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Summary

� Helicoidally arranged layers of cellulose microfibrils in plant cell walls can produce strong

and vivid coloration in a wide range of species. Despite its significance, the morphogenesis of

cell walls, whether reflective or not, is not fully understood. Here we show that by optically

monitoring the reflectance of Pollia japonica fruits during development we can directly map

structural changes of the cell wall on a scale of tens of nanometres.
� Visible-light reflectance spectra from individual living cells were measured throughout the

fruit maturation process and compared with numerical models.
� Our analysis reveals that periodic spacing of the helicoidal architecture remains unchanged

throughout fruit development, suggesting that interactions in the cell-wall polysaccharides

lead to a fixed twisting angle of cellulose helicoids in the cell wall.
� By contrast with conventional electron microscopy, which requires analysis of different fixed

specimens at different stages of development, the noninvasive optical technique we present

allowed us to directly monitor live structural changes in biological photonic systems as they

develop. This method therefore is applicable to investigations of photonic tissues in other

organisms.

Introduction

Both plants and animals can produce structural colouration
by exploiting layered structures at the submicron-scale consist-
ing of materials with different refractive indices (Kinoshita &
Yoshioka, 2005). This widespread strategy requires exquisite
optimization of the layer size and spacing of the materials to
generate the diversity of colours and optical effects recorded
in the natural world (Mcdonald et al., 2017). In some plants,
similar layered structures can be produced by cell-wall assem-
bly of cellulose fibrils in an helicoidal architecture (Middleton
et al., 2016). Such architectures have been observed in vari-
ous organs of several distantly related plant species, including
the leaves of the monocot Mapania caudata (Strout et al.,
2013) and the fern Microsorum thailandicum (Steiner et al.,
2018), the fruits of the eudicot Margaritaria nobilis (Vigno-
lini et al., 2016) and the monocot Pollia condensata (Vigno-
lini, Rudall, et al., 2012). In this architecture, microfibrils are
organized parallel to each other in quasi-planes, where adja-
cent planes are rotated at a slight angle with respect to one

another, producing a chiral structure. The intrinsic birefrin-
gence of the microfibrils (i.e. different refractive index along
and perpendicular to the fibril direction) gives the helicoid
structure a periodically changing refractive index which, when
its repeated dimension (called “pitch”) is resonant with visible
wavelengths, produces a brightly coloured reflection.

Interestingly, similar helicoid architectures at nonoptical scales
also have been reported in algae (Neville & Levy, 1984) and ani-
mals (Belamie et al., 2006), and particularly prominently in crus-
taceans (Chen et al., 2008). In many materials, these helicoidal
‘plywoods’ function as a toughening strategy (Giraud-Guille,
1998). They also are found in insects (Bouligand, 1972),
although optical-wavelength scale helicoids also are very common
in insect exocuticle. In animal biomaterials, helicoids are com-
posed of collagen or chitin rather than cellulosic molecules.
Despite the abundance of such helicoidal architectures in both
plants and insects (Sharma et al., 2009), very little research has
been undertaken on the mechanisms underpinning their develop-
ment and the biological processes leading to their formation
remain largely unknown.
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Understanding the mechanisms controlling microfibril archi-
tecture as helicoids develop within living tissues remains an open
and important challenge that applies to the understanding of
plant cell walls in general, including those not producing struc-
tural colour. To date, research on the development of helicoidal
cellulose architectures has been limited to the pioneering work of
Reis (Reis et al., 1991, 1994; Roland et al., 1987) and Neville
and co-workers (Neville, 1985).

In this study, we observed the maturation of Pollia japonica
fruits (Fig. 1a–d), the cell walls of which are composed of opti-
cally reflective helicoidal cellulose. We used optical techniques
and numerical modelling to perform a real-time analysis that is
noninvasive and nondestructive to measure structural changes in
living cell walls at a scale of tens of nanometres.

Developmental imaging of internal and nanometric structures
is challenging in complex living organisms, as many high-preci-
sion anatomical techniques require destructive imaging, necessar-
ily implying that the same material cannot be repeatedly imaged
through development. Other noninvasive techniques such as
nanoCT theoretically have a minimum resolution of 50 nm,
although in practice currently c. 120 nm (Sykes et al., 2019); they
also lack capacity to image structure within dense continuous
materials.

In this study, we used an optical model (based on 494 Matrix
technique; Berreman, 1972) developed for light propagation in

liquid crystals (Oseen, 1932) that treats the reflective cell wall as
a chiral nematic structure, as in a cholesteric liquid. ‘Chiral
nematic’ refers to the same helicoidal ‘plywood’ geometry in a
liquid crystal. As the intensity and peak wavelength reflected by
these helicoidal architectures is strongly sensitive to their mor-
phological parameters, in particular to the pitch length and num-
ber of repeated pitches, we can observe real-time nanometric
changes in the developing cell wall.

Cell-wall development proceeds by the layering of fibres from
the internal cell, producing the outer surface first. How exactly
the cell wall is built remains unconfirmed. Structural changes in
the cell wall are predicted by different mechanisms that might
explain this development. For example, Neville’s liquid crystal
hypothesis (Neville & Levy, 1984) proposed that compaction
might be a necessary feature of cell-wall development, as it is in
cellulose nanocrystal self-assembly (R. M. Parker et al., 2017).
Therefore, investigating the cell-wall morphological dynamics
during development is crucial to understanding how cell walls are
laid down in general.

Finally, to evaluate the effectiveness of our method, we com-
pare it with the most common and highest resolution technique
for internal structural imaging, transmission electron microscopy
(TEM), which has been used successfully on a wide range of bio-
logical samples, from beetle elytra (A. R. Parker et al., 1998) to
leaf iridoplasts (Jacobs et al., 2016; Onelli et al., 2017).
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Fig. 1 Developmental stages of Pollia
japonica fruits. (a–d) Macroscale images of
P. japonica fruits at four characteristic stages
of the ripening process (from day (D)1
to c.D33), top to bottom chronologically. (e–
h) Corresponding optical microscopy images
of epidermal cells at different maturation
stages, obtained using crossed-polarizers to
remove surface glare. Cells were chosen
adjacent to a stomatal pore to ensure
reproducible location. (i) Spectra recorded
over the first 5 d from the central reflection
for one cell normalized with respect to an
aluminium mirror. (j) Spectra recorded from
the central reflection of a different cell
through the final three stages of maturation
(green, brown and blue stages) from D7 to
D24. Intensity given with respect to perfect
reflection of left circularly polarised light.
Vertical dashed lines indicate range of
structural colour peak. In both (i) and (j) only
every tenth spectrum is shown for clarity. Full
data series are shown in Supporting
Information Fig. S1(c) (for (i)) and Fig. S2 (for
(j)). Line colours indicate approximate overall
fruit colour at this chronological point, colour
transition moves from white – light green –
dark green – brown – blue and correspond to
the borders of (e–h).
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Materials and Methods

Living fruit specimens

Cells were measured directly from fruits maturing on (c. 50-cm-
tall) living Pollia japonica plants that had been grown from seed
(B&T World Seeds, Paguignan, Aigues-Vives, France) for 2 yr in
Levington’s (UK) M3 compost. Plants were grown at variable
humidity in the University of Cambridge Department of Plant
Sciences greenhouse at 23� 3°C and received supplemental
lighting from Osram 400W high-pressure sodium lamps
(Osram, Munich, Germany) on a 16 h : 8 h, light : dark photope-
riod.

Compared with structurally coloured fruits of Pollia
condensata, the fruits of P. japonica are relatively easy to manipu-
late: the surface of the fruit (epicarp) is directly exposed during
growth rather than covered by a perianth, fruits are separated
from each other due to an expanded inflorescence, and the fruit
maturation time is relatively short (c. 1 month).

Optical microscopy

Optical imaging using light microscopy (LM) was performed
using a customized Zeiss (AxioScope A.1) optical microscope
equipped with a polarizer and a super-achromatic quarter wave-
plate (Bernhard Halle Nachfl. GmbH, Berlin, Germany)
mounted onto independent motorized rotation stages in the opti-
cal path to perform polarization-resolved imaging. A manual
rotation linear polarization filter (Thorlabs 427710-9000; Thor-
labs Inc., Newton, NJ, USA) was additionally used for illumina-
tion. The two polarizers were used for crossed-polarization
imaging and spectroscopy. Imaging was done using cross-polar-
ized light in order to cut all the surface reflection, therefore better
identifying the reflectance spot. Measurements were taken using
left-handed polarized light in order to maximize collected light.
The quarter waveplate was used in conjunction with the second
filter for calibration references. The reflection microscopy body
was in standard Koehler illumination configuration using a stan-
dard halogen lamp. Koehler illumination places the image and
lamp in inverse focal planes, thus avoiding image overlap. This
reflectance microscope was mounted on a tower with a specimen
clearance of ≤ 38 cm, which allowed for the entire plant to be in
place under the objective, the stem slightly bent and fixed near
the top to an upright metal rod on an x–y manual screw-stage
which allowed for the minute lateral movement of the fruit in the
focal plane of the objective.

For imaging and spectrometry, a Long-Distance EC Epiplan
Neofluar 920/0.22 objective lens (Zeiss) was used in Bright Field
configuration with a small (� 5°) numerical aperture of illumina-
tion introduced by a Fourier plane numerical aperture. Low
numerical aperture is important in order to collect on-axis reflected
light. Images were captured by a CCD camera (DCC3240C
(Thorlabs) or IDS UI-3580LE-C-HQ (Imaging Development Sys-
tems, Obersulm, Germany)), accessed via THORCAM/UEYE COCK-

PIT user interface software. Visible-light reflectance spectra were
taken alongside photographs from the central point in a confocal

30 µm spot coupled into an optical fibre (50 µm core diameter;
Avantes, Apeldoorn, the Netherlands) and measured using a visi-
ble-range spectrometer (Avaspec-HS2048; Avantes). Reflectance
spectra were normalized with respect to an aluminium mirror
(PF10-03-P01 25.4mm; Thorlabs).

Cell identification

In order to perform the spectroscopic analysis of a single cell, it is
important to clearly and repeatably define its location. The posi-
tion of the cell therefore was identified by the cell contour and by
its orientation with respect to other cells and surface features, for
example the stomatal pore visible in Fig. 1.

The cell contour is visible using a parallel polarization to
accentuate the surface contours. A set of cells were identified
under the microscope using multiple polarization filters to iden-
tify cell-wall boundaries and mapped for re-identification, as
shown in Fig. S3. Measurements were taken from the centre of
each cell, where a coloured spot developed during maturation. It
is the optical reflectance spectrum of this coloured spot that is
characterized in order to model the helicoidal photonic material.
For each identified cell, a set of visible-light spectra was recorded
at each measurement time point.

Initially, 29 individual cells were measured at regular intervals
throughout the day on a single fruit. Measurement times were
decreased from an initial hourly frequency to once every 4 h over
the first 5 d of maturation through the white to green stage transi-
tion.

Subsequently, a second set of 23 cells on a different fruit of the
same plant, at approximately the same stage of development, was
measured in a similar way but with a reduced frequency of up to
only twice a day for 17 d over the remaining ripening period
(green-blue stages), until they reached a stable visually mature
appearance.

Spectral processing

Spectral measurements were taken from the centre of the cell,
where the bright structural colour spot develops. Nevertheless,
each measurement collects light of both pigmentary and struc-
tural origin. In order to understand the change in structural
colour, the spectra were processed to remove the effect of pig-
mentation by subtracting an intensity-scaled, synchronous but
purely pigmentary spectrum from a location where structural
colour did not develop. An example of this processing is shown
graphically in Supporting Information Fig. S1. Structural colour
peaks were characterized by peak wavelength and intensity of the
narrow single peaked structural colour reflectance spectrum and
using a fitted Gaussian peak. A linear mixed-effects model was
applied to the peak characteristics over the maturation period to
reveal overall trends in the cells.

Electron microscopy

Electron microscopy techniques were used to investigate the
anatomy of the epidermis and the internal structure of
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structurally coloured cells, using both resin-embedded micro-
tomed samples and nonembedded fresh samples.

For scanning electron microscopy (SEM), nonembedded fruit
material was fractured and mounted on an aluminium stub with
carbon tape. Samples were sputter-coated with 10nm Pt (Q150T
ES Turbo-Pumped Sputter Coater; Quorum Technologies Ltd,
Lewes, UK) and observed using a Zeiss Leo Gemini 1530VP
SEM at between 3 and 5 kV.

For transmission electron microscopy (TEM), fruits were cut
into small fragments and fixed in 3% phosphate-buffered glu-
taraldehyde followed by 1% osmium tetroxide. Fixed samples
were taken through a graded ethanol and LR White resin series
before embedding. Ultrathin sections (50–100 nm) were cut
using an ultramicrotome (Reichert-Jung Ultracut; Leica Biosys-
tems, Nussloch, Germany), collected on formvar-coated copper
slot grids, and post-stained with uranyl acetate and lead citrate.
Samples were imaged using a H-7650 TEM (Hitachi, Tokyo,
Japan) with integral AMT XR41 digital camera. Some of the
resin-embedded blocks subsequently were imaged on the SEM
after sectioning.

Numerical model

A numerical model implementing the Berreman 494 matrix
technique (Berreman, 1972) for a helicoid composed of cellulose
with refractive index of ne/no = 1.586/1.524 (Dumanli et al.,
2014; Steiner et al., 2018) was used to compute the visible-light
reflectance spectrum for the pitch profiles extracted from the
TEM images. Upper and lower refractive index boundaries were
nabove = 1.33, representing water, and nbelow = 1.55, representing
organic material –predominantly cellulosic – in order to remove
the effect of the outer surface reflectance, which in spectrometry
was done by using cross-polarized light. The effect of variation of
the disorder in the pitch profile was introduced by considering a
normally distributed pitch profile (µ = 149 nm, r = 19 nm). This
distribution may be chosen by measurement from electron
microscopy cross-sections, or else selected to produce a peak with
peak wavelength corresponding to experimental measurement.
Angle of incidence was modelled as normal (0°), in order to repli-
cate the conditions of the experimental measurements in which
the numerical aperture of incident light was constrained to � 5°
by an additional source-plane numerical aperture and reflected
light collected from angles close to the optical axis. This variation
produced a negligible difference in modelled visible-light spectra.
The effect of cell curvature and off-normal refection is ignored
owing to the difficulty in introducing accurate proportions of
curvature, and the low degree of curvature in EM images of
upper cell walls at all developmental stages, see Fig. S4.

The final intensity of the model was reduced to 20% to account
for loss from random scattering, absorption or other imperfection,
rather than attempting to define each of these factors separately in
the model. However, this scaling value was chosen to match the
characteristic intensity of the fully developed cell-wall model to
the fully developed cell reflectance measurement, and thus should
not be taken as predictive. It should be noted that the model is
consistently scaled at all stages of development.

Results

Stages of development in Pollia japonica fruits

In our growth conditions, the development of mature P. japonica
fruits takes about a month and four characteristic stages (shown
in Fig. 1a–d) can be identified based on the visual appearance of
the fruits. Stages of maturity of the fruit can be characterized as
white, green, brown and blue (fully mature).

The montage in Fig. 2(a) shows that each cell undergoes clear
individual transitions. The majority (12–16 d) of the develop-
ment period is spent in the green phase, with the brown phase
lasting just 3–5 d. Once mature, the matte variegated light and
dark blue appearance remains stable over several decades, as
observed by comparison of newly developed fruits with dried
samples from 1986 (Bartholemew et al., 1986). The fruits do not
significantly change shape or size during the maturation period
described, but at maturity they become dry and consist of a brit-
tle epidermal layer enclosing loose seeds. The mature, indehiscent
(i.e. not splitting when ripe) fruits remain intact and firmly
attached to long pedicels, even after the stems have dried com-
pletely.

The transition between the first two developmental stages is
relatively difficult to define, with the white phase lasting for
about a week as the green appearance due to formation of chloro-
phyll becomes more pronounced (see Fig. 1). Cells appear a mot-
tled very pale green colour (Fig. 1e) which gradually brightens to
a deep green very characteristic of chlorophyll pigmentary scatter-
ing, both in colour and the shape of the optical reflectance spec-
trum.

As the cell matures into the green stage a (blue) reflectance spot
develops in the centre of the cell, this can be seen in the images
and spectra in Fig. 1(b–d,f–h). An overview of isolated cell
images as each develops is shown in the montage in Fig. 2(a).
This pattern of reflectance is caused by the cell curvature and pre-
viously has been explained by work on the closely related plant
P. condensata (Vignolini et al., 2012). Unlike in P. condensata,
the reflective cells in P. japonica are found only in a single outer
layer, above layers of thin-walled pigmented cells, as shown in
the SEM and schematic in Fig. 2(b,c). As a consequence of this
single layer, the reflectance spot for each cell may be unambigu-
ously identified and is evident in each element of the montage in
Fig. 2(a).

By contrast with the gradual change from white to green
phases, the two subsequent developmental transitions are more
defined. The green of active chlorophyll in each cell no longer
dominates and a brownish colour pigment is observed. This
makes the bright blue spots more obvious, and cells appear clearly
distinct from one another (Fig. 1g). Finally, a sudden dehydra-
tion produces a bright blue-ish broadband scattering reflectance
from the entire cell body, although the blue spot is still clear. In
this final stage, the cell walls stand out as dark borders between
each brightly reflecting cell body (Fig. 1h).

The change from green to brown correlates to the loss of the
characteristic chlorophyll signature in the reflectance spectra, as a
dark brown pigment dominates the cell contents. However, the
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component of structural colour, which produces significant blue
reflectance which comes to dominate the appearance of the fruit
is present during the stage where chlorophyll scattering domi-
nates. Structural colour is reflected from the cell walls of the outer
cells, as shown in the schematic of Fig. 2(c), and the higher mag-
nification SEM image in Fig. 2(d). This image shows the cellu-
losic layers of the cell wall, which are arranged in a helicoidal
architecture, as schematized in Fig. 2(e). It is this architecture that
analysis of the structural colour reflectance spectrum investigates,
because the nanometric lengthscale of the structure – the pitch
indicated by arrows – determines the spectrum characteristics;
the peak wavelength corresponds to twice the pitch length. An
increase in pitch length may be the result of a change in the width
of each effective layer, or the offset angle between each layer.

The transition from brown/black with a central blue spot, to a
bright whitish-blue can occur suddenly (see Fig. 3a–c). The cells
change from a single blue reflectance point within a dark pig-
mented cell, to a bright reflective cell, with a blue reflection spot
still visible. The transition is caused by dehydration of the cell

and may be visually reversed by the application of water, shown
in Fig. 3. The dehydration transition produces an additional
broadband scattering from the granular contents inside the cell
(visible in Fig. 2b and at higher magnification in Fig. S4h). This
combines with blue reflectance from the helicoidal multilayer.
This scattering is not from coloured pigments, as in the earlier
stages, but occurs as dehydration produces interfaces of high
refractive index contrast within the porous cell contents. Reflec-
tion from refractive index interfaces in granular structures is a
common cause of broadband scattering, as in foam. This transi-
tion occurs naturally on the plant. Under the heat of the micro-
scope illumination the process occurs over a fraction of a second;
this also may be the case in vivo.

Spectral characteristics of individual epidermal cells during
fruit maturation in P. japonica

Of the first group of monitored cells, 21 developed a coloured
spot from the centre during the observation period and were

Fig. 2 The optical signal from the photonic
nanostructure becomes dominant over
chlorophyll pigmentation during Pollia

japonica fruit maturation. (a) Repeated
images of each of 23 observed epidermal
cells over the second maturation period
(> 7 d), transitioning from green, to brown
through to blue stages. Each stage is
precisely labelled for cell #1 although other
cells transition at slightly different times. The
column furthest on the right shows the same
cells 9 d after daily measurement ended. The
second recorded time-set of images is not
shown because of a miscalibrated white
balance on the camera that did not affect the
spectral measurement. (b) False-colour
scanning electron microscopy (SEM) cross-
section through the mature epicarp of
P. japonica fruits. The colour used
corresponds to that in (c), a labelled
schematic depicting different parts of the
epicarp tissue in (b). (d) Higher magnification
SEM showing internal structure of cell wall.
(e) Schematic showing three helicoidal stacks
of different pitch lengths, indicated by the
arrows. Longer pitches are produced by
increased layer thickness (i vs ii) or decreased
angular offset (i vs iii).
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included in the analysis. The reflectance data of another eight
cells were discarded as either they were not recorded at each time-
point, or they were acquired from locations that did not develop
any colour, for example the nonreflective edge region of a large
cell. Of the second group of monitored cells, bright reflection
spots were visible in all.

Figure 4 shows plots of the peak intensity of the first period
and peak wavelength over the two periods of maturation sepa-
rately (first 5 d of maturation (white stage) and > 7 d of matura-
tion (green to blue stage)). Owing to the lack of a control cell in
the second period, as all measurement points formed a structural
colour reflectance spot, the intensity of structural colour peak
could not be extracted from the overall spectra, although the peak
wavelength remained possible to extract.

Transitions in intensity and peak wavelength were plotted for
each cell and are shown in Fig. 4. Individual cells showed an
increase in intensity over the first period of maturation (Fig. 4a),
but no change in peak wavelength during either maturation
period (Fig. 4b,c).

A linear mixed effects model was used in order to understand
the temporal transition of the cohort of cells in intensity and
wavelength independent of the variation between cells. The linear
mixed effects fit and 95% confidence intervals (CI) are plotted
on each graph in Fig. 4.

As expected, the intensity of the reflectance is observed to
increase over the initial maturation phase. The fit shows an aver-
age increase in the reflectance intensity of 1.3� 0.4% of light
incident over 5 d, and close to doubling the total reflectance
intensity of the structural colour. This transition is independent
of the change in intensity resulting from pigment scattering, and
any reflectance from the glossy outer surface, as both factors have
been removed. The intensity of the structural colour therefore is
clearly observed to increase during the early stage of maturation.

Optical model

We developed an optical model, as detailed in the methods sec-
tion, to explain the observed spectral measurements. The optical
model is shown in Fig. 5(a) alongside experimental data in panel
(a). The optical model reproduces the helicoidal anisotropic
architecture with a normally distributed set of pitches to repro-
duce the variation observed in the natural material. It is this varia-
tion that allows a cholesteric model to reproduce the broadened
waveband peak.

Minimal numbers of layers were used in order to reproduce
the earliest stages of wall thickening, while also generating a
defined colour peak. The numbers of repeated pitches used in
our optical model were later validated by cross-checking with the
number of layers observed in TEM cross-sections (see Fig. 6).
Although the spacing could be affected by TEM artefacts (King,
1991), the number of identifiable layers is not.

As expected, an increase in the number of layers of the cell wall
closely models the increase in the reflectance intensity that is
observed in the trends across all the measured cells. This observa-
tion corresponds with an increase in the thickness of the reflect-
ing cell wall during this time. The first maturation phase is
therefore confirmed as a period of active cell-wall thickening.

As seen in the experimental data in Figs 4(b,c), 5(b), the peak
wavelength position does not change during the initial growth
period. We therefore used the model to fit the periodic pitch of
the helicoid. From the optical model we observe that the value of
the pitch length can be measured with very high accuracy on a
single cell. In fact, the changes recorded during the observation
periods are far smaller (first period + 0.5 nm, second period
�1.5 nm) than the resolution of experimental error (95% CI for
linear fit on each cell =�8.4 nm, see Fig. S5). We conclude that
the pitch of the helicoidal cell wall is fixed during maturation.

(a) (b) (c)

(d) (e) (f) (g) (h)

Fig. 3 Dehydration and rehydration of Pollia japonica fruits. (a–c) Rapid dehydration during last stage of fruit maturation from brown (at 0.0 s) to blue (at
0.04 s and 0.12 s) stages. Imaged dry with cross-polarizers. One cell in the centre of the circled area undergoes dehydration during these frames. (d–h)
Frames from a video of one area during artificial rehydration by application of water using a water-immersion objective lens. Water infiltration reduces
scattering within each cell, allowing the clear appearance of the bright reflectance spot again. A circle shows the same two cells in each frame as they
rehydrate.
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TEM analysis of cell-wall structure change between
immature and mature stages

In order to compare the cell wall anatomy inferred from the
experimental spectra and the model, transverse sections of fruits
at different stages of development were imaged in TEM, shown
in Fig. 6(a–c). In the samples measured, cell walls of fully mature
fruits (blue stage) had increased numbers of layers compared with
immature white stage fruits, as predicted by the optical model.
However, the cell-wall pitches were longer in white stage fruits.

Anatomical parameters of the cell wall (number of layers and
periodicity) were extracted from the TEM images and used in the
optical model to understand what colour would be reflected,

assuming no change in dimensions during preparation for TEM.
The anisotropic refractive indices (ne/o) were varied within rea-
sonable ranges, as the influence of expansion on effective refrac-
tive index is unknown. The corresponding spectra are shown in
Fig. 6(d–f). As expected, the predicted reflectance spectra in the
earlier stages peak far outside of the range of observed cell
reflectances at any stage (shown in blue shaded box).

Even accounting for a change in refractive index, these results
therefore would suggest that at later stages of fruit development,
the cellulose fibres undergo an overall compression of the heli-
coidal structure and thus a change in peak reflected wavelength of
several hundred nanometres, by contrast with our experimental
observations.

Discussion

Although transmission electron microscopy (TEM) is a widely
accepted conventional approach to study cell-wall anatomy,
important limitations exist when it comes to the quantitative
assessment of nanometric structures in biomaterials. Indeed,

Fig. 4 Statistical analysis of wavelength trends during Pollia japonica fruit
maturation. (a) Reflectance intensity of full set of cells over first 5 d (white
stage, first period of maturation) and linear mixed effects fit and � 95%
confidence intervals, normalized with respect to a mirror. (b)
Corresponding peak wavelength of all cells over first 5 d (white stage, first
period of maturation). (c) Wavelength change over the second maturation
period (> 7 d, from green stage to blue stage).

Fig. 5 Modelling the visible spectral change at the cellular level during the
first maturation period of Pollia japonica fruits. (a) Numerically modelled
profile of a cellulose helicoidal multilayer with mean averaged over five
statistically distributed profiles. (b) Change in structurally coloured peak in
one cell over first 5 d of measurement (white stage). The pigmented,
chlorophyll-derived component has been removed using an intensity-
normalized control spectral series. Intensity normalized with respect to an
aluminium mirror. (c) Schematic showing the numerical model parameters
for model shown in (a). p1. . .n are distributed normally according to
parameters shown in (a), where pµ is the average pitch, modelled to be
149 nm, pr is the SD of the pitch, and n is the refractive index of the
material. ne/o refers to the two refractive indices of the anisotropic
helicoidal material.
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the fixation and embedding process preceding TEM imaging is
known to introduce significant changes in structure dimen-
sions: for example, resin-embedding and microtome sectioning
produce differential artefacts, the magnitude and characteristics
of which depend on the specific tissue and conditions (King,
1991). In the case of Pollia japonica fruits, we expect that cell
walls at different stages of development have different charac-
teristics (such as water content), resulting in variable swelling
or contraction in fixative.

Moreover, TEM investigation is not compatible with live
imaging and cell-tracking over any period of time. To investigate
a developmental series using TEM necessarily requires samples to
be taken from separate fruits at each maturation stage, and there-
fore analyzes different cells. As there is a range of final peak wave-
lengths observed in mature cells, observable developmental
change could be confounded by natural intercell variation, even
if embedding artefacts could be suppressed.

Combining spectroscopy with an optical model for the cell
wall, we show here that it is possible to overcome these issues and
monitor cell-wall development noninvasively and with increased
accuracy. We observed that structural colour appears in the fruits
of P. japonica at very early stages, even before it contributes to the
overall visual appearance of the fruit which initially is dominated
by pigments. This finding is consistent with observations using
electron microscopy of helicoidal layers in early stage fruits. The

ability to measure the reflectance from even these very few layers
confirms the suitability of the optical model for the system.

By measuring the same individual cells throughout the matura-
tion process of living fruits in situ on P. japonica plants, our new
approach also establishes a high degree of stability in the charac-
teristic length scales of the repeated helicoidal pitches within the
cell wall during the entire maturation. This observation contrasts
with results of the TEM analysis, which indicates a change in the
characteristic length scales during growth. We have shown that,
when artefacts induced by tissue fixation and processing required
for conventional electron microscopy technique are avoided,
thickening cell walls have no lateral expansion or compression in
this species.

Interpreting this result in order to understand cell-wall devel-
opment suggests a gradual accretion of cell-wall material in its
permanent configuration without compaction, allowing for cell-
wall internal rearrangement other than by lateral movement. This
observation therefore supports the hypothesis of growth proposed
by Reis et al. (1994) in which the twist in the helicoidal architec-
ture is directly imposed by the presence of other hemicelluloses
mediating the helicity parameters without undergoing any signifi-
cant reorientation. This imposes a constraint on the possibility of
cell-wall expansion or contraction during growth, relevant to pre-
dictions of recent theories of cell-wall development (Haas et al.,
2020). Taken together, our results indicate that cellulosic

Fig. 6 Transmission electron microscopy (TEM) cross-section images of Pollia japonica cells used to extract cell-wall parameters to inform optical modelling
(a,b), TEM image of a cross-section through helicoidal outer cell walls at immature white stage. (c) TEM image of a cross-section through the outer cell wall
at blue mature stage (d–f). Plots of modelled reflectance peak from each corresponding TEM (image above). Two sets of refractive indices were compared:
ne/o = 1.586/1.524 (Dumanli et al.,2014; Steiner et al.,2018) and a lowest reasonable bound (dashed line) ne/o = 1.519/1.477 (taken from other low
refractive index, higher liquid content materials like lipids) and in (f) an additional, upper bounded set of values are shown ne/o = 1.64/1.58. This was in
order to ensure that refractive index changes caused by changed in composition might not counteract a change in pitch length as measured by TEM. Still,
this would predict a change in reflected wavelength during maturation. The range of experimentally measured peak reflectance wavelengths is indicated in
blue shading. The reflectance intensity is not scaled to 20% as in the model in Fig. 5 and is thus considered as an ideal case, free from defects and scattering
elements.
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helicoidal patterning is not formed by mechanical reorientation
of the microfibrils driven by dehydration or compression, but
rather represents a direct consequence of the way these fibrils are
laid down, most likely directed by the chemical composition of
the cell wall.

Our ongoing research on fruit development in P. japonica has
hitherto concentrated on the use of this new technique to under-
stand cell-wall structural changes during growth. However, our
observations suggest several other avenues of research. Compar-
ison of the fruits with those of Pollia condensata (Vignolini et al.,
2012) is instructive. Both species share optically reflective heli-
coidal cell walls, although – as we report here – in most of the cells
of P. japonica, the internal cavity is filled with granular cell con-
tents with many refractive index interfaces that are not observed
in P. condensata. The transition to the final stage of maturation in
P. japonica, when dehydration leaves granular cell contents inside
the cell, is its strongest deviation from the appearance of
P. condensata. This appears to explain the difference between the
matte appearance of P. japonica and the pointillist appearance of
P. condensata fruits. Further research on this material and optical
effect and its visual adaptation would be valuable. Another exten-
sion to the work reported here would be in further analysis of the
reflectance peak during development, for example in examining
the intensity change in the later developmental stages, and further
improvement of the model to make it predictive of layer number.

Here, we successfully employed an optical model to monitor
at the nanoscale level the helicoidal architecture of the cell wall.
Very little work exists on the development of structural colour so
far, due to the difficulties in sampling and imaging the photonic
structures accounting for these effects. Previous studies on the
development of structural colour have focused on insects and on
sampling of specimen averages (Onelli et al., 2017) or electron
microscopy of fixed dead material (Ghiradella, 1989). Our results
show how standard optical spectroscopy of helicoidal architec-
tures can be applied to living cells within a developing tissue and
provide a quantitative insight into the mechanisms of interaction
between developing biological materials at length scales 50 times
smaller than the traditional resolution limit of optical
microscopy, without the need for fluorescent tagging, staining or
invasive and destructive sectioning. We anticipate that this tech-
nique will be applied to improve future understanding of other
biological structurally coloured materials.
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