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Abstract

Analysis of the suite of genes expressed by natural populations of phytoplankton can potentially elucidate
valuable information about the types, cellular activity, and biogeochemical impacts of organisms present in the
marine environment. Here we describe the construction of a pilot metatranscriptome library created from
eukaryotic planktonic organisms in Tampa Bay, FL, USA. RNA from cells greater than 2 pm was extracted and
purified, and poly(A) tailed mRNA was concentrated and amplified using linear amplification chemistry.
Amplified RNA was converted to double-stranded cDNA using reverse transcriptase and DNA polymerase I
(Klenow fragment) and cloned, and 232 clones were sequenced. Sequences with significant GenBank BLAST
homology revealed genes related to photosynthesis and nutrient acquisition, along with general cell functions.
In total, 27% of sequenced transcript clones contained significant homology to GenBank sequences, 2% of the
total were putatively derived from ribosomal RNA, and 1% were most similar to sequences originating from
prokaryotes. About 70% of the identified transcripts were putatively derived from eukaryotic phytoplankton,
including diatoms, chlorophytes, and dinoflagellates. Although small in scale, this study provides the basis for

future efforts to characterize the metatranscriptome of marine phytoplankton populations.

Introduction

The biogeochemical cycling of globally important elements
is intrinsically controlled by the expression of genes encoding
the reactions catalyzed by the organisms (principally
microbes) participating in these cycles. The sum of all gene
transcripts in an organism is termed the transcriptome. The
application of transcriptome analysis to natural environments
(metatranscriptomics) affords an understanding of the expres-
sion of genes of the ambient microbial community in situ.
The first glimpse at an environmental transcriptome was the
work of Poretsky et al. (2005), who built primarily prokaryotic
mRNA libraries derived from two aquatic sites: a tidal salt
marsh creek (southeastern US) and a hypersaline soda lake
(Mono Lake, CA). Four hundred clones were analyzed from
this library, and among them were found transcripts encoding
sulfur oxidation, acquisition of Cl compounds, and polyamine
degradation. Although this was only a glimpse of the gene
expression profile of these environments, it provided the
proof of concept necessary for metatranscriptomics.

Other prokaryotic transcriptome research has focused on
open-ocean microbial populations and the use of pyrose-
quencing (Frias-Lopez et al. 2008). Pyrosequencing enables
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vastly larger libraries of relatively short reads; Frias-Lopez et al.
evaluated 128,324 cDNA reads with an average length of 114
nucleotides (nt). Subsurface water (240 L) from the olig-
otrophic Pacific Ocean near Hawaii was processed to extract
total RNA. To examine prokaryotic transcripts, poly(A) tails
were linked to the community RNA extract and linear ampli-
fication was performed using polyadenylation-dependent
amplification methods with a commercial kit (Ambion Mes-
sageAmp). Amplified RNA was then reverse-transcribed to
cDNA for pyrosequencing. Whereas the Esc/erichia coli poly(A)
polymerase used enables preferential adenylation of bacterial
mRNA over ribosomal RNA (rRNA), a majority (53%) of the
sequences obtained corresponded to rRNA. Of the remainder,
12% (7275 sequences) matched known protein sequences
from the NCBI nonredundant protein database (nr). The class
of protein-encoding genes most frequently identified were
those corresponding to microbial phototrophy, such as carbon
fixation (ribulose-1,5-bisphosphate carboxylase/oxygenase
[RuBisCO] and glutamine synthase), light-harvesting proteins,
photosynthesis reaction centers, and bacterial prote-
orhodopsin. Proc/ilorococcus-derived transcripts appeared to be
highly represented.

A metagenomic ¢cDNA library targeting eukaryotic tran-
scripts has also been reported (Grant et al. 2006). Three sam-
ples were analyzed, two from geothermal spring algal mats
and one from an activated sewage sludge sample. The algal
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mat samples were not enriched for poly(A) RNA, whereas the
sample from sewage sludge was split with a portion of the RNA
enriched for poly(A)-tailed transcripts using oligo(dT) magnetic
bead capture techniques. Total or poly(A)-enriched RNA was
reverse transcribed and subsequently amplified using poly-
merase chain reaction (PCR), before ligation into lambda vec-
tors. Fifty-three clones from the algal mat samples, 24 from
sludge total RNA, and 23 from poly(A)-selected sludge RNA
were sequenced and analyzed. Sequences from algal mat sam-
ples revealed six possible proteins, whereas 60% of the
sequences were putatively derived from rRNA. From the acti-
vated sludge samples, the total RNA preparation resulted in five
rRNA sequences (20%), whereas only one of 23 clones from
poly(A)-enriched RNA represented rRNA. Sequences with
homology to known proteins indicated a diverse assemblage of
genes with primarily eukaryotic origins. A large fraction of the
algal mat sequences were derived from prokaryotic organisms,
which the authors speculate could have been due to misprim-
ing of the reverse transcription or polyadenylation of prokary-
otic RNA, along with a very low population of eukaryotic
microbes. Although the organisms were not from a marine
source, this article does introduce the use of metatranscrip-
tomics for eukaryotic organisms in environmental samples.

We are principally interested in understanding the suite of
genes expressed by eukaryotic phytoplankton. Tremendous
advances have been made in understanding the transcrip-
tomes of marine diatoms in culture (Mock et al. 2006, 2008;
Scala and Bowler 2001). These studies have provided insight
on environmental adaptation of these organisms and specifi-
cally on the functioning of silica metabolism and deposition,
a prominent oceanic biogeochemical process. Additional
efforts at describing gene expression in cultured phytoplank-
ton have been reported. Dyhrman et al. (2006) have employed
serial analysis of gene expression (SAGE) with £mziliana huxleyi
to identify differentially expressed transcripts in cultures
under nitrogen or phosphorus starvation. Likewise, Erdner
and Anderson (2006) have evaluated the expression profile of
the toxic dinoflagellate A/exandrium findyense under nitrate-
and phosphate-limited conditions using massively parallel sig-
nature sequencing (MPSS). Both these techniques claim to
provide quantitative gene expression profiling while employ-
ing extremely short (21-nt or 17-bp, respectively) sequence
tags. Further investigation of differentially expressed tags can
be performed using RT-PCR methods.

Our objective was to establish a method for capturing the
metatranscriptome of the eukaryotic plankton population in
aquatic/marine samples. The basis for such methodology is to
eventually enable ecological descriptions based on the suite of
genes expressed in the organisms active in a given marine
region (e.g., oceanic or coastal river plumes). Although Grant
et al. (2006) present a method for obtaining elements of a
eukaryotic metatranscriptome from algal mats and activated
sewage sludge, their interest was chiefly in collecting full-
length transcripts for potential biotechnology applications,

250

Pilot metatranscriptome library

thus their use of long-distance PCR for amplification of the
transcript pool. However, the linear RNA amplification tech-
nique first established by Eberwine et al. (1992, Vangelder et
al. 1990) is the more common and established method for
unbiased amplification of cDNA signal for expression profil-
ing, generally by microarray hybridization (Feldman et al.
2002, Kacharmina et al. 1999, Li et al. 2004, Pabon et al. 2001,
Polacek et al. 2003) but also in work on metatranscriptomes of
prokaryotic populations, including the research discussed
above (Frias-Lopez et al. 2008, Moreno-Paz and Parro 2006).
Linear amplification of RNA enabled by T7 RNA polymerase
has been shown to introduce minimal, if any, bias for whole
transcriptome profiling while allowing the detection of lower-
abundance transcripts (Feldman et al. 2002, Li et al. 2004,
Polacek et al. 2003). Conversely, analysis by Poretsky et al. on
the use of PCR in constructing their metatranscriptomic
libraries indicated instances of bias in terms of selective ampli-
fication and unequal capture of transcripts. Also, the expo-
nential amplification of PCR can result in lower abundance
templates in mixed pools being underrepresented in the final
amplicon pool (the Monte-Carlo effect, Karrer et al. 1995) and
is not used for expression profiling. Furthermore, considering
the differences in sample characteristics between algal mats,
sewage sludge, and the marine plankton community (biomass
concentrations, nature of the organisms, organic matter con-
centrations), validation of techniques for sample collection
and eukaryotic metatranscriptome creation specifically from
filtered seawater organisms is desirable.

For this research, we sought to apply techniques for eukary-
otic gene expression profiling to environmental plankton
samples. We desired to test the effectiveness of mRNA enrich-
ment with poly(A) capture techniques and poly(A) tail-based
linear RNA amplification for obtaining eukaryotic-specific
cDNA clones in a library. Our two primary questions were (1)
whether we could adequately sample for eukaryotic organisms
over the more-abundant prokaryotic fraction and (2) what
proportion of the sequences identified would be protein-cod-
ing versus rRNA, to gauge the potential efficiency of future,
larger-scale efforts for marine plankton community transcrip-
tome profiling and the ecological information it could pro-
vide. Here we provide a method for the production of eukary-
otic transcriptomes of planktonic microbial populations. We
present a pilot study of one such eukaryotic transcriptome of
a surface water sample from a eutrophic harbor, and demon-
strate that 70% of the identifiable transcripts were putatively
of eukaryotic phytoplankton origin.

Materials and procedures

RNA extraction and purification—Water from Tampa Bay, FL,
USA, was collected from the surface adjacent to our facility
(latitude 27.7616, longitude -82.6326) by a dip bucket,
strained through a 50-pm mesh filter, and immediately
brought into the lab for processing. The sample was collected
1 day after a bloom of the nontoxic dinoflagellate, Peridinium
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(syn: Protoperidinium) quinguecorne, and thus represented a
declining bloom sample. Sampling occurred in mid-August at
1000 local time. Cells were collected on 47-mm, 2.0-um-pore
polycarbonate filters (#11111; Whatman plc) by passing
approximately 180 mL bay water through each of seven filters,
for a total of 1.25 L filtered. Water was filtered by gentle vac-
uum pressure (200 mmHg); the multiple filters were used to
reduce the length of time any given cell collection resided on
a filter, thereby minimizing premature lysis of fragile cells or
changes to expression profile. The filtration was completed in
approximately 15 min. Filters were split between two 50-mL
polypropylene centrifuge tubes (three or four in each) and
vortexed at maximum speed for 1 min on a Vortex Genie 2
benchtop vortexer (Fisher Scientific) with 40 mL additional
bay water to liberate cells from filters. After removing filters,
cell suspensions were centrifuged at 7000 for 10 min at 15°C
in a benchtop centrifuge.

The supernatant was carefully removed, leaving 2 mL over-
lying the cell pellet. Microscopic examination revealed that
cells were not visible in the supernatant. The cell pellet was
resuspended in 6 mL Qiagen RLT buffer with 10 pL/mL $-mer-
captoethanol (Qiagen RNeasy kit and Sigma-Aldrich, respec-
tively) and transferred to a 15-mL conical centrifuge tube with
2 g 200-um low-protein-binding zirconium grinding beads
(OPS Diagnostics). This was vortexed at maximum speed for 3
min to lyse cells and liberate RNA. Microscopic examination
at this point revealed that some cells remained apparently
intact after vortexing. From this point, the sample was split to
ensure we could both recover RNA from recalcitrant cells and
prevent undo shearing due to bead beating of RNA from more-
fragile cells that had already lysed, our aim being to reduce
potential bias toward either group. Thus, the suspension was
transferred to another 15-mL centrifuge tube to separate from
the grinding beads, and centrifuged at 10,000 for 5 min at
4°C to pellet unlysed cells. The supernatant (7 mL) was
removed and purified with RNeasy midi columns; lysate was
mixed with 4.9 mL 100% ethanol and split between two
columns (6 mL each), requiring two rounds of centrifugation
following kit protocols to pass the volume through the
columns for RNA binding.

Concurrently, the pelleted cells were resuspended in 1.5 mL
RLT buffer plus f-mercaptoethanol by vortexing and trans-
ferred to a 2-mL bead-beating tube with about 0.2 mL zirco-
nium beads. This was homogenized on a Biospec bead beater
on “homogenize” (maximum) setting for 2 min, placed on ice
for 5 min, and centrifuged for 2 min at 16,100¢ at room tem-
perature. The 1.5-mL supernatant was mixed with 1.1 mL
100% ethanol and passed through an RNeasy midi column
according to kit protocols. The two “fractions” (fragile cells
lysed by vortexing with lysis buffer and grinding beads and
recalcitrant cells requiring bead beating) constituted sufficient
volumes such that processing in multiple RNeasy columns was
necessary. All columns were washed with 4 mL buffer RW1
(once) and 2.5 mL buffer RPE (twice); RNA was eluted in 150
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pL RNase-free water for each of the two vortexed-only sample
columns and 250 pL for the single bead-beaten sample col-
umn. Eluate volumes were passed through each respective col-
umn twice. Eluates from the two vortexed-only columns were
combined (300 pL), and the two RNA preparations were mea-
sured for quantity and purity on a Nanodrop ND-1000 spec-
trophotometer (Thermo Scientific). Both fractions contained
similar concentrations of RNA (45-55 ng/pL) and equal
260/280 nm absorbance ratios of 2.1. Because both prepara-
tions contained a substantial quantity of RNA, purified RNA
from the two fractions were at this point combined (total 550
pL) to ensure coverage of the entire plankton community in
the sample with a single library. In addition, our total RNA
recovered was low for the recommendations of RNA quantity
to be used in poly(A) enrichment (below).

Enrichment for eukaryotic mRNA was performed using
Oligotex poly(A) capture techniques (Qiagen). Kit protocols
for the Oligotex purification methods were followed for 500-
pL volumes, except that incubation at room temperature to
allow binding of poly(A) moieties to resin beads proceeded for
15 min rather than the suggested 10 min, with gentle agita-
tion every 5 min to enhance binding, as our total RNA con-
centration was below the minimum advised for 500 uL start-
ing volume (recommended quantity is a minimum of 250 ng,
we had 27 pg; RNA quantities are a persistent challenge for
environmental metatranscriptomics). Also, elution was per-
formed with 30 pL buffer OEB at 70°C twice, using the same
volume passed through the column with reheating in a heat
block to 70°C for 1 min between elution centrifugations to
maximize recovered RNA concentration. The eluted poly(A)
mRNA was again analyzed in the Nanodrop spectrophotome-
ter, revealing that 720 ng poly(A)-enriched RNA had been
recovered.

Amplification of community mRNA—Immediately after puri-
fying poly(A)-tailed mRNA, the RNA was amplified using
Ambion’s MessageAmp II aRNA amplification kit. Following
kit protocols, the RNA was processed to cDNA (first- and sec-
ond-strand reactions), with a T7 RNA polymerase binding site
added via the T7 oligo(dT) primer, and frozen overnight at
-20°C. The following day, the cDNA was purified using kit
components and protocols, quantity of DNA was analyzed on
the Nanodrop spectrophotometer, and the in-vitro transcrip-
tion (40 pL reaction) to create amplified antisense RNA was
performed overnight (14 h at 37°C), again according to kit
protocols. RNA was then purified and eluted in 2x 75 pL (150
pL total) RNase-free water, heated to 55°C. Yield was again
measured using the Nanodrop, reflecting a concentration of
1.15 pg/pL or 173 ng total.

Reverse-transcription of amplified RNA and cloning—Reverse-
transcription was performed using a Superscript III reverse
transcription (RT) kit (Invitrogen) with 25 png amplified anti-
sense RNA (aRNA) at a concentration of 1.15 pg/uL. RNA was
first heat-denatured in a mixture of 25 uL RNA, 8 puL random
hexamers (400 ng or 16 ng/ug RNA), 5 uL. dNTPs, and 12 pL
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H,0 and incubated at 65°C for 5 min, then immediately
placed in ice for 5 min. A separate RT mix was made, scaled up
5x to accommodate the 25 ng RNA: 10 pL 10x reaction buffer,
20 pL MgCl, 10 pL 0.1 M dithiothreitol, 5 puL RNase-Out
(RNase inhibitor), and 5 pL Superscript III reverse transcriptase
(200 U/uL). The two mixtures were combined and incubated
for 10 min at room temperature to allow hexamers to bind,
then transferred to 50°C for 2 h. The reaction was heated to
85°C for 5 min to inactivate reverse transcriptase, cooled to
room temperature, and spun to collect volume to bottom; 5
pL RNAse H was added, and the reaction was incubated at
37°C for 45 min then frozen at -20°C.

The second-strand synthesis was performed in the same
reaction mixture as first-strand synthesis; reaction compo-
nents were 20 mM Tris-HCI (pH 8.4), 50 mM KCI, 5 mM MgCl,
10 mM DTT, and 333 puM each dNTP. To 27 pL of this first-
strand reaction (the equivalent of 6.75 pg starting aRNA tem-
plate) was added 5 units DNA polymerase I (Klenow fragment;
Promega), 1 pL additional ANTP mix (10 mM each, from Invit-
rogen Superscript III reaction kit), 1.2 uL 10 mg/mL bovine
serum albumin (for a reaction concentration of 400 pg/mL;
Promega), and 0.5 pL random hexamers (for a final reaction
concentration of 8 ng/uL). This second-strand reaction was
incubated for 90 min at 25°C, then heat-inactivated at 75°C
for 15 min. The DNA was purified with DNA Clean and Con-
centrate (Zymo) with the addition of 3 volumes binding buffer
(90 pL) to facilitate column binding. DNA was eluted in 50 pL
nuclease-free water heated to 50°C. To ensure that only dou-
ble-stranded DNA was quantified, DNA was analyzed using
Hoechst 33258 (Paul and Myers 1982), which indicated that
1.5 pg was recovered (30 ng/uL). The eluate was also evaluated
in the Nanodrop ND1000 and by Ribogreen RNA assay (Invit-
rogen), which revealed a considerable quantity remaining of
either RNA or single-stranded DNA (measured at 115 ng/uL by
Ribogreen; Nanodrop measured 112 ng/uL based on the A260
absorbance correlation for double-stranded DNA).

Because RNA has the potential to interfere with DNA phos-
phorylation required for blunt-end cloning, an RNase digestion
was incorporated into the procedure. Phosphorylation was per-
formed using T4 polynucleotide kinase (Promega), which is
accompanied by a reaction buffer concentrate. An initial RNase
digestion was performed with 4 pL kinase 10x buffer, 2 pL 0.1
mM ATP (Promega), 2 pL. RNase One (Promega), 10 puL eluted
DNA (300 ng double-stranded cDNA), and 22 pL nuclease-free
water for a final reaction volume of 40 pL. The digestion was
incubated for 1 h at 37°C, and directly to it was added 1 pL
polynucleotide kinase, followed by another 1-h incubation at
37°C. The reaction was halted by the addition of 2 pL 0.5 M
EDTA. DNA was purified on with the Zymo Clean and Con-
centrate columns, with three wash steps rather than the sug-
gested two, and eluted in 25 pL nuclease-free water.

Cloning was performed with the pSmart-CloneSmart
HCAmp cloning vector and kit (Lucigen) as follows. Phospho-
rylated cDNA (6.5 pL; 78 ng DNA equivalent) was mixed with
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2.5 pL 4x pSmart vector mix and 1 pL ligase (both from Kkit)
and incubated at 25°C for 2 h. Cloned vector was transformed
via electroporation into Lucigen “E Cloni” 10G Supreme Duo
cells with a Bio-Rad Micropulser on Ecl setting as directed in
cloning kit protocols; 1 pL ligation mixture was used to trans-
form cells. Recovered cells were spread on YT plates with 100
pg/mL ampicillin and grown overnight at 37°C.

Individual colonies were picked and screened by PCR for
adequately sized inserts. Screening PCR was performed with
Promega 7ag polymerase using the pSmart sequencing primers
SR2 and SL1. PCR amplicons indicating an insert size greater
than 200 base pairs (bp) were retained and sent for sequencing.

Two hundred thirty-two cDNA clones from the metatran-
scriptome were sequenced (average query size 350 bp). BLAST
searching (NCBI GenBank, using blastn and blastx) revealed
that 64 of these showed homology to previously identified
sequences with BLAST scores =40 bits, as used in Frias-Lopez et
al. (2008) for establishing significance of hits. These 64
sequences were submitted to GenBank; 59 that were homolo-
gous to protein coding sequences (identified by translated
BLAST search) were submitted to the EST database with acces-
sion numbers GH571923 through GH571981, and five that
were homologous to ribosomal RNA sequences were submit-
ted to the nonredundant nucleotide database with accession
numbers FJ643611 through FJ643615.

Assessment

RNA purification and amplification—From the filtered seawa-
ter volume of 1.25 L, a total of 27 pg RNA was recovered as
measured by spectrophotometry. Because DNase digestion was
not included in the RNeasy purification protocol, a portion of
this signal may have been DNA, although the portion is likely
to have been very small as the RNeasy methods strongly favor
recovery of RNA. The RNeasy literature states that potential
DNA contamination is generally only a concern for sensitive
techniques such as RT-PCR, wherein a proportionally small
fraction of DNA could be amplified by specific primers,
thereby skewing results. Two treatments were used to lyse cells
and liberate RNA: vortexing the filters with lysis buffer, which
is likely to recover RNA from delicate cells, and a bead-beating
homogenization step of the remaining particulate matter,
which should enable recovery of additional RNA from cells
with more resistant cell walls. Quantification of RNA from the
two treatments revealed that each resulted in isolation of
approximately equal amounts of total RNA, 13.4 pg RNA from
the fraction that was only vortexed and 13.9 ug from the frac-
tion homogenized by bead-beating. Again, to fully capture the
metatranscriptome from both recalcitrant cells requiring bead-
beating and more fragile cells lysed by vortexing in RLT lysis
buffer, we combined these two fractions to create a single
clone library. Although homogenizing the entire lysis
buffer/cell suspension volume via bead-beating would have
captured all the RNA without dividing into fractions, our con-
cern was that this might unduly shear RNA already liberated
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from the easily-lysed cells. Yet we did not want to lose the sub-
stantial RNA (approximately half of the total, as it was
revealed) contained within cells that required more intense
treatment to lyse. It may be that concerns over shearing were
unfounded; RNA integrity of the fractions was not analyzed
for this pilot project, as our concern was primarily if we could
adequately capture eukaryotic protein coding sequences.

Regardless of quantities of total RNA and any contaminat-
ing DNA, we selected for messenger RNA for downstream
processes via isolation of poly(A)-tailed mRNA using oligo(dT)-
coated beads (the Qiagen Oligotex process). From the 27 pg
total RNA processed, 720 ng was recovered using the Oligotex
protocol, representing 2.7% of the total RNA. This should have
been rather restricted to eukaryotic origin; however, as we
observed from sequencing of clones, a small fraction was puta-
tively of prokaryotic origin or rRNA (approximately 1% and
2%, respectively; Table 1 and Fig. 1). This mRNA was amplified
using chemistry wherein an oligo(dT) reverse-transcription
primer complementary to the 3' poly(A) tail is linked to a T7
phage RNA polymerase promoter sequence; hybridization to
the poly(A) tail and reverse transcription forms a 5' extension
with the T7 promoter on the antisense cDNA strand. The
reverse transcription primer was anchored such that it should
anneal to the beginning of the poly(A) tail. By use of T7 RNA
polymerase, a starting mass of 192 ng purified mRNA was
amplified to 173 pg antisense RNA (aRNA). The MessageAmp
protocol thus resulted in an approximately 900-fold amplifica-
tion of community RNA. If all 720 ng of poly(A) RNA had been
amplified using the MessageAmp technique, we could have
theoretically generated a total of 648 pg amplified RNA.

Conversion of the antisense RNA to cDNA for blunt-end
cloning used reverse-transcriptase for first-strand creation,
based on random hexamer primers, and DNA polymerase I
(Klenow fragment) and additional random hexamer primers
for second-strand synthesis. For the first-strand synthesis, 25
pg aRNA was used, and a fraction of this reaction (27%) equat-
ing to 6.75 pg of the original template was used for second-
strand synthesis. Quantification of double-stranded cDNA
using Hoechst 33258 revealed that from a processed mass of
6.75 ng equivalent aRNA, approximately 1.5 ng cDNA was
obtained after second-strand synthesis. This equates to a con-
version efficiency of about 11%, accounting for the molecular
weight difference between RNA and DNA. Nonetheless, the
amount of DNA recovered was sufficient to produce a large
number of clones for sequencing, from the equivalent of only
78 ng RNase-digested, phosphorylated, and purified DNA. If
all 720 ng poly(A)-enriched RNA were amplified using the
MessageAmp procedure (resulting in 648 ng) and converted to
cDNA, even at an efficiency of only 11%, the theoretical yield
created for downstream processes would be 71.3 pg.

A total of 912 clones were screened by PCR, and 367 (40%)
of these contained an insert. The pSMART vector system does
not enable blue-white colony screening, so 60% of the trans-
formants screened did not have vector that ligated an insert
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from the cDNA. Of those that did contain an insert, 266
(29.1% of the total clones screened) contained an insert of at
least 200 bp. As this was a pilot project, only a few hundred
clones (232) were sent for sequencing. We estimated based on
volumes plated and the number of colonies grown that our
protocol could produce 40,000 transformants per electropora-
tion transformation reaction. Based on PCR colony screening,
we would estimate that about 12,000 clones (~30%) would
contain inserts greater than 200 bp. Based on the sequencing
results, we can estimate that 25.4% (59 of 232 for our submis-
sions) of those would contain putative protein-coding
sequences with BLAST scores =40 bits, whereas 2.1% were
homologous to rRNA sequences. Thus, we can extrapolate that
each transformation could produce approximately 3050
sequences with homology to known proteins. If 78 ng of
cDNA were phosphorylated and ligated, and because only 1
pL of the 10 pL ligation mixture is used for each transforma-
tion, 10 transformations could be produced from every 78 ng
of cDNA. Thus, extrapolating our theoretical yield of clones to
the maximum, if all 720 ng of poly(A)-enriched RNA were
amplified and converted to cDNA, which could produce up to
71 pg cDNA, this could produce up to 9100 transformation
reactions, resulting in a potential yield of 27.755 million
sequences with homology to known protein-coding
sequences! Clearly such a theoretical maximum would not be
achievable due to other limiting resources (funding, person-
nel, time, etc.), but lack of available nucleic acid material
should not be among them.

Clone library analysis—Sequenced cDNA (metatranscrip-
tome) clones were analyzed via translated (amino acid) and
nucleotide BLAST searches against the NCBI GenBank data-
base (Altschul et al. 1990). BLAST results of either type that
returned a score of 40 bits or higher were identified as hits for
further characterization. Of the 232 clones sent for sequenc-
ing, 64 (27.5%) returned search results meeting this threshold.
The average query size of acceptable hits was 293 nucleotides,
and the median was 243.5 nucleotides. The average BLAST
score from these was 93.8 bits, and the geometric mean of
expectation values was 3.54 x 10715, Table 1 displays hits that
corresponded to protein or hypothetical protein genes, along
with the organism of the highest-ranking database listing.
Listings labeled as “similar” indicate that the highest-ranking
hit did not specify a putative protein product (only “predicted
protein”), so the organism of this hit is given with the best
match or consensus among other, better-described proteins.
Omitted from this table are five hits to rRNA gene sequences,
four related to mitochondria of the dinoflagellate Karlodinium
micrurm, and one to the mitochondria of the calenoid copepod
Labidocera jollae.

Table 2 summarizes the putative functions of genes identi-
fied from the metatranscriptome. About half (48%) are related
to intracellular biochemical metabolism, such as protein and
nucleic acid modification or metabolism (synthesis and degra-
dation), and ribosomal protein-related genes. Also identified
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Table 1. Continued

Homolog

Identities,

Score,

Accession
no.

accession no.

%
37

bits
48.5

Organism of closest hi

Predicted protein homolog

Predicted protein

XP_002177316

XP_002181515

Phaeodactylum tricornutum (diatom)

GH571963

XP_001844102

89
46

47.4

Phaeodactylum tricornutum (diatom)

Sim. divalent cation transporter

Titin b

GH571964

XP_002180802

47.0

Culex quinquefasciatus (mosquito)

GH571965

BAG30808
EEB12306

62

47.0

Phaeodactylum tricornutum (diatom)

Predicted protein

GH571966

00
35
45

1

46.6

Skeletonema costatum (diatom)

Elongation factor-like protein

GH571967

46.4

Pedliculus humanus corporis (louse)

Sim. ABC transporter protein

GH571968

XP_001689743

XP_002177532

46.2

Phaeodactylum tricornutum (diatom)

Predicted protein

GH571969

XP_002178113

67

45.8

Chlamydomonas reinhardtii (chlorophycean)

Ribosomal protein L18a

GH571970
GH571971

XP_001013155

70
65
86

45.4

Phaeodactylum tricornutum (diatom)

Predicted protein

AAV39532

43.9

Tetrahymena thermophila (ciliate)

Protein kinase domain containing protein

GH571972

42.7

Thalassiosira weissflogii (diatom)
Ostreococcus tauri (prasinophyte)

Delta carbonic anhydrase
RuBisCO, small subunit

GH571973

CAL58651

69
62
43

41.6

GH571974

AAX09992

41.6

Cochliobolus heterostrophus (fungus)

Nonribosomal peptide synthetase 10

GH571975

NP_280675

ZP_03452285

41.2

Burkholderia pseudomalle/ (bacterium)

Sim. putative transcriptional accessory protein

GH571976

XP_002176682

36
79
61

41.2

Halobacterium sp. NRC-1 (bacterium)

Sim. LRP16 protein (ADP-ribose binding domain)

Predicted protein

GH571977

XP_002183690

40.8

Phaeodactylum tricornutum (diatom)

GH571978

CAL52009

40.8

Phaeodactylum tricornutum (diatom)
Ostreococcus tauri (prasinophyte)

Predicted protein

GH571979

60
88

40.4

Aspartyl beta-hydroxylase (ISS)

Predicted protein

GH571980
GH571981

N

40.0 XP_002183376

Phaeodactylum tricornutum (diatom)

Accession numbers of the sequences derived from our library are GH571923 through GH571981 in the EST database. Corresponding organisms, BLAST scores, identity percentages (of
amino acid sequences over homologous areas only, not entire query), and GenBank accession numbers of the homolog are listed. The predicted protein homolog is the closest identi-
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fiable protein to the best match, in cases where the top entry was listed as a hypothetical or unknown protein. Sim. = similar to, indicating that another entry was used as a reference

to the gene identity rather than that from the best hit indicated by the organism and accession numbers.

Pilot metatranscriptome library

were important transcripts related to nutrient
acquisition or metabolism of autotrophs (8%),
such as a silicon transporter and carbonic anhy-
drase, and light harvesting and photosynthetic
pigment associated genes (8%). Eleven of the 64
were homologous to predicted proteins such that
we could not identify a putative function; all
these were hits to the newly sequenced genome
of the diatom Phaeodactylum tricornutum.

The phylogenetic associations of resulting
sequences are summarized in Fig. 1. More than
70% of the hits were putatively derived from
eukaryotic algae, namely diatoms, chlorophytes,
and dinoflagellates. Smaller proportions of the
sequences corresponded to other types of organ-
isms: invertebrate animals, fungi, heterotrophic
protozoa, heterotrophic bacteria, plants, and ver-
tebrate animals. The source organism most com-
monly identified for homologous sequences to
our metatranscriptome library (25 of 64 hits) was
the diatom Phacodactylum tricornutum CCAP
1055/1, whose genome and predicted protein-
coding sequences were only recently updated to
GenBank (Bowler et al. 2008). It is important to
note that for many eukaryotic genes, sequences
may be very similar among seemingly distantly
related organisms, and the GenBank database is
heavily weighted in favor of those organisms
most frequently studied for molecular genetics or
whose genomes have been sequenced. Many
sequences we identified likely derived from
organisms whose particular gene has not been
characterized. It is possible that a significant frac-
tion of the remaining 182 sequences that did not
indicate homology to known organisms’ genes
may have been sequences from organisms that
have simply not been characterized or submitted
to GenBank.

Discussion

This is the first report of a metatranscriptome
from eukaryotic marine plankton. In conducting
this experiment as a proof-of-concept exercise,
we attempted to establish sample processing and
molecular biology techniques that will enable
future, more intensive constructions of transcrip-
tome profiles from marine phytoplankton sam-
ples. In targeting eukaryotic organisms, we cir-
cumvented the significant challenge of some
previously reported efforts toward obtaining
environmental metatranscriptomes from
prokaryotic organisms (Frias-Lopez et al. 2008,
Poretsky et al. 2005). The presence of poly(A)
tails on eukaryotic mRNAs allowed for selection
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Fig. 1. Taxonomic associations of metatranscriptome sequences from Tampa Bay. Associations are based on the identity of the best matching hit from
BLAST searches and categorized as shown. About 70% of the sequences were putatively derived from eukaryotic phytoplankton, which could be further

divided as shown in the subchart on right.

Table 2. Putative functions of the characterized protein products
from transcriptome sequences.

Putative gene function
Protein synthesis/modification/degradation

Fraction, %
19
17

Unknown

o

Nucleic acid synthesis/modification/degradation
rRNA gene

Ribosomal protein

Nutrient acquisition/metabolism
Light harvesting and photosynthesis
Amino acid metabolism
Mitochondrial metabolism
Vitamin/cofactor synthesis

Lipid metabolism

Ester/xenobiotic metabolism
Motility

Proteorhodopsin

Immune system

Intracellular vesicle

N NN NNNWWWO 0 0 0

Membrane transport

General function associations were determined as necessary from the pro-
tein family (pfam), conserved domain, and COG databases of the NCBI.
General cellular functions such as protein and nucleic acid synthesis, mod-
ification, or degradation and ribosome-related genes were most fre-
quently observed.

of these molecules using well-established, commercially avail-
able means. The selection method applied was quite successful,
in that only five of 232 sequenced clones (2.2%) corresponded
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to rRNA (all eukaryotic organisms) and only three of 232
(1.3%) were most closely related to prokaryotic RNA, whereas
25.4% were homologous to known eukaryotic protein coding
sequences. Because mRNA makes up only a small portion of
total cellular RNA, most being in the form of rRNA, the pres-
ence of a relatively large percentage of eukaryotic mRNA
sequences in our library indicates adequate selection via both
the Oligotex mRNA selection kit and amplification of poly(A)
RNA using the oligo(dT) primer in the MessageAmp procedure.

Approximately 70% of scored hits were related to phyto-
plankton, specifically diatoms, chlorophytes, and dinoflagel-
lates. Gene sequences uncovered in the pilot metatranscriptome
reveal a diverse assemblage of cellular activities. Transcripts
related to a number of general cellular processes such as protein,
amino acid, and nucleic acid synthesis, modification, and
degradation were observed, as would be expected. Also signifi-
cant are the numerous protein groups related to autotrophic/
photosynthetic growth and biogeochemical function, such as a
silicon transporter, vitamin or cofactor metabolism, carbon
acquisition/fixation (carbonic anhydrase and RuBisCO small
subunit), light harvesting or pigment proteins, and phos-
phatases. Naturally, all these functional gene groups were repre-
sented by sequences from phytoplankton. The identification of
a putative dienelactone hydrolase gene was interesting. Proteins
of this class enable degradation of chlorocatechol compounds,
a class of organic molecules often known to be central interme-
diates in the biodegradation pathway of a large array of chlori-
nated compounds including polychlorinated aromatic com-
pounds (PCBs) (Guan et al. 2000, Neilson 1990). Its finding
from a putative fungi in this sample is perhaps not surprising
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due to the large amount of urban surface water runoff entering
Tampa Bay. The other genes putatively derived from fungi are
interesting as well, since little is known about the role of fungi
in the marine environment. However, marine fungi are often
the target of research on natural products potentially useful in
pharmacology (Kamat et al. 2008, Kasettrathat et al. 2008,
Mayer and Gustafson 2008) and possibly bioremediation, as
suggested by incidence of the dienelactone hydrolase-like tran-
script.

In the context of other metatranscriptome studies, the
study by Frias-Lopez et al., although focused on prokaryotes,
is most similar to the work presented here. Genes they identi-
fied as most highly expressed in the oligotrophic sample site
(Hawaii Ocean Time Series) were related to photoautotrophy
and photoheterotrophy. Transcripts of photosystem I and II
genes, RuBisCO large subunit, and light-harvesting protein
genes were among the most frequently identified, as well as
glutamine synthase and proteorhodopsin (light-activated ion
transport, also identified from our library). Likewise, tran-
scripts involved with autotrophy, such as inorganic nutrient
uptake, as well as photosystem and photosynthetic pigment
proteins, were found in our library. Because of the small size
of our library, any transcripts found are likely to be more
highly expressed in the environmental population. We did
not find any RuBisCO large-subunit gene transcripts (74cL) in
the eukaryotic transcriptome, but since this is a plastid gene,
it is not typically poly(A)-tailed and thus would not be
expected in abundance in our library. We did identify a
RuBisCO small-subunit (74c¢S) transcript. However, 74cS in
some organisms, particularly green algae and plants, is
nuclear-encoded (Ellis 1981); the 74cS transcript we identified
was most closely related to the green algae Ostreococcus tauri (a
prasinophyte). Transcripts from additional classes of proteins
identified from our library were also found to be highly
expressed in the Frias-Lopez et al. marine microbial metatran-
scriptome, such as protein synthesis genes (including riboso-
mal proteins), nucleic acid modification, and transport pro-
tein genes.

Regarding the proportion of tRNA transcripts obtained, the
challenges of isolating protein-coding transcripts from
prokaryotes is apparent upon comparing the number we iden-
tified, 2% of the total sequences obtained, versus the 53%
rRNA sequences identified in the Frias-Lopez et al. study. In
the eukaryotic metatranscriptomes of Grant et al. (2006), the
scale of their sequencing was even smaller than ours, but one
important point is the recovery of tRNA, which from the sam-
ples they processed without poly(A) enrichment was 60%
from the algal mats and 20% from the activated sewage
sludge. However, poly(A) enrichment of a fraction of the
sludge sample reduced their rRNA recovery to 4% (one in 23
sequences). It is evident that although poly(A) enrichment of
eukaryotic mRNA can dramatically reduce the amount of
rRNA retained and eventually cloned/sequenced, some will
unavoidably pass through the purification and poly(A)
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tail-based amplification. This will only slightly reduce the effi-
ciency of protein-coding sequence recovery from eukaryotic
metatranscriptome libraries.

The identification of such a diverse group of sequences
from this small library suggests that much larger metatran-
scriptomic sequencing projects will be quite informative of
gene expression activity from phytoplankton communities.
Characterization of actively transcribed genes would be an
important complement to metagenomic studies, which iden-
tify the complement of genes present in an environment. The
use of larger-scale metatranscriptome techniques could allow
future targeting of function-related activity for molecular bio-
logical studies, without a priori knowledge of important func-
tional gene groups or sequence variants present in the sample.
The pairing of microarray technology with basic information
uncovered by environmental transcriptomics could be partic-
ularly worthwhile.

Comments and recommendations

Based on the results of sequencing transcripts cloned using
the methods described here, we believe that successful captur-
ing of the eukaryotic plankton metatranscriptome could be
enabled from other marine samples. We obtained only 2%
rRNA sequences, and only three of the 64 sequences with good
homology to known genes/coding sequences were ostensibly
derived from prokaryotic organisms. Of these, only the prote-
orhodopsin would unequivocally be derived from prokaryotes.
The remaining two were relatively poor hits to different
sequences (oddly, both with scores of 41.2 bits and expectation
values of 0.029; verification revealed this is not an error and
they are not homologous to each other). In both cases, other,
slightly less robust, homologies were found to protein
sequences of various eukaryotic and other prokaryotic organ-
isms, many of which were uncharacterized predicted/hypo-
thetical protein coding sequences. It seems likely that these
two clones from our library are derived from an organism that
is poorly characterized or poorly represented in GenBank, and
their identity as prokaryotic sequences is uncertain. Thus we
feel comfortable that the methods used for RNA extraction,
poly(A) enrichment and poly(A)-based amplification success-
tully selected against prokaryotic organisms. We did not per-
form a DNase digestion, and there is no indication from our
results that this compromised the selection of eukaryotic
mRNA sequences. However, to fully rule out the possibility of
capturing genomic sequences rather than mRNA, a DNase
digestion of purified RNA would be advised. Also, during the
course of sample processing, the additional sample water used
to wash captured cells from the filters was not 0.2 pm filtered;
this volume represented approximately 6% of the total filtered.
Although some prokaryotes were likely already entrained on
the 2-um filters and larger organisms captured thereon, using
unfiltered water likely introduced additional prokaryotic cells
to the sample, and to minimize their potential impact, rinsing
water should be filtered.
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The methods employed in this pilot project for capturing
transcriptomic sequences used cloning in a pSMART vector to
create a library. Although we estimated that potentially mil-
lions of protein-coding sequences could be obtained from
eukaryotic plankton with the use of linear RNA amplification
technology, the construction and screening of larger libraries
would be quite cumbersome. If larger efforts were to be under-
taken with cloning, the use of a vector enabling blue-white
colony screening would be strongly advised. Although the
PSMART system we employed claims that blue-white screen-
ing is not necessary due to results indicating >99% of trans-
formants should contain plasmid with insert, we found that
our ratio was only 40% (of transformants screened that carried
a cloned insert at all), while only 29% carried an insert above
our minimum desired size of 200 bp. The result was the
screening of many more clones than were actually sequenced.
Thus, the use of p-galactosidase screening or the like would
improve efficiency of clone selection. Alternatively, using a
greater mass of cDNA (we used 78 ng) in the ligation reaction
may improve cloning efficiency.

The use of cloning for large-scale projects would probably
be unadvisable in light of the development of pyrosequencing
technology (e.g., Cheung et al. 2006, Frias-Lopez et al. 2008).
The size of positive hits in our transcriptomic library averaged
293 nt (median 243.5 nt); we intentionally selected clones
with an insert of at least 200 bp, although in some cases poor-
quality ends or other quality issues resulted in BLAST query
sequences significantly shorter (the shortest query with a sig-
nificant match was 83 nt, to the Karlodinium micrum 1L.SU rRNA
gene). Whereas these average sizes are larger than obtainable
with previous pyrosequencing methods (which were on aver-
age 150-200 bp reads with the GS 20 technology), newer tech-
nology is enabling greater read lengths of an average 250 bp
using the GS FLX instrument and possibly soon 500 bp (Blow
2008). For characterizing environmental transcript data sets,
longer reads would be critical; read length is shown to be
important for establishing relatedness to sequences with lesser
degrees of homology (Wommack et al. 2008). Thus with the
ability of future pyrosequencing instruments to return read
lengths of 500 bp, the greater throughput and lower cost per
read of this technology would provide a great advantage over
Sanger sequencing of cloned environmental transcripts. For
future use in pyrosequencing, the yield of cDNA produced in
this project would be more than adequate. We calculated that
if all the poly(A)-enriched RNA we obtained were amplified
and converted to cDNA, we could obtain a total of 71 pg dou-
ble-stranded cDNA; current pyrosequencing methods typically
require at least 5 pg template.

Although we have demonstrated the feasibility of charac-
terizing gene transcripts from eukaryotic plankton popula-
tions, our work should be viewed as proof of concept. Future
efforts, eventually employing pyrosequencing for much larger
datasets, will hopefully enable more complete descriptions of
the metatranscriptome from varying marine environments.
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This study provides a basis for enhanced development of envi-
ronmental transcriptomic methods.
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