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ABSTRACT. The expressed sequence tag (EST) is an instrument of
gene discovery. When availablein large numbers, ESTs may be used to
estimate gene expression. We analyzed gene expression by EST sam-
pling, using the KOG database, which includes 24,154 proteins from
Arabidopsis thaliana (Ath), 17,101 from Caenorhabditis elegans (Cel),
10,517 from Drosophila melanogaster (Dme), and 26,324 from Homo
sapiens (Hsa), and 178,538 ESTsfor Ath, 215,200 for Cel, 261,404 for
Dme, and 1,941,556 for Hsa. BLAST similarity searcheswere performed
to assign KOG annotation to al ESTs. We determined the amount of
gene sampling or expression dedicated to each KOG functional cat-
egory by each model organism. We found that the 25% most-expressed
genes are frequently shared among these organisms. The KOG protein
classification allowed the EST sampling cal cul ation throughout the gly-
colysis pathway. We calculated the KOG cluster coverage and inferred
that 50 to 80 K ESTswould efficiently cover 80-85% of the KOG data-
base clusters in a transcriptome project. Since KOG is a database bi-
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ased towards housekeeping genes, thisis probably the number of ESTs
needed to include the more commonly expressed genes in these organ-
isms. We also examined a still unaddressed question: what is the mini-
mum number of ESTsthat should be produced in atranscriptome project?
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INTRODUCTION

The expressed sequence tag (EST) is an instrument of gene discovery. Although it
bears around 3-4% sequencing errors (Hillier et al., 1996), thistag sufficesfor identification of
orthologous genes in other organisms through homology searches, thus providing functional
annotation of the EST and also demonstrating the presence of the gene in the organism and/or
developmental stage of interest (Adams et al., 1991; Faria-Campos et al., 2003). Large num-
bers of ESTs, coming from independent cDNA libraries, can be used to estimate gene expres-
sion (Leeet a., 1995; Franco et al., 1997; Ewing et al., 1999). EST occurrence also allows a
gene sampling estimate in novel transcriptome projects.

Thetotal number of EST sequences deposited in public databases has grown consider-
ably (see http://www.ncbi.nim.nih.gov/dbEST/dbEST _summary.html). Transcriptome projects
are still agood aternative to genome projects asthey areless expensive and generate informa-
tion about gene expression (reviewed by Lindlof, 2003). Large numbers of EST sequences are
being produced, although there are still some questionsto be answered regarding this approach,
such as: i) Istranscript redundancy really directly connected to gene expression?ii) How many
cDNA librariesfrom different tissues and devel opmental stages are needed to yield acomplete
picture of an organism’stranscriptome?iii) What is the minimum number of ESTsthat need to
be produced in atranscriptome project in order to give agood representation of the most ubig-
uitous genes (e.g., housekeeping genes)? We evaluated thislast point.

Aninitial approach to answer this question isto perform automatic transcriptome anno-
tation using secondary databases, where ESTs are annotated by similarity to characterized
proteins. The KOG database (eukaryotic representatives of the COG database - Tatusov et dl.,
2001 and 2003) is one of the many secondary databases, such as GOA/UniProt and KEGG
(Kanehisa and Goto, 2000; Camon et al., 2003) that have sequences classified into functional
categories and groups, and can be used for this kind of study. The KOG database contains
24,154 proteins from Arabidopsis thaliana (Ath), 17,101 from Caenorhabditis elegans (Cel),
10,517 from Drosophila melanogaster (Dme), and 26,324 from Homo sapiens (Hsa). KOG
proteins are clustered by function so it is plausible to assume that the KOG database is biased
towards ubiquitous clusters - genes that are simultaneously present in at least three model
organisms among the seven composing the database.

In order to estimate the efficiency of gene sampling in transcriptome projects, BLAST
similarity searches were conducted using ESTs and KOG proteins from these four organisms,
requiring different similaritiesfor different organisms. We previously determined that similarity
cutoffs should be 78% for Dme and Cel, 80% for Hsa and 84% for Ath (Mudado et al., 2005).
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Briefly, experimentswere conducted with either pUC18 sequencereadsor ESTs; the alignment
of these sequences to their respective edited nucleotide sequences was selected based on an
identity cutoff of 96% (since single-pass reads may bear up to 4% errors); the similarity cutoff
determined for their alignments to the respective edited amino acid sequences was over 80%.

The KOG database allows comparison of al the gene samples of the organisms by
functional categories, or with respect to a specific pathway, such as glycolysis, since enzymes
that compose the pathways have aready been classified in the database. In addition it is pos-
sible to compare genes sampled simultaneously from one up to all organisms present in the
database.

Public EST databases and secondary databases are depositories of novel and growing
information that can be extracted with appropriate bioinformatics approaches. We made use of
dbEST (Boguski et al ., 1993) and KOG databases, from the NCBI, for sampling of KOG genes
within the transcriptome collection available for four model organisms. This approach allows
one to predict the number of EST sequences that need to be produced in order to represent the
genes present in KOG, We also estimated the minimum number of reads necessary in a novel
transcriptome project.

MATERIALAND METHODS
BLAST

The EST sequences were downloaded from the dbEST database by May 2003. All
KTL (KOG TWOG and L SE) proteins and KOG-conserved domains were downloaded from
NCBI (ftp://ftp.nchi.nih.gov/pub/COG/K OG/) and were in the “kyva’ file. All ESTs and pro-
teins that were used are shown in Table 1.

BLAST software (version 2.2.8) was used to search EST sequences against a KOG
database depleted of conserved domains. We selected only the 88,613 classified KTL proteins
found in the “kog”, “twog” and “Ise” files at the KOG site, for use in the BLAST searches as
gueries. The KTL proteinswere divided into 60,758 KOG, 4,451 TWOG and 23,404 L SE pro-
teins. The subjects of the BLAST searches were the organisms’ ESTs. tBLASTnh was used
with the following parameters: -m 8 -b 10e6 -e 1e-10 -F f. These parameters activate the
tabular output of BLAST, allowing up to 10 million hits to one protein (default is 250) and
deactivatesthelow-complexity filter, respectively. Thelow-complexity filter was deactivated in
order to allow tBLASTn to achieve 100% identity in the alignments.

Data processing

All BLAST results, obtained in tabular output (m8 option) with an e-value cutoff of 10-%°,
were added to an MySQL (version 3.23.58) database, which was populated with al the infor-
mation related to the KOG database, including the functional classification assigned to each
protein. When necessary, PERL (version 5.8.0) scripts were generated to solve computational
problems.

The sampling/expression was defined by the number of ESTsthat wereabest hitinthe
BLAST searches and the number of hits per KOG functional category was counted. The best
scores were always selected to avoid assigning any given EST to more than one protein. Simi-
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larity cutoffs of 78% for Cel and Dme, 80% for Hsa and 84% for Ath were used, as previously
described (Mudado et al., 2005).

To create random EST datasets, PERL scripts were created with the Math::Random
package (thanks to John Venier and Barry W. Brown) downloaded from CPAN (http://
www.cpan.org). Ten thousand up to 150,000 ESTswere selected in increasing rounds of 10,000
EST selections. Every round was repeated 10 times in order to obtain the sampling error. All
EST selectionswere made in an independent manner (in every round the ESTs were resel ected
from the database).

The KOG coverage was calculated in two different manners. cluster coverage (Fig-
ures 5 and 6) and protein coverage (Figure 7). A KOG cluster was assumed “covered” when at
least one protein from that cluster had a hit to an EST sequence. On the other hand, protein
coveragewasstricter, asit demanded that all KOG proteinsfrom one cluster had hitsin order to
yield 100% coverage. The KOG coverage was cal culated using only KOG clusters that repre-
sent genes of at least three model organisms. TWOGs and L SEs were not included in incre-
mental experiments (Figures 5 to 7), since they contain too many non-categorized proteins
(functional category X), which are not well annotated (unnamed proteins) and are more organ-
ism-specific than KOGs (see supplementary Tables S2 and S3 at http://biodados.icb.ufmg.br).
However, experimentsincluding TWOGs and L SEs are shown in supplementary Figures $4 to
S6. Supplementary material is available at Laboratorio de Biodados, UFMG (http://
biodados.ich.ufmg.br). To perform the cluster coverage and protein coverage experiments, 4,597,
3,285, 4,235, and 4,351 KOG clusters were selected, which contained 19,039, 13,744, 10,581,
and 8,445 proteins from Hsa, Ath, Cel, and Dme, respectively.

Satistical analysis

Data were reported as means + SEM (standard error of the mean). All t-tests per-
formed were unpaired, with 50 degrees of freedom.

RESULTSAND DISCUSSION
Gene sampling

A set of ESTscorresponding to all ESTsavailablefor Ath, Cel and Dme (by May 2003;
Table 1) was downloaded. About 10 times more ESTs from Hsa were downloaded (almost 2
million), which was assumed to be asufficiently large sampleto obtain aprecise analysisof Hsa
gene sampling. Large sets of ESTstend to dilute biasesin cDNA libraries (e.g., more libraries
from a specific organ or specific time of development) and redundant sequence deposits in
dbEST. Conversely, EST production driven by sequencing centers is balanced to cover the
transcriptome. However, the term ‘gene expression’ was avoided and substituted by the term
‘gene sampling’, as the main goal was not the EST per gene index, but the probability of gene
discovery in atranscriptome project. All sasmpling dataare available as part of K-EST: the KOG
expression/sampling tool (http://biodados.icb.ufmg.br/K-EST/, Mudado et al., submitted).

Individual sampling lists were generated for each of the four organisms, resulting in
sampling profiles by functional category (Figure 1). This methodology tends to depict, by the
amount of gene sampling, how each organism differentially produces transcripts related to the
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Table 1. Numbers of sequences used for comparing gene expression.

Organisms ESTs KTLs KTL proteins KOGs KOG proteins
Arabidopsisthaliana 178,538 4,872 24,154 3,285 13,744
Caenorhabditiselegans 215,200 5,306 17,101 4,235 10,581
Drosophila melanogaster 261,404 5,145 10,517 4,351 8,445
Homo sapiens 1,941,556 6,572 26,324 4,597 19,039
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Figure 1. Gene sampling using KOG functional categories. The black, red, green, and yellow bars represent Arabidopsis
thaliana (Ath), Caenorhabditis elegans (Cel), Drosophila melanogaster (Dme), and Homo sapiens (Hsa), respectively.

various types of biological processes. When doing the BLAST searches for gene sampling of
the organisms, the other proteins were preserved in the query, as the best hits were almost
totally composed of the cognate organism proteins. Most of the proteins of Cel, Ath and Hsa
annotated their own ESTSs (less than 0.5% of the annotation was from the proteins of other
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organisms). Only Dme appearsto have had amore considerabl e cross-annotation, since around
3.8% of other organisms’ KOG proteins were used to annotate its ESTS.

Thedifferencesin sampling of genes amongst organismswere analyzed. In Figure 2A,
the 25% most and least expressed genes from the set of 2,523 KOG genes common to the four
organisms were examined to determine the proportion of sharing involving most/least catego-
ries. Asexpected, all four eukaryotes shared 50-62% of the genesin the 25most category, while
sharing 36-40% of the genes in the 25% least sampled set of genes, indicating that the more
frequently sampled genes are shared more often amongst these organisms (P < 0.05). Evolu-
tionary distance seems to count, since Dme and Cel share more genes per category than when
they are compared with Ath and Hsa. The next step was to compare the set of KOG genes
common to thefour organisms, among all organismsfor the two categories (25most and 25l east).
Figure 2B shows that sharing genes is more common in the 25most category. The 25least
category produced the inverse situation, as expected.

A B —@— 25% least expressed
wooOree 25% most expressed

55.4%
— @

auufoI <43% 54.8% Isz.ﬁ%

\

Shared %

B1% | e NU361% | 458%
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Figure 2. A. Comparison of the 25% most and least expressed genes for al four organisms. The upper and lower numbers
of al tuples represent the 25% most and least expressed genes, respectively. B. Global comparison of the 25% most and
least expressed genes among al four organisms. Hsa = Homo sapiens; Dme = Drosophila melanogaster; Ath = Arabidopsis
thaliana; Cel = Caenorhabditis elegans.

The KOG database allows a more detailed analysis of gene sampling, since al genes
are described and classified individually. Enzyme sampling within the glycolysis pathway was
examined as an example. Figure 3 illustrates the similarities in the pathway of the four organ-
isms. GAPDH was highly sampled in all four eukaryotes, followed by fructose biphosphate
aldolase.

KOG coverage
The global cluster coverage was calculated for al functional categories in order to

determine the intensity at which the KOG database clusters were covered by all organisms’
ESTs. KOGs, TWOGs and L SEs specific for every organism were selected for this objective.
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Figure 3. Sampling of glycolysis pathway enzymes. Ath = Arabidopsis thaliana; Cel = Caenorhabditis elegans; Dme =
Drosophila melanogaster; Hsa = Homo sapiens.

The number of ESTs used appears to cover more than 95% of the KTL clusters of the four
organisms (Figure 4).

In order to estimate an optimal number of ESTs that are sufficient to fully cover the
KOG clusters, transcriptome projects with different sizeswere simulated by creating EST pools,
selected at random, from the EST databases of each organism. We selected only KOG entries
(genes present in at least three model organisms) specific for each organism. TWOGs and
L SEswere discarded since they represent genes that are more organism-specific. Two distinct
experiments were executed. First, by maintaining the KOG proteins from al organismsin the
database, curves of coverage tended to saturate (Figure 5A). Setsfrom 10 to 150 K ESTswere
generated, with 10 repetitionsin order to obtain the sampling errors. Saturation of the coverage
curve was expected to occur since al ESTs probably have their correlated proteins in the
database. A similar coverage result was expected when annotating novel ESTSs, using databases
that contain proteinswith high similarity to the query organism (closely related organisms). The
cluster coverage rose exponentially when using 10 to 80 K ESTs and then increased in alinear
pattern. We suggest that 50 to 80 K isareasonable minimum number of ESTsto be producedin
order to obtain around 80-85% of the genes that are common among organisms, such as the
genes represented by KOG. Also, all organisms but Hsa required at least 60 K ESTs to cover
80% of KOG clusters. Homo sapiens ESTs had a different behavior and showed less coverage
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Figure 4. Coverage of KOG database (KOG, TWOG, LSE) by ESTs of the four eukaryotes (178,538, 215,200, 261,404,
and 1,941,556 for Ath, Cel, Dme and Hsa, respectively). Ath = Arabidopsis thaliana; Cel = Caenorhabditis elegans, Dme
= Drosophila melanogaster; Hsa = Homo sapiens.

potential, probably because the database contained shorter sequences (see supplementary Table
S1 at http://biodados.ich.ufmg.br). In the second experiment (Figure 5B), the organisms’ pro-
teins were removed from the database when the cognate organisms ESTs were annotated
(e.g., ESTsfrom Dme would be annotated only by the other organisms' proteins, except Dme
proteins). As expected, less effective coverage (around 10-20% loss compared to Figure 5A)
was obtained. Figure 5B showsthat Ath proteinswereless efficiently covered by theincremen-
tal EST collections than Ath clusters. This behavior was expected, asit isthe only plant in the
database. Dme and Cel seemed not to be as affected in this second experiment, probably
because their proteomes are relatively more related.
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Figure 5. KOG coverage caculated by using 10 to 150 K ESTs (N = 10) from the four eukaryotes. A. Annotation with all
proteins. B. Annotation with the cognate proteins depleted from the database. The standard error of the mean was under
1% in al events. Ath = Arabidopsis thaliana; Cel = Caenorhabditis elegans; Dme = Drosophila melanogaster; Hsa =
Homo sapiens.

Figure 6 shows the same data from the last experiment, but with coverage distributed
by KOG functional category. As seen in Figure 6A and B, Cel, Dme and Ath had similar pat-
terns of KOG functional category coverage when using 10, 50, 100, and 150 K ESTs. By using
unpaired t-tests with the 50 and 100 K coverage data, all organisms gave P values lower than
0.01. When the same test was run with the 100 and 150 K categories, Cel, Dme and Ath gave
Pvaluesabove 0.05. It ispossiblethat after the exponential phase of the coverage curve (Figure
5A and B) producing more ESTswould be |ess effective in covering the KOG clusters, asthese
two coverage sets (100 and 150 K) were not statistically different. Hsa did not show this
characteristic, as expected by the latter experiment. ‘ Cell Motility’ and ‘ Not categorized’ cat-
egories gave larger error bars since they were composed of small numbers of clusters (see
supplementary Table S3).

The coverage of proteinsfrom an organism, considering only KOG proteins (not TWOG
or LSE), wasanalyzed (Figure 7). Figure 7A showsthe protein coverage by the cognate organ-
isms ESTs. Less than 50% of all proteins were covered by using up to 150 K ESTs. This
happens because only a few paralog representatives of the clusters were being preferentially
sampled (data not shown). Moreover, the coverage seemed to saturate when more ESTs were
used, with the same exponential phase, followed by alinear plateau (Figure 5A). As little as
20% of the Ath KOG proteins were being covered, probably because of the large number of
duplicated genes in this plant; few of them were sampled by the ESTs (data not shown). Hsa
again covered fewer proteins than for the other organisms, possibly due to the smaller size of
the ESTs added to putatively larger 3' and 5° UTRs. Figure 7B shows the quantity of KOG
proteins covered when the species from which the ESTs originated was excluded. Comparing
Figures 5B and 7B, it appears that no more than 6% of the non-cognate organisms' proteins
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Figure 6. Coverage of KOG functional categories by using 10, 50, 100, and 150 K ESTs (N = 10) from the four
eukaryotes. A. Annotation with all proteins. B. Annotation with the cognate proteins depleted from the database. Ath =
Arabidopsis thaliana; Cel = Caenorhabditis elegans; Dme = Drosophila melanogaster; Hsa = Homo sapiens.
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cover up to 60-80% of the KOG clusters. This shows that the KOG database does not entirely
depend on the presence of proteins of the same organism, from which the ESTs originate, to
annotate its ESTs, if KOG clusters are used instead of individual protein entries.
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Figure 7. KOG protein coverage calculated by using 10-150 K ESTs (N = 10) from the four eukaryotes. A. Database
including al proteins. B. Database without the cognate proteins. The standard error of the mean was under 1% in all cases.
Ath = Arabidopsis thaliana; Cel = Caenorhabditis elegans; Dme = Drosophila melanogaster; Hsa = Homo sapiens.

CONCLUSIONS

The KOG protein coverage and cluster coverage results give agood indication on how
to conduct atranscriptome project efficiently. Researchers can make predictions on how many
ESTs should be produced in order to determine the genes that are most and least commonly
expressed in other species. Results presented by each KOG entry can be accessed onlinein K-
EST.

The study of sampling/expression of genes by ESTs with secondary databases gener-
ates answers to questions such as how many reads a transcriptome project should generate to
cover a reasonable number of genes, or how frequently specific genes are expected to be
sampled within atranscriptome project, given their sampling in model organism transcriptomes.

Asthe KOG database grows and incorporates more organisms, broader answers may
be generated to these questions. In addition, new secondary databases are being developed,
with more sequences and different organisms. The UniProt database (Bairoch et al., 2005) is
such an example that we are currently investigating.
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