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Abstract
Background: The nucleoli, including their proteomes, of higher eukaryotes have been extensively studied,
while few studies about the nucleoli of the lower eukaryotes – protists were reported. Giardia lamblia, a
protist with the controversy of whether it is an extreme primitive eukaryote or just a highly evolved
parasite, might be an interesting object for carrying out the nucleolar proteome study of protists and
further examining the controversy.

Results: Using bioinformatics methods, we reconstructed G. lamblia nucleolar proteome (GiNuP) and the
common nucleolar proteome of the three higher eukaryotes (human, Arabidopsis, yeast) (HEBNuP).
Comparisons of the two proteomes revealed that: 1) GiNuP is much smaller than HEBNuP, but 78.4% of
its proteins have orthologs in the latter; 2) More than 68% of the proteins in GiNuP are involved in the
“Ribosome related” function, and the others participate in the other functions, and these two groups of
proteins are much larger and much smaller than those in HEBNuP, respectively; 3) Both GiNuP and
HEBNuP have their own speci�c proteins, but HEBNuP has a much higher proportion of such proteins to
participate in more categories of functions.

Conclusion: For the �rst time the nucleolar proteome of a protist - Giardia was reconstructed. The results
of comparison of it with the common proteome of three representative higher eukaryotes -- HEBNuP
indicated that the relatively simple GiNuP should re�ect the primitiveness but not the parasitic reduction
of Giardia, and simultaneously revealed some interesting evolutionary phenomena about the nucleolus
and even the eukaryotic cell, compositionally and functionally.

Background
Nucleolus, the most prominent sub-nuclear compartment in the interphase nucleus of eukaryotic cells, is
a ribosome factory, where most of the ribosome biogenesis events take place, such as ribosome RNA
(rRNA) synthesis, processing, and subsequent assembly of ribosome subunits. Accumulated studies in
the past decades have shown that this organelle is also involved in many other cellular processes, such
as DNA repair, regulation of mitosis, stress response, biogenesis of multiple ribonucleoprotein particles,
cancer, protein quality control [1–6]. Although the multiple functions of nucleoli have been recognized
gradually, when and how they arose in the evolution of eukaryotic cells is still elusive.

The functions of the nucleolus have been studied extensively and deeply in model organisms from the
three so-called higher eukaryote groups (animals, plants, and fungi) such as human, Arabidopsis, and
budding yeast, and the nucleolar proteomes of the three model eukaryotes have already been identi�ed
[7–9]. Continuous high-throughput and individual case studies in these higher eukaryotic model
organisms have revealed a lot of nucleolar proteins, indicating potential multiple functions of their
nucleoli [10]. However, few studies of nucleoli were carried out in the so-called lower eukaryotes, protists,
much less the study of their nucleolar proteomes. However, protists occupy pivotal positions in the
evolution of eukaryotes because they are the link between prokaryotes and multicellular/higher
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eukaryotes. Therefore, studies on their nucleoli will be valuable for understanding the origin and evolution
of the nucleolus and even the eukaryotic cells.

G. lamblia is an intestinal protozoan parasite responsible for widespread diarrheal disease in humans
and animals worldwide [11]. Besides medical importance, its signi�cance in the study of eukaryotic
evolution was �rst proposed in 1980s but has been debated for many years. It was once thought to be the
most primitive extant eukaryote because of having many so-called primitive peculiarities: lack of some
eukaryotic typical cellular structures such as mitochondrion [12] and nucleolus [13, 14], and its early
branching position on some phylogenetic trees [15–18]. However, the later discoveries of mitochondrion-
derived organelle -- mitosome [19] and nucleolus [20] in its cells, and the non-early branching positions on
some other phylogenetic trees [21, 22] tend to refute the primitivity of Giardia but prove that it is just a
highly evolved parasite with many parasitic reductions [23, 24]. On the other hand, some authors found
that some simple traits of Giardia cannot be attributed to its parasitic reduction, and thus still persisted in
that Giardia is one of the most primitive extant eukaryotes, and emphasized that it is of signi�cance to
the study of the evolution of the eukaryotic cell [25–28]. Therefore, investigating the nucleolar proteome
of G. lamblia may be useful either to the re-examining of the debate above or to the understanding of the
evolution of the nucleolus and the eukaryotic cell.

However, high quality isolation of nucleoli from nuclei is always a challenge even for higher eukaryotic
cells, and the isolation of the nucleoli from G. lamblia cells is much more di�cult using the available
experimental techniques because of the smallest size of Giardia nucleolus and probably other reasons
such as fragility. Accordingly, it is almost impossible to use mass spectrometry, the best e�cient method
for proteome studies, to identify nucleolar proteins of G. lamblia. Fortunately, the nucleolar proteomes
and genome databases of three higher eukaryotic representatives of animals, plants, and fungi
mentioned above are available, and the completely sequenced genome of G. lamblia has also been
determined and reported. Therefore, here we used a series of bioinformatics tools to identify nucleolar
protein genes of G. lamblia and reconstruct the nucleolar proteome (GiNuP) and also to reconstruct the
‘Higher Eukaryote Basic Nucleolar Proteome (HEBNuP)’, then a comprehensively comparative proteomics
analysis between the GiNuP and the HEBNuP were performed, and some signi�cant implications for the
evolution of nucleolar protein components and functions and for the evolutionary position of Giardia
were obtained.

Results
Reconstruction of the giardial nucleolar proteome ( Gi NuP)

To obtain a relatively complete nucleolar proteome of G. lamblia, we have used two independent methods
to bioinformatically identify putative nucleolar proteins in the genome of this protist: homology search
based on the known nucleolar proteins of the three higher eukaryote representatives and de novo
prediction by analyzing protein sequence features. For homology search, 38 candidate Giardia orthologs
were obtained when blasting with 246 yeast nucleolar proteins as queries. Analogously, 57 and 189
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candidate orthologs were obtained when blasting with 281 A. thaliana and 4705 human nucleolar
proteins as queries, respectively. All the Giardia nucleolar proteins orthologous to those of H. sapiens, A.
thaliana, and S. cerevisiae were collected together. After discarding the redundant ones, 237 Giardia
nucleolar protein candidates were obtained �nally. Subsequent domain analyses of these obtained
protein sequences by using PFAM online service showed that 216 ones possess characteristic domains
of various nucleolar proteins. They were further con�rmed to be nucleolar proteins by Blast searching
against the nr protein database in NCBI. Finally, 216 orthologs to the nucleolar proteins of the three
representative eukaryotes were identi�ed in the G. lamblia genome database by the homology search
approach (Supplementary Table S1).

Since all the available nucleolar proteomes of the three higher eukaryotes each possess their own speci�c
proteins that do not have any homologs in the other two proteomes, it is reasonable to image that G.
lamblia, though much more ancient, also has its speci�c nucleolar proteins, which are not present in other
species. Therefore, to identify such putative Giardia speci�c nucleolar proteins, we investigated all the
Giardia proteins in the genome database to identify those ones that would be predicted to localize to the
nucleolus from all the nuclear proteins. First, we got 172 Giardia nuclear proteins by predicting to have
nuclear location signal. We also used ‘nucleus/nuclear’ or “nucleolus/nucleolar” as key words to screen
the G. lamblia genome database, and obtained 25 annotated nuclear/nucleolar proteins. Then all the 197
(172 + 25) nuclear proteins were further subjected to the protein sub-localization prediction, and 55 of
them were predicted to be most likely localized to the nucleolus.

Altogether, �nally 255 (216 + 39) nucleolar proteins were identi�ed in the G. lamblia genome database
after discarding the redundant ones, which includes 216 orthologs to the nucleolar proteins of the three
representative eukaryotes and 39 Giardia-speci�c nucleolar proteins (Table S1). Thus, we have
reconstructed a putative nucleolar proteome of G. lamblia (GiNuP), which contains 255 individual
nucleolar proteins.

Reconstruction of the ‘Higher Eukaryote Basic Nucleolar Proteome (HEBNuP)’

To compare the GiNuP with the nucleolar proteomes of the three representatives of higher eukaryotes, we
investigated the orthologous relationships between either two or among all the three higher eukaryotes by
identifying the nucleolar proteins that are present in all the three genomes. Because of the relatively far
less protein numbers in both the nucleolar proteomes of Arabidopsis and budding yeast, to avoid the
possible incompleteness of them, we collected all the ortholog groups with the presence of human
nucleolar proteins. This investigation revealed the following orthologous relationships: 1) there are 1058
orthologous groups between human nucleolar proteome and Arabidopsis whole proteome, containing
2341 human nucleolar proteins and 2780 Arabidopsis proteins, respectively; 2) there are 856 orthologous
groups between human nucleolar proteome and budding yeast whole proteome, containing 1946 human
nucleolar proteins and 1078 yeast proteins, respectively; 3) there are 799 orthologous groups among
human nucleolar proteome, the whole proteome of Arabidopsis, and budding yeast proteome, containing
1848 human nucleolar proteins, 2227 Arabidopsis proteins, and 1015yeast proteins, respectively (Fig. 1
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and Supplementary Table S2). As a whole, we called these 799 orthologous groups as ‘Higher Eukaryote
Basic Nucleolar Proteome (HEBNuP)’.

The functional inventories of the proteins in the HEBNuP and GiNuP

The results of functional inventory of the 1848 human nucleolar proteins in HEBNuP is as follows
(Fig. 2A): 1) 218 (12%) belong to the “Ribosome related” class; 2) 220 (12%) belong to the “mRNA related”
class; 3) 222 (12%) belong to the “Translation related” class; 4) 176 (9.5%) belong to the “DNA binding”
proteins; 5) 69 (4%) belong to the “Chromatin related” class; 6) 86 (5%) belong to the “Mitotic cell cycle
related” class; 7) 857 (46.5%) belong to none of the six classes, and thus we classify them as “unde�ned
function” class.

The results of functional inventory of the 255 proteins in GiNuP is as follows (Fig. 2B): 1) 73 (29%)
proteins are classi�ed among the “Ribosome related” proteins; 2) three (1%) belong to the “mRNA related”
class; 3) 12 (5%) belong to the “Translation related” class; 4) 12 (5%) belong to the “DNA binding related”
class; 5) six (2%) belong to the “Chromatin related” class; 6) one (0.4%) belong to the “Mitotic cell cycle
related” class; 7) 148 (57.6%) belong to the “unde�ned function” class.

Comparative analysis between the GiNuP and HEBNuP

To explore the evolution of nucleolus, we compared the GiNuP and HEBNuP in terms of protein homology
and function. From the above results, we know that the HEBNuP consists of 799 orthologous groups,
which contains 1848 individual human nucleolar proteins -- the HEBNuP-Hu protein dataset, and that the
GiNuP dataset contains 255 orthologous groups and Giardia nucleolar proteins. Since the nucleolar
proteome of human seems to be the most complete one among those of the three higher eukaryotes, thus
the nucleolar protein groups in HEBNuP-Hu protein dataset were used as representatives of HEBNuP to
compare with those in GiNuP in the following analysis.

Comparison of the GiNuP with the HEBNuP in terms of protein homology shows that: 1) 200 orthologous
groups (containing 200 individual Giardia nucleolar proteins) are shared by GiNuP and HEBNuP, which
make up the HEBNuP-GiNuP-shared dataset, indicating that 78.4% (200 out of 255) of the Giardia
nucleolar protein orthologous groups (also the individual proteins) all have their orthologs in the HEBNuP,
but these orthologs only occupy 25.0% of the orthologous protein groups of the HEBNuP (and the Giardia
nucleolar proteins only occupy 13.8% of the individual human nucleolar proteins in the HEBNuP and
HEBNuP-Hu), which means that the majority of Giardia nucleolar proteins belong to the common/basic
nucleolar proteins of the higher eukaryotes, and in higher eukaryotes the common/basic nucleolar
proteins are much more than in Giardia; 2) 55 Giardia nucleolar orthologous groups (containing 55
individual Giardia nucleolar proteins) are speci�c to GiNuP, which make up the dataset we call GiNuP-
speci�c datase; 599 orthologous groups (containing 1253 individual human nucleolar proteins) in
HEBNuP are speci�c to HEBNuP, which make up the dataset we call HEBNuP-speci�c dataset.
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The functional distributions of the nucleolar orthologous protein groups in the �ve datasets mentioned
above are shown in Fig. 3, and the proportions of the annotated proteins for each nucleolar functional
class are shown in Fig. 4. Functional distribution comparison of the proteins in the GiNuP with those in
the HEBNuP shows that: 1) 68.2% of the annotated proteins in the GiNuP dataset and 68.9% in the
HEBNuP-GiNuP-shared dataset are involved in the “Ribosome related” function, respectively, implying that
the majority of the annotated Giardia’s nucleolar proteins participate in the “Ribosome related” function,
and that these proteins still perform this function in higher eukaryotes; the other about 31% of the
annotated proteins in these two datasets are involved in the other �ve functions, respectively, implying
that besides the major “Ribosome related” function, the other �ve nucleolar functions also exist in
Giardia’s nucleolus, though with a very few proteins to perform them, and that these few proteins still
perform the �ve functions in higher eukaryotes. 2) Half (50%) of the annotated proteins in GiNuP-speci�c
dataset are classi�ed into the “Ribosome related” functional class, 25% are classi�ed into the “DNA
binding related” functional class, and the other 25% are classi�ed into the “Translation related” functional
class, and none are classi�ed into the other three functional classes; 22.7%, 25%, 27.7%, 10.6%, 2.7%, and
11.2% of the annotated proteins in HEBNuP-speci�c dataset are classi�ed into the “Ribosome related”,
“DNA binding related”, “Translation related”, “Chromatin related”, “mRNA related”, and “Mitotic cell cycle
related” functional classes, respectively, which means that the basic “Ribosome related” function of
nucleolus also needs lineage- and even species-speci�c protein components to perform it in a certain
lineage or species, and so do the other �ve nucleolar functions; and that such speci�c proteins, especially
those for the other �ve functions, continuously increased in the evolution of eukaryotes. Besides,
obviously, for both the GiNuP and the GiNuP-speci�c datasets, the proportions of annotated proteins
involved in the other �ve functional classes all are much fewer than those involved in the “Ribosome
related” function, while for the HEBNuP-Hu dataset and the HEBNuP-speci�c dataset, the proportions of
nucleolar proteins involved in the other �ve functions increase much more substantially, compared with
those involved in the “Ribosome related” function. This implies that the “Ribosome related” function
should arise and consummate earlier than the other �ve functions, and the other �ve ones became more
and more consummate and complicated latter, especially in the evolution of higher eukaryotes.

Discussion
The nucleolus of G. lamblia seems to be the smallest one described so far [29] and atypical when
compared with those of higher eukaryotes [20], and they are very di�cult to isolate in high quality for
mass spectrometry, thus, here we tried to use bioinformatics methods to identify its proteome based on
its genome database and the already-existing nucleolar proteome databases of three representative
eukaryotes, human, Arabidopsis, and yeast. In order to exhaustively identify the putative nucleolar
proteins in Giardia, Giardia-speci�c nucleolar proteins were also identi�ed by a combined computational
approach. Thus we reconstructed the �rst nucleolar proteome of unicellular protist -- Giardia’s nucleolar
proteome, GiNuP.

When comparing with any one of the nucleolar proteomes of human, A. thaliana, and yeast [7–9], the
GiNuP was found to contain far fewer nucleolar proteins. Thus, in terms of protein number, the nucleolar
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protein components of G. lamblia are much simpler than those of higher eukaryotes. However, since
many species-speci�c nucleolar proteins have been found in the nucleolar proteomes of human, A.
thaliana, and yeast [7–9], and also in Giardia (please see those we identi�ed above), to reasonably
compare the component and function of nucleolar proteins between GiNuP and the nucleolar proteomes
of typical eukaryotes, here we reconstructed the HEBNuP, which consists of the nucleolar protein
orthologous groups shared by the proteomes of the three representative eukaryotes and thus to a certain
degree can represent the common/basic protein components of the nucleolus of higher eukaryotes, and
then compared it with the GiNuP in two aspects -- orthologous group and functional category. Compared
with that of human, which was obtained by using multiple mass spectrometry to analyze highly puri�ed
preparations of human nucleoli from different cell lines, the nucleolar proteomes of Arabidopsis and
yeast are remarkably smaller and thus might have been underestimated due to the less sensitive mass
spectrometric techniques used and the dynamic behavior of nucleolar proteins [8, 9, 30]. Thus in the
present work, for Arabidopsis and yeast, we used their putative whole proteome (downloaded from the
genome database) instead of their nucleolar proteomes in the reconstruction of HEBNuP. Comparisons of
protein components between the GiNuP and the HEBNuP revealed that the majority of Giardia nucleolar
proteins belong to this common/basic nucleolar proteins of higher eukaryotes, but the individual protein
number (and also the orthogous group number) of these Giardia nucleolar proteins is far fewer than
those in the higher eukaryotes, which suggests that Giardia’s simpli�ed nucleolus should be a re�ection
of its primitiveness rather than its parasitic reduction. Because (1) in general, the common/basic
nucleolar proteins should emerge earlier than other proteins in the evolution of the nucleolus (and also of
the eukaryote), thus our �ndings that GiNuP is mainly composed of the common/basic nucleolar proteins
(namely, the proportion of the other proteins in GiNuP is much lower than that in HEBNuP), and that the
main and basic function of nucleolus -- “Ribosome related” function is the major function of the GiNuP,
both imply that Giardia’s nucleolus is a very primitive one; (2) the parasitic reduction should not be
necessary to occur on the common/basic nucleolar proteins which take part in the basic nucleolar
function in all eukaryotes but are not directly related to parasitic life-style, and the much smaller number
of the common/basic nucleolar proteins in Giardia must be due to the primitive status of nucleolus of
this organism, and later more and more proteins were recruited into the nucleolus as common/basic
nucleolar proteins during eukaryotic evolution after the divergence of Giardia from the eukaryote trunk
(our data shows that the common/basic nucleolar proteins have increased about 300% from GiNuP to
the HEBNuP), on the contrary, it is much less likely that Giardia lost so much of the common/basic
nucleolar proteins of the eukaryotic essential structure due to parasitism. Actually, our previous studies
have also revealed that Giardia’s unusual and simple 5S rRNA system should be a re�ection of its
primitiveness but not be due to parasitic degeneration [27], and that Giardia possesses 89 orthologs to
the 129 conserved common ribosomal biogenesis proteins of higher eukaryotes, which can carry out all
the steps of ribosome biogenesis, indicating that the ribosome biogenesis system of Giardia is similar to
that of higher eukaryotes but just simpler [31]. Moreover, it was reported that compared with its
counterparts of higher eukaryotes, the nucleolar organizer regions (NORs) of Giardia gather much less
copies of much shorter rDNA repeat units and participate in the formation of the structurally simpler
nucleolus of this organism [32]. Therefore, the nucleolus of G. lamblia is simpler than those of higher
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eukaryotes in structure, composition, and function, and such a simpli�ed nucleolus in G. lamblia should
be due to its primitiveness but not secondary parasitic reduction. Our recent work on Giardia’s GPL
biosynthesis pathways revealed that these pathways of it are evolutionarily primitive, but with many
secondary parasitic adaptation ‘patches’ including gene loss, rapid evolution, and horizontal gene
transfer, which implies Giardia might be a mosaic of ‘primary primitivity’ and ‘secondary parasitic
adaptability’ [28]. This is also consistent with the present work.

Based on the above understanding that Giardia’s nucleolus is a primitive one, our results of comparison
of GiNuP with HEBNuP thus can reveal some interesting evolutionary phenomena. First, the majority of
Giardia nucleolar proteins have orthologs to the common/basic nucleolar proteins of higher eukaryotes
(HEBNuP) but occupy a very small proportion of the latter, and that the majority of the Giardia’s nucleolar
proteins participate in the “Ribosome related” function, both the observations should imply that the
“Ribosome related” function, as the major/basic function of the nucleolus, must have arisen earlier than
the other nucleolar functions, and that this major/basic function became more and more consummate
and complicated in the evolution of eukaryotes by increasing more and more functional protein
components. Second, there are some proteins in GiNuP (though very few compared to those of higher
eukaryotes) involved in the other �ve nucleolar functions should mean that besides the major “Ribosome
related” function, the other �ve nucleolar functions also have arisen in Giardia, though with a very few
proteins to perform them, and they also became more and more consummate and complicated in the
evolution of eukaryotes, especially in the evolutionary process from primitive unicellular protists to higher
multicellular eukaryotes. Third, in either Giardia or the higher eukaryotes, either the major “Ribosome
related” function or the other �ve functions, all contain some (quite a proportion in higher eukaryotes)
species- and linage-speci�c proteins, and that such speci�c proteins, especially those for the other �ve
functions, increased remarkably in higher eukaryotes, should mean that in all eukaryotic species and
lineages, speci�c protein components are also necessary to evolve to participate the performance of all
the common functions of nucleolus. This might be a very interesting evolutionary biology �nding, which
probably implies that the evolution from lower to higher organisms, especially in the divergence of
species and lineages, does not simply mean the increase of common components on the basis of the
relatively lower organisms but the evolution of species- and lineage-speci�c components for a cellular
structure or a function so as to became more e�cient and consummate in a certain species and lineage.

Conclusions
To sum up, in the present work for the �rst time the nucleolar proteome of a lower eukaryote (protist) –
Giardia (GiNuP) was reconstructed. The results of comparison of it with the common proteome of three
representative higher eukaryotes -- HEBNuP indicated that the relatively simple GiNuP should re�ect the
primitiveness but not the parasitic reduction of Giardia, and revealed some interesting evolutionary
phenomena about the nucleolus and even the eukaryotic cell, compositionally and functionally.

Methods
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Data collection
The International Protein Index (IPI) IDs of 4,749 available Homo sapiens nucleolar proteins and their
corresponding sequences were retrieved from the Nucleolar Proteome Database NOPdb3.0 [7], and the
non-redundant 4057 IDs and sequences were used in this study. The whole human genome data was
downloaded from Ensembl. The IDs and sequences of 281 available A. thaliana nucleolar proteins were
downloaded from the Arabidopsis Information Resource [33, 34] and the Arabidopsis nucleolar protein
database (AtNoPDB) [35]. The IDs and sequences of 246 available S. cerevisiae nucleolar proteins were
downloaded from the Saccharomyces Genome Database [36–38] and the Comprehensive Yeast Genome
Database [39]. G. lamblia genome data was downloaded from the GiardiaDB
(http://giardiadb.org/giardiadb/) [11]. The Gene Ontology (GO) functional annotations of human proteins
were downloaded from the Gene Ontology (http://www.geneontology.org/).

Identi�cation of Giardia nucleolar proteins by homology search

We used the Best Reciprocal Hit (BRH) method to identify nucleolar protein orthologs in G. lamblia
genome. Brie�y, the nucleolar protein sequences from human, Arabidopsis, and budding yeast were used
as queries to BLASTP search against G. lamblia genome (E-value ≤ 0.001, coverage ≥ 25%, and identity 
≥ 25%). The obtained hit protein sequences were collected and used as queries to BLASTP search
against genomes of human, Arabidopsis and budding yeast following the same standards, respectively.
Reciprocal best hits between G. lamblia and either of human, Arabidopsis and budding yeast were
established, and those Giardia proteins that have reciprocal hit in either of these three reference genomes
were considered as candidate nucleolar proteins in G. lamblia. Then, the obtained candidate protein
sequences were assessed by domain analysis by using PFAM online service [40], and those ones that
contain known nucleolar protein domains were considered as putative nucleolar proteins. Further
validation of these putative nucleolar proteins was performed by using them as queries to BLASTP
search against GenBank non-redundant (nr) protein database to investigate the annotations of their
identi�ed homologs in nr database.

Identi�cation of Giardia-speci�c nucleolar proteins by subcellular localization prediction and
reconstruction of G. lamblia Nucleolar Proteome (GiNuP)

The nucleolar proteins speci�c to G. lamblia were identi�ed by a combined computational approach.
First, two approaches were used to screen for nuclear proteins in the G. lamblia genome data: 1) Using
“nucleus/nuclear” or “nucleolus/nucleolar” as key words to search against the genome database to
collect all the related annotated proteins; 2) Using PredictNLS program
(https://rostlab.org/owiki/index.php/PredictNLS) and Psort II program (http://psort.hgc.jp) [41] to predict
the nuclear location signal (NLS) in all the proteins in the G. lamblia genome data and collecting the
proteins with NLS. Putting the results of 1) and 2) together, we obtained all the nuclear proteins in the G.
lamblia genome data. Then, the ProLoc prediction program [42] was used to predict the subnuclear
localizations of them, and those ones that were predicted to be localized to the nucleolus were considered
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as nucleolar protein candidates. Finally, after removing those ones overlapping with those identi�ed by
BRH above, Giardia-speci�c nucleolar proteins were obtained. Combining the orthologs identi�ed by BRH
above with these speci�c ones, we obtained the nucleolar proteins and genes in G. lamblia genome data,
and put them together and reconstructed G. lamblia Nucleolar Proteome (GiNuP). The general approach
for identifying G. lamblia nucleolar proteins and reconstructing the GiNuP is summarized in Fig. 5.

Reconstruction of the ‘Higher Eukaryote Basic Nucleolar Proteome (HEBNuP)’

The orthologous relationships between any two of the three eukaryotes, H. sapiens, A. thaliana, and S.
cerevisiae, were obtained from InParanoid database (http://inparanoid.sbc.su.se/cgi-bin/index.cgi) [43].
Orthologous nucleolar protein groups among all the three species were generated by MultiParanoid [44]
based on the pairwise orthologous relationships. The IPI IDs of human nucleolar proteins were used to
replace their corresponding Ensembl IDs in the orthologous groups through a local BLASTP search
against the whole human proteome database in Ensembl with the 4057 human nucleolar proteins as
queries (E-value cutoff 1e-10). The orthologous groups shared by human nucleolar proteome and the
whole proteomes (in genome databases) of Arabidopsis and yeast were put together to reconstruct the
‘Higher Eukaryote Basic Nucleolar Proteome (HEBNuP)’.

Functional inventory of the proteins in the GiNuP and HEBNuP

The GO functional annotation of each human nucleolar protein was from the Gene Ontology database.
Because no GO functional annotation of G. lamblia proteins is available to date, the GO functional
annotations of G. lamblia nucleolar protein orthologs were classi�ed according to the GO functional
annotations of corresponding human nucleolar proteins in the same ortholog group. Ortholog groups
among the G. lamblia, H. sapiens, A. thaliana, and S. cerevisiae, were generated by MultiParanoid as
described above. Based on the identi�ed nucleolar functions previously [1–5], we classi�ed the nucleolar
proteins into the following six main functional categories: 1) “ribosome related”, for example, ‘rRNA
processing’; 2) “mRNA related”, for example, ‘mRNA processing’; 3) “translation related”, for example,
‘translation initiation factor’; 4) “DNA binding related”, for example, ‘DNA binding’; 5) “chromatin related”,
for example, ‘chromatin remodeling complex’; and 6) “mitotic cell cycle related”, for example, ‘M/G1
transition of mitotic cell cycle’. Then the nucleolar proteins in GiNuP and HEBNuP were inventoried by the
six categories.

Comparative analysis between GiNuP and HEBNuP

Perl scripts were written to compare the GiNuP with HEBNuP compositionally and functionally. Besides
the GiNuP dataset, four other datasets of nucleolar proteins were constructed: 1) HEBNuP-GiNuP-shared
dataset: the common proteins shared by both the GiNuP and HEBNuP; 2) GiNuP-speci�c dataset: the
proteins being exclusively present in GiNuP; 3) HEBNuP-speci�c dataset: the proteins being exclusively
present in HEBNuP; 4) HEBNuP-Hu dataset: all the human nucleolar proteins in HEBNuP. Functional
inventories of the proteins in all the �ve datasets were also carried out as above. Finally, comparisons of
the six main and well-known nucleolar functional classes among the �ve datasets were implemented.
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Figure 1

Orthologous relationships of nucleolar proteomes among Human (Hsap, H) and Arabidopsis (Atha, A),
Yeast (Sces, S).
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Figure 2

The functional inventories of nucleolar proteins in HEBNuP (A) and GiNuP (B).

Figure 3

Functional distribution of nucleolar proteins in the �ve datasets. The �ve different colors refer to the �ve
datasets, respectively; Horizontal axis, six main and well-known nucleolar functional classes; Vertical
axis, Number of proteins.
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Figure 4

Comparisons of the proportions of the proteins in each nucleolar functional class of the �ve datasets.
The �ve different colors refer to the �ve datasets, respectively; Horizontal axis, six main and well-known
nucleolar functional classes; Vertical axis, Ratio.
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Figure 5

The �ow chart of the computational identi�cation of G. lamblia nucleolar proteins and the reconstruction
of G. lamblia nucleolar proteome (GiNuP). E: E-value, C: coverage value, I: Identity value. BRH: Best
Reciprocal Hit.
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