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Summary. This paper conducts a statistical anal-
ysis of the size distributions of exons and six other
gene parts [the transcription unit, introns, interven-
ing DNA (sum of introns), mRNA (sum of exons),
and leader and trailer regions of mRNA] as well as
the number of exons, the percentage of introns, the
placement of introns within the gene, and the po-
tential for frameshifts from coding exon shifts. The
first seven variables measured in base pairs fit log-
normal distributions. Significant correlations be-
tween the sizes of intervening DNA and mRNA,
the sizes of leader and trailer regions, and the sizes
of introns and flanking exons exist. Introns occur at
neonrandom frequencies within the codon frame, in
untranslated regions, and relative to the frameshift
potential from exon movement or duplication. These
nonrandom patterns in gene structure demonstrate
that models of gene evolution must incorporate se-
lective processes.

Key words: Exons — Introns — Molecular evo-
lution — Statistical analysis — Vertebrates — Gene
structure — Selection

Introduction

The modular structure of eucaryotic genes has stim-
ulated discussion about its significance and evolu-
tion (Blake 1978, 1983, 1985; Gilbert 1978, 1985;
Cavalier-Smith 19835; Doolittle 1985; Rogers 1985;
Sudhof et al. 1985; Cech 1986). These modules in-
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clude not only segments of coding regions (exons)
separated by intervening sequences (introns) but also
leader and trailer regions bearing or near controlling
clements (e.g., promoters and enhancers). v

One way of gaining further insight into the forces
that have molded the number and sizes of these
modules or gene parts is to conduct statistical stud-
ies of eucaryotic gene structure. Naora and Deacon
(1982b) described the frequency distributions of the
sizes of exons and introns and speculated that classes
of exon size exist. They also illustrated a positive
relationship between the sizes of intervening DNA
and mRNA. Their study suffers from the lack of a
rigorous and comprehensive statistical analysis, a
heterogeneous set of genes from different phyla, and
a biased sample overly influenced by highly related
genes. In a more rigorous study, Blake (1983) dem-
onstrated a correlation between polypeptide size and
number of exons.

Blake’s (1985) review noted the need for addi-
tional statistical characterization of the sizes of gene
parts. The present study of intron and exon orga-
nization and structure was undertaken using se-
quenced vertebrate genes. The design of data set
restrictions included only independent genes with
introns. The features examined were the sizes in
base pairs of the transcription unit, intervening DNA
(sum of introns), mRNA (sum of exons), mRNA
leader untranslated region, mRNA trailer untrans-
lated region, exons, and introns. Additional vari-
ables were number of exons, percent introns (in-
tervening DNA/transcription unit), and intron
locations within the transcription unit. The analysis
identified nonrandom patterns that implicate selec-
tive constraints.
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Table 1. Locations of intron interruptions in the genes analyzed

No. of Location of

Gene Species®  exons introns® Reference
a,-acid glycoprotein Rn 6 02110 Reinke and Feigelson 1985
Actin g Geg 6 90010 Kost et al. 1983
Adenosine deaminase Hs 12 02221000201 Valerio et al. 1985
Albumin Rn 15 12020202020 Sargent et al. 1981

209
Aldolase B Gg 9 91010010 Burgess and Penhoet 1985
Antifreeze Pa 2 2 Davies et al. 1984
Apolipoprotein-C3 Hs 4 912 Protter et al. 1984
Calmodulin Gg 8 9011120 Simmen et al. 1985
Casein Rn 9 90000009 Jones et al. 1985
Cholecystokinin Rn 3 91 Deschenes et al. 1985
Chymotrypsin-B Rn 7 102010 Bell et al. 1984
Crystallin-6 Gg 17 90000222112 Ohno et al. 1985

00002
Corticolipotropin-8 Mm 3 90 Notake et al. 1983
Cytochrome P450-C Rn 7 901122 Sogawa et al. 1984
Elastase-1 Rn 8 1022100 Swift et al. 1984
Enkephalin-A Rn 3 90 Rosen et al. 1984
Factor VIII Hs 26 21111112010 Gitschier et al. 1984

1120011110

0100
Globin-181 X1 3 20 Meyerhof et al. 1984
Glyceraldehyde-3-phosphate dehydrogenase Gg 12 92000202002 Stone et al. 1985
Gastrin Hs 3 91 Ito et al. 1984
Growth hormone somatomammotropin Hs 5 1000 Selby et al. 1984
Growth hormone releasing factor Hs 5 9222 Mayo et al. 1985
HLA-DR Hs 5 1119 Das et al. 1983
Haptoglobin-1 Hs 5 2111 Bensi et al. 1985
Hypoxanthine phosphoribosyltransferase Mm 9 02000210 Melton et al. 1984
Insulin Cp 3 91 Chan et al. 1984
Int-1 Mm 4 210 Qoyen and Nusse 1984
Interferon-vy Hs 4 000 Gray and Goedde) 1682
Interleukin-3 Mm 5 0000 Miyatake et al. 1985
Intermediate filament—keratin Hs 8 0200021 Marchuk et al. 1984
Lactin Rn 5 1000 Cooke and Baxter 1982
Luteinizing hormone Rn 3 00 Jameson et al. 1984
Lysozyme Gg 4 112 Jung et al. 1980
MHC antigen-DCB Hs 5 1111 Larhammar et al. 1983
Metallothionein-2 Mm 3 11 Searle et al. 1984
Myosin light chain-2 Rn 7 001120 Nudel et al. 1984
Natriodilatin Hs 3 00 Nemer et al. 1984
Natriuretic factor Hs 3 00 Seidman et al. 1984
Nerve growth factor « Mm 5 1210 Evans and Richards 1985
Oxytocin Bt 3 01 Ruppert et al. 1984
Ovalbumin-Y Gg 8 9000100 Heilig et al. 1982
Ovomucoid Gg 8 1020202 Stein et al. 1980
Pituitary glycoprotein hormone « Hs 4 910 Fiddes and Goodman 1981
Pepsinogen Hs 9 20102200 Sogawa et al. 1983
Parathyroid hormone Rn 3 92 Heinrich et al. 1984
Renin-1 Hs 10 201022200 Mivyazaki et al. 1984
Rhodopsin Hs 5 1200 Nathans and Hogness 1984
Ribosome protein L30 Mm 5 9021 Weidemann and Perry 1984
Ribosome protein L32 Mm 4 902 Dudov and Perry 1984
Seminal vesicle secretion IV Rn 3 19 Harris et al. 1983
Somatostatin Hs 2 0 Shen and Rutter 1984
Superoxide dismutase Hs 5 0120 Levanon et al. 1985
Tubulin-bal Hs 4 010 Hall and Cowan 1985
Thy-1 Mm 3 11 Chang et al. 1985
Thymidine kinase Gg 7 022000 Kwoh and Engler 1984
Triose phosphate isomerase Hs 7 120101 Brown et al. 1985
Trypsin Rn S 1210 Craik et al. 1984
Vasopressin Bt 3 01 Ruppert et al. 1984
Whey acidic protein Rn 4 111 Campbell and Rosen 1984




Table 1. Continued

47

Location of

Gene Species® introns® Reference

Partially defined genes
c-ab! Mm 10 Wang et al. 1984
Adenine phosphoribosyltransferase Mm 2101 Dush et al. 1985
Complement factor B Hs 11110121010 Campbell and Porter 1983
Collagen Gg 011000 Yamada et al. 1983
Cytochrome ¢ Rn 01 Scarpulla 1984
Dihydrofolate reductase Mm 21202 Crouse et al. 1982
Fibronectin Rn 210 Tamkun et al. 1984
Fibrinogen Hs 211 Fornace et al. 1984
Glucagon Hs 222 Bell et al. 1983
Insulin-like growth factor II Hs 20 Dull et al. 1984
Kininogen Hs 90010010000 Kitamura et al. 1985
Microglobin 8, Mm 11 Parnes and Seidman 1982
c-myc Mm 91 Stanton et al. 1984
Myosin heavy chain-a Rn 001 Mahdavi et al. 1984
Myosin light chains | and 3 Gg 011119 Nabeshima et al. 1984
Nicotinic acetycholine receptor é Gg 10022112010 Nefet al. 1984
Plasminogen activator Hs 011121212110 Ny et al. 1984
Platelet-derived growth factor Hs 101 Chiu et al. 1984
Phosphoglycerate kinase Hs 2220220011 Michelson et al. 1985
Protein C Hs 1011101 Foster et al. 1985
Prothrombin Hs 11122 Degen et al. 1983
Pyruvate kinase Gg 9100120021 Lonberg and Gilbert 1985
c-ras-1 (Harvey) Hs 020 Sekiya et al. 1984
Relaxin Hs 1 Hudson et al. 1983
c-sre Gg 9122111111 Takeya and Hanafusa 1983
Tachykinin Bt 901111 Nawa et al. 1984
Vasoactive intestinal peptide Hs 222 Bodner et al. 1985

Note: The first data set of fully defined genes was used in analyses of continuous variables. The second set of partially defined genes
was used, in combination with the first set, for intron location analysis. Genes are listed with the species, number of exons (no. of
exons; first set only), location of introns in a 5’ to 3’ orientation, and a reference. Locations of breaks by infrons between codons were
scored as O for none, between nucleotides one and two as 1, between nucleotides two and three as 2, and within the untranslated

region as 9

" Species (abbreviations) are Bos taurus (Bt), Cavia porcellus (Cp), Gallus gallus (Gg), Homo sapiens (Hs), Mus musculus (Mm),
Pseudopleuronectes americanus (Pa), Rattus norvegicus (Rn), and Xenopus laevis (X1)
" Number of introns interrupting (location): 171 (0), 148 (1), and 95 (2) were significantly different from a random 33% (x* = 22.0;
P < 0.003, 2 df). Frequencies of interruptions at both coding exon ends (5' end, 3’ end of coding exon): 59 (0,0), 38 (0,1), 32 (0,2),
42 (1,0), 53 (1,1), 23 (1,2), 36 (2,0), 23 (2,1), and 22 (2,2) were not significantly different from random trinomial expecteds (x2 =
9.4; p > 0.05; 2 df). The nine categories were reduced to three based on the remainder, when exon size is divided by three. These
three categories were nc (none), a plus one (+ 1), or a minus one (— 1) remainder. These size classes of coding exons occurred at the
following frequencies (type): 134 (none), 97 (+1), and 97 (—1), which were significantly different from the random expecteds (x? =

4.8; p < 0.005; 1 df)

Materials and Methods

Genes Analyzed and Definitions. Vertebrate protein-coding and
intron-containing genes with polyadenylated messages were col-
lected in a comprehensive, yet not exhaustive, search of the lit-
Crature to July 1985. Rearranged (e.g., immunoglobulins), non-
Polyadenylated (e.g., histones), and alternatively spliced (e.g.,
troponin T) genes were not included. Criteria for inclusion in the
analysis were sequenced exons, identified cap site, polyadenyl-
ation site, and intron sizes. An independent sample was system-
atically selected as the most recently described gene from several
of a gene family or from the same gene chararacterized in several
species (# = 59; Table 1). Size in base pairs (bp) of the mRNA
leader untranslated region, trailer untranslated region, each exon,
cach intron, the transcription unit (cap to polyadenylation sites),

mRNA (sum of exons), intervening DNA (sum of introns), per-
cent introns (intervening DNA/transcription unit x 100), and
the number of exons were determined for each of these genes.
Intervening DNA and mRNA sizes add to the transcription unit
size.

An additional 27 vertebrate genes, which were partially se-
quenced and/or differentially spliced, formed a second combined
data set (n = 76). These additional genes were not related to genes
in the first data set and had a maximal number of contiguous
sequenced exons. The genes were scored for the locations of
introns within the mRNA (Table 1). The scoring was breaks
beiween codons = 0, between nucleotides one and two = |,
between nucleotides two and three = 2, and in an untranslated
region = 9. Exons at the transcription unit ends were usually
associated with one splice junction, middle exons with two, and
introns with one.



48

Table 2. Average sizes and distributions of the gene parts

Sample Median 95% Q S% Q Skewness D
Variable size mean 95% CI 5% CI kurtosis 7
Exons 356 133 567 42 0.435 0.066
138 630 30 1.605 <0.01
Introns 297 600 4849 89 0.339 0.050
603 7513 48 —0.006 0.071
mRNA leader 59 62 184 22 —0.469 0.077
62 231 17 1.426 >0.15
mRNA trailer 59 196 1070 50 0.299 0.070
205 1153 37 —-0.479 >0.15
Transcription unit 59 4226 31,572 981 1.103 0.079
4448 27,836 711 3.500 >0.15
mRNA 59 869 2102 453 0.954 0.104
974 2954 321 2.584 0.113
Intervening DNA 59 3159 30,076 470 0.734 0.072
3174 27,899 361 2.052 >0.15
Percent introns 59 76 95 43 —0.360 0.071
75 97 40 —0.428 >0.15

Determined from the data for each variable: {(nonparametric) median, 95% quantile (95% Q), 5% quantile (5% Q), and sample size;
(parametric) mean, 95% and 5% confidence intervals (95% CI and 5% CI) transformed back to the linear scale; and skewness, kurtosis,
the Kolmogorov-Smirnov D-statistic, and probability (p) of a worse fit to the normal distribution. A log,, transformation was most
normal for all variables except the arc sine transformation of percent introns

Statistical Analysis. The Statistical Analysis System (SAS In-
stitute Inc. 1982) on the Johns Hopkins University IBM4341
computer was used extensively. Null hypotheses were formulated
and then tests were constructed by consulting Sokal and Rohlf
(1981). Positively skewed size variable (Y) distributions were
transformed by 1/Y, VY, 1/\/Y, and log,,(Y). Percent introns
was angular transformed with arc sine Y. A null hypothesis of
normality was evaluated with the Kolmogorov-Smirnov D-sta-
tistic, and by comparing confidence intervals and means to quan-
tiles and medians. Subsequent analyses used transformed data.

Analyses of variance (ANOVAs) were performed using the
General Linear Models procedure on SAS. Exon and intron sizes
were tested relative to their position at the end, beginning, or
middle of each gene. A second ANOVA design examined the
relationships of intervening DNA, mRNA, transcription unit,
mRNA leader, and mRNA trailer sizes to the number of exons.

Regressions tested the continuous variables: transcription unit,
intervening DNA, mRNA, mRNA leader, mRNA trailer sizes,
and the number of exons. When pairings were between mathe-
matically dependent variables (e.g., transcription unit and inter-
vening DNA sizes), no regression was calculated. Relationships
between intron and flanking exon sizes were also analyzed. Data
falling more than three standard errors from the calculated line
in initial regressions were dropped as deviants by more than 99%.

The locations of intron interruptions were tested for a random
frequency of occurrence by x? analyses. Single interruptions were
evaluated at the three possible locations within the codon frame.
In a second analysis, only exons with codons at both ends were
tested. Intron interruptions at the 5' and 3’ coding exon ends
occurred at three 5’ locations times three 3’ locations in nine
possible combinations. A x? analysis compared the observed fre-
quencies in the nine categories 1o ¢xpecteds calculated from a
trinomial square distribution of single codon interruption fre-
quencies. These nine coding exon categories were grouped by the
remainder when exon size was divided by three and compared
to trinomial squared expecteds. Observed frequencies of intron
interruptions in the mRNA leader or mRNA trailer were tested
against expecteds calculated from the average sizes of these re-
gions.

Results

Average Sizes of Gene Components

Generalities of gene structure and organization were
summarized from data in the literature (Tables 1
and 2). Introns (603 bp) were on average about four
times the size of exons (138 bp). The mRNA un-
translated region following the termination codon
(mRNA trailer = 205 bp) was about three times the
size of the region preceding the start codon (mMRNA
leader = 62 bp). The mRNA (974 bp) plus inter-
vening DNA (3174 bp) sizes sum to within 300 bp
of the transcription unit size (4448 bp). Three-fourths
of the average primary gene transcript consisted of
introns. The mean sizes were based on the best fit-
ting parametric (distribution assuming) statistics.
Parametric means and confidence intervals gener-
ally approximated the equivalent nonparametric
(distribution independent) medians and quantiles
(Table 2).

Frequency Distributions

The sizes of the seven gene parts were most normal
when transformed (Table 2, Fig. 1). Variables mea-
sured in base pairs (exons, introns, intervening DNA,
mRNA, mRNA leader, mRNA trailer, and tran-
scription unit) best fit a lognormal distribution. The
sizes of these six variables each ranged over several
orders of magnitude. The seventh gene measure-
ment, percent introns, was most normal with an arc
sine transformation. Distributions from all vari-
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ables provided estimates of means, confidence in-
tervals, skewness, and kurtosis. Large sample sizes
of exons and introns (# = 300) allowed detailed
examination of their distributions.

The lognormal distributions of exon and intron
sizes were not the same shape (Fig. 1). Exon sizes
had a more peaked distribution than introns (Table
2; kurtosis = 1.6 and 0.0, respectively). The calcu-
lated intron size confidence intervals poorly matched
the observed quantiles. Intron sizes have a sharp
lower cutoffat approximately 75 bp, except for three
smaller calmodulin introns, and more than one mode
may be present. Both qualitative and quantitative
differences exist in the shapes of exon and intron
distributions.

Relationships Among the Sizes of Gene Parts

Exon and intron sizes were dependent on position
within the gene (Table 3, Fig. 1). For example, the

first intron was almost twice the size of a middle or
end intron (least squares adjusted means = 911 bp,
573 bp, and 539 bp, respectively). In a stronger
relationship, the last exon was about three times the
size of a middle or first exon (356 bp, 127 bp, and
105 bp, respectively). Exon and, to a lesser extent,
intron positions were important features for describ-
ing gene structure.

Number of exons was also related to gene struc-
ture (Tables 3 and 4). Transcription unit, interven-
ing DNA, and mRNA sizes were each related to the
number of exons in a gene. The model sums of
squares were consistently larger when ANOVA
analyses were compared to similar regressions.

Interrelationships were found between sizes of
the measured gene elements (Fig. 2, Table 4). Mes-
senger RNA untranslated region sizes were corre-
lated to each other and to transcription unit size.
Intervening DNA and mRNA sizes were interre-
lated. Intron size and either following or preceding
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Table 3. Relationships between the sizes of gene parts and categories: number of exons, or position at beginning, end, or middle of
gene

Sums of squares

Category and size Model Total Sample size  F-value D

Number of exons

Intervening DNA 3.840 8.432 53 5.38 0.0002
mRNA 0.779 2.269 53 3.36 0.0057
mRNA leader region 0.176 4.548 53 0.26 0.9666
mRNA trailer region 0.935 7.385 53 0.93 0.4918
Transcription unit 2,714 5.473 53 6.32 0.0001
Position in gene
Intron 2.293 92.456 297 3.74 0.0249
Exon 12.774 40.312 356 81.88 0.0001

Analysis of variance sums of squares {model and corrected total), sample size, F-value, and a significance level (p) are presented.
Continuous size variable values were transformed to a log,, scale. The number of exons data set was genes with less than 10 exons

Table 4. Regression analysis on gene parts

Independent and dependent Intercept Slope
variables SE SE Sample size F-value p
Intron
Following exon 1.935 0.083 296 5.54 0.0193
0.100 0.035
Preceding exon 1.817 0.085 266 8.66 0.0035
0.082 0.029
mRNA?
Intervening DNA 0.802 0.898 58 13.92 0.0004
0,717 0.241
Transcription unit 0.803 0.947 58 27.89 0.0001
0.535 0.179
mRNA leader region®
mRNA trailer region 1.199 0.264 58 9.56 0.0031
0.200 0.085
Number of exons
Intervening DNA 2.864 0.113 53 24.72 0.0001
0.122 0.023
mRNA 2.665 0.058 53 23.58 0.0001
0.064 0.012
mRNA leader region 1.765 0.005 53 0.06 0.8149
0.109 0.020
mRNA trailer region 2.013 0.057 53 5.46 0.0234
0.132 0.025
Transcription unit 3.085 0.099 33 32.76 0.0001
0.093 0.017
Transcription unit®
mRNA leader 0.906 0.244 58 5.37 0.0242
0.382 0.105
mRNA trailer 0.967 0.367 58 7.84 0.0070
0.477 0.131

Slope, intercept, standard errors, sample size, F-value, and significance level { p) calculated from each set of dependent and independent
variables. All variables, except number of exons, were transformed to log,, scale. The data for number of exons is the same set used
in Table 3

= Factor VII gene was outside of data range and dropped

* Luteinizing hormone was dropped as a greater than 3 SE deviate in the initial regression
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exon sizes were weakly related. The previously un-
tested correlation matrix was indicative of size in-
terrelationships in gene structure.

Intron Locations in mRNA Transcripts

Location of introns within the transcript was another
important factor in describing gene structure (Table
1, footnote b). Introns were found between codons
at significantly high frequencies (41%) and infre-
quently between codon nucleotides two and three
(23%). The codons at middle coding exon ends were
interrupted by introns in nine possible ways (see
Materials and Methods), which is not significantly
different from the random trinomial square expect-
eds. The same middle coding exons were assessed
for frameshift generating potential upon insertion,
deletion, or duplication within a gene. Middle cod-
ing exon sizes with remainders of zero were found
in significant excess (134) of the 115 predicted. The

3.0

3.2

small mRNA leader untranslated region was inter-
rupted by introns at a frequency (83%) much higher
than would be predicted by the mRNA leader and
trailer target sizes (x> = 58.3; p < 0.005; 1 df).

Discussion

In this study gene structure and organization have
been analyzed with a perspective distinct from the
nucleotide sequence. The vertebrate genes available
in the literature are primarily from man and rodents,
and are those that researchers have known about
and cloned. Even though these biases exist, they are
not sufficient to explain the nonrandom patterns
found. The generalities of gene structure have been
presented as averages derived from a very diverse
data set. Selective constraints on vertebrate gene
evolution are postulated to account for the patterns
observed.
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Distributions of the Sizes of Gene Parts

The frequency distributions of variables measured
in base pairs suggest interacting selective con-
straints. The distributions of the exon, intron, tran-
scription unit, intervening DNA, mRNA, mRNA
leader, and mRNA trailer sizes were each best de-
scribed by a lognormal distribution. A simple nor-
mal distribution would be predicted from a series
of additive factors. Lognormal distributions of the
sizes of gene parts strongly implicate interacting se-
lective constraints.

Some previous speculations on exon sizes are in-
consistent with the data obtained. No evidence for
several exon size classes was found (Naora and Dea-
con 1982b). The study by Naora and Deacon (1982b)
contained many related genes and exons. In the pres-
ent study, the more extensive analysis of exon sizes
was not consistent with the uniform distribution
reported for the chicken pyruvate kinase gene (Lon-
berg and Gilbert 1985). Using Lonberg and Gilbert’s
own criteria on this larger data set, untransformed
exon sizes had a standard deviation (261 bp) greater
than the mean (197 bp), which further rejects the
hypothesis of a uniform exon size distribution. The
log transformation best approximates a normal exon
size distribution.

Selective forces were evident by examination and
comparison of exon and intron size distributions
(Fig. 1, Table 2). Since exons and introns are found
side by side in the gene, similar distribution shapes
are predicted from identical size constraints. Exons
had a more peaked distribution than introns, which
1s consistent with stabilizing selection against ex-
tremes in exon size. Exons with sizes falling within
the middle of the size distribution may be more
easily processed by the mRNA splicing pathways.
The intron size frequency distribution has more than
one mode and a sharp lower cutoff at 75 bp. The
loss of splicing activity in artificial #-globin con-
structs with less than 80 bp of intron verifies a min-
imum size requirement near the lower cutoff (Wie-
renga et al. 1984). The differences in peakedness,
number of modes, and the lower intron size cutoff
demonstrate the importance of differential selection
on exon and intron sizes.

Gene Size Relationships

Exon and intron sizes were uniquely related to their
positions within the gene (Table 3, Fig. 1). The last
exon, containing the large mRNA trailer untrans-
lated region, was about three times the size of the
other exons within a gene. In a weaker relationship,
the first intron was almost twice the size of other
introns in a gene. The position effects on exon and

intron sizes at opposite ends of the gene implicate
differential selection.

The number of exons partially described gene
structure (Tables 3 and 4). Relationships between
the number of exons and the sizes of the transcrip-
tion unit, mRNA, and intervening DNA were ex-
amined. In each case, ANOVASs yield larger sums
of squares than identical regressions. ANOVA is not
sensitive to nonlinear relationships. The more ro-
bust ANOVAs and the previous finding of lognor-
mal distributions (Table 2) strongly suggest multiple
interacting selective forces.

There were additional interrelationships between
the sizes of the gene parts (Table 4). Intervening
DNA and mRNA sizes were positively correlated.
Untranslated region sizes were correlated to one
another and to the transcription unit size. The re-
lationship between untranslated region sizes sug-
gests that these regions play a similar role in a cel-
lular function (e.g., determining message stability).
Significant relationships, while weak, were found
between intron size and following or preceding exon
size. The territorial gene model, where larger genes
are flanked by correspondingly large amounts of in-
tergenic DNA (Naora and Deacon 1982a), margin-
ally applies to individual exons and introns. The
interrelationships of the sizes of vertebrate gene parts
demonstrate overall structure and organization.

Intron Locations in mRNA Transcript

Selection is most parsimonious with the nonrandom
locations of introns (Table 1). Introns were found
most frequently between codons (41%) and at a low
frequency between codon nucleotides two and three
(23%). Introns must be spliced out of the mRNA
leader untranslated regions at a frequency (84%) two
and a half times larger than the expected proportion
based on their average target sizes. The nonrandom
frequencies of intron locations are inconsistent with
a simple intron insertion model lacking selection.

A testable prediction from the primordial, exon
shuffling, model is an excess of exons that can easily
move or duplicate without generating a downstream
frameshift. For example, internally duplicating an
exon of multiple three size would not cause down-
stream frameshifts. A significant excess (134 ob-
served vs 115 expected) of protein-coding exons with
sizes that were multiples of three was observed. The
nonrandom locations of introns within the codon
frame and the untranslated regions and the slight
excess of coding exons less likely to cause frame-
shifts are most consistent with selection during evo-
lution.
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