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thus, scale-cating may require an extreme phe-
notype, not recovered in hybrids, for successful
performance. Alternatively, field enclosures may
not support the scale-eating niche; however, we
consider this unlikely because the frequency of
hybrids resembling scale-eaters within high-density
enclosures (CP, 0.6%; LL, 0.9%) was similar to
wild scale-eater frequencies [1.4% (20)], prey
density was higher in enclosures, and fitness did
not vary between density treatments. Overall, the
reduced fitness of intermediate and transgressive
hybrids supports the importance of postzygotic
extrinsic reproductive isolation.

High-density enclosures provided a more com-
petitive environment than low-density enclosures:
Survival was 4 to 7 times higher and growth was
1.4 to 2 times higher in low-density enclosures
(mean survival: CP, 11.4% versus 71.9%; LL,
11.1% versus 43.9%; logistic z=11.8, P < 1071,
mean growth: CP, 0.196 versus 0.428 cm; LL,
0.164 versus 0.223 cm; ¢ =-2.8, P = 0.005). The
curvature of the fitness landscape was signifi-
cantly greater in high-density enclosures in both
lakes (Table 2 and figs. S1 and S7), supporting
competition as the driver of multiple fitness peaks
on the adaptive landscape. If intrinsic differ-
ences in fitness among hybrid phenotypes were
responsible, complex fitness landscapes should
occur in both field and laboratory environments.
However, laboratory survival surfaces, estimated
from hybrids that died during laboratory rearing,
were flat (table S2 and fig. S8). Combined, these
data indicate that multiple high-fitness regions
were caused by competition for diverse resources,
not intrinsic survival differences.

This complex fitness landscape paints an in-
triguing picture of niche diversification driven
by competition in Cyprinodon. The generalist spe-
cies sits atop a local fitness maximum separated
by a valley from a higher-fitness region corre-
sponding to specialization on hard-shelled prey.
Stabilizing selection on generalist phenotypes could
explain the rarity of trophic specialists within
Cyprinodon despite their higher fitness: Sym-
patric adaptive radiations of trophic specialists
may have evolved in only two places throughout
the Caribbean because most generalist popu-
lations are stranded on an isolated local max-
imum. When subpopulations escape this generalist
peak, perhaps through increased competition,
ecological opportunity, and large effective popula-
tion size, the higher fitness of trophic specialists
drives a burst of diversification.

The early burst model of adaptive radiation
predicts a fitness landscape with multiple peaks
at the onset of adaptive radiation (/, 2, 4, 7, 8).
We simulated phenotypic diversity within the
ancestral population that gave rise to an adaptive
radiation of pupfishes in order to measure the
initial topography of the fitness landscape. In
contrast to theory and examples demonstrating
that high-frequency phenotypes cause a fitness
minimum due to negative frequency-dependent
selection (9, 10), some of the most frequent phe-
notypes in our field enclosures occurred on a local
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Fig. 2. Probability of F, hybrid survival in high-density field enclosures within local transects between
species (left column, CP; right column, LL). Smoothing splines (black line) and 95% confidence
intervals (dotted gray lines) indicate hybrid survival along major phenotypic axes between species
ellipses from Fig. 1 (insets at upper left). (A and B) Major axis between hybrids resembling duro-
phage or generalist species. (C and D) Major axis between hybrids resembling generalist or scale-
eater species. Interior rug plots show F, hybrid survivors (upper) and deaths (lower). Exterior rug
plots show laboratory-reared F; purebred species (generalist, blue; durophage, green; scale-eater,
red) for reference. Quadratic intervals used for parametric analyses (Table 1) are indicated with sig-
nificance from logistic regression.

Table 2. Effect of competition on fitness landscape curvature. Three permutation tests assessed the
significance of greater survival surface curvature in high-density enclosures relative to low-density
enclosures (fig. S7), controlling for different sample sizes and morphospace coverage. Significance
was determined from the number of randomized samples equal to or greater than the observed
difference between treatments (20). Effective degrees of freedom (EDF) indicate the smoothness of
the surface estimated by generalized cross-validation.

Projection pursuit Canonical rotation

Thin-plate spline

Lake Density n regression of y
EDF P EDF P F P
Crescent Pond High 796 7.6 0.071° 3.1 0.065° 3.41 0.018*
Low 96 3.0 2.0 0.01
Little Lake High 875 19.6 0.008** 6.7 0.006** 1.03 0.711
Low 98 3.0 2.4 1.73

°P < 0.10, *P < 0.05, **P < 0.01.
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fitness maximum, suggesting that the broader to-
pography of adaptive landscapes is more strongly
determined by stable performance constraints than
frequency-dependent dynamics.
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Suppression of Oxidative Stress by
B-Hydroxybutyrate, an Endogenous
Histone Deacetylase Inhibitor

Tadahiro Shimazu,? Matthew D. Hirschey,? John Newman,®? Wenjuan He,*?
Kotaro Shirakawa,’?> Natacha Le Moan,? Carrie A. Grueter,*> Hyungwook Lim,
Laura R. Saunders,™? Robert D. Stevens,® Christopher B. Newgard,® Robert V. Farese Jr.,%*>

Rafael de Cabo,” Scott Ulrich,® Katerina Akassoglou,® Eric Verdin

1,2%

Concentrations of acetyl—coenzyme A and nicotinamide adenine dinucleotide (NAD™) affect

histone acetylation and thereby couple cellular metabolic status and transcriptional regulation.
We report that the ketone body p-B-hydroxybutyrate (BOHB) is an endogenous and specific
inhibitor of class | histone deacetylases (HDACs). Administration of exogenous BOHB, or fasting
or calorie restriction, two conditions associated with increased BOHB abundance, all increased
global histone acetylation in mouse tissues. Inhibition of HDAC by BOHB was correlated with
global changes in transcription, including that of the genes encoding oxidative stress resistance

factors FOXO3A and MT2. Treatment of cells with BOHB increased histone acetylation at the
Foxo3a and Mt2 promoters, and both genes were activated by selective depletion of HDAC1
and HDAC2. Consistent with increased FOXO3A and MT2 activity, treatment of mice with OHB
conferred substantial protection against oxidative stress.

A (acetyl-CoA) and nicotinamide adenine

dinucleotide (NAD") influence gene ex-
pression by serving as cofactors for epigenetic
modifiers that mediate posttranslational mod-
ification of histones (/). The activity of histone
acetyltransferases (HATS) is dependent on nuclear
acetyl-CoA concentrations (2, 3) and the deacet-

C ellular metabolites such as acetyl-coenzyme
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ylase activity of class Il HDAC:s, also called sirtuins,
is dependent on NAD" concentrations (4). Class I
(HDACI, 2, 3, 8), class I (HDAC4, 5, 6, 7, 9,
10), and class IV (HDACI11) HDACsS are zinc-
dependent enzymes, but endogenous regulators
are not known.

Small-molecule inhibitors of class I and class
I HDAC:s include butyrate, a product of bac-
terial anaerobic fermentation (5). Butyrate is
closely related to B-hydroxybutyrate (BOHB)
(Fig. 1A), the major source of energy for mam-
mals during prolonged exercise or starvation
(6). Accumulation of BOHB in blood increases
to 1 to 2 mM during fasting when the liver
switches to fatty acid oxidation (7, 8), and to even
higher concentrations during prolonged fast-
ing (6 to 8 mM) (6) or in diabetic ketoacidosis
(>25 mM) (9).

To determine whether BOHB might have
HDAC inhibitor activity, we treated human em-
bryonic kidney 293 (HEK293) cells with differ-
ent amounts of BOHB for 8 hours, and measured

histone acetylation levels by Western blot with
antibodies to acetylated histone H3 lysine 9
(AcH3ko) and to acetylated histone H3 lysine 14
(AcH3k,4) (Fig. 1, B and C, and figs. S1 and S2).
BOHB increased histone acetylation in a dose-
dependent manner, even at 1 to 2 mM, which can
occur in humans after a 2- to 3-day fast or strenuous
exercise (6, 8, 10). Like butyrate, BOHB did not
increase acetylation of a-tubulin, indicating that
it inhibits class I HDACs but not the class IIb
tubulin deacetylase, HDAC6.

To test the HDAC inhibitor activity of BOHB
and its possible selectivity, we purified recombi-
nant human HDAC:s after transient transfection
of expression vectors for human epitope-tagged
(FLAG) HDAC1, HDAC3, HDAC4, and HDAC6
in HEK293T cells. We purified the HDACs,
incubated them with *H-labeled acetylated his-
tone H4 peptides, and measured their deacetylase
activity (Fig. 1D) (/7). BOHB inhibited HDACI,
HDACS3, and HDAC4 in a dose-dependent man-
ner with a median inhibitory concentration (ICs)
of 5.3,2.4, and 4.5 mM, respectively. The HDAC6
ICso was much higher (48.5 mM) (Fig. 1E), and
BOHB did not inhibit HDAC6 activity on its
natural substrate tubulin (fig. S3). To examine
the possibility that histone acetylation was en-
hanced by increased concentration of acetyl-CoA
(because BOHB is catabolized into acetyl-CoA
in target tissues), we directly measured abun-
dance of acetyl-CoA in BOHB-treated HEK293
cells, but no change was observed (fig. S4). We
also tested a possible activating effect of fJOHB
on histone acetyltransferase activity of p300
and PCAF (P300/CBP-associated factor) but
did not detect any change induced by BOHB (fig.
S5). Thus, millimolar concentrations of BOHB
appear to increase histone acetylation directly
through HDAC inhibition. High concentrations
of acetoacetate (AcAc) also inhibit class I and
class Ila HDACs in vitro (fig. S6A) and in
HEK293 cells (fig. S6B). However, the concen-
tration of AcAc in blood is one-third or less than
that of BOHB during fasting and therefore less
likely to reach concentrations that would in-
hibit HDACs under physiological conditions
(12). To test the relative contribution of BOHB,
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