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The discovery of early Middle Jurassic and
Late Cretaceous fpachycormids with anatomical
features that are consistent with suspension
feeding (4) alters the picture of the evolution
of this ecological guild in the Mesozoic and
afterward. Oceans during much of this interval
have been viewed as devoid of large-bodied
suspension feeders (25), but we now recognize
that fpachycormids occupied this ecological
role for much of the Mesozoic (Fig. 3). Marine
reptiles diversified prolifically during this geo-
logical interval, attaining massive sizes and
evolving specializations attributed to suction
and ram feeding (26), but there is no clear evi-
dence that they ever adopted planktivory. This
observation, coupled with the perceived absence
of large-bodied planktivores during most of the
Mesozoic, led to suggestions that anatomical
constraints prevented these otherwise diverse
marine amniote clades from exploiting suspen-
sion feeding (25). Our findings suggest that marine
reptiles might have been excluded from this
trophic strategy by incumbent fpachycormids.

The first fossil occurrences of modern large-
bodied suspension feeders are confined to the
Cenozoic: manta rays and whale sharks in the
late Paleocene (/), basking sharks in the mid-
Eocene (2), and plankton-feeding whales near
the Eocene-Oligocene boundary (3). The only
example with a possible Mesozoic record is the
megamouth shark Megachasma, but there is a 75-
million-year interval between a few isolated Late
Cretaceous teeth and the next oldest occurrence,
which dates to the late Oligocene—early Miocene
(27). The radiation of large-bodied suspension-
feeding chondrichthyans and whales in the Paleo-
gene follows the disappearance of T Bonnerichthys
and many other large-bodied marine teleosts
(28, 29) during the end-Cretaceous extinction,
suggesting that familiar modern groups of plank-
tivores diversified into the ecospace vacated by
giant Tpachycormids.
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Climate, Critters, and Cetaceans:
Cenozoic Drivers of the Evolution

of Modern Whales

Felix G. Marx>* and Mark D. Uhen?

Modern cetaceans, a poster child of evolution, play an important role in the ocean ecosystem as apex
predators and nutrient distributors, as well as evolutionary “stepping stones” for the deep sea biota. Recent
discussions on the impact of climate change and marine exploitation on current cetacean populations may
benefit from insights into what factors have influenced cetacean diversity in the past. Previous studies
suggested that the rise of diatoms as dominant marine primary producers and global temperature change
were key factors in the evolution of modern whales. Based on a comprehensive diversity data set, we
show that much of observed cetacean paleodiversity can indeed be explained by diatom diversity in
conjunction with variations in climate as indicated by oxygen stable isotope records (5*20).

odern cetaceans (Neoceti), the mysti-

cetes and odontocetes, show a number

of mass-feeding adaptations beyond
the immediate demands of an aquatic existence
(I). Whereas mysticetes have become edentu-
lous and rely on baleen to filter food from the
water, odontocetes have evolved the ability to
search for prey by means of echolocation. What
unites these two different adaptive strategies is
their effectiveness in terms of mass feeding:

Whereas mysticetes obtain enormous amounts
of small prey by filtering vast quantities of water,
odontocetes may be able to use their biosonar
to locate the vertically migrating layers of plank-
ton with their associated grazers and predators
known as deep scattering layers (/). To support
such large and abundant apex predators, the eco-
systems exploited by cetaceans must be extremely
productive, and the energy captured by primary
producers must be transmitted very efficiently
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through the food web (2). Compared with photo-
synthetic bacteria and nannoplankton, diatoms,
the dominant marine producers of today, are rela-
tively large organisms (3) and are thus likely to be
at the base of a food web with relatively fewer
intermediate consumers (/, 2). This shortening of
the food web reduces the amount of trophic frac-
tionation between the original photosynthetic event
and the final consumption by apex predators, such
as cetaceans, thus allowing the latter to forage
more efficiently and grow larger, more abundant,
and more diverse as a result (7).

We investigated whether the rise of diatoms
to dominance may have triggered the radiation
of neocetes (/) by fitting a set of a priori models
(Table 1) to a comprehensive genus-level cetacean
diversity data set (n = 204) downloaded from the
Paleobiology Database (4), as well as by assessing
the explanatory power of the different models
using the second-order Akaike’s Information Cri-
terion (AIC.) and Akaike weights (w;) (5, 6).
Apart from diatom and nannoplankton species
diversity, which we downloaded from the Nep-
tune database (7) (comparable dinoflagellate data
were unavailable), our set of potential predictors
also comprised oxygen isotope records (expressed
as 8'%0 values), a proxy reflecting both temper-
ature and global ice volume (8). These records
allowed us to test for the effect of primary pro-
duction (/) and climate change (9), respectively.
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%Department of Earth Sciences, University of Bristol, Wills
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Table 1. Comparison of a number of a priori models attempting to explain
cetacean paleodiversity based on the PaleoDB diversity data as sampled per
bin. 880, oxygen isotope records used as proxy for climate change (8);
diatom, diatom species diversity (Neptune database) (7); nanno, nannoplank-
ton species diversity (Neptune database) (7); rock, total number of fos-

In addition, we included two measures of global
marine rock abundance to account for the poten-
tially biasing effect of the variable amount of pre-
served sedimentary rock on our cetacean diversity
data (/0). Our first estimate consisted of the total
number of fossiliferous marine formations; our
second estimate was a subset of the former and
included only those formations that have produced
any vertebrate fossils, to account for potential pre-
servational biases. Both were downloaded from
the Paleobiology Database (4).

In addition to the sampled-in-bin cetacean
diversity data, we also included a biologically ad-
justed diversity estimate in our analysis to investi-
gate whether this would result in a strengthening
of any observed relationships between the di-
versity and environmental data. For this adjusted
estimate, taxa were ranged through time bins in
which they had not actually been sampled, pro-
vided that the taxon in question had already been
recorded in at least one earlier and one later bin.
We accounted for variations in stage length by in-
cluding stage duration as a nonoptional predictor
in all our models. Furthermore, we accounted for
non-normality and nonconstant variances, which
are often associated with count data like ours, by
square-root-transforming cetacean diversity in
all analyses, and for temporal autocorrelation by
fitting autoregressive models to our original data
and using generalized least squares where appro-
priate (4). We ran two sets of models based on
our two estimates of rock abundance. However,
because the results of both sets were similar, we
decided to focus on the total number of marine
formations [see (4) for further details].

Out of our models, the combination of dia-
tom species diversity and 8'%0 values was most
strongly associated with cetacean diversity (Fig.

are shown in bold.

1 and Table 1). This was true for the sampled-in-
bin data both for the whole of Neoceti and for
mysticetes and odontocetes viewed separately,
with mysticete diversity being particularly well
predicted by this model (Tables 1 and 2). By
contrast, we could not clearly distinguish between
the model including diatom diversity and §'0
only and the model including diatom diversity,
8'%0, and rock abundance as far as the ranged-
through data were concerned, the latter model
having an Akaike weight of nearly 0.1. Because
the diatom and 8'30 model is nested within the
latter, we were able to test whether the more
parameter-rich model explained our data signifi-
cantly better by using a likelihood ratio test. This
test showed a significant improvement of the mod-
el also including rock abundance over the model
including just diatom diversity and 8'%0 for the
neocete ranged-through data (X* = 6.50, P =
0.011) but not for the sampled-in-bin data (X* =
0.02, P = 0.879). Interestingly, in all of the fav-
ored models the link between phytoplankton and
cetacean diversity was restricted to diatoms only,
as nannoplankton failed to explain much of the
variance in the cetacean data both on its own and
in combination with diatoms.

The link between diatom diversity and ob-
served cetacean diversity supports the hypothesis
that diatom-based primary production has been an
important driver of neocete evolution (/). Sim-
ilarly, the observation that climate change also
has a role to play is not surprising in light of
recent research that has demonstrated substantial
temperature-dependent variations in the diversity of
extant cetaceans (9). Finally, the observation that
the model including diatom diversity and §'0
seems to explain mysticete diversity relatively bet-
ter than odontocete diversity is reasonable, consid-

siliferous marine formations as downloaded from the PaleoDB (4). All models
also included geologic stage duration as a nonoptional predictor to account
for the potentially biasing effect of unequal Cenozoic stage durations. The R?
shown is the generalized R? proposed by (26) and (27). The preferred models

Model R? P AIC, AAIC w; Model R? P AIC, AAIC w;
Neoceti sampled-in-bin Neoceti ranged-through
Rock 0.05 0.753 53.37 12.37 <0.01 Rock 0.07 0.681 51.06 14.13 <0.01
Diatom 0.28  0.169 50.38 938  <0.01 Diatom 0.50  0.057 46.30 9.38 <0.01
Nanno 0.07 0.686 53.18 12.18 <0.01 Nanno 0.33 0.214  49.35 12.43 <0.01
Diatom, nanno 0.35 0.191 56.51 15.51 <0.01 Diatom, nanno 0.50 0.104 53.47 16.54 <0.01
Rock, diatom 0.36 0.179 56.36 15.36 <0.01 Rock, diatom 0.58  0.024  49.69 12.76 <0.01
Rock, 820 0.09 0.801 60.27 19.27 <0.01 Rock, 580 0.07 0.857 58.39 21.47 <0.01
Diatom, 820 0.84 <0.001 41.00 0.00 0.98 Diatom, §'%0 0.87 <0.001 36.93 0.00 0.89
Rock, diatom, 50  0.84  <0.001 51.98 10.98 <0.01 Rock, diatom, 5°0  0.93 <0.001  41.43 4.50 0.09
Mysticeti sampled-in-bin Odontoceti sampled-in-bin
Rock 001 0971  43.00 32.18 <0.01 Rock 0.06  0.700 50.76 11.34 <0.01
Diatom 0.67 0.017 35.00  24.18 <0.01 Diatom 0.26  0.193 48.18 8.76 0.01
Nanno 0.11  0.516 4174 3091  <0.01 Nanno 0.06  0.704 50.77 11.35 <0.01
Diatom, nanno 0.76 0.008 38.76 27.94 <0.01 Diatom, nanno 0.39 0.141 53.34 13.92 <0.01
Rock, diatom 0.84 0.001 34.13 23.31 <0.01 Rock, diatom 0.34 0.210 54.29 14.86 <0.01
Rock, 520 0.03 0.945 50.02 39.20 <0.01 Rock, 520 0.09 0.787 57.75 18.32 <0.01
Diatom, 820 0.98 <0.001 10.82 0.00 0.99 Diatom, 880 0.86 <0.001 39.42 0.00 0.98
Rock, diatom, §®0  0.98 <0.001  21.38 10.56 <0.01 Rock, diatom, 5®0  0.86  <0.001 50.41 10.99 <0.01
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Fig. 1. Comparison of neocete (A),
mysticete (B), and odontocete (C)
paleodiversity with diatom paleo-
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ering the relatively lower trophic levels (copepods,
krill, and small fish) that many mysticetes feed on
(11). Because these results depend on our choice
of environmental and biological variables used as
predictors here, they could substantially change if
other or additional variables were used. None-
theless, our study offers an entirely biological
explanation of cetacean diversity, which, if cor-
rect, would seem to imply that the abundance of
fossiliferous rock, previously proposed to affect
or even overwhelm any biological signal in paleo-
diversity data sets (/0, 12—14), does not exert a
major bias on cetacean paleodiversity.

One peculiar observation is the curious in-
crease in explanatory power of rock abundance
in combination with diatom diversity and &'O
when the ranged-through data were used. Aside
from the possibility of this being a coincidence,
such an increase in fit in the face of a crude (fig.
S1) but inherently biologically motivated correc-
tion of paleodiversity seems counterintuitive. One
potential explanation might be found in the way
the effects of rock abundance are commonly in-
terpreted. Although often treated as a simple bias
(10, 12), it has also been proposed that both rock
abundance and diversity may be influenced by a
common third factor, such as sea-level change
(15), thus potentially making rock abundance a
covariate, rather than a determinant of observed
cetacean diversity. Assuming that enough rock has
been preserved per stage to overcome an initial and
inevitable small-scale link between rock abundance
and the number of fossil cetacean taxa preserved, it
might thus be expected that in the presence of
presumably genuine drivers of diversity, such as
plankton abundance or climate change, rock abun-
dance should explain none or hardly any of the
diversity pattemns observed. However, the amount

www.sciencemag.org SCIENCE VOL 327

Table 2. Estimated best-fit model parameters for the neocete, mysticete, and odontocete data sets. 5%0,
oxygen isotope records used as proxy for climate change (8); diatom, diatom species diversity (Neptune
database) (7); rock, total number of fossiliferous marine formations as downloaded from the Paleobiology
Database (4); st. dur., geologic stage duration; the latter was included as a nonoptional predictor in all
models to account for the potentially biasing effects of unequal Cenozoic stage durations.

Neoceti Neoceti Mysticeti Odontoceti
sampled-in-bin ranged-through sampled-in-bin sampled-in-bin

Estimate SE Estimate SE Estimate SE Estimate SE
Intercept 6.694 1.465 6.649 1.111 2.214 0.179 5.566 1.179
St. dur. —-0.047 0.189 —0.068 0.167 0.096 0.023 0.049 0.166
Diatom 0.029 0.005 0.028 0.003 0.015 <0.001 0.020 0.003
5'%0 —2.881 0.577 —2.253 0.422 -1.077 0.081 —2.147 0.351
Rock - - —0.013 0.006 - - - -

of preserved sedimentary rock may be influenced
by a complex interplay of factors, such as changes
in sea-level or climate, influencing both deposi-
tion and erosion, all of which may also have an
effect on cetacean diversity to various degrees. As-
suming the ranged-through estimate to be a better
reflection of actual cetacean paleodiversity than
the data as sampled per bin, it might thus be pos-
sible that the increase in the explanatory power of
rock abundance might reflect the effects of one or
more genuine common-cause drivers of both ceta-
cean evolution and rock abundance not repre-
sented in our models. This view may be supported
by the negative coefficient for rock abundance in
our ranged-through model (Table 2), which im-
plies that an increase in rock abundance is linked
with a decrease in neocete diversity—an observa-
tion clearly inconsistent with the interpretation
of the latter as a simple bias, at least in the case
of cetacean paleodiversity.

One prominent hypothesis regarding the evo-
lution of neocetes is that the onset of the Antarctic

Circumpolar Current (ACC) may have triggered
the radiation of modern whales by greatly increas-
ing the availability of nutrients in the upper layers
of the sea through deep mixing in the Southern
Ocean (I, 16-19). Indeed, the effects of the ACC
provide the Southern Ocean with one of the
highest surface concentrations of silica, the major
component of diatom frustules, anywhere in the
world (20, 21). Although most of this silica is
used up by local diatom growth, the water leaving
the area in the form of Subantarctic Mode Water
still supplies high concentrations of other nutrients,
such as nitrate, to the world’s oceans, supporting
as much as 75% of global export production
north of 30°S in the process (20). Together with
local sources of silica, particularly in the North
Pacific (20), the ACC thus seems to offer a
credible mechanism supporting the high rates of
biological production needed to sustain large apex
predators such as cetaceans. Although paleonto-
logical evidence suggests that neocetes appeared
and possibly started to radiate in the latest Eocene
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close to the Eocene-Oligocene boundary (22, 23),
the time of the actual establishment of the ACC is
still a matter of debate (24, 25), and thus no firm
conclusion can be drawn. However, our results
imply that, if the onset of the ACC indeed trig-
gered the evolution and diversification of neo-
cetes, it likely must have done so through a great
increase in diatom-based productivity, possibly by
increasing the bioavailability of silica and other
nutrients in the Southern Ocean and coastal up-
welling zones around the world through deep-
mixing occurring around Antarctica (/).
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Regulation of Alternative Splicing
by Histone Modifications
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Alternative splicing of pre-mRNA is a prominent mechanism to generate protein diversity,

yet its regulation is poorly understood. We demonstrated a direct role for histone modifications in
alternative splicing. We found distinctive histone modification signatures that correlate with the
splicing outcome in a set of human genes, and modulation of histone modifications causes splice
site switching. Histone marks affect splicing outcome by influencing the recruitment of splicing
regulators via a chromatin-binding protein. These results outline an adaptor system for the reading
of histone marks by the pre-mRNA splicing machinery.

ost human genes are alternatively
Mspliced in a cell type— and tissue-specific

manner, and defects in alternative splic-
ing (AS) contribute to disease (/—4). Pre-mRNA
splicing occurs largely cotranscriptionally, and
alternative splice site choice is influenced by
RNA polymerase II elongation rate, chromatin
remodelers, and histone deacetylase inhibitors
(5—14). Genome-wide mapping of histone mod-
ifications has revealed nonrandom distributions
of nucleosomes and several histone modifica-
tions across exons (/5—19). Given these observa-
tions, we probed the role of histone modifications
in AS.
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The human fibroblast growth factor receptor
2 (FGFR2) gene is an established AS model, in
which exons IIIb and Illc undergo mutually ex-
clusive and tissue-specific AS (Fig. 1A) (20, 21).
In human prostate normal epithelium cells (PNT2s),
exon IIlb is predominantly included, whereas in
human mesenchymal stem cells (hMSCs), it is re-
pressed and exon Illc is exclusively used (Fig. 1, A
and B). The differential inclusion of these two exons
is regulated by the polypyrimidine tract-binding
protein (PTB) which binds to silencing elements
around exon IIIb, resulting in its repression (20, 22).
We comparatively mapped by quantitative chro-
matin immunoprecipitation a set of histone mod-
ifications across the alternatively spliced region in
PNT?2 cells and hMSCs (Fig. 1, C to H, and fig. S1,
A to F). No differences in the levels of H3-K4me2,
H3-K9ac, H3-K27ac, and pan-H4ac histone mod-
ifications were detected (Fig. 1H and fig. S1, D to
F). In contrast, H3-K36me3 and H3-K4mel were
enriched over the FGFR2 gene in hMSCs, where
exon IIIb is repressed, whereas H3-K27me3, H3-
K4me3, and H3-K9mel were reduced as com-
pared to PNT2 cells, where the exon is included

(Fig. 1, C to G, and fig. S1, A to C). Histone mark
enrichments were not limited to the alternatively
spliced exons but extended along the locus with
the highest differences around the alternatively
spliced region (Fig. 1 and fig. S1).

Several other PTB-dependent alternatively
spliced exons (23), including tropomyosin 2
(TPM2) exon 7 and TPM1 exon 3 in hMSCs and
pyruvate kinase type M2 (PKM2) exon 9 in PNT2
cells, exhibited similar splicing-specific histone
modification patterns (fig. S2), whereas PTB-
independent alternative exons or constitutively
spliced genes did not (figs. S3 and S4). Chro-
matin signatures correlated with the inclusion
pattern of the PTB-dependent exon regardless of
cell type or steady-state transcription levels of the
alternatively spliced genes (Fig. 1 and figs. S2 and
S3). These observations reveal a correlation be-
tween histone mark signatures and PTB-dependent
repression of alternatively spliced exons.

To investigate whether histone modifications
have a causal role in alternative splice site selec-
tion, we modulated the levels of H3-K36me3,
which is the most prominently enriched modifi-
cation on FGFR2. Overexpression of the H3-K36
methyltransferase SET2 led to a significant in-
crease in H3-K36me3 globally and along FGFR2
in both PNT2 and hMSC cells (Fig. 2A and fig.
S5, A and B) and, consistent with a role of H3-
K36me3 in alternative splice site selection, re-
duced the inclusion of PTB-dependent exons in
FGFR2, TPM2, TPM1, and PKM2 mRNA (Fig.
2B and figs. S6, A to D, and S7, A to C). Usage
of PTB-independent alternatively spliced exons
and constitutive splicing were unaffected (Fig. 2,
C and D, and fig. S8, A and B). Overexpression
of SET2 also significantly reduced the inclusion
of FGFR2 IlIb in HEK 293 cells, where both
isoforms are included to a similar extent, demon-
strating that H3-K36me3-mediated modulation of
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