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Vibrio is a cosmopolitan genus of marine bacteria, highly investigged in coastal and
estuarine environmentsVibriohave also been isolated from pelagic waters, yet very little
is known about the ecology of these oligotrophic species. Ithis study we examined the
relative change in bacterial abundance and more speci cafl the dynamics of Vibrio in
the tropical North Atlantic in response to the arrival of paks of Saharan dust aerosols, a
major source of biologically important nutrients for downind marine surface waters.
Aerosol and surface water samples were collected over 1 moht coinciding with at
least two distinct dust events. Total bacterial counts in@ased by 1.6-fold correlating
with the arrival of Saharan dustr(D 0.76; p D 0.001). Virus-like particles (VLP) also
followed this trend and were correlated with bacterial couts (r D 0.67; p D 0.01).
Vibrio speci ¢ qPCR targeting the 16S rRNA gene ranged from below deection limits
to a high of 9,145 gene copies ml 1 with the arrival of dust. This increase equated to
6.5 102 1.5 109 individual genome equivalents mi* based on the known range
of 16S rRNA copies among this genus.Vibrio exhibited bloom-bust cycles potentially
attributed to selective viral lysis or bloom depletion of gianic carbon. This work is one of
the few studies to examine the open ocean ecology o¥ibrio, a conditionally rare taxon,
whose bloom-bust lifestyle likely is a contributing factan the ow of nutrients and energy
in pelagic ecosystems.

Keywords: conditionally rare taxa, oligotrophic conditio ns, aerosols, desert dust, Vibrio, marine ecology

INTRODUCTION

The pelagic ocean is one of the largest habitats on eartha&usater microbes in the ocean
drive the majority of biogeochemical cycling and are a caiilinkage in the ocean-atmosphere
exchange of gases that a ect global climatelkowski et al., 2008An understanding of microbial
community composition and function—who is doing what—is gykespect in marine microbial
ecology research.guro et al., 2009; Brown et al., 2014; Shilova et al.,)2Thf#ough metagenomic
analysis of surface ocean prokaryotes, two di erent adaptiragegies have been identi edP(lz

et al., 2006; Yooseph et al., 2DR1Globally, the most abundant group, adapted to nutrient poor
conditions of the open ocean, is characterized by small sidestreamlined genomes, resulting
in slow but sustained growth with little metabolic plasticiand low capability to respond to
nutrient in ux ( Yooseph et al., 200.0An opposing adaptive strategy is characterized by the
rare opportunistic group, with greater genomic and metabolicedsity, able to survive in low
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numbers, but capable of rapidly exploiting spatially andabundance with the arrival of pulses of Saharan dust in the open
temporally variable nutrient resources, thus occasionallpcean of the tropical North Atlantic.
becoming highly abundant in the communityr¢oseph et al.,
2010Q. This latter group of conditionally rare taxa can havepJATERIALS AND METHODS
a disproportionate e ect on ecosystem functioning during
periodic bloom conditions by providing important ecosystemSample Collection
services that are disproportionate to their initial low abamde All samples were collected during the Integrated Ocean Dgllin
(Shade et al., 20).4Their susceptibility to predation and viral Program Expedition 336 (16 Septembd November 2011)
lysis also make them important players in food web dynamicgaboard the R/V JOIDEResolutionSurface water samples used
and biogeochemical cyclingr¢oseph et al., 20)0e ectively in this study were collected when on station at the North Pond
in uencing the trophic transfer of key elements and trace mist  area on the western ank of the Mid-Atlantic Ridge at 2%’
Because of their rarity in ocean surveys, little is knownuibo N and 4605’ W (Figure 1) during the period of 5 October5
conditionally rare taxa and what environmental drivers img November 2011. Surface water grabs were collected daiebat
an increase in their abundance, especially in remote pelagic045 and 1,200 h (local time) from a port/bow location (under
systems. the bridge) at a maximum depth of 0.25m. For each sample,
The genusvibrio includes a group of heterotrophic marine two 1-ml subsamples were centrifuged &t3,000 g for 20 min;
bacteria with a worldwide distribution, but characterized after centrifugation, the supernatant uid was removed and
conditionally rare in the open ocean because of their infeatju  discarded using a micropipett&ostrom et al. (2004jeported
detection and low numerical abundancédoseph et al., 20).0 99% recovery using this approach to concentrate bacteria from
Although perhaps best known as pathogens, of th&50 seawater. Resulting pellets were stored&® C for Vibrio gPCR
currently described species, only 12 are typically assdoigite  analyses, which we used to estimate population changes at the
human disease; however, all play potentially important rolegenus level. Two 10 ml subsamples were xed in formalin and
in nutrient and chemical cycling in the marine environment used for bacteria and virus like particle direct courit®ple and
(Grimes et al., 2009Vibrio have a broad metabolic and genomic Fuhrman, 1995
potential, are able to take advantage of ephemeral pulses of )
nutrients through chemotaxis and motility, and show rapid DNA EXxtraction
growth in response to nutrient additionV{orden et al., 2006: DNA was extracted from the pelleted seawater samples using the
Takemura et al., 2014; Westrich et al., 20Mbrio are often DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA) accgdin
found in close association with plankton and marine partiteta to the manufacturer's protocol for Gram-positive bacteriangsi
where they degrade a broad range of substrates with extulsrel AE bu er as the elution medium. Two duplicate elutions of 2b
enzymatic proteins such as chitinases, proteases, and lipag@sh were combined for a nal eluent volume of B0 Extracts
(Thompson and Polz, 2098but can also survive in a free-living were stored at 80 C until use.
state (Vorden et al., 2006; Hunt et al., 200&/brio tend to . .
be biogeographically associated with nutrient-rich, comiphic ~ Construction of Quantitative PCR (qPCR)
environments of near-shore systemskemura et al., 20)4 Standard
Vibrio have been well-studied in coastal habitats in part becauseCR standards were prepared from genomic DNA extracted
of their potential to cause disease in humans and marinébom V. alginolyticus (American Type Culture Collection
organisms. Although they can be isolated from oligotroptpen  strain 33839). Briey, a culture was grown overnight in LBS
ocean environments, little is known about the ecology ofsthe (Miller Broth [Fisher, BP1426] supplemented with 2% NaCl
pelagic species and their population dynami¢s{mpson and and 0.05M Tris Buer) then pelleted by centrifugation for
Polz, 200%B 10min at 8,000 g. Supernantant uid was discarded and
In a recent studyVibrio were shown to be highly responsive to the genomic DNA (gDNA) in the nal pellet was extracted
nutrient and trace metal inputs through atmospheric depositio using a DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA)
of Saharan dust delivered to downwind coastal surface wateaccording to the manufacturer's protocol for Gram-negative
in the Caribbean \(Vestrich et al., 2006 Saharan dust is bacteria. A PCR product was generated from the gDNA using
entrained in the atmosphere from source regions in northernVibrio group specic primers targeting a variable region of
Africa and is blown across the Atlantic Ocean and depositedhe 16S rRNA gene, 567F@;CGTAAAGCGCATGCAGGT-
providing essential nutrients and trace metals, like iron, t 3°%and 680R, $GAAATTCTACCCCCCTCTACAG-3, (the PCR
marine ecosystemsvahowald et al., 2009; Boyd and Ellwood,cycling conditions were described by Thompson et al. and
2010. Several studies suggest that fast responding heterotropbatlined below;Thompson et al., 2004The PCR amplicon was
in oligotrophic waters can out compete autotrophic organism<leaned (QIAquick PCR puri cation kit; Qiagen) and checked
for Saharan dust associated nutrients and the degree of mespo by agarose gel electrophoresis to verify it was a single aomplic
increases with the degree of oligotrophyu(ido-Villena et al., of the correct size (113 bp). The amplicon was inserted into
2008; Maranon et al., 20%;,0however, there has been little a PCR-4 vector and cloned int&. coliusing a TA-TOPO kit
work on how speci c rare taxa respond in highly oligotrophic (Life Technologies Grand Isle, NY). The plasmid was extracted
systems, such as open ocean gyres. We hypothesizetfjthat  (QIAquick Spin Miniprep kit; Qiagen) and the cloned region
as a representative conditionally rare taxon, would inceeeias sequenced to verify the correct insert. The plasmid waslined

Frontiers in Marine Science | www.frontiersin.org 2 February 2018 | Volume 5 | Article 12


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles

Westrich et al. Vibrio Populations in Mid-Atlantic Surface Waters

40°

30°

20°

10°

0°
80°W 60° 40° 20° 0°

FIGURE 1 | Sample collection location at North Pond on the western ank dthe Mid-Atlantic Ridge at 22 459N and 46 059W (used with permission Expedition 336
Scientists, 2012).

with Notl (Roche, Indianapolis, IN) after cleanup (QIAquick were compared to a standard curve representin§-10° gene
PCR puri cation kit; Qiagen) and was quanti ed using a Qubit copies per reaction volume. The standard curve linear regmess
Fluorometer (Thermo Fisher Scienti ¢, Grand Island, NYh& (R2 D 0.994) resulted in an equation gfD 3.3 C 40.4 with
linearized standard was serially diluted in AE and run witdltlk  an e ciency of 100.4%. Linearized standards could be detected

gPCR assay. to a level of 2 copiesr 1, corresponding to aCt value of
37. Samples were considered not detectable if the mganfC
Quantitative PCR technical replicates for each sample was above this Viloieo

concentrations in seawater were expressed as gene copiés ml
r]l'o give biological context and because copy numbers of 16S
rRNA are highly variable across the gerwibrio, the range of
Vibrio genome equivalents (GE) was also determined, by dividing
the sample copy number by the currently reportetbrio 16S
rRNA gene copy numbers found in the Ribosomal RNA Database
(rrnDB). The rrnDB is an online, curated resource for curten
ibosomal operon ifn) copy number information for bacteria
Stoddard et al., 20)5The database currently contains 122
genomes from the genudbrio, with a range of 6-14 16S rRNA
gene copy numbers per species and a mean of 10 copies per

enome. GE ml are reported for the low and high ends of this
range, in other words, providing a range of possible cell nursber
"(genomes) based on 14 copies per genome (to give lower end)
%nd 6 copies per genome (to give higher end).

Total Vibrio concentrations were quanti ed using a SYBR gree
gPCR method utilizing th&/ibrio speci c primers 567F and 680R
(described above)Thompson et al., 2004 this methods has
previously been found to track very closely to culturaldierio
counts in tropical marine water/{/estrich et al., 2006 Brie y,
DNA template (5ml) was added to 1@n SYBR SELECT PCR
Master Mix (Applied Biosystems, Foster City, CA), 4m6of
PCR-grade water (Thermo Fisher Scienti c), and primers Wer(%
added to a nal concentration of 0.1@M in a total reaction
volume of 20ml. All reactions were run on a StepOne real-
time PCR system (Life Technologies, Grand Isle, NY) with th
following cycling conditions: 2 min at 5€ for UDG activation
and 95C for 2min to activate AmpliTag polymerase and UP
followed by 40 cycles of 96 for 3 s for denaturation and 6C
for 30 s for annealing and extension. Each run was followed by
dissociation step (9% for 15s and 60C for 1 min and 95C for
155s) to determine a melt curve for analysis of speci city.lEac Bacterial and Viral Direct Counts

sample was analyzed in triplicate (technical replication) and arotal bacteria and virus-like particles (VLP) were enumedat
least two replicate positive controls and two replicate negdtio  following the protocol rst described byNoble and Fuhrman
template) controls were included with every run. PCR inhidoit  (1997)and modi ed by Noble and Fuhrman (1998&nd Gri n

tests were conducted by the addition of 510° gene copies of et al. (2001) In short, 10ml aliquots of 1% formalin xed
linearized standard to each sample. If inhibition was detdct surface water (collected daily atl,200 h local time) were Itered
the sample was diluted 1:10 and ampli cation was repeatedhrough Whatman Anodisc 0.02m pore-sized, 25 mm diameter
Samples that continued to show inhibition were excluded frommembranes, in duplicate. Material was stained by placing the
the analysis. Cycle threshold{) values for all gPCR assays membrane sample-side up on top of a drop of diluted SYBR
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Gold nucleic-acid stain (Molecular Probes, Eugene, OR) (97500 gene copies mt). Aerosol particle counts were compared
m of 0.02n€m ltered water C2.5 m of a 1:10 dilution of between conrmed dust days (identi ed both by the presence
SYBR Gold) and incubated at room temperature in the darlof orange or red tint on high volume lters and corroborated
for 10-15min. Twenty-seven microliters of Prolong Antiead with NAAPS modeled data) and clear days (no dust and no soot;
(Molecular Probes, Eugene, OR) was placed on a coversligenti ed by clear high volume lIters and corroborated with
and the coverslip placed over the Iter on a glass slide. &ifte NAAPS modeled data) using an unpairédest. For all tests,
elds per slide were counted at 1,000magni cation under oil  signi cance was declared whén 0.05. All tests were conducted
immersion using a Carl Zeiss, Inc. (Jena, Germany) Axioskom GraphPad Prism 5.0.
40 epi uorescent microscope. For negative controls, 10 mL of
autoclaved 0.08m lter-sterilized deionized water was ltered RESULTS
and stained as described above.

Aerosol Particle Counts and Optical
Regional Aerosol Modeling Analysis Density
The Navy Aerosol Analysis and Prediction System (NAAPSAerosol particle counts were used as a proxy for the presence
surface-level dust and aerosol optical depth (AOD3), a \artic of Saharan dust particulate matter in the immediate vicirify
integral of total dust (unitless), was downloaded for theDI®  sampling when NAAPS modeled data indicated Saharan aerosols
sampling location (22N and 46 W) over the full sampling time in the region. Daily counts during the entire period of sampgjin
period (http://www.nrimry.navy.mil/aerosolLynch etal., 2006 averaged 1.89 10 particles |1, with a range of 1.82 1(°
The daily analyses (based on 4 6-h intervals) were averaged particles | 1 on 5 October to 4.88 10’ particles |1 on 22
each day providing one AOD value per day. This predictiveDctober. The potential increase of particle counts could also be
model was used to estimate dust arrival into the larger gg@gic  elevated on slack wind days when ship exhaust was not blown
area atal 1 spatial resolution for comparative analysisaway from the ship and therefore could confound determinatio

purposes. of dust arrival. A visual inspection of concurrently colledtHV
Iters was made to determine those days when particle counts
Local Aerosol Analyses were compromised with possible exhaust contamination. Days

To monitor dust arrival and load speci cally at the sampling with notable black particulates and little to no wind (indtoay a

station, a ParticleScan Pro (IQAir, La Mirada, CA) was usegigh likelihood of originating from diesel exhaust from tkkip)

shipboard to determine aerosol particle counts daily at 10 mivere noted to occur from 5 to 12 October. Conversely, a netabl

intervals. Measurements were taken on the roof of the bridggrange coloration, indicative of local dust intrusion, vedserved

of the ship, 10 meters above sea level. A daily average wah HV lters from 14, 15, 17, 21, 22, and 23 Octob&idure 2).

calculated. The high dust load during these dates was also con rmed by

High-volume membrane Itration samples were collected atNAAPS surface level modeling with a peak dust level in the regio

24h intervals for daily composite aerosol analysési€y et al., indicated on 14-15 October and 23 Octoberg0 mg m 3)

2019. The unit ow rate was 0.57 fimin 1. Collection began at (Figure 3. Aerosol particle counts were signi cantly higher on
0700 h each day using a Staplex TF1A ltration unit (Staplexdust days (3.487 10’ particles |1 3.761 10’ particles | 1

Brooklyn, NY) and Whatman TFAGF41 glass ber lters. Each[SEM;n D 6]) than on clear days (1.163 10’ particles |

Iter was weighed daily and stored in a labeled zip-top bag3.568 1P [SEM;n D 4]) (PD 0.0003).

at 80 C. Filters were visually inspected for color and other

features. In particular, daily Iters with an orange tintdicative ~ Vibrio Speci ¢ gPCR

of a heavy Saharan dust evehidgure 2) or those with a black to Because of the likely in ux of diesel exhaust into the HV ite

gray tint, indicative of diesel or other smoke contaminamiri ~ between 5 and 11 October, the relationship betw&#mio and

the ship exhaust, were noted. Local dust arrival was condme aerosol particulate counts was examined excluding this period

for speci c dates using a conservative approach, which requireTwo dates, 12 and 13 October, which also showed evidence of

the following observations to coincide: (1) increasedydafirosol exhaust in the lters, but preceded dust arrival into the area

particle counts, (2) orange-tinted lters, and (3) regio™NAAPS  (con rmed by NAAPS and low particle counts) were retained as

modeling analysis indicating dust in the region. Any datéthw low dust days in this time serieEigures 2 3). After elimination

black tinted Iters were excluded from analysis because tiot s of samples that exhibited PCR inhibition, or were chronoledjic

obscured the ability to observe any orange colorationlattied isolated (making determination dfibrio population dynamics

to dust. di cult to interpret), a total of 14 samples were used for
o _ comparative analysis. This provided a 2-week long daily data se
Statistical Analysis of samples collected in the mid-Atlantic 12-25 October 2011,

Aerosol particulates, bacterial and viral direct counts ®brio  including as noted above, two distinct increases in dustllgve
gene copy counts were compared for the time series witthe region indicated on 14-15 and 23 October.

and without lag factors, using the Pearson correlation asialy A daily average of 3,78@brio 16S rRNA gene copies mil
calculating a two-tailedP-value for each analysis. Samples withwere measured during this time periotfibrio showed a high
non-detectabléVibrio levels were assigned a value of one-hal€orrelation with aerosol particle counts with a 24 h lag, toamt
of the detection limit for statistical analyses (detectimnit was for a one-day delay invibrio growth (r D 0.56;p D 0.04)
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10/12/11 10/13/11  10/14/11 10/15/11 10/16/11 10/17/11 10/18/11

10/19/11 10/20/11 10/21/11 10/22/11  10/23/11 10/24/11 10/25/11

FIGURE 2 | High-volume sample lters (Staplex Type TFAGF41 glass ber é&rs) collected over 24 h intervals. Analyses focused on the interval between 12ral 25
October, which included suf cient consecutive days of samphg with both dust and non-dust days and limited appearance bexhaust soot on the lIters (12 and 13
October were included as pre-dust days, con rmed by NAAPS moetls). Filters tinted orange indicated observable Sahararudt loading (14, 15, 17, 21, 22, and 23
October). Clear days (low wind, no observable soot or dust oriters, and no dust based on NAAPS models) were noted on 19, 2025 October.

100 T T T T T T T T T T T T

Total 122.5ug m=3 NAAPS Surface Layer Concentration
AVG239ugm

October 2011

FIGURE 3 | Naval Aerosol Analysis and Prediction System (NAAPS) modsfl surface level dust at the Mid-Atlantic Ridge (22450N and 46 050W) 12-25 October
2011 (Lynch et al., 2016).

(Figure 4). There was no signi cant correlation with particle of dust (NAAPS dust modeFigure 5). VLP were almost an order

counts when incorporating 48 and 72 h lag times. Additionally of magnitude higher than bacterial counts, averaging 2.66F°

Vibrio gene copy mi! increased with NAAPS dust aerosol ml 1, and ranged from 1.66 10° ml 1 on 12 October to a high

optical depth (AOD) ¢ D 0.58;p D 0.03) Figure4) as did of 3.37 10° ml 1 on 23 October, 24 h after the peak bacterial

genome equivalents. We also examined possible associatiamint. Bacterial concentrations increased with aerosotigar

betweerVibrio and aerosol counts on days with no dust but sootcounts, with a 24 h lag response D 0.76;p D 0.001). VLP

present on lters (e.g., 5—11 October) and found no signi tan concentrations were also signi cantly correlated with @l

relationship. The highesVibrio concentration of 9,145 gene particle counts, with a 24h lag © 0.37;p D 0.02). VLP also

copies ml! (15 October) was measured 24 h after a spike inincreased with bacterial concentration D 0.67;p D 0.01)

aerosol particle counts (3.68 10’ particles | 1; 14 October) (Figure 5). Vibrio gene copy numbers were not signi cantly

(Figure 4). correlated with either the total bacterial nor VLP directueus,
with or without a time lag.

Direct Counts of Total Bacteria and

Virus-Like Particles DISCUSSION

Bacteria and VLP direct counts were also analyzed between 12

and 25 OctoberKigure 5). Total bacterial counts averaged 3.59The genusVibrio, most widely known for the ability of some

1® ml landrangedfrom 2.85 10° ml 1 on 14 Octobertoa species to cause disease, is globally distributed and impartant
high on 22 October of 4.60 1P ml 1, associated with anin ux nutrient cycling in the marine environment. Studies Wiorio
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FIGURE 4 | Time series plots (left side of gure) oVibriogenome equivalents (GE) miL. (Genome equivalents are represented as a range (shown inug shading)
based on the range of 16S rRNA copy numbers documented among/ibrio species (https://rrndb.umms.med.umich.edu;Stoddard et al., 2015; see Table S1).Vibrio
GE are shown shifted by 24 h to incorporate a growth responseag-time) compared to aerosol particle counts (top) and modied Aerosol Optical Density (AOD)
(bottom) for 12—25 October 2011 (including dust events). Quesponding scatter plots (and Pearson correlation) dfibrio 16S rRNA gene copy ml 1 with aerosol
particle counts and AOD are shown on the rightr( D 14).

biogeography and environmental population dynamics have The dominant adaptive strategy of bacteria in pelagic systems
focused mostly on nutrient-replete coastal systems. Inghidy, is typically characterized by a streamlined existence of slow
results demonstrated that although conditionally rare ineth growing, small cells containing minimal genetic plasticity
tropical open-ocean surface water of the mid-Atlantimpseph respond to newly available nutrient sourcesopseph et al.,

et al., 201)) an increase irvibrio 16S rRNA gene copies was 2010Q. Here, we have shown that in contrast to this minimalistic
closely associated with the inux of Saharan dust, a knowrstrategy,Vibrio with larger genomes and biomass, have the
source of biologically important nutrientslickells et al., 2005; metabolic capacity to survive in low numbers in the open ocean,
Mahowald et al., 20Q9similar to previous studies conducted and can mount a rapid growth response to an ephemeral nutrient
in coastal systemg/(estrich et al., 2006 Mid-Atlantic surface pulseVibrio have evolved adaptations to starvation pressures and
water Vibrio gene copies mit increased 6-fold within 1 day have been shown to persist for long periods under conditions of
of the arrival of Saharan dust (con rmed by agreement of allnutrient limitation (Eilers et al., 20Q0Vibrio have been shown to
measures of dust presence in the vicinity). This increasepyc reduce cell volume in response to starvati@re(iner et al., 2002;
number equates to an increase between 653 and 1,524 indlviddrhompson and Polz, 2008yet maintain a high number of rRNA
genome equivalents m} based on the known range of 16S rRNA copies to rapidly ramp up protein synthesis when conditions
copy numbers found in this genus (Table S1). A 24h lag ilbecome more favorablé&({lers et al., 2000; Polz et al., 2R0khis
growth response is consistent with previous ndings in cohstametabolic exibility could be ecologically advantageounsthie
waters, wher#/ibrio response to Saharan dust iron was seen 14epen ocean environment with varying nutrient regimes. Thoug
24 h post-dust arrival\(Vestrich et al., 2006 Additionally, the  not directly measured in this study, we suggest that Sahdwan
magnitude of response was similar to that noted previously, andssociated nutrients, especially iron, drive the obseNibdo
brought the standing population o¥ibrio in this oligotrophic  growth response, as has been observed previously in moretoast
open gyre system to concentrations more typical of coastalystems\(Vestrich et al., 2016

waters (Vestrich et al., 2006 This is likely an endogenous  Saharan dust is the dominant source of iron in the North
response to dust nutrients or substrate given th#drio, which  Atlantic, providing up to 87% of the dissolved iron (considebe

are marine in origin, have not been detected in dust aerosoli$s most bioavailable form) to marine surface water comntigsi
(Grin, 2007). Furthermore, the response was speci ¢ to dust(Mahowald et al., 2009; Conway and John, 20Vbrio spp.,
aerosol inuence, as soot exhaust did not support additionalike other heterotrophs, have a high intracellular demand for
growth. iron in enzymatic and metabolic processes, especially in their
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may elicit imporant di erences in the microbial community
response. In this study, we were able evaluatétiséu response
(Figures 4 5) to the arrival of multiple distinct dust events
in the open mid-Atlantic Figures 2 3), providing a level of
replication for such events that has not previously been reporte
These results suggest that conditional rare heterotropbsgu
Vibrio as a model, are responsive to the direct deposition of dust
aerosols.

Heterotrophic bacteria may play a much larger role in the
connections between dust and the ocean carbon cycle than
previously recognizedAulido-Villena et al., 2008 The bloom-
bust cycles oWibrio seen in this study could be attributed to
both bottom-up and top-down controls. The temporary release
from nutrient-limitation with dust arrival could directly dwe the
Vibrio increase observed with a resulting crash after exhausfion o
organic carbon sources. Alternatively, the increase insvitke
particles, closely associated with the increase in totalebat
counts, suggest a source of carbon and nutrients from viral-
lysed cells, indirectly supporting increas&fbrio abundance
(Pulido-Villena et al., 2004 Top-down controls are also known
to tightly regulateVibrio populations and could account for
the 24-48 h bloom to bust dynamics we observed in this study
and similarly found in other systemsWorden et al., 2006;
Suttle, 2007; Westrich et al., 201@he attenuated level of
Vibrio response measured after the second dust event 21-23
October would suggest that the system may be primed with

FIGURE 5 | Direct counts of total bacteria and virus-like particles ) ml 1 these top-down control agents foIIowing thébrio bloom-bust
surface water (12—25 October 2011; including dust events)Top: Aerosol

particle count | 1 air and total bacteria ml 1 surface water (shown shifted by response of the rst dust even_t (14-16 Octobefdures 34)

24 h to incorporate a growth response lag-time) with Pearsorcorrelation Vibrio and other fast reSpondmg Gamma'pmteObaCte”a have
(n D 14). Bottom: Virus-like particles and total bacteria mi! (no time shift) been estimated to have 100 times more biomass per cell than
with Pearson correlation D 14). the equivalent, globally abundant SAR 11 Alpha-proteobé&cter

(Yooseph et al., 2010; Cermak et al., 20This larger biomass
is believed to be a liability, especially during bloom coruatis,
respiratory electron transport chainF¢urquez et al., 20)4 when they are preferentially preyed upon by eukaryotic protists
SomeVibrio spp. are capable of xing nitrogen, which requires and subject to viral lysisHolz et al., 2006; Yooseph et al., 2010
extremely high amounts of iron as a co-fact@ir{minger et al., The interplay between addition of iron from dust deposition,
2007; Chimetto et al., 20Ddron availability has a direct e ect bacterial iron uptake and viral infection is interesting ight of
on Vibrio growth and ability to metabolize carbon and other the recent proposed Ferrojan Hypothesio(nain et al., 2006
biologically important macronutrients like N and K{rchman  This hypothesis suggests that viruses can adsorb free irdn an
et al.,, 2003; Sunda, 2012; Fourquez et al., 2(urthermore, then utilize bacterial iron-uptake receptors for infectiam the
Vibrio can utilize dust leachate ltered through a Oreh pore  manner of a Trojan Horse.
size membranéf/estrich et al., 20))gsuggesting that these often ~ The turnover ofVibrio and larger-biomass members of the
particle-associated microbes are not necessarily reliarduwst community by top down controls, even though numerically
particulates for growth, but can utilize dust nutrients inr@é-  minor, could have signi cant impacts on marine carbon and
living state. Furthermoreyloreira et al. (2015found thatVibrio  nutrient cycling in the pelagic oceaf(ttle, 200y, For example,
operational taxonomic units (OTUs) increased signi canity  primary production could benet from lytic turnover of lysed
the western tropical Atlantic (near the Mid-Atlantic Ridge) tit cellular debris thatis rich in P and NSuttle, 200). Viral lysate of
nutrient enrichment experienced during turbulent mixing én V. alginolyticudias been shown to be a highly available source of
iron acquisition genes dominated the functional respongbése iron supporting photosynthesis?©orvin et al., 201)1
changing conditions, further supporting the importance ofriro In  conclusion, this study demonstrates thaVibrio
in heterotrophic tness in Mid-Atlantic pelagic communities. populations, though typically rare in pelagic waters signi dgnt
Recent investigations using experimental microcosmsncrease in abundance with the arrival of Saharan dust. We
have demonstrated equivocal biological response among tipeopose that dust associated nutrients like iron, essential
autotrophic and heterotrophic community to the addition of for Vibrio survival and tness, drive this response in these
dust associated nutrients and iro@dyd et al., 2010; Langlois oligotrophic systems, extending a previous nding of iron in
etal., 2012; Pulido-Villena et al., 20Q;lHowever, few studies have Saharan dust in uencing coastaVibrio population blooms
been able to captuiia situresponse to natural dust events, which(Westrich et al., 20106 Ecological roles of rare microorganism
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are largely unknown, especially in the open ocean, but it ifnitiative # S0867882 [to EL]), and the U.S. Geological
thought that they contribute to stability and function of an Survey (Toxic Substances Hydrology Program [to DG]).
ecosystem Shade et al., 201.4Though many uncertainties Additional personnel, technical, and scientic support were
remain, identifying this response is crucial rst step for o provided to DG through the IODP (Integrated Ocean Drilling

targeted studies that could have larger implications in tadon  Program) Expedition 336. The development of NAAPS and

and nutrient cycling in the oligotrophic open ocean. the NAAPS reanalysis was supported by the O ce of Naval
Research Code 322 and the NASA Interdisciplinary Science
AUTHOR CONTRIBUTIONS Program. Blair Sterba-Boatwright (Texas A&M University—

Corpus Christi) provided assistance with statistical analyses
JW analyzed all samples and data, contributed to th&eference herein to any speci c commercial product, process,
experimental design, and wrote the manuscript. DG collected aor service by trade name, trademark, manufacturer, or otlies
samples, analyzed bacterial and viral direct counts, douteid ~does not necessarily constitute or imply its endorsement,
to experimental design, and contributed to the manuscript. DWrecommendation, or favoring by the United States government
provided modeled aerosol data for the time series and rexdeweT he views and opinions expressed herein do not necessatriéy sta
the manuscript EL worked with JW on analyses, contributed t®r re ect those of the United States government and shall ret b
experimental design, and helped to write the manuscript. used for advertising or product endorsement purposes.
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