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The classification of all living organisms
into three major divisions, Archaea

(archaebacteria), Bacteria (eubacteria)
and Eukarya (eukaryotes), over two de-
cades ago (1) has changed our view of the
relationship between nucleated cells (eu-
karyotes) and those lacking nuclei (ar-
chaebacteria and eubacteria). The foun-
dation for this reclassification of living
organisms was originally based on molec-
ular phylogenies constructed by using
small subunit ribosomal RNAs (rRNAs)
(see Fig. 1) and has since been confirmed
by analyses of numerous biochemical
properties, as well as the entire genome
sequence of organisms within each divi-
sion. Converging molecular comparisons
of diverse properties of organisms within
and between domains have led to the
proposal that the eukaryotic cell is a hy-
brid arising from a host archaeal cell and
eubacterial endosymbionts (2–4).

Eukaryotes are divided into four king-
doms: Animalia, Plantae, Fungi, and Pro-
tista. The bulk of research on eukaryotes
has been conducted on fungi, animals, and
plants, the ‘‘crown group’’ organisms in
rRNA trees, whereas relatively little is
known about protist biology. Protists were
traditionally classified by their morphol-
ogy into flagellates, ciliates, amoebae, and
sporozoa (5). Only a few phyla within
these four protist groups have been stud-
ied in any detail, compounding our myopic
view of eukaryotes. The majority of re-
search conducted on these organisms has
focused on a small number of disease-
causing organisms, such as the kinetoplas-
tid flagellates (e.g., Trypanosoma spp. and
Leishmania spp.) and free-living ciliates
(e.g., Tetrahymena). Although limited,
these studies have served to underline the
importance of casting our nets widely,
should we wish to unravel more than a
fraction of the biochemical secrets eu-
karyotic life holds. For example, RNA
editing and transsplicing were first discov-
ered in kinetoplastids; similarly, telo-
meres, cytoskeletal motors, and catalytic
RNAs were first uncovered in ciliates.

Giardia lamblia (also known as G. in-
testinalis) has been the model organism for

studies on diplomonads, a group of flagel-
lated protists (6). Diplomonads and their
cousins, parabasalids, represented by
trichomonads, are thought to be primitive,
based on their lack of typical eukaryotic
organelles, such as mitochondria, peroxi-
somes, and nucleoli, their atypical ultra-
structure features, and their basal position
in rRNA phylogenetic trees (6–8; see Fig.
1). Giardia was initially described by Antoni
van Leeuwenhoek in 1681, upon examining
his own diarrheal stools with a homemade
microscope (9). A few centuries later, the
nearly completed genome sequence of the
organism, containing approximately 5,800
ORFs, has become available (10). Giardia is
a facultative anaerobic, obligate parasite
that infects the small intestines of humans
and other mammals and is a common cause
of diarrhea worldwide (see Fig. 2). The

many traits of Giardia that are thought to be
atypical for eukaryotic cells (6, 7) have
captured the attention of biologists who
wish to explore the variation and define the
full potential of biochemical processes. The
divergence of diplomonads, as well as
trichomonads (e.g., parabasalids), at the
base of the eukaryotic tree has likewise
spurred the interest of evolutionists inter-
ested in understanding the evolution of the
eukaryotic cell.

Nixon et al., in this issue of PNAS (11),
report the presence of a spliceosomal intron
in the genome of Giardia. Before this report,
spliceosomal introns had been observed in
metazoa, yeast, and moderately, deep-
branching protists (2, 12), but not in the
deepest branches of the rRNA-based eu-
karyotic tree. These data now leave Para-
basalids the only eukaryotic lineage from
which a sizeable number of genes have been
examined without the detection of introns
(13). Interestingly, spliceosomal introns
have not been observed in Bacteria and
Archaea, although self-splicing introns
which do not rely on the spliceosome for
removal are found in the former (14). Gi-
ardia is, thus, the deepest-branching organ-
ism in which spliceosomal introns have been
discovered.

In addition to demonstrating the pres-
ence of a single, spliceosomal intron in a
putative [2Fe-2S] ferredoxin gene in Gi-
ardia, Nixon et al. (11) also describe Gi-
ardia genes which seem to encode proteins
that are conserved in spliceosomes. Spli-
ceosomes are ribonucleoparticles, com-
posed of small nuclear RNAs (snRNAs)
and nearly 100 associated proteins, which
orchestrate the excision of spliceosomal
introns (12, 15, 16). Genes encoding pu-
tative SM core peptides, well character-
ized spliceosomal proteins (12), were
identified and phylogenetically analyzed.
The six predicted SM peptides examined
seem to have arisen by means of multiple
duplication and divergence of ancestral
archaeal genes, but are similar to protist,
yeast, and metazoan homologues, sup-

See companion article on page 3701.
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Fig. 1. Representative tree depicting the three
domains of life, Bacteria, Archaea, and Eukaryotes,
with emphasis on the eukaryotic branch. The tree is
based on small subunit rRNA sequences originally
published by Sogin (32) and was redrawn by Dacks
and Doolittle (2). This tree has provided enormous
intellectual stimuli upon which numerous theories
have been built and tested. Construction of eu-
karyotic phylogenies is a continuous process being
steadily fed and modified by the availability of new
data in this era of genomics. As discussed by Nixon
et al. (11) in this issue of PNAS, the precise nature of
deep-branching, divergent lineages and their rela-
tionship to other eukaryotes continues to be chal-
lenged and debated. [Reproduced with permission
from ref. 2 (Copyright 2001, Elsevier Science).]
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porting a probable role in splicing. These
data imply that SM peptides had assumed
their role in RNA splicing before the
divergence of Giardia from the main trunk
of eukaryotic descent.

Putative Giardia homologues of eukary-
otic-specific spliceosomal proteins precur-
sor RNA processing (Prp) 8 and Prp11 and
several putative DexH-box RNA helicases
(12), which have eubacterial homologues,
were also identified. The low-sequence
identity of these genes with DexH-box he-
licases that facilitate RNA arrangements
during splicing and Prp proteins precluded
the use of phylogenetic analyses to infer
their identity and thus solidify their pre-
sumed role in splicing. The predicted Prp8
and Prp11 Giardia proteins have only 27%
and 30% identity, respectively, with their
putative counterparts in Saccharomyces cer-
evisiae. The low-sequence identity of the
putative Prp8 protein is particularly curious,
as a predicted Trichomonas Prp8 protein
(17) is 48% identical to the yeast homo-
logue, and human and yeast Prp8 proteins
are 61% identical, indicating Prp8 to be one
of the most conserved spliceosomal pro-
teins. The presence of a putative Prp8 ho-
mologue in Trichomonas vaginalis is intrigu-
ing and is currently the only data available to
suggest that splicing also occurs in this deep-
branching protist. Functional analyses will
be required to definitively determine
whether putative Prp proteins in Giardia or
Trichomonas are involved in splicing and, if
so, whether the observed sequence diver-
gence of either translates into mechanistic
differences in the splicing reaction. The
efficiency of splicing may also merit atten-
tion in Giardia. The reverse transcription–
PCR data which allowed Nixon et al. (11) to
identify the sequence of the 35-bp intron
examined in their study indicate that less
than 50% of RNA derived from the gene
has undergone splicing. Whether this result
is an artifact of the procedure or indicates
the presence of two roughly equal popula-

tions of RNA, only one of which gives rise to
the predicted [2Fe-2S] ferredoxin, remains
to be determined. If two stable RNA pop-
ulations do exist in vivo, does the abundant
unprocessed RNA remain in the nucleus, or
is it exported to the cytosol and translated?
Is this RNA functional?

Introns have now been examined in
detail in metazoa and yeast, and elegant in
vitro splicing assays have been developed
for both systems, which have allowed the
essential properties of intron structure in
crown group eukaryotes to be defined (12,
15, 16). Two types of introns occur in these
organisms, U2-type and U12-type, which
are spliced by compositionally distinct
spliceosomes (18). The majority of meta-
zoan and yeast introns are the U2-type,
characterized by canonical 5�GT and
3�AG dinucleotides that mark the bound-
aries of the intron and directly interact
with spliceosomal components. In yeast,
the canonical sequence is extended to
5�GTATGT at the 5� end of the intron and
5�A�T,T�C,AG at the 3� end. A strictly
conserved internal branch-point se-
quence, TACTAAC, also is found in yeast
introns. The branch point of metazoan
introns is marked by conserved sequences,
which fit the consensus sequence CTA-
ACT. Although similar 5�, 3�, and branch-
point sequences are found in yeast and
metazoan introns, yeast introns are un-
usual as these are generally strictly con-
served, relative to metazoan introns where
only two-thirds of the nucleotides may
match the consensus (16). The single Gi-
ardia intron described in the paper in this
issue of PNAS conforms to the consensus
established for metazoan and yeast U2-
type introns, except that it lacks the 5�
dinucleotide GT that is typically con-
served in all known spliceosomal introns.
Instead, the dinucleotide CT is present at
the 5� splice site of the Giardia intron,
followed immediately by the nucleotides
ATGT, which perfectly match the consen-

sus typically found immediately down-
stream of the 5� splice site (see above).
Furthermore, the branch point found in
the Giardia intron (AACTAAC) matches
the yeast sequence (TACTAAC) in six of
seven nucleotides.

A detailed characterization of addi-
tional Giardia introns will be necessary to
determine whether important functional
sequences are strictly conserved, as in yeast,
or merely maintained as a consensus. Such
studies should also reveal whether the pres-
ence of a 5� CT, rather than GT, is typical in
Giardia introns, assuming additional introns
will be found. The identification and char-
acterization of Giardia snRNAs, such as U1,
U2, U4, U5, and U6, which are known to
play critical roles in splicing and are gener-
ally conserved, will be essential to deter-
mine whether conventional or divergent
spliceosomes exist in this protist. In this
regard, it is interesting to note that two
apparent classes of cis-splicing introns have
been found in Euglena—those with conven-
tional structures (19) and that that lack
conventional consensus motifs (20).
Whether the latter are processed by stan-
dard spliceosomes or other, undefined
mechanisms is unknown.

Another interesting feature of the single
Giardia intron identified is its length of only
35 nucleotides. Although short introns are
found in metazoa and are, in fact, the rule in
yeast and examined protists, introns less
than 50 basepairs are rare. Should very short
introns be common in Giardia, spliceosomal
components or structure may have diverged
to allow their accurate removal. So far, a
limited number of introns have been exam-
ined in protists from distantly related phyla,
including Toxoplasma, Plasmodium (21),
Trypanosoma (in which only two cis-spliced
introns have been found, both in the same
gene, in two different species; ref. 22), and
Entamoeba (23). Introns in protists seem to
be small (often �100 nucleotides but �50
nucleotides) and scarce, similar to yeast

Fig. 2. Giardia lamblia is a facultative anaerobic and obligate parasite. Nixon et al. report the presence of a spliceosomal intron in the genome of Giardia. Before
this report, spliceosomal introns had been observed in metazoa, yeast, and, moderately, deep-branching protists (2, 12), but not in the deepest branches of the
rRNA-based eukaryotic tree. [Reproduced with permission from the Atlas of Medical Parasitology (AMP), www.cdfound.to.it (Carlo Denegri Foundation).]
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introns. However, given the paucity of cur-
rent information, caution should be applied
when making generalizations about the
abundance and size of introns in protists.
Unlike yeast, genome projects for most pro-
tists are incomplete, and inadequate pro-
grams are available to detect introns in these
databases, particularly should their se-
quence not conform to expectations. Re-
cent data on introns in Entamoeba, an an-
aerobic, amitochondriate, gut parasite
which shares many biological properties
with Giardia and Trichomonas, indicate that
introns are quite com-
mon in genes of this
protist, contrary to
previous belief (ref.
23, and J. Samuelson
& B. Loftus, personal
communication). In-
terestingly, an exami-
nation of the only pub-
lished 14 introns in
Entamoeba genes (23) reveals a strictly con-
served 5� sequence, 5�GTTTG,T�A, which
matches the strongly conserved 5� sequence
5�GTATGT of yeast introns in five of six
positions, Likewise, Entamoeba introns are
short, with an average length of 65 nucleo-
tides. Thus, available data on protist introns,
although extremely limited, suggest that in-
trons in these organisms may be more struc-
turally similar to their counterparts in yeast
than in metazoa. Sequence information that
becomes available as protist genome
projects are completed should resolve the
question of the abundance and size of in-
trons in these genomes and will provide
clues regarding the composition of protist
spliceosomes, setting the stage for a func-
tional comparison of splicing mechanisms in
all eukaryotes by using in vitro assays.

The origin of introns has received tremen-
dous attention from evolutionists, as it has
profound implications for the origin of
genes per se. The basic question is whether
introns were present in the first genes of the
common ancestor of all cells (the exon the-

ory of genes or the ‘‘intron-early’’ hypothe-
sis; refs. 24 and 25) and were, in fact, a
necessary step in the evolution of complex
proteins from much simpler peptides. In this
scenario, the lack of spliceosomal introns in
extant eubacteria and archaea is explained
by evolutionary pressure to streamline their
genomes once large, functional proteins
had evolved. In contrast, the ‘‘intron-late’’
hypothesis argues that introns have been
added to genes in eukaryotes and never
existed in homologous genes from
eubacteria and archaea (26). Comparison of

intron number and
position in phyloge-
netically restricted
eukaryotes has pro-
vided convincing
evidence for intron
addition during eu-
karyotic evolution
(27). However, this
evidence does not

exclude the possible procurement of introns
by exon shuffling during the formation of
genes. Indeed, there is ample data support-
ing both the intron-early and intron-late
hypotheses, and the question of intron origin
remains unanswered (28). Until recently,
the lack of introns in particular eukaryotic
lineages has been interpreted by some as
evidence for the intron-late theory. Al-
though the discovery of an intron in a Gi-
ardia gene and the prediction of introns in
Trichomonas, based on the strong conser-
vation of a Prp8 gene (17), does not lend
direct support for either the intron-early or
intron-late theory, these data do strongly
predict that introns and a spliceosome suf-
ficient for excision was present in the last
common ancestor of extant eukaryotes.
Spliceosomes may be a defining feature of
eukaryotes, much like the nucleus and en-
domembrane and cytoskeletal apparati. A
clear demonstration that putative Giardia
Prp8 and Prp11 are, indeed, homologues of
eukaryotic-specific spliceosomal proteins
and that putative DexH-box helicases are

eubacterial-derived spliceosomal proteins
might argue in favor of the intron-late hy-
pothesis, as the presence of a spliceosome
composed of components derived from all
three domains of life in the progenote seems
unlikely. However, apparent catalytic simi-
larities between self-splicing group II in-
trons and spliceosomal introns have led to
the suggestion that spliceosomal machinery
may have diverged from RNA-based self-
splicing (30). This predicts that although
spliceosomal introns arose later in evolu-
tion, their mechanism of removal essentially
evolved from a self-splicing mechanism
which could have been present in the
progenote.

The evolutionary implications of deep-
branching lineages of the eukaryotic tree
(Fig. 1) has recently received considerable
attention (2, 29, 31). The question has
arisen whether these lineages branch
deeply because of long-branch attraction,
an artifact that results because of a faster
rate of evolution of these phyla, which
attracts them to distantly related out-
groups, usually Archaea. Reinterpretation
of eukaryotic phylogenetic trees, using a
rate-across-sites correction method, has
resulted in a ‘‘big-bang hypothesis’’ for
eukaryotic evolution, which posits that all
extant eukaryotes are descendants of a
sudden radiation that occurred �1 billion
years ago (31). This hypothesis, which
seems to be at odds with the geological
and paleontological records (see Nixon et
al., ref. 11, for detailed discussion) argues
that deep-branching lineages do not re-
f lect an early divergence from the main
line of eukaryotic descent but reflect a
faster rate of gene evolution. Regardless
of whether these lineages are truly ancient
or branch deeply in rRNA trees because of
a faster rate of evolution, or both, they
remain the most divergent eukaryotes ex-
amined to date and provide unparalleled
opportunities to uncover innovation and
conservation of essential eukaryotic
mechanisms, such as splicing.
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