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ABSTRACT

Ficus trees are adapted to diverse environments and have some of the highest rates of photosynthesis
among trees. Ficus leaves can deposit one or more of the three major mineral types found in leaves:
amorphous calcium carbonate cystoliths, calcium oxalates, and silica phytoliths. In order to better
understand the functions of these minerals and the control that the leaf exerts over mineral deposition,
we investigated leaves from 10 Ficus species from vastly different environments (Rehovot, Israel;
Bologna, Italy; Issa Valley, Tanzania; and Ngogo, Uganda). We identified the mineral locations in the
soft tissues, the relative distributions of the minerals, and mineral volume contents using
microcomputed tomography. Each Ficus species is characterized by a unique 3D mineral distribution
that is preserved in different environments. The mineral distribution patterns are generally different on
the adaxial and abaxial sides of the leaf. All species examined have abundant calcium oxalate deposits
around the veins. We used micromodulated fluorimetry to examine the effect of cystoliths on
photosynthetic efficiency in two species having cystoliths abaxially and adaxially (Ficus microcarpa)
or only abaxially (Ficus carica). In F. microcarpa, both adaxial and abaxial cystoliths efficiently
contributed to light redistribution inside the leaf and, hence, increased photosynthetic efficiency,
whereas in F. carica, the abaxial cystoliths did not increase photosynthetic efficiency.

Mineral deposits are an integral part of many plant leaves, but not all leaves contain mineral deposits.
In the leaves that do have minerals, the mineral type, morphology, and distributions within the leaves
are under strict control (Arnott and Pautard, 1970; Webb, 1999). In fact, mineralization in certain
leaves is a well-preserved trait throughout evolution, indicating that such controlled mineralization is
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advantageous (Kausch and Horner, 1982; Trembath-Reichert et al., 2015). The most widespread leaf
minerals are silica and calcium oxalate and, to a lesser extent, amorphous calcium carbonate (ACC;
Arnott, 1982). In general, calcium oxalate crystals occur in different anatomical locations, most
commonly in the palisade or along the veins (Horner et al., 1978; Franceschi and Horner, 1980; Webb
and Arnott, 1981; Arnott, 1982; Webb, 1999). Many roles have been ascribed to calcium oxalates in
leaves, including calcium regulation, detoxification of heavy metals, leaf defense, and an internal CO
source (Finley, 1999; Franceschi and Nakata, 2005; Tooulakou et al., 2016). Silica deposition
(phytoliths and small particles) can occur in any part of the leaf epidermis, leaf mesophyll, and the
vascular tissue (Perry and Fraser, 1991; Currie and Perry, 2007; Law and Exley, 2011; Horner et al.,
2015; Strömberg et al., 2016). Phytoliths are thought to reduce radiation damage and to play a role in
many other physiological processes, such as the regulation of other nutrients, pathogen resistance,
enhancing mechanical properties, and defense (McNaughton et al., 1985; Marschner et al., 1990; Cai et
al., 2009; Gautam et al., 2016). Cystoliths are calcified bodies deposited in specialized epidermal cells
(Meyen, 1839; Ajello, 1941; Omori and Watabe, 1980; Setoguchi et al., 1989). Cystoliths are
composed of hydrated ACC (Ajello, 1941).

In many cases, the cystolith is connected to the outer cell wall through an internal silica stalk that helps
to stabilize the ACC phase (Setoguchi et al., 1989; Sugimura et al., 1999; Gal et al., 2010, 2012b). It
has been demonstrated that, in the palisade mesophylls of Ficus microcarpa, Morus alba, Abelmoschus
esculentus (okra), and Peperomia obtusifolia, cystoliths or calcium oxalates function as light scatterers,
increasing the leaf photosynthetic yield (Kuo-Huang et al., 2007; Detmann et al., 2012; Gal et al.,
2012a; Horner, 2012; Horner et al., 2012; Pierantoni et al., 2017). Furthermore, in okra, the locations of
calcium oxalate and silica deposits are not independent. The two minerals can form a complex system
with a highly regulated relative distribution (Pierantoni et al., 2017). Here, we study 10 species within
the vast Ficus genus (about 850 species; Janzen, 1979), as these leaves contain all three of the major
mineral types found in leaves (Arnott and Pautard, 1970; Webb, 1999). The Ficus genus is
physiologically adapted to diverse environments, and Ficus species can inhabit extremely different
climatic regions in the form of trees, shrubs, stranglers, and vines (Herre et al., 2008). Ficus species are
distributed throughout rainforests, canopies, savannahs, river sides, xeric environments, and cliffs
(Corner, 1952; Janzen, 1979; Harrison, 2005) and, consequently, are a good model in which to study
the effects of different environments and climates on species belonging to the same genus. Ficus trees
also have some of the highest rates of photosynthesis (Patiño et al., 1994; Zotz et al., 1995; Herre et al.,
2008) and, therefore, are a good system in which to study the possible functions of minerals in light
manipulation. However, there is no comprehensive record of the mineral presence and distribution in
the different Ficus species. Furthermore, no information on the possible mineral functions in relation to
light is available. In an effort to better understand the functions of leaf minerals, we investigate here the
mineral locations in the soft tissues, the relative locations of the minerals, the mineral volume contents,
and the relations of the mineral volumes to the leaf environmental conditions. We analyzed 10 Ficus
species (two of which are from different locations, giving a total of 12 different specimens) from vastly
different environments. The aims of this comparative study are to document the 3D distributions of the
minerals and, by so doing, obtain a better understanding of the functions of different minerals in leaves.
We focus on Ficus species in order to establish the generality of the observations in one genus,
particularly in relation to light exploitation.

RESULTS

3D Maps of Minerals and Soft Tissues in Ficus Leaves

Detailed 3D maps of the spatial locations of the minerals in leaves from 10 Ficus species were obtained
by microcomputed tomography (microCT). To establish whether there is any correlation between the
environment in which the plants grow and minerals in the leaves, we examined leaves of plants from
Rehovot, Israel (Ficus binnendijkij, Ficus elastica, Ficus microcarpa, Ficus carica, and Ficus
religiosa), from the Ngogo National Park in the Uganda tropical rainforest (Lwanga et al., 2000; Watts
et al., 2012; Ficus varifolia, Ficus mucoso, and Ficus exasperata), from the Issa Valley in the
Tanzanian savannah woodland (Stewart and Piel, 2014; Piel et al., 2015; Ficus lutea, F. varifolia, and
Ficus sp), and from Bologna, Italy (F. carica). Leaves from the same species, F. carica and F. varifolia,
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were taken from trees grown in different environments and compared. Leaves of F. varifolia were taken
from trees growing in the Tanzanian savannah woodland and compared with those from the Ugandan
tropical rainforest, and leaves of F. carica from Rehovot, Israel, were compared with those from
Bologna, Italy.

The microCT 3D cross-sectional perspective views (Fig. 1, A–L) show that all 10 Ficus species have
minerals, and these minerals are deposited in the epidermis and in the mesophyll. MicroCT scans of
different leaves from different trees in the same location (F. carica, F. elastica, and F. microcarpa)
showed the same mineral distributions for leaves belonging to the same tree species, and scans taken
through the whole leaf thickness and in different areas of the same leaf showed that mineral
distributions are almost identical. Consequently, the 1-mm  tissue sections examined here are good
representatives of the mineral distribution in the entire leaf. The mineral distributions are clearly
asymmetric when comparing the upper abaxial part with the lower adaxial part of the leaf. The only
exception is F. religiosa, which does not deposit minerals in the epidermis but only in the mesophyll (
Fig. 1L). The only anatomical location where mineral deposits (calcium oxalate druses and prisms) are
present in all 10 species is the central vein (Table I). The other mineralized deposits, hairs (trichomes)
composed of silica and ACC cystoliths, are present in specific anatomical locations depending on the
species (Table I). Note that there are no significant differences between leaves belonging to the same
species but from different environments (F. varifolia, Fig. 1, E and G; F. carica, Fig. 1 F and H).
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Open in a separate window
Figure 1.

MicroCT 3D cross-sectional perspective views of minerals (highly contrasting bodies) and soft tissues in
Ficus leaves. The leaf orientation was chosen to better visualize mineral distribution (major vein cross
section or minor vein longitudinal view). All leaves are shown with their upper adaxial surfaces on the top.
A, F. binnendijkij (Israel), longitudinal view. B, F. lutea (Tanzania), longitudinal view. C, F. elastica
(Israel), longitudinal view. D, F. microcarpa (Israel), cross section. E, F. varifolia (Uganda), cross section.
F, F. carica (Israel), longitudinal view. G, F. varifolia (Tanzania), cross section. H, F. carica (Italy),
longitudinal view. I, F. mucoso (Uganda), cross section. J, F. sp (Tanzania), cross section. K, F. exasperata
(Uganda), cross section. L, F. religiosa (Israel), cross section. M, General schematic representation of the
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most common types and locations of minerals deposited in the leaves of Ficus leaves examined. In all
images, green arrows indicate silica deposits, light blue short arrows indicate cystoliths, and yellow
arrowheads indicate calcium oxalates. Bars = 200 μm.

Table I.

Distributions and sizes of cystoliths, phytoliths, trichomes, and calcium oxalates on the
upper adaxial side, the lower abaxial side, and around the veins of the 10 Ficus species (for
two of the species, data are presented for leaves obtained from two different environments)

When two populations of different sizes are present, averages and standard deviations for both are shown. Note
that the leaf cross-section thickness does not include the thickness of the central vein, which can protrude by
hundreds of micrometers (Fig. 1). The domestic Ficus types are in white rows, and the wild types are in green
rows.

The anatomical locations of all the mineral deposits in these 10 leaves are shown schematically in 
Figure 1M. A few generalizations can be made about the mineral distributions. To the best of our
knowledge, minerals are present in all Ficus species. Vein-associated calcium oxalate deposits are
present in all 10 species examined here, but their specific distributions around the vein vary among the
leaves. Cystoliths can be deposited in the upper and lower epidermis extending, in some cases, into the
mesophyll. In the upper epidermis, cystoliths have an elongated morphology, whereas the cystoliths on
the lower side of the leaf are more spherical. In all the cases studied, cystolith deposition occurs
preferentially on one side of the leaf, either adaxially (upper surface) or abaxially (lower surface; 
Fig. 1M). In the leaves of F. microcarpa and F. elastica, cystoliths appear preferentially on the adaxial
side, but smaller cystoliths also are deposited in the abaxial lower epidermis (Supplemental Fig. S1, A
and B). In Ficus sp, where the main cystoliths are abaxial, irregular small cystoliths are distributed
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unevenly in the adaxial upper epidermis (Supplemental Fig. S2C). Note that no cystoliths are deposited
by F. religiosa (Fig. 1L). This indicates that cystoliths augment a function in Ficus leaves but do not
perform an essential function.

Silica forms in three different anatomical locations: cell walls, the trichomes, and stalks within and
protruding from the cystoliths. Note that only relatively large deposits of silica can be identified by
microCT (Pierantoni et al., 2017). There might be a lot more silica in these leaves in the form of small
finely dispersed deposits, as was revealed by staining in the case of the okra leaves (Pierantoni et al.,
2017). Silica deposition in the upper epidermis is well developed in leaves in which most of the
cystoliths are on the lower side.

Only a few of the species examined have well-developed silicified trichomes, and these are located on
both surfaces. Silicified trichomes never form above cystoliths. Leaves of F. exasperata from Uganda (
Fig. 1K) have a unique mineral deposit, namely mineralized spikes composed of ACC and silica.

Elongated Cystoliths in the Upper Epidermis

Elongated ACC cystoliths (Fig. 2) are formed in the upper epidermis and extend into the palisade
mesophyll (Fig. 1, A–D). The long axes of these cystoliths can vary from around 60 µm in F. lutea (
Fig. 2B) to around 140 µm in F. elastica (Fig. 2C). All the elongated cystoliths contain a central silica
stalk that is either completely inside the cystolith (F. microcarpa in Fig. 2D) or extends out of the
cystolith. This extension can be in the form of a rod (F. lutea in Fig. 2B), a silica dome above the
cystolith (F. binnendijkij in Fig. 2A), or a radial structure (F. elastica in Fig. 2C). When the leaf is
viewed in planar projection, the cystoliths are never located above the veins and, consequently, the
mineral distributions of cystoliths and calcium oxalates never overlap (Supplemental Fig. S2, A and B).
In the epidermis of the leaves forming elongated cystoliths, no silica deposits are visible (Fig. 1, A–D).
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Figure 2.

MicroCT images of elongated cystoliths deposited in the upper epidermis. A, F. binnendijkij. B, F. lutea.
C, F. elastica. D, F. microcarpa. Bar = 50 μm.

Spherical Cystoliths in the Lower Epidermis

In some leaves, spherical ACC cystoliths (Fig. 3) are formed in the lower epidermis and extend into the
spongy mesophyll (Fig. 1, E–K). The diameters of these cystoliths can vary significantly depending on
the species, from around 30 µm in F. varifolia (Fig. 3A) to around 70 µm in Ficus sp (Fig. 3D).
Contrary to what is observed for the upper epidermal cystoliths, the lower epidermal cystoliths are
densely packed, and in some cases, calcium oxalates and cystoliths can overlap in planar projection and
be almost in contact (Supplemental Fig. S2, C and D). An elongated cylindrical stalk of silica is seen
inside all the lower epidermal cystoliths and protrudes from them (Fig. 3, A, B, and D), except for F.
mucoso, where the stalk is completely inside the cystolith (Fig. 3C).
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Figure 3.

MicroCT images of cystoliths deposited in the Ficus lower epidermis. A, F. varifolia. B, F. carica. C, F.
mucoso. D, F. sp. Bar = 50 μm.

Calcium Oxalate Crystals long the Veins

In all the studied mature leaves, calcium oxalate crystals are deposited along the veins in lines parallel
to the vein major axes. In order to understand the exact locations of the minerals around the vein and to
acquire information about the vein structure, a method is required to increase soft tissue contrast
without any staining and without inducing extensive drying. Our approach was to use phase-contrast
enhancement in the microCT to visualize the soft tissue structure (for details, see “Materials and
Methods”).

Calcium oxalates are deposited in the phloem in vascular parenchyma (Fig. 4, A′ and C′), along the
vein bundles (Fig. 4, B, D, and F), or in the ground tissue that provides support to the vein (Fig. 4E′).
The vein bundle distribution seems to determine the deposition pattern for the calcium oxalates, namely
in parallel lines. The deposition of calcium oxalates in the phloem and in the ground tissue was already
observed in other Ficus species (Araújo et al., 2014; Chantarasuwan et al., 2014).
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Figure 4.

MicroCT images of calcium oxalate crystals deposited in Ficus main veins. A and B, F. microcarpa. C and
D, F. elastica. E and F, F. carica. The first column shows cross-sectional perspective views perpendicular
to the vein direction, the second column shows higher magnification views of the area highlighted in the
rectangle, and the third column shows side views of the vein. The arrowheads indicate the direction of the
vein bundles. GT, Ground tissue; P, phloem; X, xylem. The green arrow points to a druse. Bars = 200 μm
(A–F) and 50 μm (A′, C′, and E′).

Here, we present three representative cases. In F. microcarpa (Fig. 4, A and B), two different types of
calcium oxalates can be observed. Druses are deposited along the bundles in the ground tissue (mostly
adaxially), whereas smaller single prismatic crystals and smaller druses are deposited in the phloem
(mostly abaxially). In F. elastica, both druses and prismatic crystals are deposited, mostly in the
phloem and some in the ground tissue, mostly abaxially (Fig. 4, C and D). In F. carica, simultaneous
druse and prismatic crystal deposition starts several days after the leaf is formed and continues until the
leaf reaches its final size (Supplemental Fig. S3). The calcium oxalates are deposited mostly in the
phloem, with few minerals extending into the ground tissue (Fig. 4, E and F). A cross section of F.
microcarpa phloem shows that druses and prisms are deposited intracellularly (Supplemental Fig. S4).
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Silicified Trichomes and Phytoliths in the Upper and Lower Epidermis

In all the Ficus leaves forming cystoliths in the lower epidermis, silica is deposited in the trichomes
and in cell walls (Fig. 5). Trichomes can vary in shape and size. In the upper epidermis of F. carica and
F. mucoso, the trichomes have conical morphologies (Fig. 5, A and D) and the epidermal cell walls
have silica deposits (Fig. 5, C and E). In the lower epidermis of all the silica-depositing species, the
trichomes have an elongated and thin cylindrical structure. Even though, in the lower epidermis, silica
trichomes can be very densely packed, there are no silica deposits associated with cystoliths (
Fig. 5, B and F).

Figure 5.

MicroCT images of silicified trichomes and phytoliths. A, Side view of a trichome and silica deposits in
the upper epidermal cell walls of F. carica. B, Silicified lower epidermal trichomes and cystoliths in F.
carica. C, Top view of A. D, An upper epidermal trichome in F. mucoso. E, Silica deposits in the upper
epidermis cell walls of F. mucoso. F, Silicified upper epidermal trichomes in F. sp. Trichomes and the
small cystoliths deposited in the upper epidermis never overlap. Bar = 50 μm.

Silica-Cystolith Trichome Spikes

F. exasperata leaves have unique mineralized cone-shaped trichomes, which we refer to as spikes.
These spikes are located in the upper epidermis and all around the veins (Fig. 1K). The spikes (50–200
µm long) consist of an ACC core inserted in a shell of silica (Fig. 6, A and B). The two minerals are
separated by a cavity, and there are no visible silica deposits inside the ACC (Fig. 6, A′ and B′). These
mineralized units seem to be a unique variant of the conic silicified trichomes observed in F. carica and
F. mucoso (Fig. 5, A and D), but in F. exasperata, the spikes are associated with ACC deposits. The
deposits grow outward from the epidermis and do not extend into the mesophyll, as do the cystoliths (
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Fig. 1K). These leaves are the only case studied here where ACC deposits in the upper epidermis are
above the veins. Only a few micrometers separate the spikes from the calcium oxalate deposits that
surround the veins.

Figure 6.

MicroCT images of the spikes in F. exasperata leaves. A, Side view of one mineralized spike after
extraction. A′, Cross section through A showing the external silica shell (S), the internal ACC, and the
cavity (C) between the two minerals. No silica stalk is deposited in the ACC. B, Top view of the extracted
spike. B′, Cross section of B showing the internal structure. Bar = 50 μm.

Mineral Volume Content in Relation to Environment and Plant Domestication

Ficus trees from different environments were studied in order to determine if mineral deposition could
be affected by environmental factors (Table II). The volume percentage occupied by calcium minerals
in the leaf varies greatly between the Ficus trees studied (Table II). The percentages range from 0.4%
of the occupied volume in the case of F. lutea from the Tanzanian savannah woodland to the
exceptionally high 3.2% of F. exasperata from the Ugandan tropical rainforest. The values, however,
do not show any correlation between environment and mineral volume percentage. Within the same
species from different environments, mineral content (calculated as volume percentage occupied by
minerals), together with mineral morphologies and location, is highly preserved, as occurs for F. carica
and F. varifolia.
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Table II.

Mineral deposits in relation to the environment

The domestic types are in white rows, and the wild types are in green rows.

Based on this limited sample set, we can conclude that the survey did not show significant differences
in mineral content and distribution either between leaves from young and old trees or between
undergrowth plants, growing in the shade (F. varifolia from Tanzania; F. sp, F. elastica, and F.
religiosa), and tall trees, which are exposed to direct light (F. exasperata, F. mucoso, and F. varifolia
from Uganda; F. lutea, F. microcarpa, and F. carica from Israel; and F. carica from Italy). Temperature
variations throughout the year and the daily availability of water throughout the year also do not seem
to directly affect the mineral deposition process. Furthermore, both wild types and domestic types were
studied, and the domestication seems not to have affected either the mineral content or the mineral
location, which are uniformly distributed through all the species.

Some Cystoliths Increase the Photosynthetic Efficiency

Ficus species originated in areas with high light intensity (Kislev et al., 2006), and based on our
observations, they seem to have preserved their mineralization densities and locations within the same
species, independent of environmental influences. It was shown previously for F. microcarpa that
adaxial cystoliths scatter light inside the tissue and, in this way, increase the total photosynthetic yield
of the leaf (Gal et al., 2012a).



It was recently shown that leaves can adapt to optimize not only direct illumination reaching the
adaxial side but also to tune the level of illumination from the abaxial side (Horner et al., 2017). We
examine here the possibility that the leaves of some of the species in this study enhance photosynthesis
by redistributing light through cystoliths from both the adaxial and abaxial surfaces. The light
intensities reaching the upper and lower sides of Ficus leaves were measured with a diode-based power
sensor. The measurements showed that around midday in Israel, in March, not only the leaf adaxial
sides but also the abaxial sides undergo photoinhibition. Above 1,000 µmol (photon) m  s  was
measured from the abaxial side of the leaf, due to the strong reflection coming from the ground
(Supplemental Table S1). The specific value depends also on the leaf orientation and on the nature of
the ground surface. This raises the possibility that redistribution of light impinging upon the leaf
abaxial side into the deeper parts of the leaf could be beneficial in terms of photosynthetic efficiency.

We studied two different cases: F. microcarpa leaves, where cystoliths are present on both sides (
Fig. 1D), and F. carica leaves, where cystoliths are present only on the abaxial side and abundant
phytoliths are present (Fig. 1F). Micromodulated fluorimetry measures the chlorophyll fluorescence
during laser illumination. Chlorophyll fluorescence is an escape pathway of absorbed light that is not
used for chemical reactions. As such, the fluorescence measurement quantifies the unused portion of
light and, therefore, serves as an inverse proxy for the efficiency of the light cycle within the
photosynthetic apparatus (Papageorgiou, 2007). Under light illumination flux exceeding the
photoinhibition threshold, reaction centers gradually close and the chlorophyll remains excited until it
releases the energy either in the form of a photon or as heat (Powles, 1984).

Both minerals and areas without cystoliths (control areas) were excited by a focused laser beam (12 µm
diameter) whose wavelength is within the chlorophyll absorption spectrum (635 nm). The minerals and
control areas were located by transmittance of light through the leaf (Supplemental Fig. S5, A–G).
Then, chlorophyll fluorescence was imaged onto a CCD camera (Supplemental Fig. S5, A′–G′). The
total intensity of the collected fluorescence was integrated and shown as histograms (Fig. 7, A–D).
Each bar of the histogram represents the number of recorded events for a given fluorescence intensity.
The lower the intensity, the more efficient the photosynthetic process. Note that the volume occupied
by the cystoliths (∼50 × 50 × 100 µm) is less than 5% of the leaf volume from which the fluorescence
is collected (160 × 160 × 300 µm; Supplemental Fig. S5), whereas the decrease in fluorescence
intensity, when measured in F. microcarpa, is ∼3- to 4-fold. Under these conditions, the effects due to
local differences caused by the cystolith presence are negligible.
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Figure 7.

A to D, Bar plots of the number of recorded events (y axis) having the indicated spatially integrated
fluorescence intensity (x axis) from microfluorimetry curves, obtained when illuminating a cystolith (on;
blue) versus those obtained when illuminating off-cystolith locations (off; yellow). The dashed line
represents the mean intensity for each distribution; the shaded areas indicate ��. A, F. microcarpa adaxial
side. B, F. microcarpa abaxial side. C, F. carica adaxial side. D, F. carica abaxial side. E and F, MicroCT
volumes of an F. microcarpa leaf (E) and an F. carica leaf (F). Adaxial cystoliths are blue and abaxial
cystoliths are purple. Bars = 200 μm. G and H, MicroCT ortho slices of an F. microcarpa leaf (G) and an
F. carica leaf (H) showing the soft tissue structure. The lower mesophyll cells (representative cells marked
in blue) are densely packed with few air spaces (arrow in G) in F. microcarpa and loosely packed with big
air spaces (arrow in H) in F. carica. Bars = 50 μm.

In F. microcarpa on the adaxial side, the fluorescence intensity is weaker than on the abaxial side (
Fig. 7, A and B, yellow bars). Since most of the light is absorbed within about one scattering length in
the leaf tissue such that loss of back-scattered fluorescence in the leaf is relatively small, the measured
fluorescence intensity serves as a good quantitative estimator of the emitted fluorescence from inside
the leaf (Powles, 1984). The reduced fluorescence intensity when illuminating the adaxial side thus
means that the amount of wasted light is lower when the light reaches the leaf adaxially, compared with
the abaxial surface. When the laser light illuminates a cystolith, the wasted portion of light is reduced
by 4.1 and 3.7 times, respectively, for adaxial cystoliths and adaxial cystoliths, relative to areas that do
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not contain cystoliths (Fig. 7, A and B). This shows that the cystoliths on both surfaces are functioning
to scatter light into light-deprived interior regions within the leaf and, thus, are enhancing
photosynthesis. Note too that minerals on the upper and lower sides of the leaf do not overlap spatially
when viewed in projection (Fig. 7E). Consequently, the interior areas illuminated by the scattered light
from the adaxial and abaxial sides also do not overlap substantially. This distribution is beneficial for
light-harvesting, since a more uniform illumination within the leaf leads to a reduced loss due to either
fluorescence or, later, photoinhibition (Powles, 1984). F. microcarpa leaves have one layer of dense
palisade on the adaxial side, one layer of dense mesophyll juxtaposed to the lower epidermis, and air
spaces in the center between the two dense layers (Fig. 7G). The cells are so densely packed in the two
layers that the presence of scatterers increases significantly the level of illumination in the tissue
located in the leaf center.

In F. carica, the amount of wasted light emitted as fluorescence is comparable on the two leaf sides (
Fig. 7, C and D, yellow bars). Furthermore, since the fluorescence intensity is comparable for
measurements performed on cystoliths and off cystoliths, the cystoliths do not seem to have any effect (
Fig. 7, C and D).

In F. carica, cystoliths protrude from the lower epidermis into the mesophyll and the distance between
them is irregular (Fig. 7F). In contrast to F. microcarpa, only the adaxial side has a dense palisade
layer, whereas the lower mesophyll is formed by small loose cells with air spaces that traverse the
whole layer down to the leaf surface (Fig. 7H). Due to the cell organization in the lower mesophyll, the
light can probably be efficiently transmitted deeper into the leaf without the need of cystoliths, possibly
explaining why there is no difference in measurements taken on cystoliths and off cystoliths.

DISCUSSION

Leaf cross sections are strikingly asymmetric. On the adaxial side, the elongated and densely packed
palisade cells are optimized for light harvesting. On the abaxial side, the loose spongy cells and the air
spaces facilitate gas exchange (De Lucia et al., 1991; Fukushima and Hasebe, 2014). This raises the
possibility that the different minerals and their distributions reflect these major functions. The
adaxial/abaxial asymmetry is well reflected in the mineral distributions of all the Ficus species
examined, with the exception of F. religiosa, which has mineral only around the veins. The central
veins, besides fulfilling physiological functions, contribute significantly to the mechanical properties of
the leaf (Lucas et al., 1991; Choong, 1996). In all the leaves studied, the veins are always associated
with minerals. We note that organized calcium oxalate deposits along leaf veins are not unique to the
Ficus genus but are present in many different leaves (Scott, 1941; Franceschi and Horner, 1980;
Doaigey, 1991; Zindler‐Frank, 1995; Lersten and Horner, 2000). Therefore, these minerals are thought
to fulfill an important, but as yet unknown, function. Note, however, that many leaves do not contain
minerals; therefore, the functions of minerals in the leaves that do contain minerals should be regarded
as augmenting an existing leaf function or producing a new function for that specific leaf or group of
leaves.

This study of 10 different Ficus species (two of which are from different geographic areas) shows that
there is no correlation between mineralization in the leaf and the environment in which the tree grows,
or whether the species is wild or domesticated. In fact, within the same species, mineral contents,
together with mineral morphologies and locations, can be highly preserved in plants from different
environments. The results indicate that, in the Ficus genus, genetic factors are predominant for
determining mineral formation compared with environmental parameters such as temperature, water,
and light availability. We emphasize that these conclusions are based only on the 10 species and 12
cases studied here.

Four of the Ficus species examined contain large elongated cystoliths on the adaxial side. Adaxial
cystoliths have been shown to scatter light deep into the mesophyll and, by so doing, enhance
photosynthesis (Gal et al., 2012a). Large crystalline calcium oxalate druses can fulfill the same
function in okra, P. obtusifolia, and pecan (Carya illinoinensis) leaves (Gal et al., 2012a; Horner, 2012;
Horner et al., 2012; Pierantoni et al., 2017). The scattering properties of the mineral bodies depend on
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the refractive index and on the morphology of the scattering object. Both crystalline druses and
amorphous cystoliths have geometries that are well suited for light scattering. Furthermore, amorphous
materials are isotropic, such that light is scattered uniformly in all directions.

The function of adaxial cystoliths as light scatterers is consistent with the observation that, in these four
species, silica deposition never covers the cystoliths. As silica does absorb some light in the visible
range, this would reduce the effectiveness of the cystoliths (Pierantoni et al., 2017).

We also noted that these large cystoliths are distributed more or less at regular distances from each
other, and this would essentially spread the scattered light evenly throughout the mesophyll. Note that
these large cystoliths are never located directly above veins.

The silica in the cell walls on the adaxial side, if present at all, is in the outer epidermal layer, and as
silica strongly absorbs UV radiation, it may protect the underlying cells from UV damage. We also
observed that, when large cystoliths are present on the adaxial side, the trichomes, if present, are not
silicified. This too could be an indication that silicified trichomes may reduce the photon flux to the
cystoliths.

When the abaxial side is the principal site for mineral deposition, spherical cystoliths are densely
packed and can be found below veins. Furthermore, when the main cystoliths are abaxial, silica is
deposited abundantly in the trichomes and in the epidermis cell walls. The silica and cystoliths never
spatially overlap. In seven of the Ficus species, the abaxial side contains silicified trichomes in the
form of prominent thin hairs or shorter spikes. We assume that these trichomes function in leaf defense
against herbivores (Hanley et al., 2007; Strömberg et al., 2016). In F. exasperata leaves, the ACC silica
spikes appear to be particularly complex composite defense units to discourage herbivores.

When abaxial cystoliths are deposited together with adaxial cystoliths, their distribution is more
organized, and only rarely are they found below veins. If, instead, cystoliths are deposited only
abaxially, their distribution is denser and less organized. One function of adaxial cystoliths in
enhancing the photosynthetic efficiency of the leaves already has been established in F. microcarpa
(Gal et al., 2012a). Micromodulated fluorimetry measurements performed on F. microcarpa and F.
carica, both having abaxial cystoliths, show that these also function as efficient light scatterers from
the abaxial side in F. microcarpa but not in F. carica. One evident difference between the two leaves is
in the dense mesophyll layer juxtaposed to the abaxial epidermis, which is present in F. microcarpa.
Adaxial and abaxial cystoliths cooperate, scattering light that illuminates the central 70 µm of the leaf,
which otherwise would not be reached by light. This is apparently not necessarily advantageous in F.
carica, where the less dense mesophyll can be penetrated by light from the abaxial side through the
large air compartments. We do not know what the function of the cystoliths is on the abaxial side in F.
carica. Unfortunately, the other three species that have abaxial cystoliths only could not be tested
because they are not available fresh under fully hydrated conditions. The functions of cystoliths that do
not involve light harvesting are yet to be understood. One function might involve the spherical abaxial
cystoliths contributing to the mechanical properties of the leaf to maintain shape or orientation. This
hypothesis, however, needs to be tested.

CONCLUSION

This study shows that each Ficus leaf has an individual system of minerals that seems to be strongly
preserved in different environments. Even if each mineral system is unique, there are two main general
patterns for mineralization that depend on the preferential side of the leaf for mineral deposition.

ACC cystoliths, calcium oxalates, and silica are not deposited independently, but the mineralization is
possibly controlled in unison by the leaf. The silica-oxalates-ACC controlled mutual organization
points to the fact that different mineral deposits in leaves should be studied together to better
understand the leaf control of mineral deposition and the functions that the minerals fulfill in the leaf.

The functions of cystoliths can vary. Adaxial cystoliths are involved in light redistribution and
photosynthesis optimization. Abaxial cystoliths also can be involved in the optimization of light
distribution or not, depending on the cellular architecture of the leaf. Other functions that cystoliths
may perform, not related to light scattering, have yet to be identified.



MATERIALS AND METHODS

Leaf Samples

Leaves from trees on the Weizmann Institute of Science campus (Rehovot, Israel) were freshly
collected and immediately scanned. Leaves from Kibale National Park (southwestern Uganda), Ugalla
(Issa Valley, Tanzania), and Bologna (Italy) were collected and immediately immersed in 96% (v/v)
pure ethanol.

MicroCT

Cross-Sectional Perspectives of Leaf Anatomy, Cystoliths, and Trichomes

Six leaves were measured from Ficus microcarpa, Ficus elastica, Ficus binnendijkij, and Ficus carica,
three leaves from Ficus religiosa, and one leaf from Ficus lutea, Ficus varifolia, Ficus mucoso, Ficus
sp, and Ficus exasperata. MicroCT scans were acquired using a Micro XCT-400 (Zeiss X-Ray
Microscopy). The samples were prepared as described (Pierantoni et al., 2017). Rectangular sections
(base, 1 cm; length, 2 cm) were cut from the leaves. The sections were placed in a polypropylene
rectangular custom-made container (internal size, 1.7 × 7.7 × 29.7 mm; thickness, 2 mm) that keeps the
sample straight and vertical. The container was positioned on the standard microCT stage. In the case
of leaves that were preserved in ethanol, the analyzed sections were kept completely immersed in
ethanol. In the case of fresh leaves, one of the section extremities was kept in water while the scan was
performed above, in air. Tomographic images were obtained by taking 1,300 projections (180°) at 40
kV and 800 µA. The final voxel size was 1.6 μm. 3D volumes were produced using the Avizo 3D
analysis software.

Veins and Calcium Oxalates

Triangular sections of leaves (base, 1 cm; length, 2 cm) were cut and placed in a previously sealed
plastic pipette tip. To prevent dehydration, the tips were partially filled with water, leaving part of the
leaf in air. Only the part of the leaf not immersed in water was imaged.

The scan was performed keeping the source and the detector at the optimal distances for phase-contrast
propagation (50 mm and 80–85 mm to the sample, respectively). Phase contrast improves the quality of
images by increasing contrast sensitivity, especially around edges (Wilkins et al., 1996). This enabled
the detection of minute structures in the soft tissues of the leaf and the accurate identification of
mineral structure positions within the soft tissue anatomy. The tomographic images were obtained by
taking 1,300 projections (180°) at 30 kV and 450 µA. The final voxel size was 1 µm.

Calculation of the Volume Percentage Occupied by Calcium Minerals in the Leaf

The volume percentage occupied by calcium minerals in the leaf was calculated using the Avizo 3D
analysis software. The mineral volume fraction was obtained by selecting the minerals that are the most
absorbing bodies in the leaf by contrast thresholding. The leaf total volume was calculated by manual
segmentation and interpolation of the selected volume segments. The reproducibility of the values was
estimated by repeating the measurements three times in different leaf portions. A variance of 0.2% was
obtained.

Light Intensity Measurements

Light intensity was measured at different times of the day using a diode-based power sensor (PD300;
Ophir Photonics). The sensor was placed above and below leaves of F. carica and F. microcarpa trees
to measure the exact light intensity reaching the leaf surfaces.

Micromodulated Fluorimetry

To perform leaf autofluorescence measurements, a microfluorimeter setup was custom built around a
commercial microscope (Eclipse Ti-U; Nikon) as described (Pierantoni et al., 2017). A 635-nm pulsed
diode laser (EPL635; Edinburgh Instruments) emitting pulses with a 100-ps duration at a 20-MHz



repetition rate excited the chlorophyll in the leaf. The beam was focused through a 250-mm focal
length lens (LA1461; Thorlabs) onto the back aperture of an objective lens (20×, 0.4 numerical
aperture; Nikon). As a result, an ∼11-μm-diameter spot was formed in the sample plane. Control over
the laser excitation power was achieved by using a variable retarder between two cross-polarized linear
polarizers, and a mechanical shutter was used to start and stop illumination periods. Fluorescence light
was collected through the same objective, filtered from the direct illumination of the laser by a dichroic
mirror (650LP Semrock) and a dielectric filter (635LP Semrock), and imaged onto an electron-
multiplying CCD camera (iXon Ultra 897; Andor). The camera captured a 50-s-long frame series with
an ∼20-ms exposure time to accurately capture the fluorescence dynamics. Dynamic traces started with
5 s without any excitation followed by a dim excitation period (typically 1 nW, matching a flux of 

) with a 5-s duration in order to obtain the photoluminescence quantum yield for
unsaturated reaction centers, followed by a 10-s dark period, followed by another period (30 s) of

saturating excitation power (typically 15 nW, matching a flux of ). Integrated
fluorescence intensities (Fig. 7, A–D) were calculated by summing the electron-multiplying CCD
signal over the entire saturating period (30 s) on an ∼80-μm  region of interest. The data were recorded
and analyzed with a custom-written MATLAB script.

In our previous work, we used an extended version of the Munk-Kulbeka model to show that
anatomical differences associated with the on-minerals and off-minerals locations cannot be the sole
reason for the large fluorescence intensity differences (Pierantoni et al., 2017).

Confocal Microscopy

Sections of F. microcarpa veins (about 150 µm thick) were cut along the phloem. The samples were
imaged in transmission with a confocal FW1000 laser scanning microscope (Olympus IX81). The
volumes were acquired with 20× objective lens magnification, with Z steps of 1.5 µm. Note that at 20×
magnification, less than 50 µm of tissue can be imaged.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. MicroCT images of secondary cystoliths deposited in the lower
epidermis.

Supplemental Figure S2. MicroCT volume images of F. elastica and F. carica showing
cystoliths and calcium oxalates in reciprocal locations.

Supplemental Figure S3. Calcium oxalate crystal deposition along the central vein in F. carica
leaves.

Supplemental Figure S4. Confocal image of a phloem section from F. microcarpa.

Supplemental Figure S5. Transmitted light wide-field images and logarithmic color scale
representation of measured chlorophyll fluorescence intensity for F. microcarpa adaxial and
abaxial surfaces, F. carica adaxial surface, and F. carica abaxial surface.

Supplemental Table S1. Light intensity measurements of direct light reaching the leaf adaxial
side and of reflected light reaching the leaf abaxial side.
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