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high A™®CH,D values at CROMO suggest that
methane here could be sourced from a mixture of
thermogenic and microbial methane. Alternative-
ly, lower H, availability at CROMO, compared
with The Cedars (table S4:), may support microbial
methanogenesis under near-equilibrium condi-
tions (Fig. 4). Regardless, the different isotopo-
logue signatures in methane from CROMO versus
The Cedars demonstrate that distinct processes
contribute to methane formation in these two ser-
pentinization systems.

Deep, ancient fracture fluids in the Kidd Creek
mine in the Canadian Shield (37) contain copious
quantities of both dissolved methane and hydro-
gen (5). The Kidd Creek methane occupies a dis-
tinct region in the diagram of A¥CH,D versus
€methane/water (F1g. 2), due to strong D/H disequilibria
between methane and water (4) and 10W—A13CH3D
temperature signals of 56° to 90°C that are
consistent with other temperature estimates for
these groundwaters (4). Although the specific mecha-
nisms by which the proposed abiotic hydrocarbons
at Kidd Creek are generated remain under inves-
tigation (5, 32), the distinct isotopologue signals
provide further support for the hypothesis that
methane here is neither microbial nor thermogenic.

Our results demonstrate that measurements
of ¥*CH,D provide information beyond the sim-
ple formation temperature of methane. The com-
bination of methane and water hydrogen-isotope
fractionation and *CH,;D abundance enables the
differentiation of methane that has been formed
at extremely low rates in the subsurface (3, 21, 27)
from methane formed in cattle and surface envi-
ronments in which methanogenesis proceeds at
comparatively high rates (33, 34).
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ISOTOPE GEOCHEMISTRY

Biological signatures in clumped

isotopes of 0,

Laurence Y. Yeung,"?*1 Jeanine L. Ash,’*+ Edward D. Young'

The abundances of molecules containing more than one rare isotope have been applied
broadly to determine formation temperatures of natural materials. These applications of
“clumped” isotopes rely on the assumption that isotope-exchange equilibrium is reached,
or at least approached, during the formation of those materials. In a closed-system
terrarium experiment, we demonstrate that biological oxygen (0,) cycling drives the
clumped-isotope composition of O, away from isotopic equilibrium. Our model of the
system suggests that unique biological signatures are present in clumped isotopes of
0,—and not formation temperatures. Photosynthetic O, is depleted in 1030 and 0'®0
relative to a stochastic distribution of isotopes, unlike at equilibrium, where heavy-isotope
pairs are enriched. Similar signatures may be widespread in nature, offering new tracers of

biological and geochemical cycling.

tatistical thermodynamics predicts that
heavy isotopes will be bound together in
a molecule more often than predicted by
chance alone, provided the system is at iso-
topic equilibrium (7, 2). This preference for
heavy-isotope pairing and its variation with tem-
perature forms the basis of clumped-isotope ther-
mometry (3-5), a class of approaches based on
precise measurements of molecules containing

more than one rare isotope. When isotope-exchange
reactions facilitate the equilibration of heavy-
isotope pairs, the resulting isotopic distribution

'Department of Earth, Planetary, and Space Sciences,
University of California, Los Angeles, CA 90095, USA.
2Department of Earth Science, Rice University, Houston, TX
77005, USA.

*Corresponding author. E-mail: lyeung@rice.edu (L.Y.Y.); jlash@
ucla.edu (J.L.A.) fThese authors contributed equally to this work.

24 APRIL 2015 » VOL 348 ISSUE 6233 431

Downloaded from www.sciencemag.org on April 24, 2015


http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/
http://www.sciencemag.org/

RESEARCH | REPORTS

has indeed been shown to achieve equilibrium
across a wide range of temperatures (4, 6-8);
however, isotopic equilibrium is the exception
rather than the rule in nature. Biogenic sub-
stances, for example, are often formed through
irreversible enzymatic reactions for which isotope-
exchange equilibrium cannot be expected a priori.
Yet, many natural materials with kinetically con-
strained and/or biological origins (e.g., carbonate
shells) show only minor departures from equi-
librium isotope fractionation (9-11). Large biolog-
ical and physical effects on heavy-isotope pairing
could complicate the interpretation of emerging
clumped-isotope thermometers in methane, O,,
and other candidate systems (4, 5, 12).

Here, we consider photosynthetic O, forma-
tion from water at the oxygen-evolving complex
of Photosystem II (OEC). In the OEC, O-O bond
formation occurs at the end of a five-step light-
dependent sequence (Fig. 1). This reaction most
likely does not equilibrate O-O isotope pairs giv-
en the lack of isotopic equilibration between
water and the O, produced (13-16). We argue
that the tendency for two heavy oxygen isotopes
to be bound together during oxygenic photosyn-
thesis reflects primarily the isotopic preferences
of water molecules binding to the OEC. These
patterns of heavy-isotope pairing should be ap-
parent in clumped isotopes of O,. Measurements
of the ®0'™0 (mass 36) and 700 (mass 35)
isotopologues of O,, together with bulk isotopic
ratios (**0/°0 and 0/°0), characterize the
number of heavy-isotope pairs in a sample rela-
tive to the number expected by chance alone (i.e.,
the stochastic distribution). These deviations
are quantified as Azg and A5 values: Excesses of
180180 and Y00 relative to the stochastic dis-
tribution of isotopes in the sample results in
Asg > 0 and Ass > 0O, respectively. A deficit in
800 and 00 results in Azg < 0 and Az < 0.

The Ass and Ags signatures of oxygenic photo-
synthesis can thus be estimated by assigning each
water-binding site its own isotopic fractionation
factor o = ®*Ryounda/ " Rwaters Where R is the ratio
of 0 to °0 atoms in each reservoir. At natural
isotopic abundances, the bulk isotopic composi-
tion of photosynthetic O, is the weighted sum of
those contributions—i.e., *R, ~ [("*Ryater
0a) + (*® Ryater ¥ 0p)], with binding sites A and B
each contributing one of two oxygen atoms in
each O, molecule. The probability of generating
50-'%0 bonds is therefore *°R,, = (*Ryater X 0ia)
(*®Ryater x 0p). The stochastic distribution of *0
atoms is calculated from the bulk **0/'°0 ratio as
FRtochastic = (°Rp)>. The expression for Agg,
then reduces to (17)

Ass.p =

s —1} ()

i(uA + (13)2

Equation 1 reveals that, in all cases, Asg), < 0;
contrary to the enhanced isotope pairing that
would be expected at isotopic equilibrium, there
is an apparent aversion to heavy-isotope pairing
associated with photosynthetic O, production. If
the isotopic preferences at each water-binding
site are equal (04 = op), then Agg,, = 0. If the
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binding sites are not equivalent (o, = op), as
isotope-labeling studies indicate (18, 19), then 0 >
Assp > —0.9 per mil (%o) for plausible o-values
between 0.97 and 1.03 (20, 2I). A similar expres-
sion can be derived for A5, values, which are
predicted to be about half those of A6, (see the
supplementary text). These values cannot be in-
terpreted as formation temperatures because all
equilibrated samples have A,, = 0 (2). Photosyn-
thesis should therefore impart a distinct non-
equilibrium clumped-isotope signature on O,.

We conducted a closed-system terrarium ex-
periment with six water hyacinths (Eichhorniae
crassipes) to explore the effects of biological oxy-
gen cycling on five isotopologues of O, (17). The
terrarium was illuminated with fluorescent lights
on a 12-hour/12-hour light-dark cycle. Headspace
samples were purified and analyzed over a 1-year
period for both the bulk and clumped isotopic
composition of O,. We found that biological oxy-
gen cycling altered isotopic ordering in the head-
space O,, yielding apparent steady-state Ass and
Ass values that are inconsistent with O, forma-
tion temperatures and more consistent with the
predicted photosynthetic endmembers (Fig. 2
and table S3). The Az and Ag; values of O, were
driven down from atmospheric values [2%o0 and
1%o, respectively (4)] and down past equilibrium
values at 25°C (1.5%o0 and 0.8%o, respectively),
finally approaching an apparent isotopic steady
state at the stochastic distribution of isotopes
(Ags = -0.01 + 0.08%o, and Azs = 0.0 * 0.1%o;
1 SEM, n = 4). The plant community shifted to
an algae-dominated ecosystem during the first
6 months, altering the isotopic, chemical, and
physical properties of the terrarium (fig. S1).
However, the clumped-isotope composition of
the headspace O, evolved steadily toward its ap-
parent steady state, similar to the evolution of
the oxygen triple-isotope composition. Steady-
state A"70 values were 165 parts per million
(ppm), consistent with those reported in similar
experiments (22, 23).

Dark incubations of the terrarium, which con-
sumed up to 35% of the headspace O,, caused Azg
values to increase linearly with time up to ~1%o
(Fig. 2). The Ags values, in contrast, remained
generally constant (means of Ags = 0.1 £ 0.1%o0
and 0.1 £ 0.05%o; 1 SD). Returning to light-dark
cycles restored the clumped-isotope composition
to its apparent steady-state value after 6 months
(Asg = -0.09 + 0.06%o, and Azs = 0.0 £ 0.1%o;
1 SEM, n = 3). To test the veracity of these mea-
surements, headspace O, samples drawn from
both light and dark incubations were photolyt-
ically equilibrated at known temperatures (4).
The equilibrations yielded Az and Ags values of
0O, consistent with isotope-exchange equilibrium
(table S3), suggesting that our observations are
unlikely to be analytical artifacts. Atmospheric
0, leaking into the terrarium would increase 50
far too rapidly relative to Ass to explain these
observations. The observed clumped-isotope varia-
tions therefore most likely arise from biological
and physical processes inside the terrarium.

We constructed a two-reservoir model of O,
(i.e., in headspace and water) in the terrarium

Fig. 1. Conceptual diagram of O, formation at
the OEC. The five-step Kok cycle for the water-
splitting reaction 2H,0 + 4hv - O, + 4H" + 4e” is
shown without electron flow (32). Transitions be-
tween intermediate oxidation states of the OEC (So
to S4) occur upon absorption of visible light. The
water-binding sequence is based on experimental
results (19, 33, 34), which also indicate that water
substrates are exchangeable at least up to state S3
on chemically distinct binding sites (18, 19). The
0-0 bond is formed during the S4-to-So transition,
expressing the isotopic fractionations as and ag
from water substrate binding.

that accounts for photosynthetic O, formation,
fractionation of O, due to respiration, and air-
water gas exchange (17). We included Kinetic iso-
tope fractionation for gas transfer into and out of
solution [**0ggxinetic = 0.9972 for *0/'°0 (24)].
The model was run with a range of plausible
isotope fractionation factors for respiration [*oz =
0.97 - 0.99 (25, 26)] and gas-exchange rates (24, 27)
to examine the sensitivity of the terrarium head-
space to changes in those quantities. The oxygen
triple-isotope composition of the terrarium water
was measured and used as the bulk isotopic com-
position of photosynthetic O, (13, 15, 17). No sin-
gle set of parameters explained all of the isotopic
variations during the entire experiment, likely
due to the evolving biological community, so we
focus on isotopic variations at steady state and
during dark incubations.

The increase of headspace Ass and Ass values
in the dark implies that the apparent steady-
state values near zero can only be reached if
light-dependent processes drive Ass and Ags val-
ues below zero. Equation 1 suggests that photo-
synthesis could be the relevant mechanism, because
the O, generated is likely to have Azs ), and Ags),
values less than zero. To estimate the compo-
sition of this source, we note that kinetic and
equilibrium isotope effects for relevant photo-
synthetic fractionations are probably in the range
0.96 > B0 > 1.04 (20, 21), which we broaden to a
more conservative plausible range of 0.9 > % >
1.1. This range of isotope effects gives lower limits
on Az, and Ags,, of -10%o0 and -5%o, respectively.

If the Ass increase during dark incubations
were solely caused by fractionation in respira-
tion, then large isotope effects in water-enzyme
binding would be required: Azs, < -10%o is
needed to achieve steady-state values of Ass near
zero (I7). In addition, the associated Azs,, < ~5%o
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Fig. 2. Evolution of con-
centration and O, isoto-
pologue composition in
the terrarium. Observa-
tions (data points) are
compared with model
results (curves). Uncer-
tainties are not shown for
clarity, but long-term
analytical uncertainties in
0, concentration, §*€0,
A0, Asg, and Ass are 1%,
0.04%o0, 5 ppm, 0.17%eo,
and 0.3%o, respectively.
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endmember composition causes poor agreement
between measured and modeled A5 values (fig.
S4C). Furthermore, an increase in respiration
rates would drive Asg and Ag; values higher, whereas
a decrease in respiration rates would drive the O,
toward its Asg,, and Ags,, photosynthetic values
(17). Therefore, when the O, cycle was out of bal-
ance in the first 6 months, Ass would have fluc-
tuated inversely with O, concentration (fig. S4,
B and C). Instead, both Az and Azs decreased
nearly monotonically.

Isotopologue fractionation during nonequilib-
rium O, gas exchange could explain the in-
creases of headspace Asg and Ass; values during
dark incubations. The fractionation in headspace
1600,10, is closer to that for gas exchange
than that for respiration (**agpservea = 0.995 ver-
sus 0 gzxinetic = 0-9972 versus **oy ~ 0.98), sug-
gesting that the A5 and Ass increases are similarly
dominated by gas exchange. Modeling the mass
dependence of gas exchange using the dark incu-
bation data yields Ass,, and Ags), values within a
plausible range (i.e., Azg, = ~0.4%o, Azs,, = —0.2%0)
(Fig. 2). The evolution of Azs and Ag; is also more
robust to imbalances in the O, cycle (17). Other
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oxygen-consumption mechanisms, such as sulfide
oxidation, could impart additional isotopologue
signatures (28), so attributing isotopologue dis-
crimination in the dark to a single process is
necessarily a simplification. Indeed, the implied
mass dependence of O, consumption in the dark
terrarium is unusual, and it merits further in-
vestigation (17). A detailed understanding of iso-
topologue fractionation factors will require more
controlled experiments of isolated biological and
physical processes. Yet, the specific isotopologue
discrimination during dark incubations does not
affect the conclusion that photosynthesis gen-
erates O, with an “anticlumped” isotopologue
distribution (i.e., Ass < 0 and Ass < 0). This bio-
logical signature in O, may be readily observed
in the surface ocean, where it could be used to
constrain gross primary productivity by exploit-
ing the contrast between biological and atmo-
spheric O, clumped-isotope signatures (29). Isotopic
ordering in atmospheric O, is relatively unaf-
fected by biological O, cycling because photo-
chemical equilibration of O, exceeds rates of
biological cycling by at least a factor of 100 (4, 30).
Using a biological endmember composition of

Asg = 0, we calculate that biological effects on the
tropospheric Az budget are therefore most likely
on the order of 0.01%o.

Our observations indicate that variations in
the isotopologue abundance of even simple mol-
ecules like O, capture the chemistry of complex
natural systems. Broader application of these tech-
niques could yield insights into the mechanisms of
biomolecule synthesis, e.g., methanogenesis, nitro-
gen reduction during denitrification, and molec-
ular hydrogen release during nitrogen fixation
(81). Moreover, because clumped-isotope signa-
tures can depend only on isotope fractionation
factors and not on the isotopic composition of
substrates, a new class of reservoir-insensitive ap-
proaches for tracing biogeochemical cycling could
emerge from these molecular-scale insights.
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Big names or big ideas: Do peer-review
panels select the best science proposals?

Danielle Li'*+ and Leila Agha®>®*+

This paper examines the success of peer-review panels in predicting the future quality of
proposed research. We construct new data to track publication, citation, and patenting
outcomes associated with more than 130,000 research project (RO1) grants funded by

the U.S. National Institutes of Health from 1980 to 2008. We find that better peer-review scores
are consistently associated with better research outcomes and that this relationship persists
even when we include detailed controls for an investigator’s publication history, grant history,
institutional affiliations, career stage, and degree types. A one-standard deviation worse
peer-review score among awarded grants is associated with 15% fewer citations, 7% fewer
publications, 19% fewer high-impact publications, and 14% fewer follow-on patents.

n 2014, the combined budgets of the U.S. Na-
tional Institutes of Health (NIH), the U.S. Na-
tional Science Foundation, and the European
Research Council totaled almost $40 billion.
The majority of these funds were allocated to
external researchers whose applications were vetted
by committees of expert reviewers. But as funding
has become more competitive and application
award probabilities have fallen, some observers
have posited that “the system now favors those
who can guarantee results rather than those with
potentially path-breaking ideas that, by definition,
cannot promise success” (7). Despite its importance
for guiding research investments, there have been
few attempts to assess the efficacy of peer review.
Peer-review committees are unique in their
ability to assess research proposals based on deep
expertise but may be undermined by biases, insuf-
ficient effort, dysfunctional committee dynamics,
or limited subject knowledge (2, 3). Disagreement
about what constitutes important research may
introduce randomness into the process (4). Exist-
ing research in this area has focused on under-
standing whether there is a correlation between
good peer-review scores and successful research
outcomes and yields mixed results (5-7). Yet raw
correlations do not reveal whether reviewers are
generating insight about the scientific merit of
proposals. For example, if applicants from elite
institutions generally produce more highly cited
research, then a system that rewarded institutional
rankings without even reading applications may
appear effective at identifying promising research.
In this paper, we investigate whether peer re-
view generates new insights about the scientific
quality of grant applications. We call this ability
peer review’s “value-added.” The value-added of
NIH peer review is conceptually distinct from the
value of NTH funding itself. For example, even if
reviewers did a poor job of identifying the best
applications, receiving a grant may still improve
aresearcher’s productivity by allowing her to main-
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Economic Research, Cambridge, MA 02138, USA.
*Corresponding author. E-mail: dli@hbs.edu (D.L.); lagha@bu.
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tain a laboratory and support students. Whereas
previous work has studied the impact of receiv-
ing NIH funds on the productivity of awardees
(8, 9), our paper asks whether NIH selects the
most promising projects to support. Because NTH
cannot possibly fund every application it receives,
the ability to distinguish potential among appli-
cations is important for its success.

We say that peer review has high value-added
if differences in grants’ scores are predictive of
differences in their subsequent research output,
after controlling for previous accomplishments
of the applicants. This may be the case if review-
ers generate additional insights about an appli-
cation’s potential, but peer review may also have
zero or even negative value-added if reviewers are
biased, mistaken, or focused on different goals (10).

Because research outcomes are often skewed,
with many low-quality or incremental contribu-
tions and relatively few ground-breaking discov-
eries (2, 1I), we assess the value-added of peer
review for identifying research that is highly in-
fluential or shows commercial promise. We also
test the effectiveness of peer review in screening
out applications that result in unsuccessful re-
search (see the supplementary materials for full
details on data and methods).

NIH is the world’s largest funder of biomedical
research (72). With an annual budget of approxi-
mately $30 billion, it supports more than 300,000
research personnel at more than 2500 institutions
(12, 13). A funding application is assigned by topic
to one of approximately 200 peer-review com-
mittees (known as study sections).

Our main explanatory variable is the “percentile
score,” ranging from 0 to 100, which reflects an ap-
plication’s ranking among all other applications
reviewed by a study section in a given fiscal year;
lower scores correspond to higher-quality applica-
tions. In general, applications are funded in order
of their percentile score until the budget of their
assigned NIH institute is exhausted. The average
score in our sample is 14.2, with a standard deviation
(SD) of 10.2; only about 1% of funded grants in
our sample had a score worse than 50. Funding
has become more competitive in recent years;
only 14% of applications were funded in 2013.
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