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ABSTRACT OF THE THESIS 

 

Temporal and Spatial Diversity and Abundance of Cryptophytes in San Diego Coastal 

Waters  

 

By 

Tristin Dean Rammel  

Master of Science in Marine Biology 

University of California San Diego, 2021 

Professor Brian Palenik, Chair 

Cryptophytes (class Cryptophyceae) are bi-flagellated eukaryotic protists with 

mixed nutritional modes and a cosmopolitan distribution in marine and freshwater 

environments. Here we present a survey of cryptophyte abundance at the Scripps 

Institution of Oceanography Pier and in San Diego Bay. From 2011 to 2017, 

cryptophytes were consistently present off the pier with significant biotic and abiotic 

interactions but no observable seasonality. Weekly to bi-weekly high-throughput 

sequencing in 2016 revealed 16 unique cryptophyte sequences, with clade 4 and 

particularly 2 species dominant, one of which appears to be phylogenetically novel. One 

high cell abundance bloom in 2016 appears to be monospecific in origin and the second 

may be driven by grazing on an influx of an atypical Synechococcus clade. In the San 
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Diego Bay, tidal forces appear to cyclically concentrate cryptophyte abundance at choke 

points in its bathymetry. A clade 4 sequence not dominant off the pier in 2016 is 

dominant in the back bay. 
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1 Introduction  
 

Originally described by Christian Gottfried Ehrenberg in the early 1830s, the first 

appearance of cryptophytes in scientific texts defined only the genera Chilomonas and 

Cryptomonas without including a visual or written description of either (Novarino 2012). 

Since their first description nearly 200 years ago a combination of obscure morphology, 

cryptic life history, and typically moderate contribution to the total eukaryotic 

assemblage has stymied the accurate characterization of cryptophyte abundance, 

diversity, and ecological role (Novarino 2012, Pierella Karlusich et al 2020).  

From Ehrenberg’s initial description to the 1960’s, light microscopy (LM) was 

employed as the primary method of elucidating cryptophyte taxonomy (Novarino 2003, 

Novarino 2012). Advances in electron microscopy in the 1960’s led to a so-called 

“ultrastructural revolution” in cryptophyte taxonomy, leveraging scanning (SEM) and 

freeze-fracture techniques to differentiate taxa based on the ornamentation pattern in 

proteinaceous sheets or scales composing the internal and external periplast 

components (IPC and EPC) (Kugrens and Lee 1987, Clay et al 1999, Novarino 2003, 

Novarino 2012). Transmission electron microscopy (TEM) studies also assigned 

taxonomic significance to the position of the nucleomorph, a reduced red algal nucleus 

residing in the “periplastidal space” between the second and third of four membranes 

enclosing the plastid (Clay et al 1999, Novarino 2003). Disparities in LM and electron-

based micrographs, especially when comparing original type specimens to “conspecific” 

cultures, led to one of several reorganizations in cryptophyte taxonomy (Novarino 2012, 

Novarino 2003). 
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Molecular phylogenies inferred from nuclear SSU rDNA sequences revealed 

clustering of certain marine and freshwater plastid-containing cryptophyte genera. 

Though the relationships between genera are consistent, naming conventions for these 

clusters (henceforth “clades”) differ across studies; here they will be assigned as in 

Hoef-Emden 2008: Chroomonas, Komma, and Hemiselmis in clade 1, Guillardia and 

Hanusia in clade 2, Cryptomonas in clade 3, Teleaulax, Geminigera, and Plagioselmis 

in clade 4, and Rhinomonas, Rhodomonas, and Storeatula in clade 5 (Marin et al 1998, 

Hoef-Emden et al 2002, Xia et al 2012, Hoef-Emden and Archibald 2017). Falcomonas 

and Proteomonas, both described by only one culture, are not consistently clustered 

with any clade (Hoef-Emden 2008, Hoef-Emden and Archibald 2017, Xia et al 2012). 

Certain environmental phylogenies show the presence of an uncultured sister taxa to 

the plastid-containing cryptophytes dubbed CRY1 (Hoef-Emden and Archibald 2017). It 

is still uncertain if CRY1 is heterotrophic, autotrophic, or possesses mixed nutritional 

modes. The branch order within clades remains to be resolved (Hoef-Emden and 

Archibald 2017, Johnson et al 2016), indicating a suitably cryptic cryptophyte diversity 

that may necessitate further revision of infra clade taxonomy.  

Comparison of molecular phylogenies with microscopy-based cryptophyte 

taxonomy revealed dimorphism of a previously underappreciated magnitude. 

Cryptophyte dimorphism was first described in Proteomonas sulcata by Hill and 

Wetherbee 1986, who found cells of two different sizes and periplast morphologies in 

clonal cultures. Molecular and ultrastructural comparisons of single cell-isolated clade 3 

cultures synonymized Campylomonas and Chilomonas with Cryptomonas after showing 

that the genera were polyphyletic, representing alternating morphs of the same species 
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(Hoef-Emden and Melkonian 2003). Five strains were directly observed switching from 

“cryptomorph” with a hexagonal plated IPC to “campylomorph” with a sheeted IPC (or 

vice versa), and it was suggested that dimorphism could be a plesiomorphic trait in the 

plastid-containing cryptophytes (Hoef-Emden et al 2002, Hoef-Emden and Melkonian 

2003). Evidence mounted at the description of similar patterns of alternating 

morphology in strains with species-level sequence identity in clade 4 for Teleaulax 

amphioxeia and Plagioselmis prolonga (Altenburger et al 2020, Johnson et al 2016), as 

well as Geminigera cryophila and an environmental isolate from Ace Lake, Antarctica 

(Hoff et al 2020). In instances when ploidy was examined, it was found that the larger of 

the two morphs contains roughly twice the DNA content of the other, suggesting a 

haplodiplontic life history (Hill and Wetherbee 1986, Altenburger et al 2020). This 

disparity in size and ploidy is suggested to be a response to environmental pressures, 

when decreasing dissolved inorganic nitrogen (DIN) and increasing grazing pressure 

favors a smaller morph to maintain high growth rates (Altenburger et al 2020). Meiotic 

shifts from T. amphioxeia to P. prolonga were reportedly observed in culture, and 

although the inverse (fusion) was not in this study it has been seen in clades 1 and 3 

(Altenburger et al 2020). These and other sources of systematic flux highlight the need 

for further taxonomic revision and potentially contribute to fluctuating species counts 

(Novarino 2012; Hoef-Emden and Archibald 2017).  

 The factors listed above also hinder study of cryptophyte biogeography and 

diversity, but it is generally acknowledged that cryptophytes are cosmopolitan in nature 

and present in most freshwater, marine, limnic or hypersaline environments (Hoef-

Emden and Archibald 2017). Concatenated nuclear and nucleomorph SSU rDNA 
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yielded putatively conspecific strains isolated from geographically distant environments 

(Hoef-Emden 2008).  Clade 1 is the most biogeographically widespread: all genera 

contain both freshwater and marine species, with even the most marine-leaning genus 

(Hemiselmis) containing at least one freshwater member (Hoef-Emden 2008). Clades 2, 

4, and 5 consist of mostly marine species and clade 3 is so far exclusively freshwater 

(Hoef-Emden 2008).  

In-situ ecological observations indicate that cryptophytes (mainly from clade 4, 

but also from 1 and 5) are consistently present in coastal environments. Electron 

microscopic observation of cultured material from the gulfs of Naples and Salerno taken 

during March of 2002 through 2004 reported cryptophytes comprising 16.4% of the 

flagellate population, with Hemiselmis and Plagioselmis prolonga dominant and blooms 

in the late spring and late summer (Cerino and Zingone 2006). These and similar 

surveys (ie Novarino 2005) may have been hindered by the difficulty inherent in 

microscopy-based taxonomy, with factors such as the Plagioselmis prolonga/Teleaulax 

amphioxeia “species complex” potentially affecting enumeration of taxa to species level.  

DNA microarray surveys utilizing clade-specific probes in the North Sea 

archipelago of Helgoland from 2004 to 2006 suggested “successive pulses” of 

cryptophyte abundance throughout the year, with follow up clone library studies 

identifying clade 4, specifically Teleaulax and Plagioselmis as the dominant constituents 

of the cryptophyte assemblage (Metfies and Medlin 2004; Metfies et al 2010, Medlin et 

al 2017). Four flow-sorted samples from the English Channel taken during mid-late 

2007 and early 2008 showed 79% of cryptophyte SSU rDNA amplicon relative 

abundance explained by clade 4, with Geminigera and Teleaulax equally explaining the 
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majority and Plagioselmis the rest (37%, 35%, and 9% respectively) (Marie et al 2010). 

Combined plastid 16S and nuclear 18S rRNA amplicon data from 1km off Catalina 

Island during March and May 2014 reported that two amplicon sequence variants 

(ASVs) related to Teleaulax amphioxeia represented the single most relatively abundant 

strain for six days during observation (Needham et al 2018). Taken together, 

microscopic and molecular surveys highlight the dominance of clade 4 in marine 

temperature environments with clades 1 and 5 showing a less abundant yet persistent 

presence.  

As has been discussed above, cryptophytes can experience periodic abundance 

increases often reaching an order of magnitude higher than the year’s mean 

(Mackiewicz 1991; Cerino and Zingone 2006; Metfies et al 2010, Marie et al 2010; 

Louchart 2020 and others). These events can be referred to colloquially as “blooms”, 

and cryptophytes’ role in their formation is significant enough to warrant specific study. 

Cryptophyte blooms have been reported in coastal regions throughout the world at 

various magnitudes and with varying degrees of seasonality (Jeong et al 2013, Kang et 

al 2013, Mallin et al 1994, Supraha et al 2014). In cases where taxonomic composition 

has been investigated, constituents of clade 4 have been identified as the contributing 

species (Mallin et al 1994, Supraha et al 2014) 

Cryptophytes of all clades (though primarily clade 4) are a preferred prey for 

various heterotrophic and mixotrophic dinoflagellate (Yoo et al 2017; Stoecker et al 

1997; Adolf et al 2007). Certain of these mixotrophs such as the ciliate Mesodinium 

rubrum (= Myrionecta rubra) engage in kleptoplasty, engulfing cryptophyte cells to retain 

their plastid for often for extended periods of time (Kim et al 2017; Campbell et al 2020; 
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Hamilton et al 2017). Cryptophyte abundance may also trigger blooms of the HAB-

forming species Karlodinium veneficum, which are postulated to directly graze 

cryptophytes (Adolf and Place 2007). The relationship between cryptophyte abundance 

and grazing pressure is of interest due to their role in noxious or harmful algal blooms 

(HABs). Discovery and characterization of new kleptoplastidic cryptophyte predators is 

ongoing (Ok et al 2020), and these findings highlight the importance of more precisely 

characterizing cryptophyte microdiversity and temporal abundance.  

Growing evidence suggests that in addition to being prey for mixotrophs, certain 

cryptophytes are themselves mixotrophic on bacterial assemblages. Cryptomonas sp. 

ingested fluorescent bacteria (Epstein and Shiaris 1992), Geminigera cryophila 

consumed microspheres (Gast et al 2014), and recently Teleaulax amphioxeia was 

proven to ingest both heterotrophic bacteria and Synechococcus sp. CC9311 (Yoo and 

Jeong 2017). Maximum ingestion rate (MIR) of T. amphioxeia on samples of 

heterotrophic bacteria from Masan Bay, Korea were estimated at 8.3 cells predator-1 h-1, 

comparable to or greater than those of other HAB-forming species (ie Heterocapsa 

triquetra, Prorocentrum triestinum, Heterosigma akashiwo; Yoo and Jeong 2017). 

Cryptophytes and heterotrophic bacteria were significantly positively correlated in 

Masan Bay during the former’s late summer 2004 bloom season, which suggests that 

bacteriotrophic grazing in certain regions may contribute to cryptophyte blooms (Jeong 

et al 2013).  

Cryptophyte mixotrophy as well as temporal abundance and microdiversity 

remain to be fully investigated or quantified in other temperature coastal regions like the 

Southern California Bight. Cryptophyte – specific alloxanthin pigment signatures are 
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consistently observed at low levels relative to other functional phytoplankton groups in 

samples taken off the Scripps Institution of Oceanography (SIO) research pier in La 

Jolla, CA (Goericke 2011). Order Cryptomonadales constituted between ~1-10% of 

eukaryotic 18S rRNA relative sequence abundance from 2011 – 2012 at the same site 

(Nagarkar et al 2018). T. amphioxeia and the ciliate M. rubrum have been highly 

correlated as members of the most abundant group of eukaryotes off Santa Catalina 

Island between March and May 2014, just one instance highlighting the importance of 

characterizing the species composition of cryptophytes in the area (Needham 2018). 

With respect to the putative bacterial prey of T. amphioxeia,  Synechococcus species 

are also consistently present in samples taken off the SIO pier with periodic blooms 

above the typical abundance of ~200,000 cells/mL throughout the year, and in 2016 the 

population experienced a bloom up to 1,000,000 cells/mL (Nagarkar et al 2018, 

Nagarkar et al 2020). Forecasting of nuisance blooms and red tides may be improved 

by elucidating biotic or abiotic factors responsible for cryptophyte blooms, due to their 

direct and indirect role as a prey source for HAB taxa.  

2 Methods  

 

2.1 Sample Collection and Preparation  

 

 Seawater was collected from the Scripps Institution of Oceanography pier in La 

Jolla, CA (32.8663° N, 117.2546° W) and select sites in San Diego Bay (see Figure 1). 

For the SIO pier time series samples were collected either weekly (before 2014) or 

biweekly; numerically coded samples from San Diego Bay were collected June 21st 

2019, and Site M was collected on July 7th 2019. 500mL of seawater was filtered in 
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triplicate through 47mm diameter, 0.2μm pore size Supor filters (Pall corporation, Port 

Washington, NY, USA) which were wrapped in aluminum foil and stored at -80°C for 

extraction of environmental DNA. 1mL of seawater was fixed in 10μL of 25% 

glutaraldehyde (Sigma Aldrich, St. Louis, MO, USA), covered in aluminum foil to prevent 

light ingress, incubated at room temperature for 10 minutes, then stored at -80°C for 

flow cytometric abundance estimates. Sample metadata including date and location of 

collection, type of sample taken, method of processing and other pertinent information is 

included in Supplemental S1. 

 Cryptophyte cultures were grown in modified f/2 medium that lacked silica under 

24hr illumination at 20°C with 1mL transferred to new media roughly twice a month.  

 

Figure 1: Map of sampling sites in San Diego Bay. Sites labelled numerically were collected 6/21/2019, 
and site M was collected on 7/5/2019.  
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2.2 Collection of Third-Party Environmental Metadata 

 

 Environmental data including chlorophyll, phaeopigments, relevant chemical 

concentrations (nitrate, silicate, phosphate etc), and counts per liter of certain eukaryotic 

phytoplankton (Dinophysis, Gymnodinium, Ceratium, etc) were downloaded from the 

ERDDAP server of the Southern California Coastal Ocean Observing System 

(SCCOOS, https://erddap.sccoos.org/erddap/tabledap/HABs-ScrippsPier.html). Daily 

surface and bottom temperature and salinity data for the SIO pier were provided by the 

Shore Stations Program sponsored at Scripps Institution of Oceanography by California 

State Parks and Recreation, Division of Boating and Waterways, Award #C1670003 

(contact: shorestation@ucsd.edu). Wave data including maximum height and crest-

trough period were furnished by the Coastal Data Information Program, Integrative 

Oceanography Division, operated by the Scripps Institution of Oceanography.  

2.3 DNA Extraction 

 

 For this study, environmental DNA was extracted using two separate methods. 

The details relating to which methods were performed on which sample can be found in 

Supplemental S1. In the San Diego Bay, only sites 1, 3, 4, 5, 8 and M were sequenced.  

 The first extraction method was performed as described in Nagarkar 2019. One 

0.2μm pore size filter was removed from -80°C storage, cut into small places on a clean 

surface, placed into 2mL tubes with 560μL TE (50mM tris, 20mM EDTA) and 80μL of 

100 mg/mL lysozyme, then incubated at 37°C for 30 min. 80μL of 10% SDS and 80μL 

of 10 mg/mL proteinase K were added to the 2mL tube , which was then incubated for 

2.5 hrs at 55°C, then 16μL of RNAseA was added and the mixture was incubated for 
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another 30 min. 800μL  Phenol:Choroform:Isoamyl Alcohol (P:C:IAA, 25:24:1) was 

added to the tube which was then inverted by hand in a positive draw fume hood for 1 

min then centrifuged at 13,500rpm for 1 min, creating a three-layer stratified solution. 

The aqueous top layer of this solution was pipetted into a fresh 2mL tube and the 

process was repeated with another 800μL of P:C:IAA. The aqueous layer of this 

solution was pipetted into another 2mL tube, 800μL of Chloroform:Isoamyl Alcohol 

(C:IAA, 24:1) was added, the solution was inverted in a positive draw fume hood for one 

minute and then centrifuged at 13,500rpm for 1 min. The aqueous layer of this solution 

was pipetted into a 15mL tube (Fisher Scientific, Waltham, MA, USA), and eluted using 

a Qiagen DNEasy Blood and Tissue kit (Qiagen, Hilden, Germany) according to the 

manufacturer’s specifications. DNA was stored at -20°C until further use.  

 For the second method, DNA was extracted using a GeneRite DNA-EZ 

Extraction kit (GeneRite, North Brunswick, NJ, USA) with several modifications. One 

0.2μm pore size filter was removed from -80°C storage, cut into small places on a clean 

surface, and added to an extraction tube containing pre-loaded 212-300μm acid-

washed glass beads (Sigma G1277). 600μL of Lysis Buffer (Part No. S2101) was added 

instead of the manufacturer-recommended 400μL, the extraction tube was secured in a 

BioSpec Products Mini-Beadbeater (BioSpec Products Inc, Bartlesville, OK, USA), and 

the mixture was mechanically disturbed for 1 minute. The tube was then centrifuged at 

13,500rpm for 1 min to pellet all glass beads at the bottom. The supernatant was 

transferred into a sterile 2mL microcentrifuge tube, centrifuged at 13,500 rpm to pellet 

all erroneously transferred glass beads at the bottom, then the maximum amount of 

clarified supernatant (380-400μL) was transferred into another sterile 1.7mL 
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microcentrifuge tube. 760μL of Binding Buffer (Part No. S2201) was added to the 

clarified supernatant (instead of the manufacturer-recommended 600μL) and then 

pipetted into a DNAsure column (Part No. S5111) that itself was placed into a collection 

tube (Part No. S1002). This solution was centrifuged at 13,500rpm for 1min and then 

the column was placed into a new collection tube. 500μL of EZ-Wash Buffer (Part No. 

S2301) was added to the column, the column was centrifuged at 13,500rpm for 1min 

and the flow through was discarded. This step was then repeated once more. The 

DNAsure column was added to a sterile 1.7mL microcentrifuge tube, at which point 

50μL of Elution Buffer (Part No. S2401) was added. This solution was centrifuged at 

13,500rpm for 1min and then repeated to obtain a total volume of 100μL purified DNA 

solution, which was stored at -20°C until further use.  

2.4 Library Creation and Sequencing 

 

 For SIO pier environmental samples from 2016, triplicate 25μL PCR reactions 

were performed on each sample using 1μL each of Euk1391F (5’-

GTACACACCGCCCGTC-3’) and EukBr (5’-TGATCCTTCTGCAGGTTCACCTAC-3’) 

primers with single-index barcodes on the forward primer and 10μL of GoTaq HotStart 

Master Mix (Promega, Wisconsin, USA), then the triplicates were pooled and DNA 

concentration was measured using a Qubit fluorometer (Thermo Fisher Scientific, 

Massachusetts, USA). Unincorporated nucleotides were removed with a ExoSAP-IT kit 

(Thermo Fisher Scientific, Massachusetts, USA) according to manufacturer 

specifications and then the samples were pooled into one tube, each with approximately 

220ng DNA per sample. This pooled sample was cleaned with Agencort AMPure beads 

according to manufacturer specifications and then sent to the Institute for Genomic 
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Medicine at University of California San Diego for paired end 150 sequencing on an 

Illumina MiSeq.  

 For cryptophyte cultures, selected pier samples, and San Diego Bay samples, no 

triplicate PCR was performed, instead 20μL of extracted and purified DNA was sent to 

RTL Genomics (Lubbock, Texas, USA) for sequencing on an Illumina MiSeq using the 

above mentioned Euk1391 and EukBr forward and reverse primers.  

2.5 Flow Cytometry  

 

 Flow cytometric estimates of Synechococcus and cryptophyte abundance in 

cells/mL was performed as in Nagarkar et al 2020. The above mentioned 1mL 

glutaraldehyde-fixed pier samples were removed from -80°C storage and thawed in the 

dark, then mixed with 18μL of pre-counted 0.94μm green fluorescent beads (Duke 

Scientific Corporation, Palo Alta, CA, USA). These samples were run on a BD FACSort 

(Becton Dickinson, Franklin Lakes, NJ, USA) for approximately 5min at the highest flow 

rate. Specific unique fluorescent populations known to contain cryptophytes and 

Synechococcus (based on runs of unialgal cultures or publications such as Marie et al 

2010) were electronically gated and enumerated by normalizing the number of events to 

the volume of sample run and counts of fluorescent beads.  

 2.6 Amplicon Sequencing Data Analysis  

 

 Data analysis was conducted using QIIME2 (Boylen et al 2019). Raw .fastq 

sequence data with quality scores were demultiplexed with the q2-demux plugin, then 

denoised with DADA2 (Callahan et al 2016) (via the q2-dada2 plugin). During this 

process, sequences were trimmed at 23 base pairs and truncated to 150 base pairs, as 
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informed by the q2-demux quality score output. The results of the denoising with q2-

dada2 showed that greater than or equal to 84% of the input sequences were retained 

as non-chimeric Amplicon Sequence Variants (ASVs) on all samples save for March 

31st, 2016. That sample showed with only 91 input sequences and retained only 19 after 

denoising, as such it was removed from any and all further analyses using the “feature-

table filter-samples” and “feature-table filter-seqs” commands. ASVs were aligned with 

mafft (Katoh et al 2002) via q2-alignment and a preliminary phylogeny was created 

using fasttree2 (Price et al 2010) via the q2-phylogeny plugin. Taxonomic identity was 

assigned via the q2-feature-classifier plugin (Bokulich et al 2018) using a naïve Bayes 

classifier trained against the Silva 132 99% OTU 18S reference database (Quast et al 

2013) via the classify-sklearn command. Those ASVs classified as belonging to the 

class Cryptophyceae were exported as a biom file with relative abundance and the 

sequence data was exported as a fasta-formatted text file.  

2.7 Phylogenetic Analyses  

 

 QIIME2’s Silva 132 18S taxonomic classifier returned 43 ASVs assigned to class 

Cryptophyceae. Sequences of each were input into NCBI’s nucleotide Basic Local 

Alignment Search Tool, which removed 9 erroneously assigned sequences for a 

remaining total of 34 ASVs of class Cryptophyceae. 18 of these sequences were found 

by BLAST analysis to be nucleomorph in origin, and the remaining 16 nuclear. After 

compilation of the nuclear 18S sequences, these data and selected references 

sequences from GenBank were input into the online execution of PhyML 3.0 (Guindon 

and Dayaford et al 2010) with Smart Model Selection (Lefort and Longueville et al 2017) 

hosted on the ATGC bioinformatics platform (http://www.atgc-montpellier.fr/). Also 
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included in the phylogeny were two sequences of cryptophytes in culture in the Palenik 

lab (Teleaulax amphioxeia and Rhodomonas salina CCMP 1319), two sequences 

recovered from 18S sequencing of nearshore sampling, and one trimmed Loop 

Genomics long-read 18S sequence from August 29, 2016.  

2.8 Statistical Analyses in R 

 

 Particularly in the pre-2014 portion of the flow cytometric dataset not every 

abundance estimate had a temporally co-occurring environmental measurement. 

SCCOOS measurements were generally recorded on Mondays of each week, SIO pier 

shore station temperature and salinity measurements were recorded daily (with some 

days missing data), and wave height data was recorded daily. As such, for correlation 

analyses between cryptophyte abundance and SCCOOS data the data were compiled 

into a weekly format such that for each week from January 2011 to December 2017, 

one value for each variable exists. Flow cytometric data pre-2014 was only recorded for 

Thursdays (generally), as such the Thursday value was preferentially included 

throughout the dataset to retain any temporal signal between cryptophyte abundance 

and SCCOOS measurements. Temperature and salinity data were preferentially taken 

from the day of weekly cryptophyte abundance; if data was not recorded on that day, 

then the closest previous day with data present was used. For correlation analyses 

between 2016 relative sequence abundance (RSA) data and environmental variables, 

12 timepoints lack matching SCCOOS-derived measurements and were accordingly 

removed. For correlation analyses between cryptophyte abundance and 

Synechococcus abundance, no timepoints were removed. Information on which date 

was used for each of the variables in the analysis can be found in Supplemental S2.  
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 Correlation analyses were performed in RStudio version 1.3.1093 with R version 

4.0.3 (R Core Team, 2020). Plots were generated using a mix of Microsoft Excel and 

‘ggplot2’ (Wickham 2016) and San Diego Bay site maps were generated using ‘ggmap’ 

(Kahle and Wickham 2013). Correlation coefficients and associated p-values were 

generated using the ‘Hmisc’ package (Harrell and Dupont et al, 2020). Shapiro tests of 

normality and Kolmogorov-Smirnov tests were conducted using the ‘stats’ package of 

base R (R Core Team, 2020). Kurtosis was measured using the ‘e1071’ package 

(Meyer et al 2020).  

3 Results  
 

3.1 Flow cytometric abundance estimates from 2011 – 2017  

 

 Flow cytometric cryptophyte abundances for 2011-2017 along with 

Synechococcus abundances are shown in Figure 1. Mean estimated cryptophyte 

abundance was 886.22 ± 1100.54 cells / mL with a median of 611.43 cells / mL. Values 

ranged from 0 cells/mL (no observable or distinct cryptophyte population) on October 

18th, 2012 to 13118.11 cells/mL on July 7th, 2016. The years 2011, 2012, and 2013 

were roughly equivalent in terms of median cryptophyte abundance, as were the years 

2014, 2015 and 2017. 2016 shows the highest median abundance (885.71 cells/mL) as 

well as two putative blooms in July and August reaching an order of magnitude cell 

abundance above any other value observed in the dataset. While the kurtosis of 

cryptophyte abundance distributions for all years save 2016 ranged from 0.742 – 3.80, 

kurtosis for the 2016 distribution was 15.775, indicating the presence of a larger right 

skew in the 2016 abundance relative to all other years. A two-sample Kolmogorov-
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Smirnov test on 2016 cryptophyte abundance against a distribution of all other years 

combined rejected the null hypothesis that the distribution function of all years save 

2016 was greater than the distribution of 2016 abundance (p = 1.191 × 10−5). These 

two tests indicate that cryptophyte abundance during 2016 was quantitatively larger 

than other years contained in the dataset.  

Maximum annual cryptophyte abundance was attained in February in 2013 and 

2015, May in 2011, and between July and September in 2012, 2014, 2016, and 2017. In 

several cases (ie 2012 and 2014) the annual maximum in the late summer is preceded 

by a local abundance maximum of similar but slightly lower magnitude earlier in the 

year. Years in which the annual maxima occurred earlier in the year (ie 2013 and 2015) 

experienced a similar pattern in reverse, presenting with a local maximum later in the 

year. From these data it is difficult to discern a robust seasonal pattern of cryptophyte 

abundance.  

 We examined the flow cytograms of the maximum cryptophyte abundance for 

each year (Figure 1) and observed variability in the distribution of flow cytometric 

parameters. Individual cryptophyte cell parameters are less dispersed in certain years 

(ie 2012 and 2014) with a comparatively lower variability in chlorophyll intensity for each 

value of phycoerythrin intensity. In years 2011, 2015, 2016 and 2017 there is a higher 

range of chlorophyll values for each value of phycoerythrin fluorescence. 2013, the year 

of lowest median cryptophyte abundance, shows a population of near uniform 

distribution. The 2016 cryptophyte maximum also had high pico and nanoeukaryote 

populations of higher chlorophyll intensity, thus it was difficult to clearly distinguish the 

lower bound of the cryptophyte population.  
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 Log-transformed cryptophyte and Synechococcus abundance estimates over the 

entirety of the dataset are correlated with a Pearson correlation coefficient of 0.53 (p-

value 0.00). When the data are fit into a weekly format (such that each flow cytometric 

estimate has environmental metadata from SCCOOS or the SIO Pier shore station, see 

Supplemental S2 for more information) cryptophytes are positively correlated with sea 

surface temperature (r = 0.25, p = 2.34 × 10−6), silicate (r = 0.16, p = 0.003), and 

Prorocentrum spp. abundance (r = 0.13, p = 0.025). Cryptophytes are negatively 

correlated with phosphate (r = -0.13, p = 0.014), Pseudo-nitzschia delicatissima group 

abundance (r = -0.13, p = 0.013), Pseudo-nitzschia seratia group abundance (r = -0.18, 

p = 0.021), Gymnodinium spp. abundance (r = -0.25, p = 0.071), and nitrate (r = -0.09, p 

= 0.088).  

 

 

Figure 2: Flow cytometric cryptophyte (red) and Synechococcus (blue) abundance in cells/mL off the SIO 
Pier from 2011 – 2017. Flow cytograms of phycoerythrin and chlorophyll fluorescence for each annual 
maxima (black stars) are shown above the abundance timeseries, with the populations measured colored 
correspondingly. Note the differences in scale of each y-axis.   
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3.2 Phylogeny of cryptophytes in San Diego waters  

 

Out of 57 samples from the SIO Pier in 2016 containing a total of 10585 ASVs, the Silva 

132-based q2-feature-classifier script assigned 43 ASVs to order Cryptomonadales. 

After manual classification with BLAST, 9 of these 43 were found to be incorrectly 

assigned, 16 were found to be cryptophyte nuclear sequences, and 18 nucleomorph.  

 The nuclear 18S phylogenetic tree inferred from PhyML 3.0’s GTR + G 

evolutionary model is shown in Figure 3. ASVs from the pier, San Diego Bay, and 

cultures are constituents of clades 1, 4 and 5 (described previously by Hoef-Emden 

2008 and Hoef-Emden and Archibald 2017) . Urgorri complanatus and Falcomonas 

daucoides cluster with clade 1 with longer branch lengths than representatives of 

Hemiselmis spp. Representatives of the uncultured environmental CRY clade cluster 

within the phylogeny with long branch lengths.  

Clade 4 is the most abundant cryptophyte clade in our data. 8 of 16 QIIME2-

derived ASVs (ASVs 1-8), both pier nearshore sequences, and the single available 

Loop Genomics long-read sequence are clustered within clade 4 (Teleaulax, 

Plagioselmis and Geminigera). ASV 8 shows the shortest branch length from the node 

differentiating clade 4 from the rest of the phylogeny and clusters with 100% similarity to 

CCMP 2293 and CCMP 2045 from Bigelow NCMA (accession numbers GQ375265 and 

GQ375264), unidentified cryptophytes isolated from Baffin Bay, Antarctica. ASV 2 

clusters with 100% similarity to the long-read sequence isolated on August 29, 2016 

and the first nearshore ASV, as well as a BLAST-derived cryptophyte amplicon isolated 

from the Gulf of Mexico (accession number JF791030). ASV 1, the second nearshore 

sequence, and the T. amphioxeia culture cluster with 100% similarity to two GenBank 
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sequences of the same species (accession numbers MK956196 and AJ007287). 

Appearing on the same node are two more sequences, ASV 6 and ASV 7. ASV 6 

clusters with 100% similarity to an uncultured sequence in GenBank (accession number 

EF527054). ASV 7 has a relatively longer branch length compared to other ASVs on the 

node and does not have a 100% matching sequence in GenBank. ASV 5, appearing on 

the same parent node as the primary complex of T. amphioxeia but not clustering with 

it, matches with 100% similarity to a GenBank sequence (accession number KY980182) 

which is classified as Teleaulax amphioxeia as well. ASV 4 matches with 100% 

similarity to Teleaulax acuta strain K-1486 (accession number MK956814) from the 

Scandinavian Culture Collection of Algae & Protozoa and appears on the same node as 

a Plagioselmis nannoplanctica reference sequence. ASV 3 matches with 100% 

similarity to a GenBank-derived Plagioselmis prolonga (accession number AF508272). 

Of all sequences recovered that cluster with clade 4, none can be explicitly attributed to 

Geminigera spp.   

 Four of 16 ASVs (ASV9, 10, 11, 12) and the Rhodomonas salina CCMP 1319 

culture cluster with clade 5. Reference sequences for Rhinomonas and Rhodomonas 

clustered with 100% similarity to each other at these fragment lengths (e.g. Rhinomonas 

pauca, nottbecki, and Rhodomonas sp. CCAC 1630, data not shown). ASV 9 matches 

with 100% identity to an uncultured environmental sequence from Taean, South Korea 

(accession number EF195737), and ASV 10 matches with 100% identity to an unnamed 

Rhodomonas isolated from the Gulf of Maine (CCMP 0762, accession number 

HF952591). ASV 11 matches with 100% identity to a Rhodomonas abbreviata GenBank 

sequence (accession number U53128). ASV 12 has no 100% matching reference 
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sequence in BLAST results, and the Rhodomonas salina CCMP 1319 culture sequence 

clusters with a R. mariana/marina GenBank reference (accession number X81373).  

 Four of 16 ASVs (ASVs 13, 14, 15, 16) cluster with or are 100% matches to 

representatives of Hemiselmis of clade I. ASV 13 matches with 100% identity to CCMP 

1181, Hemiselmis cryptochromatica (accession number MK828403). These two 

sequences however do not cluster with the rest of the Hemiselmis sequences, as can 

be seen in Figure 3. ASV 14 matches with 100% identity to Hemiselmis andersenii 

(CCMP 644, accession number MK828425). ASV 15 matches with 100% identity to an 

uncultured Hemiselmis species (strain number KL-2018, accession number MF179476). 

ASV 16 matches with 100% identity to Hemiselmis rufescens (accession number 

AJ007282). 
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Figure 3: Maximum likelihood phylogenetic tree of the cryptophyte partial small subunit ribosomal 18S 
amplicon sequenced in this study. Bootstrap support out of 1000 replicates is placed adjacent to each 
node in italics. Sequences in red are ASVs recovered from the pier, bay, and cultured strains. Symbols 
adjacent to the sequence indicated whether they are found in San Diego Bay samples, nearshore 
samples adjacent to the SIO Pier, one long-read 18S sample from the SIO Pier taken August 29th 2016, 
or in culture.   
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3.3 Relative Sequence Abundance of SIO pier cryptophytes in 2016 

 

 Fluctuations of the Relative Sequence Abundance (RSA) of various ASVs 

relative to total cryptophyte sequences in each sample are shown in Figures 4 and 5. 

Clade 4 ASVs constituted an average of 98.44% of cryptophyte RSA off the SIO pier 

during the study period. ASV 1 (putatively T. amphioxeia) was the most abundant with 

an average RSA of 39.67%, followed by ASV 2 (an ambiguous clade 4 sequence) with 

an average RSA of 33.38%. Both ASVs 1 and 2 are present on every sample date in 

the study period save October 17th, when ASV 1’s presence was not recorded. ASV 3 

(putatively P. prolonga) has an average RSA of 13.75% and is present on all sample 

dates save for two days in September (the 19th and 26th) and October 10th. ASV 4 

(putatively T. acuta) has an average RSA of 6.71% and is present in all samples except 

6 dates. ASV 5 (clustering with a T. amphioxeia sequence but not on the same node as 

ASV 1) has an average RSA of 3.62% and is absent on 12 sample dates. ASVs 6 and 7 

(clustering on the same node as ASV 1 and several T. amphioxeia reference 

sequences) as well as ASV 8 (putatively CCMP 2293, an unidentified Cryptophyceae) 

have fractional average RSA and are absent on 24 or more sample dates in the study 

period.   

 Clade 5 ASVs constituted an average of 1.21% of cryptophyte RSA off the SIO 

pier during the study period. Clade 1 ASVs constituted an average of 0.34% of 

cryptophyte RSA off the SIO pier during the study period. ASV 13 (putatively H. 

cryptochromatica) has an average RSA of .28% and is present on less than half of the 

study period’s sample dates, mostly from June to August although peak RSA occurs on 
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March 7th (2.11%). Data on clade 1 and 5 ASVs not mentioned here can be found in 

Table 1.  

 After removing 12 RSA datapoints to establish full parity with SCCOOS-derived 

environmental variables, ASV 1 is positively correlated with temperature with a Pearson 

coefficient of 0.36 (p-value of 0.01). ASV 1 is negatively correlated with ASVs 2, 3, 4, 

and 5 (Pearson coefficients of -0.42, -0.63, -0.39, -0.50, and with p-values of 

4.20 × 10−3, 2.96 × 10−6, 8.34 × 10−3, and 4.22 × 10−4 respectively), as well as Pseudo-

nitzschia seriatia group cells/L with a Pearson coefficient of -0.31 (p-value of 0.04). The 

striking negative relationship between ASVs 1 and 2 can be qualitatively observed in 

Figure 4, which also shows that ASVs 9 and 10 appear to be mutually exclusive. ASV 2 

is positively correlated with Gymnodinium cells/L with a Pearson coefficient of 0.41 (p-

value 0.005) and negatively correlated with ASV 4 with a Pearson coefficient of -0.45 (p-

value 0.002).  



24 
 

 

Figure 4: Cryptophyte ASV dynamics off the SIO Pier in 2016. A) Line graphs of each cryptophyte 
clade’s ASVs, labelled in grey boxes to the right of each line. Note the differences in scale in each clade’s 
figure. B) Cryptophyte ASVs weighted to flow cytometric abundance. C) Jitter plot of each ASVs relative 
sequence abundance (RSA), with mean RSA for each ASV shown as a black line.   

 

3.4 Identification of Nuclear / Nucleomorph pairs  

 

BLAST-assigned nuclear and nucleomorph sequences were correlated with one 

another in order to determine if species-specific sequence pairs for pier ASVs could be 

identified. Results are summarized in Table 2 for nuclear sequences displaying a 

significantly higher correlation coefficient with a single nucleomorph than other 
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nucleomorphs. ASV 1’s putative nucleomorph displayed a nearly identical average RSA 

over 2016, whereas ASV 2’s nucleomorph has an average RSA approximately 11% 

higher than its nuclear average. Nuclear ASVs not shown in Table 1 could not have a 

nucleomorph sequence reasonably attributed to them by these methods.  

Table 1: Table showing the identity, clade, average RSA, and days present for all ASVs present of the 
SIO Pier in 2016 

ASV Clade  Avg RSA Days present?  

ASV 1 4 39.67% 56 

ASV 2 4 33.38% 57 

ASV 3 4 12.75% 54 

ASV 4 4 6.71% 51 

ASV 5 4 3.62% 45 

ASV 6 4 0.89% 33 

ASV 7 4 0.34% 11 

ASV 8 4 0.08% 6 

ASV 9 5 0.82% 32 

ASV 10 5 0.26% 8 

ASV 11 5 0.02% 1 

ASV 12 5 0.12% 4 

ASV 13 1 0.28% 20 

ASV 14 1 0.02% 6 

ASV 15 1 1.12% 1 

ASV 16 1 0.62% 2 

 

Table 2: Table showing ASV, average RSA, avg nuclear / nucleomorph ratios correlation coefficients, 
and p values for each identified nuclear / nucleomorph pair off the SIO Pier in 2016. Nuclear and 
nucleomorph RSA for each ASV is calculated from the total cryptophyte nuclear and nucleomorph reads 
separately such that nucleomorph relative abundance does not contribute to total nuclear abundance, 
and vice versa. Ratios are the ratio between average nuclear / nucleomorph RSA off the San Diego Bay 
in 2016. 

Nuclear 
Avg 

Nuclear 
RSA 

Nucleomorph 
Avg  

Nucleomorph 
RSA 

Avg Nuclear / 
Nucleomorph 

Ratio 

Correlation 
Coefficient 

P-value 

ASV 1 39.66% Nucleo 14 38.91% 1.02 0.9 0 

ASV 2 33.38% Nucleo 17 44.77% 0.75 0.9 0 

ASV 3 13.75% Nucleo 1 7.07% 1.95 0.83 1.33 x 10-15 

ASV 4 6.71% Nucleo 4 0.91% 7.35 0.93 0 

ASV 5 3.62% Nucleo 18 4.10% 0.88 0.8 6.39 x 10-14 

ASV 9 0.82% Nucleo 12 0.56% 1.47 0.6 9.14 x 10-7 
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Table 2 continued:  

ASV 10 0.26% Nucleo 13 0.12% 2.22 0.6 1.03 x 10-6 

ASV 11 0.02% Nucleo 16 0.03% 0.20 0.43 9.49 x 10-4 

ASV 13 0.28% Nucleo 9 0.05% 6.14 0.54 1.19 x 10-5 

ASV 14 0.02% Nucleo 8 0.02% 1.43 0.72 3.77 x 10-10 

 

3.5 Flow cytometric population fluctuations off the SIO pier in 2016  

 

 Figure 5 overlays flow cytometric cryptophyte abundance measurements (white 

line) atop RSA data for the year of 2016. Also included are flow cytograms and 

histograms of side scatter, phycoerythrin, and chlorophyll fluorescence intensity for five 

local abundance maxima (indicated by star symbols). With the exception of July 7th  (the 

first putative cryptophyte bloom), all local maxima show side scatter distributions 

approximating bimodality to various degrees, with Aug 11th (the second putative 

cryptophyte bloom) subjectively displaying the most distinct secondary peak (i.e. the 

peak with the lowest range). Jan 18th shows a subjectively bimodal phycoerythrin 

distribution, with all other dates save Jul 7th too variable to accurately characterize as 

uni or bimodal (Jul 7th is clearly unimodal). Jan 18th shows  a subjectively bimodal or 

right-skewed chlorophyll fluorescence distribution, and all other local maxima save Aug 

11th are unimodal, while Aug 11th shows  a bimodal chlorophyll fluorescence distribution 

and a subjectively larger range of fluorescence intensities. Following the second 

putative cryptophyte bloom on Aug 11th and through the end of 2016, cryptophyte 

abundance decreases below the annual mean and does not experience any more 

abundance fluctuations that can be reasonably considered local maxima. Thus the 

distribution of cryptophyte fluorescence is not uniform and appears to alternate between 

unimodality and bimodality during periods of local cryptophyte abundance maxima.  



27 
 

3.6 Spatial cryptophyte microdiversity in San Diego Bay  

 

 Figure 6 shows the RSA of various cryptophyte ASVs at certain sites in the San 

Diego Bay, as well as flow cytometrically weighted abundances for the same. Nimitz 

Marine Facility (site M) shows the highest flow cytometric cryptophyte abundance 

estimate at 2074.29 cells/mL, followed by Site 4 with 1138.00 cells/mL, Site 3 with 

383.00 cells/mL, Site 1 with 268.00 cells/mL, Site 5 with 191.00 cells/mL, and Site 8 

with the lowest cryptophyte abundance at 101.00 cells/mL. Thus there is a peak of 

cryptophyte abundance in the mid-bay.  

Table 3 shows the RSA of each ASV present at each sampling site in the San Diego 

Bay. No ASVs were recovered in the bay that were not recovered from SIO Pier 

sequencing in 2016, but differences in the relative abundance of existing ASVs are 

noted. While ASV 8 had an average RSA of .08% with a maximum of 1.76% off the pier, 

moving from the mouth of the bay to the back bay yields a gradual increase in that 

amplicon’s contribution with a peak at site 5 with an RSA of 40.43%. In contrast to sites 

sampled from the main water mass of the bay, Site 3 (located in the Shelter Island 

Harbor, see Figure 1) shows ASV 3 (Plagioselmis prolonga) as the most dominant ASV 

with 68.46% of cryptophyte RSA. ASV 1 (which was correlated with temperature at the 

SIO pier) displays a higher relative abundance in the warmer back-bay than ASV 2, 

which was not correlated significantly with temperature off the pier. ASV 13 had an 

average RSA of 0.28% and a presence in less than half of 2016 pier samples but was 

consistently abundant in the bay with an average RSA of 8.16%.  
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Figure 5: Stacked barplot of cryptophyte RSA in 2016, overlaid with cryptophyte abundance estimates in 
cells/mL (white line). Flow cytograms as well as distributions of side scatter, front scatter, and chlorophyll 
fluorescence for local and annual abundance maxima (white stars) are shown below the barplot.  
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Figure 6: Spatial microdiversity of cryptophytes in San Diego Bay. A) RSA of cryptophyte ASVs at each 
site shown in Figure 1. B) Weighted flow cytometric abundance of cryptophyte ASVs at each site shown 
in Figure 1 

Table 3: Table showing identity, clade, and RSA of each ASV at each of the San Diego Bay sites shown 
in Figure 1  

Site ASV Clade RSA 

1 ASV 2 4 62.23% 

1 ASV 3 4 26.42% 

1 ASV 13 4 11.32% 

M ASV 1 4 24.09% 

M ASV 2 4 27.90% 

M ASV 3 4 24.24% 

M ASV 5 4 7.93% 

M ASV 8 4 8.23% 

M ASV 13 1 7.62% 

3 ASV 1 4 12.54% 

3 ASV 2 4 7.69% 

3 ASV 3 4 68.50% 

3 ASV 5 4 0.65% 

3 ASV 8 4 8.64% 

3 ASV 13 1 2.01% 

4 ASV 1 4 16.90% 

4 ASV 2 4 22.10% 

4 ASV 3 4 27.30% 

4 ASV 4 4 3.90% 
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Table 3 continued: 

4 ASV 5 4 6.10% 

4 ASV 8 4 17.00% 

4 ASV 13 1 7.60% 

5 ASV 1 4 12.21% 

5 ASV 2 4 10.89% 

5 ASV 3 4 21.41% 

5 ASV 4 4 2.75% 

5 ASV 5 4 1.53% 

5 ASV 8 4 40.43% 

5 ASV 13 1 10.78% 

8 ASV 1 4 23.22% 

8 ASV 2 4 37.03% 

8 ASV 3 4 22.85% 

8 ASV 4 4 3.97% 

8 ASV 5 4 1.00% 

8 ASV 8 4 35.68% 

8 ASV 13 1 9.58% 

 

4 Discussion  
 

This study investigated the temporal and spatial fluctuations in cryptophyte 

microdiversity and abundance at a coastal site in San Diego as well as within San Diego 

Bay. Cryptophytes were consistently present in flow cytometric samples from 2011-

2017 and exhibited statistically significant positive correlations with the Synechococcus 

assemblage and sea surface temperature, as well as negative correlations with 

phosphate and Pseudo-nitzschia. High throughput amplicon sequencing found 16 ASVs 

displaying an overwhelming dominance of clade 4 cryptophytes, particularly ASV 1 

(Teleaulax amphioxeia) and ASV 2, which could not be confidently associated with a 

named species. Cryptophytes were also consistently present in the San Diego Bay, with 

maximum abundance in the mid-bay and a decrease in the dominant pier ASVs’ 

abundance giving way to an increase in ASV 8 moving from the mouth to the back bay. 
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4.1 Long-Term Cryptophyte Temporal Dynamics  

 

 This study provides the longest known survey of direct cryptophyte cell 

abundance to date, showing a consistently present population off the SIO Pier from 

2011 to 2016 that fluctuated in abundance throughout the seasons without a clearly 

defined seasonal bloom. Cryptophyte abundance at this research site over multi-year 

time scales (1997-2000) has previously been conducted using marker photopigment 

studies (Goericke 2011); also highlighting low seasonal variation and the lack of a 

distinct bloom season. This is in contrast to certain other coastal regions studied. Cerino 

and Zingone 2006 reported cryptophyte blooms in between July and September 2002-

2003 from <100 cells/mL to between 200-700 cells/mL in the gulfs of Naples and 

Salerno in coastal Italy. Jeong et al 2013a for example recorded 20 cryptophyte-

dominated blooms in Masan Bay, Korea to a maximum of 392,440 cells/mL between 

June and November of 2004, with no other blooms noted between June 2004 and May 

2005. Kang et al 2013 recorded three cryptophyte blooms in Shiwha Bay, Korea from 

2010 to 2012, all between March and June. In cases where species identity was 

recorded, Teleaulax amphioxeia bloomed to around 270 cells/mL in April-July of 1969 in 

the Cape Fear River estuary, North Carolina (Mallin et al 1994), and Plagioselmis 

prolonga bloomed to between 105 and 106 cells/L in June 2010 to constitute between 

40-49% of the Krka River estuary’s total phytoplankton based on light microscopic 

enumeration (Supraha et al 2014). These findings highlight vast differences in the 

magnitude of cryptophyte blooms in various regions, which conforms to our studies. 

Annual maxima off the SIO Pier suggest that normal bloom abundance has a maxima 

around 104 cells/mL, although as the 2016 blooms show there is a potential for higher 
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magnitudes. Possible causative factors relating to such abnormal abundances will be 

discussed later, but more research is needed to determine why different coastal regions 

seem to display cryptophyte abundance seasonality (ie Cerino and Zingone 2006, 

Jeong et al 2013, Kang et al 2013) while others do not as seen here.  

 Temperature was strongest abiotic predictor of cryptophyte abundance, as has 

been observed in other temporal surveys (Jeong et al 2013) and culture-dependent 

studies (Fiorendino et al 2020). Of interest is the negative correlation between 

cryptophytes and phosphate, which has also been previously described (Jeong et al 

2013, Altenberger et al 2020). Low absolute magnitude correlations between 

cryptophytes and abiotic factors such as nitrate or phosphorus may be an indicator that 

cryptophyte growth was not significantly limited by such nutrients, and that certain other 

factors may be responsible for abundance fluctuations off the SIO Pier.  

Recent research has described Teleaulax amphioxeia as mixotrophic on 

Synechococcus sp (Yoo et al 2017). Synechococcus abundance and cryptophytes 

showed high positive correlation from 2011 to 2017 and as our study's amplicon 

sequencing in 2016 showed, ASV 1 (T. amphioxeia) is on average the most abundant 

cryptophyte based on relative sequence abundance. It may be reasonable to assume 

that mixotrophy regularly contributes to the fluctuation of cryptophyte abundance. 

Synechococcus also does not display seasonality at the SIO Pier (Nagarkar et al 2018, 

Nagarkar et al 2020, this study) in contrast to other sites such as Cape Cod, USA 

(Mackey et al 2017) or Chesapeake Bay, USA (Wang et al 2011). Temperature 

variability at these sites is much larger relative to the SIO Pier, which experiences 

relatively mild winters. The lack of significant decreases in temperature at the SIO Pier 
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may contribute to decreased seasonality of Synechococcus, which may also contribute 

to the lack of seasonality in cryptophytes due to the lack of cyclical prey abundance 

fluctuations. Yoo et al 2017 calculated a Maximum Ingestion Rate (MIR) of 6.2 prey 

cells predator-1 day-1, which implies that cryptophytes could contribute significantly to 

drawdowns in Synechococcus blooms like the one observed during the second 

cryptophyte bloom in 2016. In addition, cryptophytes have also been shown to ingest 

heterotrophic bacteria (Yoo et al 2017), which were not counted in our study but should 

be investigated further at this site. 

4.2 Phylogeny 

 

The phylogeny shown in Figure 3 yielded intra-clade relationships consistent with 

those inferred from longer-read sequences of the same 18S gene with respect to 

clustering of genera (Hoef-Emden et al 2008, Hoef-Emden and Archibald 2017). 

Disparities in the placement of ASVs within those clades such as ASV 2 / T. acuta 

clustering on a Geminigera / Plagioselmis node, ASV 5 not clustering with other putative 

T. amphioxeia ASVs, and ASV 13 / H. cryptochromatica not clustering with the rest of 

the Hemiselmis sequences may be a result of the short amplicon length used in this 

study, but such tradeoffs are necessary to recover relative sequence abundance data. 

The presence of multiple sequence variants clustering with T. amphioxeia has been 

reported in other studies (Medlin et al 2017, Needham et al 2018), though in this study 

only ASV 1 contributed significantly to the total assemblage. More research is needed to 

determine whether or not these lower abundance ASVs are indicative of 

uncharacterized microdiversity in T. amphioxeia or misreads during the high-throughput 

sequencing process which were thought to be removed by our analysis pipeline.  
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Multiple lines of evidence point to ASV 2's identity as an unclassified clade 4 

constituent that accounts for a significant amount of relative abundance in the 2016 

dataset. Neither ASV 2 nor its long-read analog have matches in BLAST to either 

formally characterized species or unclassified strains in culture collection centers, and 

the long-read sequence does not cluster with any clade 4 reference sequence from 

Hoef-Emden 2008 or Hoef-Emden and Archibald 2017 (data not shown). While the 

taxonomic coverage of cryptophyte references in the Silva 132 database used to train 

the QIIME2 classifier is somewhat low, results from classification suggest that ASV 2 is 

a representative of Geminigera. Geminigera is a currently monospecific genus 

comprised of the cryophilic G. cryophila; if ASV 2 is indeed a member of Geminigera it 

would represent a novel species based on its incongruence with G. cryophila 

sequences as shown in Figure 3. Additionally, G. cryophila's cryophilic character would 

theoretically not be conducive to high growth and abundance at the temperate thermal 

conditions observed in this study. Other studies have reported the presence of 

Geminigera sp in temperate environments with similar abundances to those reported in 

this study (Marie et al 2010), and an ASV collected from the Gulf of Mexico in 2010 

(Rocke et al 2013) matches with 100% similarity to ASV 2. These findings would 

suggest that a significant fraction of cryptophyte RSA can be attributed to a species of 

undescribed taxonomy, perhaps a mesophilic constituent of the currently monospecific 

Geminigera. Isolating, culturing and characterizing this cryptophyte would both increase 

the resolution to which we understand the taxonomy of the class, as well as further 

describing the main constituents of coastal phytoplankton assemblages in temperate 

environments. 
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4.3 Cryptophyte Dynamics in 2016  

 

 This study reinforces previous findings of clade 4 dominance in the temperate 

marine environment (Medlin et al 2017, Marie et al 2010, Needham et al 2018, Mallin et 

al 1994, Supraha et al 2014, and others). Teleaulax, Geminigera, and Plagioselmis 

have been identified as the dominant taxa in similar relative abundances in other 

temperate regions (Marie et al 2010), but this study may be the first to provide such 

temporal resolution to the approximate species level. While the average abundances tell 

a similar story to previous publications, they bely the presence of cyclical abundance 

fluctuations seen in this study. ASV 1 is negatively correlated with ASVs 2-5, all of 

which experience periods in which they comprise ~10% of cryptophyte relative 

abundance. These patterns are suggestive of active competition within clade 4 between 

members of Teleaulax, Plagioselmis, etc or niche differentiation driven by factors such 

as temperature or grazing.  

 Increases in temperature have been implicated in increased growth rate of T. 

amphioxeia in culture-dependent studies (Fiorendino et al 2020), and in this study ASV 

1 had the strongest positive response to increases in temperature at the SIO Pier 

relative to all other ASVs that contribute significantly to the cryptophyte assemblage. In 

addition, ASV 1 was more abundant in the warmer back bay than ASV 2. High 

temperature events may give T. amphioxeia a competitive advantage over other 

abundant taxa. Whatever the initiating factor for increases in ASV 1 abundance over 

short timescales, declines in that abundance usually follow within several weeks. 

Teleaulax amphioxeia is the preferred prey for various heterotrophic and mixotrophic 

dinoflagellate genera including Gymnodinium, Alexandrium, and Prorocentrum as well 
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as the mixotrophic ciliate Mesodinium rubrum (= Myrionecta rubra), certain of which 

engage in kleptoplasty (Figure 6 of Yoo and Jeong 2017; Stoecker et al 1997; Adolf et 

al 2007). The negative relationship between Gymnodinium and ASV 1 combined with 

the positive relationship between the former and ASV 2 suggests that grazers of T. 

amphioxeia may be responding to increases in ASV 1, allowing for increases in 

abundance of other dominant clade 4 taxa. The increase in ASVs 3 and 4 after the 

August 11th bloom may also be evidence of grazing on the cryptophyte assemblage 

that had proliferated before the dominant taxa rebound around the beginning of 

September. Mesodinium spp. sequences were not recovered by our analysis pipeline, 

which could be due to the tendency of certain Mesodinium species to settle on the 

benthos (Moeller et al 2021) and our sampling method, which drew water only from the 

surface of the water column. Alternatively, these taxa may not be major grazers of 

cryptophytes in this environment  

Based on the increase in ASV 2's RSA leading up to and during the bloom event 

peaking on July 7th, it may be reasonable to assume that this strain was most 

responsible for the increase in flow cytometric cryptophyte abundance. Due to the lack 

of concrete evidence regarding ASV 2's taxonomic identity it is difficult to speculate on 

the specific factors responsible for this event. ASV 1 was most abundant during the 

second bloom event peaking on August 11th, although its relative abundance was 

neither overwhelming nor on par with ASV 2's on July 7th. This may be indicative of a 

multi-species bloom on August 11th, which is buttressed by the bimodality of flow 

cytometric side and front scatter as well as chlorophyll fluorescence which were not 

observed on July 7th. The co-occuring Synechococcus bloom may have spurred this 
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cryptophyte bloom, based on previous evidence of T. amphioxeia bacteriotrophy on 

Synechococcus (Yoo et al 2017). While the August 11th bloom does not have a clearly 

responsible ASV, the dominant strains (ASV 1 and ASV 2) are present in the highest 

magnitudes during this event. As has been discussed above, ASV 2 is a currently 

unclassified clade 4 constituent and may be a novel temperate Geminigera species. 

Geminigera cryophila has been shown to be mixotrophic in its endemic high-latitude 

environment (Gast et al 2014); if ASV 2 is mixotrophic along with ASV 1 then the case 

for bacteriotrophy as a primary cause of the August 11th bloom may be strengthened. 

These questions highlight the necessity for isolation and formal characterization of ASV 

2, so that it can be screened for mixotrophy as in Yoo et al 2017. 

Recent sequencing of the Synechococcus ITS region off the SIO Pier during 

2016 described an influx of the typically oligotrophic Synechococcus clade 2 during their 

bloom on August 11th, postulated to result from decreased intensity of oceanic fronts 

during a series of warm water anomalies and strong El Nino that lasted through spring 

2016 (Nagarkar et al 2020). Out of four Synechococcus blooms sequenced from 2011 

to 2016 by Nagarkar et al, the August 11th event was the only timeframe in which clade 

2 was detected. Off the SIO Pier and in coastal regions more generally, Synechococcus 

clades I and IV are dominant with clade II being a typically offshore taxa (Tai and 

Palenik 2009, Nagarkar et al 2020). While Yoo et al 2017 examined the mixotrophic 

response of T. amphioxeia on Synechococcus sp CCMP 9311 (a representative of 

clade 1), mixotrophic response to clade II or other offshore strains has not been 

examined. It is possible that a prey clade-dependent grazing preference exists through 

some unknown mechanism, perhaps due to a lack of adaptation by clade II to coastal-
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scale cryptophyte grazing pressure. If such influxes become more common in the future 

with increased ocean warming as postulated by Nagarkar et al, the SIO Pier may 

experience additional cryptophyte blooms at the magnitudes seen on August 11th. 

In recent years a haplodiplontic species complex has been proposed between 

Teleaulax amphioxeia and Plagioselmis prolonga in which the former is a diploid morph 

of the latter and increases in ratio between the latter and former is strongly correlated 

with decreases in dissolved inorganic nitrogen (DIN) (Altenberger et al 2020). Some of 

the observed flow cytometric population profiles could be due to different species or 

changes between morphs of the same species such as ASV 1 (T. amphioxeia).  

4.4 Spatial Microdiversity and Abundance in San Diego Bay  

 

 This study highlighted significant differences in cryptophyte abundance over 

small spatial scales in the San Diego Bay. It should be noted that given the frequent 

fluctuations in cell abundance off the SIO Pier from 2011-2017, it may be difficult to 

directly compare Site M's abundance (collected July 5th, 2019) to Sites 1, 4, 5, and 8 

(collected June 21st, 2019). The highest cryptophyte abundance observed on July 5th 

was recorded at Site 4, at the narrowest point of the bay and near to the largest bend in 

the structure. It is possible that the tidal forces acting on the bay's water mass cyclically 

concentrates cells in this narrow portion, leading to higher observed cell counts. Site 3 

(located within Shelter Island Harbor, the opening of which faces the mouth of the bay) 

may also act as a “trap” for tidally influenced water masses, leading to this site being the 

second most abundant sampled in our study through a similar concentration.  
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ASV 13, (Hemiselmis cryptochromatica) was found to be more abundant in the 

bay than off the pier in 2016. H. cryptochromatica can modulate the peak absorption 

wavelength of its phycobiliproteins in response to light color and quality to a higher 

degree than other cryptophytes (Heidenreich and Richardson 2020). It is possible that 

the shallow depths of bay relative to the coastal waters of the SIO pier generate a 

differential light profile that benefits a species adaptable to such conditions, yielding 

higher observed abundance in those environments. ASV 3 (Plagioselmis prolonga) was 

dominant at Site 3 (a harbor), indicating that this ASV may be more tolerant to copper 

contamination from the anti-fouling paint on boat hulls, though more research is needed 

to compare its tolerance relative to other ASVs present at that site.  

Amplicon sequencing at all sites described a gradual decrease in the clade 4 

ASVs dominant off the pier and increase in ASV 8, a clade 4 ASV with minimal 

presence off the pier, moving from the mouth of the bay to the back bay. ASV 8’s 

nuclear 18S sequence clusters with 100% similarity to two unidentified cryptophytes in 

culture at Bigelow NCMA isolated from Baffin Bay, Antarctica: CCMP 2293 and CCMP 

2045. It also clusters closest to the node differentiating clade 4 from the rest of the 

phylogeny, as shown in Figure 6. Mitochondrial phylogenies have clustered CCMP 2293 

on the same node as Teleaulax amphioxeia (Hu et al 2019), and plastid phylogenies 

showed relationships with both T. amphioxeia and Rhodomonas salina (Xu et al 2019). 

CCMP 2045 has been proposed as the novel species Baffinella frigidus using both 

molecular and morphological methods (Daugbjerg et al 2018). The ambiguity in ASV 8’s 

identity highlights both the tradeoffs necessary to recover relative abundance data as 

well as the need for further research into potentially undescribed diversity in the 
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Cryptophyceae, as mentioned previously. If ASV 8 is indeed a member of clade 4, the 

presence of a cryptophyte which is not abundant off the pier but is in the bay may be 

evidence for fine-scale niche partitioning within that clade such that some factor within 

the bay selects for its presence more strongly than conditions off the pier do. More 

research is needed to isolate this ASV and describe its physiological response relative 

to dominant clade 4 cryptophytes found off the pier.  
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