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Nucleomorph genomes: structure,
function, origin and evolution

John M. Archibald

Summary

The cryptomonads and chlorarachniophytes are two
unicellular algal lineages with complex cellular structures
and fascinating evolutionary histories. Both groups
acquired their photosynthetic abilities through the as-
similation of eukaryotic endosymbionts. As a result, they
possess two distinct cytosolic compartments and four
genomes—two nuclear genomes, an endosymbiont-
derived plastid genome and a mitochondrial genome
derived from the host cell. Like mitochondrial and plastid
genomes, the genome of the endosymbiont nucleus, or
‘nucleomorph’, of cryptomonad and chlorarachniophyte
cells has been greatly reduced through the combined
effects of gene loss and intracellular gene transfer. This
article focuses on the structure, function, origin and
evolution of cryptomonad and chlorarachniophyte nu-
cleomorph genomes in light of recent comparisons of
genome sequence data from both groups. It is now
possible to speculate on the reasons that nucleomorphs
persist in cryptomonads and chlorarachniophytes but
have been lost in all other algae with plastids of
secondary endosymbiotic origin. BioEssays 29:392-
402, 2007. © 2007 Wiley Periodicals, Inc.

“The optimum size for a nucleomorph genome is zero. . ..”
Thomas Cavalier-Smith (Ann Bot 2005 95:147—-175)

Eukaryotic genome diversity—the big picture

The nuclear genome is tremendously diverse in size and
structure. Taking into account the full breadth of eukaryotic
diversity, nuclear genomes vary in size ~200,000 fold" and
can be composed of a single chromosome (n=1 in the
Australian ant Myrmecia) or well over 100 (n =630 in the fern
Ophioglossum).® Unlike the large genomes of animals and

The Canadian Institute for Advanced Research, Program in Evolu-
tionary Biology, Department of Biochemistry and Molecular Biology,
Dalhousie University, Sir Charles Tupper Medical Building, 5850
College Street, Halifax, Nova Scotia, B3H 1X5, Canada.

E-mail: john.archibald@dal.ca

Funding agency: JMA is a Scholar of the Canadian Institute for
Advanced Research, Program in Evolutionary Biology. Research in the
Archibald Laboratory is supported by Genome Atlantic, operating
grants from the Natural Sciences and Engineering Research Council
of Canada and the Canadian Institutes for Health Research, as well
as a New Investigator Award from the Dalhousie Medical Research
Foundation.

DOI 10.1002/bies.20551

Published online in Wiley InterScience (www.interscience.wiley.com).

plants, which often harbor copious amounts of repetitive and
non-coding DNA,®# the genomes of unicellular eukaryotes
can be very small and compact. For example, the genomes of
the fungus Ashbya gossypii and the picoplanktonic alga
Ostreococcus tauri are only 9.2 and 12.5 megabase pairs
(Mbp), respectively,®=" and the genome of the microsporidian
parasite Encephalitozoon cuniculi is a mere 2.9 Mbp,® the
smallest known genome of a self-replicating eukaryote. For
comparison, the entire E. cuniculi genome is about the same
size as the human dystrophin gene, <1% of which is coding
sequence.®

How small can nuclear genomes get? At the very bottom of
the size spectrum are the ‘nucleomorph’ genomes of
cryptomonad and chlorarachniophyte algae. Nucleomorphs
are the remnant nuclei of algal endosymbionts that took up
residence inside non-photosynthetic host cells''®='2 and, at
well under 1 Mbp in size, nucleomorph genomes are the
smallest known. In this article, | provide an overview of the
discovery of nucleomorphs, summarize the last decade of
research on the origins, structure and function of these
unusual organelles, and focus on exciting new insights that
have come from comparisons of complete nucleomorph
genome sequences. As we shall see, the evolutionary
forces that have influenced the size and coding capacity of
nucleomorph genomes are similar to those that have shaped
the evolution of mitochondria and plastids. This is not a
coincidence, as the origin and evolution of nucleomorphs
is intricately linked to the birth and spread of oxygenic
photosynthesis in eukaryotes.

A brief history of endosymbiosis

and plastid origins

Plastids (or chloroplasts) are the solar-powered, energy-
generating, oxygen-producing organelles of plants and algae.
They are widely recognized as the descendants of once-free
living cyanobacteria that became permanent fixtures within the
cytoplasm of a non-photosynthetic eukaryote via endosym-
biosis (Fig. 1A). The ‘primary’ endosymbiotic origin of plastids
is believed to have occurred only once, ~0.7—-1.5 billion years
ago''®'¥ and, although clearly cyanobacterial in origin, plastid
genomes are highly derived entities, encoding at most ~200 of
the thousand or more proteins necessary for organelle
function.("® The bulk of the genes present in the genome of
the cyanobacterial progenitor of plastids were either lost or
transferred to the nuclear genome of the eukaryotic host,

392 BioEssays 29.4

BioEssays 29:392-402, © 2007 Wiley Periodicals, Inc.



Genes and genomes

Secondary

Secondary Plastids
Endosymbiosis D

32l Cryptomonads®
Eukaryota 2
Eukaryote 1

| RedAlgae QB

Primary

Primary Plastids
Endosymbiosis - -

Al Haptophytes
Heterokonts®
Dinoflagellates™*
8
]

Eukaryote

[ Groon oo [l
& o N S
Prokaryote Glaucophytes @ gjl Evalenids

: 3 _\— Chlorarachniophytes

Figure 1. Origin and spread of plastids in eukaryotic cells. Az Primary endosymbiosis between a heterotrophic eukaryote and a
photosynthetic prokaryote. B: Three modern-day eukaryotic lineages, red and green algae and glaucophytes, possess ‘primary’ plastids
whose ancestry traces directly back to the primary endosymbiosis. On balance, molecular phylogenetic data suggest that red and green
algae are each other’s closest relatives (see text). C: At least three independent secondary (i.e. eukaryote—eukaryote) endosymbioses
between unrelated host cells and red and green algal endosymbionts have probably occurred (see text and references therein). Dz Diversity
of eukaryotes harboring secondary plastids. Cryptomonads, haptophytes, heterokonts, many dinoflagellates and (probably)
apicomplexans harbor plastids derived from a red algal endosymbiont, while euglenids and chlorarachniophytes acquired their plastids
from green algae, probably independent of one another. The precise number of secondary endosymbioses that have occurred during
eukaryotic evolution is controversial but it is likely at least three, as depicted here (see text).(") The green algae include multicellular lineages
such as land plants.® The cryptomonads and chlorarachniophytes are the only known secondary plastid-containing algae to still possess
the nucleus and nuclear genome of their algal endosymbionts.® Heterokonts and dinoflagellates both possess significant numbers of non-
photosynthetic (and, in some cases, aplastidic) species.® Some dinoflagellate lineages have replaced their ancestral red algal secondary
plastid with a ‘tertiary’ plastid through the uptake of cryptomonad, heterokont or haptophyte algae.® The apicomplexans are an entirely non-
photosynthetic lineage of parasites, some of which have completely lost their plastid.

where they are now expressed, translated in the host cytosol,
and their protein products targeted back to organelle in which
they were originally encoded by a dedicated plastid protein
import system. (1617

Three distinct eukaryotic lineages, the green algae, red
algae and glaucophytes, harbor plastids whose ancestry can
be traced directly back to the original primary endosymbiosis
(Fig. 1B). The green algae, which include the plants and trees
that inhabit dry land, are perhaps the best-known primary
plastid-containing lineage, while the red algae are generally
less well known, despite their abundance and economic
significance. The least understood of the three groups are
the glaucophytes (or glaucocystophytes), an exclusively
unicellular lineage of particular interest to cell evolutionists
due to the fact that their plastids are distinctly cyanobacterial
in general morphology and ultrastructure.'®=2") The latest
multi-gene phylogenetic studies indicate that red, green and
glaucophyte algae are each other's closest relatives,®22%
although the question of whether the glaucophytes are the
deepest diverging of the three groups, as depicted in Fig. 1,
remains to be proven.®®

In addition to the primary endosymbiotic origin of red, green
and glaucophyte plastids, subsequent endosymbioses involv-
ing the uptake of red and green algae by unrelated eukaryotes
have occurred. This process is referred to as secondary
endosymbiosis (Fig. 1C) and has given rise to a large number
of ecologically significant algal groups, including the eugle-

nids, haptophytes, heterokonts (e.g. diatoms and kelp) and
dinoflagellates, as well as secondarily non-photosynthetic
lineages such as the apicomplexan parasites (e.g. the malaria
parasite Plasmodium; Fig. 1D). Unlike primary plastids, which
are surrounded by two membranes (and in glaucophytes, a
layer of peptidoglycan), secondary plastids are characterized
by the presence of either three or four plastid membranes, a
consequence of the phagotrophic mechanism by which they
were ingested.®” The exact number of secondary endosym-
bioses that have occurred during eukaryotic evolution is hotly
debated, although a minimum of two (and probably three)
events are required to account for the known spectrum of
secondary plastid-containing organisms (Fig. 1C,D). Finally,
tertiary endosymbioses have also occurred, in which dino-
flagellates have taken up cryptomonad, diatom, haptophyte,
and green algal endosymbionts (see Ref. 25 and references
therein). Interested readers can refer to any number of recent
reviews for more a comprehensive discussion of the origin and
evolution of plastids. (10~12:24:26-30)

Nucleomorphs—the ‘smoking guns’ of
secondary endosymbiosis

In terms of contributing to our knowledge of the spread of
photosynthesis in eukaryotes, arguably the most-significant
secondary plastid-containing organisms are the chlorarach-
niophytes and cryptomonads (Fig. 2). These organisms
harbor plastids derived from the ingestion of green and red
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bars are all 5 um. All images taken by the author.

Figure 2. Differential interference contrast light micrographs of diverse cryptomonad (A-D) and chlorarachniophyte (E-H) species.
A: Rhodomonas salina CCMP1319, B: Proteomonas sulcata CCMP704, C: Rhodomonas lens CCMP739, D: Cryptomonas paramecium
CCAP977/2A, E and F: Chlorarachnion reptans CCMP238, G:: Bigelowiella natans CCMP621, H: Lotharella vacuolata CCMP240. Scale

algae, respectively (Fig. 1C,D), and nested between the inner
and outer pairs of their plastid membranes is the proof:
the remnant nucleus of the eukaryotic endosymbiont—the
nucleomorph (Fig. 3A,B). In the 1970s, biochemical and cell
biological investigations of algae such as Euglena prompted
Taylor®” and Gibbs®® to consider the possibility that
photosynthesis had spread between unrelated organisms by
endosymbioses between two eukaryotes. However, it was not
until the plastid-associated, nucleus-like organelles of chlor-
arachniophytes and cryptomonads were scrutinized using a
battery of cytochemical and molecular techniques that
secondary endosymbiosis became a widely accepted phe-
nomenon. More than a decade’s worth of study on nucleo-
morphs and their genomes have opened up a fascinating
window on the transition from eukaryotic endosymbiont to fully
integrated organelle and, more generally, on the process of
genome reduction in eukaryotes.

Greenwood®*3¥ coined the term nucleomorph and was
the first to speculate on its possible evolutionary significance.
As reviewed by McFadden and Gilson,®®%®) Greenwood’s

ultrastructural studies of cryptomonads (Fig. 2A—D) demon-
strated that their plastid is surrounded by four membranes
and that a tiny (<1 pum in diameter) membrane-bound body,
replete with pores and an electron-dense region reminiscent
of a nucleolus, resides in the so-called periplastid space
between membranes two and three. Independent microscopic
studies of the amoeboflagellate alga Chlorarachnion reptans
(Fig. 2E—F) revealed a similar organelle in close association
with its chlorophyll b-containing plastid,®” and it was
eventually proven that (1) the nucleomorphs of both crypto-
monads and chlorarachniophytes contain DNA,®8=4")
(2) the periplastid space contains eukaryotic-sized ribo-
somes,® as would be expected of a cytoplasm in which
translation is still occurring, and (3) nucleomorphs encode
18S ribosomal DNA (rDNA) genes that are evolutionarily
distinct from those present in the host nuclear genome.#2=4%
Having established that nucleomorphs are indeed degene-
rate nuclei, these studies set the stage for more focused
studies on the size, structure and composition of the
cryptomonad and chlorarachniophyte nucleomorph genomes
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Figure 3. Basic cell structure and nucleomorph genome architecture of cryptomonad and chlorarachniophyte algae. A,B: Cartoons
showing generic structure of cryptomonad (A) and chlorarachniophyte (B) cells. C,D: Diagrams of the completely sequenced nucleomorph
genomes of the cryptomonad Guillardia theta (€) and the chlorarachniophyte Bigelowiella natans (D)(see text). Chromosome and total
chromosome sizes are indicated and the telomeric and subtelomeric repeat regions are highlighted. For each chromosome, the average
G + C content (calculated in 300 nucleotide sliding windows) is shown, emphasizing the elevated G + C content in the subtelomeric repeat
regions at the ends of both the cryptomonad and chlorarachniophyte chromosomes.

with the goal of elucidating their function and evolutionary
history.

Nucleomorph genomes

Eschbach et al.“® and Maier et al.““¥ were the first to
investigate the karyotypic structure of nucleomorph genomes.
Using pulsed-field gel electrophoresis (PFGE), a technique
that can resolve intact high molecular-weight chromosomes,
these researchers demonstrated that the nucleomorph
genome of Rhodomonas salina (then Pyrenomonas salina)

was a mere 660 Kbp in size—far smaller than any other
nuclear genome known at the time—and consisted of three
similarly sized chromosomes (~195, 225, 240 Kbp). More-
recent and broadly focused PFGE studies have shown that the
presence of three nucleomorph chromosomes appears to be a
universal feature of cryptomonads and that nucleomorph
genome size in this group varies from ~450 Kbp in the
secondarily non-photosynthetic Cryptomonas paramecium
to ~845 Kbp in Rhodomonas sp. CCMP1178.47759 The
presence of rDNA operons on each chromosome is also a
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widespread feature of nucleomorph genomes, #7495 with the
sole exception thus far having been recently described in
members of the genus Hemiselmis.®" Where investigated,
the rDNA operons are located adjacent to the telomeric
repeats on the chromosome ends. #7529

Parallel studies of chlorarachniophyte algae by McFadden,
Gilson and colleagues revealed intriguing similarities between
the structure of their nucleomorph genomes and those of
cryptomonads. Three nucleomorph chromosomes exist in all
chlorarachniophyte species examined to date and, as in
cryptomonads, subtelomeric rDNA operons are present on
each chromosome end (although in the reverse orientation
and without a 55 rDNA gene®®*®%)) The nucleomorph
genomes of studied chlorarachniophytes are smaller than
those of cryptomonads, ranging from ~380-450 Kbp in
size.®® OQverall, the structural similarities of nucleomorph
genomes in both groups are striking when one considers that
they are of independent origin (Fig. 1). As noted above, a
variety of biochemical and molecular data indicate that the
chlorarachniophyte endosymbiont is derived from an ancestor
of modern-day green algae while, in cryptomonads, the
endosymbiont is of red algal origin.('%11:26:57%8) Dyring the
process of secondary endosymbiosis, the nucleomorph
genomes of both groups converged upon similar sizes
and structures and identical karyotypes from much larger
genomes with (presumably) dozens of chromosomes. This
may or may not be a coincidence. Unlike the high degree
of condensation seen in canonical mitotic chromosomes,
nucleomorph chromatin may not condense above the level of
30 nm fibers. Douglas, Cavalier-Smith and colleagues®2:5%
therefore suggest that nucleomorph chromosome number is a
balance between having chromosomes that are small enough
to be properly segregated in the tight confines of the
nucleomorph, yet large enough to ensure they are not lost
during mitosis.®2*® Given that haploid nucleomorph genome
size is roughly similar in cryptomonads and chlorarachnio-
phytes, this means partitioning the genome among three
chromosomes between ~100 and 200 Kbp.®

Bonsai genomics—complete nucleomorph
genome sequences
Given their obvious evolutionary importance, the nucleo-
morphs of the model cryptomonad Guillardia theta and the
chlorarachniophyte Bigelowiella natans quickly became the
focus of genome sequencing projects by researchers in
Canada, Germany and Australia. Preliminary data from
G. theta provided an initial snapshot of the fine-scale structure
of its nucleomorph chromosome ends,®® and the complete
genome was published to much fanfare by Douglas et al. in
200152: at 551 Kbp, it was the smallest nuclear genome ever
sequenced.

First and foremost, the G. theta sequence proves beyond
all doubt that nucleomorphs are bona fide nuclei of endosym-

biotic origin. The three G. thetachromosomes are capped with
eukaryote-like telomeres (although with an atypical sequence:
5'-[AG];AAGgA-3') and the genome encodes a variety of
protein-coding genes typically associated with basic eukar-
yotic cellular processes. Somewhat unexpectedly, very few
plastid protein-coding genes are present. Early speculation on
the raison d’étre of nucleomorphs centered on their obvious
connection to the plastid and photosynthesis, and it seemed
likely that their genomes—small as they may be—would
encode a large number of plastid proteins, as did the nuclear
genomes of the red and green algal ancestors from which they
evolved. Surprisingly, the G. theta nucleomorph genome
harbors only 30 plastid protein-coding genes (Table 1), even
fewer than reside in the G. theta plastid genome,®”) meaning
that hundreds of genes for plastid proteins must have moved
from the ancestral cryptomonad nucleomorph to the host
nuclear genome.®2¢% This must be the case for genes
associated with non-plastid functions as well, since a variety of
obviously essential proteins such as DNA polymerases and
amino-acyl-tRNA synthetases are not encoded in the G. theta
nucleomorph.®?

The G. theta genome is remarkable in its extreme
compactness. It packs 513 genes (465 protein coding) into
551 Kbp, and with 1.07 Kbp/gene and a mean intergenic
distance of only 70 bp (Box 1), its gene density is on par with
that of a typical bacterial genome. 44 gene pairs overlap by as
much as 76 bp, a testament to the extreme evolutionary
pressures that have compressed the genome since its
enslavement. As is observed in other reduced genomes, such
as those of mitochondria, plastids, and bacterial endosym-
bionts,®" the G. theta genome is also very compositionally
biased (Fig. 3C). Apart from the rDNA operons and their
immediate flanking regions, which have an A+T content of
~55%, the single-copy internal region of each of the three G.
thetachromosomes is ~75% A +T (Fig. 3C). Preliminary data
suggest that this is the case for other cryptomonad nucleo-
morphs as well.*”) There are no mobile elements encoded in
the genome and as noted above, rDNA operons are adjacent
to the telomeric repeats on each chromosome end. These
operons are flanked by a region of apparently non-coding
DNA, which is itself next to multicopy genes for the ubiquitin-
conjugating enzyme ubc4 and a transcription factor (iflid)
(Fig. 3C). Essentially all other genes are present as single-
copy. Taken as a whole, the G. thetanucleomorph genome is a
model of compaction: its gene set is primarily ‘housekeeping’
in nature, encoding components of the transcription, transla-
tion, cell cycle, and protein folding and degradation machinery,
with very few genes for end products of direct use to the cell.*?

The recent publication of the nucleomorph genome from
the chlorarachniophyte B. natans by Gilson, McFadden and
co-workers®® has made it possible to compare and contrast
two independently derived nucleomorphs and, by extension,
better understand the evolutionary forces that have shaped
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chlorarachniophyte Bigelowiella natans

Genome characteristics

Table 1. Basic features of the sequenced nucleomorph genomes of the cryptomonad Guillardia theta and the

Guillardia theta®

Bigelowiella natans’

Evolutionary origin
Genome size
Chromosome number/size
Chromosome structure®
Telomeric sequence/length
Genomic A+ T content:

red algal endosymbiont
551,264 bp
three (196.2, 180.9 & 174.1 Kbp)
sub-telomeric inverted repeats
(5'-[AG];AAG6A-3')11

Inverted repeats (inc. rDNA) ~55% ~50%

Single-copy DNA 65-77% >65%
Number of genes:

Protein genes 465° 293

Non-mRNA 47 42

Pseudogenes 1 5

Total 513 340
Gene density* 1.07 Kb/gene 1.10 Kb/gene
Mean intergenic distance® 70 bp 113 bp
Overlapping genes 44 (max. 76 bp overlap) not determined (max. 101 bp overlap)
Introns & size range 17 (42-52 bp) 852 (18—21 bp)
Plastid genes 30 17

green algal endosymbiont
372,870 bp
three (140.6, 134.1 & 98.1 Kbp)
sub-telomeric inverted repeats
(5'-TCTAGGG-3')25—45

2Refer to Figure 3 for precise structures of inverted repeats.

“Calculated as genome size/total gene number.
SNumbers taken from Keeling and Slamovits.®

"Data taken primarily from Douglas et al.®® and Gilson et al.®®® Numbers may vary slightly, depending on updated analyses and method of calculation.

SWilliams et al.®* identified an rpl30 gene not annotated in the original G. theta nucleomorph sequence.

the structure and composition of their genomes. At ~373 Kbp
in size, the B. natans genome is even smaller than that of
G. theta, setting a new standard for nuclear genome reduction.
It too harbors protein-coding genes—293 in total—primarily
involved in housekeeping functions, with only 17 genes for
plastid proteins, even fewer than in G. theta (Table 1).?
Overall, the relative proportions of B. natans and G. theta
nucleomorph genes corresponding to discrete functional
categories are very similar, although the B. natans compliment
is markedly more reduced. Absent are genes encoding tubulin
subunits and proteins involved in proteasomal degradation, as
well as genes for 5S rRNA, telomerase RNA and multiple
tRNAs.®? As is the case for most of the cells plastid proteins,
these gene products are presumably encoded in the host
nucleus and imported (see below).

Perhaps the most-striking difference between the G. theta
and B. natans nucleomorph genomes is the abundance and
size of their spliceosomal introns. Early work on the B. natans
genome showed that its protein-coding genes harbored the
smallest introns known,®® and the recently published
complete genome sequence reveals a whopping 852 of
them—an average of 3.1 introns per gene and with a size
range of only 18—21 nt.‘®® By contrast, the G. theta genome
has only 17 introns, 42—52 nt in size.®? These differences
probably reflect the intron abundance in the nuclear genomes
of the red and green algal ancestors of cryptomonad and
chlorarachniophyte nucleomorphs, which were probably
intron-poor and intron-rich, respectively.®® In the case of

chlorarachniophytes, while intron loss does not seem to have
been a major factor in the compaction of the nucleomorph
genome, the introns themselves have shrunk to a surprisingly
uniform size that probably represents the absolute minimum
size for effective splicing.®® It is perhaps significant that
despite its smaller size, the B. natans nucleomorph genome
retains a variety of genes involved in RNA metabolism and
splicing that are absent from the G. theta genome.¢?

Nucleomorph genome reduction—causes

and consequences

As discussed by Keeling and Slamovits,®® genomes shrink
by eliminating genes or packing the same number of genes
into a smaller space. Nucleomorphs have clearly done both. In
addition to their limited gene content and ultra-high gene
density, nucleomorph genomes possess additional hallmark
features of reductive evolution less obviously tied to intracellu-
larity, including elevated A +T content,®%62) compositionally
biased proteins®>®? and  accelerated  substitution
rates.®*=%® What is known about the mechanistic and
evolutionary processes underlying the phenomenon of gen-
ome reduction in nucleomorphs?

Parallels have been drawn between the evolution of
nucleomorphs, mitochondria and plastids.®>¢® Genome
reduction far beyond that observed in other nuclear genomes
is tolerated in nucleomorphs in large part because, like
organelles, they are able to transfer essential genes to the
host cell nuclear genome. The presence of numerous
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green or red algal-derived genes in both the B. natans and G.
theta nuclear genomes confirms that, as expected, extensive
nucleomorph-to-host-nucleus genetransferhas occurred®®=7""
and the process by which the products of these genes are
targeted to the plastid or periplastid space is becoming
increasingly well understood.”""® However, little is known
about the process of nucleomorph-to-host-nucleus gene
transfer in cryptomonads and chlorarachniophytes. A recent
analysis®" of closely related members of the cryptomonad
genus Hemiselmis indicate that nucleomorph genome sizes
can change on the order of ~20 Kbp over very short
evolutionary time scales, suggesting that nucleomorph-to-
host-nucleus transfer can, in principle, occur via the bulk
movement of DNA, as is known to occur with mitochondria
and plastids.”>7% However, transfer of DNA on a gene-by-
gene basis via cDNA cannot at the present time be ruled out,
and it will be interesting to compare what we find in nucleomor-
phs with what has been inferred with organellar systems. "7

The accelerated rates of sequence evolution seen in
organelles and bacterial endosymbionts are often attributed
to the effect of ‘Muller’s Ratchet’: mildly deleterious mutations
are thought to accumulate in the genome by genetic drift, due
to small effective population sizes and lack of sexual
recombination.””="® This phenomenon has also been sug-
gested to account for the apparently fast evolution of
nucleomorph genomes.®>8% The effective population size of
nucleomorphs is indeed predicted to be miniscule, given that
sex appears to be rare in cryptomonads and even when
present, opportunities for genetic exchange between nucleo-
morph genomes would appear to be hindered by the numerous
membranes surrounding the endosymbiont compartment
(Fig. 3).% However, a robust explanation for the divergent
nature of nucleomorph genomes remains elusive, because itis
not known whether the mutation rates of nucleomorph
genomes are higher than in canonical nuclear genomes and/
or whether the functional constraints acting on the proteins
functioning in the nucleomorph, periplastid space and plastid
have been relaxed. It is possible that a drive towardsan A+ T
biased genome and compositionally biased protein se-
quences is at least in part due to the loss and/or alteration of
enzymes involved in DNA repair and recombination, as has
been proposed in bacterial endosymbionts.®'8":82) That said,
at least some recombination machinery must function in the
nucleomorphs of both cryptomonads and chlorarachnio-
phytes, given that gene conversion appears to be actively
homogenizing the ends of the G. theta and B. natans
chromosomes (Fig. 3).¢°

An interesting recent study by Patron, Rogers and
Keeling®® systematically addressed the question of the rates
of nucleomorph genome evolution, and the results suggest
that the processes driving the evolution of nucleomorphs
in cryptomonads and chlorarachniophytes may be quite
different. These author's compared the evolutionary rates

of nucleus-, nucleomorph- and plastid-encoded proteins in
G. theta and B. natans to their closest homologs in plants and
algae, and concluded that, in B. natans, nucleomorph-
encoded genes have accrued substitutions at a faster rate
than homologs in other genomes, regardless of the cellular
compartment in which their protein products function. In
contrast, although most cryptomonad nucleomorph-encoded
proteins have also evolved faster than their homologs in other
genomes, nucleomorph-encoded plastid-targeted proteins
appear to be evolving at about the same rate as plastid-
targeted proteins encoded in the host cell nucleus. Further-
more, comparison of nucleus- and nucleomorph-encoded
genes from two different cryptomonads, G. theta and
Rhodomonas salina suggest that the nucleomorph genomes
of these two species are in fact diverging less rapidly than their
nuclear genomes.®® Future experiments aimed at quantifying
the mutation rate of nucleomorph genomes will likely shed
further light on this issue.

Regardless of the underlying causes of genome reduction
in nucleomorphs, the effects are clear. An interesting
consequence of the extreme degree of compaction seen in
the B. natans and G. theta nucleomorph genomes occurs at
the level of transcription. Preliminary study of the B. natans
nucleomorph revealed the co-transcription of two protein-
coding genes, ClpP and snRNP E®* and a more recent
expressed sequence-tag-based study by Williams et al.®¥
revealed a surprisingly high number of B. natans and G. theta
mRNAs encoding more than one gene. Given that such
genes are not preferentially located on the same strand, it
is doubtful that these mRNAs represent operons. Rather,
the implication is that during the extreme compaction of
the cryptomonad and chlorarachniophyte nucleomorph
genomes, transcriptional regulatory elements such as
promoters and terminators were forced within or beyond
adjacent genes, resulting in the production of mRNAs with
un-translated extensions containing additional genes or gene
fragments.®%

Perhaps the most biologically significant, yet poorly under-
stood, consequence of genome reduction is its impact on the
proteome. This can be seen at the level of the amino acid
composition of proteins, where A+T-rich gene sequences
encode proteins with an increased frequency of ‘FYMINK’
amino acids (phenylalanine, tyrosine, methionine, isoleucine,
asparagine and Iysine).‘ss) This trend was apparent in
early work on genes encoding molecular chaperones in the
G. theta nucleomorph genome, where asparagine codons
were notably abundant,®® and ongoing studies of nucleo-
morph-encoded proteins in G. theta and Hemiselmis rufes-
censreveal that, in extreme cases, more than 50% of a protein
can comprise FYMINK residues (Archibald Laboratory, un-
published data). The significance of these observations is not
clear but it is interesting that, in the case of bacterial endo-
symbionts in the genus Buchnera, where genomic A+T
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content can approach 80%, protein integrity appears to be
compromised to the point where folding efficiency is reduced®®
and protein function may even be lost or modified. %8

Finally, in addition to producing proteins with biased amino
acid compositions, evidence suggests that genome reduction
leads to a situation in which the genes and proteins themselves
are shorter. Analysis of the 2.9 Mbp genome of the
microsporidian Encephalitozoon cuniculi revealed that more
than 85% of a conserved set of 350 proteins were shorter
than their homologs in the related fungus Saccharomyces
cerevisiae.® The reason(s) underlying this discrepancy is
unknown, but it is significant that, like the genomes thatencode
them, nucleomorph genes appear to have been pushed to
extremes not observed in other eukaryotes. For example, a
heat-shock transcription factor (HSF) encoded in the G. theta
nucleomorph®2% and recently identified in the H. rufescens
genome (Archibald Laboratory, unpublished data) is a third
shorter than the E. cuniculihomolog and less than half the size
of HSFs in most plants, animals and fungi. The amino and
carboxy termini of nucleomorph-encoded chaperonin genesin
G. theta also appear slightly shorter than those in other
eukaryotes.®® More nucleomorph genomic data from diverse
cryptomonad and chlorarachniophyte species will make it
possible to investigate further the relationship between
genome reduction and protein shortening and, perhaps,
determine whether a deletion bias is at the root of nucleomorph
gene and genome shrinkage.

Why do nucleomorphs persist and will they
eventually disappear?
The nucleomorph genomes of cryptomonads and chlorarach-
niophytes are clearly the product of intense reductive
evolution. Given that endosymbiont nuclei are absent in all
other secondary plastid-containing organisms, the burning
question is why have they been retained independently in
these two lineages? As absurd as it seems, the persistence of
at least one nucleomorph gene encoding an essential plastid
protein demands that all the cellular machinery necessary for
its proper expression and function be maintained, either
imported from the host cell or encoded in the nucleomorph
genome. In the words of Cavalier-Smith quoted above, a
nucleomorph genome size of zero would be “optimal” in the
sense that nucleomorph loss would release the cell from the
genetic and metabolic load associated with DNA replication
and the transcription and translation of hundreds of genes.®®
Again, the puzzle of nucleomorph retention is reminiscent of
the debate over why mitochondria and plastids still retain
genomes, and many of the same questions and possible
answers are relevant.”>°%°" |f organelle-to-nucleus gene
transfer can happen, why hasn’t it gone to completion? What
are the possible barriers to gene relocation?

The presence of ultra-small introns in the B. natans
nucleomorph genome led Gilson et al.®¥ to speculate that

their tiny size might prevent the establishment of such genesin
the chlorarachniophyte host nuclear genome. Having not
co-evolved with the nucleomorph-encoded introns, the
spliceosomal machinery functioning in the host cytosol might
be incapable of recognizing them and catalyzing their removal.
This may be the case, but the complete B. natans nucleomorph
genome sequence reveals that six of its 17 plastid genes lack
introns,®? suggesting that these genes are, at least in
principle, able to be transferred to the host nuclear genome.
Scrutinizing the gene complements of the G. theta and
B. natans genomes, Gilson et al.®®® could find no obvious
barrier to the eventual complete loss of the nucleomorph
genome in cryptomonads and chlorarachniophytes. Particu-
larly striking is the almost complete lack of overlap in the suite
of plastid proteins remaining in the two genomes—only two of
the 17 B. natans plastid proteins are part of the set of 30
encoded in the G. theta nucleomorph. The author’s conclude
that “...no single plastid gene may be responsible for the
retention of nucleomorphs, and they may yet disappear”.®? It
will be interesting to determine whether the suite of nucleo-
morph-encoded plastid proteins is conserved within diverse
members of cryptomonads and chlorarachniophytes. If not,
this will lend further support to the idea that nucleomorph
genomes will ultimately be lost.

One additional point worth considering relates to the
availability of nucleomorph DNA for transfer to the host
nucleus of cryptomonads and chlorarachniophytes. In the
case of plastids, considerable variation in the frequency of
organelle-to-nucleus transfers have been documented in
laboratory experiments with tobacco and the green alga
Chlamydomonas,”>74% the differences being attributed to
variation in the number of plastids per cell, and thus the amount
of DNA available for nuclear integration through organelle
lysis. The amount of time that nucleomorph genomes have
been reducing in cryptomonads and chlorarachniophytes is
debatable (see Ref. 93 for discussion), but one possible
explanation for why the chlorarachniophyte nucleomorph
genomes are noticeably smaller than those of cryptomonads
is that chlorarachniophyte cells typically harbor multiple
plastids and nucleomorphs per cell,®”°*) and are, in theory,
more likely to survive organelle lysis, a possible first step in
DNA transfer. In contrast, cryptomonads usually have a single
plastid and nucleomorph per cell,®® the outer membrane of
which is continuous with the nuclear envelope. A notable
exception is in Cryptomonas paramecium (formerly Chilomo-
nas) and its closest relatives, in which two plastids (and two
nucleomorphs) are present.®>=7 Itis perhaps significant that
C. paramecium harbors the smallest cryptomonad nucleo-
morph genome known, at ~450 Kbp.“9)

Conclusions and future directions
From the above discussion, it is clear that, while complete
nucleomorph genome sequences from G. theta and B. natans
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have opened a window onto the origin and evolution of
nucleomorphs, they also raise as many questions as they
answer. One important area of future research will be to reveal
the underlying source of nucleomorph genome size variation
within cryptomonads and chlorarachniophytes. The size range
observed in cryptomonads is particularly strikihng—between
~450 and ~845 Kbp®*/*®—and it will be important to
determine whether this is primarily the result of differences
in the total number of genes, the amount of non-coding DNA
(e.g. introns, intergenic spacers and repetitive DNA), or a
combination of the two.“”) Comparison of the already
complete 551 Kbp nucleomorph genome of G. theta®? with
the Hemiselmis rufescens genome (~580 Kbp®") and the
genome of Cryptomonas paramecium (~450 Kbp), both of
which are currently being sequenced (Archibald Laboratory,
unpublished data), will be an important first step. These three
organisms are quite distantly related to one another,#7:51:95:98)
and it will be interesting to see the extent of overlap in their
complement of nucleomorph genes and what differences
exist in terms of gene density Comparison of the
C. paramecium, H. rufescens and G. theta genomes will also
provide a first glimpse at the extent of intrachromosomal and
interchromosomal rearrangements occurring in nucleomorph
genomes. A recent study by Slamovits et al.®®® revealed a
significant reduction in the rate of genomic rearrangements in
microsporidian genomes compared to those of other fungi,
likely due to the smaller size of their intergenic regions. While
the repeat structures on the ends of chlorarachniophyte and
cryptomonad nucleomorph chromosomes are clearly subject
to very active recombination (Fig. 3C,D)®':525562) it is not
known whether the structure of the single-copy regions of
nucleomorph genomes is constrained by a paucity of non-
coding DNA, as in microsporidians.®® In the context of a
robust phylogeny of cryptomonads and chlorarachniophytes,
and with enough sequence data from diverse nucleomorph
genomes in both groups, it should be possible to determine
whether nucleomorph-to-host-nucleus gene transfer is essen-
tially random or whether there is a core set of genes
that appear recalcitrant to relocation. It may be that the
reason(s) for nucleomorph retention in cryptomonads and
chlorarachniophytes are different.

Although additional nucleomorph genome sequences from
diverse cryptomonad and chlorarachniophyte species will be
important, they will only tell us so much. During their tenure
as endosymbionts, nucleomorphs have surrendered most of
their genetic material to the host cell and, for this reason,
the nuclear genome is the key to a more-complete
understanding of these enigmatic organisms. To that end,
G. theta and B. natans have become the focus of complete
nuclear genome sequencing projects by the Joint Genome
Institute’s Community Sequencing Program (http:/www.jgi.
doe.gov/ sequencing/cspseqplans2007.html) which will hope-
fully provide the missing pieces to many puzzles. For example,

a comprehensive set of nucleus-encoded, endosymbiont-
targeted proteins from both organisms will make it possible to
reveal the true complexity of the cellular processes still taking
place in the nucleomorph and periplastid compartments of
cryptomonads and chlorarachniophytes, and to determine
whether they are in fact simplified compared to other
eukaryotes.®? Complete nuclear and nucleomorph genome
sequences should also help to elucidate the process(es) by
which nucleomorph-to-host-nucleus gene transfers occur.
More generally, complete cryptomonad and chlorarachnio-
phyte nuclear genomes will make it possible to assess the
extent to which the nuclear genomes of the eukaryotic
endosymbionts of both groups have contributed to their
respective host cells. The presence of actin genes of red algal
provenance in the nuclear genomes of different cryptomo-
nads®®19% suggests that this is a distinct possibility. Con-
versely, it will be of interest to know whether host-derived
genes of cryptomonads and chlorarachniophytes (as well as
those obtained by lateral gene transfer®®¢®) have acquired
functions in their respective endosymbiont compartments,
similar to the way in which the plastid proteomes of plants
comprise significant numbers of proteins of eukaryotic
ancestry.(101:102)

Finally, as fascinating as they are, cryptomonads and
chlorarachniophytes are currently experimentally intractable,
and complete nucleus and nucleomorph genome sequences
from both organisms should jump-start the development
and use of genetic systems towards the goal of better
understanding their basic biology. A clearer picture of the
biochemical activities taking place in the endosymbiont
compartments of cryptomonads and chlorarachniophytes will
shed light on the question of whether their nucleomorphs have
shrunk to a point beyond which further reduction is impossible
or whether they are ultimately headed for extinction.
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