
Causes and effects of nuclear genome reduction
Patrick J Keeling and Claudio H Slamovits
Eukaryotic nuclear genomes are generally considered to be

large and gene-sparse, but extreme reduction has taken place

several times, resulting in small genomes with a high gene-

density. This process involves loosing genes, compacting

those that remain, or often both. Recently sequenced nuclear

genomes include several that have converged to similar gene-

densities by many means: variation in numbers and lengths of

genes, intergenic regions and introns all contribute, but not

equally in any given genome. Genomes of microsporidia and

nucleomorphs have taken compaction much further, and in

these hyper-compacted genomes there is evidence that some

basic processes such as gene expression might be affected by

genome form. In these genomes, normally weak forces might

become more significant drivers of genome evolution.
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Introduction
At the bottom of the rabbit hole, Alice found a bottle

labeled, ‘‘Drink Me’’. When she did, Alice shrank to a

perfectly functioning, ten-inch miniature of herself. In

reality, shrinking can be more difficult than simply drink-

ing a potion, because the component parts of many

systems are not themselves shrinkable, and so the system

fails to function properly. In the world of eukaryotic

nuclear genomes this is probably true, despite the fact

that they vary in size by factors of hundreds of thousands

(Figure 1), much more than all of Alice’s many transfor-

mations combined.

Variations in genome size have been a persistent puzzle,

mostly because genome size does not correspond to

organismal complexity, often referred to as the ‘C-value

paradox’. Many other characteristics have been tied to

genome size, including metabolic rates, body size, effec-
www.sciencedirect.com
tive population size, and cell size or nucleus size [1–3,4�],
the latter being the characteristic that most uniformly

correlates with genome size. As with all complex char-

acteristics, however, genome size is probably controlled

by a variety of factors of varying importance in different

organisms. These correlations are probably important

across a broad spectrum of eukaryotes, but do not explain

everything. Moreover, some genomes seem to depart

from any otherwise stable trends, and these are often

at the extremes of genome size [4�].

Here, we review the smallest eukaryotic genomes, illus-

trate some of the recent findings on how compaction

impacts not only genome form but also function, and,

along the way, point out some interesting characteristics

of cells that have enabled compaction to take place. Some

of the more familiar ‘compact’ genomes, such as that of

yeast, are in reality only mildly compacted. Mildly com-

pacted genomes (with gene densities of approximately

2 kb/gene) are not particularly uncommon and probably

follow most of the same rules as larger genomes. A few

genomes, however, are hyper-compacted (with densities

closer to 1 kb/gene) and it is emerging that, at some point,

such genomes might depart from some rules that govern

other genomes — a point when compaction begins to

affect basic processes such as replication, expression or

recombination. At this point, processes and pressures that

are common to all genomes but are generally relatively

insignificant might become more important in genome

evolution.

Different ways to shrink a genome:
reduction versus compaction
Before examining a small genome, it is helpful to consider

a simplistic division of ways that a genome can shrink: it

can loose genes (elimination) or it can pack genes into a

smaller space (compaction) [5]. Gene elimination results

in a genome with a reduced coding capacity and a

simplified proteome, whereas compaction by itself does

not change the coding capacity but results in a higher

gene density. It is relatively easy to explain gene elim-

ination in many instances because the organisms are

endosymbionts or intracellular parasites. These genomes

have shed a large number of genes because they rely on a

host cell for nutrients and biosynthesis of small mole-

cules. Why compaction takes place is less obvious, and its

effects on the genome are also more subtle, although not

insignificant.

Returning to Alice, depending on what she ate (e.g. eating

mushrooms versus eating cake), the effect on the way she

shrank was different: sometimes she simply got smaller
Current Opinion in Genetics & Development 2005, 15:601–608
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Figure 1
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and sometimes parts of her shrank more than others.

Examining different groups of eukaryotes with com-

pacted genomes we also see different combinations of

elimination versus compaction.

We are fortunate now to have complete genome

sequences for several eukaryotes with mildly compacted

genomes, and also to have more than one closely related

species in a couple of cases (Table 1). Focusing on

protists, the best resource of complete genome sequences

is in the Apicomplexa, a diverse phylum of intracellular

parasites. In addition to Plasmodium [6,7], there are now

complete genomes for two species of Cryptosporidium
[8�,9�] and two species of Theileria [10�,11�], all of which

have mildly compacted genomes with densities in the

order of twice that seen in Plasmodium. Each has achieved

this compaction by different means. All have eliminated

genes to about the same extent, but Theileria has reduced

its intergenic spaces more than Cryptosporidium, whereas

Cryptosporidium has reduced its intron content consider-

ably more than Theileria (Table 1). Comparing the gen-

omes of congeneric relatives has already revealed a high

degree of conservation in gene order in Theileria, and

many features relating to the expansion of species-spe-

cific gene families in both genera [8�–11�]. In other

groups, even just considering the simplistic characteristics

of coding capacity, gene density and intron numbers, we

see similar variations in modes of reduction: Dictyostelium
has retained many genes and introns, but reduced its

intergenic regions [12], whereas Entamoeba has reduced

all three characteristics [13], and Cyanidioschyzon has

reduced gene number and lost nearly all of its introns

[14]. Interestingly, even though many of these genomes

have reduced by eliminating genes, there is also evidence

for acquiring new genes by horizontal gene transfer in

several parasites with reduced genomes [13,15–20].

One of the more interesting compacted genomes is that of

the ciliate Paramecium [21��]. This genome is relatively

large and contains an estimated 30 000 genes. It has

clearly eliminated a small amount, and yet it has com-

pacted this large repertoire of genes significantly. It has

retained many introns but shrunk them near to the lower

limit known, and, most interestingly, has drastically

reduced intergenic lengths (Table 1). This genome

shows, perhaps better than does any other eukaryote to

date, that elimination and compaction do not necessarily

go together. We do not know why, but one possible factor

is the separation of germ and somatic nuclei. In the

development of somatic chromosomes from germ-line
(Figure 1 Legend) The tree of eukaryotes, showing some variations in geno

data according to the study by Keeling et al. [48]. There are five hypothetica

(E), Unikonts (U), Plants (P), Chromalveolates (C) and Rhizaria (R). Genome

based on methods such as CHEF (contour-clamped homogeneous electric-

estimates — in particular, those of larger genomes — are probably erroneo

that the range of genome sizes in eukaryotes is vast. Genome sizes are tak

can be found in the studies by Lynch and Conery [2] and Kapraun [3], and

www.sciencedirect.com
chromosomes, a substantial amount of sequence is dis-

carded: nearly all non-genic, including most or all of the

transposable elements in the genome. The somatic gen-

ome, therefore, has a higher gene density: perhaps this

separation of selective pressures shields the somatic gen-

ome from negative selection on some otherwise deleter-

ious effects of compaction.

Extreme compaction: microsporidia and
nucleomorphs
Even the most gene-dense of the genomes described

above do not fall below 2 kb/gene overall, suggesting

that beyond this density functional difficulties might

arise. It is easy to imagine what kinds of problem might

be faced: for instance, regulatory regions interfering with

one another, or transcriptional fronts colliding [22]. How-

ever, in three different cases, nuclear gene densities have

hyper-compacted: in microsporidia and the nucleomorphs

of cryptomonads and chlorarachniophytes.

Microsporidia are a group of diverse obligate intracellular

parasites now known to be closely related to fungi. This

has been a contentious issue because they were formerly

thought to be early-diverging eukaryotes, until conflicting

phylogenetic data suggested that they were fungi [23].

The reason behind this incongruence has now been

shown in a genome-wide phylogenetic analysis, which

demonstrated a strong correlation between how highly

divergent a gene was and its tendency to show micro-

sporidia branching early in eukaryotes, a classic phyloge-

netic artefact [24�]. Microsporidia are highly adapted to

their parasitic way of life: they have a highly advanced and

sophisticated infection mechanism (Figure 2), but they

are also degenerate in many ways. Known microsporidian

genomes range in length from 19.5 Mb to a mere 2.3 Mb

[25–28], and the complete 2.9 Mb sequence of the Ence-
phalitozoon cuniculi genome has been determined and

shown to be a model of both elimination and compaction

[29,30]. The genome contains just fewer than 2000 pro-

tein-coding genes, a great proportion of which are

involved in replication and gene expression. Many bio-

synthetic pathways have been lost — particularly those

involving the biosynthesis of small molecules such as

nucleotides or amino acids — which, not surprisingly,

suggests a heavy reliance on the host cell for nutrients. In

terms of compaction, the average intergenic size is only

129 bp; by comparison, this is approximately a quarter of

the size of that found in the mildly compacted genome of

Saccharomyces. Furthermore, there are few short repeats,

only one repeated block of the genome, and no evidence
me size. The tree is a composite based on a variety of available

l supergroups, indicated by black circles at their bases: Excavates

sizes are derived either from complete sequences or from estimates

field) gel electrophoresis or quantifying DNA content. Some

us (for example, as a result of polyploidy) but it is nevertheless clear

en from too many sources to list them all, but useful compilations

at www.cbs.dtu.dk/databases/DOGS.

Current Opinion in Genetics & Development 2005, 15:601–608

http://www.cbs.dtu.dk/databases/DOGS


604 Genomes and evolution

Table 1

Some characteristics of model genomes compared with compact genomes*.

Organism Genome size (Mb) Number of

genes

Gene density

(kb/gene)

Mean intergenic

distance (bp)

% Intron-

containing �
Mean intron

size (bp)

Homo sapiens 2851 22 287 127.90 �104 85 3365

Arabidopsis thaliana 125 25 498 4.90 2900 79 170

Saccharomyces cerevisiae 12.50 5770 2.09 500 5 287

Apicomplexa

Plasmodium falciparum 12.03 5268 4.34 1694 54 179

Theileria parva 8.31 4035 2.20 405 74 94

Theileria annulata 8.35 3792 2.05 369 71 69

Cryptosporidium parvum 9.11 3952 2.30 566 5 z

Cryptosporidium hominis 9.16 3994 2.29 716 5–20 z

Red Algae

Cyanidioschyzon merolae 16.52 5331 3.10 z 0.5 z

Amoebozoa

Dictyostelium discoideum 33.82 12 500 2.72 z 69 146

Entamoeba histolytica 23.75 9938 2.39 z 25 z

Ciliate

Paramecium tetraurelia 1 �100 �30 000 2.14 202 84 25

Microsporidia

Encephalitozoon cuniculi 2.51 1997 1.25§ 129 0.6 z

Nucleomorphs

Guillardia theta 0.551 486 1.13§ 70 1.8 46

Bigelowiella natans 0.373 �308 1.21§ 113 80 19

* Values for several of these characteristics vary among published reports, in part because they change as annotations improve, and in part

because they are measured in different ways. Accordingly, the values should be taken as an approximation that demonstrates the general trends

in the genome. In general, the values reported here are taken from the most current source or from the report describing the genome
z Value not available.
§ Overall gene density is based on genome size divided by protein-coding gene number. However in the smallest genomes, essential non-

coding regions (e.g. telomeres) and small RNA genes (e.g. tRNAs) have a disproportionate affect on density values compared with their affect

on large genomes. The effective gene density in the chromosomal cores can be much higher (e.g. 20% higher in E. cuniculi), so this value is

useful for comparison, but a more interesting value with respect to the effects of compaction is the mean intergenic length.
� The number of genes containing introns is most commonly reported, but in terms of compaction this value is only partly informative since

the number of introns in each of these genes is also relevant, or the total number of genes across the genome.
1 Based on partial genome.
of transposons. There are only 13 introns, located within

12 genes, known in the entire genome. Overall, these

characteristics result in a gene density of 1.25 bp/gene

[30].

Nucleomorphs are relict nuclei of endosymbiotic algae

found in cryptomonads and chlorarachniophytes

(Figure 2) [31,32]; other groups have endosymbiotic algae

that retain nuclei [33], but virtually nothing is known

about their genome form or content. The apparent func-

tion of nucleomorph genomes is to supply a few proteins

to the plastid with which they are associated. In most

secondary plastids, these protein genes have all moved to

the host nucleus, rendering the endosymbiont genome

obsolete [34,35]. In cryptomonads and chlorarachnio-

phytes, however, the endosymbionts have retained a

small number of essential genes — encoding plastid

proteins and, perhaps, also proteins involving in targeting

— that cannot be lost until these genes also move to the

nucleus. Cryptomonad and chlorarachniophyte nucleo-

morphs evolved independently from red and green algae,
Current Opinion in Genetics & Development 2005, 15:601–608
respectively, but they share many features of overall

structure in common [31]. Their genomes are all com-

posed of three linear chromosomes with gene-dense cores

and rRNA operons as subtelomeric repeats. They are by

far the smallest nuclear genomes known: the genomes of

cryptomonads range from 450 to 710 kb [36], and those of

chlorarachniophytes range from 373 to only 455 kb

[31,37].

Complete genome sequences are known from a repre-

sentative of both groups: the cryptomonad Guillardia theta
[38] and the chlorarachniophyte Bigelowiella natans ([39]

and PR Gilson, V Su, CH Slamovits, ME Reith, PJ

Keeling and GI McFadden, unpublished). These gen-

omes are similar to microsporidia in terms of compaction,

but have eliminated far more genes because of their even

greater dependence on their host. The potential for

reduction in nucleomorphs is higher than that in micro-

sporidia for an intriguing reason: not only are they depen-

dent upon their hosts for energy and small molecules but,

because secondary algae have transferred many genes to
www.sciencedirect.com
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Figure 2

Intracellular life and small genomes. (a) Spores are the only stage of microsporidian obligate intracellular parasites that survive outside another

cell. To the left, two spores (purple) are shown: one is in its dormant state (below); and one (above) is infecting a host (yellow). Infection takes

place using a projectile tube that injects the parasite directly into the host cytoplasm, as shown to the right. Because all growth and development

occurs inside this host cell, the parasite become deeply dependent upon the host for energy and nutrients, enabling them to lose a great

number of genes, and their genomes to shrink (although this does not explain why they compact). (b) Nucleomorphs arose when an alga (green)

was eaten by another eukaryote (pink), as shown on the left. Usually, this meal would be digested, but on several occasions the alga was

retained and the two cells integrated in a process called secondary endosymbiosis, forming a new algal lineage. Sometimes secondary

endosymbionts lose their nucleus altogether, but in two instances the nucleus of the endosymbiont was not lost and, instead, degenerated

substantially to what we now call a nucleomorph (shown on right). The endosymbiont is dependent on the host for energy and nutrients, and

so the degeneration of nucleomorph genomes is similar in many ways to that seen in microsporidian genomes. In addition, however, many

nucleomorph genes appear to have moved to the host nucleus, and their products are targeted back to the endosymbiont, enabling

nucleomorphs to degenerate even further than a parasite might. Overall, endosymbionts and intracellular parasites and the relationship of

each to their host differ in many ways, but there are also many similarities and parallels.
the host and developed a mechanism to target the protein

products back to the plastid [34], they have also become

dependent on their host for most of their proteins.

Accordingly, nucleomorphs might encode fewer proteins

than are needed for the most basic functions. Indeed, the

complete G. theta nucleomorph genome is missing genes

for several essential proteins, such as DNA polymerases

[38]. It has long been speculated that the genes for such

proteins have moved to the host nucleus, but, until

recently, no such gene was found. Now, however, G. theta
nuclear genes for several putatively endosymbiont-tar-
www.sciencedirect.com
geted proteins have been found [40��]. These genes are

one of the ‘holy grails’ of nucleomorph research because

they hold many keys to important questions about pro-

tein-trafficking. Indeed, expressing these genes as green

fluorescent protein (GFP)-fusions in a genetically tract-

able diatom has already proposed an intriguing mechan-

ism for traversing the long-mysterious third membrane of

complex plastids: it is suggested that a plastid outer-

membrane complex is duplicated and present in both

membranes, although the two complexes are subtly dif-

ferent [40��].
Current Opinion in Genetics & Development 2005, 15:601–608
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Genome-wide effects of compaction
Aside from altering the form of the genome, one of the

first features of a functional nature to be noted in the

hyper-compacted genomes of both microsporidia and

nucleomorphs was that the proteins encoded in them

tend to be smaller than their homologues in related

genomes [30,38]. In E. cuniculi it was hypothesized that

these smaller proteins have not arisen directly as a result

of compaction, however, because a shrinking proteome

could result in simpler interaction networks, which

would, in turn, facilitate the loss of protein domains

responsible for these interactions [30].

Perhaps a stronger link to compaction is seen in conserva-

tion of the overall gene order of the genome in micro-

sporidia. Comparisons between the distantly related

microsporidia E. cuniculi and Antonospora locustae revealed

a relatively high number of conserved gene-pairs and

showed that the intergenic regions between these con-

served pairs were markedly shorter in both genomes

[41��]. It was hypothesized that the short intergenic

regions slowed genomic rearrangements simply by redu-

cing the number of possible breakpoints [41��]. In the

mildly compacted genome of yeasts, conservation of

synteny has been linked to short intergenic regions,

but, overall, other factors such as co-expression appear

to be more important [42]. The extreme conditions in

microsporidian genomes might, therefore, place new pro-

minence on otherwise less significant forces. Currently,

there is no comparative genomic data from nucleomorphs,

but they offer a very interesting system to study synteny

over time, because the host nuclear genome has been

evolving in parallel with the nucleomorph. If one could

demonstrate that two host genomes shared significantly

less synteny than the nucleomorph genomes from the

same species, it would prove that the nucleomorph gen-

ome was evolving more slowly than that of the host,

because both host and nucleomorph genomes would have

diverged at exactly the same time. On a more practical

level, the conserved synteny in microsporidia is also an

ideal guide for gene discovery, particularly as the diver-

gent nature of their genes makes identifying them a

challenge. Recently, this conservation was used to iden-

tify, in the absence of sequence similarity, A. locustae
homologues of two E. cuniculi proteins that are crucial for

infection [43�]. Functional studies confirm this identifica-

tion and highlight the practical value of understanding

the dynamics of a genome.

Although these characteristics are each intriguing aspects

of reduction, they do not obviously explain the rarity of

hyper-reduction in nuclear genomes. One potential

explanation has emerged not from the genomes them-

selves but from examining gene expression within them.

Expressed sequence tag (EST) projects from microspor-

idia and both nucleomorph genomes have revealed a high

frequency of overlapping transcription in all three sys-
Current Opinion in Genetics & Development 2005, 15:601–608
tems [44��]. In most eukaryotes, transcripts from one gene

do not typically overlap with those of adjacent genes, and

if they are engineered to do so they often have disastrous

effects on expression of one or both genes [22,45,46]. In

microsporidia, however, about 15% of transcripts appear

to initiate within the upstream gene, terminate within or

beyond the downstream gene, or both [44��,47]. In

nucleomorphs, little initiation within upstream genes

was observed, but most transcripts read through into

downstream genes (97% in G. theta and 82% in B. natans),
sometimes encoding all or parts of as many as four genes

[44��]. It is possible that one of the forces containing

mildly compacted genomes to about 2 kb/gene is the

potential for adjacent genes to interfere with one

another’s expression, and that hyper-compact genomes

have overcome this constraint, but this hypothesis needs a

great deal of work for confirmation.

Conclusions and more questions
Small genomes tend to be the first to get sequenced, so

even in these early days of comparative nuclear genomics

there are already several reduced genomes for further

analysis and comparison, but this is only the beginning.

New genomes of potential interest to reduction and

compaction are on the horizon, including those of the

reduced green alga Ostreococcus, the ciliate Tetrahymena,

and additional Apicomplexa and microsporidia, some

with much larger genomes than those presently analysed.

The number of genomes with densities around 2 kb/gene

is interesting, but whether it represents some functional

line that is difficult to cross needs not only more genomic

data to test the robustness of the observation but also

experimental data that might explain what are the con-

straints on compaction. Moreover, there appear to be

correlations between compaction, synteny and transcrip-

tional properties in hyper-compacted genomes, but,

again, the full strength of comparative analyses have

not yet been brought to bear on these questions.
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