
octatomic S, dimethyltrisulfide, and dimethyl-
tetrasulfide, the latter two for about a combined
1 mmole/g; the fragment contained in addition
only naphthalene at 2 to 8 nmol/g, plus methyl-
naphthalenes and biphenol in subnanomole amounts,
but no alkanes or anthracene/phenanthrene.

The SM meteorite demonstrates that the com-
plexity of C-class asteroid surfaces is greater than
previously assumed. Rapid terrestrial alteration
probably erases many vestiges of the internal and
external processes on the asteroid that remain to be
explored in spacecraft sample-return missions.
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The Evolutionary Landscape
of Alternative Splicing in
Vertebrate Species
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How species with similar repertoires of protein-coding genes differ so markedly at the phenotypic level is
poorly understood. By comparing organ transcriptomes from vertebrate species spanning ~350 million
years of evolution, we observed significant differences in alternative splicing complexity between
vertebrate lineages, with the highest complexity in primates. Within 6 million years, the splicing profiles of
physiologically equivalent organs diverged such that they are more strongly related to the identity of a
species than they are to organ type. Most vertebrate species-specific splicing patterns are cis-directed.
However, a subset of pronounced splicing changes are predicted to remodel protein interactions involving
trans-acting regulators. These events likely further contributed to the diversification of splicing and other
transcriptomic changes that underlie phenotypic differences among vertebrate species.

Vertebrate species possess diverse phe-
notypic characteristics, yet they share
similar repertoires of coding genes (1).

Evolutionary changes in transcriptomes under-
lie structural and regulatory differences asso-
ciated with species-specific characteristics. For

example, species-dependent mRNA and non-
coding RNA (ncRNA) expression patterns have
been linked to mutational changes in cis- and
trans-acting regulatory factors, as well as to phe-
notypic differences (2–5). However, because
organ-dependent mRNA expression levels with-
in individual species have been largely con-
served during vertebrate evolution (6, 7), it seems
unlikely that changes in gene expression (GE)
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account for the majority of phenotypic diver-
sity among vertebrates.

Through the variable use of cis-acting RNA
elements in exons and flanking introns that are
recognized by trans-acting factors, different pairs
of splice sites in primary transcripts can be se-

lected in a cell type–, condition-, or species-
specific manner (8–15). Changes in alternative
splicing (AS) may therefore represent a major
source of species-specific differences (16–25).
Here, we describe a genome-wide investigation
of AS differences among physiologically equiv-

alent organs from vertebrate species spanning the
major tetrapod lineages.

Evolution of alternative splicing complexity.
High-throughput RNA sequencing (RNA-Seq)
data were collected from whole brain, forebrain
cortex, cerebellum, heart, skeletal muscle, liver,

Fig. 1. Profiling of alternative splicing (AS) in vertebrates. (A) Relative
proportions of exons undergoing AS in each sample, as measured by de-
tection of middle exon skipping in random exon triplets, where the three
exons are represented by orthologs in the analyzed species (y-axis units
relative to the sample with lowest AS frequency). See fig. S1, A and B, for a
more detailed version; see table S5 for details on samples, including rep-
licates, and RNA-Seq data sets. (B) Percentage of common AS events be-
tween human and other species. (C) Symmetrical heat map of Spearman
correlations from PSI profiles. For each sample, PSI values for the 1550

orthologous exons in the 11 analyzed species were estimated. See fig. S4A
for a more detailed version. (D) Symmetrical heat map of Pearson correla-
tions from gene expression (GE) profiles. For each sample, mRNA expres-
sion [log cRPKM values (26)] of 1809 analyzed orthologous genes in the
11 analyzed species were estimated. Key as in (C). See fig. S4B for a more
detailed version. (E) Heat map of PSI values for 41 conserved cassette al-
ternative exons. Rows, exons; columns, samples. Key as in (C). See fig. S11B
for a more detailed version. Data are hierarchically clustered (complete meth-
od, Euclidean distance) for heat maps in (C) to (E).
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kidney, and testis from human, chimpanzee, orang-
utan, macaque, mouse, opossum, platypus, chick-
en, lizard, and frog (26). For each species, we
considered all internal exons as potential cassette
AS events and created nonredundant databases
of splice junction sequences formed by inclusion
or skipping of each exon. RNA-Seq reads were
mapped to the junction databases to determine
“percent spliced-in” (PSI) values, and also to rep-
resentative transcript sequences from each gene to
estimate GE levels, represented as “corrected reads
per kilobase transcript model per million mapped
reads” (cRPKM) values (26). Orthology relation-
ships between genes and exons were established
to enable direct cross-species comparisons.

The relative proportions of orthologous exons
detected to undergo AS in each sample were de-
termined. Equal numbers of reads were randomly
sampled from each RNA-Seq data set to control
for coverage differences (26). AS detection is ap-
proximately twice as frequent in all analyzed pri-

mate organs as in the equivalent organs from
mouse and other species (Fig. 1A and fig. S1).
Moreover, there is an overall decline in AS fre-
quency as the evolutionary distance from primates
increases. These differences are significant (P <
10−10, Mann-Whitney U tests), are robust to dif-
ferent methods of AS frequency detection, and are
independent of the variability in AS detection
rates between individuals within the same spe-
cies (Fig. 1A and fig. S1). Genes with the highest
AS complexity in human are significantly en-
riched in cytoskeleton-associated functions (P <
0.03) (table S1), which suggests that AS-directed
diversification of the cytoskeleton may have been
a driving force in the evolution of increased cel-
lular complexity in vertebrate species.

Rapid evolution of organ-specific alternative
splicing. We next compared AS profiles across
organs and species. Approximately half of al-
ternatively spliced exons among species sepa-
rated by ~6 million years of evolution are different

(Fig. 1B and figs. S2A and S3A). When clus-
tering organ AS profiles on the basis of how
overall PSI values correlate in pairwise compar-
isons, the samples segregate by individual spe-
cies (Fig. 1C and fig. S4A). This is in contrast to
clustering samples on the basis of how their
overall GE levels correlate, where the samples
segregate according to tissue type (Fig. 1D and
fig. S4B) (6, 7). Principal components analysis
confirms that species type and tissue type are
the primary sources of variability underlying the
overall AS and GE patterns, respectively (figs.
S5 and S6). The species-dependent clustering of
AS profiles is also observed when analyzing sub-
sets of alternative exons associated with a wide
range of splice site strengths, exon length, increased
magnitudes of PSI change between tissues, increased
read coverage, and also when using indepen-
dently validated (16) PSI differences (figs. S7 to
S10). These results indicate that overall organ-
specific AS patterns have evolved at a much
more rapid rate than organ-specific GE patterns.

However, when restricting the clustering anal-
ysis to all (n = 41) orthologous exons that are
alternatively spliced in four species (human,
mouse, chicken, and frog) representing the main
tetrapod lineages, the samples segregate by tis-
sue type, with similar results obtained with the
larger data set of tissues and species (Fig. 1E
and fig. S11, A to H). The 41 exons, on average,
display a wider range of inclusion levels across
the samples, indicating that they have a higher
degree of regulatory potential (fig. S11I). Con-
sistent with this observation, they are also asso-
ciated with elevated exonic and flanking intronic
sequence conservation, implying that they are
under increased selection pressure to maintain
binding sites for regulatory trans-acting factors
(26). Therefore, although overall AS patterns of
multiple organs distinguish vertebrate species, a
small subset of exons that undergo AS in multi-
ple species spanning ~350 million years of evo-
lution display conserved patterns of regulation
that reflect organ type.

We next investigated the relative rates at
which AS and GE have evolved. From pairwise
comparisons of PSI values in homologous tissues,
we observe an overall increase of PSI diver-
gence from human with evolutionary time (Fig.
2A). In contrast to results from analyzing GE di-
vergence (Fig. 2, C and D) (6, 7), AS levels in
testis have not diverged more rapidly than in other
tissues (Fig. 2B), and AS events detected in neural
tissues display the slowest rate of divergence (P <
10−6, Mann-Whitney U tests). A significantly higher
proportion (27% more on average) of neural AS
events are conserved between vertebrate species
than are AS events specific to other organs (P <
0.002, Mann-Whitney U test; fig. S2B). These
AS events are enriched in genes associated with
synaptic transmission, axon guidance, neural de-
velopment, and actin cytoskeleton reorganization
(table S2), indicating that AS regulation of these
processes is a highly conserved feature of ver-
tebrate nervous system development.
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Fig. 2. Different rates of AS and GE divergence. (A) Pearson correlations between human and other
species when comparing PSI values pairwise for conserved tissue-specific alternative exons in each
tissue. For each pair of samples, correlation is analyzed for PSI values for all exons undergoing AS in
both samples. (B) Comparisons of total tree lengths (bootstrapping, 100 replicates) of PSI trees for con-
served tissue-specific alternative exons from six tissues in seven species (human, chimp, macaque, mouse,
opossum, platypus, chicken). Statistically significant differences between the neural and each of the
other tissues are indicated (Mann-Whitney U tests). Full PSI trees for each tissue are shown in fig. S3B.
(C) Pearson correlations between human and other species when comparing GE pairwise (cRPKM, log
scale; 1809 orthologous genes in the 11 analyzed species) in each organ. (D) Comparisons of total
tree lengths (bootstrapping, 100 replicates) of expression trees from analyzing six organs from seven
species as in (B). Statistically significant differences between testis and each of the other tissues are
indicated (Mann-Whitney U tests). Full expression trees for each tissue are shown in fig. S3C.
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Evolution of vertebrate splicing codes. To
investigate mechanisms underlying the diver-
gence in organ AS profiles, we used a splicing
code derived from mouse data (27, 28) to com-
pare cis-regulatory elements that are predictive
of tissue-dependent splicing patterns of five or-
gans (brain, heart, skeletal muscle, liver, and kid-
ney) from the four representative species analyzed
above. The splicing code achieved high classi-
fication rates when predicting organ-specific AS
patterns from sequence alone. The average true
positive rate [AUC, area under the receiver op-
erating characteristic (ROC) curve] ranges from
68 to 70% for heart exon skipping to 80 to 88%
for brain exon inclusion (Fig. 3, A and B, and fig.
S12). An exception was a subset of approximate-
ly 200 exon-skipping AS events in human brain,

which were predicted less well (AUC = 62%)
(fig. S12) (26).

A comparison of the most strongly predictive
cis-elements accounting for each species’ organ-
dependent splicing patterns revealed that these
significantly overlap in most tissues (Fig. 3C
and fig. S12). Such cis-elements may represent
features comprising an ancestral vertebrate splic-
ing code (Fig. 3D). However, the overlap between
sets of splicing code features used in a given pair
of species decreases with increased evolutionary
distance (Fig. 3C and fig. S12; see also below).
Thus, organ-dependent AS patterns appear to be
generally controlled by significantly overlapping
cis-regulatory codes, although progressive diver-
gence in these codes likely also contributes to
AS differences.

Species-specific alternative splicing is primar-
ily cis-directed. The extent to which evolutionary
change in cis-regulatory codes (versus trans-
acting factors) accounts for species-dependent
AS differences is not known. To address this,
we used a mouse strain, Tc1, carrying the ma-
jority of human chromosome 21 (HsChr21) (29).
We compared PSI values of exons from HsChr21
transcripts expressed in multiple organs (brain,
liver, heart, testis) from the Tc1 strain, with PSI
values of the identical exons in the correspond-
ing human organs. We also compared PSI val-
ues for the orthologous mouse exons between
wild-type and Tc1 mouse strains. For all com-
parisons, we analyzed a comprehensive set of
13 HsChr21 and orthologous mouse exons
that were detected, using RNA-Seq data, to

Fig. 3. Inference and comparative analysis of vertebrate splicing codes. (A)
ROC curves of splicing code predictions for brain-dependent exon inclusion
in human, mouse, chicken, and frog. ROC curves for other tissues are shown
in fig. S12. (B) AUC in percent for each of the ROC curves in (A). (C) Left: Heat
map of splicing code features with significant prediction scores associated with
brain-specific exon inclusion in each species (red for P < 0.05, Mann-Whitney
U test); statistically significant features in common with all significant mouse
features associated with brain-specific exon inclusion are shown. Right: Pro-
portions of features significantly associated with mouse brain-specific exon
inclusion also significant for brain-specific exon inclusion in other species.

Error bars: 95% confidence intervals, Pearson’s c2 proportion tests. Analyses
of predictive features for other tissues are shown in fig. S12. (D) Region-
specific distribution of code features significantly associated with tissue-
specific exon inclusion or exclusion in all four species, as determined by their
region-specific enrichment or by their predictive power as inferred by the
splicing code. Splicing factors associated with code features are in square
brackets. Significantly enriched features are indicated by hollow arrows;
features both significantly enriched and predictive are indicated by bold
arrows. Arrows are colored according to the organ with which the features
are associated (refer to key).
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have undergone AS in at least one of the two
species.

All analyzed HsChr21 exons that are alterna-
tively spliced in human for which the orthologous
exons in mouse are constitutively spliced are also
alternatively spliced in the Tc1 mouse; likewise,
all HsChr21 constitutively spliced exons for which
the orthologous exons in mouse are alternatively
spliced are also constitutively spliced in the Tc1
mouse (P < 0.02, both comparisons; one-sided
Fisher’s exact tests; Fig. 4, A and B, and fig. S13A).
For the orthologous exons that are alternatively
spliced in human and mouse, we observe a sig-
nificantly higher correlation between their inclu-
sion levels in Tc1 mouse and normal human
organs relative to the correlation observed when
comparing inclusion levels of all orthologous hu-
man and mouse exons (r = 0.89 versus r = 0.52,
P < 0.0008, one-sided Z-test; fig. S13B) (26).

Collectively, the results indicate that changes
among predominantly conserved cis-regulatory
elements are sufficient to direct the majority of
the species-specific AS patterns, at least in hu-
man and mouse. However, because our results
also indicate that vertebrate splicing codes di-
verged with increasing evolutionary distance, and
because specific subsets of AS events could not
be reliably predicted using the splicing code,
changes in trans-acting factors likely also con-
tributed to evolutionary differences in AS.

Species-classifying alternative splicing events
in trans-acting regulatory factors. To investigate
which splicing changes during evolution likely
had the greatest functional impact, we identified
AS events that best discriminate or “classify” spe-
cies (26). These AS events have relatively large
and widely expressed PSI differences between
species or lineages, and were validated at a high
rate by reverse transcription polymerase chain
reaction (RT-PCR) assays (r = 0.90, n = 180;
fig. S14). Gene Ontology enrichment analysis re-
veals that the corresponding genes are function-
ally diverse, with “nucleic acid binding” among
the most frequently represented categories (Fig.
5A, fig. S14, and tables S3 and S4). Consistent
with a major role for conserved cis-regulatory
elements governing species-dependent AS pro-
files (Figs. 3 and 4), the species-classifying AS
events are significantly underrepresented in exons
that overlap nucleic acid binding domains, rela-
tive to other classes of alternative exons in the
same genes (P < 0.04, Pearson’s c2 proportion
test; Fig. 5C).

An interesting example of a species-classifying
AS event is the activity-modulating exon 9 of the
splicing regulator PTBP1, located between RNA
recognition motifs 2 and 3 in this protein (30, 31).
This exon is skipped in mammalian organs but
is fully included in chicken and frog organs
(Fig. 5A). Consistent with the possibility of a more

variable and extensive regulatory role for PTBP1
in mammalian-specific AS, we observe signifi-
cant enrichment of putative PTBP1 binding sites
in sequences surrounding mammalian-specific AS
events relative to sequences surrounding chicken-
and frog-specific AS events (P < 0.002, one-sided
Fisher’s exact test; Fig. 5B).

The species-classifying AS events in genes as-
sociated with other functions are also significantly
underrepresented in exons that overlap folded
protein domains (P < 0.0002, Pearson’s c2 pro-
portion test; fig. S15A). However, the species-
classifying AS events are significantly enriched
in frame-preserving exons relative to nonclassify-
ing species-specific AS events (P ≤ 0.05, Pearson’s
c2 proportion test; Fig. 5D and fig. S15B), and
they are also enriched in protein regions pre-
dicted to be disordered. Disordered regions gen-
erally reside on protein surfaces and are known
to play critical roles in ligand interactions and
cell signaling (32, 33), and recent work has shown
that tissue-regulated exons enriched in predicted
disordered sequences often function in remodel-
ing protein-protein interactions (PPIs) (34, 35).
The species-classifying AS events thus possess
multiple features of functionally important exons.

Discussion. Our results show that organs of
primate species have significantly higher cas-
sette exon AS frequencies than do organs of other
vertebrate species. Moreover, overall organ AS
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A B

Fig. 4. Human-specific AS is preserved in a mouse trans-acting
environment. (A) Scatterplot comparing RT-PCR–estimated PSI values
for HsChr21 exons in human tissues (squares) or for the orthologous
exons in the corresponding wild-type mouse tissues (triangles) (x
axis), and the same HsChr21 exons in Tc1 mouse tissues (y axis) [13 different
pairs of orthologous exons, 31 total pairs of orthologous AS events (26)]. Data
points are colored according to whether the represented splicing events are
alternative in human and constitutive in mouse (red), constitutive in human
and alternative in mouse (blue), or alternative in both species (black) (26). Dark
blue: exons with PSI > 95% and < 100% in human and PSI < 50% in mouse.
Identity line is in dashed gray. P values for one-sided Fisher’s exact tests are
indicated. (B) RT-PCR experiments measuring PSI levels for pairs of orthologous
human and mouse exons using species-specific primer pairs (26), for exons

alternative in one species and constitutive or near-constitutive (PSI > 95%) in
the other. Human Chr21 exons were analyzed in Tc1 mouse tissues and normal
human tissues; the orthologous mouse exons were analyzed in corresponding
tissues from both the Tc1 and wild-type mouse strains. Quantification of PSI
levels, human gene names (followed by the exon number, when more than one
exon for the same gene was studied), and tissues are indicated. Red and yellow
dots indicate exon-included and exon-skipped isoforms, respectively. Note that
each set of species-specific primers amplifying the orthologous splice isoforms
generates size-distinct RT-PCR products.
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Fig. 5. Characterization of species-classifying AS events. (A) Domain diagrams
and RT-PCR experiments measuring PSI levels for representative species-
classifying AS events. Predicted highly disordered protein regions are depicted
by red bars above the domain diagrams. Human gene names are indicated, as are
the locations of the classifying alternative exon, species, and organs (B, brain; L,
liver; K, kidney; H, heart; M, muscle) in which the validations were performed, as
well as quantification of PSI levels. Red and yellow dots indicate exon-included
and exon-skipped isoforms, respectively. RT-PCR assays were performed as in Fig. 4.
(B) Comparisons of the average number of PTBP1-related cis-features asso-
ciated with mammalian-classifying and nonclassifying species-dependent AS
events, and the corresponding classes of species-dependent AS events in chicken
and frog. Error bars: 95% confidence intervals, Pearson’s c2 proportion tests.
Statistically significant differences are indicated. (C) Comparison of the proportion
of residues in different types of coding exons in proteins with nucleic acid–binding
domains that overlap folded protein domains. Classes of alternative exons (red
bars) analyzed are (i) “species-classifiers,” AS events that discriminate species; (ii)
“conserved AS,” exons detected as AS in at least two of the analyzed species; and

(iii) “species-specific AS,” exons that are alternatively spliced in only one of the
analyzed species. For each class of alternative exon, distal constitutive exons
(separated from the alternative exon by at least two exons) in the same genes are
analyzed (yellow bars). “Background constitutive” refers to all exons that are
constitutively spliced in all tissues (white bars). Error bars: 95% confidence inter-
vals, Pearson’s c2 proportion tests. Statistically significant differences between
species-classifying AS events and each of the other classes of AS events are indicated.
(D) Proportion of exons in proteins with nucleic acid binding domains that preserve
the reading frame when included/skipped in transcripts (3n exons, exons with
nucleotide lengthmultiple of three nucleotides). Types of exons analyzed are as in (C).
Error bars: 95% confidence intervals, Pearson’s c2 proportion tests. Statistically
significant differences between species-classifying AS events and the other species-
specific AS events are indicated. (E) Proportion of predicted intrinsically disordered
amino acids in different classes of exons in proteins with nucleic acid binding
domains, as described in (C). Error bars denote SE of the associated distributions.
Statistically significant differences between species-classifyingASevents and theother
species-specific AS events are indicated (Student’s t test).
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profiles more strongly reflect the identity of a spe-
cies than they do organ type. This contrasts with
organ-dependent differences in mRNA expres-
sion, which are largely conserved throughout
vertebrate evolution [this study and (6, 7)]. We
propose that the rapid divergence in AS patterns
in vertebrate organs may have played a more
widespread role in shaping species-specific dif-
ferences than did changes in mRNA expression.

Our work offers conclusive evidence that the
reassortment of splicing code features can ac-
count for the majority of AS differences between
vertebrate species. Consistent with this observa-
tion, species-classifying exons identified in this
study are often found in genes encoding trans-
acting regulators but are underrepresented in the
nucleic acid binding domains of these proteins.
Instead, they are highly enriched in disordered
regions, which are known to function in signaling
and in mediating PPIs. Because these AS changes
affect trans-acting factors involved in gene regu-
lation, they represent an additional mechanistic
basis for the remarkable diversification in AS
and other transcriptomic changes associated with
phenotypic change among vertebrate species.
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Evolutionary Dynamics of Gene
and Isoform Regulation in
Mammalian Tissues
Jason Merkin,1 Caitlin Russell,1 Ping Chen,1,3 Christopher B. Burge1,2*

Most mammalian genes produce multiple distinct messenger RNAs through alternative splicing, but
the extent of splicing conservation is not clear. To assess tissue-specific transcriptome variation
across mammals, we sequenced complementary DNA from nine tissues from four mammals and
one bird in biological triplicate, at unprecedented depth. We find that while tissue-specific gene
expression programs are largely conserved, alternative splicing is well conserved in only a subset of
tissues and is frequently lineage-specific. Thousands of previously unknown, lineage-specific,
and conserved alternative exons were identified; widely conserved alternative exons had signatures
of binding by MBNL, PTB, RBFOX, STAR, and TIA family splicing factors, implicating them as
ancestral mammalian splicing regulators. Our data also indicate that alternative splicing often
alters protein phosphorylatability, delimiting the scope of kinase signaling.

Alternative pre-mRNA processing can
result in mRNA isoforms that encode
distinct protein products, or may differ

exclusively in untranslated regions, potentially
affecting mRNA stability, localization, or trans-
lation (1). It can also produce nonfunctional
mRNAs that are targets of nonsense-mediated
mRNA decay, serving to control gene expression
(2). Most human alternative splicing is tissue-
regulated (3, 4), but the extent to which tissue-
specific splicing patterns are conserved across

mammalian species has not yet been compre-
hensively studied.

To address outstanding questions about the
conservation and functional importance of tissue-
specific splicing, we conducted transcriptome
sequencing (RNA-Seq) analysis of nine tissues
from five vertebrates, consisting of four mammals
and one bird. The species, chosen on the basis of
the quality of their genomes (all high-coverage
finished or draft genomes) and their evolutionary
relationships, include the rodents mouse and rat,

the rhesus macaque, a nonrodent/nonprimate
boroeutherian, cow, and chicken as an outgroup.
These relationships allow for the evaluation of
transcriptome changes between species with di-
vergence times ranging from<30million years to
>300 million years (Fig. 1A). Our sequencing
strategy used paired-end short or long read se-
quencing of poly(A)-selected RNA. In total, we
generated more than 16 billion reads (>8 billion
read pairs) totaling over 1 trillion bases (3, 5)
(table S1). The data were mapped to the relevant
genomes with software that can identify novel
splice junctions and isoforms (6).

To assess coverage of genes, we compared
these de novo annotations with existing Ensembl
annotations. We detected >211,000 (97%) of the
~217,000 annotated exons in mouse, and sim-
ilarly high fractions in most other species, in-
cluding more than 99% of exons in chicken
(table S1). We estimated that nearly all multi-
exonic genes in the species studied are alterna-
tively spliced (fig. S1) (3).
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