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On Earth, Fe3+ is normally converted to Fe2+ in
aqueous environments by acidophilic bacteria
(19–21). If an Fe2+ phase does exist, then a
reducing element must have been present at
Mawrth Vallis in order to convert the Fe3+ to Fe2+,
or some form of activity [such as hydrothermal
processes (22–24)] could have reduced the non-
tronite or released abundant Fe2+ in solution that
precipitated out before being converted to Fe3+.
Thus, the complex and potentially multi-event
formation conditions of phyllosilicates at Mawrth
Vallis present a fascinating window into past
aqueous activity on Mars.
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Brown Carbon Spheres in East Asian
Outflow and Their Optical Properties
Duncan T. L. Alexander,1 Peter A. Crozier,2* James R. Anderson3

Atmospheric aerosols play a substantial role in climate change through radiative forcing.
Combustion-produced carbonaceous particles are the main light-absorbing aerosols; thus,
quantifying their optical properties is essential for determining the magnitude of direct forcing.
By using the electron energy-loss spectrum in the transmission electron microscope, we quantified
the optical properties of individual, submicrometer amorphous carbon spheres that are ubiquitous
in East Asian–Pacific outflow. The data indicate that these common spheres are brown, not
black, with a mean refractive index of 1.67 – 0.27i (where i =

ffiffiffi

1
p

) at a wavelength
of 550 nanometers. The results suggest that brown carbon aerosols should be explicitly
included in radiative forcing models.

The importance of the impact of tropo-
spheric aerosols on Earth’s radiative bal-
ance and the uncertainty associated with

radiative forcing due to aerosols are now well
established by the large body of research sum-
marized in the reports from the Intergovernmen-
tal Panel on Climate Change (1, 2). A substantial
fraction of the anthropogenic aerosol mass is in
the form of carbonaceous particles arising from
fossil fuel and biomass burning. (Carbonaceous
aerosols also derive from natural biogenic emis-
sions.)Most direct radiative forcingmodels classify
carbonaceous particles into two main compo-
nents, consisting of either negligibly absorbing
organic carbon or strongly absorbing black carbon
(1, 2). Optical properties are incorporated through

the inclusion of model parameters that account
mainly for the size distribution and refractive in-
dices of the particles.

Aside from the problem of choosing suitable
refractive indices for both forms of carbon from

the wide range of values found in the literature
(3–11), this approach ignores the possibility of
rich variations in the refractive indices of carbon
arising from both changes in emission source and
changes during transport in the atmosphere. To
improve the accuracy of direct forcing models, it
is necessary to have more precise information on
the size, shape, composition, mixing state, and
refractive indices of individual carbonaceous aero-
sols. It is difficult to determine these parameters
from light-optical measurements alone because
the signals are averaged over all aerosol compo-
nents (size, composition, structure; see fig. S1).

We used a transmission electron microscopy
(TEM) method to identify the optical properties
of individual particles in ambient aerosols. We
applied this method to the highly abundant car-
bon spheres found in all examined samples of
ambient aerosols collected above the Yellow Sea
during the Asian Pacific Regional Aerosol
Characterization Experiment (ACE-Asia) (12);
bulk optical properties, scanning electronmicros-
copy images of samples taken simultaneously

1LeRoy Eyring Center for Solid State Science, Arizona State
University, Post Office Box 871704, Tempe, AZ 85287, USA.
2School of Materials, Arizona State University, Post Office Box
878706, Tempe, AZ 85287, USA. 3Department of Mechanical
and Aerospace Engineering, Arizona State University, Post
Office Box 876106, Tempe, AZ 85287, USA.

*To whom correspondence should be addressed. E-mail:
crozier@asi.edu

Fig. 1. A bright-field TEM image of a typical amorphous carbon sphere (A) and a soot carbon particle (B)
from the atmospheric aerosol sampled at an altitude of 30 m during flight 13 of ACE-Asia.
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with those described here, and details of flight
legs are discussed by Clarke et al. (13). The study
of the spheres, and their chemical compositions,
indicates that they belong to the category of
“brown carbon” that has recently become the
subject of intense discussion in the atmospheric
community (6, 14–16). Uniquely, wewere able to
specify their full-spectrum optical properties, thus
providing greater insight into their impact on
direct radiative forcing.

In terms of their morphology and nature, the
carbon spheres differ substantially from typical
soot carbon. Whereas soot carbon particles con-
sist of aggregates of spherules mostly 20 to 60 nm
in diameter, typically with an internal structure of
curved graphenelike layers (17–21), and are often
internally mixed with other aerosol particles, the
carbon spheres are large (e.g., diameters of 100 to
400 nm), amorphous, and predominantly isolated
(Fig. 1). As such, they are similar to the “tar
balls” described by Pósfai et al. (22), although it
is not clear that the carbon spheres in East Asian
outflow described here have the same biomass-
burning origin as tar balls. Further, whereas soot
carbon is formed during combustion, within the
flame, the carbon spheres are probably formed
postcombustion by a gas-phase condensation
(22–24). As a result, the spheres are always ex-
ternally mixed with other carbonaceous combus-
tion products, such as soot. The TEM method
used here allows us to determine the optical prop-
erties of individual, sub-mm spheres within the
externally mixed aerosol (24). A similar exacti-
tude of selection is not possible with use of con-
ventional light-optical techniques that average
over the mixed aerosol (15). Moreover, whereas
light-optical laser measurements are typically
made for just one or two wavelengths, our mea-
surements cover the full spectrum of wavelengths
from the infrared, through the visible, and into
the ultraviolet.

The TEMmethod uses high spatial resolution
electron energy-loss spectroscopy (EELS) to de-
termine the dielectric function, e(E) = e1 + ie2,
for a particle (24), which can then be transformed
into refractive indices, N ¼ n − ik ¼

ffiffiffi

e
p

, where
the energy loss is E = hc/l, with Planck’s con-
stant h, optical wavelength l, and speed of light
c (25). To determine optical properties in the
visible regime of l = 400 to 700 nm requires
accurate EELS data from energy losses of 1.8 to
3.1 eV, which we obtained with a Tecnai F20 UT
TEM (FEI, Hillsboro, Oregon) equipped with a
monochromated gun, yielding a spectral resolu-
tion of 0.25 eV. The dielectric function was ob-
tained from a Kramers-Kronig transformation of
the spectrum (26–28), as described in (24).

Typical low-loss (0 to 10 eV) energy-loss
spectra taken from the amorphous carbon
spheres are shown in Fig. 2. The spectra are
similar in form, indicating that the spheres share
similar materials and optical properties. The
p* plasmon at ~6 eV that correlates with sp2

hybridization is not the sharp peak seen for soot
carbon but rather a broad peak that extends

down to ~1 eV. Figure 3A shows the energy
dependence of the mean dielectric functions of
28 amorphous carbon spheres (sampled from
altitudes of 30 m and 610 m), as determined by
using the Kramers-Kronig analysis (24). In Fig.
3B, these curves are transformed into mean re-
fractive indices against optical wavelength. For
l = 550 nm, the mean refractive index is m =
1.67 – 0.27i. This conforms to neither the refrac-
tive indices of soot carbon [e.g., m ≈ 1.75 – 0.63i
to 1.95 – 0.79i for void-free soot carbon (4)] nor
the refractive indices for negligibly absorbing or-
ganic carbon (m ≈ 1.5 – 0i). It is also separate
from that of the humiclike substances, which
have recently been receiving attention as a type
of brown carbon because their refractive indices
indicate substantially lower optical absorption
(m ≈ 1.5 – 0.002i) (7, 29). Thus, assuming a
continuum of carbon species exists (30), the

carbon spheres described here represent a more
strongly absorbing carbon compared with the
weakly absorbing, soluble, humiclike substances.

In contrast to laser scattering, our approach
determines refractive indices from l ≈ 1200 nm
in the infrared, through the visible (l ~ 400 to
700 nm), and into the ultraviolet (l < 400 nm), as
shown in Fig. 3B. In this figure, it can be seen
that optical absorption, represented by k, is low in
the infrared and visible red; increases through the
visible red, yellow, green, and blue; and peaks in
the near-ultraviolet. This increase in absorption
with decreasing wavelength indicates that the
spheres are constituted by a brown form of
carbon, thus confirming their nature as different
from that of the black soot carbon. Brown carbon
as an aerosol component has recently “come
into the forefront of atmospheric research” (16).
However, its exact nature has remained ill-

Fig. 2. Experimentally acquired
low-loss spectra from typical car-
bon spheres (deconvoluted spectra
to remove the effects of plural
scattering and the zero-loss peak)
plotted on linear axes. The scat-
tering intensities of the spectra have
also been scaled relative to each
other in order to aid comparison.
The spectra are all similar in form,
partly a consequence of the sim-
ilarity of their material and their
optical properties (24).

Fig. 3. Mean complex dielectric functions e1 and e2 against electron energy loss (A) and mean refractive
indices n and k against optical wavelength (B) for 28 analyzed spheres ranging from 130 to 400 nm in
diameter (sampled at altitudes of 30m and 610m). The shaded bands represent the variance in the mean
for the sampling population. The small size of these bands indicates that the spheres have relatively
uniform optical properties. k is low in the infrared (>800 nm), increases through the visible, and peaks in
the near ultraviolet (<400 nm), thus suggesting that the spheres will appear brown.
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defined. Our measurements defined the optical
properties of a brown carbon species, an essential
step toward modeling and accounting for their ef-
fects. For instance, by using Mie theory, in Fig. 4
we model the light absorption and scattering ef-
ficiencies (Qabs and Qsca) of the spheres against
optical wavelength and sphere diameter, where
Qabs = sabs/pr

2 (absorption cross section, sabs;
sphere radius, r) and analogously Qsca = ssca/pr

2.
As sphere diameter rises, the number of contrib-
uting scattering modes increases, increasing ab-
sorption and modifying the form of the curves of
Qabs and Qsca versus l. The spectral dependence
of absorption is parameterized by the Ångström
exponent for absorption (Åabs), for which
sabsºl

"Å
abs . From Fig. 4, it can be understood

that Åabs will vary depending on sphere diam-
eter. However, for the measured mean diameter
of 230 nm of the spheres analyzed here, Åabs ≈
1.5 for an optical range of l = 380 to 1000 nm,

which is consistent with a brown nature and with
values for mixed aerosols (15).

The EELS carbon K-edge intensity has been
used to calculate the density of carbon atoms for
the optically analyzed carbon spheres, as described
in (24). From this, we estimated that their physical
densities lie in the range of ~1.4 to 1.6 g cm–3. By
using this together with absorption cross sections
that we determined using Mie theory, we esti-
mated a mean mass absorption efficiency (MAE)
for the spheres to be ~3.6 to 4.1 m2 g–1 for l =
550 nm. This is slightly lower than ACE-Asia
measurements indicating that the MAE for the
total light-absorbing carbon content was ~7 T
2 m2 g–1 (13). It is also comparable with esti-
mates of the MAE of soot carbon at l = 550 nm
(Table 1) (4), such that the contribution to atmo-
spheric light absorption by the spheres may not
be readily identified or discriminated from that
due to soot by the measurement of MAE per-
formed at a single wavelength.

The amorphous carbon spheres make a con-
tribution to direct radiative forcing that is compa-
rable to that of soot. For the samples analyzed here,
the average sphere has a diameter of ~230 nm
and a refractive index at l = 550 nm ofm = 1.67 –
0.27i. A typical carbon soot particle in the sam-
ples consists of an aggregate of ~55 spherules of
~32-nm diameter (derived by an analysis of ap-
proximate spherule numbers and sizes in TEM
images of 50 randomly chosen soot carbon parti-
cles; see Fig. 1B for a typical aggregate). Assum-
ing an upper-bound refractive index ofm = 1.95 –
0.79i for the soot (4), along with a fractal dimen-
sion of 1.8 and a fractal prefactor of 8 (17), we
calculated absorption cross sections, sabs, by using
Mie theory (25) for the spheres and Rayleigh-
Debye-Gans theory (31) for the soot. The absorp-
tion cross section of a typical sphere is almost
a factor of 5 greater than that for a typical
soot aggregate, that is, sabs ≈ 3.9 × 10−14 m2

(sphere) versus sabs ≈ 0.82 × 10−14 m2 (soot).

Other optical and physical properties are com-
pared in Table 1.

Thus, on a particle-by-particle basis, the car-
bon spheres show light absorption commensurate
to, or greater than, that of the soot particles con-
ventionally accepted as being the dominant form
of light-absorbing carbon. Our statistical mea-
surements also find that the carbon spheres are
very abundant. Specifically, for the nominal par-
ticle size range of 0.3 to 2.0 mm studied in these
samples, the number ratios of sphere:soot par-
ticles is ~1:1 for the specimen sampled at 30 m
altitude and ~3:1 for the specimen sampled at
610 m. Moreover, similar carbon spheres have
been found abundant or dominant in other regions,
such as central Europe and SouthAfrica (22), and
in urban aerosols in areas such as Phoenix. There
may be other ways in which the unique optical
properties of the carbon spheres may affect ra-
diative force relative to soot. For instance, owing
to their reduced absorption of infrared compared
with visible, their role in absorption of reradiated
heat will be quite different to that for black soot.

Taking account of both the abundance of
spheres and their optical properties, these mea-
surements challenge the usual supposition in ra-
diative forcing calculations of atmospheric carbon
being either negligibly absorbing organic carbon
or strongly absorbing black soot carbon. For mod-
eling of radiative forcing from aerosols to be ac-
curate, scattering and absorption by brown carbon
needs to be explicitly included.
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A Conserved Mutation
in an Ethylene Biosynthesis Enzyme
Leads to Andromonoecy in Melons
Adnane Boualem,1 Mohamed Fergany,1 Ronan Fernandez,1 Christelle Troadec,1
Antoine Martin,1 Halima Morin,2 Marie-Agnes Sari,3 Fabrice Collin,3 Jonathan M. Flowers,4
Michel Pitrat,5 Michael D. Purugganan,4 Catherine Dogimont,5 Abdelhafid Bendahmane1*

Andromonoecy is a widespread sexual system in angiosperms characterized by plants carrying
both male and bisexual flowers. In melon, this sexual form is controlled by the identity of the
alleles at the andromonoecious (a) locus. Cloning of the a gene reveals that andromonoecy
results from a mutation in the active site of 1-aminocyclopropane-1-carboxylic acid synthase.
Expression of the active enzyme inhibits the development of the male organs and is not
required for carpel development. A causal single-nucleotide polymorphism associated with
andromonoecy was identified, which suggests that the a allele has been under recent positive
selection and may be linked to the evolution of this sexual system.

Most angiosperms have hermaphroditic
flowers containing both male and fe-
male organs; nevertheless, sex determi-

nation can result in the formation of separatemale
and female flowers on either the same (monoecy)
or different individuals (dioecy). Andromonoecy,
where plants carry bothmale and perfect bisexual
flowers, has evolved independently numerous
times (1) and is found in ~4000 species in 33 an-
giosperm families (2). Several species in the Cu-
curbitaceae, including cucumber (Cucumis sativus)

and melon (Cucumis melo), have bisexual floral
primordia, but often have flowers limited to a
single sex. Sex determination occurs by the selec-
tive arrest of either themale stamen or female carpel
during development (3, 4). In melon, sex determi-
nation is governed by the genes andromonoecious
(a) and gynoecious (g), and the interplay of these
two genes results in a range of sexual types (5, 6).
Monoecious (A-G-) and andromonoecious (aaG-)
individuals bear male flowers on the main stem
and, respectively, female or hermaphrodite flowers
on axillary branches, whereas gynoecious (AAgg)
and hermaphrodite (aagg) individuals only bear
female and hermaphrodite flowers, respectively
(6). In addition, cucurbit sex expression patterns
can be modified by hormones, such as ethylene,
and by environmental factors (7, 8).

In C. melo, most plants are monoecious or
andromonoecious because of the a locus, which
has been mapped to a genetic interval of 25.2-
centimorgans (9). We cloned the a locus by con-
structing high-resolution genetic and physical
maps (fig. S1A), used chromosome walking to
construct a bacterial artificial chromosome (BAC)

contig anchored to the genetic map (fig. S1A),
delimited the a locus to a single BAC clone, and
revealed seven candidate genes within 107 kilobase
pairs (kbp) (fig. S1B) (10). The a locus flanking
marker sequences L41 and R5 were used to iden-
tify a 14-kbp region containing a gene encoding
for a 1-aminocyclopropane-1-carboxylic acid syn-
thase (ACS), designatedCmACS-7 on the basis of ho-
mology to the Arabidopsis ACS-7 gene (At4g26200).
ACS is a pyridoxal 5′-phosphate (PLP)-dependent
enzyme that catalyzes the first committed, and
generally rate-limiting, step in the production of
1-aminocyclopropane-1-carboxylic acid (ACC)
from S-adenosylmethionine (SAM) in ethylene
biosynthesis in higher plants (11). Ethylene is then
made from ACC by the enzyme ACC oxidase.

A TILLING (targeting induced local lesions
in genomes) approach confirmed the role of
CmACS-7 in sex determination (12). We identi-
fied sixmutations in the fullCmACS-7 gene; four
silent or intronic and two that led to missense mu-
tations atG19E andD376N (13). TheG19E change
occurs in a highly conserved amino acid position
and may affect the function of the protein (14),
whereas the D376N modification affects a non-
conserved amino acid position (Fig. 1A). Back-
crosses to the wild type showed that, for more
than 100 F2 plants for each cross, that the D376N
mutation, as well as the silent and intronic muta-
tions, had no sexual phenotype (Fig. 1B and fig.
S2). In contrast, plants homozygous for the G19E
mutation were andromonoecious (Fig. 1B and
fig. S2). On the basis of these data, we concluded
that CmACS-7 is the andromonoecious gene.

A 14-kbp genomic sequence of melon acces-
sions PI124112 and Védrantais was used to map
single-nucleotide polymorphisms (SNPs) linked
to CmACS-7. The minimal interval between allelic
variants was localized to a 2438-bpDNA fragment
containing 560 bp of the proximal promoter, as
well as exons 1 and 2 and a part of exon 3 (fig.
S1C). We identified no differences linked to sex
phenotype in the proximal promoter sequence
and quantitative reverse transcription polymerase
chain reaction (RT-PCR) detected no significant
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