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ARTICLE INFO ABSTRACT

Available online 6 March 2013 Eukaryotic phytoplankton play important roles in regulating productivity and material export in
oligotrophic ocean ecosystems. In this study, we examined the vertical and temporal variability in
planktonic Chromalveolate (hereafter chromophyte) assemblages over a 2-year period (2007-2009) at
Station ALOHA (22°45'N, 158°W) in the North Pacific Subtropical Gyre (NPSG). Polymerase chain

reaction (PCR) amplification, cloning, and sequencing of form ID rbcL genes from samples collected at

Keywords:
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Oligotrophic nearly monthly intervals provided information on the diversity, abundances, and variability associated
Pelagophytes with chromophytic phytoplankton. Despite persistently oligotrophic conditions, the euphotic zone of
Diatoms

this habitat supported a phylogenetically diverse assemblage of chromophytic algae, including
representatives of various genera of diatoms, pelagophytes, prymnesiophytes, and dinoflagellates.
Quantitative PCR (qPCR) amplification of diatom, prymnesiophyte, and pelagophyte rbcL phylotypes
revealed that the population structure of these assemblages was highly variable in time, with gene
abundances often varying more than an order of magnitude between successive months. Diatom rbcL
genes were typically the most abundant in both the upper and lower regions of the euphotic zone,
while rbcL gene abundances of the prymnesiophytes and pelagophytes were significantly greater (One-
way ANOVA, P < 0.05) in the lower regions of the euphotic zone (75-125 m) than in the upper euphotic
zone (5-45m). Similarly, we observed elevated concentrations of 19-hexanoxyfucoxanthin and
19-butanoxyfucoxanin (diagnostic pigments of prymnesiophytes and pelagophytes, respectively) in
the lower euphotic zone, while concentrations of fucoxanthin (a diagnostic diatom pigment) demon-
strated less vertical structure. Analyses of samples collected using sediment traps deployed at 150 m
revealed that members of diatoms, prymnesiophytes, and pelagophytes all contributed to material
export out of the upper ocean. None of the phytoplankton groups displayed significant seasonality in
gene abundances or fluxes over the period of observations. Our study confirms that diatoms are
ubiquitous and diverse members of the euphotic zone phytoplankton assemblage in the NPSG, while
prymnesiophytes and pelagophytes appear to capitalize on the relatively nutrient-enriched but low
light conditions characteristic of the deeper euphotic zone waters. The combined use of molecular- and
pigment-based tools demonstrated that despite persistently oligotrophic conditions chromophytic
plankton are perennial contributors to upper ocean biomass and particle export in the NPSG.

© 2013 Elsevier Ltd. All rights reserved.

Prymnesiophytes

1. Introduction Karl, 2002). Surface waters of the NPSG are characterized by low

nutrient concentrations, deep penetration of photosynthetically

Subtropical ocean gyres occupy ~40% of Earth’s surface area
and play a central role in global carbon cycling. The North Pacific
Subtropical Gyre (NPSG) is among the largest of these open ocean
habitats (Sverdrup et al., 1942; Karl, 1999). Persistent stratification
of the upper ocean of the NPSG reduces wind-driven convective
mixing, and limits vertical delivery of nutrients (Dore et al., 2002;
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available radiation, low plankton biomass, and dominance of
plankton biomass by photosynthetic cyanobacteria such as
Prochlorococcus and Synechoccocus (Campbell and Vaulot, 1993;
Letelier et al., 1993; Andersen et al.,1996; Malmstrom et al., 2010).

Although much of the research on phytoplankton dynamics in
the NPSG has emphasized the important role of picoplankton as
contributors to productivity and biomass (Campbell and Vaulot,
1993; Karl et al., 2001; Church et al., 2006), nano- and micro-
phytoplankton also play important roles in regulating ecological
and biogeochemical dynamics in this ecosystem. Despite
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occurring at lower abundances than picoplankton, these larger
phytoplankton can exhibit rapid growth, making them potentially
important episodic contributors to phytoplankton biomass and
productivity in the open sea (Li, 1993; Worden et al., 2004).

Over the course of nearly 20 years (1968-1985), microscopic
evaluations of phytoplankton taxa larger than 5 pum collected in
the northern regions of the NPSG (~28°N, 155°W) provided
detailed information on vertical and time-variability in phyto-
plankton community structure (Venrick, 1982, 1988, 1990, 1992).
These studies identified two vertically separated phytoplankton
assemblages (Venrick, 1982): one assemblage of photosynthetic
plankton that was largely restricted to the high-light, low-
nutrient region of the upper euphotic zone, and another assem-
blage often associated with the deep chlorophyll maximum layer
(DCML), where nutrient concentrations increase, but penetration
of light becomes more variable and often limits phytoplankton
growth (Venrick, 1982; Letelier et al., 2004; Li et al., 2011). More
than 230 phytoplankton species were identified and listed as part
of these early studies, including 101 diatom species and 47 species
belonging to the prymnesiophytes (Venrick, 1982). In the summers
of 1994 and 1996, Venrick (1997, 1999) compared phytoplankton
species collected at Station ALOHA (22°45’N, 158°W) to those
previously observed in the northern regions of the NPSG. These
studies revealed that similar genera and species inhabited both of
these open ocean locations, including flora associated with shallow
and deeper euphotic zone waters (Venrick, 1997, 1999).

Research at Station ALOHA conducted as part of the Hawaii
Ocean Time-series (HOT) program has also demonstrated that
particle export and fluctuations in plankton biomass are partly
controlled by episodic, seasonal, and interannual-scale variations in
the diversity of eukaryotic phytoplankton (Letelier et al., 2000;
Bidigare et al., 2009; Karl et al.,, 2012). High-performance liquid
chromatography (HPLC) separation and analyses of selected algal
pigments indicate that prymnesiophytes and pelagophytes can be
major components of eukaryotic phytoplankton biomass (Letelier
et al., 1993; Andersen et al., 1996; Karl et al., 2002; Bidigare et al.,
2009). In a study focused on prymnesiophyte ecology at ALOHA,
Cortés et al. (2001) identified upwards of 125 distinct species of
coccolithophores, finding that abundances generally increased in
the spring and fall. Scharek et al. (1999a) investigated the abun-
dance of diatoms during 11 cruises (1994-1995) to Station ALOHA,
finding that two lightly silicified diatom species (Hemiaulus hauckii
and Mastogloia woodiana) increased in abundance in July 1994
within the well stratified mixed layer. Moreover, these diatoms
were identified as key contributors to material export from the
upper ocean to the deep sea (Scharek et al., 1999b; Karl et al., 2012).

The purpose of our study was to examine the variability in the
population dynamics of three key groups of chromophytic phyto-
plankton at Station ALOHA: diatoms, prymnesiophytes, and pela-
gophytes. Changes in euphotic zone phytoplankton rbcL gene
abundances and those caught in sediment traps (150 m depth)
were evaluated from samples collected over ~2 year period on
near-monthly HOT program cruises to Station ALOHA. Vertical and
temporal variations in these phytoplankton assemblages were
examined based on assessment of rbcL gene diversity and abun-
dances together with analyses of selected algal pigments. Our
results highlight temporal variability in the population structure of
the eukaryotic algal assemblages in this oligotrophic environment.

2. Materials and methods

2.1. Upper ocean and sediment trap sampling and analyses

Sampling for this study was conducted on near-monthly HOT
cruises to Station ALOHA over an approximately 2-year period

(October 2007-December 2009). Samples were collected from
8 discrete depths in the upper ocean (5, 25, 45, 75, 100, 125, 150,
and 175 m) using 121 polyvinyl chloride bottles attached to a
conductivity-temperature-depth (CTD) rosette sampler. Ten liters
were subsampled into polyethylene carboys and pressure filtered
onto 47 mm diameter 2 pm porosity polycarbonate filters for
subsequent extraction of planktonic DNA. These filters were
placed in microcentrifuge tubes containing 500 pl of a solution
containing 1% sodium dodecyl sulfate solution and 0.1 M EDTA
(pH 8.0). Tubes were flash frozen and stored at —80 °C.

Samples for subsequent extraction of DNA were also collected
from particle interceptor traps (Knauer et al.,, 1979) deployed at
150 m depth for ~2.5 days during each cruise over a two year
period (January 2008-December 2009). These traps were filled
with a 0.2 um filtered sodium-chloride seawater brine solution
(50 g NaCl1-! amended to surface seawater), and deployed on a
free-drifting, surface tethered array. Upon recovery of the trap
array, the overlying low-density seawater was removed by
siphoning and the trap solution was pressure filtered onto
47 mm diameter 2 pm porosity polycarbonate filters and frozen
in 500 pl of the same buffer previously described.

2.2. DNA extraction, PCR amplification, and sequence analyses

DNA was extracted from the filters using a combined cetyl-
trimenthylammonium bromide (CTAB)-chloroform method
(Zhang and Lin, 2005). Briefly, in the shorebased laboratory,
10 ul of a 20 mg ml~"! proteinase K solution was added to each
microcentrifuge tube containing the sample filters and preserva-
tion buffer and incubated for approximately 12 h at 55 °C. After
this initial incubation, 165 pul of a 10% CTAB solution was added to
each tube and the filters were incubated for an additional 10 min
at 55 °C, followed by the addition of 600 pl of chloroform (99.8%,
HPLC grade). Samples were vortexed for 1 min and centrifuged at
room temperature (13,000 g) for 10 min, and the supernatants
were purified using a Genomic DNA Clean & Concentrator kit
(Zymo Research, Irvine, CA).

We utilized chloroplast form ID rbcL genes to examine phylo-
genetic relationships among chromophytic phytoplankton. The
rbcL gene encodes the large subunit of ribulose-1,5-bisphosphate
carboxylase oxygenase (RuBisCO), the enzyme catalyzing the
initial step of carbon fixation in the Calvin-Benson cycle. The
RuBisCO protein has several structural forms (Watson and Tabita,
1996), and these differences are reflected in variations in rbcL
gene phylogeny (Tabita et al., 2007). Many eukaryotic algae and
cyanobacteria possess a form of the RuBisCO enzyme termed
form I, which includes at least four distinct taxonomic lineages
termed forms IA, IB, IC and ID (Tabita, 1999). Previous studies
have documented the utility of form ID genes for distinguishing
phylogenetic relationships among chromophytic phytoplankton
(Paul et al., 1999, 2000; Mann et al., 2001; Wawrik et al., 2002,
2003).

PCR-primers specific to form ID rbcL genes (forward primer, 5'-
GATGATGARAAYATTAACTC-3’; reverse primer, 5-ATTTGDCCA-
CAGTGD ATACCA-3/, Paul et al., 2000) were used to amplify a
554-bp gene fragment from the DNA extracts obtained in this
study. The PCR mix consisted of 2 pl plankton DNA extracts, 30 pl
of nuclease free water, 5 pl of Ex Taq buffer (TaKaRa, Otsu, Japan),
4 pl of 2.5 mM dNTP mix, 4 pl of each 10 uM forward and reverse
primers, and 1.5U of ExTaq polymerase (TaKaRa). Total PCR
reaction volumes were 50 pl. Thermal cycling conditions were:
3 min at 95 °C, followed by 40 cycles of 1 min at 95 °C, 1 min at
52 °C, and 1 min 30 s at 72 °C, with a final extension at 72 °C for
15 min. The resulting PCR products were visualized on an ethi-
dium bromide-stained 1.2% agarose gel. PCR amplicons were
excised and purified using the QIAquick Gel purification kit
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Table 1

Oligonucleotide primers utilized for quantitative PCR analysis of selected form ID rbcL genes.

Targeted phylotypes Forward primer (5'-3")

Reverse primer (5'-3') qPCR efficiency (%)

5-GATGATGARAAYATTAACTC-3'
5-GGTTTCTACAACACTYTWYTWG-3'
5-CRACACWTTATTARAGACTAAG-3’

Diatoms
Prymnesiophytes
Pelagophytes

5'-GTAAACTDGCCCADKNCATTTC-3' 85-92
5’-ATTTGDCCACAGTGDATACCA-3' 84-92
5'-ATTTGDCCACAGTGDATACCA-3’ 85-95

(Qiagen, Valencia, CA). The purified PCR products were ligated
into pGEM-T Easy Vectors and transformed in Escherichia coli
JM109 competent cells following the manufacturer’s instructions
(Promega, Madison, WI). Plasmids containing the PCR amplified
rbcL gene fragments were extracted and purified using QIAprep
Spin Miniprep kit (Qiagen ), prior to sequencing using an ABI 3100
Gene Analyzer (Applied Biosystems, Carlsbad, CA). Sequences
were edited using BioEdit and the translated protein sequences
were aligned and imported into ARB (Ludwig et al., 2004) for
subsequent phylogenetic analyses. All sequences were submitted
to GenBank (National Center for Biotechnology Information) and
assigned accession numbers KC533892-KC534141.

2.3. Primer design and qPCR amplification

More than 350 marine phytoplankton form ID rbcL sequences
obtained from GenBank (NCBI) and from our own environmental
clone libraries were used to design and evaluate the specificity of
quantitative PCR (qPCR) primers targeting phylotypes found at
Station ALOHA. Three primer sets were developed to target form
ID rbcL genes from clones phylogenetically clustering among dia-
toms, prymnesiophytes, and pelagophytes, respectively (Table 1).
The abundances of rbcL genes from these major chromophyte taxa
were estimated using qPCR, where qPCR reactions included: 12.5 pl
2X SybrGreen Master Mix (Applied Biosystems), 5.5 pul of nuclease
free water, 2 pl each of 10 uM forward and reverse primers, 1 pl of
10 mg ml~! Bovine Serum Albumin (BSA, BioLabs, Ipswich, MA) and
2 ul of DNA extract. Thermal cycling conditions for the qPCR
reactions were: 94 °C for 15 min; 40 cycles of 15s at 94 °C, 30 s at
48 °C, 35 s at 72 °C, followed by extension at 72 °C for 7 min. Melt
curves were run between 44 °C and 95 °C with the resulting
amplicon dissociation products detected at 1 °C intervals. Standards
for the qPCR reactions consisted of serial 10-fold dilutions of
plasmids containing targeted DNA fragments. qPCR reactions were
run in duplicate for each environmental DNA sample and for each
standard, and the mean of the replicate reactions were used.
Specificities of the qPCR primers were evaluated by comparing the
amplification cycle threshold between plasmids containing the
intended target rbcL insert and those containing non-target form
ID rbcL genes. In each case, the primer set specificity was tested
using at least 8 non-target controls; for example, 4 plasmids
containing PCR amplified rbcL genes derived from different types
of pelagophytes and 4 plasmids containing PCR amplified rbcL genes
derived from different types of prymnesiophytes were tested with
the diatom primer set. No significant amplification after 40 cycles of
PCR was found for these non-target controls. Comparison of the
aligned sequences indicated that the selected primers contained less
than 2 base-pair mismatches to the intended targets, while the non-
target controls contained > 2 base-pair differences to both the
forward and reverse primers.

2.4. Upper ocean physical and biogeochemical measurements

The daily flux of photosynthetically active radiation (PAR;
400-700 nm) at the sea surface was measured on each HOT
cruise using a LI-COR LI-1000 cosine collector. In addition, vertical
profiles of PAR were conducted at approximately noon on each

Table 2

Pigment algorithms used to estimate contribution to total Chl a by selected groups
of chromophytic phytoplankton modified from Letelier et al. (1993). Pigments
abbreviations are: 19’-hexanoyloxyfucoxanthin (19-hex), 19’'-butanoyloxyfucox-
antin (19-but). P represents the 19-hex to 19-but ratio in prymnesiophytes and C
represents the 19-hex to 19-but ratio in pelagophytes.

Algal group Equation

Diatoms
Prymnesiophytes
Pelagophytes

[Chl a]giatom=0.8([fucoxanthin] —0.14 [19-but],e;)
[Chl a]pry=1.3[19-hex]pry

[Chl a]pe1=0.9[19-but]pel

[hex]pry=(P/(P—C)) x ([19-hex]tora1 —[19-but]cotal x C)
[but]per=(P/(P—C)) x ([19-but] tota1—[19-heX]otal/P)
P=[19-hex]pry/[19-but],ry =65.44
C=[19-hex],e/[19-but],e=0.14

HOT cruise using a Profiling Reflectance Radiometer (PRR;
Wetlabs, Philomath, OR). Vertical profiles of temperature, con-
ductivity, and pressure were obtained using a SeaBird
conductivity-temperature-depth (CTD) sampler described by
Karl and Lukas (1996). High-sensitivity measurements of nitra-
te+nitrite (N+N) were determined as described by Dore and Karl
(1996). Measurements of suspended and sediment trap particu-
late carbon (PC), particulate nitrogen (PN), and particulate phos-
phorus (PP) were determined as described in Karl et al. (1996)
and Hebel and Karl (2001). Measurements of particulate silica
(PSi) utilized the sodium bicarbonate dissolution time-course
assay described in DeMaster (1981). Rates of !“C-bicarbonate
assimilation were determined in the upper 125 m using the
protocols described in Letelier et al. (1996).

Chl a and photosynthetic accessory pigments were measured
by high-performance liquid chromatography (HPLC) according to
the procedures described in Bidigare et al. (2005). We utilized
several photosynthetic cartenoid pigments as diagnostic indica-
tors of diatoms (fucoxanthin), prymnesiophytes (19’-hexanoylox-
yfucoxanthin, abbreviated as 19-hex), and pelagophytes (19'-
butanoyloxyfucoxanthin, abbreviated as 19-but). We estimated
the contributions of these phytoplankton taxa to total Chl a in the
lower regions of the euphotic zone (75-125 m) using a modified
pigment algorithm (Table 2) based on Letelier et al. (1993).
Specifically, the 19-hex to 19-but ratio for prymnesiophytes was
re-estimated based on four cultures of prymnesiophytes (Jeffrey
and Wright, 1994). The Chl a contributed by diatoms was
calculated from fucoxanthin concentrations and 19-but concen-
trations (Mackey et al., 1996).

3. Results
3.1. Upper ocean biogeochemical characteristics

Consistent with the well-resolved climatology at Station
ALOHA, the euphotic zone during this period appeared to gen-
erally form two vertically segregated habitats: our 3 shallow
sampling depths (5, 25, and 45 m) corresponded to a high-light,
low-nutrient environ that supported the majority of primary
production, while samples collected between 75 and 125 m were
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Fig. 1. Time-averaged concentrations of Chl a and nitrate + nitrite (N+N) (left panel) and rates of '“C-based primary production and daily flux of photosynthetically active
radiation (PAR; right panel) in the upper ocean (0-125 m) at Station ALOHA. Error bars depict standard deviations of mean concentrations and rates. Hashed boxes depict
the vertical separation between upper (0-45 m) and lower (75-125 m) regions of the euphotic zone.
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Fig. 2. Contour plots of temperature (A), photosynthetically active radiation (PAR) (B), nitrate +nitrite (N+N) concentrations (C), and Chl a (D) in the upper 150 m at

Station ALOHA during this study (October 2007-December 2009).

typical of the low-light, nutrient-enriched lower euphotic zone
that included the deep chlorophyll maximum layer (DCML;
Fig. 1). On average, concentrations of N+ N were consistently
low (<4nM) in the well-lit regions of the euphotic zone
(0-45 m), with nutrient concentrations increasing sharply below
75 m (Fig. 1). Concentrations of Chl a were low in the upper 45 m
(averaging 103 + 35 ng L™ !), increasing through the mid-euphotic
zone (75-125 m), before declining again toward the base of the
euphotic zone where light fluxes decreased to < 1% of the surface
irradiance (Fig. 1). Rates of '“C-based primary production were
elevated in the upper euphotic zone, ranging between 2.5
and 10.8 ug CL~1d~!, with production decreasing with depth

(Fig. 1).

Over the period of this study, sea-surface temperatures varied
between 22.9 °C and 26.6 °C with euphotic zone temperatures
relatively homogenous during the winter (varying < 2 °C), with
the upper ocean warming and becoming more stratified during
the summer and fall months (Fig. 2). PAR at the sea surface varied
approximately 4-fold (ranging 17 to 47 mol quantam~2d~1),
with downwelling subsurface irradiance varying as much as 12-
fold (0.03-0.37 mol quantam~2d~') at our deepest sampling
depth (125 m). Deepening of isolumes in the late spring and early
summer coincided with periods of lower concentrations of N+N
in the dimly lit region of the euphotic zone, with increasing N+N
concentrations during wintertime periods when isolumes shoaled
upwards (Fig. 2). Concentrations of Chl a in the upper euphotic
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zone (0-45m) ranged between 42 and 215ngL~! (averaging
103 ng L"), while concentrations in the lower euphotic zone
(75-125m) varied between 81 and 374ngl~! (averaging
234 ng L~ 1) (Fig. 2). Chl a concentrations tended to be greatest
between 100 and 125 m, where light decreased to <2% of the
surface flux. The DCML generally deepened in the late spring and
early summer, shoaling upward in the late fall and winter
consistent with seasonal variations in light availability (Letelier
et al., 2004; Fig. 2).

3.2. rbcL gene clone libraries

PCR amplified chromophytic algal chloroplast rbcL gene
sequences (n=238) were obtained from samples collected
throughout the euphotic zone (0-150 m) and upper ocean sedi-
ment traps (150 m). These environmental rbcL sequences clus-
tered with 4 major form ID chromophytic algal rbcL gene clades,
including genera of diatoms, pelagophytes, prymnesiophytes,
and dinoflagellates (Fig. 3). One hundred forty of these rbcL
gene sequences clustered (89-96% identity) among more than
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12 known diatom genera (Fig. 3); the majority of these sequences
phylogenetically grouped among diatom rbcL genes belonging to
the genera Hemiaulus, Chaetoceros, Corethron, Pseudonitzschia, and
Thalassiosira (Fig. 3). Seventy-five rbcL gene sequences clustered
(88-100% identity) among seven known genera of prymnesio-
phytes, including Emiliania, Phaeocystis, Umbilicosphaera, Calyptro-
sphaera, Helicosphaera, Chrysochromulina, and Gephyrocapsa.
Sequences most closely related (91-100%) to Emiliania were
retrieved exclusively from samples collected in the upper eupho-
tic zone (0-45 m), while sequences phylogenetically clustering
among Chrysochromulina were all retrieved from samples col-
lected in the mid to lower euphotic zone (75-125 m). In total,
71 sequences clustered (87-99% identity) among pelagophytes
belonging to the genera: Pelagomonas, Pelagococcus, and Aureo-
coccus. Sequences most similar to rbcL genes belonging to Pela-
gomonas were exclusively retrieved from the lower euphotic zone
(75-125 m) and from sediment traps, while sequences clustering
with Aureococcus were only retrieved from samples collected in
the upper euphotic zone waters (0-45 m) and in sediment traps

(Fig. 3).
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Fig. 3. Neighbor-joining phylogenetic tree of chromophyte algae form ID rbcL gene sequences. Sequences retrieved from the upper ocean (0-45 m), lower euphotic zone
(75-150 m), and floating sediment traps (150 m) at Station ALOHA depicted by triangles, upside down triangles, and squares, respectively. Numbers inside each symbol
indicate the number of clones sequenced. Polygons represent grouping of rbcL sequences sharing > 85% identity. Bootstrap percentages > 50% are indicated at the tree
nodes; tree was rooted using the form 1A rbcL gene sequence of Prochlorococcus marinus (CCMP1375).
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A total of 107 rbcL gene sequences were retrieved from
samples collected using upper ocean sediment traps, with 45 of
these sequences clustering with rbcL gene sequences from pela-
gophytes. The majority (31) of these pelagophyte sequences were
most closely (91-99%) related to the rbcL gene sequence of
Pelagomonas calceolate, a 2-4 pm diameter flagellated cell
(Andersen et al., 1993; Daugbjerg and Andersen, 1997). An
additional 36 sequences derived from sediment trap samples
were phylogenetically related to diatom rbcL gene sequences,
including diatoms belong to the genera: Thalassiosira, Rhizosole-
nia, Nitzschia, Pseudonitzschia, and Cylindrotheca. Finally, 26
sequences retrieved from the sediment trap samples clustered
among rbcL gene sequences of prymnesiophytes; the majority
(16) of these sequences clustered with Emiliania huxleyi and
Chrysochromulina spp.

3.3. Vertical and temporal variability in rbcL gene abundances

Analyses of the abundances of form ID rbcL genes provided
insight into the vertical and temporal variability associated with
the abundances of diatoms, pelagophytes, and prymnesiophytes.
Throughout the euphotic zone diatoms were often the most
abundant taxon examined (Fig. 4) with rbcL gene abundances
ranging between 4x10® and 2 x 10° gene copiesL~!. Gene

Table 3

abundances of prymnesiophytes ranged between 3 x 10> and
4 x 10° gene copies L~ !, with abundances often increasing into
the lower regions (75-125m) of the euphotic zone (Fig. 4).
Abundances of pelagophytes were generally the lowest of the
taxa examined with rbcL gene abundances ranging between
2 x 10% and 6 x 10° gene copies L~ ! (Fig. 4).

Depth integration of the gene abundances revealed that
diatoms dominated the rbcL gene inventories in both the upper
(0-45m) and lower (75-125 m) regions of the euphotic zone
(Fig. 5). The rbcL gene inventories of all three taxa were highly
variable in time in both the upper and lower euphotic zone. There
were no significant differences in diatom rbcL gene inventories
between the upper and lower euphotic zone (One-way ANOVA,
P> 0.05); however, diatom rbcL gene abundances were signifi-
cantly greater than abundances of pelagophytes and prymnesio-
phytes throughout the upper and lower regions of the euphotic
zone (One-way ANOVA, P < 0.05). Gene inventories of both the
pelagophytes and prymnesiophytes were significantly greater
(One-way ANOVA, P <0.05) in the lower euphotic zone than in
the well-lit regions of the upper ocean. None of the taxa examined
demonstrated statistically significant seasonality (one-way
ANOVA, P> 0.05) in either the upper or lower euphotic zone.
However, throughout the study period, rbcL gene abundances of
prymnesiophytes and pelagophytes were positively correlated in

Seasonally averaged + standard deviation of total Chl a (T Chl a) stocks in the lower euphotic zone (75-125 m) and the derived contributions to total Chl a by
prymnesiophytes (Chl a p,.y), pelagophytes (Chl a ,¢;), and diatoms (Chl a 4i,) based on application of the modified pigment algorithm of Letelier et al. (1993). Also depicted
are the derived relative contributions (as % of total Chl a) by the selected algal taxa (Chl a py %, Chl a pey %, and Chl a gia %).

Season (months) T Chl a (ngm~2) Chl ap,y (ng m~2) Chl apy % Chl aye (pgm~—2) Chl ape % Chl ag;, (ng m~2) Chl agi, %
Winter (Jan-Feb, n=4) 10564 + 735 2425 + 606 23+4 997 + 397 9+3 210+40 2+03
Spring (Mar-May, n=3) 11891 + 2617 2458 + 609 2143 843 + 165 7+1 187 + 66 241
Summer (Jun-Aug, n=6) 12424 4+ 1505 2556 +277 21+1 963 +212 8+1 158 + 85 1+1
Fall (Sep-Dec, n=8) 13119+ 922 2627 +159 20+1 1297 + 257 10+2 155+ 108 1+1
— 60
; :D
2% 40 y
8]
“E0 o L
0+ ¥ I'|'I'|"|"|"|" l_
120
4 _ =]
w0 ] 5
£ )
T 40 I I I - " 3
' U I : L’
E 044 l . nnladl gy ; i
p B 1Lt RLERR R R
4]
‘a 120 3
o
o 80 g
& 7 § ™
2 :
x 40 - °
£ I .1 H
g o-+4 |"'|Ifl'|"|'l'| B * i ]
S
N 2y i
2 o
a o
20~ - &
]
10 -g'
|1 §
0 -8~ — II I.-' L I. : n i = ]I. @
P X X S S SO e 5 © 5 =
P F & & N @ b}
R N T i M - o E £ E L
WO W 0¥ W WY oYy £ & E
w S
Date 7]

Fig. 6. Temporal variability in particulate material fluxes at 150 m at Station ALOHA. Depicted are particulate carbon, diatom rbcL gene, prymnesiophyte rbcL gene and
pelagophyte rbcL gene fluxes. Seasonal binning as described in Table 3; error bars indicate standard deviations of the seasonal means.
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Fig. 7. Mean proportion of export to standing inventories (expressed as % per day)
for three major rbcL phylotypes (squares) examined in this study and for bulk
particulate carbon, nitrogen, phosphorus, and silica (PC, PN, PP, and PSi, respec-
tively). Symbols depict mean of the ratios of export to inventories; error bars
depict one standard deviation of the mean proportions. Export flux measured from
upper ocean (150 m) sediment traps while inventories computed based on depth
integration (0-125m) of measured gene abundances or particulate matter
concentrations.

time throughout the lower euphotic zone (least-square linear
regression, R?=0.71, P < 0.001).

3.4. Vertical and temporal variability in accessory pigments

Concentrations of fucoxanthin, an accessory pigment produced
by diatoms, varied ~10-fold over the study without clear vertical
structure (Fig. 4). Concentrations of 19-hex and 19-but were
generally low in the upper euphotic zone, and increased with
depth so that concentrations of both pigments tended to be
greatest in the DCML (Fig. 4). In the lower euphotic zone,
concentrations of 19-hex and 19-but generally increased during
the winter and late spring. Because of potential effects of seasonal
photoadaptation in the well-lit region of the upper euphotic zone
(0-45 m) we restricted the pigment-based estimation of taxo-
nomic contributions of diatoms, prymnesiophytes, and pelago-
phytes to total Chl a concentrations to the low light region
(75-125 m). The use of modified pigment algorithm described
in Letelier et al. (1993) suggested that on average these 3 groups
of chromophytic algae contributed 25-45% of the measured Chl a
concentrations in the lower euphotic zone, with prymnesiophytes
contributing 21% ( + 2%), pelagophytes 9% ( + 2%), and diatoms 2%
( +1%) respectively (Table 3). A significant positive relationship
was observed between Chl a contributed by prymnesiophytes and
the contribution of pelagophytes (least-square linear regression,
R?>=0.42, P < 0.01) consistent with the positive correlation found
between the rbcL gene abundances of prymnesiophytes and
pelagophytes in the lower euphotic zone. Moreover, there was a
significant positive relationship between Chl a and the derived
contribution of prymnesiophytes to Chl a (least-square linear
regression, r>=0.48, P <0.001). There were no significant (one-
way ANOVA, P > 0.05) seasonal patterns in the contributions of
these three phytoplankton taxa to Chl a in the lower euphotic
zone (Table 3).

3.5. Export of rbcL genes out of the euphotic zone

We also examined temporal variability in chromophyte phy-
toplankton export based on qPCR amplification of selected form ID
rbcL genes associated with sinking particulate material. Diatom rbcL
gene fluxes fluctuated as much as 29-fold (3 x 10°-8 x 107 gen-
e copies m 2 d ') over the observation period (Fig. 6), while export
of prymnesiophyte and pelagophyte rbcL genes varied 128-fold and
429-fold, respectively. Gene fluxes associated with diatoms were
significantly greater than those of prymnesiophytes and pelago-
phytes (One-way ANOVA, P < 0.05). None of the phylotypes demon-
strated significant seasonal variability in rbcL gene export (Fig. 6,
One-way ANOVA, P > 0.05).

We also compared differences among the taxa in the proportion
of rbcL genes exported relative to the depth integrated (0-125 m)
standing stocks (expressed as % per day). Excluding one anoma-
lously large prymnesiophyte export event (April 2009), the average
gene flux to standing stock proportions for diatoms, prymnesio-
phytes, and pelagophytes were 0.15 4 0.20%, 0.19 4+ 0.18%, and
0.27 + 0.46% per day, respectively (Fig. 7). Hence, although diatoms
were the dominant contributors to measured rbcL gene fluxes, the
export to stand stock ratio was generally similar among the taxa
examined. In comparison, the percent export to standing stock ratio
for bulk PC, PN, PP, and PSi pools averaged 0.95 + 0.33%, 0.81 + 0.31,
0.67 +0.26, and 5.1 +4.9% and per day, respectively (Fig. 7). These
data suggest that in comparison to PC, PN, and PP, export of PSi
appears disproportionately large relative to its euphotic zone
inventory. Notably, the rbcL gene export to inventory ratio for all
three taxa was at least four-fold lower than this ratio for the bulk
PC, PN, and PP pools, and more than an order of magnitude lower
than the bulk PSi pool (Fig. 7).

4. Discussion

Our results revealed that despite persistently oligotrophic
conditions, the euphotic zone of this ecosystem harbors a diverse
assemblage of chromophytes. Among the three major phyto-
plankton groups examined diatoms were often the most abun-
dant, with depth-integrated rbcL gene inventories in both the
upper and lower euphotic zone frequently 4-5-fold greater than
those of the prymnesiophytes and pelagophytes. Moreover,
results of PCR amplifying, cloning, and sequencing of diatom rbcL
genes revealed diverse groups of diatoms inhabiting this persis-
tently oligotrophic ecosystem.

Given our interests in examining temporal and vertical varia-
bility in phytoplankton assemblages in the NPSG, we utilized
chloroplast rbcL genes as molecular biomarkers to specifically
target photosynthetic eukaryotes. By examining diversity in form
ID rbcL genes, we developed and applied group-specific qPCR
primers to obtain information on the gene abundances of three
groups of chromophytic algae. Several previous studies have
applied reverse-transcription PCR (RT-qPCR) assays to examine
temporal and spatial variability in patterns of rbcL gene transcrip-
tion by diatoms, haptophytes, and unicellular cyanobacteria
belonging to the genera Prochlorococcus and Synechococcus
(Wawrik et al., 2002, 2003; John et al., 2007). To our knowledge,
the present study is the first study to examine time-variability in
rbcL gene abundances among several major groups of phyto-
plankton in the open sea. Cloning and sequencing of PCR ampli-
fied rbcL genes from the euphotic zone at Station ALOHA revealed
numerous sequences closely related to diatoms, prymnesio-
phytes, dinoflagellates, and pelagophytes. Notably, nearly half
(125 out of 288 total) of the clones sequenced as part of this study
clustered among diverse lineages of diatoms, confirming that
these organisms constitute important components of the
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eukaryotic plankton assemblage in this oligotrophic habitat.
Such results were further supported by our qPCR amplification
results indicating that diatom rbcL genes were often the most
abundant of the groups examined in both the upper and lower
euphotic zone.

The prevalence of diatom rbcL genes retrieved in the present
study is consistent with previous studies in the NPSG reporting
diverse lineages of diatoms throughout the euphotic zone.
Venrick (1982, 1997) identified two vertically segregated groups
of diatoms, including those best adapted to high light low
nutrient conditions, and those most abundant in the low light
nutrient-enriched regions of the euphotic zone. In our study, the
rbcL gene abundances of diatoms in both the upper and lower
regions of euphotic zone tended to be similar, suggesting the
diverse assemblage of diatoms in this ecosystem possesses widely
varying physiological capabilities, including those adapted to
growth under conditions of high light but low nutrient supply,
with others adapted to persistently low light but relatively enriched
concentrations of nutrients. Previous investigations into diatom
population dynamics in this ecosystem have highlighted episodic
occurrences of blooms of selected genera of diatoms in the well-lit
regions of the upper euphotic zone (Scharek et al, 1999a; Fong
et al., 2008; Dore et al., 2008; Brzezinski et al., 2011). Such blooms
frequently occur during the summer months and are large enough
to be visible by Earth-orbiting satellites (White et al., 2007; Dore
et al., 2008). Moreover, these blooms coincide with periods when
rates of N, fixation increase and the abundances of cyanobacteria
belonging to the genera Richelia, Calothrix, and Trichodesmium are
elevated (Church et al., 2009). Based on the time-varying concen-
trations of Chl a, fucoxanthin, and diatom gene abundances in the
present study, it appears we did not sample such a bloom during
the present study. Although previous studies have highlighted
time-variable diatom population dynamics throughout the upper
ocean, our study revealed that diatom population dynamics in the
lower euphotic zone, below the depths detectable by satellites, can
also be highly variable. We found no evidence of seasonality
associated with diatom rbcL genes recovered from sediment traps,
results that appear contradictory to previously described season-
ality in diatom-derived driven flux of organic matter to the deep sea
at Station ALOHA (Karl et al., 2012). However, our study relied on
collection of sinking particles using particle interceptor traps, which
are deployed for ~3 days on each monthly HOT cruise (Karl et al.,
1996); in contrast, observations of summertime diatom-driven
export of organic matter have relied on deep ocean, bottom-
moored traps that continuously collect sinking particles throughout
the year (Dore et al., 2008; Karl et al., 2012). Hence, we suspect part
of the difference between our findings and these previous studies
reflects undersampling in time by the upper ocean sediment traps
utilized in our study.

Through modification and application of a previously developed
pigment algorithm (Letelier et al., 1993) we evaluated the con-
tributions of the chromophytic phytoplankton to total Chl a in the
lower euphotic zone. The analysis was restricted to the lower
euphotic zone to minimize variations in the pigment to Chl a ratios
resulting from seasonal-scale photoadaptation occuring in the well
lit region of the upper euphotic zone (0-45 m). Results from this
model suggest that lineages of prymnesiophytes, pelagophytes,
and to a lesser extent diatoms contributed on average 21%, 9%, and
2%, respectively to the total Chl a in the lower euphotic zone.
Similar results were reported by Letelier et al. (1993) using data
collected between 1989 and 1991. The complementary molecular
and pigment-based approaches utilized in the current study
emphasize the relatively large temporal variability underlying
population dynamics associated with diatoms, prymnesiophytes,
and pelagophytes in this ecosystem. However, these two
approaches also highlight one important discrepancy: based on

the pigment model diatoms were the lowest contributors to total
Chl a in the lower euphotic zone, despite often dominating the rbcL
gene abundances in both the upper and lower euphotic zone. The
observed differences in vertical distributions between the rbcL
gene abundances and related accessory pigments could derive
from several factors, including: light/depth-dependent variations
in amount of accessory pigments per cell, or variations in rbcL gene
copies per cell for the different taxa. Moreover, the pigment-based
model results rely on accessory pigment:Chl a ratios derived from
relatively few cultured species in each taxa, and may not accurately
describe the flexibility in this ratio among the diverse phytoplank-
ton taxa found in this environment.

Pelagophytes and prymnesiophytes have been shown to be
substantial contributors to phytoplankton biomass and produc-
tivity in various temperate, subtropical, and tropical regions of
the open sea including the subarctic North Pacific (Obayashi et al.,
2001; Suzuki et al., 2002), South Pacific Ocean (DiTullio et al.,
2003), the Sargasso Sea (Cuvelier et al., 2010), Indian Ocean (Not
et al., 2008), Mediterranean Sea (Barlow et al., 1997; Marty et al.,
2002), and the Arabian Sea (Barlow et al., 1999). In the North
Atlantic Barlow et al. (1993) estimated prymnesiophytes contrib-
uted 20-40% of the Chl a, with uncultivated members of the
prymnesiophytes estimated to account for ~25% of the primary
production in this ecosystem (Jardillier et al., 2010). Claustre and
Marty (1995) estimated that pelagophytes and prymnesiophytes
together comprised a large fraction of phytoplankton biomass in
the lower euphotic zone of the tropical North Atlantic (21°N,
31°W) during both the spring and fall. In the near-surface waters
of the Sargasso Sea, primary production by uncultivated groups of
prymnesiophytes has been estimated to equal that of Prochloro-
coccus (Cuvelier et al., 2010). In the equatorial Pacific Ocean,
Bidigare and Ondrusek (1996) estimated the contributions of
these two phytoplankton taxa to total Chl g, finding prymnesio-
phytes and pelagophytes comprised 30-40% and 10-20% of the
total Chl a, respectively, during two survey cruises in summer and
winter. A recent metagenomic study by Worden et al. (2012)
highlighted the global distribution of a pelagophyte whose rbcL
gene sequence was 99% similar to Pelagomonas calceolate.

In a study comparing HPLC pigment and electron microscopy-
derived determinations of phytoplankton community structure in
the Sargasso Sea and the NPSG, Andersen et al. (1996) concluded
that prynmesiophytes and pelagophytes were among the most
abundant eukaryotic phytoplankton, contributing 30-60% to total
euphotic zone Chl a. In the present study we found that rbcL gene
abundances of pelagophytes and prynmesiophytes increased in
the lower regions of the euphotic zone, highlighting a potentially
important role for these organisms in controlling variability in Chl a
concentrations in the DCML. Moreover, the temporal co-variance
between both the accessory pigments (19-hex and 19-but) and rbcL
gene abundances of prymnesiophytes and pelagophytes in the low
light regions of the euphotic zone hints that these two groups of
phytoplankton may respond similarly to time-varying environmen-
tal forcing (i.e. nutrients or light), and that top-down processes (i.e.
predation, viruses) controlling the population sizes of these broad
groups of organisms may also be temporally synchronized.

The frequent predominance of prymnesiophytes and pelago-
phytes in the lower euphotic zone, near the top of the nutricline,
suggests that these phytoplankton taxa are physiologically
adapted to low light, nutrient-enriched regions of the water.
We observed sporadic increases in the gene abundances of these
taxa, hinting that population dynamics associated with prymne-
siophytes and pelagophytes at Station ALOHA may be tuned to
high frequency, stochastic changes in nutrient supply occurring in
the lower euphotic zone. Mesoscale forcing is a predominant
control on habitat variability in the lower euphotic zone at ALOHA
(Johnson et al., 2010), and satellite-derived sea surface height



B. Li et al. / Deep-Sea Research II 93 (2013) 84-95 93

anomalies (SSHa) in the vicinity of ALOHA appear reasonable
predictors of vertical variability in isopycnal surfaces in the lower
euphotic zone (Church et al., 2009). In the present study, gene
abundances of diatoms, prymnesiophytes, and pelagophytes in
the lower euphotic zone all peaked during periods of negative
SSHa, indicative of uplift of isopycnal surfaces. Although there
were no significant relationships between SSHa and the abun-
dances of any of the phytoplankton taxa examined in this study
(least squares linear regressions, P> 0.05), such results are not
surprising given the spatiotemporal complexity associated with
biological responses to mesoscale variability in the ocean.

Recent molecular-based approaches to phytoplankton dynamics
at the Bermuda Atlantic Time-series Study (BATS) in the Sargasso
Sea revealed seasonal succession patterns among members of the
Prasinophyceae, Prymnesiophyceae, Pelagophyceae, Chrysophyceae,
Cryptophycae, and Bacillariophyceae, with members of the prynme-
siophytes, pelagophytes/chrysophytes, and prasinophytes all
increasing in abundance during the period of deep winter mixing
(Treusch et al., 2011). The lack of seasonality exhibited by the
chromophytic algae examined in the present study is consistent
with the overall weak seasonal forcing of the upper ocean habitat at
ALOHA compared to BATS. While the upper ocean at BATS under-
goes periods of relatively deep convective mixing (occasionally
exceeding 300 m; Steinberg et al., 2001), the upper ocean at ALOHA
exhibits only weak seasonality in mixing (mixed layer depths rarely
exceed 110 m; Karl and Lukas, 1996). However, we observed large
subseasonal scale variations in the abundances of all three phyto-
plankton taxa examined. While seasonal forcing of the epipelagic
habitat would be expected to exert important control on plankton
abundances at BATS, phytoplankton diversity, productivity, and
biomass at ALOHA have all been shown sensitive to episodic or
event-scale, near-surface perturbations such as those associated
with submesoscale to mesoscale physical forcing (Letelier et al.,
2000; Sakamoto et al., 2004; Church et al., 2009).

Chromophytic algal rbcL gene clone libraries from sediment
trap samples revealed a large number of presumed pelagophyte
rbcL genes associated with sinking particles, suggesting these
small phytoplankton taxa might play a role in particle export in
the oligotrophic open ocean. Such results support recent model-
ing studies based in the equatorial Pacific that suggest the export
of picophytoplankton could be proportional to their productivity
(Richardson and Jackson, 2007). In the subtropical North Atlantic,
where seasonal changes in the upper ocean habitat are more
pronounced, Amacher et al. (2009) compared 18S rRNA gene
clone libraries from suspended particles to clone libraries con-
structed from sinking particulate flux caught in sediment traps
and found that diatoms were major contributors to suspended
particulate material, while Radiolarians and Alveolates appeared
to dominate sediment trap clones. Although our results reveal
that small nanoplankton can contribute to particle export at
Station ALOHA, we do not know the mechanisms underlying
these observations. In particular, it remains unclear whether the
presence of these genes derives from repackaging of cells in fecal
pellets, sinking of aggregates, or slow sinking by nanophytoplankton
cells.

Although diatoms tended to dominate the downward flux of
rbcL genes (among the three taxa examined), the relatively high
standing stock of diatom rbcL genes resulted in a similar propor-
tion of export relative to the euphotic zone inventory as that
observed for the prymnesiophytes and pelagophytes. Comparison
of the export to stand stock ratios for the different rbcL phylotypes
to these ratios for bulk pools of PC, PN, PP, and PSi reveals very a
low proportion of rbcL genes are exported from the upper ocean.
The percent export of rbcL genes relative to the standing stock
averaged ~0.2% per day for all the phytoplankton taxa; in compar-
ison, these ratios averaged ~ 0.8% per day for the bulk PC, PN, and PP

pools, and ~5% per day for the bulk PSi pools. Such analyses might
suggest that these three broad taxa of phytoplankton are relatively
minor contributors to export in this ecosystem; alternatively, these
results might reflect rapid upper ocean turnover of cellular nucleic
acid pools (and hence low proportional export) relative to bulk pools
of PC, PN, PP, and PSi. The selective removal of nucleic acids from
sinking particles would be expected in this oligotrophic habitat
where nitrogen and phosphorus rich organic compounds are likely
rapidly recycled in the upper ocean and hence contribute relatively
little to the bulk particulate matter pools. Our results suggest the
need for caution when attributing export of particulate material to
specific organisms based on nucleic acid based methodologies. The
preservation of nucleic acids in particulate matter depends on a
complex suite of factors, including whether the organisms are still
alive, factors controlling rates of organic matter remineralization,
zooplankton feeding strategies, sinking rates of particles, and the
composition of the organisms contributing to particle flux.

5. Conclusions

By examining temporal and spatial variability associated with
three major groups of phytoplankton in the NPSG, this study has
identified several ecologically and biogeochemically interesting
features of this ecosystem. In particular, the finding that diatoms
dominated rbcL gene abundances in both the well-lit, nutrient-
poor and dimly-lit, nutrient-enriched regions of the euphotic zone
suggests these diverse assemblages of organisms have evolved to
capitalize on the vertically stratified habitat conditions found in
the central ocean gyres. In contrast, our results suggest that both
pelagophytes and prymnesiophytes occupy more specialized
niches in this system, with abundances of both groups of organ-
isms greater in the lower regions of the euphotic zone. In
addition, we observed high month-to-month variability asso-
ciated with all three groups of phytoplankton, suggesting these
organisms could be responsive to high frequency physical per-
turbations superimposed over more subtle seasonal scale changes
to the euphotic zone habitat.
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