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A functional gene microarray was developed
and used to investigate phytoplankton community
composition and gene expression in the English
Channel. Genes encoding the CO2-fixation enzyme
RUBISCO (rbcL) and the nitrate assimilation
enzyme nitrate reductase (NR) representing several
major groups of phytoplankton were included as
oligonucleotide probes on the ‘‘phytoarray.’’ Five
major groups of eukaryotic phytoplankton that pos-
sess the Type 1D rbcL gene were detected, both in
terms of presence (DNA) and activity (rbcL gene
expression). Changes in relative signal intensity
among the Type 1D rbcL probes indicated a shift
from diatom dominance in the spring bloom to
dominance by haptophytes and flagellates later in
the summer. Because of the limitations of a smaller
database, NR probes detected fewer groups, but due
to the greater diversity among known NR sequences,
NR probes provided higher phylogenetic resolution
than did rbcL probes and identified two uncultivated
diatom phylotypes as the most abundant (DNA) and
active (NR gene expression) in field samples. Uniden-
tified chlorophytes and the diatom Phaeodactylum
tricornutum Bohlin were detected at both the DNA
and cDNA (gene expression) levels. The repro-
ducibility of the array was evaluated in several
ways, and future directions for further improvement
of probe development and sensitivity are outlined.
The phytoarray provides a relatively high-resolution,
high-throughput approach to assessing phyto-
plankton community composition in marine
environments.
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Abbreviations: FR, fluorescence ratio (Cy3 ⁄ Cy5);
NR, gene encoding the enzyme nitrate reductase
(NR); rbcL, gene encoding the large subunit of the
enzyme RUBISCO; RFR, relative fluorescence (FR
normalized to the sum of all significant FR signals
on the array)

Phytoplankton community composition has eco-
logical consequences in terms of primary produc-
tion, export production, and carbon sequestration.
Therefore, much effort has been devoted to mea-
surement and methods development for evaluation
of phytoplankton communities. Direct measure-
ments of primary production are possible with mod-
erate geographic coverage on cruises, but export
production and sinking carbon flux generally
require long-term experiments and yield low-resolu-
tion results (e.g., sediment traps). Thus, methods
that allow high-resolution monitoring on large spa-
tial scales and small timescales are desirable. Satel-
lite in vivo fluorescence measurements provide the
best coverage but lack depth resolution and cannot
distinguish the kinds of organisms present. Micro-
scopic evaluation of phytoplankton identity and cell
size provides the most detailed specific information
but is a highly skilled, time-consuming task. HPLC
pigment measurements allow very high spatial and
temporal resolution and are probably the best
method currently available for describing the phyto-
plankton community composition with good geo-
graphic coverage and resolution equivalent to that
possible for primary production measurements from
incubations (Mackey et al. 1996, Dandonneau et al.
2006). Even when combined with direct measure-
ments of primary production rates, however, pig-
ment analysis can provide at best a snapshot of the
biomass and production at the time of sampling.
Although comprehensive comparisons are few, pig-
ment and microscopic analyses do not always com-
pare well (Llewellyn et al. 2005).

To understand environmental regulation of pri-
mary production, it is customary to attempt to corre-
late parameters, such as nutrient concentrations and
light intensity and distribution with phytoplankton
abundance and activity. It is not always possible,
however, to link the immediate observations to the
conditions that produced them. For example, it
would be tempting to assume that a large standing
stock of diatoms occurred because the conditions in
which the bloom was observed were conducive for
bloom formation. More likely, however, is that
bloom-inducing conditions existed some days previ-
ously, possibly some distance from the observation
of the accumulated cells. In the case of coastal
upwelling, diatom blooms typically occur within
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3–10 d of the introduction of high nitrate concen-
trations into surface waters during an upwelling
event (Dugdale et al. 1990), and the time of highest
biomass coincides with nitrate depletion, not the
conditions that occurred at the initiation of the
bloom.

A method that allows quantification of phyto-
plankton community composition as well as an indi-
cation of the relative activity or environmental
response of the components of the community
would address some of the limitations of current
observational methods. This goal can be accom-
plished with a functional gene microarray that can
be used to identify and quantify the abundance of
particular kinds of phytoplankton, and to assess the
degree to which each is responding to in situ condi-
tions by quantifying the expression level of genes
involved in carbon and nitrogen metabolism. The
array is not yet an in situ method, but it employs
technology that may be adaptable to high-through-
put automated methods in the future.

A new microarray representing a variety of nitrate
reductase (NR) genes and LSU RUBISCO (rbcL)
genes from several major phytoplankton groups is
described. The array format employs a new probe
design strategy that includes internal standards that
make it possible to obtain relative quantification of
both abundance and gene expression of different
phytoplankton groups. Here it is used to investigate
the community composition of phytoplankton in
the western English Channel. In addition, the
approach should be applicable to any functional
gene for which sufficient diversity information is
available to design a robust probe set.

MATERIALS AND METHODS

Probe and array design. Two different arrays, designated
BC007 and BC008, were used for the experiments described
here. BC007 contained six blocks of 50 features each. Each
specific probe was present in five features in each block,
providing up to 30 replicate features in each array. Printing
inconsistencies usually reduced the number of replicates, but
the placement of spots at several locations over the slide
provided for robust replication. A second array was printed
to correct some sequence errors discovered after BC007 was
printed and to incorporate a few newly available probe
sequences. BC008 contained 32 blocks (two sets of 16
replicate blocks), and each specific probe was represented
in two blocks, providing eight replicate features in each
array. On array BC008, two to eight features in each block
were spotted with equimolar mixtures of all gene-specific
probes present on the array. These were used for signal
normalization (see below).

Oligonucleotide probes representing NR and rbcL
genes were selected from sequences contained in the
public databases. Rather than including all available
sequences on the array, we used an archetype approach, in
which each group of similar sequences is represented by an
archetype, which differs from all other archetypes by at least
15% sequence identity. Based on criteria developed previously
(sequence identity and free energy of binding between similar
sequences; Taroncher-Oldenburg et al. 2003), archetype
probes were selected to represent the relevant database

(e.g., all marine algae) while minimizing overlap between
probes.

The probe selection for the arrays reported here was made
from sequences available in the GenBank database in November
2003 for rbcL, and for NR, additional sequences from our lab,
which are now in GenBank, were included. For rbcL, 131
sequences were aligned using the Megalign program from
Lasergene (DNAStar, Inc., Madison, WI, USA). Additional rbcL
sequences in the database could not be included because they
did not overlap with the aligned fragment of the majority of the
sequences, and sequences from higher plants were not
included in the alignment. For NR, 60 sequences including
previously unpublished marine phytoplankton sequences
(mostly diatoms, Allen et al. 2005) and several, mainly culti-
vated chlorophytes, from GenBank, were aligned. An align-
ment score (ranging from 0 to 5) was computed on the basis of
the Megalign alignment report for every base pair in the
alignment, and the score was summed over every possible
70-mer region within the aligned fragment of homologous
genes. The 70-mer region containing the greatest variability was
selected as the probe region. The actual sequences designated
as probes were selected by inspection of the resulting phylo-
genetic tree and distance matrix. The final subset of archetype
probes (Table S1 in the supplementary material) contains both
perfect matches for some representative sequences and some
consensus sequences that represent several very similar
sequences but are not identical to any of them. Of the 26 rbcL
probes on the BC008 array, eight represent the main eukary-
otic marine phytoplankton groups that possess the Type 1D
RUBISCO (two diatom probes, two haptophyte probes, one
silicoflagellate probe, one pelagophyte probe, one phaeophyte
probe, and one dinoflagellate probe), three Prochlorococcus
probes, one Synechococcus probe, and 14 probes representing
chlorophytes. BC007 did not include the Phaeodactylum and
dinoflagellate (Gymnomiki) rbcL probes. The phytoarray con-
tained 16 (BC008) or 17 (BC007) NR probes, which include
eight or nine diatom probes, respectively, four chlorophyte
probes, and three NR probes representing sequences
of unknown affiliation. The complete list of sequences
which contributed to each archetype assignment is provided
in Table S2 in the supplementary material.

The probes were manufactured as 90 bp oligonucleotides,
each containing the 70-mer probe sequence described above
plus a 20-mer universal reference sequence (GATCCCCGG-
GAATTGCCATG). The presence of the same reference seq-
uence in each feature was intended for use in quantification
and normalization (Dudley et al. 2002). The 90-mer oligo
probes (Operon Technologies Inc., Huntsville, AL, USA) were
adjusted to a concentration of 0.05 lg Æ lL)1 in 50% DMSO
and were spotted on CMT-GAPS amino silane-coated glass
slides (Corning Inc., Corning, NY, USA) using a robotic DiRisi
style arrayer, in the Princeton University Molecular Biology
Array Facility. After printing, the slides were baked at 80�C for
3 h and stored in the dark at room temperature under slight
vacuum.

Study site and sample collection: Water samples were collected
by small boat from Station L4 in the English Channel (50�15 N,
4�13 W) and transported to the laboratory in 20 L carboys.
Immediately upon return to the lab (�2–4 h after sampling),
the water was filtered onto Sterivex (Millipore, Billerica, MA,
USA) filter capsules (4–6 L per capsule) and frozen at )80�C.
About 20 min were required to filter 4–6 L of water, and two
capsules were handled simultaneously.

DNA and RNA purification: Several phytoplankton cultures
were used to characterize the behavior of the array and to
produce internal hybridization standards. Isochrysis galbana,
Dunaliella tertiolecta, Thalassiosira weissflogii, and Phaeodactylum
tricornutum (Plymouth Culture Collection of Algae; PCC,
Plymouth, UK) were grown in F ⁄ 2 medium (containing Si
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when necessary) at 18�C in a light:dark (L:D) cycle of 12:12.
Cells (6 mL of an exponential phase culture) were harvested by
centrifugation in a microcentrifuge and lysed following the
Gentra PureGene cell culture protocol (Qiagen, Valencia, CA,
USA) with minor modification (the cells were frozen at )80�C
and thawed at room temperature prior to lysis). The resulting
DNA was ready for PCR without further purification and was
stored at )20�C.

Particulate material from seawater collected on Sterivex
filters was lysed, and the DNA extracted using a slight
modification of the Gentra PureGene tissue protocol. Volumes
of the various buffers were doubled to improve recovery from
the filter capsules, and lysis was performed inside the filter
capsule.

RNA was recovered from the Sterivex filter capsules using
the RNAqueous kit from Ambion (Applied Biosystems, Foster
City, CA, USA) by doubling the buffer volumes and carrying
out the lysis step inside the filter capsules. Immediately
following elution of the RNA from the spin column, it was
transcribed using Superscript III from Invitrogen (Carlsbad,
CA, USA), using either oligo-d(T) or random hexamer
primers. The remaining RNA and cDNA was stored at )80�C
until further use.

PCR amplification. To test the array and to produce target
populations for hybridization with the array, DNA was ampli-
fied with gene specific primers. The results reported below
were obtained with the rbcL Type 1D primers (Wawrik et al.
2003), which amplify rbcL genes from most of the major groups
of eukaryotic marine phytoplankton. They do not amplify rbcL
genes from chlorophytes or cyanobacteria.

The NR amplification utilized the nested PCR approach
(Allen et al. 2005). The NR primers amplify NR genes from all
diatoms tested so far, but they have not been exhaustively
characterized in terms of their ability to amplify diverse groups.
They do not, however, amplify NR genes from chlorophytes or
prokaryotes (Allen et al. 2005).

Amplification with both rbcL and NR primers used the PCR
protocol previously described (Allen et al. 2005) with anneal-
ing at 55�C in a 50 lL reaction volume. Primers NRPt907F and
NRPt2325R were used for the first (outer) round of NR
amplification, and NRPt1000F and NRPt1389 for inner ampli-
fication. The second round of NR amplification used 1–5 lL of
the outer reaction as a template with the same PCR protocol.

Target preparation: Hybridization targets were produced
using three protocols. (1) Incorporation of amino-allyl dideoxy-
Uridine triphosphate (dUTPaa) during PCR amplification of
total DNA with gene specific primers: PCR recipes were the
same as given above for the gene specific PCR, but the dNTP
mix was replaced by a 6 lL of a 1 mM dNTP mix (dACG) that
did not include T, plus 4 lL dUTPaa and 1.5 lL dTTP, each
1 mM. The dUTPaa was incorporated during the second stage
of the nested amplification in the case of NR fragments.
Parallel reactions were pooled and again cleaned with Qiaquick
columns, and the eluted dUTPaa labeled DNA was dried under
vacuum and stored as a dry pellet at )20�C. (2) DNA
preparations did not always amplify robustly in the specific
primer labeling PCR, even if they amplified strongly in the
standard specific PCR. Therefore, an alternative labeling
method was applied, in which the product obtained from the
standard PCR was labeled by random priming using Klenow
fragment and random octomers supplied in the BioPrime
labeling kit (Invitrogen). The standard dNTP mixture was
replaced with a mixture of 1.2 mM dNTP containing
A:C:G:T:U in the ratio 6:6:6:2:4, in which the U was the
amino-allyl modified base dUTPaa. Parallel reactions were
pooled and again cleaned with Qiaquick columns (Qiagen),
and the eluted dUTPaa labeled DNA was dried under vacuum
and stored as a dry pellet at )20�C. (3) A random linear
amplification protocol that did not require the use of PCR was

also applied. Prior to amplification, the total DNA or cDNA
preparation was digested using the restriction enzyme HhaI.
Parallel digests were combined and cleaned using Qiaquick
PCR columns. Digested DNA or cDNA (25 ng per labeling
reaction) was labeled with dUTPaa using random primers in
the Klenow reaction (above). Parallel reactions were pooled
and again cleaned with Qiaquick columns, and the eluted
dUTPaa labeled DNA was dried under vacuum and stored as a
dry pellet at )20�C.

dUTPaa labeled fragments (200–2,000 ng) produced by any
of the three methods described above were dissolved in 4.5 lL
of 100 mM Na2CO3 buffer (pH 9) and allowed to incubate at
room temperature in the dark for 15 min. Then 4.5 lL of Cy3
(Cy3 mono-functional NHS ester; GE Healthcare Bio-Sciences
Corp, Piscataway, NJ, USA) dissolved in DMSO (8.9 ng Æ mL)1)
was added, and the incubation in the dark continued for 1 h,
followed by the addition of 4.5 lL of 4 M hydroxylamine and
an additional 15 min in the dark. The fluorescently labeled
target was then cleaned again with Qiaquick columns and dried
down under vacuum. Immediately prior to hybridization, the
target was dissolved in water using a volume calculated to
provide a convenient addition to the hybridization mixture.
The concentration of target was computed by measuring the
DNA concentration and Cy3 concentration of the Qiaquick
eluate prior to the last drying step. DNA concentration was
quantified using the PicoGreen kit (Invitrogen) and a JASCO
fluorometer (Essex, UK).

Hybridization and scanning: Prior to hybridization, the array
slide was incubated in 30 mL of prehybridization mixture (1%
BSA, 5· SSC, 1% SDS) at 55�C for 40–60 min with gentle
shaking. The slide was then rinsed five times in dH2O and once
in 100% propanol and dried by centrifugation (Eppendorf
5415C Centrifuge, Eppendorf North America, Westbury, NY,
USA) at rcf 175g for 3 min. A large coverslip was affixed to the
slide by wrapping the ends of the slide with thin strips of
parafilm and then wrapping the coverslip to the slide. This step
provided a thin space between the coverslip and the slide and
prevented displacement of the coverslip during manipulations.
Hybridization solution (ClonTech, Mountain View, CA, USA),
prewarmed to 55�C, containing the target mixture plus 1–2 lL
(100–200 pmol) of the Cy-5 labeled 20-mer reference reverse
complement in a total volume of 80 lL was pipetted into the
coverslip space. The slides were placed inside hybridization
chambers (Corning), wrapped in foil, sealed inside a plastic
container, and incubated in a gently shaking water bath at 55�C
for �16 h. After hybridization, the coverslip was removed, and
the slides washed in three successive washes for 10–20 min each.
The first wash (1· SSC, 0.05% SDS) was at 55�C, and the last two
(0.1· SSC, 0.05% SDS and then 0.1· SSC) at room temperature.
After the last wash, the slide was dipped in fresh 100% ethanol
and dried by centrifugation at rcf 175g for 3 min. The dried
slides were stored at room temperature in the dark and scanned
using an Affymetrix 418 scanner with GMS Scanner Software
Version 1.51.0.42 (Affymetrix, Santa Clara, CA, USA).

Quantification of hybridization data: The scanner determined
Cy3 (green) and Cy5 (red) fluorescence for each spot in the
array using ImaGene 5.6.1 (BioDiscovery, El Segundo, CA,
USA). The fluorescence data were transferred to Excel (Excel
2004; Microsoft Corp., Redmond, WA, USA) spreadsheets for
manipulation and quantification and filtered for quality
control as follows. The average background value for all spots
was computed, and spots with backgrounds exceeding the
average value by 2 standard deviations were removed. This
usually involved removing one or two features (obvious
printing problems or slide blemishes) from each array whose
backgrounds exceeded the average by 1,000-fold or so. The
average and standard deviation of the background for all dots
were recomputed. Spots whose red or green fluorescence did
not exceed the background value by one standard deviation
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were not considered to contain significant signal and were
removed from further calculations. For spots that passed the
background filter cutoff, the Cy3 ⁄ Cy5 ratio was computed, and
an average and standard deviation of the ratio was computed
for each set of replicate features. The average Cy3 ⁄ Cy5 ratio for
replicate features was considered significant if the T statistic
(Wurmbach et al. 2003) exceeded 3 (it usually exceeded 5).

In both arrays, the main source of variability was between
replicate blocks, while within-block replication was excellent
(T often >20 for n = 4–5). For BC007, hybridizing with targets
produced by specific PCR, the signals were normalized between
blocks in two ways: (i) using the Cy5-20-mer reference in a
feature that was not specifically hybridized in the experiment
and (ii) using the Cy3 ⁄ Cy5 ratio of a probe that produced high
hybridization signal in most experiments. The reference
20-mer was intended to be present in every feature at the same
concentration, and Cy5 hybridization intensity was indeed
fairly consistent among most features. The Cy3 ⁄ Cy5 ratios were
normalized across blocks using a probe (e.g., Prok4, which
represents a Type III rbcL gene from Prochlorococcus marinus,
when the target was prepared with Type 1D rbcL primers) for
which no specific target was present in the hybridization
mixture. The block for which Prok4 had the highest Cy5
fluorescence was identified, and the fractional fluorescence for
all other Prok4 values relative to the highest one were
computed. Cy3 ⁄ Cy5 values for all targets were then multiplied
by the Prok4 fraction in each block to correct for differences in
hybridization intensity among blocks. It might be more
appropriate to normalize to the Cy3 intensity of one of the
specific probes, since this would parallel the hybridization
conditions of the variable 70-mer specific targets instead of the
20-mer perfect match small target. The diatom rbcL probe
yielded a strong signal on most arrays, so it was chosen for this
purpose, and Cy3 ⁄ Cy5 values for all targets were multiplied by
the interblock normalization factor for Cy3 diatom intensity as
described for the Cy5 Prok4 approach.

BC008 included features that contained constructed mixtures
of the specific probes in each block, and these provided excellent
correction for between- and within-block variability in hybrid-

ization. The average Cy3 ⁄ Cy5 ratio for the mixtures in each block
was computed and used to correct for differences in hybridiza-
tion intensity between duplicate blocks on the same array.

All of the original and processed array data and supporting
information are available as series record GSE12742 in the
Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE12742) at NCBI (National
Center for Biolotechnology Information) when the manuscript
is accepted for publication.

RESULTS

Probe specificity. The specificity characteristics of
archetype probes selected by the criteria described
above have been tested for other arrays and other
sets of probes (Taroncher-Oldenburg et al. 2003,
Ward et al. 2007), so the entire probe set, designed
by the same criteria for the phytoarray, was not
exhaustively characterized. Targets prepared by PCR
from representative pure cultures behaved exactly as
predicted when hybridized at 1–10 ng levels: both
NR and rbcL targets prepared from P. tricornutum
hybridized only with their specific probes (e.g.,
Fig. 1), I. galbana rbcL hybridized only with the
Haptoconsens probe, and Navicula sp. rbcL (e.g.,
Fig. 2) and T. weissflogii rbcL targets hybridized only
with the Diatom probe. At 1–10 ng levels, nonspe-
cific hybridization never exceeded 5% of the
specific match probe hybridization signal (Figs. 1
and 2). It was therefore concluded the probe design
was successful in selecting probes that did not cross-
react with each other under the conditions and
format of this array. Although nonspecific cross-
hybridization will occur at high enough target
concentrations, it seemed unlikely that any individ-

Fig. 1. Hybridization signals from array BC008_03 hybridized with 200 ng of rbcL PCR target prepared from DNA extracted from sam-
ple ST-30B, April 2004, plus 1 ng of NR PCR target prepared from Phaeodactylum tricornutum culture. Probe names are listed on the x-axis,
and the Cy3 ⁄ Cy5 signal (FR) is shown on the y-axis. Error bars represent the standard deviations of up to eight replicate features for each
probe. NR, gene encoding the enzyme nitrate reductase (NR); FR, fluorescence ratio (Cy3 ⁄ Cy5).
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ual target concentration in a mixed target from nat-
ural samples would exceed 10 ng, so the upper limit
of specificity was not investigated. The array experi-
ments in Figures 1 and 2 were hybridized with
targets for either NR or rbcL prepared from environ-
mental samples, plus a single perfect match target
for one of the probes not targeted by the environ-
mental sample. There is no cross-reactivity between
targets and probes for different genes (i.e., rbcL
targets do not bind to NR probes and vice versa), so
this is a convenient way to combine independent
experiments using the same array.

Detection of Type 1D rbcL genes. Targets prepared
by PCR amplification with the rbcL primers (either
by dUTPaa PCR or postlabeling by random prim-
ing) showed strong hybridization with the Type 1D
probes on the array (Fig. 1) and very little signal
with all other probes. The median coefficient of
variation (CV) for Cy3 ⁄ Cy5 ratios for 4–8 replicate
features for each probe was 11%, but ranged from
5% to 68%. Highest variability generally occurred at
very low signal strength; for example, the largest CV
on this array was associated with the ChlrGrp6
probe, whose signal strength was negligible.

Detection of diatom NR genes. Targets produced
with the NR primers showed strong hybridization
signals with the intended probes: when the diatom
NR primers were used to produce target, only
probes that represent known diatoms or sequences
previously retrieved from seawater using these prim-
ers yielded large signals (Fig. 2). The median coeffi-
cient of variation for Cy3 ⁄ Cy5 ratios for 4–8
replicate features for each probe was 14%, and
ranged from 9% to 33%.

Reproducibility of hybridization signal. Reproducibil-
ity of hybridization results was evaluated at several
steps in the experimental process: (i) reproducibility
of signal among replicate features on the same
array, (ii) replicate hybridizations using the
same target preparation with separate slides on the
same or different days, (iii) ‘‘biological replicates’’
in which replicate Sterivex filters were extracted sep-
arately and targets were independently prepared
and then hybridized in separate experiments.

Comparisons between slides can only be made in
a relative sense, because it is not possible to convert
hybridization signal into absolute gene copy
numbers (see Discussion). Therefore, the Cy3 ⁄ Cy5
fluorescence ratios (FR) for all targets were
summed, and the signal due to each target then
presented as a relative fluorescence ratio (RFR),
that is, a fraction of the total signal. In the case of
target mixtures prepared by PCR, only signals from
those probes that reacted with the specific PCR
product were summed (i.e., for targets generated
with rbcL primers, only Type 1D rbcL probe signals
are included in the RFR calculation).

Replicate features within one array: Fluorescence
ratios of features representing different phylotypes
on the same slide were considered to be signifi-
cantly different if their standard deviations around
the mean FR did not overlap. For example, in Fig-
ure 2, the three probes with the highest signals were
not different in magnitude from each other, but all
three represented greater abundance of target than
all other NR probes except Leo212154. The coeffi-
cient of variation (CV) of replicate features on this
slide averaged 14.2% for features whose signals con-

Fig. 2. Hybridization signals from array BC008_19 hybridized with 200 ng of NR PCR target prepared from cDNA made from RNA
extracted from sample ST-79, July 2004, plus 1 ng of rbcL PCR target prepared from Navicula sp. culture. Probe names are listed on the
x-axis, and the Cy3 ⁄ Cy5 (FR) signal is shown on the y-axis. Error bars represent the standard deviations of up to eight replicate features
for each probe. NR, gene encoding the enzyme nitrate reductase (NR); FR, fluorescence ratio (Cy3 ⁄ Cy5).
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tributed >5% of the total hybridization signal. The
CV for replicate features was usually <20% for fea-
tures whose signals contributed >5% of the total
hybridization signal. Thus, when comparing results
in terms of RFR when standard deviations are not
shown due to space limitations, it is fair to conclude
that the target abundance represented by different
features is significantly different if the RFR differ by
15%–20%.

Parallel hybridizations using the same target
preparation: Average RFR of three replicate arrays are
shown in Figure S1 in the supplementary material.
CV of average FR of replicate features within arrays
ranged from 5% to 19% across all three replicates.
On the basis of nonoverlapping standard deviations,
targets representing diatoms and pelagophytes were

more abundant than phaeophytes, silicoflagellates,
and prymnesiophytes, but the signals of pelago-
phytes and haptohytes were not different. The CV
of the average RFR values was 12%–28% (aver-
age = 18.5%), excluding the value for phaeophytes,
which had a very low hybridization signal but a large
CV.

Three examples of replicate arrays are shown
for NR (Fig. 3). Arrays BC008_37 and BC008_38
were hybridized with NR PCR targets prepared
from DNA that had been stored at )80�C for over
1 year (Fig. 3A). The normalized RFR values agree
well except for the strongest signal, MBap19con-
sens. Arrays BC008_19 and BC008_31 were hybrid-
ized on separate days (200 ng on 1 August 2004,
and 215 ng on 18 August 2004) with the same
cDNA target (Fig. 3B) within a month of sample
collection. These two arrays behaved very similarly,
and the total signal strengths were so similar that
normalization between the two arrays was not nec-
essary (i.e., absolute FR is plotted). Standard devia-
tions for average FR values overlap between the
replicate arrays for most features, and again, only
one pair of replicates, probe Leo212154, are sig-
nificantly different. For targets that hybridized at
10% or more of the largest hybridization signal,
replicates in terms of RFR (data not shown) varied
by an average of 20%. When the one probe for
which the variation was much larger than that
(Leo212154) was omitted, the average difference
between replicates was 14%.

Arrays BC008_34 and BC008_42 were hybridized
with targets that were prepared a year apart in sepa-
rate laboratories (Fig. 3C) from a cDNA preparation
that had been stored at )80�C. The CV for signals
representing >5% of the total averaged 8.1%.

Fig. 3. Comparison of replicate arrays hybridized with the
same (A, B) NR target preparations or with replicate targets pre-
pared separately from the same nucleic acid extract (C). Probe
names are listed on the x-axis, and the FR or RFR signal is shown
on the y-axis. Error bars represent the standard deviations of up
to eight replicate features for each probe. (A) Hybridization sig-
nals from arrays BC008_37 (hybridized with 200 ng of NR PCR
target prepared from DNA extracted from sample ST-82, July
2004) and BC008_38 (hybridized with 400 ng of the same target).
DNA was extracted in August 2004; targets were prepared and
hybridizations performed in September 2005. (B) Hybridization
signals from arrays BC008_19 (hybridized with 200 ng of NR PCR
target prepared from cDNA made from RNA extracted from sam-
ple ST-79, July 2004) and BC008_31 (hybridized with 215 ng of
the same target). RNA was extracted, targets were prepared, and
hybridizations performed in August 2004. (C) Hybridization sig-
nals from arrays BC008_34 (hybridized with 400 ng of NR PCR
target prepared from cDNA made from RNA extracted from sam-
ple ST-30A, April 2004; target was prepared and hybridization was
performed in August 2004) and BC008_42 (hybridized with
222 ng of NR PCR target prepared from cDNA made from RNA
extracted from sample ST-30A, April 2004; target was prepared
and hybridization was performed in September 2005). NR, gene
encoding the enzyme nitrate reductase (NR); FR, fluorescence
ratio (Cy3 ⁄ Cy5); RFR, relative fluorescence (FR normalized to
the sum of all significant FR signals on the array).
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‘‘Biological replicates,’’ targets prepared from replicate
water samples: Two replicate Sterivex filters were
extracted and processed in parallel for the hybrid-
ization experiments shown in Figure 4. In both
samples, haptophytes dominated the signal, but the
relative proportion of haptophytes and silicoflagel-
lates varied between the two experiments. All other
Type 1D probes were indistinguishable in terms of
RFR signal strength between the two experiments.
These samples were collected during a coccolitho-
phorid bloom that was evident in satellite data
from the same time off the coast of Devon and
Cornwall.

Community composition and gene expression—hybridiza-
tion with PCR targets. Relative fluorescence ratio can
be used to compare the community composition
between samples as evaluated on the basis of the tar-
get functional genes. The relative hybridization sig-
nal from the major Type 1D rbcL genes is shown for
four dates in Figure 5. Targets were prepared by
PCR amplification of total DNA extracts. The chang-
ing relative abundance of each type that is evident
in Figure 5 is a low resolution time course, because
of the large time gaps between samples, but it is
clear that community composition varied over the
period between January and August. Diatoms con-
tributed at least 20% of the signal in all samples
except August, and both Pelagophytes and diatoms
decreased in relative signal strength in August. Sili-
coflagellate and haptophyte signals showed the
opposite pattern, increasing significantly later in
the summer. These patterns are consistent with the
usual occurrence of a diatom bloom in spring and
dominance by haptophytes and flagellates in a late

summer bloom (Pingree et al. 1975, Holligan and
Harbour 1977).

For two of the dates shown in Figure 5, analogous
hybridization experiments were performed using
targets prepared by PCR amplification of total
cDNA, which was produced by oligo-dT priming.
For the major groups, the relative abundance of
genes is not dramatically different from the relative
abundance in terms of gene expression (Fig. 6). In
both samples, pelagophytes were relatively less active
than their representation in the DNA would suggest,
while haptophytes, prymnesiophytes, and silico-
flagellates had slightly greater representation in the

Fig. 4. Hybridization signals for the six Type 1D rbcL probes
with rbcL PCR targets. ST-108 (2580 mL) and ST-109 (2500 mL)
were both collected on 16 August 2004. BC008_32 and BC008_33
were hybridized with 100 ng of PCR rbcL targets from ST-108 and
ST-109, respectively, on 25 August 2004. RFR, relative fluores-
cence (FR normalized to the sum of all significant FR signals on
the array).

Fig. 5. Low resolution time course of relative hybridization
strength of Type 1D rbcL probes. Targets were prepared by PCR
from DNA extracted from samples collected on 26 January
(BC007_08), 13 April (BC007_11), 6 July (average of BC007_32,
33, 34, i.e., the data in Fig. S1 in the supplementary material),
and 16 August 2004 (average of BC008_32 and BC008_33). Error
bars represent standard deviations of up to eight replicate fea-
tures per probe, or for the August data, for the average of the
two arrays. RFR, relative fluorescence (FR normalized to the sum
of all significant FR signals on the array).

Fig. 6. Relative hybridization strength for rbcL PCR targets
prepared from DNA and cDNA (RNA) extracts from parallel sam-
ples from April (ST-30A, array BC007_11 for DNA and ST30B,
array BC008_02 for cDNA) and July (ST-82, array BC007_16 for
DNA and ST-79, BC008_29 for cDNA). RFR, relative fluorescence
(FR normalized to the sum of all significant FR signals on the
array).
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cDNA than in the DNA. Diatoms were a major com-
ponent of both DNA and cDNA signals in both
months. The relative signal strength in DNA and
cDNA may provide information on differential
environmental response of gene expression among
different groups (see below).

Community composition based on NR also
showed significant differences between January and
July (Fig. 7). Sequences from both cultivated and
uncultivated types were important in both months,
and the largest signal was associated with unidenti-
fied diatom-like sequences that were derived from
Monterey Bay and New Jersey coastal sites (MBap22
in January and MBap19consens in July). Probes
representing the cultivated strains Chaetoceros,
Coscinodiscus, T. oceanic, and the consensus diatom
NR probe TwTpSkEnAs, representing five strains
and several environmental clones, all produced
significant signals in both months.

For the July sample shown in Figure 7, cDNA
arrays were also analyzed. In Figure S2 (in the
supplementary material), the relative magnitude of
both cDNA and DNA signals (averages of two arrays
for each) are shown for the diatom probes only.
(The individual replicates in the cDNA hybridiza-
tion for all NR probes are shown in Fig. 3B.) This
display allows a comparison between the composi-
tion of the community, in terms of which phylotypes
are present, with the relative expression levels of the
same genes. The same two unidentified MB clones
had the highest signals, but their relative signal
strength was reversed between DNA and cDNA
hybridizations. The scale of these differences
exceeds the differences between replicate arrays
(Fig. 3, A and B). When these DNA and cDNA sig-
nals are very different, a differential response to
environmental stimuli among organisms repre-

sented by those phylotypes might be suspected. A
high-resolution temporal sampling is needed to
evaluate such responses, and this is a powerful
potential of such array analysis.

Community composition and gene expression—hybridiza-
tion with total DNA or cDNA targets. Polymerase chain
reaction with gene-specific primers makes it possible
to produce high-quality targets, but it is sometimes
desirable to avoid PCR and thus avoid its biases and
selectivity. Here, the application of the phytoarray
for use with total DNA (BC007) and total cDNA
(BC008) targets (Fig. 8) is demonstrated. The total
DNA or cDNA targets resulted in lower sensitivity, as
demonstrated with the same April 2004 samples
described above for PCR targets (Figs. 1; 5; and 6).

It is difficult to assign a true zero for the hybrid-
ization signals. Although the ChlrGrp4 probe was
present on BC007, it did not produce a signal, while
all the other probes met the filter criteria for signifi-
cant signal above background (Fig. 8A). It seems
unlikely that this is a true absolute zero, but rather
some artifact of that probe. Therefore, the minimal
DNA signal, associated with chlorophyte probe
U38695 (Cylindrocystis sp. UTEX1925), was used as
the detection limit, and only probes yielding signals
whose standard deviations do not overlap with the
standard deviation of U38695 (dotted line) were
interpreted as above background for both rbcL and
NR DNA hybridization.

At the DNA level (Fig. 8A), all the major eukary-
otic phytoplankton rbcL groups that were detected
by PCR were also above background in the total
DNA signal. Only the prymnesiophyte signal was
lower than expected, relative to the other Type 1D
probe signals in the PCR target experiment (Fig. 1).
Several uncultivated chlorophytes and one prokary-
otic probe, whose sequences do not amplify with
the Type 1D primers and therefore could not have
been detected in the PCR experiment, hybridized
relatively strongly. The largest chlorophyte rbcL sig-
nals were associated with probes AF381699 and
AF381703, both unidentified chlorophyte sequences
from the Gulf of Mexico (Wawrik et al. 2003). Phae-
odactylum and Gymnomiki rbcL probes were not
present on BC007, so no DNA signal was possible
for them. Lowest signals were detected for the three
probes representing various Procholococcus types and
some of the unidentified chlorophytes.

Two unidentified diatom-like NR sequences
(MBap19consens and MBap22) and the Coscinodiscus
and P. tricornutum NR probes produced the highest
NR signal in the total DNA target. Probes represent-
ing several cultivated and uncultivated chlorophyte
NR sequences also hybridized strongly.

The cDNA target was produced by Klenow ampli-
fication from cDNA produced from oligo-dT prim-
ing, so prokaryotic sequences should not be
represented in the cDNA signal. The average of the
signals associated with ProkGrp2-4 rbcL probes were
designated as background, and any signals with

Fig. 7. Relative signal strength for PCR NR probes from sam-
ples collected in January (ST-2, 26 January, array BC008_39) and
July (ST-82, array BC008_37). RFR, relative fluorescence (FR nor-
malized to the sum of all significant FR signals on the array).
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nonoverlapping standard deviations were considered
to represent true gene expression (dashed line,
Fig. 8A). ProkGrp1 consistently hybridized with
cDNA produced from eukaryotic mRNA, so we sus-
pect that this probe cross-reacts with so far unknown
chlorophyte sequences, some of which are related
to the Synechococcus gene represented by this probe
(Wawrik et al. 2003).

At the total cDNA level, all seven of the rbcL
probes representing the major eukaryotic groups
yielded significant signals with pelagophytes,
phaeophyptes, and Gymnomiki, least significant;
and signals from haptophytes and unknown pry-
mnesiophytes, strongest (Fig. 8B). The Phaeodacty-
lum probe produced a large signal in rbcL cDNA,
on the same order as one of the chlorophyte-like
probe AF381699.

Among the diatom NR probes, T. oceanica and
P. tricornutum and the same two unknown Monterey
Bay sequences that produced large DNA signals
yielded the highest signals from total cDNA hybrid-
ization. Using the nonoverlapping standard devia-
tion criterion, several chlorophyte probes also

yielded significant hybridization with the total cDNA
target. As there are no marine chlorophyte NR
sequences other than Dunaliella available, the chlo-
rophyte NR probes are all derived from freshwater
green algae—Chlorella and Volvox probes, as well
as the Dunaliella probe, all yielded significant cDNA
signals. Different probe sets on the two arrays make
comparisons less straightforward for the diatom NR
results. Several of the cultivated diatom NR seq-
uences were not represented on BC007 (Amorpha,
TwTpSkEnAs, and Toceanica).

DISCUSSION

The experiments described here serve to charac-
terize the phytoarray in terms of its reproducibility
and applicability for describing phytoplankton com-
munity composition in terms of presence ⁄ absence
(DNA) and gene expression of important functional
genes (RNA ⁄ cDNA). The community composition
data represent snapshots in time, but the power of
the array is that it can now be deployed to investi-
gate temporal and spatial patterns at the phylo-

Fig. 8. Hybridization signals obtained from targets produced without gene-specific PCR amplification for samples from 13 April 2004.
(A) Hybridization signal from BC007_09 hybridized with 730 ng target produced by Klenow random priming of total DNA extracted from
sample ST30A. (B) Hybridization signal from BC008_06 hybridized with 2,000 ng of target produced by Klenow random priming of total
cDNA made from RNA extracted from sample ST30B.
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genetic resolution offered by different genes. For
example, the response of different diatom genera to
changing nutrient conditions could be detected by
changes in relative abundance at the DNA level over
short timescales, and also at the level of gene
expression in response to specific environmental
changes. Disproportionate representation between
DNA and RNA (Fig. 6) might indicate different
degrees of environmental response to current condi-
tions among the different phylotypes. Higher gene
expression (cDNA) relative to representation in the
biomass (DNA) might be an indication that a partic-
ular group is responding favorably to the conditions
and should increase in biomass. Lower representa-
tion in cDNA versus DNA for one phylotype would
indicate the opposite. High-resolution time courses,
such as are possible with high-throughput micro-
arrays, will allow us to investigate differential envi-
ronmental response by members of the assemblage.

Here, it has been shown that phytoplankton com-
munity composition patterns can be discerned on
the basis of relative hybridization signals with rbcL
gene probes (Fig. 5), and that relative NR gene
abundances and expression vary among different
diatoms and at different times of year (Figs. 3, A
and B; 7; and 8, A and B). Some of the issues that
are important for interpreting the results so far and
implications both for phytoplankton ecology and
future applications are discussed below.

Comparison of results from targets produced by PCR
versus total DNA or cDNA. Polymerase chain reaction
amplified targets produce strong signals and provide
high sensitivity for target detection because of their
ability to amplify rare sequences present in the
much higher concentration of complex DNA repre-
senting the natural assemblage. Thus, for detection
and comparison of relative abundance of specific
sequences, PCR targets have great advantages. Use
of pooled PCR products to produce targets, and
labeling with the Klenow random priming reaction
rather than during the PCR amplification,
minimized the effects of unpredictable or sequence-
specific bias of PCR, as well as problems associated
with secondary structure in long targets. Thus, the
PCR method yields reproducible targets, as shown
in the replication experiments above. Some level of
quantitative comparison is probably warranted
among the array results in terms of relative signal
strength, as used to compare community composi-
tion above.

Despite the advantages of sensitivity offered by
PCR targets, a truer assessment of the assemblage
both in terms of composition and gene expression
is desirable and possible without the use of PCR,
which introduces at least two problems: (i) Several
different sets of rbcL primers would be required to
detect all of the rbcL genes on the array. The com-
munity composition data shown above for PCR
targets refer only to organisms that contain the
Type 1D rbcL gene, but the same kind of informa-

tion could be obtained for the chlorophytes and the
prokaryotic groups using additional primer sets. (ii)
Although it is reasonable to compare different sam-
ples amplified by the same primers (e.g., DNA and
cDNA targets above), PCR bias (Hansen et al. 1998,
Kanagawa 2003) may result in disproportionate rep-
resentation of the sequence mixture in the original
template. The total DNA and cDNA hybridization
data shown in Figure 8 demonstrate the power of
the approach, but also illustrate that increased sensi-
tivity is required. Hybridization with the Klenow-
amplified targets both validated the results obtained
with PCR targets and provided additional informa-
tion on probes that could not be detected with the
gene-specific primers used to produce the PCR tar-
gets. The chlorophytes were not detected on the
arrays hybridized with PCR products because they
contain Type 1B RUBISCO, but chlorophyte rbcL
probes yielded significant signals from both DNA
and cDNA. The freshwater green algae Volvox and
Chlorella are not expected to be present in seawater,
but a few of the numerous rbcL clones retrieved by
Wawrik et al. (2003), including AF381699, were clas-
sified as ‘‘Chlorella-like.’’ It seems likely that organ-
isms with the Chlorella-like rbcL sequence might
also have Chlorella-like NR sequences, which might
be responsible for the hybridization signal observed
with Chlorella NR probe. This would be consistent
with the signal from several unidentified Chloro-
phyte rbcL probes. The prasinophyte-like rbcL
sequences identified by Wawrik et al. (2003) were
represented in ChlrGrp2 probe, but they did not
yield significant signals at either the DNA or cDNA
level. Cultivated Volvox rbcL sequences were repre-
sented in ChlrGrp 3, which did not hybridize signifi-
cantly with the April sample.

Insights into phytoplankton community structure. Even
though the NR and, to a lesser extent, the rbcL
sequence databases are still limited in size and in
phylogenetic and geographic representation, the
small set of probes used in the phytoarray reveals
some insights into phytoplankton community com-
position. For example, although chlorophytes have
not been considered important members of the oce-
anic phytoplankton community, sequences first
reported from the Gulf of Mexico were detected in
the L4 samples from April, both in the DNA and
the cDNA targets. Both rbcL and NR genes that are
most similar to cultivated chlorophytes were
detected, implying that organisms sharing at least
85% sequence identity in these two important genes
have a rather wide geographic distribution.

Of the cultivated diatoms represented in the NR
probe set, the Toceanica probe produced the largest
signal in both DNA and cDNA in January, April, and
July (Figs. 3, A and B; 7; 8; and S2), with the
exception of a very large signal from P. tricornutum in
April (Fig. 3C). The composite probe representing
five cultivated diatom NR genes (T. wiessflogii,
T. pseudonana,S. costatum,E.cf_allta,andAsterionellopsis
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glacialis and several environmental clones) yielded
strong signals in both January and July (Fig. 7). The
dominant NR signal in all samples came from two
probes representing environmental clones from
Monterey Bay, CA, again illustrating widespread
occurrence of similar types. One of those probes,
MBap19consens, was a consensus of five very similar
NR sequences, three from surface water at the LEO
site in coastal New Jersey seawater and two from
Monterey Bay, one collected in April and one in
October. In July 2004, the environmental sequence
Leo212154, representing a group of sequences
obtained from 15 m at the LEO site off the coast of
New Jersey (Allen et al. 2005), was an important
component of the NR gene expression signal
(Fig. 8). Sequences hybridizing with probe
Leo212154 were detected in the total DNA and
cDNA from April 2004, but at low levels. The phylo-
genetic affiliation of this sequence remains
unknown, but it groups distantly with diatoms. The
NR database of cultivated strains must be enlarged
to identify such environmental sequences.

Perhaps the most surprising finding of the phyto-
array is that P. tricornutum was both present and
active in L4 waters, where it is not usually detected
by traditional methods. This result was obtained not
only with PCR amplified targets, but by hybridiza-
tion with the NR probe in total DNA. It was a strong
signal in both rbcL and NR probes in the total cDNA
hybridization, indicating that the result cannot be
ascribed to PCR bias or reagent contamination. In
culture, P. tricornutum occurs in three distinct mor-
phs: a three-cornered hat shape (triradiate, from
which the species name derives) and a spindle (fusi-
form), both �20 lm on the long axis, and a small
oval morph, �2.5 · up to 9 lm in diameter (Ricard
1987, De Martino et al. 2007). In a study of 10 culti-
vated strains of P. tricornutum from around the
world (De Martino et al. 2007), it was observed that
the oval shape was common and became dominant
in most strains under nutrient limitation or other
forms of stress. Thus, the array results suggest that
P. tricornutum is present much more widely than rec-
ognized. Additional specific methods to detect
P. tricornutum DNA are needed to test this hypothe-
sis, and analysis of clone libraries derived from the
array samples is underway. Using the same DNA
analyzed here in the arrays, De Martino et al.
(2007) detected P. tricornutum in both April and July
samples (ST30 and ST82) on the basis of very
specific ITS sequence regions.

Probe identity and resolution. The sequences that
were used to define the probe sequences are listed
in the supplementary material (Table S2). Probe
selection is necessarily limited by the available data-
base, but some trends in the current database are
important for interpretation of the present results.
With the exception of P. tricornutum, all of the
published diatom rbcL sequences (83 environmental
clone sequences plus 14 cultivated strains) were rep-

resented by the diatom probe. That is, none of
these sequences differed by >15% sequence identity.
Several additional diatom rbcL sequences that were
added to the database after November 2003 and sev-
eral diatom strains that were tested in our labora-
tory for hybridization with the array (including
Navicula and Stephanophyxis) all hybridized with the
diatom probe or met the hybridization criteria by
sequence identity and DG in silico. Thus, the array
cannot resolve between different diatom types at the
rbcL gene level with the current probe sequence. A
different region of the gene might provide higher
resolution, but it is probably not a region included
in the currently most commonly used PCR primer-
generated fragment.

In contrast, only 28 NR sequences (10 cultivated,
18 environmental clones) were available at the time
of the array design, and they defined nine distinct
probes. Although the NR database is much more
limited than the rbcL database, it is already clear
that NR contains a great deal more diversity, and
thus phylogenetic information, than does rbcL for
this group.

All of the available haptophyte rbcL sequences
(18 cultivated strains and 17 environmental
sequences) defined one consensus rbcL probe, and
one uncultivated prymnesiophyte sequence
(AF381751) was the only haptophyte sequence to
define a separate probe. There were no published
NR sequences from haptophytes at the time the
original phytoarray was designed, so we do not
even know whether some cultivated strains might
be represented in the unidentified NR probes on
the current array. NR genes from additional genera
are currently being sequenced in our laboratory
and should provide information to begin the
search for haptophyte NR sequences in the envi-
ronment (P. Bhadury and B. B. Ward, unpublished
data).

The silicoflagellate rbcL probe is based on only
one sequence obtained from the Gulf of Mexico by
Wawrik et al. (2003), who labeled it an uncultivated
haptophyte clone. This sequence, however, does not
cluster with all the known haptophytes and showed
greatest identity with several silicoflagellate
sequences in the database. When probe specificity
(see above) was tested with pure culture DNA
extracts, the haptophyte (I. galbana) hybridized only
with the haptophyte probe. None of the cultivated
strains tested hybridized with the silicoflagellate
probe. This is not an exhaustive test, and the iden-
tity of sequences that hybridize with this probe
should be further investigated. High signal strength
for this probe is, however, consistent with previous
microscopic observations in the L4 data set, in
which many different kinds of flagellates are
reported, often at very high population levels. Only
one dinoflagellate rbcL sequence (from Gymnodinium
mikimotoi) was available at the time the phytoarray
was made; it was not included in BC007 and pro-
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duced a very small signal in August on the BC008
array.

In the time since the array was designed, several
new diatom rbcL sequences have become available.
All of them meet the criteria for hybridization with
the diatom rbcL probe. Most of the major diatom
genera that had been previously detected at L4 were
represented in the NR probes on the array. One
important exception was Navicula, which is common
at L4 and for which no NR sequence had been deter-
mined. PCR amplified Navicula rbcL and NR targets
hybridized with the diatom rbcL probe and the
MBap22 NR probe, respectively (not shown). The
high signal from the MBap22 probe with total cDNA
suggests that Navicula was an important member of
the active assemblage at L4 in April 2004. In the mul-
tiyear seasonal record from L4, several Navicula spe-
cies are present throughout the year, showing small
peaks in the April ⁄ May bloom season and reaching
their highest abundances in late summer and fall.

Interpretation and potential of the phytoarray. Gene
expression patterns: For NR, substantial differences in
RFR between cDNA and DNA were observed, partic-
ularly for targets produced by PCR. To interpret the
cDNA results more quantitatively, information on
the gene expression dynamics of individual phyto-
plankton species is required. While this cannot be
done for sequences from uncultivated strains, some
information on expression patterns would help set
limits on the array interpretations. For example, the
differences in cDNA abundance among different
phylotypes could be due to (i) differences in the
steady-state ratio of mRNA per gene copy among
different species, (ii) different phases in expression
of inducible genes, or (iii) different half-lives of
messenger under different conditions or among dif-
ferent strains. Pure culture experiments to deter-
mine the time course of gene expression and
pattern of mRNA per gene copy should be per-
formed to calibrate some known species for refer-
ence. At present, the simplest assumption is that
different signal levels indicate different abundances
of the target phylotypes, but many levels of biologi-
cal variability could intervene. Regardless of the
physiological significance attributable to the signals,
the phytoarray approach is capable of relatively sen-
sitive, high-resolution detection of phylotypes
defined at the 15% identity level. This should make
it possible to investigate both community composi-
tion and gene expression at higher spatial and tem-
poral resolution than is now possible with clone
libraries. Comparisons between samples in space
and time are valid based on RFR calculations and
do not require absolute quantification.

For rbcL, PCR-based cDNA targets have not yet
been investigated. This will likely require the use of
random primers (rather than polyT) at the cDNA
manufacture step, because active rbcL mRNAs are
made in the chloroplast and probably do not have a
poly-A tail. Even using the polyT cDNA as a tem-

plate for target preparation, some eukaryotic rbcL
probes did produce signal (Fig. 8B), but the inter-
pretation is not obvious. Polyadenylation of mRNA
in plastid borne genes is thought to be associated
with mRNA degradation (Schuster et al. 1999), so
targets made from mRNAs with poly-A tails may be
detecting genes that were being turned off, so that
the mRNA was in the process of being degraded.
Some mRNA turnover likely accompanies high
levels of expression, so it is not clear whether high
target levels indicate high gene expression or rapid
degradation leading to a decrease in gene expres-
sion. Future work should use total RNA or total
cDNA (produced by random priming at the reverse
transcription step) to avoid this complication in
assessing rbcL gene expression.

Functional group diversity: The sequence databases
from which the phytoarray probes were derived are
very limited. These must be expanded to increase
the range of phylotypes accessible with the arrays.
In addition, it would be useful to obtain rbcL and
NR sequences from all possible cultivated strains to
help constrain the phylogenetic identity of environ-
mental sequences.

Quantification and replication: Investigation of
reproducibility at several levels (Figs. 3 and 4) shows
that the variability in biological replication can be
similar to experimental replication and that signal
strength varies on the order of 20% or less among
replicates. While this degree of uncertainty has been
improved upon in later array designs, it sets an
acceptable range for interpretation of unreplicated
experiments. The internal standard hybridization
approach (Dudley et al. 2002), which was used here,
is a convenient alternative approach to quantitative
analysis for environmental samples, compared to
the more commonly used two-color competitive
hybridization approach. To use the competitive
approach, it would be necessary to either designate
one sample or some constructed composite sample
as the standard competitive target or construct an
equimolar mixture of every target to be used as the
competitive target. The former is unsatisfactory
because a different site standard would be used for
each different study, and because many targets may
be absent from any one sample, leading to many
ratios with zero in the denominator. The second is
practical only for small probe sets and would likely
suffer from reproducibility problems due to small
analytical variabilities in preparation of the standard
mixture. Quantification is still, however, relative in
the present application, and it remains to be seen
how much more absolute the method can become.
The purpose of the 20-mer reference sequence that
was incorporated into each 90-mer probe oligo on
the phytoarray was to provide a quantitative hybrid-
ization comparison within replicate features and
between different features. Because the 20-mer
was synthesized as part of the 90-mer, the Cy5
fluorescence caused by hybridization of the 20-mer
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reference target is proportional to the total amount
of 90-mer spotted on the array. Therefore, because
the robot printer was programmed to deposit the
same amount in every spot and each probe was
diluted to the same stock concentration before
printing, each feature containing a 90-mer probe
should exhibit the same Cy5 fluorescence after
hybridization. This was never the case, as illustrated
by the two arrays whose hybridization data are
shown in Figures 1 and 2. The absolute fluores-
cence values are arbitrary because they are a func-
tion of gain, but they serve to illustrate the point. In
the array for Figure 1, the Cy5 fluorescence aver-
aged for eight replicate features for each probe ran-
ged from 5,044 to 52,003, and in the array for
Figure 2, from 6,959 to 57,288, about a factor of 10
within each array. There were two probes that
appeared to have been spotted with �10-fold more
DNA than intended; when these were removed from
the calculation, the range of average Cy5 fluores-
cence among replicate features decreased by from
10- to 5-fold. Thus, the amount of DNA spotted in
the different features varied greatly, pointing out
the necessity for the use of ratios in quantification
of hybridization intensity. Not only was the amount
of DNA variable among features, less frequently,
within replicate features, it was sometimes variable.
The coefficient of variation of Cy5 fluorescence
within replicate features ranged from 1.3% to 60%
for the two arrays under discussion. The variability in
amount of DNA in each feature is probably a charac-
teristic of all such arrays, even though high-precision
robots are used for printing, and necessitates the
use of sophisticated normalization procedures for
complex arrays (Smyth and Speed 2003).

In the experiment shown in Figure 1, 200 ng of
labeled ST30B rbcL target and 1 ng of P. tricornu-
tum NR target were hybridized. Thus, it might
appear possible to assess the relative strength of
hybridization of the rbcL probes by comparing
them to the fluorescence intensity obtained with a
known amount of a 100% perfect match probe, Phae-
odactylum NR. This cannot be done quantitatively
from the NR ⁄ rbcL comparison, however, for three
reasons. The first was mentioned above, the fun-
damental limitation of the 15% identity window
for each probe. Thus, the signal from high abun-
dance of a slightly mismatched target cannot be
distinguished from a lower abundance of a perfect
match target. The intensity of hybridization decreases
as percent identity between target and probe
decreases (Taroncher-Oldenburg et al. 2003). Note
that the probes and hybridization conditions were
optimized with the intention that signal strength
decreases to zero when sequence identity between
probe and target is <15%. The 15% resolution does,
however, place a limit on the uncertainty, and we
might therefore speak of ‘‘ng equivalent fluores-
cence’’ to compare relative abundances of the geno-
type probes.

The second reason for lack of absolute quantita-
tive evaluation of hybridization intensity is method-
ological, but still not easily solved. The intensity of
target labeling also varies, such that the ratio of
fluorescence to hybridized DNA varies. This can be
quantified through the calculation of frequency of
dye incorporation (i.e., dye molecule per mole of
DNA) for each target preparation. In the total
DNA or cDNA target case, this would not help
because much of the label is associated with DNA
that does not hybridize with the probes on the
array.

Lastly, the variability in hybridization capacity,
even among similar perfect match probes, remains
largely unexplained. Use of a hybridization internal
standard would be possible if all the signals were
due to hybridization between perfect match probe
and target hybrids, and if each perfect match
probe–target set yielded the same fluorescence
intensity per ng of target hybridized. In that case,
the signal generated by 1 ng of Phaeodactylum NR
target, for example, could be used to compute the
ng target present in unknown mixtures of other per-
fect match targets. As shown previously in a similar
array format (Ward et al. 2007) and by others in var-
ious array applications (e.g., Sanguin et al. 2006),
fluorescence per unit target hybridized can vary
greatly, but reproducibly, for reasons that cannot be
explained on the basis of sequence or binding ther-
modynamics (Pozhitkov et al. 2006). At present, this
issue prevents interpretation of array data in terms
of absolute quantification, for example, copy num-
ber. It does not, however, invalidate the use of
hybridization data in relative comparisons, such as
the RFR comparisons made in this study. Thus, even
though the data in Figure 5 cannot describe the
absolute abundance of the different phylotypes, they
do illustrate changes in relative abundance and con-
tribution of major phytoplankton phylotypes that
utilize the Type 1D RUBISCO to fix CO2. Because
most photosynthetic pigments are not unique to
specific phytoplankton types, the specificity of the
phytoarray may exceed that of the CHEMTAX
method. And because of the greater sequence vari-
ability present in some genes, much greater resolu-
tion among different components may also be
realized. For example, many different diatom phylo-
types can be resolved for NR, while this is not possi-
ble for rbcL or CHEMTAX.

For ecological applications, it will be useful to
compare distributions and relative abundances of
phytoplankton types inferred from microscope
counts and pigment analyses, such as CHEMTAX
(Llewellyn et al. 2005). The relative abundances
inferred for particular phylotypes should also be
compared with quantitative PCR assays. We might
not expect exact comparability between array
hybridization and Q-PCR, however, because the
specificity constraints of the two assays are poten-
tially quite different.
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The following supplementary material is avail-
able for this article:

Fig. S1. Hybridization signals for the six Type
1D rbcL probes averaged from three replicate
arrays (BC007_32, 33, 34). Each array was hybrid-
ized with 144 ng of rbcL PCR product prepared
from DNA extracted from sample ST-82, July
2004. Probe names are listed on the x-axis, and
the normalized Cy3 ⁄ Cy5 (RFR) signal is shown
on the y-axis. Error bars represent the coefficient
of variation of three replicate arrays. Signals
among replicate blocks within arrays were nor-
malized to the diatom probe. RFR, relative fluo-
rescence (FR normalized to the sum of all
significant FR signals on the array).

Fig. S2. Relative signal strength for PCR NR
probes from July, comparing representation in
DNA (average of BC008_37 and BC008_38) and
cDNA (average of BC008_19 and BC008_31).
RFR, relative fluorescence (FR normalized to the
sum of all significant FR signals on the array).

Table S1. Probe list for BC007 and BC008
Phytoarrays.

Table S2. List of Archetypes (Probes) and
component sequences.
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FIG. S1. Hybridization signals for the six Type 1D rbcL probes averaged from three replicate 

arrays (BC007_32, 33, 34).  Each array was hybridized with 144 ng of rbcL PCR product 

prepared from DNA extracted from sample ST-82, July 2004.  Probe names are listed on the x-

axis, and the normalized Cy3/Cy5 (RFR) signal is shown on the y-axis.  Error bars represent the 

coefficient of variation of three replicate arrays. Signals among replicate blocks within arrays 

were normalized to the diatom probe. RFR, relative fluorescence (FR normalized to the sum of 

all significant FR signals on the array). 

 

FIG. S2.  Relative signal strength for PCR NR probes from July, comparing representation in 

DNA (average of BC008_37 and BC008_38) and cDNA (average of BC008_19 and BC008_31). 

RFR, relative fluorescence (FR normalized to the sum of all significant FR signals on the array). 

 

 







Table 1
Probe list for BC007 and BC008 Phytoarrays

Probe Name Probe Sequence 5' - 3' BC007 BC008 Tm %GC
NR probes
Chlamy AAGGAGGTGCTGTGCCGCGCCTGGGATGAGACCATGAACACGCAGCCGGCGGTGATCACCTGGAACCTGA + + 85.40 63
Volvox AAGGAGGTCCTGCTCCGCGCCTGGGATGAGACCATGAACACGCAGCCCGCGATCATCACGTGGAACGTCA + + 85.15 61
Dunaliella AAGGAGATGCTGCTACGCGCCTGGGATGAAACACAGAACACCCAGCCTGCATTGCTGACTTGGAATGTCA + + 81.63 53
Leo212152 GGCGAGGTGTGCTGCCGCGCCTGGGACTTCCGGGACAACACGCAGCCGGCGAACATCACGTGGAACGTCA + + 87.49 67
Leo212154 AAAGAGATCTGCTGCCGTGCCGTGGACTCCAACCAGAACATGCAGCCGATGTTCCTGACATGGAATGTCA + + 81.63 53
Chlorella CCTGAGATCATTTGCCGAGCCTGGGACAGCTCCATGAACACACAGCCCAACACGTTCACCTGGAACGTGA + + 82.80 56
Leo21212 GACGAGATCATCTTCCGAACCTGGGACCAGTCCATGAACTACATGCCGGAGCGCCCCACCTGGAACGTGA + + 83.97 59
Leo 21213 AAGGAGATCATGTGCCGTGCCTGGGATGAGAGTAACAATGTCCAGCCGATGAACCCGACG-GGAACCTCA + + 82.22 55
MBap22 AAAGAGATCTGGTGCCGCGCCTGGGACGACGCCAACAACTGTCAGCCTGTGAACCCAACATGGAATTTAA + + 81.63 53
MBap19consens AAGGAGATTATGTGCCGTGCGTGGGACGAGTCAAACAACTGCCAGCCAATGAACCCAACTTGGAATCTGA + + 80.46 50
MBap244 AAGAGAATTTTGTGTAGGGCTTGGGATGAAAGCAGTATGCCTCAACCTATGAATGTCACTTGGAATCTCA + + 76.95 41
Phaeo AAGGAAATTATATGCCGCGCCTGGGATGAGTCCAACAACCCTCAGCCAGTTGTTCCAACATGGAATCTGA + + 79.87 49
SkelTocMBconsens AAGGAGATTTGGTGCCGGGCTTGGGATGAGGCGAATAACTGCCAGCCNAATGACCCCACCTGGAACCTGA + 83.10 57
TweissAMEDconsens AAGGAGATTTTGTGCCGTGCTTGGGATGAGTCCAACAACTGTCAGCCCATCGATCCCACCTGGAACCTGA + 81.63 53
Ditylum AAGGAAATCATGTGCCGTGCATGGGATGAGGCAAACAACTGTCAATCCATTCATCCAACTTGGAACCTAA + 78.12 44
Entomineis CAAGAAAATTGGTGCCGCGCCTTTGATGAGTCCAACAACTTGCAACCCGATAAGCAACTTGGGAATCTCA + 79.29 47
Tpseud AAGGAACTCTGGTGTCGTGCTTGGGATGAATCCAACAACGTTCAGCCCAACGATCCTACCTGGAATCTCA + 80.46 50
Amorpha AAGGAAATCATGTGCCGTGCTTGGGACGAATCCAATAACTGCCAACCCATGAATCCGACCTGGAATCTCA + 79.87 49
Toceanica AAGGAGATCTGGTGCCGGGCTTGGGACGAGGCGAATAACTGCCAGCCGAACGACCCCACTTGGAACCTGA + 84.56 60
TsTpSkEnAs AAGGAAATTTGGTGCCGTGCTTGGGATGAGTCCAACAACTGTCAGCCCATTGATCCCACCTGGAACCTGA + 81.05 51
ChaetCosc AAGGAAATCATGTGCCGTGCATGGGATGAGGCAAACAACTGTCAATCCATTCATCCAACTTGGAACCTAA + 78.12 44

average 81.69 53.10
st. dev. 2.65 6.59



Table 1 (cont.)

Probe Name Probe Sequence 5' - 3' BC007 BC008 Tm %GC
rbcL probes
ProkGrp1 CGTCAGACCACCCTCGGCTACATCGACCAGCTGCGCGAATCCTTCGTGCCCGAAGACCGCAGCCGCGGCA + + 87.18 67
ProkGrp2 CGTCAGACCACYCTTGGTTATATTGACAACCTTCGTGAATCCTTTGTTCCTGAAGACCGCACACGCGGYA + + 80.45 50
ProkGrp3 CGTCAAACAACTCTTGGTTACATTGACAACTTAAGAGAGTCATTTGTTCCTGAAGATAGATCAAGAGGTA + + 75.19 37
ProkGrp4 CGTCAAACAACTCTTGGTTATATCGACAACCTACGTGAATCCTTTGTCCCTGAAGACCGTYCTCGCGGTA + + 80.62 48
AF381695 AAAGATATTACTTTAGGATTTGTAGACTTGATGAGAGATGATTATGTTGAAGAAGATCGTCCTCGAGGTA + + 74.02 34
AF381697 CGTGCTGTAACTTTAGGTTTCGTTGATTTAATGCGTGATAACGTTATTTTACGTGATAGATCGCGTGGTA + + 75.77 39
AF381699 CGTGAGGTAACTCTTGGTTTCGTAGACCTTATGCGTGATGATTACGTAGAGAAGGACCGTAACCGTGGTA + + 79.29 47
AF381703 CGTGAAATTACTCTTGGTTTCGTCGATCTAATACGTGACAACCTAGTTGCAAAAGATCGCAGGCGTGGAA + + 78.12 44
AF381708 CGTGAAGTTACTCTTGGTTTCGTTGATCTAATGCGTGATGCATATGTAGAAAAAGATCGTTCTCGTGGGA + + 76.95 41
AF381709 CGCGAAATTACACTTGGCTTTGTCGACCTTATGCGCGATGACTTTATCTCTAAGGACCGTAGACGTGGAA + + 79.29 47
AF381718 CGTCAAACAACTCTTGGCTATATCGATAACCTTCGTGAATCTTTTGTCCCTGAAGACCGTAGTCGCGGTA + + 78.70 46
U38695 CGTCAAGTGACTTTGGGTTTTGTAGACCTACTTCGTGATGATTACATTGAAAAAGATCGTAGTCGTGGTA + + 76.36 40
ChlrGrp1 CGTAACGTAACGCTTGGTTTCGTAGACATTATGCGTGATGCATACATTGAGAAGGACCGTGACCGTGGAG + + 79.87 49
ChlrGrp2 CGTGAAGTAACTTTAGGTTTCGTAGACCTAATGCGTGATGCTTACATCGAGAAGGATCGTTCACGTGGTG + + 78.70 46
ChlrGrp3 CGTATTTCTCCTGCTTACGTTAAAACATTCCAAGGTCCACCACACGGTATTCAGGTTGAACGTGACAAAT + + 77.53 43
ChlrGrp4 CGTAATATTACTCTTGGTTTCGTTGATTTAATGCGTGATAACTATATTGCTAAGGATCGTGATCGTGGTG + + 75.19 37
ChlrGrp5 AAAGATATTACTTTAGGTTTTGTTGATCTTATGAGAGATGACTTTGTAGAATTAGATCGATCTCGAGGAA + + 72.85 31
ChlrGrp6 AAAGCTTCGACCTTGGGCTTTGTTGACTTGATGCGCGAAGACCACATCGAAGCTGACCGCAGCCGTGGGG + + 83.39 57
HaptoConsens CCTCTAATGATTAAAGGTTTCTACAACACTCTTCTTGATTTTAAGACTGATGTTAACCTTCCTCAAGGTT + + 74.02 34
Prymnesiophytes CCTCTAATGATTAAAGGTTTCTACAACACTCTTCTAGATTTTAAATCTGACATCAACTTACCCTGTGGTA + + 74.02 34
Silicoflagellates CCTCTAATGGTTAAAGGTTTCTACAACACTTTATTAAACGTTAAGACATCTGTAAACCTTCCTCAAGGTT + + 74.02 34
Pelagophytes CCATTAATGATCCAAGGTTTCTACGACACATTATTAAAGACTAAGTTATCTATCGATTTACCTAAGGGTA + + 73.43 33
Phaeophytes CCTTTAATGGTCAGAGGATTCTACAATACGTTATTATTAACTCAGTTAAAAATTAATTTAGCTGAAGGTT + + 71.67 29
Diatoms CCTTTAATGATTAAAGGTTTCTACGATATTTTACGTTTAACAAAATTAGATGTTAACTTACCATTCGGTA + + 71.09 27
PhaeoRBCL CCTTTAATGATTAAAGGTTTCTACGATACTTTATTACTAACTCATTTAAATGTTAATTTACCATACGGTA + 70.50 26
Gymnomiki CCTCTAATGATTAAAGGTTTCTACGACACTCTGCTTGATTCTAAGATTTGAAATTGACCTACCTCAAGGTA + 75.32 37

average 76.67 40.65
st. dev. 3.87 9.46



Table S1
List of Archetypes (Probes) and component sequences

Component Sequences
Probe Name Accession Number Description (species or clone identification)

rbcL sequences
Type 1D Diatoms AB018006 Detonula confervacea Chloroplast

AB018007 Thalassiosira nordenskieoldii chloroplast
AF015568 Rhizosolemia setigera chloroplast
AF015569 Skeletonema costatum
AF064744 Mischococcus spaerocephalus
AF069499 Pleurochloridella botrydiopsis
AF109210 Thalassiosira pseudonana
AF179005 Bacillariophyta gen. Sp.
AF179008 Bacillariophyta gen. Sp.
AF195952 Phaeodactylum tricornutum
AF333977 Bolidomonas mediterannea
AF333978 Bolidomonas pacifica
AF333979 Bolidomonas pacifica
AF372696 Bolidomonas pacifica strain CCMP 1866
AF381678 uncultured stramenophile clone
AF381682 uncultured stramenophile clone
AY157391 uncultured marine euk
AY157396 uncultured marine euk
AY157398 uncultured marine euk
AY157404-AY157440 uncultured marine euk
AY278368-AY278392 uncultured marine euk
AY356332 uncultured marine euk
M59080 Cylindrotheca sp.
UDU31876 unidentified diatom endosymbiont of Peridinium
U43061-U04373 unidentified algae
AF381676 Uncultured stramenopile clone 994CH22
AF381681 Uncultured stramenopile clone 994FH13
AF381684 Uncultured stramenopile clone 994HH14



P. tricornutum AF195952 Phaeodactylum tricornutum

Pelagophytes U89898 Pelagomonas calceolata
AF117904 Aureococcus anophagefferens
AF117905 Aureococcus anophagefferens
AF117906 Aureococcus anophagefferens
AF381685 Uncultured stramenopile clone 994CH1
AF381686 Uncultured stramenopile clone 994CH2
AF381691 Uncultured stramenopile clone 994HH7

Phaeophytes AB045259 Phaesiphoniella cryophila
AF055400 Haplospora globosa

Prymnesiophyte AF381751 Uncultured haptophyte clone 994GH21
Silicoflagellates AF381735 Uncultured haptophyte clone 994AH8
Gymnomiki AB034635 Gymnodinium mikimotoi

Haptophytes AF381741 Uncultured haptophyte clone 994CH9
AF381747 Uncultured haptophyte clone 994EH20
D45844 Gephyrocapsa oceanica
D45845 Emiliania huxleyi
AB043693 Isochrysis galbana
AB043695 Chrysochromulina alifera
AB043700 Chrysochromulina spinifera
D45847 Pavlova salina
AF381733 Uncultured haptophyte clone 994AH5
AF381738 Uncultured haptophyte clone 994BH3
AB043689 Cruciplacolithus neohelis
AF381748 Uncultured haptophyte clone 994EH4
AF381742 Uncultured haptophyte clone 994DH1
AF381734 Uncultured haptophyte clone 994AH7
AF381736 Uncultured haptophyte clone 994BH15
AB043694 Chrysochromulina parva
AB043696 Imantonia rotunda



AB043697 Chrysochromulina sp. TKB8936
AB043699 Platychrysis sp. TKB8934
AF381749 Uncultured haptophyte clone 994EH9
AF381732 Uncultured haptophyte clone 994AH28
D45846 Chrysochromulina hirta
AF381740 Uncultured haptophyte clone 994CH25
AF381745 Uncultured haptophyte clone 994EH1
AF381739 Uncultured haptophyte clone 994BH5
AF381746 Uncultured haptophyte clone 994EH2
AF381752 Uncultured haptophyte clone 994HH11
AB043688 Pleurochrysis haptonemofera
AB043691 Umbilicosphaera sibogae
AB043690 Calcidiscus leptoporus
AB043692 Helicosphaera carteri
D45842 Calyptrosphaera sphaeroidea
AF381743 Uncultured haptophyte clone 994DH2
AF381737 Uncultured haptophyte clone 994BH22
AB043689 Cruciplacolithus neohelis

Chlorophytes ChlGrp1 AF381706 Uncultured chlorophyte clone 994EY3
AF381707 Uncultured chlorophyte clone 994EY4
AF381711 Uncultured chlorophyte clone 994FY19
AF381712 Uncultured chlorophyte clone 994FY23
AF381713 Uncultured chlorophyte clone 994FY27
AF381715 Uncultured chlorophyte clone 994FY3
AF381699 Uncultured chlorophyte clone 994AY8

ChlrGrp2 AF381701 Uncultured chlorophyte clone 99CY2
AF381704 Uncultured chlorophyte clone 994DY5F
AF381705 Uncultured chlorophyte clone 994EY1
AF381714 Uncultured chlorophyte clone 994FY29
AF381716 Uncultured chlorophyte clone 994FY43
AF381717 Uncultured chlorophyte clone 994FY8



U38695 Cylindrocystis sp. UTEX1925

ChlrGrp3 AB076098 Volvox tertius
AB076099 Volvox carteri f. nagariensis
AB076100 Volvox carteri f. weismannia
AB084332 Scenedesmus quadricauda 23502642.seq
AB084335 Pseudocarteria mucosa
AB086174 Volvox tertius 31414562.seq
U80809 Chloromonas sp. ANT3

ChlrGrp4 AF381693 Uncultured chlorophyte clone 994AY1
AF381696 Uncultured chlorophyte clone 994AY4

ChlrGrp5 AF381694 Uncultured chlorophyte clone 994AY17
AF381698 Uncultured chlorophyte clone 994AY7

ChlrGrp6 AF381702 Uncultured chlorophyte clone 994DY13F
AF381719 Uncultured chlorophyte clone 994GY
AF381720 Uncultured chlorophyte clone 994GY25

Singletons AF381695 AF381695 Uncultured chlorophyte clone 994AY2
AF391697 AF391697 Uncultured chlorophyte clone 994AY6
AF381700 AF381700 Uncultured chlorophyte clone 99BY13
AF381703 AF381703 Uncultured chlorophyte clone 994DY2F 
AF301708 AF301708 Uncultured chlorophyte clone 994EY5
AF381709 AF381709 Uncultured chlorophyte clone 994EY8
AF381718 AF381718 Uncultured chlorophyte clone 994GY1

Prokaryotes Prok1 AF381721 Uncultured Synechococcus sp clone 99SY1
AF381722 Uncultured Synechococcus sp clone 99SY12
AF381723 Uncultured Synechococcus sp clone 99SY17

Prok2 AF381660 Uncultured Proch sp. clone 994FY9F
AF381665 Uncultured Proch sp. clone 994GY7F
AF381666 Uncultured Proch sp. clone 994GY8F



Prok3 AF381648 uncultured Proch clone P99BY1
AF381649 Uncultured Proch clone 99BY1
AF381650 Uncultured Proch clone 99BY7
AF381651 Uncultured Proch clone 99CY1
AF381652 Uncultured Proch sp. clone 994DY10F
AF381653 Uncultured Proch sp. clone 994DY11F
AF381654 Uncultured Proch sp. clone 994DY16F

Prok4 AY042086 Prochlorococcus marinus str. PAC1
AY042088 Prochlorococcus marinus subsp. marinus str. CCMP1375
AY042090 Prochlorococcus marinus subsp. Pastoris str. NATL1
AY042087 Prochlorococcus marinus str. SB
AY042089 Prochlorococcus marinus str. TAK9803-2

NR sequences

Chlorophytes Chlamy M26075.1 Chlamydomonas reinhardtii
Dunaliella AY078279 Dunaliella tertiolecta
Volvox X64163 Volvox

Chlorella AY275834.1 Chlorella ellipsoidea
U39931 Chlorella vulgaris

Diatoms Toceanica AY579340 Thalassiosira oceanica CCMP1005

Amorpha AY579338 Amorpha sp CCMP1405

Phaeo AY579336 Phaeodactylum Tricornutum CCMP630

MBap19consens AY579357 LEO212(1m)b
AY579356 LEO212(1m)a
AY579355 LEO212(1m)e
AY579366 MBap19



AY579359 MBoct22

Coscinodiscus AY579343 Coscinodiscus granii CCMP1817

ChaetCosc AY579339 Chaetoceros mulleri CCMP1316
AY579343 Coscinodiscus granii CCMP1817

TwTpSkEnAs AY579342 Thalassiosira weissflogii CCMP 1336
Thalasiosira pseudonana CCMP1335 3H

AY579341 Skeletonema costatum  PCC582
AY579343 Entomoneis dr_allta CCMP1522
AY579337 Asterioneliopsis glacialis CCMP139
AY579358 MBap16
AY579363 MBap10
AY579364 MBap11
AY579367 MBap20
AY479365 MBap14
AY579360 MBoct23
AY579362 MBoct26
AY579361 MBoct24

MBap22 AY579368 MBap22

Unknown marine eukaryotes
Leo212154 AY579353 LEO212(15m)4

AY579354 LEO212(15m)h
AY579352 LEO212(15m)3
AY579350 LEO212(15m)1

Leo212152 AY579351 LEO212(15m)2

Leo21212 AY579347 LEO212(1m)2

Leo 21213 AY579348 LEO21213
AY579349 LEO21215



AY579345 LEO21211a

MBap244 AY579369 MBap24




