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Transcriptome analysis of human tissues and cell
lines reveals one dominant transcript per gene
Mar Gonzàlez-Porta1, Adam Frankish2, Johan Rung1, Jennifer Harrow2 and Alvis Brazma1*

Abstract

Background: RNA sequencing has opened new avenues for the study of transcriptome composition. Significant
evidence has accumulated showing that the human transcriptome contains in excess of a hundred thousand
different transcripts. However, it is still not clear to what extent this diversity prevails when considering the relative
abundances of different transcripts from the same gene.

Results: Here we show that, in a given condition, most protein coding genes have one major transcript expressed
at significantly higher level than others, that in human tissues the major transcripts contribute almost 85 percent to
the total mRNA from protein coding loci, and that often the same major transcript is expressed in many tissues.
We detect a high degree of overlap between the set of major transcripts and a recently published set of
alternatively spliced transcripts that are predicted to be translated utilizing proteomic data. Thus, we hypothesize
that although some minor transcripts may play a functional role, the major ones are likely to be the main
contributors to the proteome. However, we still detect a non-negligible fraction of protein coding genes for which
the major transcript does not code a protein.

Conclusions: Overall, our findings suggest that the transcriptome from protein coding loci is dominated by one
transcript per gene and that not all the transcripts that contribute to transcriptome diversity are equally likely to
contribute to protein diversity. This observation can help to prioritize candidate targets in proteomics research and
to predict the functional impact of the detected changes in variation studies.
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Background
Although there are fewer than 22,000 protein coding
genes known in the human genome, they are transcribed
into over 140,000 different transcripts (Ensembl release
66 [1]), over 65% of which have protein coding potential
and thus may contribute to protein diversity. Recently,
applications of high throughput sequencing to RNA,
known as RNA-seq [2], have opened new avenues for the
study of transcriptome composition [3]. RNA-seq is
based on sequencing short fragments, thus making the
precise reconstruction of full-length transcripts a difficult
task; nevertheless, several methods have been developed
to deconvolute transcript abundance [4-6]. Significant
evidence has accumulated showing that approximately

95% of multiexon genes have more than one alternative
splice-form expressed (for example, [4,7-9]) and that
transcript expression is regulated [10,11]. On the other
hand, focusing on EST data, Taneri et al. [12] predicted
that there is a single dominant transcript per gene in pri-
mary tissues. Recently, the ENCODE project [13] showed
that indeed, in cell lines most genes have a major tran-
script, although at the same time noted that ‘genes tend
to express many transcripts simultaneously, and as the
number of annotated transcripts per gene grows, so does
the number of expressed transcripts’. However, despite
these observations, it is still not clear if and to what
extent major transcripts are dominating the transcrip-
tome and what proportion of the transcript diversity is
likely to contribute to protein diversity. In addition, given
the notable differences in gene expression between pri-
mary tissues and cell lines [11,14], transcriptome analysis
in cell lines can be extended to primary tissues only to
some extent.
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scriptional control and where most differences in their
abundance can be attributed to alternative splicing (AS;
Additional File 1 - Figure S4). In the same line, we
observe that the ratio of the number of expressed tran-
scripts to genes in primary tissues is 1.12 (0.98-1.40, SD
= 0.11; Additional File 2 - Table S2). Finally, we find that
in the studied samples approximately 85% (79.98% to
86.49%, SD = 2.17) of the mRNA pool from protein cod-
ing loci is comprised exclusively of major transcripts
(Figure 1b and Additional File 2 - Table S3). In order to
address the impact of our observations at the protein
level, we plotted the distribution of expression levels for
both major and minor transcripts (Figure 1c) and
observed that minor transcripts tend to be expressed
below 1 FPKM, a threshold that has been suggested as
the minimum expression required for protein detection
[21-23]. In addition, we calculated the overlap of our
major/minor transcript predictions with those obtained
from an independent study to assess which transcripts
are likely to be translated into proteins and detected a
higher overlap for major transcripts (see Additional File 4
- Supplementary Results).
We quantified transcript dominance by calculating for

every gene the ratio of the expression levels between the
major transcript and the second most abundant one
(Additional File 1 - Figure S4). Overall, we found that in
the studied tissues, 79% of the genes (74.21% to 81.94%,
SD = 2.16) have a two-fold dominant major transcript
(that is, expressed twice as much as the second most

abundant one), and that for 56% of the genes (43.39% to
61.60%, SD = 3.50) the major transcript is five-fold domi-
nant (Table 1 and Additional File 2 - Table S4). This indi-
cates that for most genes in a given sample there is one
dominant transcript. We estimate that dominant transcripts
account for most of the studied mRNA pool - 76.69%
(70.04% to 80.74%, SD = 3.48) for a two-fold dominance
and 67.47% (59.97% to 73.83%, SD = 4.81) for a five-fold
dominance (Figure 1b). GO enrichment analysis of genes
that consistently express a five-fold dominant transcript
across the 16 tissues in the tissue dataset indicated that
they are functionally involved in cellular respiration, protein
transport, transcription and transcription regulation (Addi-
tional File 2 - Table S5). We also calculated the fraction of
dominant major transcripts vs. non-dominant ones for dif-
ferent FPKM thresholds on total gene expression. The pro-
portion of dominant major transcripts increases with

Figure 1 Most protein coding genes express one predominant transcript. (a) Relative abundance of the subset of transcripts in each
position of the ranking for the primary tissues dataset. For each gene, transcripts were ranked based on their relative abundances. There is
generally one predominant transcript over the rest. (b) Percentage of the studied mRNA pool explained by each category of transcripts for the BM
dataset. The mean percentage for all samples is represented here. Major transcripts represent approximately 85% of the studied mRNA population and
were further classified into two-fold and five-fold dominant. (c) Expression distribution for major and minor transcripts in the tissue dataset. We
detect a total of 31,902 transcripts expressed above 1 FPKM in at least one tissue and 26,641 different major transcripts.

Table 1 Major transcripts tend to be predominantly
expressed.

Expressed
genes

Genes with a dominant major
transcript

Two-fold
dominance

Five-fold
dominance

1 FPKM 10,410 56.42% 8,179 78.51% 5,864 56.22%

5 FPKM 4,671 25.32% 3,898 83.64% 3,077 66.27%

10 FPKM 2,486 13.47% 2,146 86.54% 1,794 72.60%

Average number of genes with dominant major transcripts detected in the
primary tissues dataset. Different dominance ratios and gene expression
thresholds were considered in the quantification.
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Genome-wide measurements of translation.
We next sought to use ribosome profiling data
to quantify the rate of protein synthesis. We
estimated protein expression from the density
of ribosome footprints (14), although further
improvements could incorporate variations in
the speed of translation along a message (see
below). From 7.0 million footprint sequences,
we were able to measure the translation of 4648
of 5295 genes with a precision (fig. S7) and re-
producibility comparable with our mRNA abun-
dance measure (R2 = 0.98; ~20% error between
biological replicates) (Fig. 2D).

Comparing the rate of translation with mRNA
abundance from the same samples revealed a
roughly 100-fold range of translation efficiency
(as measured by the ratio of ribosome footprints
to mRNA fragments) between different yeast
genes, in addition to a subset of transcripts that
were translationally inactive (Fig. 2E and fig.
S8A). Thus, differences in translational efficiency,

which are invisible to mRNA abundance mea-
surements, contribute substantially to the dynamic
range of gene expression (table S2).

The rate of protein synthesis is expected to be
a better predictor of protein abundance than mea-
surements of mRNA levels. Indeed, estimates
of the absolute abundance of proteins from
proteome-wide mass spectrometry had a correla-
tion coefficient of R2 = 0.42 with our translation-
rate measurements versus R2 = 0.17 with our
mRNA abundance (fig. S9) (19). Differences in
protein stability contribute to the imperfect cor-
relation between the rate of a protein’s synthesis
and its steady-state levels. Thus, comparison be-
tween changes in synthesis measured by ribo-
some profiling and abundance measured by mass
spectrometry should reveal examples of the
regulated degradation of proteins (19).

Ribosome profiling reveals different phases
of translation. Previous polysome studies found
that shorter genes tended to have a higher ribo-

some density (10). We saw a similar, though
weaker, trend and an overall agreement between
ribosome profiling and polysome profiling (figs.
S8B and S10). This phenomenon was surprising
because it suggested that the rate of translation
initiation was sensitive to the total length of the
gene, thus causing shorter messages to be better
translated. Alternatively, there may be a higher
ribosome density in a region of constant length
at the start of each gene, which would contribute
a larger fraction of the total ribosome occupancy
for shorter genes. However, a previous study
found no evidence for higher ribosome density
at the 5′ end of six individual mRNAs (20).

Our genome-wide position-specific measure-
ments of ribosome occupancy let us test this pos-
sibility more broadly. An averaging over hundreds
of well-translated genes revealed considerably
greater (approximately threefold) ribosome den-
sity for the first 30 to 40 codons (Fig. 2F), which
after 100 to 200 codons relaxed to a uniform

Fig. 1. Quantifying mRNA
abundance and ribosome
footprints by means of deep
sequencing. (A) Schematic
of the protocol for convert-
ing ribosome footprints or
randomly fragmentedmRNA
into a deep-sequencing li-
brary. (B) Internal reprodu-
cibility of mRNA-abundance
measurements. CDSs were
conceptually divided as
shown, and the mRNA
counts on the two regions
are plotted. The error esti-
mate is based on the c2

statistic.
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Genome-wide measurements of translation.

We next sought to use ribosome profiling data

to quantify the rate of protein synthesis. We

estimated protein expression from
the density

of ribosome footprints (14), although further

improvements could incorporate variations in

the speed of translation along a message (see

below). From
7.0 million footprint sequences,

we were able to measure the translation of 4648

of 5295 genes with a precision (fig. S7) and re-

producibility comparable with our mRNA
abun-

dance measure (R 2
= 0.98; ~20%

error between

biological replicates) (Fig. 2D).

Comparing the rate of translation with mRNA

abundance from
the same samples revealed a

roughly 100-fold range of translation efficiency

(as measured by the ratio of ribosome footprints

to
mRNA

fragments) between
different yeast

genes, in addition to a subset of transcripts that

were translationally
inactive (Fig. 2E

and
fig.

S8A). Thus, differences in translational efficiency,

which are invisible to mRNA
abundance mea-

surements, contribute substantially to the dynamic

range of gene expression (table S2).

The rate of protein synthesis is expected to be

a better predictor of protein abundance than mea-

surements of mRNA
levels. Indeed, estimates

of the absolute abundance of proteins from

proteome-wide mass spectrometry had a correla-

tion coefficient of R 2
= 0.42 with our translation-

rate measurements versus R 2
=
0.17 with our

mRNA
abundance (fig. S9) (19). Differences in

protein stability contribute to the imperfect cor-

relation between the rate of a protein’s synthesis

and its steady-state levels. Thus, comparison be-

tween changes in synthesis measured by ribo-

some profiling and abundance measured by mass

spectrometry
should

reveal examples
of the

regulated degradation of proteins (19).

Ribosome profiling reveals different phases

of translation. Previous polysome studies found

that shorter genes tended to have a higher ribo-

some density (10). We saw
a similar, though

weaker, trend and an overall agreement between

ribosome profiling and polysome profiling (figs.

S8B and S10). This phenomenon was surprising

because it suggested that the rate of translation

initiation was sensitive to the total length of the

gene, thus causing shorter messages to be better

translated. Alternatively, there may be a higher

ribosome density in a region of constant length

at the start of each gene, which would contribute

a larger fraction of the total ribosome occupancy

for shorter genes. However, a previous study

found no evidence for higher ribosome density

at the 5′ end of six individual mRNAs (20).

Our genome-wide position-specific measure-

ments of ribosome occupancy let us test this pos-

sibility more broadly. An averaging over hundreds

of well-translated genes revealed considerably

greater (approximately threefold) ribosome den-

sity for the first 30 to 40 codons (Fig. 2F), which

after 100 to 200 codons relaxed to a uniform

Fig. 1. Quantifying mRNA

abundance and ribosome

footprints by means of deep

sequencing. (A) Schematic

of the protocol for convert-

ing ribosome footprints or

randomly fragmentedmRNA

into a deep-sequencing li-

brary. (B) Internal reprodu-

cibility of mRNA-abundance

measurements. CDSs were

conceptually
divided

as

shown, and
the

mRNA

counts on the two regions

are plotted. The error esti-

mate is based on the c 2

statistic.

www.sciencemag.org
SCIENCE

VOL 324
10 APRIL 2009

219

RESEARCH ARTICLE

Genome-wide measurements of translation.

We next sought to use ribosome profiling data

to quantify the rate of protein synthesis. We

estimated protein expression from the density

of ribosome footprints (14), although further

improvements could incorporate variations in

the speed of translation along a message (see

below). From 7.0 million footprint sequences,

we were able to measure the translation of 4648

of 5295 genes with a precision (fig. S7) and re-

producibility comparable with our mRNA abun-

dance measure (R
2 = 0.98; ~20% error between

biological replicates) (Fig. 2D).

Comparing the rate of translation with mRNA

abundance from the same samples revealed a

roughly 100-fold range of translation efficiency

(as measured by the ratio of ribosome footprints

to mRNA fragments) between different yeast

genes, in addition to a subset of transcripts that

were translationally inactive (Fig. 2E and fig.

S8A). Thus, differences in translational efficiency,

which are invisible to mRNA abundance mea-

surements, contribute substantially to the dynamic

range of gene expression (table S2).

The rate of protein synthesis is expected to be

a better predictor of protein abundance than mea-

surements of mRNA levels. Indeed, estimates

of the absolute abundance of proteins from

proteome-wide mass spectrometry had a correla-

tion coefficient of R
2 = 0.42 with our translation-

rate measurements versus R
2 = 0.17 with our

mRNA abundance (fig. S9) (19). Differences in

protein stability contribute to the imperfect cor-

relation between the rate of a protein’s synthesis

and its steady-state levels. Thus, comparison be-

tween changes in synthesis measured by ribo-

some profiling and abundance measured by mass

spectrometry should reveal examples of the

regulated degradation of proteins (19).

Ribosome profiling reveals different phases

of translation. Previous polysome studies found

that shorter genes tended to have a higher ribo-

some density (10). We saw a similar, though

weaker, trend and an overall agreement between

ribosome profiling and polysome profiling (figs.

S8B and S10). This phenomenon was surprising

because it suggested that the rate of translation

initiation was sensitive to the total length of the

gene, thus causing shorter messages to be better

translated. Alternatively, there may be a higher

ribosome density in a region of constant length

at the start of each gene, which would contribute

a larger fraction of the total ribosome occupancy

for shorter genes. However, a previous study

found no evidence for higher ribosome density

at the 5′ end of six individual mRNAs (20).

Our genome-wide position-specific measure-

ments of ribosome occupancy let us test this pos-

sibility more broadly. An averaging over hundreds

of well-translated genes revealed considerably

greater (approximately threefold) ribosome den-

sity for the first 30 to 40 codons (Fig. 2F), which

after 100 to 200 codons relaxed to a uniform

Fig. 1. Quantifying mRNA

abundance and ribosome

footprints by means of deep

sequencing. (A) Schematic

of the protocol for convert-

ing ribosome footprints or

randomly fragmentedmRNA

into a deep-sequencing li-

brary. (B) Internal reprodu-

cibility of mRNA-abundance

measurements. CDSs were

conceptually divided as

shown, and the mRNA

counts on the two regions

are plotted. The error esti-

mate is based on the c
2

statistic.
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Genome-widemeasurementsoftranslation.

W
e
nextsoughtto

use
ribosom

e
profiling

data

to
quantify

the
rate

of
protein

synthesis.W
e

estim
ated

protein
expression

from
the

density

of
ribosom

e
footprints

(14),although
further

im
provem

ents
could

incorporate
variations

in

the
speed

oftranslation
along

a
m
essage

(see

below).From
7.0

m
illion

footprint
sequences,

wewereableto
m
easurethetranslation

of4648

of5295
genes

with
a
precision

(fig.S7)and
re-

producibility
com

parable
with

ourm
RNA

abun-

dance
m
easure

(R
2=

0.98;~20%
errorbetween

biologicalreplicates)(Fig.2D).

Com
paring

therateoftranslation
with

m
RNA

abundance
from

the
sam

e
sam

ples
revealed

a

roughly
100-fold

range
oftranslation

efficiency

(asm
easured

by
the

ratio
ofribosom

e
footprints

to
m
RNA

fragm
ents)

between
different

yeast

genes,in
addition

to
a
subsetoftranscripts

that

were
translationally

inactive
(Fig.

2E
and

fig.

S8A).Thus,differencesin
translationalefficiency,

which
are

invisible
to
m
RNA

abundance
m
ea-

surem
ents,contributesubstantially

to
thedynam

ic

range
ofgene

expression
(table

S2).

Therateofprotein
synthesisisexpected

to
be

a
betterpredictorofprotein

abundance
than

m
ea-

surem
ents

ofm
RN

A
levels.Indeed,estim

ates

of
the

absolute
abundance

of
proteins

from

proteom
e-wide

m
ass

spectrom
etry

had
a
correla-

tion
coefficientofR

2=
0.42

with
ourtranslation-

rate
m
easurem

ents
versus

R
2=

0.17
with

our

m
RNA

abundance
(fig.S9)(19).Differencesin

protein
stability

contribute
to
the

im
perfectcor-

relation
between

the
rateofaprotein’ssynthesis

and
itssteady-state

levels.Thus,com
parison

be-

tween
changes

in
synthesis

m
easured

by
ribo-

som
eprofiling

and
abundancem

easured
by
m
ass

spectrom
etry

should
reveal

exam
ples

of
the

regulated
degradation

ofproteins(19).

Ribosomeprofilingrevealsdifferentphases

oftranslation.Previouspolysom
estudiesfound

thatshortergenestended
to
have

a
higherribo-

som
e
density

(10).W
e
saw

a
sim

ilar,though

w
eaker,trend

and
an
overallagreem

entbetween

ribosom
eprofiling

and
polysom

eprofiling
(figs.

S8B
and

S10).Thisphenom
enon

wassurprising

because
itsuggested

thatthe
rate

oftranslation

initiation
wassensitive

to
the

totallength
ofthe

gene,thuscausing
shorterm

essagesto
be
better

translated.Alternatively,there
m
ay

be
a
higher

ribosom
e
density

in
a
region

ofconstantlength

atthestartofeach
gene,which

would
contribute

alargerfraction
ofthetotalribosom

eoccupancy

for
shorter

genes.
However,

a
previous

study

found
no

evidence
forhigherribosom

e
density

atthe
5′end

ofsix
individualm

RNAs(20).

Ourgenom
e-wideposition-specificm

easure-

m
entsofribosom

e
occupancy

letustestthispos-

sibility
m
orebroadly.An

averaging
overhundreds

of
well-translated

genes
revealed

considerably

greater(approxim
ately

threefold)ribosom
e
den-

sity
forthefirst30

to
40
codons(Fig.2F),which

after
100

to
200

codons
relaxed

to
a
uniform

Fig.1.QuantifyingmRNA

abundance
and

ribosome

footprintsbymeansofdeep

sequencing.(A)Schematic

ofthe
protocolforconvert-

ingribosomefootprintsor

randomlyfragmentedmRNA

intoadeep-sequencingli-

brary.(B)Internalreprodu-

cibilityofmRNA-abundance

measurements.CDSswere

conceptually
divided

as

shown,
and

the
mRNA

countson
thetwo

regions

areplotted.Theerroresti-

mate
is
based

on
the

c
2

statistic.
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Genome-wide measurements of translation.

We next sought to use ribosome profiling data

to quantify the rate of protein synthesis. We

estimated protein expression from
the density

of ribosome footprints (14), although further

improvements could incorporate variations in

the speed of translation along a message (see

below). From
7.0 million footprint sequences,

we were able to measure the translation of 4648

of 5295 genes with a precision (fig. S7) and re-

producibility comparable with our mRNA
abun-

dance measure (R 2
= 0.98; ~20%

error between

biological replicates) (Fig. 2D).

Comparing the rate of translation with mRNA

abundance from
the same samples revealed a

roughly 100-fold range of translation efficiency

(as measured by the ratio of ribosome footprints

to
mRNA

fragments) between
different yeast

genes, in addition to a subset of transcripts that

were translationally
inactive (Fig. 2E

and
fig.

S8A). Thus, differences in translational efficiency,

which are invisible to mRNA
abundance mea-

surements, contribute substantially to the dynamic

range of gene expression (table S2).

The rate of protein synthesis is expected to be

a better predictor of protein abundance than mea-

surements of mRNA
levels. Indeed, estimates

of the absolute abundance of proteins from

proteome-wide mass spectrometry had a correla-

tion coefficient of R 2
= 0.42 with our translation-

rate measurements versus R 2
=
0.17 with our

mRNA
abundance (fig. S9) (19). Differences in

protein stability contribute to the imperfect cor-

relation between the rate of a protein’s synthesis

and its steady-state levels. Thus, comparison be-

tween changes in synthesis measured by ribo-

some profiling and abundance measured by mass

spectrometry
should

reveal examples
of the

regulated degradation of proteins (19).

Ribosome profiling reveals different phases

of translation. Previous polysome studies found

that shorter genes tended to have a higher ribo-

some density (10). We saw
a similar, though

weaker, trend and an overall agreement between

ribosome profiling and polysome profiling (figs.

S8B and S10). This phenomenon was surprising

because it suggested that the rate of translation

initiation was sensitive to the total length of the

gene, thus causing shorter messages to be better

translated. Alternatively, there may be a higher

ribosome density in a region of constant length

at the start of each gene, which would contribute

a larger fraction of the total ribosome occupancy

for shorter genes. However, a previous study

found no evidence for higher ribosome density

at the 5′ end of six individual mRNAs (20).

Our genome-wide position-specific measure-

ments of ribosome occupancy let us test this pos-

sibility more broadly. An averaging over hundreds

of well-translated genes revealed considerably

greater (approximately threefold) ribosome den-

sity for the first 30 to 40 codons (Fig. 2F), which

after 100 to 200 codons relaxed to a uniform

Fig. 1. Quantifying mRNA

abundance and ribosome

footprints by means of deep

sequencing. (A) Schematic

of the protocol for convert-

ing ribosome footprints or

randomly fragmentedmRNA

into a deep-sequencing li-

brary. (B) Internal reprodu-

cibility of mRNA-abundance

measurements. CDSs were

conceptually
divided

as

shown, and
the

mRNA

counts on the two regions

are plotted. The error esti-

mate is based on the c 2

statistic.
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We next sought to use ribosome profiling data

to quantify the rate of protein synthesis. We

estimated protein expression from the density

of ribosome footprints (14), although further

improvements could incorporate variations in

the speed of translation along a message (see

below). From 7.0 million footprint sequences,

we were able to measure the translation of 4648

of 5295 genes with a precision (fig. S7) and re-

producibility comparable with our mRNA abun-

dance measure (R
2 = 0.98; ~20% error between

biological replicates) (Fig. 2D).

Comparing the rate of translation with mRNA

abundance from the same samples revealed a

roughly 100-fold range of translation efficiency

(as measured by the ratio of ribosome footprints

to mRNA fragments) between different yeast

genes, in addition to a subset of transcripts that

were translationally inactive (Fig. 2E and fig.

S8A). Thus, differences in translational efficiency,

which are invisible to mRNA abundance mea-

surements, contribute substantially to the dynamic

range of gene expression (table S2).

The rate of protein synthesis is expected to be

a better predictor of protein abundance than mea-

surements of mRNA levels. Indeed, estimates

of the absolute abundance of proteins from

proteome-wide mass spectrometry had a correla-

tion coefficient of R
2 = 0.42 with our translation-

rate measurements versus R
2 = 0.17 with our

mRNA abundance (fig. S9) (19). Differences in

protein stability contribute to the imperfect cor-

relation between the rate of a protein’s synthesis

and its steady-state levels. Thus, comparison be-

tween changes in synthesis measured by ribo-

some profiling and abundance measured by mass

spectrometry should reveal examples of the

regulated degradation of proteins (19).

Ribosome profiling reveals different phases

of translation. Previous polysome studies found

that shorter genes tended to have a higher ribo-

some density (10). We saw a similar, though

weaker, trend and an overall agreement between

ribosome profiling and polysome profiling (figs.

S8B and S10). This phenomenon was surprising

because it suggested that the rate of translation

initiation was sensitive to the total length of the

gene, thus causing shorter messages to be better

translated. Alternatively, there may be a higher

ribosome density in a region of constant length

at the start of each gene, which would contribute

a larger fraction of the total ribosome occupancy

for shorter genes. However, a previous study

found no evidence for higher ribosome density

at the 5′ end of six individual mRNAs (20).

Our genome-wide position-specific measure-

ments of ribosome occupancy let us test this pos-

sibility more broadly. An averaging over hundreds

of well-translated genes revealed considerably

greater (approximately threefold) ribosome den-

sity for the first 30 to 40 codons (Fig. 2F), which

after 100 to 200 codons relaxed to a uniform

Fig. 1. Quantifying mRNA

abundance and ribosome

footprints by means of deep

sequencing. (A) Schematic

of the protocol for convert-

ing ribosome footprints or

randomly fragmentedmRNA

into a deep-sequencing li-

brary. (B) Internal reprodu-

cibility of mRNA-abundance

measurements. CDSs were

conceptually divided as

shown, and the mRNA

counts on the two regions

are plotted. The error esti-
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Genome-widemeasurementsoftranslation.

Wenextsoughttouseribosomeprofilingdata

toquantifytherateofproteinsynthesis.We

estimatedproteinexpressionfrom
thedensity

ofribosomefootprints(14),althoughfurther

improvementscouldincorporatevariationsin

thespeedoftranslationalongamessage(see

below).From
7.0millionfootprintsequences,

wewereabletomeasurethetranslationof4648

of5295geneswithaprecision(fig.S7)andre-

producibilitycomparablewithourmRNA
abun-

dancemeasure(R
2=0.98;~20%

errorbetween

biologicalreplicates)(Fig.2D).

ComparingtherateoftranslationwithmRNA

abundancefrom
thesamesamplesrevealeda

roughly100-foldrangeoftranslationefficiency

(asmeasuredbytheratioofribosomefootprints

to
mRNA

fragments)between
differentyeast

genes,inadditiontoasubsetoftranscriptsthat

were
translationally

inactive
(Fig.2E

and
fig.

S8A).Thus,differencesintranslationalefficiency,

whichareinvisibletomRNA
abundancemea-

surements,contributesubstantiallytothedynamic

rangeofgeneexpression(tableS2).

Therateofproteinsynthesisisexpectedtobe

abetterpredictorofproteinabundancethanmea-

surementsofmRNA
levels.Indeed,estimates

oftheabsoluteabundanceofproteinsfrom

proteome-widemassspectrometryhadacorrela-

tioncoefficientofR
2=0.42withourtranslation-

ratemeasurementsversusR
2=

0.17withour

mRNA
abundance(fig.S9)(19).Differencesin

proteinstabilitycontributetotheimperfectcor-

relationbetweentherateofaprotein’ssynthesis

anditssteady-statelevels.Thus,comparisonbe-

tweenchangesin
synthesismeasuredbyribo-

someprofilingandabundancemeasuredbymass

spectrometry
should

revealexamples
ofthe

regulateddegradationofproteins(19).

Ribosomeprofilingrevealsdifferentphases

oftranslation.Previouspolysomestudiesfound
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Genome-wide measurements of translation.
We next sought to use ribosome profiling data
to quantify the rate of protein synthesis. We
estimated protein expression from the density
of ribosome footprints (14), although further
improvements could incorporate variations in
the speed of translation along a message (see
below). From 7.0 million footprint sequences,
we were able to measure the translation of 4648
of 5295 genes with a precision (fig. S7) and re-
producibility comparable with our mRNA abun-
dance measure (R2 = 0.98; ~20% error between
biological replicates) (Fig. 2D).

Comparing the rate of translation with mRNA
abundance from the same samples revealed a
roughly 100-fold range of translation efficiency
(as measured by the ratio of ribosome footprints
to mRNA fragments) between different yeast
genes, in addition to a subset of transcripts that
were translationally inactive (Fig. 2E and fig.
S8A). Thus, differences in translational efficiency,

which are invisible to mRNA abundance mea-
surements, contribute substantially to the dynamic
range of gene expression (table S2).

The rate of protein synthesis is expected to be
a better predictor of protein abundance than mea-
surements of mRNA levels. Indeed, estimates
of the absolute abundance of proteins from
proteome-wide mass spectrometry had a correla-
tion coefficient of R2 = 0.42 with our translation-
rate measurements versus R2 = 0.17 with our
mRNA abundance (fig. S9) (19). Differences in
protein stability contribute to the imperfect cor-
relation between the rate of a protein’s synthesis
and its steady-state levels. Thus, comparison be-
tween changes in synthesis measured by ribo-
some profiling and abundance measured by mass
spectrometry should reveal examples of the
regulated degradation of proteins (19).

Ribosome profiling reveals different phases
of translation. Previous polysome studies found
that shorter genes tended to have a higher ribo-

some density (10). We saw a similar, though
weaker, trend and an overall agreement between
ribosome profiling and polysome profiling (figs.
S8B and S10). This phenomenon was surprising
because it suggested that the rate of translation
initiation was sensitive to the total length of the
gene, thus causing shorter messages to be better
translated. Alternatively, there may be a higher
ribosome density in a region of constant length
at the start of each gene, which would contribute
a larger fraction of the total ribosome occupancy
for shorter genes. However, a previous study
found no evidence for higher ribosome density
at the 5′ end of six individual mRNAs (20).

Our genome-wide position-specific measure-
ments of ribosome occupancy let us test this pos-
sibility more broadly. An averaging over hundreds
of well-translated genes revealed considerably
greater (approximately threefold) ribosome den-
sity for the first 30 to 40 codons (Fig. 2F), which
after 100 to 200 codons relaxed to a uniform

Fig. 1. Quantifying mRNA
abundance and ribosome
footprints by means of deep
sequencing. (A) Schematic
of the protocol for convert-
ing ribosome footprints or
randomly fragmentedmRNA
into a deep-sequencing li-
brary. (B) Internal reprodu-
cibility of mRNA-abundance
measurements. CDSs were
conceptually divided as
shown, and the mRNA
counts on the two regions
are plotted. The error esti-
mate is based on the c2

statistic.
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