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Abstract

The spatial distribution of heterotrophic prokasstwas investigated during the Tokyo—
Palau cruise in the western part of the North Rasiibtropical gyre (NPSG) along a north—
south transect between 33.60 and 13.25° N. Thesemas conducted in three different
hydrological areas identified as the Kuroshio ragithe Subtropical gyre area and the
Transition zone. Two eddies were crossed alongdrdresect: one cold core cyclonic eddy
and one warm core anticyclonic eddy and distrim#iof the heterotrophic prokaryotes
were recorded. By using analytical flow cytometrydaa nucleic acid staining protocol,

heterotrophic prokaryotes were discriminated irtoe¢ subgroups depending on their
nucleic acid content (low, high and very high niclcid contents labeled LNA, HNA and
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VHNA, respectively). Statistical analyses performea the dataset showed that LNA,
mainly associated with low temperature and low ngigli were dominant in all the
hydrological regions. In contrast, HNA distributioseemed to be associated with
temperature, salinity, Cld and silicic acid. A latitudinal increase in the BMNA ratio
was observed along the north—south transect andelated to higher phosphate and nitrate
concentrations. However, the opposite relationsbiyserved for the VHNA/HNA ratio
suggested that the link between nucleic acid caraen oligotrophic conditions is not
linear, underlying the complexity of the biodiveysiin the VHNA, HNA and LNA
subgroups. In the Kuroshio Current, it is suggestledt the high concentration of
heterotrophic prokaryotes observed at station 4 lméed to the path of the cold cyclonic
eddy core. In contrast, it is thought that low camtcations of heterotrophic prokaryotes in
the warm core of the anticyclonic gyre (Sta. 9) ratated to the low nutrient concentrations
measured in the seawater column. Our results shdveaedhe high variability between the
various heterotrophic prokaryote cluster abundandepend both on the mesoscale

structures and the oligotrophic gradient.

1 Introduction

Marine heterotrophic prokaryotes play a key rolep@lagic ecosystems both in terms of
carbon sequestration and organic matter reminatiis Their distribution is controlled by
biotic (bottom-up control, top-down control by grag, virus lyses) and abiotic variables
(temperature, salinity, pressure, irradiance, aatrconcentrations). These possible limiting
variables are shared with the autotrophic commuiaityl competition for resources
inevitably occurs in order for each to survive lire tsame pelagic ecosystem. Competition
between heterotrophic prokaryotes and phytoplanKtondifferent forms of inorganic
nitrogen and phosphorus has been clearly demoedtbatth in laboratory experiments and
in the open ocean (Currie and Kalff, 1984; Vadsteif98; Thingstad et al., 1998).
Moreover, several studies have reported that disdobrganic compounds can be an
alternative nutrient source for some nutrient-steesphytoplankton (Duhamel et al., 2010;
Girault et al., 2013a). The common utilization lé tinorganic and/or organic matter, such
as dissolved organic phosphorus, could lead tgha toupling between the heterotrophic
prokaryotes and photoautotrophs along an oligoimgradient. However, the relationship
between heterotrophic prokaryote abundance andotaodighic conditions is unclear,

especially in terms of mesoscale structures suadddees (Baltar et al., 2010; Lasternas et
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al., 2013). The differences within the same typemalsoscale circulation reported in the
literature highlights that the relationship betwedreterotrophic prokaryotes and
photoautotrophs can be dependent on the ideniditaif the different microorganisms
making up the community (Girault et al., 2013b).

In this study, using analytical flow cytometry coiméd with fluorescent dyes, we were able
to identify three different subgroups among theklnfl heterotrophic prokaryotes: a group
characterized by a very high nucleic acid cont®HNA), another by a high nucleic acid
content (HNA), and finally a group with a low nuicl@cid content (LNA). Previous studies
have reported that the more active microorganiseesnsto have the higher nucleic acid
contents (Gasol et al., 1999; Lebaron et al., 20Gbmplementary results have suggested
that heterotrophic prokaryote activities are infloed by environmental parameters
especially under oligotrophic conditions (Zubkovaét 2001; Grégori et al., 2001, 2003a;
Nishimura et al., 2005; Sherr et al., 2006; Bouwtml., 2007). Using the basis of these
previous reports, the oligotrophic conditions imigeted in the western part of the NPSG
during the Tokyo—Palau Cruise enabled us to exartiaerelationship between different
groups of heterotrophic prokaryotes, as definedifigrent nucleic acid contents, and their
environmental conditions.

Investigations into the heterotrophic prokaryot&ribdution in the western part of the NPSG
are scarce and mostly restricted to the Kuroshioegdt or the area near the Japan shelf
during EI-Nifio events (Mitbavkar et al., 2009; Kaka et al., 2009; Kobari et al., 2011). In
contrast, the Tokyo Palau cruise was conductechdwistrong LaNifia condition and over
a large latitudinal gradient to include variousvsater masses. In this work, we studied the
extent to which abundance and distribution of uasideterotrophic prokaryotic groups,
defined by flow cytometry (VHNA, HNA, LNA) were ihienced by phytoplankton
distribution and environmental variables. The relahips between each heterotrophic
prokaryote group and two different mesoscale edhes anticyclonic and one cyclonic)
were also examined in order to identify any modificn in organism distribution which

could be related to the oligotrophic conditionsrfdwuring the cruise.

2 Materials and methods

2.1 Study area and sample collection
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This study was conducted from 17 January to 8 Felprl011 on board RT/V Shinyo Maru

during the Tokyo—Palau cruise. Samples were celtkat the western part of the NPSG
between 33.60 and 13.25° N along the 141.5° E@cr(§ig. 1). Twelve stations (Sta.) were
sampled using 2.5 L Niskin bottles mounted on aettes frame equipped with the

Conductivity—Temperature-Depth (CTD) and in situofometer system. Seawater was
sampled without replicates at several depths betvike surface and 200 m. Due to bad
weather conditions, the seawater samples betweénrstl and 4 were collected only at the
surface (3 m) wusing a single Niskin Bottle. At thegl stations, eXpendable

Conductivity/Temperature/Depth  profiling systems C(XD) were used to measure
temperature and salinity. The Brunt-Vaiséla buoyafiequency (N) was calculated using

the exact thermodynamic expression reported by Ktraj. (2012) (equation 1).

d 1
N? = gz(d—ﬁ—gj (1)

Wherez—’s Is the vertical gradient of-situ density p). The acceleration (g) due to the

gravity was assumed to be constant during the T-#!glau cruise (g=9.81) and the speed of
sound (g) was calculated depending on the depth, salimty temperature according to Del
Grosso, (1974)The mixed layer depths were estimated as the deptivhich the maximum
stratification occurred (i.e., maximum of &t each station). The irradiance was monitored at
five stations (5, 7, 9, 11, 12) using a ProfilingfleRctance radiometer (PRR 600 Biospherical
Instrument®). The depth of the euphotic layer wasineated as the depth of 1 % of

photosynthetically active radiation at noon.

2.2 Altimetry and large scale climatic conditions

The altimetry data (sea level anomaly) was produogdSsalto/Duacs and distributed by
Aviso, with support from CNES (http://www.aviso.@®bs.com/duacs/). The sea level
anomaly map centered on the 18 January 2011 wégglasing the Panoply software from
NASA (http://www.giss.nasa.gov/tools/panoply/). §map was processed by compiling the
data collected over a six weeks period before diel the chosen date (Fig. 1). The current
sea maps provided by the bulletin of the Japanesstuard were used to validate the
satellite data and display the paths of both thelotyc gyre and the Kuroshio Stream
(http://www1.kaiho.mlit.go.jp/KANKY O/KAIYO/gboc/inéx_E.html).
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2.3 Nutrient analyses

Nutrient samples were collected from Niskin bottlesmediately put into cleaned plastic
tubes in the dark, plunged into liquid nitrogen atdred in the deep freeze (—-60) until
analyses. The highly sensitive colorimetric metimambrporating the AutoAnalyzer 11 (SEAL
Analytical) and Liquid Waveguide Capillarity Celf¢/orld precision Instruments), was used
to determine nutrient concentrations (nitrate +iteit soluble reactive phosphorus and silicic
acid) according to the methods listed in Hashihatal. (2009) and Hashihama and Kanda
(2010). Seawater collected at the surface of theteme part of NPSG, which had been
preserved for > 1 year, was used as nitrate +tanitslank water. The blank water was
analyzed using the chemiluminescent method destribeGarside (1982). The detection
limits for nitrate + nitrite, soluble reactive plpd®rus and silicic acid were 3, 3 and 11 nM,
respectively. Because soluble reactive phosphoomsists mainly of orthophosphate and
nitrite was not substantially detectable, soluldactive phosphorus and nitrate + nitrite are
hereafter referred to as phosphate and nitrate.

: : . . .. dNut
The nutrient fluxes into the surface mixed layeravealculated using the equatldfmd—
z

where K is the local vertical diffusivityNut the concentration in nutrients (phosphates,
. I . gNut . . : .
nitrates or silicic acid) an . the vertical nutrient gradient. To compensateiriaagular

z

sampling depths among the stations, the nutriesfil@s were linearly interpolated onto the 1
m grid. Then, vertical nutrient gradients were gkldted between sequential depth bins
(Painter et al., 2013). This method has the adgenta show the nutrient flux from a
particular part of the water column. Due to theklat an Acoustic Doppler Current Profiler
(ADCP) on the ship, the local vertical diffusivifi{) was estimated using the literature (Table
1). Among the K values reported in the oligotroplionditions, a vertical diffusion

coefficient of 0.5 crhs™ was chosen as a standard value (Table 1).

2.4 Chlorophyll a and flow cytometry analyses

The depth of the deep chlorophyll a maximum wa®mieihed from fluorescence profiles

using the pre-calibrated in situ fluorometer. Toaswe chlorophyll a concentration, 250%cm

of seawater was filtrated through Whatman® nucleegiters (porosity~ 0.2 um) using a

low vacuum pressure (< 100 mm of Hg). Filters witren immersed into tubes containing

N,N-dimethylformamide (DMF)- and stored in the daak 4° C until analyses on shore.
5
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Chlorophyll a was analysed using a Turner Desitingdmeter pre-calibrated with pure Chl
a pigment (Suzuki and Ishimaru, 1990).

Samples for heterotrophic prokaryotes were colteétem the Niskin bottles and pre-filtered
onto disposable 100 um porosity nylon filters tevent clogging of any in the flow
cytometer. Seawater aliquots of 1.8 cm3 were fixeith 2 % (w/v final dilution)
formaldehyde solution, quickly frozen in liquid ragen and stored in the deep freeze onboard
(=60 °C) until analysis at the flow cytometry cdezility PRECYM of the Mediterranean
Institute of Oceanology (http://precym.mio.osupw$iér). In the PRECYM, samples were
thawed at room temperature and stained using SYBRIGII (Molecular Probes®) methods
detailed in Marie et al. (1999), Lebaron et al.98Pand modified by Grégori et al. (2003b).
The analyses were performed on a FACSCalibur flosioroneter (BD Biosciences®)
equipped with an air-cooled argon laser (488 nm,niW). For each particle (cell), five
optical parameters were recorded: two light scatignals, namely forward and right angle
light scatters and three fluorescences correspgnttinemissions in green (515-545 nm),
orange (564-606 nm) and red (653—669 nm) waveleragtges. Data were collected using
the CellQuest software (BD Biosciences®) and thalysms and optical resolution of the
various groups of heterotrophic prokaryotes wemtopmed a posteriori using the SUMMIT
v4.3 software (Beckman Coulter). For each sample rantime of the flow cytometer was 2
min and the flow rate set to 50 pL.min-1 (corresping to the “Med” flow rate of the flow
cytometer). Trucount calibration beads (Becton Dickinson Biosciencesjenalso added to
the samples just prior to analysis as an intertealdard to monitor the instrument stability
and accurately determine the volume analyzed. Wollp the staining of the nucleic acid with
SYBR Green Il, heterotrophic prokaryotes, excited@8 nm, were recorded and enumerated
according to their right-angle light scatter iniégngSSC) which relates to the cell size and
their green fluorescence intensity (515-545 nm)civinelates to the nucleic acid content. As
already widely described in the literature, sevdraierotrophic prokaryote groups can be
optically resolved by flow cytometry depending oheit average green fluorescence
intensities related to their nucleic acid conteimt this study, a group of cells with a lower
green fluorescence corresponding to heterotrophi&gpyotes with a lower nucleic acid
content (LNA), a group of cells displaying a higleen fluorescence corresponding to a
higher nucleic acid content (HNA) and a last grooip cells with the highest green
fluorescence intensity corresponding to the higinesieic acid content (VHNA) (Fig. Al).
The overlap between the stained phytoplankton, artiqular Prochlorococcus and

Synechococcus, and the heterotrophic prokaryotes (in terms @efegrfluorescence and side

6
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scatter intensity) was resolved by using red flaoeace (induced by the chlorophyll) to
discriminate and identify the photoautotrophs (&&r et al., 1995). The heterotrophic
prokaryote abundances were also expressed for @aster (LNA, HNA and VHNA) in
terms of carbon biomass using a conversion fadtd5dg.C.cell* (Caronet al., 1995). The
carbon biomass was integrated between the surfatehg 200 m depth in order to better
characterise the upper water column. Although $hisly focuses on the distribution of the
heterotrophic prokaryotes, ultraphytoplankton wse anvestigated during the Tokyo-Palau
project. Briefly, the ultraphytoplankton was santpklhanks to Niskin bottles and filtrated
through a 100 pm mesh size. 4.5 ¢twf subsamples preserved with 0.5 twf a 20 %
formaldehyde solution (i.e., 2% final concentrajiavere put into 5 cf Cryovials tubes.
Similarly to the heterotrophic prokaryote sampl€syovials tubes were rapidly frozen in
liquid nitrogen and stored in a deep freezer (-&) &ntil analysis. Analyses were all
performed in the same period than the heterotrophi&aryotes and based on their light
scatter and fluorescence emission properties. phytmplankton was discriminated in this
study into five flow cytometry clustersSfnechococcus, Prochlorococcus, Picoeukaryotes,

Nanoeukaryotes and Nanocyanobacteria-like) as ithescin Girault et al. (2013b).

25 Statistical analysis

To analyse the multivariate data set, principal ponent analyses (PCA) and redundancy
analysis (RDA) were performed using the R softw@egan package) and the Biplot macro
for Excel® (Lipkovich and Smith, 2002). PCA was fpemed in order to qualitatively
identify the relationships between heterotrophiokaryotes and the environmental
variables (Pearson, 1901). Possible links betweeh @eterotrophic prokaryote subgroup
and their environmental variables were quantitéfivexamined using the RDA. For the
RDA, the data set was log10 (x+1)-transformed twemt for the large differences in scale
among the original variables. A Monte-Carlo tesswaed in order to test the significance
of the RDA results. Partial RDAs were also carrmd to evaluate the effects of each
explanatory variable set on the heterotrophic pngia composition (Liu, 1997). The first
RDA was performed on the whole data set by takimigp iaccount the heterotrophic
prokaryotes as one single group. Additional partRiDAs were performed for each
subgroup (LNA, HNA, and VHNA). The environmentalrigdles in the additional partial
RDAs were classified into three intercorrelatedialale groups, namely: the depth-related
parameters (phosphate, nitrate, depth), spatiale@lparameters (temperature and salinity)
and the phytoplankton-related parameters @ahd silicic acid). This decision was made

7
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considering the results of the PCA (environmentatiables were separated into three
groups).

3 Results

3.1 Sampling sitesand ultraphytoplankton distribution.

The cruise took place along a north—south transettte western part of the NPSG (141.5°
E) during a strong La-Nifia climatic event. Accoglito the temperature—salinity diagram
presented in the study made by Girault et al. (BD1tBree main areas corresponding to the
Kuroshio region (Sta. 1-4), the Subtropical gyra(S—-8) and the Transition zone (Sta. 9—
12) were discriminated (Fig. 1). Separation betwibenTransition zone and the Subtropical
gyre was made using the salinity front observedirsai station 8. The discrimination
between the Kuroshio area and the Subtropical ggesvater masses was confirmed by
comparing the Tokyo-Palau data set and the studfi&ekine and Miyamoto (2002) and
Kitajima et al. (2009). The cruise crossed two nmeddies identified in this study as a cold
core cyclonic eddy (C), and a warm core anticydagildy (A) (Fig. 1). Eddy C (31° N,
141° E) is located in the Kuroshio region and edd{20.5° N, 142° E) in the Transition
zone. Thanks to the satellite data and daily sarfagrents of the bulletin of the Japanese
coast guard, the creation of the cold core strectuas explained by the instability in the
meander of the Kuroshio Current between 9 and 123ubf 2010. The cold core was
continuously reported all along the cruise. Thetriiigtion of the ultraphytoplankton
assemblages observed during the Tokyo-Palau cnasereported in detail in the study of
Girault et al., (2013b). Briefly, ultraphytoplanktavas characterized by an heterogeneous
distribution of its phytoplankton groups associat@th the complex distribution of the
various seawater masses met during the cruiseudimg salinity front, subtropical
countercurrent, eddies). Among the phytoplanktonmrmainities Prochlorococcus
numerically dominated the ultraphytoplankton asdegds in the samples collected in the
stratified oligotrophic areas such as the Subtadpgyre area and the Transition zone.
Picoeukaryotes, Nanoeukaryotes @ytechococcus also constituted a significant part of
the carbon biomass in the region depleted in phaispdnd nitrate. The role of the cold core
eddy C was reported at the surface where the higlmegentration of Nanoeukaryotes in
the surface sample was found in the very core @fcitlonic eddy (Sta. 3) and where, the

Synechococcus outnumbered th@®rochlorococcus abundance in the path of the cold core

8
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cyclonic eddy (Sta. 4). The Nanocynaobacteria-fjk@up was reported to be controlled by
the frontal system observed at station 9 rather tha concentration of inorganic nutrients.

3.2 Stratification of seawater masses and vertical nutrient fluxes

The Brunt-Vaisala buoyancy frequencies calculatedhfthe CTD data set are characterized
by low N values (<2x13 s?) from the surface down to the 90 m depth (FigB&low this
depth, the vertical distribution of °Nwas more irregular and reached at the maximum
1.09x10° s? at station 11 (90 m). Figure 2 also shows thatdéeth of the Rl maximum
(thermocline depth) tended to be shallower in thetlsernmost part of the transect (Sta. 1,
185 m to Sta. 11, 90 m) underlying the strengthgrmhthe upper thermocline when the
heat flux at the surface is positive and wind ngxis low in the South part of the transect.
Along the latitudinal transect, two particular vetuof the thermocline depths were found at
station 3 (145 m) and at station 9 (140 m) corredpw to the cyclonic and anticyclonic
eddies, respectively. Moreover, excepted at staiand station 9, the first increases 6f N
(> 2x10* s?) from the surface to the 200 m depth correspontethe depth of the
thermocline and indicated the lack of seasonahtbeline as already described in Sprintall
and Roemmich (1999). The limit of the euphotic tafgkefined by the depth with 1 % of the
irradiance at the surface) was also plotted in i€dli During the cruise, this limit varied
from 84 m (Sta. 7) to 115 m (Sta. 12). Except stefil, the limit of the euphotic layer was
located upper the thermocline. The average of biselate difference between the euphotic

layer and the thermocline depths was 34 +11 m.

Figure 3 shows the vertical gradient of nutriemisosphates, nitrates and silicic acid). The
vertical phosphate profiles were characterized wery low gradient (<1 nM.f) in the
upper 100 m from station 6 to station 12. Both fwsiand negative gradients were
observed and no specific distribution between theas found. Under the depth of 100 m,
higher phosphate gradients (> 3 nM)mvere found and defined the phosphacline depths as
displayed in Figure 4 of the study made by Giraatltal. (2013b). Nitrates showed that
vertical profiles closely corresponded to phosphatéh negative or positive values lower
than 5 nM.nT and higher gradient below 100 m. The verticalritistion of the silicic acid
gradient was more complex with moderate gradieatsying from 0.01 to 0.02 pM.m
were observed in the upper 100 m depth at stabpBs 7, and 12. Similarly to phosphates
and nitrates, the highest gradients of silicic g€id4 pM.nt) were found below 100 m
depth from station 6 to station 10. Taking intoaot all the panels of Figure 3, Station 8
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showed a particular pattern between 100 m and 1686pths where two superimposed high
gradients were observed. The depths of these higgients were found to be similar for
phosphates and silicic acid (100-115 m and 130+hb®ut the vertical profile of nitrates
gradient showed a slightly lower depth (130-140 md a 155-170 m).
By using a vertical diffusion coefficient of 0.5 &st', the nutrient fluxes were calculated
from station 5 to station 11 (Table 2). Phosphhirek into the surface mixed layer were
negative at stations 5 and 6 (-0.52 and -1.34 pmfoti®, respectively) and positive from
station 7 to station 11. The positive phosphateefuwere maximum at station 7 (9.43
umol.m?.d") and decreased to reach 1.38 umdldi at station 11. The percentages of
diffuse flux per day relative to the standing stackhe mixed layer were particularly low
and varied from -0.03 % (Sta. 6) to 0.76 % (StaNsyate fluxes into the mixed layer were
positive and highly variable along the transect {o-81.3 pmol.rif.d™). The percentage of
daily diffuse supply relative to the pool refletkss result and varied from ~0 (Sta. 7 and
10) to 432 % (Sta. 8). The Silicic acid fluxes wegtebally higher than the phosphate and
nitrate fluxes calculated in the mixed layer (up5@l.1 pmol.if.d; Sta. 9). The daily
diffuse supply relative to the mixed layer pool ias and spread from 0.002 % (Sta. 5) to
0.48 % (Sta. 9).

3.3 Distribution of the heterotrophic prokaryotes

After staining with the SYBR green Il fluorescenyed three clusters of heterotrophic
prokaryotes were characterized by their differaeeg fluorescence mean intensities (Fig.
Al). In the surface samples of the Kuroshio rediom average concentrations of LNA,
HNA and VHNA were, 8.71x1@3.8x10, 3.27x10+1.4x10 and 2.64x1%1.2x10
cells.cn?®, respectively. In the Subtropical area the averameentrations of LNA, HNA
and VHNA were 6.01x1%1.2x10, 2.97x16+1.4x10 and 1.84x1%6.4x10d cells.cn?’,
respectively. In the Transition zone the averagecentrations of LNA, HNA and VHNA
were 5.18x101.8x10, 4.38x10+1.6x1F and 1.15x186.2x10 cells.cm®, respectively
(Fig. A2). Despite the high variability between tbencentrations along the north-south
transect, the distribution of the three heterotropinokaryote groups was characterized by a
common maximum at station 4 and a minimum at stelioAt station 4 the concentrations
of LNA, HNA and VHNA were 1.39x19 5.03x10 and 4.35x1%ells.cn?®, respectively. In
contrast, the concentrations of LNA, HNA and VHNAs#ation 9 were 2.07x201.6x10

and 5.07x1fcells.cm®, respectively. To a lesser extent, high conceotiat of LNA

10
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(9.13x10cells.cm®) and HNA (3.62x18ells.cm®) were identified at the northernmost
station of the Kuroshio region (at station 1).

The vertical distributions of heterotrophic prokatgs were also investigated along the
transect (Fig. 4). As for surface, the verticaltritisitions of all heterotrophic prokaryote
groups are characterized by lower cell concentnatat station 9. In this very station both
LNA and HNA concentrations are significantly lowtyan at the other stations (Kruskal
Wallis test, n = 90, P value < 0.05). The LNA chrsis numerically dominant in 99 % of
the samples. The VHNA concentrations are lower tharHNA in 75 % of the samples. In
term of carbon biomass, the LNA cluster numericalbminated the other clusters from
Station 5 to Station 12 (Fig. A3). The latitudiaintribution of the LNA cluster to the total
heterotrophic prokaryotes in terms of carbon bianeaaied from 47 % (Sta. 9) to 63 %
(Sta. 6). Contribution of the HNA cluster is chaeaized by a low percentage at stations 5
and 6 (22 % and 16 %, respectively) and a neartaonhsontribution between station 7 and
the southernmost station 12 (33 = 2 %; n=6). Thetrdmution of the VHNA cluster was
nearly constant from station 5 to 9 (19 + 2 %; n3%)en, it reached the lower values in the
Transition zone (14 % at Sta. 10, 5 % at Sta.1112% at Sta.12).

Figure 5a displays the ratios of HNA/LNA concentrat depending on depth. In the
Kuroshio region, ratios are low and varied from0(&ta. 2) to 0.44 (Sta. 3). In the
Subtropical gyre area, the ratios varied from 3. 5, 70 m) to 0.82 (Sta. 7, 10 m). The
higher ratios (up to 1.03 at Sta. 10, 10 m) werseoled in the surface layer of the
Transition zone. In the Transition zone and thet®ypical gyre area the higher ratios
measured were found between the surface and 10€igare 5b shows the ratio of
VHNA/HNA concentrations depending on depth. In #roshio region the ratio varied
from 0.53 (Sta. 3) to 1.46 (Sta. 2). In the Subitralpgyre area, the ratio varied from 0.10
(Sta. 7, 58 m) to 1.93 (Sta. 9, 175 m). In the $itaan zone the ratio varied from 0.10 (Sta.
12, 70 m) to 1.47 (Sta. 12, 180 m). The averagd@VHNA/HNA ratio (0.37 + 0.35) in
the Transition zone was the lowest of the threepdamnregions (0.78 + 0.44 in the
Subtropical gyre; 0.88 £ 0.41 in the Kuroshio regio

34 Statistical analysis

Results of the Principal Component Analysis (PCAJ ¢he Redundance Analysis (RDA)
are shown in Figures 6 and 7, respectively. Theetation circle of the PCA, displays the
first two principal components (PC1 and PC2) whacicounted for 32.44 and 27.67 % of

11
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the total inertia, respectively. The third and tbuprincipal components are not shown due
to the low inertia exhibited (11 and 8 % of theatahertia, respectively) and the lack of any
clear ecological understanding. Silicic acid, @hIVHNA and LNA where differentiated
from temperature and salinity by PC1, while PC2niyadifferentiated depth, nitrate, and
phosphate (negative coordinates) from the HNA ehsst(positive coordinate). Using
hierarchical classification the sampling depths eveeparated into six different clusters
(Table 3 and Fig. 6.) Cluster 1 characterizedradl gtations located in the Kuroshio region.
Cluster 2 corresponded to samples collected atdge of the Subtropical gyre and contains
the deepest sample collected at station 9 (200stadion in the anticyclone eddy in the
transition zone. Samples in Cluster 3 were coltettelow a depth of 125 m where nitrate
and phosphate concentrations were higher than ddace samples. This cluster was
defined as the deep layer group. Cluster 4 samptae collected in the center of the
subtropical gyre (stations 7 and 8) where hetepbiio prokaryote concentrations were at
their maximum in the seawater column. Cluster Saggnted the samples collected in the
anticyclonic eddy where a marked salinity has breported (Girault et al., 2013b). Located
in the Transition zone, at the southernmost statibe sixth and last cluster group was
characterized by the highest salinity and tempegatalues. This last cluster (blue dots in
the Fig. 6a) is distinguished from the deep layewupg (Cluster 3, green dots) by the low
nutrient concentrations measured in the upper layer

A redundancy analysis (Fig. 7) was then performedfind out how the measured
environmental factors influenced the distributioh heterotrophic prokaryote subgroups
sampled during the cruise. The cumulative percentd@ll canonical eigenvalues indicated
that 69.1 % of the observed heterotrophic clustariations were explained by
environmental factors. The first two axes of theAR&xplained 38 and 24 % of the total
variance, respectively. Monte-Carlo tests for theseaxes were significant (P value < 0.05,
using 999 permutations) and suggested that envieatahparameters might be important in
explaining heterotrophic prokaryote distributiomeTfirst axis is negatively correlated with
salinity and positively correlated with the LNA ster. The second axis is negatively
correlated with temperature and the HNA cluster positively correlated with the VHNA
cluster. RDA suggested two main correlations betwélke LNA cluster and the
phytoplankton-related variables (Chl a and silexwed) and the HNA cluster with the depth-
related variables (nutrients such as nitrate amspimate and depth).

To confirm and quantify these possible correlatidngartial RDAs were also performed:

one partial RDA using all the heterotrophic proldeg at once and one additional partial
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RDA for each heterotrophic prokaryote subgroup (LNNA and VHNA). Results of the
partial RDA performed on all the heterotrophic @mplotes showed that among the six
environmental variables measured during the crigabnity and temperature statistically
contribute for 24 and 7.5 % of the variation of theterotrophic prokaryotes, respectively.
To a lesser extent, phosphate alone explained 2btbe variability, whereas Chl a, nitrate,
depth and silicic acid explained only 1.8, 1.7, ard 0.86 %, respectively. The partial
RDAs performed either on LNA, or HNA, or VHNA indited that environmental
parameters can explain 60, 55 and 27 % of the vaténce, respectively (Table 4). Partial
RDA results showed that the spatial related pararaetione can explain up to 31 % of the
variation in the heterotrophic prokaryote distribnt The depth-related parameters
explained between 6 and 8 % of the variance ardallyinhe phytoplankton-related group
explained a maximum 4 % of the variance in the LiNg&erotrophic prokaryotes. As far as
the HNA cluster is concerned, the joint variatidrntlee spatial- and phytoplankton-related
parameters explained 22 % of the variance.

4 Discussion

4.1 Latitudinal distribution of heterotrophic prokaryotes and interaction with
phytoplankton

The heterotrophic prokaryote clusters defined lbyfcytometry are distributed according
to three main areas corresponding to different aeawmasses: (i) the Kuroshio region,
where the highest heterotrophic prokaryote coneéiottrs were measured, (i) the
Subtropical gyre and (iii) the Transition zone bolfaracterized by a high variability in the
heterotrophic prokaryote concentrations in the sgamwcolumn (Figs. 1, 4 and A2).
Influence of the seawater masses was also evideaidbe subgroup level, where ratios of
heterotrophic prokaryote abundances varied aloegldhitude (Fig. 5). As a latitudinal
partition of the ultraphytoplankton assemblages @aig® reported in the same region as
described in the study of Girault et al., (2013mgterotrophic prokaryotes-phytoplankton
interactions are expected, as already observednre ligotrophic conditions (Gasol and
Duarte, 2000; Gomes et al., 2015). However, “pgiejtoplankton-related parameters such
as a bottom up control of the VHNA, HNA, and LNAsttibutions only accounted for a
small fraction (1-4 %) of the explained variaticgrsd significantly differed from some

previous experiments conducted in oligotrophic ¢omaks (Sherr et al., 2006; Bouvier et al.,
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2007; Van Wambeke et al., 2011). The lack of imgartcorrelation between such
phytoplankton-related parameters and heterotropfokaryotes should be nuanced by the
high percentage (22 %) of the partial joint vaaati(spatial- and phytoplankton-related
parameters) found for the HNA cluster. It highligthtthat phytoplankton-related variables
were less important for VHNA and LNA than HNA. Thiariability may indicate that the
species in the HNA cluster better interacted whth phytoplankton than those in the LNA
or VHNA clusters. This is in agreement with a studyGasol et al., (1999). This interaction
can be reinforced by the predominant role of thepierature, confirmed by the statistical
analysis. Indeed, temperature is known to contreldctivity of heterotrophic prokaryotes
in the NPSG (White et al., 2012). Consequently,thgial RDA evidenced and quantified
that: (i) the LNA distribution is mainly explaindxry temperature and salinity and (ii) HNA
distribution is mainly explained by an associatadrvariables (temperature, salinity, Ghl

and silicic acid) rather than a single environméefatetor.

The choice of the association of Ghhnd silicic acid in the phytoplankton-related tdus
was motivated by the PCA and RDA results. Consigetine Chla concentration as a proxy
of phytoplankton biomass, evidences of local Silelegn associated with blooms of
diatoms was reported in the Kuroshio Current arEsliihama et al., 2014). This study also
pointed out that large phytoplankton can be in garttrolled by the availability of the
silicic acid in this very region. However, the effef silicic acid on phytoplankton over a
larger scale was unexpected, such as the lowesentrations of phosphate and nitrate
reported in the euphotic layer of the western pathe NPSG area (Hashihama et al., 2009,
2014; Girault et al., 2013b). Moreover, Si:N:P staometry identified nitrogen and/or
phosphorus to be potential limiting factors durihg Tokyo—Palau cruise. As far as the
smaller phytoplankton sizes are concerned, ther@and the importance of silicic acid
uptakes are still controversial. It is the case tims cruise especially when low
concentrations of large silicified organisms wereasured. However, a high efficient
uptake of silicic acid in the NPSG explained byganeration mechanism initiated from the
marine bacterial assemblages and/or Si-bioaccuronlat some strains dBynechococcus
could in part explain the statistical associatiérCal a-Silicic acid as found in this study
and already described in the literature (Bidle Amdm, 1999; Baines et al., 2012; Krause et
al. 2012).

4.2 Nutrient fluxesand their biological relevancein a stratified system

14
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In addition to the latitudinal pattern, the hiefaoal classification also demonstrated a
vertical variation of the heterotrophic prokaryotdistributions during the Tokyo—Palau
cruise (Cluster 3; Table 3; Fig. 6). Associatiorboth latitudinal and vertical variations of
VHNA, HNA and LNA abundances are uncommon in oligphic conditions and it
confirmed the complexity of mesoscale structurgmned in Aoki et al., (2002) and Van
Wanbeke et al. (2011). This stratified environmesais particularly well defined by the
pronounced thermocline and nutricline and lead pmssible relationship between nutrient
concentrations and heterotrophic prokaryotes dsig@irault et al., 2013b). Although the
partial RDA showed that the “pure” depth-relatediatales poorly explained the total
heterotrophic prokaryotes variance (6 - 8 %), tn@ ®f their joint effect can explain more
than 26 % of the total variation in the LNA distitibn, underlying the differences in
nutrient utilisation and requirements at the subpgrdevels. From the perspective of
nutrients these results also suggested that LNat@luwas less abundant than HNA under
low phosphate and nitrate conditions (Fig. 4). Tisisin contrast with the hypothesis
proposed for severely P-limited environments wisabgests that inorganic phosphorus can
exert more severe physiological constraints orgtiogvth of HNA than LNA (Nishimura et
al., 2005; Wang et al., 2007). However, it is intpat to note that both LNA and HNA
clusters are likely to include different strainsmicroorganisms including species adapted
to the warm, which have been shown to have lowaimal P cell quotas (Hall et al., 2008).
The link between these warm-adapted species andethaucleic acid content is however
still unclear and depends on the type of envirortnf@ndrade et al., 2007; Van Wanbeke et
al., 2011). According to Andrade et al. (2007), theriation in the HNA/LNA ratio
observed suggests that low nutrient conditions deed HNA cells over LNA cells. This
result along with the statistical analysis perfodnie this study may suggest that HNA
species are more warm-adapted than LNA in the Spiotil gyre and Transition zone.
Decrease of the VHNA/HNA ratio also suggests thatrtumerically dominant species with
high nucleic acid content (HNA) might be more waandapted than the cells with the
highest nucleic acid content (VHNA). These contrastesults highlight the complex and
non linear link between the cell nucleic acid cotgeand the various ecological meanings
as reported in Bouvier et al., (2007) and Van Waglet al. (2009).

As the PCA and RDA analyses did not integrate tteent supplies from the mixed layer,
a theoretical estimation of the nutrient inputs wasdculated using the Brunt-Vaisala
buoyancy frequencies (Tables 1 and 2). The reebltmned should obviously be taken with

caution, especially for nitrates due to the impuetaof diazotrophy and to episodic dust
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deposition not negligible in the NPSG (Wilson, 2083ajima et al., 2009; Maki et al.,
2011). Moreover, the oscillation of positive andgatve values in phosphate-depleted
condition also pointed out the approximation linked the limit of detection of the
phosphate concentration (3 nM) in the oligotrophpper layer. At the cruise scale, the
comparison between phosphate or silicic acid flusesl the mixed layer integrated
concentration of nutrients suggested that the dahffyuse fluxes were of minor importance
to resupply nutrients to the surface. Both phosghaitrogen and silicic acid diffuse fluxes
were in the range of values reported in oligotropiunditions (Gasol et al., 2009; Painter et
al., 2014). This result emphasizes the importald o the microbial loop to sustain the
growth of organisms in the western part of the NPAGhe local scale (Sta. 8), signature
of the subtropical counter current (STCC) was alddenced by the nutrient fluxes despites
no noticeable pattern of observed buoyancy frequdbae to the various locations of high
gradients, utilisation of nutrients was not unifoamd indicated that nitrate from the bottom
layer could support the growth in the vicinity detSTCC layer. The vertical nitrate input
appeared to be important because the associatiomitodcline with thermocline
mathematically maximized the daily flux relatedth@ standing pool. Although, Figure 4
did not evidence particular distribution of heteophic prokaryotes close to the STCC layer,
integrated heterotrophic prokaryote abundance amdboa biomass of HNA in the
Subtropical gyre area were maximum at station §.(AB). This result is also observed for
the ultraphytoplankton distribution where high cenirations were found at this very
station (Girault et al., 2013b). In contrast to tbe nutrient fluxes observed at the cruise
scale, relationships between the STCC and micrdbadl webvia the nutrients fluxes
appeared to be an important mechanism to susteiredbsystem in the very Subtropical

pacific gyre area.

4.3 Distribution of heterotrophic prokaryotes and eddies

In oligotrophic conditions, environmental factorentrolling the distribution of the
heterotrophic prokaryotes have usually been condpfe two extreme cases: under and
outside the influence of an eddy (Baltar et alJ®0However, few investigations only have
addressed the distribution of heterotrophic proétey along a spatial oligotrophic gradient
(Thyssen et al., 2005) or taken into account treeaidhe eddy (Sweeney et al., 2003; Rii et
al., 2007). Among the two notable eddies crossethguhe Tokyo—Palau cruise, the cold
core mesoscale structure C was found at statioRi@ 6). With a lifespan exceeding 6
months, this cold core eddy was patrticularly oldem common cyclonic eddies generated
16
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by the Kuroshio instability as reported by the Japast guard data center (~1 month). A
six month old cyclonic eddy in the “closed” modahcbe associated with its decay phase,
where intense blooms can be observed but whichdggckficant diatom abundance (Seki et
al., 2001). As the pumping effect and the highestrophytoplankton concentration were
found at station 3, the classical biogeochemicaperties normally associated with an eddy
(i.e. single nutrient pulse, “closed system”) canoorrectly describe the cyclonic eddy
encountered during the Tokyo—Palau cruise. This bbtween theory and observation was
also reported in other oligotrophic areas (Sekiakt 2001; Bidigare et al., 2003;
Vaillencourt et al., 2003; Landry et al., 2008).thvihree stations only (stations 2, 3, and 4),
only a snapshot of the eddy effects could be ptedeand it remains difficult, not to say
impossible, to describe further the local effecthed eddy during the cruise. Aware of this
limitation, a more complex approach including tla¢hpof the eddy associated with multiple
nutrient inputs has been purposed to explain thaabilty in microrganisms as
demonstrated by Nencioli et al. (2008). This scendid match well with the Tokyo-Palau
data set, where the cold core of the cyclonic eddwed to the north-west between
December and the sampling time of the cruise. Tdtl pf the cold core cyclonic eddy
could explain the possible decrease in the nutuetake from the bottom layer at station 4
and lead to an oligotrophic system dominated byemegation processes. The high
abundance of heterotrophic prokaryotes measurdtadge of the cyclonic eddy could be
explained by the high activity in the microbial pdrhis activity can be in part enhanced by
a more efficient vertical exchange of seawater emsg the periphery rather than at the
center of the eddy (Stapleton et al.,, 2002; Klemd d.apeyre, 2009). Similarly, the
numerical dominance d@ynechococcus, observed only once in the surface samples during

the cruise, may be the result of the change irhicoponditions (Girault et al., 2013b).

In contrast to the frontal structures reportedhia literature (Aristegui and Montero, 2005;
Baltar et al., 2009; Lasternas et al., 2013), theosd eddy (A) located between the
Subtropical gyre and the Transition zone was charaed by the lowest concentrations of
heterotrophic prokaryotes found during the cruiddese low concentrations were
noticeable for all the clusters (LNA, HNA and VHNAhd suggested that the anticyclonic
eddy did not enhance nor limit one particular hetephic prokaryote cluster between the
surface and the bottom of the thermocline (Fig.T4e high increase in VHNA and LNA

compared to HNA, below the thermocline were uncomnmothe meso- and bathypelagic

zones of oligotrophic areas where the concentrabbnHNA and LNA decreased
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significantly with depth (Van Wambeke et al., 20Mamada et al., 2012). Among the
environmental variables apt to influence the rafigche heterotrophic clusters, increase in
nutrient concentrations associated with the sldppging mechanism may partially lead to
the high abundance of VHNA observed at the bottdérihe euphotic layer, as previously
reported by Thyssen et al., (2005). The sloppyifegtypothesis is ecologically coherent
because the limit of the euphotic layer was notptedi with the thermocline, underlying

that a part of the organic material produced infam&r could be transported below the

euphotic layer by vertical migration of organisnmgproving the grazing activity.

5 Conclusions

This study along a 2300 km transect in the NorthifRasubtropical gyre area during a
strong La Nifia condition showed that the heterdtroprokaryote distribution is correlated
with three different seawater masses identifie@)ake Kuroshio, (ii) the Subtropical gyre
and (iii) the Transition zone. A latitudinal incezain the HNA/LNA ratio was found along
the equatorward oligotrophic gradient and suggesiiffdrent relationships between the
various heterotrophic clusters and the environmessaables measured in situ during the
cruise. The statistical analyses highlighted thatrhajority of the heterotrophic prokaryote
distribution is explained by temperature and splinNutrients and phytoplankton-related
variables had different influences depending onlLtN&, HNA and VHNA clusters. LNA
distribution is mainly correlated with temperatwed salinity while HNA distribution is
mainly explained by an association of variablesnfierature, salinity, Chl a and silicic
acid). During the cruise, two eddies (one cyclamd one anticyclonic) were crossed. The
vertical distributions of LNA, HNA and VHNA were westigated. Based on the current
surface map and the microorganism distributiois reasonable to form the hypothesis that
the high concentration of heterotrophic prokaryaibserved at station 4 was linked to the
path of the cold cyclonic eddy core. In contrastthe warm core of the anticyclonic eddy,
lower heterotrophic prokaryote concentrations aiggested to be linked to the low nutrient
concentrations. Results described in this studyhligigt the high variability of each
heterotrophic prokaryote cluster defined by thaiclaic acid content (LNA, HNA, and
VHNA) with regard to the mesoscale structures dredligotrophic gradient observed in
situ within the area of the North Pacific subtrapigyre.
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2

Table 1. Literature estimates of vertical turbuldiffusivity rates obtained using different

methods in the oligotrophic conditioma indicates information not mentioned.

Depth | Diffusivity
Domain Location Reference
(m) (cn’.sY)

North Pacific 22°N-158°W 300-500 | 0.1-0.5 (Christian and Lewis, 1997)
Subtropical 35—-44°N, 150-170°W| na 0.2-0.4 (White and Berstein, 1981)
Gyre 10°N-40°N 0-1000 | 0.3 (Van Scoy and Kelley, 1996

22°N-158°W Euphotic | 1-2 (Emersoret al., 1995)
Pacific Ocean | 20°S-20°N 125 0.5 (Li etal., 1984)

20°N-60°N 100 1.8 (Li etal., 1984)
Tropical North | 5°N-10°N, 90°E na 0.05-0.16 | (King and Devol, 1979)
Pacific Ocean | 10°N-15°N, 85°E na 0.44-1.10 | (King and Devol, 1979)
Subtropical 25°N, 28°W 300 0.12-0.17 (Ledwellet al., 1998)
North Atlantic | 28.5°N, 23°W 100-400 | 0.37 (Lewiset al., 1986)

31°N, 66°W <100 0.35 (Ledwellet al., 2008)
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Table 2. Phosphate, nitrate and silicic acid diffesfluxes into the surface mixed layer and the ontgnce of supply term relative to the

standing pool size.

Daily diffusive

Daily diffusive

Daily diffusive

_ _ Mixed layer | Phosphate flux | Nitrate flux | Silicic acid flux .
Station | Latitude , ... | supply relative , ... | supply relative 5 1 supply relative to
depth (m) | (umol.m“.d”) (umol.m=.d”) (umol.m=.d™)
to pool (%) to pool (%) pool (%)
5 28.98 141 -0.52 -0.01 3.63 0.01 2.25 0.002
6 27.16 136 -1.34 -0.03 12.88 0.04 54.09 0.03
7 24.83 109 9.43 0.69 0 0 142.21 0.21
8 22.83 101 7.78 0.76 81.3 432 351.36 0.39
9 20.78 140 6.48 0.68 13.91 5.7 571.1 0.48
10 19.98 95 1.38 0.16 0 0 0.006 0.01
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1 Table 3. List of observations from stations 1 toahtl their classification into six clusters

according to the principal component analysis (PCA)

3
CFI)L?S'?er Observations La(L:[)l’t\Iu)de Station Depth (m)
1 1 33.6 1 0
1 2 33 2 0
1 3 31.6 3 0
1 4 31 4 0
2 5,6,7,8910,11,12,13 28.6 5 0,40,60,70,78,801200140
2 15,16,17,18,19,20,21,22,237.1 6 0,25,60,75,80,90,100,115,125
2 32,3334 24.5 7 75,90,101
2 40,41 22.5 8 110,125
2 55 20.5 9 200
3 14 28.6 5 160
3 24 27.1 6 150
3 42,4344 22.5 8 135,150,165
3 54 20.5 9 160
3 61 19.6 10 125
4  25,26,27,28,29,30,31 24.5 7 0,10,25,40,58,59,60
4  35,36,37,38,39 22.5 8 0,25,50,75,95
5  45,46,47,48,49,50,51,52,520.78 9 0,25,50,75,100,120,130,140
5 59,60,62 19.6 10 75,100,150
6 56,57,58 19.6 10 0,25,50
6 63,64,65,66 17.2 11 0,30,45,60
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Table 4. Partial redundancy analysis performed ach éheterotrophic prokaryote cluster

optically resolved by flow cytometry: low nucleiccid content (LNA), high

nucleic acid content (HNA) and very high nucleicidacontent (VHNA).

According to the PCA results, Chland silicic acid are the phytoplankton-related

variables. Temperature and salinity are the spmatlated variables. Nitrate,

phosphate and depth are the depth-related varididdegative values characterized

the lack of any correlation between heterotrophickaryote clusters and the

variables tested.

LNA HNA VHNA

Total explained variance 60% 55% 27%
Joint variation Phyt_oplankton-related and 6% -1% -1%

spatial- and depth-related

Spatial-related and 10 0 10

phytoplankton-related 1% 22% 4%
Partial joint variation Spatial- and depth-related 9% 1% 5%

Depth-related and phytoplankton- 3% 1% 0%

related

Phytoplankton-related 4% 1% 1%
Unique variation Depth-related 8% 8% 6%

Spatial-related 31% 23% 20%
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Figure Al: Example of flow cytometry analysis pemed to discriminate and count the
heterotrophic prokaryote assemblages during they@®lalau cruise at station 8 (25 m
depth). This cytogram of green fluorescence intgn€&YBR Green Il ®) versus side
scatter intensity evidences three groups of hetgsbic prokaryotes with various nucleic
acid contents: one defined by prokaryotes with \& hucleic acid content (LNA), one
defined by prokaryotes with a high nucleic acidteah (HNA) and one defined by those
with a very high nucleic acid content (VHNA). Trucd calibration beads (Beckton
Dickinson ®) were used both as an internal standacito determine the volume analysed

by the flow cytometer in order to perform accurabsolute counts.
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