moving along the gene in one base
frames, thus, allowing a mutation to
be detected by a difference in the
patten of hybridization. There are
many theoretical problems but,
nevertheless, in July 1996 a chip for
HIV enzyme sequence analysis was
I d her with an i
for its assay?!, There has been a
recent description of an alternative
method of synthesis and use of such
chips?? and the field has recently
been reviewed in the columns of this
journal®3.

Outlook

How is the scientist, faced with
a muation detection problem, to
decide among these methods? One
almost needs to generate an algo-
rithm from the characteristics in Box 1
and Table 1 depending on the project,
the gene, the size, the background of
workers, and so on. It is not easy,
and the chosen method takes some
months to be established with confi-
dence in the laboratory. To alleviate
some of these problems, an
Australian ‘Genome Centre’ (Web
site: hup://www.agrf.orgau) will be
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initiated in 1997 that will offer mu-
tation detection (together with linkage
and sequencing) on a subscription
basis. We hope that this will improve
the predicament of those detecting
mutations and possibly be a model for
mutation detection in the future.
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Several projects characterizing the
complete  sequence of whole
genomes are under way. In addition
to several mitochondrial and plas-
tidial genomes, the complete genome
sequence of two prokaryotes and
one eukaryote (budding yeast) have
now been determined!-3. In the near
future, the sequences of several other
prokaryote genomes will be com-
pleted and substantial progress with
nuclear genomes from higher plants,
algae and animals will have been
made. Studies of complete genomes
from prokaryotic and eukaryotic
organisras help us to understand
cellular functions and to predict
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the function of uncharacterized gene
products. We also gain insight into
the minimai number of subunits in
protein complexes, and the reper-
toire of essential ‘housekeeping
genes'. The complete sequencing of
genomes will also facilitate more reli-
able phylogeny reconstruction, par-
ticularly for eukaryotic groups.

A new genome project

A new genome project, initiated
by groups from Canada, Australia
and Germany, focuses on the small-
est eukaryotic genomes investigated
so far. These genomes, known as
nucleomorphs, are restricted to two
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groups of algae, the cryptophytes
and chlorarachniophytes (Fig. 1).
Nucleomorphs are remnant nuclei of
former free-living eukaryotic algae
that have been engulfed by another
eukaryotic cell and put to work as
solar-powered food factories (sec-
ondary endosymbiosis, Fig. 2)4-6.
The resulting chimaeric cell contains
four genomes: the plastid, the mito-
chondrion, the host nucleus and
the nucleomorph (endosymbiont
nucleus). Coevolution between the
two partner cells has resulted in the
nucleus of the newest host assuming
master control of plastid gene
expression and the endosymbiont



nucleus has undergone drastic reduc-
tion. Indeed, for some lineages
(heterokont and haptophyte algae)
only the plastid compartment and
endosymbiont plasma membrane
have been retained, and the endo-
symbiont nucleus has disappeared.
In cryptophytes and chlorarachnio-
phytes, however, the reduced
nucleus, and a modicum of cytoplasm
from the endosymbiont, persist.
These represent a minimal eukaryotic
organizational unit, probably semi-
autonomous, like mitochondria and
plastids, but eukaryotic in essence.

The nucleomorph

So far, all nucleomorphs exam-
ined conwin threc small linear
chromosomes. The total genome
length in chlorarachniophytes is
380kb (the smallest eukaryotic
genome), but is marginally greater
in cryptophytes averaging 600kb
(Refs 6, 7). Despite these superficial
similarities in karyotype and genome
size, gene sequence phylogenies
demonstrate that cryptophytes and
chlorarachniophytes evolved inde-
pendently from separate secondary
endosymbiotic events8d. The simi-
larities in gross structure (in both
types of nucleomorph the three
chromosomes carry fRNA genes and
chromosome  size ranges from
only 95-230kb) could indicate con-
vergence at a minimal operational
chromosome size and number. As
mentioned above, many algae are
believed to have evolved by sec-
ondary endosymbiosis, but retain
only the plastid from the eukaryotic
endosymbiont, Retention of the
endosymbiont’s nucleus and cyto-
plasm in cryprophytes and chlor-
arachniophytes raises the question of
what role the nucleomorph, itself
plays.

‘The most likely function is main-
tenance of the plastid, either by sup-
plying essential proteins or by facili-
tating the passage of proteins
originating from the secondary host
nucleocytoplasmic  compartment.
Sequence characterization is the
optimal way to tease out nucleo-
morph function. Preliminary work
has already shown that a diverse
cadre of housekeeping genes are
encoded on the nucleomorph
chromosomes of cryptophytes and
chlorarachniophytesi®!l,  Because
these encode transcription, mRNA
processing,  translation,  protein
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degradation, and signal transduction-
related functions, the nucleomorph
apparently contains the machinery
for expressing its information content.

Importance of studying a reduced
nucleus for a genome project

Given that they are functionally
important, the nucleomorphs of
cryptophytes  and  chlorarachnio-
phytes can provide useful data for
swdying processes of coordinated
gene expression and also for phylo-
genetic reconstruction. Qur research
is interdisciplinary and seeks to
answer various questions of phy-
logeny and function. How many
genes are really located on these
genomes? What are the structural
requi for i e of
small chromosomes? Are typical
components of chromosome repli-
cation and division (telomeres, cen-
tromeres, replication origins) still
identifiable? Are transcriptional regu-
lation mechanisms required in these
minimal genomes, and are there pro-
cessing mechanisms for mRNAs? Are
intron locations conserved? Have
introns undergone reduction and/or
removal during genome streamlin-
ing? Does RNA editing occur? What
is the nature of the nucleomorph-
encoded genes? Does the nucleo-
morph encode proteins transported
into the plastid? Answers to some
of these questions are already
emerging.

Genetically different sources
contribute to multiprotein
complexes

Like other diminutive genomes,
nucleomorph DNA is rich in genes. In
Chlorarachnion, noncoding regions
between genes are less than 100bp;
in crypiomonads the average inter-
genic region is somewhat larger.
Furthermore, no extended noncoding
regions have been detected in either
nucleomorph, making a sequencing
project particularly attractive in a
eukaryote realm. Despite this com-
pactness, there is only room for
approximately 200-300 genes in a
nucleomorph. This cohort seems in-
sufficient to maintain functional and
structural control of both the plas-
tid and the endosymbiont’s cyto-
plasm. The missing functions appear
to be provided by the nucleus of
cryptomonads or chlorarachniophytes
(G.I. McFadden and U-G. Maier, un-
published). It is, thus, app that
TIG FeBRUARY 1997 VoL. 13 No. 2
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Ficure 1. Electron micrographs of
(a) Rhodomonas saling (crypiophytes),
(b) Chlorarachnion reptans

Ly El
ejectosome; G, gullet; M, mitochondrion;
N, nucleus; Nm, nucleomorph; No,
nucleolus; P, plastid; Py, pyrenoid or plastid
protein body; S, polysaccharide grain.

gene expression in three genomes
(nucleomorph, host nucleus and plas-
tid) must be coordinated. For instance,
in cryptomonads the protein degra-
dation Iabel, ubiquitin, is encoded by
the host nucleus, but the ubiquitin
conjugation enzyme is encoded by a
nucleomorph  gene (U-G. Maier,
unpublished). Thus, in addition to
plastid and mitochondrial protein
complexes, nucleomorph-containing
algae represent an additional system
where subunits of protein com-
plexes are provided by genomes
from phylogenetically distant origins.
As far as we know, this is the only
system in which two different eukary-
otic genomes act in concert with a
prokaryotic genome to achieve a
common goal: photosynthesis.



Ficure 2, The evolution of algae by
secondary endosymbiosis. (a) A
phototrophic eukaryote is engulfed by
another phagotrophic eukaryote.

(b) Continued symbiosis leads 1o
reduction of the symbiont, including
pantial reduction of the nucleus to a
nucleomorph. (c) Further reduction leads
to an alga whose plastid is surrounded by
four membranes. Abbreviations: M,
mitochondrion; N, nucleus; P, plastid.

Structural and functional aspects
of the nucleomorph

Nucleomorph chromosomes are
linear!213 and, in chlorarachnio-
phytes at least, there are small telo-
meres at the ends!3. Although a
eukaryotic chromosomal architec-
ture is evident, it is intriguing that
nucleomorphs divide in the absence
of a mitotic spindle and without
detectable condensation of chromo-
somes!. So, will we find centro-
meres on these tiny chromosomes or
will they have a novel chromosome
segregation mechanism with a unique
primary structure at the DNA level?
And how many replication origins
can we anticipate on chromosomes
that are barely more than twice the
size of lambda phage? Do such small
chromosomes require histones? Why
are the chromosomes in all the dif-
ferent nucleomorphs examined to
date never less than 95kb? Is this a
minimal size for viability?
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Gene regulation systems are just
beginning to be identified in nucleo-
morph  genomes. Nucleomorph
<DNAs have been isolated!011, These
cDNAs are polyadenylated, appar-
ently using a standard (ATTAAA)
polyadenylation motif!!. In addition,
components of the transcription
machinery, such as a TATA-box-
binding protein have been isolated
(U-G. Maier, unpublished). In Chlor-
arachnion, the nucleomorph genes
contain an unexpected surfeit of
introns, and several components of
the intron removal machinery
(spliceosomes) have been identi-
fied!!. Transcription has also been
shown to include multiple open
reading frames within single mRNAs
suggesting that the squeeze on gene
spacing has lead to fusion of tran-
scription to create operon-like multi-
cistronic messages!1:15,

And what about other genes?
Interestingly, the nucleomorph
seems to be a gold mine for the
identification  of  housekeeping
genes. The sequences of these genes
are helping to identify important
functional ~ domains,  particularly
where very few examples are known
from other systems. Perhaps more
imponantly, a number of ORFs of
unknown function revealed by other
cukaryotic sequencing projects are
also being found in nucleomorphs
(GI.  McFadden, unpublished).
Because the nucleomorph genome
encodes predominantly core com-
ponents of eukaryotic metabolism, it
is highly likely that these ORFs rep-
resent genes of fundamental impor-
ance. In this respect, nucleomorphs
could serve as indicator genomes for
yeast or Caenorbabditis elegans by
identifying some genes universal to
all eukaryotes, similar to the way the
relatively small pufferfish genome
serves as an index for the vastly
larger human genome!d,

The plastid

Several nucleomorph  genes
encode plastid-located proteins (G.I.
McFadden and U-G. Maier, unpub-
lished). In fact, the raison d'étre for
the nucleomorph is thought to be
provision of genes necessary for
plastid function. However, 1o eluci-
date the teamwork between the
plastid, nucleomorph and nuclear
genomes in the maintenance of a
functional plastid compartment, it is
also necessary to obtain as much
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information about the plastid as poss-
ible. Knowledge of the gene com-
plement of the plastid will be useful
in predicting which genes are likely
1o be encoded in the nucleomorph.
In addition, phylogenetic analysis of
plastid genes from cryptophytes will
also elucidate the closest relative of
the photosynthetic eukaryote (and,
thus, of the nucleomorph genome)
that gave rise to the plastid of the
cryptomonad  cell by secondary

nation of the complete sequence of
the plastid genome of the crypto-
phyte Guillardia thetais included in
our genome project.

To date, sequence analysis of this
relatively small (118kb) plastid
genome has revealed a variety of
genes not reported from the exten-
sively studied land plant plastid
genomes. These genes encode pro-
teins involved in such functions as
electron transport, photosynthesis,
DNA binding, protein secretion,
transcriptional regulation, protection
from heat shock effects, and biosyn-
thesis of amino acids, chlorophyll,
carotenoids, phycobilins and fauty
acids. In addition, genes for tRNAs
and 1RNAs are present as well as a
farge number of ycfs (homologous
ORFs found in several plastid
genomes). The cryptomonad plastid
genome is characterized by a small
rRNA-encoding  inverted  repeat
(4.9kb) as well as very tight packing
of its genes, with organization of
related genes into large transcrip-
tionally linked clusters. Numerous
gene clusters are conserved between
cyanobacterin.  and the plastid
genomes of cryptophytes, rhodo-
phytes and chromophytes, indicat-
ing their common ancestry.

Conclusions

Genome projects for eubacteria,
archaebacteria, plants, animals and
fungi provide an overview of coding
functions in whole genomes and
elucidation of fundamental biologi-
cal phenomena. These include the
deduction of still unknown meta-
bolic pathways and a better compre-
hension of general regulatory sys-
tems involved in gene expression.
However, the evolutionary impli-
cations of comparative genome
analyses remain understated.

It is not expected that the nucleo-
morph genome projects will lead to a
complete understanding of how a



cell or an organism works. However,
determination of the entire sequence
of these miniaturized eukaryotic
genomes is a unique opportunity to
study gene expression strategies,
and to understand what comprises
the minima} chromosome. Addition-
ally, the nucleomorph genes serve
as indicators of core eukaryotic
metabolism without the distractions
of thousands of genes encoding
organism-specific functions.

The algal nucleomorph-nucleus
system is unique with respect to
eukaryotic  protein  complexes.
Nowhere else are four genomes of
diverse evolutionary origin amalga-
mated into one cell. Coordinated
activity ensures that components of
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spans of time, bonsai trees are per-
fect mini with all the pleasi
qualities of form packed into an
easily appreciable size. Endosymbio-
sis has created a bonsai nucleus for
us in the form of the nucleomorph.
Genome sequencing now provides
us with the means to begin to appre-
ciate a little piece of Nature’s art.
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the conglomerate. Unravelling the
mechanisms of this process presents
a stimulating challenge.

To us, the nucleomorph is analo-
gous to dwarf plants produced by the
venerable oriental art of bonsai.
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MEETING REPORTS

Saccharomyces sapiens

YEAST GENETICS AND HUMAN DISEASE, BALTIMORE. MD, USA, 14~17 NoveMBER 1996.

Six months after the complete yeast
(Saccharomyces cerevisiae) genome
sequence was released, and with
tihe human EST (expressed sequence
tag) database swelling past the
400 000 mark, this meeting marked
a histeric intersection between the
wo fields of research. The scene
was set by the keynote speakers who
echoed Mendeleev, proclaiming that
what we have in the sequence is a
periodic table for eukaryotes — the
challenge is how to use it. The
human genome sequence could be
completed as early as 2005, and so
lessons learned in yeasi(s) will be
fundamental in deciding how best to
use genomic information in the
future.

A brief tour of the yeast genome
showed that, of the 5885 known (or
predicted) genes, only about 40%
have any genetic or biochemical data
associated with them. The progres-
sion from systematic sequencing to
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systematic gene knockouts is already
under way. Some 266 of the 267 pre-
dicted ORFs on chromosome VIII
have been knocked out, and less than
a fifih of them are essential genes
(Mark Johnston, Washington Univ.,
USA). A quasi-random gene disrup-
tion scheme is being employed by Pat
Brown (Stanford Univ., USA). Yeast
cells are mutagenized by inducing
transposition of the naturally occur-
ring Tyl elements. This population
of cells can then be selected under
various conditions, and the location
of transposons mapped by PCR. This
approach can be used to associate
genes with selected phenotypes, and
to define ORFs which were not large
enough to be spotted from the
sequence data alone.
A al :

tagged gene deletions, a yeast selec-
table marker is amplified by PCR,
adding homologous ends for recom-
bination, thereby allowing replace-
ment of a specific segment in the
genome. At the same time, a known
20mer sequence is added which
becomes a unique molecular ‘bar
code’ for that particular gene de-
letion. By hybridization to an array of
oligonucleotides (such as on a DNA
chip — see below), these barcodes
can be read out, revealing which
gene deletions are present in the
population of cells examined. This
allows large collections of deletants
to be analysed in parallel.

DNA chips (David Lockhar,
Affymetrix, USA) were mentioned by
a number of speakers. These are

, more
approach involves tagging individual
deletants with a unique oligo-
nucleotide sequence (Ron Davis,
Stanford Univ., USA)!. To make these

TIG FesruarY 1997 VoL. 13 No. 2
49

ially an ordered array of up to
65000 oligonucleotides immobilized
on derivatized glass slides. By
hybridizing  fluorescent  labelled
DNA or RNA probes to the chips, it is



