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Abstract
Cryptophytes (class Cryptophyceae) are bi-flagellated eukaryotic protists 
with mixed nutritional modes and cosmopolitan distribution in aquatic envi-
ronments. Despite their ubiquitous presence, their molecular diversity is un-
derstudied in coastal waters. Weekly 18S rRNA gene amplicon sequencing 
at the Scripps Institution of Oceanography pier (La Jolla, California) in 2016 
revealed 16 unique cryptophyte amplicon sequence variants (ASVs), with two 
dominant “clade 4” ASVs. The diversity of cryptophytes was lower than what 
is often seen in other phytoplankton taxa. One ASV represented a known 
Synechococcus grazer, while the other one appeared not to have cultured 
representatives and an unknown potential for mixotrophy. These two domi-
nant ASVs were negatively correlated, suggesting possible niche differentia-
tion. The cryptophyte population in nearby San Diego Bay was surveyed in 
2019 and showed the increasing dominance of a different clade 4 ASV toward 
the back of the bay where conditions are warmer, saltier, and shallower rela-
tive to other areas in the bay. An ASV representing a potentially chromati-
cally acclimating cryptophyte species also suggested that San Diego Bay 
exerts differing ecological selection pressures than nearby coastal waters. 
Cryptophyte and Synechococcus cell abundance at the SIO Pier from 2011 
to 2017 showed that cryptophytes were consistently present and had a sig-
nificant correlation with Synechococcus abundance, but no detectable sea-
sonality. The demonstrated mixotrophy of some cryptophytes suggests that 
grazing on these and perhaps other bacteria is important for their ecological 
success. Using several assumptions, we calculated that cryptophytes could 
consume up to 44% (average 6%) of the Synechococcus population per day. 
This implies that cryptophytes could significantly influence Synechococcus 
abundance.
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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 one (Novarino, 2012). Since their 
first description nearly 200 years ago, a combination of 
complex morphological taxonomy, cryptic life history, 
potential cell-preservation issues, and typically mod-
erate contribution to the total eukaryotic assemblage 
have limited the full characterization of cryptophyte 
abundance, diversity, and ecological roles (Karlusich 
et al., 2020; Novarino, 2012).

Cryptophytes (Cryptomonadea) have four ge-
nomes (nuclear, mitochondrial, nucleomorph, and 
chloroplast) due to their evolutionary origins (Douglas 
et  al.,  2001), which distinguishes them from the sister 
group Goniomonadea that lacks a nucleomorph (Cenci 
et al., 2018; Hoef-Emden et al., 2002). Molecular phylog-
enies are typically inferred from nuclear SSU rDNA re-
gion sequences and have revealed clusterings of certain 
marine and freshwater plastid-containing cryptophyte 
genera. Although the relationships between genera 
are consistent, naming conventions for these clus-
ters (henceforth “clades”) has differed 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 (Hoef-Emden et  al.,  2002; Hoef-Emden & 
Archibald,  2017; Marin et  al.,  1998; Xia et  al.,  2013). 
Falcomonas and Proteomonas, both described by only 
one culture, have not consistently clustered with any 
of these clades (Hoef-Emden,  2008; Hoef-Emden & 
Archibald, 2017; Xia et al., 2013). Certain environmen-
tal sequence phylogenies showed the presence of an 
uncultured sister taxa to the plastid-containing crypto-
phytes, dubbed CRY1 (Hoef-Emden & Archibald, 2017); 
it is still uncertain if CRY1 is heterotrophic or autotrophic 
or if it possesses mixed nutritional modes. Differential 
branching within clades has been reported (Hoef-
Emden & Archibald,  2017; Johnson et  al.,  2016), indi-
cating a suitably cryptic cryptophyte diversity that may 
necessitate further revision of intra-clade taxonomy in 
the future.

The factors listed above also hinder the study of cryp-
tophyte biogeography and diversity, but it is generally 
acknowledged that cryptophytes are “cosmopolitan” in 
nature and are found in a wide range of environmental 
conditions (Hoef-Emden & Archibald, 2017), including 
polar regions (Dorrell et al., 2022). Concatenated nu-
clear and nucleomorph SSU rDNA region phylogenies 
have yielded identical matches between strains iso-
lated 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 con-
sist of mostly marine species, and clade 3 appears to 
be freshwater (Hoef-Emden,  2008). In  situ ecological 
observations have indicated that cryptophytes (mainly 
from clade 4, but also from clades 1 and 5) are con-
sistently present in coastal environments. Electron 
microscopic observations of cultured material from 
the Gulfs of Naples and Salerno taken during March 
of 2002–2004 showed cryptophytes comprised an 
average of 16.4% of the flagellate population, with 
Hemiselmis and Plagioselmis prolonga dominant. Cell 
maxima were observed in the late spring through early 
autumn, and the authors suggested some species sea-
sonality was present in these environments (Cerino & 
Zingone, 2006). These and similar surveys may have 
been hindered by the difficulty inherent in microscopy-
based taxonomy, with factors such as unrealized or 
unrecognized dimorphism (Daugbjerg et al., 2018) po-
tentially affecting morphological identification of taxa to 
the species level.

DNA microarray surveys utilizing clade-specific 
probes in the North Sea archipelago of Helgoland from 
2004 to 2006 suggested “successive pulses” of cryp-
tophyte abundance throughout the year, with follow-up 
clone library studies identifying clade 4 (specifically 
Teleaulax and Plagioselmis) as the dominant constitu-
ents of the cryptophyte assemblage (Medlin et al., 2017; 
Metfies et al., 2010; Metfies & Medlin, 2004). Four flow-
sorted samples from the English Channel taken during 
mid-late 2007 and early 2008 showed 79% of crypto-
phyte SSU rDNA region amplicon relative abundance 
explained by clade 4, with Geminigera and Teleaulax 
equally explaining the majority, and Plagioselmis 
the rest (37%, 35%, and 9%, respectively; Marie 
et  al.,  2010). Combined plastid 16S and nuclear 18S 
rRNA gene amplicon data from 1 km off Catalina Island 
during March and May 2014 reported that two amplicon 
sequence variants (ASVs) related to Teleaulax amphi-
oxeia represented the single most relatively abundant 
eukaryotic phytoplankton ASV for 6 days during obser-
vation (Needham et al., 2018). Taken together, micro-
scopic and molecular surveys highlight the dominance 
of clade 4 in marine temperate environments, with 
clades 1 and 5 showing a less abundant yet persistent 
presence.

Cryptophytes of all clades (though primarily clade 
4) have been shown to be grazed by dinoflagellates of 
various nutritional modes (Adolf et  al.,  2008; Du Yoo 
et al., 2017; Stoecker et al., 1997). Other grazers, such as 
the ciliate Mesodinium rubrum (=Myrionecta rubra), en-
gage in kleptoplasty, engulfing cryptophyte cells to retain 
their plastid, often for extended periods of time (Hamilton 
et  al.,  2017; Kim et  al.,  2017). Cryptophyte abundance 
may also trigger blooms of the HAB-forming species 
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Karlodinium veneficum, which have been shown to di-
rectly graze cryptophytes (Adolf et al., 2008).

Growing evidence suggests that in addition to being 
prey for diverse grazers, certain cryptophytes are 
themselves mixotrophic on bacterial assemblages. 
Cryptomonas sp. have ingested fluorescent bacteria 
(Epstein & Shiaris,  1992); Geminigera cryophila have 
consumed microspheres (Gast et  al.,  2014); and re-
cently, Teleaulax amphioxeia was proven to ingest both 
heterotrophic bacteria and Synechococcus sp. CC9311 
(Du Yoo et al., 2017). Maximum ingestion rate (MIR) of 
T. amphioxeia on samples of heterotrophic bacteria was 
estimated to be 0.74 cells · predator−1 · h−1, while the rate 
of Synechococcus was 0.26 cells · predator−1 · h−1 (Du 
Yoo et al., 2017). Cryptophytes and heterotrophic bacte-
ria were positively correlated in Masan Bay during the for-
mer's late summer 2004 bloom season, which suggests 
that bacteriotrophic grazing in certain regions may con-
tribute to cryptophyte blooms (Jeong et al., 2013).

Cryptophyte abundance and diversity is thus likely a 
complex result of cell loss from being grazed and cell 
growth from photosynthesis and mixotrophy. The goal 
of this paper was first to characterize the understud-
ied molecular diversity of cryptophytes in the Southern 
California Bight (Scripps Institution of Oceanography 

Pier, a site of HAB monitoring) and nearby San Diego 
Bay (SD Bay; 17 miles away). San Diego Bay is con-
nected to coastal waters but develops seasonally 
higher salinities and temperatures than those coastal 
waters (Largier et  al.,  1997). Second, we investi-
gated cryptophyte abundance data in relationship to 
Synechococcus abundance as a potential prey item 
at the Scripps Institution of Oceanography (SIO) pier 
from 2011 to 2017. We also took advantage of available 
HAB data at the SIO pier from the Southern California 
Coastal Ocean Observing System (SCCOOS) program 
to investigate if cryptophyte abundance was related 
to known HAB abundance, although we had previ-
ously not seen correlations of cryptophyte ASVs and 
dinoflagellate ASVs using SparCC at a 0.6 cut-off level 
(Nagarkar & Palenik, 2023).

METHODS

Sample collection and preparation

Surface seawater was collected by bucket from the 
Scripps Institution of Oceanography pier in La Jolla, 
CA (32.8663° N, 117.2546° W) from 2011 to 2017 and 

F I G U R E  1   Map of sampling sites in San Diego Bay. Sites labeled numerically were collected on June 21, 2019, and site M (Marfac) was 
collected on July 5, 2019.
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along a series of sites in SD Bay during 2019 (see 
Figure 1). For cryptophyte and Synechococcus abun-
dance analyses at the SIO pier time series, samples 
were collected either weekly (before 2014) or twice 
per week (2014–2017). Samples from a transect of 
SD Bay were collected June 21, 2019, and a Site M 
(Marfac) bay sample was collected on July 5, 2019. 
Replicates of 1 mL of seawater were fixed with 10 μL 
of 25% glutaraldehyde (Sigma Aldrich, St. Louis, 
MO, USA), covered in aluminum foil to prevent light 
ingress, incubated at room temperature for 10 min, 
then stored at −80°C for flow cytometric abundance 
estimates.

For cryptophyte diversity analyses, samples of 
500 mL of seawater were filtered in triplicate through 
47 mm diameter, 0.2 μm pore size Supor filters (Pall 
corporation, Port Washington, NY, USA), which were 
wrapped in aluminum foil and stored at −80°C for ex-
traction of environmental DNA.

Teleaulax amphioxeia (previously isolated from 
the SIO pier by Dr. Y. Du Yoo, strain CRYP3) and 
Rhodomonas salina CCMP 1319 were maintained 
in the lab, and their 18S rRNA gene sequences were 
analyzed. Cryptophyte stock cultures were grown in 
modified f/2 medium that lacked silica under continu-
ous illumination (about 25 μmol photons · s−1 · m−2) at 
20°C, with 1 mL transferred to 20 mL new media ap-
proximately twice a month.

Collection of third-party 
environmental metadata

Environmental data (20 parameters) were ob-
tained from several sources. Chlorophyll, phaeo-
pigments, phosphate, silicate, nitrite, ammonium, 
nitrate, particulate domoic acid, and cell counts for 
Dinophysis, Lingulodinium, Prorocentrum, Pseudo_
nitzschia_delicatissima_group, Pseudo_nitzschia_
seriata_group, Ceratium, Cochlodinium, and 
Gymnodinium were downloaded from the ERDDAP 
server of SCCOOS. Details can be found at (https://​
erddap.​sccoos.​org/​erddap/​table​dap/​HABs-​Scrip​
psPier.​html.) Daily surface temperature and salin-
ity data for the SIO pier were provided by the Shore 
Stations Program sponsored at SIO by California 
State Parks and Recreation (https://​shore​stati​ons.​
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 SIO.

DNA extraction

For this study, environmental DNA was extracted using 
two separate methods. The extraction method used 

on each sample is given in Table S1 in the Supporting 
Information. The pier samples largely used the first 
method as described in Nagarkar  (2019). Briefly, one 
0.2 μm pore size filter was removed from −80°C stor-
age, cut into small pieces on a clean surface, placed 
into 2-mL tubes with 560 μL TE (50 mM tris, 20 mM 
EDTA), and 80 μL of 100 mg · mL−1 lysozyme. After incu-
bation at 37°C for 30 min, 80 μL of 10% SDS and 80 μL 
of 10 mg · mL−1 proteinase K were added to the 2-mL 
tube. Following incubation for 2.5 h at 55°C, 16 μL of 
RNAseA were added, and the mixture was incubated for 
another 30 min. Two 800 μL Phenol:Choroform:Isoamyl 
Alcohol (P:C:IAA, 25:24:1) extractions were carried 
out. The resulting aqueous layer of this solution was 
purified using a Qiagen DNEasy Blood and Tissue kit 
(Qiagen, Hilden, Germany) according to the manufac-
turer's specifications. DNA was stored at −20°C until 
further use.

A second method was used on SD Bay samples, 
given their potentially different microbial popula-
tions that included suspended sediment microbes 
and higher dissolved organic carbon. For the sec-
ond method, DNA was extracted using a GeneRite 
DNA-EZ Extraction kit (GeneRite, North Brunswick, 
NJ, USA) with several modifications. One 0.2 μm 
pore size filter was removed from −80°C storage, cut 
into small pieces on a clean surface, and added to 
an extraction tube containing preloaded 212–300 μm 
acid-washed glass beads (Sigma G1277). Six hun-
dred microliters of lysis buffer (Part No. S2101) were 
added instead of the manufacturer-recommended 
400 μL, the extraction tube was secured in a BioSpec 
Products Mini-Beadbeater (BioSpec Products Inc, 
Bartlesville, OK, USA), and the mixture was mechan-
ically disrupted for 1 min. The tube was then centri-
fuged at 17,000 g for 1 min to pellet all glass beads 
at the bottom. The maximum amount of clarified 
supernatant (380–400 μL) was transferred into an-
other sterile 1.7-mL microcentrifuge tube. Seven hun-
dred and sixty microliters of binding buffer (Part No. 
S2201) were added to the clarified supernatant (in-
stead of the manufacturer-recommended 600 μL) and 
then pipetted into a DNAsure column (Part No. S5111) 
that itself was placed into a collection tube (Part No. 
S1002). Additional steps followed the manufacturer's 
protocol. A total volume of 100 μL purified DNA solu-
tion was stored at −20°C until further use.

Library creation and sequencing

For SIO pier environmental samples from 2016, 
triplicate 25 μL PCR reactions were performed 
on each sample using 1 μL each of Euk1391F 
(5′-GTACACACCGCCCGTC-3′) and EukBr (5′-TGATC
CTTCTGCAGGTTCACCTAC-3′) 18S rRNA gene prim-
ers, with single-index barcodes on the forward primer. 
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Additional details can be located in Nagarkar and 
Palenik  (2023). Sequence data from 60 pier samples 
have been analyzed here. For cryptophyte cultures 
and six SD Bay samples, 20 μL of extracted and puri-
fied DNA were sent to RTL Genomics (Lubbock, Texas, 
USA) for sequencing on an Illumina MiSeq using the 
above-mentioned Euk1391 and EukBr forward and re-
verse primers.

Flow cytometry

Flow cytometric estimates of Synechococcus and 
cryptophyte abundance in cells · mL−1 were per-
formed as in Nagarkar et  al.  (2021). Samples were 
run on a BD FACSort (Becton Dickinson, Franklin 
Lakes, NJ, USA) for approximately 5 min at the high-
est flow rate. Specific unique fluorescent populations 
known to contain cryptophytes or 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 added fluo-
rescent beads.

Amplicon sequencing data analysis

Data analysis was conducted using QIIME2 (Bolyen 
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 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 ASVs on all 
samples except for that of March 31, 2016. That sam-
ple had 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. 
Amplicon sequence variants were aligned with mafft 
(Katoh et al., 2002) via q2-alignment, and a prelimi-
nary 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 naive Bayes 
classifier trained against the Silva 132 99% OTU 18S 
gene 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 se-
quence data were exported as a fasta-formatted 
text file. Several days in the time series (06/06/2016, 
01/08/2016, 29/08/2016) had replicate sample 

extractions; these results were averaged together in 
the final dataset.

Phylogenetic analyses

QIIME2's Silva 132 18S rRNA gene taxonomic classi-
fier returned 43 ASVs assigned to class Cryptophyceae. 
Sequences of each ASV were checked using NCBI's 
nucleotide Basic Local Alignment Search Tool and PR2 
and using phylogenetic analysis. Nine were determined 
to be mis-assigned, with a few more properly mem-
bers of the sister class Goniomonadophyceae (https://​
www.​marin​espec​ies.​org/​aphia.​php?p=​taxde​tails​&​id=​
17638​). These were removed for a remaining total of 
34 ASVs of class Cryptophyceae. Eighteen of these se-
quences were determined by BLAST analysis to be nu-
cleomorph in origin, and the remaining 16 nuclear. After 
compilation of the nuclear 18S rRNA gene sequences, 
these data and selected reference sequences from 
GenBank were input into the online execution of PhyML 
3.0 (Guindon et al., 2010) with Smart Model Selection 
(Lefort et al., 2017) hosted on the ATGC bioinformatics 
platform (http://​www.​atgc-​montp​ellier.​fr/​). Also included 
in the phylogeny were two sequences of cryptophytes 
in culture in the Palenik lab (Teleaulax amphioxeia 
CRYP3 and Rhodomonas salina CCMP 1319). Two se-
quences recovered from 18S rRNA gene sequencing of 
nearshore sampling, and one trimmed Loop Genomics 
long-read 18S rRNA gene sequence from August 29, 
2016, all from unrelated projects, were included.

Statistical analyses in R

Particularly in the pre-2014 portion of the flow cytomet-
ric dataset, not every abundance estimate had a tem-
porally co-occurring environmental measurement. The 
SCCOOS measurements were generally recorded on 
Monday of each week; SIO pier shore station tempera-
ture and salinity measurements were recorded daily 
(with some days missing data). Wave height data were 
recorded daily. As such, for correlation analyses be-
tween cryptophyte abundance and SCCOOS data, the 
data were compiled into a weekly format such that for 
each week from January 2011 to December 2017, there 
was one value for each variable. Flow cytometric data 
pre-2014 were only recorded on Thursdays (generally); 
as such, the Thursday value was used as the weekly 
data point. From 2014 to 2017, flow cytometry data from 
Mondays, directly matching SCCOOS data, were used. 
Temperature and salinity data were preferentially taken 
from the specific day of weekly cryptophyte abun-
dance; if data were 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, 
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12 timepoints lacked matching SCCOOS-derived 
measurements and were accordingly removed. For 
correlation analyses between cryptophyte abundance 
and Synechococcus abundance, no timepoints were 
removed.

Correlation analyses were performed in RStudio ver-
sion 1.3.1093 with R version 4.0.3 (R Core Team, 2021). 
Plots were generated using a mix of Microsoft Excel 
and ggplot2 (Wickham, 2016), and SD Bay site maps 
were generated using ggmap (Kahle & Wickham, 2013). 
Log transformations were performed using the base R 
log() function. Correlation coefficients and associated 
p-values were generated using the Hmisc package 
(Harrell & Dupont, 2021). Shapiro tests of normality and 
Kolmogorov–Smirnov tests were conducted using the 
stats package of base R (R Core Team, 2021). Kurtosis 
was measured using the e1071 package (Meyer 
et al., 2020). All statistical tests were performed with a 
significance level of 0.05.

RESULTS

Flow cytometric abundance estimates 
2011–2017

Flow cytometric cryptophyte abundances for 2011–
2017 along with Synechococcus abundances are 
shown in Figure 2. Mean estimated cryptophyte abun-
dance was 886 ± 1101 cells · mL−1 with a median of 
611 cells · mL−1 (n = 532). Values ranged from 0 cells · 

mL−1 (no observable or distinct cryptophyte population) 
on October 18, 2012, to 13,118 cells · mL−1 on July 7, 
2016. The years 2011, 2012, and 2013 were roughly 
equivalent in terms of median cryptophyte abundance, 
as were the years 2014, 2015, and 2017. The highest 
median abundance occurred in 2016 (885 cells · mL−1), 
and two putative blooms in July and August reached 
an order of magnitude cell abundance above any other 
value observed in the dataset. Although the kurtosis 
of cryptophyte abundance distributions for all years ex-
cept 2016 ranged from 0.742 to 7.18, 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–Smirnov test 
on 2016 cryptophyte abundance (n = 101) against a dis-
tribution of all other years combined (n = 431) rejected 
the null hypothesis that the distribution function of all 
years except 2016 was greater than the distribution of 
2016 abundance (p = 1.191 × 10−5). These two tests in-
dicated that cryptophyte abundance during 2016 was 
significantly larger than other years contained in the 
dataset.

Maximum annual cryptophyte abundance was at-
tained in February in 2013 and 2015, May in 2011, and 
between July and September in 2012, 2014, 2016, and 
2017. In several cases (e.g., 2012 and 2014), the an-
nual maximum in the late summer was preceded by a 
local abundance maximum of similar but slightly lower 
magnitude earlier in the year. Years in which the an-
nual maxima occurred earlier in the year (e.g., 2013 
and 2015) experienced a similar pattern in reverse, 

F I G U R E  2   Flow cytometric cryptophyte (red) and Synechococcus (blue) abundance in cells · mL−1 off the SIO Pier from 2011 to 2017. 
Flow cytograms of phycoerythrin and chlorophyll fluorescence for each annual maxima (black stars) are shown above the abundance time 
series, with the populations measured colored correspondingly. Note the differences in scale of each y-axis.
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presenting with a local maximum later in the year. From 
these data, there did not appear to be a robust sea-
sonal pattern of cryptophyte abundance.

We examined the flow cytograms of the maximum 
cryptophyte abundance for each year (Figure  2) and 
observed variability in the distribution of flow cytomet-
ric parameters. Individual cryptophyte cell parameters 
were less dispersed in certain years (i.e., 2012 and 
2014) with a comparatively lower variability in chloro-
phyll intensity for each value of phycoerythrin intensity. 
The interpretation of flow cytometry parameter variabil-
ity is not straightforward and could represent cell phys-
iology, actively growing versus stress cells, or mixed 
populations of different species with slightly different 
sizes and shapes present at differing ratios.

Correlation analyses of flow cytometric values with 
environmental variables yielded several biotic and abi-
otic relationships. Natural log-transformed cryptophyte 
and Synechococcus abundance estimates over the 
entirety of the full, non-weekly dataset (N = 532) were 
the most strongly correlated with a Pearson correla-
tion coefficient of 0.53 (p-value 0.00). When the data 
were fit into a weekly format (such that each flow cyto-
metric estimate had an environmental metadata from 
SCCOOS or the SIO Pier shore station, see Table S2 
in the Supporting Information for more information, 
n = 363), cryptophytes were positively correlated with 
sea surface temperature (r = 0.25, p = 2.34 × 10−6), 
phaeopigments (r = 0.17, p = 1.21 × 10−3), silicate 
(r = 0.16, p = 0.003), and Prorocentrum spp. abun-
dance (r = 0.13, p = 0.022), although with relatively 
low r values. Cryptophytes were 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). We report 
these, as they suggest additional avenues for research.

Phylogeny of cryptophytes in San 
Diego waters

Of 57 samples from the SIO Pier in 2016 contain-
ing a total of 10,585 ASVs, the Silva 132-based q2-
feature-classifier script assigned 43 ASVs to class 
Cryptophyceae. After manual curation, nine ASVs were 
removed. The remaining 34 ASVs are provided in fasta 
format in File S1 in the Supporting Information, but all 
43 ASVs can be found in Table S3 in the Supporting 
Information. The PR2 database queries (https://​pr2-​
datab​ase.​org) and phylogenetic analyses suggested 
some of the nine removed sequences were from sis-
ter groups of the Cryptophytes, but others were poorly 
resolved. Of the remaining 34 ASVs, 16 were deter-
mined to be cryptophyte nuclear sequences, and 18 
were likely cryptophyte nucleomorphs. The ASVs from 

these cryptophytes represented about 2% of the total 
sequencing reads with a range of 0.14%–11%.

The nuclear 18S rRNA gene phylogenetic tree in-
ferred from PhyML 3.0's GTR + G evolutionary model is 
shown in Figure 3. The ASVs from the pier, SD Bay, and 
cultures were constituents of clades 1, 4, and 5 (pre-
viously described above). The Falcomonas daucoides 
reference sequence clustered with clade 1, with longer 
branch lengths than representatives of Hemiselmis, and 
the Urgorri complanatus/Proteomonas sulcata refer-
ences did not cluster within any clade. Representatives 
of the uncultured environmental CRY clade clustered 
within the phylogeny with long branch lengths.

Clade 4 was the most highly represented cryptophyte 
clade in our sequence data. Eight of 16 QIIME2-derived 
ASVs (ASVs 1–8), both pier nearshore sequences, 
and the single available Loop Genomics long-read 
sequence were clustered within clade 4 (Teleaulax, 
Plagioselmis, and Geminigera). Amplicon sequence 
variant 8 showed the shortest branch length from the 
node, differentiating clade 4 from the rest of the phylog-
eny. The closest BLAST hits to these ASVs are shown 
in Table S4 in the Supporting Information.

Four of 16 ASVs (ASV9, 10, 11, and 12) and the 
Rhodomonas salina CCMP 1319 culture clustered in 
clade 5. Reference sequences for Rhinomonas and 
Rhodomonas clustered with 100% identity to each 
other at these fragment lengths (e.g., Rhinomonas 
pauca, nottbecki, and Rhodomonas sp. CCAC 1630, 
data not shown). Four of 16 ASVs (ASVs 13, 14, 15, and 
16) clustered with or were 100% matches to represen-
tatives of Hemiselmis of clade I. Details are in Table S4.

Relative sequence abundance of SIO pier 
cryptophytes in 2016

Fluctuations of the RSA of various ASVs relative to 
total cryptophyte sequences in each sample are shown 
in Figure 4a. Clade 4 ASVs constituted an average of 
98.44% of cryptophyte RSA off the SIO pier during the 
study period. Amplicon sequence variant 1 (putatively 
Teleaulax amphioxeia) was the most abundant, with an 
average RSA of 39.66%, followed by ASV 2 (an ambigu-
ous clade 4 sequence), with an average RSA of 33.38%. 
Both ASVs 1 and 2 were present on every sample date 
in the study period save October 17, when ASV 1's pres-
ence was not recorded. Amplicon sequence variant 3 
(putatively Plagioselmis prolonga) had an average RSA 
of 13.75% and was present on all sample dates save 
for 2 days in September (the 19 and 26) and on October 
10. For other less abundant clade 4 ASVs, see Table 1. 
Table S5 in the Supporting Information is a BIOM table 
for all 18S rRNA gene data from the SIO pier.

Clade 5 ASVs constituted an average of 1.21% of 
cryptophyte RSA off the SIO pier during the study pe-
riod. Clade 1 ASVs constituted an average of 0.34% 
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8  |      RAMMEL et al.

of cryptophyte RSA off the SIO pier during the study 
period. Amplicon sequence variant 13 (Clade 1, puta-
tively Hemiselmis cryptochromatica) had an average 
RSA of 0.28% and was present on less than half of the 

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

F I G U R E  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 sequences indicate if they were found in San Diego Bay (SD Bay) samples, 
nearshore samples adjacent to the SIO Pier, one long-read 18S rRNA gene sample from the SIO Pier taken August 29, 2016, or in culture.
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      |  9COASTAL CRYPTOPHYTE DIVERSITY

In Figure 4b, we show the flow cytometric abundance 
of cryptophytes subdivided into ASVs using relative 
ASV abundance data. Although this used the assump-
tion that species have very similar 18S rRNA gene copy 
numbers, it helps to demonstrate that the cryptophyte 
maxima (“blooms”) do not appear to be blooms of single 
ASVs. Figure 4c shows a Jitter plot of each ASVs relative 
sequence abundance (RSA), with mean RSA for each 
ASV over all samples shown as a black line. Five Clade 
4 cryptophytes clearly dominated this ecosystem, while 
the others appeared to be part of the “rare” biosphere.

After removing 12 RSA datapoints that lacked 
SCCOOS-derived data for environmental variables, in-
teractions between natural log-transformed variables 
(n = 45) are observed. Amplicon sequence variant 1 was 
positively correlated with temperature, with a Pearson 
coefficient of 0.36 (p-value of 0.01). Amplicon sequence 
variant 1 was 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−1 with a Pearson coefficient of 
−0.31 (p-value of 0.04). Amplicon sequence variant 2 
was positively correlated with Gymnodinium cells · L−1, 
with a Pearson coefficient of 0.41 (p-value 0.005), and 
negatively correlated with ASV 4, with a Pearson coeffi-
cient of −0.45 (p-value 0.002). These correlations were 
higher than those calculated with total cryptophyte abun-
dance that was discussed above.

Identification of nuclear/
nucleomorph pairs

Cryptophytes contain 18S rRNA-containing nucleo-
morphs, derived from a red algal nucleus (Douglas 
et  al.,  2001). BLAST-assigned nuclear and nucleo-
morph sequences were correlated with one another 
in order to determine if species-specific sequence 
pairs for pier ASVs could be identified. Results are 

F I G U R E  4   Cryptophyte ASV dynamics off the SIO Pier in 2016. (a) Stacked bar plot of cryptophyte RSA (relative sequence abundance) 
in 2016, overlaid with cryptophyte abundance estimates in cells · mL−1 (white line). (b) Flow cytometric abundance of cryptophytes at each 
time point subdivided by the RSA of each ASV. The ASV colors in (b) correspond to the legend of (a). (c) Jitter plot of each ASVs relative 
sequence abundance (RSA), with mean RSA for each ASV shown as a black line. Table S5 is a BIOM table for all 18S rRNA gene data from 
the SIO Pier.
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summarized in Table  2 for nuclear sequences dis-
playing a significantly higher correlation coefficient 
with a single nucleomorph than other nucleomorphs 
(n = 57). Amplicon sequence variant 1's putative nu-
cleomorph displayed a nearly identical average RSA 
over 2016, whereas ASV 2's nucleomorph had an av-
erage RSA approximately 11% higher than its nuclear 
average. These data showed that the ratio of cryp-
tophyte nuclear and nucleomorph 18S SSU rRNA 
region copy number was often near 1, as would be 
expected, but could vary. Nuclear ASVs not shown in 
Table 2 could not have a nucleomorph sequence at-
tributed to them by these methods.

Cryptophyte spatial diversity in San 
Diego Bay

Figure  5 (and Table  S4) shows the RSA of various 
cryptophyte ASVs at sampled sites in the SD Bay, 
as well as flow cytometric cryptophyte abundances 
weighted (multiplied) by the RSA for the same sites. 
Site 4 showed the highest flow cytometric crypto-
phyte abundance estimate at 6503 cells · mL−1, while 
Site 8 in the back of the bay had the lowest cryp-
tophyte abundance at 577 cells · mL−1. No ASVs 
were recovered in the bay that were not recovered 
from SIO Pier sequencing in 2016, but large differ-
ences in the relative abundance of ASVs at the two 
sites are noted. For example, ASV 8 had an average 
RSA of 0.08% (maximum of 1.76%) off the pier over 
a whole year. Moving from the mouth of the bay to 
the back of the bay yielded a gradual increase in ASV 
8's amplicon's contribution with a peak of 40.43% at 
site 5. In contrast to sites sampled in the main water 
mass of the bay, Site 3 (located in the Shelter Island 
Harbor, see Figure  1) showed ASV 3 (putatively 
Plagioselmis prolonga) as the most dominant ASV 
with 68.46% of cryptophyte RSA. Amplicon sequence 
variant 1 (which was correlated with temperature at 
the SIO pier) displayed a higher relative abundance 
in the warmer back bay than ASV 2, which was not 
correlated significantly with temperature off the pier. 
Amplicon sequence variant 13 had an average RSA 
of 0.28% and was present in less than half of 2016 
pier samples, but was consistently present in SD Bay 
with an average RSA of 8.23%.

DISCUSSION

This study investigated the temporal and spatial fluc-
tuations in cryptophyte abundance and diversity at 

TA B L E  1   Table showing the identity, clade, average RSA 
(relative sequence abundance, rounded), and days present for all 
ASVs present off the SIO Pier in 2016.

ASV Clade Avg RSA (%)
Days present 
(out of 57)

ASV 1 4 39.66 56

ASV 2 4 33.38 57

ASV 3 4 13.75 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 0.02 1

ASV 16 1 0.01 2

TA B L E  2   Table showing ASV, average RSA (Relative Sequence Abundance), avg nuclear/nucleomorph ratios correlation coefficients, 
and p values for each identified nuclear/nucleomorph pair off the SIO Pier 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 1.94 0.83 1.33 × 10−15

ASV 4 6.71 Nucleo 4 0.91 7.37 0.93 0

ASV 5 3.62 Nucleo 18 4.10 0.88 0.8 6.39 × 10−14

ASV 9 0.82 Nucleo 12 0.56 1.46 0.6 9.14 × 10−7

ASV 10 0.26 Nucleo 13 0.12 2.17 0.6 1.03 × 10−6

ASV 11 0.02 Nucleo 16 0.10 0.20 0.43 9.49 × 10−4

ASV 13 0.28 Nucleo 9 0.05 5.60 0.54 1.19 × 10−5

ASV 14 0.02 Nucleo 8 0.02 1.43 0.72 3.77 × 10−10

Note: 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.
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a coastal site near San Diego as well as within SD 
Bay. San Diego Bay maintains an open connection 
to coastal waters but develops seasonally higher sa-
linities and temperatures than coastal waters and thus 
represents a potentially novel environmental niche for 
cryptophytes. Cryptophytes were consistently present 
in flow cytometric samples from the SIO pier from 2011 
to 2017 and exhibited statistically significant positive 
correlations with the Synechococcus assemblage and 
sea surface temperature, as well as calculated nega-
tive correlations with phosphate and Pseudo-nitzschia. 
Cryptophytes were also consistently present in SD Bay, 
with maximum abundance in the mid-bay.

High-throughput amplicon sequencing found 16 nu-
clear 18S rRNA ASVs displaying an overwhelming dom-
inance of clade 4 cryptophytes, particularly ASV 1 (likely 
Teleaulax amphioxeia) and ASV 2 (an unknown species). 
In SD Bay, there was a decrease in the dominant SIO 
pier ASVs' abundance and an increase in ASV 8 mov-
ing from the mouth to the back bay. Amplicon sequence 
variants 3 and 13 were also present in the Bay at higher 
abundances relative to 2016 SIO pier levels. Although the 
SIO Pier was analyzed in 2016 and SD Bay in 2019, the 
robust year-long dataset from 2016 and the strong con-
trast with 2019 suggests that these results represent a 
strong divergence in the relative abundance of species 
(measured as ASVs) in the two populations.

Long-term cryptophyte temporal dynamics

This study provides a valuable survey of direct crypto-
phyte cell abundance, showing a population off the SIO 
Pier from 2011 to 2017 that fluctuated in abundance 
throughout the year without a clearly defined seasonal 

bloom. Cryptophyte abundance at this research site 
over multi-year timescales (1997–2000) had previ-
ously been elucidated using marker photopigments 
(Goericke, 2011) and also showed low seasonal varia-
tion and the lack of a distinct bloom season.

Our results contrast with certain other coastal regions 
that have been studied. Cerino and Zingone  (2006) 
reported cryptophyte blooms between May and 
September 2002–2003 from <100 cells · mL−1 to be-
tween 200 and 700 cells · mL−1 in the Gulfs of Naples and 
Salerno in coastal Italy. Jeong et al. (2013) recorded 26 
cryptophyte-dominated blooms in Masan Bay, Korea at 
various magnitudes with a maximum of 392,440 cells · 
mL−1 between June and December 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, “Chroomonas (Rhodomonas) amphioxiae” 
(likely a pre-taxonomic revision Teleaulax amphioxeia) 
bloomed to around 270 cells · mL−1 in April–July of 1969 
in the Cape Fear River estuary, North Carolina, and cryp-
tophytes in general were noted to be abundant during 
spring and fall in estuaries in the area (Mallin, 1994). 
Plagioselmis prolonga bloomed between 102 and 103 
cells · mL−1 in June 2010 to a maximum of 40%–49% 
of the Krka River (Croatia) estuary's total phytoplank-
ton, based on light microscopic enumeration (Supraha 
et al., 2014). These results highlight vast differences in 
the magnitude of cryptophyte blooms in different re-
gions, including those of our study. Annual maxima off 
the SIO Pier suggested a “normal” maxima around 104 
cells · mL−1, although as 2016 showed, there is a poten-
tial for higher magnitudes. More research is needed to 
determine why different coastal regions seem to display 

F I G U R E  5   Spatial diversity of cryptophytes in San Diego Bay (SD Bay). (a) RSA (relative sequence abundance) of cryptophyte ASVs at 
each site in San Diego Bay shown in Figure 1. (b) Flow cytometric abundance of cryptophytes at each site subdivided by the RSA of each 
ASV at each site shown in Figure 1. Site M was sampled on July 5, 2019, all other sites were sampled on June 21, 2019. Tables S4 shows 
identity, clade, and RSA of each nuclear ASV in SD Bay. Table S6 in the Supporting Information is a BIOM table for all 18S rRNA gene data 
from SD BAY.
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cryptophyte abundance seasonality (i.e., Cerino & 
Zingone, 2006; Kang et al., 2013) while others do not. 
Synechococcus also does not display strong season-
ality at the SIO Pier (Nagarkar et al., 2018; Nagarkar 
et al., 2021; 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 
comparatively large seasonal temperature changes at 
the SIO Pier may contribute to decreased seasonality 
of Synechococcus and cryptophytes.

Temperature was the 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). The neg-
ative correlation between cryptophytes and phosphate 
has also been previously described (Altenburger 
et al., 2020). Low absolute magnitude correlations be-
tween cryptophytes and abiotic factors such as nitrate 
or phosphorus may be an indicator that cryptophyte 
growth was not significantly limited by such nutrients 
or that cryptophytes may be able to use organic phos-
phorus, which might be relatively more abundant when 
inorganic phosphate is low. However, we note that the 
concessions necessary to fit the environmental and 
flow cytometric data together into a weekly format may 
influence the analyses, and thus the observed patterns 
regarding abiotic influences on cryptophyte abundance.

Cryptophyte mixotrophy

It is also possible that biotic factors may be equally 
or more influential than abiotic factors on abun-
dance fluctuations off the SIO Pier. Recent research 
has described Teleaulax amphioxeia as mixotrophic 
on Synechococcus sp. (Du Yoo et  al.,  2017). 
Synechococcus abundance and cryptophytes showed 
a positive correlation from 2011 to 2017, and as our 
study's amplicon sequencing in 2016 showed, ASV 1 
(putatively T. amphioxeia) was on average the most 
abundant cryptophyte based at least on relative se-
quence abundance. It may be reasonable to assume 
that mixotrophy regularly contributes to the fluctuation 
of this cryptophyte's abundance.

Du Yoo et al.  (2017) calculated a maximum inges-
tion rate (MIR) of 6.2 Synechococcus prey cells · pred-
ator−1 · day−1 for cells grown phototrophically in high f/2 
nutrients. Assuming most cryptophytes are mixtrophic 
(clade 4 was the most abundant group at the pier), and 
assuming that cryptophytes consumed Synechococcus 
continuously over a day, we used our cell abundance 
data to calculate that cryptophytes could consume 
0%–44% (average 6%) of the Synechococcus popula-
tion per day. This implies that cryptophytes could con-
tribute significantly to drawdowns in Synechococcus 

blooms such as the one observed during the second 
cryptophyte cell abundance maxima in 2016. However, 
other grazers of Synechococcus are, of course, also 
present at coastal environments such as the SIO pier 
(Nagarkar et al., 2018; Yoo & Palenik, 2021).

It would be possible to make a more sophisticated 
estimate of cryptophyte impact on Synechococcus 
using an ingestion rate versus prey abundance curve, 
but more estimates of cryptophyte grazing would be 
needed at different temperatures and with different pre-
conditioning regimes of light, nitrogen, phosphorus, 
and vitamin or iron limitation that may affect (increase) 
MIR. The impact of bacteria community composition 
on cryptophyte predation is also unclear, as predation 
may not be limited to Synechococcus. It should also 
be noted that protist cells of similar size have shown 
higher Synechococcus MIR (Yoo & Palenik, 2021) and 
faster cryptophyte grazing rates have been observed 
(Epstein & Shiaris, 1992).

Cryptophyte diversity and microdiversity

The presence of multiple amplicon sequence variants 
clustering with Teleaulax amphioxeia has been re-
ported in other studies (Needham et al., 2018; Medlin 
et al., 2017), though in this study, only ASV 1 contrib-
uted significantly to the total assemblage. More re-
search is needed to determine whether these lower 
abundance ASVs are indicative of uncharacterized 
microdiversity in T. amphioxeia or misreads during the 
high-throughput sequencing process, though the latter 
were thought to be removed by our analysis pipeline. It 
should also be remembered that identical sequences 
in this short region do not imply identical strains, ge-
nomes, or physiologies. Multiple lines of evidence point 
to ASV 2's identity as an unclassified clade 4 constitu-
ent that accounts for a significant amount of the relative 
abundance in the 2016 dataset. Neither ASV 2 nor its 
long-read analog had identical matches to either for-
mally characterized species or unclassified strains in 
culture collection centers, and the long-read sequence 
did not cluster with any clade 4 reference sequence 
(data not shown). Although 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 representa-
tive of Geminigera. Geminigera is a currently mono-
specific genus comprised of the cryophilic G. cryophila; 
if ASV 2 is indeed a member of Geminigera, then it 
would represent a novel species based on its sequence 
differences from G. cryophila as shown in Figure  3. 
Additionally, G. cryophila's cryophilic character would 
theoretically not be conducive to high growth and abun-
dance at the temperate thermal conditions observed at 
this study site. Other studies have reported the pres-
ence of Geminigera sp. in temperate environments 
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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) matched ASV 2 
with 100% similarity. Johnson et al. (2016) reported the 
presence of a cryptophyte partial plastid LSU RuBisCO 
(rbcL) gene sequence from a California Current sam-
ple collected off the coast of Monterey in 2013, which 
matched with 100% similarity to Geminigera cryophila 
CCMP 2564. These results would suggest that a sig-
nificant fraction of cryptophyte RSA could be attrib-
uted to an ASV of undescribed taxonomy, perhaps a 
mesophilic constituent of the currently monospecific 
Geminigera. Isolating, culturing, and characterizing 
this cryptophyte would both help resolve the taxonomy 
of the class and further describe the main constituents 
of coastal phytoplankton assemblages in temperate 
environments.

One interesting finding of this study was a frequent 
correlation between pairs of Silva-annotated crypto-
phyte ASVs, but on further investigation, it was deter-
mined that one was derived from a nuclear and one from 
a nucleomorph 18S rRNA gene sequence. For exam-
ple, ASV 1 was correlated with an ASV later designated 
Nucleo14 (See Table 2 for other pairs). Although this is 
not surprising given cryptophyte biology and the ability 
of general 18S rRNA gene primers to amplify both nu-
clear and nucleomorph genes, it does help validate our 
statistical analyses. One remaining puzzle is why the 
ratio of nuclear to putative nucleomorph reads was not 
always 1.0 but was occasionally as high as 2–7. One 
explanation is that nuclear 18S rRNA genes could be 
duplicated relative to the nucleomorph (or vice versa), 
perhaps in a cell size-dependent manner. If true, this 
ratio could be used as an indicator of cryptophyte cell 
size in field samples. It is also possible that, for a few 
species, the nuclear or nucleomorph 18S rRNA gene 
is less efficiently amplified by the primers used (primer 
bias) resulting in ratios different from 1. The potential 
use of this approach as a metric for cryptophyte size 
would need further validation.

SIO Pier cryptophyte dynamics in 2016

This study reinforces  previous findings of clade 4 
dominance in temperate marine environments (Medlin 
et al., 2017; Marie et al., 2010; Needham et al., 2018; 
Mallin, 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 provids temporal resolution to the approximate 
species level. Although the average abundances tell a 
similar story to previous publications, we determined 
that ASV 1 was negatively correlated with ASVs 2–5, 
all of which experienced periods in which they com-
prised ~10% of cryptophyte relative abundance. These 

patterns are suggestive of active competition within 
clade 4 among members of Teleaulax, Plagioselmis, 
etc., or niche differentiation driven by factors such as 
temperature or grazing (considering cryptophytes as 
both predators and prey).

Increases in temperature have been identified in the 
increased growth rate of Teleaulax amphioxeia in cul-
ture 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 contributed 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 advan-
tage off the SIO Pier over other abundant taxa, while 
lower temperatures may favor ASV 2. Whatever the 
initiating factor for increases in ASV 1 abundance over 
short timescales, declines in that abundance usually 
followed within several weeks. Teleaulax amphioxeia 
is prey for various dinoflagellate genera of mixed nu-
tritional modes including Gymnodinium, Alexandrium, 
and Prorocentrum, as well as the mixotrophic ciliate 
Mesodinium rubrum (=Myrionecta rubra), certain 
of which engage in kleptoplasty (figure  6 of Du Yoo 
et al., 2017; Stoecker et al., 1997; Adolf et al., 2008). 
The negative relationship seen between Gymnodinium 
and ASV 1 combined with the positive relationship be-
tween 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. Some Mesodinium spp. 
(a ciliate grazer on cryptophytes; Moeller et al., 2021) 
appeared to be present based on 18S rRNA gene 
sequences.

Cryptophyte abundance and spatial 
diversity in San Diego Bay

This study highlighted significant differences in cryp-
tophyte abundance over small spatial scales in the SD 
Bay. Although it is difficult to directly compare site M's 
abundance as it was collected July 5, 2019, for Sites 
1, 3, 4, 5, and 8 (collected June 21, 2019), the high-
est cryptophyte abundance observed was recorded at 
Site 4, at the narrowest section of the bay near a bend 
in the bay. It is possible that the tidal forces acting on 
the bay's water mass cyclically concentrated cells in 
this narrow area or provided a different nutrient regime, 
leading to higher observed cryptophyte cell counts. Site 
3 (located within Shelter Island Harbor, the opening of 
which faces the mouth of the bay) may also have acted 
as a “trap” for tidally influenced water masses, leading 

 15298817, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jpy.13451 by U

niversity O
f C

alifornia, W
iley O

nline Library on [15/05/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



14  |      RAMMEL et al.

to this site being the second most abundant population 
sampled on that day in our study.

Amplicon sequence variant 13 (putatively 
Hemiselmis cryptochromatica) was determined to be 
more relatively abundant in the bay than in all pier 
samples from 2016. Hemiselmis cryptochromatica 
can modulate the peak absorption wavelength of its 
phycobiliproteins in response to light color and qual-
ity to a higher degree than certain other cryptophytes 
(Heidenreich & Richardson,  2020). It is possible that 
the shallow depths of the bay relative to the coastal 
waters of the SIO pier generates a differential light 
profile that can benefit a species adapted to or able to 
acclimate to such conditions, yielding higher observed 
abundance in those environments, which then feeds 
the rest of the bay's water mass. Amplicon sequence 
variant 3 (Plagioselmis prolonga) was dominant at Site 
3 (a small harbor), indicating that this ASV may be more 
tolerant to copper contamination from the anti-fouling 
paint on boat hulls or other conditions unique to that 
sampling site.

Amplicon sequencing at all sites described a grad-
ual decrease in the clade 4 ASVs dominant off the pier 
and an increase in ASV 8, a clade 4 ASV with mini-
mal presence off the pier, moving from the mouth of 
the bay to the back bay. ASV 8's nuclear 18S rRNA 
gene sequence clustered with 100% similarity at 96% 
coverage to two Baffinella cryptophytes in culture 
at Bigelow NCMA isolated from Baffin Bay: CCMP 
2293 and CCMP 2045 (Daugbjerg et al., 2018). It also 
clustered closest to the node differentiating clade 4 
from the rest of the phylogeny, as shown in Figure 3. 
Mitochondrial phylogenies have clustered CCMP 
2293 on the same node as Teleaulax amphioxeia (Hu 
et al., 2019), and plastid phylogenies have clustered it 
on the same node as T. amphioxeia, Rhodomonas sa-
lina, and Guillardia theta (Xu et al., 2019). CCMP 2045 
has been described as the species Baffinella frigidus, 
based on both molecular and morphological methods 
(Daugbjerg et al., 2018).

The presence of a cryptophyte ASV8, which was 
not abundant off the pier but was abundant in SD Bay, 
may be evidence for fine-scale niche partitioning within 
clade 4 such that some factor within the bay selects for 
its presence more strongly than conditions off the pier. 
More research is needed to isolate the cryptophyte with 
this ASV and describe its physiological responses rela-
tive to dominant clade 4 cryptophytes found off the pier 
and to its polar relatives Baffinella.
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