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Abstract
The Bay of Bengal (BoB) is a 2,600,000 km2 expanse in the Indian Ocean
upon which many humans rely. However, the primary producers underpin-
ning food chains here remain poorly characterized. We examined phyto-
plankton abundance and diversity along strong BoB latitudinal and vertical
salinity gradients—which have low temperature variation (27–29�C)
between the surface and subsurface chlorophyll maximum (SCM). In sur-
face waters, Prochlorococcus averaged 11.7 ± 4.4 � 104 cells ml�1, pre-
dominantly HLII, whereas LLII and ‘rare’ ecotypes, HLVI and LLVII,
dominated in the SCM. Synechococcus averaged 8.4 ± 2.3 � 104 cells ml�1

in the surface, declined rapidly with depth, and population structure of domi-
nant Clade II differed between surface and SCM; Clade X was notable at
both depths. Across all sites, Ostreococcus Clade OII dominated SCM
eukaryotes whereas communities differentiated strongly moving from Ara-
bian Sea-influenced high salinity (southerly; prasinophytes) to freshwater-
influenced low salinity (northerly; stramenopiles, specifically, diatoms, pela-
gophytes, and dictyochophytes, plus the prasinophyte Micromonas) surface
waters. Eukaryotic phytoplankton peaked in the south (1.9 � 104 cells ml�1,
surface) where a novel Ostreococcus was revealed, named here Ostreo-
coccus bengalensis. We expose dominance of a single picoeukaryote and
hitherto ‘rare’ picocyanobacteria at depth in this complex ecosystem where
studies suggest picoplankton are replacing larger phytoplankton due to cli-
mate change.
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INTRODUCTION

The Bay of Bengal is a unique ocean region that is
strongly influenced by freshwater influx from the major
rivers that drain the Indian subcontinent and the south-
ern slopes of the Himalaya, as well as heavy rainfall
during the summer monsoon (Mahadevan, 2016;
Subramanian, 1993). Unlike other large tropical ocean
regions, it is also a semi-enclosed basin and thus
exceptionally fresh due to the freshwater input, which
amounts to �1.5 � 1012 m3 year�1 (Gomes
et al., 2000). Thus, the Bay of Bengal is low in salinity
and density at the surface, factors that inhibit the
upward transport of nutrients (like nitrate) for phyto-
plankton and downward flux of oxygen for zooplankton
and other organisms, including microbes (Sarma
et al., 2016). Nevertheless, the levels of phytoplankton
and zooplankton production are adequately sustained
to support active fisheries in the Bay of Bengal
(McCreary et al., 2013; Paulmier & Ruiz-Pino, 2009).
Indeed, human reliance on a particular ocean region is
probably nowhere greater than around the Bay of Ben-
gal, upon which some of the densest populations in
India, Bangladesh, Myanmar, and Sri Lanka rely for
food and on bay-influenced monsoonal dynamics for
water.

The Bay of Bengal is not only one of the freshest
oceanic regions in the world, it also has complex physi-
cochemical properties and circulation (Spiro Jaeger &
Mahadevan, 2018). Strong lateral salinity gradients
form a multitude of density fronts within the surface
layer, leading to instabilities over a range of spatial and
temporal scales (Sarkar et al., 2016). Additionally, the
fresh, less dense water at the surface results in an
intense salinity-driven vertical stratification in the near-
surface layer that inhibits vertical mixing (Shroyer
et al., 2020). The southeastern portions are influenced
by the Arabian Sea, which is considered more biologi-
cally productive than the Bay of Bengal (Madhupratap
et al., 2003; Prasanna Kumar et al., 2002; Thushara
et al., 2019). With respect to nutrients, although riverine
fluxes bring in nutrients, a substantial portion is con-
sumed within a few kilometres from the coast (Krishna
et al., 2016; Sarma et al., 2013). Nutrient limitation is
exacerbated by strong salinity gradients (Madhupratap
et al., 2003) and the system is substantially indepen-
dent of thermally-driven seasonal variations, that occur
in some subtropical gyres, given its consistently warm
surface waters (�26–29�C). Furthermore, strong strati-
fication also contributes to a quiescent environment,
which may further limit the overall nutrient supply to the
system, restricting primary productivity (Prasanna
Kumar et al., 2002; Sarker et al., 2020). Thus, in many
respects, salinity is considered a leading control on the
dynamics of the photic zone, and shapes its shallow,
spatially and temporally variable mixed layer (ML) of oli-
gotrophic conditions (Mahadevan et al., 2016).

However, there is still much to learn with respect to the
phytoplankton taxa that underpin productivity in the
system.

Multiple studies have tackled the primary producer
communities in the Bay of Bengal or localized regions
within it. These have used a variety of methodologies
including satellite data (which reflects the surface
layer), pigment analyses, and microscopy-based obser-
vations (Gregg & Rousseaux, 2019; Jyothibabu
et al., 2015, 2018; Roxy et al., 2016). While important,
the methods employed have generally lacked resolu-
tion for organisms in the small size fraction, such as
Prochlorococcus and eukaryotic picoeukaryotes, and
those that have used amplicon approaches have gen-
erally focused on the surface, for example, 7 m (Larkin
et al., 2020, 2022). Another recent amplicon-based
study focused on the Bay of Bengal showed high rela-
tive abundances of picocyanobacteria and photosyn-
thetic picoeukaryotes at the six stations analysed
(Angelova et al., 2019). Additionally, a satellite
imaging-based study concluded there has been a shift
in the primary producer community from larger eukary-
otic phytoplankton to picocyanobacteria, specifically
Prochlorococcus, in response to decreasing nitrate
concentrations (Gregg & Rousseaux, 2019). This com-
munity shift has further been projected to critically
impact bulk primary production, picoeukaryotic taxa
(Chen et al., 2022), export production, and the expan-
sion and intensity of the oxygen minimum zone in the
Bay of Bengal (Löscher, 2021). While these studies
shed light on possible scenarios and, in some cases,
particular phytoplankton community members, they
have generally not been performed in a depth-resolved
integrated manner nor over the latitudinal expanse of
the bay, which has regional variations that are espe-
cially sensitive to changes in the global water cycle.

The summer monsoon is the period in which the
Bay of Bengal receives the highest rainfall (in the
world), contributing to major differences in its physico-
chemical attributes compared to the other ocean
regions at similar latitudes (Wijesekera et al., 2016).
Therefore, we examined microbial phytoplankton com-
munities in the Bay of Bengal during the peak south-
west summer monsoon in 2015. Samples were
collected from 29 sites along the surface, 18 of which
were also sampled for vertical depth profiles. These
were analysed by flow cytometry and, at two depths
(surface and subsurface chlorophyll maximum [SCM]),
V1-V2 16S rRNA gene amplicon sequencing was per-
formed. Data from the latter were analysed using phylo-
genetic approaches to reveal fine-scale phytoplankton
distributions, to the level of sub-species for some eco-
types/species. To this end, we further developed high-
resolution full-length 16S rRNA gene phylogenetic
reconstructions for two major planktonic microbes in
this ecosystem, the cyanobacterium Prochlorococcus
and the picoeukaryote Ostreococcus, to provide
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insights into new or rarely detected members and their
spatiotemporal patterns in connection with environmen-
tal conditions. Collectively, our results reveal a unique
community structure as compared to well-characterized
thermally stratified photic zones in the subtropics, and
indicate that there is a wealth of newfound diversity in
the Bay of Bengal that aligns with its unusual
properties.

RESULTS

Oceanographic conditions along the Bay
of Bengal transect

Our cruise extended from the southwestern to north-
eastern Bay of Bengal and sampled various physical
and chemical regimes (highly stratified, monsoon-
influenced, oxygen minimum zone boundaries, and
riverine nutrient input regions; Figure 1A). Within the
top 10 m, salinity declined from 34.2 to 29.4 g kg�1

moving northwards (Figures 1B, 2B, and S1A). This
large differential lessened in the southward direction,
such that surface salinity was significantly higher at
stations S1–S4 (33.3 ± 0.8 g kg�1) than at stations
S5–S18 (30.6 ± 0.7 g kg�1; p < 0.001, Wilcoxon test).
Unlike the strong gradients observed in salinity, sur-
face temperatures were similar across the transect
(29.1 ± 0.2�C; Table S1A). It should be noted that we
had planned the return to port from the northern sam-
pling region as the period for intensive profile sam-
pling, however, this was negated by the loss of the
Niskin-rosette at sea after Station 18. Therefore,
bucket samples (B1–B11) were collected at the sur-
face along the return transect of the cruise and envi-
ronmental data from these generally aligned with the
samples from the Niskin rosette that had been col-
lected previously as the ship moved northwards after
the start of the cruise (Figures 2A and S1A). Because
of the complex water dynamics in this region some
samples collected at two different time points (way
northward versus return south) exhibited variability in
temperature and salinity at the surface, particularly in
the mid-latitudes.

Vertical distribution of salinity and temperature
across stations indicated that S1–S4 had distinct water
mass characteristics from other stations. Specifically,
these stations were saltier and warmer at a given den-
sity than others, exposing the influence of Arabian Sea
High Salinity water upon them (Figure S1B). With
respect to the photic zone, stations S5 and S7-18
exhibited a lens of low salinity waters in the upper 10 m
overlying more saline waters (Figures 2B and S1A,D).
Temperature over the top 100 m ranged from 20.2 to
29.5�C across the transect. It was less variable (≥27�C)
between the SCM and shallower depths (Figures 2C,D
and S1C).

In vivo chlorophyll a fluorescence showed that a
SCM was present at all stations, ranging from between
30 and 60 m (Figure 2D); the average temperature at
the SCM was (27.8 ± 0.6�C). Chlorophyll fluorescence
followed patterns in nutrients which varied with depth in
the photic zone and along the transect (Figure S2,
Table S1A). Dissolved inorganic nitrogen (DIN, sum of
nitrate, nitrite, and ammonium) concentrations in sur-
face waters varied from 0.7 μM (station S1) to 4.6 μM
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F I GURE 1 Oceanographic study context. (A) Worldwide
phytoplankton observations indicating global spatial biases in
biological oceanographic sampling intensity as derived from
PHYTOBASE database (https://doi.org/10.1594/PANGAEA.904397)
by normalization of observations per area of 1� grid. Note that this
database is of cyanobacteria and eukaryotic phytoplankton, but is
largely from microscopy and flow cytometry with less sequence data;
hence it has not been updated with relevant data such as that of
(Larkin et al., 2020) on surface Prochlorococcus ecotype composition
in the Indian Ocean, including Bay of Bengal. (B) Sampling sites and
the salinity profile in the Bay of Bengal during the study period.
Oceanographic and environmental data up to 200 m depth were
measured for the 18 hydrographic stations (S1–S18, profiles, white
circles) and 11 bucket samples (B1–B11, surface, black x-marks)
were collected from surface waters for salinity, temperature and
microbial plankton analysis. Note that due to crowding not all
sampling points are labelled with their respective number.

NOVEL PHYTOPLANKTON IN THE BAY OF BENGAL 3

 14622920, 0, D
ow

nloaded from
 https://am

i-journals.onlinelibrary.w
iley.com

/doi/10.1111/1462-2920.16431 by C
ochrane France, W

iley O
nline L

ibrary on [08/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1594/PANGAEA.904397


(station S15) (Figure S2A–C, Table S1A). With depth,
nutrient concentrations generally increased such that in
the SCM DIN averaged 8.6 ± 4.0 μM. Similarly, silicate
concentrations were 2.1 ± 0.9 μM and 4.0 ± 2.4 μM in
surface waters and the SCM, respectively (Figure S2E,
Table S1A). Phosphate concentrations averaged 0.4
± 0.2 μM in the surface waters and 0.6 ± 0.2 μM in the
SCM and were generally lower in the northernmost sta-
tions (Figure S2D, Table S1A). Finally, in general, oxy-
gen was significantly higher and salinity lower in the
surface compared to the underlying waters, again apart
from southern stations (Figure S1D,E).

Abundances of major phytoplankton
groups and variations in cell size

In total, four to six depths were analysed by flow cyto-
metry, typically ranging from 1 to 100 m and corre-
sponding to (1) surface, (2) ML, (3) SCM, (4) below
SCM, (5) base of oxycline and sometimes an anoxic
layer, if reached (Table S1B). Eleven surface samples
collected using a bucket (when the CTD was lost over-
board; Figures 1B, 2, S3) were also analysed.

Surface waters were numerically dominated by cya-
nobacteria, with abundances of Prochlorococcus and
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F I GURE 2 Characteristics of the water column and overall phytoplankton cell abundance. Data is shown in relation to depth from the
southernmost (S1) to northernmost (S18) stations in the Bay of Bengal as well as from bucket samples at the surface. (A) Surface salinity plotted
with respect to section distances. Interpolated depth profiles for (B) salinity, (C) temperature and (D) in vivo fluorescence from chlorophyll a.
Depths where DNA was collected are indicated (surface, white cross; subsurface chlorophyll maximum, black cross). Positions of stations
(S) and buckets (B) are indicated by letters followed by numbering. (E) Average cell abundance of cyanobacteria, specifically Prochlorococcus
(green), Synechococcus (orange) and eukaryotic phytoplankton (blue), from stations with similar characteristics. Note that flow cytometry
samples were collected at 4–8 depths depending on the water column structure. Data points and error bars represent the mean and standard
deviation, respectively.
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Synechococcus ranging from 2.8 � 104 to 2.0 � 105

(mean ± SD = 1.04 ± 0.46 � 105) cells ml�1 and
4.8 � 104 to 1.3 � 105 (8.36 ± 2.34 � 104) cells ml�1

(surface CTD samples only, n = 18), respectively,
across sites (Figure 2E). Abundances in bucket sam-
ples B1-B7 were akin to those in nearby Niskin-rosette
stations, and in the intervening buckets (B8-11) ranged
from 1.1 � 105 to 2.0 � 105 cells ml�1 and 5.7 � 104 to
8.9 � 104 cells ml�1 for Prochlorococcus and Synecho-
coccus, respectively (Table S1A). Over the vertical
dimension, Synechococcus dropped dramatically in cell
abundance, typically by depths of 15–20 m
(Table S1B). At the SCM, Prochlorococcus ranged from
4.6 � 103 to 9.8 � 104 (6.01 ± 2.13 � 104) cells ml�1

(n = 18), while Synechococcus ranged from 3.7 � 102

to 6.4 � 104 (8.30 ± 15.56 � 103) cells ml�1 (n = 18),
with the large standard deviation in the latter arising
from the fact that seven stations showed <1000 Syne-
chococcus ml�1 (i.e., 5.51 ± 1.43 � 102 cells ml�1) at
the SCM. Three factors stood out from these analyses;
first, the peak abundance of Prochlorococcus was typi-
cally between 14 and 30 m, not at the surface or SCM.
Second, at station S1 the highest abundances of Pro-
chlorococcus were seen at 63 m (5.0 � 104 cells ml�1)
and 72 m (4.0 � 104 cells ml�1), not shallower in the
photic zone. Finally, at stations S7–S18 Prochlorococ-
cus maintained high cellular abundances down to
100 m (the deepest sample collected), although the
SCM was at �50 m and both Synechococcus as well
as photosynthetic eukaryotes behaved more classically
and had dropped in abundance below the SCM
(Figure 2E, rightmost panel).

Eukaryotic phytoplankton averaged 2.1
± 0.8 � 103 cells ml�1 (n = 17) in surface (rosette)
samples with station S1 excluded due to it having con-
siderably higher concentrations (1.2 � 104 eukaryotic
phytoplankton cells ml�1; Table S1A). Bucket samples
exhibited 2.0 ± 0.6 � 103 cells ml�1 (n = 11). At all sta-
tions across the transect, eukaryotic phytoplankton cell
abundances manifested a peak coincident with the
depth of the SCM, in which they averaged 1.1
± 0.5 � 104 cells ml�1 (n = 18; Figure 2E). Station S1
exhibited a SCM but had high eukaryotic cell abun-
dances at both the surface and SCM.

We also examined mean forward angle light scatter
(FALS), a rough indicator of cell size, for each of these
broad phytoplankton groups. As expected, eukaryotic
phytoplankton exhibited bead normalized FALS values
of 276.1 ± 122.6 that were significantly greater than
either Prochlorococcus (1.7 ± 1.0) or Synechococcus
(7.4 ± 2.8; p < 0.001, Wilcoxon test) at the surface
(Table S1A). At other depths these trends generally
persisted; however, the magnitude of differences was
dampened at depth, for example at the SCM, eukary-
otic phytoplankton, Prochlorococcus, and Synechococ-
cus exhibited normalized mean FALS values of 101.2
± 25.8, 4.6 ± 2.1, and 18.3 ± 5.4, respectively

(Table S1A). Furthermore, eukaryotic FALS in the sur-
face waters increased within the transect from south to
north.

Our results thus far revealed differences in phyto-
plankton abundances and population characteristics,
such as FALS, the proxy for cell size. However, the
extent to which these were attributable to acclimation to
light availability, differences in speciation, or both, was
unclear. Therefore, we generated 16S V1-V2 ampli-
cons using primers that capture plastids from photosyn-
thetic eukaryotes and cyanobacterial 16S rRNA genes,
as well as those from heterotrophic bacteria, and per-
formed taxonomic assignments for all phytoplankton
sequences (Table S1C). For Prochlorococcus assign-
ments, we used a previously validated Prochlorococcus
ecotype placement alignment (Sudek et al., 2015) and
16S rRNA gene sequences generated herein that
extended into the ITS, alongside several new
sequences from published studies that provided for
robust ecotype identification based on SNPs
(Figures S4–S5). For Synechococcus we utilized a ref-
erence alignment that had been validated for correct
Synechococcus Clade placement based on information
contained in V1-V2 regions of the 16S rRNA gene
(Sudek et al., 2015). For photosynthetic eukaryotes we
leveraged published reference alignments (Choi
et al., 2020), except for diatoms (Figure S6).

Distribution of cyanobacterial ecotypes
and oligotypes

Cyanobacteria contributed 39 ± 7% of all 16S ampli-
cons (including heterotrophic bacteria and photosyn-
thetic eukaryotes) at the surface and 15 ± 5% at the
SCM (Figure S7, Table S1D). Prochlorococcus and
Synechococcus contributed similarly to the surface
community, forming 47 ± 16% and 49 ± 15% of the
total cyanobacteria amplicons, respectively (n = 18)
except for the station S1 where Synechococcus alone
contributed 83% of cyanobacterial amplicons
(Figure S7C, Table S1D). Prochlorococcus dominance
was observed at the SCM where it represented
93 ± 6% of cyanobacteria (n = 15, S1–S2 excluded). In
the southernmost stations S1 and S2, Synechococcus
SCM amplicon contributions to cyanobacteria (57
± 10%) were higher than those of Prochlorococcus (42
± 10%) (Figure S7C).

General cyanobacterial patterns were dissected by
examining specific ecotypes and clades. Within Pro-
chlorococcus, the high-light (HL) II ecotype dominated
the surface water community, comprising 99 ± 1% of
Prochlorococcus amplicons in both niskin- and bucket-
collected samples (Figure 3A, Figure S8A). HLII con-
tributed less at the SCM (6 ± 6%, n = 15), except at
stations S2 and S4 where it contributed 62 ± 4%
(n = 2) at the SCM (Table S1D). At the SCM the HLVI
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F I GURE 3 Diversity and relative abundance of cyanobacteria in the Bay of Bengal. (A) Prochlorococcus and (B) Synechococcus clade
amplicon relative abundances at the surface and at the subsurface chlorophyll maximum (SCM). Each reference tree is based on the full-length
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the top of each vertical column). Oligotype distributions from the most abundant clade within Prochlorococcus and Synechococcus
(Prochlorococcus ecotype HLII and Synechococcus Clade II) are shown at the bottom of the heat plots.

6 STRAUSS ET AL.

 14622920, 0, D
ow

nloaded from
 https://am

i-journals.onlinelibrary.w
iley.com

/doi/10.1111/1462-2920.16431 by C
ochrane France, W

iley O
nline L

ibrary on [08/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



ecotype formed on average 36 ± 12% of Prochlorococ-
cus amplicons, with up to 66% at station S1, and
across all stations was followed by the low-light (LL) II
ecotype (27 ± 12%). LLVII contributed 15 ± 10% of
SCM Prochlorococcus amplicons across the stations,
with up to 31% at the northernmost station S18, com-
prising 13 ASVs across all samples (Figure 3A). Sys-
tematic or significant changes in Prochlorococcus LLVII
ecotype amplicon relative abundances over the surface
salinity gradient were not observed.

Within Synechococcus, Clade II dominated the sur-
face waters by forming 88 ± 5% of the total Synecho-
coccus amplicons, followed by Synechococcus Clade
X at 6 ± 5% and the latter contributed 2 ± 1% in
buckets spanning the CTD-section gap (i.e., B8-B11;
Figure 3B, Figure S8B, Table S1E). Increased contribu-
tions from Clade X were observed at the SCM, forming
46 ± 19% (n = 15 excluding stations S2 and S4,
42 ± 21% based on all stations) of the total Synecho-
coccus amplicons except for the stations S2 and S4
where it contributed 10 ± 8%. Contributions from Clade
II were still high, averaging 43 ± 19% (n = 15 excluding
stations S2 and S4 where it represented 84 ± 11%).

Prochlorococcus HLII and Synechococcus Clade II
population biology was then dissected using oligotyping
to determine whether there might be more subtle distri-
butional patterns over the transect (Figure 3A, B). Multi-
ple oligotypes were observed in the HLII amplicons,
with two dominants, oligotypes A and B, representing
56 ± 4% and 23 ± 1% of the total HLII amplicons,
respectively. At the SCM oligotype B dominated HLII,
representing 80 ± 5% (n = 15) of HLII amplicons fol-
lowed by oligotype A (11 ± 3%, n = 15). Again, stations
S2 and S4 differed, with oligotype A and oligotype B
having roughly equivalent contributions. Within Syne-
chococcus Clade II, oligotype A dominated the surface,
comprising 95 ± 1% of the Clade II amplicons.
Increased contributions from oligotype B were
observed at the SCM, averaging 50 ± 13% except for
stations S1-S4 where oligotype A represented 90 ± 9%
of Clade II amplicons.

Distribution and diversity of eukaryotic
phytoplankton

Overall distributions of eukaryotic phytoplankton were
markedly different at the surface and SCM, with higher
diversity in the former. Two major groups, stramenopiles
and green algae (primarily prasinophytes), dominated
total plastid-derived amplicon relative abundances at the
surface and the SCM, but differently (Figure 4A, B,
Figure S8C, Table S1D, E). The surface community
mostly comprised stramenopiles forming 70 ± 7%
(n = 14, stations S5–S18; 63 ± 12%, B8-B11) of plastid
amplicons, except for the four southernmost stations
S1–S4 where prasinophytes contributed 69 ± 19%

(n = 4) and stramenopiles 26 ± 15%. At station S1, 91%
of plastid amplicons were from prasinophytes
(Figure 4A). In the remaining stations (S5–S18) prasino-
phytes averaged 17 ± 9% of plastid amplicons at the
surface. Such clear shifts were not observed for eukary-
otic groups of lower relative abundances between sta-
tions S1–S4 and S5–S18. Thus, across the transect,
prymnesiophytes (mostly with 95% nt identity to Chryso-
chromulina sp.) contributed 8 ± 4% of plastid amplicons
at stations (n = 18) and 5 ± 1% in buckets. Less than
1% came from cryptophytes and 2 ± 2% were from other
eukaryotic phytoplankton (n = 18). At the SCM, prasino-
phytes dominated eukaryotic phytoplankton amplicons
(83 ± 5%), while stramenopiles dropped to 15 ± 5% and
amplicons from other eukaryotic groups (prymnesio-
phytes, cryptophytes, and others) were near detection
levels (Figures 4B and S8C).

Among photosynthetic stramenopiles, diatoms con-
tributed 58 ± 11% of the stramenopile amplicons in the
surface, followed by dictyochophytes and pelagophytes
forming 19 ± 6% and 16 ± 8%, respectively (Figure 4A,
Table S1D,E). At the SCM, pelagophytes had higher
relative contributions, forming 57 ± 11% of strameno-
pile amplicons whereas diatoms and dictyochophytes
formed 33 ± 11% and 6 ± 2%, respectively (Figure 4B,
Table S1C,D). Other stramenopiles, including chryso-
phytes, represented <5% of stramenopile amplicons
(Figure 4A,B, Table S1D).

We further analysed diatoms, dictyochophytes, and
pelagophytes using reference trees for high-resolution
analysis of these groups (Choi et al., 2020). The dia-
toms with the highest relative abundance belonged to
clade 32, and more specifically the dominant diatom
amplicon had >99% nt identity to the pennate Tryblio-
nella apiculata (also in clade 32; Figure S6). Dictyocho-
phyte ASVs at the surface were largely from uncultured
clades DEC-II and DEC-VI, but also Florenciellales and
Rhizochromulina were notable. In the SCM, dictyocho-
phytes (like all stramenopiles) had low relative abun-
dances and generally appeared to be Pedinellales,
followed by Florenciellales and uncharacterized groups
(Table S1C). The dominant pelagophytes belonged to
the Pelagomonas calceolata Clade (PcC) and Pelago-
phyte Environmental Clade VIII, PEC-VIII, both of
which had distinct spatial distributions vertically, and
along the transect. PcC contributed the most at stations
S1–S6 in the surface, forming 77 ± 10% (n = 6) of
pelagophyte amplicons, whereas at S7–S18 PEC-VIII
contributed 76 ± 8% of pelagophyte amplicons. Pelago-
phyte amplicons at the SCM were largely assigned to
PcC, forming 97 ± 2% of pelagophyte amplicons, and
the rest were mostly PEC-VIII (2 ± 2%) (Figure S9).

Viridiplantae (green algal) at the surface were
mostly prasinophytes and formed on average 27 ± 12%
and 17 ± 8% of plastid amplicons in buckets B1–B7
and stations S5–S18, that is, northwards of S4, respec-
tively. For buckets in the gap between southern and
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northern stations the green algal average was
31 ± 12% of plastid amplicons (B8–B11). In these sam-
ples the surface prasinophyte community was generally
dominated by Class II picoplanktonic Micromonas
Clade A/B (Figures 4 and S8C, Table S1C–E), repre-
sented by the genome sequenced species
M. commoda (van Baren et al., 2016). Dynamics in
southerly stations differed in that prasinophytes were
the dominant eukaryotic phytoplankton, and high rela-
tive abundances of both Micromonas Clade A/B as well
as Ostreococcus Clade OII were observed.

Class II prasinophytes dominated at the SCM of all
stations sampled. Ostreococcus Clade OII in particular
dominated the SCM, comprising 90 ± 5% of Viridiplan-
tae amplicons and 75 ± 8% of eukaryotic phytoplankton
(Figure 4B, Table S1D). Bathycoccus and Micromonas
Clades A/B were also detected at the SCM, albeit at
lower relative abundances. However, at other stations
(S3–S18), contributions from Ostreococcus Clade OII
were low in the surface (9 ± 12% of Viridiplantae,
n = 16), and, instead, Micromonas Clades A/B

exhibited the highest relative abundances, together
forming 56 ± 18% (S3–S18, n = 16) of surface green
algal amplicons.

The near complete dominance of Ostreococcus
Clade OII at the SCM raised questions about possible
microdiversity within this clade. We found Clade OII
comprised various oligotypes with three dominant oligo-
types (A–C, Figure 4C). OII oligotype A dominated
SCM OII amplicons, forming 94 ± 3% (n = 14, stations
S5-S18), but less at stations S1–S4 (56 ± 17%). In the
latter, increased contributions from oligotypes B and C
were observed, forming 37 ± 19% and 6 ± 4% of OII
amplicons, respectively. At the surface, oligotype A
generally contributed the most, comprising 55 ± 6%
(S4–S6, n = 3) and 92 ± 13% (S7–S18, n = 13) of
Clade OII amplicons. At the three southernmost sta-
tions, Oligotype A contributions were lower (20 ± 6%
S1–S3, n = 3), and, instead, oligotype B dominated
(65 ± 5% at S1–S3, n = 3) and C was also notable.

As noted above, station S1 stood out from all other
stations at the surface (Figure 4A). At this station
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F I GURE 4 Major eukaryotic phytoplankton groups in the Bay of Bengal. (A) and (B) show distributions of major eukaryotic phytoplankton
lineages (Viridiplantae, mostly represented by prasinophytes; stramenopiles; prymnesiophytes) with detailing of groups within the prasinophytes
and stramenopiles expressed as the percentage of their amplicons relative to all eukaryotic phytoplankton amplicons in surface waters and the
subsurface chlorophyll maximum (SCM), respectively. (C) Microdiversity within the most abundant prasinophyte taxon, Ostreococcus Clade OII,
in the Bay of Bengal. Note that dinoflagellates are poorly resolved using plastid-based methods, see also (Bennke et al., 2018; Green, 2011).
They have been reported in low abundances in the Bay of Bengal and can be abundant at sites in the eastern bay (Naik et al., 2011) based on
microscopy. Additionally, while not established, it is thought that the primers used herein may under-represent prymnesiophytes (haptophytes).
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Ostreococcus OII had high relative abundances at the
surface, but a new group of prasinophyte amplicons
was notable as well. The latter were placed at a last
common ancestor (LCA) node in the Ostreococcus
region of the prasinophyte tree in initial phylogenetic
analyses and due to their uniqueness were then
explored further using additional sequencing
approaches.

Phylogenetic identification of a novel
Ostreococcus clade

We next investigated the LCA sequences detected at
an Ostreococcus node in the prasinophyte reference
tree. These amplicons ranged from 91% to 95% nt
identity to known Ostreococcus species over the 289 nt
of the V1-V2 16S region, 14 nt difference from Clade A,
20 nt from Clade B, 25 nt from Clade C, and 26 nt from
Clade D. Because the LCA group represented up to
29% of green algal amplicons, we searched GenBank
nr and recovered six full-length 16S rRNA gene
sequences with 100% identity to the LCA 16S V1-V2
amplicons. These came from the coast of Georgia,
USA (e.g., FJ744977) (Poretsky et al., 2010), waters
near a dolphin in San Diego, CA (e.g., JQ196239), and
a bay around the Liaodong Peninsula in Northeast
China (EU259787). Phylogenetic reconstruction using
the newly recovered 16S rRNA genes showed that they
comprised a statistically supported clade distinct from
other Ostreococcus clades/species (Figure S10A).
Next, we incorporated 16S V1-V2 rRNA amplicon
sequences from the newfound LCA Ostreococcus
clade, as well as sequences identified as potentially
novel prasinophytes from the Arabian Sea (Fuller
et al., 2006) and the Bay of Bengal (Angelova
et al., 2019), into the phylogenetic analysis
(Figure S10B). Sequences from the prior reports clus-
tered within Ostreococcus Clade B/OII, which included
the cultured species Ostreococcus sp. RCC809 and
Ostreococcus RCC393, whereas the LCA 16S V1-V2
ASVs we found clustered within statistically supported
Clade E.

Due to the recovery of a clearly distinct clade in the
Ostreococcus 16S rRNA gene phylogeny, we under-
took sequencing of the complete 18S-ITS1-5S-ITS2
through partial 28S, because this region is often used
to delineate Class II prasinophyte species (Marin &
Melkonian, 2010). To accomplish this, we developed a
forward primer specific to Ostreococcus and applied it
to Bay of Bengal samples where the novel LCA group
was abundant. Maximum likelihood phylogenetic analy-
sis of the resulting full-length 18S rRNA gene
sequences again established a statistically supported
clade that was distinct from the other Ostreococcus
and from environmental full-length 18S rRNA gene
sequences (Figure 5A). Phylogenetic analysis of the

ITS supported these results (Figure S11A,B). We next
analysed the ITS2 secondary structure, which con-
tained the extra helix so far only seen in Ostreococcus
and Bathycoccus (Figure 5B). Comparison of this helix
across the known Ostreococcus species and the novel
LCA group showed that it contained differences that
were not present in the others (Figure 5C) pointing to
designation as a new species, which we propose to be
informally named Ostreococcus bengalensis nomen
nudum.

To this point the only other O. bengalensis full-
length sequences recovered from GenBank had little
contextual information apart from location. For the
sequences from Georgia and San Diego USA, temper-
ature records from other sources for the period of col-
lection indicated the water in May would be �24�C,
reaching 29�C by July (Georgia), and averaging 20�C
in July (San Diego, although the sequence may be from
an enclosed tank, or the natural environment based on
the Genbank nr record). To further examine the envi-
ronmental distribution of the novel species, we turned
to TARA Oceans V9 data, but found this variable region
unsuitable for resolving Ostreococcus species, as
reported previously (Monier et al., 2016). We then
turned to V4 18S rRNA amplicon data from Ocean
Sampling Day, TARA Oceans, and Malaspina to exam-
ine the distribution of O. bengalensis, alongside the
other two species of importance in oceanic environ-
ments. O. bengalensis appears in V4 data from the
North Atlantic and continental shelf seas such as the
Bay of Biscay, the Adriatic Sea, and the Strait of Gibral-
tar. Additionally, it is seen at lower relative abundances
in the Rio de la Plata plume of the South Atlantic and in
the Singapore Strait (Figure 6A). O. lucimarinus exhib-
ited highest relative abundances in some continental
shelf regions and in upwelling zones in the eastern
Pacific (Figure 6C). Lastly, Ostreococcus Clade OII
was observed at open ocean sites of the Atlantic and
Pacific (Figure 6B).

Statistical analysis of communities and
potential environmental drivers

Statistical analyses showed, not surprisingly, that the
taxonomic composition between the surface and SCM
differed at a significance level of p < 0.001 for both cya-
nobacteria (ANOSIM test statistic R = 0.943) and
eukaryotic phytoplankton (ANOSIM test statistic
R = 0.937). Relative abundance plots supported that
microbial communities were most different at the south-
ernmost stations S1–S4, and this difference was espe-
cially strong at the surface (Figures 3 and 4A–C and
S7). Compositional data analysis confirmed that the
cyanobacterial ecotypes Synechococcus Clade II and
Prochlorococcus HLII most strongly influenced taxo-
nomic compositions at the surface, whereas the
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(A)

M. polaris

M. bravo

Nephroselmidophyceae - 11 seqs

Picocystophyceae - 3 seqs
Picochlorum spp. - 2 seqs

Chloropicophyceae - 3 seqs

Pycnococcaceae - 4 seqs

Palmophyllophyceae/Prasinococcus spp. - 5 seqs
Prasinodermophyceae - 4 seqs

Pyramimonadophyceae - 13 seqs

Mantoniella antarctica [AB017128]
 Mantoniella antarctica CCMP1436 [KF899842]

Mantoniella squamata K0284 [KU600447]

Micromonas sp. clone UEPACOp3 [AF525866]
Micromonas sp. clone BL000921.10 [AY425318]

Micromonas sp. RCC1109 [KF501020]

Micromonas bravo CCMP1646 [AY954996]
Micromonas bravo M1681 CCAC1681 B [FN562452]
Micromonas bravo RCC434 [AY425316]
Micromonas sp. SAG5 [GCA 0096180551]

Micromonas bravo CCMP1646 [AY954995]
Micromonas bravo type strain RCC434 [KU244636]

Micromonas sp. SAG8 [GCA 0096181951]
Micromonas bravo RCC418 [KF501015]

Micromonas polaris CCMP2099 [AY954999]
Micromonas polaris RCC2308 [JN934683]
Micromonas polaris CCMP2099 [DQ025753]
Micromonas polaris CCMP2099 [AY955000]
Micromonas polaris RCC2304 [KT860843]
Micromonas polaris RCC2306 [JF794057]

Micromonas CCMP1195 [AY954993]
Micromonas RCC803 [KU244659]

Micromonas commoda CCMP1764 [AY954998]

Micromonas CS222 [AY955010]

Micromonas NEPCC29 [AY955012]
Micromonas commoda CCMP494 [AY955008]
Micromonas commoda CS170 [AY955009]

Micromonas commoda RCC472 [KR089059]

Micromonas commoda CCMP1723 [AY954997]
Micromonas commoda CCMP492 [AY955006]

Micromonas commoda CCMP489 [AY955002]
Micromonas commoda MBIC10095 [AB183589]

Micromonas commoda MBIC10095 [AY955011]
Micromonas commoda RCC299 [KU612123]

Micromonas pusilla CCMP1545 [AY954994]
Micromonas pusilla CCMP490 [AY955004]
Micromonas pusilla RCC692 [KT860893]
Micromonas pusilla CCMP1545 [GCF 0001512652]

Micromonas pusilla RCC1614 [KR089061]
Micromonas pusilla CCMP491 [AY955005]

Micromonas CCMP490 [AY425320]
Micromonas RCC834 [KU244677]

Micromonas RCC629 [KF501029]

Mantoniella squamata CCAP1965 [X73999]

Mantoniella beaufortii RCC2288 [JN934679]
Mantoniella beaufortii RCC2497 [KT860921]

Mantoniella beaufortii RCC2285 [JF794053]
Mantoniella baffinensis RCC5418 [MH516003]

Mantoniella sp. [FN690723]
Throndsenia aranea RCC391 [AY425321]

Mamiella sp. [AB017129]
Mamiella gilva PLY197 [FN562450]

Ostreococcus sp. MBIC10636 [AB058376]
Ostreococcus lucimarinus CCE9901 [GCF 0000920651]

Ostreococcus lucimarinus RCC356 [AY425308]

unc. mar. Eukaryote clone UEPACLLp1 [AF525853]
unc. Prasinophyte clone RA010412.39 [AY425309]

Ostreococcus lucimarinus RCC344 [AY425307]
Ostreococcus lucimarinus clone SGUH1067 [KJ762855]

Ostreococcus lucimarinus CCE9901 [AY329636]

Ostreococcus sp. RCC393 [AY425311]

unc. clone RS12f10m0079 [KC583075]
Ostreococcus sp. RCC809 [JGI project16233]
Ostreococcus sp. RCC143 [AY425310]
Ostreococcus sp. SAG10 [GCA 0096182151]
Ostreococcus sp. SAG12 [GCA 0096182451]
Ostreococcus sp. SAG9 [GCA 0096182051]

Ostreococcus sp. SAG11 [GCA 0096182551]

Ostreococcus sp. nov. clone01
Ostreococcus sp. nov. clone06
Ostreococcus sp. nov. clone03
Ostreococcus sp. nov. clone04

Ostreococcus sp. nov. clone02
Ostreococcus sp. nov. clone07

Ostreococcus tauri CB6 [GQ426346]
Ostreococcus tauri RCC1115 [GQ426343]
Ostreococcus tauri RCC4221 [GCF 0002140153]

Ostreococcus tauri [AY329635]
unc. clone 1815H11 [FR874768]
unc. clone 1815F03 [FR874743]
Ostreococcus tauri [Y15814]

Ostreococcus mediterraneus RCC501 [AY425313]
Ostreococcus mediterraneus RCC2590 [GCA 0122952251]

Ostreococcus mediterraneus BCC48000 [JN862906]
Ostreococcus mediterraneus BCC75000 [JN862919]

 unc. clone 1815D05 [FR874724]
 Ostreococcus mediterraneus clone 1815D06 [FR874725]

Crustomastix sp. MBIC10709 [AB183628]
Crustomastix stigmatica CCMP3273 [KF615767]

Dolichomastix tenuilepis M1680 [FN562449]
Dolichomastix tenuilepis CCMP3274 [KF615766]

unc. Chlorophyte clone7 C5 [FN690728]

Monomastix minuta [AB491653]
Monomastix opisthostigma M2844 [FN562445]
Monomastix sp. OKE 1 [FJ493496]

Nannochloris sp. MBIC10749 [AB183636]

0.01

 Bathycoccus prasinos SCCAP K0417 [FN562453]
 Bathycoccus prasinos CCMP1898 [JX625115]

Bathycoccus prasinos RCC801 [KT860937]
Bathycoccus calidus RCC716 [KY563784]
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clade B/OII
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≥0.95 Bayesian pp and
≥70% ML bootstrap
≥0.99 Bayesian pp and 
≥90% ML bootstrap
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F I GURE 5 Phylogeny of the prasinophytes with an emphasis on Mamiellophyceae (Class II) and specific attributes of the ‘new’ Ostreococcus
species. (A) Maximum likelihood (ML) phylogenetic reconstruction of Mamiellophyceae and other prasinophytes inferred from an alignment of
nearly complete nuclear 18S rRNA gene sequences (i.e., >1450 bp) that incorporated 145 total sequences and analyzed 1466 homologous
positions. The 18S rRNA gene sequences generated herein for the new Ostreococcus are included (bold). Node support was evaluated from 1000
bootstrap (BS) replicates and Bayesian inference (BI) with 10,000,000 generations per run and 25% burn in using the GTR + I + G model of
nucleotide substitution. All branches with support values of ≥70% ML bootstrap and ≥0.90 Bayesian posterior probability (open circles) and ≥ 90%
ML bootstrap and ≥0.99 Bayesian posterior probability (black filled circles) are indicated. Ostreococcus clades (pink) are highlighted together with
other widespread Mamiellophyceae genera, Micromonas (blue) and Bathycoccus (green), and the entire O. bengalensis clade/Clade E is denoted
by a star. The basal branches were collapsed, and we used the prasinodermophyte sequences as an outgroup for display purposes only. (B) The
secondary structure for the Internal Transcribed Spacer 2 (ITS2) in the newly discovered Ostreococcus (i.e., O. bengalensis) is depicted as a
reference for defining Mamiellophyceae speciation, as established by (Marin & Melkonian, 2010). (C) Comparison of the Bathycoccaceae family-
specific additional ITS2 helix, located between universal helices 3 and 4 from each Ostreococcus clade.
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Prochlorococcus ecotypes HLVI and LLVII as well as
the eukaryotic phytoplankton Ostreococcus Clade OII
and P. calceolata Clade (PcC) most strongly affected
taxonomic compositions at the SCM (Figure S12A).

We next performed a permutation test for canonical
correspondence analysis (CCA) and found the ordina-
tion was significant and the environmental variables
salinity, nitrite, depth, temperature, silicate, and fluores-
cence, with the first four parameters explaining most of

the variance in the observed ASV matrix (Figures 7,
S12B–D, Table S1F). The CCA for Prochlorococcus
revealed two broad clusters of ASVs indicating surface
and SCM communities (Figure 7A). Surface ASVs con-
sisted exclusively of HL ecotypes, with HLII accounting
for most data points. Some HL ASVs, specifically from
HLI, HLII, HLIV, and HLVI, clustered apart from the
CCA region most indicative of surface waters. Addi-
tional Spearman’s rank correlation analyses between

v1v2 16S plastid

v1v2 16S plastid

v1v2 16S plastid

Ostreococcus_lucimarinus
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Ostreococcus_calidus
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Ostreococcus bengalensis

Ostreococcus clade OII

Ostreococcus lucimarinus

F I GURE 6 Global distributions of the two known major oceanic Ostreococcus species as well as the newly proposed Ostreococcus
bengalensis. Relative abundances of V4 18S rRNA amplicons assigned to each are based on data from TARA Oceans, Malaspina, and Ocean
Sampling Day that have been incorporated in metaPR2 (Vaulot et al., 2022), which is biased towards surface samples. All stations included in
the analysis are indicated with a cross, regardless of whether any of the three Ostreococcus were detected. Note that all relative abundance
values for the Ostreococcus species in the Bay of Bengal are based on V1-V2 16S rRNA analysis of the plastid portion of amplicons from our
study due to the lack of V4 18S rRNA data for this region.
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relative abundances of Prochlorococcus ecotypes
(including all HLII oligotypes) and environmental vari-
ables indicated that the most abundant HLII oligotype,
oligotype B, exhibited significantly positive correlations
with salinity (ρ(34) = 0.70), nitrite (ρ(36) = 0.69) and
nitrate (ρ(35) = 0.59) at a significance level of
p < 0.001. In contrast, HLII oligotypes A and C showed
negative Spearman’s rank correlation patterns with
salinity (oligotype A: ρ(34) = �0.69; oligotype C: ρ(34)
= �0.60), nitrite (oligotype A: ρ(36) = �0.68; oligotype
C: ρ(36) = �0.69) and nitrate (oligotype A: ρ(35)

= �0.69; oligotype C: ρ(35) = �0.62) at a significance
level of p < 0.001. In the case of Synechococcus CCA
analysis, the ASVs did not show clearly distinguishable
clusters in association with the environmental vectors,
apart from Clade X which was distinctly surface associ-
ated (Figure 7B). Apart from Clade X, other Synecho-
coccus clades were not exclusively associated with
either surface or SCM communities.

CCA analyses of eukaryotic phytoplankton ren-
dered patterns that generally delineated ASVs that
appeared to be surface associated, from others
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F I GURE 7 Canonical correspondence analysis (CCA) of amplicons assigned to phytoplankton taxa at the 18 CTD stations including
samples from the surface and subsurface chlorophyll maximum (SCM) layers and environmental parameters. (A) CCA plot of distribution of
amplicon sequence variants assigned to Prochlorococcus ecotypes along environmental parameters. (B) CCA plot of distribution of amplicon
sequence variants assigned to Synechococcus clades along environmental parameters. (C) CCA plot of distribution of amplicon sequence
variants assigned to prasinophytes along environmental parameters.

12 STRAUSS ET AL.

 14622920, 0, D
ow

nloaded from
 https://am

i-journals.onlinelibrary.w
iley.com

/doi/10.1111/1462-2920.16431 by C
ochrane France, W

iley O
nline L

ibrary on [08/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



associated with variables connected to deeper portions
of the photic zone. Most of the prasinophyte ASVs clus-
tered together within the SCM community (Figure 7C).
However, most taxa were represented in both surface
and SCM clusters. Ostreococcus Clade OII ASVs were
associated with depth and salinity as the primary
parameters, followed by nitrate and silicate, although
seen at the surface in the southernmost station. Addi-
tional CCAs for stramenopile groups as well as detailed
breakdowns for clades within the dictyochophytes and
pelagophytes were performed (Figure S12). Both
breakdowns suggested distinct surface and SCM com-
munities (Figure S12A–C) that allowed us to discern
that Pseudochattonella and Rhizochromulina ASVs
were mainly associated with characteristics of the sur-
face layer (Figure S12B). For the pelagophytes, mem-
bers of the abundant P. calceolata Clade (PcC) were
strictly associated with SCM characteristics
(Figure S12C). Despite its low variation, temperature
(or co-associated factors) was a significant factor in dis-
tinction of surface from SCM phytoplankton communi-
ties (both cyanobacterial and eukaryotic), whereas
salinity, nitrite, depth, fluorescence, and silicate were
each significant for SCM-associated ASVs (Figure 7,
Table S1F).

DISCUSSION

Substantial efforts have been dedicated to characteriz-
ing water mass dynamics of the Bay of Bengal and the
South Asian summer monsoon, with its tremendous
ocean–atmosphere–land feedback (Mahadevan
et al., 2016). These dynamical attributes influence the
biota that reside in this marine ecosystem, including the
primary producers that form the base of the food net-
work. Here, we strove to elucidate Bay of Bengal phyto-
plankton communities within the context of
physicochemical dynamics during the southwest sum-
mer monsoon. To this end, we examined the phyto-
plankton community using flow cytometry and V1-V2
16S rRNA amplicon analyses. This marker was advan-
tageous for capturing both cyanobacteria and photo-
synthetic eukaryotes, and because the 16S rRNA gene
has less copy number variability than, for example, the
18S rRNA gene (Choi et al., 2020; Fuller et al., 2006;
Gong et al., 2020; Needham & Fuhrman, 2016). Com-
bining this approach with targeted full-length small sub-
unit rRNA gene and internal transcribed spacer
sequencing enhanced insights into phytoplankton
diversity and factors that shape shifts in the primary
producer community.

A dominant feature during our study was strong
salinity-driven stratification which has been reported to
inhibit nutrient supplies from subsurface to surface
waters (Sarma et al., 2016). We also observed low
near-surface concentrations of nitrate and phosphate,

particularly in the northerly region of the transect, where
the distinction between the surface layer and SCM was
largest in terms of salinity and density, and riverine
freshwater input was strongest (Figures 2, S1, and S2,
Table S1A). For southern stations, where the influence
of Arabian Sea waters was observed (Figure S1), gradi-
ents in salinity were less sharp, but inorganic nutrient
concentrations still differed between the surface and
SCM. At other stations along the transect, nutrient con-
centrations varied but were on average higher in the
SCM than in the surface.

Recent publications have pointed to the potential
importance of Prochlorococcus in the Bay of Bengal,
including possible amplification due to climate change
(Gregg & Rousseaux, 2019; Löscher, 2021). Here, we
examined the 13 Prochlorococcus lineages previously
resolved through phylogenetic analysis of the ITS, and
termed HLI to VI and LLI to VII (Biller et al., 2015;
Johnson et al., 2006; Rocap et al., 2003). We validated
our placement methods by characterizing SNPs in the
V1-V2 region of the 16S rRNA gene (Figure S4) and,
for some lineages, the ITS (Figure S5), building upon a
validated approach for Prochlorococcus ecotype (and
Synechococcus Clade) discrimination (Sudek
et al., 2015). In previous studies, several ecotypes
have been dissected using genomic analyses, which
have highlighted differing gene sets for use of inorganic
nitrogen sources (Berube et al., 2019; Johnson
et al., 2006; Rocap et al., 2003). Additionally, ecotype
distributional patterns have been connected to oceanic
regions and environmental conditions, such as light
availability and temperature (Biller et al., 2015), as well
as primary production contributions (Thompson &
Kouba, 2019). Thus, it is well recognized that a com-
plex set of factors underpin the niche differentiation of
Prochlorococcus ecotypes.

Extending beyond Bay of Bengal surface water
studies showing relative amplicon dominance by HLII
during the spring intermonsoon season (Larkin
et al., 2020; Pujari et al., 2019; Wei et al., 2020), we
observed differing HLII oligotype ratios between the
surface and SCM (Figure 3A). This potentially reflects
niche differentiation given that SNPs can reflect popula-
tion biology that connects to ecology (Cordero &
Polz, 2014) and that, for example, nitrate assimilation
genes have been suggested for some HLII ecotype
members (Berube et al., 2019). Potential differences in
niche occupation on a sub-ecotype level within HLII
have been reported in the North Pacific and North
Atlantic based on ITS amplicons (Kashtan et al., 2017;
Larkin et al., 2016). Since our HLII 16S V1-V2 ampli-
cons used for oligotyping do not extend into the ITS,
the observed microdiversity could not be compared
with the prior studies, but the possibility of similar/
identical oligotypes being present in multiple oceanic
regions warrants further investigation. More generally,
Prochlorococcus at the surface showed similarities to

NOVEL PHYTOPLANKTON IN THE BAY OF BENGAL 13

 14622920, 0, D
ow

nloaded from
 https://am

i-journals.onlinelibrary.w
iley.com

/doi/10.1111/1462-2920.16431 by C
ochrane France, W

iley O
nline L

ibrary on [08/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



communities at the Bermuda Atlantic Time Series
(BATS) and Hawaii Ocean Time Series (HOT, station
ALOHA) sites. During strong seasonal thermal stratifi-
cation of the BATS photic zone (Steinberg et al., 2001),
HLII also dominates in the surface, followed by HLI
(Kashtan et al., 2014; Malmstrom et al., 2010; Zinser
et al., 2007), and it appears to always dominate in the
surface at ALOHA (Thompson et al., 2018) more akin
to our Bay of Bengal findings.

Our results capture an unprecedented view into
Prochlorococcus diversity below the surface skin
(e.g., upper 7 m) of the Bay of Bengal. At depth, we
found that Prochlorococcus ecotypes differed substan-
tially from the DCM at BATS and ALOHA. Specifically,
we observed high relative abundances of two Prochlor-
ococcus ecotypes, HLVI (the SCM dominant) and LLVII
(Figure 3A), which have been considered ‘rare’ (Biller
et al., 2015; Huang et al., 2012; Jiao et al., 2014). Inter-
estingly, in CCA analysis Prochlorococcus HLVI ASVs
clustered closely with low-light adapted clades in the
SCM (Figure 7A). Adaptation of HLVI to low-light condi-
tions has been suggested before (Berube et al., 2019;
Huang et al., 2012), as indicated by our statistical ana-
lyses. Unfortunately, little else is known about the ecol-
ogy and distributions of HLVI which were discovered in
the middle-to-lower photic zone (75–150 m) of the
South China Sea and transcripts from an HL-like Pro-
chlorococcus population from 125 m at ALOHA (Shi
et al., 2011) may come from HLVI cells. Additional com-
plexity comes in HLVI having been reported in North
Pacific surface communities, albeit at low relative abun-
dances (Larkin et al., 2016). The 16S rRNA gene phy-
logeny constructed herein supports a basal position
among HL ecotypes (Figure 3A), corresponding with
the possibility that HLVI may be functionally closer to
LL clades and potentially capable of nitrate assimilation
(Berube et al., 2019; Huang et al., 2012). We also
found high relative abundances of LLII in the Bay of
Bengal SCM, which is also present at BATS and
ALOHA (Malmstrom et al., 2010). In the context of the
current knowledge of these ecotypes, our findings raise
questions about the aspects of genomic and metabolic
potential in HLVI that lead to a rivalling of LLII at the
SCM in the Bay of Bengal (Figure 3A).

Another largely unknown Prochlorococcus ecotype,
LLVII, was also observed at the SCM in the Bay of Ben-
gal, forming ≤31% of Prochlorococcus amplicons
(Figure 3A). Prochlorococcus LLVII (formerly clade
NC1, Non-Cultured 1) was first noted based on ITS
sequences in the lower photic zone of subtropical
waters (Martiny et al., 2009). It is highly diverged from
other ecotypes and formed a monophyletic group
based on our 16S rRNA phylogenetic analysis,
although with weak statistical support (Figure 3A).
Three LLVII reference sequences were generated
herein; two others came from 125 m at Station ALOHA,
and two came from an Arabian Sea OMZ study (see

Experimental procedures). In our samples, one ASV
assigned to LLVII dominated across all stations and
depths sampled (69 ± 42% of LLVII). Statistical ana-
lyses indicate that LLVII (as well as the other low-light
adapted clades and HLVI) relative amplicon abun-
dances correlate positively with salinity and nitrite
+ nitrate concentrations, but negatively with tempera-
ture and oxygen (Table S1F). Nitrate availability may
therefore play a role in vertical distributions observed
here, although other factors or co-associated environ-
mental factors could be responsible. Overall, the eco-
type distributions at depth appear to be influenced in
part by the degree of Arabian Sea water, but broader
scale differences from, for example, BATS and ALOHA,
likely arise from the different mechanisms of stratifica-
tion (leading to warmer waters at depth in the Bay of
Bengal).

Synechococcus is generally less abundant than
Prochlorococcus in the open ocean (Flombaum
et al., 2013), but in the Bay of Bengal these genera had
similar average abundances at the surface, below
which Synechococcus declined sharply (Figure 2E). As
occurs in the Pacific subtropical gyre (Kent et al., 2019;
Xia et al., 2019), Synechococcus Clade II dominated,
with oligotype partitioning between surface and SCM
waters (Figure 3B). Notable contributions for Clade X at
the SCM (Figure 3B) fit with the inference that it
occupies a similar niche with Clade II, inhabiting warm,
oligotrophic tropical and subtropical open oceans
(Ahlgren & Rocap, 2012; Sohm et al., 2016). Herein,
statistical analyses indicated that Clade X is more
widely present deeper in the photic zone in association
with increasing inorganic nitrogen and salinity
(p < 0.001, Spearman’s rank correlation). Our results
indicate complex population biology and environmental
variables drive Synechococcus fine-scale diversity.

Although several studies have investigated eukary-
otic phytoplankton in the Bay of Bengal, little is known
about their molecular diversity. In fact, none of the dom-
inant taxa identified herein have been reported previ-
ously in the Bay of Bengal, be they prasinophyte,
diatom, pelagophyte, or dictyochophyte. Prior
amplicon-analysis suggested Ostreococcus tauri was
highly abundant, followed by the diatom Ditylum bright-
wellii, pelagophytes and prymnesiophytes within the
Braarudosphaeraceae (Angelova et al., 2019). Prior
microscopy-based studies of diatoms in the bay have
reported Thalassiontrix, Chaetoceros, Thalassionema,
Navicula, Thalassiosira, Coscinodiscus, Skeletonema
and Nitzschia angularis as dominants (Paul
et al., 2008; Ramaiah et al., 2010). Here, among stra-
menopiles, an ASV matching the pennate diatom
T. apiculata (unofficial synonym Nitzschia apiculata)
had highest relative abundances among diatoms at
several stations (Figure S6, clade 32). Until now,
T. apiculata is known from, for example, rivers along
the west coast of North America (Gastineau
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et al., 2021) and has not been reported in the Bay of
Bengal or other oceanic photic zones. Our blast
searches using 16S rRNA gene sequences from cul-
tured T. apiculata as a query recovered hits with 98%
nt identity to multiple marine environmental clones, indi-
cating T. apiculata like diatoms may be present in
warm, low salinity waters akin to the lower salinity sta-
tions herein although physical transport from coastal
regions of the bay may also have influenced our
results. Northwards of station S6, diatoms (particularly
T. apiculata-like ASVs) generally formed higher propor-
tions of total eukaryotic phytoplankton amplicons (sur-
face only, Figure 4). The spatial differences in diatom
proportions within surface waters were, however, not
reflected in nutrient data as both Si:N and silicate con-
centrations were lowest in diatom rich northern stations
S17 and S18. This may relate to enhanced Si draw-
down, since freshwater inputs were strongest there,
and riverine nutrients generally seemed to be taken up
rapidly in close proximity to the shore (Krishna
et al., 2016; Sarma et al., 2013).

Among non-diatom stramenopiles, both dictyocho-
phytes and pelagophytes have recently been reported
in the Bay of Bengal based on the RuBisCO gene
(rbcL), and pelagophytes by V4–V5 18S rRNA ampli-
cons but with no further insights into which genera,
much less species (Angelova et al., 2019; Pujari
et al., 2019). The dominant dictyochophytes in our
study were uncultured Clades (Choi et al., 2020), but
Florenciellales were also present—an order that
includes Florenciella parvula, a mixotrophic flagellate
that feeds on picoplankton (Li et al., 2021) (Table S1C).
Likewise, P. calceolata Clade (PcC) and Pelagophyte
Environmental Clade VIII (PEC-VIII) have not been
reported in the Bay of Bengal. We observed sharp tran-
sitions among pelagophytes at the surface, with PcC
contributing the most at stations S1-S6 whereas PEC-
VIII dominated S7-S18 (Figure S9). P. calceolata has
been increasingly recognized as a widely distributed
oceanic photosynthetic picoeukaryote (Duerschlag
et al., 2022; Guérin et al., 2022; Worden et al., 2012)
that is particularly important at the SCM/DCM in meso-
trophic and oligotrophic stations in the Eastern North
Pacific, the Sargasso Sea (Choi et al., 2020; Dupont
et al., 2015), and the South Pacific Subtropical Ocean
(Duerschlag et al., 2022). Surprisingly, unlike these
prior studies, here, P. calceolata was not among the
dominant eukaryotic phytoplankton at the SCM. Rather,
the prasinophyte Ostreococcus Clade OII was the clear
dominant (representing 75 ± 8% of plastid amplicons)
at the SCM and Micromonas commoda was relatively
abundant in the surface (Figure 4A).

Chlorophytes (often used to refer to all green algae
or prasinophytes) and even ‘Mamiellales’ (now Mamiel-
lophyceae) have been reported in the Bay of Bengal.
Ostreococcus has previously been shown to form four
phylogenetically distinct clades based on ITS

(Rodríguez et al., 2005) and full-length 18S rRNA gene
(Worden, 2006). QPCR studies have demonstrated that
Clade OI (Clade A; represented by genome sequenced
O. lucimarinus) is present in cooler mesotrophic and
coastal waters versus Clade OII (Clade B), the domi-
nant herein. Clade OII is a more oceanic ecotype,
which is present throughout the water column during
periods of mixing at BATS and ALOHA before being
confined to the DCM during stratified periods (Demir-
Hilton et al., 2011; Limardo et al., 2017). In a recent
study of the Bay of Bengal, abundant eukaryotic plastid
amplicons were further classified using PhytoRef
(Decelle et al., 2015), which rendered identification of
one dominant as being O. tauri (Angelova et al., 2019).
Upon checking the sequences attributed to O. tauri in
that study, we found they clustered instead with envi-
ronmental sequences from Fuller et al. (2006), as well
as with Ostreococcus sp. RCC393 and Ostreococcus
sp. RCC809 (Figure S9), thereby being more closely
related to Ostreococcus Clade OII (also known as
Clade B). This brings amplicon data from Angelova
et al. (2019) into alignment with our findings. Domi-
nance based on relative amplicon abundances is sup-
ported by low FALS (flow cytometry measurements) for
SCM eukaryotic phytoplankton cells, again indicative of
Ostreococcus. Collectively, to our knowledge, this is
the first time such a massive dominance of a single
eukaryotic species, that is, Ostreococcus Clade OII,
has been observed across multiple spatially separated
SCM/DCM stations.

While we found OII and not OI, consistent with prior
work showing these two species rarely co-occur, multi-
ple lines of evidence supported presence of a fifth
Ostreococcus Clade in the Bay of Bengal (Figures 5
and S10–S11). After acquiring full-length 16S rRNA
gene sequences for the LCA taxon seen in amplicon
data, phylogenetic analyses demonstrated it forms a
statistically supported, independent Ostreococcus
clade, Clade E. It should be noted that PhytoRef has a
sequence (FJ744977) that is placed within the
O. bengalensis clade in our phylogenetic analysis of
partial-length sequences (Figure S10) but is misnamed
“O. tauri” in that database. Other lines of evidence sup-
porting the new Bay of Bengal clade being an own spe-
cies came from our environmental 18S-ITS1-5S-
ITS2-to partial 28S rRNA clone sequencing and phylo-
genetic analysis (Figures 5A and S11). Because Bathy-
coccus and Ostreococcus have an additional helix
located between universal helices 3 and 4 (Figure 5B)
not present in other eukaryotic phytoplankton (Marin &
Melkonian, 2010), we further validated our findings with
analysis of the ITS2 secondary structure which showed
Clade E sequences contained this helix, and pos-
sessed a unique nucleotide composition compared to
other Ostreococcus clades (Figure 5C). Phylogenetic
reconstruction based on the full-length 18S rRNA gene
also placed the new Ostreococcus in a statistically
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supported clade distinct from known Ostreococcus spe-
cies (Figure 5A). Collectively, these analyses validated
the informal designation of the novel Clade E as being
a fifth species, O. bengalensis.

The geographic distribution of O. bengalensis ampli-
cons indicates it is predominantly in mesotrophic,
potentially moderate salinity, continental shelf regions
of the Atlantic Ocean and in the Bay of Bengal
(Figure 6A). Our analysis of previously published V4
18S rRNA amplicons indicate that the clade we
describe here corresponds to a unique set of amplicons
in coastal temperate stations on both sides of the Atlan-
tic Ocean and the Mediterranean Sea in Ocean Sam-
pling Day data. These were proposed to represent an
Ostreococcus variant based on 18S V4 amplicons
alone and also termed Clade E (Tragin & Vaulot, 2019),
which has also been reported along the western coast
of the Philippines (dela Peña et al., 2021). The distribu-
tion of O. bengalensis in the Bay of Bengal samples
contrasted with the broader dominance of Ostreococ-
cus Clade OII, which we found had high relative abun-
dances in published V4 18S amplicon data from open
ocean sites in the Pacific and North Atlantic
(Figure 6B), as well as high qPCR-based abundances
in the Sargasso Sea, North Pacific, and western North
Atlantic (Bolaños et al., 2020; Limardo et al., 2017;
Treusch et al., 2012). A caveat to these 18S amplicon-
based analyses is that the relative abundances are
subject to changes in any and all other eukaryotic taxa,
whether phytoplanktonic or not. Moreover, the relative
abundances we observed using MetaPR2 were (oddly)
sometimes extraordinarily high in some Ocean Sam-
pling Day samples (e.g., OSD111, surface water off
Portugal), especially in contrast to a recent analysis of
prasinophytes in TARA V9 data (Bachy et al., 2022).
Hence, we take these analyses to serve as a broad-
brush view of distributions, as opposed to indication of
relative importance (Figure 6).

As shown by broad phytoplankton abundances and
distributions, phytoplankton diversity patterns and
physical characteristics of the southern stations were
different from those closer to freshwater inputs in more
northerly regions. The southern region is where the
largest influence of Arabian Sea waters can be seen,
especially in surface salinity of southern stations
(Figure S1B). This influence is well known for the
southeastern portion of the bay, and the Arabian Sea
itself has traditionally been considered more biologi-
cally productive than the Bay of Bengal (Madhupratap
et al., 2003; Prasanna Kumar et al., 2002; Thushara
et al., 2019). Here, we found that Prochlorococcus and
Synechococcus showed differences from the northern
stations largely in the SCM, where higher contributions
of high-light adapted Prochlorococcus ecotypes and
surface associated clades of Synechococcus were
observed compared to northern SCMs. The composi-
tion of Prochlorococcus HLII and Synechococcus

Clade II oligotypes in these samples also shared more
similarities with surface samples than elsewhere. With
respect to eukaryotic phytoplankton, relative abun-
dances of Viridiplantae show that surface samples from
southern stations have higher contributions of Ostreo-
coccus than northern stations. This observed domi-
nance of Ostreococcus over other prasinophyte taxa
resembles typical characteristics of our SCM samples
with two distinctions. First, microdiversity analyses of
Ostreococcus Clade OII showed major contributions of
oligotypes B and C in surface and SCM as a unique
feature of the southern stations. Secondly, both
O. bengalensis and a yet unidentified Micromonas
related to Clade A/B lineage members, appear in sur-
face waters of station S1. Here, our statistical analyses
did not identify a significant environment variable driv-
ing this distribution, but these two species had ASVs
that fell apart from other clusters of prasinophyte ASVs
in the CCA (Figure 7C). Collectively, these observa-
tions suggest penetration of Arabian Sea waters into
the bay has an important influence on the composition
of the picoplanktonic phytoplankton communities, and
selection of these groups, such that picoeukaryotes
dominate the eukaryotic contributors to primary
production.

Eukaryotic phytoplankton communities were highly
differentiated across the physicochemical gradients
encountered in our study (Figures 2–4). The low-
density surface layer in the northern and central sta-
tions supported coastal eukaryotic species, adapted to
brackish conditions and fluctuating environments and
generally groups that have plastids derived from a sec-
ondary endosymbiosis event (Bachy et al., 2022). The
region of stronger Arabian Sea influences and weaker
stratification (Figures 1, 2, and S1), harboured commu-
nities with similarities between surface and SCM, even
at the oligotype level, and mostly taxa derived from the
primary symbiosis event (Figure 4A, Table S1C,E).
Cyanobacterial communities, including Synechococcus
Clade II and Prochlorococcus HLII oligotypes, also
exhibited shifts, but with more similarity in dominants
across surface waters, and seemingly greater commu-
nity complexity at depth (Figure 3). Despite noted pat-
terns, the observed phytoplankton dynamics was not
fully reconciled by statistical analyses using the envi-
ronmental data acquired. Studies that target seasons
outside the summer monsoon will be valuable for fur-
ther resolving the environmental drivers that shape
these communities and potential changes.

CONCLUSIONS

Comprehensive knowledge of the Bay of Bengal pri-
mary producer community is essential given the impor-
tance of this ecosystem. The phytoplankton
communities observed here showed distinctions from
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the gyre ecosystems that reach similar temperatures,
that appear to be driven by the unique physicochemical
properties of Bay of Bengal waters. Highlights include
notable relative abundances of two Prochlorococcus
ecotypes previously considered rare (HLVI and LLVII).
Additionally, Synechococcus Clade X occurs at similar
relative abundances as Clade II, indicating partially
overlapping niches. In the south, where Arabian Sea
influences were strongest, Ostreococcus Clade OII and
an uncultivated species characterized herein,
O. bengalensis, dominated plastid-16S relative abun-
dances in the surface, whereas M. commoda was the
more important prasinophyte in other surface
samples—alongside several stramenopiles, including
uncultivated dictyochophytes. In general, eukaryotic
communities exhibited seemingly greater variations in
composition than cyanobacteria both vertically and
along the transect. These patterns have not been cap-
tured in photic zone surface-skin survey sampling,
especially in biologically underexplored oceans like the
Bay of Bengal. Importantly, our results support a pro-
posal suggesting that picophytoplankton dominate in
the Bay of Bengal relative to micro- and nanoplankton
size fractions, based on pigment analyses (Sarma
et al., 2016, 2020). Moreover, our study supports the
projection that picophytoplankton will continue to
increase concurrent with decreases in larger eukaryotic
phytoplankton (Löscher, 2021). Our insights provide a
springboard for more targeted studies and experimen-
tation to understand picophytoplankton niche partition-
ing in the Bay of Bengal, monsoonal influences, and
community transitions.

EXPERIMENTAL PROCEDURES

Oceanographic sampling

Samples were collected from the RV Roger Revelle
between 24 August 2015 and 18 September 2015 at
18 hydrographic stations using a CTD Niskin Rosette
as well as 11 samples collected by bucket after loss of
the rosette (Table S1A–E). Vertical profiles of tempera-
ture, salinity, fluorescence, and nutrients were mea-
sured at 0.5 m intervals. Continuous thermosalinograph
underway data was consulted to derive parameters not
directly measured for samples collected by bucket.
Seawater was collected at four to six specific depths
ranging from 2 to 100 m depth corresponding to sur-
face, ML, SCM, below SCM, base of the oxycline, and
anoxic layer. DNA samples were collected by filtering
500 ml seawater onto 0.2 μm pore size polyethersul-
fone membrane filters (Supor 200, Pall Gelman). Filters
were placed into sterile cryovials, flash-frozen in liquid
nitrogen and transferred to �80�C until further use.
Flow cytometry (FCM) samples were preserved in
0.25% (final concentration) electron microscopy grade

glutaraldehyde, fixed at room temperature in the dark
for 20 min, flash-frozen in liquid nitrogen, and stored at
�80�C until further use. Corresponding nutrient sam-
ples were taken as previously described and analysed
for concentrations of dissolved inorganic nutrients
(nitrate, nitrite, ammonium, phosphate and silicate)
using an autoanalyser (Skalar, San series;
Netherlands) (Kremling et al., 1983). The detection
limits for nitrate, nitrite, ammonium, phosphate, and sili-
cate were ±0.02, ±0.02, ±0.02, ±0.01, and ±0.02 μM,
respectively.

Flow cytometry

Samples were analysed on a BD Influx flow cytometer
equipped with a 488 nm 200 mW laser and running on
0.2 μm filtered 1� PBS as sheath fluid. Scatter and
fluorescence signals were collected using the BD
FACS Software (software v1.0.0.650) with FALS
(a proxy for cell size) set as the trigger parameter. Prior
to measurement, fluorescent polystyrene beads
(0.75 μm yellow-green, Polysciences) were added as
internal standards. Each sample was run for 8 min at
25 μl min�1, as measured with an inline flow sensor
Sensirion SLG-1430 (Sensirion AG) following a 2 min
pre-run, and the corresponding volume was calculated
by weighing the sample before and after the run. Cyto-
grams were analysed using WinList 7.1 (Verity Soft-
ware House) with populations defined and enumerated
based on FALS and chlorophyll autofluorescence (cap-
tured by a 692/40 nm bandpass) for Prochlorococcus
and photosynthetic eukaryotes, and additionally phyco-
erythrin autofluorescence (captured by a 572/27 nm
bandpass) for Synechococcus.

DNA extraction and amplicon sequencing

DNA was extracted from 47 samples (surface and SCM
samples from 18 stations, although there is no data for
the station S15 SCM, and 11 additional surface sam-
ples) using the DNeasy Plant Mini Kit (Qiagen) with a
slight modification of the manufacturer’s protocol
including the addition of a bead beating step (Demir-
Hilton et al., 2011). Extracts were quantified with the
Qubit dsDNA HS (high sensitivity) Assay Kit
(Invitrogen) and diluted to 5 ng μl�1 with TE pH 8.0.
PCR reactions (50 μl) were performed in 5 μl of 10�
buffer, 1 U of HiFi-Taq, 1.6 mM MgSO4 (Invitrogen),
200 nM of each Illumina adapted primers 27FB (50-
AGRGTTYGATYMTGGCTCAG-30) and 338RPL (50-
GCWGCCWCCCGTAGGWGT-30) and cycled at 94�C
for 2 min, 30 times at 94�C for 15 s, 55�C for 30 s, 68�C
for 1 min and finally elongation at 68�C for 7 min. Reac-
tions were cleaned with the MinElute PCR Purification
Kit (Qiagen) and verified on a 1.2% agarose gel to
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ensure any primer-dimers had been removed.
Sequencing was performed using the Illumina MiSeq
platform (2 � 300 bp paired-end reads, MiSeq Reagent
Kit v3).

Sequences were demultiplexed and assigned to
corresponding samples using CASAVA (Illumina).
Quality of reads was assessed using FastQC v.0.10.1
(Andrews, 2012) and read ends were trimmed at a
Phred quality (Q) threshold of 25 using a 10 bp sliding
window in Sickle 1.33 (Joshi & Fass, n.d.). Paired-end
reads were merged using USEARCH v10.0.240
(Edgar & Flyvbjerg, 2015) when reads had a ≥ 50 bp
overlap with maximum 5% mismatch and those with a
maximum error rate >0.001 or shorter than 200 bp were
discarded. Primer sequences were trimmed using
Cutadapt v.1.13 (Martin, 2011). Between 97,572 and
443,556 (237,952 ± 87,596) V1–V2 16S amplicons
were recovered per sample, resulting in between
58,416 and 391,913 (164,882 ± 91,062) amplicons per
sample after QC. Sequences were deposited in the
SRA under BioProject PRJINA905425.

Generation of full-length sequence and
additional phylogenetic analyses

After an initial analysis of amplicons using PhyloAs-
signer with published reference alignments (Choi
et al., 2020; Sudek et al., 2015) we noted that, at sev-
eral key nodes, there were multiple amplicons assigned
to LCA. These indicated presence of taxa within
Ostreococcus and Prochlorococcus in our data that
were highly abundant but for which sequences from
closest extant taxa were not present in the existing
alignments. Therefore, we targeted these groups to
gain full-length sequences that could be used to
improve taxonomic representation in the reference
alignments. For Ostreococcus, DNA from the surface
waters at stations S1 and S2 were used to recover full-
length 18S, ITS and partial 28S, and 16S rRNA gene
sequence, where an unusual Ostreococcus 16S rRNA
gene amplicon had highest relative abundances. Simi-
larly, SCM samples from stations S3, S8, S9 and S18
were used for the recovery of 16S rRNA genes from
Prochlorococcus HLVI and LLVII ecotypes where they
were highly represented based on the amplicon data.
For Ostreococcus, primers targeted the nuclear 18S
rRNA gene and the entire internal transcribed spacer
(ITS) region spanning ITS1, ITS2, and the intervening
5.8S rRNA gene regions, with flanking 28S rRNA gene
(partial only), so we could characterize the secondary
structure of ITS2 as well as longer sequences. The
new forward primer designed herein anneals to the
beginning of the 18S rRNA gene of Ostreococcus
(18S–122f: 50-GTGCGTAAATCCCGACTTCG-30) and
for the reverse primer a published primer that
anneals to a conserved region of the 28S rRNA gene

(ITS055R: 50-CTCCTTGGTCCGTGTTTCAAGACGGG-30)
(Marin & Melkonian, 2010) was used. For recovery
of sequences from Prochlorococcus ecotypes HLVI
and LLVII, the 16S rRNA gene, ITS and partial 23S
were amplified using universal forward primer 27f for
the bacterial 16S rRNA gene and a reverse primer
designed to recover the ITS/23S fragment of Pro-
chlorococcus and Synechococcus (23S–1608r: 50-
CYACCTGTGTCGGTTT-30) (Rocap et al., 2002).
PCR reactions used HotStar Taq polymerase
(Qiagen) and thermal cycling conditions as follows:
95�C for 15 min, followed by 30 cycles of 95�C for
30 s, 60�C for 30 s, and 72�C for 2 min; final exten-
sion was 72�C for 7 min. The resulting products
were cloned and a total of 7 Ostreococcus and 6 Pro-
chlorococcus clones were bidirectionally Sanger
sequenced; sequences were checked with manual
inspection after soft-trimming for potential vector
contamination using the NCBI UniVec database and
have been deposited under GenBank accessions
OP909992-OP909998 and OP910119-OP910124,
respectively.

Using the new Ostreococcus sequences and data
from GenBank, we performed a phylogenetic recon-
struction of the 18S rRNA, 18S rRNA + ITS1 + 5.8S
rRNA + ITS2 + partial 28S rRNA as well as 16S rRNA
genes. Phylogenetic inferences were made by Maxi-
mum Likelihood methods implemented in RAxML under
gamma corrected GTR model of evolution with 1000
bootstrap replicates based on 1568, 2203, and 1294
homologous positions for 18S rRNA, 18S rRNA + ITS1
+ 5.8S rRNA + ITS2 + partial 28S rRNA, and 16S
rRNA gene trees, respectively, as well as with PhyML.
Additional phylogenetic reconstructions were performed
in MrBayes with the parameters of lset nst = 6
rates = invgamma ncat = 6, and ngenval = 10,000,000
samplefreqval = 1000 and tempval = 0.200, and the
final tree was produced with assistance from FigTree
1.4.0 (http://tree.bio.ed.ac.uk/software/figtree) and topol-
ogy from RAxML (Figure S10).

Since the ITS region is not available for many
eukaryotic phytoplankton, we also performed an analy-
sis of the 18S rRNA gene alone. To this end, we col-
lected nearly complete (>1500 bp) 18S rDNA
sequences from Mamiellophyceae and prasinophyte
sister clades using NCBI Nucleotide database
searches and publicly available genome sequences.
Prediction of 18S rDNA sequences from genome
sequences was supported using the Basic Rapid Ribo-
somal RNA Predictor (Seemann, 2018). The collected
sequences were aligned using MAFFT with default
parameters and gaps were masked using trimAl v1.4.1.
Phylogenetic analyses were made using Maximum
Likelihood and Bayesian methods as implemented in
IQ-TREE v.2.2.0 (Minh et al., 2020) and MrBayes 3.2.7
(Ronquist et al., 2012). The GTR + I + G model of
nucleotide substitutions was used for both analyses as
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informed by ModelFinder (Kalyaanamoorthy
et al., 2017) and implemented in IQ-TREE. Maximum
Likelihood bootstrap values were calculated using 1000
replicates. Bayesian analyses were performed using
parameters as outlined above using two independent
runs and 10,000,000 generations per run. A Bayesian
consensus tree was constructed after a relative burn-in
of 25% trees to get posterior probabilities for node sup-
port. Both the Maximum Likelihood and Bayesian con-
sensus trees were imported into R using treeio v1.20.2
(Wang et al., 2020) and the final combined tree was
produced with ggtree v3.4.2 (Yu et al., 2017).

Taxonomic assignment of amplicons

Quality trimmed 16S rRNA V1-V2 region amplicon
sequences were first subjected to rarefaction analysis
of dada2 (Callahan et al., 2016) processed sequences,
which indicated all samples reached saturation with
final slopes of all rarefaction curves below 0.0001. The
5,935,751 amplicons generated via USEARCH (see
above) that passed quality control were run against a
reference alignment and tree constructed from near
full-length bacterial 16S rRNA sequences as well as a
subset of eukaryotic plastid rRNA gene sequences
using phylogenetic methods (Choi et al., 2020; Sudek
et al., 2015). The 2,132,077 amplicons assigned to the
cyanobacterial/plastid region of the tree were retrieved
(1,568,988, cyanobacteria; 563,089, plastid) for further
analysis. Cyanobacteria and plastid-derived amplicons
were then classified using a global plastid and cyano-
bacterial reference alignment and tree optimized for
their placement (Choi et al., 2020). Cyanobacteria
amplicons were next analysed using a cyanobacteria
reference alignment (Sudek et al., 2015) and Prochloro-
coccus was further analysed with reference alignment
developed herein after recognizing presence of atypical
clades. Reference alignments used herein are avail-
able on github.

The Prochlorococcus optimized alignment used
52 near full-length Prochlorococcus 16S rRNA gene
sequences retrieved from SILVA database (release
132, 13 December 2017, https://www.arb-silva.de/
documentation/release-132), through BLASTN searches
against GenBank nr, and the three HLVI and three LLVII
full-length 16S rRNA gene sequences generated herein.
Note that several LLVII sequences were also recovered
from GenBank nr, specifically, JN166198, JN166205,
KJ589744, KJ589747 from HOT157 125 m and Arabian
Sea OMZ DCM. These sequences (and outgroup
sequences) were aligned using MAFFT (Katoh &
Standley, 2013) with default parameters and gaps were
masked using trimAl v1.4 (Capella-Gutiérrez
et al., 2009). Phylogenetic inferences were made by
Maximum Likelihood methods implemented in RAxML
(Stamatakis, 2014) under gamma corrected GTR model

of evolution with 1000 bootstrap replicates based on
1283 homologous positions as well as with PhyML 3.0.1
(Ronquist et al., 2012) with the same substitution model
and 100 bootstrap replicates. Additional phylogenetic
reconstructions were performed in MrBayes 3.2.6
(Ronquist et al., 2012) with the parameters of lset
nst = 6 rates = invgamma ncat = 6, and
ngenval = 10,000,000 samplefreqval = 1000 and
tempval = 0.200, and the final tree was produced with
assistance from FigTree 1.4.0 (http://tree.bio.ed.ac.uk/
software/figtree) and topology from RAxML. We also
constructed a preliminary tree for parsing diatom
sequences, although plastid sequences from known
species are limiting. A total of 371 diatom sequences
were recovered from GenBank nr using Blastn with
known query sequences, as well as four rhodophytes for
an outgroup. Sequences were aligned using MAFFT
(Katoh & Standley, 2013) with default parameters and
alignment gaps masked using trimAl v1.4 (Capella-
Gutiérrez et al., 2009). The phylogenetic reference tree
was created using Maximum Likelihood methods imple-
mented in FastTree 2 (Price et al., 2010) under gamma-
corrected GTR model of evolution with 1000 bootstrap
replicates based on 1253 homologous positions.

To characterize distributions of Ostreococcus we
turned to data from Ocean Sampling Day (Kopf
et al., 2015), Malaspina (Logares et al., 2020), and
TARA Oceans (Ibarbalz et al., 2019) deposited in
metaPR2 (Vaulot et al., 2022). Read counts for ASVs
assigned to the genus Ostreococcus through metaPR2
were extracted and their taxonomic assignment to spe-
cies level was validated through alignment to reference
sequences, including the novel O. bengalensis, cur-
rently misidentified as O. tauri in metaPR2, due to the
lack of O. bengalensis reference sequences (now pro-
vided herein). The global abundance of O. lucimarinus,
O. OII, and O. bengalensis was visualized using R and
Natural Earth map data from rnaturalearth (https://
github.com/ropensci/rnaturalearth).

Oligotyping of specific Prochlorococcus,
Synechococcus and Ostreococcus clades

Microdiversity within Prochlorococcus ecotype HLII,
Synechococcus Clade II, and Ostreococcus Clade OII
was resolved using the oligotyping pipeline as
described previously (Eren et al., 2013). Briefly, ampli-
cons identified as Prochlorococcus HLII by PhyloAs-
signer were aligned with template-based aligner
PyNAST (Caporaso et al., 2010) against a curated
alignment template, GreenGenes (McDonald
et al., 2012). Uninformative gaps were removed, and
the entropy of each nucleotide position was calculated
with the oligotyping pipeline. Nucleotide positions used
to define oligotypes were selected iteratively with posi-
tions being included if they contributed to converged
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entropy within an oligotype, and excluded if they con-
tained redundant information or did not contribute to
convergence. The most information-rich three variable
positions out of 275 positions within V1-V2 region were
used to define oligotypes, and each oligotype was
required to have a minimum substantive abundance of
20 amplicons, such that an oligotype was not included
if the most common sequence for that type occurred
<20 times. The same procedures were performed for
Synechococcus Clade II and Ostreococcus Clade OII
amplicons, with two and three positions out of 276 and
289 positions for defining oligotypes, respectively.

Statistical analysis

For comparison between specific sets of data points,
we used non-parametric testing procedures within R
(R Core Team, 2022). We also performed multivariate
statistical analyses of relative abundances of all taxa as
derived from taxonomic assignment of amplicon
sequences using non-metric multidimensional scaling
(NMDS) analysis to compare communities between dif-
ferent samples. Prior to NMDS analysis, low abundant
taxa that were not present in more than 0.0001% rela-
tive abundances were removed and the analysis was
based on the Bray-Curtis distance measure with no ini-
tial data transformation applied to not obscure the dis-
tance measure. In addition to NMDS, a compositional
data analysis (CoDA) of taxonomically assigned ampli-
con counts was performed (Gloor & Reid, 2016) to
determine taxa driving the differences in microbial com-
positions at different stations. A CCA of Hellinger-
transformed amplicon count data was used to identify
the main environmental parameters that may influence
the distribution of six taxonomic groups. A variance
inflation factor (VIF) analysis was performed using the
car package (Fox & Weisberg, 2019) in order to check
for multicollinearity among variables: oxygen was dis-
carded, while temperature, depth, nitrite, phosphate, sil-
icate, salinity, and fluorescence were kept in the
modelling framework. Data analysis and visualization
were performed using functions of the vegan R pack-
age (Oksanen et al., 2022) and ggplot2
(Wickham, 2016) as implemented in the ampvis R
package (Andersen et al., 2018).
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