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Abstract. This paper documents the picoplankton commu- phase (October 2011) suggest that the system was more olig-
nity’s response to changes in oceanographic conditions irotrophic before than after the convection event. Furthermore,
the period between October 2011 and September 2012 ate showed that metabolic capacity is a trait of bacterial com-
two stations belonging to the South Adriatic Pit (SAP). The munity independent of environmental conditions and tightly
recorded data include the community’s abundance, compolinked to cell replication and substrate availability. In con-
sition, prokaryotic production rates and bacterial metabolictrast, the bacterial community composition appears to be
capacity. The sampling period included an intense sea coolstrongly influenced by physico-chemical characteristics of
ing with formation of exceptional, record-breaking dense wa-waters (e.g., temperature and nutrients) and environmental
ter. We documented an especially intense winter convectioriorcing (e.g., convection and LIW). Our results showed that
episode that completely diluted the core of Levantine in-the two oceanographic phenomena of the Southern Adriatic,
termediate waters (LIW) in a large area encompassing thetrongly relevant for the total production of the Adriatic Sea,
SAP’s center and its margin. During this convection eventwinter convection and LIW intrusion, regulate the changes in
the whole picoplankton community had significantly higher picoplankton community structure and activities.

abundances with a recorded picoeukaryotic peak at the SAP
margin. In the post-convection phase in March, prokary-
otic heterotrophic production strongly increased in the en-
tire SAP area (up to 50 times; 456.8nM C day. An au- 1 Introduction

totrophic biomass increase (up to 5 times; 4.86 pg)land

a disruption of a close correspondence between prokaryotid he Southern Adriatic includes the deepest part of the Adri-
heterotrophic biomass production and cell replication rategatic basin, the South Adriatic Pit (SAP1243 m). The area
were observed only in the center of the SAP, which was notabove the pit is characterized by a quasi-permanent cyclonic
under the influence of LIW. At the SAP’s margin such an ef- gyre, the South Adriatic Gyre (@& et al., 1997). In the win-
fect was attenuated by LIW, since the waters affected by LIWter period, due to convection processes, dense water (Adriatic
were characterized by decreased concentrations of dissolvddense Water, AdDW) is formed as a mixture of fresher Adri-
inorganic nitrogen, decreased autotrophic biomasses, and Btic and more saline lonian waters. The convection rarely
increased bacterial biomass production balanced with celfeaches the bottom layers of the pit, which are mainly under
replication rates as well as by the dominatiorsghechococ-  influence of colder and denser water formed in the North-
cusamong autotrophic picoplankton. The metabolic capacityern Adriatic (North Adriatic Dense water, NAADW; Gia

was lowest in spring when autotrophic biomass largely in-and Civitarese, 2012). The East Adriatic Current, which

creased, while the highest levels found in the pre-convectiorpartly belongs to the South Adriatic Gyre, brings waters
from the lonian Sea into the Adriatic (Artegiani et al., 1997).
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Depending on the circulation in the lonian Sea, it trans-hanovt et al., 2013) and open-sea convection in the South
ports either high-salinity waters of Levantine origin (LIW) Adriatic Pit (Bensi et al., 2013).

or lower-salinity waters from the Atlantic into the Adriatic
(Civitarese et al., 2010). The interaction between the Adri-
atic and the Mediterranean have been found to resemble th
Bimodal Oscillating System (BiOS) that changes the circu-
lation of the North lonian Gyre (NIG) from cyclonic to an-

ticyclonic and vice versa. This interaction has an importantthg stdy was performed at two stations situated on the slope
influence on the South Adnatlc phy5|_cal propertlesc@aat of the SAP, P300 (SAP margin, bottom depth 300-309 m)
al., 2001). Due to the BiOS mechanism thermohaline prop-4nq p1200 (SAP center, bottom depth 1195-1200 m) (Fig. 1),
erties in the Southern Adriatic exhibit a quasi-periodic vari- during five cruises taking place on 3 October 2011, 18 Febru-
ability, while nutrients have an opposite phase (Civitarese ehry 29 March, 30 May and 10 September 2012. The deep-
al., 2010): LIW, brought by the cyclonic NIG circulation,' IS agt sampling depths at both stations were 20-30m above
characterized by sallnlty above 38.75! 'Femperatures highefhe recorded bottom depth. Temperatuf® 4nd salinity 6)
than 14 C and poor nutrient content (Civitarese et al., 1998; ore measured continuously throughout the water column
Vilibi ¢ and Orle, 2002; Civitarese et al., 2010). _ during the downcasts of the SBE25 (SEA-Bird Electron-
The SA, being highly oligotrophic, is dominated by pico- jcs nc., USA) CTD probe. Seawater samples for nutrients,
phytc')pl.ankton community, while microphytoplankton pulses chlorophyll @ (Chl a), picoplankton abundance and com-
are I_|m|ted to low-salinity surfac_e layers, de(_ap chIorqphyII position, prokaryotic heterotrophic production (PHP) and
maximum depths (DCM) and winter convection (Cerino et atangjic capacities (MC) were taken with 5 L Niskin bottles
al., 2012). Dunn_g a winter convection event (e.g., in 2008) 54 12 or 15 depths (0, 5, 10, 20, (35 m for @lih March), 50,
the area of ma?<|mal phytop!a_nkton abundanpe appeared be75, 100, 150, 200, 300, 400, 600 and 800, 1000, 1200 m) at
low the euphotic zone (Batistiet al., 2012). Winter convec-  t4tion P-1200 and 9 depths at station P-300 (0, 5, 10, 20, 50,
tive mixing transports nutrients from the deep reservoir intozg 100 200 and 300 m). The samples for nutrients: nitrate
the upper I_ayer,_thus making them available for autotrophs(Nos)’ nitrite (NOy), phosphate (P£) and silicate (SiQ)
that in spring trigger phytoplankton blooms @@et al., \yere frozen {22°C) and analyzed in a laboratory accord-
2002). The intensity of the winter convection .and spring ing to Strickland and Parsons (1972). Subsamples for am-
blooms influences the downward fluxes of particulate mat-rqnia were fixed immediately after collection onboard with
ter to the deepest part of the basin (Boldrin et al., 2002;1 1,01 -1 phenol/EtOH and determined in the laboratory ac-
Turchetto et al., 2012). cording to Ivaiiic and Degobbis (1984). The detection limits

Due to the high interannual variability of the winter con- o reproducibility for nutrients were as follows: nitrate 0.05
vection, a marked variability in the phytoplankton abundance, 4 o 025 umol £L: nitrite 0.01 and 0.01 pmolt!; ammo-

and composition was observed (Cerino et al., 2012), togethegis 0.1 and 0.098 umolt!; silicate 0.1 and 0.06 pmolt:
with downward particle fluxes (Turchetto et al., 2012), as 44 phosphate 0.03 and 0.03 pmolL Dissolved inorganic
well as differences in prokaryotic metabolism in comparisonnitrogen (DIN) was calculated as the sum of HONO,

to the years when no convective process occurred (Zaccongnd NH,. Chl a concentrations were determined by filtra-

etal., 2003; Azzaro et al., 2012). tion of 500 mL on Whatman GF/F filters. Filters were frozen
Metabolic capacity is an important component of bacte-(_lgoc) and analyzed within a few days by the fluorometric

rial community structure that influences the overall COMMU- b cedure after extraction in 90 % acetone (Holm-Hansen et
nity performance in terms of carbon and nutrient metabollsmaL, 1965). The detection limit for chlorophyil considering

(Comte and del Giorgio, 2009). Biolog plates for evalu- iha filtered volume of water. was 0.01 gl
ation of the microbial metabolic potential were first used ’

by Garland and Mills (1991). In order to exploit changing 2.2 Picoplankton abundance

sources for growth, both marine (Sala et al., 2006, 2008)

and freshwater bacteria (Comte and del Giorgio, 2009, 2010Samples for picoplankton counts were preserved on board in

2011) express high metabolic plasticity, which is an intrin- 0.5 % glutaraldehyde for 10 min, frozen in liquid nitrogen,

sic emerging property of bacterial community (Comte et al.,and stored at-80°C until analysis. Samples were analyzed

2013). on a Partec PAS IIl (Germany) flow cytometer, equipped with
In our study we explored the link between prokaryotic an Argon laser (488 nm). Instrumental settings were stan-

heterotrophic productions, metabolic capacities (MC) anddardized for all parameters using fluorescence polystyrene

bacterial community composition (BCC) to document the calibration beads of 1, 3 and 10 um diameter.

picoplankton community’s response to changes of oceano- The different populations of picophytoplankton, namely

graphic conditions. The investigated period (October 2011-Synechococcydrochlorococcusand picoeukaryotes were

September 2012) included an intense sea cooling with thelistinguished by the red autofluorescence of the chlorophyll

formation of exceptional, record-breaking dense water (Mi-content of their cells (FL3) and the cells’ forward-angle light

% Material and methods

2.1 Sampling and environmental parameters

Biogeosciences, 11, 2648659 2014 www.biogeosciences.net/11/2645/2014/



M. Najdek et al.: Picoplankton community structure before, during and after convection event 2647

2009). Ecoplates contain 96 wells with 31 different carbon
sources (in triplicates) belonging to amino acids (6), amines
(2), esters (1), carbohydrates (7), carboxylic acids (9), poly-
mers (4) and phosphorylated compounds (2) plus a tetra-
zolium salt, which is reduced to a colored compound by ac-
tive bacteria (Garland and Mills, 1991). Each well was inocu-
lated with 150 uL of unfiltered natural samples. Immediately
upon inoculation, the zero time-point absorbance of each
plate was read. Changes in color development were measured
using microplate reader (Multiscan Ascent, Lab Systems) at
595 nm. The time course of color development was followed

. for 3—7 days until maximum color development was reached.
4z.z°~| i | ® | i X —\ | The overall color development of each plate was expressed as

42.6°N o o

42.4°N

T E e g e —TarE —orE average well color development (AWCD) and computed as
_ _ o o [Z(R—C)]/93, wherer is the absorbance of each response
Figure 1. Sampling stations in the Southern Adriatic. well, andC is the average of the absorbance of the control

wells.

scatter (FSC) as a proxy of their size as well as the orange flu 5 Bacterial community composition

orescence (FL2) of their phycoerythrin-rich cells. The abun-

dances of heterotrophic prokaryotes (HP) were enumeratedor DGGE analysis, 5 L of seawater was collected in 0.2 um

after staining with the DNA dye, SYBR Green | (Marie et pore diameter filters (Nuclepore PC) with peristaltic pump.

al., 1997). Filters were placed in cryo-vials, filled with 1.8 mL of
The final abundance of each group was obtained by trudysis buffer (40 mmol 1 EDTA, 50 mmol -1 Tris-HCl,

volumetric absolute counting. The precision of the volume0.75molL-! sucrose) and stored at80°C. DNA was

measurement is defined by a fixed mechanical design, elimextracted as previously described (Bostréom et al., 2004).

inating errors related to varying bead concentrations usuallyBriefly, cells were treated with lysozyme, proteinase K,

used. and sodium dodecyl sulfate followed by phenol-chloroform-
. o . isoamyl alcohol extraction. Extracted DNA was desalted
2.3 Leucine and thymidine incorporation rates and treated with concentrated ethanol and 5M sodium ac-

etate. DNA was diluted in 50 mL of MQ water. Microbial

The rate offH-leucine and®H-thymidine incorporation into DNA (1ng) was used as template for PCR (polymerase
macromolecules was measured for estimation of prokaryoth:hain reaction) amplification of bacterial 16S rDNA using

heterotrophic production (Smith and Azam, 1992; Fuhrmany, bacterium-specific primer 358f, with a 40 bp GC clamp,
and Azam, 1982; Kirchman et al., 1985). Triplicates (1.7mL 54 the universal primer 907r. The reaction mixture vol-
aliquots) qf §amples were incubated with L-[A?_JB} leucine | es were 50 umolt!, containing 200 umolt! of each
(spec. actlg/lty> 109 c.:' mmol L, 20.n.mol L fmal Corﬁ') of the deoxynucleoside triphosphate, 0.3 umot lof each
or methyl-lH-'thymldlne (spec. 'act|V|ty> 70 C'lmmoIL' ’ of the primers, 1.5mmolt!MgCl,, 1x PCR buffer and
20 nmol L= final conc.) in sterile 2.0 mL microcentrifuge 1 U Taq DNA polymerase (Applied Biosystems). The Dcode
tubes for 2h for surface (0-200m) and 4h for deep wa-\,,jersa| mutation detection system (Bio-Rad Laboratories)
ters (400-800 m) (Azzaro et al., 2012; Ruiz-Gonzales et al'was used for DGGE analysis of the PCR products. A 6%

2012) in the dark atin situ temperature. Samples with 100 %, o cryiamide gel with a gradient of DNA-denaturant agent
TCA added prior to the addition of isotopes served as blanksWas cast by mixing solutions of 30 and 60% denaturant

The incubations were terminated by adding TCA (conc. 5%).a ent (100% denaturant agent is 7 mokLurea and 40 %

Thereafter, samples were centrifuged; supernatant discard ionized formamide). A total of 800 ng of PCR product was

and labeled material was extracted consecutively with Cowloaded for each sample and the gel was run at 100V for
5% TCA, 80 % ethanol and collected by centrifugation. Cell- 16 h at 60°C in 1 x TAE buffer (40 mmol L1 Tris [pH 7.4]

specific leucine and thymidine incorporation rates were ob-20 mmol L-! sodium acetate, 1 mmoH! EDTA). Gels were
tained by dividing the average bulk rates per liter by HP stained with the nucleic acid stain SYBR Gold Safe (Molec-
abundance. ular Probes) for 20 min, and rinsed withxITAE running

2.4 Bacterial community metabolic capacity buffer (Orlic et al., 2013).

Bacterial carbon substrate utilization profiles, determined
with BIOLOG Ecoplates, were used as a proxy of bacte-
rial community metabolic capacity (Comte and del Giorgio,

www.biogeosciences.net/11/2645/2014/ Biogeosciences, 11, 2683-2014
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2.6 Statistical analysis

Oct 2011
According to salinity criteria (Vilibc and Orlg, 2002) two

groups of water masses were identified: Levantine Interme- -
diate Waters (LIW;S > 38.75) and South Adriatic Waters P1200
(SAW; S < 38.75). Additionally, waters were divided into a

productive layer (PL) and a deeper layer (DL) according to Feb 2012

a concentration of Chd above or below the detection limit
(0.01 pg 1), respectively. The productive layer refers to a
layer of the newly produced (labile and biologically utiliz-
able) carbon; nevertheless, it was produced or brought by 4
mixing. Differences between the waters, layers and stations  -1200-
were tested by two samplaests, comparison of means from 0 ~
two groups of each parameter. Differences between cruisesz Zj: ) ¢
and stations in each cruise for all parameters were testecZ . 1

by one-way ANOVA. All data were log or log+1 trans- § 400
formed to ensure compliance with assumptions of ANOVA © 500
(Supplement Tables S1 and S2). The results are presented ¢ -12003

meant sd. 0 -

100

200

300
3 Results 400

-800
3.1 Environmental conditions 1200 .

0 ]

The presence of LIW was recorded at station P300 during th > Sep 2012 2
the whole research period (with exception of the February 300 P !
cruise), while in May and September LIW was also de- 400
tected at offshore station P1200 (Fig. 2). The intense verti-
cal convection occurred in February. It was detected at sta- -1204+—————1T——71 T
tions P1200 and P300, in the upper 500-600 m and uppel 385 386 87 388 389 12 16_ 20 24 28

S o
200 m layer, respectively. The temperatufg 6f the water LR

column at station P1200 became rather uniform, particularlyrigure 2. Vertical distribution of salinity §) and temperaturel)

in the layer between 10 and 500 m with a value of £&7  at stations P300 and P1200 during the cruises (3 October 2011, 18

Vertical convection that took place in a large cyclonic gyre February 2012, 29 March 2012, 30 May 2012, 10 September 2012).

around the SAP was denoted by lower surface concentra-

tion of Chla in the satellite image (Fig. 3). In March, due

to heating, stratification started in a thin surface layer. In Oc-2012 and October 2011) exhibited fairly low values (Fig. 4).

tober 2011, and May and September 2012 both stations werA satellite image (Fig. 3) showed that Chiwas enhanced

characterized with deeper thermocline. In February advecin the surface layer of large areas around the SAP. During alll

tion of lower salinity ) and colder waters was observed cruises (except in February), a deep imhaximum (DCM)

in the layer below 200 m at P300. An important dropSin  was observed at 75-100 m depth and in that layer the highest

and T that could be ascribed to the arrival of NAADW oc- abundances of heterotrophic prokaryotes (HP) were observed

curred in a thin layer (810—-850 m) during March at P1200. (Fig. 4).

During May the influence of NADDW strengthened, causing During the investigated period within the productive layer

additional decrease ifiandT in a much thicker layer, 800— (Table 1) the waters around stations P1200 and P300 differed

1200 m (Fig. 2). significantly inS (Supplement Table S1), caused by varying
During the convection episode in February, nutrients werepresence of LIW in October 2011 and March 2012 (Fig. 2;

generally homogenously distributed throughout the mixedSupplement Table S2). The area affected by the LIW (LIW

layer, as shown for DIN (Fig. 4). In this layer Chalwas also  area;S: 38.83+0.04; T: 17.6+ 4.2°C) was warmer, with

homogeneously distributed (Fig. 4). During other months nu-significantly lower Chla, DIN (primarily nitrate) and sili-

trient concentrations were lower in the uppeR00 m layers  cate in comparison with non-affected areas (which we name

and higher in the deeper layers. The highest &mMalues  the South Adriatic Waters (SAW) are§; 38.65+0.15; T':

(up to 4.86 pg 1 at 35 m) were observed in March, while 15.8+3.3°C). The phosphate in both LIW and SAW areas

February and less productive months (May and Septembehad similar values (Fig. 5; Supplement Table S1). However,

Biogeosciences, 11, 2648659 2014 www.biogeosciences.net/11/2645/2014/
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Figure 3. Satellite image (MODIS Aqua Chlorophydl map, pro- € ;gg
cessed by GOS-ISAC (Rome) — CNR) of surface chlorophyll g 300
(ug L1 distribution in the Adriatic Sea on 24 February 2012 and & -400 Mar 2012
26 March 2012. . o
-1200
Table 1.Depth of the productive layer (PL) for the respective cruise _102 };Dw
and station. 200 s b
-300 ¢
Cruise Station  PL depth (m) -400 May 2012
3 October 2011 P300 0-200 s
P1200 0-200 0
18 February 2012 P300 0-300 -100
P1200 0-600 -200
29 March 2012 P300 0-300 -300 Sep 2012
P1200 0-200 400
30 May 2012 P300 0-200 -800
P1200  0-150 1200
0.1 1 0 01 °
10 September 2012  P300 0-200 DIN (umol ) Chia (pg |1) 1OHP(ceIII1)
P1200 0-150

Figure 4. Vertical distribution of dissolved inorganic nitrogen
(DIN), chlorophyll a (Chl a) and heterotrophic prokaryotes abun-

. . . dance (HP) at stations P300 and P1200 during the cruises (3 Oc-
due to higher concentrations at P300 during February, waters .. 2(011) 18 FekI)ruary 2012, 29 March 2u0'129 30 M;; 201(2 10

between the P1200 and P300 were, on average, S|gn|f|c(';\ntlgeptembeIr 2012).
different in that parameter (Supplement Table S2).
T, DIN, silicate and Chk in the productive layer of both

stations were generally homogenously distributed with eX-gepths were below 600 and 200m at P1200, respectively.
pressed seasonality. and 7 were significantly lower in | general, the deeper layer was significantly colder (DL:
February §: 38.62+£0.23, T: 13.7+£0.2°C), while con- 137+ 0.3°C <PL: 16.7+3.8°C) and richer in DIN, sil-
tinuously increasing during MarchS( 38.77+0.08, T jcate and phosphate than waters in the productive layer
14.6+0.7°C), May ($: 38.76+0.09,7: 16.6+2.2°C) and  (Fig. 6, Supplement Table S1). On the seasonal basis the

September: 38.78+0.11,7: 19.6+4.7°C). During Octo-  deeper layer differed in DIN, being the highest in October
ber 2011,S andT (S: 38.75+0.08,7: 19.6+4.4°C) were  29011.

similar to values recorded in September 2012. DIN and sili-

cate were higher in February than in other months. The phos3.2  Picoplankton abundances

phate did not differ significantly between seasons (Fig. 6,

Supplement Table S1). Within the productive layer, heterotrophic prokaryotes (HP)
The layer where Chla was under detection limit had the lowest abundances in February and the high-

(Chl a <0.01pgL-t) was defined as deeper layer (DL). est in March while other months were similar to each

At both stations in October 2011 DL-considered depthsother. HP abundances were significantly higher in the pro-

were below 200m, and in May and September 2012 be-ductive (3.6+1.9x 1 cellL=1) than in the deeper layer

low 200 and 150m at stations P300 and P1200, respectl.7+ 0.7 x 108 cellL~1). In the deeper layer, no seasonality

tively. During February and March 2012 DL-considered in HP was observed (Supplement Table S1). HP significantly

www.biogeosciences.net/11/2645/2014/ Biogeosciences, 11, 2683-2014
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Table 2. Standardized correlation coefficientg for correlations between abundances of picoplankton, bulk cell specific prokaryotic het-
erotrophic production and environmental parameters. The number of data is given in parenthesis. All data were log &) tomgsformed

and significant correlations (in bold) are®ap < 0.05, b p < 0.001. pEu — picoeukaryotes, SYNSynechococcu$ro —Prochlorococcus

HP — heterotrophic prokaryotes, bulk and cell-specific prokaryotic rates for leucine (Leu, sLeu) and thymidine (TdR, sTdR) incorporation.

pEu SYN Pro HB Chh Leu sLeu TdR sTdR
Temperaturd” —0518®  0.354 0.465 0.177 —0.444 0317  0.328 0.057 0.094
(68) (68) (17) (101) (84) (80) (80) (101) (101)
Salinity S —-0.011 0.159 0.278 0.159 —-0.060 0.30  0.309 0.116 0.100
(68) (68) (17) (101) (84) (80) (80) (101) (101)
Dissolved inorganic ~ 0.272 —0.499 —0.66P —0.54% 0.079 -0.37 -0224 0131 -0.030
nitrogen DIN (68) (68) (17) (101) (84) (80) (80) (101) (101)
Nitrate NO; 036 -053P —059¢% -—057P 0.103 -0.37® -0.218 -0.130 -0.018
(68) (68) (17) (101) (84) (80) (80) (101) (101)
Nitrite NO, 055 —0.167 0.71P 0128 0.39P -0.056 -0.151 0.016 -0.077
(68) (68) (17) (101) (84) (80) (80) (101) (101)
Ammonia NH; —0.39%* 0.163 —0.446 0.016 —-0.299 -0.110 -0.075 -0.094 -0.078
(68) (68) (17) (101) (84) (80) (80) (101) (101)
Phosphate P9 0.143 0.01 -0.384 -0.29% —0.004 -0.074 0.016 —0.014 0.086
(68) (68) (17) (101) (84) (80) (80) (101) (101)
Silicate SiQ 0.059 -0.328 —0.397 -0.72¢ -0.259 -065¢ —0.467 —0.368 —0.207
(68) (68) (17) (101) (84) (80) (80) (101) (101)
Chlorophylla 0.49% 0.023 0.438 0.29P - 0.238 0.105 0.294 0.129
(Chla) (68) (68) (17) (84) - (68) (68) (84) (84)
Substrate utilization - - - -0.011 -0.26R -0.206 —0.196 -0.32¥ -0.37¢
(AWCD) - - - (101) (84) (80) (80) (101) (101)

and positively correlated with Cht, and negatively with  heterotrophic prokaryotes more uniform distribution was
DIN, PO, and SiQ (Table 2). Negative correlations of HP observed (Fig. 5, Supplement Table SEynechococcus
with DIN, PO, and SiQ were probably due to prevailing dif- andProchlorococcusvere significantly negatively correlated
ferent processes in the productive and deeper layers, in othavith DIN, while picoeukaryotes had significant positive cor-
words, nutrient utilization in the productive (low nutrients relation with DIN. Significant positive correlations were also
and high HP) and nutrient regeneration and accumulation irobserved between NOand picoeukaryotes, and NGnd
the deeper layer (high nutrients and low HP). ProchlorococcugTable 2).

The highest abundance &ynechococcusias found in
October 2011. During 2018ynechococcuabundances in- 3.3 Leucine and thymidine incorporation rates
creased from February to September (Fig.R8hchlorococ-
cusappeared in May and reached the highest abundances iBulk and cell-specific incorporation rates of leucine
September (Fig. 6). In October 20Ptochlorococcusbun-  (Leu) and thymidine (TdR) varied largely throughout
dances were also very high, varying in narrower range thanirihe year in the productive layer (Supplement Table S1),
September 2012 (Fig. 6). During October 2011, and May andbeing the lowest in February (Fig. 7). During March
September 2012 the depthsynechococcumndProchloro- both rates increased extremely and significant differ-
coccusmaxima corresponded closely to and below DCM, re-ences in cell-specific Leu and L/T ratios between sta-
spectively. In October 2011 picoeukaryotes had the lowestions were observed (Supplement Table S2). Namely,
abundances, while the highest one was recorded in Febrigaround P300 bulk and cell-specific Leu (49:28.6
ary (Fig. 6). The whole picoplankton community had signif- pmol Leu L™t h™1; 124.6+72.0 zmol Leu celt* h™1) were
icantly higher abundances at P300 during February (Supplecombined with moderate TdR (542.9 pmol TdR -2 h=1;
ment Table S2). 13.9+11.0 zmol TdR celtt h=1), giving higher L/T ra-

Synechococcusnd Prochlorococcuswere more abun-  tios (24.6+43.9), and being extremely high (140.6) at

dant in LIW than in SAW, while for picoeukaryotes and DCM depth (75m). In contrast, bulk and cell-specific
TdR (16.6+20.4 pmol TdR 1 h~1; 32.34+ 34.0 zmol TdR

Biogeosciences, 11, 2648659 2014 www.biogeosciences.net/11/2645/2014/
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Figure 7. Heterotrophic prokaryotes (HP), and bulk and cell-specific prokaryotic heterotrophic rates for leucine (Leu, sLeu) and thymidine
(TdR, sTdR) incorporation and their ratios (L/T) in productive (PL) and deeper layers (DL) during the cruises (3 October 2011, 18 February
2012, 29 March 2012, 30 May 2012, 10 September 2012).

cel-1h~1) at station P1200 were much higher and com-3.4 Bacterial community composition
bined with lower Leu (35.643.1 pmollLeulth=1;
54.6+ 62.4 zmol Leu celf* h~1), giving a lower L/T ratio  Cluster analysis of DGGE gel generally separated bacterial
(5.1+£6.8). However, when the L/T ratio was calculated communities sampled in productive from those sampled in
only for the layer between 20 and 100 m, where the high-the deeper layer (Fig. 8). Bacterial communities from the
est Chla values were measured, calculated values were exproductive layer formed three subclusters, the first of which
tremely low (0.2t 0.2). In May bulk and cell-specific TdR ~contained mostly communities from P300, the second and
were still high, while in September, both the rates and dif- the third from P1200. Bacterial communities from the deeper
ferences between stations decreased (Fig. 7, Supplement Tiyer formed two subclusters: the first grouped communities
ble S2). During October 2011 both rates were lower and L / Tfrom February, March and September, and the second com-
ratios higher than in September 2012 (Fig. 7). In the deepefunities from October 2011. Bacterial communities sam-
layer only bulk and cell-specific TdR largely varied season-pled in March at P1200 (10 m) remained unclustered. DGGE
ally (Supplement Table S1), being very similar in March and banding patterns for all samples and separately for the pro-
May and much higher from the rates determined in Septemductive and deeper layers were analyzed by principal compo-
ber and October 2011 (Fig. 7). nent analysis (PCA). Then the resulting scores of principal
The bulk Leu and TdR significantly and positively corre- components (PC1 and PC2) were analyzed for correlations
lated with HP abundances through the entire water columnWith environmental parameters, prokaryotic productions and
Also both rates significantly and positively correlated with substrate utilization data. The analysis showed that only PC1
Chla in the productive layer. Bulk and cell-specific Leu sig- scores of DGGE banding patterns of bacterial communities
nificantly and positively correlated withi andS, while bulk ~ sampled in the productive layer (28.3 % of variability) sig-
Leu negatively correlated with DIN (Table 2). Bulk and cell- hificantly correlated with DIN ¢ =0.004) and’" (p =0.037).
specific Leu were significantly higher in LIW than in SAW. Also, only PC1 scores of DGGE banding patterns of bacte-

Also bulk Leu was higher in the productive than in the deeperfial communities sampled in the deeper layer (28.6 % of vari-
layer (Supplement Table S1). ability) significantly correlated with silicatep(=0.037) and

phosphate =0.05).
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(Gel Compare, v. 4.1, Applied Maths, Kortrijk, Belgium) performed acids, P — polymers, PC — phosphorylated compounds) at stations
calculating the Pearson correlation similarity coefficient for bacte-P1200 and P30(B) during the cruises (3 October 2011, 18 Febru-
rial communities sampled in the productive and deeper layers (Ocary 2012, 29 March 2012, 30 May 2012 and 10 September 2012).
tober 2011-September 2012).
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In the deeper layer differences were observed only in the

percent utilization of amino acids, being significantly higher

3.5 Utilization of substrates (metabolic capacity of in February in comparison to March and May (Fig. 10b). The
heterotrophic bacteria) pattern of utilization of other groups of substrates, primarily
carbohydrates and polymers, was similar to that in the pro-

Average utilization of substrates (AWCD) showed no signif- ductive layer. In general, the productive layer differed from
icant differences between stations, the productive and deepdf® deeper layer only in utilization of phosphorylated com-
layers, or LIW and SAW (Supplement Table S1). During the Pounds (PL<DL). _

year, similar variations of AWCD were observed in the pro- AWCD was significantly negatively correlated to bulk and
ductive and deeper layers (Fig. 9a). The variations were mor&€ll-specific TdR uptake rates and positively to L/T ra-

pronounced in the productive layer (Supplement Table S1)tio- In the productive layer AWCD also negatively corre-
with maximum in October 2011 and minimum in March, lated with Chla (Table 2). Significance of this relation de-
while during February, May and September AWCD was sim-ived primarily from relationship between carbohydrates and
ilar. Chla (r =—0.329,p =0.017) and carboxylic acids and Ghl

In the productive layer, the highest utilization of carbo- (=—0.299,p=0.031).
hydrates and carboxylic acids were observed in March and
September and the lowest in May and March, respectively.
Polymers and amines were mostly utilized in May, although4 Discussion
the difference with other months was not significant. The uni-
form utilization through the seasons was observed for amindrhe picoplankton community of the Southern Adriatic off-
acids and phosphorylated compounds (Fig. 9b). Between twghore waters during the investigated period was strongly af-
stations differences in percent utilization of carbohydratesfected by two important oceanographic phenomena taking
and amines observed in March became enlarged and signifplace in the region; an especially intense winter convection
cantin May. In October 2011 and September 2012 importanepisode in February followed by an outbreak of the new
differences were observed in amino acids and carbohydratgsroduction in March, and intrusions of highly saline and
utilization, respectively (Fig. 10a, Supplement Table S2).  nutrient-poor LIW.
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A [ ocToBER (Azzaro et al., 2012; Batigtiet al., 2012) plausibly ascrib-
[] FEBRUARY

B varcH able to a much lower amount of available DIN. Generally,
] SerTeneer lower salinity and nutrient content in winter 2012 suggested
; involvement of several combined processes that most proba-

e ; bly contributed to the dilution of the South Adriatic Basin in
| ,/ / 2012.
anal ) r | ek Although in winter 2011/2012 the eastern coastal zone was
ﬂ ’ * under strong impact of LIW (Mihanogiet al., 2013), the

N w
o o

% SUBSTRATE GROUP UTILISATION
5

amount of LIW was obviously not large enough to induce
a significant rise of salinity values in the entire water col-
umn in the SAP. Thus, salinity values remained relatively low
B - when compared to February 2008. Since the motions of the
cyclonic gyre around the SAP are presumably highly intensi-
[+ - fied during winter mixing events, a larger quantity of waters
20 : g I from the western side of the Adriatic was entrapped within

| | the gyre (Fig. 3). Drifter data documented that waters from
western coastal area decrease towards east and can be in-
cluded into the cyclonic gyre around the SAP (Taillandier et
al., 2008). The cooling makes these Ghiich waters dense,
forcing it to sink, whereas the surface layer of the cyclonic
c cA P PC gyre around the SAP becomes poor in GhFig. 3, Febru-

Figure 10. Changes in percentage utilization of substrate groupsary)' Durlng less mtensg vertlcal_mlxmg in the water col-
(AA — amino acids, AMI — amines, C — carbohydrates, CA — car- UM, Chla-rich waters might remain at the surface, whereby

boxylic acids, P — polymers, PC — phosphorylated compounds) insurface gyre waters of the SAP are marked with high«hl
the productive laye(A); and deeper layer@®) during the cruises  (Fig. 3, March).
(3 October 2011, 18 February 2012, 29 March 2012, 30 May 2012 The most intense growth of picoeukaryotes observed in
and 10 September 2012). February was generally supported by the highest DIN in
the productive layer in comparison to the rest of the year.
Although thermohaline properties around two stations were
Due to variations in the winter climatic conditions the in- similar, the autotrophic biomass was much higher at P300
tensity of open-sea convection and vertical mixing in the combined with much lower DIN in waters around this sta-
area varies strongly on a year-to-year basis¢{G&t al., tion in comparison to P1200. The lower DIN might indi-
2002; Civitarese et al., 2005). February 2012 was charactereate that LIW resided at P300 only a short time before wa-
ized by a convection event that homogenized thermohalinger mixing and cooling have started. Moreover, lower DIN
properties above the SAP, including its marginal part aroundcould also result from the occurrence of very abundant pi-
station P300. It was presumably induced by a long-lastingcoeukaryotesSynechococcusnd HP, which actively assim-
Bora episode+{ 3 weeks), blowing occasionally with hurri- ilate nitrate (Allen et al., 2001; Fawcett et al., 2011). This
cane force. Due to extreme cooling during that Bora eventgexplanation might be additionally supported by a higher con-
some of the densest water ever measured in the Adriatic Segentration of nitrite in these waters due to potential involve-
(o; > 30) was documented (Mihandvet al., 2013). Since ment of all three groups in nitrite production by nitrate re-
we did not detect LIW during February, we hypothesize thatduction (Lomas and Lipschultz, 2006; Santoro et al., 2013).
intensive mixing diluted the LIW core residing in the SAP Nitrite accumulation closely paralleling the development of
during fall and probably winter 2011. A similar convection the phytoplankton biomass was also observed in the mixed
episode was recorded in the same area in February 2008, blayer during winter in the Red Sea (Al-Qutob et al., 2002).
during that event vertical mixing was less intensive, and LIW The marked decrease &ynechococcumwards open wa-
remained unperturbed in the intermediate layers (Batedti  ters was regularly observed in south Adriatic (Cerino et al.,
al., 2012). 2012) as well as its dominance in picophytoplankton pop-
Vertical mixing brought dissolved inorganic nutrients into ulation (Silovi et al., 2011). In the post-convection phase
the upper layer, largely extending the productive layer ofduring March the autotrophic biomass largely increased pri-
the SAP where the occurrence of picoeukaryotes@yme-  marily in the area of the SAP (on average 5 times higher in
chococcusvas documented down to 400 m and 600 m, re-respect to February) than on its margin (on average very sim-
spectively. Occurrence of autotrophs in deep layers could bdéar to February) where LIW occupied entire water column.
linked to convection or to downslope transport facilitated by The onset of new production was most pronounced at P1200.
NAdDW (Vilibi € and Santi, 2008). The abundances of au- In contrast,Synechococcuguickly responded to decreased
totrophs in winter 2012 were lower than previously reportednutrients due to LIW arrival and increased in abundance

o

30

% SUBSTRATE GROUP UTILISATION
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at P300. The increase in abundanceSghechococcuand  when rates of protein synthesis and DNA synthesis are un-
the appearance d?rochlorococcuscoincided with spread- coupled, was usually observed in offshore regions, in deep
ing of LIW into the entire productive layer during May and samples of vertical profiles and during pulses of organic mat-
September, when oligotrophy of the area gradually increaseder supply (Chin-Leo and Kirchman, 1990; Gasol et al., 1998,
The dynamics and vertical distribution of the two genera ap-2009). Accordingly, L/ T ratios from different aquatic habi-
peared to be tightly coupled with inorganic nutrients, with tats varied over a wide range, from 0.014®00 (Torréton
a preference of lower DIN. However, whilgynechococcus and Dufour, 1996; Gasol et al., 1998; Hoppe et al., 2006;
achieved higher abundances in nitrate and silicate absoluteongnecker et al., 2006; Gasol et al., 2009), with extreme
minima, Prochlorococcusaccumulated along nitrite max- values occurring in more extreme environments.
ima. Therefore, the decrease in nutrient availability in the Temperature and resource supply are principal factors
thick subsurface layer in May induced the bloomSyne- that influence bacterial growth and reproduction (Shiah and
chococcuswhereadProchlorococcusppeared in the deeper Ducklow, 1997), but variability of bacterial growth charac-
layer.Prochlorococcusccumulated at pronounced nitricline teristics (as L/ T ratio) is influenced by picocyanobacteria,
in September, in areas of increased temperature. The c@articularly when abundant (Hietanen et al., 2002; Zubkov et
occurrence of these two genera during summer and fall, aal., 2003; Hoppe et al., 2006). Generally, our results (Table 2)
well as the deeper maximum Bfochlorococcusompared  showed thaf” had greater effect on prokaryotic biomass pro-
to Synechococcuappeared as a characteristic feature forduction (Leu) while Chk: (taken as a measure of substrate
oligotrophic environments (Mella-Flores et al., 2011), in- supply) affected more strongly cell replication rates (TdR).
cluding South Adriatic waters (Siloviet al., 2011; Cerino  Thus the higher biomass production rate and increased val-
etal., 2012). ues of L/T ratios at P300 might be induced by increased
The coupling of bacterial and phytoplankton activities temperature of LIW and partly by much higher abundances
found in this study were apparent and generally supportof Synechococcud hese two factors, in addition to gener-
the idea that under oligotrophic conditions, co-variation be-ally reduced substrate supply, probably led to significantly
tween bacteria and dissolved organic carbon productiorhigher prokaryotic biomass production in waters influenced
occurs (Gasol et al., 1998; Ruiz-Gonzales et al., 2012)by LIW. Similar increase in both L/T ratio and the abun-
Moreover, the increase or accumulation of autotrophicdance of cyanobacteria were recorded in the Northern Adri-
biomass highly stimulates prokaryotic heterotrophic pro-atic during the period of 2003—-2008, which coincided with
duction (Van Wambeke et al., 2004; Baltar et al., 2009, overall increase it$ and7 in that area (lva@ic et al., 2010).
2010; Orl et al., 2013). Concomitantly with autotrophic In contrast, at P1200 lower L/T ratios indicated that those
biomass, prokaryotic heterotrophic production (calculatedbacteria maximized their reproduction, most probably due to
from Leu data using a conversion factor of 3.1kgCmol the increase in Chi. It was shown that bacteria favor DNA
of Leu after Kirchman, 1993) increased markedly in duplication over the protein synthesis in DCM depths where
March (209.5+ 158.7 nM C day?) in comparison to Febru- the maximal amount of dissolved organic matter to flow from
ary (3.7£3.5nM Cday?) in the productive layer of both photosynthesis was expected (Gasol et al., 1998). In addition,
stations. In contrast, during 2007 when winter convectionextremely low L/T ratios € 1), as we got around DCM,
did not occur, Azzaro et al. (2012) found similar values in were observed in mesopelagic areas affected by upwelling
February ¢50nM Cday?) and April (~40nM Cday?). filament, where high bacterial activity (in terms of DNA syn-
Apparently vigorous mixing and heat loss that occurred inthesis rates) was assumed to be sustained by increased verti-
February 2012 strongly but unfavorably influenced prokary-cal flux or by direct intrusion of lateral carbon to mesopelagic
otic heterotrophic production, whereas introduced nutrientswvaters (Gasol et al., 2009).
and enhanced new production enabled enormous substrate Our result showed that bacterial metabolic capacity de-
supply in productive zones, indirectly fueling prokaryotic creases when substrate supply increases, both being in close
heterotrophic production in March 2012. correspondence with cell replication rate increase. This is in
Although both prokaryotic heterotrophic production rates agreement with the finding that metabolic capacity consis-
increased significantly in March with respect to Febru- tently mediates the link between substrate supply and bacte-
ary, the relationship between the rates differed betweenial community metabolism (Comte and del Giorgio, 2009).
stations. At P300 the increase in both rates was generin March the lowest metabolic capacity suggested that bacte-
ally more synchronized (L/% 25) or progressed with in- ria utilized freshly produced DOM released by phytoplank-
creased biomass production (L/T up to 140), whereas aton. Such a relationship was also observed for surface NW
P1200 much higher rates of cell replication than biomassMediterranean waters (Sala et al., 2006). DOM produced
production (L/T~5) were observed, particularly around in situ with high amino acid and amino sugar content is an
DCM depth (L/T< 1). Consequently, at both stations het- important source of bioreactive organic matter, favoring the
erotrophic prokaryote abundances followed the increase igrowth of bacteria specialized in the use of carbon sources
respective autotrophic biomasses that were far more exderived from phytoplankton (Davis and Benner, 2005; Sala
pressed around the SAP. Unbalanced growth of bacteriagt al., 2008). Clear positive correlation of Chlwith TdR
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suggested that bacteria rapidly adapted to changing substrabetween 2 months. This observation could be explained by
supply. an“adjustment scenario”, where change in community com-
According to decreased input of fresh organic matter inposition involves shifts in the relative abundance and activity
May, the remaining organic matter from the bloom in March of the existing phylotypes (Comte and del Giorgio, 2011).
became less bioreactive but more complex. The conditions irSince such bacterial communities generally have a high de-
May became more oligotrophic, therefore metabolic capacgree of metabolic/functional plasticity, bacterial community
ity significantly increased. This is in accordance with eco- composition could remain stable under quite different envi-
logical theory of high metabolic diversity in oligotrophic ronmental conditions. The lack of relationship between bac-
areas (Frontier, 1985) where bacteria express higher pladerial community composition and carbon metabolism, as we
ticity in metabolic pathways in order to be able to exploit observed, generally suggests a high level of functional redun-
the changing and limiting carbon sources for growth (Saladancy in the bacterial assemblage in carbon processing, at
et al., 2006, 2008). Although autotrophic biomass signifi- least at the phylogenetic resolution level analyzed by DGGE
cantly decreased, cell replication rate was kept on the levelg¢Alonso-Saez et al., 2008).
found for March. Apparently, such an increase in metabolic The bacterial community composition of the productive
capacity requires adaptation of bacterial community com-layer differed markedly from the bacterial community com-
position with increased numbers of bacteria with versatileposition of the deeper layer, where mineralization processes
metabolic capabilities. During September, when the systentook place and appear to be influenced by the physico-
was more stable, high metabolic capacity levels were susehemical characteristics (DINI', SiO4 and PQ) of the
tained, while prokaryotic heterotrophic production rates wererelated layers. Accordingly, in the productive layer, bacte-
decreased but balanced. The highest metabolic capacity lewvial community composition of waters influenced by LIW
els found in October 2011 suggested that the system wawere more similar to each other (mostly belonging to station
more oligotrophic in 2011 than in 2012. The differences P300), whereas bacterial community composition at P1200
in percentage substrate utilization between the two stationsvere more different, followed by apparent phytoplankton
evident in March and May suggested that the compositioncomposition changes (data not shown). Also, in the deeper
of the DOM pool differed among these waters. These dif-layer, the increase in depth-related divergence between bac-
ferences might be introduced by variable qualities of exu-terial communities composition within seasons increased
dates attributable to phytoplankton origin and/or the amountirom winter to summer, being the highest in October 2011.
and quality of grazing-derived DOM (Ghiglione et al., 2008; These results are in accordance with studies that explained
Ruiz-Gonzalez et al., 2012). the vertical distribution of bacterial community by synergy
Co-variations of metabolic capacity in the productive and of environmental parameters and interaction of bacteria with
deeper layers suggested that the quality and amount of exather plankton (Acinas et al., 1997; Ghiglione et al., 2008).
ported particles to the deeper layer depended on the interAn analysis employing the complex environmental data set
sity of autotrophic production in the productive layer. Such in combination with microbial community structure will un-
a relationship derived from positive coupling between down-doubtedly give more detailed insight into bacterial commu-
ward fluxes of organic carbon and productivity in the samenity composition changes with depth in this area.
area (Boldrin et al., 2002; Turchetto et al., 2012). Since TdR
values matched in both layers, bacterial function might be
regulated by the same factors, that is, resource quality ang Conclusions
availability. As the changes in bacteria metabolic potential
are often linked to changes in bacterial community composi-Our results showed that winter convection events and LIW
tion (Kirchman et al., 2004; Sala et al., 2006), the observechave different roles in the distribution and function of the pi-
differences in utilization of substrates groups between thecoplankton community. Although the winter convection in-
layers and between the stations might be associated with théuced a strong increase in prokaryotic heterotrophic pro-
differences in bacterial community composition. duction in March, an enormous increase in the autotrophic
The coupling between bacterial community composition biomass, followed by a disruption of a close correspondence
and carbon metabolism was previously reported in somebetween Leu and TdR incorporation rates (L+T) oc-
marine studies (Fuhrman et al., 2006; Alonso-Séez et al.curred only in the center of the SAP beyond the reach of LIW.
2007). Furthermore, Fuhrman et al., (2006) demonstrateditthe SAP margin LIW attenuated winter convection effects.
the repeatable temporal patterns in distribution and abunin general, the waters affected by LIW were characterized by
dance of bacterial taxa, which was significantly influenceddecreased DIN and autotrophic biomasses and by increased
by a range of abiotic and biotic factors. However, bacte-abundances dbynechococcusnd prokaryotic biomass pro-
rial community composition appeared to be similar in the duction rates balanced with cell replication. Furthermore, we
productive and deeper layers between February and Marctshowed that metabolic capacity is a trait of the bacterial
despite apparent differences in abiotic factors, prokaryoticcommunity, independent of environmental conditions and
heterotrophic abundance, production and metabolic capacitgtrongly linked to cell replication rate and substrate supply.
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Metabolic capacity indicated a general increase in trophicAzzaro, M., La Ferla, R., Maimone, G., Monticelli, L. S., Zaccone,
states after winter convection events, although autotrophic R., and Civitarese, G.. Prokaryotic dynamics and heterotrophic
biomasses in comparable periods, October 2011 and Septem- metabolism in a deep convection site of Eastern Mediterranean
ber 2012, were similar. Bacterial community composition ap- Sea (the Southern Adriatic Pit), Cont. Shelf. Res., 44, 106-118,
peared to be strongly influenced by physico-chemical char- 2012.

acteristics of waters and environmental forcing. Our resultsE&/@" F. Aristegui, J., Montero, M. F., Espino, M., Gasol, J.
M., and Herndl, G. J.: Mesoscale variability modulates seasonal

reinforce the significance of two oceanographic phenomena changes in the trophic structure of nano- and picoplankton com-

of the Southern Adriatic, WhiCh might P'aY g key role in the munities across the NW Africa-Canary Islands transition zone,
control of the total production of the Adriatic Sea, as both  pyoq. Oceanogr., 83, 180-188, 2009.

can change the relative importance of the River Po freshwagaitar, F., Aristegui, J., Gasol, J. M., Lekunberri, ., and Herndl, G.

ter input in this vital process. J.: Mesoscale eddies: hotspots of prokaryotic activity and differ-
ential community structure in the ocean, ISME J., 4, 975-988,
2010.
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