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Size isn’t everything: lessons in genetic miniaturisation from

nucleomorphs

Paul R Gilson*, Uwe-G Maiert and Geoffrey | McFadden*

Nucleomorphs are the vestigial nuclear genomes of
eukaryotic algal cells now existing as endosymbionts within
a host cell. Molecular investigation of the endosymbiont
genomes has allowed important insights into the process
of eukaryote/eukaryote cell endosymbiosis and has also
disclosed a plethora of interesting genetic phenomena.
Although nucleomorph genomes retain classic eukaryotic
traits such as linear chromosomes, telomeres, and introns,
they are highly reduced and modified. Nucleomorph
chromosomes are extremely small and encode compacted
genes which are disrupted by the tiniest splicecsomal introns
found in any eukaryote. Mechanisms of gene expression
within nucleomorphs have apparently accommodated
increasingly parsimonious DNA usage by permitting genes
to become co-transcribed or, in select cases, to overlap.
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Abbreviations

CCMP  culture collection of marine phytoplankton
ER endoplasmic reticulum

ORF open reading frame

rRNA ribosomal RNA

Introduction

Eukarvotes are a promiscuous lot, readily striking up
intimace relatonships with other organisms in an at-
tempt to flourish within nature’s jungle. As with most
apportunists, eukaryotes are not always original — often
exploiting the inventions of other organisms by detaining
them as endosymbionts. No greater example of this trend
exists than the continuous quest by eukaryotic organisms
to acquire the extremely useful process of photosynthesis.

A large number of photosynthetic cukarvotes — red algae,
green algae (and their descendants, the land plants) and
the glaucocystophytes — harbour plastids bound by twe
membranes [1]). These algae almost certainly acquired
their plastids by engulfing and reraining cvancbacterial-
like endosymbionts [2,3,4**5]. Over ume, the cvano-
bactenal-like endosymbionts were reduced to plastids and
many of their genes were cither lost or transferred 1o
the eukaryotic nucleus (Figure 1). We call this process
primary endcosvmbiosis and it seems likely thac all plastids

ulcimately derive from a single successful instance of this
process [5,6].

In addition to the algae mentioned above, there exist
several major eukarvotic groups—in terms of diversity
and biomass —that possess plastids surrounded by more
than two membranes. Dinophyceae (dinoflagellates) and
Euglenophyceae (e.g. Euglena sp.) contain plastuds en-
veloped by three membranes, whereas heterokonts (e.g.
brown algae, chrysophytes, and diatoms) and haptophytes
(e.g. coccolithophorids) contain plastids bound by four
membranes [6]. These multimembrane-bound plastids
arc belicved to have been acquired sccond-hand from
other unrelated eukaryotic algae [4*°,6] rather than
by direct inheritance through filial radiation after the
primary cvanobacterial endosymbiosis. Referred rto as
secondary endosymbiosis because a cukaryotc alga 1s
engulfed by a eukaryotic heterotroph and is retained as a
phetosynthertic endosvmbiont, this process has apparently
been a potent driver of eukaryotic cell diversity, Sceondary
endosymbiotic origins are invoked for six or more algal
phvla {4**7], comprising at least 37,600 species [8¢]. It
is believed that one of the extra membranes enveloping
the original two-membrane-bound plasuad is the residual
plasma membrane of the captured algae. Other than
the plastid, however, this extra membrane is the only
physical remnant of the caprured algae, making ic difficule
to substantiate these hypothetical scenarios of plasud
acquisition [4*,7].

Fortunately, nature has provided us with examples of
algae that retain unequivocal evidence of secondary en-
dosymbioses. Cryptomonads and the chlorarachniophyees
have plastids that not only have the extra membranes of
sccondary cndousymbiosis but also retain a small volume
of endosymbiont cytoplasm and a vestigial endosymbiont
nucleus [7]. These diminutive nuclei, called nucleo-
morphs, contain the smallest known eukarvotic genomes,
being only ~0.5 megabases in size. In partnership with
collaborators (S5 Douglas, T Cavalicr-Smith) we have
commenced studies of these so-called "bonsal genomes’
[9*] to help unravel the secrets of eukaryote/eukaryote
endosvmbioses and illuminate some fundamental aspects
of eukaryote genome organisation and composition.

Nucleomorphs

Early evidence that crypromoenad and chlorarachniophyte
nucleomorphs were vestigial endosymbiont nuclei was
provided by phvlogenertic analyses of their ribosomal
RNA (tRNA) genes. Analysis of the rRNA genes of the
crvptomonad nucleomorph indicated that it was derived
from a red alga (Figure 1) [10,11,12%,13*]. The host cell,



Size isn't everything Gilson, Maier and McFadden 801

Figure 1
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(a) Flastids are the descendants of a photosynthstic prokaryote which was engulfed by a heterctrophic eukaryote. (b,€) Primitive eukaryotic
algae later diverged into differant groups which were, in turn, engulfed by other sukaryotes. (b) The plastids of cryptomonads are descendants
of red algal endosymbionts and reside inside the ER of a flagellated heterotroph. (c) Chlorarachniophytes, on the other hand, were created
when an amoeboid heterotroph enguifed a green alga and enveloped it inside a modified phagocytic vesicle. Both the red and green aigal
endosymbionts are drastically reduced and contain vestigial nuclei that house tiny genomes ~ the nucleomorphs. Many non-gssential genes
have been lost from these genomes or have been transferred to the nuclei of the host cells (Nu2 and Nu3). Ny, nucleus of primitive alga and
its descendants which is later reduced 1o a nuclecmorph {Nm}; Chi, plastid; Py, pyrenoid.

however, was shown to be related o Gonlomonas truncata, be a rclative of the filose amocbae (Figure 1) [13+,14].
a plastid-lacking hercrotroph (Figure 1) [11,13*]. Simnilar Thus, different hosts acquired different endosymbionts
analyses showed the chlorarachniophyte endosymbiont to in two independent secondary e¢ndosymbioses 1o create
be a green alga (Figure 1) [12%,13%] and the host cell to cryptomonads and chlorarachniophytes. The two systems,
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therefore, constitute excellent parallels for exploring the
processes involved.

The organisation of nucleomorph DNA was first examined
by isolating cryptemenad nucleomorphs [15]. Pulsed-field
gel electrophoresis of DNA from isolated nucleomorphs
wdenufied their genomes as comprising threc remark-
ably small linear chromosomes, each being only a few
hundred kilobases in length (Figure 2) [16]). Curiously,
each chromosome was found to carry nucleomorph-type
tRNA genes [17]. Even more curiously, pulsed-field gel
clectrophoresis of rtoral chlorarachniophyte DNA  also
showced that nucleomorphs of these algac contained three
tiny chromosames which, again, each carried tRNA genes
(Figure 2} {18]. Subsequent analyses of a number of
species have shown the haploid sizes of cryptomonad and
chlorarachniophyte nucleomorph genomes range between
550-660kb [19] and 380455kb respectively (P Gilson,
unpublished data).

We believe that nucleomorph genomes are tiny because
manv redundant genes were lost post-endosymbiosis. As
an endosymbiont, the engulfed alga has no need for most
of the structures and biosynthetic pathways it originally
possessed. In addition, some genes required to maintain
the endosymbiont and its plastid appear to have been
transferred to the host cell nucleus (Figure 1). Intriguingly,
both crypromonad and chlorarachniophyte nucleomorphs
have remarkably similar karyotvpes, despite the face that
they are derived from two completely unrelated endosym-
bioses (Figure 2) [12¢,13*]. This similarity suggests that
genome reduction processcs have honed nucleomorphs
towards a common minimal viable genetic architecture
[20¢,21**]. The minimal chromosome length of ~100kh
is similar to the minimum viable size defined for yeast
chromosomes [22]. Convergence of the two nucleomorphs
on three chromosomes is difficult to rationalise, however,
as cukaryotes with only two [23] ot even one [24] haploid
chromosome are known.

What do nucleomorphs encode?

The plastud genomes of plants and algae typically encode
a mere 10% of the proteins present in these organelles
with the remainder being encoded by the cell’s nucleus
[4%¢]. It follows then that the nucleomorph —once the
nucleus of a eukarvoric alga—should encode many of
the proteins required by the endosymbiont’s plastid,
In addition, nucleomorphs would need to possess the
many genetic housekeeping functions required to express
these plastid proteins and replicate nucleomorph DNA
[20°]. To date, sequence analyses of cryptomonad and
chlorarachniophyte nucleomorph DNA have identified a
plethora of housekeeping genes (Table 1) the functions
of which include cranscription, transcript processing,
translation, protein processing, and cell cycle control
[19,2G=,21*,25]. Puzzlingly, precious few plastid protein
genes have been found to date (possible candidates being
the proteasc ClpP [21**] and the purative plastid division

protein FusZ [U-G Maier, unpublished data]). We already
know aof several plastid proteins encoded by the host cell
nucleus (e.g. GAPDH [26*]; chlorophyll-binding proteins
[] Deane, GI McFadden, unpublished data]; and the
o subunit of phycoeerythrin [27]) and it i1s likely that
extensive transfer of nucleomorph genes to the host
nucleus has occurred (Figure 1).

Many open reading frames (ORFs) have been identified
within nucleomorph DNA, Some ORFs arc novel and
may perform nucleomorph-specific functions. Qther ORFs
exhibit extensive similarity to those from other eukaryotes.
At present, neither cryptomonads nor chlorarachniophytes
are amenable to genetic analyses and we anxiously await
the elucidation of ORF function from more genetically
tractable organisms such as Saccharomyces cerevisiae.

Nucleomorph genome architecture and
expression

Nucleomorph genome architecture, like that of many other
organellar genomes, is highly parsimonious with regard to
DNA organisation and expression.

Telomeres and terminal inverted repeats

Chromosomes within the chlerarachniophyte nucleomorph
are capped with telomeres comprising TCTAGGG repeats
{20,28], rather like those of plants and green algae
[29,30). Linked to these rclatively short telomeres (of
25-45 repeats) are single t(RNA gene operons (Figure 2).
Together, the telomere and tfRNA gene operon form an
idenuical 8.5kb cap on the termini of each nucleomorph
chromosome (Figure 2) [20*,28]. We belicve that the
identity of nucleomorph rRINA genes is maintained by
intra- and intermolecular recombination between the
terminal repeats followed by gene conversion processes
[28]. Tt 1s interesting thar the chromosomal termini of
some pathogenic eukaryotes such as Plasmodium sp. and
Trypanosoma sp. are also recombinartorial hot-spots [31,32];
however, whereas recombination apparently keeps nucle-
omorph rRNA genes identical, terminus recombination
in these pathogen chromosomes creates novel surface
antigens to confuse the host immune system.

All threc cryptomonad nucleomorph chromosomes cncode
RNA gene operons but iv is not known if they are
terminally posttioned and nothing 1s vet known about
crypromonad nucleomorph telomeres (Figure 2) [9°].

Compact genomes: operons and overlapping genes

Very little spacer DINA separates nucleomorph genes. The
average spacer length wichin the chlorarachniophyte nu-
cleomorph is 2 mere 100 bp and is only marginally greater
in cryptomonads [9°,20*]. Reduction has apparently been
so pervasive that the individual transcription of select
genes has been abandoned in favour of centraction to
an operon-like organisation. Northern blor and ¢cDNA
anzlyses indicate that three adjacent chlorarachniophyte
nucleomorph penes are co-transcribed [21°*] and many
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(a) Chiorarachniophyte (CCMP 621} and (b) cryptomonad (Guiliardia theta) endosymbionts with their nucleomarph genomes. (a) The
chlorarachniophyte nucleomorph contains three small linear chromosomes which terminate in identical inverted repeats. Each repeat comprises
a telomere linked to a single rRNA operon. (b) Cryptomonad nucleomorphs also contain three small rRNA-encoding chromosomes. Although the
rRNA operons form inverted repeats, their position on the nucleomarph chromosome is unknown. Nm, nucleomorph; PS, periplastidal space; Py,

pyrenoid; GA, Golgi apparatus, Mit, mitochondria.

more operons have been hypothesised [20°]. As yert,
it has not been established how these polycistronic
messengers are translated. There is no evidence of
trans-spliced leader sequences ligated to the front of any
nucleomorph mRNAs (P Gilson, unpublished darta), as
has been observed in other eukarvotes such as nemarodes

and trypanosomes which also have operons [33-35]. In
addition to the compression of genes into aperons, we have
also found examples of overlap where a gene encoding
a spliceosomal RNA lies within the 3’ untranslated
region of a ribosomal protein gene [21**). Whether this
minimizacion of DNA content is caused by some active
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Table 1

Comparison of chlorarachnolphyte and cryptomonad nucleomorph genomes.

Features

Chiorarachniophytes

Lacation of endosymbiont

Number of chromosomes

Haploid nucleocmorph genome size
Average AT content

Telomeres

Spliceosomal introns

Operons

Overlapping genes

Functions common to both nucleomorphs

Transcription

RNA processing

Translation

Protein processing

Plastid functions
Functions unique to one nucleomorph
Cell cycle control

Signal transduction

Inside a cytoplasmic vesicle
Three (95, 140 and 145 kb)
380-455 kb
70%
(TCTAGGG), repeats
Numerous; 18, 19 or 20 nuclectides long
Present

Present

RNA polymerase subunit RPB8 [45]

snRNP E, Prp6, and U6

Ribosomal proteins S4 and S13; Eif 4

Hsp70

Protease ClpP

Nane detected to date

Ngne detected to date

None detected to date

) Cryptomonads
thside iurﬁen 0!7 EI-:Q
Three {160, 170 and 185 kb)

480-660kh
60%
Unknown
None detected to date
None detected to date

None detected to date

TATA-box binding protein TFIIB, RNA
polymerase subunit RPB1 [45]

rRNA helicase, mRNA-capping protein

Ribosomal proteins S4, L8, L27 and Lg;
tRNA Leu; tRNA His, tRNA Lys

Hsp70, ubiguitin-conjugating enzyme,
proteosome o subunit, TCP1 subunit

Plastid division protein FtsZ

cdcdB-like kinase
G prateins

o-tubulin

Cytoskeletal

pressure to reduce genome size per se {36,37] or whether
nucleomorph genomes are simply prone to DNA loss
remains undetermined.

Nucleomorph coding sequences are highly enriched for
AT nucieotides (60-75%) and gene spacers and introns
are even further enriched (80-90%) [20®]. Such nuclcoude
bias occurs in manv organclle genomes but its basis
remains enigmatic [38°*].

Pygmy introns and spliceosomes
Chlorarachnicphyte nucleomorph genes contain a surpris-
ing surfeit of spliceosomal introns [21**]; but nucleomorph
introns are the ‘pygmies’ of the spliceosomal intron world
being smaller {only 18-20 nucleotides in length} than
those found in any other eukaryote gene [4*%.21%*]. The
occurrence of so many introns, albeit very small ones, in an
otherwise compact genome is surprising. We suspect that
the nucleemorph introns were not easily lost in evolution
but they have became smaller in sizc; perhaps as small as
an intron can ger and sall be recognised and removed by
a splicesome.

Chlorarachniophyte nucleomorph introns possess the clas-
sic spliccosomal 5’GT and AG3’ dinucleotide borders
and a ‘loose’ consensus sequence [20*] and several
compenents of the spliceosomal machinery are known
to be encoded by the nucleomorph [21°¢]. We have
utilised ## sitw hybridisation and immunolocalisation tech-
niques to verify the presence of spliceosomes within the
chlorarachniophyte nucleomorph and its seems that many
chlorarachniophvte nucteomorph genes (Table 1) may be
devoted to processing RNA wanscripes [21*°]. To dare,
no introns have been discovered within the cryptomonad
nucieomorph [9¢]. As crvptomonad nucleomorphs are
derived from red algal endosymbionts and the nuclear
genes of red algac arc generally intron-poor [39], the
cryptomonad nucleomorph genome will probably also be
INLron-poor.

Given the apparently inexorable trend towards reduction,
one is tempted tw ask why the nucleomorphs of cryp-
tomonads and chlorarachniophytes have not disappearcd
entirely, as is proposcd for most cases of secondary
endosymbiosis [4%,7,40**]. Such loss of the nuclcomorph



presumably requires transfer of all essential genes into
the host nucleus and it 1s possible that there has not yet
been sufficient time for this to occur in cryptomonads and
chlorarachniophvtes. Alternatively, it is possible that some
time post-endosymbiosis the transfer of nucleomorph
genes was halted as they became increasingly weird by de-
veloping aberrant regulatory sequences, biased nucleotide
compositions and diminutive intronic sequences. It 1s hard
to imagine that such aberrant genes could have easily been
accommodated by host-cell genomes and the nucleomorph
may have been fixed in its present form for some time now.

Host-endosymbiont relations: protein
transport

Cryptomenad endosymbionts are located within the en-
doplasmic reticulum (ER) of the host cell whereas
chlorarachniophyte endosymbionts are situated inside
cyvtoplasmic vesicles (Figure 1). Analyses of gencs for
nuclear-encoded plastid proteins in cryptomonads suggests
the presence of a bipartite leader which comprises a
typical ER signal peptide followed by a plastid transic
peptide [26°,27]. This imphes that nuclear-encoded plas-
tid proteins are cotranslationally inserted into ER from
where they migrate into the plastid courtesy of their
transit peptides. How these proteins actually cransverse
the residual plasma membrane of the endosymbiont
to arrive at the plastid is unknown. Nuclear genes
encoding chlorarachniophyte plastid proteins also possess
amino-terminal extensions (] Deane, G McFadden, un-
published dara) and their transport mechanisms are being
investigated. Unravelling the complex mechanisms by
which four genomes — nucleus, nucleomaorph, plastid, and
mitochondrion —act in concert to form the blueprint of a
eukaryotic cell remains a major challenge.

Conclusions

At present, we are sequencing the nucleomorph genomes
via & ‘shotgun cloning’ strategy and eventually predict
that each genome could encode -300 genes. At first
glance, this number is remarkably similar to the estimates
of the minimal gcnome size [41°42] and we were
initially hopeful that sequence analysis of nucleomorphs
could reveal a distillation of basic eukaryotic functions,
Nucleomorphs are unlikely to be autenomous, however,
and they probably rely on host cell sources for many
building blocks and even complete macromolecules.
Indeed, juse as plastid genomes cannot tell us everything
about photosynthesis, or mitochondrial genomes every-
thing about respiration, nucleomorph genomes cannot tell
us everything about nuclei. Nevertheless, nucleomorphs
provide a fascinating window into the genome-moulding
forces of endosymbiosis. Comparative genomics with
plastids [6] and mitochondria [43*,44°] have revealed some
marvellous principles. Fortunately, we know of at least two
nucleomorphs and the comparison of their residual gene
complements will also be fascinating.

Of great interest also is the means by which proteins
synthesised in the host cell are transported to the
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endosymbiont and its chloroplast. We are presently
wdentifying such proteins and are endcavourning to dissect
the intracellular route they wavel, It will be interesting
to compare and contrast the amino-terminal targeting
sequences of host cell synthesised proteins destined
to reside in the endosymbiont’s cyroplasm and nucleus
compared to those that are further despatched on to the
chloroplast.
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