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While more commonly applied in zoology, synchrotron radiation
X-ray tomographic microscopy (SRXTM) is well-suited to nonde-
structive study of the morphology and anatomy of both fossil and
modern plants. SRXTM uses hard X-rays and a monochromatic light
source to provide high-resolution data with little beam-hardening,
resulting in slice data with clear boundaries between materials.
Anatomy is readily visualized, including various planes of section
from a single specimen, as clear as in traditional histological
sectioning at low magnifications. Thus, digital sectioning of rare or
difficult material is possible. Differential X-ray attenuation allows
visualization of different layers or chemistries to enable virtual
3-dimensional (3D) dissections of material. Virtual potential fossils
can be visualized and digital tissue removal reveals cryptic under-
lying morphology. This is essential for fossil identification and for
comparisons between assemblages where fossils are preserved by
different means. SRXTM is a powerful approach for botanical
studies using morphology and anatomy. The ability to gain search
images in both 2D and 3D for potential fossils gives paleobotanists
a tool—virtual taphonomy—to improve our understanding of
plant evolution and paleobiogeography.
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arious methods now exist for visualizing plant material in

3-dimension (3D). Confocal laser-scanning microscopy,
electron tomography, and optical coherence microscopy are
used for imaging thin (often sectioned) and (semi-)transparent
material (1), in conjunction with modern computer programs for
3D reconstruction. Complementing this, other techniques for
examining larger specimens or to avoid sectioning “difficult”
material include neutron imaging, nuclear magnetic resonance
(NMR) imaging, X-ray computed tomography (CT), high-
resolution X-ray computed tomography (HRCT), and synchro-
tron radiation X-ray tomographic microscopy (SRXTM). Of
these, HRCT and SRXTM are the most useful methods to
visualize both internal and external morphology and anatomy in
a noninvasive and nondestructive manner, and are useable for a
range of specimen sizes. HRCT has been used in plant sciences
to examine structure and morphology of extant flowers and
fruits (1; see also the Digital Morphology digital library of the
University of Texas at Austin, www.digimorph.org), density of
extant woods (2, 3), spatial distribution of root systems (4-6),
and light interception of the tree canopy (7, 8). In paleobotany,
CT has been used in a few cases to reveal internal structures,
including in Paleozoic charophytes (9), silicified Cycadeoidea
stems and Araucaria mirabilis cones from the Jurassic (10), an
undescribed Cretaceous gymnosperm fructification (11, 12), a
Paleogene hymenophyllaceous fern rhizome (13), and Eocene
myrtaceous fruits (14).
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Recently, SRXTM has become increasingly used in biology,
especially in paleontology (e.g., 15-20; see ref. 19 for compar-
ative review of the various methods mentioned above and their
application to paleontology); these are primarily zoological
studies. SRXTM provides several advantages over CT. Modern,
third-generation synchrotrons make use of hard X-rays, a mono-
chromatic beam, and a high beam intensity to scan specimens.
Thus, compared to CT, there is no beam-hardening effect that
results in inaccurate portrayal of the true X-ray absorption of the
specimen, potentially inaccurate measurements, and digital sec-
tions that are more difficult to segment (15). Also, SRXTM has
very high resolution, up to 0.35 um, and thus provides better
resolution than HRCT. Combined with recent developments in
phase contrast methods (17, 20, 21), synchrotron facilities are a
powerful tool for noninvasive, volumetric investigation of a
broad range of material.

There are many actual and potential uses of SRXTM for
studying both fossil and extant plants. Here, we evaluate the
benefits of SRXTM, and explore potential applications and the
predictive value of digital preparation to (i) provide high-quality
anatomical detail in multiple planes of section from a single
specimen, comparable to traditional histology, but avoiding
associated technical problems; and (if) introduce a technique—
“virtual taphonomy”—including production of both 2D and 3D
virtual potential fossils.

Benefits of SRXTM Digital Preparation for Extant Plant
Material

SRXTM has proven to be an excellent imaging system, not only
for fossil plants [as demonstrated for charcoalified reproductive
structures (17, 18, 22-24) and megaspores (25)], but also for
modern plants, which we demonstrate here (Fig. 1). With
SRXTM the entire sample is recorded as digital data that can be
manipulated in specialized computer programs. Cellular details
are reconstructed with much more resolution than has hitherto
been shown by HRCT (e.g., 1; but see ref. 26 for critical-point
drying/heavy metal staining technique to improve visualization).
At least at lower magnifications, not only tissues but also
individual cell walls are as clear as in traditional histological
sections (Fig. 14-D), but there is no destruction of the sample
and no risk of the folding, tearing, or loss of sections that can
occur (Fig. 1B and D) during the embedding, sectioning, and
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Fig. 1. SRXTM results of modern plant material. (A and C) Saururus chinensis (Saururaceae), digital sections of fruit (4, transverse; C, longitudinal). (B and D)
Saururus chinensis (Saururaceae), traditional paraffin-embedded sections (B, transverse; D, longitudinal) of fruits; note torn, detached, and folded parts caused
by cutting. (E) Mapania monostachya (Cyperaceae), digital transverse section of leaf showing cellular detail epidermis (E), leaf margin (L) with marginal
sclerenchyma, palisade mesophyll (P), stoma (S), spongy mesophyll (Sp), xylem (x), and vascular bundle sheath (arrows). (F) Cyclanthus bipartitus (Cyclanthaceae),
digital transverse section of seed with different layers showing as different gray values. Thick dark lines visible in outer layer indicate wall thickenings. Two
cuticular envelopes (arrowheads) are distinguishable between outer seed coat and endosperm. (G) Paramapania radians (Cyperaceae), digital transverse section
of fruit, showing thin-walled outer mesocarp layer (me), thick-walled inner endocarp layer (en), and collapsed (probably sterile) seed (arrow). (H) Digital
longitudinal section of same specimen as in panel G. (Scale bar: A and B, 700 um; C and D, 465 pum; E, 125 um; F, 410 um; G, 255 um; H, 675 um.)

mounting process of traditional histology. Artifacts can also be
distinguished (e.g., true vs. introduced spaces: Fig. 1C and D).
Individual xylem elements within vascular bundles are visible in
digital transverse sections of leaves, even from dried (and hence
relatively poorly preserved) herbarium specimens (Fig. 1E), and
endosperm cells are clearly visible in fertile seeds (Fig. 1F).
Digital sections can be obtained in multiple planes (Fig. 1G and
H, and Fig. 2) in contrast to the single plane per specimen in
traditional histology. In some organs, there are hard layers that
make them difficult to section, such as the stony endocarps in
some fruits. SRXTM is a simple method that provides accurate
data for both 3D reconstructions and anatomical sections of
fruits otherwise difficult to section (Fig. 1G and H, and Fig. 2),
and is especially useful when dealing with dried herbarium
material. Traditional histology would require differential stain-
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ing (Fig. 1B and D) to reveal differential tissue and cell wall
chemistry, but with SRXTM, differences are highlighted by
varying X-ray attenuation, which are shown in the reconstructed
virtual sections by a visible difference in layers (e.g., Fig. 14, C,
and the distinct cuticles in F). Differential X-ray attenuation also
has other applications, for example, in visualizing the difference
between water and air to study how water refills xylem vessels in
bamboo (27).

Virtual Potential Fossils from Virtual Taphonomy—A
Paleobotanical Technique

The ability to digitally prepare modern fruits and seeds to
remove outer layers mimicking taphonomic processes means
that virtual potential fossils can be visualized, such as those that
would result after physical abrasion, decomposition, or sedi-
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Fig. 2.
(p), mesocarp (me), endocarp (en), seed (s), locule (lo), and condyle (c). (A) Longitudinal section. (B-D) Transverse sections. (E and F) Longitudinal sections
(perpendicular to that in panel A). (G and H) Oblique sections. (Scale bar: A and C-E, 1 mm; B, 0.8 mm; F-H, 1.4 mm.)

ment/mineral infill had modified the original specimen. For
example, an orange could be fossilized in a variety of ways that
would make it difficult to recognize it as an orange. The entire
fruit might be preserved, or only the outer peel, but with nothing
inside. Alternatively, the orange segments could be held to-
gether, but lacking the outer peel. Other possible combinations
include a group of segments, individual segments, part of a
segment, a segment with a protruding seed, just the seed, or even
a cast of the inside of the seed (28). Another example is a drupe
(stone fruit), such as a plum, which could be fossilized as either
the entire fruit, the endocarp (stony layer), a locule cast of the
inside of the endocarp, or a seed. Virtual taphonomy enables
digital removal of layers (Fig. 3B, E, I, and Fig. 4E and F) and
virtual infilling of negative space (Fig. 3F and K), allowing
paleobotanists to examine modern fruits and seeds and actually
predict what potential fossils could be formed.

Examples of Virtual Taphonomy

The high-resolution cell and tissue details in the reconstructed
sections obtained by SRXTM allow easy and accurate virtual
removal of layers from structures. This reveals the underlying
structures that yield important systematic characters. This has
been used previously for virtual dissections on an organ level; for
example, the perianth was digitally removed from a Cretaceous
flower of Lauraceae to reveal the androecium and gynoecium
(18). Here, we demonstrate approaches including removal of
tissue layers and digital formation of casts, which enable the
technique of virtual taphonomy by production of virtual poten-
tial fossils. Our examples are taken from fruits and seeds. We
demonstrate that removal of layers, such as fruit wall or seed
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Stephania japonica (Menispermaceae), digital sections in multiple planes through a single fruit providing search images for potential fossils: Pericarp

coat, and virtual infills of cavities, can be used to produce virtual
potential fossils that predict what fossils might look like.

Sedge Fruits. Modern Cyperaceae (the sedge family) fruits con-
tain both hard and soft tissues, including a thin-walled (some-
times fleshy) mesocarp, a hard endocarp, a basal “plug,” and a
seed. In the paleobotanical record it is common to find only the
hard, more resistant, endocarps preserved [e.g., in fruits of
Caricoidea from the Eocene of England (29, 30)]. Using
SRXTM, serial sections of modern fruits can readily be obtained
in multiple planes (Fig. 1G and H), rather than in a single plane
as in traditional histology. Virtual taphonomy then allows us to
distinguish the various layers of the fruit and “peel” them away,
revealing the morphology of the endocarp alone (Fig. 34-C).
Internally, the basal plug and dried seed are also revealed (Fig.
3C). The results can be surprising, as in Paramapania fruits
where the endocarp has a more pronounced series of ridges (Fig.
3B) than would be predicted from the external appearance (Fig.
34). Our results demonstrate that fossil Caricoidea, with a
smooth endocarp, is not so closely related to Paramapania, but
is more like other mapanioid sedges such as Mapania and
Hypolytrum.

Menisperm Fruits. In fruits of Menispermaceae (the moonseed
family), the endocarp has intricate, complex, and highly diag-
nostic surface sculpturing. Modern comparative endocarp
preparations are rare in some cases due to lack of fruits on
herbarium sheets, presenting a serious hindrance to under-
standing both the systematics and the fossil history of the
family. Virtual taphonomy of extant fruits (Fig. 3D and H)
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Fig. 3. Examples of potential fossils produced by virtual taphonomy. (A-C)
Paramapania radians (Cyperaceae), digital renderings of fruit. (4) Entire fruit. (B)
Fruit with part of mesocarp virtually removed to show endocarp. (C) Endocarp
with shrunken seed and basal plug visible. (D-L) Stephania japonica (Menisper-
maceae), digital renderings of fruit seen in section in Fig. 2. (D) External side view
of fruit. (E) Side view of endocarp; note central hole (condyle), prominent rugose
dorsal surface. (F) Virtual potential fossil of endocarp locule cast; note dorsal
surface smooth except for small bumps. (G) Seed. (H) Dorsal edge of fruit showing
4 ranks of spines. (/) Dorsal edge of endocarp showing 4 ranks of spines and
central small ridge. (K) Dorsal edge of locule cast showing central 2 ranks appear-
ing united into single dorsal ridge. (L) Dorsal edge of seed with similar morphol-
ogy to locule cast. (Scale bar: A-C, 815 um; D-G, 3.1 mm; H-L, 2.9 mm.)

12016 | www.pnas.org/cgi/doi/10.1073/pnas.0901468106

Fig. 4.
SEM images of seed (A) and chemically treated seeds (B and C). (D-F) Virtual
reconstructions from synchrotron data. (A and D) Entire seed. (B and E)
Thin-walled tissue of outer papery seed coat layer removed, with only wall
thickenings remaining. (C and F) Outer seed coat entirely removed leaving
cuticular layer visible. (Scale bars: A, 425 um; B and D, 400 um; C, 330 um; E,
415 um; F, 300 pm.)

Cyclanthus bipartitus (Cyclanthaceae), taphonomy of seeds. (A-C)

reveals the endocarp (Fig. 3£ and I), allowing ready compar-
ison with fossils that have lost fleshy fruit layers through
taphonomic processes. A virtual cast of the fruit locule (Fig.
3F and K) can be made for comparison with fossils formed by
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mineral infills. Seed morphology (Fig. 3G and L) can also be
visualized.

Cyclanthus Fruits and Seeds. Exceptionally preserved fossils at the
Eocene Messel World Heritage Site in Germany are readily
identifiable as the unique fruiting cycles of Cyclanthus (Panama
Hat plant family, Cyclanthaceae) (31). Modern Cyclanthus is
distributed only from Mexico to South America, so its presence
in the German Eocene suggests a much more widespread
distribution in the past. Chemical treatment was used to remove
the outer seed coat layers from modern Cyclanthus seeds (Fig.
4A4-C) to determine the morphologies that might result if outer
layers were abraded or decomposed during fossilization, and
hence facilitate recognition of dispersed fossil seeds (31). This
chemical approach is unpredictable and resulted in various
appearances depending on duration of treatment. Using
SRXTM data and virtual taphonomy, we created a suite of
comparable virtual potential fossils (Fig. 4D-F) by sequentially
removing layers of the seed. The digital images are similar to the
chemical treatments but have the advantages of being precisely
constrained (removal of anatomically specified known layers),
repeatable (for multiple specimens and for other comparable
taxa if appropriate), and nondestructive. The virtual potential
fossil morphology of Fig. 4C, combined with precise knowledge
of which layers were removed and evidence of distinctive layer
chemistry revealed by differential X-ray attenuation (Fig. 1F),
shows that only the cuticular layers of the Cyclanthus seed coat
survive in the dispersed fossil seeds. This evidence explains how
fossilization processes led to former misidentification of Cycla-
nthus seeds as fruits of Scirpus (Cyperaceae) (31). Furthermore,
the search image provided by the virtual fossils will enable future
researchers to identify dispersed Cyclanthus seeds elsewhere in
the fossil record.

Future Potential Applications

Multiple Planes. Digital sections in multiple planes—including
oblique planes (Fig. 2)—are crucial to provide search images for
paleobotanists studying slices through permineralized or petri-
fied plant-bearing rocks. In fossils, such material is frequently
sectioned randomly, because neither the presence of the organ
nor its orientation are known, resulting in sections that are rarely
oriented perpendicular to the central axis of the structure (e.g.,
fossil Juglandaceae; 32). While permineralized material offers
the opportunity to understand the fossil plant at both an
anatomical and morphological level, oblique sections can ob-
scure recognition of affinities since most (modern) plant mate-
rial is sectioned either transversely or longitudinally for optimal
imaging. The ability to scan specimens and choose any orienta-
tion of slice therefore provides search images (Fig. 2) that can be
used in the identification of permineralized plants.

Systematic Value. The ability to virtually dissect plant organs in
conjunction with visualizing internal anatomy provides an effi-
cient means of describing and evaluating systematic characters
for both extinct and extant taxa. As mentioned above, SRXTM
is a nondestructive technique—an important factor when work-
ing with rare or even unique herbarium material or fossils.
SRXTM allows material that is difficult to section to be exam-
ined histologically without problems such as folding or tearing of
sections that can result in obscured characters. SRXTM is also
a useful method to efficiently study the internal structure of
multiple specimens, allowing an understanding of variation of a
trait within a population or species. For example, features such
as origination and distribution of resin canals and vascular tissue
are important in distinguishing ovulate cones of Pinaceae (pines
and relatives) (33). While many Cretaceous fossil Pinaceae cones
have been described as new species within 1 of 3 extinct genera,
these are often on the basis of single specimens (34). Without
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understanding the degree of variation (e.g., due to ecological
factors) in ovulate cones of a (modern) species, we may be
splitting natural, extinct species into 2 or more fossil species and
hence inflating perceived biodiversity.

Comparing Fossils in Various Preservation States. Virtual tapho-
nomy is a technique that will facilitate comparison of differen-
tially preserved fossils, both with each other and with modern
relatives, ensuring an accurate taxonomic determination. For
example, fossil fruits of Juglandaceae (the walnut family) and
Annonaceae (the custard apple family) are commonly found as
mineralized internal molds or casts [e.g., in the Eocene London
Clay (28) and Clarno (35) floras]. These casts record the
complex wrinkled topography of the internal endosperm (seed
food reserves), but are very difficult to compare with purely
organic compression fossils [e.g., the Eocene Messel (36) flora]
or with modern seeds that retain the external seed coat or fruit
wall. Digital reconstructions, like those of the Menispermaceae
locules mentioned above, will allow visualization and compari-
son of the endosperm topography. Systematically important
features of the internal organization of the fruits of Cornaceae
(dogwood family) (e.g., locules, germination valves; 37) can be
studied in the same way.

Permineralized fruits and seeds can be reconstructed from
serial peels or thin sections in a method similar to that used for
CT or SRXTM data, and then compared with mummified or
compression fossils and modern material where only the external
gross morphology is visible. A version of this methodology was
used for flowers, fruits, seeds, and other reproductive structures
from the Middle Eocene Princeton Chert of British Columbia,
Canada (38, 39), and the Eocene Appian Way locality and
Cretaceous Apple Bay locality of Vancouver Island, British
Columbia, Canada (32, 40, 41). Preliminary results suggest that
it is possible to use SRXTM on calcareous permineralizations,
which would allow careful selection of appropriate specimens for
peeling, and could even reduce the need for laborious serial
peels, although these remain important for comparative perma-
nent slides and study of features requiring high magnifications.

Conclusions

While SRXTM will not replace traditional histology, it does offer
an improved technique for certain materials and the ability to
combine 2D and 3D analyses. While others have used SRXTM
for studying modern plant physiology (27, 42), here we demon-
strate that SRXTM will be particularly useful for examining
herbarium specimens; for examining hard material that does not
infiltrate well for traditional sectioning; and for determination of
systematically useful characters, especially in groups where
material is rare and cannot be destroyed, but the anatomical
information is needed (e.g., fruits of Menispermaceae). The
great advantage of SRXTM is that it is noninvasive, nondestruc-
tive, and has relatively high resolution. Scans using SRXTM
reveal cellular-level detail of modern plants that are comparable
to low magnifications of traditional histological sections. Even
some fine details such as stomatal guard cells, xylem elements,
fruit pericarp cells, and endosperm can be digitally imaged from
herbarium specimens. Chemically distinct materials are differ-
entially visualized as a result of different X-ray attenuation,
allowing recognition of cell-wall layers such as cuticle and cell
inclusions such as tannins.

The digital scans can be manipulated in 3D computer pro-
grams to reveal morphology and anatomical sections in multiple
planes. Digital segmentation and dissection allow various 3D
internal and external morphologies to be visualized. In addition,
various layers can be digitally removed, and virtual infills can be
created, in effect mimicking taphonomic effects with ease,
reproducibility, and without destroying specimens. Such virtual
taphonomy is successful in digital visualization of endocarps,

PNAS | July 21,2009 | vol. 106 | no.29 | 12017

EVOLUTION



Lo L

P

1\

=y

seeds, and virtual locule casts, and for comparing modern and
fossil fruits and seeds, with many promising future applications.
Multiple planes of section are readily obtainable, producing 2D
virtual potential fossils that allow comparisons with perminer-
alized assemblages where material is randomly oriented. Virtual
taphonomy allows us to predict cryptic morphologies as would
result from decomposition and abrasion, and what altered fossils
of targeted groups might look like, therefore enabling us to gain
better search images to identify and compare fossils. Virtual
taphonomy and the production of virtual potential fossils rep-
resents a powerful tool for paleobotanical studies that depend on
the recognition and accurate identification of extinct plants.

Methods

Samples were mounted onto brass stubs using polyvinyl acetate glue and
imaged at the TOMCAT beamline, Swiss Light Source, Paul Scherrer Institute,
Villigen, Switzerland (beamtime for research at SLS is allotted in shifts of 8 h
and can be obtained by competitive application that also covers cost of
beamtime). Data were acquired using the 4 or 10X objectives on an X-ray
microscope, and an exposure time of 350—420 ms at 9.9 keV. A total of 1,500
projections were acquired over 180° (total scan time of ca. 10 min/sample).
After data acquisition is accomplished, the rotation center is manually fine-
tuned (a few seconds of time) together with the reconstruction filter. Finally,
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reconstruction of the whole volume can be launched on the beamline cluster
(six 4-cores Linux machines) that needs less than 10 min to deliver the full,
reconstructed data set. This process can be easily “scripted”” so that a large
number of samples can be reconstructed in a batch queue.

Reconstructed images were processed at Royal Holloway, University of
London using Avizo 5.0 (Mercury Computer Systems) for Windows XP 64-bit.
Digital sections are readily attainable, but 3D segmentation to obtain virtual
morphology can take several days of work per specimen involving labeling of
each digital section. Images were captured in Avizo and plates constructed in
Adobe Photoshop CS for Mac. Digital sections were inverted and contrast
adjusted; for Fig. 1E-H and Fig. 4, the background was removed using the
magic wand tool.
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