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INTRODUCTION

Expressed sequence tags (ESTs) 
are partial, single-pass sequences 
from randomly selected cDNA clones. 
ESTs in public databases are a useful 
tool for identifying novel genes and 
assembling contigs (1,2), as well as 
for preliminary analysis of gene ex-
pression (3,4). Previous studies have 
investigated methods of detecting 
significant differences in the relative 
expression levels of particular genes 
using EST databases. For example, 
statistical tests have been devised to 
compare the abundance of individual 
genes between two cDNA libraries (5) 
and between any number of libraries 
(6,7). These methods focus on detect-
ing genes that are up-regulated or 
down-regulated, and not on identifying 
genes whose relative expression levels 
are constant. The current study demon-
strates a method to address the latter.

Housekeeping genes encode pro-
teins that typically function in basic 
cell metabolism/upkeep. Because the 
expression levels of housekeeping 
genes are relatively constant in most 
tissues, they are often useful controls 

when quantifying gene expression. 
Housekeeping controls allow the con-
sistency of tissue collection, mRNA 
extraction, and other procedures to be 
verified, thus supporting conclusions 
about differentially expressed genes. 
They also help to show what levels of 
variation are to be expected in particu-
lar experiments and, therefore, how to 
distinguish differentially expressed 
genes from those oscillating due to 
random chance (8). Even though con-
trol transcripts have been used for the 
last quarter century, they have inherent 
limitations (9,10). Suzuki et al. (11) 
reviewed the pitfalls of the two most 
popular controls in mammals, glycer-
aldehyde-3-phosphate dehydrogenase 
(GAPDH) and actin, while Lee et al. 
(12) observed that 12 housekeeping 
genes (GAPDH, actin, phosphoglycer-
ate kinase, tubulin, etc.) typically used 
as controls show considerable variabil-
ity in microarray data sets. 

In the current study, we investigated 
whether or not a database of tomato 
ESTs supports the use of housekeeping 
control genes and then ranked can-
didate control genes in leaves, roots, 
fruits, and flowers. 
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Because the expression levels of housekeeping genes are relatively constant in most tissues, 
they are often useful controls when quantifying gene expression. We present an analytical 
method for identifying candidate housekeeping controls using expressed sequence tags (ESTs) 
from The Institute for Genomic Research Tomato Gene Index. We found relative expression 
levels for a collection of 127 transcripts and calculated the percentage of cDNA libraries 
that had expression levels (for a given transcript) within 2-fold through 10-fold ranges. When 
all libraries were considered together, the highest ranked housekeeping controls included 
transcripts for a DnaJ-like protein, translationally controlled tumor protein, two α-tubulins, 
cyclophilin, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH). For each organ (leaf, 
root, fruit, and flower), at least one transcript was found that occurred within a 2-fold range 
of expression in all respective libraries. These included transcripts for α-tubulin, DnaJ-like 
proteins, phosphoglycerate kinase, and GAPDH, although different transcripts appear better 
suited than others for different tissues. This analytical method is useful for identifying can-
didate housekeeping controls in particular tissues and at particular levels of expression and 
would be relevant for any species for which significant EST data exist. 
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MATERIALS AND METHODS

Data Mining

The recent releases of EST projects 
for tomato (13), Arabidopsis thaliana 
(14,15), Medicago trunculata (16), 
and potato (17) allow the analysis 
of relative expression levels in vari-
ous plant tissues (4). The TIGR TGI 
(The Institute for Genomic Research 
Tomato Gene Index, version 9.0; http:
//www.tigr.org/tdb/tgi/lgi/) database 
contains 156,645 ESTs, which have 
been clustered into a set of 15,925 
tentative consensus sequences (13,18). 
We used tomato cDNA libraries in the 
TIGR TGI with greater than 500 total 
ESTs to mine EST frequencies for indi-
vidual transcripts. 

Tomato genes in our analysis 
included homologs of the most com-
monly used housekeeping genes (9,12), 
homologs of a set of the most abundant 
ESTs found in 9 available potato librar-
ies (17), and a selection of translation-
related genes, since they often have 
abundant transcripts (9). Table 1 con-
tains a summary of the 127 tentative 
consensus sequences (TCs) that were 

examined, each of which represents an 
individual, putative cDNA.

Calculation of Relative Expression 
Levels

Relative expression levels were cal-
culated by dividing the number of ESTs 
representing a given cDNA by the total 
number of ESTs in a given cDNA li-
brary, and then multiplying by 1000. 
For example, one tomato transcript for 
actin (TIGR TGI acc. no. TC116116) 
was represented by 4 ESTs (out of 
9124 total) in the “shoot/meristem” li-
brary, representing 0.44 actin ESTs for 
every 1000 total ESTs. Comparing this 
value with its expression levels from 
other libraries gives an indication of 
how actin transcript levels vary relative 
to total transcript populations.

Calculation of Fold Ranges and 
Transcript Variation

We used “fold statistics” to de-
termine the variation of relative ex-
pression levels among the different 
libraries, which involved calculating 
the percentage of libraries that had 
relative expression levels (for a given 
transcript) within some range (2-fold, 
3-fold, etc.). Because the distribution 
of EST data is approximated by a 
Poisson distribution (7,19), it was ap-
propriate to calculate the ranges using a 
square root transformation based on the 
following equations:

Lower range = E • 1/√F [Eq. 1]

Upper range = E • √F [Eq. 2]

where E is the average relative expres-
sion level for a given transcript from 

Table 1. Summary of Tentative Consensus Sequences (TCs) from the TIGR TGI that Were 
Analyzed for Their Potential as Housekeeping Control Genes

a  The 12 ribosomal proteins included S17, S25, L17, L37, L38, L30, 
L2 (2 of them), L19 (2 of them), L3, and 60S acidic.
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the various cDNA libraries sampled 
and F is the fold difference. For ex-
ample, to determine how many librar-
ies contained transcript X within a 
3-fold level of expression (F = 3), if 
the average relative expression level 
for transcript X were 0.1 (E = 0.1), the 
range would be calculated as 0.058 to 
0.173 (a 3-fold difference). We then 
found the percentage of libraries that 
fell into each range for each transcript 
and examined the resulting plots. We 
also ranked transcripts using the medi-
an relative expression level rather than 
the average (see Equations 1 and 2) and 
arrived at similar results. Within our 
data set, calculated ranges led to a sym-
metrical distribution (an approximately 
equal number of libraries falling into 
a range above and below the average) 
across a 10-fold range. 

RESULTS AND DISCUSSION

Figure 1 shows transcripts whose 
relative expression levels fell into fold 
ranges when all 27 tomato libraries 
were considered together. The lines 
toward the top of Figure 1 represent 
transcripts that tend to be expressed 
at constant levels in many different tis-
sues, where a “perfect” candidate tran-
script would be present in 100% of the 
libraries at less than a 2-fold range of 
expression. Heat shock cognate protein 
80 (acc. no. TC123867) was present in 
89% of libraries within a 10-fold range, 
while the highest-ranked within a 3-
fold range included DnaJ-like protein 
(acc. no. TC124053) in 60% of librar-
ies, translationally controlled tumor 
protein (TCTP; acc. no. TC115845), 
two α-tubulins (acc. nos. TC115716 
and TC115782), cyclophilin (acc. no. 
TC115937), and GAPDH (acc. no. 
TC115908). In general, ranking at any 
of the fold ranges gives similar results 
(i.e., the slopes of the lines are similar).

It is expected that fold differences 
will be greater in EST data than in 
data from direct measurement [i.e., 
hybridization or reverse transcription 
PCR (RT-PCR)]. Random variation is 
high in EST analyses since the number 
of ESTs representing most genes is 
usually small, making the data inher-
ently noisy (20,21). Even so, Figure 1 

suggests the impossibility of having a 
single housekeeping control gene for 
all tissues, since no transcript was ex-
pressed in more than 89% of libraries 
within a 10-fold range.

When the data were analyzed by 
organ, candidate housekeeping control 
genes emerged (Table 2). For each or-
gan, at least two transcripts were found 
that occurred within a 2-fold range of 
expression in all respective libraries. 
α-Tubulin (acc. no. TC115716) was 
found at constant levels in leaves, roots, 
and flowers, whereas DnaJ-like protein 
(acc. no. TC124053) and phosphoglyc-
erate kinase (acc. no. TC123837) were 
constant in leaves, fruits, and flowers 
(Table 2). A small family of DnaJ-

like proteins (acc. nos. TC123959, 
TC123960, and TC124053) were some-
what constant in all organs. Only phos-
phoglycerate kinase was among the 
highest ranked for all organs. It must be 
noted, though, that of the two distinct 
phosphoglycerate kinase transcripts, 
one (acc no. TC116028) appears more 
constantly expressed in roots, and the 
other (acc. no. TC123837) in fruits 
and flowers. As expected, most highly 
ranked transcripts had an abundance 
of ESTs. The notable exception was 
60S acidic ribosomal protein (acc. no. 
TC116351) in roots, which had only 
one EST in each library, making it a 
possible false positive. 

Interestingly, some of the highest-

Table 2. Highest-Ranking Housekeeping Control Genes in Various Tomato Plant Tissues 

Fold percentages show the percentage of cDNA libraries (n = 3, 4, 4, and 5 for 
leaves, roots, fruits, and flowers, respectively) with relative expression levels for 
a given gene within a 2- or 3-fold range. Relative expression levels are in units of 
ESTs per 1000 total ESTs.
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ranking transcripts in individual organs 
(Table 2) ranked very low when all 
tissues were considered together (Fig-
ure 1), and vice versa. For example, 
although 100% of leaf, fruit, and flower 
libraries contained phosphoglycerate 
kinase (acc. no. TC123837) within a 
2-fold range of expression (Table 2), 
when all libraries were considered 
together only 15% contained the tran-
script within a 2-fold range. Similarly, 
translationally controlled tumor pro-
tein (TCTP; acc. no. TC115845) was 
among the highest-ranked transcripts 
when all libraries were considered to-
gether (Figure 1) but was not when or-
gans were considered separately. This 
suggests that some transcripts are more 
appropriate controls for RNA experi-
ments within organs, whereas others 
may be better suited for experiments 
between organs.

It is sometimes useful for house-

keeping controls in an mRNA experi-
ment to have expression levels similar 
to those of the other genes being 
tested. Relative expression levels from 
EST data can be used to pick candi-
date control genes with appropriate 
mRNA levels (Table 2). For example, 
to measure the differential expression 
of a gene in leaves with an expres-
sion level of 0.60 ESTs per 1000 
total ESTs, candidate housekeeping 
controls include ubiquitin (acc. no. 
TC115896), phosphoglycerate kinase 
(acc. no. TC116028), and cys prote-
ase (acc. no. TC124125), which have 
expression levels around 0.60 (Table 
2). Similarly, comparing expression 
levels in different tissues allows the 
selection of appropriate housekeeping 
controls. For example, α-tubulin (acc. 
no. TC115716) is a candidate control 
in an experiment involving both leaf 
and flower tissue, since its relative 

expression level is identical in these 
tissues (Table 2). 

This analysis provided no evidence 
that the most frequently used house-
keeping controls, actin and GAPDH, 
are better than other candidate control 
transcripts. Actin transcripts appeared 
just once among the highest-ranked 
controls in individual organs (Table 2) 
and were present in only 52% of all li-
braries within a 10-fold range (Figure 
1). This could be partly due to individ-
ual actin transcripts having a smaller 
number of ESTs than others such as 
α-tubulin. These data emphasize that 
the methods we used can identify 
potential housekeeping controls but 
cannot always prove that lower abun-
dance ESTs are not also appropriate 
housekeeping controls. Examining 
EST data from several related species 
to increase sample size would allow 
the identification of lower abundance 

Figure 1. Percentage of tomato cDNA libraries (n = 27) that contain expressed sequence tags (ESTs) for given genes within various fold ranges of 
relative expression. Each line represents a tentative consensus sequence (TC) from the TIGR TGI. For example, the relative expression level of a DnaJ-like 
protein was within a 3-fold range in 59% of libraries. Putative identifications for labeled accessions are as follows: TCTP (TC115845), α-tubulin (TC115716 
and TC115782), actin (TC124219 and TC116116), heat shock cognate protein 80 (TC123867), phosphoglycerate kinase (TC116028), DnaJ-like protein 
(TC123959, TC123960, and TC124053), GAPDH (acc. no. TC115908), translation elongation factor EF-2 (TC116078), unknown protein AT5g28840/F7P1_20 
(TC123964), catalase (TC115865), cyclophilin (TC115937).
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housekeeping controls. Neverthe-
less, our analysis made it clear that 2 
(acc. no. TC124219 and TC116116) 
of the 15 putative actin transcripts ap-
pear more constant than the other 13 
(data not shown). Putative GAPDH 
transcripts were among the highest-
ranked in leaves and flowers (Table 2) 
and were present in 78% of all librar-
ies within a 10-fold range (Figure 1). 
However, the four GAPDH transcripts 
shown in Table 2 differ significantly 
from each other (<75% identity), and 
none were among the highest-ranked 
transcripts in multiple organs. Tran-
script levels of plastid GAPDH (acc. 
no. TC123860 and TC124167) and 
nonphosphorylating cytosolic GAP-
DH (acc. nos. TC124579) were con-
stantly expressed in leaves, whereas 
another cytosolic GAPDH (acc. no. 
TC115908) was constant in flowers.

Although we identify candidate 
housekeeping controls, it is important 
to note that none of those used to date 
have proven adequate in all situations 
(9,12). Therefore, it would not be valid 
to choose the “best” housekeeping 
control and then use that control indis-
criminately, even within a given organ. 
Because mRNA levels even of house-
keeping genes can vary, it is always 
preferable to choose housekeeping 
controls based on previous experimen-
tal evidence in a context-dependent 
fashion. The analysis here identifies 
transcripts, and methods for finding 
them, that would be logical starting 
points when mRNA housekeeping con-
trols are needed. This analysis could 
be performed for other tissues/species 
for which significant EST data exist, 
and similar analyses could be applied 
to other types of expression databases 
such as those for the serial analysis of 
gene expression (SAGE).
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