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† Background and Aims Blue-green iridescence in the tropical rainforest understorey sedge Mapania caudata creates
structural coloration in its leaves through a novel photonic mechanism. Known structures in plants producing irides-
cent blues consist of altered cellulose layering within cell walls and in special bodies, and thylakoid membranes in
specialized plastids. This study was undertaken in order to determine the origin of leaf iridescence in this plant with
particular attention to nano-scale components contributing to this coloration.
† Methods Adaxial walls of leaf epidermal cells were characterized using high-pressure-frozen freeze-substituted
specimens, which retain their native dimensions during observations using transmission and scanning microscopy,
accompanied by energy-dispersive X-ray spectroscopy to identify the role of biogenic silica in wall-based irides-
cence. Biogenic silica was experimentally removed using aqueous Na2CO3 and optical properties were compared
using spectral reflectance.
† Key Results and Conclusions Blue iridescence is produced in the adaxial epidermal cell wall, which contains heli-
coid lamellae. The blue iridescence from cell surfaces is left-circularly polarized. The position of the silica granules is
entrained by the helicoid microfibrillar layers, and granules accumulate at a uniform position within the helicoids,
contributing to the structure that produces the blue iridescence, as part of the unit cell responsible for 2 8 Bragg
scatter. Removal of silica from the walls eliminated the blue colour. Addition of silica nanoparticles on existing
cellulosic lamellae is a novel mechanism for adding structural colour in organisms.

Key words: Mapania, Cyperaceae, leaf, epidermis, cell wall, silica, helicoids, nanoparticle, iridescence, circular
polarization, photonics.

INTRODUCTION

Advances in the fields of photonics and nanostructures have sti-
mulated research on structural coloration in organisms, particu-
larly in animals. The latter research has suggested the possibility
of biological structures being templates for the production of
new optical devices, through ‘biomimetics and bioinspiration’
(Martı́n-Palma and Lakhtakia, 2009; Bar-Cohen, 2011).
Structural colour originated early in the history of multicellular
organisms and has evolved in a great diversity of them (Parker,
1998; McNamara et al., 2011). Research in biological structural
colour goes back centuries, and the resurgence of this research in
recent years has revealed an amazing variety of mechanisms for
colour production, including classical thin-film interference, dif-
fraction, photonic crystals and cholesteric liquid crystals
(Kinoshita and Yokiosha, 2005). The newly discovered mechan-
isms are increasingly bizarre and interesting (Saranathan et al.,
2010). These results are from a rather narrow systematic sam-
pling of organisms, so we can expect a continuing flow of inter-
esting research in the area of structural colour as more organisms
are examined.

Plants are less well studied than animals for structural color-
ation, or iridescence; perhaps the greater biochemical repertoire
of plants reduces the diversity of structures in producing colours.

For instance, virtually all blue and green coloration in animals is
structural (Bagnara et al., 2007), whereas in flowers and fruits of
plants blues are commonly produced by modified anthocyanins
(Lee, 2007). Nonetheless, structural coloration in plants has
been analysed, e.g. in the blue leaves of tropical understorey
plants, in a few tropical fruits and recently in the diffractive
petal colours of a variety of flowers (Lee, 2007; Whitney et al.,
2009a; Gloverand Whitney, 2010). In leaves and fruits, the phys-
ical mechanism for blue iridescence is multi-layer interference.
In leaves, constructive interference is due to the higher refractive
indices of cellulose in cell walls and in the thylakoid lamellae of
plastids (Graham et al., 1993; Gould and Lee, 1996). In fruits,
multi-layered cellulosic structures are produced outside the epi-
dermal lamella but inside the cell wall (Lee, 1991; Lee et al.,
2000). Recently discovered diffractive coloration (Whitney
et al., 2009a) is caused by gratings (closely packed ridges) in
patches on petal surfaces, and it may be widespread (Whitney
et al., 2009b). Although few taxa have been analysed, many
putatively iridescent plants await study (McPherson, 2010)
and may reveal novel mechanisms of colour production
(Gebeshuber and Lee, 2012).

Plants with blue iridescent leaves are most common and
diverse in the shade of tropical Asian rainforests, particularly
in the Malayan Peninsula (Lee, 2001). In this article we report
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on the ultrastructural basis for the vivid iridescent blue–green
leaf coloration in a Malaysian understorey herb, Mapania
caudata (Cyperaceae; Simpson, 1992; Fig. 1A, B), in a genus
of tropical understorey herbs. Here we show that the basis for
colour is the combination of helicoid cellulose deposition and
the layering of silica nanoparticles in the adaxial epidermal
cell wall. Such cells produce a brilliant blue which, combined
with the normal chlorophyllous leaf tissue, produces a blue–
green leaf.

MATERIALS AND METHODS

Plants of Mapania caudata for this research were provided by
Dr Saw Leng Guan of the nursery of the Forest Research
Institute of Malaysia, Kuala Lumpur, from individuals collected
by institute personnel from the Hulu Terengannu Forest Reserve,
Trengannu State, West Malaysia (FRIM herbarium no.
20040735). This species is locally common in shady, moist
microclimates in forests throughout the peninsula, but particular-
ly on the east side. Small propagules were multiplied in the
Biological Science Greenhouse at Florida International
University (FIU). Plants established in the simulated rainforest
shade environment of the Wertheim Conservatory at FIU, as
well as an adjacent greenhouse, provided the leaves used for
research in this project.

Young plants were observed for growth responses (and the
degree of blue–green iridescence) under different light condi-
tions. Leaves were also examined macroscopically with a dis-
secting microscope and for gross anatomy using hand sections
(�50 mm) and a compound light microscope.

Electron microscopy

For scanning electron microscopy (SEM), freshly collected
iridescent blue leaves were cut into 1 mm squares, fixed in 2 %
glutaraldehyde, 2 % paraformaldehyde in 0.1 M cacodylate
buffer (pH 7.2) at 20 8C for 2 h, fixed for 2 h in 1 % OsO4 in caco-
dylate bufferat 4 8C, dehydrated in an ethanol series, and critical-
point dried using a Tousimis Auto Samdri CPD (Tousimis Inc.,
Rockville, MD). Samples were observed with a JEOL 880 scan-
ning electron microscope operated at 15 kV (JEOL Ltd., Tokyo,
Japan). For transmission electron microscopy (TEM), we fixed
material using the methods described above for SEM procedures.
For more precise measurements of cell wall structures we used a
high-pressure freezing technique with leaf discs (2 mm in diam-
eter) punched from blue–green iridescent leaves. Frozen leaf
discs were then incubated with or without 1 % OsO4 in distilled
acetone for 20 days at –90 8C and processed according to tech-
niques described in Fields et al. (1997). Samples were slowly
warmed to –25 8C, transferred to 4 8C and then to room tempera-
ture, rinsed in distilled acetone and rehydrated to 100 % water in
a graded series. The OsO4-treated leaf discs were re-fixed in 1 %
aqueous osmium tetroxide for 2 h. Specimens dehydrated in an
ethanol series were infiltrated and embedded in Spurr’s epoxy
resin (Electron Microscopy Sciences, Hatfield, PA). Samples
retained iridescence after specimen preparation and were used
for critical observations of lamellar thickness and elemental
composition (Supplementary Data Fig. S1). For TEM, samples
were sectioned transversely at �75 nm using a Reichert
Ultracut E equipped with a diamond knife. Sections were

retrieved and stained using aqueous uranyl acetate and Sato’s
lead, and photographed in a JEOL 2000FX transmission electron
microscope operated at 200 kV.

Elemental analysis

Energy-dispersive X-ray analysis (EDXA) was employed to
detect the presence and distribution of various elements in the
leaf epidermal cells. We employed a Kevex conventional
X-ray detector (Thermo Scientific, Scotts Valley, CA) equipped
with IXRF Analysis Software (IXRF Systems, Austin, TX) to
calculate element concentrations on the JEOL 880 at 15 kV,
and an INCA system with a thin window detector (Oxford
Instruments, Oxford, UK) on a JEOL 2010F scanning transmis-
sion electron microscope (STEM) equipped with afield emission
gun to image the distribution of silica at 200 kV. Detectors
simultaneously image energy spectra corresponding to the
most abundant elements of silica, silicon (Si) and oxygen (O).
Detector output was analysed using a semi-quantitative algo-
rithm. It was assumed that the specimens constituted a flat
surface with homogeneous distribution of elements in the
sample, that the beam was absorbed in the 6 mm of normal
wall thickness, and that the detector-to-sample geometry was
normal, yielding estimates that should be correct within 10 %.

Optical analysis

Diffuse reflectance of leaf samples was measured with an
Li-1800 spectroradiometer (Li-Cor Inc., Lincoln, NE) with a
fibre-optic connection to an integrating sphere and containing
barium sulphate as an optical white reference (Graham et al.,
1993), over a wavelength range of 350–850 nm. For the higher-
volume analyses required by silica removal experiments,
we measured surface reflectance at a fixed 90 8 angle with
a Unispec-SC spectrometer (PP systems, Amesbury, MA),
equipped with a fibre-optic probe inserted in the camera attach-
ment tube of an Olympus CH compound light microscope,
which provided a sample area of �0.8 mm diameter in a wave-
length range of 400–850 nm. Tungsten–halogen illumination
at 45 8 was provided on both sides of the leaf sample using
fibre-optic light guides, and the diffuse white reflectance card
provided by the instrument manufacturer was used as a reference.

These leaves were also examined for linear and circular polar-
ization at ×40 magnification with a dissecting microscope. For
circular polarization, left and right circular polarization (LCP
and RCP) filters were employed (Real-D, Beverley Hills, CA),
plus a Hoya multi-coated glass X1 green filter. Because two dif-
ferent conventions are used to define the handedness of circularly
polarized light (Lakhtakia, 1994), a well-characterized optical
setup (Swiontek et al., 2013) was used to ascertain whether a par-
ticular filter transmitted LCP or RCP light in the visible spec-
trum. Then, either an LCP or an RCP filter was placed between
the sample and objective lenses of the microscope to detect
either LCP or RCP light reflected from the leaf surface.

Silica removal

To determine the role of silica in producing blue-enriched iri-
descence, it was necessary to develop methods of removal and to
measure changes in optical properties correlated with their
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concentration. Initially we treated leaf samples with 10 % HF for
15 min for indiscriminate removal of Si, and we found a signifi-
cant reduction in both silica and iridescence (Strout et al., 1999).
Additional experiments with HF (10 % and 20 min) and HCl
controls (24 % and 20 min, equivalent to HF in normality)
revealed extensive tissue alterations by both treatments along
with loss of iridescence, although therewas slight residual irides-
cence after the HCl treatment. The HF procedure, being unselect-
ive in Si removal and visibly damaging to the tissue, was
supplemented by a less destructive treatment using solutions of
2 % anhydrous Na2CO3 in dH2O (0.07 M), which selectively
removes biogenic Si (Saccone et al., 2006, 2007). We tested
the solution for refractive index (h) with a refractometer. After
partial evacuation five times to facilitate solution movement
into 4 × 4 mm leaf squares, samples were incubated at 23 8C
for 24 h; control samples were incubated in H2O. We performed
the same extraction on blue leaves of Elaphoglossum metalli-
cum, obtained from the Atlanta Botanical Garden. Treated
leaves of M. caudata retained their green colour, with intact
chloroplasts. We also removed the Na2CO3 from these leaves

by replacement with dH2O to test for any change in colour.
Leaf samples were assessed for surface reflectance before and
after treatment, ensuring that all samples were similar in
degree of blue–green iridescent colour and providing an evalu-
ation of treatment effects. Samples were then fixed in 2 ml of
3 % glutaraldehyde at pH 7.0 in 0.05 M phosphate buffer for
24 h at 3 8C. Samples were washed twice in distilled H2O and
then dehydrated in four steps to 60 % ethanol. Samples were
then measured for silica concentration and distribution using
EDXA and STEM.

Statistical analysis

We sampled leaf tissue from four individual plants derived
from offshoots of two individuals. For microscopic analysis of
cell wall structures, we sampled 30 sections, an average of
three to four transects per section per statistical dataset. For
experiments to remove silica from leaves, we examined five
leaves from each treatment, with three optical measurements of
each leaf before and after treatment. Each of these leaves was
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FI G. 1. General appearance of M. caudata leaf structure by light microscopy, and optical properties. (A) Young plants growing in shade. (B) Intense blue–green
iridescent colour from edge of leaf to midrib. (C) Reflected light on the surface of the leaf reveals iridescence of individual epidermal cells. (D) Transverse section
of freshly sectioned leaf showing dense chloroplast concentration in palisade mesophyll, and rhomboidal epidermal cells. (E) Transverse section of epidermal
cells shows thickened adaxial cell wall. (F) Diffuse spectral reflectance of typical iridescent blue leaf. Arrow indicates blue peak. (G) Leaf surface reflectance observed

with a right circularly polarizing (RCP) filter. (H) Leaf surface reflectance observed with corresponding LCP filter.
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then measured for silica content and distribution. Differences
between treatments were compared by one-tailed t-tests.

RESULTS

Examination of leaf samples indicated that leaves varied in inten-
sity of iridescence, but all leaves were iridescent to some degree
(Fig. 1A–C). Blue–green iridescence was enhanced in leaves of
plants grown under deep shade in the conservatory compared
with plants grown under �30 % sunlight in the greenhouse.
When the blue–green leaves were partially desiccated the
blue vanished, but it was partially restored by rehydration.
These leaves had two diffuse reflectance peaks, one in the
green region (at �550 nm wavelength) and one in the blue
region (489+ 9 nm, n ¼ 5; Fig. 1F) of the visible spectrum.
Macroscopic observations of blue–green leaf iridescence
revealed continuous areas of blue colour originating from indi-
vidual tiled epidermal cells. Microscopic observations of the
leaf surface indicated that colour production (the sharpest reso-
lution of colour) originated from the adaxial walls of epidermal
cells (Fig. 1C). These walls were 6.4+ 0.5 (s.e.) mm thick
(n ¼ 5), as measured in transverse sections (Fig. 1D, E and 2A).

Light reflected from the cell surface was plane-polarized.
When a linear polarizer inserted between the leaf surface and
the experimenter’s eyes was rotated about an axis normal to
the polarizer, no discernible changes were seen. When the com-
bination of a green filter and either a left circular polarization
(LCP) ora right circular polarization (RCP) filter was superposed
between the leaf surface and the experimenter’s eyes, the circular
polarization filter had no effect, indicating that green light
reflected from the leaf surface did not have a preferential polar-
ization. However, when the green filter was removed, blue
light reflected from the leaf surface was predominately left-
circularly polarized. Further examination of the blue light with
the experimenter’s eyes replaced by a ×40 dissecting micro-
scope clearly indicated that most cells on the leaf surface were re-
sponsible for the LCP blue colour (Fig. 1G, H).

Details in the structure of the cell wall were revealed by elec-
tron microscopy. In SEM, a transverse razor-blade cut through
the wall showed alternating layers based on tissue orientation
relative to the cut, thus apparently either projecting or receding
with respect to the epidermal surface (Fig. 2B). In TEM, these
appeared as two periodic features of the wall. The first was the
loose helicoid appearance of the wall microfibrils, which alter-
nated with darker groupings of microfibrils where layers inter-
sected (Fig. 2C, E). Multiple layers (32+ 2, n ¼ 4) were seen
in all leaves. Individual layer thickness was estimated by divid-
ing the total thickness of layering by the number of layers in
1 mm midway across the wall; it was 167+ 2 nm. The
electron-opaque layers consisted of granules of irregular struc-
ture, varying from 15 to 45 nm in diameter. The granules them-
selves were not uniform in appearance, containing numerous
areas that were more electron-opaque than others. Layers with
granules were most pronounced near the adaxial surface and
midway through the adaxial wall (Fig. 2D). Epidermal walls of
cells from regions of leaves with no blue iridescence lacked the
granules but retained the helicoid appearance (Fig. 2F,
Supplementary Data Fig. S?).

Analysis of the cell wall by EDXA revealed the Si and O elem-
ental signatures of silica in areas that corresponded to the

electron-opaque granules (Fig. 3A–C). Peaks of silica (Si + O)
corresponded with these electron-dense granules in transects of
the cell wall, as well as in the semi-quantitative scans superim-
posing EDXA quantitative images corresponding to Si and O on
the TEM images (Fig. 3B, C). Tissue extraction with aqueous
Na2CO3 (h ¼ 1.37) was effective in removing silica from the
leaf tissue samples. Whereas iridescent blue–green control
leaves had relatively high concentrations of silica, green-coloured
Na2CO3-extracted leaves had low, essentially non-detectable,
amounts of Si, as indicated by TEM and EDXA (Fig. 3F).
When Na2CO3 was removed from the leaf samples, the green
colour did not change. These leaves were also depleted in
electron-opaque granules (Fig. 3F), and their corresponding spec-
trographicplotsconfirmed the lossof the blue iridescent peak from
the extracted tissue (Fig. 3D, E). The degree of iridescence was
determined for each specimen by the difference in surface reflect-
ance at low reflectance (506 nm) and at maximum blue reflectance
(463 nm). The blue reflectance peak was approximately the same
height as the green chlorophyll reflectance peak, and it was
significantly higher than that in the Na2CO3-treated leaves
(P,0.005). In E. metallicum, Na2Co3 treatments did not alter
the blue leaf colour. Use of HF also removed Si from treated
leaves ofM.caudata (SupplementaryDataFig. S3)and inaddition
appeared to remove green iridescence in white- and blue-enriched
incident light range.

DISCUSSION

The results of this research are consistent with the role of a novel
material (for plants, at least) in structural colour: silica. In previ-
ous research on plant iridescence the structural basis has been
found to consist of lamellae composed of cellulose. In
Selaginella, the few layers consisting of cellulose occur as
electron-opaque regions alternating with lighter non-cellulosic
layers (Hébant and Lee, 1984; Thomas et al., 2010). In the
fruits of Elaeocarpus angustifolius (Lee, 1991) and Delarbrea
michieana (Lee et al., 2000), the complex layering of cellulosic
structures, secreted by the epidermal cells but within the cell
wall, accounts for the brilliant blue iridescence. In ferns of the
Asian tropics (Gould and Lee, 1996) and neotropics (Graham
et al., 1993), cellulose microfibrils are laid down at a constantly
differing angle from previous depositions, producing a helicoid
morphology (Neville and Levy, 1985; Kutschera, 2008) like that
of a cholesteric liquid crystal (Collings, 1990) or a chiral sculp-
tured thin film (Lakhtakia and Messier, 2005). The helicoid
morphology produces iridescence that can be appreciated in
the visible spectrum. This iridescence can be viewed with circu-
larly polarized light of the same handedness as the helicoid
morphology, but not with circularly polarized light of the other
handedness, similar to some beetle exocuticles with structural
chirality (Neville and Caveney, 1969). Discrimination of the cir-
cular polarization state of incident light is absent when the se-
quence of depositions does not have a helicoid nature but
instead the refractive index varies periodically. As examples,
multiple thylakoid membranes of predicted thicknesses
account for iridescence in a neotropical fern, Trichomanes
elegans (Graham et al., 1993), as well as Asian iridescent bego-
nias and two species of Phyllagathis (Gould and Lee, 1996).

Two partially overlapping periodicities in the epidermal cell
wall structure in Mapania caudata might account for the blue
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structural coloration. The first is the helicoid layering of cellulose
microfibrils, which remains highly uniform throughout the epi-
dermal cell walls. The second is the aggregation of silica nano-
particles, which are associated with a sector of the helicoids
that appears to be able to entrain their positioning. How do
they account for the colour production?

Details in the structure of the cell wall were revealed by elec-
tron microscopy using high-pressure freezing and freeze substi-
tution to maintain lamellar dimensions at their native distance,
accompanied by chemical extraction and observation of living
material (Supplementary Data Fig. S1C). Together, these data
yield clues in explaining the production of blue colour, at a
peak wavelength of 489 nm. In SEM, a transverse razor-blade
cut through the wall showed alternating layers of projecting
and receding tissues (Fig. 2B). In TEM these appeared as two
periodic features of the wall. The first was a loose helicoid ar-
rangement, with thick, loosely arranged ‘strands’ (Fig. 2C, E).
The second was a periodicity in rough granular, electron-opaque
particles associated with the helicoid layering (Fig. 2C, D).
Multiple layers (32+ 2, n ¼ 4, �100 nm thick) were seen in
all leaves. Each helicoid strand had a pitch ( p ¼ 334 nm).
Each half of the assembly of helical strands (of thickness

167 nm) comprised a silica-rich layer and a silica-poor layer.
The silica-poor layer was primarily cellulosic, while the
silica-rich layer contained a large volume fraction of silica gran-
ules with cross-sectional radius in the 15–45 nm range, along
with cellulose.

To determine whether the helicoid strands are sufficient by
themselves to produce the blue iridescence, we calculated the re-
fractive index required to produce the measured wavelength peak
at the periodicity and lamellar spacings measured using high-
pressure frozen, freeze-substituted TEM samples. Thus, we
were able to calculate the average refractive index (havg) of the
lamellar distance. For the blue colour to come from the helicoid
strands requires that havg ¼ 489 nm/p ¼ 1.464. If, however, the
blue colour does not come from the helicoid strands but simply
from a dielectric mirror formed by alternating silica-rich and
silica-poor layers, both of which are macroscopically homoge-
neous, then havg ¼ 489 nm/(2p/2) ¼ 1.464. Therefore, examin-
ation with circular-polarization filters is necessary in order to
distinguish between the two possible mechanisms for the pro-
duction of blue structural colour.

The production of blue colour turned out to be associated with
left circular polarization. The difference in colour between

A B C
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FI G. 2. Electron microscopyof leaves of M. caudata. (A) SEM of leaf transverse section showing rhomboidal epidermal cells and densely packed palisade mesophyll
cells. (B) Adaxial epidermal cell in SEM, revealing wall layering present through most of thewidth of thewall. (C) TEM of transverse adaxial epidermal cell wall shows
layers of alternating electron translucency and a thicker, single granular layer near the surface. (D) Higher magnification TEM image near adaxial surface showing
relationship of granules and helicoid layering. (E) TEM of adaxial wall near the middle of the adaxial wall, revealing helicoid appearance in finer detail. (F) TEM

of adaxial epidermal cell wall in a non-iridescent portion of the leaf. Scale bars: (A) ¼ 200 mm; (B–F) ¼ 1 mm.
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panels G and H in Fig. 3 indicates that light reflected from the
leaves is primarily left-circularly polarized in the blue region
of the spectrum and that the blue colour is due to the circular
Bragg phenomenon (Lakhtakia and Messier, 2005). Since the
leaves do not have a mottled appearance under circular polariza-
tion filters when viewed with the naked eye, a preponderance of
the surface cells have similar optical characteristics. Overall,
there is more uniform structure and less intense colour produc-
tion than in the fruits of Polliacondensata (Vignolini et al. 2012).

The functional role of silica in the structural production of
blue–green colour in M. caudata is supported by the experimen-
tal removal of silica from the cell wall by extraction with
Na2CO3, which removes biogenic silica depositions (Saccone
et al., 2006). The success of the Na2CO3 incubation procedure
was verified by both the low amount of Si detected afterwards
by EDXA analysis, and also by the lack of silica granules in

transverse sections seen in TEM (Fig. 3F). The Na2CO3 solution
was slightly increased in refractive index (h ¼ 1.37), but this was
not enough to affect the function of the colour-producing struc-
tures. Furthermore, removal of the Na2CO3 after treatment did
not revert the colour produced to blue. TEM imaging of an exter-
ior cell wall lacking iridescence revealed the helicoid wall struc-
ture, and electron-opaque granular layers were absent (Fig. 2F).
The silica nanoparticles formed discrete multi-layers (�32 of
them, roughly 100 nm in thickness) that can account for such
colour production (Fig. 2B–D). Silica has a refractive index of
1.475 (Khlebtsov et al. 2008), different from that of cellulose
in the cell walls (h ¼ 1.415 when fully hydrated and higher
when dried, h ¼ 1.530; Woolley, 1975). The loose arrangement
of cellulose in the wall is likely to depress the refractive index of
cellulose in the wall from the fully hydrated value. Rapid dehy-
dration of leaf samples (which would increase the refractive
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signal. (D) Surface reflectance of Na2CO3-treated leaves (blue line) indicates preferential depletion of biogenic silica near the blue peak compared with control treat-
ments (red line). Reflectance is based on mean of three scans foreach treatment (n ¼ 5 leaves). (E) Leaf treated with Na2CO3 displays loss of iridescence with depletion

of biogenic silica. (F) TEM image confirms loss of electron-opaque silica inclusions from adaxial cell walls after incubation of leaf in Na2CO3 (cf. Fig. 2C).
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index of cellulose) removed the blue iridescence, which was par-
tially restored by rehydration. Chemically bound water removed
by desiccation is presumably not restored by rehydration and
therefore does not fully restore thewall’s native structural config-
uration. Although the Na2CO3 incubation did not remove irides-
cent blue from another plant, E. metallicum (with left-circular
polarization and, presumably, helicoid walls), it is still possible
that the treatment could alter wall properties and iridescence in
some unknown way.

Peak reflectance at 489 nm wavelength requires that the
average refractive index should be 1.464, which suggests that
the cellulose is partially hydrated, with a refractive index of
.1.415, probably 1.46 (Woolley, 1975); this differs from that
of silica alone. If the silica granules were to be replaced by air
(h ¼ 1), the effective refractive index of the originally silica-rich
layer in the unit cell would drop precipitously, thereby lowering
the average refractive index to a value of ,1.2; consequently, the
peak reflectance characteristic of a dielectric mirror would slip
into the ultraviolet regime and be invisible to humans. Even if
the silica granules were to be replaced by water (h ¼ 1.33), the
average refractive index would still be lowered and the reflect-
ance peak would shift considerably towards 400 nm. If the
silica granules were left intact but the leaf were dried, the
average refractive index would increase significantly because
the refractive index of dry cellulose is significantly higher than
that of silica, moving the peak reflectance into the green part of
the visible spectrum.

The reflectance peaks in Fig. 1F are quite broad. The thickness
of layers can vary considerably in each leaf, which is responsible
for the broadening. This phenomenon is seen most vividly in
silver fish skins (McKenzie et al., 1995).

It will be interesting to look for this mechanism in other plants
that sequester silica in cell walls. The presence of silica in plants
is phylogenetically constrained (Hodson et al., 2005), and wide-
spread in the order Poales. Since the presence of silica adds to
fitness in rice and cucumbers, among other plants, we have
learned much about the mechanisms of Si uptake (Raven,
2003; Ma and Yamaji, 2006) and the particular importance of
silica in aquatic macrophytes (Schoelynck et al., 2010). The
most extensive survey of documented iridescence (McPherson,
2010) included a second species of Mapania (M. meditensis)
from Thailand, an orchid (Aspidogyne costaricensis), a palm
(Chamaeodorea metallica), but no grasses. A broader and
more speculative survey (Gebeshuber and Lee, 2012) suggested
analysing both grasses and sedges. Inflorescences of the grasses
Miscanthus sinensis and Pennisetum alopecuroides are irides-
cent. Among the sedges, Mapania graminea may also have
blue iridescent leaves, and leaves within Carex (C. dipsacea,
C. flagellifera and C. squarrosa) are iridescent blue–green.
Seedlings of Fimbristylis may also be iridescent (F. annua,
F. vahlii and F. perpusilla). These would be good candidate
species in which to examine the role of silica in iridescence.

Iridescent blue leaves are characteristic of a small number of
tropical rainforest plants of extreme shade. Other than
Selaginella, with peak reflectance at 420 nm (Thomas et al.,
2010), all other species have peak reflectances of 448–489 nm.
The similar reflectance properties and light requirements of
these plants suggest a common function, but we have no satisfac-
tory explanation to date. Lee and Lowry (1975) suggested that
such layers in Selaginella could function as anti-reflection

coatings, thus allowing greater absorption of much longer
wavelengths. However, Thomas et al. (2010) preferred a co-
evolutionary mechanism: reducing herbivory on such leaves.
Another possibility is that increased reflectance of blue in irides-
cent leaves may protect such plants against photo-damage during
brief light flecks (Lee et al., 2008).

The silica structures in M. caudata are simpler and much less
elegant than the elaborate frustules of diatoms (Fuhrmann et al.,
2004; Mazumder et al., 2010), with hexagonal pore arrays in a
lattice with photonic resonances. Yet the multiple layers make
them effective in producing an iridescent blue colour. There is
much interest now in using organisms such as diatoms as tem-
plates or inspirations for new photonic devices. Experiments
with layer-by-layer deposition of nanoparticles that contain
SiO2 have used the principles of biological colour to produce
tunable filters at a variety of wavelengths (Kurt et al., 2009),
and chirality has been introduced into mesoporous silica to
produce novel reflective filters with selective handedness
(Shopsowitz et al., 2010), each of which incorporates silica nano-
particle arrays similar to those observed in M. caudata to produce
elaborate photonic coatings. Nonetheless, this silicate structure
is a novel mechanism for the production of structural colour in
plants, added to the layering of cellulose in walls and the modi-
fication of plastids previously described. This mechanism may
account for iridescent colours in other species of Mapania, a pan-
tropical genus of some 73 species, mostly of tropical rainforest
understorey plants (Simpson, 1992), and in other taxa of the
Cyperaceae. Thus, structural colouring mechanisms involving
silica may not be limited to Mapania caudata.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford-
journals.org and consist of the following. Figure S1: comparison
of iridescence before and after freezing, substitution, infiltration
and embedding. Figure S2: the area used to generate the EDXA
spectra shown in Fig. 3A. Figure S3: results of treatments using
hydrofloric acid to remove silica, along with corresponding
EDXA spectra and iridescence reduction. Figure S4: illustration
of light, SEM and TEM details regarding the organization of leaf
cell walls in M. caudata.
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