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Abstract. Prochlorococcusthe smallest but most abundant buoyancy. Thus, the tremendous amount of carbon fixed by
marine primary producer, plays an important role in carbonProchlorococcushad been generally regarded as being con-
cycling of the global ocean. As a phototroprochloro- sumed through the microbial loop and recycled within the eu-
coccusis thought to be confined to the euphotic zone, with photic zone. However, a recent model analysis suggested that
commonly observed maximum depths-efl50-200m, but  a significant fraction of carbon export may be attributed to
here we show for the first time the substantial presencepicoplankton despite their lack of direct sinking (Richardson
of Prochlorococcuspopulations in the dark ocean (“deep and Jackson, 2007). The known picoplankton export mech-
Prochlorococcus hereafter). Intensive studies at the Lu- anisms include aggregation (Jackson et al., 2005), particle
zon Strait in the western Pacific Ocean show that the deepacking through grazing and egestion (Richardson and Jack-
Prochlorococcugopulations are exported from the euphotic son, 2007), phytodetritus (Lochte and Turley, 1988) as well
zone. Multiple physical processes including internal solitary as winter ventilation (Vilibt and Santi, 2008). In practice,
waves could be responsible for the transportation. These findthe previously observed picoplankton exported to the deep
ings reveal a novel mechanism for picoplankton carbon exsea are mainlyynechococcyusnd more rarely picoeukary-
port other than the known mechanisms such as sinking obtes (Lochte and Turley, 1988; Vanucci et al., 2001; Sohrin
phytodetritus and aggregates or grazing-mediated transportat al., 2011).Synechococcuare reported to be able to uti-
tion. lize organic substrates (Moore et al., 2002; Glibert et al.,
2004), and thus thought to be able to survive in the dark
(Cottrell and Kirchman, 2009; Sohrin et al., 2011). In the
case ofProchlorococcusalthough previous molecular anal-
1 Introduction ysis revealed the existence of its functional genes in aphotic
waters in the North Pacific subtropical gyre area (DeLong et
Prochlorococcusthe smallest known oxygenic phototroph, g 2006) and Sargasso Sea (Martinez et al., 2012), abun-
is the numerically dominant primary producer (typically gant Prochlorococcuspopulations are thought to be con-
10°-10° perml) between 40N and 40 S, and contributes  fined to the euphotic zone (Partensky et al., 1999; Cole-
significantly to total primary productivity in the vast olig- man and Chisholm, 2007; Partensky and Garczarek, 2010).
otrophic oceans (Partensky et al., 1999; Coleman andyere we report for the first time the substantial presence
Chisholm, 2007; Partensky and Garczarek, 2010). Unlikegf prochlorococcuspopulations in the dark ocean (hereafter

other primary producersProchlorococcusdoes not sink,  “deep Prochlorococcud. During our investigations from
due to its small size (0.5-0.7 um in diameter) and neutral
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2008 to 2012, we frequently observed int&bchlorococ-  deep water samples first and then move on upward. All on-
cuscells in the mesopelagic waters in the western Pacificboard FCM observations were confirmed by another flow cy-
Ocean and its marginal seas. Based on biological and phygemeter (EPICS Altra Il; Beckman Coulter, USA) in the lab-
ical oceanographic observations and analysis, we proposeratory. In both flow cytometry analyses, BD Trucount con-
here a novel mechanism for exportRriochlorococcugo the  trol beads were used to calibrate the flow rate to achieve ac-
ocean interior, which sheds new light on our understandingcurate enumeration of the cells.

of carbon cycling and carbon sequestration in the ocean and

points to additional areas where further studies are needed.2.3 Molecular analysis

) Environmental genomic DNA was extracted by using the
2 Materials and methods phenol-chloroform method (Fuhrman et al., 1988). The
quantity and quality of DNA were evaluated by Nan-
oDrop (Thermo Scientific). Cyanobacterial 16S-ITS-23S

Seven cruises to the western Pacific Ocean, northern SoutiRNA gene (ITS hereafter) fragments were amplified with
China Sea, and Luzon Strait were conducted from 2008 td*fimers Picocyal6S-F (TGGATCACCTCCTAACAGGG)
2012 (Table 1). Water samples were collected at varioud Picocya23S-R (CCTTCATCGCCTCTGTGTGCC) (Cai

depths from the surface to 2000m using 12 L Niskin bot- etal., 2010). The cycling program included 8 touch-down cy-

tles mounted on a CTD-carousel sampler. Standard samplin Ief' at 94C for 30s, 58-54C for 50's (-0.5°Clcycle) and
procedures were followed (Sohrin et al., 2011) and the tem- 2°C for 1 min, 20 norma_l cycles at 94? for 305{ 55C
perature, salinity and pH of the sampled water in the Niskinfo" 50S and 72C for 1min, and a 7min extension step.

bottles were monitored to ensure no contamination from thel "& PCR products were purified using the QIAquick Gel Ex-

surface water to the deep water samples. Subsamples (15 nfction Kit (QIAGEN, Hilden, Germany), and cloned using
were collected immediately for onboard flow cytometry anal- th€ TOPO TA cloning kit (Invitrogen, Carlsbad, CA, USA)

ysis. Aliquot samples were fixed with glutaraldehyde (final fo!lowing the manufacturer’s instruct.ions.. All sequences ob-
concentration 0.5 % v/v), flash frozen in liquid nitrogen and tained were carefully checked for chlmerlg artifacts using the
stored at—80°C until later flow cytometric analysis in the BLASTN program {ittp://www.ncbi.nim.nih.gov/BLASY,
laboratory. and chimeric sequences were excluded. Phylogenetic anal-
For phylogenetic analysis, 2L of seawater were filteredYSiS based on ITS sequences was carried out using MEGA 5
onto 0.22um pore-size 47 mm-diameter polycarbonate f”_(Tamura etal, 2907) with the inputted alllgnmer?t _crgated by
ters (Millipore, Bedford, MA, USA) to retrieve the total pi- Clus.tal X2 .(La'rkm etal, 2007)1 The neighbor-joining and
coplanktonic population. The filters were stored-&0°C maximum likelihood phylogenetic tree were rooted from an
until genomic DNA extraction. For cellular ribosomal RNA TS sequence dBynechococcudVH5701) and constructed

content analysis, 100 ml (depths200 m) or 200 ml (depths with representative ITS sequences of m&avchlorococcus
~— 200m) of seawater were filtered onto a 0.22 um pore-8cOtypes (MIT9515, MED4, MIT9215, MIT9202, MIT9312,

size 25 mm-diameter polycarbonate filter under low vacuumMIT9301, AS9601, NATL1A, NATL2A, SS120, MIT9211,

(> —0.3bar). To preserve DNA for gPCR, filters were stored MIT9303, MIT9313) and environmental sequences from pre-
at —80°C until DNA extraction. To preserve RNA for RT- VIOUS investigations (Huang et al., 2011; Martiny et al., 20Q9;
gPCR, each filter was immersed in 600 pl of an RLT solution -@Vin €tal., 2010) as references. The ITS sequences obtained
(Qiagen, Chatsworth, CA, USA) containing 16mercap- in this study were deposited in the GenBank under accession
toethanol and stored at80°C until RNA extraction. numbers JN382571-JN383336 and KC770800-KC770987.
We quantitatively assessed the abundances (rDNA) and ac-
2.2 Flow cytometry (FCM) analysis tivities (rRNA/rDNA ratio) of two ecotypes dProchlorococ-
cus(high-light (HL)-adapted ecotype Il and low-light (LL)-
Prochlorococcusand other picoplanktonSynechococcus, adapted ecotype 1V). These two ecotypes numerically dom-
heterotrophic bacteria/archaea, picoeukaryotes and viruse#)ate the upper and lower euphotic zone, respectively, in
were analyzed using an onboard FACSAria flow cytometerlow- and mid-latitude waters (Johnson et al., 2006). Eco-
(Becton, Dickinson and Company, USA) equipped with atype abundance was estimated using DNA-based gPCR as-
488 nm laser as the excitation light source, following pro- say as described previously (Zinser et al., 2006), with 23S
cedures described previously (Marie et al., 1999). NegativeRNA primers targeting HLII (Ahlgren et al., 2006) and
controls such as sheath water, filtered seawater and even coht IV (Hunt et al., 2013). Ecotype specific rRNA concentra-
densed deep seawater samples were applied in addition tion was measured by an RT-gPCR assay as described previ-
FCM “backflush” to get rid of tubing memory effects be- ously (Lin etal., 2013). Briefly, after bead-beating, cell lysate
tween samples (Figs. S1 and S2). At each station, in orwas diluted 1:100 in RNase-free water and used directly as
der to ensure the elimination of potential contamination bya template for cDNA synthesis (iScript, Bio-Rad, Hercules,
epipelagicProchlorococcugpopulations, we always run the CA). The rDNA concentration, which was estimated from

2.1 Cruises and sampling
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Table 1. Locations and water depths where déapchlorococcusvere observed in the western Pacific Ocean, northern South China Sea,
and Luzon Strait.

Region Date Station Longitude Latitude  Ddemchlorococcusiepth (m)

Luzon Strait and South China Sea

Aug 2008 EO5 12100 E  20°00'N 300, 400, 600
Aug 2008 EO04 12900 E  20°15N 1500

Mar 2010 LX02 11927E 21°02N 300, 400, 500
Apr 2011 LX01 117517E 21°06 N 300, 400, 500, 700
Jul 2011 Co 12218 E 1915 N 1000, 1200, 1500
Jul 2011 Cco1 1202 E 132N 300

Jul 2011 Cco02 12100 E  2C°00N 300, 500, 800

Jul 2011 Co03 1228 E 20°00N 300, 1000

Jul 2011 N22-1 12200 E 200N 1000

Jul 2011 N22-4 12283 E 2200N 1000, 1500

Apr 2012 DCO1 12342 E  21°08 N 300

Western Pacific Ocean

Dec 2008 KX08-97322 14H0E 7°00'N 800, 1500

Dec 2010 N8-12 13UN2E 6°22N 800, 1000, 1500

Dec 2010 P7 1269E 900N 500, 800, 1000, 1500, 2000
Jul 2011 N5-132 13D4E 456N 600, 800, 1000, 1200

Jul 2011 N5-133 130E 5°00N 300, 500, 800, 1000

Jul 2011 N5-134 13MOE 5°00N 500, 800

Jul 2011 N7-134 13MOE 700N 300, 500, 800, 1000, 1500
Jul 2011 N8-6 12900 E 800N 1200

Jul 2011 P9 13W0E 6°30N 300, 500, 800, 1000

gPCR assay, was subtracted from the RT-qPCR results to obfile with a depthz,,. Ly, is defined ad.i, = (d'2)1/2, where
tain rRNA concentration. d), = z, — zm. After ¢ has been estimated from measufggl

via these relationships, the mixing rates can be obtained as
2.4 Physical oceanographic observation and analysis K =T¢/N?, where a typical value of the mixing efficiency

['is 0.2 (Finnigan et al., 2002).
In order to explore mechanisms responsible for the pres-

ence ofProchlorococcusn the aphotic deep waters, we fo-

cused on the Luzon Strait, where general physical processes Results and discussion

including solitary waves, meso-scale eddies, interfacial Ek-

man transport, and turbulent mixing have been extensively3.1 Abundance and phylogeny of deefrochlorococcus
investigated (Jackson and Apel, 2002; Yuan, 2002; Jia and in the western Pacific and its marginal seas

Liu, 2004; Zhao et al., 2004b; Tian et al., 2006; Zhao and

Alford, 2006; Yuan et al., 2007; Jan et al., 2007; Laurent, Onboard flow cytometry analysis showed tRabchlorococ-
2008; Jan and Chen, 2009; Tian et al., 2009; Alford et al.,cuswas frequently present in the mesopelagic waters of the
2010). In our study, 75 kHz acoustic Doppler current profil- western Pacific Ocean, the Luzon Strait and the South China
ers (ADCP) were deployed to monitor internal solitary waves Sea. The FCM-characterized populationsPebchlorococ-

on the western side of the Luzon Strait {20’ N, 11800— cuswere well defined, indicating coherent and intact popula-
120°00 E) (Fig. S3). Sea level anomalies (SLA) were also tions (Fig. 1). In the western Pacific tropical and subtropical
observed by satellite altimeters (Su, 2004). The turbulent disareas, deefrochlorococcugpopulations were often found
sipation rates and mixing rate K are derived by applying at depths> 1000 m, while in the Luzon Strait and South
“Thorpe scale” analysis to CTD data. The root mean squareChina Sea, deeprochlorococcugpopulations were mostly
Thorpe displacementy, for an actively mixing patch is observed at shallower aphotic waters from 300 m to 500 m
given byLi, ~ 0.8 Lo, whereLo, = (¢/N3)Y2isthe Ozmi-  (Table 1). Taking the case of the Luzon Strait as an example
dov length scale (Dillon, 1982)L, can be calculated by for more details, the abundancesRybchlorococcusanged
reordering the density profile into a monotonic gravitation- from 10* to 1 cellsmL~? in the euphotic zone and from
ally stable profile. Each samp}g, within the original pro-  ~10? to 10*cellsmi! in the aphotic zone (Fig. 2). The
file is associated with a depthy and in the reordered pro- maximum abundances usually occurred at around 100 m, and
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2394

Red fluorescence
3

1¢ 10 1¢ 10 1
Side Scatter

7100 m

2 . .Bleads

Red fluorescence
3

10 10 1¢ 10 1
Side Scatter

Red fluorescence

Red fluorescence

25 m

Side Scatter

1 10 1

150 m

10 1d
Side Scatter

10 1¢

Red fluorescence

Red fluorescence

N. Jiao et al.: DeepProchlorococcus

50 m 1

._]'pm Beads

Red fluorescence
3

10

_75m

i Beads

1¢ 10 16 1¢

1¢ 10 1

Side Scatter Side Scatter
300 m ° 500 m
: e o g 10°
2 * lum Beads g 10?
: ; E
T
1 ] 1
x 10
. & o - . o .
10 10 1¢ 10 1 1¢ 10 1d 10 1d
Side Scatter Side Scatter

Fig. 1. Flow cytograms ofrochlorococcusamples at different water depths from the Luzon Strait (St. LX02) demonstrating the status of
the Prochlorococcugpopulations along the water depth.
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Fig. 2. Depth profile of abundance &frochlorococcusn the Lu-
zon Strait area, showing the presencePcnd)chIorococcus(lOZ—
10 cells mi-1) in the aphotic waters (below 200 m).
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Fig. 3. Vertical profiles of(A) the abundance an@) cell-specific
rRNA content of two dominarfrochlorococcugcotypes in the Lu-
zon Strait area (St. DC01) determined by gPCR. Red¢hlorococ-
cusecotype HLII; Blue,Prochlorococcuscotype LLIV. The grey
dots show the totaProchlorococcusabundance as determined by
FCM at the same station.

of the two ecotypes were comparable to the flow cytometry
results at the same station (Fig. 3a).

Phylogenetic analysis of the de&pochlorococcuspop-

ulations from the western Pacific Ocean (St. N8-12) and
the Luzon Strait (St. DC01) showed that both the high-light
and low-light adaptedProchlorococcuswere present at all

the water depths (Fig. 4). Based on clone library analysis

the lowest abundances within the euphotic zone were ofterf783 clones in total), the high-light and low-light adapted
found at 200 m. In the dark waters below 200 m, the abun-Prochlorococcusvere mainly clustered in the HLII (94 % of
dances ofProchlorococcusvere not evenly distributed and all HL) and LLIV (65 % of all LL) clades, respectively. High-
generally decreased with depth (Fig. 2). In addition to flow light adapted clades HLVI (26 clones) and HLI (4 clones)
cytometry enumeration, the abundances of mBjochloro-
coccusecotypes (HLIl and LLIV) at St. DCO1 were also de- abundant LLIV, diverse low-light lineages (LLI-IIl) were ob-
termined by qPCR for reference, which showed that the sumserved in the western Pacific Ocean and the Luzon Strait. In

Biogeosciences, 11, 2392400 2014

were also retrieved in our clone libraries (Fig. 4). Besides the
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addition, 28 clone sequences were clustered into a newly disSynechococcubat is believed to have ectoproteolytic activ-
coveredProchlorococcugcotype NC1 clade, which showed ities (Martinez and Azam, 1993; Moore et al., 2002; Cottrell
high sequence similarity with environmental sequences fromand Kirchman, 2009), it has been reported tRaichloro-
the deep euphotic zone (Martiny et al., 2009). Vertically, no coccuscan incorporate exogenous organic nutrients (Moore
distinct phylogenetic differences of cyanobacterial ITS se-et al., 2002; Zubkov et al., 2003; Zubkov and Tarran, 2005;
quences were observed between samples from the euphotiartinez et al., 2012), and oligopeptide transporters are
and the aphotic zones (Fig. 4). These results suggest a efisund in the genomes dProchlorococcusstrains (Rocap
photic zone source for these delemchlorococcugpopula- et al., 2003).Prochlorococcuscould also be partially het-
tions rather than a population unique to the aphotic environ-erotrophic (Mufioz-Marin et al., 2013). However, there has
ment. No noveBynechococcudades were found in the dark been no direct evidence for complete heterotrophic growth
ocean based on their ITS sequences (Fig. S4). of Prochlorococcusand the genomic analysis did not re-
veal known pathways that would allow complete heterotro-
3.2 Physiological status oProchlorococcusn the dark phy (Johnson et al., 1999; Rocap et al., 2003). Particularly, in
ocean the deep waters, exogenous organic compounds are unlikely
to meet the energy and carbon demands of d&ephloro-
Flow cytometry fluorescence signals can be used as indicacoccusdue to the restricted availability of labile dissolved
tors of cellular pigment contents (Six et al., 2004). In the Lu- organic matters, as most of the dissolved organic matters in
zon Strait area, the red fluorescence signals oPtbehloro-  the deep sea are refractory (Hansell et al., 2009; Jiao et al.,
coccuscells increased with increasing water depth until the 2010). Therefore catabolizing cellular storage of endogenous
bottom of the euphotic zone (150—200 m) and then declineccarbon sources such as carbohydrates and lipids would likely
a bit below, but were still comparable to the maximum be a more possible mechanism for the dBegchlorococcus
(~ 80 % of the maximum). Except for the cases of 700 m andto keep prolonged survival in the dark, as has been reported
800 m, the cellular fluorescence signals of Brechlorococ-  on other cyanobacteria (Osanai et al., 2005; Montechiaro et
cuscells at the aphotic depths were much higher than thosel., 2006).
in the upper euphotic zone (mostly 5-20 % of the maximum)
(Fig. S5). In addition, the side light scatter signals (indices3.3 Possible mechanisms for the transportation of the
of cell size and cell density) of tHerochlorococcusells in deepProchlorococcudn the Luzon Strait
the Luzon Strait typically increased to their maximum val-
ues at the bottom of the euphotic zone (150-200 m) and theiPrevious studies have observed the presence of cyanobac-
decreased gradually when depth further increased (Fig. S6}erial cells or aggregates in the deep seas, which are usu-
suggesting shrinks of the cell size and/or density downwardally attributed to sinking processes through phytodetritus,
The presence and amount of rRNA in environmental sam-aggregation, and mesozooplankton grazing (Lochte and Tur-
ples were used as indicators of viaBlechlorococcugpop- ley, 1988; Richardson and Jackson, 2007). Some occasional
ulations (Hunt et al., 2013; Lin et al., 2013). Since clone li- observations of cyanobacteria in mesopelagic waters are at-
brary anlaysis demonstrated that HLII and LLIV were the tributed to winter deep convection (Viliband Santi, 2008).
dominant Prochlorococcusecotypes in the Luzon Strait, Obviously all the above mechanisms cannot be simply ap-
we quantified their 23S rRNA contents using an RT-gPCRplied to our case. Active physical transportation is most likely
approach. As illustrated by Fig. 3b for samples collectedto be responsible for such a case. It is known that meso-
from St. DCO1, the estimated cellular rRNA contents werescale eddies are present in the Luzon Strait area year-round
150-270 copies cellt for HLII, and ~ 500 copies cetl! for (Yuan, 2002; Yuan et al.,, 2007). As seen from sea level
LLIV. Within the euphotic zone, HLII exhibited increasing anomalies (SLA) observed by satellite altimeters, strong cy-
cellular rRNA with depth (maximum at 150 m), perhaps re- clonic and anticyclonic eddies are present in the study area
flective of cell size increase, while below the euphotic zone,(Su, 2004; Yuan et al., 2006). During the study period from
HLII maintained a significant amount of rRNA at 300m 21 March 2010 to 10 July 2011, the standard deviation of
(~ 150 copies celtl) and LLIV cellular rRNA was below the  the weekly Aviso altimeter SLA averaged in the central Lu-
limit of detection. Although the fluctuations of cellular rRNA zon area (1900-21°00' N, 11930-121°30 E) was 8.7 cm
content depend not only on the physiological condition of (Fig. S7 shows a case of SLA on 21 April 2010). In addi-
the cell but also the ecological niche or environmental con-tion to anticyclonic eddies leading to downwelling transport
ditions, our observation suggests that deepchlorococcus  at the center of the eddies, cyclonic eddies can induce much
cells were intact and were possibly viable in the dark (Pern-stronger vertical transport by the interfacial Ekman transport

thaler et al., 2001; Steglich et al., 2010). along isopycnal surfaces at their rims. According to the clas-
Cell digestion assay has shown tiRabchlorococcushas  sical Ekman theory, the average velocity across the Ekman
a higher capacity to survive at low irradiance th@pne- layer thickness (1/2 of the horizontal geostrophic velocity)

chococcugAgusti, 2004). In terms of heterotrophic poten- was frequently above 0.5m$ at the rims of the eddies,
tials, althoughProchlorococcuss not as well documented as which is high enough to induce strong interfacial Ekman

www.biogeosciences.net/11/2391/2014/ Biogeosciences, 11, 23902014
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Fig. 4. Phylogenetic tree based éhochlorococcudTS sequences (without two tRNAs) from the western Pacific Ocean (St. N8-12 and

St. DC01) showing that both high-light and low-light ecotype®aichlorococcusvere present in samples from the aphotic waters. Support
values, with 1000/100 replicates for NJ and ML analyses, were shown in the order of NJ/ML at nodes (values lower than 50 % are not
shown). The numbers of environmental sequences recovered in this research were shown in the triangles. Cultivated strains and environmentz
sequences from previous studies were shown in bold. Scale bar indicates 0.01 nucleotide substitutions per site. The numbers of sequences
each ecotype are indicated.

Biogeosciences, 11, 2392400 2014 www.biogeosciences.net/11/2391/2014/



N. Jiao et al.: DeepProchlorococcus 2397

A o B fraction of the cells back to the euphotic zone for efficient
100 o4 e e photosynthesis and carbon fixation. This could provide the
o I - 3:: b Prochlorococcuscells with opportunities to access tempo-

z 6% F rally and spatially alternating light and nutrient conditions,
Em nf g o overall supporting higher production in the euphotic zone
- I_M e (up to 1@ cells mi1) and longer survival in the aphotic wa-

” ' L ters (so as to be observable). Meanwhile, each solitary wave
1920 1935 1950 2005 2020 T T T cycle releases a certain portion of tRechlorococcusells
Time into the dark ocean, acting as a vertical conveyer belt for pi-

Fig. 5. Physical transportation mechanismsRybchlorococcusn coplankton export (Fig. S8). It is worth noting that other mi-

the Luzon Strait(A) A case (31 March 2010) of the 384 soli- Ccrobial components (e.g., phytoplankton) may also be trans-
tons observed from 21 March 2010 to 20 April 2011 atGxI N, ported, butProchlorococcusvould be the most influenced,

11900 E, showing the distribution of the vertical moveme() given that they are naturally dominating in the lower euphotic
A case (28 March 2010) of the observed water column mixing atzone where the momentum of internal solitary waves is the
21°02' N, 119217 E. ¢ indicates the dissipation rate of turbulent ki- maximum.

netic energy (Wkg1l), N2 the buoyancy frequency square 3,

and« the mixing rate (s~!, at around 10°m?s™%, 100fold 34 |mplications of deepProchlorococcusin ocean

the oceanic background mixing). carbon cycling and future work

The abundances of the deBpochlorococcusve observed
transport (Yuan et al., 2007). For an isopycnal with a slopeare typically about one to two orders of magnitude lower
of 102, the descending of surface water parcels across théhan the maximum abundance (i.e., lower euphotic zone) but
depth of~ 1000 m via the interfacial Ekman transport can be are comparable to the abundance in the upper part of the
achieved within a few days (Dillon, 1982). Diapycnal mixing euphotic zone in the Luzon Strait areas. If such a distribu-
associated with internal waves, tides, meso-scale eddies arttbn pattern ofProchlorococcuss in normal balanced status,
other processes plays a significant role in exchanging materithat is, the total number of the observed dé&epchlorococ-
als between the upper and lower layers (Yuan, 2002; Tian etuscells in the 200-800 m water layer would count for up
al., 2009). In particular, a special type of internal wave calledto 15 % of the total standing abundanceRsbchlorococcus
a soliton can induce rapid vertical water movement and ex-n the upper 200 m layer. Given that the dead cells may not
change (Jackson and Apel, 2002). Solitons occurred almodtave been included in our FCM observation, the real export
daily in the Luzon Strait area (particularly on the western rate ofProchlorococcugould be even higher. Transportation
side). For example, 384 internal solitons were observed duref Prochlorococcusand other microbes from the surface to
ing the period from 21 March 2010 to 20 April 2011 by an deeper waters constitutes a vertical carbon flux, which might
ADCP deployed at ZD0' N, 11900 E (Fig. S3). The ampli-  contribute to the relatively high organic carbon pool observed
tudes of some of the observed thermocline depressions of thia intermediate waters of the South China Sea (most profiles
internal solitons were as large as 170 m. The recorded verfrom sites close to the Luzon Strait) (Dai et al., 2009). Deep
tical velocity at 550 m has reached 0.25m §at 21°00' N, Prochlorococcusvould also contribute to dissolved organic
119°00 E; Fig. 5a). Combined with the large vertical diffu- carbon (DOC) through passive leakage and viral lysis (Sut-
sivity in the area, the solitons could induce deep mixing over-tle, 2005). Heterotrophic bacteria and archaea would conse-
coming the thermocline barriers at about 100 m depth (e.g.quently take up the labile DOC and transform part of it to re-
Fig. 5b). Thus the rapid vertical water movements could ef-fractory DOC through the microbial carbon pump, constitut-
fectively pushProchlorococcuscells down and turbulence ing long-term carbon storage in the ocean (Jiao et al., 2010).
then acts to keep some of the cells in the deep water. Although it is too early to evaluate the biogeochemical role

Unlike the common water column mixing processes thatof deepProchlorococcu®n a global scale, which need more
usually reduce the populations®Bfochlorococcusn the eu-  field observations, our finding of the substantial presence of
photic zone (Post, 2006), the reciprocating depression anthe intactProchlorococcusells in the aphotic waters of the
elevation waves of the internal solitons (Zhao et al., 2004a)study areas suggests a novel mechanism for rapid vertical
mainly took place in the lower euphotic zone and below, with transportation of picoplankton carbon other than previously
each cycle lasting for a short time (about 30 min for the mainreported mechanisms (Lochte and Turley, 1988; Richard-
pulse and 2 hours for the following associates) in the caseson and Jackson, 2007; Viliband Sanfi, 2008), and raises
of the Luzon Strait (Figs. 5 and S8). The rapid vertical wa- fundmental questions about the ecologyPedchlorococcus
ter movements could regularly transport a certain amount ofor future studies, such as: how long cBrochlorococcus
Prochlorococcuscells from nutrient-depleted euphotic wa- cells survive in dark oceans where nutrients are replete but
ters to nutrient-replete deep waters, allowing the cells to actemperatures are low?; does any gene mutation, regulation of
cess sufficient inorganic nutrients, and subsequently bring @ene expression or physiological adaptation exist in the dark

www.biogeosciences.net/11/2391/2014/ Biogeosciences, 11, 23902014



2398 N. Jiao et al.: DeepProchlorococcus

ocean (given that the physical transportation is occurring sucbillon, T. M.: Vertical overturns: a comparison of Thorpe and

cessively)?; and what are the fates of th@sechlorococ- Ozmidov length scales, J. Geophys. Res., 87, 9601-9613, 1982.
cuscells and the ecological consequences (food web dynamEinnigan, T. D., Luther, D. S., and Lukas, R.: Observations of
ics, grazing, viral lysis, and their impacts on carbon expert)?, €nhanced diapycnal mixing near the Hawaiian Ridge, J. Phys.
etc. The substantial presenceRybchlorococcusn the dark Oceanogr., 32, 2988-3002, 2002. .
ocean reported here and the proposed mechanisms bring ndw/n"™man. J. A., Comeau, D. E., Hagstrom, A., and Chan, A. M.

insiaht d call for further studi hani f carbon Extraction from natural planktonic microorganisms of DNA suit-
mSIQ s and cattforfurtner s ue |e§ on mechanisms of car able for molecular biological studies, Appl. Environ. Microbiol.,
cycling and carbon sequestration in the ocean. 54 1426-1429 1988.
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