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Abstract
Diatoms have well-recognized roles in fixing and exporting carbon and supplying energy to marine ecosys-

tems, but only recently have we begun to explore the diversity and importance of nano- and pico-diatoms.
Here, we describe a small (ca. 5 μm) diatom from the genus Chaetoceros isolated from a wintertime temperate
estuary (2�C, Narragansett Bay, Rhode Island), with a unique obligate specialization for low-light environments
(< 120 μmol photons m−2 s−1). This diatom exhibits a striking interaction between irradiance and thermal
responses whereby as temperatures increase, so does its susceptibility to light stress. Historical 18S rRNA
amplicon data from our study site show this isolate was abundant throughout a 6-yr period, and its presence
strongly correlates with winter and early spring months when light and temperature are low. Two amplicon
sequence variants matching this isolate had a circumpolar distribution in Tara Polar Ocean Circle samples, indi-
cating its unusual light and temperature requirements are adaptations to life in a cold, dark environment. We
expect this isolate’s low light, psychrophilic niche to shrink as future warming-induced stratification increases
both light and temperature levels experienced by high latitude marine phytoplankton.

Photosynthesis by marine phytoplankton is responsible for
50% of the global net primary production. These photosyn-
thetic protists also perform multiple ecosystem services
(Lyle 1988; Smith and Hollibaugh 1993; Field et al. 1998),
making them essential to study in the context of global cli-
mate change (Hutchins et al. 2019). Current projections sug-
gest a rise in mean sea surface-water temperature of 4�C by
2100 (Pachauri et al. 2014) which could have large impacts on
the physiology and composition of these microbial photosyn-
thetic communities, and their ability to sequester carbon
(Hutchins and Fu 2017). However, making predictions about
warming effects on phytoplankton can be difficult, because of
their still relatively underexplored biological diversity. This is
especially true of small (< 5 μm) nano- and picoplankton,
which prior to the advent of next-generation sequencing have
been routinely under-sampled by microscopic techniques
(Abad et al. 2016; Leblanc et al. 2018). For example, the
smallest known diatom genus (Minidiscus) was recently shown
to be capable of forming dense blooms, and similar very small

diatom groups are now recognized as being globally abundant
(Leblanc et al. 2018).

Although our knowledge of phytoplankton diversity is
expanding, it is an open question how much functional ther-
mal diversity exists within this observed phylogenetic diver-
sity. For instance, phytoplankton communities can typically
sustain growth well beyond current mean temperatures
(Thomas et al. 2012). However, excursions above historical
thermal maximum thresholds can cause major community
restructuring (Kling et al. 2019), and so affect biogeochemistry
(Hare et al. 2007; Feng et al. 2008). Lineage-specific predictions
of temperature responses have often been based on just a hand-
ful of cultured model isolates, such as the diatom Thalassiosira
pseudonana (Berges et al. 2002), the coccolithophore Emiliania
huxleyi (Feng et al. 2008), and the diazotrophic cyanobacterium
Trichodesmium erythraeum (Mulholland and Bernhardt 2005; Fu
et al. 2014). However, the model organism approach to under-
standing resilience to rising temperatures in marine phytoplank-
ton undoubtedly under-samples the potential range of thermal
responses. Furthermore, lab-derived growth rates and other prox-
ies for fitness can be uncertain predictors of ecological success.
In situ, multiple environmental parameters (temperature, light,
nutrients, and interspecific interactions such as competitive or
trophic interactions) can vary simultaneously and have unex-
pected interactive effects on fitness (Jiang et al. 2018).
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In this study, we expand our knowledge of nanoplankton
diversity by characterizing a previously unrecognized nano-
diatom from a temperate estuary belonging to the genus
Chaetoceros. In doing so, we demonstrate a unique interaction
between temperature and light which together define its ther-
mal niche. Combining lab-based physiology measurements
with a wealth of taxonomic and ecological time series data
spanning 6 yr and its global distribution in the Tara Oceans
Dataset, we show this Chaetoceros is an abundant and wide-
spread wintertime specialist. Further, we hypothesize its adap-
tations to both low-light and temperature make it vulnerable
to the warmer conditions expected at mid- and high-latitudes
with continuing climate change.

Methods
Isolation and culturing

The diatom investigated here was isolated from water col-
lected at the Narragansett Bay Time Series (Rynearson
et al. 2020) site (latitude 41.47, longitude −71.40) in March
2018. Surface-water temperature was 2�C at the time of collec-
tion. Collected water was prefiltered through a 100 μm mesh
to remove large grazers, and then sorted at the University of
Rhode Island Graduate School of Oceanography using a BD
Influx flow cytometer (San Jose, California, U.S.A.). Cells
approximately 5 μm and smaller with chlorophyll a (Chl a)
fluorescence were sorted into 96 well plates containing natural
seawater amended with nutrients following the recipe for F
media diluted to F/20 (Guillard 1975). Wells showing positive
growth over time were transferred to new media while gradu-
ally increasing nutrients to F/2 concentrations in Aquil artifi-
cial seawater (Sunda et al. 2005). Both initial isolates and stock
cultures were maintained at 4�C and 30 μmol photons m−2 s−1

of cool-white fluorescent light on a 12 : 12 light : dark cycle
(this was the day length in Narragansett Bay at the time of iso-
lation), and diluted biweekly with fresh medium. Several
dozen morphologically identical strains were collected, all
with an apparent sensitivity to light (inability to grow at
150 μmol photons m−2 s−1, data not shown). A single isolate
strain was selected arbitrarily and used for all subsequent
experiments.

Temperature and light assays
All culture work was done in climate controlled walk-in

incubators under cool white fluorescent lights. Light levels
were verified with daily measurements using a LI-250A spheri-
cal light meter (LI-COR Biosciences, Lincoln, Nebraska, USA).
Cultures were kept in triplicate 15-mL polystyrene culture
vials, and temperatures for all experiments were set using a
series of water baths, each with its own thermostat, heater,
and cooling element. Replicates were kept in exponential
phase by diluting cultures with sterile medium when biomass
reached a predetermined threshold. Cultures were acclimated
to each combination of irradiance (15, 30, 50, 60, 70, 100,

and 120 μmol photons m−2 s−1) and temperature (2�C, 8�C,
12�C, 14�C, 16�C, 18�C, 20�C, 22�C, 24�C, 26�C) for 2 weeks.

After acclimation, growth rates were determined daily using
in vivo fluorescence on a Turner AU-10 fluorometer (Turner
Designs, Sunnyvale, California, U.S.A.) for an additional 7–
10 d. In vivo fluorescence was used as a proxy for photosyn-
thetic biomass because it allowed efficient daily measurements
of a large number of simultaneously maintained cultures
(as many as 90 at a time). All well-acclimated replicates were
kept in the same nutrient conditions and growth rates were
calculated from in vivo fluorescence of each individual repli-
cate measured relative to itself over time (Gilstad and
Sakshaug 1990; Wood et al. 2005; Kling et al. 2019).

Specific growth rates were calculated with the GrowthTools
R package (DOI:10.5281/zenodo.3634918) using the slope of a
regression line fit to the log of these data (Wood et al. 2005).
Growth rates for cultures acclimated to 16�C were calculated
for seven light intensities. In addition, we measured growth
rates vs. each temperature in cultures acclimated to irradiances
of 15, 30, or 50 μmol photons m−2 s−1. GrowthTools (DOI:10.
5281/zenodo.3634918) was used again to calculate thermal
performance curves using the Eppley-Norberg model
(Norberg 2004; Thomas et al. 2012). For the thermal curve
done under 15 μmol photons m−2 s−1, 4�C was used as the
lowest temperature instead of 2�C.

In addition to acclimated growth experiments, we exposed the
cultures to short-term doses of extreme light levels on the order of
hundreds of μmol photons m−2 s−1, similar to published diatom
light-stress experiments (Zhu and Green 2010; Dong et al. 2016).
For these experiments, we used ca. 638 μmol photons m−2 s−1,
which approximated the highest value measured during the 50-yr
data set of surface irradiance from the Narragansett Bay Time
Series (https://web.uri.edu/gso/research/plankton/data/). It is
important to note that these measurements were mostly taken
early in the morning and actually daily irradiance maximums
measured at nearby station NARPCMET can be as high as
1700 μmol photons m−2 s−1 (https://cdmo.baruch.sc.edu/dges/).
Triplicate cultures acclimated to either 4�C or 16�C and
30 μmol photons m−2 s−1 were exposed to this extreme light
level for 1, 3, or 6 h, and compared to triplicate cultures that
were not exposed (negative control), or were continuously
exposed (positive control). After the exposure period, cultures
were moved back to 30 μmol photons m−2 s−1 and fluorescence
were recorded twice daily over 3 d of a 12 : 12 h light : dark
cycle.

Sequencing
For sequencing, 200 mL of dense culture was filtered onto

a 0.22 μm polyethersulfone Whatman Nucleopore filter
(GE Healthcare, Chicago, Illinois, U.S.A.) flash frozen with
liquid nitrogen and stored at −80�C. DNA were extracted
using a DNEasy Power Water kit (Qiagen, German Town,
Maryland, U.S.A.), and prepared for sequencing using the
Nextera DNA Flex Library Prep kit (Illumina, San Diego,
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California, U.S.A.). Sequencing was done at the University of
Southern California’s Genome Core on a Illumina Nextseq
550. Raw sequence data were quality checked using Fastqc
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/,
v. 0.11.8) and Multiqc (Ewels et al. 2016, v. 1.6) and low qual-
ity bases were removed with Trimmomatic (Bolger et al. 2014,
v. 0.38). To recover 18S rRNA gene sequences, we used
Bowtie2 (Langmead and Salzberg 2012, v. 2.3.5) to map all
reads to a data set of 200 complete or nearly complete
(> 1000 bp) Chaetoceros 18S rRNA gene sequences downloaded
from NCBI. Reads that mapped even once were recovered
using Seqtk (https://github.com/lh3/seqtk, v. 1.3) and assem-
bled with SPAdes (Bankevich et al. 2012, v. 3.11). To identify
our isolate, full length copies of the 18S rRNA gene sequence
were downloaded from NCBI for 25 distinctly named species
of Chaetoceros. The pennate diatom Pseudo-nitzschia australis
was included as an outgroup. All sequences were aligned using
Muscle (Edgar 2004, v. 3.8.31), the alignment was trimmed
using trimAL (Capella-Gutiérrez et al. 2009, v. 1.4.15), and
FastTree (Price et al. 2009, v. 2.1.10) was used to construct a
phylogenetic tree.

Six years of amplicon sequencing data from our study site
using diatom-specific primers matching the V4 hypervariable
region of the 18S rRNA gene (Zimmermann et al. 2011) were
obtained from Rynearson et al. 2020. Raw sequence data were
downloaded from NCBI (PRJNA327394) and quality filtered as
for the Illumina sequencing. Quality-controlled reads were mer-
ged and denoised into amplicon sequence variants (ASVs) using
DADA2 (Callahan et al. 2016, v. 1.14.0). BLAST (McGinnis and
Madden 2004, v. 2.9.0) was used to identify ASVs that matched
the V4 rRNA gene sequence from the full length sequence
assembled from our genomic data.

We also mined years of observational data to put the occur-
rence of our isolate ASV in Narragansett Bay into a long-term
temperature and irradiance context. Records of surface-water
temperature data matching the amplicon sequencing data were
downloaded from the Narragansett Bay Time-series website
(https://web.uri.edu/gso/research/plankton/data/). Dates without
water temperature measurements from the time-series data set
were supplemented by surface-water temperature data from the
National Data Buoy Centers station QPTR1–8454049 at nearby
Quonset Point (https://www.ndbc.noaa.gov/station_page.php?
station=qptr1). Irradiance data for Narragansett Bay were down-
loaded from the National Research Reserve System’s Central Data
Management Office website (https://cdmo.baruch.sc.edu/dges/)
for station NARPCMET. To account for the changing amount of
irradiance experienced by phytoplankton due to variations in
day length and weather, these data were converted from instan-
taneous irradiance (μmol photons m−2 s−1) to total irradiance at
the water’s surface during a day (moles photons m−2 d−1). To
avoid over-inflating potential correlations between changing rel-
ative abundance within the diatom community (caused by dif-
ferences in 18S rRNA gene copy number) and environmental
factors, we used 1% relative abundance as a threshold and

calculated the changing probability of an observation being
above this threshold under different conditions. For instance, if
our diatom had a relative abundance > 1% in half of a group of
samples then its probability of detection was 0.5.

We utilized the Tara Oceans V9 amplicon data set
(De Vargas et al. 2015) to understand the distribution of this
isolate beyond Narragansett Bay. Sequence data from low- and
mid-latitudes previously analyzed and resolved into ASVs
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Fig 1. Phylogenetic tree representing the diversity of the diatom genus
Chaetoceros constructed using full-length 18S rRNA gene sequences from
NCBI. A sequence from the pennate diatom Pseudo-nitzschia australis is
included as an outgroup. The isolate described in this study, DM53, is
highlighted in bold.
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Fig 2. Growth rates at 16 �C across a range of seven light intensities for
our Chaetoceros sp. isolate. Error bars represent ±1 standard deviation.
Stars show treatments that are statistically significant (p < 0.05) compared
to all other treatments via Tukey’s test following a one-way ANOVA.
Brackets indicate statistical significance between specific samples.
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using DADA2 were screened for the presence of this isolate
diatom using BLAST (McGinnis and Madden 2004; Callahan
et al. 2017). In addition, we downloaded the Tara Polar
data set and analyzed all amplicon sequencing data for these
Arctic Ocean surface samples collected on filters with a pore
size < 5 μm. Reads were denoised following the published
script in Callahan et al. (2017).

Statistics and data availability
All statistics for analyzing these data and graphic visualiza-

tions were done using R (R Core Team 2019, v. 3.6.1) and
Rstudio (Rstudio Team 2020, v. 1.13.83). Differences between
light treatments were determined using a one-way ANOVA
and the Tukey test, while differences between thermal perfor-
mance curves were assessed using a repeated measure ANOVA.
In both cases, significance was determined at the p < 0.05
level. All environmental data compiled in this study, the out-
put from DADA2, scripts used to download the Tara Polar
Ocean Circle samples, and scripts used in analysis have been
made publicly available at https://figshare.com/projects/
nanodiatom_temp_light/74283. Sequence data can be found
on NCBI under the SRA accession PRJNA608686 (raw Illumina
reads) and MT742785 (assembled 18S rRNA sequence).

Results
Taxonomy

Short read sequencing produced 9 million 150 bp paired-
end Illumina reads. Mapping reads to 200 full length
Chaetoceros spp. 18S sequences and assembling all mapped
reads produced a single contig 1812 bp long. When
BLASTed against the nt database, excluding all noncultured
isolates, this assembled 18S rRNA gene sequence was
the closest match to C. cf. wighamii strain BH65_48, with
99.8% identity across 92% of the sequence (accession
KY980353.1). Unfortunately, isolation information was not
available for this strain. However, the next closest match
was to another C. cf. wighamii strain from the Roscoff Cul-
ture Collection (RCC3008, KT860959.1) at 100% identity
across 90% of the query. This strain was isolated from the
coastal Baltic Sea in 2010 at 4�C and was maintained at
50 μmol photons m−2 s−1, similar to our isolate. Aligning
25 full length 18S sequences for named Chaetoceros species
(Supporting Information Table S1) allowed us to construct
a high quality phylogenetic tree (average maximum likeli-
hood = 0.91) of this genus (Fig. 1). The next closest
branching sequence was to other temperate isolates:
C. throndsenii from the Gulf of Naples (93.6% ID and 96%
coverage), C. lorenzianus (94.1% ID and 90% coverage),
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Fig 3. a) Thermal performance curves across three light levels. For all Eppley-Norberg curves, r2 > 0.7 and all are significantly different from each other
using repeated measure ANOVA (p < 0.001). Dashed horizontal lines show zero growth. Differences between light treatments are shown for the b) ther-
mal optimum (Topt) and c) maximum growth rate (μMax). Error bars show �1 standard deviation within the modelled optimal temperatures and maxi-
mum growth rates for each.
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C. constrictus (93% ID and 94.3% coverage) from Las Cruces,
Chile.

Light curve
When grown at 16�C, this diatom isolate had an asymmetric

response to increasing light levels, skewed toward low irradi-
ance (Fig. 2). Although at the lowest light level tested
(15 μmol photons m−2 s−1) the specific growth rate was only
0.13 d−1 (� 0.01), when irradiance was increased to
30 μmol photons m−2 s−1, the growth rate nearly tripled, to
0.33 d−1 (� 0.03). At this light level, the specific growth rate

was significantly higher than at every other irradiance level
tested (p < 0.05). Light levels beyond 30 μmol photons m−2 s−1

caused the growth rate to rapidly decrease again, becoming
negative (cell death) between 100 and 120 μmol photons
m−2 s−1 (Fig. 2).

Thermal curves
Interactive effects between light and thermal niche for this

Chaetoceros isolate from the thermal performance curves at three
different irradiance levels (15, 30, and 50 μmol photons m−2 s−1)
are shown in Fig. 3a and Table 1. Using a repeat measures
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Table 1. Thermal performance curve parameters calculated at three light intensities. The units for width, minimum temperature for
growth (Tmin), maximum temperature for growth (Tmax), and temperature with the fastest growth rate (Topt) are �C while μMax shows
specific growth rates (d−1). SDs are shown where available, within parenthesis.

μmol photons m−2 s−1 Width Tmin Tmax Topt μMax r2

15 25.7 −2.0 23.7 13.7 (�0.87) 0.16 (�0.01) 0.87

30 27.0 −2.0 25.0 17.2 (�0.86) 0.28 (�0.02) 0.75

50 23.2 1.5 24.7 15.2 (�1.17) 0.25 (�0.02) 0.71
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ANOVA, each of these thermal performance curves was signifi-
cantly different from each other (Fig. 3a, p < 0.001). Growth tem-
peratures (the thermal niche width) was broadest at 15 and
30 μmol photons m−2 s−1 (27.0�C and 25.7�C, respectively),
while at 50 μmol photons m−2 s−1 niche width was only 23.2�C
(Table 1). The difference in modeled niche width compared to
30 μmol photons m−2 s−1 was manifested as a 1.3�C decrease in
the highest temperature able to support growth (Tmax) under
low light (23.7�C), and as a 3.5�C increase in the lowest tempera-
ture able to support growth (Tmin), under high light (1.5�C)
(Table 1). The model predicted that the temperature with the
fastest growth rate (Topt) would be higher at
30 μmol photons m−2 s−1 (17.2�C � 0.86; Fig. 3b, Table 1) than
15 and 50 μmol photons m−2 s−1 . Although it fell farther in low
light, both 15 and 50 μmol photons m−2 s−1 light Topt were
within one standard deviation (SD) of each other (13.7 � 0.87�C
and 15.2 � 1.17�C, respectively). The maximum specific growth

rate (μMax) across these thermal performance curve models was
estimated to be highest under 30 μmol photons m−2 s−1 and
50 μmol photons m−2 s−1 (0.28 d−1 � 0.02 and 0.25 d−1 � 0.02,
respectively; Fig. 3c, Table 1).

Response to extreme light stress
In addition to considering how this diatom responded

when acclimated to constant light and temperature condi-
tions, we also assessed how it responded to pulses of extreme
light at 4�C and 16�C. At both temperatures, constant expo-
sure to extreme light levels (638 μmol photons m−2 s−1) was
lethal. At 4�C, the constant extreme light treatment (positive
control) fluorescence decreased steadily until it reached the
lower limit of detection at the very end of this experiment
(Fig. 4a); however, at 16�C, fluorescence reached the lower
limit after just 24 h (Fig. 4c), 3.3× faster (Fig. 4b,d). At the
lower temperature this Chaetoceros isolate maintained positive
growth even after being exposed to extreme light for 6 h,
although exposure for both 3 and 6 h significantly decreased
the growth rate compared to cultures never exposed to
extreme light (negative control, p < 0.05). Similarly, measured
growth rates were significantly lower after 3- and 6-h expo-
sures compared with the negative control. Cells acclimated to
16�C also had significantly lower growth rates compared to
unexposed cultures (p < 0.05); however, unlike at the colder
temperature, exposure to extreme light for 6 h was lethal.
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Environmental amplicon data
Before using the assembled 18S rRNA sequence to look for

this diatom in available amplicon sequencing data from Narra-
gansett Bay, we first confirmed that there was enough diver-
sity within the V4 hypervariable region across this genus to
distinguish our isolate from other Chaetoceros spp. Using aligned
V4 regions of the same sequences in Fig. 1, we were able to con-
struct a phylogenetic tree (Supporting Information Fig. S1) that
separated our isolate from other members of the genus.
Processing sequencing data from Narragansett Bay resulted in
5170 distinct ASVs; however, only 20 of these had an average
relative abundance greater than 1% of recovered amplicons
across the data set. When BLASTed, the most common diatom
genera were Thalassiosira (eight), Skeletonema (four), and Mini-
discus (two) (Supporting Information Table S2). These are consis-
tent with previous observations at Narragansett Bay, where
Thalassiosira and Skeletonema often dominate the diatom com-
munity (Canesi and Rynearson 2016; Rynearson et al. 2020). Of
these 20 most abundant recovered ASVs, one was a perfect
match (100% ID and 100% coverage) to the 18S rRNA gene
sequence of our isolate.

This ASV was greater than 1% of the total recovered
amplicons in 28 of the 80 samples. It had ca. 0.5 probability
of detection in samples in January, February, and March
(Fig. 5a). This probability peaked at 0.83 in April, before
decreasing to 0.43 again in May. In June through August, the
probability of detection was ca. 0.2 and dropped to zero in
September and October, before rising again to 0.5 in
November and December (Fig. 5a). Across all 80 samples, it
comprised on average 4.1% of the relative diatom sequence
reads per sample, with a maximum of 76.8% of recovered
amplicons on May 28th, 2010 (Supporting Information
Fig. S2). From the available observational data, we were not
able to associate this isolate with major phytoplankton
blooms in Narragansett Bay. In this data set, Chl a concentra-
tions were greater than 10 μg L−1 in 10 different samples. The
ASV matching our Chaetoceros isolate was only detected above
the 1% relative abundance in three of these high Chl a events,
but in each of these samples where it was detected it never
made up more than 1.5% of the recovered amplicons.

To examine the thermal and light niches of the ASV
matching our Chaetoceros isolate, we split temperatures into
13 two-degree bins from 0�C to 26�C. The isolate was present
in Narraganset Bay from 0 C to 24 C but occurred more fre-
quently at temperatures < 12�C. At these cooler temperatures,
the probability of observing this ASV was on average 0.52
(� 0.19), but dropped to 0.11 (� 0.11) above 12�C, almost five
times lower. The distribution of light exposure readings through-
out the data set was largely 10–40 mol photons m−2 d−1, so mea-
surements within this range were grouped in increments of
5 mol photons m−2 d−1, with readings outside this distribution
recorded as < 10 mol photons m−2 d−1 and > 40 mol photons
m−2 d−1, respectively. The probability of detection was approxi-
mately equal at ca. 0.3 for all total irradiance levels > 10 mol

photons m−2 d−1; however, when total irradiance was < 10 mol
photons m−2 d−1, the probability of detection nearly tripled to 0.9
(Fig. 5c).

In order to assess this isolate’s geographic distribution
beyond Narragansett Bay, we accessed amplicon data from the
Tara Oceans data set. Prior to analysis, a phylogenetic tree was
made using the V9 region of the 18S rRNA genes used in Fig. 4
to show that these primers were able to differentiate our iso-
late from other Chaetoceros spp. (Supporting Information
Fig. S3). This isolate was not detected in previously published
amplicon data from the Tara Oceans project, which largely
cover tropical and temperate latitudes (Callahan et al. 2017).
However, two ASVs that were 100% match across > 90% of
the sequence were detected in surface waters at 8 of 16 stations
of the high-latitude Tara Oceans Polar Circle sampling (Fig. 6).
Both ASVs were found at the same stations with approxi-
mately equal relative abundance, and thus their results are
reported together. Interestingly, they were mostly detected at
stations where the relative abundance of diatom amplicons
was comparatively low (Supporting Information Fig. S4).

Discussion
In this study, we describe a recently isolated nano-diatom

with 18S rRNA gene sequence similarity to diatoms identified as
Chaetoceros cf. wighamii in NCBI. In laboratory culture experi-
ments, this isolate showed a strong sensitivity to even moderate
levels of light, which is unusual for planktonic diatoms. Indeed
light levels greater than 100 μmol photons m−2 s−1 being lethal
is even unusual among reports of other Chaetoceros species iso-
lated from the Arctic Ocean, which have routinely used signifi-
cantly higher light levels (Lacour et al. 2019; Lomas et al. 2019;
Schiffrine et al. 2020). Light sensitivity also impacted the sensi-
tivity of this Chaetoceros sp. to temperature changes, and con-
versely temperature also appeared to modulate its sensitivity to
light stress. This interaction likely explains this diatom’s seasonal
distribution across multiple years of 18S rRNA gene amplicon
data from its isolation location. Despite this seemingly unusual
physiology, this Chaetoceros sp. was detected across the samples
taken during the Tara Oceans Polar Circle Expedition. This sug-
gests its physiology may not in fact be that unusual, but rather
part of a broader adaption to high latitude waters.

A preference for low light levels for growth is not
necessarily uncommon in marine phytoplankton. For
instance, Prochlorococcus, a dominant unicellular marine
picocyanobacterium in the oligotrophic gyres, has well-
defined low- and high-light ecotypes occupying deep and
surface layers of the euphotic zone, respectively (Moore
et al. 1998; Goericke et al. 2000; Johnson et al. 2006). Studies
on low light Prochlorococcus have reported upper light limits
that are similar to those we describe here for our diatom iso-
late (Goericke et al. 2000). Even among diatoms, adaptations
to low light levels have been reported in species living in
benthic environments (Admiraal 1976). However, centric
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diatoms are not typically considered to be part of the
benthic community (although dormant resting stages can be
observed) (Conley et al. 1989; Ligowski 2000; McQuoid and
Godhe 2004). Alternately, it could be that the low-light physi-
ology of our Chaetoceros isolate is an adaptation to deeper
layers of the photic zone, similar to low-light Prochlorococcus,
but its consistent presence even in open ocean surface water
samples from high latitudes does not support either conclu-
sion. Another possibility is this diatom could be adapted to
living under sea ice, where active photosynthesis can be
maintained below 5 μmol photons m−2 s−1 (Seckbach 2007).
However, this seems unlikely as temperate environments such
as Narragansett Bay typically do not freeze over during the
winter (Pineda et al. 2005).

We show that at sub- or supraoptimal light levels, the max-
imum thermally determined growth rate and the thermal opti-
mum decrease. Similar observations have been made in a
metanalysis of phytoplankton temperature-light effects, how-
ever at much higher light levels (Edwards et al. 2016). In tem-
perate and high latitudes, temperature and light levels
increase simultaneously as spring progresses into summer and
day length and angle of solar incidence increase. Our data sug-
gest that the realized niche of this diatom is defined by the
negative interactive effect of both temperature and light. For
instance, in 6 yr of amplicon data it was detected in ca. 45–
80% of the samples taken between November and April, when
temperatures are low and the days are relatively short. The fre-
quency of detection in May could be explained by the fact
that although day length is increasing, the waters in Narragan-
sett Bay are still colder than summer and early fall conditions
(mean = 15.5�C, SD = � 2.7�C). In the summer months (June
through September), it was only detected four times. That it was
detected at all during these warmer, brighter months suggests
that there may be additional environmental factors (such as
nutrient availability) controlling its distribution. Interactions
between light and temperature also explain why observations of
this diatom in situ typically occur at temperatures well below
the range of optimal growth temperatures predicted by our ther-
mal performance curve models (13.7–17.2�C). It should be stated
however that only five observations were made between 10�C
and 14�C, and it could be that more samples in this range would
change the frequency of detection.

It is interesting to consider how these experimental and
seasonal data affect this diatom’s distribution in the broader
ocean. For instance, although this Chaetoceros sp. was detected
in half of the Tara Oceans Polar Circle samples, these were col-
lected between May and October. Based on the seasonality
depicted in data from Narragansett Bay, this is when we would
expect its abundance to be lowest. Consequently, they may be
even more abundant in polar waters than observed here. Sum-
mertime surface-water temperatures across the Arctic Ocean is
on average of 2.56�C in the Tara Oceans Polar Circle samples,
which is typically cooler than average wintertime surface-
water temperatures in Narragansett Bay (4.67�C). However,

daily irradiance levels during the Arctic summer have been
reported in ranges from 21 to 39 mol photons m−2 d−1 due to
the near constant daylight (Pabi et al. 2008), compared to the
ca. 5–25 mol photons m−2 d−1 we observed over 6 yr of data
from Narragansett Bay. It should be noted that there may be
differences in the light levels experienced by phytoplankton
in the water column at these two sites, due to differences in
the angle of solar incidence. In culture experiments, we
observed that this diatom’s growth rate decreased at similar
temperatures when light was supraoptimal (Fig. 3a), which
suggests that its physiology could be an adaptation to the cold
and low-light conditions found during early spring months in
the North Atlantic (Siegel et al. 2002; Boss and Behrenfeld 2010).
Future studies using molecular methods to look at the composi-
tion of early spring blooms may show that this diatom contributes
significantly to primary production at high latitudes.

Although this study documents this diatom’s singular low-
light niche, more work will be needed to investigate the mecha-
nisms involved. For photosynthetic organisms, an accumulation
of deleterious reactive oxygen species in the cell (in particular the
chloroplast) is often seen following exposure to extreme irradi-
ance (Wilhelm et al. 2014; Mizrachi et al. 2019). Under low light
conditions, many diatoms photo-acclimate by increasing the size
of their chloroplasts and the number of photosystems and
antenna pigments they contain, in order to increase photon cap-
ture (Rosen and Lowe 1984; Lepetit et al. 2012; Strzepek
et al. 2019). It could be that our low-light Chaetoceros has a lim-
ited ability to adjust its photosynthetic energy acquisition sys-
tems when exposed to high light, causing a harmful buildup of
reactive oxygen species. Similarly, variation in the xanthophyll
cycle (Ruban et al. 2004; Cartaxana et al. 2013) and production
of reactive oxygen species-scavenging antioxidants (Cartaxana
et al. 2013) could contribute to this planktonic diatom’s unusual
physiology. Reactive oxygen species damage to the cell has also
been suggested to increase at higher temperatures, and thus could
explain the increased susceptibility to acute light stress at higher
temperatures (Larkindale and Knight 2002).

Future work should also consider the effect of light spectral
quality on the irradiance and temperature interactions described
here. In aquatic environments, not only is the total irradiance vari-
able, but also the availability of specific wavelengths. Shorter wave-
length blue light is less absorbed by water molecules, and thus
penetrates farther into the water column than longer red wave-
lengths. Phytoplankton associated with low light environments
such as deep water or beneath sea ice are often specialized for utiliz-
ing these higher energy wavelengths (Gosselin et al. 1990; Shimada
et al. 1996). At higher latitudes and during the winter, solar eleva-
tion is lower compared to low latitudes or during the summer. This
results in a lower angle of incidence, which causes more light to be
reflected from the ocean’s surface. However, this process is skewed
toward longer wavelengths, which are preferentially reflected
(Campbell and Aarup 1989). The implication is that phytoplank-
ton at higher latitudes or during the winter season experience more
blue light relative to red light. It would be interesting to test
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whether these diatoms experience the same light sensitivity when
grown under blue light as white light (as in this study).

The interactive effects of light and temperature on this dia-
tom’s growth in the lab and pattern of abundance in situ raise
interesting questions about how marine phytoplankton will
respond to rising temperatures associated with climate change.
It is broadly suggested that organisms at high latitudes exist at
temperatures well below their thermal optima, and therefore
rising temperatures will be advantageous, increasing their
growth rate (Thomas et al. 2012; Boyd et al. 2013). The aver-
age temperature at Narragansett Bay in the 6 yr of temperature
data accompanying this amplicon data set is 12.4�C, below
the optimal temperatures predicted by our three thermal per-
formance curve models. However, because of the strong regu-
lation of thermal niche by light level in this Chaetoceros sp., it
could be that this isolate will not fare better with rising tem-
peratures, as warmer conditions increase its susceptibility to
light stress. In a shallow (8 m), well-mixed estuary such as
Narragansett Bay this interaction between light and temper-
ature may in fact shrink the range of months where growth
of this diatom is feasible. For instance, it is frequently (appe-
aring in > 40% of the samples) observed as late in the year
as April and May, where day length is longer and solar ele-
vation higher than during the winter months. Rising tem-
peratures during those months may be harmful, increasing the
diatom’s susceptibility to light stress; although it may also be
that rising temperatures will be advantageous during winter
months (e.g., December to March) when light levels are
seasonally low.

In the open ocean, this diatom’s sensitivity to light may
disadvantage it in a warmer future. Current models predict a
shoaling of the thermocline at high latitudes, increasing light
exposure by trapping phytoplankton closer to the surface
(Riebesell et al. 2009). This is expected to increase overall pho-
tosynthetic growth, as high latitude phytoplankton are often
considered light limited (Yun et al. 2012). However, the
Chaetoceros isolate described here, which was observed across
the polar circle challenges this paradigm. Future work at high
latitudes should further investigate the abundance of this dia-
tom (especially during early spring bloom conditions) in order
to better predict how climate change will impact phytoplank-
ton communities in these regions.

Our study highlights one facet of the largely unrecognized
but almost limitless diversity that exists in marine phyto-
plankton communities. It is fascinating that a planktonic dia-
tom with such a specialized light and temperature niche was
discovered at the longest running phytoplankton time series
in existence, highlights the relatively unexplored diversity of
smaller plankton groups. This work also shows that light and
temperature can interact to define a thermal niche. Even in
species that thrive at comparatively high light levels, changes
in light could similarly impact their response to changes in
temperature and influence how they will fare in a warming
ocean. Future studies should consider high light as an

interactive variable along with other costressors, such as ele-
vated temperatures and CO2, when predicting how phyto-
plankton will respond to global change.
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