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Abstract

We developed oligonucleotide probes, based on plastid 16S ribosomal DNA (rDNA) sequences, to target 10
different algal classes (Chlorarachniophyceae, Chrysophyceae, Cryptophyceae, Eustigmatophyceae, Pavlovo-
phyceae, Pelagophyceae, Pinguiophyceae, Prasinophyceae [clade VI], Prymnesiophyceae, and Trebouxiophyceae),
for use with dot blot hybridization technology. These class-specific probes were then used to investigate the
community structure of photosynthetic picoeukaryotes (,3 mm) along a transect in the Arabian Sea during
September 2001, using hybridization to plastid 16S rDNA polymerase chain reaction amplicons. The transect
ranged from oligotrophic open-ocean waters, just south of the Equator, through mesotrophic and eutrophic
waters toward the north coast of Oman, crossing a region of monsoonal upwelling off the Omani northeast coast.
Photosynthetic picoeukaryotes in the surface-mixed layer (SML) and deep chlorophyll maximum ranged from 1.0
3 103 cells mL21 in southern oligotrophic waters to almost 30 3 103 cells mL21 at the region of upwelling.
Chrysophytes were abundant along most of the transect throughout much of the euphotic zone. Prymnesiophytes
were abundant in surface waters along much of the transect. By contrast, trebouxiophytes were confined to deeper
waters, below the SML. Pelagophytes were found in surface waters that were more mesotrophic, whereas
cryptophytes were only detected in the more nutrient-rich waters at the northern end of the transect, between
depths of 20–30 m. Pinguiophytes were also detected, but only in the warm surface waters off the north coast of
Oman. Chlorarachniophytes, eustigmatophytes, pavlovophytes, and clade VI prasinophytes were essentially
below detection limits for the entire transect.

Photosynthetic picoeukaryotes (PPEs), comprising cells
,3 mm in size, are widely distributed in aquatic marine

environments, and although numerically less abundant than
their prokaryotic counterparts, Prochlorococcus and Syne-
chococcus, they dominate the picophytoplankton biomass
(e.g., see Blanchot et al. 2001; Worden et al. 2004). Moreover,
the high cell-specific carbon (C)-fixation rates of these small
eukaryotes has meant that they account for a large pro-
portion of the picoplanktonic primary production (Li 1994).
However, the morphological uniformity of this ‘group’ has
hindered progress on establishing the dominant compo-
nents of the PPE community and the distribution of key
classes and genera in situ, important information given
their significance in C cycling.

Pigment studies have been able to provide some idea of
the distribution of PPEs in the marine environment.
However, interpretation of the complex pigment patterns
found in natural samples is made difficult by the fact that
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most pigments are found in more than one algal class, while
some are not necessarily present in every member of the
same class. An exception is the pigment alloxanthin, which
is restricted to the class Cryptophyceae, although it is not
present in all members of this class. The carotenoid 199-
hexanoyloxyfucoxanthin (19HF) has been used to assess
the presence of prymnesiophytes (Hooks et al. 1988), but
this is complicated by the presence of 19HF in some
dinoflagellates. Furthermore, although PPEs from many
different classes have now been isolated from a variety of
oceanographic locations (Vaulot et al. 2004), it is risky to
extrapolate an abundance of a particular genus or class
found in culture from a particular site to an actual
abundance in situ, given the inherent selective nature of
culture techniques.

It has been the recent advent of molecular approaches,
however, that has led to most progress with regard to our
understanding of the composition and distribution of the
marine picoeukaryote community (see Diez et al. 2001;
Moon-van der Staay et al. 2001; Not et al. 2004). Such
studies, which have focused on use of the 18S ribosomal
RNA (rRNA) gene, have revealed the dominance of
prasinophytes, and particularly the genus Micromonas,
especially in coastal marine waters. For more open-ocean
environments, however, there is still a relative dearth of
data pertaining to PPE community structure. Recently we
developed a polymerase chain reaction (PCR) protocol
biased toward recognizing marine algal plastids (Fuller et
al. 2006), making it possible to assess more fully the PPE
community in such regions where PPEs are less numerous,
but nonetheless ecologically significant, members of the
picophytoplankton community. In this study we report the
development of plastid 16S rDNA-based probes for 10
algal classes, greatly expanding on the previous array of
algal 18S rDNA molecular probes (Groben et al. 2004). In
addition, we demonstrate the use of these probes to
determine the in situ community structure of PPEs and
reveal for the first time the complexity of this important
community in an open-ocean environment along a transect
in the Arabian Sea.

Materials and methods

Sampling—Seawater for DNA extraction was collected
aboard the Royal Research Ship Charles Darwin (cruise

CD132) along a transect in the Arabian Sea during
September 2001 (Fig. 1; Table 1). Water was collected with
a sampling CTD Rosette system comprising twenty-four
20-liter Niskin bottles on a hydrographic cable. Conduc-
tivity, temperature, and hydrostatic pressure were mea-
sured simultaneously with a CTD (model Sea-Bird 9/11)
with additional fluorescence and oxygen detectors. Seawa-
ter (5 liters) was prefiltered through a 47-mm–diameter, 3-
mm pore size filter (MCE MF-Millipore filters [Fisher]) and
filtered onto a 47-mm–diameter, 0.45-mm pore size poly-
sulphone filter (SuporH 450, 0.45 mm; Gelman Sciences)
under gentle vacuum (10 mm Hg). The filter was placed in
a 5-mL cryovial with 3 mL of DNA lysis buffer
(0.75 mol L21 sucrose, 400 mmol L21 NaCl, 20 mmol L21

ethylenediaminetetraacetic acid, and 50 mmol L21 Tris-
HCl [pH 9.0]) and stored at 280uC until extraction, as
previously described (Fuller et al. 2003).

Measurement of inorganic nutrients—Nitrate and soluble
reactive phosphate were measured along the transect using
a five-channel Technicon AAII, segmented flow colorimet-

Fig. 1. Track of the transect sampled in the Arabian Sea,
with station numbers marked.

Table 1. Stations sampled along the AMBITION cruise transect in the Arabian Sea.

Sta. Coordinates Date Depths sampled (m)*

1 00u54.89S, 064u8.59E 03 Sep 01 10, 25, 50, 74, 100, 150
2 00u00.19N, 066u59.79E 05 Sep 01 10, 25, 50, 80, 100, 150
3 03u47.99N, 067u00.09E 07 Sep 01 10, 25, 55, 75, 110, 150
4 07u35.99N, 067u00.39E 11 Sep 01 10, 25, 50, 76, 100, 150
5 11u23.39N, 067u00.09E 13 Sep 01 10, 25, 50, 75, 150, 280
6 15u11.69N, 067u00.09E 15 Sep 01 10, 25, 44, 67, 80, 140, 200
7 19u00.19N, 067u00.19E 16 Sep 01 10, 25, 47, 80, 100, 130
8 20u55.39N, 063u39.79E 20 Sep 01 10, 28, 50, 80, 110, 150
9 23u33.79N, 059u54.19E 23 Sep 01 1, 9, 20, 30, 50, 100, 150

10 24u19.89N, 058u10.49E 25 Sep 01 10, 27, 50, 74, 100, 150
11 26u00.49N, 056u35.29E 27 Sep 01 1, 10, 27, 50, 70, 95

* Depths sampled for DNA extraction.
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ric autoanalyzer. The chemical methodologies were applied
as previously described for both nitrate (Brewer and Riley
1965) and phosphate (Kirkwood 1989). These techniques
are summarized elsewhere (Woodward et al. 1999). The
nanomolar ammonium system is an adaptation from Jones
(1991), which uses a fluorescence analysis technique
following ammonia gas diffusion out of the samples,
passing across a hydrophobic Teflon membrane, due to
pH differential chemistry. This cruise was the first de-
ployment of a newly developed nanomolar detection-limit
nutrient analyzer combining the sensitive segmented flow
colorimetric analytical techniques with a Liquid Waveguide
Capillary Cell detection system (Woodward 2002). All
samples were taken and manipulated using ‘clean’ tech-
niques (i.e., gloves were worn by the sampler and seawater
was collected into acid-cleaned high-density polyethylene
bottles, these being the first samples to be collected from
each CTD cast) and were analyzed within 2 h of sampling.
No samples were stored or frozen.

Flow cytometric analysis—Photosynthetic picoeukar-
yotes were enumerated from 2.2-mL seawater samples
using a FACSortTM flow cytometer (Becton Dickinson).
This analysis counted the cells in the samples and also
measured chlorophyll fluorescence (.650 nm) and side
scatter (light scattered at 90u to the plane of the vertically
polarized argon ion laser exciting at 488 nm). Data
acquisition was triggered on chlorophyll fluorescence, using
laboratory cultures to set rejection gates for background
noise. Samples were analyzed for 3 min at a flow rate of 95
6 2.6 mL min21, and data were stored in ‘listmode’ format.
The ‘listmode’ data were read using WinMDI Version 2.8
(Joseph Trotter) flow cytometry analysis software to
produce scatter-plots of side scatter versus chlorophyll,
from which cell counts were made.

Measurement of pigments—Bulk pigments (without
prefiltration) from the Arabian Sea were measured by
reverse-phase high-performance liquid chromatography,
following a previously described method (Barlow et al.
1997).

Oligonucleotide probes—16S rDNA oligonucleotide
probes were designed using the ARB program (Ludwig et
al. 2004) and labeled with 32P, as previously described
(Fuller et al. 2003).

PCR amplification—Amplification of 16S rRNA genes
from control strains (for dot blot hybridization) used the
oxygenic phototroph-specific primers OXY359F (Nübel et
al. 1997) and OXY1313R (West et al. 2001), following the
PCR protocol described previously (Fuller et al. 2003).
Amplification from environmental DNA for dot blot
hybridization used a marine algal plastid-biased primer
that we have recently developed, PLA491F (59-GAGGAA-
TAAGCATCGGCTAA-39) (Fuller et al. 2006), in con-
junction with OXY1313R, giving rise to an approximately
830–base pair PCR product. PCR amplification with the
PLA491F–OXY1313R primer pair was carried out in
a total reaction volume of 100 mL containing 200 mmol L21

concentrations of deoxynucleotide triphosphates, 1.2
mmol L21 MgCl2, 0.2 mmol L21 concentrations of primers,
and 2.5 U of Taq polymerase in 13 enzyme buffer
(Fermentas Life Sciences), with 1 mg mL21 of bovine
serum albumin (Roche). Amplification conditions com-
prised 95uC for 5 min and 80uC for 1 min, at which time
Taq polymerase was added, followed by 30 cycles of 95uC
for 30 s, 60uC for 30 s, and 72uC for 40 s, with a final
extension at 72uC for 6 min. Two rounds of PCR were
required to generate sufficient product for dot blot
hybridization, using a dilution of the first product
(0.5 ng) as template for the second round.

Dot blot hybridization—16S rDNA amplicons from
Arabian Sea environmental DNA and from control strains
were purified, blotted onto nylon membranes, and hybrid-
ized to algal class-specific oligonucleotide probes, following
the method of Fuller et al. (2003, 2005). Final wash (or
dissociation) temperatures (Td) for each probe were
determined empirically, following the method previously
described (Fuller et al. 2003), and together with probe
sequences, temperatures are shown in Table 2. Hybridiza-
tion was quantified by using a Fujifilm FLA-5000
phosphorimager and Total Lab software (Phoretix).
Relative hybridization of the PPE class-specific probes to
total oxygenic phototroph 16S rDNA sequences amplified
by the PLA491F–OXY1313R primer pair was calculated
according to the equation below:

Relative hybridization %ð Þ~ Senv

Eenv

� �
. Scon

Econ

� �{1
" #

| 100

where Senv and Eenv represent hybridization to environ-
mental DNA of the specific and eubacterial probes,
respectively, and where Scon and Econ are the slopes
of the specific and eubacterial probe-binding curves,
respectively, calculated by hybridizing each probe to
dilution series of homogeneous control DNAs. The
relative hybridization of a given specific probe, com-
pared with that of the eubacterial probe, to the control
DNAs was averaged where more than one control DNA
was used.

Construction of contour plots—Arabian Sea data of
physical, chemical, and biotic parameters were plotted as
contour plots using Sigma Plot (version 8.0) software. Data
were interpolated using the running average method with
0.01 sampling proportion and with ‘‘nearest neighbors’’ as
the bandwidth method.

Statistical analyses—Multivariate redundancy analysis
(RDA; Ter Braak 1994) was carried out to explore
relationships between the environmental (explanatory)
variables and the biotic (response) variables (PLA491F–
OXY1313R dot blot relative hybridization values [%]),
using the computer program CANOCO 3.1 (Ter Braak
1987, 1990). Two biotic variables, Pavlovophyceae and
Chlorarachniophyceae, were excluded from the analyses as
they were below detection limits. Explanatory variables
included downwelling photosynthetically active radiation,
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dissolved oxygen, soluble reactive phosphate, salinity,
temperature, and total oxidizable nitrogen. Explanatory
variables were log (n + 1) transformed prior to analysis, as
these variables were measured on different scales. A
Forward Selection option was selected to rank explanatory
variables in terms of their importance for explaining the
spread of the species data. Response variables were square-
root transformed prior to analysis to reduce the variance.
Statistical significance of selected variables was determined
by a Monte Carlo permutation test. Only those variables
with a p value of ,0.05 have been included. Spearman’s
rank correlations were calculated to explore the relation-
ship between the PPE dot blot hybridization values and
bulk pigment concentrations. Bonferroni corrections were
applied to probability values to allow for multiple
correlations.

Results

Probe development—We recently obtained 65 plastid 16S
rDNA sequences from 14 algal classes (Fuller et al. 2006),
and by comparing alignments of all available plastid 16S
rDNA sequences, variable regions were identified that
allowed oligonucleotide probes to be designed to target 10
different algal classes specifically (Table 2). The specificities
of the probes were checked in silico by using the ARB
sequence database tools and by performing BLAST
searches (Altschul et al. 1997). CHLA768, PAVL665, and
PING1024 specifically target all known chlorarachnio-
phyte, pavlovophyte, and pinguiophyte sequences, respec-
tively. The class Prasinophyceae comprises at least seven
clades (Guillou et al. 2004), and probe PRAS826 specifi-
cally recognizes clade VI, which includes the genus
Prasinoderma. CHRY1037 targets with no mismatches all
known chrysophyte sequences, except the marine chryso-
phyte Ochromonas distigma RCC21 and the freshwater
clone TLM14, which have a single mismatch. CRYP862
targets all known cryptophyte sequences, again with no
mismatches, except for the environmental clone 34 w (from
a saline meromictic lake), which has a single mismatch.
However, in addition to recognizing cryptophytes,
CRYP862 also targets marine dinoflagellates of the genus
Dinophysis, which, according to plastid 16S rDNA
phylogeny, are known to fall within the cryptophyte

lineage (Hackett et al. 2003; Takahashi et al. 2005). Probe
EUST985 specifically recognizes all known eustigmato-
phyte sequences except for the soil clone Dpcom253, which
has three mismatches. Similarly, PELA1035 recognizes all
known pelagophyte sequences except for Ankylochrysis
lutea RCC286 and the marine clone OM164, which have
two mismatches. PRYM666 targets all known prymnesio-
phytes except for the marine clone OM270 and the novel
clade of Arabian Sea clones containing, for example,
AS2_50C3 (Fuller et al. 2006), which have a single
mismatch. TREB708 only targets the trebouxiophyte
clusters containing Chlorella vulgaris, Chlorella autotro-
phica CCMP243, Nannochloris sp. RCC9 (but not Nano-
chlorum eucaryotum, which has two deletions), Koliella
spiculoformis, and Prototheca spp. However, all known
marine representatives of the trebouxiophytes are detected
by this probe.

Specificity was confirmed experimentally by hybridiza-
tion of the probes to dot blots containing 16S rDNA
amplicons from different nontarget algal strains (Fig. 2).
None of the probes hybridized significantly to nontarget
strains except for PAVL665, which showed some cross-
hybridization to a clade VI prasinophyte strain.

Arabian Sea transect: physical and chemical profiles—
Examination of the temperature (Fig. 3A) and nutrient
(Fig. 3C,D) profiles of the Arabian Sea transect revealed
strong stratification, with warmer, lower-nutrient waters at
the surface and cooler, more nutrient-rich waters below the
thermocline. The depth of the surface mixed layer (SML)
and thermocline was generally deeper in the southern part
of the transect, and, in particular, the region of upwelling
off the northeast coast of Oman can be clearly seen at and
around Sta. 9, bringing cooler, nutrient-rich waters to the
surface. A clear gradation can be seen from the southern
stations, where especially nitrate (Fig. 3C), but also
phosphate (Fig. 3D), concentrations in the surface waters
were very low (around 10 nmol L21 and 20–200 nmol L21,
respectively), to the northern stations, where concentra-
tions in surface waters for both nutrients were much higher.
Surface waters also varied in their temperature, with the
general trend of warmer waters in the south. However,
surface waters at the northern tip of the transect, in the

Table 2. 16 S rDNA oligonucleotide probes used in this study. Td indicates dissociation temperature.

Probe Td (uC) Sequence (59-39) Target organisms Reference

CHLA768 49 CCA TTC TCT CCC CTC GCT Chlorarachniophyceae This study
CHRY1037 52 GCA CCA CCT GTG TAA GAG Chrysophyceae This study
CRYP862 42 GGA TAC TTA ACG CCT TAG Cryptophyceae This study
EUB908 35 CCG TCA ATT CCT TTG AGT TT Eubacteria (Edwards et al. 1989)
EUST985 49 CAC TTC TAG CAA ACC CTG Eustigmatophyceae This study
PAVL665 37 TAG AAA TTC CTC CTA CCC Pavlovophyceae This study
PELA1035 52 ACC ACC TGT GTG TGT CTA Pelagophyceae This study
PING1024 47 ACG TAT TCC TTA CGG CAC Pinguiophyceae This study
PRAS826 58 GAT TCG CGT ATC CCC TAG Prasinophyceae clade VI This study
PRYM666 43 CTA GAA ATT CCC TCT ACC Prymnesiophyceae This study
TREB708 44 CCT TTG GTG TTC CTC CCG Trebouxiophyceae (CCMP243,

RCC9, and Prototheca clusters)
This study
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Gulf of Oman, were especially warm (31.6uC), with
coincident higher salinities (Fig. 3B).

Phytoplankton abundance—The profile of chlorophyll
a (Chl a) along the Arabian Sea transect (Fig. 4A) shows
the positioning of the deep chlorophyll maximum (DCM),
just below the SML (Fig. 3A). Chl a concentration
generally increased from south to north, with very high
concentrations at Sta. 9 and 10, reaching 4.7 mg m23 at
Sta. 10. Flow cytometric enumeration of PPEs (Fig. 4B)
revealed the highest abundance generally at the DCM in
the oligotrophic south, but above the DCM, nearest the
surface in the more nutrient-rich waters further north. Peak
PPE abundance was found just above the nutricline
throughout the transect and generally became shallower
further north, where nutrients were found closer to the
surface. Two noticeable peaks in abundance of PPEs were

observed, at the Sta. 4 DCM (1.6 3 104 cells mL21) and
the surface waters of Sta. 9 (2.9 3 104 cells mL21).

Bulk pigments—Pigment concentrations, while not being
restricted to PPEs, were used to provide information on the
groups of phytoplankton present along the transect. The
distribution of the carotenoid alloxanthin, present only in
cryptophytes, was observed throughout the transect at the
DCM, generally matching the distribution of Chl
a (Fig. 5A). However, the highest values of alloxanthin
were observed not only at the DCM of Sta. 9 but also at the
DCM of Sta. 11. The carotenoid 19HF, present only in
prymnesiophytes and some dinoflagellates, was more
evenly distributed over the transect, though still at greater
concentrations at the DCM (Fig. 5B). The maximum
concentration of 19HF was at the DCM of Sta. 8. The
carotenoid 199-butanoyloxyfucoxanthin (19BF), present in

Fig. 2. Representative dot blots showing the specificity of hybridization of each algal class-
specific oligonucleotide to arrays of control 16S rDNA amplicons.
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pelagophytes, dictyochophytes, some prymnesiophytes,
some dinoflagellates, and one chrysophyte, also had
a similar distribution to Chl a, though with a proportio-
nately greater peak at the Sta. 8 DCM (Fig. 5C). The
carotenoid fucoxanthin, present in diatoms, prymnesio-
phytes, chrysophytes, raphidophytes, pelagophytes, phaeo-
phytes, pinguiophytes, and several dinoflagellates, also had
a similar distribution to Chl a, but with a proportionately
greater peak at the Sta. 9 DCM (Fig. 5D). The detection of
the carotenoids violaxanthin, present in chlorophytes,
prasinophytes, eustigmatophytes, pinguiophytes, and
phaeophytes (Fig. 5E), and peridinin, present only in most
dinoflagellates (Fig. 5F), throughout the transect also
indicates the presence of some, or all, of these algal classes.

Photosynthetic picoeukaryotes—Dot blot hybridization
of class-specific oligonucleotide probes to algal plastid 16S
rDNA PCR products revealed the existence of PPEs from

r

Fig. 3. Contour plots of the Arabian Sea transect, from Sta. 1
in the south to Sta. 11 in the north, of (A) temperature, (B)
salinity, (C) nitrate, and (D) phosphate concentration.

Fig. 4. Contour plots of the Arabian Sea transect, from Sta.
1 in the south to Sta. 11 in the north, of (A) chlorophyll a and (B)
photosynthetic picoeukaryotes.
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several algal classes along the Arabian Sea transect (Fig. 6).
Chrysophytes were abundant throughout most of the
euphotic zone across the entire transect, though they
generally gave a greater signal nearer the surface. Chryso-
phytes contributed the greatest proportion to the total
signal of any algal class for most of the transect (Fig. 6A).
In particular, in the surface waters of Sta. 10 they
contributed 96.6% 6 5.7% of the total algal signal.

Cryptophytes, by comparison, while having a much lower
signal, had a much more restricted distribution, being
generally confined to waters between 20 and 30 m in depth
at the higher-nutrient and coastal Sta. 9 to 11 (Fig. 6B).
Their maximum signal was at 27 m at Sta. 11 (4.9% 6
0.1%). Pelagophytes were largely confined to surface waters
of the more mesotrophic region of the transect, from Sta. 5
to 8 (Fig. 6C), with a maximum signal in surface waters of

Fig. 5. Contour plots of the Arabian Sea transect, from Sta. 1 in the south to Sta. 11 in the north, of the pigments (A) alloxanthin,
(B) 19HF, (C) 19BF, (D) fucoxanthin, (E) violaxanthin, and (F) peridinin.
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Sta. 8 (13.8% 6 0.3%). Pinguiophytes were detected only
with low signal, reaching a maximum of 2.2% 6 0.1% (Sta.
11, 10 m), but their distribution was clearly defined, being
restricted to shallow, warm surface waters at Sta. 11
(Fig. 6D), where the temperature exceeded 31uC. Prymne-
siophytes were abundant in surface waters along much of
the transect (Fig. 6E), contributing the second greatest
proportion to total algal signal, after chrysophytes, with

a maximum signal of 39.5% 6 1.9% at the DCM of Sta. 8.
Although the signal from trebouxiophytes was very low,
reaching a maximum of 1.2% 6 0.1% (Sta. 4, 150 m), their
distribution was also very distinct, being confined to deeper
waters, below the SML (Fig. 6F). Indeed, trebouxiophytes
were detected as deep as 200 m at Sta. 6 (0.7% 6 0.1%) and
280 m at Sta. 5 (0.3% 6 0.1%) (data not shown). Both
these deep samples were taken because a minor peak in Chl

Fig. 6. Contour plots of the Arabian Sea transect, from Sta. 1 in the south to Sta. 11 in the north, of photosynthetic picoeukaryotes,
as % relative hybridization (as a proportion of all amplified by primers PLA491F and OXY1313R). (A) Chrysophytes, (B) cryptophytes,
(C) pelagophytes, (D) pinguiophytes, (E) prymnesiophytes, and (F) trebouxiophytes.
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a fluorescence was observed at these depths (0.11 and
0.08 mg m23, respectively) (data not shown). Eustigmato-
phytes, pavlovophytes, and clade VI prasinophytes were
not detected anywhere in the transect. Chlorarachniophytes
were detected only at the surface (10 m) of Sta. 10, and with
a very low signal (0.12% 6 0.01%) (data not shown).

Multivariate analysis—Axis 1 of the RDA triplot (Fig. 7)
showed a strong nutrient gradient, with sites to the right of
the ordination representing those from the northern,

deeper, and more meso-eutrophic waters. Sites close to
Axis 1 on the left of the plot are mostly surface waters from
sites in the southern or mid- portion of the transect
characterized by relatively more oligo- or mesotrophic
conditions and higher oxygen saturation concentrations.
Species located toward the edge of the ordination (e.g.,
trebouxiophytes) were more important indicators of site
differences than those located close to the center (e.g.,
pelagophytes). Trebouxiophytes were located to the right,
with their distribution restricted to the deeper, nutrient-

Fig. 7. RDA ordination diagram of photosynthetic picoeukaryote dot blot hybridization
data obtained from PLA491F–OXY1313R PCR amplicons (solid lines), environmental variables,
and pigment data (dotted lines). Arrows show the approximate linear correlation coefficients
between the PPE classes and environmental variables. Data points for sites are labeled with the
number according to the sampling station (see Fig. 1). The associated letters represent depths in
the profile, with ‘a’ being the shallowest sample from a particular station. SRP 5 soluble reactive
phosphate, TON 5 total oxidizable nitrogen, Sal 5 salinity, DWP 5 downwelling
photosynthetically active radiation (PAR), DO 5 dissolved oxygen, PELA 5 pelagophytes,
PRYM 5 prymnesiophytes, PING 5 pinguiophytes, CHRY 5 chrysophytes, CRYP 5
cryptophytes, and TREB 5 trebouxiophytes. Arrows pointing in roughly the same direction
indicate a high positive correlation, arrows crossing at right angles indicate a near-zero
correlation, and arrows pointing in the opposite direction have a high negative correlation.
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rich, coastal waters. All other algal groups were positioned
to the left of the ordination. Chrysophytes showed a strong
correlation with sites with relatively high dissolved oxygen
concentrations and higher irradiance. Pelagophytes and
prymnesiophytes occupied a similar position adjacent to
Axis 1, showing a negative correlation with trebouxio-
phytes and indicating their presence in waters of lower
nutrient concentration. Axis 2 is a salinity gradient, and
both the pinguiophytes and cryptophytes correlate posi-
tively with higher salinities. The first two axes represented
89% of the information explained by the five explanatory
variables. However, only 34% of the total species variance
was explained.

Correlations between PPEs and pigments—No significant
correlations were found between the various pigment
groups and either the chrysophytes or pinguiophytes.
Strong (p # 0.001) positive correlations were found
between the pelagophytes and two pigment groups, 19BF
and 19HF, and good positive correlations were recorded
for fucoxanthin and peridinin with this algal group (p ,
0.01). A positive correlation was found between crypto-
phytes and peridinin (p # 0.01) and between prymnesio-
phytes and 19HF and peridinin (p # 0.01). Negative
correlations were found between trebouxiophytes and
19BF, 19HF, and peridinin (p , 0.01).

Discussion

The development of a PCR biased toward algal plastids in
the marine environment (Fuller et al. 2006) was a significant
step forward in permitting the assessment of marine PPE
diversity, particularly in oligotrophic open-ocean habitats,
which are numerically dominated by picocyanobacteria. The
development of 10 algal class-specific probes in this study
further permits the detailed assessment of marine PPE
community structure. Classes that have only been discovered
in recent years, such as Pinguiophyceae (Kawachi et al.
2002b), can now be detected and their distribution monitored
by molecular methods. However, caution should be exer-
cised regarding data from the cryptophyte and the pavlovo-
phyte probes, since the former will potentially detect
dinoflagellates of the genus Dinophysis, which have plastids
similar to cryptophyte plastids (Hackett et al. 2003). The
observed experimental cross-reactivity of the pavlovophyte
probe is, however, not problematic if the PRAS826 probe is
also used to quantify clade VI prasinophytes. In this case,
with the appropriate controls, the clade VI prasinophyte
signal to be expected from the pavlovophyte probe
(PAVL665) can be calculated and subtracted from the
PAVL665 signal.

The Arabian Sea is well known as a diverse marine
environment, encompassing a wide range of physical and
chemical conditions (Burkill et al. 1993), with the north
being strongly influenced by biannual monsoons that blow
alternately from the southwest between June and Septem-
ber and from the northeast between November and March.
These monsoons create upwelling along the southeastern
coast of Oman, making the surface waters of the northwest
of the Arabian Sea meso- to eutrophic. By contrast, the
southern Arabian Sea is little affected by the monsoons,

with relatively stable stratification of the water column,
leading to highly oligotrophic conditions typical of open-
ocean gyres. The transect sampled in this study crossed
such a range of environmental conditions (Fig. 3), as the
northern waters were reached shortly after the southwest-
ern monsoon, thus encountering areas of high productivity,
compared with the low-chlorophyll waters in the open
ocean further south (Fig. 4). As expected, PPE abundance
was lower in the more nutrient-poor south, which was
dominated numerically by picocyanobacteria, and greater
in the more nutrient-rich north. Such a trend is a common
observation for PPEs (see, for example, Partensky et al.
1996; Brown et al. 1999).

Using the tools developed in this and a previous study
(Fuller et al. 2006) we report, for the first time, molecular
analysis of the community structure of selected PPEs along
an oceanic transect. Interestingly, the most abundant PPE
group was chrysophytes (Fig. 6A), which were predomi-
nantly associated with warmer surface waters, where
irradiance levels were high (Fig. 7), although they were
also found below the photic zone. This abundance is
surprising given that there are relatively few reports of this
algal class in marine systems. Thus, although there are
indirect reports of chrysophytes in the open ocean, as
indicated by pigment studies (Mackey et al. 1998), previous
molecular work, particularly the construction of 18S rDNA
picoplankton clone libraries from the North Atlantic and
Mediterranean Sea, has indicated the presence only of
heterotrophic chrysophytes (e.g., sequences closely related
to Paraphysomonas [Diez et al. 2001]), although members
of this genus can contain a nonphotosynthetic plastid
remnant (or leucoplast). Similarly, those chrysophytes
that have been isolated from open-ocean sites appear to
be solely heterotrophic (e.g., Picophagus sp. [see Guillou
et al. 1999; Vaulot et al. 2004]). The exceptions to the
relative dearth of information on marine chrysophytes
are reports of members of the order Parmales in polar
and subpolar waters (Booth and Marchant 1987) as well
as in tropical regions (Bravo-Sierra and Hernández-
Becerril 2003). The Parmales encompass a group of
small (,5 mm in diameter), siliceous cells, each with
a chloroplast. Unfortunately, the lack of cultured
representatives of this order prevents the identification
of environmental plastid 16S rRNA gene sequences
obtained from this Arabian Sea transect (Fuller et al.
2006) with members of this order. We should point out,
though, that the dot blot hybridization data
presented here would be sensitive to the number of
ribosomal operons per plastid genome as well as plastid
number per cell. Hence, the relative hybridization data
presented here for chrysophytes, as well as the other PPE
classes, needs to be viewed with some caution, especially
when attempting to equate the data with abundance
estimates. The application of fluorescent in situ hybrid-
ization (FISH) (e.g., see Not et al. 2002) or quantitative
PCR technology (e.g., see Zhu et al. 2005; Countway and
Caron 2006) will be crucial for a more accurate
assessment of relative abundance.

The detection of trebouxiophytes at the bottom of the
euphotic zone (Fig. 6F) is also surprising, as members of
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this class are not known to possess pigments capable of
giving them a selective growth advantage over picocyano-
bacteria at such low light intensities. Isolation and charac-
terization of these organisms would therefore be of great
interest. It is possible that the TREB708 probe is detecting
heterotrophic trebouxiophytes possessing nonphotosyn-
thetic leucoplasts, such as Prototheca (e.g., see Borza et al.
2005). However, the detection of trebouxiophytes at 280 m
and 200 m at Sta. 5 and 6 coincided with a peak in
fluorescence of Chl a, indicating that there were indeed some
phototrophs present. The trebouxiophytes showed a negative
correlation with downwelling irradiance (Fig. 7), which may
indicate a specialized survival strategy possibly akin to
certain members of the Pelagophyceae (e.g., Aureococcus
anophagefferens, a species capable of long-term dark
survival) (Popels and Hutchins 2002). It is also possible that
some of these Trebouxiophyceae may be particle associated.
Trebouxiophytes and chrysophytes were detected at depths
at which flow cytometric counts for PPEs were zero, such as
Sta. 5, 150 m. It is possible that these signals may therefore
have arisen from heterotrophic members of these classes (see
above). Or, more likely, this may simply reflect the greater
sensitivity of PCR compared with flow cytometry.

The total signal from all algal probes together was often
less than 100% in any given sample. This likely reflects the
presence of other algal classes for which we have no probes,
such as Bolidophyceae, Dictyochophyceae, prasinophytes
of other clades, or an as-yet-undiscovered class. Indeed,
a dictyochophyte clone and several clade II prasinophyte
(Ostreococcus) clones were recovered from a 16S rDNA
library from Sta. 2, 50 m (Fuller et al. 2006), and
bolidophyte RUBISCO sequences have been recovered
from Sta. 5 and 6 (Wyman unpubl. data). However, the
presence of picocyanobacterial and heterotrophic bacterial
sequences among the PCR products cannot be ruled out,
the former certainly being amplified when these are
numerically abundant (Fuller et al. 2006).

The pigment data in this study are in broad agreement
with those from a similar transect in the Arabian Sea
during the autumn of 1994, which showed 19HF (prymne-
siophytes) as abundant in the southern oligotrophic region
and both 19HF and fucoxanthin (representative of
diatoms) abundant in the northern nutrient-rich region
(Barlow et al. 1999). While fucoxanthin is present in
stramenopiles other than diatoms, diatoms were identified
by microscopy and flow cytometry as dominating the
phytoplankton biomass at these nutrient-rich sites (Tarran
et al. 1999) and were similarly identified as abundant at the
northerly stations during September 2001 (Widdicombe
unpubl. data). The pigment data in this study arose from
total phytoplankton, rather than just the picoplanktonic
fraction, explaining some of the differences between these
and the PPE molecular data. Yet there are obvious
correlations, such as a prymnesiophyte relative hybridiza-
tion peak at Sta. 8, 28 m (Fig. 6E) coinciding with a peak in
the carotenoid 19HF (present only in prymnesiophytes and
some dinoflagellates) (Fig. 5B), perhaps indicating that
much of the 19HF in this sample arose from prymnesio-
phytes ,3 mm in size. While some dinoflagellates with
plastids similar to prymnesiophyte plastids also produce

19HF (Tengs et al. 2000), these would not be detected by
the PRYM666 probe, as a result of four mismatches. The
19HF at the DCMs of Sta. 1 to 4, where the prymnesio-
phyte relative hybridization signal was not so great, could
be explained by such dinoflagellates, by larger prymnesio-
phytes, or simply by other algae dominating the algal
pigment products, such as chrysophytes and clade II
prasinophytes (Ostreococcus). Indeed, violaxanthin (pres-
ent in prasinophytes, as well as chlorophytes and eu-
stigmatophytes) was detected at the DCMs of Sta. 3 and 4
(Fig. 5E). The proximity of prymnesiophytes and pelago-
phytes (Fig. 7) indicates similar environmental preferences
typifying the illuminated central regions of the transect.
However, only 34% of the total species variance could be
explained by the environmental variables, and other key
variables that determine the distribution of these picoeu-
karyotic groups have yet to be identified. Cryptophyte
relative hybridization distribution data (Fig. 6B) corre-
sponded well to areas of alloxanthin occurrence (present
only in cryptophytes) in the north of the transect (Fig. 5A).
Interestingly, cryptophytes were not detected in other
regions of alloxanthin presence, perhaps indicating that
this alloxanthin came from cryptophytes .3 mm in size.
Furthermore, cryptophytes were detected at Sta. 9, 20 m,
where alloxanthin was not detected. This may represent
heterotrophic cryptophytes possessing leucoplasts, or
perhaps, more likely, photoautotrophic members lacking
alloxanthin. Though the CRYP862 probe detects dino-
flagellates of the genus Dinophysis, these are unlikely to
account for the signal at Sta. 9, since they are known to
possess alloxanthin (Schnepf and Elbrächter 1988).

The molecular data of PPE community structure in this
study build considerably on our previous knowledge. Most
studies of PPEs have not dissected them into their different
classes; rather, they simply looked at this group as a whole.
The few molecular studies of PPE community structure have
focused on coastal regions, while open-ocean oligotrophic
regions have largely been ignored, partly because of the
difficulty of identifying PPEs among the much more
numerous picocyanobacteria Prochlorococcus and Synecho-
coccus. 18S rRNA FISH studies in coastal waters of northern
France revealed the PPEs to be dominated by prasinophytes,
particularly of the order Mamiellales, with haptophytes,
pelagophytes, and bolidophytes also present, but to a lesser
extent (Not et al. 2002, 2004; Biegala et al. 2003). This study
showed that in coastal waters of the northern Arabian Sea,
prymnesiophytes and, to a lesser extent, pelagophytes were
also detected (Fig. 6). However, a lack of specific probes
meant that we were unable to determine whether members of
the Mamiellales or bolidophytes were also present. Pelago-
phytes have also been found to be among the major
eukaryotic phytoplankton in the equatorial Pacific Ocean
(Bidigare and Ondrusek 1996). This agrees well with our
observations of pelagophytes in the more mesotrophic
waters along the AMBITION cruise transect. Pelagophyte
18S rDNA sequences have also been obtained from the
equatorial Pacific (Moon-Van Der Staay et al. 2001) and
Mediterranean Sea (Diez et al. 2001). 16S rDNA sequences,
which we are now able to identify as pelagophytes, were also
common in two clone libraries from the Southern Ocean
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(Wilmotte et al. 2002). In the few picoplanktonic 18S rDNA
clone libraries made so far, prasinophyte (clade VII) and
prymnesiophyte sequences were found to be relatively
abundant in the oligotrophic equatorial Pacific Ocean,
although dictyochophyte and pelagophyte sequences were
also detected (Moon-Van Der Staay et al. 2000, 2001;
Romari and Vaulot 2004). Such abundance of prymnesio-
phytes corresponds nicely with the molecular data presented
here, but for clade VII prasinophytes, a specific 16S rDNA
oligonucleotide probe remains to be developed.

The presence of cryptophytes of ,3 mm in the more
coastal and nutrient-rich northern waters in this study
(Fig. 6B) is in agreement with the results of a previous
study, which identified cryptophytes of picoplanktonic size
in the more nutrient-rich coastal waters of northern France
(Romari and Vaulot 2004). Our observation of pinguio-
phytes in warm, coastal surface waters in the northern
Arabian Sea represents the first time pinguiophytes have
been identified in the marine environment by molecular
methods, although there are previous marine isolates.
Indeed, a picoplanktonic form was isolated from surface
waters of the tropical western Pacific Ocean (Kawachi et al.
2002a). Yet, until now, we had no idea as to the actual
distribution of this class in marine systems.

The development of oligonucleotide probes targeting 10
algal classes, combined with a recently developed marine
algal-biased PCR (Fuller et al. 2006), has enabled for the
first time a detailed study of marine PPE community
structure across a range of environmental conditions in the
Arabian Sea. This study forms an essential basis for
extending our understanding of these ecologically impor-
tant phototrophs. Further use of these molecular tools, in
combination with PCR-independent techniques such as
FISH, will be necessary to help elucidate the role of
individual PPE classes in global carbon fixation.
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