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ABSTRAGT

Gelatinous zooplankton play a crucial role in marine planktonic food webs. Howeverlgrima
due to methodological challenges, thesitu diet of zooplankton remains poorly investigated and
little is known.about their trophic interactions including feeding behavior, pregtiseleandn

situ feeding rates. This is particularly true for gelatinous zooplankton including ttreema
pelagic‘tunicateDolioletta gegenbauriln this study, we applied an 18S rRNA amplicon
metabarcoding approach to identify the diet of captive-fed and wild-cBugjggenbauron the
mid-continental shelf of the South Atlantic Bigl8AB), USA. Sequencin@yased approaches
were complimented with targetedaguitative real time PCR (Polymerase Chain Reaction)
analysesCaptivefed D. gegenbaurgut content was dominated by picnane and
microplankton.including picodinoflagellates (picozoa) and diatdrhese resultsuggested that
diatoms were concentrated By gegenbaurrelative to their concentration in the water column.
Analysis of wildcaught doliolids by quantitativeal time PCR utilizing a grougpecific diatom
primer set confirmed that diatoms were concentrated.lmegenbauri particularly bythe
gonozooid life stage associated with actively developing bloomsie8egs derived from larger
metazoans were frequently observed in wild-caught animals but captivefed animals
suggesting.experimental bias’ associated with captive feetlmgge studies revealed that the
diet of D. gegenbauris considerably more dérse than previously described, that parasites are
common in wild populations, and that prey quality, quantity and parasites are likely allantpor

factors in regulating doliolid population dynamics in continental shelf environments.
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INTRODUCTION

Gelatnous zooplankton ply a crucial role in marine plankton food webs and, although a
subject of considerable debd&anzMartin 2016) it has been speculated that they may become
increasingly important in the future warmer and more acidic od®ahdrdson et al. 2008rotz
et al. 2012, Purcell 2012, Condon et al. 2013, Winder et al. 2017). Although a significant
component.of most marine systertg trophic role of gelatinous zooplankton remains poorly
investigated due to methodological chafjea and persistent misconceptions of their importance
(Henschkeetal. 2016, Lamb et al 2017 This is especially true for smaller gelatinous
organisms, including the pelagic tunicates (salps, larvaceans and dolwiidgkgspect to their

trophic inteaetions (Jaspers et al. 2015).

It is well known that continental shelf regions of subtropical oceans experience intermittent
occurrences of pelagic tunicate bloofRaffenhofer et al. 1995). These blooms are understood to
be initiated-by-eddyelated shetbreak upwellings that deliver cool nutrienth water onto the
adjacent shelf.iand result in increased pelagic productivitdér et al. 1983elegri etal. 2006,
Castelao2014 On the broad shelf associated with the South Atlantic Bight (SAB) in the
subtropicalregion of the western North Atlantic, doliolid blooms, most conynbelspecies
Dolioletta gegenbauriDoliolida Dolididae), occur predictably in association with shelf
upwelling‘conditions (Deibel and Paffenhdfer 2009). Doliolids are atmstdantly located in
the particlesand nutrient-rich intruding bottom water and in the thermocline coigtiigiher
concentrations‘of phytoplankton and associated plankton communities (Paffenhiéfeeand Le
1987). Typically, once on the continental shelf, doliolid blooms develop within 1 to 2 weeks due
to their prolific asexual reproduction (Paffenhofer and Koster 2011) and thecefurédute
significantly to shelf production, pelagic ecology, and pelagic-benthic couplinggl®98,
Nakamura 1998Vlartin etal. 2017). Blooms exceeding 1,000 doliolid zooid$ame frequently
reported from*most of the world’s subtropical continental sheRafdnhofer et al. 1995,

Deibel 1998, Nakamura 1998).

Based on laboratory derived estimates of doliolid cleaatgsr(Deibel 1998) it can be
inferred that on the SAB shelf doliolids have the potential to remove a signifiaatibn of

daily phytoplankton production, at times having the capacity to clear nearly 100% of the water
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column (Paffenhdofer et al. 19959)hese filtration rates are considered conservative as recent
situ observations of pelagic tunicate filtration rates are idenably higher than laboratory-
derived estimates (Kakani et al. 2017). In addition to high clearance rates aiedtgfticticle
capture (Tebeau and Madin 1994), doliolids produce copious amounts of relatively buoyant fecal
pellets containing high quantities and quality of organic matter (Paffenhtfer atet R085).

The fate and significance of these pellets are poorly underdiabthey can be reingested by
doliolids'and"ether animals, colonized and remineralized by bacteriaach the seafloor,
stimulatingbenthic bacterial production. Thus, doliolid blooms through their ability to collect,
aggregate and release partidiese the potential of fstructuring the pelagic food web

including shunting a considerable fraction of pelagic water column productivity toithebial
food web (e.gsPomeroy and Deibel, 1980).

Doliolids exhibit a complex mukzooid life cycle (Figure 1) and thusjs likely theirdiet
changeshroughoutheir development. Howevetue toconstraints associated with culture
based approaches, it remains a challenge to identify and quantify doliolid feediigvithout
introducing experimental bias associated with cultivation. This challenge, although particularly
acute for small delicate gelatinous zooplankton species suzhgegienbautihas been well
recognizedimsgeneral for zooplanktibrat prey on microscopic organisms at the base of the
grazingrfood.web (Bathmann et al. 2001, Troedsson et al. 2007, Nejstgaard et)al. 2008

In view of these challenges, new methodologies using gpegiHic DNA as biomarkers for
the study of trophic interactions have yielded promising results. For exdbiffebasedyut
content analysigpproaches have been successfully applied in qualitative and quantitative dietary
studies of a-wideange of terrestrial and marine invertebrates and vertebBltegkérship and
Yayanos:2005;:Durbin et al. 2010, Clare 2014, Nielsen et al. Z0hig)is especially true for
revealingtrophic behaviorsf cryptic species including insects, deep sea animals and species
that forage widely in remote environments and are thereiéieult to observe. RecentlyCR
based assays for detection of prey content in the gut of a variety of marine mesozooplankt
species including the larvace@ikopleura dioicaTroedsson eal. 2007) and the dolioliD.
gegenbaur(Frischer et al. 2014)ave been developebh the case of both these pelagic tunicate
species, prey DNA digestion appears to be minimal and the@fyangestion can be
guantitatively estimated using quantitative PCR approaches (Frische2@14).The
availability of suchmethods provide a culture independent means to assess the diet of these
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delicate and cryptic marine animals. To our knowledge all previous investigdtairsave
attempted to directly determine the dieDofgegenbaurhave relied cultivated animals in

laboratory settings and therefore likely incorporatedsiassociated with culture conditions.

In order to improve the understanding of the trophic role of doliolids in continentbicite
webs, in this study we applied an 18S rRNA amplicon metabarcoding approach to identify the
diet of captivefed-and wildcaughtD. gegenbauracross seasons and bloom conditions on the
mid-continental shelf of the SABhe £quencingdased approach wasmplimented with

targeted quantitative real time PCR amsaly providing novel insights into the diet of doliolids.

MATERIALS AND METHODS
Dolioletta gegenbauri Collection

D. gegenbaurzooids were collected frequently throughout the summers of 2011 — 2012
and approximately monthly from 2015 — 20t@&m the South Atlantic Bight midontinental
shelf in waters ranging from 20 — 40 m in depfimimals were collected from 31 to 29°N
abard the R/\.Savannah using2@2um mesh cone né2.5M length with a 0.5 M opening
and equipped'with a4 nonfiltering cod end previously described by Paffenhéfer and Gibson
(1999). Following the procedures described in Gibson and Paffenhofer (RO@@genbauri
were maintained in culture through their entire life cycle and made available for Molecular Gut
Content Analysis (MGCA) enabled feeding studies. Wildyegenbaurzooids were captured
as described abhowsndimmediately anesthetized 0.2 um filtered ssmwater containing 0.4%
MS-222 (3-aminobenzoic acid ethyl ethaifa Aesar, Pelham, N} rinsed three timeand
placed int@ATL buffer with proteinase KIINeasy Blood & Tissue DNA extraction kit (Qiagen
Inc USAyValencia, CA USA) Samples were stored4fiC until DNA was extracteghipboard
or in the laboratory withi24 —48 hoursfeer their initial captureDuring extended research
cruises samplesere processed at saad o shorter cruises {2 days)samples were processed

in the laboratory.
Quantitative Zooplankton Collection & Enumeration of Doliolids
Zooplankton samples for quantitative analysis of doliolids were collected through the

whole water column from a drifting ship by slowly (15 M fjmaising and lowering a 202 pm
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mesh cone ne@.5 M opening an@.5m long(ratio 1:5)equipped with a filtering cod end. A
calibrated flowmeter (General Oceanics, Inc. Miami, Florida, Model 2030RC) was centered in
the net opening to estimate the volume of water filtered. After net rettievalankton

concentrate was rinsed with surface seawater through a 202 pm mesindi¢nansferretb
wide-mouthjarsvhere they were immediatefixed in 60% ethanol to a final volume of 1L.
Samples wereseturned to the laboratory for counting and identification. Samm@egangovas

generally completed within 12 months of collection.

Dolielids.were identified and counted by microscopy as described by Godeaux). (1998
If doliolids werevisually abundant, the sample was diluted before counting usingankol
plankton sample splitteDoliolids were identified and counted in duplicatenh subsamples
(10 ml total).such that 1% of the original 1L sample was examBallsamples were transferred
to a Bogorev.zooplankton counting chambéth a 5 mLHenserStempel pipetteand counted
under an Olympus SZH10 binocular microscopatal abundance of doliolids was calculated by
multiplying the counted zooidsy the final dilution factor and reported as individuals per cubic

meter.
Water Sample (Prey Fiel@ollection

Torcompare the composition available prey presemt the wateicolumn to ingested
prey,similar moleculabased methods were utilized to assess the plankton community
composition.” Near bottomvater (500 mL)wascollected contemporaneoughyithin 1 hour)of
the doliolidsand wagreAiltered through a 63 um sieve and collected onto a 0.8 um (47 mm)
Supor filter (PALL Life Sciences, East Hills, NY). Thetdit was placed in a sterile 2 mL
cryovial and stored at -80%@ntil DNA was extractedestimation of the composition of the
available=preyor the captivefed feeding studies was based on the analysis of these samples.

Shipboard Feeding Studies

Experimental feeding studies were condu@bdard the R/V Savannah during 5 summer
research crgessin the South Atlantic Bight (2011 — 2012). To initiate feeding, laboregargd
6-8 D. gegenbaurgonozooids (1 4 mm in length) were transferred to 1.9 L glass jars that
contained freshly collected near bottom seawater and acclimatized for 2 hours on a rotating

plankton wheel (ca. 0.3 rpm) to keep them in constant suspension. Following acclimation,
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doliolids wee transferred to frestearbottom seawatan 1.9L jars and allowed to feed for 2

hours. Assuming average gut residence times 68@0nin and clearance rates of 0.5 — 1L Hay
(Gibson and Paffenhdfer 2000), during the 2 hour feeding period the doliolids would have been
expected to have cleared 25000 mL (13 — 35%) of the feeding vessel volume during the
experimental.feeding period. After the feeding period, the doliolids were imnigdeteoved

from the feeding chamber and anesthetized by placemitito 0.2 um filtered seawater
containing'0:4% MS-222 (&8minobenzoic acid ethyl ester, Alfa Aesar, Pelham, NH). After the
animals had"been anesthetized they were individually rinsed 3 times in 0.2 um filtered seawater
containing MS222 and transferred to individualmL tubes containing extraction buffer ATL

from the DNeasy Blood and Tissue kit (Qiagen, Valencia, CA). Samples were stored at 4°C

until DNA was#extracted, usually within 2448 hours after initial collection.

Genomic DNA purification.

Genomic DNA from whole animals was extracted using the Qiagen DNeasy Blood &
Tissue kitias described by the manufacturer’s instructions for total DNA from animal tissues
(Qiageny=Valencia, CA). Total communiDNA from filtered water samples wasso extacted
from each filter'using the DNeasy Blood and Tissue kit (Qiagen, Valencia, CA) to make them as
consistent'as possible with DNA extracted frdrrgegenbauri Following extraction, purified
DNA was guantified using a NanoDrop™ 3300 fluorospectrom@&tezr(no Scientific,

Wilmington, DE) after staining with PicoGreen (Invitrogen, Carlsbad, CA) or @s{@gbit®

2.0 fluorasspectrometewith the dsDNA HS assay reagents (ThermoFisher Scientific). Samples
collected during the 2011 - 2012 expedition were quantified using the NanoDrop™
fluorospectrometer. Samples collected during the 2015-2016 expeditions were egiaistifg

the Qbit'fluerospectrometer®. Yields ranged from 0.04 — 2 ng DNA gonoZawmid 0.16 — 0.68

ng DNA per 500 ml water. The suitability of the purified DNA for downstream PCR and
sequencing was assessed by determining whether an 18S rRNA gene fragment could be
produced.utilizing a general (universal) targeted primer set as previously described (Frischer et
al. 2014). Each certified DNA samphas archived and stored-20°C until further analysis. A
total of 193, 41 and 12 PCR amendaséanples from captivéed doliolids,wild-caughtdoliolids
andwater samples, respectively, were collected over the course of this study.
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Development of a Doliolid blocking PNA PCR assay

To detect and identify potential doliolid prey and parasites, the presence of eukaryotic
associatesvasdetected using generic eukaryotic 18S rRNA-targeted primers followed by high-
throughput-nexgieneration sequencing of resultant amplicon mixtures. An approximately 630 bp
amplicon spanning the variable V4 and V5 regions of the 18S rRNA gene was amplified using
the universal eukaryotic primers UA8S-557F and Unit-8S1180R (Hadziavdic et al., 2014).
To inhibit @amplification of the doliolid@olioletta gegenbauril8S gene, amplification reactions
were performed in the presence of a doliglkcific peptide nucleic acid (PNA) oligonucleotide
blocker essentially as previously described except that a PNA blocker spediiiqyiegenbauri
was used (Troedsson et 2008). The doliolid PNA-blocking oligonucleotide Dg677F P($A
Lysine-GGC.CAA TGC AGC CTG TGyvas designed, developed, and validated in this study
essentially.as.previously described by Troedsson et al. (ZD@8Yocking efficiency of
doliolid PNA was empirically determined to prevent the amplification of 99.99% dbkblid
18S rRNA gene copies in a PNA-PCR reaction (Supplementary FigurbelPNA was
synthesized by’ NA Bio, Inc (Thousand Oaks, CARlocking PCR(PNA-PCR) reactions were
conducted,in,40 pl reactions and facilitated using 4 ngroplate DNA 130 nM (final
concentration)iof each primer Univ 18S-557F, Univ 18S-1180R, 1X (final concentration) Taq
PCR MasterMix (Qiagen, Valencia, CA) a@@ uM of Dg18S-677F PNA blocking primer.
Amplification was accomplished using a GeneAmp 9700 Thermocycler (Applied Biosystems,
Foster City, CA) and included a 5 min initial denaturation at 94°C followed by 30 arapdifi
cycles [94°C (30 s), 60°C (30 s), 72°C (1 min)] then a 10 min final extension step at 72°C. The
PNA blocking.oligonucleotide was incorporated into the standard PCR cycle by incluehy a
annealing step.(63°C, 30 s) following denaturation at 94°C.

Gut Content Assessment by MetabanegdNext Generation Sequencing.

Sequencing of barcoded amplicon libraries was accomplished using lon Torrent
procedures on a Personal Genome Machine (PGM) as previously debgrifresther et al.
(2017).Briefly, barcoded libraries from pooled samples prepared from doliolids and water
samples collected from each cruise were prepared from randomly sheared (~ 400 bp)
preparations of the 630- bp 18S rRNA amplicon and were sequenced on a 316v2 chip with 400
bp chemistry. Standard protocols for library preparation (lon Xpress™ Plus émagirary
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Kit MANOOO77044 Revision A.0), library templating (lon PGM™ Template OT2 400 Kit PGM,
template preparation MANO0O0O7218 Revision 3.0) and sequencing (lon PGM™ Sequencing 400
kit, MANOOO7242 Revision 2.0) were followleRaw sequence reads were filtered using the lon
Torrent Suite software (ver. 4.2.1) to trim adaptor sequences and to remove polyclonal
sequences.Ribosomal sequences were exported into the Mothur pipeline to remove tpw quali
sequences.(Schloss et 2009). Next, quality-controlled sequences were uploaded to the
SILVAngs pipeline (version 1.2, Quast et al. 2013), where libraries were alignedpldstes,

and taxonomically classifie@axonomic classification was facilitated using a local nucleotide
BLAST search against the noedundant version of the SILVA SSU Ref dataggidst et al.

2013, release119; http://www.arb-silva.de) using blastn (Altschul et al. 1990, V21Zip8;
http://blastiacbi.nim.nih.gov/Blast.cgipequences from identified prey that contained less than
10 sequencing reads, sequences identified as doliolid and human were also remoeagdtirom

dataset.

Development of Diatom-Specific Quantitative Polymerase Chain Reaction |giREHR).

To determine the quantitative importance of diatoms in the didt gégenbauria
general diatonspecific real time quantitative PCR (qPCR) assay was developed. 18S rRNA
sequences.were olitad from GenBank and aligneding the ClustalW utilitymplemertedin
Bioedit (Hall 1999). Sequence regions that were conserved within the diatpigrpup yet
distinct fram nordiatom groups were identified and screefegduitability as PCR primer
targets followingoest practice PCR primer desigrteria (Tayloret al. 2015). Potentigrimers
were screeneith silico using Primer3Plus (Untergasser et al. 2Qb)redicttheir efficacy.In
silico specificity"was further confirmed using the SILVA TestPrime and TestProbe utilities
(Quast etl. 2013).

Empirically ogimizedannealing temperaturegere identified utilizing the BidRad
SsoFast™ EvaGre&rBupermix. gPCR reactions were conducted in 20 pl reaction volumes
containing a final concentration of 0.3 pmol (of each primer) and template conosstrati
ranging from 5x10 — 1.2 ng if target genomic DNA. gPCR reaction conditions included an
initial enzyme activation step at 95°C for 30 seconds followed by 40 cycles of denaturation
(95°C, 5 sec) and annealing/extension (62°C c}. gdter cycling, product meltemperatures

were evaluated from 6295°C at 0.5°C increments for 5 seconds each. The abundance of diatom
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261  18S rRNA genes was quantified relative to standard curves prepared withigdatésmid

262  DNA containing an insert of the target 18S rRNA gene from the didtomeissfloggiln

263  addition, the quantity of diatom genes in each seawater savaplestimated volumetrically

264  based on a standard curve prepared from a series of filters containing water collected at the time
265 the animals.,were collected from 1, 5, 10, 50 and 100 mis of water and calibrategl&sthiel

266  standard. Thisallowed the ctiea of standard curves based on the diatoms present in the

267 seawater that'were presumably being consumed Wy.thegenbaurzooids.All gPCR

268 reactions utilized a BiRad CFX96 Realime PCR System. All wildcaughtanimal and water

269 samples were assayed a minimum, irriplicate.

270  Statistical analysis.

271 To investigate the significance of water quality parameters, prey and doliolid abandan
272 correlation analyses were used to screen for significant relationshipsddllmnwmore stringent
273 linear andnorrlinear regression approaches. Because the abundance of doliolids between
274  sampling dateés'was not normally distributed (Shapfti test, W=0.209, p <0.001) the

275  Spearman Rank Order correlation procedure was used. Linear afideamegression analyses
276  were used to assess the performance of the diatom gPCRG@asgajation and regression

277  analyses weresfacilitated in SigmaPlot (Windows version 13.0). Comparison of N8SydRe

278  sequence-libraries were facilitated using the R Community Ecology Pa¢kE&g®N (version

279  2.5-1) in the R Software environment (3.2.2) (R Core Team 2@Bhmunity similarity

280 (MoristaHorn;"Jaccard and Bra@urtis) analyses and assembly of heat maps were also

281 facilitated(in R using the VEGAN and ggplot2 packages, respectively. The frgqueNGS

282  sequence reads expressed as a relative fraction of the total number of sequence reads recovered

283  were interpreted senguantitatively and not subjected to parametric statistical analyses.
284
285 RESULTS

286  Doliolid“Collection and Near Bottom Water Conditions

287 Feeding studies and molecular Next Generation Sequencing-based (NGS) gut content
288 analyses were conducted during 5 summertime (June — August) cruises to tomtmental
289  shelfin the SAB from 2011 and 2012. A total of I®3yegenbaurgonozooids ranging from 1
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— 7 mm in length were analyzed. During the May, August and September 2011 aruises,
additioral 41 wild-caughtD. gegenbaurgonozooids were collected and their gut content
analyzed. During these cruises, nbattom shelf watetempergures ranged from 17.5 — 27.7°C
andsalinty ranged from 36.1 — 36.5 PSU. Estimates of total chlorogtade not available from
the 2011 cruises but ranged from 2.9 — 3.3 {1gn.2012 (Table S1). The abundance of doliolids
was not determined duag these cruises.

To'explore the quantitative importance of diatom prey in the doliolidwlilet;caughtD.
gegenbaureaptured during an additional set of 15 cruises conducted on 20 May, 2015 and
approximately'monthly from August 2015 — December 20&fevalso examine@ver this
period a total of 158. gegenbaurzooids including 108 gonozooids, 8 phorozts, 35nurses
and 2 oozeeids.were captured and the abundance of diatoms in the gut of each zooid was
estimated.by.gPCR. Neaottom water conditions and the abundancB.ajegenbaurduring
this period are provided in Tabld SOver the course of these studies near bottom temperatures
ranged from 13.3 — 27.9°C, salinity ranged from 34.2 — 36.5 PSU, total chlorapagtjed
from 0.55/— 3.7)ug t and the fraction of total chlorophyl> 8 um ranged from 2.8 — 70.2%
but was,typically closer to 30% (29.7+17.9%).

Seasonal-Abundance of Doliolids

The abundance of doliolids was estimated during 14 cruises from August 2015 —
December2016 (Figure& Table SJ. Quantitative estimates of doliolids were not completed
during the May 2015 expedition. Doliolids were observed in nearly everlpuotheir
abundance.was highly variable (0.26,795 n). Blooms, defined here as periods when greater
than 25.zooids fand multiple zooid life stages are present, were common; blooms were
observed-on-7-0ut of the 14 cruises. Moderate blooms (25-100 zodjidsene observed on 3 of
the 14 cruises. Super blooms (1AMO0 zooids i) were observed 3 times and a Mdgoom
(> 1000 zooids 1)) was observed once comparison to the operational definition of a
Thaliacea bloom suggested by Martin et al. (2017) based on the fractional contribution of
Thaliaceans to total mesozooplankon (> 300 pm) biomass, Super baiasrsughly
corresponds to a moderaténtense bloom and a Mega bloom corresponds to the high end of an
intense bloom as defined in this study. The abundance of doliolids was significantigtedrre
with total (r = 0.838, p < 0.001) and the > 8 um (r = 0.901, p < 0.001) chlorophyll a fractions in
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near bottom water@igure3). However, these correlations were largely driven by conditions
during the Mega bloom on 11 August, 2016. Excluding this period when chloraphyll
concentrations in nediottom water were < 3 pgtand the abundance of doliolids was <

16,0000 rit, there was not a significant correlation between the abundance of doliolitttaind
chlorophyll.a.concentratiom bottom or surfacevaters p > 0.49) or any of the othparameters
measuredincluding date, location, depth, surface and bottom temperaalnaty, particulate
organic'hitrogen and carbpnThere was, however, a significant relationship between the
abundance giresumedictively growingD. gegenbaurgonozooids (< 8 mm) and the fraction

of total chlorophyll a in the < 8 um size class (Figure 3). A similar relationship was not observed
for otherDsgegenbaurzooid life stages.

Doliolid Diet.Biversity and Comparison to Available Prey

lon Torrent sequencingf doliolid gut content and water column amplicon libraries from
the 5 collections generated a total of 1,000,746 and 957,562 sequence reads, respectively, prior
to applyingaQA/QC pipeline (Supplemental Table S2). Following the removal of Idityqua
sequencesy sequences that did not have at least 10 replicates in the dataset and sequences
identified as being derived from doliolids or humans, the dataset included 207,116 gut content
sequencesrderivdtbm feeding experiments, 58,8d@rived fromwild-caudit animals and
284,597 water column derived sequen€agated sequences generated in this studies are
available from the Dryad Digital Repositohttps://doi.org/10.5061/dryad.99p2308alters et
al. 2018. Average read lengghfor gut content and water column libraries were 328 (227 — 400)

bp and 328230 — 399) bp, respectively. Sequences classified using the SILVAngs rRNA
sequence classification service (Quast et al. 2013) resulted in a total of 40,353 ThEds

OTUs could be collapsed into 417 unique phylogenetic taxa that could further be dastifie

17 functional prey groups containing 353 taxa and 4 major parasite groups containing 64 taxa.

The overall distribution of functional prey é&parasite groups from captied and wild
caughtD: gegenbaurand from the watezolumn samples are provided in Figure £A-
Picodinoflagellategpicozoa)dominated the sequence libraries from both the captide-
doliolids (28.7%) and the associatedter samples (38%). Diatoms were the next most
abundant sequences recovered from the captive-fed doliolid libraries (24.7%) bpowdye

represented (2.4%) in the water column libraries. Sequences derived from metazoans, especially
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hydrozoans, were &b commonly retrieved and accounted for 21.5% of all sequences recovered
from thecaptivefed D. gegenbauriSequences classified as hydrozaocounted for 71.1% of

the metazoan sequences but sequences derived from copepods, mollusks, chaetognaths,
appendicularians and fish were also recovered. Other +aidtaryotic prey included a variety of
microalgae.including representatives of Charoph@tdprophyta, Cryptophyta, Haptophyta,
unclassified flagellates and larger ciliates and radiolarians. Sequences classified as Charophyta
weremost'likelyderived from aeolian deposited tree pollen. In addition to the 200,327 prey
sequences recovered frahe captivefed animals, 6,789 sequences were classified as probable
parasites.. Of thes@ungal sequences were most common (85.4%). However, representatives of
the Discoba-Euglenozoa (12.8%), Amoebozoa (1.3%), and Apicomplexa (0.5%) groups were
also deteted.

The.distribution of classified prey groups identified in the libraries gemkhate the
wild-caught animals exhibited a remarkably different composition than thosedlé&owm the
captivefed animals. Whereas picodinoflagellates and diatoms @aedrihe libraries from the
captivefed animalsthese groups accounted for only a small fraction (combined 3.3%) of the
sequences,tecovered from the wilmight animals. The majority of the recovered seggenc
from the wild-caught doliolidsvere classifid as larger microzooplankton including radiolarians
(32.5%), ciliates (11.7%) and metazoan groups that included chaetognaths (21.8%), mollusks
(15.5%), copepods (7.6%) and cnidarians (2.1%).

Potential parasite groups identified based on recovered sequeciodsd fungi,
euglenozoids;amoebozoid and apicomplexan groups. Parasite groups recovered fronfiechptive-
animals largely reflected the sequence representation observed in the water column samples with
fungal and euglenozoids being most prevaletah samples type@d-igure 3) However,

Apicomplexa sequences dominated (72%) the potential parasite libraries derived from-the wild
caught animals.

There was not a consistent relationship between the composition of the available prey
community (water) and what was recovered from doliolids (guts) (Figure 5). Exgludi
metazoans and probable parasites that are unlikely to be a component of the detjaactii

sequence library could be clustered into groups that were dominated either-by pico
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379 dinoflagellatesdiatoms or microzooplankton (radiolarians and ciliatesholcases were prey
380 communities clustered together in paired water and gut samples (Figure 5).

381 Examination of the ratio of sequences recovered from paired gut and the watiessam
382  suggestithatywhile the majority prey groups were observed at ratisigimifitantly different

383 from 1.0 (p < 0.05) as would be expected assumingsetattive filter feding. There were

384 however, several notable exceptions. Diatoms, ciliates and two groups of methydaozoga

385 and chamgnatha) were each ovexpresented in gut content samples relative to their abundance
386 in the water indicating that these groups waslkectively concentrated (Figure 6).

387 Contribution ef,Diatoms to the Doliolid Diet

388 To determine the quantitative importance of diatoms in the di2t gégenbauria

389  general diatonspecific real time quantitative PCR (QPCR) assay was developed andlutlize
390 determine‘the abundance of diatoms ingested by wild-c&ugiggenbaurzooids relative to
391 their availability in the water column. A general 18S rDNA diatangeted primer set was

392 designed for this purpose. The primer set consists of two dispeaiic primers including a

393 forward. primer.18SMiatom487 (5-GGTCTGGCAATTGGAATGAGAAC) and a reverse
394  primer 18SRBiatom615 (5-CTGCCA GAAATCCAACTACGAG). This diatorrspecific

395  primer pairamplifies a 128 bp fragment of the hypervariable V3 region of theRNS gene.
396 In silicotesting utilizing the Silva TestPrime utility (Quast et al. 2013) indectitat this primer
397 set matches with full identity (O mismatches) with8% of all diatom species included in the
398 Silva reference database v132. In practimayever, 18S rDNA targeted primers are generally
399 effective in.amplifying targets containing up to 3 mismatches depending on assainendit
400  (Frischer etl. 2017). The primer set developed here would be expected to amplify 17.9%,
401  34.3% and-61+1% of ali@om species in the Silva reference databas®]rdllowing for 1, 2
402 and 3 misnatches, respectively. The primer set appears particularly well matched to amplify
403  diatoms in the Mediophycea including the common marine gSieri@toneméastephanodiscus
404 andThalassiosiraMinimal crosshybridization with other organisms is expected baseid on
405  silico analyses. Empirical specificity testing supported these results (Figure 7A). Empirical
406  testing of sensitivity utilizing a cloned fragment of the 18S rRNA dema two diatom species
407 in arealtime gPCR formaitThalassioga weissflogiiandRhizosolenia alatandicated that this

408 assay could be used to quantify as few as 10 gene copies and was3né€ad9) up to 10

This article is protected by copyright. All rights reserved



409 copies in a gPCR assay format Torwessflogii As anticipated based amsilico evaluation the
410  primer set was significantly less sensitive Roralataproducing linear (£0.95) amplification
411 signal from 16— 10 18S rDNA target copies (Figure 7B).

412 Thesconcentration of diatoms in 143 wild-cauBhgegenbaurzooids and paired water
413  sampleqavailable prey fieldjrom the 10 cruises in 2015-20Where sufficient numbers @f.

414 gegenbaurzooids were collected for diet studies was determined by qPCR. Doliolichlifesst
415 included gonozooids (97) ranging in size from less thammt 10.5 mm, oozoids (2), nurses

416  (35) ranging fran 1— 20 mm and phorozooids (8nging in sizérom 4 — 12 mm. Each sample
417  was analyzed-at least in triplicate. Diatom concentrations in gut samples fianmyeb—

418 32,000 copies per animal and from 22 — 294 copieim lthe water samplesThe ratio of diatom
419  18S rDNA.gene copies recovered from the gut and water samples normalizedlomato-

420 volumebasis.was calculated for each doliolid zooid life stage (Figure 8). Diatom gene copies
421  were highly€nfiched in all zooids. Enrichment factors ranged fromfeldin large (>8 mm)

422 gonozooids to ~10fold in small (<8 mm) gonozooids. Actively growing gonozooids (< 8 mm)
423  that typically.dominate doliolitlooms in the SAB (Paffenhéfer 2013, Paffenhéfer and Koster
424  2011) exhibited,significantly greater diatom concentration factors (p < 0.001) adrtpasther
425 D. gegenbaurgeoids. In contrast, large 8 mm) gonozooids exhibited significantly less

426  diatom enrichment (p = 0.003) compared to other zooid stages suggesting that diatamgeont

427 less to the nutrition of larger gamete producing mature gonozooids.
428
429 DISCUSSION

430 The use of PCRased assays foualitativedetection of prey consumed by predatory

431  speies has become nearly routine in stiedy of trophic ecology (Pompanon et al. 2012).

432 Increasingly, these methods are also being used to quantify prey consumption although

433 quantification®€an be considerably more challenghgjstgaard et al. 2008, Frisatet al.

434  2014) Results from NGS studies are particularly prone to systematic bias associated with library
435  preparation, sequencing and bioinformatics procedures and thus it is recommend&fthat N

436  data be interpreted qualitatively unless appropriate controls or complimerntargaral

437  methods are also applied (Hardwick et al. 2017, Bista et al) 201#is study NGS data was
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438 interpreted semguantitatively and, in the case of diatoms, the results confirmed independently
439 by real time gPCR. Despite adhiny dose of caution, however, the usefulness MGCA tools for
440 investigation of trophic interactions is cle@his is especially true where predajey

441  interactions are_complex and cryptic. These methods are therefore especially useful for marine
442  zooplankton.species that exhibit complex life histories, prey on a high diversityrobialc

443  species and are difficult to investigate in laboratory settings (FriscakR26tL4). One example

444  of such'a species is the pelagic tunidaddioletta gegenbat, a bloom forming species found

445  circumglobally'on productive suipepical continental shelves.
446  Abundancesand Seasonal Distribution of D. gegenbauri in the SAB

447 Consistent with previous reports (Deibel and Paffenhofer 2009), over the cothise of
448  studyD. gegenbaurivas a persistent component of the 1siietlf SAB zooplankton community.
449  Duringthe 14sampling expeditions where doliolid abundance was determined, doliolids were
450  encountered on every expedition and at 23 of the 27 (85%) stations saififpkeswas not

451  significant correlation between the abundance of doliolids and season (Figure 2, p = 0.816).
452  Significant,blooms, however, were more likely to be observed duringitheummer anearly

453  winter periodsin association with shelf upwelling asvavusly reported (Deibel and Paffenhéfer
454 2009). Of thed blooms with zooid abundance that exceb@l@@ooids i, 3 occurred in the

455 summer and 1 during the winter. Also consistent with previous reports, the abundance of
456  doliolids varied greatly from being nearly absent to dominating the zooplankton biomass. For
457  example, during the August 2016 expedition the abundaridegdgenbaurzooids, largely

458  gonozooids, was estimated to be greater than 16,00&nhchaccounted for ~ 808telative

459  abundancedfthe total zooplankton communifi6pez-Figueroa 2017). To our knowledge this

460 is the largest'bloom d. gegenbaurthat has ever been documented.
461  The Det of-D=gegenbauri

462 The availability of appropriate prey, in addition to the gross quantity of potprdial is

463 likely animportant factor controlling the initiation and termination of doliolid blooms. For

464  example, with the exception of the Mega bloom that was observed in August 2016, there was not
465  a significant correlation between doliolid abundance and total chlorophyll (Figure @49, f

466 = 0.26) supporting the hypothesis that the gross standing stock of phytoplankton alone is not a
467  sufficient factor to explain the occurrence or termination of bloom events. Ctianty
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determining what doliolids actually consume is therefore likely to lead toexr betderstanding

of the processes involved in the formation and termination of doliolid blooms.

Utilizing a blocking Peptid Nucleic Acid (PNA) assay (Troedssorak2008, Von
Wintzingerode.et al. 200@pecific toD. gegenbaurin conjunction with a general (universal)
18S rDNAstargeted PCR primer set, it was possible to directly determine the diversity of prey
ingested byP"gegenbaurin both laboratory and field studies. Because prey DNA is poorly
digested yD. gegenbaur{Frischer etal. 2014), it was also possible to quantdfgtoms
utilizing a realitime quantitative PCR approach vattliatom grougspecific primer set
Comparison.0f'Next Generation Sequencing 18S rDNA amplicon libraries from coalisieeif
water (available prey field) witlvild-caughtanimals and cultured animals exposed to shelf
water yielded new insights into the dietfgegenbauriAs expectegdthe diversity of ingested
prey was high reflecting the diversity of marine eukaryotic microbial commsityjécal of
continental'shelf surface waters. Surprisinglygegenbaurappeared to have selectively fed on
largersized prey groups includingatoms, ciliates and, several groups of metazoans relative to
their concentration in the water column (Fig&). As a filter feeding animahpable of
capturing.a wide range of particle sizes (Tebeau and Madin 199¢¢genbaurand other
doliolid species,are understood to be passive rather éhectise feeder(Katechakis et al.

2004). Therefore it is na obvious how selective feedimgasaccomplished.

Towur knowledge selective feeding behavioilCbygegenbaurieitherin situ or under
experimental,conditions, has not been previously investigated. Selective feeding, hbagver
been reported.in other pelagic tunicate species including salps (Metfie2@t4 and
larvaceans(Conley et.&017). Using similar moleculgut content analysis approaches
Metfies"etal’(2014) demonstrated that two diffesatp speciesSalpa thompsorandlhlea
racovitzaj"had different diets despite being sympatric in the Southern Ocean. It was speculated
that these dietary differencesy be due these species occupying different locations (depths) in
the water column. Conley et al. (2018) reported that the larv&aiapleura dioicais able to
selectively,capture and retain prey based not only on size but their shape. Selectigefeedi
also been reported in manyher gelatinoupredators including scyphozoan jellyfish and

ctenophores that have long been considered to be passive feeders (e.g. Marge@s=t al.
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497  AlvarezTello etal. 2016, Zeman et al. 2016). In general, mosttigelas predators armow

498  understood to exhibit some degree of feeding selectivity (Purcell 1997).

499 In doliolids, one possible mechanism of feeding selectivity may involve the ability of
500 doliolids;to.take 'advantage of micro-heterogeneity and niayrersin the distribution of micre
501  plankton. (Unlike salps, doliolds are able to feed while motionless and therefpteenable to
502 take advantage of prey-field heterogeneity created by a variety of physical and biological
503 processes\Mouritsen and Richardson 2003, Durham et al. 2013). Feeding in patches of
504 concentrated prey would explain how doliolids might be capable of concentrating ptieg tela
505 concentratiens‘estimated from bulk water samples. A second mechanism that may lead to
506 feeding selectivity is the ability of doliolids to stop and even reverse theintgedirents

507 (Deibel and Paffenhofer 1988). Although the ability of doliolids to select or igecific prey
508 has not been rigorousigvestigated, it has been observed tta@ioldsare capable of rejecting
509 some types ofparticles including plastic microfibépersonal observations —

510 https://youtu.be/cgvVMDUZ0O7kg). The ability of doliolids to adjust their feeding currents may

511 facilitate theability to avoid or reject undesirable prey.

512 Alternatively, apparent feeding selectivitferred from the comparison of water and
513 doliolid samplesnay be an artifact of Molecular Gut Contentadysis (MGCA) prey DNA

514  based detection methodologi€mpared to water samples, prey DNA recoveredipgsistion
515 may havesbeen impacted by host mediated digestion or amplification interference associated with
516  co-purified deliolid substance®CR amplifiation bias is well known to occur, especially when
517 general “universal” primers are utilizeldie todifferencesn primer targeting specificity,

518 efficiency andamplification interference by complex annifion substrate$?0lz and

519 Cavanaugh 1998, Brooks et al. 2015, Elbrecttt Leese 20)5Variation in preyspecies gene
520 target copy abundance and differential DNA digestion may also contribute to biastagsocia
521  with the detection of prey types (Nejstgaar@leR008, Troedsson et al. 2009). Howevelteast
522  with respect testhe enrichment of diatoms, selectivity was also supportedlliyneqPCR

523  studies that.utilized diatom specifiqgrimer set and therefore would be expected to be less
524 influenced by these types of biases. Quantitative estimates of diatom gene copysnumber
525 normalized by volume iwild-caught doliolids and in the water column from where they were
526  captured indicated that diatom genes were concentrated up to 10 millionrtide®iids
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relative to the concentration estimated present in feeding water (Bigukihough all zooid

life stages appeared to concentrate diatoms, smaller (< 8 mnglactiowing gonozooids
exhibited the highest concentration factors. Additionally, the abundance of activeing
gonozooids was positively correlated with the > 8 um fraction of total chloropbuylijgesting
that this fraction of the phytoplankton community is associatedthatlyrowth ofD. gegenbauri
(Figure 3,p.<.0.05). The > 8 um chlorophyll a size fraction is typically composed of diatoms
SAB waterqVerity et al. 1993)Actively growing gonozooids are associated with bloom
conditions'andtherefore this observation is consistent with the hypothesis that dadoctipn

is a likely factor associated with upwelling stimulatidiolid blooms (Paffenhéfer and Koster
2005.

The Diet and Parasites of WildaughtVersus Qltured D. gegenbauri

Significant differences were observed between the distribution of prey typesediein
captivefed and wild-caughD. gegenbaurigonozooids (Figure 4). Whereas the diet of captive-
fed animals was dominated by nano- and micro-planidoltectiors of recovered sequences
from the wildcaught animals was dominated by larger prey. One possible explanation for these
differences is that the experimental procedures involved with captive feeding were responsible.
These procedures included 1) raisihggegenbaurin captivity fed on a diet of nano- and
micro-phytoplankton and 2) exposing animals to natural prey fields in small)Yténtainers
for a relatively short period of timd ours). Both these factors are likely to have favored the
ingestion & smaller over larger prey types. It seems particularly likely that the small volume of
the feeding. containers and short feeding period resulted in biases that favoredbumafent
micro-plankton-over relatively rare larger prey types. Alternativelyg fdssible that the
detection‘oflarger prey, including metazoans, in the wild-caught animals, risfact af high
gene copy numbers and preservation of their DNA signatures once captured by a doliolid.
Despite the absolute differences observed in tlaatities of prg consumed based on the
captive feedhgsand wildeaught approachebpth approaches indicated that diatoms were
selectively.enriched from the wex column. This conclusion was supported and strengthened

based on quantitative gPQ&sed estimates of diatom abundance in-séldght animals.

The distribution of parasite classified sequences was also different between the captive

fed and wildcaught animals. Fungal sequenceseithe most common parasite sequences
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recovered from the cultivated andptivefed animals and reflected the relative abundance of
fungal sequences in the water column. In contrast, sequences classified as Apicomplexa were the
most common parasite sequescecovered from witdaught animals and were enriched relative
to their abundance in the water column amplicon libraries. The Apicomplexa phyllosdkyc
relatedto the.Alveolata taxonomic group including the dinoflagellates and ciliates (Yoon et al
2008). All'’known Apicomplexa species argligate intracellular parasitéslorrison 2009).

Little is’known"about the parasites®f gegenbaurbut a broad range of protist parasites have
been reportedin other pelagic tunicates including pyrosomes, larvaceans and shiper{Ha
1998). Lombard et al. (2010) reported the common preser@eavhbidiunsp. ciliates
associatedswith, the larvace@ikopleura dioica The observation that Apicomplexa sequences
were enrichedriD. gegenbaurrelative to their concentration in the water column suggests that

D. gegenbaurisiparasitized by this group of parasites.

Because all previous studies that have explored the diet of doliolids have bekorbase
cultivation-deépendent laboratory studiesindirect observations of plankton communities in the
field, an important motivation of these studies was to compare MGCA determin#d fiesn
comparable cultivation-dependent and —independent experirBased on these studies it is not
possible to dermine if one method, experimental feeding versus wild collection, bettestsefle
the actualnssitudiet of these animals, but it is prudent to consider that regardless of the method
utilized, methodological artifacts related tperimental design cdwe introduced. In general,
minimizing handling artifacts is likely to result in more accurate observations. With respect to
parasites it does appear that examiningwddght animals are more likely to reflect natural

parasitic interactions rather thartifacts associated with culture conditions.
Conclusions

Gelatinous zooplankton compriaeubiquitous component of all marine systems yet
much remains:to be learned about their importance, role and ecology. This is agrized to
be due, inspart, to the difficulties in sampling and studying this group of delicate andltiffic
cultureanimalsy, EmergingewMGCA approaches are becoming a useful tool for identifying
and quantifying trophic interactions, especially in complex and often cryptic endraam
typified by marine systems. In this study the ingestion of prey and the preseaterdfal
parasites was examined in the dolidlidgegenbaurutilizing MGCA tools. Perhaps most
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interestingly, these studies revealed agjegenbauris potentiallycapable of selective feeding
and that bloom dynamics may depend on the compositipregffields, specifically the
availability of suitable diatom specie¥These observations suggest that by feeding
opportunisticallydoliolids are able to sustain themselwesler suboptimal conditions by feeding
generally while still abléo selectively enrich thediet on nutritious prey items when available.
Novel parasitic/interactions were also observed suggesting that parasitic interactionsonbay al

an importantfactor influgcing doliolid bloom dynamics.
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FIGURE LEGENDS

Figure 1. Life history ofD. gegenbauriFigure re-drawn based on Braconnot (1971), Deibel
(1998), Deibel and Lowen (2012), Paffenhdfer and Koster (2011) and Paffenhdfer
and Gibson (1999).

Figure 2. gAbundance ®@. gegenbaur(all zooids) on the mig¢ontinental $uth Atlantic Bight
continental shelf during 14 cruises from August 2015 — December 2016. Doliolids
were observed on every occasion, half of the time (7 of 14) at bloom levels. Blooms
were recognized as periods when zooid abundance exceedétia2fimuliple life
history stages were present. Moderate bloom9@53°), Super bloom (100 999 m
%),/ Mega bloom (> 1000 H).

Figure 3. Relationship betweeD. gegenbaurzooid abundance on the SAB nstelf, total
and > 8 um chlorophyll fraction. The abundance of doliolids was not correlated with

total chlorophyll a ). The relative proportion of the > 8 pm chlorophyll fraction
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Figure 4.

Figure 5.

Figure 6.

Figure 7

Figure 8.

was significantly correlated (g 0.05) with the abundance a€tively growing
gonozooids (8 mm) typical of a developing doliolid bloom. The > 8 um chlorophyll

a fraction is largely composed of diatoms.

Relative proportion (%) of classified 18S rDNA sequences recovered from (A)
captivefed D. gegenbaurgonozooids, (B) wild-caugi?. gegenbaurgonozooids
and(C)water samples. All samples were pooled from 2011 and 2012 summertime

cruises on the midontinental shelf of the South Atlantic Bight.

Compositionf prey species captivefed and wildcaughtD. gegenbauri
gonozooids and pead water sampleddetazoans and parasite sequences are not
included. The relative abundance (%) of sequences in each sample is indicated by

shading in the heatmap. Samples are grouped by similarity.

Relative proportion (by volume) girey and peasites g@ne copies in the gut vs. water
column of paired captivéed D. gegenbaurgonozooids and water samples. Diatoms,
ciliates, copepods and chiegnaths vere each concentrated in doliolidsative to
available prey concentratiorReference lines ( -) indicate 1 standard deviation

from the mean of the gut to water ratio for each prey and parasite type.

Empirically determined specificity (A) and sensitivity (B) of the diatepecific
primer set 18SPiatom487 (5-GGTCTGGCAATTGGAATGAGAAQ 18SR-
Diatom615 (5’-CTGCCA GAAATCCAACTACGAG). Specificity was assessed by
end-point PCR against cloned full length 18S rDNA fragments from a variety of
representative algae abd gegenbauriLane 1,Thalassiosira weissflogiLane 2,
Rhizosolenia alataLane 3,sochrysis galbana.ane 4 Emiliania huxleyj Lane 5,
Eucalanus pileatyd.ane 6, unidentified copepod; LaneRhodomonasp.; Lane 8,
Cryptomonasp.; Lane 9, Picodinoflagellate clade I; Lane 10o#imoflagellate
clade VII; Lane 11Dolioletta gegenbauriLane 12, no template (control); MW 100
bp molecular weight laddeBensitivity was assessed by qPCR utilizing plasmid
standards of cloned full-length 18S rDNA fragments filbnweissflogiandR. alata

Ratio of volume normalized gut and water concentration of diatom 18S rDNA gene

copies recovered from each life history stagB.oflegenbauriDiatom genes were
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884 enriched in all zooids with the highest concentration factors observedvelgcti

885 growing gonozooids.

886 Figure S1. Empirical determination of the PCR blocking efficiency of the 18S rDNA targeted

887 doliolid-specific Peptide Nucleic Acid (PNA) oliogonucleotide Dg 18S-667F (5’
888 Lysine-GGC CAA TGC AGC CTG TG). A plasmid cloned fragment of nearly the
889 complete 18S rRNA gene fmoD. gegenbaurwas amplified in the (A) presence
890 and (B) absence of the doliolgpecific blocking PNA Dg18%77F utilizing

891 universal 18S rDNA targeted primers Univ 18S-557F BZC GTG TTG AGT

892 CAA ATT AAG C -3’) and Univ 18S-1180R (5€AG CAG CCG CGG TAATTC
893 C-3). This primer set generates a ~630 bp product. Products produced after 30
894 cycles of PCR amplification were visualized electrophoresis on a 2% agarose
895 gel. Lane 1, molecular weight ladder (100 bp); lanes 2—8, serial dilution ffbta 10
896 10*copies of the 18S rRNA gene frdbn gegenbauriApproximately four orders
897 of'*magnitude of blocking were achieved.
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