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formation used by regulatory agencies, such
as the U.S. EPA, are generally limited in their
predictive power by relying on experiments
that give parameterized aerosol yields from
reacting precursor compounds. Incorporation
of the chemical mechanisms derived exper-
imentally by Paulot et al. into deterministic
models of gas-aerosol chemistry should help
to improve their predictive capabilities.
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A-maize-ing Diversity

Trudy F. C. Mackay

aize (Zea mays)—corn—is a sta-
ple food source in much of the
world, as well as a source of cook-

ing oil, grain alcohol, livestock feed, and bio-
fuel. There is enormous quantitative variation
among maize strains for traits of agronomic
importance, due to allelic variation at multi-
ple quantitative trait loci (QTLs) with effects
that are sensitive to the environment. Knowl-
edge of the genetic basis of this variation (see
the figure) would be a major boon to selective
breeding programs, but has been hindered
by the difficulty of mapping the underlying
QTLs. On pages 714 and 737 of this issue
(1, 2), Buckler and colleagues describe the
genetic properties of a new resource for map-
ping maize quantitative traits (3), and discuss
the genetic architecture of a key trait—flow-
ering time—derived from it.

The molecular basis of quantitative
genetic variation remains unclear because
accurate phenotypes and high-density molec-
ular marker genotypes for tens of thousands
ofindividuals are needed to map QTLs whose
effects are not large. In addition, the resolu-
tion of DNA recombination—the exchange
of genetic material between homologous
chromosomes—must be high enough to
identify the genes involved. Linkage map-
ping can readily detect chromosomal regions
containing one or more QTLs that affect a
trait, with samples of several hundred indi-
viduals and molecular markers, but it is dif-
ficult to precisely localize the QTLs (4). This
approach usually relies on crosses between
two strains, thus capturing only a tiny frac-
tion of genetic diversity in the population.
By contrast, association mapping widely
samples genetic diversity and requires fewer
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individuals (4), but has less power to detect
QTLs when alleles are not common. Thus,
precision of localization comes at the expense
of high-resolution genotyping. Association
mapping is also highly sensitive to spurious
false positives that result from recent mixing
of populations with different allele frequen-
cies and values of the quantitative trait.
Buckler and colleagues combine the
benefits of linkage and association map-
ping in a single population through a nested
association mapping
(NAM) approach. The
maize NAM population
was derived by cross-
ing a common reference
sequence strain to 25 dif-
ferent maize lines. Indi-
viduals resulting from
each of the 25 crosses
(families) were self-fertil-
ized for four further gen-
erations, to produce 5000
NAM recombinant inbred
lines. This NAM popula-
tion can be used for initial
QTL detection using link-
age mapping with mod-

e

o 2

Analysis of a new maize resource reveals that a
large number of genetic loci with small effects
may underlie the wide variation seen in traits
such as flowering time.

understanding the genetic basis of pleiotropy
(single gene effects on multiple traits) and
genotype-environment interactions.
McMullen et al. (1) genotyped 4699
lines of the NAM population for 1106 sin-
gle-nucleotide polymorphisms (SNPs), giv-
ing a composite genetic map with an aver-
age marker density of one SNP per 1.3 cM
and a total of 136,000 recombination events.
From 63 to 74% of the SNPs were polymor-
phic in any given family. Substantial variation
in recombination was not attribut-
able to QTLs with general effects
on recombination, but rather to
numerous and localized regions
of variation in recombination that
are specific to each family. Unfor-
tunately, variation in recombina-
tion confounds combining link-
age and association mapping of
QTLs—the intention of the NAM
design—which assumes con-
stant recombination frequencies
across populations. Otherwise,
the NAM population is an excel-
lent resource for QTL mapping,
with nearly equal representation
of genetic material from both

erate numbers of mark-
ers, followed by a second

Diverse corn. The genetic
diversity of maize can explain
the vast phenotypic variation

founder lines in all of the 25 fami-
lies in the NAM population.

stage of high-resolution
association mapping in
QTL regions that capitalizes on a high-den-
sity marker map within each diverse strain.
Because all individuals within a given recom-
binant inbred line are nearly genetically iden-
tical, the phenotype of the same quantitative
trait can be scored for multiple individuals of
the same genotype, increasing the accuracy
of estimating the true genotypic value of each
line. The same lines can also be evaluated for
many quantitative traits and in multiple envi-
ronments, providing a valuable resource for

observed across strains.

Buckler et al. (2) used the
NAM population to map QTLs
affecting flowering time in nearly 1 million
plants representing all the NAM lines, and
also in a separate set of 282 strains that rep-
resent maize diversity, in each of four differ-
ent environments and in two different years.
Depending on the analysis performed, arange
0f'29 to 56 QTLs were found to affect flower-
ing time. Most were shared among multiple
families; however, the effects varied among
families, which suggests that common QTLs
with different low-frequency alleles affect
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variation in flowering time. The effects of all
QTLs were, however, small. Tests for epista-
sis and genotype-environment interactions
revealed very little contribution of context-
dependent effects to the genetic architecture
of flowering time.

Using the NAM population for high-res-
olution recombination mapping will not be
possible until the parent strains are genotyped
for a dense panel of molecular markers. The
large numbers of QTLs, small effects, and
likelihood of identifying novel genes affect-
ing quantitative traits from dissection of nat-
ural genetic variation pose a challenge for
functional validation.

The observation of large numbers of QTLs
with small effects on flowering time is consis-
tent with results from mice, flies (Drosophila
melanogaster), and humans for many differ-
ent quantitative traits (5). However, the lack
of QTLs with large effects is in contrast to
the genetic architecture of flowering time in
rice, barley, sorghum, and the model flower-
ing plant Arabidopsis thaliana, where large-
effect QTLs account for most of the observed

variance (6—9). The trivial contribution of
epistasis is also in contrast to epistatic inter-
actions affecting flowering time in Arabidop-
sis (10) and rice (11), as well as the common
occurrence of epistasis affecting quantitative
traits in Drosophila and mice (5). Genotype-
environment interaction is also a typical fea-
ture of the genetic architecture of quantitative
traits in Drosophila and mice (5). The extent
to which mating system, demography, sam-
pling, experimental design, and relationship
to fitness contribute to the genetic architec-
ture of quantitative traits is an open question.

Genetic variation for most quantitative
traits in most organisms may well be attrib-
utable to large numbers of loci with small
effects. What, then, is the future of genetic
dissection of complex traits? Rather than
analyzing one gene at a time, we will need
to understand how molecular variants affect
quantitative traits through correlated net-
works of transcripts, proteins, and metabo-
lites. The NAM population joins the mouse
Collaborative Cross (/2), the Drosophila
Genetic Reference Panel (/3), and the Arabi-
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dopsis 1001 Genomes Project (/4) projects as
a community resource population suitable for
such systems’ genetics analysis (15, 16).
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Quantum Football

Franco Nori

uantum information processing is usu-
ally based on two-level quantum sys-
tems, called quantum bits or qubits,
but the use of additional quantum levels can
simplify some quantum computations. It can
also allow the emulation of other quantum
systems, in which one quantum system acts
as an analog of another and allows it to be bet-
ter understood by reproducing its dynamics
in a more controllable manner. On page 722
of'this issue, Neeley et al. (1) demonstrate the
operation of a superconducting circuit with
five quantum levels, and show how to manip-
ulate and measure its quantum states. They
used this circuit to emulate the dynamics of
single spins with various quantum numbers,
including the measurement of their geomet-
ric phases that result from spin rotations. This
extension of the two-level qubit to a multi-
level “qudit” opens possibilities for richer
quantum computing architectures and better
emulations of other quantum systems.
Superconducting circuits can behave like
atoms, in that both systems have discrete
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energy levels, and coherent quantum oscil-
lations can occur between those levels. Such
circuits can perform microscopic quantum
mechanics at macroscopic scales and can be
used to conduct atomic-physics experiments
on a silicon chip (2—4). However, whereas
transitions between electronic energy levels
in atoms are controlled with visible or micro-
wave photons, transitions in the artificial
atoms are driven by currents, voltages, and
microwave photons.

Quantum circuits can be lithographically
designed to have specific characteristics, such
as a large dipole moment (2—5) or particular
transition frequencies. This tunability is an
important advantage over natural atoms for
several applications. For example, quantum
circuits can produce photons (6-8), can be
cooled (9—11) like natural atoms, can form
molecules (/2), and can be used for quantum
memories (13, 14).

For applications in quantum comput-
ing, quantum circuits have been designed
to store and manipulate information as
two-level quantum systems, called qubits
(2, 3). The greater complexity and flexibil-
ity of a many-level quantum system can
be illustrated by making analogies with a
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A superconducting circuit passes a quantum
state between several energy levels like a
football is passed between players.

classical system, that of a game of foot-
ball (soccer). The main characters in stan-
dard quantum information processing are
two players (two energy levels that form a
qubit) with player numbers |0) and |1). The
state of the quantum system—the foot-
ball—can be written as the sum of a-|0) +
b-|1), where a and b are complex numbers
that can vary in time but always satisfy the
normalization condition |a|* + |b|> = 1. For
instance, when ball state = |0), the ball is
with player |0). In general, the quantum
ball is in a superposition state: It is shared
between both players.

Now, consider quantum information
with several states. In the experiment by
Neeley et al., the states in their quantum
circuits can emulate a particle with spin s,
which can be described as a vector rotat-
ing on a sphere. When a spin rotates as it
moves around a closed path, the spin state
that describes it is multiplied by a phase fac-
tor, often referred to as Berry’s phase. This
phase factor depends on the solid angle
enclosed by the path. For a 2x rotation, inte-
ger spins are unchanged, whereas half-inte-
ger spins are multiplied by —1. This parity
difference leads to the symmetric statistics
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