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Abstract. The cryptomonads are an enigmatic
group of unicellular eukaryotic algae that possess two
nuclear genomes, having acquired photosynthesis by
the uptake and retention of a eukaryotic algal endo-
symbiont. The endosymbiont nuclear genome, or
nucleomorph, of the cryptomonad Guillardia theta
has been completely sequenced: at only 551 kilobases
(kb) and with a gene density of ~1 gene/kb, it is a
model of compaction. In contrast, very little is known
about the structure and composition of the crypto-
monad host nuclear genome. Here we present the
results of two small-scale sequencing surveys of fo-
smid clone libraries from two distantly related cryp-
tomonads, Rhodomonas salina CCMP1319 and
Cryptomonas paramecium CCAP977/2A, corre-
sponding to ~150 and ~235 kb of sequence, respec-
tively. Very few of the random end sequences
determined in this study show similarity to known
genes in other eukaryotes, underscoring the consid-
erable evolutionary distance between the cryptomo-
nads and other eukaryotes whose nuclear genomes
have been completely sequenced. Using a combina-
tion of fosmid clone end-sequencing, Southern
hybridizations, and PCR, we demonstrate that 7y3-
gypsy long-terminal repeat (LTR) retrotransposons
and tandem repeat sequences are a prominent feature
of the nuclear genomes of both organisms. The
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complete sequence of a 30.9-kb genomic fragment
from R. salina was found to contain a full-length Ty3-
gypsy element with near-identical LTRs and a
chromodomain, a protein module suggested to
mediate the site-specific integration of the retro-
transposon. The discovery of chromodomain-con-
taining retroelements in cryptomonads further
expands the known distribution of the so-called
chromoviruses across the tree of eukaryotes.

Key words: Retrotransposons — Tandem repeat
sequences — Nuclear genomes — Cryptomonad al-
gae

Introduction

Genome size in eukaryotic cells varies tremendously
(Gregory 2001). Much of this variation can be
attributed to differences in the abundance of repeti-
tive DNA sequences such as transposable clements
and tandem repeats, which are known to make up a
significant fraction of the nuclear genomes of many
plant and animal species (reviewed in Gregory 2005;
Hancock 2002; Kidwell 2002). Approximately 40% of
the human genome, for example, is comprised of
various classes of repetitive elements (Lander et al.
2001), and as much as 90% of the genome of some
plants is comprised of repetitive DNA (Flavell 1986).

Considerably less is known about the abundance,
diversity, and biological significance of repetitive
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elements in the genomes of unicellular eukaryotes
(protists), although preliminary investigations sug-
gest that repeat sequence abundance correlates posi-
tively with genome size (reviewed by Wickstead et al.
2003). For example, approximately 10% of the ~60-
megabase (Mb) genome of Trypanosoma cruzi is
comprised of a 195-bp repeat sequence (Elias et al.
2003; Requena et al. 1996; Sloof et al. 1983), while the
8.3-Mb genome of the apicomplexan Theileria parva
is largely devoid of repetitive DNA (Gardner et al.
2005; Nene et al. 1998). The recent explosion in the
number of eukaryotic genome sequencing projects
promises to further improve our understanding of the
structure and composition of protist genomes. Mul-
tiple partial or complete genomes are now available
from within the trypanosomatids (El-Sayed et al.
2005a, b), apicomplexans (Abrahamsen et al. 2004;
Gardner et al. 2002, 2005; Xu et al. 2004), ciliates
(Stover et al. 2006; Zagulski et al. 2004), and
Amoebozoa (Loftus et al. 2005). The Genomes On
Line Database provides a comprehensive list of fin-
ished and ongoing projects (Liolios et al. 2006). For
practical reasons, most efforts have focused on
sequencing the relatively small and compact genomes
of parasitic species. Yet the genomes of eukaryotic
microorganisms span an exceptionally wide range of
sizes (McGrath and Katz 2004), and a large fraction
of protist diversity remains unexplored from a
genomic perspective.

We are studying the genomic diversity of a
eukaryotic lineage of pivotal evolutionary significance,
the cryptomonads. These organisms are unicellular
algae that acquired their photosynthetic capabilities
through the process of secondary endosymbiosis. This
occurs when a eukaryotic phototroph establishes itself
as a permanent resident inside a nonphotosynthetic
host eukaryote (reviewed by Archibald 2005; Archi-
bald and Keeling 2002; Delwiche 1999; Keeling 2004;
Palmer 2003). Secondary endosymbiosis has given rise
to a large and exceptionally diverse array of photo-
synthetic organisms. In addition to the cryptomonads,
these include the dinoflagellate algae, haptophytes,
heterokonts (e.g., diatoms and kelps), the euglenids,
and the chlorarachniophytes (Delwiche 1999; Keeling
2004; Palmer 2003). The number of secondary endo-
symbioses that have occurred during eukaryotic evo-
lution is controversial, but it is generally thought to
have occurred at least twice and has involved both red
and green algal endosymbionts (Bhattacharya et al.
2003; Bodyl 2005; Palmer 2003).

Together with the chlorarachniophytes, the cryp-
tomonads are unusual in that they still retain the
nucleus of their eukaryotic endosymbiont in a highly
reduced form termed a ‘“‘nucleomorph.” Genomic
analyses have revealed that these tiny organelles
harbor the smallest nuclear genomes known (re-
viewed by Gilson 2001; Gilson and McFadden 2002).

The nucleomorph genome of the model cryptomonad
Guillardia theta has been completely sequenced and is
only 551 kilobases (kb) in size (Douglas et al. 2001).
The nucleomorph genome of the chlorarachniophyte
Bigelowiella natans is even smaller, at 373 kb (Gilson
et al. 2006). Both genomes are partitioned among
three small chromosomes and are extremely compact,
with approximately one gene per kilobase, tiny
spliceosomal introns, and little in the way of repeti-
tive sequences (Douglas et al. 2001; Gilson et al.
2006). The broad similarities of the cryptomonad and
chlorarachniophyte nucleomorph genomes are espe-
cially intriguing when one considers that they are
derived from independent secondary endosymbiotic
events. In the case of the chlorarachniophtyes, the
endosymbiont is most likely derived from an ancestor
of modern-day green algae (Archibald et al. 2003;
Ishida et al. 1997, 1999; McFadden et al. 1995), while
the cryptomonad endosymbiont is related to red al-
gae (Archibald et al. 2001; Douglas et al. 1991;
Douglas and Penny 1999; Van der Auwera et al.
1998). In both lincages, the bulk of the genes present
in the original endosymbiont nuclear genome have
been lost or transferred to the nuclear genome of the
host cell (Gilson 2001; Gilson and McFadden 2002).

Apart from being a repository for large numbers
of nucleomorph-derived genes (Archibald et al. 2003;
Deane et al. 2000), very little is known about the size
and structure of the host nuclear genome of crypto-
monads and chlorarachniophytes. Cryptomonads are
thought to belong to a very diverse “‘supergroup” of
eukaryotes called Chromalveolates (Cavalier-Smith
1999; Keeling et al. 2005), a lineage that includes
other photosynthetic organisms such as the hapto-
phytes, heterokonts (e.g., diatoms), and dinoflagel-
lates, as well as nonphotosynthetic members such as
the apicomplexans and ciliates. Here we present the
results of small-scale sequencing surveys from two
distantly related cryptomonad algae, Rhodomonas
salina and Cryptomonas paramecium. We are inter-
ested in both the host nucleus and the nucleomorph
of these species because at ~755 and ~450 kb,
respectively, their nucleomorph genomes differ sig-
nificantly from the 551-kb nucleomorph genome of
the model cryptomonad Guillardia theta (Douglas et
al. 2001; Lane et al. 2006; Rensing et al. 1994). This
variation may reflect differences in the amount of
nucleomorph-to-host-nucleus gene transfer that has
occurred since these organisms diverged from a
common ancestor (Lane et al. 2006). Our results
indicate that the nuclear genomes of both species
contain a variety of repetitive DNA sequences,
including tandem repeats and significant numbers of
long terminal repeat (LTR) retrotransposons
belonging to the 7y3-gypsy family. Phylogenetic
analyses suggest that these elements are most similar
to the “‘chromoviruses” of plants, animals, and fungi.



Materials and Methods

Cell Culture and DNA Extraction

Cryptomonad cultures were obtained from public culture collec-
tions and grown in the laboratory at 25°C. Rhodomonas salina
strain CCMP1319 was grown under a 14:10-h diurnal growth cycle
in f/2 —Si medium made with artificial seawater, while Cryptomonas
paramecium strain CCAP977/2A, a nonphotosynthetic species, was
grown in “Chilomonas” medium (1 g CH;COONa-3H,0, 1 g Lab
Lemco powder [Oxoid; Hampshire, England], 1 liter H,O). Large-
scale cultures were grown in 2-L flasks to late logarithmic phase
and cells were harvested by centrifugation. Cell pellets were
resuspended in a Tris-HCI digestion buffer (200 mM Tris-HCI [pH
7.5], 250 mM NacCl, 25 mM EDTA, 0.5% SDS) and incubated at
50°C for 10 min. After incubation, samples were centrifuged for 5
min at 15,000g and the aqueous phase was subjected to two rounds
of protein extraction with phenol and chloroform. DNA was pre-
cipitated from the aqueous layer using 100% ethanol, centrifuged,
washed with 70% ethanol, resuspended in 50 ul of dH,O, and
stored at —20°C.

Fosmid Clone Library Construction, Subcloning, and
DNA Sequencing

Fosmid libraries with 35- to 45-kb inserts were generated using the
CopyControl fosmid library production kit (Epicentre, Madison,
WI). High molecular weight total cellular DNA from Rhodomonas
salina and Cryptomonas paramecium was sheared by repeated
passage through a p200 pipette tip, then end repaired with T4 DNA
polymerase and T4 polynucleotide kinase, and fragments approx-
imately 40 kb in size were isolated from 1% low-melting point
(LMP) agarose gels by electrophoresis. Fragments were ligated into
linearized, dephosphorylated pCCI1FOS vector, packaged, and
transformed into EPI300-T1 Escherichia coli cells. The resulting
colonies were picked into 384-well plates containing LB and glyc-
erol (25%), incubated overnight at 37°C, and stored at —80°C.

For fosmid end sequencing, overnight cultures of fosmid clones
were inoculated into fresh LB + chloramphenicol (12.5 ug/ml).
CopyControl induction solution was added, followed by vigorous
shaking at 37°C for 5 h. Fosmid DNA was then isolated using the
Perfectprep BAC 96 kit (Eppendorf, Hamburg, Germany). DNA
was quality checked by digestion with Notl restriction enzyme
followed by agarose gel electrophoresis. Purified fosmid DNA was
end sequenced using ET terminator chemistry (GE Healthcare).
Sequencing reactions were processed using Sera-Mag magnetic
carboxylate-modified microparticles (Seradyn, Indianapolis, IN) to
remove excess fluorescent terminators before loading onto GE
Healthcare MegaBace capillary DNA sequencers.

Fosmid clones of particular interest were subcloned in prepa-
ration for complete sequencing as follows. Purified fosmid DNA
was nebulized and blunt ended, and fragments of 1-2 kb were size-
selected on 0.8% LMP agarose gels. Isolated fragments were cloned
into the Smal site of dephosphorylated pUCI19 vector. After
transformation into One Shot TOP10 Electrocompetent E. coli
(Invitrogen), individual bacterial colonies were picked into 96-well
plates containing LB/glycerol. These plates were incubated over-
night at 37°C. The resulting bacterial suspensions were inoculated
into lysis buffer and denatured at 95°C for 5 min. DNA from each
clone was amplified using TempliPhi DNA polymerase (GE
Healthcare) according to manufacturer’s instructions. DNA
sequencing was performed using ET terminator chemistry and
MegaBace capillary sequencers as described above. The fosmid
clone end-sequences determined in this study have been deposited
in the GSS (genome survey sequences) division of GenBank under
the following accession numbers: DX586900-DX587205 (Rhodo-
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monas salina) and DX587206-DX587676 (Cryptomonas parame-
cium). A 30.933-kb contiguous sequence of R. salina fosmid clone
rs04C02 has been deposited in GenBank under accession number
DQ859722.

High-Density Filter Construction

High-density filters containing randomly selected fosmid clones
were constructed as follows. Glycerol stocks of fosmid clones were
first allowed to thaw. Using an automatic colony-arraying robot
(QPix2, Genetix), bacterial suspensions were spotted onto nylon
filters (Hybond N+, Amersham) that were placed in contact with
LB-agar containing chloramphenicol (12.5 pg/ml). A total of 1920
clones were arrayed on each filter (5 x 384 well plates). Bacterial
colonies were grown on one surface of the filter by incubation for
18 h at 37°C. The bacterial colonies arrayed on the filter were then
lysed in situ on reagent-soaked Whatman paper using a standard
alkaline lysis procedure (http://www.sanger.ac.uk/HGP/methods/
mapping/grids/lysis.shtml). Filters were extensively rinsed (2 x
SSC/0.1% SDS for 5 min, 2 x SSC for 5 min, two washes in 50 mM
Tris-Cl pH 7.4), dried, and UV cross-linked in preparation for
Southern hybridization.

PCR Amplification, Cloning, and Sequencing

PCR primers specific for Ty3-gypsy LTR retrotransposon se-
quences in Rhodomonas salina and Cryptomonas paramecium were
designed based on data obtained from fosmid clones and on amino
acid alignments of retrotransposon proteins from a wide range of
eukaryotic species. An ~400-bp DNA fragment from R. salina
coding for a portion of the reverse transcriptase domain of the
LTR retrotransposon was amplified using the following primers:
Rsal.gagpol.F1, ACACCACGAGTGGCTGGTTA; and Rsal.
gagpol.Rl, TTCTGGTAGAACCCAGCCAGTCC. A smaller
(~250-bp) fragment corresponding to the same region from C.
paramecium was amplified using the following primers:
Cpar.RT.F1, CAAGGCCGACGGCACCTGGCGCTTC; and
Cpar.RT.R1, CAGGAGYGACGACATGCCGTGCAGGCCG
AA. These primers were also used to generate labeled PCR prod-
ucts for Southern hybridization (below) using the digoxygenin
(DIG) synthesis kit (Roche Diagnostics Corp., Indianapolis, IN).
PCR products were purified using the MinElute Gel Extraction Kit
(Qiagen Sciences, Valencia, CA) and cloned using the Topo TA
Cloning Kit (Invitrogen) according to the manufacturer’s protocol.
Individual clones were selected and grown overnight in 2 ml of LB
medium. Plasmids were extracted using the Fastplasmid Mini Kit
(Eppendorf) and insert sizes were determined by restriction enzyme
digestion.

Cloned DNA fragments generated by PCR were sequenced
using the CEQ Dye Terminator Cycle Sequencing (DCTS) kit
(Beckman Coulter, Inc., Fullerton, CA) and run on Beckman
Coulter CEQ8000 capillary DNA sequencers. The sequences of
PCR products have been deposited in GenBank under accession
numbers DQ641209-DQ641220 (R. salina) and DQ641221-
DQ641235 (C. paramecium).

Genomic Digests and Southern Hybridizations

Total genomic DNAs (~2 ug) from Cryptomonas paramecium and
Rhodomonas salina were digested using various combinations of
restriction enzymes, including Pstl, EcoR1, Hindlll, BamHI, BgllI,
and Mbol (Invitrogen). Digests contained ~10 U of enzyme and
were incubated overnight at 37°C. The digested samples were re-
solved on 1% agarose gels for 16 h at 20 V. Gels were blotted onto
positively charged nylon membranes (Roche Diagnostics Corp.)
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using the method described in Current Protocols in Molecular
Biology (Wiley Interscience, New York). Southern hybridizations
with DIG-labeled probes were performed overnight at 60°C and
membranes were processed using the DIG Luminescence Detection
Kit and CDP-Star substrate (Roche Diagnostics Corp.).

Data Analysis

Fosmid clone end-sequences obtained from the R. salina and C.
paramecium libraries were compared to sequences in GenBank
using BLASTX and BLASTN (Altschul et al. 1997). Sequences
with no obvious similarity to known genes were searched for the
presence of repetitive elements using the program Tandem Repeats
Finder (http://www.tandem.bu.edu/trf/trf.html; Benson 1999).
Contiguous sequences were assembled using the Staden package
(Dear and Staden 1991) and Sequencher version 4.5 (GeneCodes
Corp., Ann Arbor, MI). Artemis (The Sanger Institute) was used to
construct G + C content profiles using a 100-bp sliding window.
Phylogenetic analysis of Ty-3 gypsy retrotransposons was per-
formed on the reverse transcriptase (RT) domain of the pol protein.
Amino acid sequences inferred from the new R. salina and C.
paramecium Ty-3-gypsy coding sequences were added to a com-
prehensive RT domain alignment provided by I. Marin (Marin and
Lloréns 2000) and aligned by eye. Additional sequences were re-
trieved from GenBank and the Joint Genome Institute web site
(http://www jgi.doe.gov/). Phylogenetic analyses were performed
on alignments of various lengths, depending on the presence/ab-
sence of partial sequences (e.g., the PCR-generated fragments from
C. paramecium). The final alignment (available upon request)
contained 56 sequences and 111 unambiguously aligned amino acid
positions. TREE-PUZZLE 5.2 (Strimmer and von Haeseler 1996)
was used to construct I'-corrected distance matrices using the
WAG substitution matrix and a four-rate category discrete
approximation to the I" distribution plus an invariable sites cate-
gory estimated from the data. Phylogenies were inferred from these
matrices using FITCH (http://www.evolution.genetics.washing-
ton.edu/phylip.html) and BIONJ (Gascuel 1997). Maximum like-
lihood trees were inferred using PHYML version 2.3 (Guindon and
Gascuel 2003) with the WAG substitution matrix and four I'-dis-
tributed rate categories. Statistical support for the resulting
topologies was determined by bootstrapping with 100 replicates.

Results

Fosmid End-Sequencing Survey

Despite their evolutionary significance, the crypto-
monads are a very poorly understood eukaryotic
lineage. The plastid and nucleomorph genomes of the
model cryptomonad Guillardia theta have been
completely sequenced (Douglas and Penny 1999;
Douglas et al. 2001), as has the mitochondrial gen-
ome of Rhodomonas salina (Hauth et al. 2005), but
very few nucleus-encoded genes have been isolated.
Those that have been studied are limited to ribosomal
RNA (rRNA) genes (e.g., Hoef-Emden 2005; Hoef-
Emden et al. 2002) and a handful of conserved pro-
tein genes isolated by PCR for the purposes of phy-
logenetic reconstruction (e.g., Harper et al. 2005).
In order to obtain a preliminary glimpse into the
structure and content of the cryptomonad nuclear
genome, and at the same time identify cloned frag-

ments containing nucleomorph and plastid DNA, we
performed a small-scale sequence survey of large-in-
sert fosmid libraries constructed from total DNA
isolated from two distantly related cryptomonad
species, Rhodomonas salina and Cryptomonas para-
mecium. Five hundred seventy-six (R. salina) and
1056 (C. paramecium) clones were chosen at random
from each library and sequenced from one or both
ends. Three hundred five of the R. salina clones and
471 clones from C. paramecium produced quality
sequence data >200 bp in length. With an average
read length of ~500 bp, these surveys correspond to
~150 and ~235 kb of genomic sequence data from R.
salina and C. paramecium, respectively. Quality se-
quences were compared to GenBank using BLASTN
and BLASTX searches (Altschul et al. 1997), and the
results are summarized in Tables 1 and 2. Very few of
the end sequences produced significant matches to
known or predicted genes in the public databases. In
R. salina, six of the randomly selected fosmids appear
to contain DNA derived from the plastid genome
(Table 1), as the end-sequences of these clones
showed strong similarity to genes encoded in the
plastid genome of the cryptomonad Guillardia theta
(Douglas and Penny 1999). The relatively low G + C
content of these sequences (32%—-50%) is also con-
sistent with a plastid origin. In contrast, none of the
end-sequenced fosmids from C. paramecium appear
to contain plastid DNA, and none of the R. salina or
C. paramecium fosmid clones harbor DNA clearly
derived from the nucleomorph genome. The top hit in
the C. paramecium survey was from a clone
(Cpar_0002b06) containing a full-length histone H2A
gene, while for R. salina the top nonplastid match
was to a mastigoneme-like protein in Entamoeba
histolytica. None of the R. salina genes possessed
obvious spliceosomal introns, although two genes in
C. paramecium (P-type ATPase and U6 snRNP)
contained putative introns <100 bp in length with
canonical GT-AG boundaries (data not shown).

Tandem Repeat Sequences

A significant fraction of the fosmid end sequences
obtained from the Rhodomonas salina and Crypto-
monas paramecium library clones showed no simi-
larity to known genes. Upon visual inspection, some
of these sequences appeared to be of low complexity
and showed evidence of repetitive structure. We
therefore used the program Tandem Repeats Finder
(Benson 1999) to systematically search for tandem
repeats in all sequences that failed to produce a sig-
nificant BLASTN or BLASTX hit. In sum, 2.3% and
4.7% of the R. salina and C. paramecium sequences,
respectively, possessed tandemly repeated sequences
(Tables 1 and 2). The repeats spanned a large range
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Clone ID Accession  Putative ID (protein / gene, top hit organism) e-value® % G + C
Plastid
Rsal_0005g11 DX587154 Photosystem I P700 chlorophyll a apoprotein 1e-96 42
A2/psaB; Guillardia theta (plastid)
Rsal_0002a01 DX587010 RNA polymerase b” subunit/rpoC2; Guillardia theta (plastid) le-108 38
Rsal_0002all DX587015 Magnesium chelatase/ch1l (end sequence also Te-76 33
contains psaM); Guillardia theta (plastid)
Rsal_0002c01 DX587024 Clp protease/clpC; Guillardia theta (plastid) 8e-111 38
Rsal_0006b07 DX587169 Cytochrome b559 o subunit/psbE; Guillardia theta (plastid) 2e-42 33
Rsal_0005b03(f) DX587133 16S rRNA gene; Guillardia theta (plastid) 0.0 (BLASTN) 50
Rsal_0005b03(r) DX587134 Ribosomal protein L13/rpL13 (end sequence 2e-39 32
also contains rpoA); Guillardia theta (plastid)
Miscellaneous
Rsal_0003d09 DX587090 Mastigoneme-like protein; Entamoeba histolytica 2e-10 63
Rsal_0003c04 DX587079 Chromatin condensation factor; Triticum aestivum 4e-07 63
Rsal_0003g12 DX587110 Multidrug resistance-associated protein/ABC transporter; Triticum aestivum  6e-09 60
Rsal_0003g04 DX587105 Protein kinase; Rattus norvegicus le-05 54
Retrotransposons
Rsal_0004a01 DX587116 Polyprotein; Glycine max Se-65 42
Rsal_0006d06 DX587181 Retrotransposon polyprotein; Ipomoea batatas 3e-55 45
Rsal_0002b07 DX587020 Putative retroelement; Oryza sativa 2e-48 53
Rsal_0002b08 DX587021 Putative retroelement; Oryza sativa 5e-42 52
Rsal_0001c05(r) DX586935 Retrotransposon protein; Oryza sativa 9e-44 47
Rsal_0006g12 DX587198 Ty3-gypsy putative retrotransposon protein; Oryza sativa 4e-33 36
Rsal_0001b07 DX586921 Retrotransposon, Ty3-gypsy subclass; Oryza sativa 4e-33 52
Rsal_0002£10 DX587051 Putative retroelement integrase; Arabidopsis thaliana Se-18 45
Rsal_0002d02 DX587032 Putative gag-pol polyprotein; Oryza sativa le-16 59
Rsal_0003e03 DX587094 Copia-type polyprotein; Arabidopsis thaliana 2e-11 56
Rsal_0003c06 DX587080 Putative retroelement pol polyprotein; Oryza sativa 4e-12 56
Rsal_0002e07 DX587046 Retrotransposon Tca5 polyprotein; Candida albicans le-13 51
Rsal_0001f07(f) DX586972 Gag-pol polyprotein; Aspergillus flavus 3e-40 43
Rsal_0001f06 DX586970 Copia-type polyprotein; Arabidopsis thaliana 6e-09 51
Rsal_0005d04 DX587143 Polyprotein; Aspergillus flavus le-05 50
Rsal_0005d02 DX587144 Pol polyprotein; Anopholes gambiae 5e-05 55
Rsal_0006b01 DX587164 Pol like protein; Danio rerio 7e-05 60
Rsal_0003f06 DX587098 Putative retrotransposon RIREI polyprotein; Zea mays le-04 50
Rsal_0006b04 DX587167 Pol protein; Phanerochaete chrysosporium le-04 45
Rsal_0001a03 DX586903 Putative endonuclease/reverse transcriptase; Lymantria dispar Se-04 60
Rsal_0003h02 DX587112 Putative gag-pol polyprotein; Zea mays 5e-06 57
Rsal_0001a02 DX586901 Copia-type polyprotein; Arabidopsis thaliana 7e-09 53
Rsal_0004b06 DX587118 Retrotransposon long terminal repeat® n/a 55
Rsal_0005f04 DX587148 Retrotransposon long terminal repeat® n/a 47
Rsal_0005h09 DX587157 Retrotransposon long terminal repeat® n/a 49
Rsal_0005h10 DX587158 Retrotransposon long terminal repeat® n/a 54
Rsal_0006g08 DX587197 Retrotransposon long terminal repeat® n/a 47
Rsal_0002c05 DX587027 Retrotransposon long terminal repeat® n/a 49
Repetitive sequences
Rsal_0005h07 DX587155 84-bp repeat (copy number = 4.7, % matches = 89, % indels = 7) n/a 54
Rsal_0005c03 DX587141 18-bp repeat (copy number = 2.3, % matches = 95, % indels = 0) n/a 60
Rsal_0002d05 DX587036 15-bp repeat (copy number = 4.1, % matches = 76, % indels = 2) n/a 56
8-bp repeat (copy number = 22.9, % matches = 91, % indels = 4)
3-bp repeat (copy number = 42.3, % matches = 72, % indels = 7)
Rsal_0002b09 DX587022 14-bp repeat (copy number = 4.9, % matches = 75, % indels = 13) n/a 57
Rsal_0003h06 DX587113 12-bp repeat (copy number = 3.1, % matches = 79, % indels = 13) n/a 52
2-bp repeat (copy number = 41.5, % matches = 90, % indels = 0)
Rsal_0006g01 DX587193 12-bp repeat (copy number = 6.3, % matches = 77, % indels = 0) n/a 51
6-bp repeat (copy number = 57.3, % matches = 74, % indels = 13)
Rsal_0002g07 DX587057 10-bp repeat (copy number = 5.1, % matches = 100, % indels = 0) n/a 60

6-bp repeat (copy number = 7.8, % matches = 100, % indels = 0)

# BLASTX unless otherwise indicated.
® Confirmed by fosmid subcloning and sequencing.
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Table 2. Fosmid end-sequencing survey: Cryptomonas paramecium CCAP977/2A

Clone ID Accession  Putative ID (protein / gene, top hit organism) e-value® % G + C
Miscellaneous
Cpar_0005h02 DX587399  WDA40 repeat protein; Nostoc punctiforme; repeat structure detected 2e-42 58
as 126-bp repeat element (copy number = 1.9, % matches = 80)
Cpar_0002b06 DX587278  Histone H2A; Volvox carteri 4e-52 58
Cpar_0008gl1 DX587538 Malonyl-CoA:ACP transcylase / fabD; Guillardia theta 9e-32 52
Cpar_0010d07 DX587614  P-type calcium ATPase; Magnaporthe grisea 7e-20 50
(coding sequence interrupted by 3 potential introns)
Cpar_0006d10  DX587435  Glutamine-rich hypothetical protein; Xenopus laevis Te-26 64
Cpar_0006d02 DX587429  Multidrug resistance protein; Macaca mulatta 2e-06 61
Cpar_0001b04 DX587213  Cystine-rich hypothetical protein; Giardia lamblia 3e-12 58
Cpar_0001d01  DX587227  Hypothetical protein; Dictyostelium discoidium 6e-08 50
Cpar_0009f12  DX587574  Ué6-associated snRNP; Mus musculus 6e-11 43
(coding sequence interrupted by potential intron)
Cpar_0006c12  DX587427  Protein kinase; Oryza sativa 2e-10 66
Cpar_0008f09  DX587529  Dynein-like protein; Pan troglodytes 2e-06 65
Cpar_0006h10 DX587464  Proline-rich hypothetical protein; Homo sapiens 4e-07 64
Cpar_0008al0 DX587502  Transcription initiation factor IID/tfIId; Encephalitozoon cuniculi 2e-06 59
Retrotransposons
Cpar_0006al0 DX587411  Putative retroelement pol polyprotein; Arabidopsis thaliana Te-44 72
Cpar_0008h02 DX587540 Putative gag-pol polyprotein; Oryza sativa 8e-21 64
Cpar_0005f04  DX587385  Reverse transcriptase; Ciona intestinalis 4e-16 69
Cpar_0010b10  DX587600  Putative retroelement; Ciona intestinalis 4e-15 51
Cpar_0003h11 DX587333  Pol-like protein; Danio rerio 3e-14 50
Cpar_0002¢10  DX587292  Pol-like protein; Ciona intestinalis Se-12 60
Repetitive sequences
Cpar_0009d11  DX587564  173-bp repeat (copy number = 3.4, % matches = 90, % indels = 6) n/a 79
Cpar_0006f05  DX587444  168-bp repeat (copy number = 2.2, % matches = 96, % indels = 1) n/a 71
Cpar_0004al12 DX587337  165-bp repeat (copy number = 3.5, % matches = 90, % indels = 5) n/a 58
Cpar_0006all  DX587412  54-bp repeat (copy number = 3.2, % matches = 93, % indels = 0) n/a 65
Cpar_0009g02 DX587575  54-bp repeat (copy number = 10.1, % matches = 97, % indels = 1); n/a 68
overlaps with repeat element in Cpar_0010e02 and Cpar_0010a02
Cpar_0010a02 DX587588  54-bp repeat (copy number = 13.1, % matches = 92, % indels = 1); n/a 71
overlaps with repeat element in Cpar_0010e02 and Cpar_0009g02
Cpar_0010e02  DX587619  54-bp repeat (copy number = 9.1, % matches = 96, % indels = 0); n/a 71
overlaps with repeat element in Cpar_0010a02 and Cpar_0009g02
Cpar_0010f08  DX587629  39-bp repeat (copy number = 9.2, % matches = 99, % indels = 0); S5e-39 59
similarity to transcription elongation regulator 1-like protein; Pan troglodytes
Cpar_0005b07 DX587366  39-bp repeat (copy number = 5.4, % matches = 90, % indels = 0) n/a 64
24-bp repeat (copy number = 2.0, % matches = 87, % indels = 0)
18-bp repeat (copy number = 2.7, % matches = 93, % indels = 0)
Cpar_0006b08 DX587420  35-bp repeat (copy number = 2.0, % matches = 100, % indels = 0) n/a 41
28-bp repeat (copy number = 2.9, % matches = 90, % indels = 0)
18-bp repeat (copy number = 2.0, % matches = 100, % indels = 0)
2-bp repeat (copy number = 14.5, % matches = 100, % indels = 0)
Cpar_0008b04 DX587505  27-bp repeat (copy number = 14.4, % matches = 90, % indels = 2) n/a 71
Cpar_0006e03  DX587439  21-bp repeat (copy number = 16.2, % matches = 89, % indels = 0) n/a 67
19-bp repeat (copy number = 2.1, % matches = 85, % indels = 4)
Cpar_0006d01 DX587428  16-bp repeat (copy number = 43.2, % matches = 85, % indels = 4) n/a 61
Cpar_0007b06  DX587470  12-bp repeat (copy number = 3.9, % matches = 82, % indels = 0) n/a 21
Cpar_0008f10  DX587530  10-bp repeat (copy number = 4.4, % matches = 94, % indels = 2) n/a 40
10-bp repeat (copy number = 3.4, % matches = 100, % indels = 0)

Cpar_0001b04 DX587213  4-bp repeat (copy number = 38.3, % matches = 89, % indels = 1) n/a 42
Cpar_0010f09  DX587630  22-bp repeat (copy number = 1.9, % matches = 100, % indels = 0) n/a 52
6-bp repeat (copy number = 6.8, % matches = 94, % indels = 0)

8-bp repeat (copy number = 18.1, % matches = 78, % indels = 7)
31-bp repeat (copy number = 4.6, % matches = 75, indels = 9)
23-bp repeat (copy number = 6.0, % matches = 76, % indels = 5)
14-bp repeat (copy number = 6.8, % matches = 75, % indels = 15)
Cpar_0010gl2  DX587643  3-bp repeat (copy number = 8.7, % matches = 100, % indels = 0) n/a 54
Cpar_0010h02 DX587644  55-bp repeat (copy number = 3.2, % matches = 90, % indels = 4) n/a 70
82-bp repeat (copy number = 2.2, % matches = 88, % indels = 4)
27-bp repeat (copy number = 6.5, % matches = 86, % indels = 6)
55-bp repeat (copy number = 2.8, % matches = 87, % indels = 6)
Cpar_0011a08 DX587652  55-bp repeat (copy number = 2.1, % matches = 88, % indels = 1) n/a 64

(Continued)
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Clone ID Accession Putative ID (protein / gene, top hit organism) e-value® % G + C
Cpar_0011cl1 DX587655 10-bp repeat (copy number = 4.2, % matches = 79, % indels = 8) n/a 43
21-bp repeat (copy number = 2.7, % matches = 88, % indels = 2)
51-bp repeat (copy number = 2.0, % matches = 86, % indels = 0)
Cpar_0011el2 DX587662 44-bp repeat (copy number = 5.0, % matches = 97, % indels = 0) n/a 72

* BLASTX search.

of sizes, from di- or tri-nucleotides up to more than
100 bp in length, and were repeated as few as 2 times
and up to more than 30 times in both species. As
expected for such sequences, many of the repeats
were degenerate to some degree, though many
showed identities between 95% and 100% across the
full length of the array. We identified a particularly
striking case of a 54-bp repeat present in end-se-
quences obtained from four independent C. parame-
cium fosmid clones (Cpar_0006all, Cpar_0009g02,
Cpar_0010a02, and Cpar_0010e02; Table 2). Three
of these sequences contained very similar—although
not identical—repeat structures and overlapped with
one another to form a single contig. While the
G + C contents of the tandem repeat-containing
clones in R. salina were relatively uniform, they var-
ied significantly in C. paramecium, ranging from 21%
to 79% (Tables 1 and 2). Given the low G + C
content of the nucleomorph genomes of cryptomo-
nads (Douglas et al. 2001; Gilson and McFadden
2002), and organellar genomes in general, it is pos-
sible that the 21% G + C clone in C. paramecium is
in fact derived from the nucleomorph, mitochondrial,
or plastid genome.

Abundance and Diversity of Ty3-gypsy LTR
Retrotransposons

Nine and seven-tenths percent of successful end-se-
quences obtained from the R. salina fosmid library
and 1.3% of the C. paramecium sequences produced
significant BLASTX matches to retrotransposons
(Tables 1 and 2). In both species, the majority of
these clones showed similarity to the various domains
of the Ty3-gypsy class of long terminal repeat (LTR)
retrotransposons in plants. Significant hits to TyI-
copia and other retroviral elements were also ob-
served in R. salina. To further explore the possibility
that mobile genetic elements are a prominent feature
of the nuclear genomes of these organisms, we per-
formed a variety of Southern hybridization experi-
ments using probes designed to the region of the
retrotransposon gene encoding the conserved RT
domain. Figure 1 shows the results of hybridizations
performed on R. salina and C. paramecium gDNAs
digested with a variety of different restriction en-
zymes, singly and in combination. Multiple hybrid-

ization bands were apparent in all cases, suggesting
that LTR retrotransposon genes are indeed present in
multiple copies in the nuclear genomes of both spe-
cies.

To further assess the abundance of retroelements
in the Rhodomonas salina nuclear genome, we per-
formed additional hybridizations against randomly
selected fosmid clones printed in duplicate on high-
density filters. Using the R. salina retrotransposon
RT domain probe described above, approximately
27% (521 of 1921) of the fosmids produced strong
hybridization signals on both filters (Fig. 2), sug-
gesting that at least one RT domain coding region
from the Ty3-gypsy family is present on the ~40-kb
insert in each of the clones. To rule out the possibility
that the R. salina fosmid clone library used in our
sequencing survey and hybridization experiments is
artificially enriched for retrotransposon-containing
genomic regions, we randomly selected 15 of the 521
positive clones for end-sequencing. None of these
sequences showed any similarity to one another.
Technical difficulties prevented us from assessing the
abundance of retroelements in the C. paramecium
genome using Southern hybridizations against high-
density filters.

We also used PCR to explore the diversity of
LTR retrotransposons in the Rhodomonas salina and
Cryptomonas paramecium nuclear genomes. Primers
were designed against conserved regions of the RT
domain and used to amplify retrotransposon gene
fragments from genomic DNA of both organisms.
PCR products of the expected size (~400 and ~250
bp for R. salina and C. paramecium, respectively)
were cloned and nine independent clones were se-
quenced for both species. None of the PCR-gener-
ated clones proved to be identical to the
retrotransposon genes uncovered in the fosmid
sequencing surveys, and within the two species,
interclonal identities ranged between 91% and 99%
(R. salina) and between 80% and 100% (C. para-
mecium; data not shown). Interestingly, most of the
clonal heterogeneity observed in the retrotransposon
gene fragments amplified from both species was in
the form of silent substitutions, suggesting that
purifying selection is a factor in the evolution of
these genes. In both R. salina and C. paramecium, a
single clone was found to encode an in-frame stop
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Fig. 1. Presence of multiple copies of Ty3-gypsy LTR-retro-
transposons in the nuclear genomes of Rhodomonas salina and
Cryptomonas paramecium. Southern hybridizations were performed
against restriction enzyme-digested genomic DNAs. A R. salina
genomic DNAs hybridized with a dig-labeled probe specific to the
reverse transcriptase domain of the Ty3-gypsy LTR-retrotranspo-

codon; it is unclear whether these represent PCR-
generated errors or were amplified from bona fide
degenerate retrotransposon genes in the R. salina
and C. paramecium genomes. This caveat aside, our
data suggest that significant numbers of these mo-
bile elements may be active at the same time in both
genomes.

Structure of the Ty3-gypsy LTR Retrotransposon in
Rhodomonas salina

Long terminal repeat (LTR) retrotransposons consti-
tute one of the two major families of retrotransposons
(the other being the non-LTR retrotransposons
[Havecker et al. 2004]). As their name suggests, the
LTR retrotransposons are characterized by the pres-
ence of direct sequence repeats: these repeats flank the
gag and pol genes, which encode proteins involved in
the process of transposition. The gag gene encodes a
structural protein, whereas the pol gene encodes a
protein with several functions, including protease
(PR), RT, and integrase (INT) activities. Approxi-
mately 50% of the LTR retrotransposons studied
contain a single open reading frame (ORF) fusing the
gag and pol genes, a feature that is particularly
prominent in plant sequences (Havecker et al. 2004). A
40- to 50-amino acid-long domain called the
“chromodomain” (CD) is also present at the C-ter-
minal region of the INT domain in a variety of plant,
animal, and fungal elements (Marin and Lloréns
2000): Ty3-gypsy elements that possess a CD are often
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son of this species (see text). B-D Southern hybridizations using C.
paramecium genomic DNAs and a C. paramecium reverse trans-
criptase-specific probe. The presence of numerous hybridizing
bands suggests that retrotransposons are present in multiple copies
in both the R. salina and the C. paramecium nuclear genomes.

referred to as chromoviruses (Kordis 2005). The
chromodomain itself is present in a variety of different
proteins and is believed to be involved in methylation,
chromatin remodeling, and gene expression (Eissen-
berg 2001; Nielsen et al. 2002). In the context of ret-
rotransposons, the CD domain has been suggested to
be involved in targeting the chromovirus to specific
sites in the genome (Malik and Eickbush 1999).

In order to determine the structure and organiza-
tion of the cryptomonad retrotransposons, and to
gain further insight into the genomic organization
and density of the cryptomonad nuclear genome, we
selected 1 of the 15 Rhodomonas salina fosmids pro-
ducing a strong hybridization signal in our high-
density filter hybridizations for subcloning and
complete sequencing. Shotgun sequencing of this fo-
smid to a depth of eightfold coverage produced three
contigs, the largest of which was 30.9 kb in size. As
anticipated, this fragment contained a full-length
Ty3-gypsy element (Fig. 3) that was determined to be
9097 bp long, on par with such elements found in
other nuclear genomes (Kumar and Bennetzen 1999).
The LTRs were each 787 bp long and essentially
identical to one another (differing at only one
nucleotide position). As is the case in LTRs charac-
terized from other organisms, the R. salina LTRs
possess 5’-TG...CA-3" dinucleotide end sequences.
The LTRs were also found to be highly similar
(though not identical) to the end sequences of six
independent clones analyzed in the R. salina fosmid
end-sequencing survey (Table 1). These clones pre-
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Fig. 2. High abundance of Ty3-gypsy LTR-retrotransposons in
the Rhodomonas salina nuclear genome. A duplicate set (A and B)
of 1920 randomly chosen fosmid clones was spotted onto high-
density filters and used in Southern hybridizations with a R. salina
probe designed against a portion of the retrotransposon gene
encoding the reverse transcriptase domain. Five hundred twenty-
one of the 1920 clones (~27%) produced reliable hybridization
signals. Fifteen fosmids (boxed) were chosen at random for end-
sequencing: none of these clones were found to be identical. One of
these fosmids (clone rs04C02; highlighted by an arrow) was sub-
cloned and completely sequenced.

sumably also encode partial or full-length retroele-
ments.

The structure of the full-length R. salina Ty3-gypsy
retroelement gene and its surrounding genomic con-
text is shown in Fig. 3. A region encoding a canonical
zinc finger (ZF) binding domain is observed in the
gag gene (~1.1 kb), and as has been observed in other
systems, a frameshift exists between the gag and the
pol genes. This suggests that the mechanisms regu-
lating the abundance of the two gene products are
similar to those present in other organisms. The
overall structure of the R. salina pol protein is typical
of Ty3-gypsy elements in that the RT domain pre-
cedes the INT domain and a polypurine tract (PPT) is
just upstream of the 3" LTR. Although no obvious
primer binding site (PBS) with complimentarity to
the 3’ end of initiator methionine tRNA is apparent,
the sequence TGG appears immediately downstream
of the 5 LTR, indicative of a primer-dependent
mechanism of replication (Levin 1995). Intriguingly,
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the PR motif at the 5’-end of the po/ coding region
does not contain a start codon and is separated from
the RT domain by an in-frame stop codon. This re-
gion of the contig was covered by sequences from
seve independent sequences in our shotgun assembly,
so the stop codon is thus unlikely due to a sequencing
error. To determine if this is a general characteristic
of the R. salina Ty3-gypsy elements or is unique to
this clone, we PCR-amplified, cloned, and sequenced
DNA fragments spanning the gap between the gag
and the pol coding regions: in none of four indepen-
dent clones was a stop codon present in this position.
A similar situation exists at the 3’-end of the po/ gene.
A putative chromodomain coding region was found
in-frame with the R. salina pol coding sequence but
was separated from the INT domain by a stop codon.
The CD coding region also lacked a start codon, and
six PCR-generated clones overlapping this area did
not possess a stop codon between the INT and the
CD coding regions (see Discussion).

In addition to a full-length Ty3-gypsy retrotrans-
poson, the ~31-kb fragment of the R. salina nuclear
genome possesses a Tyl-copia element, although its
protein coding regions are interrupted by termination
codons and minisatellite sequences. LTR sequences
were undetectable in the regions adjacent to the gene,
suggesting that this particular retroelement is not
functional. Two hypothetical ORFs predicted to en-
code proteins of 1149 and 289 amino acids are also
present (Fig. 3). A strong codon bias was observed in
both ORFs, suggesting that they are bona fide genes
despite having no obvious similarity to known genes
in public databases. While the average G + C con-
tent of the ~31-kb fragment is ~53%, the G + C
content is below average in the region encoding the
pol protein and above average for ORF1149. The
fragment was also found to contain several tandem
repeat sequences (Fig. 3).

Phylogenetic Origin of the Cryptomonad Ty3-gypsy
LTR Retransposons

In order to infer the evolutionary history of the
cryptomonad Ty3-gypsy LTR retrotransposons, we
constructed phylogenetic trees from amino acid
alignments of the RT domain from diverse eukaryotic
Ty3-gypsy elements and representative viral se-
quences. Despite its high degree of conservation, the
small size of the RT domain makes the construction
of robust phylogenies difficult. Our preliminary
analyses using partial C. paramecium sequences and a
truncated alignment (79 unambiguously aligned res-
idues) showed the R. salina and C. paramecium genes
to branch together (data not shown). In the interest
of maximizing the amount of informative data, we
therefore removed C. paramecium and focused on
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more rigorous analyses of a larger alignment (111
sites) using the R. salina fosmid clone sequence as the
sole cryptomonad representative. Figure 4 shows a
maximum likelihood (ML) phylogeny taking into
account among-site rate heterogeneity. Even using
the maximum number of confidently aligned sites,
statistical support for individual nodes was generally
very low. A monophyletic grouping of the chrom-
odomain-containing retroelements (the ‘““chromovi-
ruses”’) was obtained using both ML and ML-
distance methods (with the exception of the Skipper
element of Dictyostelium discoidium), consistent with
the analysis of Marin and Lloréns (2000). Sequences
from the oomycete Phytophthora branched in two
different positions in the phylogeny, within and out-
side the chromovirus clade. Significantly, the R. sal-
ina Ty3-gypsy sequence determined in this study
branched at the base of the cluster of chromodomain-
containing sequences, although it did not branch with
the Phytophthora sequence in this group, as might be
expected based on the increasingly accepted rela-
tionship among cryptomonads, heterokonts (includ-
ing oomycetes), and other chromalveolate taxa
(Keeling et al. 2005).

Discussion

We have performed end-sequencing surveys of fo-
smid libraries constructed from total cellular DNA of
Rhodomonas salina and Cryptomonas paramecium,
two distantly related species of cryptomonad algae
for which very little molecular data are currently
available. The G + C content and (when apparent)
gene content of the clones suggest that most are de-
rived from the host nuclear genomes of these organ-
isms, as expected from the stoichiometry of nuclear to
organellar DNA in cryptomonads (Douglas et al.
2001). Furthermore, because the fosmid libraries
were constructed using nebulized DNA, we have no

Pol

the polypurine tract (PTT). RT,
reverse transcriptase; INT,
integrase; PR protease; CD,
chromodomain.

reason to believe that the sequenced clones represent
a significantly nonrandom sampling of the R. salina
and C. paramecium genomes. Therefore, although
small in scale, these surveys provide a first glimpse of
the structure and composition of the cryptomonad
nuclear genome.

The fosmid clone end-sequencing surveys of Rho-
domonas salina and Cryptomonas paramecium clearly
show that the nuclear genomes of both organisms
contain numerous retrotransposons and tandem re-
peat sequences. In the case of retrotransposons, these
observations were confirmed using Southern hybrid-
izations against restricted genomic DNAs (Fig. 1)
and high-density filters containing fosmid clones
(Fig. 2). In R. salina, the bulk of the retrotransposon
sequences belong to the Ty3-gypsy family, and the
most significant BLASTX matches were to retro-
transposons in various plant species (especially Oryza
sativa). Given that the Ty3-gypsy retroelements ap-
pear to be relatively rare outside animals, fungi, and
plants (Dusan 2005; Gorinsek et al. 2004), this raises
the intriguing possibility that the cryptomonad 7Ty3-
gypsy elements are derived from the nuclear genome
of the red algal endosymbiont that donated the
plastid to this lineage. Unfortunately, this could not
be tested using phylogenetic analysis due to the fact
that the complete genome of the red alga Cyanidios-
chyzon merolae (Matsuzaki et al. 2004) does not
contain these elements. Although two small frag-
ments of Ty3-gypsy elements are available from
Porphyra yezoensis, they were too short to include in
our analyses. With respect to other chromalveolate
taxa, Ty3-gypsy elements appear to be absent in
apicomplexans, and although they do exist in the
complete genome of the diatom Thalassiosira
pseudonana (Armbrust et al. 2004), they contain
numerous stop codons and are extremely divergent.
The only chromalveolate Ty3-gypsy elements useful
for comparison were from two species of the
oomycete Phytophthora, and, as is the case for cryp-
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Fig. 4. Protein maximum
likelihood phylogeny of the
reverse transcriptase domain of
diverse Ty3-gypsy
retrotransposons, rooted with
HIV-1. The chromodomain-
containing sequences are labeled,
as is the Rhodomonas salina Ty3-
gypsy sequence determined in this
study. The PHYML bootstrap
values >35% are indicated. The
scale bar indicates the inferred
number of amino acid
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tomonads, these have been reported to possess a
chromodomain (Dusan 2005). Based on this obser-
vation, it seems probable that the chromoviruses were
present in the common ancestor of cryptomonads
and heterokonts, and perhaps in the common
ancestor of all chromalveolates, although none of the
Phytophthora sequences branch specifically with R.
salina in our phylogenies (Fig. 4). More comprehen-
sive genome sequence data from Ty3-gypsy-contain-
ing red algae and additional chromalveolate species
will be needed to better resolve the origin and diver-
sification of the 7y3-gypsy retrotransposons in cryp-
tomonads and their closest relatives.

Despite the present uncertainty surrounding their
evolutionary origin, the Ty3-gypsy elements in cryp-
tomonads are interesting from a functional perspec-
tive. The R. salina elements possess canonical gag and
pol coding regions separated by a frameshift. Func-
tional studies of the mechanism of LTR retrotrans-
position have shown that much more Gag protein is
required than Pol (Gao et al. 2003). While ~50% of
examined LTR retrotransposons contain a single
open reading frame (ORF) fusing the gag and pol

substitutions per site.

genes (Havecker et al. 2004), LTR retrotransposons
can also use a “recoding’ mechanism for regulating
dosage. In this case, the gag and po/ ORFs are sep-
arated by either a frameshift or a stop codon, which
are occasionally ignored by the translation machin-
ery, resulting in the synthesis of pol protein. The
presence of a frameshift between the gag and the pol
ORFs in the R. salina LTR retrotransposons suggests
that a similar recoding mechanism appears to exist in
R. salina. In addition to this frameshift, we found
that in the full-length Ty3-gypsy retroelement ob-
tained by complete fosmid sequencing (Fig. 3), the
protease (PT) and chromodomain (CD) regions are
separated from the reverse transcriptase (RT) and
integrase (INT) domains of pol by in-frame stop co-
dons, and neither the PT nor the CD coding regions
possess start codons themselves. In contrast, the se-
quences of multiple PCR-amplified Ty3-gypsy ele-
ment fragments lacked stop codons in these regions.
The fact that the 5 and 3 LTRs on the fosmid-de-
rived element are essentially identical to one another
(differing at one position over 787 bp) suggests that
this particular element is the product of a very recent
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insertion. Although the in-frame stop codons sepa-
rating the PT-RT and INT-CD domains may be the
first signs of degeneration in this element, it is also
possible that they represent a biologically significant
regulatory mechanism present in a subset of 7Ty3-
gypsy retroelements in the cryptomonad nuclear
genome.

The fact that so few of the R. salina and C. para-
mecium end sequences determined in this study match
known genes/proteins is most likely due to the large
evolutionary distance between the cryptomonads and
other eukaryotes for which genome sequences are
available. Outside of the apicomplexans, the diatom
Thalassiosira pseudonana 1is currently the only
chromalveolate whose genome has been completely
sequenced (Armbrust et al. 2004), and although
cryptomonads and heterokonts (to which diatoms
belong) have long been thought to be related, robust
evidence for their common ancestry has been slow in
coming (reviewed by Archibald and Keeling 2005;
Bodyl 2005; Keeling 2004; Palmer 2003). From the
perspective of gene identification/annotation, the
wide evolutionary gulf between the cryptomonads
and other eukaryotes means that many bona fide
protein-coding genes may go unrecognized, particu-
larly in an end-sequencing survey such as ours where
read lengths are short and unedited sequences are
used as queries in BLAST searches. This “‘sampling”
phenomenon was apparent in the annotation of the
T. pseudonana genome: of the 11,242 protein coding
genes predicted in T. pseudonana genome, almost a
third showed no similarity to those in other proteo-
mes (Armbrust et al. 2004).

Another factor to consider is genome size. Beaton
and Cavalier-Smith (1999) used flow cytometry to
estimate the nuclear DNA content of 17 diverse
cryptomonad species and observed a wide variation,
between 0.72 and 8.8 pg per cell. Assuming that these
species are predominantly haploid (Beaton and
Cavalier-Smith 1999) and that 1 pg = 980 Mb, these
numbers correspond to genome sizes of between
~700 and 8600 Mb. Cryptomonas paramecium was
not examined in the study, but Rhodomonas salina
CCMP1319 was estimated to have a DNA content of
3.72 pg per cell, corresponding to a presumed 1C
nuclear genome size of ~3600 Mb. Gene density in a
genome of this size would presumably be very low.
We have been unable to confirm or refute the genome
size predictions of Beaton and Cavalier-Smith for R.
salina, but for several other cryptomonads, including
Guillardia theta CCMP327 and Hemiselmis rufescens
CCMP644, our pulsed-field gel electrophoresis and
flow cytometric data suggest that their results are a
significant overestimate of DNA content and genome
size (Archibald Lab, unpublished data). A more
complete picture of the size, structure, and composi-
tion of cryptomonad nuclear genomes will ultimately

depend on rigorous genome size surveys and, where
possible, complete genome sequences.
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