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ABSTRACT

The diversity of the marine cyanobacterium Synechococcus can be broadly separated into clades, with clade II typically present

in warm oligotrophic water, and clades I and IV found in cooler coastal water. We found amplicon sequence variants (ASVs) be-
longing to clade II in the nutrient-replete waters of San Diego Bay (SDB). Using the 16S rRNA gene, 18S rRNA gene and internal
transcribed spacer region sequencing, we analysed multiple locations in SDB monthly for over a year, with additional samples

dating back to 2015. Synechococcus community composition differed from the nearby coast into SDB in terms of dominant clade

and ASVs. Specific clade II ASVs became relatively more abundant towards the back of the bay and showed seasonality, with

higher relative abundance in the warm months. Select ASVs group phylogenetically and show similar seasonal and spatial dis-
tribution patterns, indicating these ASVs have adapted to SDB. Isolates matching clade IT ASVs from SDB show pigment compo-
sition that is better adapted to the green light available in SDB, further supporting our findings. Other microbial taxa also show

SDB enrichment, providing evidence that SDB is a chemostat-like environment where circulation, temperature, light and other

environmental conditions create a zone for microbial evolution and diversification.

1 | Introduction

Marine picophytoplankton are important contributors to global
primary productivity and are widespread throughout the
world's oceans. The smallest of the marine picophytoplankton
are the picocyanobacteria Synechococcus and Prochlorococcus,
which can both be enumerated and distinguished by micros-
copy and flow cytometry (Chisholm et al. 1988; Collier and
Palenik 2003). Synechococcus and Prochlorococcus are closely
related to each other but are each comprised of distinct clusters
of phylogenetically related strains with unique physiological
characteristics contributing to their varied distributions globally
(Rocap et al. 2002; Zwirglmaier et al. 2008). Synechococcus has

a broader distribution including higher latitudes and nutrient-
rich coastal regions, in addition to the open ocean (Flombaum
et al. 2013).

The diversity of marine and estuarine Synechococcus has been
organised into 3 subclusters, 5.1, 5.2 and 5.3, based on the 16S
rRNA gene (Dufresne et al. 2008; Rocap et al. 2002; Scanlan
et al. 2009). Subcluster 5.1 is the main marine subcluster and
has been found to have the broadest distribution and the most
genetic diversity. Subcluster 5.2 is typically present in estu-
aries and temperate coastal waters (Chen et al. 2006; Huang
et al. 2012). Subcluster 5.3 inhabits similar environments as
subcluster 5.1 clades IT and III (Sohm et al. 2016), occurring
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in specific marine transition zones with intermediate iron val-
ues but limiting phosphorus values (Ahlgren and Rocap 2012;
Farrant et al. 2016), freshwater lakes in temperate climates
(Doré et al. 2022) and is seasonally present in the Sargasso
Sea (Ahlgren and Rocap 2012). Isolates of the subclusters
have revealed that the global distribution of Synechococcus is
made possible through a variety of adaptions, such as modes
of nutrient uptake (Moore et al. 2002, 2005), motility (Toledo,
Palenik, and Brahamsha 1999), chemical tolerance (Stuart
et al. 2009) and light harvesting capability (Palenik 2001; Six
et al. 2007). Light harvesting in Synechococcus is controlled
largely by the phycobilisome, a protein complex composed of
multiple proteins and attached pigments. The absorption spec-
trum of the cell is greatly affected by the ratios of these differ-
ent proteins and pigments, and Synechococcus can acclimate
(short term) and evolve (long term) in response to different re-
gimes of light intensity and light colour in their environment
(Alberte et al. 1984; Everroad and Wood 2012; Ong, Glazer,
and Waterbury 1984; Palenik 2001; Six et al. 2007; Wood,
Phinney, and Yentsch 1998).

Molecular analyses have revealed a finer scale of diversity
within subclusters in the form of distinct phylogenetic groups
known as clades (sometimes called ecotypes). Studies using
functional genetic markers such as the RNA polymerase gene,
rpoC1 (Miihling et al. 2005; Palenik 1994; Toledo, Palenik,
and Brahamsha 1999; Toledo and Palenik 1997), or the inter-
nal transcribed spacer region (ITS) between 16S and 23S rRNA
genes (Ahlgren and Rocap 2012; Chen et al. 2006; Choi, Noh,
and Lee 2014; Huang et al. 2012; Rocap et al. 2002) and other
markers reveal approximately 20 clades in the marine subclus-
ter of Synechococcus 5.1 (Mazard et al. 2012). The distribution
of clades has been characterised in ocean basin scale studies
(Bouman et al. 2006; Johnson et al. 2006; Malmstrom et al. 2010;
Sohm et al. 2016; Zwirglmaier et al. 2008). Diversity within a
clade, referred to as microdiversity, has also been discovered by
comparative genomics studies and may be due to adaptations
to differing temperature, light and nutrient regimes (Larkin
and Martiny 2017), while toxin production or toxic metal re-
sistance may be additional factors (Paz-Yepes, Brahamsha, and
Palenik 2013; Stuart et al. 2009, 2013).

Marine Synechococcus clades have distributional patterns
that show coherence within broadly defined ocean regions
at global scales. These regions are generally defined by tem-
perature, light quality and nutrient concentrations, which al-
lows for a loose outline of where certain clades are expected
to be the dominant type (Ahlgren and Rocap 2012; Doré
et al. 2020). In marine subcluster 5.1, clades I through IV and
CRD1 are the most commonly found clades. Clades I and IV
typically cooccur and are considered cold water clades and
are found in coastal waters in and above mid latitudes (Tai,
Burton, and Palenik 2011; Tai and Palenik 2009; Zwirglmaier
et al. 2008). While clades IT and III are often found in nutrient-
poor, warm water environments, clade II is found with high
abundances throughout the subtropics, while clade III is more
tropical with lower abundances and favours areas with lower
phosphate and/or higher iron than clade II, which is found at
mid-range Fe concentrations (Ahlgren, Belisle, and Lee 2020;
Farrant et al. 2016; Sohm et al. 2016; Toledo and Palenik 2003;
Zwirglmaier et al. 2008). CRD1 is also distributed in the

tropics but specific to regions with low Fe (Sohm et al. 2016).
Overall clade II is the most widespread clade with the larg-
est available habitat in the warm, oligotrophic ocean (Farrant
et al. 2016; Lee et al. 2019). As clade IT is an open ocean inhab-
itant, it is optimised to use blue light with blue light-absorbing
phycoerythrin proteins containing phycourobilin (PUB) chro-
mophore pigments (Six et al. 2007). While temperature, light
quality and nutrients often correlate with Synechococcus clade
distribution at a global scale (Ahlgren and Rocap 2012; Doré
et al. 2020), they do not fully account for temporal or spatial
dynamics at a local scale (Ahlgren et al. 2019).

San Diego Bay (SBD) is a semi-enclosed basin in Southern
California that is subject to anthropogenic influences. SDB
serves a multitude of human and ecosystem services and is
home to military operations, recreational boating and ship-
ping. SDB is characterised as a low-inflow estuary as it re-
ceives intermittent freshwater inflow from the Sweetwater
River, Otay River, Paleta Creek and Chollas Creek (Chadwick
et al. 1996; Chadwick and Largier 1999a; Largier 2023;
Largier, Hearn, and Chadwick 1996). As a result, it experi-
ences seasonal shifts in subtidal circulation and exchange
with the open ocean including periods where temperature
dominates exchange and periods of hyperthermal and hy-
persaline conditions exist (Largier 2010). It also experiences
complex longitudinal density gradients, which can lead to lon-
gitudinal zonation in water properties and estuarine circula-
tion (Largier, Hollibaugh, and Smith 1997), which have been
identified as defining distinct ecoregions (Sorensen, Swope,
and Kirtay 2013).

SDB has hot spots of high concentrations of toxic materials
such as copper (Cu) typical of an industrial port (Katz 1998;
Neira et al. 2014; Blake et al. 2004). High Cu concentrations
are of interest in the study of Synechococcus as studies have
shown that they are particularly sensitive to it compared with
other phytoplankton (de la Broise and Palenik 2007; Debelius
et al. 2009; Le Jeune et al. 2006; Paytan et al. 2009; Debelius
et al., 2010). Additionally, SDB has typically high chlorophyll
‘green’ waters. While the benthic fauna community composi-
tion in SDB has been investigated with respect to environmen-
tal monitoring and assessment (Hayman et al. 2020; Neira
et al. 2014), few studies have investigated the microbial ecol-
ogy of SDB (Klempay et al. 2021) or more specifically, the cy-
anobacterial ecology. Surprisingly, in a preliminary study, we
found the SDB was often dominated by Synechococcus clade
II, generally a blue light-optimised clade found in open ocean,
oligotrophic waters.

In this study we compile a 14+ year monthly time series of
Synechococcus sampling and sequencing data to investigate
SDB Synechococcus community composition along a transect of
SDB and compare it to a nearby coastal location at the Scripps
Institution of Oceanography, Ellen Browning Memorial Pier
(SIO). We sequenced the 16S rRNA gene and the Synechococcus
5.1 ITS region to investigate the unique Synechococcus popula-
tions in SDB. Furthermore, we analysed both 18S and 16S rRNA
sequences corresponding to summer samples to provide a better
picture of the overall microbial ecology of SDB. We also obtained
isolates of Synechococcus from SDB to characterise their poten-
tial adaptations to SDB.
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2 | Methods
2.1 | Sample Collection

Samples were collected from the Scripps Institution of
Oceanography pier (SIO, 32°87'N, 117°26'W) and from SDB,
monthly from July 2021 to September 2022 with additional
samples in April, July and August of 2023. SIO samples were
sampled the same day as SDB, except in August 2022 when SIO
was sampled 4 days before and 4 days after the sampling of SDB.
Additionally, four preliminary sample sets were collected from
SDB in July 2015, March 2016, October 2016 and June 2019. SDB
samples were collected in two ways. Full Bay transects (3 to 10
locations, Figure 2 blue icons) were collected by boat in July
2015, March 2016, October 2016, June 2019 and aboard the R/V
Bob and Betty Beyster in August 2021, March 2022, May 2022,
August 2022 and July 2023. Collections for all other months from
July 2021 to September 2022 and April and August of 2023, were
made from three shore locations within SDB (Figure 2, yellow
icons) identified as MF (front bay), EM (mid bay), SS (back bay).
Sediment samples were also collected in April 2023 from the 3
shore stations. We also included sequence data from the SIO pier
from spring 2011, summer 2011, summer 2012 and summer 2016
sampling previously described in Nagarkar et al. (2021).

Samples were collected using a bucket to collect surface water and
placed in polycarbonate 2-3L bottles (acid-washed and rinsed
2x with seawater). Bottles samples were immediately brought to
the laboratory (SIO samples) or kept cool in an ice chest (SDB
Samples) until brought to the laboratory for processing later the
same day. Samples for DNA extraction were filtered in duplicate
(0.5L) using 0.2mm pore size Supor membranes (47 mm, Pall
Corporation, Port Washington, NY, USA). Membrane filters were
stored at —80°C until use. Sediment samples were collected using
a handheld petite Ponar Grab. Sediment was collected in 50mL
Falcon tubes and kept on ice until frozen at —20°C until use. One
millilitre of seawater was collected for flow cytometry analysis
by fixing with 0.25% glutaraldehyde (Sigma-Aldrich, St, Louis,
MO, USA) and incubating for 10 min at room temperature before
storing at —80°C until use.

2.2 | Environmental Variables

The salinity and temperature of sampled surface water were col-
lected on-site for SDB samples, by subsampling from the collec-
tion bucket as soon as it was retrieved. Salinity was determined
by using a salinometer (accuracy/resolution: 0.05/0.5 psu), while
temperature was recorded from digital (accuracy/resolution:
0.5/0.1°C) and alcohol (accuracy/resolution: 1/0.5°C) thermom-
eters, for all months excluding August 2021. Temperature and
salinity from the August 2021 boat transect were measured
in situ with a vertically profiling SBE 25plus Sealogger CTD
(salinity accuracy/resolution: <0.04/<0.005psu, temperature
accuracy/resolution: 0.001/0.003°C, Sea Bird Scientific, WA,
USA), excluding stations 3, 8 and 10, which were measured as
described for all other months. Temperature and salinity from
SIO were taken from the Southern California Coastal Ocean
Observing System (SCCOOS) data set (https://erddap.sccoos.
org). Light spectra data were collected using a PRR-800 Profiling
Reflectance Radiometer (Biospherical Instruments Inc. San

Diego, CA, USA) by lowering the profiler to 1 m above the bot-
tom 3 times. The EDZ channel values averaged over the 3 depth
profiles were used for wavelength plotting. For all locations from
July 2021 onward, 40mL seawater subsamples were sent for
analysis of dissolved inorganic nutrients (phosphate, silicate, ni-
trate plus nitrite and nitrite) to the Oceanographic Data Facility
at SIO (La Jolla, CA, USA). Nutrients were measured using a
Seal Analytical continuous-flow Autoanalyser 3. Protocols for
measurements and analysis are described on the facility's web-
site (https://scripps.ucsd.edu/ships/shipboard-technical-suppo
rt/odf/documentation/nutrient-analysis). For chlorophyll con-
centrations, seawater was filtered on GF/F membranes (25 and
47mm, Whatman) until the colour was visible (50-200mL).
Filters were folded and stored in tinfoil or cryovials and fro-
zen at —80°C until sent for analysis at the Oceanographic Data
Facility at SIO. Samples were measured on a Turner 10-005R
fluorometer for Chlorophyll (mg/m3) and Phaeophytin (mg/m3)
as described on their website (https://scripps.ucsd.edu/ships/
shipboard-technical-support/odf/chemistry-services/chlor
ophyll). Rain (inches/week) and tide water levels information
was collected from NOAA publicly available data.

2.3 | Flow Cytometry

Flow cytometry samples were thawed and run on a ZE5 Cell
Analyser, Yeti (Bio-Rad, Hercules, CA, USA) at The Scripps
Research Institute (La Jolla, CA, USA). Using an automated
sampling mechanism, 40 samples were run at a time and
200 to 300pL of each sample was run. Cell counts were ana-
lysed for Synechococcus and cryptophytes using FlowJo v10.8
Software (BD Life Sciences) by gating and counting cells with
phycoerythrin and chlorophyll using the 488 nm laser with fil-
ter 670/30 (PerCP) for chlorophyll versus the 561 nm laser with
filter 577/17 for phycoerythrin.

2.4 | DNA Extractions

DNA extractions were done using two methods. The first
method used for samples from July 2015 to October 2021 was a
phenol: chloroform extraction followed by further purification
with the DNEasy Blood and Tissue Kit (Qiagen, Valencia, CA,
USA) (34 samples) as described in Nagarkar et al. 2021. Samples
from November 2021 to September 2022 and April, July and
August of 2023 (85 samples) were extracted using a modified
bead beating protocol as described below. The extraction meth-
ods were compared regarding DNA concentration and quality
using a nanodrop spectrophotometer (ND-1000) and resulted in
highly similar extraction efficiencies.

For the second extraction method, membranes were cut and
split between 2 microcentrifuge tubes containing ~100mL
212-300pum acid-washed glass beads (Sigma, St. Louis, MO,
USA) and 400mL ATL buffer (Qiagen). For sediment DNA
extractions, 0.5g of sediment was placed directly in the micro-
centrifuge instead of membranes, but otherwise, the method
stayed the same. Tubes were frozen in a dry ice and ethanol
slurry and then quickly thawed at 65°C, repeated three times.
Samples were then homogenised 1 X 1min in a mini bead beater
(Biospec Products, Bartlesville, OK, USA) before addition of
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45uL Proteinase K solution (20 mg/mL, Qiagen) and incubation
at 55°C for 1.5h. Four microlitre of RNase (10mg/mL, Thermo
Scientific) was added and the mixture was incubated at 65°C for
10min with periodic mixing. Samples were then processed fol-
lowing the manufacturer's instructions for the DNEasy Blood
and Tissue Kit (Qiagen). DNA concentration was measured by
nanodrop and replicate extractions were pooled before DNA
was stored at —80°C until sequencing.

2.5 | Primers and Sequencing

Sequencingat RTL—Extracted samplesfrom July 2015 to October
2021 were sent for sequencing at the Research and Testing
Laboratory (RTL) Genomics (Lubbock, TX, USA). Primers
for the Synechococcus-specific ITS region MSd_ITSafusF
(GGATCACCTCCTAACAGGGAG) and MSd_SYnafusR R
(AGGTTAGGAGACTCGAACTC) (Choi, Noh, and Lee 2014)
were used for amplification. The 16S rRNA gene was amplified
using primers 515yF (GTGYCAGCMGCCGCGGTAA) and 806R
(GGACTACNVGGGTWTCTAAT) targeting the V4 region from
Parada, Needham, and Fuhrman (2016). The 18S rRNA gene was
amplified using primers EUK1391F (GTACACACCGCCCGTC)
and EUKBr (TGATCCTTCTGCAGGTTCACCTAC) targeting
the V9 region (Amaral-Zettler et al. 2009; Stoeck et al. 2010). All
regions were sequenced with paired-end 150bp reads with an
average of 10,000 sequencing reads using an Illumina MiSeq.
Samples were processed according to the RTL company proto-
col. RTL genomics removed oligo-tags, demultiplexed and fil-
tered the ITS sequences for length and quality.

Sequencing at Novogene—extracted samples from November
2021 to September 2022 were sent for sequencing at Novogene
(Sacramento, CA, USA) using the ITS, 16S rRNA and 18S rRNA
primers given above. Reads were paired-end 250bp reads with
a sequencing depth of 30,000 reads using Illumina HiSeq.
Adaptors and primers were removed from raw reads before
reads were filtered at Novogene for length and quality.

2.6 | Bioinformatics

For the ITS region, 16S rRNA and 18S rRNA sequencing primers
were trimmed from complementary forward and reverse reads
(RTL sequences) using CutAdapt (v3.4), (Martin 2011). All se-
quences (RTL and Novogene) were further verified for quality
using FastQC (v0.11.9, Babraham Bioinformatics) and filtered
based on a minimum Phred score of 33. Sequences from the two
sequencing centers were denoised separately using the dada2
pipeline in QIIME 2 (QIIMEiime2-2021.8, Bolyen et al. 2019)
where lengths were trimmed based on the sequence quality of the
sample. Representative amplicon sequence variants (ASV) were
counted across all samples and rarefied in QIIME 2 to the samples
with the lowest number of reads (ITS:3537, 16S:5481, 18S:2938) to
reduce bias caused by the different sequencing depths. ASVs that
occurred less than 10 times were removed from the dataset. ITS
region representative sequences and count tables were merged
after de-noising for further analysis at the ASV level.

ITS ASVs were blasted (version; 2.12.0+, Altschul et al. 1990)
against a Synechococcus ASV ITS database (Nagarkar et al. 2021)

to determine clade association and ASV name. ASVs that were
the exact match to ASVs found in the database were named ac-
cordingly, while ASVs that did not match exactly were named
with numbers larger than 236. ASVs that were not represented in
the database were searched against the Cyanorak database with
blastn (v2.1) (http://cyanorak.sb-roscoff.fr) to determine likely
clade affiliation. Clade designations were further checked and
adjusted based on phylogenetic trees constructed with reference
ITS sequences from Synechococcus (Cyanorak). ASVs clustering
with the publicly available sequence KORDI-52 were assigned to
clade II as studies that used genomes and longer sequences re-
solved its clade II affiliation (Doré¢ et al. 2020).

The taxonomic affiliation of the 16S rRNA ASVs was determined
using a QIIME 2 feature classifier (Bokulich et al. 2018) based
on GreenGenes (13_8) (Mcdonald et al. 2012) that was trained
to the primer set used for this study. We used a taxonomic con-
fidence threshold of 70% for 16S and removed sequences identi-
fied as chloroplasts and mitochondria. Additionally, 16S rRNA
sequences identified as cyanobacterial were searched against
the Cyanorak database with blastn (v2.1) and NCBI for higher
taxonomic resolution. The taxonomic affiliation of the 18S
rRNA ASVs was determined using a QIIME2 feature classifier
(Bokulich et al. 2018) based on SILVA (release 138) 18S rRNA
database (Yilmaz et al. 2014) trained to the primer set used for
this study. Sequences identified as bacteria, archaea or unas-
signed were removed from the analysis. 18S rRNA sequences
were grouped at the order level for visualisation purposes, but if
order-level taxonomic assignments were not available then the
next highest taxonomic assignment available was used and de-
noted as phylum (p) or class (c).

2.7 | Phylogenetic Trees

Phylogenetic analyses and trees were conducted using Geneious
Prime version 2024.0.7 (geneious.com). ITS region sequences
of the top 10 ASVs of each clade (if available) and the ITS re-
gion from representative isolates (Cyanorak) were aligned using
MUSCLE followed by manual curation, and phylogenetic trees
were built based on maximum likelihood PhyML (Guindon
et al. 2010) using Jukes-Cantor substitution, 1000 bootstrap
value and the tree optimised for topology and branch length.
Improved visualisation of trees was done in iTOL (Letunic and
Bork 2021). The heat maps corresponding to the phylogenetic
trees represent the percent presence of each ASV at each location
group. Sequences across all seasons, excluding the SIO bloom in
2016 which were grouped separately, were counted as present or
absent in each bay region (top axis) and marked as the percent of
the total samples in each region (SIO_bloom:6, SIO:23, front:26,
mid:26, back:23). Text in the rightmost column indicates whether
the ASV is more often present at the Scripps Pier (SIO) or SDB
when obvious patterns are present.

2.8 | Bay Groupings

To consolidate data and analyse patterns, we grouped samples
into the categorical variables: bay locations and seasons. The
stations were grouped into their bay location category (front,
mid, back) based on temperature and salinity, consistent with
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prior studies that identify clear hydrographic regimes within
the bay and important circulation and residence time responses
(Largier, Hearn, and Chadwick 1996; Rodriguez 2019; Sorensen,
Swope, and Kirtay 2013). Of note our designations are similar
to Sorensen et al., however, they identify two separate mid-bay
regions which we keep together as a transitional region as recent
work has shown the locations of these regions vary significantly
seasonally (Rodriguez 2019 and Anidjar et al., 2024). The front
bay (S1, S2, MF) has a short residence time and mixes regularly
with the ocean. The back bay (S9, S5, SS) has a long residence
time (around 50days, Largier, Hearn, and Chadwick 1996) and
mixing with ocean waters can be very limited, especially in warm
months. The remaining stations (S3, S4, S11, S6, S7, EM) were
grouped as mid bay and had intermediate qualities between the
front and the back bay. Similarly, the stations were grouped into
two general seasons: cool (December to May: winter and spring)
and warm (June to November: summer and fall). Warm months
can create hypersaline conditions in SDB compared with the sur-
rounding ocean, while cooler months usually have higher pre-
cipitation in the region which lowers the salinity of SDB.

2.9 | Statistics

All analyses were made in R Studio using R version 4.3.0 (R Core
Team, 2023). Numerical environmental variables and relative
abundances of clades or ASVs by sample were compiled, and
samples with missing values were removed from the analysis.
Data was then normalised by subtracting the mean and dividing
by the standard deviation before matrices were calculated using
Spearman correlation. The correlation matrix was used to calcu-
late a principal component analysis (PCA) with princomp in R.
Scree plots and the contribution of each variable (Cos2) was cal-
culated using FactoMineR (1.34, L¢, Josse, and Husson 2008).

2.10 | Synechococcus Isolates

Enrichments were initiated from SDB water after it had been
brought back to the laboratory in PC bottles and kept cool on

ice. 1-2mL of 1.2 um filtered (1.2 um pore size PC membrane
in swinnex holder) SDB water was inoculated into 20mL of
sterile enriched seawater medium F/4 (Guillard 1975). The en-
richments were incubated at 22°C in 25umol quanta m=2s™!
of cool white light with 12:12h light:dark. Enrichments
were pour-plated once growth was visible as described in
Brahamsha (1996) and colonies were picked and regrown
in liquid media (F/4). For studies of growth at various tem-
peratures, cultures were acclimated to temperatures between
10°C and 31°C for 2weeks. The acclimated cultures were then
transferred to fresh media and placed back at the respective
temperature before growth measurements began. Growth was
measured as relative fluorescence on a fluorometer equipped
with a phycoerythrin excitation and emission filter set. The
growth rate at each temperature was calculated as the slope
of exponential growth when plotted as natural log (relative
fluorescence). The excitation spectra were measured on expo-
nentially growing cultures using a FluoroMax-4 spectroflu-
orometer (Horiba, CA, USA) with excitation measured from
350 to 660nm and emission at 680nm. Both excitation and
emission slit widths were 5nm with an integration time of
0.1s.

2.11 | Figures

Figures and analyses were all made in R Studio (v4.3.0, R Core
Team, 2023), using ggplot2 (v3.4.2, Wickham, 2016), Ocean
Data View (https://odv.awi.de) or Excel (Microsoft).

3 | Results

3.1 | Comparison of San Diego Bay
and the SIO Pier

Parameter averages show that SDB differs from SIO, with warmer
temperatures and higher nutrient concentrations over the course
of our study (Table 1). There are also notable differences within
SDB in environmental parameters (Figure 1), consistent with

TABLE 1 | Comparison of collected surface measurements including inorganic nutrients from San Diego Bay (SDB) and the SIO Pier. Standard

deviation (+ st. dev.) represents variation across all SDB measurements in both time and space.

San Diego Bay (mean =+ st. dev.)

SIO Pier (mean * st. dev.)

Temperature (°C) 20.54+3.82 18.13+3.06
Salinity (psu) 28 to 35.5 33.3t033.6
Ammonium (umol/L) 1.02+1.18 0.12+0.08
Nitrate (umol/L) 0.7+1.1 0.32+0.46
Nitrite (umol/L) 0.12+0.07 0.04+0.03
Phosphate (pumol/L) 0.89+0.25 0.32+0.19
Silicate (umol/L) 11.19+£4.45 2.7%+2.01
Chlorophyll (mg/m3) 2.77+1.95 4.14+8.20
Syn (cells/ml) 2.3x10*+3.5x10* 5.1x10%+2.7x10*
Number of samples 63 16
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FIGURE1 | Temperature and salinity of regions of the San Diego Bay. (A) Sampling locations at SIO Pier (purple dot) and SDB (inset). Dashed
lines represent distinction between SDB regions; front bay (S1, S2, MF), mid bay (S3, S4, S7, S6, Em) and back bay (S5, S9, SS). For each boxed loca-
tion, samples were collected from the shore (green dot), or by boat (blue dot). (A, B) Environmental variables from the SDB boat transect in August
2021 measured by SBE 25plus Sealogger CTD include (B) surface temperature and (C) surface salinity. For comparison SIO on the same sampling

date salinity: 33.3 and temp: 21.1°C.

prior studies and recent observations (e.g., Largier, Hearn, and
Chadwick 1996; Rodriguez 2019; Anidjar et al., 2024). The tem-
perature is usually higher in the back bay and cooler in the front
bay (Largier, Hearn, and Chadwick 1996; Rodriguez 2019), with
exceptions only in winter months when temperature gradients
are very weak and the back bay is sometimes colder (Figure 2.
and Anidjar et al., 2024). Salinity varies in SDB based on loca-
tion due to multiple points of intermittent freshwater input from
watersheds and local sources. Figure 1 shows SDB in August
2021 with the highest salinity in the back bay and lowest salinity
in the front bay. This hypersaline regime in the back bay per-
sists for much of the year except when intermittent freshwater
inputs occur (Figure 2, Rodriguez 2019 and Sorensen, Swope,
and Kirtay 2013). The back bay and front bay end points of
temperature and salinity create complex longitudinal density
gradients with varying contributions of salinity and tempera-
ture (e.g., Largier, Hearn, and Chadwick 1996; Rodriguez 2019).
Additionally, the light quality and attenuation in SDB changes
from the front bay to the back bay (Figure S6). Surface waters in
the front bay have a higher light attenuation overall compared to
the back bay. Proportionally, the back bay also has more light in
the yellow to red wavelengths (565-700nm) than the front bay.
Light quality with depth also shows a difference between the two
stations.

Synechococcus abundances (cells ml~!) are higher at SIO (5.1x 1
0*+2.7%x10*cellsml™!) year-round than in SDB samples (2.3x 1
0*+3.5%x10*cellsml™!), during 2021 to 2022 sampling. SIO often
has blooms of Synechococcus as seen in November 2021, but even
outside of bloom events, Synechococcus concentrations were
higher at SIO compared to stations in the SDB at nearly all time
points (Figure 2). SDB showed higher variability of Synechococcus
abundances than SIO spanning three orders of magnitude with
a range of 4.2x10? to 1.8%x10° cells ml~! while SIO remained
within 2.7x10* to 1.3x10%cellsml~!. A seasonal pattern for
Synechococcus was not apparent for this data set. Using the boat-
based spatial surveys of SDB in August 2021, March 2022 and
August 2022, Synechococcus cell numbers (cellsml~!) show a
stark difference between SIO and front bay (S1 and S2) compared
with the mid and back bay which have an order of magnitude
fewer cells. However, in August 2022 we did not see clear differ-
ences in SDB regions due to the remarkably high Synechococcus
cell numbers in the mid bay from a bloom at station 6.

Chlorophyll does not follow a gradient from SIO to back bay; in-
stead, the highest chlorophyll concentrations (mgm=3) are often
in the front bay (7/14months) or mid bay (5/14 months). One
notably high chlorophyll concentration is present at the SIO in
April 2022, due to a bloom of Prorocentrum micans, a non-toxic
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dinoflagellate (https://habs.sccoos.org/scripps-pier). However,
the chlorophyll concentration in SDB was much lower than SIO
at the time of sampling, indicating the bloom was not in SDB.
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FIGURE2 | Legend on next page.

A summary of all abiotic and biotic variables measured by the
station can be found in Table S1. Synechococcus abundances at
SIO and SDB, when analysed together, were not found to signifi-
cantly correlate with any environmental variables measured in
this study.

3.2 | rRNA Sequencing Reveals Gradients
of Taxonomic Groups in SDB

The 18S rRNA sequence data reflects the gradient from the
front bay to the back bay observed in the environmental data.
The 18S rRNA sequence data from August 2021 (1073 ASVs)
and August 2022 (1865 ASVs) boat transects through SDB
(Figure 3) are grouped by taxonomy at the order level. The rel-
ative abundance of chlorophyte order mamiellales increased
from the front bay (2021 avg. 3.1%, 2022 avg. 3.7%) to the back
bay (2021 avg. 29.4%, 2022 avg. 28.8%), with lower relative
sequence abundance at SIO (2021 avg. 1.5%, 2022 avg. 5.3%).
Additionally, the cryptophyte order Cryptomonadales shows
a smaller relative abundance but consistent presence in mid
(2021:3.5%, 2022:4.4%) and back (2021:2.8%, 2022:4.3%) SDB
as well. An additional transect was completed in July 2023
(Figure S3) and the pattern of higher relative abundances of
Mamiellales in SDB was found then as well. The 18S rRNA
data suggest that part of the higher relative abundances of
Mamiellales is due to an Ostreococcus population (max. 32.8%
in back bay 2021) with a unique ASV in SDB.

Using 16S rRNA data, the bacterial and archaeal community
also shows changes in relative abundance along the gradients
formed by SDB. The 16S rRNA sequences (Figure 3) show less
fluctuation in taxonomic orders along the transect of SDB com-
pared to the 18S rRNA data. However, there is a clear increase
in the relative abundance of Rickettsiales in both August 2021
and 2022 from the front bay (2021 avg. 28.3%, 2022 avg. 8.2%)
towards the back bay (2021 avg. 54.5%, 2022 avg. 20.4%) and a
similar pattern was found in July 2023 (Figure S3). Higher reso-
lution taxonomic assignment shows the majority of Rickettsiales
are Pelagibacteraceae and it appears a specific Pelagibacter ASV
(ASV454) becomes more abundant in SDB (2021 min. 21.7%
front, max. 57.7% back, 2022 min. 6.4% front, max. 17.9% back)
while ASVs 451 and 443 are more abundant at SIO (1.0%, 1.4%
SIO respectively, 0% for both ASVs in back bay).

Synechococcus cell counts from flow cytometry are categorised
into clades using relative percent abundance of the 16S rRNA se-
quences, assuming an equal number of 16S rRNA gene copies per

FIGURE 2 | Comparative seasonal dynamics of the SDB and SIO in
surface water. (A-D) Monthly measurements from all locations from
July 2021 to September 2022. The back bay (blue line) and SIO (pur-
ple line) data points are connected by lines to highlight the sampling
location endpoints (i.e., oceanic in purple and furthest into the estu-
ary in blue). Grey data points are data from the front bay and yellow
data points are from the mid bay. (A) temperature (°C), (B) salinity, (C)
Synechococcus cells ml~! and (D) chlorophyll (mgm~™3). Samples were
not taken from the mid bay in the Fall of 2021, and sample numbers dif-
fer by month according to boat sampling (10 stations) or shore sampling
(4 stations).
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FIGURE 3 | Eukaryotic and Bacterial rRNA gene sequences for SDB transects. Relative abundance of top 20 18S rRNA sequences grouped by
taxonomic order from August 2021 (A) and August 2022 (B). Taxonomic assignments starting with c__were only assigned at the class level. Relative
abundance of top 20 16S rRNA sequences at the order level from August 2021 (C) and August 2022 (D). August 2022 SIO was sampled twice, corre-
sponding to 4 days before (SIOa) and 4 days after (SIOb) the day the SDB was sampled. Dashed lines represent distinction between SDB regions; front

bay (S1, S2), mid bay (S3, S4, S7, S6) and back bay (S5, S9).

cell, to get a qualitative representation of the relative abundance
of the Synechococcus community (Figure 4). The 16S rRNA
sequencing showed the presence of different Synechococcus
subclusters and clades in SDB compared to SIOfrom summer
samples from August 2021 and 2022 (Figure 4). August samples
were chosen for spatial comparisons as Synechococcus abun-
dances were previously seen to be highest in summer months
in SDB (Table S1). Of the over 1 million reads of bacterial 16S
rRNA gene reads, 4.5% were identified as cyanobacteria. ASVs
that were identified as cyanobacteria included Synechococcus
subcluster 5.1 (marine group) with 13 unique ASVs, subcluster
5.2 (estuary group) with 3 ASVs and a high light Prochlorococcus

with 1 ASV. Making up 0.2% of the total cyanobacterial reads
were the nitrogen-fixing organelle (Coale et al. 2024) UCYN-A
(3 ASVs) and nitrogen-fixing cyanobacteria Richelia (1 ASV).

In SDB in August 2021, clades IV and I are the most abundant
clades in the front bay, station 1 and station 2 (Figures S1 and
S2). After S2, total Synechococcus numbers decrease towards the
mid and back bay, and clade II, followed by clade IX, become
the dominant clades in increasing proportions. During August
2022, although clades IV and I are dominant at SIO and pres-
ent in the front bay, clade II is again the most abundant clade
followed by subcluster 5.2 (rather than subcluster 5.1 clade IX).

8 of 21

Environmental Microbiology, 2025

d *T *STOT 0T6TTIV I

:sdpy wouy

eumofl

dny) SUONIpUOD put SULRY A1 23S *[§ZOT/L0/9T] U0 Areiquy autuQ Ka[IA “eruIojie) JO ANSIPAIN £q €00L 0T6T-T9F1/1 111 01/10p/wod Kapim'

121/wod’ Ka[1m’ A

P!

ASUADIT sUOWIWOD) 2ANEAI) d[quarjdde auy Aq pauIaA0S are S[OIIE Y 1asn Jo sa[nI J0j AIeIqi autuQ K3y Uo (suony



A
1.5
e B
oXx 10 oXx
N = N Z
s <
=39 =
<3 <3
0.5
o S ; 1= i—n§—
SIO S1 S2iS3 S4 S7 S6 iS5 S9
front © mid back

1.5 , , clade

1.0

= LI %EEL

Sl0a SIOb

S1 S2iS3 S4 S7 S6:S5 S9

front i mid i back

FIGURE 4 | Synechococcus community from 16S rRNA gene sequencing. Synechococcus cell counts are categorised into subcluster 5.2 or sub-
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of subcluster 5.2, a typically estuarine subcluster. August 2022, SIO was sampled twice, corresponding to 4 days before (SIOa) and 4 days after (SIOb)
the day the SDB was sampled. Dashed lines represent the distinction between SDB regions; front bay (S1, S2), mid bay (S3, S4, S7, S6) and back bay

(85, S9).

August 2022 had much higher Synechococcus cell abundances
than August 2021.

Given the dominant presence of marine subcluster 5.1 includ-
ing clade IT in SDB, we chose to employ ITS primers as before
(Nagarkar et al. 2021) to provide better sequence resolution of
intra-clade diversity. However, subcluster 5.2 is not amplified
by the ITS region primers as they are specific for subcluster 5.1.
Subcluster 5.2 is likely not amplified due to several mismatches
in the reverse primer region. Due to the possible presence of sub-
cluster 5.2 cells in our monthly cell abundance time series, ITS
sequence data was not plotted with respect to Synechococcus cell
abundance data as an unknown proportion of the Synechococcus
cells counted by flow cytometry may belong to subcluster 5.2. We
do know that some fraction of subcluster 5.2 cells appear in flow
cytometry counts as they were later identified in single-cell am-
plifications derived from flow cytometry sorting (Palenik, unpub-
lished data).

3.3 | ITS Data Shows Spatial and Temporal
Synechococcus Clade Dynamics in SDB

Using Synechococcus subcluster 5.1 ITS region sequencing spa-
tial diversity was investigated with higher phylogenetic resolu-
tion along SDB transects (Figure 5). SIO is our oceanic endpoint
and stations 1 and 2 in the front bay resemble the community
composition of SIO at the clade and ASV level, which we would
expect due to tidal mixing of the water. The mid bay is a tran-
sition zone between the front bay and the back bay where oce-
anic clades I and IV decrease and back bay members, clades II
and IX, increase in relative abundance. The two bay seasons
are shown in Figure 5, August 2021 and 2022 with warmer wa-
ters, and March 2022 with cooler waters. The warm months in

SDB are dominated by clade II, followed by clade IX. The cooler
month of March is dominated by clades IV and I, while clade IT
is nearly absent except for a small fraction in the back bay. Thus
the ITS data mirror that of the 16S rRNA gene except for the lack
of subcluster 5.2 in the ITS data.

We further investigated higher resolution temporal changes in
the Synechococcus community of SDB with monthly samples over
14months from each region of SDB compared to SIO (Figure 6A).
Clade IV (green) was more relatively abundant throughout most of
the year except for spring when clade I (red) became the dominant
clade as has been seen previously found (Nagarkar et al. 2021; Tai,
Burton, and Palenik 2011; Tai and Palenik 2009). We found that
SDB back bay is dominated by clade II for most of the year except,
as noted in spring when clade I becomes dominant. The back bay
also has a high proportion of clade IX although it is less consis-
tently present throughout the year.

We can observe correlations of clades and environmental
variables when using a principal component analysis (PCA,
Figure 6B). PCA-1 represents 47.6% of the variability observed
and is best represented (Cos2) by clade IV and is in the oppo-
site direction of the clade II vector. Clade II is also positively
correlated with temperature, silicate and PO, (in order of most
variability explained). PCA-2 represents an additional 25.7% of
the variability for a total of 73.3% represented by the first two
principal components. When looking at the Spearman correla-
tion matrix (Figure S4) used to calculate the PCA, which in-
cludes all the numeric metadata and the sum of reads in each
clade, some interesting relationships emerge. For instance, there
are no correlations between Synechococcus abundances (cells
ml~!) or clade relative abundance and chlorophyll. This is likely
because Synechococcus is not the dominant contributor to the
chlorophyll concentration values and that other more abundant
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FIGURE 5 | Spatial distributions of Synechococcus abundances and subcluster 5.1 ITS diversity. Synechococcus abundances (A1-A3) and com-

munity composition (B1-B3) from August 2021, March 2022 and August 2022. (A) Synechococcus abundances (cells ml~1) determined by flow cy-

tometry organised by date (A1, A2, A3) and location (x-axis), the dotted vertical lines represent the bay location groupings; front, mid and back bay.

(B) Synechococcus ASVs based on ITS region sequencing coloured according to clade affiliation organised by date (B1, B2, B3) and location (x-axis).

Black horizontal lines within clade colours represent the relative proportion of ASVs. Clade II (blue) dominant ASV are labelled in the plot. ASV145

was a minor constituent in August 2022~10% of ASV218.

photosynthetic organisms are present as suggested by the 18S se-
quencing data.

3.4 | Synechococcus ITS Data Shows ASV/ Strain
Dynamics

A Spearman correlation matrix (Figure S5) including the top
10 ASVs from each clade and available environmental vari-
ables shows that the ASVs follow similar patterns as the sum
of the clade they belong to, which is expected. Clade IV ASVs
correlate positively with clade I ASVs and most are negatively
correlated with temperature, while clade II ASVs show a
positive correlation with temperature and clade IX. A notice-
able correlation between ASVs in clade IX and II is between
the relatively most abundant clade IX ASV506g and clade II
ASV24 (correlation coefficient 0.6). Both ASVs show a remark-
ably similar seasonal and spatial distribution. Lastly, clade II

ASV126 stands apart in the correlation matrix as it does not
follow a similar pattern to other ASVs in clade II or to clade II
as a whole. ASV126 is the dominant clade II sequence type in
SDB (78.6% of total sequences in back bay January 2022) and
SIO (3.2% of total sequences SIO February 2022) during the
cool season.

Synechococcus ITS ASV temporal and spatial analysis revealed
fine scale dynamics that are not visible when looking at the
clade as a whole or by using 16S rRNA gene ASVs. A phyloge-
netic tree comparing the top 10 ASVs for each of the 4 dominant
clades shows variations in ASVs by location. We summarise this
as the percent presence or absence of an ASV in a bay region
including all dates sampled (Figure 7). As mentioned, clade IV
is the most relatively abundant clade at SIO but within that clade
there are at least two ASVs (ASV 2 and 4) that alternate dom-
inance (Figure S6). The typically cold-water inhabiting clade
I appears to have a back bay specialist, ASV210. Although not
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the dominant clade I ASV overall, the clade I ASV210 shows a
higher percent presence in SDB (max. 22.2% back bay October
2021) than SIO (0% SIO October 2021). Clade I ASVs 291 (max.
7.7% back bay July 2021, 0% SIO) and 781 (4.8% back bay July
2021, 0% SIO) also show preference for SDB but with a lower
overall occurrence. Clade IX has two clear SDB specific ASVs,
ASV202 (max. 43.7% July 2022 back bay, SIO 1.6%) and 506
(max. 40.8% July 2022 back bay, SIO 2.8%). There is no evidence
of a clade IX SIO ASV. Clade II is more relatively abundant in
SDB and fitting with this pattern, several ASVs appear to be
SDB specialists including ASV24 (max. 41.5% August 2021 back
bay, SIO 0.8%), 145(max. 21.1% August 2021 back bay, SIO 0%),
120 (max. 4.3% Jun. 2022 back bay, SIO 0.9%), 25 (max. 4.2% Jul.
2022 mid bay, SIO 0.6%) and 28 (max. 50.1% Jun. 2022 back bay,
SIO 2.1%). Additionally, ASV145 and 28 were present in sedi-
ment samples in the back bay in July of 2023, but absent in the
water column at that time (Figure S7). Although many clade II

ASVs are seemingly highly enriched in SDBASV119 (max. 1.5%
October 2022 SIO excluding 2016 bloom, 17.5% August 2016 SIO
bloom, 0% back bay) show a higher presence at SIO.

A detailed phylogenetic tree of all clade II ASVs (Figure S8)
shows a high microdiversity within clade II with the majority of
ASVs showing higher relative percentages in SDB. Clade II ASVs
group into multiple phylogenetic clusters based on a maximum
likelihood tree (phyML). One of the clusters in the phylogenetic
tree includes ASVs 121 to 124 and additional higher numbered
ASVs. These ASVs were prominent constituents of an anomalous
clade I bloom at the SIO pier in 2016 and showed very low pres-
ence in the data set other than during the SIO bloom. However,
although ASVs in that cluster made up a large portion of the SIO
bloom community, ASV119 was the most relatively abundant
ASV in the first 3weeks of the bloom. ASV119 is an SIO-adapted
clade II that stands somewhat alone phylogenetically but is
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FIGURE 7 | Microdiversity within Synechococcus clades shows different presence and absence patterns at SIO and SDB. Shown is a maximum

likelihood phylogenetic tree based on ITS nucleotide sequences of the top 10 most abundant ASVs from each of the 4 common clades. Grey circles

represent bootstrap values over 30% based on 1000 iterations. Clade designations are shown in colour blocks: Clade I in red, Clade IV in green, Clade
II in blues and Clade IX in pink. The heat map represents the percent presence of each ASV at each location group. Sequences across all seasons,
excluding the SIO bloom in 2016, were counted as present or absent in each bay region (top axis) and marked as the percent of the total samples in
each region (SI0;23, front;26, mid;26, back;23). Darker red corresponds to a higher occurrence of the ASV. Grey boxes represent isolates. Text in the
rightmost column indicates whether the ASV is more often present at the Scripps Pier (SIO) or the San Diego Bay (SDB) when obvious patterns are
present, or (COLD) in the case of the cold adapted ASV126, which is at SIO and SDB.

closest to the previously mentioned SIO bloom cluster. The later
part of the bloom was dominated by ASV120, a SDB-adapted
clade II (Figure S9), which is part of a broad cluster that includes
SDB and SIO-specific ASVs as well as a few ASVs from the 2016

bloom. We had hoped that the ASV data would resolve the source
of the large 2016 bloom, either from oligotrophic or from SDB
waters, but this data is still ambiguous on this issue and it is pos-
sible the bloom taxa were seeded from different sources.
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The last phylogenetic clade II cluster of note includes the refer-
ence strain KORDI-52 and clusters with ASV145 and ASV24,
two of the most abundant SDB-specific ASVs in the dataset.
Kordi-52 is considered a clade II strain based on genomic
analysis (Doré et al. 2020) and longer 16S rRNA sequences.
Thus, the diversity within clade II in SDB is phylogenetically
widespread.

3.5 | Synechococcus Clade II Isolates

Although spatial and temporal differences in the relative abun-
dances of ASVs can be identified, it is not possible to correlate
these to the physiology of an organism harbouring a particular
ASV sequence type without additional information. To begin to
answer some of these questions, we enriched for and obtained
Synechococcus isolates. Three non-axenic isolates of clade II
Synechococcus were obtained from SDB: SDB1901, SDB1902 and
SDB2102. Based on a comparison of the ITS region of the isolates
and the SDB ITS ASVs, the isolates represent commonly occur-
ring clade IT ASVs in the SDB. All three isolates are within the
top 10 most relatively abundant clade II ASVs. The ITS region
of SDB1901 is 100% identical to clade II ASV145, a commonly
occurring ASV in the bay during the warm season. The ITS
region of SDB1902 is identical to ASV28, an often present and
occasionally dominant ASV in the warm season. The ITS region
of isolate SDB2102 is identical to ASV126, the cool season (SDB
and SIO) dominant ASV.

We investigated the growth rate at various temperatures for the
3 isolates (Figure 8B) and compared that to the percent relative
abundance of relevant clade II ASVs (Figure 8A) and found
similar patterns based on temperature. SDB2102/ASV126
shows a maximum growth rate at 16°C but can sustain growth
up to 31°C (the maximum temperature tested). This is con-
sistent with the ITS sequence data that shows ASV126 is the
most relatively abundant sequence type during the cool season,
with the highest relative abundance at a temperature of 16°C.
In contrast, SDB1902/ASV28 shows the highest growth rate
at 23.5°C but is capable of high growth at temperatures from
20°C to 27°C. The ITS sequence data is consistent with these
observations as the higher relative abundance of ASV28 occurs
between 22°C and 29°C and it is often the dominant ASV in
the warm season. SDB1901 has a lower growth rate than ei-
ther of the other two isolates under these culture conditions
but grows maximally at 24°C. SDB1901/ASV145 has a broader
temperature range (high growth from 17°C and 24.5°C) than
the other two isolates which show narrower peaks at the maxi-
mum growth temperature. The temperature range of SDB1901
is consistent with its ITS relative abundance as it has mod-
erately high (up to 20%) relative abundances in the range of
19°C-25°C.

We also looked at the relative ASV abundance with respect to
temperature for clades I, IV and IX (Figure S10). For clade I, the
most common ASV, ASV6, had the highest relative abundance
in the temperature range of 15°C to 21°C. Clade IV ASV2 has a
broader temperature range from 15°C to 25°C although it occa-
sionally showed higher relative abundance in the warmer range
of 22°C to 25°C. Clade IX (ASV202 and 305) had the highest
relative abundance from 23°C to 27°C.

In addition to temperature, the isolates exhibit differences in
pigment composition, as seen in fluorescence excitation spec-
tra (Figure 9). The isolates show excitation peaks at 495 and
545nm for fluorescence at 680 nm which corresponds to the
chromophores phycourobilin (PUB) and phycoerythrobilin
(PEB), respectively. The ratios of PUB and PEB can vary in
the phycoerythrin of different strains, and this can be used as
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FIGURE 8 | SDB clade II isolate physiology. (A) The percent rela-
tive abundance of select ASVs within clade II based on ITS sequenc-
ing, ordered by sample temperature. Coloured circles highlight regions
of higher relative abundance for each ASV. (B) Maximum growth rate
(day™) by temperature for clade II isolates. Colours in A correspond to
isolates (B) that are identical in the ITS region. *ASV24 (A) does not
have a cultured representative in B but was included as it is relatively
abundant ASV in the SDB at mid-range water temperatures.
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FIGURE 9 | Excitation spectra (440 to 600nm) for clade II isolates
for emission at 680nm. An open ocean clade II isolate (CC9605) from
previous studies was included for comparison. The spectra excitation
peaks at 495nm and 545nm, which corresponds to the chromophores
phycourobilin (PUB) and phycoerythrobilin (PEB), respectively. The
PUB:PEB ratio for each isolate are noted on the figure.
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an indication of the light wavelengths the organism is adapted
to harvest. We have also included an open ocean clade II iso-
late CC9605 for comparison. CC9605 has both a PUB and PEB
peak but has a higher ratio of PUB to PEB (1.9) making it a
blue light specialist (Six et al. 2007), which is expected for an
open ocean clade II strain. In marked contrast, SDB1902 lacks
a PUB peak and therefore is likely to be green-light adapted.
While SDB2102 and SDB1902 have peaks at PUB and PEB,
their PUB:PEB ratios are 0.44 and 0.34, respectively. Strains
with PUB:PEB ratios less than 0.6 are considered green-light
specialists (Six et al. 2007).

4 | Discussion

Environmental data from SDB shows increasing silicate, phos-
phate, temperature and salinity towards the back bay. The back
bay often experiences hyperthermal and hypersaline conditions
(Figures 2 and 3) which is consistent with prior studies and sug-
gestive of increasing residence times towards the back bay due
to competing subtidal longitudinal circulation cells (Largier,
Hollibaugh, and Smith 1997; Rodriguez 2019 and Anidjar et al.,
2024) creating different niches for its microbial community. We
grouped our sampling stations into front bay, mid bay and back
bay sections based on these environmental variables and simi-
lar region delineation in prior work (e.g., Sorensen, Swope, and
Kirtay 2013; Largier et al., 2010). The front bay is largely influ-
enced by the surrounding coastal ocean waters mainly due to
tidal pumping (Chadwick and Largier 1999a, 1999b). The back
bay has the least oceanic influence and during warm summer
months inverse estuarine circulation can form, isolating the
back bay from the mid bay and increasing the residence time
of the back bay water (Largier, Hollibaugh, and Smith 1997).
The mid bay is a transition zone between the front bay and back
bay, and, although it has a longer residence time than the front
bay with less tidal influence, at least part of it is usually con-
nected to the front bay by larger scale bay circulation (Largier,
Hollibaugh, and Smith 1997). The longitudinal extent of the
front bay oceanic/thermal regime and the back bay hypersaline,
inverse regime vary seasonally and can extend into the mid bay
regime to varying extents temporally. Light quality and atten-
uation also differs from the front bay to the back bay. The light
quality available to organisms for photosynthesis is affected by
the presence of other organisms, the concentration of coloured
dissolved organic matter (CDOM) and suspended particulate
matter (Mascarenhas and Keck 2018). Surface waters in the
front bay have greater light attenuation compared to the back
bay (Figure S2), which is in line with higher concentrations of
chlorophyll in the front bay as more chlorophyll containing or-
ganisms would absorb the light and less would be available to
be measured in the water column. Aside from the higher light
values overall in the back bay, it has proportionally more light in
the yellow to red wavelengths (600-700 nm).

To further understand the broader microbial communities pres-
ent in SDB we analysed 16S and 18S rRNA gene sequences along
two summer transects of SDB and other samples. The microbial
community of SDB follows the hydrography. The front bay re-
sembles SIO, our coastal reference point, in both eukaryotic and
bacterial community composition while the back bay shows dis-
tinct differences in microbial community composition compared

to SIO. Bay-specific populations of Eukaryotes (18S rRNA gene)
and Bacteria (16S rRNA gene) have the highest relative abun-
dance in the back bay (Figure 3). A few notable bay-specific
populations of eukaryotes include diatoms, chlorophytes and
cryptophytes. Diatoms of the order Mediophyceae are present
throughout the back and mid bay, with lower relative abun-
dances in the front bay. As a group, diatoms are well suited for
SDB, which has higher silicate and other nutrient concentrations
than the surrounding coast. Diatoms have been shown to have a
broad range of tolerances for stressors such as heavy metals and
pesticides, and low-light (Gottschalk and Kahlert 2012; Zhou
et al. 2020). Cryptophytes of the order Cryptomonadales have an
overall lower relative abundance compared to diatoms but are
present throughout SDB, with lower relative abundances in the
front bay and SIO. A recent study showed a few cryptophyte ASVs
were more abundant in SDB than SIO (Rammel, Nagarkar, and
Palenik 2024). Chlorophytes of the order Mamiellales were the
most relatively abundant phylogenetic group in both August 2021
and 2022 in the back bay. The increase in the Mamiellales is due
to increases in sequences closely related to Ostreococcus tauri,
the lagoon associated Ostreococcus species (Chrétiennot-Dinet
et al. 1995). Interestingly, the Mamiellales and Synechococcus
clade II relative abundances show remarkable similarity in their
relative increase towards the back bay and this may hint at a
shared niche. However, although their niches may overlap, we
observed a large bloom of Synechococcus, specifically clade II,
in August 2022 but did not see the same increase in Mamiellales
indicating different controlling factors for the two groups.

At the order level, gradients within the bacterial community
composition determined by 16S rRNA sequencing are less dra-
matic than those in the eukaryotic community; however bacteria
in the order Rickettsiales increase from the front bay towards the
back bay, most of which belong to the family Pelagibacteraceae.
When analysed at the 16S rRNA ASV level, the distinctions
between SIO and SDB back bay were more dramatic, with spe-
cific ASVs in the above order becoming greatly enriched in the
back bay. The 16S ASV data suggest that there are pairs of very
closely related heterotrophic bacteria with different distribution
patterns, eg SDB or SIO enrichment. This includes the family
Pelagibacteraceae ASV454 (SDB) versus ASV451 and ASV443
(SIO) and the family Rhodobacteraceae ASV545 (SDB) versus
ASV542 (SIO) as well as potential pairs in other families.

4.1 | Synechococcus Diversity in San Diego Bay

We conducted a 14-month time series and additional sam-
pling that shows the presence of a group of typically oligotro-
phic Synechococcus (clade II) to be abundant in SDB. We used
16S rRNA gene and ITS region sequencing (Choi, Noh, and
Shim 2013; Fuller et al. 2003; Nagarkar et al. 2021; Rocap
et al. 2002) to characterise its dynamics. Overall, the spatial and
temporal resolution of our sampling and especially the use of
ITS sequences revealed Synechococcus clade II to be consistently
present in the back bay and the most relatively abundant clade
in 7 out of the 14 months sampled. At the ITS ASV level, there
were more Clade IT ASVs than ASVs for the other clades present.
Different clade II ASVs were dominant over time. No seasonal
pattern or spatial pattern was detected in the relative abundance
of the different clade IT ASVs. A previous study in the California
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current system off Newport Beach found clade II microdiver-
sity in the form of haplotypes based on the ropC gene showed
significant seasonal variability (Larkin et al. 2020). Some re-
cent evidence suggests ASV dominance changes may be due to
short temporal scale factors such as runoff or viruses (Ahlgren
et al. 2019).

Clade II is typically an open ocean Synechococcus clade,
found widespread in the warm waters of the tropics and sub-
tropics, in areas of low nutrients and midrange iron (Ahlgren,
Belisle, and Lee 2020; Sohm et al. 2016). Although the SBD
is warmer than the surrounding ocean it does not maintain
a high temperature year-round like lower latitude locations.
Additionally, SDB has higher concentrations of nutrients than
the oligotrophic water where clade II is common (Ahlgren
and Rocap 2012) and higher nutrient concentration than the
surrounding Southern California coastal water where the
dominant clades are I and IV (Larkin et al. 2020; Nagarkar
et al. 2021; Tai and Palenik 2009). However, clade II is com-
monly found at low relative abundances in studies from
the Southern California Bight, with a maximum estimated
contribution of 20% of the total Synechococcus community
(Larkin et al. 2020; Ahlgren et al. 2019; Lucas et al. 2011; Tai
and Palenik 2009). One notable exception was one distinct
bloom event in the summer of 2016 at SIO where clade IT was
the dominant clade in a Synechococcus bloom that reached
108cellsml~! (Nagarkar et al. 2021), surrounding this time
frame a separate study along the Southern California coast
noted an increase in clade II corresponding to the marine
heat wave from 2015 to 1017 (Larkin et al. 2020). From these
few studies it has been noted that the relative abundance of
clade IT is higher in later summer and fall (Ahlgren et al. 2019;
Larkin et al. 2020; Lucas et al. 2011; Tai and Palenik 2009),
which is in line with a positive temperature correlation seen in
previous studies from the North West Atlantic (Ahlgren and
Rocap 2012). In fact, clade II is found to consistently correlate
with temperature in the open ocean (Xia et al. 2019) as well as
more coastal locations (Larkin et al. 2020; Wang et al. 2022;
Wang, Chen, et al. 2022). Clade II in SDB demonstrated a gra-
dient of increasing relative abundance from SIO to the coastal
ocean-influenced front bay and continuing to the back bay.
The nearly year-round presence of clade II in SDB and high
relative abundance of the clade during warm months show
clade II is a resident of SDB that has adapted to the distinct
environment of the bay.

In addition to temperature, clade II was also found to correlate
with silicate and phosphate. Previous studies that investigated
the presence of clade IT with respect to nutrients have found
conflicting correlations. For example, clade IT was found to neg-
atively correlate with phosphate and did not show a relationship
with silicate (Doré et al. 2023; Xia et al. 2019). In other studies,
clade II had a negative yet insignificant relationship with both
(Wang et al. 2022; Wang, Chen, et al. 2022). Negative correlation
with nutrients would be expected for the oligotrophic clade II
(Ahlgren, Belisle, and Lee 2020). However, studies from coastal
sites including Martha's Vineyard Coastal Observatory and a
heavily anthropogenically influenced bay in the Bohai Sea in
China, reveal clade II positively correlated with silicate (Hunter-
Cevera et al. 2016; Wang et al. 2022) similar to our results from
SDB. Including all the data from SDB and SIO, clade II positively

correlated with temperature, silicate and phosphate. These con-
tradicting correlations at the clade level from previous studies
and the presence of distinct ASVs indicate that a finer taxo-
nomic resolution may be required to understand these dynamics
in different environments.

The Synechococcus community composition in SDB included
other groups of note such as the little studied clade IX and the
estuarine subcluster 5.2. Clade IX is noted in many studies as a
minor constituent (Fuller et al. 2003; Laber et al. 2022; Wang
et al. 2022), and while it is one of the dominant clades present
in coastal Hong Kong (Xia et al. 2015), no general commonali-
ties have been found linking its presence to a particular niche.
Clade IX has also been found in the Gulf of Aqaba in the Red
Sea (Fuller et al. 2003), tropical estuaries (Wang et al. 2022), the
Gullmar Fjord in Swedish Skagerrak (Laber et al. 2022), and
now SDB. In our study, Clade IX was a common occurrence in
the back bay, and occasionally within midbay of SDB, where
it was the most dominant clade type, as seen in July of 2022.
Additionally, it showed positive correlation with clade II, a re-
lationship that was also observed in a tropical estuary (Wang
et al. 2022). As it was only seen on a few occurrences in the front
bay and even less so at SIO, clade IX is another example of a back
bay-adapted clade and potentially a future biomarker for extru-
sion of bay water out of the bay on short time scales.

Not as surprising is the presence of subcluster 5.2, a typically
estuarine group and coastal water inhabitant (Ahlgren and
Rocap 2012). SDB has some freshwater input from several creeks
and rivers and more variable salinity than the surrounding
coastal waters. However, SDB in summer to fall can become a hy-
persaline estuary due to long residence times, high evaporation
rates and negligible freshwater input (Largier, Hollibaugh, and
Smith 1997). Therefore, subcluster 5.2 likely has a broad salinity
range as it is found in the hypersaline estuary of SDB (34 psu)
as well as low salinity waters of the Chesapeake Bay, Luhuitou
Peninsula and springtime Beaufort Sea (Wang et al. 2022). A
semi-enclosed bay in the Western Yellow Sea showed subclus-
ter 5.2 had a seasonal cycle with abundances increasing from
winter to spring (Li et al. 2024). The presence of subcluster 5.2
in SDB and SIO was revealed by the analysis of the 16S rRNA
data and would have been missed in the ITS region sequences
data due to mismatches with the ITS primers designed to only
amplify marine sublcluster 5.1. We have 16S rRNA data from
August 2021, August 2022 (Figure 4), April 2023 (Figure S7) and
July 2023, and subcluster 5.2 was present except in August 2021.
It seems likely that the presence of 5.2 in SDB is common year-
round as it occurs in both the warm and colder months.

The ITS ASV data provided a nuanced view of the Synechococcus
microdiversity in the bay. Clade II had the most variability in
dominant ASVs compared to the other the main clades present,
I, IV and IX. In all these latter three clades, 2 to 3 dominant
ASVs were present year-round and for the most part the dom-
inant ASV stayed dominant throughout the year regardless of
SDB or SIO location. Clade I ASV6 is the most relatively abun-
dant clade I in our study year-round as well as in previous stud-
ies (Nagarkar et al. 2021). At the same time, both clade I and IV
appear to have back bay specialist ASVs, ASV210 in clade I and
ASV8 in clade IV. Although the clade IV ASV8 increases in the
percent presence from the front bay to the back bay, the relative
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abundance data suggest that it is surviving in SDB environ-
ment better than other clade IV ASVs, rather than specifically
adapted to the environment. However, clade I ASV210 increases
in both percent presence and relative abundance in SDB during
the warmer months, indicating a preference for SDB. Clade I
ASV210 shared 100% sequence identity with sequences recov-
ered from the North Yellow Sea (Li et al. 2021).

Overall, while clade IT ASVs are dominant in warm months in
SDB, they vary over the six years analysed, with no clear pat-
tern by season, location or determining environmental variable.
This is in contrast to a nearby coastal studies that found two
stable clade IT microdiversity sequences that showed seasonal
patterns (Larkin et al. 2020). Nevertheless, it is clear that many
clade IT ASVs are adapted to the environment of SDB. Relatively
abundant clade II SDB specialists include ASV24, 145, 120, 25
and 28. To investigate whether these ASV are endemic to SDB
or more widespread in similar hydrographic environments we
used blastn to compare our sequences to the NCBI public data-
base. We found sequences with 100% sequence identity over the
whole sequence region match, ASV24 and 145, which were both
recovered from the East China Sea (Choi, Noh, and Shim 2013).
ASV120, ASV25 and ASV28 did not have a perfect match in
the public database. The lack of sequence matches for many of
our SDB specific clade IT ASVs may indicate the these ASVs are
specifically adapted to the SDB, while ASV24 ad 145 maybe be
adapted to similar environments. However 100% similarity over
the ITS regions does not necessarily mean identical genomes.
A more detailed phylogenetic tree of clade II shows many more
ASVs that are more abundant in SDB than at SIO. The multiple
SDB-enriched ASVs as well as the apparent differences in com-
munity compositions between the SIO bloom and SIO compared
to SDB suggest that clades II ASVs are a resident population in
the bay and have adapted to the specific SDB environment, pos-
sibly multiple times.

The SDB-specific ASVs 24 and 145 phylogenetically cluster
along with a high proportion of ASVs that are likely SDB spe-
cific, showing a higher percent abundance in SDB than SIO.
ASV24 is the most relatively abundant ASV in summer August
2021 followed by ASV 145. ASV24 also makes up a sizable frac-
tion of the clade II community composition in the summer of
2022, while ASV145 is present but with low relative abundances.
This phylogenetic cluster also includes the reference sequence
KORDI-52 and forms the most dissimilar cluster to other clade
II ASVs. However, previous studies that used a longer region
of the ITS cleanly resolved KORDI-52 into clade II (Cyanorak).
Overall, this phylogenetic cluster is more present in SDB than
the SIO pier and considering the consistent presence of ASV24
and 145 it is likely this cluster has acquired specific adaptations
to be successful in SDB environment.

In April 2023, no clade IT ASVs were detected in the water col-
umn, but ASVs 145, 28 and 1205 were found in sediment samples
from the back bay. Although we have limited data, the occur-
rence of clade II in back bay sediments may be an indication of
a sediment seed population that repopulates the water column
once conditions are warming, a phenomenon that has been seen
in cyst-forming dinoflagellates (Anderson and Wall 1978). This
could explain the reoccurrence of clade IT in SDB after their ab-
sence or near absence (excluding ASV126) in the early spring.

In our data, there is a clear difference in ASV presence at differ-
ent temperatures (Figure S10) between the coastal clades I ASVs
(15°C-18°C) and IV ASVs (15°C-23°C) and SDB clades IT ASVs
(22°C-27°C) and IX ASVs (23°C-27°C). The temperatures and
ASV presence recorded in this study are in line with tempera-
tures from a recent global metagenomic analysis that showed
clade IT was dominant where the average temperature was 27°C,
clade I where the average temperature was 17°C, and clade IV
where it was 19°C (Doré et al. 2022). Physiological investiga-
tions of our Synechococcus isolates belonging to dominant clade
IT ASVs from SDB suggest temperature is a strong determining
factor in clade II ASV abundances. The isolates’ temperature
growth ranges and ITS relative abundance compared to envi-
ronmental temperatures show very similar patterns regarding
optimum temperature.

One particularly interesting finding was that ASV126 and its
matching isolate SDB2002 show maximum ASV abundance
and optimal growth at lower temperatures (16°C) compared
with the other clade II isolates. ASV126 is the dominant clade
IT ASV in the cold months in SDB and SIO. The lower tem-
perature growth range of SDB2002 is also different from that
of other clade II isolates (M15-62 and M16.1) which were found
to have maximum growth rates at 30°C and 34°C, respectively
(Ferrieux et al. 2022; Pittera et al. 2014). Similarly, a previous
study found different temperature preferences within clade I,
indicating the microdiverity within clades supports a variety of
temperature dependent physiological capabilities and therefore
thermotypes within clades (Pittera et al. 2014). Although tem-
perature can partially explain clade IT ASV dynamics it does not
explain them all. The presence of strains/ASVs with the ability
to grow at lower temperatures than most clade II strains raises
the question of how this may have occurred (the evolutionary
mechanism) while also raising the question of how intraclade
diversity may change in the future with a warming planet.

Marine Synechococcus express a number of chromophores
suited to capture in situ light quality, and strains vary in the
type and proportion of these pigments. PUB is a chromophore
best adapted to the blue light wavelengths seen in oligotrophic
waters (Wood, Phinney, and Yentsch 1998). Synechococcus clade
designation does not predict pigment type (Carrigee et al. 2021;
Six et al. 2007; Toledo, Palenik, and Brahamsha 1999) but most
clade II isolates are type 3 (high PUB:PEB, although the ratio
within pigment type 3 varies), as would be expected for a typ-
ically open ocean clade (Mahmoud et al. 2017; Sanfilippo
et al. 2019; Six et al. 2007; Xia et al. 2017). The clade II isolates
described here show adaptations to the light quality in SDB, the
strongest example of strain adaptation to this niche. The isolates
described in this study either lack PUB (SDB1901 (ASV145), pig-
ment type 2) or have low PUB:PEB ratios (SDB2102 (ASV126)
and SDB1902 (ASV28), pigment type 3). These are characteristic
of green light-adapted organisms in contrast to the blue light-
adapted strains such as the clade II open ocean strain CC9605.
Our results are consistent with those of a recent study, in which
pigment type 2 cells were found to be the dominant pigment type
in the back bay of a semi-enclosed basin in the Western Yellow
Sea, while blue light absorbing type 3 cells become the domi-
nant type towards the outer bay (Li et al. 2024). Interestingly,
AVS145 (ITS region match with isolate SDB1901) phylogeneti-
cally clusters with clade II isolate KORDI-52. KORDI-52 is blue
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light adapted with a high PUB:PEB ratio and chromatic accli-
mation capabilities (CA4-B) (Carrigee et al. 2021) but SDB1901
lacks PUB altogether. Generally, pigment type 2 is uncommon
for marine subcluster 5.1 (Grébert et al. 2018) but has also been
found in a tropical clade IT isolate isolated off the Saharan Coast,
A15-44 (Carrigee et al. 2021; Grébert et al. 2018; Xia et al. 2017)
like our SDB isolate SDB1901.

The presence of the typically open ocean clade II
Synechococcus in SDB is intriguing. How did clade II find its
way into SDB? What adaptations may it have acquired to sur-
vive in the anthropogenically influenced bay compared to the
open ocean biome? Clade II is present in the coastal waters
near SDB at SIO (Nagarkar et al. 2021; Tai and Palenik 2009)
but it is rarely over 20% of the Synechococcus community (SIO
annual avg. 5.1x10%+2.7x10*cellsml™?). It has been spec-
ulated that clade II is present at SIO due to seasonal circu-
lation, with highest relative abundances in late summer and
fall (Tai and Palenik 2009). At that time, there is increased
stratification that limits the cold, nutrient-rich water from up-
welling while at the same time a northward flow begins in fall
bringing oligotrophic warm water from the south (Ferris and
Palenik 1998; Tai and Palenik 2009; Toledo and Palenik 2003).
A similar hypothesis has been posed to explain the unex-
pected dominance of clade II in the Eastern Mediterranean
Sea, where water from the Red Sea via the Suez Canal flows
into the Mediterranean bringing in the clade II population
(Doré et al. 2022). Although this makes logistical sense for
the coastal waters it does not explain why clade IT ASVs are
abundant in SDB back bay because although there are typi-
cally warmer temperatures, there are also higher concentra-
tions of nutrients as well as human induced harmful chemical
concentrations including Cu (Katz 1998; Neira et al. 2014)
and polycyclic aromatic hydrocarbons (Katz 1998; Hayman
et al. 2020).

Novick and Szilard (1950) developed the now well-known con-
cept and accompanying device called the chemostat. A steady
inflow of media and outflow of cells creates an ecosystem with
a population of cells at a steady state growth rate. However,
they noted early on that a mutation in a cell could result in
the cell outcompeting others and becoming dominant in the
population. In their case it was an E. coli strain B/1/f that
could grow faster on limiting tryptophan. Our data suggest
that SDB is a chemostat-like environment where the tempera-
ture, light, nutrients, toxins and circulation regimes create an
environment where selection acts on the resident microbial
population, leading to new strains with better adaptations to
the bay. The presence of strains all year, including a poten-
tial sediment reservoir, is important to this model. Future ge-
nomic and physiological studies of SDB clade II isolates could
help determine the mechanisms of this adaptation. It is signif-
icant that these cells could also be exported to nearby waters
and smaller bays, inoculating new strains into these smaller
ecosystems.
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