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Abstract

Most widely expressed genes are also highly expressed. Based on high or wide expression, different models were proposed to explain
the small sizes of highly/widely expressed genes. We found that housekeeping genes are not more compact than narrowly expressed genes
with similar expression levels, but compactness and expression level are correlated in housekeeping genes (except that highly expressed
Arabidopsis HK genes have longer intron length). Meanwhile, we found evidence that genes with high functional/regulatory complexity
do not have longer introns and longer proteins. The genome design hypothesis is thus not supported. Furthermore, we found that house-
keeping genes are not more compact than the narrowly expressed somatic genes with similar average expression levels. Because house-
keeping genes are expected to have much higher germline expression levels than narrowly expressed somatic genes, transcription-

associated deletion bias is not supported. Selection of the compactness of highly expressed genes for economy is supported.

© 2007 Elsevier Inc. All rights reserved.
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Protein size and intron size vary considerably within
each organism, but the reasons for this are not established.
Early studies in diverse organisms including human, Dro-
sophila, Caenorhabditis elegans, and Saccharomyces cerevi-
siae, suggest that there are negative relationships between
expression level and protein length [1-7]. Meanwhile,
highly expressed genes of human and C. elegans were found
to have short introns [3,5,6]. A hypothesis is that natural
selection favors short proteins and short introns to mini-
mize the energetic cost of gene expression [1,3,8]. In addi-
tion, transcription-associated deletion could also generate
the negative relationship between germline expression level
and the sizes of proteins and introns [5,6], because the
majority of genes may be physically and/or ectopically
expressed in germline [9-12]. On the other hand, research-
ers found that animal housekeeping (HK) genes have
shorter proteins and shorter introns than narrowly
expressed genes [13,14]. It seems that tissue-specific genes
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encode more complex proteins, thus require more regula-
tory elements that reside in intergenic spacers and introns.
As HK genes are often highly expressed and tissue-specific
genes are often expressed at low levels (Supplementary
Table S1) [14,15], Vinogradov [14] suggested that the ener-
getic cost hypothesis should be replaced by a genome
design hypothesis.

Most recent works seem to support the genome design
hypothesis. In Drosophila, intron length is negatively corre-
lated with protein divergence and protein polymorphism,
which indicates that long introns may play a role in regu-
lating gene expression [16,17]. In human, multi-species con-
served sequences, which may have important regulatory
functions in gene expression, were found to be enriched
in long introns [18]. Dystrophin is one of the largest and
most complex genes in various organisms from human to
Drosophila. The promoters of the Dystrophin gene are situ-
ated in the largest introns and the size of large introns that
contain promoters is conserved [19,20]. More and more
regulatory elements have been found in introns, especially
in the first introns [21]. Consistently, first introns are usu-
ally longer than other introns, and the aberrantly long
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intron is generally the first intron [22]. Vinogradov [23]
analyzed the consecutive local alignments between human
and mouse intronic DNA sequences, and showed that the
introns of tissue-specific genes tend to have higher fraction
of aligned sequences than those of HK genes. He also
found that the amount of aligned intronic DNA correlates
with the number of protein domains [23].

However, some studies support the energetic cost
hypothesis, or disagree with the genome design hypothesis.
If intron length is mainly determined by the selection to
reduce the cost of transcription, genes subject to strong
purifying selection should have short introns, which has
been observed in the Arabidopsis thaliana genes expressed
in pollen [24]. Later analyses of human antisense genes fur-
ther support the economy selection hypothesis (i.e. selec-
tion to minimize energetic cost and/or time cost of gene
expression [25]), but do not uphold the genome design
hypothesis [26].

In addition, there is also evidence that regulatory ele-
ments may shape the intron size of weakly or intermedi-
ately expressed genes while the selection to reduce the
cost of transcription may be dominant in highly expressed
genes [27].

The above debates can be summarized to two questions.
First, which genes are compact, highly expressed genes,
widely expressed genes, or both of them? Second, if highly
expressed genes are compact, which is the dominant force,
the selection to minimize the energetic cost of gene expres-
sion or transcription-associated nonadaptive deletion bias?

Materials and methods

The gene characters were parsed from the annotated genomes down-
loaded from NCBI (ftp://ftp.ncbi.nih.gov/genomes/): Homo sapiens (build
36 version 1), Mus musculus (build 35 version 1), and A. thaliana (updated
Nov. 04, 2005). The protein characters were estimated using the SwissP-
fam version 20 (ftp://ftp.genetics.wustl.edu/pub/Pfam/). In the case of
alternative splicing variants, we retained the longest mRNA for analysis.

We determined the gene expression breadth, level and tissue specificity
[28] in human and mouse by the microarray data, GNF GeneAtlas Ver-
sion 2 [29], and those in A. thaliana by the microarray data from Yale
Plant Genomics (http://plantgenomics.biology.yale.edu/) [30]. We also
used other gene expression data to validate the results based on micro-
array data (See Supplementary materials and methods). The tissue speci-
ficity index (1) is defined as:

N
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i
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where N is the number of tissue/organ samples examined, x; is the
expression level of the gene in sample i and x,,x is the highest expression
level of the gene across the N samples examined [28]. See Supplementary
materials and methods for details.

As recommended [31], a gene was assumed to be expressed in a tissue if
its average difference (AD) value was greater than the threshold of 200 in
that tissue (Using 100, 150, 250, and 300 as the thresholds gave similar
results, Supplementary Tables S2-S5 and Figs. S1-S8). We defined the
HK genes as those ubiquitously expressed in all normal tissue/organ
samples. The tissue/organ samples of the human and mouse microarray
gene expression datasets [29] are overlapped. For example, whole brain,
cerebellum, and cerebellum peduncles are listed as independent samples
side by side in the gene expression data. When a stringent definition of
tissue-specific genes is used (i.e. genes expressed in only one sample), only
a limited number of genes are remained, giving too small a sample size to
study. So narrowly expressed genes were defined as those expressed in less
than 20% of total normal samples (although using 15% and 25% as the
thresholds to define the narrowly expressed genes gave similar results, data
not shown). For somatic cells, narrowly expressed genes in human and
mouse were defined as those expressed in less than 20% of total normal
samples excluding germline cells, reproductive organs, or early develop-
mental stage (again using 15% and 25% as the thresholds gave similar
results, data not shown). In A. thaliana, genes expressed in all the six
normal organs (inflorescence, flower, cauline leaf, silique, seedling, and
root) were defined as HK genes and those expressed only in one organ
were defined as narrowly expressed genes. The narrowly expressed somatic
genes are those narrowly expressed genes that are not expressed in inflo-
rescence, flower, or silique.

Results

Highly expressed genes are compact, but widely expressed
genes are not

HK genes are ubiquitously expressed in all tissues, so
their size evolution is not related to expression breadth.
We found that the compactness of HK genes is correlated
with their expression levels except that highly expressed
Arabidopsis HK genes have longer introns (Table 1).

Besides ubiquitous expression, some researchers used
other additional criteria (e.g. basic cellular functions) to
define HK genes more stringently [13]. In well-compiled
sets of human housekeeping genes, we got stronger nega-
tive correlations (i.e. mostly have higher correlation coeffi-
cients, Table S6). Interestingly, we found that smaller
samples randomly selected from the HK genes analyzed
in Table 1 tend to have higher absolute values of correla-
tion coefficients (Supplementary Fig. S9). Thus, the low
absolute values of correlation coefficients in Table 1 may
be attributed to large sample size, and they have the same
biological significance as the higher correlation coefficients

Spearman correlations of average expression level with various characters of housekeeping genes

Homo sapiens Mus musculus Arabidopsis thaliana

n r P n r P n r P
Average intron length 2879 —0.232 1076 1768 —0.160 10°¢ 7968 0.074 10°¢
First intron length 2879 —0.166 10°° 1768 —0.086 3x 107 7968 0.058 10°°
Intron number 2879 —0.216 107° 1768 —0.156 107° 7968 —0.073 107°
Protein length 2564 —0.317 10°° 1742 —0.210 10°° 6440 —0.128 10°°
Protein domain number 2564 —0.199 1076 1742 —0.127 107° 6440 —0.084 107¢
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obtained from analyzing small samples. So we use the HK
genes selected just by ubiquitous expression in further

analyses.
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Fig. 1. Comparing housekeeping genes and narrowly expressed genes with similar average expression levels. The Y axis represents housekeeping genes,
while the X axis shows their narrowly expressed counterparts. The numbers of dots above (marked at the top left corner) and below (marked at the bottom
right corner) the right angle bisector intuitively illustrate the comparison between housekeeping genes and narrowly expressed genes. Meanwhile, we
performed Wilcoxon signed ranks test to determine the significance of the differences. The number of gene pairs and the significant levels are: (A) 113, P
<1078 (B) 216, P < 1077; (C) 233, P < 107>, (D) 113, P < 107%; (E) 216, P < 107'%; (F) 233, P <1073 (G) 113, P < 1077; (H) 216, P < 107%; (I) 233, P
<107% (J) 100, P <107% (K) 193, P <107% (L) 220, P <1073 (M) 100, P <1073; (N) 193, P <10~% and (0) 220, P = 0.018.
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with similar expression levels but differing greatly in expres-
sion breadth, i.e. HK genes and narrowly expressed genes
with similar expression levels (for details, see Supplemen-
tary methods). Pairwise comparisons showed that the HK
genes are less compact than narrowly expressed genes with
similar expression levels (Fig. 1A-0), being opposite to
that predicted by the genome design hypothesis [14]. The
first introns contain more regulatory elements than other
introns [21], but their sizes in HK genes are longer than
in narrowly expressed genes with similar average expres-
sion levels (Fig. 1D-F).

Previous observation that most tissue-specific genes
have both long proteins and long introns [13,14] should
be attributed to their low-level expression, rather than their
functional or regulatory complexity. Thus, our results dis-
agree with the genome design hypothesis [14].

Genes with complex expression pattern do not have longer
introns and longer proteins

The tissue specificity index 7 [28] measures both qualita-
tive variations (i.e. presence/absence) and quantitative
variations of expression level among tissues/organs. Obvi-
ously, t is more representative than expression breadth for
the expression complexity of a gene (Supplementary discus-
sion and Table S7). According to the genome design hypoth-
esis [14], the genes with complex expression patterns should
have longer introns and longer proteins. However, we found
that the genes with higher t are not less compact than
those with lower t (Table 2, Supplementary Fig. S10a—o).
Contrarily, the tissue specificity is negatively (weakly, but
significantly) correlated with intron length, intron number,
protein length, and protein domain number.

Recent evidence indicates that the genes with intermedi-
ate expression breadths may have higher functional and
regulatory complexity [15]. To control for the expression
level, we pairwisely compared the HK genes and intermedi-
ated expressed genes with similar expression levels (see
Supplementary methods for details) and found that inter-
mediately expressed genes are not less compact than HK
genes with similar expression levels (Supplementary Table
S8). Thus, the relatively longer introns and longer proteins
previously found in intermediated expressed human genes
[15] should be attributed to their relatively lower expression
levels rather than their expression complexity.

Table 2

Germline transcribed genes are not compact

The observation that highly expressed genes are com-
pact can be explained by either the selection to minimize
the energetic cost of gene expression or transcription-asso-
ciated nonadaptive deletion bias. Meanwhile, fewer intron
numbers may also be explained by mutational bias. Introns
may be lost through a recombination between a reverse
transcript and the corresponding genomic DNA [32-34].
Highly expressed genes have more potential substrates
(i.e. mRNA) for reverse transcription, and thus are more
likely to lose their introns.

Only the transcription-associated mutations that
occurred in germline cells could accumulate in evolution.
So the evolution of somatic-tissue-specific genes (STS, i.e.
expressed in only one particular somatic tissue) is free
from transcription-associated mutational bias. If highly
expressed STS genes are more compact than weakly
expressed STS genes, we could reject the hypotheses on
transcription-associated deletion bias and mRNA-medi-
ated intron losses. Unfortunately, the limited number of
STS genes showed inconclusive results (data not shown).

We therefore pairwisely compared HK genes and nar-
rowly expressed somatic genes with most similar average
expression levels (see Supplementary methods for details).
Although we do not know the exact germline expression
levels of the HK genes and the narrowly expressed somatic
genes, it is reasonable to assume that HK genes have much
higher germline expression level than narrowly expressed
somatic genes with the consideration of ectopical expres-
sion [9-12]. According to the transcription-associated
mutation hypothesis, HK genes should be more compact
than the narrowly expressed somatic genes. However, we
found that the HK genes are less compact than narrowly
expressed somatic genes with similar expression levels in
human and mouse (Fig. 2A-0). In A. thaliana, HK genes
have longer first intron length, higher intron number, and
longer protein length than narrowly expressed somatic
genes with similar expression levels (Fig. 2F, I, and L),
but there are no significant differences in average intron
length or protein domain number (Fig. 2C and O). Never-
theless, HK genes are not more compact than narrowly
expressed somatic genes with similar expression levels.
Therefore, nonadaptive transcription-associated muta-
tional bias is not the dominant force.

Spearman correlations of tissue specificity with gene and protein characters

Homo sapiens Mus musculus Arabidopsis thaliana

n r P n r P n r P
Average intron length 15009 —0.079 10°¢ 14677 —0.063 10°° 16589 —0.120 10-¢
First intron length 15009 —0.061 10°¢ 14677 —0.074 10°¢ 16589 —0.130 10°°
Intron number 15009 —0.081 10-¢ 14677 —0.109 10°° 16589 —0.197 107¢
Protein length 13438 —0.083 107¢ 14730 —0.045 10°¢ 14352 —0.061 10°°
Protein domain number 13438 —0.036 <107 14730 —0.020 0.013 14352 —0.036 1074
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Fig. 2. Comparing housekeeping genes and narrowly expressed somatic genes with similar average expression levels. The Y axis represents housekeeping
genes, while the X axis shows their narrowly expressed somatic counterparts. The numbers of dots above (marked at the top left corner) and below
(marked at the bottom right corner) the right angle bisector intuitively illustrate the comparison between housekeeping genes and narrowly expressed
somatic genes. Meanwhile, we performed Wilcoxon signed ranks test to determine the significance of the differences. The number of gene pairs and the
significant levels are: (A) 73, P < 1075; (B) 131, P < 107 (C) 192, P = 0.608; (D) 73, P < 10~% (E) 131, P < 107% (F) 192, P = 0.017; (G) 73, P < 107>; (H)
131, P <1073 (1) 192, P <1077, (J) 69, P < 107% (K) 119, P <107% (L) 184, P < 107>; (M) 69, P = 0.001; (N) 119, P <10~ and (O) 184, P = 0.161.
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Discussion

In A. thaliana, the highly expressed genes tend to have
longer introns (Table 1, [35]), while the genes with complex
expression pattern do not have longer introns (Table 2).
Thus, the majority of introns in plants may not play impor-
tant roles in expression complexity other than increasing
expression level [36].

We successively find evidence against genome design
hypothesis [14] as well as the transcription-associated
mutational bias hypothesis [5,6], and support the energetic
cost hypothesis [1,3,8]. By assuming the majority of mam-
malian intronic sequences as dispensable junks, it is easy to
understand the selection for short introns to minimize ener-
getic cost of gene expression [3]. The dominant force may
be negative selection against insertions and/or positive
selection for deletions [3].

But the debate will not settle down. Besides the energetic
cost hypothesis, there is another (but not mutual exclusive)
explanation for the negative correlation between intron
length and transcription level. Genes with continuously
low-level transcription may require longer introns to avoid
R-loop formation than busily transcribed genes [37].

We also found that highly expressed genes are miniatur-
ized in several other aspects including protein length,
protein domain number, and intron number. Protein
sequences are generally under stronger selective pressure
than intron sequences. But long proteins cost much more
energy than long introns because mRNA molecules are
generally translated many times. Much evidence shows
that highly expressed genes avoid using expensive amino
acids [2,4,5]. The fact that highly expressed genes have
compact proteins may be due to selection for deletions of
less essential (but not necessarily neutral) amino acid
residues.

Most protein domains are unlikely to be junky. We sup-
pose that natural selection may favor gene fission and act
against gene fusion in highly expressed genes. Gene fission
could reduce the energetic cost of gene expression in two
ways: (1) Splitting a multi-domain protein to several sin-
gle-domain proteins would save the energy that was used
to build the loops connecting domains. (2) Subfunctional-
ization of a pleiotropic protein into several small proteins
with specific functions would prevent redundant expression
of some regulatory domains. Consistently, majority of the
short proteins less than 100 amino acids in mouse prote-
ome are expressed in a highly tissue-restricted fashion
[38]. The selection favoring gene fission and against gene
fusion would also generate lower intron number in highly
expressed genes.

Recent evidence suggests that mRNA concentrations
are not the major determinant factor of protein abun-
dances [39]. In analyzing the energetic cost of protein syn-
thesis, using mRNA concentrations as a surrogate for
protein abundances is a pitfall of this study. We look for-
ward to large-scale protein abundance data in multicellular
organisms.
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Supplementary materials and methods

Microarray gene expression data manipulation

In total, 73 non-disease human tissue/organ samples and 61 non-disease mouse tissue/organ
samples were included in this study. As recommended [1], a gene was assumed to be expressed in a
tissue if its average difference (AD) value was greater than the threshold of 200 in that tissue. A
gene’s expression level was given by the average of the gene’s expression values in all 73 human
samples or in all 61 mouse samples and its expression breadth is a simple count of the samples where
the gene is expressed. In defining the tissue specificity index t of each gene, we used the log,-
transformed values of gene expression levels. In analyzing tissue specificity index t, the cut-off of
200 in AD value was not used, so the genes with expression levels lower than 200 were included
without any manipulation.

For the Arabidopsis thaliana gene expression data from Yale Plant Genomics
(http://plantgenomics.biology.yale.edu/), we assigned the expression values of the genes marked by A
(absent) to be zero. To avoid negative value of log,-transformed expression level in defining the tissue
specificity index t in A. thaliana, the expression level was assigned to be 1 if it is below 1.

SAGE and MPSS data analysis

The Serial Analysis of Gene Expression (SAGE) data of human and mouse [2] were
downloaded from NCBI SAGEmap (ftp://ftp.ncbi.nih.gov/pub/sage) [3]. The Nlalll map data were
curated and converted to relative expression level values (cpm, counts per million) following the
approach of Lercher et al. [4]. The resulting SAGE data include 91 libraries representing 26 human
non-diseased tissues/organs, and 104 libraries representing 14 mouse non-diseased tissues/organs. HK
genes were defined as those genes expressed in 24 or more human tissues/organs, or in all 14 mouse
tissues/organs. Narrowly expressed genes are those expressed in no more than 5 human tissues/organs
or 3 mouse tissues/organs. In calculating the tissue specificity index t from SAGE data in human and
mouse, the expression values were not log,-transformed because of too many values smaller than 1.

For A. thaliana, the 14 MPSS libraries [5] analyzed in reference [6] include two types of
MPSS data, from Classic method or from Signature MPSS method. The Signature method was
developed to reduce the bias existed in Classic data [5]. So we also selected the 11 libraries (APL,
AP3, AGM, INS, ROS, SAP, S04, S52, LES, GSE, SIS) that are sequenced using Signature method.
Analyzing this 11 libraries gave similar results as the 14 libraries analyzed in reference [6] (data not
shown). In calculating the tissue specificity index t, the expression values in MPSS data were not
log,-transformed because there are too many values smaller than 1.

Analyzing SAGE and MPSS data also shows that highly expressed genes are more compact
than weakly expressed genes, but widely expressed genes are not more compact than narrowly
expressed genes, consistent with the results from analyzing microarray data (Tables S9-S10 and Figs.
S11-S12).

Intermediately expressed gene

Referring to Vinogradov [7], we defined intermediately expressed gene as those expressed in
19-66 human tissue/organ samples or 13-57 mouse tissue/organ samples.
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Defining gene pairs with similar expression level

In searching HK-narrowly expressed (somatic) gene pairs (or HK-intermediately expressed

gene pairs), we designate the difference in the average expression level of each gene pair as
D= A-B
B

where A is the average expression level of a HK gene and B is the average expression level of a
narrowly expressed gene (or an intermediately expressed gene). The significant value of Wilcoxon
signed ranks test was used to define the lower limit of D values. In human and A. thaliana, setting D <
5% is enough to obtain gene pairs with similar average expression levels (P > 0.05), while in mouse,
such within-pair difference must be decreased to < 1%. If two or more HK genes can be paired with
one narrowly expressed gene, we selected the one that produces minimized D value. Lists of the gene
pairs are available upon request.

Supplementary discussion

The expression breadth measures only the presence/absence variations of gene expression
among different tissues/organs. As exemplified in Table S2, genes with the same expression breadth
may differ greatly in the variations of expression levels among tissue/organ samples. The tissue
specificity index t [8] measures both the qualitative variations (i.e. presence/absence) and the
quantitive variations in expression level among tissue/organ samples. Apparently, a gene
guantitatively adjusted to different expression level in different tissues/organs should require more
regulatory elements, e.g. gene AT3G56310 should require more regulatory elements than gene
AT2G32930 (Table S2). According to the genome design hypothesis [9], the genes with higher values
of index t should have longer introns than those with lower t values. So we also tested the genome
design hypothesis [9] by analyzing the tissue specificity index t. More importantly in methodology,
the tissue specificity index t is not so highly correlated with average gene expression level as the
expression breadth (Supplementary Table S1). This provides us a more feasible way to study the size
evolution of introns and proteins.

Supplementary tables

Table S1. Spearman correlations of expression level with expression breadth and tissue specificity
index t*

Microarray SAGE/MPSS
SpeCieS n Ievel, Breadth  Fevel, 7 n level, Breadth  ILevel, 7
Homo sapiens 22141 0.914 -0.353 15556 0.917 —0.758
Mus musculus 23218 0.929 -0.389 16276 0.879 —0.686
Arabidopsis thaliana 21319 0.801 —0.762 21840 0.743 -0.574

#See the (Supplementary) Materials and methods section in the main text for the data source and the
definition of tissue specificity index t [8]. All the correlations are significant at the 10°° level.
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Table S2. Spearman correlations of average expression level with various characters of housekeeping

genes (AD cutoff = 100)

Homo sapiens

Mus musculus

n R P n r P
Average intron length 5808 -0.195 10° 4801 —0.214 10°
First intron length 5807 -0.119 10° 4801 —0.097 10°
Intron number 5808 -0.165 10° 4801 -0.077 10°
Protein length 5195 -0.269 10° 4744 0157 10°
Protein domain number 5195 -0.164 10° 4744 _0.097 10°

Table S3. Spearman correlations of average expression level with various characters of housekeeping

genes (AD cutoff = 150)

Homo sapiens

Mus musculus

n R P n r P
Average intron length 3986 —-0.211 10°® 2906 -0.182 10°
First intron length 3985 -0.144 10° 2906 -0.081 10°
Intron number 3986 -0.196 10° 2906 -0.090 10°
Protein length 3554 -0.296 10° 2876 -0.176 10°
Protein domain number 3554 —0.182 10° 2876 -0.112 10°

Table S4. Spearman correlations of average expression level with various characters of housekeeping

genes (AD cutoff = 250)

Homo sapiens

Mus musculus

n R P n r P
Average intron length 2110 -0.223 10° 1087 -0.130 2x10™
First intron length 2110 -0.166 10° 1087 -0.103 7x10™*
Intron number 2110 -0.243 10°® 1087 -0.157 10°
Protein length 1867 -0.352 10° 1074 -0.252 10°
Protein domain number 1867 -0.204 10° 1074 -0.151 10°

Table S5. Spearman correlations of average expression level with various characters of housekeeping

genes (AD cutoff = 300)

Homo sapiens

Mus musculus

n R r n r r
Average intron length 1564 -0.249 10° 676 -0.145 2x10™*
First intron length 1564 -0.186 10° 676 -0.137 3x10™*
Intron number 1564 -0.239 10° 676 -0.212 10°
Protein length 1377 -0.243 10°° 669 -0.294 10°
Protein domain number 1377 -0.133 6x10* 669 -0.181 2x10°
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Table S6. Spearman correlations of average expression level with various characters of stringently
defined human housekeeping genes

Human housekeeping genes defined by

Hsiao et al. [10] Eisenberg and Levanon Dorus et al. [12]

[11]
n r P n r P n r P
C‘r’]zrtzge'””o“ 335 -0.399 10°° 485 —0.169 2x107 87 —0.489 2x10°
First intron length 335 -0.378 10° 485 -0.193 2x10° 87 -0.422 5x10°
Intron number 335 -0.322 10° 485 -0.313 10° 87 -0.489 2x10°
Protein length 325 -0.395 10° 488 -0.394 10° 84 -0529 10°
Protein domain 325 _—0252 4x10° 488 -0225 10° 84 —0.298 0.006

number

Table S7. Arabidopsis gene examples illustrating the difference between expression breadth and tissue
specificity index t

Locus® Inflorescence Flower Cauline Silique Seedling Root  Expression Index
leaf breadth P
AT2G32930 258 301 238 240 249 267 6 0.03
AT3G56310 218 868 261 657 2705 83994 6 0.43
AT2G37940 74 0 77 77 0 0 3 0.60
AT3G15400 13587 0 43 0 254 0 3 0.80

*The expression levels were taken from http://plantgenomics.biology.yale.edu/ and manipulated as
described in Supplementary methods.

®Index t is a measure of tissue specificity of gene expression proposed by [8], the expression values
were first log,-transformed.

Table S8. Comparison of intermediately expressed genes (IM) and housekeeping genes (HK) by
Wilcoxon signed ranks test

Homo sapiens Mus musculus
Number of P IM > IM < Number of P IM > IM <
gene pairs HK HK gene pairs HK HK
%) (%)° O COR
Average 3109 0.295 47.3 52.7 1175 0.955 48.3 51.7
intron
length
Firstintron 3109 2x107°  46.2 53.8 1175 0.480 48.9 51.2
length
Intron 3109 1074 36.6 59.5 1175 2x107° 43.8 51.0
number
Protein 2443 3x10® 434 56.4 1143 7x10° 44.9 54.9
length
Protein 2443 0.034 35.8 41.0 1143 0.075 35.1 38.8
domain
number

Percentage of gene pairs in which the intermediately expressed gene are larger than the housekeeping
gene.
PPercentage of gene pairs in which the housekeeping gene are larger than the intermediately expressed
gene.
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Table S9. Spearman correlations of average expression level with various characters of housekeeping

genes (SAGE & MPSS data)

Homo sapiens Mus musculus Arabidopsis thaliana

n r P n r P n r P
Average intron length 701 -0.248 10° 900 -0.133 6x10™ 3771 0.112 10°®
First intron length 701 -0.235 10° 900 -0.059 0.075 3771 0.054 0.001
Intron number 701 -0.239 10° 900 -0.158 2x10° 3771 -0.276 10°
Protein length 657 -0.317 10° 878 -0.162 10° 2937 -0.481 10
Protein domain number 657 —0.199 10° 878 —0.132 9x10° 2937 —0.265 10°

Table S10. Spearman correlations of tissue specificity with gene and protein characters (SAGE &

MPSS data)
Homo sapiens Mus musculus Arabidopsis thaliana
n r P n r P n r P
Average intron 13989 0.030 4x10™* 13694 -2x10* 0.980 17592 -0.102 10°
length
First intron 13982 -0.032 10 13694 -0.053 10° 17592 -0.119 10°
length
Intron number 13989 -0.128 10° 13694 -0.168 10° 17592 -0.202 10°
Protein length 12513 0.009 0.298 13509 -0.017 0.045 14622 -0.081 10°
Protein domain 12513 -0.003 0.712 13509 -0.010 0.238 14622 -0.053 10°

number
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Supplementary figures

Fig. S1. Comparing housekeeping
genes and narrowly expressed
genes with similar average
expression levels (AD cutoff =
100). The Y axis represents
housekeeping genes, while the X
axis shows their narrowly
expressed  counterparts.  The
numbers of dots above (marked at
the top left corner) and below
(marked at the bottom right
corner) the right angle bisector
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intuitively illustrate the comparison between housekeeping genes and narrowly expressed genes.
Meanwhile, we performed Wilcoxon signed ranks test to determine the significance of the differences.
The number of gene pairs and the significant levels are: a, 60, P < 10°% b, 201, P < 10 ¢, 60, P <
10°% d, 201, P <1075 e, 60, P = 10°% f, 201, P < 105 g, 48, P < 10> h, 191, P = 0.002; i, 48, P =

0.014; j, 191, P = 0.010.
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Fig. S2. Comparing housekeeping
genes and narrowly expressed
genes with similar average
expression levels (AD cutoff =
150). The Y axis represents
housekeeping genes, while the X
axis shows their narrowly
expressed  counterparts.  The
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numbers of dots above (marked at the top left corner) and below (marked at the bottom right corner)
the right angle bisector intuitively illustrate the comparison between housekeeping genes and
narrowly expressed genes. Meanwhile, we performed Wilcoxon signed ranks test to determine the
significance of the differences. The number of gene pairs and the significant levels are: a, 92, P < 10°°;
b, 221, P<10%;¢,92,P=10"7d, 221,P<10™: e, 92,P<10% f, 221,P <10 g, 76, P = 10" h,
199, P <101, 76, P <107, 199, P <107
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Fig. S3. Comparing housekeeping
genes and narrowly expressed
genes with similar average
expression levels (AD cutoff =
250). The Y axis represents
housekeeping genes, while the X
axis shows their  narrowly
expressed  counterparts.  The
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numbers of dots above (marked at the top left corner) and below (marked at the bottom right corner)
the right angle bisector intuitively illustrate the comparison between housekeeping genes and
narrowly expressed genes. Meanwhile, we performed Wilcoxon signed ranks test to determine the
significance of the differences. The number of gene pairs and the significant levels are: a, 114, P =
107 b, 204, P<107; ¢, 114, P <107° d, 204, P <107, ¢, 114, P< 10 f, 204, P=107; g, 100, P =
10°: h, 184, P <107"; i, 100, P = 0.012; j, 184, P = 10™*.
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300). The Y axis represents housekeeping genes, while the X axis shows their narrowly expressed
counterparts. The numbers of dots above (marked at the top left corner) and below (marked at the
bottom right corner) the right angle bisector intuitively illustrate the comparison between
housekeeping genes and narrowly expressed genes. Meanwhile, we performed Wilcoxon signed ranks
test to determine the significance of the differences. The number of gene pairs and the significant
levels are: a, 128, P <10°% b, 162, P < 10™; ¢, 128, P <107 d, 162, P< 10™; ¢, 128, P < 107/, f,
162,P<10%g,112,P<107"; h,164,P =107 i, 112, P=10";j, 164, P= 107",
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somatic genes with similar average expression levels (AD cutoff = 100). The Y axis represents
housekeeping genes, while the X axis shows their narrowly expressed somatic counterparts. The
numbers of dots above (marked at the top left corner) and below (marked at the bottom right corner)
the right angle bisector intuitively illustrate the comparison between housekeeping genes and
narrowly expressed somatic genes. Meanwhile, we performed Wilcoxon signed ranks test to
determine the significance of the differences. The number of gene pairs and the significant levels are:
a,33,P<107b, 101, P<10%¢c, 33, P=10"d, 101, P<10";e, 33, P <10°% f, 101, P = 0.002; g,
31,P=10"%h, 92, P=0.019; i, 31, P = 0.20; j, 92, P = 0.025.
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Fig. S6. Comparing housekeeping
genes and narrowly expressed
somatic genes with similar
average expression levels (AD
cutoff = 150). The Y axis
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represents housekeeping genes, while the X axis shows their narrowly expressed somatic counterparts.
The numbers of dots above (marked at the top left corner) and below (marked at the bottom right
corner) the right angle bisector intuitively illustrate the comparison between housekeeping genes and
narrowly expressed somatic genes. Meanwhile, we performed Wilcoxon signed ranks test to
determine the significance of the differences. The number of gene pairs and the significant levels are:
a,48,P<10" b, 123,P <10 c, 48, P =0.002; d, 123, P<10"; e,48, P<10* f, 123, P=10" g,
46,P<10°%h, 117, P=10" 1,46, P =0.012; j, 117, P <10
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Fig. S7. Comparing housekeeping 5 12 " J 02 ”
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while the X axis shows their £ . 18 . 23
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counterparts. The numbers of dots above (marked at the top left corner) and below (marked at the
bottom right corner) the right angle bisector intuitively illustrate the comparison between
housekeeping genes and narrowly expressed somatic genes. Meanwhile, we performed Wilcoxon
signed ranks test to determine the significance of the differences. The number of gene pairs and the
significant levels are: a, 78, P <10°% b, 122, P< 1073 ¢, 78, P<10™* d, 122, P <10 e, 78, P < 10°;
f, 122, P =10 g,69, P =103 h, 109, P < 10°%; i, 69, P = 0.069; j, 109, P = 10>,
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counterparts. The numbers of dots above (marked at the top left corner) and below (marked at the
bottom right corner) the right angle bisector intuitively illustrate the comparison between
housekeeping genes and narrowly expressed somatic genes. Meanwhile, we performed Wilcoxon
signed ranks test to determine the significance of the differences. The number of gene pairs and the
significant levels are: a, 85, P <107 b, 104, P<107"; ¢, 85, P=10"*d, 104,P=10";¢, 85, P =10">;
f, 104, P <10% 9,81, P <10 h, 103, P <10 i,81, P <107, 103, P <107,
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Fig. S9. Dependence of the correlation coefficients (between average expression level and average
intron length) on the sample size of human housekeeping genes. From 2879 housekeeping genes
selected only by ubiquitous expression, we randomly selected a series of samples to perform
Spearman correlation analysis. Random sample size range from 50, 100, 200, 300 to 2800, and for
each sample size, the dataset was selected 100 times. For sample size of 50, 100 and 200, we
discarded 67, 29 and 10 samples with P value > 0.05. Error bars represent 95% confidence interval of

the group mean.
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Fig. S10. Relationship between gene characters and tissue specificity index. Genes were grouped
according to the value of tissue specificity index t and labeled on the X axis, while bars show the
mean of gene character (log-transformed) with 95% confidence interval. Spearman test analyses of
these data are present in Table 2.
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data). The Y axis represents

housekeeping genes, while the X axis shows their narrowly expressed counterparts. The numbers of
dots above (marked at the top left corner) and below (marked at the bottom right corner) the right
angle bisector intuitively illustrate the comparison between housekeeping genes and narrowly
expressed genes. Meanwhile, we performed Wilcoxon signed ranks test to determine the significance
of the differences. The number of gene pairs and the significant levels are: a, 54, P = 103 b, 90, P =
0.310; ¢, 54, P = 10°%; d, 90, P = 0.030; e, 54, P = 0.130; f, 90, P < 10™*; g, 50, P = 0.265; h, 96, P =
10°% i, 50, P = 0.297; j, 96, P = 0.194.
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Fig. S12. Comparing 3 . 11 . 7
i T 10 10
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expressed somatic genes with similar average expression levels (SAGE data). The Y axis represents
housekeeping genes, while the X axis shows their narrowly expressed somatic counterparts. The
numbers of dots above (marked at the top left corner) and below (marked at the bottom right corner)
the right angle bisector intuitively illustrate the comparison between housekeeping genes and
narrowly expressed somatic genes. Meanwhile, we performed Wilcoxon signed ranks test to
determine the significance of the differences. The number of gene pairs and the significant levels are:
a, 43, P=107%0D, 18, P =0.59; c, 43, P < 10, d, 18, P = 0.35; e, 43, P = 0.055; f, 18, P = 0.005; g,
43, P =0.046; h, 17, P = 0.69; i, 43, P = 0.10; j, 17, P = 0.64.
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