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ABSTRACT. Cryptomonads are ubiquitous aquatic unicellular eukaryotes that acquired photosynthesis through the uptake and retention
of a red algal endosymbiont. The nuclear genome of the red alga persists in a highly reduced form termed a nucleomorph. The nucleo-
morph genome of the model cryptomonad Guillardia theta has been completely sequenced and is a mere 551 kilobases (kb) in size, spread
over three chromosomes. The presence of three chromosomes appears to be a universal characteristic of nucleomorph genomes in
cryptomonad algae as well as in the chlorarachniophytes, an unrelated algal lineage with a nucleomorph and plastid genome derived from
a green algal endosymbiont. Another feature of nucleomorph genomes in all cryptomonads and chlorarachniophytes examined thus far is
the presence of subtelomeric ribosomal DNA (rDNA) repeats at the ends of each chromosome. Here we describe the first exception to this
canonical nucleomorph genome architecture in the cryptomonad Hemiselmis rufescens CCMP644. Using pulsed-field gel electrophoresis
(PFGE), we estimate the size of the H. rufescens nucleomorph genome to be � 580 kb, slightly larger than the G. theta genome. Unlike
the situation in G. theta and all other known cryptomonads, sub-telomeric repeats of the rDNA cistron appear to be absent on both ends of
the second largest chromosome in H. rufescens and two other members of this genus. Southern hybridizations using a variety of nucleo-
morph protein gene probes against PFGE-separated H. rufescens chromosomes indicate that recombination has been a major factor in
shaping the karyotype and genomic structure of cryptomonad nucleomorphs.
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THE process of endosymbiosis has had a profound impact on
the evolution of photosynthetic life on Earth. The primary

endosymbiotic origin of plastids (chloroplasts), whereby a cyano-
bacterium became a permanent resident inside a previously het-
erotrophic eukaryote, is generally believed to have happened only
once, at least a billion years ago (Yoon et al. 2004), although a
second primary endosymbiosis appears to be in its early stages in
the cercozoan protist Paulinella chromatophora (Marin, Nowack,
and Melkonian 2005). Three modern-day eukaryotic lineages, the
glaucophytes, green algae (including land plants), and red algae,
harbor plastids whose ancestry can be traced directly back to the
primary endosymbiosis (Bhattacharya, Yoon, and Hackett 2004;
Keeling 2004). All other photosynthetic eukaryotes contain plas-
tids with a more complicated history, in which red or green
algae—and their plastids—were consumed by other eukaryotes,
but not digested. This process, referred to as secondary endosym-
biosis, has occurred at least three times throughout evolution and
has given rise to the bulk of the eukaryotic phototrophs in
the world’s oceans, including the dinoflagellates, haptophytes,
and heterokonts (Archibald and Keeling 2005; Delwiche 1999;
Keeling 2004).

The cryptomonads and chlorarachniophytes are two lineages of
secondary plastid-containing algae that offer a unique window
into the process of secondary endosymbiosis because they still
contain the relict nucleus of their eukaryotic endosymbionts in a
miniaturized form, termed a nucleomorph. The nucleomorph ge-
nomes of the cryptomonad, Guillardia theta (Douglas et al. 2001)
and of the chlorarachniophyte, Bigelowiella natans (Gilson et al.
2006) have been entirely sequenced. The two genomes are similar
in size, 551 and 373 kb, respectively, and in their basic architec-
ture. Both genomes are partitioned amongst three linear chromo-
somes and are extremely gene dense, with little in the way of
repetitive sequence. The similarities in the size and structure of
the G. theta and B. natans nucleomorph genomes are particularly
striking when one considers that they are the product of inde-
pendent secondary endosymbioses. While the cryptomonads har-
bor a plastid derived from a red algal endosymbiont (Van der
Auwera et al. 1998), the chlorarachniophyte plastid has a green
algal origin (McFadden et al. 1994).

The karyotypic diversity of nucleomorphs within the chlor-
arachniophytes and cryptomonads has been investigated using

pulsed-field gel electrophoresis (PFGE). Maier and colleagues
(Rensing et al. 1994; Zauner et al. 2000), McFadden and col-
leagues (Gilson and McFadden 1999; McFadden et al. 1994), and
most recently, Lane et al. (2006) have shown that the presence of
three chromosomes appears to be a universal feature of these ge-
nomes, although total nucleomorph genome size varies consider-
ably, between � 450 and � 845 kb in cryptomonads (Lane et al.
2006; Rensing et al. 1994) and � 380 to � 455 kb in chlor-
arachniophytes (Gilson and McFadden 1999). Genomic data in-
dicate that another common feature of chlorarachniophyte and
cryptomonad nucleomorph genomes is the presence of ribosomal
DNA (rDNA) cistrons immediately adjacent to the telomeric re-
peats on each of the six chromosome ends (Douglas et al. 2001;
Gilson et al. 2006). Southern hybridization experiments have
shown that rDNA repeats are present in a wide range of crypto-
monad and chlorarachniophyte algae (Gilson and McFadden
1999; Lane et al. 2006; Rensing et al. 1994), and the assumption
that the rDNA is sub-telomeric has been confirmed where inves-
tigated (Douglas et al. 2001; Gilson and McFadden 2002; Gilson
et al. 2006; Lane et al. 2006; Zauner et al. 2000). The functional
significance of this arrangement is currently unknown.

We have discovered the first known deviation from the canon-
ical nucleomorph genome architecture in the cryptomonad Hem-
iselmis rufescens CCMP644. We used Hoechst dye-cesium
chloride (CsCl) density gradient centrifugation to isolate DNA
fractions from each of its four genome-containing compartments
and show that, in contrast to the situation in the model cryptomo-
nad G. theta (Douglas 1988), the nucleomorph genome of
H. rufescens has a higher A/T content than its mitochondrial ge-
nome. Southern hybridizations against PFGE-separated nucleo-
morph chromosomes using nucleomorph rDNA probes reveal that
while H. rufescens and its closest relatives possess three nucleo-
morph chromosomes, only the 5S gene of the rDNA cistron re-
mains on their second largest chromosome. The results of
hybridizations using probes for several nucleomorph protein-
coding genes also suggest a significant amount of inter-chromo-
somal rearrangement relative to the nucleomorph genome of
G. theta (Douglas et al. 2001). These data are the first evidence
supporting inter-chromosomal rearrangements as a major force
shaping nucleomorph genome size and structure in cryptomonads.

MATERIALS AND METHODS

DNA extraction through nucleomorph 18S rDNA sequenc-
ing. Algal cultures were obtained from public collections (Table
1) and maintained under designated conditions. Routine DNA
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extractions, used for PCR and sequencing, were performed on
100 ml of dense log-phase culture, whereas DNA was extracted
from 8 l of culture for density gradient centrifugation experiments.
DNA extraction was performed and PCR was used to amplify the
nucleomorph 18S rDNA locus for phylogenetic reconstruction, as
previously described by Lane et al. (2006). PCR products were
separated on an agarose gel, excised, and purified with the Min-
Elute Gel Extraction Kit (QIAGEN Sciences, MD, USA) accord-
ing to the manufacturer’s instructions. Purified amplicons were
cloned using the Topo-TA Cloning Kit (Invitrogen, Carlsbad, CA,
USA). Three to five independent clones were sequenced using the
PCR primers and internal primers previously described by Lane
et al. (2006). Sequencing was performed on a Beckman Coulter
CEQ8000 (Beckman Coulter Inc., Fullerton, CA, USA) using the
CEQ Dye Terminator Cycle Sequencing Kit. Sequences produced
during this study have been submitted to GenBank under the
accession numbers DQ519363—DQ519365.

Pulsed-field gel electrophoresis (PFGE). Agarose plugs for
PFGE were prepared as previously described by Eschbach et al.
(1991) and Lane et al. (2006) using 2 l of log-phase culture as
starting material. A 1% agarose gel (1 � TBE) was run in 0.5%
(v/v) TBE buffer at 14.0 1C in a CHEF-DR III Pulsed-Field
Electrophoresis System (Bio-Rad Laboratories, Hercules, CA,

USA). Run time was 60 h at a voltage of 4.1 V/cm with a
30–10 s switch time.

Hoechst dye-CsCl centrifugation and fraction purification.
DNA was diluted with TE buffer to a total vol. of 10.5 ml and 11 g
of CsCl was added and allowed to thoroughly dissolve. Two mg of
Hoechst dye (No 33258, Sigma-Aldrich, St. Louis, MO, USA)
were added and the sample was gently inverted for at least an hour
to allow the dye to bind DNA. The sample was then transferred to
Quick-Seal centrifuge tubes (Beckman Coulter Inc.) and spun at
40,000 g for 40 h using a Ti-75 rotor in a L8-M ultracentrifuge
(Beckman Coulter, Inc.). DNA bands were visualized under long
wave ultraviolet light and individually extracted with a 30 gauge
needle with the tip cut off. Bands were removed from top to bot-
tom in the gradient and subjected to at least three rounds of bu-
tanol extraction to remove the dye. The resulting samples were
ethanol precipitated overnight at 4 1C. The DNA was rehydrated
in 10 ml (bands 1–4) or 500ml (band 5) of TE buffer and 10 ml of
each were loaded onto a 0.8% agarose gel and run at 60 V for 2 h.
Fraction 1 DNA was purified from a second 8-l batch of culture
and digested with EcoR1. The DNA was then separated on an
1.0% agarose gel and the 2-kb size fraction was removed, purified,
and cloned into puc19. A single 96-well plate of clones derived
from this library was sequenced and primers were designed to
three putative nucleomorph genes for the synthesis of Southern
hybridization probes.

Southern hybridization. DNA transfer to a positively charged
membrane was performed as in Lane et al. (2006) and labeled
DNA probes were synthesized using the PCR digoxygenin (DIG)
Synthesis Kit (Roche Diagnostics Corp., Indianapolis, IL, USA).
The oligonucleotide primers used to amplify the probes can be
found in Table 2. Hybridizations were done overnight at 57 1C
(rDNA probes) or 45 1C (protein-coding genes). Following
hybridization, the membranes were processed using the DIG
Luminescent Detection Kit and CDP-Star substrate (Roche Diag-
nostics Corp.).

Sequence analysis. Individual DNA sequence reads were as-
sembled into contigs and edited in Sequencher 4.2 (Gene Codes
Corp., Ann Arbor, MI, USA). Multiple sequence alignments were
constructed in MacClade v 4.06 (Maddison and Maddison 2003)
and aligned by eye. Ambiguously aligned positions were removed
before analysis. The nucleomorph encoded 18S rDNA data set
was subjected to maximum likelihood (ML) analysis in PAUP v
4.0b10 (Swofford 2002). One-thousand random sequence addition
replicates were performed using the heuristic search option, tree
bisection reconnection (TBR) branch swapping and the model
determined by Modeltest v 3.7 (Posada and Crandall 1998)
(TVM1I1G). Bootstrap analysis was performed with 100 repli-
cates of 10 random sequence additions. MrBayes v 3.0 (Huelsen-
beck and Ronquist 2003) was run for 1,000,000 generations using

Table 1. Taxa and GenBank accession numbers used for phylogenetic
analysis.

Taxon name Culture
strain

GenBank
Accession Number

Chroomonas mesostigmatica
R. Butcher ex D.R.A. Hill�

CCMP1168 DQ228123

Chroomonas pauciplastida nom. prov.
R. Butcher�

CCMP268 DQ519363

Chroomonas sp.� CCMP270 DQ228124
Chroomonas sp. M1312 AJ420678
Chroomonas sp. M1318 AJ420679
Chroomonas sp. M1418 AJ420680
Chroomonas sp. SAG B980-1 AJ420677
Hemiselmis rufescens Parke� CCMP439 AJ420690
Hemiselmis rufescens� CCMP644 DQ519365
Hemiselmis sp.� RCC659 DQ519364
Hemiselmis virescens Droop CCMP443 AJ420691
Unidentified Cryptomonad Uncultured U53191

Numbers in bold were obtained in this study. Culture collection abbre-
viations are as follows: CCMP, Provasoli-Guillard National Center for
Culture of Marine Phytoplankton, USA; M, Dr. Michael Melkonian, Ger-
many; RCC, Roscoff Culture Collection, France; SAG, Sammlung von
Algenkulturen Göttingen, Germany.
�Cultures maintained in the Archibald Laboratory.

Table 2. Nucleomorph, mitochondrial and plastid genes targeted for Southern hybridization probes and the primers used to amplify them.

Gene Forward Primer (50–30) Reverse Primer (50–30)

5S rDNA TATACGGCCATCCTCATGG ATACAGCACCTAGAGTTCC
28S rDNA ATCTCTTAGGATCGACTCACC TAAGCAGAACTGGCGATGC
18S rDNA ATCATTCAAATTTCTGCC CGACTACGAGCTTTTTAACTGC
ubc4 ATGGCTACAAAACGAATCC CATTCTTGTGCAGTTGCC
tubG TGCTGGAAACAACTGGGC TTGTAAGGTTGTATCAC
hsp70 GTAGAAAATTYGARGARYTNTGYATG ATCAAATGTTACYTCDATYTGNGG
iap100 TCCTAGTGGAAACGAACTAG GGCCATTTCAGATTTATCC
rpa2 AATTATCACAAACTAGTG TTACCGTACAGATAC
coxI CCAACCAYAAAGATATWGGTA GGATGACCAAARAACCAAAA
chlL CTAACGTGAAGCTTGCAGTATACG GCCATACATCTTCATAGTGG

Primers for tubG, iap100, and rpa2 are exact-match to Hemiselmis rufescens CCMP644. The primer sets for the 18S and hsp70 are cryptomonad
nucleomorph-specific. coxI is encoded in the mitochondrion and chlL in the plastid of H. rufescens.
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the GTR1I1G model to estimate posterior probabilities. Trees
were sampled every 100 generations and the first 4,000 trees were
discarded as ‘‘burn-in.’’ The remaining 6,000 trees were used to
calculate the consensus tree.

RESULTS

Nucleomorph karyotypes and 18S rDNA sequencing. As
part of an ongoing investigation of nucleomorph genome size
and structural diversity in a wide range of cryptomonad species,
we discovered that members of the genus Hemiselmis have a nu-
cleomorph genome structure unlike any of those described thus
far. PFGE of H. rufescens CCMP644 (formerly identified as Pla-
gioselmis prolonga) revealed the presence of three small chromo-
somes, approximately 205, 190, and 185 kb in size, similar to the
nucleomorph chromosomes in the model cryptomonad G. theta
(Fig. 1). Southern hybridizations using a probe designed to a frag-
ment of the nucleomorph 18S rDNA locus failed to produce posi-
tive hybridization signals for all three chromosomes, as has been
seen in all other examined species (Lane et al. 2006; Rensing et al.
1994). Chromosome II consistently produced no signal, and the
hybridization signal derived from chromosome III was approxi-
mately half as intense as that seen for chromosome I, suggesting a
possible difference in the number of rDNA copies between the
two (Fig. 1).

To determine whether this unusual feature is unique to this
species or is also present in related taxa, we selected two

additional relatively unstudied Hemiselmis strains for 18S rDNA
amplification, PFGE and Southern hybridization analysis: 1) H.
rufescens CCMP439 (from which the nucleomorph 18S rDNA
sequence was available; (Hoef-Emden, Marin, and Melkonian
2002); and (2) Hemiselmis sp. RCC659. A member of a related
genus, Chroomonas pauciplastida, was also included. In H. rufes-
cens CCMP439 and Hemiselmis sp. RCC659, chromosome II also
failed to hybridize with the 18S rDNA probe, and there was a
major difference in the size of the chromosome between the two
species (Fig. 1). This size variation is intriguing given that the two
strains of H. rufescens and Hemiselmis sp. RCC659 are extremely
closely related to one another, sharing 498% similarity over
1,830 bp of their nucleomorph 18S rDNA sequences (Fig. 2). In
contrast, the probe hybridized to all three of the (much larger)
nucleomorph chromosomes in C. pauciplastida (Fig. 1). These
results suggested two possibilities; either the nucleomorph ge-
nome of Hemiselmis spp. is spread over only two chromosomes
(with the middle band on the EtBr-stained gel being derived from
a different genome), or chromosome II of these taxa originated
from the nucleomorph, but does not encode a copy of the 18S
rDNA locus. In order to distinguish between these two possibil-
ities, and to further elucidate the dynamics of nucleomorph

Fig. 1. Pulsed-field gel electrophoresis separation of cryptomonad nu-
cleomorph chromosomes showing the disparity in 18S ribosomal DNA
probe hybridization signal between members of the genus Hemiselmis and
other cryptomonads. Whereas ethidium bromide staining reveals the pres-
ence of three nucleomorph bands in all cryptomonads, members of the
genus Hemiselmis only show a positive Southern hybridization signal to
chromosomes I and III when a portion of the nucleomorph 18S rDNA gene
is used as a probe. Additionally, the middle band is significantly (�30 kb)
smaller in H. rufescens compared with Hemiselmis sp. RCC659. Arrow-
heads indicate putative nucleomorph chromosomes and known chromo-
some sizes are labeled. Yeast is included as a size standard. Significant
cross-hybridization to host nucleus-encoded 18S rDNA gene(s) was also
observed.
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Fig. 2. Maximum likelihood phylogenetic tree of nucleomorph 18S
rDNA gene sequences showing the relationships between members of the
genus Hemiselmis and the related genus Chroomonas. Nucleomorph ge-
nome size estimates, based on pulsed-field gel electrophoresis analysis, are
listed adjacent to the relevant taxa. New 18S rDNA sequences are high-
lighted with a black background and ‘‘�’’ indicates previously published
genome size estimates (Lane et al. 2006). Numbers at nodes indicate like-
lihood bootstrap (100 replicates) values, followed by Bayesian posterior
probabilities. Values less than 50 are indicated by ‘‘-.’’ The tree is arbi-
trarily rooted between Hemiselmis and Chroomonas.
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genome structure and function, we selected H. rufescens
CCMP644 for more detailed molecular investigation.

Genomic characterization of H. rufescens CCMP644. Five
distinct DNA bands were produced after CsCl gradient centrifu-
gation (Fig. 3a). Bands were individually extracted from the gra-
dient and run on an agarose gel (Fig. 3b). To elucidate the identity
of each of these bands, gene probes were designed against select
mitochondrial, nucleomorph and plastid genes (Table 2). Southern
hybridizations against these fractions indicated that the band con-
taining DNA of the lowest density (i.e. most A/T rich) showed a
positive signal when probed with a portion of nucleomorph 18S
rDNA (Fig. 3c). Bands two and five also produced considerable
signal when probed with the nucleomorph 18S rDNA probe, but
subsequent hybridizations using mitochondrial coxI (Fig. 3d) re-
vealed that the mitochondrial DNA was mainly contained in band
2 and the close proximity of fractions one and two on the gradient
resulted in a certain amount of cross-contamination between the
two. Band 5 clearly represented the nuclear DNA (based on its
abundance and G/C content) and cross hybridization with the nu-
cleomorph 18S rDNA probe was expected based on our initial
PFGE results (Fig. 1). A plastid 16S rDNA probe (data not shown)
and a probe for the light-independent protochlorophyllide reduc-
tase (chlL) gene, which is encoded in the H. rufescens plastid ge-
nome (Archibald Lab, unpubl.), were used to identify band 3 as
that containing plastid DNA (Fig. 3e). None of the probes hy-
bridized significantly to band 4, which most likely represents a
satellite fraction of nuclear DNA with slightly higher A/T content
than the rest of the genome.

The CsCl gradient experiments allowed us to isolate a fraction
highly enriched with nucleomorph DNA from an organism with a
previously undescribed genomic arrangement. To further charac-
terize the nucleomorph genome of H. rufescens, a restriction en-
zyme library was made from material isolated from fraction 1 (see
‘‘Materials and Methods’’). Test sequencing from this library
confirmed that this fraction is indeed derived from the nucleo-
morph genome. To elucidate the identity of Chromosome II,
primers were designed to synthesize Southern hybridization
probes for three nucleomorph genes: (1) iap100—encoding a
component of the plastid import machinery; (2) rpa2—replica-
tion protein A2; and (3) tubG—Gamma tubulin. A fourth nucleo-
morph gene for the 70-kDa heat shock protein (hsp70) was
amplified using degenerate primers in use in the Archibald Lab
(Table 2). The probes for iap100 and rpa2 produced positive
hybridization signals for chromosome II of H. rufescens (Fig. 4).
These results indicate that chromosome II is of nucleomorph
origin and not from another source. The tubG and hsp70 probes
hybridized to chromosome I in H. rufescens, providing evidence
that these genes are both encoded there, rather than on separate
chromosomes, as in G. theta.

Having confirmed that chromosome II in H. rufescens is indeed
a nucleomorph chromosome, we synthesized H. rufescens probes
corresponding to each major component of the sub-telomeric re-
peats in the G. theta nucleomorph genome (Table 2). Southern
hybridizations showed that, as is the case for the 18S rDNA (Fig.
1), the 28S and ubc4 loci appear to be absent from chromosome II
in H. rufescens, but that the 5S rDNA locus persists (Fig. 5). These

Fig. 3. Hoechst dye-CsCl gradient centrifugation of total DNA from Hemiselmis rufescens CCMP644. (A) Five DNA bands were resolved in the
gradient and extracted individually. (B) The fractions were separated on an agarose gel and visualized using ethidium bromide stain. Southern hybrid-
izations were performed using a portion of (C) nucleomorph 18S ribosomal DNA, (D) mitochondrion-encoded cytochrome oxidase subunit I (coxI), and
(E) plastid-encoded protochlorophyllide reductase subunit L (chlL) as probes to determine which fraction(s) contained DNA from each genome. Fraction
1 showed the strongest nucleomorph signal, whereas fractions 2 and 3 were shown to contain mitochondrial and plastid DNA, respectively. Fractions 4
and 5 contained nuclear DNA (see text). Some cross-hybridization with the nuclear fraction was evident with all probes and may be the result of
contamination on the gradient, the presence of copies of organellar genes in the nuclear genome, or both.
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results were also observed for Hemiselmis sp. RCC659 (data not
shown). Several attempts to amplify a probe to hybridize to the
nucleomorph telomere in Hemiselmis were unsuccessful.

DISCUSSION

We have shown that members of the little-studied cryptomonad
genus Hemiselmis possess a nucleomorph genome unlike any pre-
viously described. The significance of the absence of complete
rDNA cistrons at the ends of chromosome II in H. rufescens
CCMP644 remains unclear, but in G. theta, these repeated por-
tions of the genome have an atypically high G/C content (� 45%)
for nucleomorph DNA (Lane et al. 2006). In addition to being a
feature of the nucleomorph genome in both G. theta and Bigelowi-
ella natans, sub-telomeric rDNA is present in the nuclear genom-
es of Dictyostelium discoideum (Eichinger et al. 2005), the
diplomonad Giardia lamblia (Hou et al. 1995; Le Blancq, Kor-
man, and Van der Ploeg 1991), and the microsporidian Enceph-
alitozoon cuniculi (Brugere et al. 2000; Katinka et al. 2001).
Convergence on subtelomeric rDNA cistrons in reduced genomes
is unlikely to be coincidence, but a functional role has yet to be
established. It is believed that rDNA has a role in telomere main-

tenance in the D. discoideum genome (Eichinger et al. 2005).
Where studied, the rDNA regions at the ends of nucleomorph
chromosomes, and the non-coding region adjacent to them, are
almost identical at each chromosome end, indicating a high level
of recombination or gene conversion (Douglas et al. 2001; Gilson
and McFadden 2002; Gilson et al. 2006). The fact that the entire
repeated region in G. theta (rDNA cistron and ubc4) except the 5S
rDNA (which is closest to the telomere) has been lost from
chromosome II in Hemiselmis suggests that they are not strictly
essential for chromosome structure in nucleomorphs, but their
maintenance in all other species examined thus far argues for an
important role.

In the nucleomorph genome of the chlorarachniophyte B. na-
tans (Gilson et al. 2006), the sub-telomeric multi-copy region in-
cludes a complete copy of the rDNA cistron on each chromosome
end (albeit without a 5S rDNA gene), as well as a truncated form
of dnaK on five of six ends. Gilson et al. (2006) speculated that the
dnaK pseudogene has spread from the single intact dnaK locus on
the left arm of chromosome II to the remaining chromosome ends
by recombination acting to homogenize the rDNA repeats. In
cryptomonads, if the rDNA arrangement in the H. rufescens nu-
cleomorph genome was initially the same as in G. theta, it appears
that a cross-over event occurred on chromosome II between the 5S
gene and the remaining portions of the cistron, which resulted in
the loss of the majority of the rDNA locus. This arrangement was
likely then propagated to at least the other end of chromosome II.

Recombination and gene conversion at subtelomeric regions
are common mechanisms in yeast, whose telomeres have been
thoroughly studied (Bhattacharyya and Lustig 2006; McEachern
and Iyer 2001), and high rates of recombination have been sug-
gested to be associated with duplication and divergence at the
ends of wheat chromosomes (See et al. 2006). If recombination is
most likely to occur at the chromosome ends and multiple copies
of the rDNA are necessary to carry out sufficient rates of trans-
lation, then their subtelomeric location in nucleomorph genomes
might be dictated by this structural constraint. Conversely, it may
be the rDNA operons themselves that promote recombination at
the chromosomal ends, providing an anchor point for DNA ex-
change between non-homologous chromosomes. It is significant
that only one multi-copy gene, designated ORF160, in the G. theta
nucleomorph genome is found outside of the subtelomeric re-
gions: three copies of ORF160 occur in G. theta, one on chromo-
some I and two copies on III, and all three are 100% identical at
the nucleotide level (Douglas et al. 2001). Determining the gene
content at the ends of chromosome II in H. rufescens may improve
our understanding of their evolution and separate ‘‘chicken’’ from
‘‘egg.’’ Efforts to completely sequence the nucleomorph genome
of H. rufescens CCMP644 are currently underway.

Nucleomorph genome karyotypes have been shown to vary
significantly between species (Lane et al. 2006; Rensing et al.
1994), but the reasons for this variation are unclear. Obvious pos-
sibilities include significant variation in amounts of non-coding
DNA in different species, differing coding capacities or some
combination of both. We have demonstrated previously that there
is variation in the size of the non-coding DNA region between the
single-copy DNA and rDNA cistrons in the nucleomorph chromo-
somes of different species (Lane et al. 2006), but whether this is a
general trend throughout the chromosomes is unclear. Whereas
nucleomorph chromosomes may differ in size simply due to the
amount of non-coding DNA, if gene content makes up the ma-
jority of the difference, then nucleomorph genomes may lose
coding DNA in large portions during recombination events. The
results presented here indicate that within Hemiselmis, there are
large differences (�30 kb) in the size of chromosome II between
Hemiselmis sp. RCC659 and the closely related H. rufescens
clade. The similarity in the size of chromosomes I and III among

Fig. 5. Southern hybridizations against the nucleomorph chromo-
somes of Hemiselmis rufescens CCMP644, which had been separated
using pulsed field gel electrophoresis (see Fig. 1), using probes designed to
each of the main components of ribosomal DNA, as well as ubiquitin
conjugating enzyme subunit four (ubc4). These genes occur in each of the
subtelomeric repeat regions in the sequenced nucleomorph genome of
Guillardia theta. In H. rufescens, whereas all of the probes hybridize to
chromosomes I and III, only the 5S rDNA produced a hybridization signal
against chromosome II.

Fig. 4. Southern hybridization results for nucleomorph-encoded gene
probes showing their genomic locations. The 18S ribosomal DNA probe
hybridizes to all three chromosomes in Guillardia theta (as expected) and
only chromosome I and III of Hemiselmis rufescens CCMP644. Probes
designed against nucleomorph-encoded genes (iap100—encoding a com-
ponent of the plastid import machinery, rpa2—replication protein A2,
tubG—Gamma tubulin, and hsp70—the nucleomorph gene for the 70-kDa
heat shock protein) hybridized to each of the chromosomes. The probes
for iap100 and rpa2 revealed that chromosomes II of H. rufescens is a
bona fide nucleomorph chromosome even though it lacks copies of the
18S rDNA.
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these species, in addition to their close phylogenetic relationship,
suggests that the size difference of chromosome II represents one
or a few recent and large deletion(s) or, less likely in our opinion,
an insertion(s). It is very unlikely that enough non-coding DNA
could be lost in an already highly reduced genome to account for
the difference over such short evolutionary time. Also, given the
extremely compact nature of nucleomorph genomes and the al-
most complete lack of pseudogenes in the G. theta sequence, in-
sertion events probably occur very rarely, if at all. It seems more
likely that large portions of the nucleomorph genome have been
lost in an ancestor of H. rufescens in one or a few events.

The idea that inter-chromosomal recombination could play a
major role in shaping the nucleomorph genome is supported by
our Southern hybridization data. In G. theta, hsp70 and tubG are
located on chromosomes I and III, respectively (Douglas et al.
2001). In contrast, these genes are both found on chromosome I in
H. rufescens CCMP644. Additionally, probes for rpa2 and iap100
both hybridize to chromosome II in H. rufescens, but are on dif-
ferent chromosomes in G. theta. Recombination has clearly re-
organized the nucleomorph genomes in cryptomonad lineages
since their common ancestor, and our karyotype data suggest
that this is an ongoing process. The complete sequence of the
H. rufescens nucleomorph should provide insight into the question
of whether large or small deletion events are the major force in
nucleomorph genome size variation among cryptomonads, but
preliminary evidence presented here points towards large losses.
Additionally, a second cryptomonad nucleomorph genome
sequence will allow for a comparison of the coding capacity of
these miniature genomes and shed light on the core set of proteins
required for their maintenance.
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