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ABSTRACT

Understanding the roles that marine microbes play in ecosystem functioning has been
historically difficult in large part because of the immense genetic and ecological diversity found
within natural populationsThis dissertation research characterizedstbepphysical and
bi ogeochemical gradients f ound sarounding affsh&r€ n e & o h
waters, and used this system as a model platform to examine the genetic diversity, population
structure, and metabolism of marine microorganisimae-series analyses across this system
reveded an increase of inorganic nutrient concentrations within the steane environment of
coast al K U rvariédwith elevBted yphytoptankton biomass of up td6a%
compared to opencean waters of thidorth Pacific Subtropical Gyr&&eep gradients in
environmental parameteasid phytoplankton biomassoincided with shifts in phytoplankton
community composition and diversity, including the abundance and population structure of
numerically dominant picg@anobacteria. Tésteep physical and biogeochemical gradient also
impacted the distribution ;fubclades and genome clusterthin the numerically abundant
alphaproteobacterial lineage known as SAR11. Seven of eight SAR11 subclades detaied
systemwere distributed nonuniformly across the coastal to offshore environments within and
adj acent t oPaKg8nomidanaiyses Bith metagenomes and a collection of high
guality SAR11 la genomes from strains recently isolated from this system retrealeaimarks
of ecotypic differentiationdistinct distributionsthe accumulation of differences in metabolic
gene content, and the cohesion of both ecological and genetic diversity within SAgehblae
clusters The utilization of data collected thrgln boththeKUn e & o h e -®riey (KByT) me
and the Hawaii Ocean Tirseries (HOT) provided the unique opportunity to elucidate the
genetic, genomic, and metaboliariability of surface ocean microbial populations across narrow
(<6km) and broad (>100kmpatial scales in the tropical Pacific. In sum, this dissertation
provides insight into the forces that contribute to the genetic and ecological diversity of dominant

and biogeochemically relevant lineages of marine bacteria.
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Chapter 1. Introduction

Understanding the immense genetic andlogical diversity underlying the distributions
of microorganismshroughout our oceans an area of intense pursuit that has important
implications for defining the roles marine microbes play in ecosystem functioning, their eco
evolutionary drivers, ahoceanbiogeochemistryCavicchioli et al., 2019; Walworth et al., 2020;
Foundation et al., 2022Marine microbial communities typicallyarbor aew highly abundant
andglobally distributed lineages of bacteria, archaea, and eukagetaong,1992; Fuhrman &
Davis, 1997; Partensky, Hess & Vaulot, 1999; Morris et al., 2002; Palenik et al., Z8@%#
dominant (i.e. numerically abundant amadlydistributed)surface oceamicrobes consist of
photoautotrophs like the cyanobactd?imchlorococcusandSynechococcusas well as
heterotrophs like the SAR11 clade of Alphaproteobacteria. The metabolistosofant
photoautotrophs and heterotrophs and the interactions among them are central to biogeochemical
cycles and the microbial food wébakowski, Fenchel & Delong, 2008; Worden et al., 2015)
Heterotrophic bacteria are dependent on organic matter supplied by photoautotrophs, while
photoautotrophs are dependent on heterotrophs for the remineralization of n(feectsel,
2008)

Despit the importance of marine microbes as major drivers of biogeochemical pathways,
including the carbon, nitrogen, and silica cycles, the roles individual taxa play in the system
remain poorly understod@unagawa et al., 20201any dominant marine micradd lineages
harbor high genetic diversity that is often associated with ecological differen{i&tiapiro et
al., 2012; Luo & Moran, 2014; Hoarfrost et al., 2020pmparative genomic analyses have
revealed that among dominant lineages ofntlaginemicrobial community there exists

significant diversity in metabolism at a population lefBzrube et al., 2019; Wang et al., 2020)



In other words, different populations of the same dominant species mayrigue
metabolisms and thus fill different dogical roles within a system.
Thefine-scaletaxonomicresolution of microbial lineagesan be enhancda,
characterizing ecotypé€hase et al., 2018; Boeuf et al., 2021; Raes et al., 20Bih are
defined as ecologically homogeneous cladeshith genetic diversity is guided by cohesive
forces such as periodic selection, recombination, and geneti¢@btitan, 2006; Koeppel et al.,
2008) Ecotypebased systematics typically uses genomic comparisons of microbial species to
reconcile phylogegtic and ecological diversity and identify the potential roles or functions of
ecotypes in the environmenrthis concept has been helpful in discerning populations among
ProchlorococcugBiller et al., 2014)andSynechococcu$Sohm et al., 2016althaugh much
diversity within these clades remains to be uncov@edube et al., 2018)
It is not yet known ithegenetic variatiorof the dominant AlphaproteobacterishR11
clade prder Pelagibaetale9i s neutral or associated with env
(Brown et al., 2012; Hellweger, Sebille & Fredrick, 2014; Manrique & Jones, 28tif)e
studies of temporal and spatial patterns observed among SAR11 subclades have provided
evidence for dferentiation of ecotypeg@/ergin et al., 2007; Tsementzi et al., 2016; Delmont et
al., 2017; Kraemer et al.020). In addition, pangenomic analyses, which examined the complete
set of genes harbored by SAR11 genomes, fowident utilization genesniquely shared
among some subclades, sugges#idgptive specializatiofGrote et al., 2012)Jnfortunately,
like many dominant marine microbes, SAR11 cells are difficult to grow in the laboratory where
theirecologies and associated genetic diversitybmaxperimentally iterrogated Rappé &

Giovannoni, 2003; Swan et al., 201Bhus, mucteffort has focused on understanding the



ecologies and evolutionary historiesdafminant marine microbes in the environm@lmont
& Eren, 2018; Lee et al2019; HareMoreno et al., 2019)

Surveys of microbial genetic diversity and environmental parameters across
environmental gradients can provide a useful approach to examining the distribution of microbial
populations across ecological niches ancestgatingthe interplay of ecology and evolution
(Hunt et al., 2008; Treusch et al., 2009; Cram et al., 20a%)Jigotrophic waters, neasland
environments harbor a sharp increase in nutrients through physical oceanographic, biological,
and anthropogeaiprocesses that result in enhanced phytoplankton biomass and prodaativity
coincide with shifts in microbial community compositiioty & Oguri, 1956) For example,
while Synechococcugnds to be a numerically dominant phytoplankton witlmastakystems
(Cox, Ribes & RA, 2006; Comstock et al., 2022; Messié et al., 282@3hlorococcus
dominates thadjacenbligotrophic operoceangFlombaum et al., 2013Yhe distinct spatial
distributions ofSynechococcusndProchlorococcusacross the neshore to offshore
environmentgprovides a strategic opportunity to not only examine how the diversity of these two
dominant cyanobacteria varies across time and space, but to also characterize how the genetic
and functional diversity of the dominant hetieoph SAR11 cevaries with respect to these two
different dominant phytoplankton.

My dissertation research characterizes the stempeodiemical gradients found across
KUOnedohe Bay, Odahu, Hawai d@i and it sinetherr ound
genetic diversity, population structure, and metabolism of dominant marine miarbbbging
the surface oceans of theastal and opeacean environments of the tropi€ntralPacific. In
comparison to other Pacific Islands, the Hawaiiangrehi ago, i ncluding KUneda

windward O&aahu, experiences a particularly hi



enhancemen(iGove et al., 2016; Messié et al., 203R)part due to its proximity to the

ultraoligotrophic North Pacific Subtropical GyfKarl, 1999) However, despite a rich history of

phytoplankton and pel agic micr dlaws&lAlee i c al

1996; Ringuet & Mackenzie, 2005; Cox, Ribes & RA, 2006; Yeo et al., 2013; Laws & Taguchi,

2018; Selph et al., 2018w studies have used nageneration sequencing approaches that
would provide hightaxonomic resolution.

In Chapter 2, | aim to understand gpatiotemporal dynamics of phytoplankton

nyv

enhancemerntn t he near shore envi r on mdistribgiorsof KUnedoh

phytoplankton communities inhabitirige nearshore to opatean continuuml use timeseries
sampling approaches tharacterizehe spatietemporal variability ofME experierted within
and i mmedi at el y a dandcontertualize theseittmegti comparis@s ty
data collecte@t Station ALOHAby the Hawaii Ocean Timseries (HOT), a 30+ year time
series initiative measuring trends of the North Pacific Sultab@yre(Karl & Church, 2014)
Through a combination of single markgeneand metagenomic sequencing approaches this
study elucidates thepatial and seasonal variabily phytoplankton communitgomposition
and diversity andthe abundance amqmbpultion structure of the domina8ynechococcuand
Prochlorococcudineages.

Chapter dusessinglemarkergeneamplicon sequencing &xamine thespatiotemporal
distributions of the 5 major clades ®AR11 marine bacteria acrossasons and along the
nearsore to offshorghysiochemical gradiest wi t hi n and adj acent
characterizes hoBAR11 genetic diversity partitions into distinct ecological uimitsoastal and
offshore environments of the tropical Paciad correlates thidiversity with abiotic and biotic

parameters, including patternsRrochlorococcusandSynechococaiabundance.



Finally, in Chapter 4 | use comparative pangenomic approaches and metagenomic read
recruitment to delineate genetic and functional variation and characterize ecotypeSARtie
subdadelaacr oss nearshore KUne&@ohe Bay, tatifie adj ac:é
Subtropical Gryel define the genomic variation underlying distinct SAR11 la ecologies and
how these traitdiffer among andetween SAR11 Igenome clusterwith distributions specific
to thecoastalropical Pacific and those with distributionsesific to the surrounding offshore
and ocean gyrevaters

In sum, my hope is that this work improves our understanding afnibectful and
vulnerable ecosystem services marine microbes proaidenplifiestheimportance of
ecological differentiation theevolution ofprokaryotesand provides new perspectives into
how SAR11 igmpacting the dissolved organic matter pool and biogeochemical cycles in the

ocean.
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Chapter 2. Sharp transitions in phytoplankton communities across the coastal to open

ocean cotinuum in the tropical Pacific Ocean
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Abstract

The nearshore waters surrounding islands in the tropical Pacific ptostisigots of
biodiversity and productivity resulting from increased nutrient input and phytoplankton biomass
in within otherwise highly oligotrophic waters. Despite the ecologicalyall and economic
importance of these hotspots in supporting figdand food webs, the fingcale spatial and
temporal variability ophytoplankton enhancemead changes in the underlying phytoplankon
communities acrossstuary to opeceansystems emain poorly understood, in part because
satellite datdnaslimited resolution in nearshore ecosystems. In this study, we characterize the
biogeochemistry, phytoplankton biomass, and phytoplankton community and diversity via
chloroplast and cyanobacterialb6 S r RNA gene amplicon sequencing
Bay, Hiaauding @ithin an estuarine Hawaiian Fishpoadd the adjacent offshore
environment over a fowyear, neamonthly timeseries. Comparisons made with the Hawaii
Ocean Times e r iSatod A OHA located in the North Pacific Subtropical Gyre revealed that
phytoplankton biomassn c o ast al inkréhsedtEH@%en aRm@gin compaisonto
thesurrounding open c e a n . Nearshore KUnet&ohe Baye and ad]j
nitrogenrtlimited and most often dominated by small cyanobacteria. While the underlying
phytoplankton community showed strong seasonal patterns especially in the nearshore
environment, phytoplankton biomass positively correlated with wind spesdfall, and wind
direction but not water temperatures. Phytoplankton are sensitive bioindicators of environmental
change and here we demonstrate their utility in uncovering dynamic spatial and seasonal patterns

that havamplications for future impacts caused & warming climate in the tropical Pacific.
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Introduction

Phytoplanktorplay thecrucial role of forming the base of thquaticfood web, andtheir
productivity, abundanceand community compositicare greatly influenced by nutrient
availability (Azam et al., 1983, Cloern 1996 oligotrophic waterspearisland environments
the tropical Pacific harba sharp increase in nutrients through physical oceanographic,
biological, and anthropogenicqresseshatresult in increased phytoplankton biomass and
productivity, known as théslandMassEffect (IME; Doty & Oguri, 1956; Gove et al., 2016)
Localized fertilization and enhanced phytoplankton biomassirpromotes secondary
productivity, syporting regional fisherie@Villiams et al., 2015; Stock et al., 201 Estuarne
environment®of islandsalso receive amcrease of nutrient suppgomingfrom both land and
ocean processdisatcanelevatephytoplanktorbiomasqCloern, Foster, & Kleckner, 2014)
Giventhe importance of elevated phytoplankton biomass from estuarine anglaadrcoastal
watersto maintaininghealthyand productiveoastafood websunderstandinghefine-scale
variability of phytoplanktorcommunities across estuarine to ojpeean systenmadjacent to
island massesan inform botithe management of local marine environments and larger
ecosystem models

Elevated chlorophyla concentrationsa proxy for phytoplankton biomag¢Blatt &
Sathyendranath, 1988% frequently approximateflom ocean colomeasured using satellite
remote sensin@Palacios, 2002; Vollbrecht et al., 2021; Falco et al., 2022)le these analyses
have provided immense insight into regional pattefrizhytoplankton biomag#McClain et al.,
2002; Gove et al., 2016; Messié et al., 20223 inability of satellitedbased approaches to collect
data during high cloud coverage or access the shallowest environments closestdarshore

conceal important localized spatiemporal dynamicéSchaeffer et al., 2008; Lamont &
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Toolsee, 2022)n addition,while models to conduct taxonomand functional group
classificationof phytoplanktorfrom ocean color data are improvirigeseclassificationsstill
remain coarsgBracher et al., 2017; Moisan et al., 20Kavanaugh et al., 2021An increased
understanding of the underlying phytoplankton community composition and variability with
seasonal and spatial biogeochemical differentegarislandenvironmentsare crucial to
defining the functional roles of phytoplanktonthese systemShiozki et al., 2010; Martinez
et al., 2020 Comstock et al., 2032

Climbing ocean temperatures due to ongoing global climate change are increasing the
stratification of the opencean and trapping nutrients at depths below where phytoplankton at
theoceab s sur f ace (@Maone etaak, 204& I9 et &l.h202@his is leading to an
expansion of nutrieab o o r  fi 0 ¢ e(HaoeghGédbeegr&tBruro, 2010and a decline in
global phytoplankton biomass and primary producti@gyce, Lewis &WNorm, 2010;
Kwiatkowski, Aumont & Bopp, 2018)The impacts opencean stratification has on the food
webs and biological productivity of coastal areas remains unknown, alttioeigharine food
webs ofislands situated in oligotrophic waters may be paldidy. Defining how
biogeochemical factors and phytoplankton biomass and community composition vary with space
and time can provide a foundation for tracking deviations from baselines and predicting food
web shiftsbecaus®f climate change.

Toilluminatethe factors influencingearislandphytoplankton communitieis the
tropical Pacific, this study used tirseries sampling tdocumenthe effect of spatial and
temporal variability in biogeochemical conditions on phytoplankton communities as@ss t
cost al habitats estuari@h a k@ Ha @& aandthe hterivrrooastad

K Un e & g,aewelBagheoffshoreenvironment of the oceanic watensrrounding coastal
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K Un e & o.Hreur yBasyof neanonthly sampling at 10 to 12 stat®across this system were

used to characterize environmental conditions and phytoplankton communities via chloroplast

and cyanobacterial 16S rRNA gene amplicon sequencing and metagenomics. In addition, we
make comparisons to data collected by the Hawagia@d imeseries (HOT), a 30+ year time

series initiative measuring temporal trends of the adjacent ultraoligotrophic North Pacific
Subtropical GyréKarl & Church, 2014)Together these analyses provide insight into the
enhancement of phytoplankton biossaand seasonal variability of the underlying phytoplankton
communities spanning <6 km to >100 km across

Subtropical Gyre.

Materials and Methods

Study location

The Hawaiian ar chi prenotegsland chain andiepositioned d 6 s mo
within the oligotrophic North Pacific Subtrop
the windward side of Od&ahu, Hstudied | céraleef 2 1 A 2 8 Nj
dominated embaymenfigure 1A, Balr, Jokiel & Toonen, 2015)The bay has a total surface
area of 41.4 krhand is approximately 4.3 km wide, 12.8 km in length, and 10 m deep on average
(Smith, Chave & Kam, 1973; Jokiel, 1991; Bahr, Jokiel & Toonen, 2@lgrp nearshore to
offshore grdients in biogeochemical parameters occur over a short distance (<stokg)with
adiverse topography due to patch, fringing, and barrier reefsalized freshwater input from
streams contribute to spatial variability in environmental parameterss@igity, nutrient
concentrations(Cox, Ribes & RA, 2006; Yeo et al., 2013; Tucker et al., 202/ ater residence
time within the bay varies from <1 day to >1 mo(ltbwe et al., 2009)with the highest
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residence times in the sheltered southern IGeanic water, primarily driven by wave action,
flows into the bay over a large barrier reef located in the centrgBadlgen, 1968)Water is
generally transported out of the bay through two neaalyllel channels positioned in the
southern and nérern portions of the bay. For most of the year, the bay is well mixed by
tradewinds however, periods of high temperatures and low wind speeds can cause vertical
stratification(Smith, 1981)

I n the southern satthenioamoftoefe kel nae d%othreee &Bendye i s
Fi shpond or(Kehyji 1973) al600800 yeardld, 0.356 kiindigenous aquaculture
systen.l ndi genous peoples of Hawai @i have | ong re
secondary productivity delivered through nutrient c h st reams and built 1| o
estuarine envi r on ifKeuchi,sl976; Keala, tallget &&dstro2a@0w)A i @ i
2.5 km rock and cor al rubbl e wall encompasses
the Fishpond wall allow exchange between coas
Sample sites includ8tation Wai2, in the northwestecorner of the Fishpond, an estuarine
environment with fluctuating salinities (~2® ppt,M6hlenkamp et al., 2019cated at the
sluice gate f ed bSyt atthieo nH ekdaehi oad oSkterleea nf Kaho) i s
the ocean andreceivesi gh exchange with €36 ppsMitdenkakplén e & o h e
al., 2019) Sampling campaigns were conducted with permission from the caretakers of the
Heteia Fishpond, Paepae o Hedeia, and the pri

Sample collectim and environmental parameters

Between August 2017 and June 2021, seawater was collected from a depth of 2 m at 10
sites i n HKidthedijacent offharewatersa neamonthly basis (36 sampling

events over 46 months) aserie(lByT) usiodg previdudy KUn e & o h
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described method$igure 2.1A; Tucker et al., 2021 Between September 202une 2021, two
additional stations withithe estuarintle G ei a Fi shpond were al so s amg
(Figure 2.1A). At all stations, seawater samples for biogeochemical analyses and nucleic acids
were collected, anith situ measurements of seawater temperature, pH, and salinity vaelee m
with a YSI 6600 or a DSS Pro son(SI Incorporated, Yellow Springs, OH, USA).
Approxi mately one | iter of seawater was prefi
through a 28mm diameter 0k m psizedgolyethersulfone (PES) membrane (S,
Pall Gelman Inc., Ann Arbor, MI, USA) to collect microbial cells for extractions of DNA.
Subsequently, filters submerged in DNA lysis buff@uzuki et al., 2001; Yeo et al., 2018¢re
stored at T80 AC wuntil extraction,
Seawater subsamples for flemetric chlorophylla concentrations (125 mL) and
photosynthetic pigments via high performance liquid chromatography (HPLC; 2 L) were
collected on 26nm diameter GF/F glass microfiber filters (Whatman, GE Healthcare Life
Sciences, Chicago, IL,USAndsor ed i n aluminum foiTheat 180 AC
collection of phytoplankton pigments on t6&/F glass microfiber filterallow for comparisons
with theHawaii Ocean Timeseries data, however becausefthers haveapore size of 0.7um,
we acknowledge that most small cyanobacteria were likely mi€dodtophylla was extracted
with 100% acetone and measured with a TurneAWfluorometer (Turner Desits, Sunnyvale,
CA, USA) following standard techniquéd/elschmeyer, 1994FPhotosynthetic pigments
measured vihigh performance liquid chromatographere also extracted in 100% acetone and
analyzed on a Waters 2690 separations module equipped with @inn and full spectrum

photodiode array detector, followilddantoura and Llewellyn (1982)nd modified according to

Bidigare, Schofield and Prezelin (1989)
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For cellular enumeration, seawater was preserved in 2 mL aliquots in a final
concentratiorof 0.95% (v:v) paraformaldehyde (Electron Microscopy Services, Hatfield, PA,
USA) at 180 AC until @elumdeyumerationwoficyganobacterial cyt o me
picophytoplankton$ynechococcusndProchlorococcuy eukaryotic picophytoplankton, and
nontcyanobacterial (presumably heterotrophic) bacteria and archaea (hereafter referred to as
heterotrophic bacteria) was performed on a Beckman Coulter CytoFLEX S, following the
method ofMonger and Landry (1993)norganic nutrients were measured usargeal
Analytical AA3 HR NutrientAutoanalyzer (detection limits: NO+ NQOs' , 0.009; SiQ@0.09;
PO 0.009; NH 0.03 pM).

Rainfall and wind speed and direction were monitored using data collected at a weather
station alktngtiet Haevaofoi Mari ne Biology (HI MB) oI

(http://www.pacioos.hawaii.edu/weather/aigkuoloe/ Table S2.). Either maximum (e.g.

rainfall, wind speed) or averagwind direction) values were taken acrostl/-day windows
leading up to the sampling event, depending on data availability from the station. One sampling
event (February 5, 2021) had no data for the 7 days prior to sampling and so the data for a 30
day window were used. Metadata from Station ALORR(45'N, 158° 00"'W,s-5m depth,

August 2017 to December 2020), a sampling station in the Hawaii Ocears@iragKarl &

Church, 2014)were downloaded fromttps://hahana.soest.hawaii.edu/hotitlogs/(Accessed:

9/12/2022 Table S2.3.

Spatiotemporal comparisons of environmental variables, cellular abundances, and
phytoplankton pigments wer e c o(dothoo, Bretd& usi ng t
Westfall, 2008)with oneway ANOVAs testing for multiple comparisons of means with Holm

correction and Tukey contras&ummer (28 June through 28 September) and winter (27
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December through 29 March) seaswrese defined usingarmonic regreson analyses of
surface seawater temperature collected hourly between 2019 at NOAA station MOKHL1 in

KUOn e & o thigps:/Bvany.ndbc.noaa.gov/station_page.php?station=mdKitker et al.,

2021).

DNA extraction and amplicon & metagenome sequencing

DNA extraction and amplicon sequencing followed previously published methods
(Tucker et al., 2021 Briefly, amplicon libraries resulting from polymerase chain reactdnise
16S ribosomal RNA gene (variable regiorud)ng barcoded 515F and 926Riversalprimers
(Parada, Needham & Fuhrman, 20Yéh et al., 202)1 The librariesvere paireeend sguenced
with MiSeq v2 2x250 technology (lllumina, San Diego, CA, USA). Genomic DNA from a subset
of 32of the 368 totabamplescollected between 2012021were used for metagenomic
sequencingThis included samples from four sampling evdrgsveen 2017rad 2019at 610
stations Table S2.). Libraries were constructed from approximately 100 ng of genomic DNA
using the Kappa HyperPrep Kit (Roche, Pleasanton, CA, USA) with mechanical shearing
(Covaris, Woburn, MA, USA) and pairezhd sequenced on a singk@é of the Novaseq SP 150

(llumina, San Diego, CA, USA).

Sequence analysis

Amplicon sequence data generated from KByT sampling between July 2019 and June
2021 were analyzed in conjunction with previously published (PRINA7066Rer et al.,
2021)ampicon data spanning August 2017 to June 2019. For@&able twosequencing rus
(e.g. 20172019 and 20122021) samples were demultiplexed and quality controlled using

Qiime2 v2.4(Bolyen et al., 2019)ull length brward read$251 base paiysvere denoised
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using DADA2(Callahan et al., 2019) delineate amplicon sequencing variants (ASVS).

Reverse reads were not used becausgcohsistengjuality. ASVs were assigned taxonomy

using SILVA v138 as a reference datab@3east et al., 20123nd the two runs were

subsequently merged in Qiime2. ASVs that contained at least 10 reads in at least two samples

were retained.

ASVs classified by the SILVA v138 database as Eukaryota, unassigned at the domain
level, and chloroplast at the order levelrevesclassified using the PR2 v 4.14.0 database
(Guillou et al., 2013)n the DECIPHER R packad#Vright, 2016)using a 60% confidence
threshold cut off. Sequences classified as Bacteria, Archaelaloooplast at the orddevel
were retained for fither analyses, while those unclassified at the domain level or classified as
Eukaryota were excluded from further analyses. In the context of amplicon sequence data,
Aphytoplanktondo herein refers to ASVs classif
sequences, although we recognize that mixotrophic and phagotrophic lifestyles may be included

in this broad definition.

Statistical analysis was conducted using the R packages ph{iskyrdie & Holmes,
2013) ggplot2(Wickham, 2016)pheatmagKolde, 2019) and microbioméLahti & Shetty,
2017) An Aitchison distancéAitchison, 1982)the Euclidean distance between centered log
ratio (clrytransformed compositions, was used on the entire qua@ityrolled dataset of
phytoplanktorraw read cantsu si ng o6tr ansf or mdé i(Lahtik Bhettymi cr obi c
2017) Ward D2 hierarchical clustering using o6hc
applied to this matrix to cluster samples with amplicon data into groups and visualized with
dendextend Galili, 2015) DESeg2(Love, Huber & Anders, 2014yas used to model

differential abundance patterns of amplicon data across environmental clusters using Wald Tests
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and Bonferroni correction for multiple comparisons (alpha cutoff < 0.05ndd{Willis &
Martin, 2020)was used to estimate differences in algiversity and test for significance
between spatiotemporal groupingse a r sasrelalia analyses were conducted in corrplot

(Wei & Simko, 2021)

Lomb Scargle Periodograms (LSR)the lomb packag@Rruf, 1999)were used to define
seasonality among phytoplankton genera by determining the spectrum of frequencies in a
datasetthis approach can account for unevenly sampled-senges datévanderPlas, 2018&nd
has been previously applied to microbiome tiseeies analysgdambert et al., 2018; Auladell
et al., 2021)Only genera with annual intervals (peak frequency =2&{<0.01) as their most
significant periodic trend were considered as having seasonality. A starting frequency of 0.16
was used so as to not include periodic components between two consecutive months. An inverse
hyperbolic sine transformation (asinh) wasmducted on sequence data prior to LSP.

Significance (gvalues<0.05) was corrected for multiéessting using data randomization for

LSP analyses using fdrtodIStrimmer, 2008)

Metagenomic read recruitment
To documenthe dominant cyanobacterialmene r s wi t hin and surroun
Bay, we conducted metagenomic read recruitment of 32 metagenomes from KByT and 12 from
the further offshore Station ALOHA (PRJINA35273Tende et al., 201%p 56 cyanobacterial
genomes fronfProchlorococcug6 minor chdes) and the 3 major lineages of marine
SynecchococciSyanobiumineage (SC 5.1 (14 minor clades), SC 5.2, SC 53)5.2 is the
only clade with bottSynechococcuendCyanobiummembergDoré et al., 2020)Table S23
reports the samples and sequencing depth from the metagenomes sequenced in this study and

Table S24 reports the genomes used in read recruitment.
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A contig database of the 56 cyanobacteri a
v 7.0(Eren et al.2021)following previously described pipelingelmont & Eren, 2018)
Briefly, Prodigal v2.6.3Hyatt et al., 2010yvas used to identify open reading frames (ORFs)
from the contigs and an angencénbgsdb.dietagaanece was ¢
reads were fir st -fillegaality-miyn of e illehideutiks tbrany (Eremegy 06 i u
al., 2013)v1.4.1 that uses quality filtering parameters describedibpche, Dohm &
Himmelbauer(2011) Quality filtered metagenomic reads wemmpetitively mapped with
Bowtie2 v2.3.5Langmead & Salzberg, 2012)o an anvi 6o contig dat aba:
i solate genpmesi | Ebhef@acvi on stored coverage
cyanobacterial genomes found in the KBy ™ &tation ALOHA metagenomic samples.

To evaluate the distributi on ethepiopodiagnvi dual
of the nucleotides in a given sequence that are covered by at least one shosazaded to
consider a population that westected in a metagenomic sample. A detection value of at least
0.25 was used as a criterion to eliminate false posjtwiesnan isolate genome was falsely
found within a sample (Utter et al., 2020). Mean coverage Q2Q3, which refers to the average
depthof coverage excluding nucleotide positions with coverages in"thad 4" quartiles, was
mapped for each genome. Mean coverage Q2Q3 was summed across all cyanobacterial genomes
per sample and then the genome (or all genomes in a clade) was dividexddoyrthio determine
a relative abundance of a genome (or a clade) in each sample. Average nucleotide identity (ANI)

was calculated using FastAlain et al., 2018)

Data availability
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Sequencing data are available in the National Cent@ifeechnology Information (NCBI)
Sequence Read Archive (SRA) under BioProject number PRINA706753 as well as XXXX from
amplicons and XXX for metagenomes. Environmental data was submitted teOBLIDuUnder

XXX.

Results

Biogeochemical parameters

Along the neeshore to opetocean waters of the tropical Pacific, biogeochemical
gradients showed sharp declines across both small spatial scales and vast stretches of ocean
(Table S2.4. On averagestations in theoastawat er s of iKdieased:GY®e18-B a y
fold, 1.6+1.9vs.0.09+0.03 ug L, mean+sd) from thepenroceanand167%o (3-fold, 1.6+1.9vs.
0.6+0.4 ug L) from the immediately adjacent offshore watdtise estuarinevaters of the
Het@ei a Fi s hp oenchlordpleyltalcomaerrdtions compared coastaktations
(3.9£3.8vs.1.6+1.9 ug L, Figure 2.1B). Mean chlorophylh concentrationgncreasedt,233%
(43-fold) between thestuarinevat er s of He & e bpparo¢ean8.Btp&ve.d and
0.09+0.03 ug L, Table S25) and550% (7-fold) over the <6 km distance covering the interior

and surrounding wa928vs 06804 ugd T Rigute @.hBeTatBesS25). (

t

h ¢

Stations offshore from KUne@ohe Baxgmpdreath el ev a

theopen oceanshowing é&67%6 (7-fold) increase in chlorophyd on averageQ.6+0.4 vs.

0.09+0.03 ug ). Elevated phytoplankton biomaess a persistentfeaur e wi t hi n KUne:¢

Bay with increased chlorophydlconcentrations detected in at least one of the stations positioned
in thecoastalenvironmentompared to the stations offshore during all 36 of the sampling events

(Figure S2.)).
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Elevatedconcentratns ofinorganic nutrierd (e.g. silicate, nitrate+nitrite, phosphate,
ammonia) were also found in the nearshore wat
openoceanstations Table S26). Mean silicaten wai2 of theestuarine stationgached 107.33
MM, butsilicateonly reached 42.21M in the coastal stationsdicatingt hat t he Hedei a
provides a significant source of silicate to
and silicate concentrationlfferedsignificantly, positively correlated with increagin
chlorophylla concentrationshowever, nitrate+nitrite concentrations did not correlate with
chlorophylla concentrationsKigure S2.2). Despite the overall increase of inorganic nutrients in
theestuarine and coaststiations all stations were nitrogen limited based on 16:1 N:P ratios
using dissolvednhorganicnitrogen (nitrate+nitrite plus ammonia) and phosphiigufe 2.1D,

Redfield 1960)

In contrast tacoastaktations wher&ynechococcushowed increased cellularwaidance,
Prochlorococcugellular abundance was elevated in the stations positioned in the offshore
waters surrounding KUn e aBdure 2. BaTablesSBBy Celiutar St at i o
abundances of heterotrophic bacteria and eukaryotic picophytomtawkte also greater in the
coastalktations compared to further offshoFegure 2.2A, Table SX%).Inc oast al KUne@&oh
Bay, ratios of fucoxanthimperidinin and alloxanthin to total chlorophyl(Tchla)
concentrations were higher than in the offshoréicating an increase in diatoms,
dinoflagellates, and cryptophytes closer to shBrgure 2.2B, Table S&). In contrast,
pigments relative to Tchla for photosynthetic
hexanoyloxyfucoxanthin), pelagophytes Kpitanoyloxyfucoxanthin), cyanobacteria
(zeaxanthin), an@rochlorococcugdivinyl chlorophylla) were higher in the offshore stations

compared to the coastal environmdrig(re 2.2C, Table S26).
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Phytoplankton community composition

Across the 368amples, 505 ASVs including 66 from cyanobacteria and 439 from
eukaryotic plastids were delineatdthble S28). Examining the distribution of phytoplankton
ASVs across samples revealed that phytoplankton communities clustered into three major
community typeswhich coincide withspatialdifferences in biogeochemist(iFigure 2.3 Table
S29). We categorized the three magmmmunity typess nearshore, transition, and offshore
because of their distinct biogeochemical characteristics and geographic I¢€attsS29,

Figure S2.3. The nearshore cluster of 229 samples included all samples collected from six
stations found most closely |l ocated to | and (
one sample from the six remaining stations. The transitizster of 85 samples consisted of

samples collected frostationsnot immediately next to lan@NB, SR8, NR2, SR2, STO1,

NTO1), while the offshore cluster encompassed 52 samples collected exclusively from the four
stations located the furthest distanaarrland (SR2, NR2, STO1, NTO1).

ASV richness was the highest lmetnearshoreommunity typewhile the transition
community typenadthe highesSs hannondés di Vable S210). Yhe phytoplamktart e  (
relative abundanceas dominated by a few highly abundant groups, including picoplankton
Synechococcuy®rochlorococcusand Mamiellophyceae (green algae), as well as the
Bacillariophyta (diatoms)Higure 2.4). Using DESeq2 variance stabilized abundandgish
normalizes tk read count data to overcome issues with differences in sequencing2@epth
phytoplankton classe3&ble S211) and 33 phytoplankton genera (or groups unclassified at
genuslevel, but classified at the familgvel; Figure 2.4, Table S212) showed signitant
differences in abundance across the tleeamunity typesBacillariophyta, including

Chaetocerosunclassified polacentricMediophyceae, coscinodiscophyceae, and raphid
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pennates, the pelagophytaerococcusthe cryptophyteProteomonasand the prasinophyte
Bathycoccusvere significantly more abundant in the nearslotustercompared to the transition
and/or the offshoreNigure 2.4, Table S212). ChlorophytesTetraselmisand unclassified
Chloropicaceae, Marsupiomonadaceae, and Pedinataceae were also significantly more
abundant in the coastauster.Mamiellophyceae was significantly more abundant in the
transition, with member®streococcusMamiella, andMicromonas all showing significantly
higher abundances in the transitager. Cyanobacteria and Prymnesiphyceae, including
PhaeocystisndBraarudosphaerawere more abundant offshore. Among the Cyanobacteria,
Synechococcudid not have significant differences in abundance acrossothenunity types
while CrocospheraTrichodesmium ProchlorococcusandAtelocyanobacteriuriJCYN-A)
increased in the offshore afyanobiumincreased in the nearshaemmunitytype (Figure

2.4, Table S212).

Cyanobacterial populations across the nearshor® central gyre of the tropical Pacific
Metagenomic read recruitment of 56 cyanobacterial genomesHroamlorococcus
SynechococcuygsndCyanobiunshowed thaProchlorococcudiLl, HLII, and LLI,
SynechococcuSC 5.1 IX, UCGA, and IX, andSynechococcuSC 5.3 were detected in our
metagenomic sample$dble S2.B). ProchlorococcudiLIl comprised 98.81.0% (meatisd)
of cyanobacterial relative abundance in the epesan and 83#17.4% of the cyanobacterial
relative abundance in the offshoR¥ochlorococcudLIl recruited a small proportion of reads
in a handful of nearshore samp(8s58t1.86% of the cyanobacterial relative abundance).
Synechococcudadell comprised 97 22.4% of the cyanobacterial relative abundance in the
near s ho reBaykdthmenilydypeSynechococcuSC 5.3 also recruited reads, but only

in the coast al KOnedohe Bay samples and at
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recruited (17+£0.7% (Figure 2.5 Table S2.1). AlthoughCyanobiumASVs were detected in
the gudy, no read recruitment was found to SC 5.2 which con@pmasobiunrepresentatives.
Within theProchlorococcudiLIl clade and th&Synechococcus clade, read recruitment
varied between closely related genomes. Read recruitment was substanti&ifyirhigh
Synechococcudade Il isolate UW86 compared to all other clade Il genomes, despite sharing
>95% ANI with most other clade Il genomésdure S24). Within ProchlorococcudHLlIl,
isolate genomes AS9601, SB, MIT9314, and to a lesser extent MIT9301, recruited a
substantially greater proportion of reads. AS9601, SB, MIT9314, and MIT9301 sha®dd®3
ANI, more than what was shared with other HLII isolates (<92iguie S24).
Seasonality in biogeochemical parameters and community compaosition
Seasonal differences in biogeochemical parameters between winter and summer were
found within nearshore KUnedohe Bay, the tran
Chlorophylla concentrationgncreased in the winter compared to the summer in the nearshore
community type clustefmeanzsd; winter: 2.3+3.4 pgi.summer: 1.4+1.0 ug't, p=0.M04;
Figure 2.6A, Table S2.5). Nearshore chlorophydl concentrationsncreasedvith wind speed
wind direction,and rainfal] but not with seawater temperatukggure 2.6B). Three sampling
events with elevated chlorophwgiconcentrations in the nearshore occurred during anomalously
high wind speeds or rainfall eventadure S25). Chlorophylla concentrations in the transition
and offshore did natorrelate with seawater temperatyrest did positively correlate with
rainfall (Figure S2.6). Phosphate concentrations increased in the summer compared to the winter
in the nearshorena transition clusters, while silicate concentrations increased in the summer

compared to the winter in the nearshore clu@iable S2.5).
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Synechococcuand heterotrophic bacteria cellular concentratiwase higher in the
summer tharthe winterin all threecommunity type clustsr generally reaching a maximum
cellular abundance in August when seawater temperatures also reach or are near to their maxima
(Figure 2.6D, E Table S2.5B). Photosynthetic picoeukaryotes increased during the summer
(coastal: p8.04, transition: p=0.03while Prochlorococcunly varied seasonally in the
nearshoreommunity typewith an increase in the winter (p<0.00Bble S2.5). Ratios of
phytoplankton pigments to Tchla representing cyanobacteria, diatoms, prasinophytes, and
pelagophytes showed correlations with seawater temperature in the neaoshionenity type,
suggestive of seasonality in the abundance of major phytoptagkoups Eigure 2.6F).

Correlations between seawater temperature and pigment to Tchla ratios were not detected in the
transition and offshoreluster(Figure S27).

Seasonal differences were found in phytoplankton alpha diversity and the relative
abundance of phytoplankton genera across the tomeenunity type clusterfASV richness and
Shannon diversityncreasedn the winter compared to the summer in all treeemunity type
clusters except for ASV richness in the transiticluster(Figure 2.7A, Table S216).

Seasonality wasbservecamong 23 phytoplankton genera (or groups unclassified at the-genus
level, but classified at the familgvel) within each of thelustes: nearshore (n=18), transition

(n=5), offshore (n=6)Table S2.T7). Seasonal genera accounted for 84.9+7.4, 48.6+18.9, and
23.2+13.1% of the relative abundance of the community on average in the nearshore, transition,
and offshoreclustes respectivly. Synechococcusas the most abundant seasonal genera,
increasingly dominant in the summer months acrossoatimunity type cluster(Figure 2.70).
CyanobiumCrocosphaeraand unidentified Pycnococcaceae atsweased in abundance in the

summer monthgrigure 2.7). On average, the dominant phytoplankton in the winter remained
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Cyanobacteria followed bylamiellophycea@and then diatoms, although at times both
Mamiellophycea@and diatoms exceeded >30% of the total phytoplankton relative abundance
(Figure 2.7). Seasonal genera more often increased in relative abundance during the winter
(n=18) including those belonging to diatoms (€baetocerosand unclassified Polarentric
Mediophyceae), green algae (e.g. unclassified, MamiellophybBammonas Mamiella),
prymnesiophytege.g.lsochrysis ChrysochromulinaandBraarudosphaerpand

DictyochophyceaeHelicopedinellaMesopedinella(Figure 2.7).

Discussion

The enhancement phytoplankton biomads a persistent and impactftharacteristic of
the estuarine ancbastakenvironmerdo f O&ahu, a main Hawaiian i s/l @
North Pacific Subtropical Gyre. Enhancement of phytoplankiomass n coast al KUned
Bay increased®-fold (167®%) overless tharé km distance and #®ld (1,678%) over a roughly
100 km distance. Satelldeased studg which typically have blind spots within ~5km to shore,
have shown that across the Pacific Islands, chloroplodhcentrations increased 25.6% on
averagen nearisland waters when compared to oceanic watdessié et al., 2022yith a
particularly high magnitude of increase in the Hawaiian Archipela@®(85.6% increase,
Gove et al., 2016Here, we attribute the substantially higher enhancement values reported for
KOnedohe Bay compared to those of satellite e
methods of measuring chlorophglconcentréions as well the use @f situdata that allows for
access to shallow coastal regions and fine spatial coverage. Across the nearshore to offshore
waters, increases in chlorophgltoncentrations were significantly associated with increases in
silicate ad phosphate concentrations. However, nitrogen availability based on DIN:DIP ratios

was a major limiting factor in overall phytoplankton growth across the entire system. In addition
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to large spatial dynamics, our fiseale coverage unveiled differencetihvm the interior of
KUne&ohe Bay such that st at ieastnasindte doesieas tF itsoh ploan
and an inlet in the central Bay (station AR), showed a greater magnitude of phytoplankton
enhancement and elevated silicate concentratubien compared to other Bay stations less than
a kilometer away.

Chlorophylla concentrationshoweds easonal i ty in nwitar shore KU
positive increases with wind speed, rainfall, and wind direchatno seasonality was detected
the transitio, or the adjacent offshaen Hawai @i, st orm events 1 ncr e
months(Giambelluca et al., 20133and increased rainfall and wind speeds during storms can
elevate inorganic nutrient concentrations through stream input, leading tdeshort
enhancement of phytopl ankt onRinguen&Veckenzis, n near s
2005; Hoover et al., 2006; Cox, Ribes & RA, 2006; Yeo et al., 28)ods of intense rainfall
have strong I mpacts on the f omvmetgperiodsibcredsingn a mi c s
trophic complexity, total community biomass, and the transfer of production to meté3eipis
et al., 2018) Our neaimonthly sampling interval was likely unable to capture the rapid
fluctuations of chlorophylh concentrationgn response to the majority of storm events occurring
between 2012021, and thus it is possible that this study may underestimate the episodic and/or
seasonal variability of phytoplankton biomass in the nearshore. The deploynresitof
fluorometric pobes would be an effective way to capture chloropgthncentrations at the
daily time intervals necessary to further unveil the impact of both episodic and seasonal events
and the interactions of the twepisodic events that change in frequency sedlgona

Across both broad (e.g. nearshore KUnedohe

>100km) and narrow (e.g. nearshore KUnedohy B
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scales and winter and summer seasons, phytoplankton communities varieticdfiyma
Pigment:Tchla ratios indicative of diatoms, dinoflagellates, and cryptophytes significantly
increased in the nearshore, while pigment:Tchla ratios indicative of pelagophytes,
prymnesiophytes, cyanobacteria, &rdchlorococcusignificantly increaed in the offshore and
open oceanSome of the phytoplankton groups that were more abundant closer toesgore (
Teleaulax(Cryptophyta (Yoo et al., 2017)PyamimonagChlorophyta(Bock et al., 2021)
TetraselmigChlorophyta(Smith et al.2021) Chlorarachniophytes (Rhizari@foo & Palenik,
2021) anddinoflagellategJeong et al., 201Phave been associated with mixotrophic lifestyles:
acting as primary producers and consumers. Mixotrophy provides a crucial trophic link in
planktonc food websby supplementingrimary production, increasy carbon transfer to high
trophic levels, and seing as a source of nutrien{Stoecker et al., 2016[Establishing the
relative importance of mixotrophy across the nearshore to the adjacdmgrefenvironment
would requirefurther investigation, but these initial insights suggest distinctions in food web
dynamics, phytoplankton ecologies, and contributors to primary productivity across the
nearshore to opeocean waters of the tropical Pacific

Pigment:Tchla ratios indicative of diatoms and cyanobacteria show that these groups
were the main contributors to the enhanced chloroghgdincentrations in the nearshore
environment. The nearshore enhancement of diatoms and the cyanol@atedhooccuswas
particularly spatially acute with mean relative abundance increasdiolg and 3fold in the
nearshore compared to the adjacent offshore, respectively. Due to their small size and associated
high uptake capacit{Kilham & Hecky, 1988) Synechooccusare likely less limited by the low
nitrogen concentrations wit hjindfactkdarsto®ohe Bay a

KUn e & o Bymectbeogcusellular abundances were highly negatively correlated with
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nitrate+nitrite concentrations. In cordtadespite higher nutrient requirements compared to other
nane and picophyoplankto(Sarthou et al., 2005; Hashioka et al., 2084&8toms have high
rates ofgrowth and nutrient uptak&arthikeyan et al., 2013nllowing them to outcompete
other phyoplankton under periods of elevated nutrient availability. These distinct nutrient
acquisition strategies betwe8gnechococcuand diatoms likelyproducedhe dynamic seasonal
patterns observed in nearshore KUniegoiftee Bay :
cellular and relative abundance®ynechococcusvhile winter months were marked by sharp
increases in the relative abundances of diatoms suChaetocerosnd unidentified polar
centric Mediophyceae. In addition to nutrient availability, seawater temperatures have been
shown to positively correlat®ith Synechococcusellular abundances across different ocean
conditions (Agawin, Duarte & Agusti, 2000; Tai & Palenik, 2009)ith seasonal temperature
rise likely increasingsynechococcusdivision rate{HunterCevera et al., 2016)

Phytoplankton SV r i c hnes s wassigifitandytelevated irBcanyparison
to the adjacent offshore. Neatand environments can export diversity offshore, and
importantly, biodiversity can offer functional redundancy and ecological stability in times of
envirommental perturbatio(Otero, AlvarezSalgado & Bode, 2020)n a recent study that
modeled changes to phytoplankton biodiversity under climate change conditions, some tropical
regions were found to face up to 30% of phytoplankton types becoming lodaihated
(Henson et al., 2021)mportantly phytoplankton of higher size classes, predominantly including
diatoms, are expected to be lost. Diatoms contribute a large portion of the total chlcaophyll
the nearshore environmefitheyserve as an imptant diet item for prizedherbivorous fish
grown inHawaiian aquaculture systerfidiatt, 1947)s uch as t he ahe@ dei a Fi sh

contribute greatly to enhancemennigarshoreystems broadl{Gilmartin & Revelante, 1974,
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Boden, 1988)Recognizing sffis in the presence and abundance of these large diatoms
necessitates a strong baseline knowledge of the seasonal and spatial variation within a system, a
key element that this study has provided.

SynechococcusndProchlorococccusthe small cyanobacterthat dominated the total
phytoplankton relative abundance, may provide good bioindicators of environmental change
within KUnedohe Bay expectRathlomcodcesnd cl i mat e ch
Synechococcuare responsible for roughly 25% of the ocear@t primary production
(Flombaum et al., 2013vill likely further increase in abundance with projected climate change
conditions(Flombaum & Martiny, 2021and encompass firgcale genetic diversity that
distinguishes their ecologies, metabolisars] biogeochemical roles at the level of major and
minor clade@erube et al., 2019; Ahlgren, Belisle & Lee, 2020jten these clade identities are
difficult to resolve withthe use of singlenarker genes, and thus metagenomic read recruitment
can help increase resolution and provide more comparable results due to-tbemmmmally-
amplified nature of the metagenomic library preparatiRoretsky et al., 2014)

Across the central gyretoe ar s hor e KPthohbrdandtieClaBeai| and
SynechococcuSlade 1l (SC 5.1) were the most abundant cladsdas beepreviously reported
in oligotrophic oceanfDelmont & Eren, 2018; Lee et al., 2018ead recruitment of
Prochlorococcupop ul ati ons from the offshore KUned&ohe
similarity and may represent parapatric populations with ongoing gene flow responding to
similar environmental parameters in both environments. Continued examination of the
population gructure, as well as cellular abundances of these cyanobacteria, could identify
expansions of wultraoligotr oph ilew, amdselectioafori nt o K

clades with unique ecological adaptations. Given the high seasonghynetbcoccuscellular
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and relative abundance in the nearshore environment, changes to the magnitude and timing in
these metrics could also identify alterations in seasonality and associategdioalynamics
within KUnedohe Bay.

The enhancement of phytoplanktbiomass in the estuarinedie i a Fandcbapta n d
K Un e & o previdd® arijical ecosystem serviaasd is an important consideration for
biocultural restoration activities, communityased research efforts, and resource management.
Our highresolution sampling was key to identifying firszale spatial variation that impacts the
enhancement of chlorophylconcentrations locallgnd establishing baseline thairovides the
opportunity for early detection of changesegashore chlorophyd enhancemat. Chlorophylla
concentrationincreased inthewinteavi t hi n coast al Kdlinestinatdse Bay, h
likely missed small cyanobactetite SynechococcusTheparticularly wet conditions during
the winter monthsnay play a substantial role in determinthg variability of phytoplankton
biomass and restructuring of tbeastafood web.Kaulana mahinathe Hawaiian lunar
calendarbroadly distinguishes seasonsb wie ¢ dh@ i a n ckauh ope i ods and enc
crucial knowledge regarding the phenology of the natural world and the ecology and behaviours
of local specie¢ Nu & u h i wrarthe On#r&tgnding plankton cycling in relation to the
timing and condions documented in Hawaiian knowledge systemskiitdana mahinaand in
regard to biocultur al | Wuglephaelbthatfeedsogmeci es | i ke
microphytoplanktorat juvinelle stagefHiatt, 1947; Julius, 2007¢ould allow for the co
development of additional bioindicators of change that can be used by Hawaiian Fishpond
stewards who are constantly observing the status of the marine environment. Despite a poor
understanding of the outcomes, nestand food websvill likely shift with theongoing climate

change impacts gohytoplankton communities and biomaasd ollaborating across diverse
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knowledge systems could improve the ability to document, adapt, and increase the resiliency of

the communities that relynathese important ne@land marine resourc€g/inter et al., 2020)
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Figure2.1.A) Map of sampling stations | oc adasatl
KUnedohe Bay, and the adj acenta(R) anflsilibater e .
concentrations (C) from the most estuarine to offshore sagngiationsas well aghe ocean
oceanStation ALOHA.D) Almost all samples fall below the Redfield ratio of 16:1 (N:P)
(diagonal line), suggesting nitrogen limitation is characteristic of the system. Maps plotted in
ArcGIS Prov2.9. Contoursmarkevery ten meters up until 50 m and then 50 m intervals for
depths beyonthe first 50m.
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Figure 2.2.Phytoplankton cellular abundances and community composition over time and space
across stations from the sout heffshoresdatos(SBZ o f
andSTO1), and a station in tlipenocean(ALOHA). (A) Cellular abundances (cells mi).of
Synechococcu®rochlorococcusphotosynthetic picoueukaryotes, and heterotrophic bacteria;

(B, C) Total chlorophylk (Tchla) concentratia (ug L1) and ratios of phytoplankton pigments
indicative of specific phytoplankton groups relative to Tchla. Note, alloxanthin was below
detection levels for Station ALOHA and not presented here. Abbreviations: Fuco: Fucoxanthin,
Peri: Peridinin; Allo: A | o x a nt h thexanoytbeyfucoxardttBnNBut: 9 N;j
butanoyloxyfucoxanthin; Zea: zeaxanthin; DVchla: divinyl chlorophyll
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Figure 2.3.A) Three major groups of phytoplankton communities revealed through Aitchison
distance hierarchical clustering, hereafter referred tmasnunity typesnearshore, transition,

and offshore. B) The relative abundance of major phytoplankton groups differss the three
communitytypes. Phytoplankton classes and genera with >1% average relative abundance in at
least on&community typeare specified. Within eacddcommunity typesamples are grouped first

by sampling event (36 total between 2021), therby the station.
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Figure 2.4.A) Mean relative abundance of the top 10 phytoplankton groups across the three
environments: nearshore (N), transition (T), and offshoreBD)?hytoplankton genera (and

those unidentified at the genera level but at thesg with significanthydifferent distributions

across the nearshore (N), transition (T), and/or offshore (O) environments. For each genera, the
environment with the peak in abundance is noted with a colored box. Phytoplankton groups that
were classifieat the familylevel, but unidentified at the genievel are denoted with an

asterisk.
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Figure 2.6.A) Nearshore chlorophyd concentrationshowedseasonal differences between
winter and summer (p=004, logtransformedl Importantly, given that the colleciianethod for
chlorophylla concentration$ikely missed most small cyanobacteria, it is possible that
seasonality has been underestimaB® e a r sarelabia analyses show that temperature
did not significantly correlate with chlorophylconcentrations in the nearshore but significant
positive correlations were found with wind speethd direction, and rainfalAn asterisk (*)
denotes variablewith log transformations, while a carrot (*) denotes variables with log+1
transformationsC,D,E) Seawater temperatures &yhechococcusnd heterotrophic bacteria
cellular abundances significantly increased in summer maodkesl polynomial regressiafit

line with 95% confidence intervashown for each parameter across morfh&hytoplankton
pigments relative to total chlorophyll a showed significant correlations with seawater
temperature. Abbreviations and Units: Het.Bac: heterotrophic bacteligfd_?); Syn:
Synechococcugells mLY); Pro:Prochlorococcugcells mL?); Picoeuk: Photosynthetic
picoeukaryotes (cellsmb) ; Temp: Seawater tempefugtyre ( ) ;
Salinity (ppt); Wind direction (degrees); Wind Speed-§nRainfall (mm); Zea: Zeaxanthin;
Fuco: Fucoxanthin; Prasino: Prasinoxanthin; Bu@bhfanoyloxyfucoxanthin.
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Figure 2.7.Differences in phytoplankton alpha diversity and relative abundance across the three
community typesAcross all threeommunity typesthe estimated ASV richness (A) and

Shannonos

di versity

( B)

di ffer

bSyrtech@cecaus s u mme r

a highly abundant and seasonal genera across alldbmgaunity typegC). Phytoplankton
genera in higher (range here; [FEand lower relative abundances (range; G,H,l) showed
seasonal patterns across the tlo@@munity typeslLocal polynomial regression fit line shown
for each phytoplankton genera across months
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Prochlorococcus

Clade HLII
- < P o [t) 5 b= o — ~
o o Q o I N o o . =)
%) m ™ 52} N N ® N N 2} s} =
& %) o o o o o o o o o o
9] E E E = E o E E E E
< = = = = = = = = =
AS9601 - 0.94 094 093 092 091 092 091 091 0.90 0.9
SB 0.94 094 094 092 092 091 091 091 0.90 0.90
MIT9314 | 0.94 0.94 093 091 091 091 091 091 0.90 0.90

MIT9301 | 0.94 0.93 0.94 - 091 091 091 091 091 0.90 0.90
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MIT9215 | 0.92 091 091 0.91  0.97 - 090 0.90 0.90 0.89 0.90
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MIT9311 | 0.90 0.90 0.90 0.90 0.89 0.89 0.90 0.90 0.89 0.92 - 0.89

MITo107 |0.88 0.88 088 088 088 083 088 088 088 089 089 100

Synechococcus SC 5.1
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[Te}
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o
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CC9605 - 0 091 092 0.92 092 0.92 0.92
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N26 0.92 0.94 0.96 - 0.96 096 0.96 0.97
N32 0.92 0.94 096 0.96 - 0.96 0.96 0.96
N5 092 094 096 096 0.96 - 0.96 0.96
Uwse6 092 094 096 096 0.96 0.96 - 0.96
cyano3B | 0.92 094 096 0.97 096 0.96 0.96

Figure S24. Average nucleotide identity (ANI) between closely rele®edchlorococculade
HLII isolate genomes, as well as thoseSgnechococcuSlade Il isolate genomes.
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denotes variables with log+1 transformatioibbreviations: Fuco: Fucoxanthin, Peri: Peridinin;
Allo: Alloxanthin; Prasino: Prasinoxanthiff e x :-heda®oMpxyfucoxanthin; But 9 Nj
butanoyloxyfucoxanthin; Zea: zeaxanthin; DVchla: divinyl chldrgpa; Chla: fluorometric
chlorophylla(ug LY, T € mp : Seawat er Winedrgrteom (degraes)eWind Speed
(ms?); Rainfall (mm)

Supplementary Tables:availableonline

Table S2.1.Sample data for all 366 KByT samples, including weather parameters and
association to amplicon librarie&vailable online

Table S2.2.Sample data from Station ALOHA collected by the Hawaii Ocean -Egmies
(downloaded fronittps://hahana.soest.hawaii.edu/hot/tiogs). Availableonline
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Table S23. Metagenomic samples sequenced from KByT.

Total pairs
Metagenome passed

Sample ID QC Station Latitude Longitude Date
KFE386HP 1.02E+07 HP1 21.43688 -157.80331  2/25/19
KFE387AR 1.34E+07 AR 21.46765 -157.83585  2/25/19
KFE389R8 1.41E+07 SR8 21.4498333 -157.79322  2/25/19
KFE393NT 1.29E+07 NTO1 21.526 -157.7979 2/25/19
KFE395NB 1.68E+07 NB 21.4904833 -157.83328  2/25/19
KFE416ST 1.54E+07 STO1 21.4829 -157.7663 2/25/19
KMA156HP 8.95E+06 HP1 21.43688 -157.80331  3/28/18
KMA157AR 1.37E+07 AR 21.46765 -157.83585 3/28/18
KMA158CB 1.09E+07 CB 21.45705 -157.81135 3/28/18
KMA159R8 1.21E+07 SR8 21.4498333 -157.79322  3/28/18
KMA160SB 1.27E+07 SB 21.43635 -157.77737  3/28/18
KMA161R2 8.77E+06 SR2 21.4691667 -157.77752  3/28/18
KMA162ST 1.24E+07 STO1 21.4829 -157.7663 3/28/18
KMA163NT 9.60E+06 NTO1 21.526 -157.7979 3/28/18
KMA164NR 1.66E+07 NR2 21.5147 -157.81172  3/28/18
KMA165NB 1.66E+07 NB 21.4904833 -157.83328  3/28/18
KOC290HP 1.29E+07 HP1 21.43688 -157.80331 10/11/18
KOC291AR 1.41E+07 AR 21.46765 -157.83585 10/11/18
KOC293R8 1.32E+07 SR8 21.4498333 -157.79322 10/11/18
KOC297NT 1.64E+07 NTO1 21.526 -157.7979  10/11/18
KOC299NB 1.37E+07 NB 21.4904833 -157.83328 10/11/18
KOC321ST 1.11E+07 STO1 21.4829 -157.7663  10/11/18
KSE054HP 1.24E+07 HP1 21.43688 -157.80331  9/20/17
KSEO055AR 1.49E+07 AR 21.46765 -157.83585  9/20/17
KSE056CB 9.85E+06 CB 21.45705 -157.81135  9/20/17
KSEO057R8 2.36E+07 SR8 21.4498333 -157.79322  9/20/17
KSE058SB 1.27E+07 SB 21.43635 -157.77737  9/20/17
KSE059R2 1.13E+07 SR2 21.4691667 -157.77752  9/20/17
KSE060ST 1.18E+07 STO1 21.4829 -157.7663 9/20/17
KSEO6INT 8.60E+06 NTO1 21.526 -157.7979 9/20/17
KSEO062NR 1.03E+07 NR2 21.5147 -157.81172  9/20/17
KSE063NB 1.90E+07 NB 21.4904833 -157.83328  9/20/17
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Table S24. Cyanobacteria isolate genomesed in metagenomic reaecruitment.

Prochlorococcus Clade zy(%ey?noocboizﬁjg Clade
MED4 HL_I CC9311 |
MIT9515 HL_I UW179B |
AS9601 HL_II WH8016 I
GP2 HL_II WH8020 |
MIT9107 HL_II CC9605 1]
MIT9201 HL_II N19 1]
MIT9202 HL_II N26 1l
MIT9215 HL_II N32 1]
MIT9301 HL_II N5 1
MIT9302 HL_II Uw8e 1l
MIT9311 HL_II WH8109 1]
MIT9314 HL_II cyano3B 1l
MIT9321 HL_II WH8102 1]
SB HL_II BL107 \%
PAC1 LL | RS9916 IX
NATL1A LL | CB0101 52
NATL2A LL | PCC6307* 52
CCMP1375 LL_1l PCC7001* L 52
MIT9211 LL_In RCC307 53
MIT9303 LL_IV CC9616 UGA
MIT9313 LL_IV KORDI100 UGA
WH7803 \%
WH7805 Vi
RS9917 Vill
KORDI49 WPC1L
KORDI52 WPC2
UW106 xV
UWe9 xV
UwW105 XV
uw140 XV
GEYO CRD1
MIT9508 CRD1
MITS9509 CRD1
UW179A CRD1
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Table S25. Biogeochemical parameters across statiBmailableonline

Table S26. Phytoplankton pigments across statiohisbreviations:Tchla: Total Chlorophyll a;

Fuco: Fucoxanthin, Peri: Peridinin; Allo: AlloxanthiArasino: Prasinoxanthikt e x :

1 9 Nj

hexanoyloxyfucoxanthin; Butt 9bNjanoyloxyfucoxanthin; Zea: zeaxanthin; DVchl:idi

chlorophylla
HP1 SB SR8 SR2 STO1 ALOHA
n 8 3 8 8 8 25

But:Tchla 0.02f0.01  0.03R0.02 0.02fD.01  0.02fD.01  0.03ND.02  0.05KD.02
Hex:Tchla 0.03N0.01  0.04N0.01 0.04ND.01  0.04N0.03 0.08RD.03  0.13R0.03

Allo:Tchla  0.05M0.02 0.02f0.01 0.04ND.01 0.03N0.01  0.02RD.01 -
Fuco:Tchla  0.15R0.08 0.19N0.08 0.16N0D.07 0.16R0.07 0.1N0.06  0.05N0.02
Lut:Tchla 0.01R0.01 0.01N0 0.01M0.01  0.0280.01  0.01RD.01  0.01R0.01
Peri:Tchla ~ 0.03N0.02 0.03N0.01 0.04R0.02 0.04R0.02 0.02RD.01 0.02RD.01

Prasino:Tchla 0.04RD.01  0.04N0.01  0.04RD.02 0.04RD 0.03M0.01 -
Zea:Tchla 0.19N0.12 0.19R0.07 0.18N\D.12 0.16MD.09 0.31R0.14 0.64ND.18
DVa:Tchla 0.1N0.06  0.09N0.02 0.09ND.03 0.14R0.11 0.28RND.19  0.61RD.1

Table S27. Comparisons of biogeochemical parameters across stations ustngup@NOVA
compar i svaues3 aresbosvn
Asterisks(*) denotes a log transformationngprove normality, while a carrot (*) denotes a log
transformation plus JAvailableonline

with Tukeyo6s

mul tiple

Tables S28. ASV table with taxonomy and ASV DNA sequenéailableonline

69

Signi


https://github.com/tucker4/Dissertation_Supplemental_Chapter2
https://github.com/tucker4/Dissertation_Supplemental_Chapter2
https://github.com/tucker4/Dissertation_Supplemental_Chapter2

Table S29. Differences in biogeochemical parameters ammgmunity types

Nearshore Transition Offshore
n 229 85 52
Seawater temp. (UC) meanfsd 26.2(1..8 26.1N1.4 25.4N1.3
pH meanRsd 7.9R0.2 7.9R0.2 8.0ND.2
Salinity meanRkd 34.2N1.3 34.5N1.1 34.7R0.9
Chlorophyll a (Gy L) meanRsd 1.7R0 0.8R0.5 0.4R0.3
n 228 85 52
Photosynthetic picoeukaryotes
(cells mL)*10* meanfsd  1.75f.03  0.81R0.43  0.32RD.14
Heterotrophic bacteria
(cells mL) *10° meanfsd  1.53R0.59  0.86RD.23  0.66RD.11
Synechococcus
(cells mL) *10 meanfsd  20.78f\14.42 5.94f4.43  1.96R1.69
Prochlorococcus
(cells mL ) *10* meanfsd  0.64RD.91  4.3fB.74  18.48f6.5
n 107 33 27
Phosphate (GM) meanfsd  0.1180.07  0.08R0.03  0.08R0.03
Silicate (OM) meanfsd  12.62R21.08 2.49R2.03  1.55N1.37
Nitrate+Nitrite (OM) meanRkd 0.29N0.29  0.27N0.23  0.12RD.12
n 41 10 3
Ammonia (OV) meanRkd 0.27N0.36  0.12N0.16  0.04RD.02
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Table S210.A1 p h a

di versity
and acrossommunity typesnd seasons.

metric

s ( Som@aumity typed s

Community Standard
Shannon's Type Estimates Errors p-values
Nearshore 1.32 0.00 0
Transition 0.36 0.00 0
Offshore 0.12 0.01 0
ASV Community Standard
Richness Type Estimates Errors p-values
Nearshore 54 1 0
Transition 47 2 0
Offshore 44 2 0

Table S211. Significant differences in abundance acro@smunity typegor phytoplankton

classes.

Offshore vs

Transition vs

Transition vs

Nearshore Nearshore Offshore
log2-fold log2-fold log2-fold

Class change p-adj change p-adj change p-adj
Mamiellophyceae -0.266 0.019 0.76 <0.001 1.026 <0.001
Cryptophyceae -1.262 <0.001 n.s. n.s. 1.116 <0.001
Chlorodendrophyceae -1.862 <0.001 n.s. n.s. 2.127 <0.001
Chloropicophyceae -5.366 <0.001 -2.391 <0.001 2.975 <0.001

Trebouxiophyceae -4.418 <0.001 -2.506 0.005 n.s. n.s.
Chrysophyceae 1.638 <0.001 -1.146 <0.001 -2.784 <0.001
Chlorarachniophyceae -0.734 0.046 n.s. n.s. 0.906 0.028
Pyramimonadophyceae -1.685 <0.001 -0.567 0.004 1.118 <0.001
Cyanobacteriia 0.535 <0.001 -0.538 <0.001 -1.074 <0.001

Pedinophyceae -4.254 <0.001 -4.199 <0.001 n.s. n.s.
Prasino-Clade-9 5.959 <0.001 n.s. n.s. -4.015 0.002

Pelagophyceae -1.333 <0.001 -2.006 <0.001 n.s. n.s.
Bacillariophyta -2.115 <0.001 -0.51 <0.001 1.605 <0.001
Prymnesiophyceae 0.964 <0.001 n.s. n.s. -0.959 <0.001
Pinguiophyceae n.s. n.s. 1.998 <0.001 1.568 <0.001
Prasinodermophyceae n.s. n.s. 0.905 0.011 1.281 0.011
Euglenida n.s. n.s. 1.241 0.032 2.152 0.006
Dictyochophyceae n.s. n.s. -1.587 <0.001 -2.062 <0.001
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Table S212. Significantdifferences in abundance acrassnmunity typegor phytoplankton
genera.

Offshore vs Transition vs Transition vs
Nearshore Nearshore Offshore
log2- log2-

Genus  fold p-adj log2-fold p-adj fold p-adj

Micromonas 1.41  <0.001 1.176 <0.001 n.s. n.s.

unclassified Mamiellaceae 1.397 <0.001 1.343 <0.001 n.s. n.s.

Bathycoccus -0.691  0.044 -1.323 <0.001 n.s. n.s.
unclassified Bathycoccaceae -3.427 <0.001 n.s. n.s. 4.093 <0.001

Ostreococcus 1.268  <0.001 1.741 <0.001 n.s. n.s.
unclassified Chloropicaceae -4.032 <0.001 -1.156 <0.001 2.877 <0.001
Ochromonas 1.907 <0.001 -1.17 0.012 -3.077 <0.001

Prasinoderma  1.473 0.002 1.603 <0.001 n.s. n.s.
Atelocyanobacterium  7.821  <0.001 2.874 0.004 -4.947 <0.001
Crocosphaera 8.692 <0.001 n.s. n.s. -6.392 0.002

Trichodesmium 6.664 <0.001 n.s. n.s. n.s. n.s.
Prochlorococcus  8.471  <0.001 4.736 <0.001 -3.735 <0.001
Cyanobium -1.835 <0.001 -0.548 <0.001 1.287 <0.001

Eutreptiella 1.648  0.038 1.947 0.003 n.s. n.s.

unclassified Pedinomonadaceae -2.551 0.044 -3.293 0.001 n.s. n.s.
Mesopedinella 3.811  0.021 n.s. n.s. -4.284  0.043

unclassified Pedinellales  8.498 <0.001 4.013 0.001 -4.485 0.007
unclassified Pelagomonadaceae 6.043 <0.001 3.448 <0.001 -2.595 0.004
Aureococcus -5.886 <0.001 -0.987 0.012 4.899 <0.001
Chaetoceros -3.189 <0.001 -0.954 0.009 2.236 <0.001

unclassified Polar-centric-

Mediophyceae -1.793 <0.001 n.s. n.s. 2.119 <0.001
unclassified Raphid-pennate -3.915 <0.001 n.s. n.s. 4939 <0.001
Phaeocystis 4.593 <0.001 1.213 0.009 -3.38  <0.001
unclassified Prymnesiaceae 2.431 <0.001 0.912 <0.001 -1.519 <0.001
Braarudosphaera 5.858 <0.001 n.s. n.s. -4.759  <0.001

Mamiella n.s. n.s. 2.389 0.002 n.s. n.s.

Proteomonas n.s. n.s. 1.131 0.015 n.s. n.s.

unclassified Hemiselmidaceae  n.s. n.s. -4.804 0.009 n.s. n.s.
Tetraselmis n.s. n.s. 1.009 0.009 1.207 0.043

unclassified Marsupiomonadaceae  n.s. n.s. -3.245 0.024 n.s. n.s.

Helicopedinella  n.s. n.s. -2.661 0.009 n.s. n.s.

unclassified Radial-centric-basal-
Coscinodiscophyceae  n.s. n.s. -2.814 0.023 n.s. n.s.
Thalassionema  n.s. n.s. 4.281 0.002 n.s. n.s.

Table S2.1. Detection statistics for isolates across metagenofwaslableonline

Table S2.4. Genome read recruitment (mean q29g3) statistics for isolates across metagenomes
Availableonline
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Table S2.5. Seasonal differences in biogeochemical parameters amosaunity typesComparisons of biogeochemical parameters
across seasonsusingen@ay ANOVA with Tukeyds mul tipl e c odppatues)aseshown. t e st
Asterisks(*) denotes a log transformation to improve normalifiile a carrot (*) denotes a log transformation plus 1

Averages acCross seasons Comparisons acCross seasons
Nearshore Nearshore Transition Transition  Offshore Offshore  Nearshore Transition Offshore
Summer Winter Summer  Winter  Summer Winter ~ Summer-  Summer- Summer-
Winter Winter Winter
n 57 61 29 13 15 18
Seawater temp. ((C) meanpsd  28.0RKD.9 24.1R0.7 27.3N0.6 24.280.4 26.6M0.5  24.2fD.5 <0.001 <0.001 <0.001
pH meangsd  7.9RD.2 7.9R0.2 8.0fn.2  8.0MfD.2 8.1R0.2 8.0MD.2 0.45 0.368 0.218
Salinity meanssd  33.9M1.3 33.8/\.3 33909 34609 34308 34.6MD.8 0.789 0.0331 0.277
Chlorophyll a (Gy L™)* meangsd 1.4 2.3(B.4 0.880.5  0.7R0.4 0.4RD.2 0.4RK0.3 0.004 0.616 0.810
n 57 61 29 13 15 18
Photosynthetic
picoeukaryotes*
(cells mL™1)*10* meanpsd  2.07K1.27 1.60fL.23  0.99f0.50 0.51f0.40 0.28R0.11 0.39R0D.18 0.006 <0.001 0.056
Heterotrophic bacteria*
(cells mL*) *10° meangsd  1.79K0.62 1.39\0.47  0.98N0.23 0.73R0.22 0.72\0.89 0.63\D.13  <0.001 <0.001 0.016
Synechococcus*
(cells mL™) *10* meangsd 28.75N14.95 14.99N14.77 8.89\4.52 1.75N1.79 3.46N1.89 0.91N0.61  <0.001 <0.001  <0.001
Prochlorococcus”®
(cells mL ™) *10* meanssd  0.23R0.49  0.90RD.78  3.36R8.22 3.98f\4.44 16.65R4.39 18.20K7.24  <0.001 0.278 0.854
n 20 35 10 6 7 11
Phosphate (OV)* meanpsd  0.15R0.07 0.1f0.06  0.11f0.04 0.07fD.02 0.09R0.03  0.09K0D.03 0.004 0.036 0.747
Silicate (GM)* meanpsd 16.48(24.81  10.16M19  3.14RR.99 2.42f1.29 2.38f.62  1.3ND.15 0.040 0.750 0.172
Nitrate+Nitrite (EM)* meangsd  0.33R0.43 0.27R0.23  0.3\0.32 0.18K0.06 0.11R0.06  0.1K0.07 0.637 0.961 0.714
n 7 16 3 1 1 1
Ammonia (GV)* meangsd  0.4RD.49 0.26R0.38  0.06KD.02 - - - 0.226 NA NA
n 10 9 - - - -
Max rainfall (mm)* meanpsd  1.52f2.29  10.92f14.48 - - - - 0.025
Max wind speed (ms™?) meangsd  9.13N8.66  11.84Rp.48 - - - - 0.058
Average wind direction (J*  meangsd  74.77RR5.76 144.77K37.36 - - - - <0.001
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Table S226.A1l pha diversity metrics ( Somauniytyped s
and seasons.
Community Standard
Shannon's Type Season Estimates Errors p-values
Nearshore Summer 1.14 0.01 0
Winter 0.52 0.01 0
Transition Summer 1.40 0.02 0
Winter 0.98 0.03 0
Offshore Summer 1.36 0.00 0
Winter 0.37 0.05 0
ASV Community Standard
Richness Type Season Estimates Errors p-values
Nearshore Summer 48 1 0
Winter 6 2 0.001
Transition Summer 39 2 0
Winter 8 2 0.001
Offshore Summer 47 2 0
Winter 1 3 0.614
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Table S2.T7. Phytoplankton genera with significant seasonality as defindamp-Scargle
Periodicitytest. FDRcorrected evalues reported.

Community Lomb-Scargle Periodicity (LSP)
Type Genus g-val
Nearshore unclassified Pycnococcaceae <0.001
Nearshore Prochlorococcus <0.001
Nearshore Mesopedinella 0.007
Nearshore Chaetoceros <0.001
Nearshore  unclassified Chloropicaceae 0.002
Nearshore Teleaulax 0.003
Nearshore unclassified Mamiellaceae <0.001
Nearshore Micromonas 0.001
Nearshore Isochrysis <0.001
Nearshore Partenskyella <0.001
unclassified Polar-centric
Nearshore Mediophyceae <0.001
Nearshore Helicopedinella 0.003
Nearshore Eutreptiella <0.001
Nearshore Synechococcus <0.001
Nearshore Chrysochromulina <0.001
Nearshore Braarudosphaera <0.001
Nearshore Cyanobium <0.001
Nearshore Mamiella 0.001
Transition Prasinoderma <0.001
Transition Pyramimonas 0.004
Transition Synechococcus <0.001
Transition Braarudosphaera 0.003
Transition Cyanobium <0.001
Offshore Atelocyanobacterium <0.001
Offshore Micromonas <0.001
Offshore Crocosphaera <0.001
unclassified
Offshore Pelagomonadaceae <0.001
Offshore Synechococcus 0.005
Offshore Braarudosphaera <0.001
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Abstract

Surveys of microbial communities across transitions coupled with contextual measures of the
environment provide a useful approach to dissectatters determininglistributiors of
microorganisms across ecological niches. Here, monthlygemes samples of surface seawater
along a transect spanning the nearshore coast
ofOta hu, Hawai acentoffshare entirtnmentwerg collected to investitegte

diversity and abundanad SAR11 marine bacteri@rder Pelagibacteralesyer a tweyear time

period Using 16S ribosomal RNA gene amplicon sequencing, the spatiotemporal distributions of
major SAR11 subclades and exact amplicon sequence variants (ASVs) were evaluated. Seven of
eight SAR11 subclades detected in this study showed distinct subclade distributions across the
coastal to offshore environments. The SAR11 commumity dominated by 7 (dfO6 total)

SAR11 ASVs that made up an average of 77% of total SARidse seven ASVs spanned five
different SAR11 subclades (la, Ib, lla, IV, and Va), and were recovered from all samples
collected froneither the coastal environmettig offshore or boh. SAR11 ASVs were more

often restricted spatially to coastal or offshereironments@4 of 106 ASVs) than they were

shared among coastal, transition, and offskeorgronments (39 of 106 ASVs). Overall, offshore
SAR11 communities containechigher divesity of SAR11ASVsthan their nearshore

counterparts, with the highest diversity within the ligtedied subclade ll& his study reveals
ecological differentiation of SAR11 marine bacteria across a short physiochemical gradient,
further increasing ownderstanding of how SAR11 genetic diversity partitions into distinct

ecological units.
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Introduction

The SAR1lorder Pelagibacterales the clasAlphaproteobacteriegs one of the most
abundant and ubiquitous bacterial lineages on Kkfthris et al., 2002)While found
throughoutheglobal ocean and freshwater environme8®R11 bacteriareparticularly
abundabnin stratified, oligotrophic surface oceans, often making up @b%oreof all
bacteriglanktoncells (Morris et al., 2002)SAR11 are chemoheterotrophic, fleeng
microorganisms that are uniquely adapted to nutqmdr environments through small cell sizes
and streamlined genom@Rappé eal., 2002; Grote et al., 2012; Noell & Giovannoni, 2019)
Similar to other abundant marine bactenal archaganostSAR11lineagesaredifficult to
culture in the laboratorgSwan et al., 2013and the current capacity to interrogate SAR11
strains in a camolled laboratory setting remains limited to a small portion of the total SAR11
phylogenetic breadtfe.g. Jimeneinfante et al., 2017; Henson et al., 2018; Monaghaee &
Rappé, 2020)

The SAR11 cladés genetically diverse, with up to 188mnall subuni{SSU) rRNA gene
sequencelivergencalistributed among at least five major subg®(Brown et al., 2012and
tensubclades including la, Ib, Ic, lla, llb, llIdlb, IV, Va, and Vb(Giovannoni, 2017)It
remains uncertain, however, if all five major subgroups derive from a single monophyletic
lineage within the Alphaproteobacteria as compositional biases and long evolutionary branches
have made it a difficult phylogeny tesolve, particularly with respect to subgroup V (Mufioz
Gomez et al. 201950me SAR11 subcladeghibit spatiotemporal distributiorthat are
delineated by depth, seasar,geographical locatiofField et al., 1997; Carlson et al., 2008;
Brownet al., 2012)revealing ecological differentiation at a broad phylogenetic .|@Ved

ecotype concept describas ecologically homogeneous group of closely related bacteria whose
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genetic diversity is guided by cohesive forces such as periodic se|gettombination, and
genetic drift(Cohan, 2006; Koeppel et al., 2008his concephas keen helpful in discerning
populations among highly diverse and widdigtributed bacterial groups such as
ProchlorococcugBiller et al., 2014)andBacillus (Kopac et al., 2014 Previous studiesf
SAR11 have shown evidence for ecotypic diffei@itn (Brown et al., 2012; Vergin et al.,
2013; Tsementzi et al., 2019; Kraemer et al., 20Y8), otheresearch haattributel at least a
portion of the genetidiversityharbored by the SAR11 lineageneutral processdblellweger,
van Sebille & Fredrick, 2014; Manrigue & Jones, 2017)

The genetic diversityithin SAR11 hagpresented ahallengdn understanithg the
ecological roles and evolutionary origiokthe lineageFor example, rather than gene content,
measures of SAR11 genomic microdiversity including simgieleotide polymorphisms and
singleamino acid variants grenecessaryo characterize two ecologicaiches among closely
related populationwithin the global 1a.3.V subgrou@elmont et al., 2019High intra
population genomic variatiomasmade it difficult to reconstruct SAR11 genomes from
metagenomic dat@ully, Graham & Heidelberg, 2018; Delmont et al., 20B)enwhen
SAR11 genomebkavebeenreconstructed from environmental samples, understanding the
boundariebetween the sympatric populations that they represent has proven challenging
(Delmont et al., 2019)

16S rRNA genasequencingurveys hae beencentralto defining SAR11 subclades and
examiningtheir spatiotemporal distributioms the environmenge.g. Field et al., 1997; Carlson
et al., 2008; Brown et al., 2012; Vergin et al., 2013; Salter et al., 2&rfEmann et al., 2014;
West et al., 2016)For examplea multiyear stugt from the Bermuda Atlantic Tim&eries

(BATS) in the Sargasso Sea has revealedtiieatlative abundancef someSAR11subclades
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changesvith depthand seasonal regiméSarlsonet al., 2008; Vergin et al., 2013h other

work, a combination of 16S rRNA gene and internal genomic spacer (ITS) anabtseabldo
discern colewater (la.1) and warrwater (la.3) variantef SAR11subclade IgBrown et al.,

2012) Despite continued efforts tovestigateSAR11bacteria through6S rRNA genand ITS
surveys(Brown & Fuhrman, 2005; Ngugi & Stingl, 2012; Needham, Sachdeva & Fuhrman,
2017) fluorescenceén situ hybridization(Alonso-Saez et al., 2007; Salcher, Pernthaler & Posch,
2011) thecultivationof new straingJimenezinfante et al., 2017; Henson et al., 2018;
Monaghan, Freel &appé€, 202Q0)metagenomig(Tsementzi et al., 2016; Tsementzi et al., 2019;
Delmont et al., 2019; HarMoreno et al., 2019)xand singlecell sequencing effori@ hrash et

al., 2014; Thompson et al., 2019; Pachiadaki et al., 2@i&3patiotemporal characterizatioh o
the majority of SAR11 diversityparticularlyoutside of subclade la, remaiimited.

One useful approach to investigate the interplay between ecology and evolution within
natural microbial communities is to sample across environmental gradientsniarihe
environment, light, temperature, pressure, nutrients and other variables form steep gradients with
depth in the water column and have been used to investigate the partitioning of microorganisms
within different depth horizons of stratified offshagstemgMorris et al., 2005; Cram et al.,
2015; HareMoreno et al., 2018; Mende, Boeuf & DeLong, 20I8)enearshore to offshore
transitioncan also offesteep phyi®chemical gradiestin nutrients salinity, biomass, and
productivitywhich are likely tampact thestructureof microbial communitiegHerlemann et al.,
2014; Wang et al., 2019hin tropical coastal environmentkd those found on islands and
atolls, this gradient can be acutearisland biological, anthropogenic, and physical
oceanographic processes provide a substantial source of nutrients for increased biological

productivity in otherwise oligotrophic oceam@aters(Gove et al., 2016)
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KUOnedohe Bswugiedisesnieaclosgdeimbaymenh the windward side of the
i sl and ,lod w aBabajldakiel & Toonen, 2015 this study, we used the steep
physiochemical gradient provided by the transition from the nearshore environment within
KUn e & o Hoethe Bdagent offsherenvironment as a natural laboratory to investigate SAR11
marine bacteria across space and tifias system wasampled monthlyvertwo years to
capture the microbial community from ten sites spanningntieeior of the lay and the
surroundingoffshore We used 16S rRNAeneamplicon sequeriieg to assess the distribution of
SAR1lacross a phylogenetic resolution that spanned subclagetioual SAR11 amplicon
sequence variant&§Vs). Our findings provide new insight into the ecological differeiotmadf
SAR11 subclades and the distribution of these subclades across the nearshore to offshore

continuum.
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Materials and Methods
Sample collection andenvironmental parameters

Between August 2017 andrile019, seawater was collected from a depth ofét ten
sites in and around®n e & o hQEahwB ldayvdi, on a neamonthly basis (20 sampling events
over 23 monthgiig. 1). At each station, seawater samples for biogeochemical analyses and
nucleic acids were collected, amdsitu measurements of seawater temperature, pH, and salinity
were madavith aYSI 6600 sond€YSI Incorporated, Yellow Springs, QHApproximately 1 L
of seawater was prefiltered using ane®d Nitex mesh and subsequently collected on-an#%
diameter 0.2em poresized polyethersulfone (PES) membrane for nucleic acids (SugtprPall
Gelman Inc., Ann Arbor, MI). The filters weseibmerged in DNA lysisuffer (Suzuki et al.,

2001; Yeo et al., 2013ndstored at80 C wntil extraction.

Subsamples for chlorophydlwere collected by filtering 125 mL of seawater oB%mm
diameter GF/Fglassmicrdfiber filters (Whatman GE Healthcare Life Sciences, Chicago, IL,
USA), andstoredin aluminum foil at-80 C until extractionin 100% acetonand subsequent
measureentof fluorescencavith a Turner 10AU fluorometdiTurner Designs, Sunnyvale, CA)
followed standard techniquég/elschmeyer, 1994 Feawater for cellular enumeration was
preserved in 2nL aliquotsin a final concentration of 0.95% (v:pararmaldehyde Electron
Microscopy Services, Hatfield, BAat-80 C until analyzed via flow cytometry. Cellular
enumeration of cyanobacterial picophytoplankton (masyeechococcusndProchlorococcuy
eukaryotic picophytoplankton, and ropanobacterial (presumably heterotrmphbacteria and
archaea (hereafter referred to as heterotrophic bacteria) was performed on an EPICS ALTRA
flow cytometer (Beckman Coulter Inc., Brea, CA), following the method of Monger and Landry

(Monger & Landry, 1993)
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Seasons were delineatied fitting a harmoit functionto surface seawater temperature
collected hourly between 202D19 at NOAAstation MOKH1inKJne &ohe Bay
(https://lwww.ndbc.noaa.gov/station_page.php?station=mdkbl1S3.1A). Transition seasons
(spring and fall) typically experience the gessttamount of change in seawater temperature.
Thus, using the timderivative of the function, thresholds were defined where the derivative was
at its greatest absolute valu@.0255 (spring; 30 March through 27 June 209y and -

0.0255 (fall; 29 Septaber through 26 December 2019; Fig. S3.1B). Summer and winter

were defined as the periods between the thresholds (i.e. when the derivative was <0.0255 to >
0.0255; summer: 28 June through 28 September-201ahd winter: 27 December through 29
March 20B-19).

In RStudio (version 1.1.456R Core Team, 2018yith theVegan packagéOksanen et
al., 2019) gations were grouped into environment types basatbometric rankbased
analysis using the 0met aMDr8s@ransbrmeddistarmexmatrix t h
of environmental parameters (surface seawater temperature, pH, salinity), chlagophy!l
concentrations, and cellular abundanceBrofchlorococcus, Synechococceskaryotic
picophytoplankton, and heterotrophic bactefiae pairwiseAlonis packagéVartinez Arbizu,
2020)and thedbetdispedfunction in the Vegan package were used to evaluate the statistical
significance and dispersion of these groupi@snparisons of environmental variab] cellular
abundances, and sequencing depth across the spatial and temporal groupings were conducted
using the package multconidothorn, Bretz & Westfall, 2008yith oneway ANOVAs testing

for multiple compasons of means with Holm correction and Tukey contrasts.

DNA extraction and sequencing
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Genomic DNA was extracted using a Qiagen Blood and Tissue Kit (Qiagen Inc.,
Valencia, CA) with modificationgBecker, Brandon & Rappé€, 200For each sample, 16S
rRNA gene fragmentaereamplified by polymerase chain reaction using a -Glodéx
sequencing strategy whdrsarcodediniversalprimers515Y-Fand926R(Parada, Needham &
Fuhrman, 2016are complete with lllumina sequencing adapters, barcode, and IHue5 uL
reactions included 13 pL 4@, 0.5 pL each of forward and reverse primer at 0.2 pM final
concentration, 1 uL gDNA (0.5 ng), and 10 uL 1x 5PRIME Hot Master Mix (OTmgDNA
polymerase, 4M KCI, 25 mM Mg*, 2 00 & MQudnhdid? Beyerly( MA, USAPCR
conditions included an itial denaturation at 95C for 2 min followed by 30 cycles of 9% for
45s, 50 C for 45s, and 68 C for 90s, and a final 5 min extension at 8. PCR products were
inspected on a 1.5% agarose gel and quantified using the Qubit dsDNA H3uKit 20, Life
Technologies, Foster City, CA, USAPCR products were normalizéal 240 ng each, pooled,
and purified using the QIAquick PCR Purification Kit (QiagdMoled libraries were then
sequenced omdlluminaMiSeq \2 250bp pairedend runat the Orego State University Center

for Genome Research & Biocomputing

Sequence nalysis

Thesequencelatawere demultiplexed and assessed for quality in Qiim2Q19.4
(Bolyen et al., 2019)Forward reads were truncated to 24busing the-p-trunclen command
in Qiime2 to improve their quality. Reverse reads were not used in these analyses due to poor
guality. Sequences were denoised using DA&2llahan et al., 201&nd delirated into
exactamplicon sequence variarfSVs). Denoised sequence data were then assigned taxonomy

using SLVA v132 as a eference databag@uast et al., 2012Mock communitiesvere
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assessed to establish that the denoising of sequences usingsohgéads was representative of
taxa and abundances expected in mock community samples.

ASVs that contained a minimum of 10 reads in at least two independent samples were
retained fo subsequent analyses. ASVs undefined at the level of domain and uncharacterized at
the level of phylum were excluded from subsequent analyses. Sequences that matched to
chloroplasts or mitochondria were included in analyses of sequencing d@iapta §3.2, S3.3,

S3.4), ASV occurrenceTable S3.5), and community structur&igure 3.2A, Figure S3.4B,

Table S3.6), but removed in all subsequent analyses of SAR11 including calculations of the
relative proportion of SAR1Wvithin the microbial community and DESeq2 analysis of
differences in SAR11RrochlorococcusandSynechococcusbundance across environments and
seasons.

ASVs classified by the SILVA v132 database as the bacterial order SAR11 and the
family AEGEAN-169 withn the order Rhodospirillales (for SAR11 subgroup V) were assigned
to SAR11 subclades using phylogenetic placement methods. First, a reference alignment was
created in ARELudwig, 2004)from 16S rRNA gene sequences downloaded from NCBI and
SAR11 ASVs identified in this study. Reference sequences were selected based on similarity to
ASVs, and also included all known cultivated SAR11 strains. Two outgroup representatives were
included:Escherichia col(NR_024570.1) antMagnetococcus mariny®R_074371.1). We
applied a mask to the alignment using filter by frequency in ARB in order to remove columns
containing gaps or no data, and exported the resulting 1224 bp alignmenta3kdicnot
remove any columns in the 245 bp region where the ASVs aligned. Using only the aligned
reference sequences, the best reference tree and model parameters were selected by performing

tree inference with a random starting tree, maxintilkelihood estimate of substitution rates and
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nucleotide frequencies, a general tirgersible + gamma model, and 100 fpamametric
bootstrap replicates via RAXMING (Kozlov et al., 2019)

Next, the SAR11 ASVs aligned to the referersequences were phylogenetically placed
using theEPA-NG algorithm(Barbera etl., 2018) specifying the model parameters
[GTR(.960433/4.369000/2.298538/0.794304/6.601978/1.000000)+FU(0.271858/0.192063/0.300
579/0.235499)+G4m(0.276190)], which were previously determined when conducting tree
inference with RAXML:NG. Placement re#ts of the ASVs on the reference tree were visualized
in GAPPA(Czech & Stamatakis, 2018)s i ng t he funct i o(hig. 88ampa exa
i keli hood weights of each ASV placement to SA
examine assigné. The tree was manipul ated in

http://tree.bio.ed.auk/software/figtreg/to improve visualization.

Statistical analyses and visualizations were conducted in R packages phyloseq
(McMurdie & Holmes, 2013)plotly (Sievert, 2013)ggplot2(Wickham, 2016)and pheatmap
(Kolde, 2019) as well as the online tool Venny ZQliveros, 2017)Generalizedinear models
(GLMs) were built in mvabun@Wang et al., 2018) using thedmanyglndfunctionto test for
differences in the numbef ASVs belonging to SAR11 subcladasross seasons and
environments. DESeq2ove, Huber & Anders, 201) was used to normalize ASAbwundance
and to evaluate whether individual ASVs exhibited significantly different distributions across
seasons or environmenising Wald TestsBonferroni correction for multiple comparisons, and
a corrected yvalue of 005. The same approach was usedormalize abundance and test for
spatiotemporal differences the top 14 most abundant bacterial ord8®R11 subcladesand

total SAR11 Synechococcuy®rochlorococcusand chloroplasabundance.
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The frequency of SARILASVswasassessed bgegregatinghe ASVs into rar¢0-5%),
low-frequency(>5-25%), mid-frequency (25/5%), and higHrequency (75100%)categories
Frequencywas calculated afienumber of samples an ASV was detected in per environment,
divided by the number of total samples for a given environment (coastal n=120; transition n=40;
offshore n=40), multiplied by 100.

Variance stabilized transformed DESeg2 normalized counts of SAiidades and
dominant ASVs and picocyanobacteria along with environmental parameters were used to
conduct Spearmanés Rank correlation aRalysis
Core Team, 2018)Jsing a matrix of the Spepaman6s cor r el at i egooupcoef f i ci
average (UPGMA) Il inkage hierarchical clusteri
the stats packag® Core Team, 2018Yhis dendrogram was then used to order the correlation
codficients matrix for visualization.

SAR11 ASVs wereomparedo SAR11 isolates by aligning the SAR11 ASVs to all
publicly availablel6S rRNAgenesequences from SAR11 isolates using the MUSCLE

algorithm in MEGAX (Kumar et al., 2018)

Data availability

Amplicon sequencing data are available in the National Center for Biotechnology

Information (NCBI) Sequencing Read Archive (SRA) under BioProject number PRINA706753.

Results

Environmental conditions
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Non-DNA sequencédased parameters partitioned ki€ n e & o h e -s&iasKByT)i me
sampling sites into three spatial groups, hereafter referred to as coastal (to define the nearshore
grouping), transition, and offshorEig. S3. A pairwiseadonis analysis showed statistically
significant differences among the three groups (coastal vs. transition: p=0’6013R coastal
vs. offshore: p=0.001,%R0.43; transition vs. offshore: p=0.0122#0.071). While significant,
we note that thdifference between the transition and offshore sampling sites is small.
Dispersion tests found nesignificant dispersion (p=0.115;\Rlue=2.1D).

Compared to theansition andffshorestations coastal stations were defined by lower
salinity, higher blorophylla concentrations, higher cellular abundances of heterotrophic
bacteria Synechococcyusndeukaryotc picophytoplanktonand lower cellular abundances of
ProchlorococcugFig. 3.1, Tables3.1 & S3.1). The cellular abundance Brochlorococcusvas
significantly different across all three environmefiseway ANOVA with Tukeyds
comparisons tesp<0.001), ranging from 0.20.7 x10* cells mL !at coastal stationsrean +
standard deviation (s)dn=120]to 2.2 ° 2.1 x10* cells mL 'attransition statioa (=40)and 62
° 2.3 x10% cells mL 'atoffshore stationgn=40) pH wassignificantly different betweeooastal
(7.9 £ 0.2 n=120)andoffshore stations (8.0 0.2, n=40, p=0.00Randtransition(7.9° 0.2,
n=40)andoffshore stations (p=0.015)o significant difference in pH was detected between
coastaland transition station®=0.841) While notstatistically significanttransition stations
had lower salinity, higher ¢brophylla concentrationsandhigher cellular abundances of
heterotrophic bacteri§ynechococcusindeukaryoticpicophytoplanktonn compaisonto
offshore stationgTable 3.1). Sea sirface water temperature did not statistically differ across the

three environmds.
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An increase in salinity and cellular abundances of heterotrophic bacteria and
Synechococcusere observed during spriffables 3.1 & S3.1). At coastal stationsalinity
ranged from 34.0 £ 1.Z4v(ean = s.d., n=24) during summer to 35.1 +(fh386) duing spring,
with significant differences betweepringvs.summer (onavay ANOVA wit h Tukey?od
multiple comparisons test, p<0.00f3Jl (p=0.037), andvinter (p=0.002) Salinity also reached
its highest during spring at transiti@@6.5 = 1.2, n=12andoffshore(35.6 + 1.2, n=12%tations.
Increases in the cellular abundance of heterotrophic bacteria between spring and fall were
observed in the coastal (p=0.033) and in the offshore environments (p=0.037). The abundance of
Synechococcusells increased during spring (25.6 + 810* cells mL?, n=36) and summer
(26.6 + 12. %10 cells mLt, n=24) in the coastal environment in comparison to fall (16.8 + 13.5
x10* cells mLt, n=24) and winter (16.5 + 2210* cells mL?, n=36; p=0.012). Inantrast, the
abundance dProchlorococcusgells increased in the coastal environment during fall (0.7 £ 0.1
x10* cells mL2, n=24). pH, chlorophylh concentration, and the abundance of eukaryot
picophytoplanktortcells showed no significant changes oseasons. Surface seawater
temperatures were significantly different across all but two seasonal compasisong\(s. fall
in the coastal environment (p=0.876) and summer vs. fall in the transition and offshore

environments (p=0.093 and p=0.157, respety)).

Community composition

Samplesveresequenced to a depth of 25,6841,226 qualitycontrolled readsnjean +
s.d, n=200, with a range of 9,393 to 100,27Bable S3.2). Read depth did not differ across
environment type or station (omeay ANOVA with Tukeyds multiple

comparisonsTable S3.3 & S3.4), although significant variation was detected among some
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seasonal comparisons (spring vs fall, winke fall, summer vs spring, and winter vs summer,
p<0.001;Table S3.3). A total of 2,280 unique ASVs were detected across the 200 samples,
including 2,241 bacteria and 39 archa€able S3.5). The majority of ASVs were distributed
across the bacterial playProteobacterien=1,052), Bacteriodetes (n=325), Verrucomicrobia
(n=60), Marinimicrobia (n=54), and Cyalpacteria (n=39). A total of 350 ASVs belonged to
chloroplasts. A large portion (22.3%, n=509) of ASVs were detected only in the coastal
environmentcompared to 7.4% unique to the offshore (n=169) and 2.8% unique to transition
(n=63) stations.

Community composition was further assessed by examining the top 14 most abundant
orders measured as a proportion of the entire community. Synechococcales mastth
abundant order detected in the coastal environment {2B03%6%;mean + s.d., n=130while
Flavobacterialeg24..7° 8.1%, n=40) and Pelagibactera(84.6° 7.6%; n=40) were the most
abundant orders detected in the transition and offshore emars, respectivelyHg. 3.2A). 8
of the 14 orders examined showed significant differences between all comparisons of
environment types (coastal vs transition, transition vs offshore and coastal vs offshore, p<0.001)
when evaluated with DESeg2 normalinatiPelagibacterales, Rhodobacterales,
Puniceispirillales, SAR86, Actinomarinales, Betaproteobacteriales, Euryarchaeota Marine Group
II, and Parvibaculalesiable S3.5). The remaining orders showed significant differences across
two comparisons of envirorent types (coastal vs transition and transition vs offshore:
Synechococcales, Rickettsiales, Flavobacteriales; coastal vs offshore and transition vs offshore:
chloroplast and Cellvibrionales; coastal vs transition and coastal vs offshore: Oceanospirillales

p<0.001Table S3.6).
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Within the Synechococcalgthe combination oSynechococcusndProchlorococcus
compromised between 8%°04.4% and 98.0 2.5% of thetotal Synechococcale®lative
abundance at a given stati@ig. 3.2B). Synechococcusominated the microbial community in
the coastal station(7.4° 10.5% mean * s.d.n=120) declinng in the transition (12.8 8.3%,
n=40) and offshore environments (10.8.0%, n=40) Fig. 3.2B). In contrastProchlorococcus
was mostbundanhin the offshore environment (13230.1%) declining in theransition (3.3
0.0%)andcoastal environmes{0.3° 0.0%).The relative abundance 8fnechococcusas
roughly twafold higher in sequence data than in floytanetry dataKig. 3.2B-C). In contrast,
Prochlorococcushad similar relative abundances between sequence data and flow cytometry
data.

The seasonality of phytoplankton taxa was evaluated ugt®ef2 normalized
comparisons of chloroplassynechococcuandProchlorococcudotal abundance as defined by
sequence data. No significant seasqadiernsn chloroplast abundance were detected across
the three environments (Wald test, p>0.05 all comparigagsS3.4). In the coastal
environmentSynechoccoaincreased in spring and summer (winter vs spring, p<0.001;
summer vs winter, p=0.015; fall vs spring, p=0.0&)nechococcusecreased in the winter and
increased in the summer in both the transition (winter vs summer, p=0.049; winter vs spring=
0.009)and offshore environments (winter vs summer, p=0.002; winter vs spring, p=0.014).
Prochlorococcushowed aincrease in falin the coastal environment (fall vs spring, p=0.006;

fall vs summer, p<0.001; winter vs summer, p<0.5@L S3.4).

Spatial and temporal distributions of SAR11 subclades
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SAR11 accounted for 106 AS\stributed across eight subcladks Ib, lla, Ilb, llla,
IV, Va, and Vb Table S3.7). Individual samples harbored between 7 and 55 SAR11 ASVs,
averaging 14 + 4 SAR11 ASVs in theastal environmentr(ean + s.dn=120), 17 = 6 in the
transition environment (n=40), and 28 * 9 in the offshore environment (n=40). Generalized
linear models with Posen distributions revealed that the number of SAR11 ASVs recovered per
sample varied gnificantly across environments [Likelihood Ratio Test (LRI)68 p=0.001],
but did not vary significantly across seasons (LRI 49, p=0.114). While sequencing depth did
not vary over environment or statiohaple S3.4), we do note that significant seasb
differences in sampling depth could obscure these re3ialdg S3.3). Of the eight SAR11
subclades identifiedcross KByT, sbclade llaharbored the highest number of unique ASVs
(n=41), followed by la (n=22) and Ib (n=19)4ble S3.7). Within individual subclades, the
average number of ASVs detected in a sample significantly differed between environments for
subclades Ib (LRT=641.52, p=0.001), lla (LRT= 194.92, p=0.001), IIb (LRT= 19.31, p=0.001),
and Vb (LRT= 13.8 p=0.001) Table S3.7).

Collectively, therelative abundancef SAR11 increased from coastal stations ¢24.
4.7% mean * s.dn=120), to transition (23.2 6.4%, n=40) and offshore stations (34tZ.2%
n=40). DESeq2 normalization revealed significant differencdstal SAR11 abundare
betweerthe three environment¥\ald test, coastal vs transition, p<0.001; transition vs offshore,
p<0.001; coastal vs offshore, p<0.06ig. S3.5). As a whole, the abundance of SAR11 did not
significanty differ across seasons within ttransition or offshore environments, but thdhe
coastal environment where it reached its maximum in spring (winter and spring p=0.002; fall and

spring, p<0.001; winter and summer, p=0.050; fall and summer, p=FQB553.5).
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SAR11 subcladéa was thenost abundargubclade detecteatross albtations with a
relative abundance thafas fairly consistent acrosgastal (14.& 3.9% mean + s.d.n=120,
transition (14.2+ 3.9% n=40), and offshore (14.3 2.3% n=40) environmentgFig. 3.3). In
contrast, subclade b was the least abundant of all SAR11 subclades detected throughout KByT,
reaching a maximum relative abundance of 0.01 + 0.0vé&a + s.d.n=20) at offshore station
NTOL.Both subclades Ib and llacreased in relative abundanoeffshare stations compared
to their coastal counterpaisSig. 3.3). While spatial differences were most pronounced for
SAR11 subclades Ib and lla, significant differences in relative abundance across the coastal to
offshore transect were detected $even of the eigltubcladesecovered in this studfFig.

S3.7). DESeg2 normalization revealéat sibclades Iblla, 1V, and Vb were more abundant
offshorecompared ta@oastal station@Nald test; p<0.001)while subcladet andllla were
more abudant at coastal statioeempared to theffshore(p<0.001) Subclades Ib, lla, IV, and
Va also differed between the coastal and transition envirosniex0.001, except for IV where
p=0.002) while sulzladesdla, Ib, lla, llla, 1V, Va, and Vb differed beteen transition and
offshore environment§<0.001, except for Ib where p=0.017)

Significantseasonatlifferences in the abundanceinflividual subcladesvere observed
in bothcoastal and offshore environmenisit not in the transitioanvironmen{Fig. S3.8).
These include (i)@bclade llla whichdecrease during winter in both the coast@Wald test,
winter vs fall, p=0.003; winter vs spring and winter vs summer, p<O0&td pffshore
environmentgwinter vs fall, p<0.001; winter vspring, p=0.002; winter vs summer, p=0.005);
(ii) subclade Vawhichincreasd in springin the coastal environment (winter vs spring,
p<0.001; spring vs fall, p=0.029); (isubclade lawhichincreasd during winterin the coastal

environmen{winter vs fall, p=0.002; spring vs fall, p=0.041); (igbelade I\, whichincreased
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in spring in the coastal environmémtinter vs spring and spring vs summer, p<0.001); and (v)
subcladevb, whichdecreasd duringwinter in the coastal environment (wentvs summer,

p=0.018; winter vs spring, p=0.011)

Spatial and temporal dstributions of SAR11 ASVs

Of 106 SAR11ASVsin total, 39 wergound at least once in each of tt@astal,
transition, and offshorenvironmentgFig. 3.4A). 20 wae unique tahe
coastaltoastattransitionstations and 44 were uniqueth® offshorebffshorertransition stations
(Fig. 34A). All subcladesxceptllb, which was exceedingly rare overalyntained
differentially distributed ASVs across the three environmethisn evaluated bRESeq2
normalization Fig. 3.5; Table S3.8).

Overhalf (55) ofthe 106 SAR1ASVs appearedcross alfour seasongFig. 3.4B). The
fewest number cBAR11ASVs wee detected in the fall andimmer(73 ASVs and n=40
samples eaghwhile a higher number 8AR11ASVsweredetected duringming (85 ASVs in
n=60 samples) and winter (F4SVs in n=60 samples SomeASVs (n=14) were restricted to a
singleseasontwo in each ospring summey andfall, and eight irwinter. All of the season
specific ASVs also had restricted spatiatributions wereinfrequently recovereth=2-5
samples)and were relatively low in abdance (<1.5% of the SAR11 communitysing
DESeq2 normalizatiorg8 ASVs shovwedseasonal differences in at least one of the three
environmentgFig. 3.5; Table S3.8). While six of theseseasonal ASVs had significant seasonal
differences across two (n=5) all three environment types (i.e. coastal, transition, offshore;

n=1), the majority of seasonal ASVs were detected in the coastal environment (n=15). Three
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seasonal ASVwere detecteth the transition environmeiind four were recovered the

offshoreenvironment.

Frequency of SAR11 ASVs across KByT

SAR11 ASVs were grouped into four categories based on the frequency they were
detected in samples within each of the three environments: rare (<5%jetpvency (525%);
mid-frequency (25/5%); and higHrequency (>75%). In general, most SAR11 ASV diversity
was comprised of either rare or ldvequency ASVs, including 45 of 62 ASVs in the coastal
environment (73%), 47 of 67 ASVs from the transition environment (70%), and 52 of 86 ASVs
from the offshore erironment (60%) [Fig. S3.9). The offshore environment harbored 16 ASVs
in the highfrequency category, followed by nine in the transition environment and seven in the
coastal environment. Of thesmly three werénigh-frequencyacross all three environmsmand
none were unique to the transition zone.

Rare ASVs were most commonly members of SARUlicladdla (coastal n=14;
transition n=16; offshore n=8). All subclades had an ASV that wasfleghency, with the
exception othe exceedingly rare subcladié. Two highfrequency ASVs were ubiquitous
across all 200 samples: ASV47 from subclade la and ASV78 from subclade Ila. Two high
frequency ASVs were ubiquitous across all coastal samples: ASV16 from subclade la and
ASV96 from subclade Va. Three higlequency ASVs were ubiquitous across all offshore
samples: ASV18 from subclade la, ASV34 from Ib, and ASV4 from subclade IV.

In general, ubiquitous ASVs were also typically the most abundant. As a proportion of

the total SAR11 fractiomASV47 (28.5° 10.9%), ASV16 (24.2° 15.9%), ASV78 (8.5 3.0%),

ASV18 (6.9° 6.9%), ASV34 (3.9 4.8%), and ASV96 (5.1 4.2%) were the most abundant
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SAR11 ASVs across all sampleadan = s.d.n=200) Fig. 3c). One exception was ASV4; at 0.8

° 0.9% of the SAR11 fraction, it was only the 14th most abundant SAR11 ASV yet ubiquitous in
the offshore. The seven ubiquitous ASVs mad&3if ° 5.9% (mean + s.d., n=12@f the total
SAR11 community vthin the coastal environment7.9° 12.8% within tke transition

environment (n=40), and 62°87.9% within the offshore (n=40F(g. 3.3c).

Correlations between SAR11, picocyanobacteria, and environmental parameters

Hierarchal clustering of environmental parameters, the abundance of dominant SAR11
ASVs, SAR11 subclades, ar&ynechococcuandProchlorococcupicocyanobacteria, by the
magnitude and direction of spearman rank correlatigrg@uped these measures into two main
clusters Fig. S3.9). The first cluster contained dominant SAR11 ASVs ASV4, AS\ASV34,
ASV47, and ASV78, SAR11 subclades Ia, Ib, lla, 1lb, IV, and Rftmchlorococcusand
environmental parameters (salinity and pH) that increased in the offshore environment, while the
second cluster included dominant SAR11 ASVs ASV16 and ASV9613/ARbclades Illa and
Va, Synechococcusind environmental parameters including the abundance of heterotrophic
bacteria, the concentration of chlorophgltemperature, and the abundance of eukaryotic
picophytoplankton that increased in the coastal enuirent Table 3.1, Figure S3.9). Three of
seven dominant SAR11 AS{ASV78, ASV34, ASV18had strong positive correlations with
the subclades that they belonged t&(:7) Figure S3.9). Subclade Ib, ASV34 (subclade Ib),
and ASV18 (subclade la) had strong positive correlation Ritithlorococcusequence
abundance {,0.7), while more moderate positive correlations were detected between most
other offshore SAR11 subclades and domie®Ws (i.e. lla, IV, Vb, ASV4, ASV78) and

Prochlorococcugrs=0.4-0.7). Subclades la and Ilb and ASV47 showed weak correlations with
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Prochlorococcugrs<0.4) as well as weak correlations across most comparisons. Moderate
positive correlations were foundtbeen SAR11 subclades llla and Va and ASV16 and ASV96

andSynechococcusbundance &0.4-0.7).

Comparison of KByT SAR11 ASVs and isolated strains

Of the 106 SAR11 ASVs detected in KByT, 11 were 100% identical to cultured strains of
SAR11, including sean from subclade la@ble S3.9). This included the most dominant and
ubiquitous ASV in this data set, ASV47 within subclade la, which was identical to the 16S rRNA
gene of fifteen SAR11 strains including several isolated frdimKe & o HTeableBSa9).
ASV16 and ASV18 from SAR11 subclade la each matched 100% to cultivated strains and
possessed contrasting patterns of distribution, with AS31di@ificantly higher in relative
abundancén the coastal environmeahd ASV18 significantly higher in relatiabundancén
the transition andffshoreenvironmentgFig. 3.2B; Table S3.7). ASV78, theother
ubiquitouslydistributed ASVand thesecondmost abundant overall, was a 100% match to strain
HIMB58 in subclade lla. One subclade llla ASV (ASV11) with ubigu# distribution in coastal
samples was identical to strain HIMB114. Finally, ASV96 in subclade Va exactly matched strain
HIMB59 and was ubiquitously distributed in theastal environment

The majority(7 of 11)of ASVs with matches to previously isoldt8AR11strains
occurred irhighfrequencyand abundace The remainingASVsthatmatchel isolatel strairs
were allfrom subclade la (ASV5RSV20, ASV22 ASV12), and were less frequent and

abundantTable S9.

Discussion
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The Hawaiian island landmasses provide a useful and convenient platform to investigate
the ecotypic differentiation of planktonic marine bacteria over an abrupt environmental gradient.
Across two years of monthly sampling, the coastal environment vKttdne & o h, ©atBi a y
resolved itself as a marirf@y/nechococcudominated system that contains elevated inorganic
nutrients, chlorophyll, and cellular abundances of planktonic marine bacteria. These features
are consistent with aamindiebse In phytdpladk@rsboomdss f ect 0,
proximate to neaisland and atolteef ecosystems is caused by localized increases in nutrient
delivery through physical oceanographic, biological, faaded, and anthropogenic processes
(Doty & Oguri, 1956) A short, three nautical mile transit from the interior of the bay across a
transition zone leads #Prochlorococcusdominated system characterized by depressed
inorganic nutrients, low chlorophydi concentrations, and lower abundances of planktonic
marine bacteria characteristics typical of offshore wat¢Partensky, Blanchot & Vaulot, 1999)

The persistent differences between coastal and offshore environments across the KByT
transect also manifested in tingt distributions of SAR11 marine bacteria. While SAR11
accounted for roughly 20% of the microbial community within the coastal environment of
K Un e & o,ttheir r@ative abundance sharply increased 83 in the offshore waters
surrounding the bayn fact,seven okightSAR11 subclades detectddoughout KByT
displayed distincpatternsofl i st ri buti on across coastal, KUnedac
the most dramatiof which were an increase abundance of subclasli¥h and lla in the
offshore.Increases in these two subclades have been associated with oligotrophic ocean gyres
(Morris, Frazar & Carlson, 2012nd increase®rochlorococcusellular abundancg$Salter et
al., 2014) Our results show that the environmentilerenceb et ween coamlsd aBayWUn e

andthe neighboringffshoreis a strong determinant of SAR11 subclade distribution, providing
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further support that adaptations to environmental niches may shape the e\aflatio@jority of
SAR11 marine bacteri@g/ergin et al., 2013)

In previous studiesabioticparameterscludingdepth, salinity, temperature, and latitude
have beendentified to cevary with thedistributionof SAR11subcladegField et al., 1997;
Calson et al., 2008; Brown et al., 2012; Vergin et al., 2013; Salter et al., 2014; Herlemann et al.,
2014; West et al., 2016\Ve observed dundamental changa thepicocyanobacteria that
dominatecoastal versus offshoseirface seawatercross the KBY systemand hypothesize that
thisis amajor driverdetermining the distinaistributions of SAR1-kubclades andASVs across
KByT. Different SAR11 subclades have shown to preferentially feed on exudates from
Synechococcu®Nelson & Carlson, 2012and similampatterns may be possible between SAR11
subclades anBrochlorococcugBecker et al., 2019).d8ne evidence of how SAR11 populations
may specializén coastalversusoceanic environments comes framalysis ofgenones
sajuenced fromsolated SAR11 strains lomging tosubclade 1§Schwalbach et al., 2010;
Giovannoni et al., 2019Jor example, genomic analysd#soastal, higHatitudesubcladda
strain HTCC1062 andceangyre, lowlatitudesubcladda strain HTCC7211 dwveshown that
the coastal strain is capable of utilizing glucose for chemoheterotrophic growth, while the ocean
gyre strain could ngiSchwalbach et al., 2010)Jhis appears to be a variable metabolic property
within SAR11 subclade la, and is more commonly detected in productive environments that offer
higher concentrations of labile carbon sms(Schwalbach et al., 2010Recent genomic
investigations and eoulture studies are expding our understanding of the diverse
phytoplankton byproducts SARZXEIls are able tmetabolize such awolatile organic
compoundgHalsey et al., 202; Moore et al., 2020and dimethyl arsenaf{&iovannoni et al.,

2019) emphasizinghe importance of cevolutionary relationships between SAR11 and
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phytoplanktonBraakman, Follows & Chisholm, 2017; Becker et al., 2048y further
suggesting thatrimary productivity plays a significant role in structuring SAR11 genetic and
ecological diversity.

Across surface seawater within the three environments of KByTeliéeve abundance
of SAR11 was dominated lsevenASVs. This observation was similar tbat ofOrtmann &
Santos, who found that ten abundant SAR11 OTUs represented >80% of all of the SAR11
sequences collected from surface seawaters along a transect from coastal Mobile Bay, Alabama,
to the offshore Gulf of Mexic¢Ortmann & Santos, 2016Across KByT, part of this dominance
may arise from the relatively conserved nature of the 16S rRNA gene fragment, which can mask
genomic heterogeneity and associated ecological differenti@ioamse et al., 2018; Chevrette et
al., 2019) High similarity of the 16S rRNA gene despite large genomic variation has been
previously reporteth the SAR11 subclade, with members of subclade la sharing 16S rRNA
gene identities of 98% or greater occurring within genomes that share average amino acid
identities as low as 71%srote et al., 2012)n addition, comparisons among intergenic spacer
(ITS) and 16S rRNA gene ASVs have shown ®AR11 ITS ASVs provided more and higher
correlations between SAR11 and viral communities, suggesting that importanspiaific
interactions remain unresolved by the 16S rRNA dé&le=dham, Sachdeva & Fuhrman, 2017)

Despite its potential limitations, our analysis of 16S rRNA gene ASVs did show
ecologically relevant patterns below the subclexel. Subclade lacontainedhree ASVs
(ASV16, 18, 47) within the seven most abundaritichis not surprising considering thiais
the most abundant SAR11 subclade in surface oamaerall(Delmont et al., 2019)et, our
observation thafSV16is moreabundahnearshore and ASV18 moreabundanoffshore and

their segregation into two different clusters based on correlation analyses, pesttigse that
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thar coexistencenay in part derive from functional differences between closely relat€dlLSA
ASVs that result in their differential distribution across end member environments of this study
system

In our study, spring and sumnaincide withthed r y s eas ormpdrisdofHawai ai ;
increased salinity, increased solar irradiance,camihished dissolved organic nutrienits the
coastal environmemtue in part to decreased nutrient delivery from freshwater strgaons
Ribes & Kinzie RA, 2006; Bryant et al., 201&) contrast to offshore KByT stations that
underwent little seasonal changeastalKByT stationswithin K Un e & o bxperidheeg
notable seasonal changes during spring including increased s&@yngchococcusnd
heterotrophic bacteria cellular abundance, and an increase in the total relative abundance of
SAR11. Based on our néts and those of past studigox, Ribes & Kinzie RA, 2006; Yeo et
al., 2013) it appears that SAR11 asynechococcusithin K U & @ Bay tend to increasa
abundanceluring dry periods and decrease seasonally and periodically (i.e. immediately
following storm eventsyith increased rainfall andutrientconcentrations

Seasonathanges in the diversity and abundaotmdividual SARL subcladebave
been observed in temperé&alter et al., 2014; Meziti et al., 201 Fppical(Vergin et al., 2013)
freshwatei(Heinrich, Eiler & Bertilsson, 2013and subtropical environment€how et al.,
2013) While ggnificant seasonal changestire numbeof SAR11ASVswere not observed in
KByT, we diddiscernstrong seasonal patterns in the relative abundance of SAR11 subclades
and within individual ASVsAt the offshore stations of KByTye found thaSBAR11subclale
llla peakedduringfall in a similar fashion to observations in surface waters of the Sargasso Sea
(Vergin et al., 2013)At the coastal stationef KByT, subclades llla, 1V, and Va peaked in

relative abundance during spring, while subcliedpeakedluringthewinter, and subclade Vb
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pe&ked during springSeveral factors may contribute tidferences in subclade seasonality
between the coastal and offshore emwinens. First,different ASVsthatcompisethese
subclades in each environmenay displayheterogeneoussponses to seasomaanges.
Second, seasonal fluctuations in the structure and activity of the phytoplankton and
cyanobacterial communities that make up the base of the food web that are specific to the coastal
or offshore environment may elicit changes in the growth of SARIVs.In the coastal
environmentthe average relative abundanadsSAR11 andSynechococcugached their
maximum during springwith highly significant changes in abundance across multiple seasonal
comparisonsSimilarly, in the offshoreenvironmentSAR11 andProchlorococcudoth reached
their maximum average relative abundances during the syrhowever these changes in
abundance were less dynamic, with ssagnificant comparisons across seasdnis plausible
that theabundance of tamajor consumer of dissolved orgamatter,SAR11, is linked to the
abundance of domant photoautotrophSynechococcusndProchlorococcusn the coastal and
offshore environmenisespectivelyMalmstrom et al., 2010We note, however, that it is also
plausible that seasonal changes in terrestrial and eukaryotic phytoplalekieed dissolved
organic carbon mightitfierentially impact the structure and abundance of SAR11 assemblages
across the nearshore to offshore continuum investigated here.

Relatively littleis known about the genetic structure of natural populations of marine
microbes in coastal tropical environments, as ratgtieshavecome fromtime-series in
temperate systen{&ilbert et al., 2009; Lindh et al., 201&)d oligotrophic ocean gyréEiler,
Hayakawa & Rappé, 2011; Vergin et al., 2013; Bryant et al., 2@é)time-series analyses
from tropical c oitaaacibffsKotesystémehbvedishet $ARL10

communities across environmeyttsat are dominated by a few highly abundant ASNfas
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study contributeso a growing knowledge of hoaoexisting closelyrelated populations of

marine bacteria are digbuted across environmental gradients.

Conclusions

SARL11 is the most abundant organisimahiting seawater dheglobal oceanY et, due to its
immense genetic diversijtgnunderstandig of the determinants underlyints spatial and
temporal distributios in natural systesremais limited to specific subclades and environnsent
Here we show shaighanges in the relatiwdistribution 0f16S rRNA gene ASV,ssubclades, and
total relativeabundancef SAR11 bacteriacrossa coastal to offshor&ansitionin the tropical
PacificOcean Nearlyall of the SAR11 subclades detectttdoughout he KUn e & o-h e
seriedisplayed distincpatterns oflistribution across coastaftansition,andadjacent offshore
environmentsWhile seasonal patterns of distribution for SAR11 subclades occugpffsiwpre
stationswere few theseasonality of SAR11 subclades in the coastal environmenet unique
and more dynamidespitetheir clbse proximity and a constant exchange of seaatgreen
stations, our findings suggest that environmental selestiasthe stark spatial and seasonal

patternsof distributionin SAR11 lineages we observelfe anticipate that a genomic approach

will help to elucidate the underlying mechanisms responsible for this ecotypic differentiation.
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Figure 3.1. Location and characteristics ofthe K U riieo h e B asgriesT(KByil§ sampling
stations (A) Map of sampling stations within and immediately adjacentlonke & oytoetheB a
island ofO& a h u, (B-&wDastridution of environmental parameters over two years of
sampling across the coastal, transition, affishoreregions of KByT, includindB) temperature,
(C) chlorophylla, (D) cellular abundance of heterotrophic bactdii cellular abundance of
Synechococcu¢F) cellular abundance @ukaryotic picphytoplanktonand(G) cellular
abundance dProchlorococcusBox plotsshow the meaand first and third quartilélap

plotted in ArcGIS Pro 2.7
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Figure 3.2. Community structure of dominant groups across environment types in KByT.
(A) Average relative abundance of the fourteen most abundantleve¢l6S rRNA gendased
groups across coastal (20, transition (n40), and offshore (n40) environments sampled
over two years of KByT. Taxonomy based on Si&% (B) Distributionof Synehococcusand
ProchlorococcusASVs across KByT. N=20 samples per stati@). Distribution of
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SynechococcusndProchlorococusellular abundances relative to the total prokacyo
community. N=20 samples per station.
A)

B)
30 35
30
25
Subclade
Vb
gZSA Va
20 g v
” é lla
% S 20+ Iib
< g lla
2 154 2 Ib
S K]
é E 15 la
e Environment Type
10+ f,!; Coastal
2 10 Transition
Offshore
5A
5
o e — o T
T o m®@oN NS = “rmom®MoNN Tz
%<wo%z%§gg %<mogzg§§g§
Station Station
C)
W 157°50' W 157°48' W 157°46' W 157°44'
3
§
&,
=z ASV
ASV16 (la)
] ASV18 (la)
ASV47 (la)
> ASV34 (Ib)
5‘:’ ASV78 (lla)
7] ASV4 (IV)
ASV96 (Va)
other SAR11
Relative
% Abundance
I
& 15%
z 20%
35%
©
&
&,
z
A
I
&,
=z

Figure 3.3. Spatial distribution of SAR11 subclades. (A) Average number c5AR11ASVs
per subcladeand (B)subcladeelative abundancacross KByT station$1=20 samples per
station (C) Average proportion of the total SAR11 relative abundance farttiggitous SAR11
ASVs. SevenASVs are eitheubiquitous within coastal (ASV16, ASV96), offshore (ASV34,
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ASV18, ASV4), or both (ASV47, ASV78) environments. Circle size indicates thiveela
proportion of SAR11 in the total microbial community. Map plotted in ArcGIS Pro 2.7
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Figure 3.4. Environmental and seasonal distributionsof SAR11 AS\s. Venn diagrams
comparig the distributiorof total number of ASVs detectedrosgA) environmentand(B)
seasons.
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Figure 3.5. SAR11 ASV distributions. Heatmap indicating the relative abundance of SAR11
ASVs (rows) per sample (columns). ASVs are ordered vertically by subclade, and samples are
ordered horizontally by environment, season, date sampled, anil Eitéext to ASVs denotes a
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significant diffeence between environments, whileSdenotes a significant differences among
seasons within a given environment. Wald tests to assess the significance of differences among
environment and season for each SAR11 ASV were conducted using DESeq2 normalized
counts.
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Table 3.1. Environmental parameters and cellular abundances from KByT.Samples are averaged (méas.d.) over
environmental category and season.

Coastal Transition Offshore

Summer Fall Winter Spring Summer Fall Winter Spring Summer Fall Winter Spring

(n=24) (n=24) (n=36) (n=36) (n=8) (n=8) (n=12) (n=12) (n=8) (n=8) (n=12) (n=12)
Seawater temp. ((C) 27.6 N0.6 26.5N1.3 240N0.4 265N1.5 |27.0N0.6 26.3N0.9 24.0N0.5 254 N1.0|26.7N05 26.2N0.8 23.9N0.6 25.2KN0.8
pH 79N01 7.9N02 80NKNO01 79KN02 |80N01 79N0.3 80No0.1 7.8N0.2 |81KN02 80N0.2 81RKR01 79No0.1
Salinity 34.0N1.2 34.4N06 34.2N06 351N1.3 |344N0.8 352N0.5 349N0.5 355N1.2|34.4N0.8 353N0.7 35.0N0.4 35.6N1.2
Chlorophyll a (&g L) 1.6N0.4 15KN04 1.7N05 15K04 |09N05 0.7N03 0.8KN03 0.9N06 | 05K03 0.8KN07 0.6KN03 0.8 N0.8
Heterotrophic bacteria® | 1.4 N0.5 1.1N0.5 1.3N04 1.4NKN0.4 | 08N02 0.7N04 0.7N02 0.9RKN02 | 0.7K0.2 0.6KN02 0.7N02 0.8KN0.2
Synechococcus® 26.6 N12.7 16.8 N13.516.5N12.8 256N9.7 | 40N7.8 62N7.8 18N1.2 6.8N45 | 43N37 43N3.7 16KN20 53N4.0
E;'é%%’;g%lanktonc 29R1.2 28RN12 29N24 32R09 |09R04 13N10 09N06 1.1R06|06RKR05 07R01 09K09 0.8R0.4
Prochlorococcus? 0.1No0.7 07No0.1 0.0N00 0.0RNO0.0 | 28K33 28K24 18N15 20N1.4 |69N27 57 N3.1 6.9KN02 55KN1.9

3(x108 cells mL1); °(x10* cells mL1); ¢(x10* cells mL1); 4(x10* cells mL1)
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Figure S3.1. Seasoral delineations acrosskByT. (A) Harmonic mean functiofit to sea
surface water temperatuirem Klheibhe Bay, Hawdi. (B) Annualtime-derivate for all 10
years of data.
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Figure S3.2. Phylogenetic analysis 06AR1116S rRNA geneASVsrecovered through
KByT.Cul ti vated
reference sequences obtained from Genbank or Silva v132 are included in parentheses.
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Figure S3.3. Delineation of environments acrosskKByT. nMDS (k=2) of a Bray-Curtis
distance matrix calculated from temperature, salinity,qatular abundances of heterotrophic
bacteria, cyanobacteria, and eukaryotic picophytoplankton, and chloraptgticentrationfor
the entire KByT dataset (n=200 sample®yIDS stress was
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Figure S3.4. Seasonal and environmental distributions of dominant photoautotrophacross
KByT. Average abundance and standard deviasidil\) Synechococcyu8) chloroplast, andC)
Prochlorococcusequencegelative to the total community mach environment and season.

Seasonal comparisons wifgnificant seasonal differencesdefined by DESeqgBormalization
are noted: * if p<0.05, **if p 0.01, and ***if p 0.001
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Figure S3.5. Distribution of total SAR11 relative abundanceacrossKByT. (A) Average
abundance and standard deviatioi®8R11relative to the total community in each
environment(B) Average abundance and standard deviatid®AR11relative to the total
community n each season. Comparisons veinificant seasonalr environmentadlifferences
as defined by DESeqBormalizationare noted: * if p<0.05, ** if p 0.01, and **if p 0.001

12¢



) Subclade la ) Subclade Ib ) Subclade lla
ko *xx -
L M s e T T
801 | | 111 11
= —~ o 20
o & g g &7
0T
o Sr 301 gé
o]
8T 601 3C 2
50 So 39 151
3 25 <8
P <3 e
'5% 40 2T 2 £%
© ] =0 ]
T S Sc 9 5 101
e T2 v 3
() o =
o8 55 gs
Rae] 8o 104 P~
onq 201 oL On
o o > 51
z = <w©
<w®© L
P e 8
© ©
07 0- 0
) Subclade Ilb ) Subclade llla ) Subclade IV
e M o
1 3 11
— T ~ 151 —~
8= 8= 8=
c — 0.091 cr c
s s sc
£% £ £
5o > 9 2= 5]
25 2T 10 2g°
(o] (o] o
25 006 2C 2
= =05 =5
3 E 3 < 3 <
c3 c 2 i
o O [ o O
oa 28 59 25 1
&0 0,031 oo o)
o oq 0
> > >
<® <® <®
2] 1] [2]
@ « ©
0.001 0 0

G H
) Subclade Va ) Subclade Vb
*k Kk = dkk
l*—ll—l 1 .
T 51 Environment Type
o N |:| Coastal
. Transition
[ offshore

(>}
Average Relative Abundance
as a Proprotion of Total SAR11 (%)
w

Average Relative Abundance
as a Proprotion of Total SAR11 (%)

Figure S3.6. Environmental distributions of SAR11 subcladesicrossKByT. Average
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Figure S3.7. Seasonal distributions of SAR11 subcladesmcrosskKByT. Average abundance
and standard deviation 8fAR11 sulblades relative to total SAR11 abundance in each
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Figure S3.8. Frequency of detection of SAR11 ASVacross subclades and environments.
Sample size per environment of KByT includezhstal (n£20), transition (n=40), and offshore
(n=40).



