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pensate for a deficiency of GATA-1 during erythroid develop-
ment. Gene targeting should also be useful in delineating the
individual developmental functions of other transcription fac-
tors with potential redundancy, such as the multiple octamer-
binding proteins®*.

Although most autosomal recessive mutations produced in
ES cells must be bred to homozygosity before any phenotypic
effects are evident®?°, the fact that male cells are hemizygous
for the X-linked GATA-1 gene has enabled us to examine the
consequences of a targeted mutation through the direct analysis

of chimaeric mice. If mutant ES cells can contribute to the germ
line in viable chimaeric males, it will be interesting to follow
the development of embryos with cells uniformly deficient in
GATA-1. Meanwhile we can use chimaeras to provide an answer
to questions such as whether this factor is also necessary for
the development of primitive, yolk sac-derived erythroid cells,
or for the differentiation of megakaryocytes or mast cells.
Finally, the mutant ES cells provide a null background in which
altered versions of the GATA-1 gene can be introduced to test
the effects of directed mutations on erythroid development.
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Ultrastructural basis and
function of iridescent blue
colour of fruits in Elaeocarpus
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IRIDESCENT colour, caused by physical effects (thin-film interfer-
ence, diffraction and Tyndall scattering), is relatively common in
animals but exceedingly rare among plants’. Some benthic marine
algae produce blue to violet iridescence®, and the upper leaf
surfaces of a few vascular plants from the shady environments of
humid tropical forests are iridescent blue* . Blue fruit colour has
been assumed to be caused by amthocyanins’. A survey of such
fruits (26 species in 18 genera) in Costa Rica, India, Florida and
Malaysia, showed this to be the case, except for the iridescent
colour in fruits of Elaecocarpus angustifolius Blume (Elaeocar-
paceae). There I show that the colour is caused by a remarkable
structure in the epidermis, and provide evidence for its selective
advantage.

The fruits of most of the 60 species of Elaeocarpus, a genus
of trees native to the Asian tropics and Australasia, are blue®.
Those of E. angustifolius (syn. E. sphaericus and E. grandis)
produce a particularly brilliant colour, but no pigments can be
extracted with acidic methanol. E. J. H. Corner wrote® that “the
blue colour of the cuticle is caused, not by a blue pigment, but
by the structure of the cuticle which reflects blue light”. The
colour is clearly limited to the epidermis of the fruit and is not
removed by contact with water, indicating that the structural
basis is in the cell layer'®'!. Diffuse reflectance measurements
of the fruit surface (Fig. 1) peak at 4392 nm (s.e.m.; n=>5).
Because the colour is uniform at different angles, and reflectance
does not increase at shorter wavelengths, both diffraction and
Tyndall scattering can be excluded as the basis of colour produc-
tion'. Assuming a refractive index of 1.35-1.45 for the
hypothetical structure’?, the thickness of layers responsible for

260

colour production can be predicted using the standard formula
for thin-film interference’: thickness=A/4u cos § where 6 is
refracted angle of light in the filter, p the refractive index of
the film, and A the peak wavelength for constructive interference.
This equation predicts a thickness of 76-81 nm, assuming the
refractive index of the filter is greater than the surrounding
medium (otherwise the thickness would be twice that predicted).

Light (Fig. 2a) and transmission electron microscopy (Fig.
2b-d) reveal a remarkable structure beneath the outer cell walls
of the adaxial epidermis. This structure, termed an iridosome
(based on analogous structures in animals'), consists of a
roughly parallel network of electron-translucent strands each
78 +4 nm thick (n=35; each value is the mean of 10 measure-
ments within an iridosome of each fruit). Strands are separated
by lacunae of 39+ 5 nm, and paradermal sections of the irido-
some (Fig. 2d) reveal straight rows (623 nm wide and 62+
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FIG. 1 Optical properties of the iridescent blue fruits. Fruits were collected
from two trees at the USDA National Clonal Germ Plasm Collection in Miami.
Diffuse reflectance of the intact fruit wall (compared to an optically white
barium sulphate surface) was measured with a Li-Cor 1800 spectro-
radiometer attached by a fibre optic probe to an integrating sphere (Li-Cor
Instruments, Lincoln, Nebraska 68504). Transmission through the epidermis
was measured by the spectroradiometer attached via a fibre-optic probe to
the photographic tube of a Leitz dialux microscope using the x40 objective
(transmission in the absence of tissue was divided into the scan). Dotted
line, transmittance; solid line, reflectance.
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FIG. 2 Micrographs of fruit tissue, showing the
location and structure of the iridosome. g, Light
micrograph of tissue (1-um thick, stained with
toluidine blue. Iridosomes are located immediately
beneath the epidermal cell walls. Bar, 20 yum. b-4d,
Transmission electron microscopy photographs: b,
transverse section, layers within the iridosome are
clearly seen. Bar, 10 um. ¢, Detail of the strands
in the iridosome. Bar, 1 um. d Paradermal section
of fruit epidermis, showing contiguity of each band.
Bar, 1 pm.

METHODS. Fruit tissue was fixed in 3% glutaral-
dehyde and post-fixed in 1% 0s0, in 0.1 M cacody-
late buffer at pH 7.2. The tissue was dehydrated
in an acetone series, embedded in Spurr’s low-
viscosity resin, and thin sections were cut in a
Porter Blum ultramicrotome for microscopy. Grids
were stained with lead citrate and uranyl acetate
and photographed in a Philips 200 transmission
electron microscope. Structures were measured
from original negatives using a dissecting micro-
scope and stage micrometer.

3 nm apart). The two views suggest that the iridosome consists
of strands organized as a three-dimensional lattice. This struc-
ture should intensify colour production, similar to the wing
scales of morpho butterflies (Morpho sp.)"**!° and the feather
barbules of the peacock (Pavo cristatus L)**®.

The iridisome is not present in the epidermal celis of immature
green fruits. In mature fruits it is extracellular, lying between
the adaxial wall and the cytoplasmic membrane. The iridosome
seems to be secreted by the cytoplasm; its thickness increases
with the intensification of blue coloration in the maturing fruits,
and the layers next to the cytoplasm are more electron-dense
and more closely appressed (Fig. 2, b, ¢).

Histochemical staining reveals that the layers of the iridosome
consist of polysaccharides, at least partly of cellulose. Irido-
somes stain positively for polysaccharides with periodic acid
Schiff’s reagent'’ and for cellulose with Calcofluor White M2R
(ref. 18), and negatively for lignins by the acid phloroglucinol
test and for callose by the aniline-blue fluorescence test'®. The
structure is strongly birefringent under polarized light micro-
scopy, suggesting that the polysaccharides are present as linear
fibrils.

Iridescent blue may be of selective advantage in the ripe and
senescent fruits of E. angustifolius in two ways. Although red
and black seem to be stronger attractants, 5-7% of the fleshy
fruits consumed and dispersed by birds are blue®. The fruits
of E. angustifolius contain a fleshy mesocarp (rich in carbohy-
drate and protein; E. D. Stiles, unpublished results) surrounding
an extremely hard endocarp. They are important in the diets of
the cassowary (Casuarius casuarius), fruit-eating pigeons and
small mammals®'~%*, Not only do the iridescent fruits present a
brilliant colour against the green foliage or brown litter on the
forest floor, but the colour persists even when the mesocarp is
almost completely senescent or has been consumed by beetles.

Photosynthesis in unripe or green ripe fruits contributes
greatly to the carbon economy of many plants®®?¢, In fruits
producing colour through pigmentation, however, most of the
visible wavelengths (400-700 nm) are absorbed by the epidermis
except those producing the colour, which are scattered in inter-
nal tissues and diffusely reflected’. The most brilliantly coloured
fruits are those that scatter light most efficiently, such as of
Heliconia, which have a white unpigmented mesocarp below the
blue epidermis. The epidermis (or exocarp) of E. angustifolius
fruits is transparent at higher wavelengths, where destructive

NATURE - VOL 349 - 17 JANUARY 1991

interference occurs (Fig. 1), and should allow the penetration
of photosynthetically active radiation above 500 nm to reach
the chlorenchymatous tissue in the ripened fruits. The mesocarp
of ripened fruits of E. angustifolius is relatively rich in

chlorophyll (136+37 pwgem™, n=35; measured according to

Arnon®®), more than the leaves on an area basis but less per
unit volume given the 4-mm thickness of this layer®>=>°,

I tested the photosynthetic contribution to the carbon
economy by measuring carbon dioxide emissions of fruits under
field conditions, at 26 °C and 160-175 pwmol m™?s™*, 400-700 nm
(photosynthetically active radiation, PAR) in diffuse canopy
shade of ~8% full sunlight. Fruit-temperature, CO, production
and PAR were measured beneath a tree crown at Fairchild
Tropical Garden, Miami, with a Li-Cor 6000 photosynthesis
system. Five ripened fruits were measured simultaneously in a
0.25-1 chamber, with 10 repetitions of different combinations of
20 fruits, on 2 days. Fruits were left in darkness for 60 min, their
CO, emissions measured in the dark, transferred to diffuse
shade-light for 60 min, then measured again. Diminished CO,
production was detected under these low light conditions.
Higher PAR levels could not be used because increased fruit
temperatures could increase respiration. Fruits exposed to light
emitted 9.2+ 0.2% less CO, than those kept in the dark, which
respired at 0.28+0.03 mgm 25" of CO,. Fruits were capable
of exchanging gases through stomata and lesions developing
from the detachment of trichomes. Thus, photosynthesis
by ripened and senescing fruits of E. angustifolius contri-
butes to the carbon economy of the plant even under shady
conditions. O
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THE role of copper in copper-containing amine oxidases has long
been a source of debate and uncertainty'. Numerous electron
paramagnetic resonance (EPR) experiments”®, including rapid
freeze-quench studies’, have failed to detect changes in the copper
oxidation state in the presence of substrate amines. One suggestion
that copper reduction might occur®, has never been confirmed.
Copper amine oxidases contain another cofactor, recently iden-
tified as 6-hydroxydopa quinone (topa quinone)’, which is reduced
by substrates. Copper has been implicated in the reoxidation of
the substrate-reduced enzyme'®"%, but the failure to detect any
copper redox change has led to proposals that Cu(iI) acts as a
Lewis acid™, that it has an indirect role in catalysis'®, or that it
serves a structural role’. We present evidence for the generation
of a Cu(1l)-semiquinone state by substrate reduction of several
amine oxidases under anaerobic conditions, and suggest that the
Cu(1)-semiquinone may be the catalytic intermediate that reacts
directly with oxygen.

EPR spectral changes accompanying the addition of an
appropriate amine to several amine oxidases under anaerobic
conditions are shown in Fig. 1. In each case, a relatively sharp
signal at g ~2 is observed, although the yield of this species is
variable. Scans of the g ~ 2 signal at higher resolution (Fig. 2)
show that the same radical is formed in different amine oxidases.
Because the radical EPR spectrum is independent of the enzyme
and substrate used, the radical must be associated with a moiety
that is conserved among the amine oxidases examined. The
spectra in Fig. 2a are essentially identical to the EPR spectra
of amine oxidases that had been anaerobically reduced in the
presence of cyanide or t-butylisocyanide (refs 5, 10, 15); these
ligands are thought to trap the semiquinone form by stabilizing
Cu(r). Addition of cyanide to reduced porcine plasma amine
oxidase dramatically increases the intensity of the weak g~2
signal (evident in Fig. 1), thereby allowing the characteristic
hyperfine structure to be resolved (Fig. 2b). The assignment of
the g~2 signal to a semiquinone radical is supported by a
variety of evidence'®'®, including pulsed-EPR studies (J.
McCracken, J. Peisach and D.M.D., manuscript in preparation).
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Double integration indicates that the yield of the semiquinone
in the absence of cyanide ranges from <1% (porcine plasma
amine oxidase) to ~20% (pea seedling diamine oxidase and
Arthrobacter P1 methylamine oxidase) of the theoretical
maximum, calculated from the enzyme concentration and
assuming a 1:2 protein: quinone stoichiometry'®*®.

Two independent methods were used to quantitate the Cu(11)
EPR signal in the substrate-reduced forms of pea seedling
diamine oxidase and Arthrobacter methylamine oxidase.
Vinngédrd has shown that the area of the M; = —3/2 hyperfine
line in a first-derivative Cu(i1) EPR spectrum is proportional
to the total intensity'”; comparison of these peak areas for the
resting and substrate-reduced enzymes, obtained under identical
conditions, indicates that ~40% of the Cu(ir) is reduced.
Alternatively, the contribution of the sharp g~2 signal was
mathematically subtracted from the EPR absorption envelope,
which was then integrated to give the Cu(II) intensity. Again
using the resting enzyme as a standard, the results were in good
agreement with those obtained from the integration of the lowest
hyperfine line. A lower yield of the semiquinone, relative to the
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FIG. 1 Room-temperature EPR spectra of amine oxidases from Arthrobacter
P1 (APAO), pea seedling (PSAQ), porcine kidney (PKAO), bovine plasma (BPAO)
and porcine plasma (PPAQ), before (A) and after (B) anaerobic addition of
substrate. Spectra were obtained in 0.3 mm X6 mm X100 mm glass micro-
slides (Vitro Dynamics) on a Bruker 220D SRC instrument immediately after
samples were prepared and sealed in a nitrogen atmosphere glove box.
Frequency, 9.8 GHz; power, 20 mW; modulation amplitude, 20 G; [enzyme],
0.3-0.8 mM in 50 mM barbital, pH 8.0 (APAO, BPAO, PPAQ), 50 mM PIPES,
pH7.0 (PSAOQ), or 0.1 M phosphate, pH7.2 (PKAO); [supstrate], 1-3mM
benzylamine (APAO, BPAO, PPAO) or cadaverine (PSAO, PKAO). The PPAO
spectra are offset for clarity.
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