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moving along the gene in one base 
frames, thus, allowing a muration to 
be deteaed by a diietence in the 
pattern of hybridization. There are 
many theoretical problems but, 
nevertheless, in July 1% a chip for 
HIV enzyme sequence analysis was 
released together with 3” insmunenr 
for its assay?t. There has been a 
recent description of an alternative 
method of synthesis and use of such 
chips’” and rhe field has recently 
been reviewed in the columns of this 
joum#. 

outlo& 
wow is the scienrist, faced with 

a mutation detection problem, to 
decide among these methods? One 
almost needs to genenre 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 con& 
dence in the laboratory. To alleviate 
some of these problems, an 
Australian ‘Genome Centre’ (Web 
site: http://www.agrf.org.au) will be 

initiated in 1997 that will offer mu- 
tation detection (together with Iiige 
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 
fo several mitochondrial and plas- 
tidial genomes, the complete genome 
sequence of two prokaryotes and 
one eukaryore (budding yeast) have 
now been determined*-3. In the near 
future, the sequences of several other 
prokaryore 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 prokaryoric and eukaryotic 
organisms help us to understand 
cellular functions and to predict 

the function of uncharacterized gene 
products. We also gain insight into 
the minimal 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 reconsrrucrion, par- 
ticularly for eukaryoric 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 cryprophytes 
and chlorarachniophytes (Fig. 1). 
Nucleomorphs are remnant nuclei of 
former free-living eukaryotic algae 
that have been engulfed by another 
eukalyotic cell and put to work as 
solar-powered food factories (XC- 
ondary endosymbiosis, Fig. 2j4-6. 
The resulting chimaeric cell contains 
four genomes: the p&id, the mito- 
chondrion, the hosr nucleus and 
rhe 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 
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nucleus has undergone drastic reduc- 
tion. Indeed, for some lineages 
(heterokont and haptophyte algae) 
only the plastid compartment and 
endosymbiont plasma membrdne 
have been retained, and the endo- 
symbiont nucleus has disappeared. 
In ctyptophytes and chlorarachnio 
phytes, however, the reduced 
nucleus, and a modicum of cytoplasm 
from the endosymbiont, persist. 
These represent a miniial eukaryotic 
organizational unit, probably semi- 
autonomous, like mitochondria and 
plastids, but eukaryotic in essence. 

length in cblomracbnioph~es is 
3ROkb (the smallest eukaryotic 
genome), but is marginally greater 
in cryptophytes averaging 6Wkb 
(Refs 6, 7). Despite these superi%al 
similarities in katyotype and genome 
size, gene sequence phylogenies 
demonstrate that cryptophytes and 

The nueleonlorpll 

chlorarachniophytes evolved inde- 

So far, all nucleomotphs exam- 
ined contain three small linear 

pendently from separate secondary 

chromosomes. The total nenome 

endosymbiotlc event.@. The simi- 
larities in gross structure (iin both 
types of nucleomorph the three 
chromosomes carry rRNA genes and 
chromosome size ranges from 

degradation, and signal transduction- 
related functions, the nucleomorph 
apparently contains the machinery 
for expressing its information content. 

Importance of studyiug a reduced 
nucleus for a genome project 

small chromosomes? Are typical 
components of chromosome repli- 
cation and division (telomeres, cen- 

Given that they are functionally 
important, the nucleomorphs of 

tromeres, replication origins) still 

cryptophytes 

identifiable? Are transcriptional regu- 

and chlorarachnio- 
phytes can provide useful data for 
studying processes of coordinated 

lation mechanisms required in these 

gene expression and also for phylo- 
genetic reconstruction. Our research 

minimal genomes, and are there pro- 

is interdiiciplinary and seeks to 
answer various questions of phy- 

cessing mechanisms for mkNAs? Are 

logeny and function. How many 
genes are really located on these 

intron locations conserved? Have 

genomes? What are the structural 
reauirements for maintenance of 

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- 
moroh encode proteins transported 
into’ the plastidl Answers to’ some 
of these questions are already 
emerging. 

Genetically different sources 
contribute to multiprotein 
complexes 

Lie other diminutive genomes, 
nucleomorph DNA is rich in genes. In 
Chlorarachnion, noncoding regions 
between genes are less than 100 bp; 
in cryptomonads the average inter- 
genie 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 
nucleomotph. This cohort seems in- 
sufhcient 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 chlorarachnlophytes 
(G.I. McFadden and U-G. Maier, un- 
published). It is, thus, apparent that 
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FIGURE 1. Electron microgrdphs of 
(a) R~~O~OZLXS S&X bypiOph~i& 
6) Chlorarachnion trpfaam 
(chlorarachniophytes). Abbreviations: E, 
ejectosome; G, gullet; M, mitochondrion; 
N. nucleus; Nm, nucleomorph; No, 
nucleolus; P, piastid; Py, pyreaaid or plastid 
protein body, S, polysaccharide grain. 
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FlGtmE 2. The evolution of algae by 
secondary endosymbiosis (a) A 

phototmphic eukary~e is engulfed by 
another phagotrophic eukaryote. 
6) Continued symbiosis leads to 

reduction of the symbiont. including 
pamal reduction of the nu&us to d 

nudeomorph. (c) Punher reduction leads 
to an alga whose plastid is surrounded by 

four membranes. Abbrevtations: M, 
mitochondrion; N. nucleus; P. plwid 

s-and~aalasperts 
of the nucleomorph 

Nucleomorph chromosomes are 
liieart~J3 and, in chforardchnio- 
phytes at least, there are small telo- 
meres at the end.@. 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- 
somest*. So, will we fmd 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 dii- 
ferent nucleomorphs examined to 
date never less than 95 kb? Is drii a 
minimal size for viability? 

the nucleomorph is thought to be 
provision of genes necessary for 
plastid function. However, to 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 pas+ 
ible. Knowledge of the gene com- 
plement of the plaaid will be useful 
in predicting which genes are likely 
to 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 piastid of the 
cryptomonad cell by secomdary 
endosymbiosis. Therefore, determi- 
nation of the complete sequence ot‘ 
the plastid genome of the crypto- 
phyte Guillardia theta is included in 
our genome project. 

To date, sequence analysis of this 
relatively small (118 kb) plastid 
genome has revealed a variety of 
genes not reported from the exten- 
sively studied land plant p&id 
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 fatty 
acids. In addition, genes for tRNAs 
and rkNAs are present as well as a 
large number of ycfs (homologous 
ORFs fomd in several plastid 
genomes). The cryptomonad plastid 
genome is chamcterized by a small 
rRNA-encoding inverted repeat 
(4.9 kb) as well as vet-y tight packing 
of its genes, Wiih organization of 
related genes into large transcrip- 
tionally linked clusters. Numerous 
gene clusters are conserved between 
cyanobacteria 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 
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ceU or an organism works. However, 
determination of the entire sequence 
of these miniiturized eukaryotic 
genomes is a unique opportunity to 
study gene txpression strategies, 
and to understand what comprises 
the miniil chromosome. Addition- 
ally, the nucleomorph genes serve 
as indicators of core eukaryotic 
metabolism without the diitractions 
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 
three separate genetic compartments 
combine in the plastid to power 
the conglomerate. Umavelling 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. 
Trimmed and shaped over great 

spans of time, bonsai trees are per- 
fect miniatures with all the pleasing 
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 an. 
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MEETING REPORTS 

Saccharomyces sapiens 
YEAST GENEIKS AND HUMAN DL%ASE. BAtnuont. MD, USA, 14-17 NOLE\IIIER 19% 

Sii months after the complete yeast 
(Saccbaromyces cerevisiae) genome 
sequence was released, and with 
tine human EST (expressed sequence 
tag) database swelling past the 
400 000 mark, this meeting marked 
a histcic intersection between the 
two 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 yeast(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 


