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ABSTRACT The Andvord fjord in the West Antarctic Peninsula (WAP) is known for
its productivity and abundant megafauna. Nevertheless, seasonal patterns of the mo-
lecular diversity and abundance of protistan community members underpinning
WAP productivity remain poorly resolved. We performed spring and fall expeditions
pursuing protistan diversity, abundance of photosynthetic taxa, and the connection
to changing conditions. 18S rRNA amplicon sequence variant (ASV) profiles revealed
diverse predatory protists spanning multiple eukaryotic supergroups, alongside enig-
matic heterotrophs like the Picozoa. Among photosynthetic protists, cryptophyte
contributions were notable. Analysis of plastid-derived 16S rRNA ASVs supported 18S
ASV results, including a dichotomy between cryptophytes and diatom contributions
previously reported in other Antarctic regions. We demonstrate that stramenopile
and cryptophyte community structures have distinct attributes. Photosynthetic stra-
menopiles exhibit high diversity, with the polar diatom Fragilariopsis cylindrus, un-
identified Chaetoceros species, and others being prominent. Conversely, ASV analyses
followed by environmental full-length rRNA gene sequencing, electron microscopy, and
flow cytometry revealed that a novel alga dominates the cryptophytes. Phylogenetic
analyses established that TPG clade VII, as named here, is evolutionarily distinct from cul-
tivated cryptophyte lineages. Additionally, cryptophyte cell abundance correlated with
increased water temperature. Analyses of global data sets showed that clade VII domi-
nates cryptophyte ASVs at Southern Ocean sites and appears to be endemic, whereas in
the Arctic and elsewhere, Teleaulax amphioxeia and Plagioselmis prolonga dominate,
although both were undetected in Antarctic waters. Collectively, our studies provide
baseline data against which future change can be assessed, identify different diversifica-
tion patterns between stramenopiles and cryptophytes, and highlight an evolutionarily
distinct cryptophyte clade that thrives under conditions enhanced by warming.

IMPORTANCE The climate-sensitive waters of the West Antarctic Peninsula (WAP), includ-
ing its many fjords, are hot spots of productivity that support multiple marine mammal
species. Here, we profiled protistan molecular diversity in a WAP fjord known for high
productivity and found distinct spatiotemporal patterns across protistan groups.
Alongside first insights to seasonal changes in community structure, we discovered a
novel phytoplankton species with proliferation patterns linked to temperature shifts. We
then examined evolutionary relationships between this novel lineage and other algae
and their patterns in global ocean survey data. This established that Arctic and Antarctic
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cryptophyte communities have different species composition, with the newly identified
lineage being endemic to Antarctic waters. Our research provides critical knowledge on
how specific phytoplankton at the base of Antarctic food webs respond to warming, as
well as information on overall diversity and community structure in this changing polar
environment.

KEYWORDS Antarctic fjords, phytoplankton diversity, community structure, protists,
Southern Ocean

The West Antarctic Peninsula (WAP) is considered to be among the most climate-
sensitive regions on Earth (1). The ocean here has high levels of primary productiv-

ity that support a variety of benthic and pelagic life, including many marine mammals,
particularly in some of the glacial-marine fjords that pepper this complex region (2–4).
Unlike lower-latitude oceans, where both cyanobacteria and photosynthetic unicellular
eukaryotes contribute to primary production via photosynthesis, the WAP food web is
underpinned solely by photosynthetic protists. However, the taxa that dominate these
communities and the environmental factors that shape them are not well resolved.
Only a few studies have examined the molecular diversity and phylogenetic relation-
ships across phytoplankton groups or the heterotrophic protists that consume them in
the context of seasonal (5) or spatial variability (6) of this ecosystem. Most research on
WAP primary producers has been performed using microscopy and pigment-based
analyses (7). These studies of the open-water period (rather than the ice-covered pe-
riod) indicate that austral summer phytoplankton blooms are typically dominated by
diatoms or cryptophytes and that blooms of small flagellates and cryptophytes follow
the initial diatom bloom stage (2). The haptophyte alga Phaeocystis and other small
flagellates are also present (8, 9), although the species comprising the latter have been
difficult to identify (10). In nearshore environments, blooms by the small flagellated
prasinophyte Pyramimonas sp. and by unidentified unarmored dinoflagellates have
been also reported (11, 12).

A striking longer-term trend has been reported for WAP phytoplankton commun-
ities, in which there appears to be a shift toward cryptophyte dominance overall (13).
Based on multiyear pigment analyses on transects across the region, this shift is
thought to be linked to increased warming (13). Phytoplankton communities have
been addressed using the 18S rRNA gene to examine the entire microbial eukaryote
community at a general level (6, 14–18). Most recently, WAP transect data indicated
that a single amplicon sequence variant (ASV) dominated the cryptophyte community
at the majority of stations, spanning multiple years, with occasional offsets in peak rela-
tive abundances with the known Antarctic cryptophyte Geminigera cryophila (19).
Overall, several primarily nonmolecular studies have suggested that general phyto-
plankton community dynamics in the WAP are shaped by the timing of sea ice retreat
and extent of surface water stratification (8, 9, 13). However, there is a paucity of con-
textualized repeat sampling of molecular diversity and other parameters that currently
hinders understanding of phytoplankton dynamics in this region.

Phytoplankton community dynamics are perhaps even less well resolved within the
glacial-marine fjords that are common to the WAP coastline. These narrow inlets have
steeply elevated sides and at least one tidewater glacier at their terminus (20).
Complexity contributed by the presence of multiple fjords is overlain by seasonal
changes and localized differences in the input of melted sea ice. Variations in fjord pro-
ductivity levels also exist, as well as differences in how the interface between the cryo-
sphere and ocean manifests. Moreover, WAP fjords are known to be colder than Arctic
fjords, resulting in generally weaker meltwater influences (21). This is important in
shaping ecology in the WAP and its fjords because lower meltwater inputs result in
reduced upper ocean stratification and reduced inner fjord turbidity, conditions that
generally enhance phytoplankton growth and the productivity of polar fjords. One
WAP fjord that has been noted for its high primary productivity and an abundance of
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diverse megafauna is Andvord Bay (22, 23). Five phytoplankton groups have been
reported in Andvord Bay and the coastal WAP based on high-performance liquid chro-
matography (HPLC) pigment analyses; specifically, cryptophytes, diatoms, prasino-
phytes, dinoflagellates, and in particular “unidentified small phytoflagellates” have
been called out as important in Andvord Bay and in other WAP regions (9, 12, 13, 21,
23). Unfortunately, the molecular diversity and taxonomic composition of these small
phytoplankton species is currently unknown, although it is important for connecting
trends to acclimatization and evolutionary processes relevant to future change.

Here, we examine the molecular diversity of unicellular eukaryotes in Andvord Bay
to enhance our understanding of the protistan community responsible for its produc-
tivity and the resulting aggregations of feeding mammals (23). Our studies were per-
formed in two seasons within the open-water period, austral spring and fall, and
included sampling within and beyond the fjord. High-throughput amplicon (V9 18S
rRNA) sequencing (24) was used to characterize diversity of both photosynthetic and
heterotrophic protists. We then further characterized the photosynthetic community
using V1-V2 16S rRNA primers that recover both bacterial and plastid-derived sequen-
ces and are more reflective of photosynthetic organismal relative abundances than
18S rRNA gene amplicons due to more constrained 16S gene copy numbers (25, 26).
This was combined with flow cytometric cell enumeration, which provided a quantita-
tive understanding of phytoplankton community gradients in the fjord, in addition to
diversity assessments and their association with seasonal changes. After recognizing a
seemingly novel cryptophyte amplicon sequence variant (ASV), we performed full-
length gene sequencing and field microcopy studies to establish its phylogenetic rela-
tionships and morphology. These studies revealed an uncultured cryptophyte that
forms a distinct clade separate from that containing the canonical Antarctic crypto-
phyte Geminigera cryophila (27). Not only is the novel lineage present in multiple
Antarctic settings, but its abundance is correlated with water temperature, a factor
that is directly connected to climate change.

RESULTS
Molecular diversity of microbial eukaryotes in Andvord Bay and beyond.We ana-

lyzed the molecular diversity of the microbial eukaryotic community in Andvord Bay
and the adjacent Gerlache Strait. The Gerlache Strait is the conduit to Bransfield Strait
and the continental margin surrounding the South Shetland Islands (28) (Fig. 1). V9
18S rRNA sequencing of four austral spring (November to December 2015) and two
austral fall (April 2016) surface samples resulted in 1,256,577 total amplicons after qual-
ity control (see Table S1 in the supplemental material). Rarefaction analysis indicated
that the depth of sequencing was saturated for all samples (Fig. S1A). Average species
richness was higher in austral spring (396 6 83) than in fall (226 6 41) samples,
although differences in sample numbers could influence these results. Shannon diver-
sity estimates were similar between austral spring (3.49 6 0.28) and fall (3.27 6 0.34).
Of the 885 total V9 18S ASVs, 627 were unique to spring samples, and 58 were only
detected in fall samples. Some of the ASVs “unique” to spring reached up to 4% of total
amplicons within a single sample, while many other seasonally unique ASVs were low
in relative abundance (,0.6% of total amplicons), including all those present in fall
samples.

To gain an overview of the protists present in our samples, we used published
methods (29) that involved mapping the 18S ASVs to a curated reference maximum-
likelihood phylogenetic reconstruction that employed nearly full-length 18S rRNA
gene sequences. The reference reconstruction contained representative sequences
from all major eukaryotic groups from both cultured taxa and environmental studies.
Our Antarctic 18S ASVs mapped to 242 nodes and demonstrated that each of the
major eukaryotic groups in the phylogenetic reconstruction was present in the fjord
(Fig. 2A). The most diverse groups were the Dinophyta and Stramenopila, comprising
272 and 278 ASVs, respectively, and spanning 55 and 44 nodes (Fig. 2A). The Cryptista
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and Haptista (30), represented here solely by cryptophytes and haptophytes, contained
the most abundant single ASV. Furthermore, all cryptophyte ASVs were placed at a sin-
gle node, suggesting high ASV identity (Fig. 2A).

We next delineated protistan consumer ASVs from those of primary producers (24)
by using a compilation of literature-based information. Eight eukaryotic groups were
classified as photosynthetic and 13 as frequently heterotrophic or of mixed nutritional
modes (Fig. 2B). Lineages with members that are considered either heterotrophic or
mixotrophic, defined here as the capability for photosynthesis and phagotrophy, were
included in the heterotrophic/mixed category. Because the V9 did not allow confident
delineation of photosynthetic, mixotrophic, and heterotrophic dinoflagellates, all were
placed in the heterotrophic/mixed category. Multiple lineages of the Telonemia,
Stramenopila, Alveolata, and Rhizaria (TSAR) supergroup assemblage also belong to
this category, with high relative abundances of rhizarians, ciliates, dinoflagellates, syn-
diniales, and marine stramenopiles (MASTs). The latter comprised MAST-1, MAST-2,
MAST-3, MAST-7, and MAST-8, which were important contributors to the heterotro-
phic/mixed community during both austral spring and fall, based on relative amplicon
abundance. Finally, picozoans, choanoflagellates, and some fungal taxa were also
detected and were generally present during both seasons.

Several different eukaryotic lineages were represented among the clearly photosyn-
thetic portion of the community. The major groups were Viridiplantae (green algae

FIG 1 Sampling stations in the present study, including Station B (SB) on the Antarctic continental
shelf and stations within and adjacent to Andvord Bay in the Gerlache Strait. The map in the
foreground shows a broader view of the west coast of the Antarctic Peninsula and Anvers Island,
with the red box outlining the map of Andvord Bay shown in the background. Red squares indicate
stations that were sampled and analyzed during both the austral spring and fall, while blue circles
represent stations that were only sampled and analyzed during the austral spring.
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within the supergroup Archaeplastida) and lineages within the Stramenopila, Cryptista,
and Haptista. Among green algae were 16 mamiellophyte ASVs and 5 pyramimonad
ASVs. Within the Stramenopila, 151 different diatom ASVs, 9 bolidophytes, 12 dictyo-
chophytes, and 9 pelagophytes collectively contributed to overall relative abundances
(Fig. 2B). Cryptophytes comprised up to 71% of total photosynthetic 18S rRNA gene
amplicons. In contrast to the many diatom ASVs, cryptophytes were represented by 22
18S ASVs (Fig. 2B), 20 of which had contributions totaling ,0.8% of total cryptophyte
18S ASVs (Table S2). A highly dominant ASV was present, 18SASV1, representing 93% of
all cryptophytes in the samples, while the second most relatively abundant taxon
(18SASV32) contributed just 4%.

Cryptophyte abundance. Our next aim was to determine the actual abundances
of cryptophytes, which can be unambiguously identified based on their relative size
and the phycoerythrin (PE) pigment they contain (31). Cyanobacterial populations,
including Synechococcus, were not identified. Quantification of cryptophyte abundance
was important because we observed contrasting patterns of cryptophyte and diatom
ASVs, with respective relative dominance by one or the other. These patterns could
arise as a function of how relative abundances are generated. For example, if one
taxon increases in relative abundance, the other might have either decreased or stayed

FIG 2 Eukaryotic diversity and distributions at Andvord Bay and Gerlache Strait stations. (A) Depiction of reference maximum-likelihood phylogenetic
construction (based on near-full-length 18S rRNA gene sequences [see Materials and Methods] onto which 18S V9 amplicon sequence variants [ASVs] from
the austral spring and fall samples were mapped using published methods [29]). The size of the red circle is proportional to the number of amplicons
(within the ASV assigned to the specific node) out of the total number of quality-controlled amplicons generated. Major eukaryotic groups are highlighted,
and the number of ASVs represented is given in parentheses next to each group label. The black star indicates the node representing cryptophytes. (B)
Relative 18S rRNA gene amplicon frequency for this subset of samples, based on Qiime 2 classification, with a subsequent partitioning based on a
literature review of nutritional types. The “heterotrophic/mixed category” includes strict heterotrophs, sequences classified into broad taxonomic groups
that include both heterotrophic and mixotrophic (capable of phagotrophic nutrition and photosynthesis) representatives, and groups where the nutritional
mode could not be identified (i.e., dinoflagellates). Only groups represented at $10% relative contributions in one or more samples are shown. Note that
MAST-12 was also present but placed in the “other eukaryotes” classification in panel b, along with other ASVs in taxonomic groups of low relative
abundance (,10% in all samples) and ASVs classified as “unidentified” based on Qiime 2 (see Table S2 in the supplemental material). The “other
eukaryotes” category under photosynthetic eukaryotes comprised ASVs in taxonomic groups that were either present at low relative abundance (,10% in
all samples) or lacked a taxonomic classification beyond “Archaeplastida.” All samples represented were also analyzed using the V1-V2 16S rRNA gene
region (see Fig. 4).

Diversity and Seasonal Dominance of Antarctic Phytoplankton ®

November/December 2021 Volume 12 Issue 6 e02973-21 mbio.asm.org 5

https://mbio.asm.org


the same in terms of cellular abundance but will appear to decline in amplicon analy-
ses. Using flow cytometry, we observed the highest total phytoplankton abundances
in austral spring, corresponding with chlorophyll a (Chl a) results (Fig. 3 and Table S3),
while fall cell abundances and Chl a concentrations were low, with maximum measure-
ments of;1,303 cells �mL21 (flow cytometry) and 0.80mg Chl a � L21. The highest con-
centrations in spring were observed in the upper 20 m at each station, reaching a max-
imum of 10,204 cells � mL21 at Inner Basin A (IBA) (2 December 2015, 1.5 m; Fig. 3).
Variability in cell abundance occurred throughout the fjord and adjacent waters, with a
mean of 4,465 cells � mL21 (62,294, n = 42) within the fjord, and 5,511 cells � mL21

(61,482, n = 26) outside the fjord.
Cryptophytes were detected by cytometry at all spring stations except Station B (SB)

and had the highest abundances within the fjord. These values corresponded well with
microscopy-based confirmation of cryptophyte observations (r = 0.92, P = 3.2 � 10216),
although absolute counts were systematically lower for the latter (Fig. S2). The crypto-
phytes observed with microscopy all corresponded to a singular morphotype. The great-
est number of cryptophytes was found at IBA (2 December 2015, 1.5 m), which featured
the highest number of total phytoplankton cells, .30% of which were cryptophytes (i.e.,
.3,000 cryptophyte cells � mL21; Fig. 3) and ranked second among stations in terms of
Chl a concentrations. In the upper 60 m, the abundance of cryptophytes and other pho-
tosynthetic cells enumerated by flow cytometry were positively correlated with each
other (Fig. S3A). The total number of photosynthetic cells was positively correlated with
glacial meltwater at this depth range, but the cryptophytes did not show a significant lin-
ear relationship with meltwater (Fig. S3B and C). Cryptophyte abundance was positively
correlated with temperature and Chl a in the upper 60 m (Fig. S3D and E).

Plastid diversity across the fjord. The contrast between the diversity found within
most phytoplankton groups and the lack therein of relatively abundant cryptophytes
led us to further investigate these WAP primary producers. Using more spatially
resolved sampling to search for potential gradients in community structure, we next
examined phytoplankton diversity based on plastid-derived 16S rRNA gene ASVs.
Rarefaction analyses showed that 16S ASV saturation was reached in the 25 surface
samples sequenced (Fig. S1B). The numbers of plastid sequences recovered ranged
from 5,043 to 157,703 in spring samples and 1,025 to 19,698 in fall (Table S1), out of
182,191 6 65,051 and 91,466 6 59,257 average amplicon sequences, respectively. The
number of plastid-derived sequences and relative percentages out of all 16S amplicons

FIG 3 Flow cytometry-based phytoplankton abundances across austral spring depth profiles. Cross
section of the upper 65 m of the spring transect showing chlorophyll a (Chl a) concentration in the
background with cell abundance overlaid (pie charts). Black represents the proportion of total cells
that were identified as cryptophytes, while gray represents all other photosynthetic cells. The size of
each pie chart is scaled to the total number of cells enumerated.
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(including bacteria) was correlated with Chl a concentrations (r = 0.71, P = 6.3 � 1025;
Fig. 4A). Average Shannon diversity examined at the plastid ASV level was not signifi-
cantly different between spring (2.39 6 0.54) and fall (2.42 6 0.54). Furthermore, while
no relationship was detected between phytoplankton diversity and meltwater percen-
tages, phytoplankton diversity did exhibit a weak but positive response to distance
from the glacial terminus (r = 0.46, P = 0.03).

To examine phylogenetic relationships between phytoplankton community mem-
bers and identify specific taxa, sequences were characterized via statistical placement
on reference 16S rRNA phylogenetic reconstructions (32) previously developed for
analysis of cyanobacteria and eukaryotic phytoplankton (26). The results showed

FIG 4 Phytoplankton diversity, distribution, and environmental relationships. (A) Relative 16S rRNA gene amplicon frequency for samples taken during
austral spring and fall, based on PhyloAssigner classification. The topmost gray bar plot represents Chl a concentrations corresponding to each DNA
sample. The lower gray bar plot shows the total number of plastid amplicons sequenced with the percentage of total amplicons that were identified as
plastid sequences overlaid as a light green line. An asterisk (*) indicates samples that were also analyzed by 18S rRNA amplicon sequencing (see Fig. 2). (B)
Heatmap showing the significant Pearson’s correlations (P # 0.05) between environmental factors and relative amplicon frequency of phytoplankton taxa.
Pairwise correlations without an assigned colored dot represent correlations that are not significant. (C) Heatmap of the distribution of diatom ASVs as the
percentage of total PhyloAssigner-classified diatom amplicons. Shown are the top 10 ASVs, as well as ASVs that formed .10% of the total diatom
amplicons in at least one sample. The less frequently observed diatom ASVs were summed and are represented here as “all other ASVs.”
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representatives from the same eukaryotic “supergroups” (30) as 18S rRNA ASV analy-
ses, specifically, Viridiplantae (Archaeplastida), Stramenopila, Cryptista, and Haptista
(Fig. 4A). As expected based on prior studies (33), cyanobacterial sequences were not
detected, although they would be recovered using the primers employed if present
(see, e.g., references 34 and 35). The Viridiplantae were represented by two main line-
ages, pyramimonads and mamiellophytes. Four eukaryotic phytoplankton groups were
identified within the Stramenopila, specifically, diatoms, pelagophytes, dictyocho-
phytes, and bolidophytes. Finally, the Cryptista and Haptista were represented only by
cryptophytes and haptophytes, respectively. Among the general trends observed was,
again, contrasting dominance by diatoms or cryptophytes, particularly in the austral
spring (Fig. 4A).

Phytoplankton-environmental connections and intrataxon diversity. Among
the Viridiplantae, pyramimonad ASVs had higher relative amplicon abundances, except
on 15 April 2016 at Gerlache (Fig. 4A). Their relative amplicon abundances were negatively
correlated with temperature and positively correlated with increased phosphate concen-
trations (Fig. 4B). The four pyramimonad ASVs were assigned to a single last common
ancestor of Prasinophyte class I node; more precise classification was not possible because
16S rRNA gene sequences from characterized taxa are not available. However, 9
Mamiellophyceae ASVs were detected, three belonging to the picoeukaryote Micromonas
polaris and 6 to Bathycoccus. In both seasons, mamiellophytes contributed ,10% of total
plastid amplicons, reaching maximum contributions of 6.8% in the austral spring and
7.4% in fall, and similarly low numbers of Micromonas cells were detected by quantitative
PCR (qPCR) (Fig. S4). Spring and fall Mamiellophyceae relative abundances were positively
correlated with distance from the glacier (r = 0.53, P = 6.0� 1023) (Fig. 4B).

Diatoms were the most highly represented stramenopiles (Fig. 4A) and also showed
the greatest diversity of the phytoplankton groups detected, with a total of 66 16S
ASVs. Several diatom ASVs had high nucleotide identity to known species, and some
were detected only at specific stations, while others presented a more consistent back-
ground presence (Fig. 4C). 16SASV8 was one of the most relatively abundant diatoms in
austral spring in the outer regions of the fjord and the Gerlache Strait, and it was also
found in trace amounts (,0.2% of diatom ASV abundances) at the innermost stations
during both seasons. It had 99.3% nucleotide similarity to Chaetoceros calcitrans, a spe-
cies so far unreported in Antarctic waters. Chaetoceros cells were also seen by micros-
copy, although further delineation was not possible based on morphological character-
istics. 16SASV12 peaked in relative abundance at SB (4 April 2016) in the austral fall
(Fig. 4A). This diatom was likely Odontella weissflogii, which was observed by light mi-
croscopy (36) (Fig. S5), but this species has no 16S sequence in the GenBank database.
O. weissflogii is phylogenetically close to the odontelloid Triceratium dubium, based on
other gene markers (37), and 16SASV12 had 98.2% nucleotide identity to T. dubium. Within
the fjord during austral spring, the most abundant diatom ASV was 16SASV41 (Fig. 4C).
Based on top BLASTn results, 16SASV41, as well as 16SASV17, 16SASV25, 16SASV74, 16SASV124,
and 16SASV126, are all likely members of the Thalassiosirales. Many of the Thalassiosirales
species are also unfortunately lacking representative 16S rRNA gene sequences in avail-
able databases. Several Thalassiosirales species could be observed by microscopy though,
with species of Shionodiscus and Thalassiosira being notable (Fig. S5). In the austral fall,

16SASV48, which had 100% nucleotide identity to Fragilariopsis cylindrus, was present at all
but stations SB (4 April 2016) and Outer Basin B (OBB) (19 April 2016) and was among the
most abundant for diatoms. Diatoms overall showed a significant positive correlation
with distance from the glacier and depth of the mixed layer, defined here as the region of
the upper water column where surface wind-driven mixing results in homogenous tem-
perature and other physical oceanographic characteristics (Fig. 4B).

The other major stramenopile taxa groups observed were bolidophytes, dictyocho-
phytes, and pelagophytes, which at times comprised considerable percentages of plastid
amplicons. For example, bolidophytes sometimes exceeded diatoms and consisted of 9
ASVs, most of which lacked high identity matches in GenBank, except for the second
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most abundant, 16SASV58, which had 99.6% identity to Triparma laevis. This taxon was
reported previously in the WAP based on 18S rRNA genes (38) and was originally found
in the North Pacific (39). Dictyochophytes consisted of 13 ASVs, with six being phyloge-
netically placed with Helicopedinella, three as sister to the Pseudopedinella and CCMP2098
clades sensu Choi et al. (26), and one each with Florenciella parvula, Florenciella clade II,
and Dictyocha. Pelagophytes showed the lowest 16S-based diversity of all the strameno-
piles, with three ASVs, placed with environmental clades PEC-I, PEC-V, and PEC-IX, respec-
tively (26). Pelagophytes and dictyochophytes each exhibited a significant negative corre-
lation between relative amplicon abundance and temperature (Fig. 4B), and the former
was negatively correlated with day length. Additionally, pelagophyte, dictyochophyte,
and bolidophyte amplicon abundances were each positively correlated with phosphate
concentrations.

Cryptophytes exhibited higher relative abundances than haptophytes and other
groups of phytoplankton discussed thus far, apart from the diatoms taken as a group
(Fig. 4A). Haptophytes were dominated by 16SASV68 and 16SASV151, the first having
100% nucleotide identity to Phaeocystis antarctica and the second having 98% identity
to Chrysochromulina parva (Table S2). Both had relatively low contributions, with the
maximum being 6% of total plastid amplicons at Inner Basin B (IBB) during the fall
(Fig. 4A). Moreover, haptophyte relative abundance was negatively correlated with
temperature and day length (Fig. 4B). For cryptophytes, on average, 85.2 6 10.0%
(n = 25) of their 16S rRNA amplicons were formed by two sequence variants (16SASV2
and 16SASV4) at each station, which differed from each other by two base pairs, while 7
other ASVs formed the rest of the cryptophyte community. An “uncultured marine
cryptophyte clone” sequence from near the South Shetland Islands (59.3792 S, 55.7742
W; ;700 km north of our sampling region) had the closest (99.6%) nucleotide identity
to our dominant cryptophyte 16S ASV; however, the closest available 16S rRNA gene
sequence from a cultured species was Teleaulax amphioxeia at 97.1% nucleotide iden-
tity. In austral spring, cryptophytes comprised up to 93% of the total plastid amplicons.
In fall, when Chl a levels and overall phytoplankton abundances were low, cryptophytes
formed up to 45% of plastid amplicons. For both seasons, cryptophyte relative abundance
was negatively correlated with distance from the glacier (r =20.42, P = 0.038) (Fig. 4B).

A phylogenetically distinct cryptophyte dominates. Our studies performed thus
far established a covariance between diatoms, made up of many known taxa, and a
dominant but seemingly unknown cryptophyte (16SASV2). Like cryptophyte 16SASV2,
the corresponding dominant 18SASV1 did not appear to come from a cultured crypto-
phyte. 18SASV1 did have 100% nucleotide identity to an Antarctic sequence from Ace
Lake (GenBank accession number HQ111513), which came from a cryptophyte that was
briefly in culture but then lost (40). The length of the amplicons generated here precluded
phylogenetic analysis, apart from statistical placement of ASVs on curated reference trees.
We therefore constructed 18S rRNA gene clone libraries, using DNA from a Gerlache Strait
sample, and recovered full-length sequences that matched 18SASV1 at 100% nucleotide
identity.

The full-length sequence of the dominant cryptophyte in our study branched within
the morphologically variable cryptophyte Teleaulax/Plagioselmis/Geminigera (TPG) lin-
eage (41) (Fig. 5A). Although the innermost nodes (backbone) of the topology were
generally unsupported, we were able to identify 9 clades within the TPG lineage that
were moderately (.70/0.7) to fully supported by bootstrap values and posterior proba-
bilities (Fig. 5A). All Antarctic sequences belonged to two statistically supported clades.
Our WAP sequence formed a clade (here named clade VII) with the Ace Lake sequence,
coming from the other side of Antarctica, and a Southern Ocean sequence from near
the South Shetland Islands (GenBank accession number FJ032651; Fig. 5B). Sequences
from the cultured Antarctic cryptophyte G. cryophila branched in clade IV, as did one from
Bayly Bay (GenBank accession number HQ111512), near Ace Lake (40). Five other clades con-
tained cultured taxa (II, III, V, VIII, and IX). Three were devoid of cultured representatives,
namely, clade VII from our study; clade I, containing Sargasso Sea environmental clones; and
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FIG 5 Phylogeny, morphology, and distribution of the dominant cryptophyte in this study. (A) Maximum-likelihood phylogeny of 18S rRNA genes from
cryptophytes within the Teleaulax/Plagioselmis/Geminigera lineage, revealing the position of the WAP cryptophyte clone sequence (in bold). Taxon names are

(Continued on next page)
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clade VI, containing East China Sea environmental clones. Additionally, while sequence iden-
tities were often quite high or overlapping (Fig. S6), each clade had consistent, unique syna-
pomorphies that differentiated it clearly from other clades (Fig. S7). Newly identified clade
VII had a total of 8 unique nucleotide polymorphisms relative to clades IV and VI (across the
entire gene sequence).

Based on the phylogenetic reconstruction, clade VII appeared to represent a novel
species within the TPG lineage. We then paired the phylogenetic results with light and
scanning electron microscopy studies. All cryptophytes observed in our samples
(n = 128), with the exception of the samples from SB (20 December 2015), corre-
sponded to a singular morphotype, which we therefore considered to be the WAP
cryptophyte identified via molecular analysis and flow cytometry. This morphotype
also matched descriptions of WAP cryptophytes observed previously (12). Light micros-
copy measurements indicated it was 11.3 6 2.1 mm in length and 5.1 6 0.6 mm in
width (mean 6 standard deviation of 41 individuals from both austral spring and fall).
Morphologically, the novel cryptophyte differs from G. cryophila, which has a rounded
or ovoid shape, a featureless periplast, and a characteristic warty aspect due to the
accumulation of lipid droplets in the peripheral cytoplasm (27), as well as from
Teleaulax species, which have a teardrop shape and featureless periplast (42). The
novel cryptophyte has a teardrop shape, warty appearance, and hexagonal-to-rectan-
gular plates that comprise the periplast (Fig. 5C). Furthermore, it has a conical tail with
no plates and two flagella, slightly shorter than the body, emerging sideways from a ven-
tral furrow. These characteristics aligned with physical traits attributed to Plagioselmis ge-
nus, yet the specifics of its morphology did not fit any currently described taxon (12).
These results led us to conclude that clade VII captures members of an unknown crypto-
phyte species, that we refer to here as clade VII, to avoid naming prior to reevaluation of
the entire TPG lineage.

Cryptophyte clade distributions across the oceans expose niche differentiation.
While the overall topology of the 18S rRNA gene phylogenetic reconstruction was not
well supported, many clades had support, as well as clade-specific synapomorphies,
especially in the 18S V9 region. While, like most clades, clades III and V differentiated
from all other clades within the V9, they could not be distinguished from each other
(Fig. S8). Each clade (Fig. 5A) featured 100% nucleotide identity within itself for the V9
region, with the exception of environmental clade VI (East China Sea) and the fresh-
water clade (IX), where there were three variants per clade that differed by 1 nucleotide
(nt) each (Fig. S7). We exploited the clade-identifying synapomorphies to examine TPG
distributions in Tara Oceans V9 18S amplicon data (43). The results show that crypto-
phytes are broadly distributed from pole to pole, as supported by prior studies on dif-
ferent ocean regions (41). Furthermore, our analyses showed that the TPG are the dom-
inant marine cryptophyte lineage throughout the global ocean (Fig. 6A).

Our more specific synapomorphy-based analyses provided unprecedented insight
into the molecular diversity of TPG cryptophytes and the environments they inhabit.
Members of clade II (Teleaulax amphioxeia) and clades III/V (Plagioselmis prolonga and
Teleaulax gracilis) were present in temperate and tropical environments, as well as at
high Arctic latitudes, but were not detected in the WAP and Southern Ocean (Fig. 6E
and G). Moreover, although they were frequently detected together, this was not
always the case. The newly discovered clade VII is limited to high southern latitudes.
To test whether it might be present in freshwater environments, where cryptophytes
can be important (44), we also queried a publicly available riverine data set (45).
Although a definitive comparison could not be made due to the clustering methods

FIG 5 Legend (Continued)
taken directly from GenBank and include strain identifiers and accession numbers. Environmental sequences are named by their location or as “environmental”
when the location could not be determined. Symbols represent key morphological traits. The right-hand colored bar signifies the latitude at which the
sequence-containing sample was taken (or the latitude of isolation for sequences from cultured representatives). Potential clades are highlighted and identified
with a roman numeral. (B) Map of the Antarctic continent with stations where full-length cryptophyte sequences originated, either as cultured isolates or
environmental samples. (C) Scanning electron microscopy (SEM) images of the WAP cryptophyte where the external morphological features can be appreciated.
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used to generate operational taxonomic units (OTUs) in Arroyo et al. (45), we did not
detect any OTU with .98% nucleotide identity to clade VII. We did find that clade VII
dominates in the region of Antarctica (WAP) sampled by Tara Oceans (Fig. 6B).
Members of clade IV (G. cryophila) were found at just one WAP station, although they
were present in multiple samples of our study. At the Tara Oceans WAP sites, clade IV
had much lower contributions than those of clade VII to TPG relative abundance.
Finally, we found that, like our V9 18SASV1, the dominant cryptophyte V4 18S ASV iden-
tified in a recent WAP study (19) had 100% nucleotide identity (to the V4 region) of our
clade VII full-length sequence.

DISCUSSION

Studies examining protistan diversity using high-throughput 18S rRNA or 16S rRNA
(for phytoplankton only) sequencing in polar regions have been performed across the
Arctic using survey sampling (e.g., references 43, 46, 47), but challenges in accessing

FIG 6 Global cryptophyte distributions in the surface ocean. (A to H) Maps of stations from the Tara Oceans expedition
where surface seawater samples (.0.8-mm-filter-size fraction) were taken for V9 18S rRNA gene sequencing (data from
Ibarbalz et al. [43]). Rings are sized to represent relative amplicon abundance. The first map (A) shows the relative
abundance of all TPG clade cryptophyte amplicons out of the total cryptophyte amplicons in each sample. The following
maps show the relative abundance of amplicons representing clade VII (B), clade VI (C), clade VIII (Teleaulax acuta) (D),
clades III/V (Plagioselmis prolonga/Teleaulax gracilis) (E), clade IV (Geminigera cryophila) (F), clade II (Teleaulax amphioxeia) (G),
and clade I (H) out of the total TPG clade cryptophytes. Classifications were based on the phylogenetic reconstruction of
cryptophytes using the full-length 18S rRNA gene (see Fig. 5a) and the TPG clades designated within. Specific
polymorphisms in the V9 region that connected to each clade were identified manually, which enabled the designation of
representative sequences and their corresponding ASV within the Tara Oceans data set for each clade.
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Southern Ocean and Antarctic fjords and coastal zones have resulted in more restricted
knowledge of Antarctic communities (48–50). Open-water periods in polar fjords tend
to be productive and sensitive to alterations in the cryosphere-ocean interface. This
sensitivity, as well as the fact that they provide habitat for foraging by many marine
animals, call for focused, repeated studies of primary producers in these ecosystems in
order to examine their responses to environmental conditions. Although Arctic fjords
have been well studied (51, 52), they differ from Antarctic fjords because they receive
strong annual glacial meltwater inputs, providing cold freshwater and terrigenous sedi-
ments, which leads to a significant down-fjord gradient in both pelagic and benthic
habitats (53). In contrast, glacial meltwater influences are milder in Antarctic fjords,
such that nutrients are still injected and some stratification occurs, but without the
sediment loading and high turbidity associated with stronger meltwater inputs. The
extent of meltwater input is highly sensitive to climate change (54), a factor that moti-
vated this research and our study design for investigating extant communities in
Antarctic fjords during open-water periods. Through this high-resolution examination
of fjord protistan molecular diversity, alongside quantitative and imaging approaches,
we were able to shed light on varied differentiation patterns between phytoplankton
groups, including an evolutionarily distinct, uncultivated lineage of cryptophytes of im-
portance within a fjord and in the greater WAP.

Protistan communities in polar environments. The major protistan groups seen
here (Fig. 2) are also present in Arctic fjords (51, 55), and a number have been reported
in WAP studies. Our study location was ;60 km from a region sampled near Anvers
Island (14), a distinct environment from fjords that has similarities to the Gerlache
Strait. Our location was intermediate to the coastal South Shetland Islands (15, 18, 49)
and Marguerite Bay (16), a true bay (not a fjord). The sequence analysis resolution for
the two studies of Southern Ocean waters near the South Shetland Islands was most
similar to ours, although they used the V4 18S region, not V9. The more “mysterious”
and small-sized heterotrophic microbial eukaryotes, also present in Arctic fjords and
seas (47, 51), are Picozoa, telonemids, and MASTs. While the ecosystem roles of uncul-
tured MAST lineages are unclear, several are known predatory heterotrophic nanofla-
gellates, including MAST-1, MAST-2, MAST-7, and MAST-8 (56, 57). The community
composition here was similar to that in the most comparable South Shetland Island
study (49); however, overall diversity in the previous study was less than that in ours,
likely due to their use of 97% nucleotide identity OTUs, which would minimize diversity
estimates.

The results suggest that potentially predatory dinoflagellate taxa may be common,
based on 18S ASV relative abundances (Fig. 2B), corresponding to results from the
South Shetland Islands (49). The dinoflagellates were highly diverse and confirmed
early hypotheses, based on more limited 18S rRNA gene sequencing, that there are
small, still undescribed dinoflagellates in the Southern Ocean (5, 58, 59). We observed
ASVs affiliated with potentially kleptoplastidic Gymnodiniales, which acquire and use
plastids from other phytoplankton and also operate as heterotrophs through seasonal
periods of complete darkness (47, 60). Although relative abundances did not always
correspond, at a general level, the phytoplanktonic taxa identified via 18S and 16S
ASVs (Fig. 2 and 4) were equivalent, providing a backdrop against which we could
embed resolved taxonomic analyses using 16S ASVs. The 16S rRNA gene approach has
been reported to provide improved insights into organismal relative abundances, due
to the large variation in 18S rRNA gene copy numbers among eukaryotes and the
oftentimes low phylogenetic resolution of the V9 18S rRNA region (25, 26, 61).

Molecular diversity and identities of Antarctica’s “small flagellated” phytoplankton.
“Small flagellates” or “mixed flagellates” have been noted repeatedly as important con-
tributors to WAP phytoplankton communities (7, 9, 21, 23). This group is a conglomer-
ate of multiple phytoplankton taxa (i.e., pigmented), many of which are not further
identifiable by microscopy or HPLC. Here, we showed that the “mixed flagellates” of
Andvord Bay (e.g., reference 23) include prasinophytes, bolidophytes, pelagophytes,
dictyochophytes, and haptophytes. These small flagellates comprised 38% of the total
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chlorophyll a (Chl a) based on averaged values from austral spring stations in Andvord
Bay (21). They are also the second most abundant phytoplankton group based on mi-
croscopy counts in austral spring, after unidentified cryptophytes (23). Within the
“other phytoplankton” or “unidentified or mixed flagellates” categories, we surmise
that several taxa are important. For example, we observed Phaeocystis antarctica in
both 18S and 16S rRNA gene amplicon analyses, and it has been reported elsewhere in
the WAP during austral spring (62). Other small flagellates may have been misassigned
to diatoms (or to a broad category of “other phytoplankton”) when HPLC is used. Both
bolidophytes and dictyochophytes have pigments that overlap those used as diatom
markers, such that HPLC analyses would classify them as diatoms (26). This misidentifi-
cation may have important biogeochemical implications because these lineages lack
diatom-like frustules. Bolidophytes have either siliceous plates or are unsilicified (38,
63), and dictyochophytes have variations with respect to siliceous structures or the
lack thereof. Importantly, a number of these lineages have members with roles extend-
ing beyond classification as “simple” primary producers. The haptophyte P. antarctica
is a plastid source for some potentially kleptoplastidic Antarctic dinoflagellates (64)
that were present in our data. Moreover, other haptophytes, as well as dictyocho-
phytes, contain some predatory photosynthetic mixotrophs. These complexities alter
the environmental constraints and selective processes that act upon them compared
to those that act upon purely photosynthetic taxa (65).

The prasinophytes observed would also likely fall into the “other, mixed, or uniden-
tified” phytoplankton categories of prior Antarctic studies. The dominant pyramimo-
nad 18S ASV had 100% nucleotide identity to Pyramimonas gelidicola, a species iso-
lated from Antarctic waters (66, 67). Both our 18S and 16S data sets contained M.
polaris and Bathycoccus prasinos ASVs. These two taxa have been reported in the South
Shetland Islands, Marguerite Bay (16, 18), the Amundsen Sea, and circumpolar waters
surrounding Antarctica (68, 69). In Fildes Bay (South Shetland Islands) Micromonas had
high relative abundances, comprising up to 47% of the total V4 18S amplicons, and a
possible new ASV variant (in addition to M. polaris) was reported (18). This differs from
our observation of two M. polaris 18S V9 ASVs (100 and 99% nucleotide identity to the
cultured strain); however, the V4 region is known to resolve some prasinophyte groups
better than the V9 region (61). Additionally, we found that M. polaris was consistently
present, but at low relative abundances, in both 16S and 18S amplicon data, as con-
firmed by qPCR (see Fig. S4 in the supplemental material). Collectively, these studies
point to unknowns regarding environmental drivers behind species proliferation in
specific Antarctic regions or seasons. Moreover, they highlight some specific small flag-
ellates as having bipolar importance, particularly M. polaris (69), which was once
thought to be endemic to the Arctic.

Phytoplankton community structure and links to environmental parameters. A
factor thought to contribute to productivity and aggregations of large mammals in
Andvord Bay, is that it is “dynamically quiet,” lacking the strong wind forcing of the
ambient ocean and facilitating some level of stratification. We observed a significant
positive correlation between the depth of the mixed layer and relative diatom ampli-
con abundance, an indication of requirements for higher nutrient concentrations than
those available when the water column is more strongly stratified (Fig. 3B). Otherwise,
the macronutrient that correlated most strongly with multiple phytoplankton groups
was phosphate. Bolidophytes, dictyochophytes, pelagophytes, and pyramimonads all
exhibited positive correlations with increased phosphate concentrations (Fig. 4B). In
another analysis of Andvord Bay (21), no relationship was seen between “mixed flagel-
lates” and these parameters, likely because distinct lineages were merged, highlighting
the importance of resolving phytoplankton taxa at a resolution that connects with
niche partitioning.

While macronutrient availability is an important factor shaping phytoplankton com-
munities in many regions of the global ocean, in polar fjords, glacial dynamics are also
extremely important. Distance from the glacier exhibited the strongest relationships with
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the relative amplicon abundances of different phytoplankton groups. Specifically, dis-
tance from the glacier terminus was positively related to relative mamiellophyte and dia-
tom amplicon abundances (Fig. 4B). In contrast, cryptophyte amplicon relative abundan-
ces were negatively correlated with distance from the glacier, and their cell abundances
were also generally highest in the inner part of the fjord (Fig. 3 and 4). This suggests that
the glacier plays an important role in shaping the phytoplankton community in Andvord
Bay, despite its characterization as a “cold” fjord with relatively little influence from glacial
meltwater in terms of physical oceanography (70). While glacial meltwater was statistically
linked to total phytoplankton cell abundance based on flow cytometry measurements,
the specifics of this relationship are unclear, particularly when Bonferroni correction meth-
ods are applied. Corroborating the findings of Pan et al. based on HPLC data (21), our
cryptophyte cell counts were positively correlated with temperature. Importantly, this
points to the potential for cryptophyte proliferation being enhanced in this region due to
future climate warming.

As discussed, diatoms are important stramenopiles in Andvord Bay, and elsewhere in
both Arctic fjords and Antarctic environments. However, diatoms are diverse (71), and our
data show that patterns arise at the 16S ASV level that are obscured at the group level.
For example, F. cylindrus (16SASV48), a well-recognized member of the WAP phytoplank-
ton community (13), was present at low relative abundance at all spring stations within
the fjord and Gerlache Strait, but dominated diatom amplicons at SB (20 December 2015)
(Fig. 4C). In fall, the opposite occurred, where this taxon occurred at higher relative ampli-
con abundances within the fjord and strait. One explanation of taxon-specific trends
revealed by our molecular data set could be that there is a seasonal pattern of an initial
austral spring presence of F. cylindrus out on the shelf, with a transition toward the near-
shore environment, including within the fjords, during the fall. Other diatom ASVs
showed differing patterns, emphasizing the need for high taxonomic resolution.

A unique feature of polar fjords is that there are occasional katabatic wind events,
driven by strong winds originating on the continental ice sheet (70). Our sampling
included 3 days at Sill 3 that spanned an austral spring katabatic wind event (70). Prior
to the event (29 November and 8 December 2015), cryptophyte amplicons dominated
plastid sequences (Fig. 4A), and cryptophyte cells were abundant. After the event (17
December 2015), relative cryptophyte amplicon frequency was lower, and diatoms
dominated amplicons. The strong down-fjord winds induced wind-activated mixing
that replenished photic zone nutrients (70), with nitrate higher toward the end of the
event (13 December 2015) and drawdown observed by 17 December 2015 (72). Thus,
katabatic wind events appear to have a role in resetting phytoplankton communities
and in the relative contributions of different lineages in Antarctic fjords, adding a con-
sideration beyond the oft-discussed influences of ice retreat and the degree of temper-
ature-induced surface water stratification.

Molecular insights into the novel clade VII WAP cryptophyte and overall TPG
lineage. While cryptophytes have been observed as one of the key phytoplankton
taxa in the WAP by a multitude of studies (e.g., references 9, 10), almost nothing was
known about their molecular diversity. Geminigera cryophila is the only Antarctic cryp-
tophyte in culture, and hence the only species where molecular sequence data have
been connected with morphological information. Indeed, to date, phylogenetic analy-
ses point to a disconnect between evolutionary analyses and morphologically defined
genera within the entire TPG lineage (Fig. 5A). One explanation has been that life his-
tory-dependent dimorphisms like those reported in the non-TPG genus Cryptomonas
(42) complicate interpretation. Plagioselmis prolonga and Teleaulax amphioxeia have
been proposed to be the same genus and species, with P. prolonga representing the
haploid state and T. amphioxeia the diploid state, primarily based on morphological
changes within cultures (73). Unfortunately, several TPG lineages recovered here are
not represented in culture, precluding further scrutiny. Furthermore, resolution of
marker sequences used, possible erroneous naming in GenBank, and low-quality
marker gene sequences for some reference taxa have complicated understanding of
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the TPG. Here, both phylogenetic analyses and conserved V9 18S polymorphisms dis-
tinguished P. prolonga and T. amphioxeia, indicating they are not the same species.

Environmental studies have also presented inconsistencies. For example, the Ace
Lake (GenBank accession number HQ111513, clade VII) and Bayly Bay (accession num-
ber HQ111512, clade IV) cryptophytes are proposed cryptomorphs of G. cryophila (40).
The suggested dimorphism is a warty, ovoid cell type (campylomorph form) seen in
aged cell cultures, for which microscopy images are lacking, and it is unclear if this was
observed for both the Ace Lake and Bayly Bay cultures (both now lost). Moreover,
dimorphism has not been observed in available cultures of G. cryophila. Here, place-
ment in separate bootstrap-supported clades (Fig. 5) and conserved polymorphisms
observed between the V9 sequences of clade IV and clade VII (Fig. S7) make crypto-
morphy seem unlikely between the Ace Lake strain and G. cryophila. Although our
analyses facilitated reinterpretation of TPG inconsistencies, an overall reevaluation of
genus-level differentiation would be exceptionally helpful and would benefit from tar-
geted PCR and genome sequencing efforts paired with cell imaging, if not cultures.

The multifaceted approaches underpinning our study provided a platform for
bringing together results from recent reports on uncultured WAP cryptophytes. Our
findings, based on integrated flow cytometry, microscopy, amplicon sequencing of
two molecular markers, and full-length 18S rRNA gene sequencing, demonstrate that
the dominant cryptophyte belongs to a unique lineage, here named TPG clade VII. It is
both phylogenetically and morphologically distinct from G. cryophila (clade IV; Fig. 5).
We observe that the clade VII cryptophyte and G. cryophila are consistently found in
our samples at ratios greater than 4:1. Two recent studies, one involving microscopy
(12) and the other V4 18S rRNA amplicon sequencing (19), also found that G. cryophila
may not be the primary WAP cryptophyte species. The V4 18S ASV study did not sam-
ple fjords but rather focused on repeat transect sampling in WAP sites during summer
and reported that a cryptophyte ASV that differed in sequence from that of G. cryophila
had higher relative abundance than G. cryophila. We were able to compare the identi-
fied ASV and the V4 region of our full-length clade VII gene sequence and found they
had 100% nucleotide identity. Hence, taking into account our integrative results and
indications from prior studies of Ace Lake (40) and those of the nonfjord WAP transects
(19), the novel TPG clade VII appears to be an important cryptophyte in multiple
Antarctic regions, particularly in the WAP.

Linking high-resolution taxonomy to local and global spatial community structure.
Our analyses identified a key phytoplankter in a more taxonomically and evolutionarily
relevant way and established important environmental linkages. Full-length sequenc-
ing alongside identification of evolutionarily conserved polymorphisms between TPG
clades within the V9 18S region allowed us to place cryptophyte diversity in a broader
context using Tara Oceans V9 data (43). Globally, TPG group members appear to domi-
nate over other cryptophytes (Fig. 6A). Some cryptophyte clades were broadly distrib-
uted in tropical and temperate waters (clade I; Fig. 6H) or extended into subpolar
Arctic waters as high as 69° N (clades VI and VIII; Fig. 6C and D). Overall, the crypto-
phytes seen in the Arctic were also detected in tropical and temperate waters extend-
ing to 60° S (clades II and III/V), but were not detected in Antarctic waters (Fig. 6E and
G). In contrast, we found no evidence for cryptophytes in either clade VII or cade VI
(the cultured G. cryophila) being present in Arctic fjords, in other Arctic waters, or in
the temperate and tropical regions sampled (Fig. 6B and F). Thus, it appears that the
newly discovered clade VII is endemic to Antarctica, as is clade IV. Moreover, clade VII
has much higher relative abundances than G. cryophila in our studies, as well as in Tara
Oceans cryptophyte data from the Southern Ocean (Fig. 5 and 6).

With respect to the broader phytoplankton community, we also observed that when
the absolute abundance of noncryptophyte phytoplankton increased, so did the abun-
dance of the seemingly Antarctic-specialized cryptophytes in spring months (r = 0.75,
P = 2.2 � 10216), as did the relative proportion of cryptophytes (r = 0.93, P = 3.8 � 10231).
This indicates that the phytoplankton community as a whole responded positively to
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certain environmental cues but that the cryptophyte response (in terms of cell numbers)
was more pronounced. The maximum cryptophyte abundances were between 3,000 to
4,000 cells � mL21, similar to results of another WAP study (74). Observed cryptophyte
abundances were within range of those for most blooms reported by microscopy (com-
piled in reference 12), although blooms reaching 1.6 � 104 cells � mL21 have also been
reported near Anvers Island (8).

What can these findings tell us about the oscillation between cryptophytes and dia-
toms observed in our amplicon data or reported previously in the Antarctic using other
methods (75)? Although not all studies employed statistical analyses, and none identi-
fied the cryptophyte(s) or diatoms involved, speculations regarding Antarctica’s dia-
tom-cryptophyte dichotomy include cryptophyte preference for lowered salinity (9)
and/or increased temperature (13, 21) or, conflictingly, increases in response to low-sa-
linity, colder waters (75). We find that (i) WAP communities contrast sharply in that
cryptophytes have a single taxonomic dominant, while diatoms are diverse and the rel-
ative abundances of specific diatoms shift over time; (ii) the cryptophyte present
appears to be endemic to the Antarctic and potentially has more limited opportunities
for dispersal beyond the Southern Ocean, whereas the diatoms present have much
larger distributions and may have arisen elsewhere; and (iii) clade VII cryptophyte
abundance is strongly correlated with increased seawater temperature, a factor that is
predicted to be enhanced by climate change, whereas the diatoms showed a signifi-
cant relationship with seasonally reduced stratification, potentially reflecting greater
nutrient requirements. Additionally, the katabatic wind event captured in our study
showed that diatoms responded to reduced stratification and increased nutrients over
the course of days. Thus, over both seasons and shorter time scales, cryptophytes and
diatoms responded to different environmental factors, with cryptophyte abundances
being most strongly correlated with the impacts of warming.

Finally, why are the overall phytoplankton group patterns so different in Antarctic
fjords compared to those in the Arctic? In the Arctic, diatoms appear to be the main
bloom-forming taxa, with blooms typically seen in the spring in either the inner (76) or
outer fjord (52). While cryptophytes have also been reported in many Arctic fjords,
other algal groups, including the prymnesiophytes and photosynthetic dinoflagellates,
have been noted as more important components of the phytoplankton community
when diatoms are lower in abundance (76, 77). Our results point to dominance of the
clade VII cryptophyte in the WAP and fjords within and suggest its great importance to
blooms based on HPLC and microscopy studies in the same region (12, 21). One poten-
tial consideration is that the cryptophytes seen in the Arctic appear to be generalists
also found in temperate and tropical waters. In contrast, clade VII so far has not been
observed elsewhere in the ocean, and its dominance over clade VII may be connected
to its ability to proliferate in the WAP and its fjords. Diatoms are less abundant at these
times, which again may connect to different environmental drivers or to the fact that
most are bipolar, and some even more generalist in their distributions. Future studies
examining differences in phytoplankton community structure between poles would
benefit from the inclusion of niche specialization and dispersal processes (69, 78) as
potential contributing factors.

Summary. Knowledge of the extant diversity in Antarctica and its “hot spot” fjords
is a priority. Here, we elucidated protistan diversity by combining results from two
expeditions designed to examine seasonal differences in open-water primary pro-
ducers in an Antarctic fjord noted for high productivity and diverse megafauna. Our
studies reveal variations in how the diversity of different phytoplankton lineages mani-
fests in this important polar region, and its connections to climate-sensitive seasonal
perturbations. In identifying the hitherto “unidentified small flagellates” that are impor-
tant components of the phytoplankton community in Antarctica, we were able to sin-
gle out taxa within this group that have bipolar distributions, such as the diatom
Fragilariopsis cylindrus and the prasinophyte Micromonas polaris. Some phytoplankton
groups as a whole exhibit high diversity in Antarctica, such as diatoms, indicating
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extensive niche differentiation, while others exhibit narrow diversity and extreme dom-
inance by a single taxon, like the clade VII cryptophytes. Indeed, the phylogenetically
distinct cryptophyte lineage elucidated here had been noted as a potentially different
lineage or morphotype in prior studies of Antarctic waters (12) but without supporting
evolutionary data. By incorporating our results with those of other studies, we found a
clade VII member to be the dominant cryptophyte in the fjord, outside the fjord, across
the broader WAP, and at other Southern Ocean sites, almost to the exclusion of other
cryptophytes. Alongside clade VII results, our analyses indicate that trace, consistent
contributions are present from the known, cultured Antarctic cryptophyte G. cryophila.
Unfortunately, the novel clade VII cryptophytes have not yet been cultured and appear
to be endemic to Antarctica, making access restricted. Importantly, the abundance of
the clade VII cryptophyte was positively correlated with increased water temperature.
While WAP fjords are considered to be “cold,” with weaker meltwater influence relative
to that in Arctic fjords, they are not immune to the effects of climate-induced warming.
The strategies reflected in the dominance of a single endemic cryptophyte under con-
ditions known to be enhanced by climate change and differing from periods character-
ized by a diverse diatom assemblage with bipolar representatives may point to future
selection processes, with as yet unknown impacts on the larger food web structure.

MATERIALS ANDMETHODS
Environmental sampling. Cruises to Andvord Bay, Gerlache Strait, and a western Antarctic shelf sta-

tion were performed from 27 November 20 December 2015 (LMG 15-10) and 4 to 26 April 2016 (NBP 16-
03). Niskin bottles for water collection were deployed on a rosette system with dual sensors measuring
depth, temperature, salinity, fluorescence, and light transmission. Microscopy sampling was according
to surface light level percentages (50%, 12%, and 1%), with 3% (final concentration) Lugol’s fixation.
Flow cytometry samples were preserved with 0.25% electron microscopy (EM) grade glutaraldehyde
(final concentration) (79). DNA samples were filtered onto 0.2-mm pore size and 47-mm diameter Supor
filters under low vacuum and frozen at 280°C alongside flow cytometry samples. Methods for nutrients,
Chl a, meltwater fraction, mixed layer depth measurements, and the calculation of distance from the gla-
cier were described previously (21). Data on ice cover during the period of this study are available in
Lundesgaard et al. (70).

DNA extraction and amplicon sequencing. DNA was extracted using a modified protocol of the
Qiagen DNeasy plant kit (80), quantified using the QuBit double-stranded DNA (dsDNA) high-sensitivity
assay (Life Technologies, Grand Island, NY). For amplicon sequencing, DNA was diluted with Tris-EDTA (TE;
pH 8) to 1 ng � mL21, with V1-V2 16S rRNA amplicon sequencing and PCRs performed as described previ-
ously (34). Each reaction mixture included 5 ng template, 5 mL 10� buffer, 1 U Hi-Fi Taq, 1.6 mL 50 mM
MgSO4 (Life Technologies), and 200 nM (each) forward primer 27F_ill 59-TCGTCGGCAGCGTCAGATGTGTATA
AGAGACAGagrgttygatymtggctcag-39 and reverse primer 338RPL_ill 59-GTCTCGTGGGCTCGGAGATGTGTATA
AGAGACAGgcwgccwcccgtaggwgt-39; capital letters represent Illumina linker sequences on the 27F/338R
primer pair (81). Reactions were cycled for 2 min at 94°C, 15 sec at 94°C (30 times), 30 sec at 55°C, 1 min at
68°C, and 7 min 68°C (for elongation). Purification was done using the MinElute kit (Qiagen, Valencia, CA),
and product presence and removal of primer-dimers were verified by electrophoresis. V9 18S rRNA ampli-
cons were generated as described above using the 1389F/1510R primer pair (24). Samples were sequenced
using Illumina MiSeq v3 chemistry.

18S rRNA ASV generation and analyses. 18S ASVs were generated by trimming the raw amplicon
sequences of primers using cutadapt v3.2 and inputting them into the DADA2 pipeline (v1.19). In brief,
the steps included filtering and trimming reads, dereplication, paired read merging, and chimera re-
moval. The identity of subsequent ASVs was determined via the classifier tool implemented in Qiime 2
(82). For an additional broad overview of the spread of eukaryotic diversity, see Wideman et al. (29).
Briefly, V9 sequences were phylogenetically mapped onto a previously published 18S rRNA gene maxi-
mum-likelihood (ML) reference phylogenetic reconstruction that used a selected subset of sequences
available in the PR2 database v.4.454 (83); short sequences (,400 bp) had been removed, as well those
not spanning the V9 region and those of metazoans. Sequence redundancy was also been limited by
retaining only representative sequences after clustering, such that the final alignment contained 20,939
18S rRNA gene sequences. The ML reference reconstruction was built using RAxML v.8.2 (84) under the
GTR model with CAT approximation (29). A total of 885 V9 ASVs (representing 1,256,577 amplicon
sequences) were then aligned against the unmasked reference tree sequences using MAFFT (85).
Aligned V9 ASV sequences were then placed onto the reference ML reconstruction using EPA-ng v0.3.6
(86), which employs an RAxML evolutionary placement algorithm, under the GTR-CAT model.
Subsequent to phylogenetic mapping, taxa with long branches were removed for display purposes if
the terminal branch was longer than 3 substitutions per site, using information from the Newick utilities
package (87), and the tree was rendered using the R package ggtree (88). Note that no V9 ASVs from our
study mapped to these long branches.

Phytoplankton cell enumeration. Flow cytometry samples were analyzed on an Influx flow cytome-
ter (BD, San Jose, CA) as described previously (79), using Fluoresbrite YG 0.75-mm beads as standards.
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WinList 7.0 (Verity Software House, Topsham, ME) was used to analyze listmode data files. Cyanobacterial
populations were not identified, including Synechococcus. Cryptophytes were distinguished from other
phytoplankton based on forward-angle light scatter (FALS) and phycoerythrin-derived orange fluores-
cence. For cell counts and dimension measurements, samples were observed at maximum amplification
(400�) using an inverted optical light-emitting diode (LED) microscope (DM IL; Leica). For scanning elec-
tron microscopy (SEM), sample aliquots were filtered onto 0.2-mm polyamide filters and dehydrated
through an ethanol dilution series (25%, 50%, 75%, and 100%) with final critical-point dehydration.
Specimens were sputter-coated with gold-palladium and examined using Jeol JSM-6360LV and Zeiss
Supra 40 instruments. Cryptophyte biomass was estimated by approximating average cell volume based
on previous models (89) and the average cryptophyte size measured here. Cellular carbon content was
estimated using a carbon:volume ratio for cryptophytes (90). Estimates of noncryptophyte phytoplankton
biomass was generated by approximating average cell volume, assuming a spherical cell shape and
5.5mm average length, and 237 fg C � mm23 as the carbon:volume ratio (91).

qPCR and standard curves were performed with a Micromonas primer-probe set, MicroGen08
(MicGen08F, TGTTCAAAGCGGGCTTA; MicGen08R, ATGCCCCCAACTGTTCCTCTTAA; MicGen08P, 6-carbox-
yfluorescein [FAM]-CCATGCTGAAATATTCAAG-MGBNFQ), according to previously described methods
(80) using an Applied Biosystems real-time PCR system (7500; Foster City, CA). Cycling conditions were
10 min at 95°C, followed by 45 cycles at 95°C for 15 sec and 60°C for 1 min. Inhibition tests with dilutions
between 1:4 and 1:4,000 established 1:40 as being appropriate for templates. Assay detection limits
were 10 template copies � well21. Ribosomal DNA (rDNA) copies � mL21 were calculated by accounting
for the volume of seawater filtered, template added, and dilution factor used.

Plastid ASV generation and analyses. For V1-V2 16S rRNA amplicons, low-quality merged sequen-
ces and primers (at 100% match) were removed using cutadapt v1.16. A 10% read length window with a
Q25 running-quality threshold was implemented for trimming low-quality bases. These data were input
to the DADA2 pipeline (v1.14), and paired-end sequences were merged with a 20-nt overlap and no mis-
matches. The resulting ASVs were run through PhyloAssigner to determine phylogenetic classification
(26). The taxonomic identity of select ASVs was also examined using BLASTn searches against the
GenBank nr database.

Cryptophyte full-length 18S rRNA gene sequencing and phylogenetic analyses. To obtain full-
length sequences, clone libraries were generated from 14 April 2016 Gerlache Strait DNA using a univer-
sal eukaryotic 18S rRNA gene primer set (92) as described previously (79). After cloning and purification,
sequencing was performed using BigDye Terminator chemistry on an AB3730xl sequencer (Applied
Biosystems), with initial screening using the 502F primer for the taxon of interest, and then with plas-
mid-targeted M13F and M13R primers. GeneStudio v2.2.0.0 was used to manually curate the assemblies.

The cryptophyte 18S rRNA gene sequence generated was used as a BLASTn (93) query against the
GenBank nr database to retrieve sequences from related cultured taxa and from environmental sequen-
ces, in independent searches, that were then combined with sequences from prior cryptophyte recon-
structions (42, 94). For multiple identical sequences, we performed some subsampling and, after prelimi-
nary alignment and tree building, further curated to remove sequences that had multiple unresolved
bases, indicating poor sequence quality, or that were much shorter than the bulk of nearly full-length
sequences. The resulting 93 representative sequences were aligned using MAFFT v.7.271 (85), using the
“-auto option,” and ambiguous positions were removed using trimAl v.1.2 (“-gt 0.3, -st 0.001”) (95). In
order to retain sequence FJ032651, which was one of the closest to our full-length cryptophyte
sequence, we reduced the number of 59 positions included (for the entire alignment), after observing
that tree building with “missing positions” settings was not appropriately representing branch lengths.
The final alignment consisted of 1,649 positions. The tree was inferred using RAxML v.8.2.9 (“-m
GTRGAMMAI”) (96), and branch support was assessed with 1,000 nonparametric bootstrap replicates.
Additionally, a Bayesian inference (BI) phylogenetic reconstruction analysis was performed with MrBayes
(97), using the same model of evolution with two independent runs of 2,500,000 generations with four
chains each (i.e., one cold and three heated) and sampling every 250 generations. After a burn-in of the
first 25% of trees, posterior probabilities for node supports were computed.

To investigate TPG cryptophyte distributions, relative abundances of ASVs from this lineage were
determined for Tara Oceans surface samples filtered onto a .0.8-mm size fraction (for consistency, this
required omitting some stations) (43). A representative sequence database for each statistically sup-
ported TPG clade was created and used as BLASTn queries against all ASVs identified as “Cryptophyta”
(43) using PR2. ASVs with 100% identity to a representative sequence for each TPG clade were identified
and confirmed via alignment to the representative full-length sequence and a manual inspection. Their
relative abundance computed within the total “Cryptophyta” amplicons; those with ,10 reads in a sam-
ple were considered “not detected” for the respective station. To determine the possible presence of
clade VII cryptophytes in a freshwater system, the V8-V9 region of the WAP cryptophyte 18S rRNA gene
was used as a BLASTn query against OTU sequences labeled as “Cryptophyta” using both PR2 and
SILVA119 in a study with samples from Middle Paraná River, Argentina (45). Other publicly available
searchable data sets from freshwater metagenomics studies could not be searched due to the issues
with assembling reliable 18S rRNA gene sequences via traditional metagenomics approaches.

Statistical analyses. For comparisons between flow cytometry-based cell abundances and environ-
mental parameters, Bonferroni-adjusted Pearson correlations were calculated with the R package stats
(v4.0.2). The R package Hmisc (v.4.1.1) was used to calculate Pearson correlations involving the relative
16S rRNA gene amplicon abundance of taxonomic groups, and this was visualized via the package corr-
plot (v.0.84). Rarefaction curves were created and diversity metrics calculated (Shannon index and
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species richness) using the R package vegan (v2.5-6) for the ASVs generated from the 18S and 16S (plas-
tid only) data sets.

Data availability. The amplicon sequencing data set generated for this study can be found in
GenBank under accession numbers SAMN21839445 to SAMN21839469. The clade VII cryptophyte sequence
can be found in GenBank under accession number OK285281.
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