crustacean zooplankton

Glycine was the main DFAA species released by zooplank-
ton in almost all the release experiments (Supporting Infor-
mation Table S3). In the GoA, glycine, arginine, and alanine
were the main DFAA species released by zooplankton, while
threonine, arginine, histidine, and alanine, among others,
varied in their contribution to the total DFAA pool released
by zooplankton in the NA. The release ratios of dissolved
free Tau to total DFAA (mol/mol) ranged between 0.06-0.28
in the GoA and 0.01-0.4 in the NA (Supporting Information
Table S3).

Discussion

Zooplankton as a source of dissolved free Tau in the open
ocean

Generally, the depth profiles of dissolved free Tau concen-
trations in the Pacific and Atlantic (Fig. 2) are similar to the
more commonly reported depth distribution of DFAA. The
low and fairly uniform dissolved free Tau concentrations in
epipelagic waters might be linked to an efficient uptake by
heterotrophic bacteria as reported for DFAA (Fuhrman 1987;
Keil and Kirchman 1999; Zubkov et al. 2008). Also, the low
contributions of dissolved free Tau-C to DOC and Tau-N to
DON throughout the water column support the conclusion
of its rapid turnover (Supporting Information Fig. S5). The

Dissolved free taurine in oceanic waters

vertical decrease of dissolved free Tau concentrations (Fig. 2)
and the low contribution of dissolved free Tau-C to DOC
from the epipelagic to the mesopelagic waters (Supporting
Information Fig. S5) probably reflect the lower zooplankton
metabolic activity associated with the lower temperatures,
the lower zooplankton biomass in meso and bathypelagic
waters (Yamaguchi et al. 2002) and depth-related differences
in taxonomic zooplankton composition (Coyle and Pinchuk
2005; Vereshchaka et al. 2016), resulting, overall, in lower
dissolved free Tau release rates in deep waters.

Copepods dominate mesozooplankton communities over
a wide variety of ecological conditions in the ocean. In gen-
eral, excretion rates by zooplankton vary depending on the
physiological state of the organisms, which varies among
oceanic provinces and seasons and zooplankton characteris-
tics (Conover 1959, 1968; Kawall et al. 2001; Helland et al.
2003). According to Webb and Johannes (1967), copepod-
dominated zooplankton assemblages exhibit higher dissolved
free Tau release rates than chaetognath- or scyphozoan-
dominated zooplankton, emphasizing the importance of
crustacean zooplankton as a source of dissolved free Tau for
the epipelagic and upper mesopelagic water column. Besides
dissolved free Tau, the main amino acids released by crusta-
cean zooplankton in the GoA were glycine, arginine, and
alanine (Supporting Information Table S3), which are also
the main constituents of the free amino acid pool of many
crustaceans such as copepods and krill (Srinivasagam et al.
1971; van der Meeren et al. 2008). The large Pacific zoo-
plankton specimens exhibit lower dissolved free Tau (Tables
1 and 2) and DFAA (Supporting Information Table S3)
release rates per unit biomass, reflecting the general inverse
relationship of biovolume-normalized excretion rates and
body size (Wen and Peters 1994; Hall et al. 2007). Conse-
quently, lower Tau inputs in the deep ocean could also
be linked to lower excretion rates associated with macro-
(e.g., shrimps) and larger mesozooplankton (e.g., copepods,
amphipods) dominating the meso- and bathypelagic zoo-
plankton biomass (Coyle and Pinchuk 2005; Vereshchaka
et al. 2016). Excretion rates and the element ratios of organic
compounds released by zooplankton can vary strongly
depending on the feeding strategy and behavior and food
quality and quantity (Kleppel 1993; Kierboe et al. 1996;
Frangoulis et al. 2004). The higher release rates of dissolved
free Tau obtained in experiments with an increasing contri-
bution of amphipods (Fig. 3) might be due to the amphi-
pods’ carnivorous diet (Saba et al. 2009). Future studies
should include more incubation with a higher percentage of
carnivore species, which expectedly should most likely result
in a stronger relationship.

Mixed copepod communities and Calanus sp. incubations
resulted in higher dissolved free Tau release rates than incu-
bations with single species in the NA (Tables 1 and 2, Sup-
porting Information Fig. S6). This outcome might be linked
to the ability of some copepod species to switch to other
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prey items (Metz and Schnack-Schiel 1995; Kigrboe et al.
1996); consequently, food quality and quantity might have
varied for the individual zooplankton species.

The nutritive state, sex, and developmental stage of differ-
ent zooplankton species might cause intraspecific variations
in their dissolved free Tau and DFAA release patterns (Mitra
and Flynn 2007; Saage et al. 2009; Almeda et al. 2011). The
vertical tows were obtained at different times of the day
(Tables 1 and 2) and from different depths (down to ~600 m
in GoA and ~200 m in NA), so the mesozooplankton col-
lected could have been in different nutritive states. In gen-
eral, intraspecific variations in dissolved free Tau release
patterns were low with the exception of Calanus sp. (Table
2), in contrast to the DFAA release patterns (Supporting
Information Table S3) that were more variable.

The high concentrations of DFAA and dissolved free Tau
detected at the beginning of some experiments were proba-
bly caused by stress induced by the collection (e.g., net tow)
and handling (e.g., separation of individuals) of the organ-
isms. Also, the use of a higher towing speed during the GoA
cruise (30 m min 1) might have led to an enhanced excre-
tion rate at the beginning of the incubations than in the NA
(15 m min™ Y, although care was taken to minimize distur-
bance. In contrast, starvation could lead to an underestima-
tion of the actual dissolved free Tau release rates. It is well
known that DFAA release rates of copepods are much lower
when starved (Fuhrman 1987). Although 0.2 um filtered sea-
water was used in the release experiments, it is likely that
bacteria attached to the carapace of the mesozooplankton
took up a fraction of the dissolved free Tau and DFAA
released by zooplankton (Carman and Dobbs 1997; Tang
et al. 2010). Consequently, our reported dissolved free Tau
and DFAA release rates likely resemble more closely “net”
rather than “gross” release rates.

Our estimated dissolved free Tau turnover times (0.05-2.3
d) for the epipelagic layer are similar to reported DFAA turn-
over times, ranging from minutes to a few days (Sipler and
Bronk 2015). Nevertheless, our estimates of Tau turnover
times are likely conservative, particularly in the epipelagic
waters, as we did not include other potentially important
sources of Tau such as algae. Also, zooplankton excretion
rates are often linearly related to temperature, adding to
uncertainty in our estimates on dissolved free Tau turnover
times (Webb and Johannes 1967; Chen and Lai 1993).
Enhanced excretion rates with increasing temperatures can be
associated with either higher ingestions rates (Kigrboe et al.
1982) or stress (Bayne 1973; Bayne and Scullard 1977). Conse-
quently, an incubation temperature higher than in situ might
result in higher release rates and consequently in lower turn-
over times in the warmer NA (20-24°C) than in the GOA (14—
16°C). But in order to minimize this effect, and considering
that zooplankton migrate to deeper layers with lower temper-
atures, all the incubations were performed at 10°C.

Dissolved free taurine in oceanic waters

The situation in deep waters is generally more complex as
zooplankton are present in lower abundance than in epipelagic
waters, showing a patchy and depth-dependent distribution
(Vereshchaka et al. 2016). In this study we focused on concen-
trations and the direct release of dissolved free Tau, but Tau
can also occur conjugated with a variety of organic acids. For
example, Tau-bearing lipids were found in the metabolites and
release products of various copepod genera, which tend to
accumulate these compounds under starvation (Mayor et al.
2015; Selander et al. 2015, 2016). Consequently, it is reason-
able to assume that in the deep ocean, where food is limited
and temperature low, zooplankton accumulate dissolved free
Tau and Tau-conjugated compounds. A large number of cope-
pod species (e.g., Neocalanus sp., Calanus sp.) exhibits vertical
migration into mesopelagic and bathypelagic waters for hiber-
nation every year (Jonasdottir et al. 2015), with mortality rates
up to 75% (Longhurst and Williams 1992; Zhang and Dam
1997). Thus, it is possible that copepod carcasses and their
fecal pellets (via leaching and decay processes) are the predom-
inant sources of dissolved free Tau and other compounds for
deep-sea microbes, rather than active release by zooplankton.

The dissolved free Tau release rates obtained in this study
and the low dissolved free Tau turnover times in epipelagic
waters indicate that dissolved free Tau might be an impor-
tant substrate for heterotrophic microbes, a conclusion sup-
ported by several recent meta-genomics and -proteomics
(Sowell et al. 2009, 2011; Williams et al. 2012; Wilkins et al.
2013), as well as by experimental studies (Schwalbach et al.
2010; Steindler et al. 2011).

Our results show that crustacean zooplankton release
copious amounts of dissolved free Tau, especially in epipe-
lagic and upper mesopelagic waters. There is growing evi-
dence of the potential significance of this compound for
marine microbes. Tau transporters and enzymes involved in
Tau utilization are widespread among diverse bacterial and
archaeal phylotypes (e.g., Walker et al. 2010; Williams and
Cavicchioli 2014) throughout the ocean water column (e.g.,
Smith et al. 2013; Hawley et al. 2014; Ledn-Zayas et al.
2015). Members of SAR11, the most abundant bacterial clade
in the oceans, require exogenous reduced sulfur due to their
deficiency in assimilatory sulfate reduction genes (Tripp
et al. 2008) and can effectively grow on Tau (Steindler et al.
2011). The short turnover times of dissolved free Tau are
similar to those reported for DFAA, supporting the notion
that dissolved free Tau represents an important substrate and
energy source for heterotrophic microbes, particularly in the
epipelagic and mesopelagic waters. Hence, there is a meta-
bolic link between zooplankton activity and its associated
Tau release and heterotrophic bacteria in the ocean.

References

Allen, J. A., and M. R. Garrett. 1971. Taurine in marine
invertebrates. Adv. Mar. Biol. 9: 205-253. doi:10.1016/
S0065-2881(08)60343-0

2754


http://dx.doi.org/10.1016/S0065-2881(08)60343-0
http://dx.doi.org/10.1016/S0065-2881(08)60343-0

Clifford et al.

Almeda, R., M. Alcaraz, A. Calbet, and E. Saiz. 2011. Meta-
bolic rates and carbon budget of early developmental
stages of the marine cyclopoid copepod Oithona davisae.
Limnol. Oceanogr. 56: 403-414. doi:10.4319/10.2011.56.
1.0403

Amin, S. A., and others. 2015. Interaction and signalling
between a cosmopolitan phytoplankton and associated
bacteria. Nature §22: 98-101. doi:10.1038/nature14488

Awapara, J. 1962. Free amino acids in invertebrates: A com-
parative study of their distribution and metabolism, p.
158-175. In Holden [ed.], Amino acid pools. Elsevier.

Awapara, J., J. W. Simpson, and K. Allen. 1959. Free amino
acids in some aquatic invertebrates. Biol. Bull. 117: 371-
381. doi:10.2307/1538916

Bayne, B. L. 1973. Physiological changes in Mytilus edulis L.
induced by temperature and nutritive stress. J. Mar. Biol.
Assoc. UK 5§3: 39-58. doi:10.1017/50025315400056629

Bayne, B. L., and C. Scullard. 1977. Rates of nitrogen excre-
tion by species of Mytilus (bivalvia: Mollusca). J. Mar. Biol.
Assoc. UK §7: 355-369. d0i:10.1017/50025315400021809

Beers, J. R., and G. L. Stewart. 1970. The preservation of
acantharians in fixed plankton samples. Limnol. Ocean-
ogr. 15: 825-827. d0i:10.4319/10.1970.15.5.0825

Braman, R. S., and S. A. Hendrix. 1989. Nanogram nitrite
and nitrate determination in environmental and biologi-
cal materials by vanadium(IIl) reduction with chemilumi-
nescence detection. Anal. Chem. 61: 2715-2718. doi:
10.1021/ac00199a007

Carlson, C. A., and D. A. Hansell. 2014. DOM sources, sinks,
reactivity, and budgets, p. 65-126. In C.A. Carlson and
D.A. Hansell [eds.], Biogeochemistry of marine dissolved
organic matter, 2nd ed. Academic Press.

Carman, K. R., and F. C. Dobbs. 1997. Epibiotic microorgan-
isms on copepods and other marine crustaceans. Microsc.
Res. Tech. 37: 116-135. doi:10.1002/(SICI)1097-
0029(19970415)37:2 < 116::AID-JEMT2 > 3.0.CO;2-M

Carreto, J. I, and M. O. Carignan. 2011. Mycosporine-like
amino acids: Relevant secondary metabolites. Chemical
and ecological aspects. Mar. Drugs 9: 387-446. doi:
10.3390/md9030387

Chang, Y. C, S. T. Ding, Y. H. Lee, Y. C. Wang, M. F.
Huang, and I. H. Liu. 2013. Taurine homeostasis requires
de novo synthesis via cysteine sulfinic acid decarboxylase
during zebrafish early embryogenesis. Amino Acids 44:
615-629. doi:10.1007/s00726-012-1386-8

Chen, J. C,, and S. H. Lai. 1993. Effects of temperature and
salinity on oxygen consumption and ammonia-N excre-
tion of juvenile Penaeus japonicus Bate. J. Exp. Mar. Biol.
Ecol. 165: 161-170. doi:10.1016/0022-0981(93)90103-U

Conover, R. J. 1959. Regional and seasonal variation in the
respiratory rate of marine copepods. Limnol. Oceanogr. 4:
259-268. doi:10.4319/10.1959.4.3.0259

Conover, R. 1968. Zooplankton: Life in a nutritionally dilute
environment. Am. Zool. 8: 107-118. doi:10.1093/icb/8.1.107

Dissolved free taurine in oceanic waters

Cook, A. M., and K. Denger. 2006. Metabolism of taurine in
microorganisms: A primer in molecular biodiversity? Adv.
Exp. Med. Biol. 583: 3-13. doi:10.1007/978-0-387-33504-9-1

Coyle, K. O. K,, and A. A. I. Pinchuk. 2005. Seasonal cross-
shelf distribution of major zooplankton taxa on the
northern Gulf of Alaska shelf relative to water mass prop-
erties, species depth preferences and vertical migration
behavior. Deep-Sea Res. Part II §2: 217-245. doi:10.1016/
j.dsr2.2004.09.025

Dickson, A. G., C. L. Sabine, and J. R. Christian. (Eds.) 2007.
Guide to Best Practices for Ocean CO, Measurements. PICES
Special Publication 3. North Pacific Marine Science Organi-
zation. Available from http://cdiac.ornl.gov/oceans/Hand-
book_2007.html

Eloe, E. A., and others. 2011. Going deeper: Metagenome of
a hadopelagic microbial community. PLoS One 6: €20388.
doi:10.1371/journal.pone.0020388

Fernandez de Puelles, M. L., L. Valdes, M. Varela, M. T. Alvarez-
Ossorio, and N. Halliday. 1996. Diel variations in the vertical
distribution of copepods off the north coast of Spain. ICES J.
Mar. Sci. §3: 97-106. doi:10.1006/jmsc.1996.0009

Finney, C. M. 1978. Isotopic labeling of taurine; implications
for its synthesis in selected tissues of Homarus americanus.
Comp. Biochem. Physiol. Part B Comp. Biochem. 61:
409-413. do0i:10.1016/0305-0491(78)90146-3

Frangoulis, C., E. D. Christou, and J. H. Hecq. 2004. Compar-
ison of marine copepod outfluxes: Nature, rate, fate and
role in the carbon and nitrogen cycles. Adv. Mar. Biol.
47: 253-309. doi:10.1016/S0065-2881(04)47004-7

Fuhrman, J. 1987. Close coupling between release and
uptake of dissolved free amino acids in seawater studied
by an isotope dilution approach. Mar. Ecol. Prog. Ser. 37:
45-52. doi:10.3354/meps037045

Fuhrman, J., and R. Ferguson. 1986. Nanomolar concentra-
tions and rapid turnover of dissolved free amino acids in
seawater: Agreement between chemical and microbiologi-
cal measurements. Mar. Ecol. Prog. Ser. 33: 237-242. doi:
10.3354/meps033237

Graham, J. E., and B. J. Wilkinson. 1992. Staphylococcus
aureus osmoregulation: Roles for choline, glycine betaine,
proline, and taurine. J. Bacteriol. 174: 2711-2716. doi:
10.1128/JB.174.8.2711-2716.1992

Hall, R. O., B. J. Koch, M. C. Marshall, B. W. Taylor, and L.
M. Tronstad. 2007. How body size mediates the role of
animals in nutrient cycling in aquatic ecosystems, p. 286-
305. In A.G. Hildrew, D. Raffaelli, and R. Edmonds-Brown
[eds.], Body size: The structure and function of aquatic
ecosystems. Cambridge Univ. Press.

Halliday, N. C. 2001. A comparison of morphometric and
geometric methods for the estimation of individual zoo-
plankton volumes. Sarsia 86: 101-105. doi:10.1080/
00364827.2001.10420466

Hawley, A. K., H. M. Brewer, A. D. Norbeck, L. Pasa-Tolic,
and S. J. Hallam. 2014. Metaproteomics reveals

2755


http://dx.doi.org/10.4319/lo.2011.56.1.0403
http://dx.doi.org/10.4319/lo.2011.56.1.0403
http://dx.doi.org/10.1038/nature14488
http://dx.doi.org/10.2307/1538916
http://dx.doi.org/10.1017/S0025315400056629
http://dx.doi.org/10.1017/S0025315400021809
http://dx.doi.org/10.4319/lo.1970.15.5.0825
http://dx.doi.org/10.1021/ac00199a007
http://dx.doi.org/10.1002/(SICI)1097-0029(19970415)37:2&lt;116::AID-JEMT2&gt;3.0.CO;2-M
http://dx.doi.org/10.1002/(SICI)1097-0029(19970415)37:2&lt;116::AID-JEMT2&gt;3.0.CO;2-M
http://dx.doi.org/10.1002/(SICI)1097-0029(19970415)37:2&lt;116::AID-JEMT2&gt;3.0.CO;2-M
http://dx.doi.org/10.1002/(SICI)1097-0029(19970415)37:2&lt;116::AID-JEMT2&gt;3.0.CO;2-M
http://dx.doi.org/10.3390/md9030387
http://dx.doi.org/10.1007/s00726-012-1386-8
http://dx.doi.org/10.1016/0022-0981(93)90103-U
http://dx.doi.org/10.4319/lo.1959.4.3.0259
http://dx.doi.org/10.1093/icb/8.1.107
http://dx.doi.org/10.1007/978-0-387-33504-9-1
http://dx.doi.org/10.1016/j.dsr2.2004.09.025
http://dx.doi.org/10.1016/j.dsr2.2004.09.025
http://cdiac.ornl.gov/oceans/Handbook_2007.html
http://cdiac.ornl.gov/oceans/Handbook_2007.html
http://dx.doi.org/10.1371/journal.pone.0020388
http://dx.doi.org/10.1006/jmsc.1996.0009
http://dx.doi.org/10.1016/0305-0491(78)90146-3
http://dx.doi.org/10.1016/S0065-2881(04)47004-7
http://dx.doi.org/10.3354/meps037045
http://dx.doi.org/10.3354/meps033237
http://dx.doi.org/10.1128/JB.174.8.2711-2716.1992
http://dx.doi.org/10.1080/00364827.2001.10420466
http://dx.doi.org/10.1080/00364827.2001.10420466

Clifford et al.

differential modes of metabolic coupling among ubiqui-
tous oxygen minimum zone microbes. Proc. Natl. Acad.
Sci. USA 111: 11395-11400. doi:10.1073/
pnas.1322132111

Helland, S., J. Christian Nejstgaard, H. J. Fyhn, ]J. K. Egge,
and U. Bamstedt. 2003. Effects of starvation, season, and
diet on the free amino acid and protein content of Cala-
nus finmarchicus females. Mar. Biol. 143: 297-306. doi:
10.1007/s00227-003-1092-x

Holmes, R. M., A. Aminot, R. Kérouel, B. A. Hooker, and B. J.
Peterson. 1999. A simple and precise method for measur-
ing ammonium in marine and freshwater ecosystems.
Can. ]J. Fish. Aquat. Sci. 56: 1801-1808. doi:10.1139/f99-
128

Huxtable, R. 1992. Actions of taurine. Physiol. Rev. 72: 101-
163. Available from http://physrev.physiology.org/con-
tent/72/1/101

Jeffries, H. P. 1969. Seasonal composition of temperate
plankton communities: Free amino acids. Limnol. Ocean-
ogr. 14: 41-52. doi:10.4319/10.1969.14.1.0041

Jonasdottir, H. S., W. A. Visser, K. Richardson, and R. M.
Heath. 2015. A seasonal copepod lipid pump’ promotes
carbon sequestration in the deep north Atlantic. PNAS
112: 12122-12126. doi: 10.1073/pnas.1512110112

Jones, B. N., S. Paabo, and S. Stein. 1981. Amino acid analy-
sis and enzymatic sequence determination of peptides by
an improved o-phthaldialdehyde precolumn labeling pro-
cedure. J. Ligq. Chromatogr. 4: 565-586. doi:10.1080/
01483918108059956

Kawall, H. G., J. J. Torres, and S. P. Geiger. 2001. Effects of
the ice-edge bloom and season on the metabolism of
copepods in the Weddell Sea, Antarctica. Hydrobiologia.
453: 67-77.

Kaya, K., and T. Sano. 1991. Definition of total biosynthesis
pathway of taurolipids in Tetrahymena cells. Biochim. Bio-
phys. Acta (BBA)/Lipids Lipid Metab. 1084: 101-104. doi:
10.1016/0005-2760(91)90061-L

Keil, R. G., and D. L. Kirchman. 1999. Utilization of dissolved
protein and amino acids in the northern Sargasso Sea.
Aquat. Microb. Ecol. 18: 293-300. doi:10.3354/ame018293

Kigrboe, T., F. Mghlenberg, and H. Nicolajsen. 1982. Inges-
tion rate and gut clearance in the planktonic copepod
Centropages hamatus (Lilljeborg) in relation to food con-
centration and temperature. Ophelia 21: 181-194. doi:
10.1080/00785326.1982.10426586

Kigrboe, T., E. Saiz, and M. Viitasalo. 1996. Prey switching
behavior in the planktonic copepod Acartia tonsa. Mar.
Ecol. Prog. Ser. 143: 65-75. doi: 10.3354/meps143065

Kleppel, G. 1993. On the diets of calanoid copepods. Mar.
Ecol. Ser. 99: 183-183. d0i:10.3354/meps099183

Koito, T., I. Nakamura-Kusakabe, T. Yoshida, T. Maruyama,
T. Omata, N. Miyazaki, and K. Inoue. 2010. Effect of
long-term exposure to sulfides on taurine transporter
gene expression in the gill of the deep-sea mussel

Dissolved free taurine in oceanic waters

Bathymodiolus platifrons, which harbors a methanotro-
phic symbiont. Fish. Sci. 76: 381-388. doi:10.1007/
$12562-010-0219-5

Kuznetsova, M., and C. Lee. 2002. Dissolved free and com-
bined amino acids in nearshore seawater, sea surface
microlayers and foams: Influence of extracellular hydroly-
sis. Aquat. Sci. 64: 252-268. doi:10.1007/s00027-002-
8070-0

Lawrence, S. G., D. F. Malley, W. J. Findlay, M. A. Maclver,
and 1. L. Delbaere. 1987. Method for estimating dry
weight of freshwater planktonic crustaceans from mea-
sures of length and shape. Can. J. Fish. Aquat. Sci. 44:
$264-s274. doi:10.1139/£87-301

Lenk, S., and others. 2012. Roseobacter clade bacteria are
abundant in coastal sediments and encode a novel combi-
nation of sulfur oxidation genes. ISME ]. 6: 2178-2187.
doi:10.1038/ismej.2012.66

Ledn-Zayas, R., and others. 2015. Single cells within the
Puerto Rico Trench suggest hadal adaptation of microbial
lineages. Appl. Environ. Microbiol. 81: 8265-8276. doi:
10.1128/AEM.01659-15

Longhurst, A. R. 1985. Relationship between diversity and
the vertical structure of the upper ocean. Deep-Sea Res.
Part A 32: 1535-1570. doi:10.1016/0198-0149(85)90102-5

Longhurst, A., and R. Williams. 1992. Carbon flux by seasonal
vertical migrant copepods is a small number. J. Plankton
Res. 14: 1495-1509. doi:10.1093/plankt/14.11. 1495

Lu, X., L. Zou, C. Clevinger, Q. Liu, J. T. Hollibaugh, and X.
Mou. 2014. Temporal dynamics and depth variations of
dissolved free amino acids and polyamines in coastal sea-
water determined by high-performance liquid chromatog-
raphy. Mar. Chem. 163: 36-44. doi:10.1016/j.marchem.
2014.04.004

Luo, H., L. R. Thompson, U. Stingl, and A. L. Hughes. 2015.
Selection maintains low genomic GC content in marine
SAR11 lineages. Mol. Biol. Evol. 32: 2738-2748. doi:
10.1093/molbev/msv149

Mayor, D. J., U. Sommer, K. B. Cook, and M. R. Viant. 2015.
The metabolic response of marine copepods to environ-
mental warming and ocean acidification in the absence of
food. Sci. Rep. 5: 13690. do0i:10.1038/srep13690

McLaggan, D., and W. Epstein. 1991. Escherichia coli accumu-
lates the eukaryotic osmolyte taurine at high osmolarity.
FEMS Microbiol. Lett. 65: 209-213. doi:10.1016/0378-
1097(91)90304-S

Metz, C., and S. B. Schnack-Schiel. 1995. Observations on
carnivorous feeding in Antarctic calanoid copepods. Mar.
Ecol. Prog. Ser. 129: 71-75. doi:10.3354/meps129071

Mitra, A., and K. Flynn. 2007. Importance of interactions
between food quality, quantity, and gut transit time on
consumer feeding, growth, and trophic dynamics. Am.
Nat. 169: 632-646. doi: 10.1086/513187

Monti, M., and S. Umani. 2000. Distribution of the main
microzooplankton taxa in the Ross Sea (Antarctica): Austral

2756


http://dx.doi.org/10.1073/pnas.1322132111
http://dx.doi.org/10.1073/pnas.1322132111
http://dx.doi.org/10.1007/s00227-003-1092-x
http://dx.doi.org/10.1139/f99-128
http://dx.doi.org/10.1139/f99-128
http://physrev.physiology.org/content/72/1/101
http://physrev.physiology.org/content/72/1/101
http://dx.doi.org/10.4319/lo.1969.14.1.0041
http://dx.doi.org/10.1073/pnas.1512110112
http://dx.doi.org/10.1080/01483918108059956
http://dx.doi.org/10.1080/01483918108059956
http://dx.doi.org/10.1016/0005-2760(91)90061-L
http://dx.doi.org/10.3354/ame018293
http://dx.doi.org/10.1080/00785326.1982.10426586
http://dx.doi.org/10.3354/meps143065
http://dx.doi.org/10.3354/meps099183
http://dx.doi.org/10.1007/s12562-010-0219-5
http://dx.doi.org/10.1007/s12562-010-0219-5
http://dx.doi.org/10.1007/s00027-002-8070-0
http://dx.doi.org/10.1007/s00027-002-8070-0
http://dx.doi.org/10.1139/f87-301
http://dx.doi.org/10.1038/ismej.2012.66
http://dx.doi.org/10.1128/AEM.01659-15
http://dx.doi.org/10.1016/0198-0149(85)90102-5
http://dx.doi.org/10.1093/plankt/14.11.1495
http://dx.doi.org/10.1016/j.marchem.2014.04.004
http://dx.doi.org/10.1016/j.marchem.2014.04.004
http://dx.doi.org/10.1093/molbev/msv149
http://dx.doi.org/10.1038/srep13690
http://dx.doi.org/10.1016/0378-1097(91)90304-S
http://dx.doi.org/10.1016/0378-1097(91)90304-S
http://dx.doi.org/10.3354/meps129071
http://dx.doi.org/10.1086/513187

Clifford et al.

summer 1994, p. 275-289. In F.M. Faranda, L. Guglielmo,
and A. Ianora [eds.], Ross sea ecology. Springer.

Mopper, K., and P. Lindroth. 1982. Diel and depth variations
in dissolved free amino acids and ammonium in the Bal-
tic Sea determined by shipboard HPLC analysis. Limnol.
Oceanogr. 27: 336-347. doi:10.4319/10.1982.27.2.0336

Moran, M. A,, and others. 2016. Deciphering ocean carbon
in a changing world. Proc. Natl. Acad. Sci. 113: 3143-
3151. doi:10.1073/pnas.1514645113

Mullin, M. 1969. Production of zooplankton in the ocean:
The present status and problems. Oceanogr. Mar.
Biol. Ann. Rev. 7: 293-310. Available from http://www.
vliz.be/en/imis?module=ref&refid=59394&printversion=1&
dropIMIStitle=1

Ripps, H., and W. Shen. 2012. Review: Taurine: A “very
essential” amino acid. Mol. Vis. 18: 2673-2686.

Rosenberg, N. K., R. W. Lee, and P. H. Yancey. 2006. High
contents of hypotaurine and thiotaurine in hydrothermal-
vent gastropods without thiotrophic endosymbionts. ]J.
Exp. Zool. Part A 305: 655-662. doi:10.1002/jez.a.316

Saage, A., O. Vadstein, and U. Sommer. 2009. Feeding behav-
iour of adult Centropages hamatus (Copepoda, Calanoida):
Functional response and selective feeding experiments. J.
Sea Res. 62: 16-21. doi:10.1016/j.seares.2009.01.002

Saba, G. K., D. K. Steinberg, and D. A. Bronk. 2009. Effects of
diet on release of dissolved organic and inorganic
nutrients by the copepod Acartia tonsa. Mar. Ecol. Prog.
Ser. 386: 147-161. doi:10.3354/meps08070

Sarmento, H., C. Romera-Castillo, M. Lindh, J. Pinhassi, M.
M. Sala, J. M. Gasol, C. Marrasé, and G. T. Taylor. 2013.
Phytoplankton species-specific release of dissolved free
amino acids and their selective consumption by bacteria.
Limnol. Oceanogr. §8: 1123-1135. doi:10.4319/10.2013.
58.3.1123

Schwalbach, M. S., H. J. Tripp, L. Steindler, D. P. Smith, and
S. J. Giovannoni. 2010. The presence of the glycolysis
operon in SAR11 genomes is positively correlated with
ocean productivity. Environ. Microbiol. 12: 490-500. doi:
10.1111/j.1462-2920.2009.02092.x

Selander, E., J. Kubanek, M. Hamberg, M. X. Andersson, G.
Cervin, and H. Pavia. 2015. Predator lipids induce paralytic
shellfish toxins in bloom-forming algae. Proc. Natl. Acad.
Sci. USA 112: 6395-6400. doi:10.1073/pnas. 1420154112

Selander, E., and others. 2016. Solid phase extraction and
metabolic profiling of exudates from living copepods.
Peer] 4: €1529. doi:10.7717/peerj. 1529

Simon, M., and B. Rosenstock. 2007. Different coupling of
dissolved amino acid, protein, and carbohydrate turnover
to heterotrophic picoplankton production in the southern
Ocean in austral summer and fall. Limnol. Oceanogr. 52:
85-95. doi:10.4319/10.2007.52.1.0085

Simon, M., S. Billerbeck, D. Kessler, N. Selje, and A.
Schlingloff. 2012. Bacterioplankton communities in the
southern Ocean: Composition and growth response to

Dissolved free taurine in oceanic waters

various substrate regimes. Aquat. Microb. Ecol. 68: 13-28.
doi:10.3354/ame01597

Sipler, R. E., and D. A. Bronk. 2015. Dynamics of dissolved
organic nitrogen, p. 127-232. In C.A. Carlson and D.A.
Hansell [eds.], Biogeochemistry of marine dissolved
organic matter. Academic Press.

Smith, D. P., J. C. Thrash, C. D. Nicora, M. S. Lipton, K. E.
Burnum-Johnson, P. Carini, R. D. Smith, and S. J.
Giovannoni. 2013. Proteomic and transcriptomic analyses
of “Candidatus Pelagibacter ubique” describe the first PII-
independent response to nitrogen limitation in a free-
living alphaproteobacterium. MBio 4: e00133-00112. doi:
10.1128/mBio.00133-12

Sowell, S. M., and others. 2009. Transport functions domi-
nate the SAR11 metaproteome at low-nutrient extremes
in the Sargasso Sea. ISME J. 3: 93-105. do0i:10.1038/ismej.
2008.83

Sowell, S. M., P. E. Abraham, M. Shah, N. C. Verberkmoes,
D. P. Smith, D. F. Barofsky, and S. ]J. Giovannoni. 2011.
Environmental proteomics of microbial plankton in a
highly productive coastal upwelling system. ISME ]. 5:
856-865. doi:10.1038/ismej.2010.168

Srinivasagam, R., J. Raymont, C. Moodie, and J. Raymont.
1971. Biochemical studies on marine zooplankton X. The
amino acid composition of Euphausia superba, Meganycti-
phanes norvegica and Neomysis integer. J. Mar. Biol. Assoc.
UK 51: 917-925. doi:10.1017/50025315400018051

Steinberg, D. K., N. B. Nelson, C. A. Carlson, and A. C.
Prusak. 2004. Production of chromophoric dissolved
organic matter (CDOM) in the open ocean by zooplank-
ton and the colonial cyanobacterium Trichodesmium spp.
Mar. Ecol. Prog. Ser. 267: 45-56. doi:10.3354/meps267045

Steindler, L., M. S. Schwalbach, D. P. Smith, F. Chan, and S.
J. Giovannoni. 2011. Energy starved Candidatus Pelagi-
bacter ubique substitutes light-mediated ATP production
for endogenous carbon respiration. PLoS One 6: €19725.
doi:10.1371/journal.pone.0019725

Tang, K., V. Turk, and H. Grossart. 2010. Linkage between
crustacean zooplankton and aquatic bacteria. Aquat.
Microb. Ecol. 61: 261-277. doi:10.3354/ame01424

Tevatia, R., J. Allen, D. Rudrappa, D. White, T. E. Clemente,
H. Cerutti, Y. Demirel, and P. Blum. 2015. The taurine
biosynthetic pathway of microalgae. Algal Res. 9: 21-26.
doi:10.1016/j.algal.2015.02.012

Tripp, H. J., J. B. Kitner, M. S. Schwalbach, J. W. H. Dacey, L.
J. Wilhelm, and S. J. Giovannoni. 2008. SAR11 marine
bacteria require exogenous reduced sulphur for growth.
Nature 452: 741-744. doi:10.1038/nature06776

van Aken, H. [ed.] 2007. The oceanic thermohaline circula-
tion: An introduction. Springer.

van der Meeren, T., R. E. Olsen, K. Hamre, and H. J. Fyhn. 2008.
Biochemical composition of copepods for evaluation of feed
quality in production of juvenile marine fish. Aquaculture
274: 375-397. doi:10.1016/j.aquaculture. 2007.11.041

2757


http://dx.doi.org/10.4319/lo.1982.27.2.0336
http://dx.doi.org/10.1073/pnas.1514645113
http://www.vliz.be/en/imis?module=ref%26refid=59394%26printversion=1%26dropIMIStitle=1
http://www.vliz.be/en/imis?module=ref%26refid=59394%26printversion=1%26dropIMIStitle=1
http://www.vliz.be/en/imis?module=ref%26refid=59394%26printversion=1%26dropIMIStitle=1
http://www.vliz.be/en/imis?module=ref%26refid=59394%26printversion=1%26dropIMIStitle=1
http://www.vliz.be/en/imis?module=ref%26refid=59394%26printversion=1%26dropIMIStitle=1
http://dx.doi.org/10.1002/jez.a.316
http://dx.doi.org/10.1016/j.seares.2009.01.002
http://dx.doi.org/10.3354/meps08070
http://dx.doi.org/10.4319/lo.2013.58.3.1123
http://dx.doi.org/10.4319/lo.2013.58.3.1123
http://dx.doi.org/10.1111/j.1462-2920.2009.02092.x
http://dx.doi.org/10.1073/pnas.1420154112
http://dx.doi.org/10.7717/peerj.1529
http://dx.doi.org/10.4319/lo.2007.52.1.0085
http://dx.doi.org/10.3354/ame01597
http://dx.doi.org/10.1128/mBio.00133-12
http://dx.doi.org/10.1038/ismej.2008.83
http://dx.doi.org/10.1038/ismej.2008.83
http://dx.doi.org/10.1038/ismej.2010.168
http://dx.doi.org/10.1017/S0025315400018051
http://dx.doi.org/10.3354/meps267045
http://dx.doi.org/10.1371/journal.pone.0019725
http://dx.doi.org/10.3354/ame01424
http://dx.doi.org/10.1016/j.algal.2015.02.012
http://dx.doi.org/10.1038/nature06776
http://dx.doi.org/10.1016/j.aquaculture.2007.11.041

Clifford et al.

Vereshchaka, A., G. Abyzova, A. Lunina, and E. Musaeva.
2016. The deep-sea zooplankton of the north, central,
and south Atlantic: Biomass, abundance, diversity. Deep-
Sea Res. Part II 137: 89-101. doi:10.1016/j.dsr2.2016.
06.017

Walker, C. B., and others. 2010. Nitrosopumilus maritimus
genome reveals unique mechanisms for nitrification and
autotrophy in globally distributed marine crenarchaea.
Proc. Natl. Acad. Sci. USA 107: 8818-8823. do0i:10.1073/
pnas.0913533107

Wang, D.-Z., L.-F. Kong, Y.-Y. Li, and Z.-X. Xie. 2016. Envi-
ronmental microbial community proteomics: Status, chal-
lenges and perspectives. Int. J. Mol. Sci. 17: 1275. doi:
10.3390/ijms17081275

Wang, G., X. Jiang, L. Wu, and S. Li. 2005. Differences in
the density, sinking rate and biochemical composition of
Centropages tenuiremis (Copepoda: Calanoida) subitaneous
and diapause eggs. Mar. Ecol. Prog. Ser. 288: 165-171.
doi:10.3354/meps288165

Wang, J. T., and A. E. Douglas. 1997. Nutrients, signals, and
photosynthate release by symbiotic algae (the impact of
taurine on the dinoflagellate alga Symbiodinium from the
sea anemone Aiptasia pulchella). Plant Physiol. 114: 631-
636. doi:10.1104/pp.114.2.631

Webb, K., and R. Johannes. 1967. Studies of the release of dis-
solved free amino acids by marine zooplankton. Limnol.
Oceanogr. 12: 376-382. doi: 10.4319/10.1967.12.3.0376

Welborn, J., and D. Manahan. 1995. Taurine metabolism in
larvae of marine invertebrate molluscs (Bilvalvia, Gastro-
poda). J. Exp. Biol. 198: 1791-1799. Available from
http://jeb.biologists.org/content/198/8/1791.article-info

Wen, Y. H,, and R. H. Peters. 1994. Empirical models of phos-
phorus and nitrogen excretion rates by zooplankton. Limnol.
Oceanogr. 39: 1669-1679. doi:10.4319/10.1994.39.7.1669

Wilkins, D., and others. 2013. Biogeographic partitioning of
southern Ocean microorganisms revealed by metagenom-
ics. Environ. Microbiol. 18: 1318-1333. doi:10.1111/1462-
2920.12035

Williams, T. J., and others. 2012. A metaproteomic assess-
ment of winter and summer bacterioplankton from Ant-
arctic Peninsula coastal surface waters. ISME J. 6: 1883—
1900. doi:10.1038/ismej.2012.28

Williams, T. J., and R. Cavicchioli. 2014. Marine metaproteo-
mics: Deciphering the microbial metabolic food web. Trends
Microbiol. 22: 248-260. doi:10.1016/j.tim.2014.03.004

Dissolved free taurine in oceanic waters

Yamaguchi, A., and others. 2002. Community and trophic
structures of pelagic copepods down to greater depths in
the western subarctic Pacific (WEST-COSMIC). Deep-Sea Res.
Part 1 49: 1007-1025. doi:10.1016/S0967-0637(02)00008-0

Yancey, P. H. 2005. Organic osmolytes as compatible, meta-
bolic and counteracting cytoprotectants in high osmolar-
ity and other stresses. J. Exp. Biol. 208: 2819-2830. doi:
10.1242/jeb.01730

Zhang, X., and H. G. Dam. 1997. Downward export of car-
bon by diel migrant mesozooplankton in the central
equatorial Pacific. Deep-Sea Res. Part II 44: 2191-2202.
doi:10.1016/50967-0645(97)00060-X

Zubkov, M. V., G. A. Tarran, 1. Mary, and B. M. Fuchs. 2008.
Differential microbial uptake of dissolved amino acids
and amino sugars in surface waters of the Atlantic Ocean.
J. Plankton Res. 30: 211-220. doi:10.1093/plankt/fbm091

Acknowledgments

We thank Elena Rey, José Varela, Antonio Bode and Gerardo Casas for
their support at sea, especially for their help in zooplankton separation
and determination, M.]. Pazd for the TOC analyses, Marta Alvarez for
the O, measurements and Alonso Alvarez for his help during sample
processing during the Moduplan cruise. We thank the captains and their
crews of R/V Melville and R/V Sarmiento de Gamboa. Also, many thanks
go to Christian Baranyi for his support on technical issues and to Daniele
De Corte for his helpful hand during the DORC cruise. This study was
supported by the Austrian Science Fund (FWF; P27696-B22) to E.S., by
the Austrian Science Fund (FWF) projects 1486-B09 and Z194-B17 to
G.J.H. and by the European Research Council under the European Com-
munity’s Seventh Framework Program (FP7/2007-2013)/ERC grant
agreement No. 268595 (MEDEA project) to G.J.H, by the project FER-
MIO (MINECO, CTM2014-57334-JIN) to M.N.C, by the projects
“Biodiversidade Funcional do Microplancton nas profundidades marinas
de Galicia” (BIO-PROF, Ref. TOMMA604024PR, 2010-2012, Xunta de
Galicia) and “Fuentes de Materia Organica y Diversidad Funcional del
Microplancton en las aguas profundas del Atlantico Norte” (MODU-
PLAN, Ref. CTM2011-24008-MAR Plan Nacional |+ D+, Ministerio de
Economia y Competitividad) to M.M.V, and by the U.S. National Sci-
ence Foundation grant OCE-1153930 to D.A.H. This work is in partial
fulfillment of the requirements for a PhD degree from the University of
Vienna by E.L.C.

Conflict of Interest

None declared.

Submitted 18 October 2016
Revised 10 March 2017; 30 April 2017
Accepted 08 May 2017

Associate editor: Peter Hernes

2758


http://dx.doi.org/10.1016/j.dsr2.2016.06.017
http://dx.doi.org/10.1016/j.dsr2.2016.06.017
http://dx.doi.org/10.1073/pnas.0913533107
http://dx.doi.org/10.1073/pnas.0913533107
http://dx.doi.org/10.3390/ijms17081275
http://dx.doi.org/10.3354/meps288165
http://dx.doi.org/10.1104/pp.114.2.631
http://dx.doi.org/10.4319/lo.1967.12.3.0376
http://jeb.biologists.org/content/198/8/1791.article-info
http://dx.doi.org/10.4319/lo.1994.39.7.1669
http://dx.doi.org/10.1111/1462-2920.12035
http://dx.doi.org/10.1111/1462-2920.12035
http://dx.doi.org/10.1038/ismej.2012.28
http://dx.doi.org/10.1016/j.tim.2014.03.004
http://dx.doi.org/10.1016/S0967-0637(02)00008-0
http://dx.doi.org/10.1242/jeb.01730
http://dx.doi.org/10.1016/S0967-0645(97)00060-X
http://dx.doi.org/10.1093/plankt/fbm091

	l

