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ApApplicatitionsons
inin Pl Plant t ScienSciencesces

          There are several microscopy methods available to obtain in-
tra- or subcellular structural information ( Micheva and Smith, 
2007 ;  Helmstaedter et al., 2008 ;  Lehrer, 2009 ;  Wei et al., 2012 ). 
One of these techniques, focused ion beam–scanning electron 
microscopy (FIB-SEM), uses two beams: (1) a focused gallium 
ion beam and (2) an electron beam with secondary electron de-
tector. The gallium beam can be used for imaging, can mill an 
area of interest to serially expose surfaces to reveal tissue and 
cell features, or can be used to produce high-quality sections of 
a sample for transmission   electron microscopy (TEM) studies. 
The SEM beam can visualize an area of interest similar to con-
ventional SEM. When combined, they enable a microscopist to 
section and visualize a sample with the same apparatus ( Tanaka 
and Mitsushima, 1984 ;  Heymann et al., 2006 ;  Marko et al., 
2007 ;  Drobne et al., 2008 ;  Knott et al., 2008 ;  De Winter et al., 
2009 ;  Merchán-Pérez et al., 2009 ;  Schneider et al., 2010 ; 
 Bushby et al., 2011 ;  Wei et al., 2012 ). This technique has been 
used in material science for decades ( Sugiyama and Sigesato, 

2004 ;  Giannuzzi, 2005 ;  Giannuzzi et al., 2005 ) but has recently 
been gaining wider use on biological tissues and is proving to 
be a powerful technology for creating 3D reconstructions of 
whole cells ( Merchán-Pérez et al., 2009 ;  Bushby et al., 2011 ; 
 Wei et al., 2012 ). In terms of cost, FIB-SEM requires a dedi-
cated apparatus that would require an investment comparable to 
a transmission electron microscope or access to a facility with 
an existing apparatus. The advantages of FIB-SEM over TEM 
tomography are (1) the ease of sectioning and image acquisition 
and (2) the chance of error during image realignment is mini-
mized because serial images are acquired from a stationary 
block face. 

 FIB-SEM has been used on biological tissues in two ways: 
(1) a sample may be embedded, sectioned, and imaged using 
the FIB-SEM apparatus ( Heymann et al., 2006 ); or (2) in some 
cases, the FIB capability is used to produce high-quality sec-
tions for TEM imaging ( Wei et al., 2012 ). FIB-SEM has, to 
date, been used to produce three-dimensional renderings of ani-
mal cells ( Bushby et al., 2011 ), microorganisms ( Heymann 
et al., 2006 ;  Wei et al., 2012 ), starch granules in plant cells 
( Crumpton-Taylor et al., 2012 ), and pollen cells ( House and 
Balkwill, 2013 ). 

 Our objective for this study was to modify and apply existing 
FIB-SEM protocols developed for animal tissues to produce 
three-dimensional renderings of fi ve tissues from  Arabidopsis     
thaliana  (L.) Heynh. (root cortex, shoot cortex, seed aleurone, 
leaf mesophyll, and fl ower petal lamina). We found that several 
modifi cations were necessary to achieve images of plant cells 
with FIB-SEM and that cells with dense cytoplasm (i.e., seed 
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  •  Premise of the study:  Focused ion beam–scanning electron microscopy (FIB-SEM) combines the ability to sequentially mill 
the sample surface and obtain SEM images that can be used to create 3D renderings with micron-level resolution. We have 
applied FIB-SEM to study  Arabidopsis  cell architecture. The goal was to determine the effi cacy of this technique in plant tissue 
and cellular studies and to demonstrate its usefulness in studying cell and organelle architecture and distribution. 

 •  Methods:  Seed aleurone, leaf mesophyll, stem cortex, root cortex, and petal lamina from  Arabidopsis  were fi xed and embedded 
for electron microscopy using protocols developed for animal tissues and modifi ed for use with plant cells. Each sample was 
sectioned using the FIB and imaged with SEM. These serial images were assembled to produce 3D renderings of each cell 
type. 

 •  Results:  Organelles such as nuclei and chloroplasts were easily identifi able, and other structures such as endoplasmic reticula, 
lipid bodies, and starch grains were distinguishable in each tissue. 

 •  Discussion:  The application of FIB-SEM produced 3D renderings of fi ve plant cell types and offered unique views of their 
shapes and internal content. These results demonstrate the usefulness of FIB-SEM for organelle distribution and cell architec-
ture studies. 

   Key words:   Arabidopsis thaliana ; cell architecture; FIB  -SEM; plant cell tomography. 
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aleurone and root cortex cells) yielded the best results. We were 
able to easily identify subcellular architecture and organelles 
in all tissue types. 

 MATERIALS AND METHODS 

 Plant tissue and growth conditions —    Arabidopsis thaliana  was chosen for 
this study due to its small size, rapid growth cycle, and importance as a model 
plant system. Tissues were chosen in an attempt to survey a range of cellular 
content. 

 Root cortex tissues were obtained from 7–10-d-old seedlings grown on fi lter 
paper saturated with 1/2 ×  Murashige and Skoog medium ( Murashige and 
Skoog, 1962 ). Dry seeds were used as a source of aleurone tissue. Leaf meso-
phyll, stem cortex, and petal lamina were obtained from 4–6-wk-old plants 
grown in potting soil at room temperature under fl uorescent lights set on a 16   h 
light/8 h dark cycle. 

 Tissue fi xation and preparation for FIB-SEM —   A FIB-SEM protocol de-
veloped for animal tissues ( Bushby et al., 2011 ) was the primary source for our 
methodology, with modifi cations based on  Mikuła et al. (2004 ). FIB-SEM pro-
tocols for animal tissues have several modifi cations to the conventional fi xation 
used in SEM or TEM methods, including en bloc staining using uranyl acetate 
( Heymann et al., 2006 ;  Merchán-Pérez et al., 2009 ;  Wei et al., 2012 ), prefi x-
ation in paraformaldehyde, and use of potassium   ferricyanide and/or tannic acid 
to enhance the contrast ( Knott et al., 2008 ,  2011 ;  Armer et al., 2009 ;  De Winter 
et al., 2009 ;  Hekking et al., 2009 ;  Bushby et al., 2011 ;  Wei et al., 2012 ). 

 Fresh tissue was cut into ~1-mm square or block portions and initially fi xed 
in 2–3 mL of 2.5% glutaraldehyde (v/v) and 2.0% paraformaldehyde (w/v) in 
pH 7.3 0.1 M sodium cacodylate buffer for 2 h on a rotator. The primary fi xa-
tive was removed, and the tissue samples were washed 2  ×  10 min in 0.1 M 
sodium cacodylate buffer. Tissues were immersed in 2–3 mL of secondary fi xa-
tive (1% osmium tetroxide [v/v], 1.5% potassium ferricyanide [w/v], in 0.1 M 
sodium cacodylate buffer) at room temperature for 2 h. The secondary fi xative 
was removed, and tissues were washed 3  ×  10 min with 0.1 M sodium cacody-
late buffer. Buffer was replaced with 1% tannic acid (w/v) for 1 h and then re-
moved by immersion in distilled water 3  ×  10 min. Tissues were dehydrated by 
immersion in 30, 50, 70, 95, and 3  ×  100% ethanol, for 10 min each, followed 
by 2  ×  10 min in 100% propylene oxide (PO) (v/v). Subsequently, the tissues 
were immersed in 3 : 1 PO : Epon+Spurr for 1 h, 1 : 1 PO : Epon+Spurr for 1 h, 
1 : 3 PO : Epon+Spurr overnight at room temperature, then 100% Epon+Spurr 
for 24 h ( Mikuła et al., 2004 ). 

 Fixed specimens were transferred into BEEM capsules (Ted   Pella Inc., Red-
ding, California, USA), oriented at the tip of the capsules, covered with 100% 
Epon+Spurr, and cured at 60 ° C for 24 h. The pyramidal ends of the plastic 
blocks were trimmed with a glass knife until tissue was reached. The area 
around the tissue was trimmed to form a trapezoid-shape measuring   0.5 mm  ×  
1 mm (length  ×  width). Each plastic block was immobilized with a vise  , and a 
4-mm portion containing the fi xed tissue was removed using a fi ne hacksaw, 
forming a pyramid. The 4-mm pyramid was glued to a 12.5-mm aluminum 
SEM stub, using PELCO   carbon tabs (Ted Pella Inc.), such that the imaging 
surface (the trapezoid) was horizontal to the stub surface. Each pyramid was 
coated with carbon glue excluding the trapezoidal surface. Finally, the pyramid 
was coated with a 200-nm layer of gold palladium using a Hummer 6.2 Sputter-
ing Apparatus (Ladd   Research Industries, Williston, Vermont, USA). 

 FIB-SEM —   The gold palladium–coated sample was placed on the speci-
men stage of the FIB-SEM apparatus and secured with the sample facing to-
ward the outer edge of the vacuum chamber and the chamber pumped to high 
vacuum. When the SEM electron beam was engaged, the area of interest was 
identifi ed using the secondary   electron detector in a wide fi eld. Next, the FIB 
high voltage and emission current were turned on and the FIB window opened. 
Sample working distance was set to 9 mm and the stage tilted to 55 ° . FIB and 
SEM pictures were aligned using the FIB-SEM intersection (setting the eucen-
tric position of the stage), and the magnifi cation was set between 2500 ×  and 
3000 × . A platinum layer (20  μ m  ×  20  μ m  ×  0.25  μ m [length  ×  width  ×  height]) 
was deposited on the area of interest. For milling, the ion beam current was 
initially set to 1000 pA but optimal beam current varied and was manually ad-
justed sample to sample. The regular cross-section feature and ion beam were 
used to mill a trench (FIB coarse trench milling) 20  μ m  ×  20  μ m  ×  10  μ m to 
expose the targeted area. Fine milling and the polishing feature were used to 

remove debris or imperfections from the front face of the platinum-coated area 
(targeted area). The block face was automatically or manually sliced using the 
FIB slicing + SEM image acquisition feature, with a thickness of 100 nm for 
each slice and 10 ns/slice dwell time. 

 Image processing —   Images were processed using ImageJ ( Schneider et al., 
2012 ). Briefl y, the area of interest was selected within the image frame and 
cropped. Brightness and/or contrast were adjusted and the processed images 
saved in TIFF format. ImageJ 3D viewer was used to compile the stack into a 
three-dimensional rendering, make orthogonal slices or 3D rotations, or save 
images in .avi format to be viewed as a movie. 

 RESULTS 

 Five different tissues were explored using FIB-SEM. Areas 
of interest included seed aleurone ( Fig. 1a ) , stem cortex ( Fig. 1d ), 
root cortex ( Fig. 1g ), leaf mesophyll ( Fig. 1j ), and petal meso-
phyll ( Fig. 1m ). A 20  ×  20  ×  0.25- μ m platinum layer was placed 
on each area of interest ( Fig. 1b, e, h, k, n ) to protect it from 
burning (or destruction) by the FIB beam as well as to provide 
a leveled surface for even slicing. A trench was milled around 
each platinum layer to expose the targeted area (block face) for 
sectioning and imaging ( Fig. 1c, f, i, l, o ). 

 Automated serial sectioning and imaging of seed aleurone 
cells provided 90 micrographs by serially removing 100-nm 
sections from the block face. Some manual images were also 
collected ( Fig. 2a–c ) . Automated images were assembled to ob-
tain a three-dimensional reconstruction, 360 °  orthogonal rota-
tion ( Figs. 3a, 4a ;    Videos 1a, 2a ), and a three-dimensional 
false-colored volume rendering of the tissue ( Fig. 5a ) . 

 Stem cortex cells adjacent to the epidermis and extending 
toward the vascular bundle were automatically sectioned and 
imaged to produce 141 micrographs. Several high-resolution 
manual images were also collected ( Fig. 2d–f ). Micrographs 
from serial sectioning were used to produce a three-dimensional 
reconstruction, 360 °  orthogonal rotation, and three-dimensional 
false-colored volume rendering for the stem tissue ( Figs. 3b, 4b, 5b ; 
 Videos 1b, 2b ). 

 Automated serial sectioning and imaging of root endodermis 
and cortex tissue yielded 88 micrographs. Manual images were 
also collected ( Fig. 2g–i ). Sections were assembled to produce 
a three-dimensional reconstruction ( Fig. 3c ,  Video 1c ), 360 °  
orthogonal rotation ( Fig. 4c ,  Video 2c ), and three-dimensional 
false-colored volume rendering of the tissue ( Fig. 5c ). 

 Leaf mesophyll cells were automatically sectioned and 
imaged to yield 141 micrographs. Manual images were also 
collected ( Fig. 2j–l ). Serial sections were used to produce a 
three-dimensional reconstruction, 360 °  orthogonal rotation, 
and three-dimensional false-colored volume rendering of the 
tissue ( Figs. 3d, 4d, 5d ;  Videos 1d, 2d ). 

 Petal mesophyll cells were automatically sectioned and imaged 
to yield 142 micrographs. Manual images were also collected 
( Fig. 2 m–o ). Sections were used to produce a three-dimensional 
reconstruction, 360 °  orthogonal rotation, and three-dimensional 
false-colored volume rendering of the tissue ( Figs. 3e, 4e, 5e ; 
 Videos 1e, 2e ). 

 DISCUSSION 

 Plant cell and tissue tomography has been possible for some 
time ( Pellegrini, 1980 ), but recent improvements and accessi-
bility in computational methodologies and image manipulation 
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 Fig. 1. Five  Arabidopsis  tissues prepared for FIB-SEM sectioning and imaging. Stages of the FIB-SEM process are demonstrated, including choosing 
an area of interest, depositing a platinum layer (PL), and milling to create a block for serial sectioning. Dry seeds were fi xed, sliced, and imaged for aleu-
rone visualization (a–c): (a) the endosperm cells (E)* of the aleurone area of interest viewed at a 55 °  angle; (b) a 250-nm platinum layer (PL) applied to 
the area of interest; (c) a U-shaped trench (T) was milled with the gallium ion beam around the area of interest to expose a block face (B) for sectioning 
and imaging. Stem tissue (d–f): (d) whole stem transverse section showing parenchymal (P)* cells; (e) a 250-nm platinum layer (PL) was placed on an area 
of interest across the cortex spanning from the fi rst layer of parenchymal cells interior to the epidermis to the endodermis; (f) a milled trench (T) at the area 
of interest, the fi rst parenchymal layer is visible on the block face (B). Root tissue (g–i): (g) cortex cells (C)* of a whole root transverse section from the 
elongation zone shown at a 0 °  angle; (h) a 250-nm platinum layer (PL) was placed on the cortex extending from the endodermis toward the epidermis, and 
a trench was partially milled, shown at a 55 °  angle; (i) the completed trench (T) showing an exposed block surface. Leaf tissue (j–l): (j) mesophyll cells 
(M)* were chosen as the area of interest, shown here at a 0 °  angle of a transverse section; (k) a 250-nm platinum layer (PL) on the area of interest (meso-
phyll cells); (l) a trench (T) was milled exposing the block face (B). White petals from fully opened fl owers (m–o): (m) the faint outline of a petal transverse 
section is shown at a 55 °  angle (mesophyll cells [M]* were chosen for imaging); (n) a 250-nm platinum layer (PL) was placed on the area of interest; (o) 
a trench (T) was milled, exposing the block surface. Abbreviations: B = block face; C = cortex cells; E = endosperm cells; M = mesophyll cells; P = paren-
chymal cells; PL = platinum layer; T = trench. *Squares in a, d, g, j, and m represent the areas of interest for each tissue.   
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 Fig. 2. High-resolution SEM micrographs from manual imaging. At least 40 images were collected from each cell type in this study. Three representa-
tive images from each cell type are shown and subcellular bodies labeled to demonstrate the resolution achieved. (a–c): Seed aleurone cells showing protein 
bodies (PB), lipid bodies (LB), and cell walls (CW). (d–f): Stem cortex cells showing chloroplasts (Cp), amyloplast (Ap), starch grains (arrows), cell wall 
(CW), and vacuoles (V). (g–i): Root cortex cells showing vacuole (V), nucleus (N), nucleolus (Nu), lipid bodies (LB), cell wall (CW), and endoplasmic 
reticulum (ER). (j–l): Leaf mesophyll cells showing chloroplasts (Cp) and internal membranous endoplasmic reticulum connections (ER). (m–o): Petal 
mesophyll cell showing nucleus (N), vacuoles (V) and amorphous aggregate (Aa), cell wall (CW), and some organelles (*) with details below the lower 
limit of the resolution of this technique. Abbreviations: Aa = amorphous aggregrate; Ap = amyloplast; Cp = chloroplast; CW = cell wall; ER = endoplasmic 
reticulum; LB = lipid body; N = nucleus; Nu = nucleolus; PB = protein body; V = vacuole.   
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 Fig. 3. 3D renderings of the imaged areas of interest from the fi ve tissues. Serial images were assembled to create 3D renderings of each cell type. 
Approximate blocks of dimensions 20  ×  20  ×  10  μ m were imaged and visualized using FIB-SEM, and the images were used to create a 3D rendering with 
ImageJ. (a) Seed aleurone cells, (b) stem cortex, (c) root cortex, (d) leaf mesophyll, (e) petal mesophyll. Abbreviations: Aa = amorphous aggregrate; Ap = 
amyloplast; Cp = chloroplast; CW = cell wall; ER = endoplasmic reticulum; LB = lipid body; PB = protein body; V = vacuole.   
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 Fig. 4. 360 °  ortho-rotation for the fi ve tissues. 360 °  ortho-rotations were created to demonstrate the ability to visualize interior planar sections from 
the 3D reconstructions. (a) Seed aleurone cells, (b) stem cortex, (c) root cortex, (d) leaf mesophyll, (e) petal mesophyll. Abbreviations: Aa = amorphous 
aggregrate; Cp = chloroplast; CW = cell wall; LB = lipid body; PB = protein body; V = vacuole.   
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 Video 1. 3D reconstruction and rotation of seed endosperm cells from 
(a) the aleurone layer, (b) stem parenchymal cells, (c) root cortex cells, (d) 
leaf mesophyll cells, and (e) petal mesophyll cells. Micrographs were col-
lected by milling fi xed tissue accompanied by SEM imaging using FIB-SEM. 
This video is Windows Media (.wmv) fi le and can be viewed here with 
QuickTime or Windows Media Player, or can be viewed from the Botani-
cal Society of America’s YouTube channel.   

 Video 2. 3D ortho-rotation of seed endosperm cells from (a) the aleu-
rone layer, (b) stem parenchymal cells, (c) root cortex cells, (d) leaf meso-
phyll cells, and (e) petal mesophyll cells. Micrographs were collected by 
milling fi xed tissue accompanied by SEM imaging using FIB-SEM. This 
video is Windows Media (.wmv) fi le and can be viewed here with Quick-
Time or Windows Media Player, or can be viewed from the Botanical 
Society of America’s YouTube channel.   

have greatly decreased the labor necessary to produce images 
and have increased the range of applications. For example, X-ray 
tomography allows imaging of whole plant organs ( Mairhofer 
et al., 2012 ), and TEM tomography allows the detailed visual-
ization of subcellular structures ( Austin and Staehelin, 2011 ). 
FIB-SEM enables imaging of structures between the resolution 
capabilities of TEM and X-ray tomographies. It has proven use-
ful in plant studies for the visualization and distribution of 
starch grains ( Crumpton-Taylor et al., 2012 ) and pollen anat-
omy ( House and Balkwill, 2013 ). The goal of this study was 
to modify FIB-SEM protocols developed for animal tissues, de-
termine the effi cacy of FIB- SEM in plant tissue and/or cellular 
studies, and demonstrate its usefulness in studying organelle 
architecture and distribution. A successful survey of fi ve plant 
tissues was completed using the modifi ed protocol, and 3D re-
constructions were produced that provided visualization of plant 
cells at a unique resolution. 

 In the seed aleurone layer, 2D micrographs and a 3D recon-
struction of the aleurone cells revealed irregularly shaped cells 
with densely packed cytoplasm. There were numerous protein 
bodies and lipid bodies, and well-defi ned cell walls were easily 
identifi able and comparable to organelle images in micrographs 
from TEM studies on endosperm and embryo cells of  Daucus 
carota  L. seed ( Dawidowicz-Grzegorzewska, 1997 ) and perisperm 
and endosperm of  Phelipanche aegyptiaca    (Pers.) Pomel seed 
( Joel et al., 2012 ). 

 Stem 2D micrographs and 3D renderings of fi xed stem tissue 
revealed highly vacuolated elongated collenchyma cells with 
fully developed chloroplasts and starch grains very similar to 
those seen in micrographs of leaf blades of  Arabidopsis  
( Musgrave et al., 1998 ). Amyloplasts and the cell walls were also 

identifi able and comparable to those in micrographs of mer-
istem cells in  D. carota  embryo ( Dawidowicz-Grzegorzewska, 
1997 ) and endosperm cells of  Arundo formosana  Hack. ( Jane, 
1999 ). 

 Root micrographs and 3D reconstruction of root cells re-
vealed columns of regular block-shaped cells with dense cyto-
plasm, a prominent nucleus, nucleolus, cell wall, and vacuoles. 
Subcellular structures were identifi able and comparable to those 
in published micrographs for  Glycine max  (L.) Merr. root cells 
( Yu et al., 2011 ) and cortical cells of  Cucumis sativus  L. root 
( Lee et al., 2002 ). Lipid bodies and starch grains were identifi able 
and comparable to those seen in micrographs for  A. formosana  
endosperm cells ( Jane, 1999 ) and  D. carota  ( Dawidowicz-
Grzegorzewska, 1997 ). Membranes adjacent to the nucleus 
and throughout the cells were similar to endoplasmic reticu-
lum found in root meristematic cells of  Allium sativum  L. ( Jiang 
and Liu, 2010 ) and cortical cells of  C. sativus  root ( Lee et al., 
2002 ). 

 Leaf 2D images and 3D renderings of fi xed leaf mesophyll 
cells produced by FIB-SEM allowed the visualization of cellu-
lar and subcellular features and provided a view of chloroplast 
distribution that was unique, but also consistent with previously 
published 2D electron micrographs ( Musgrave et al., 1998 ). 
Cell shape was generally oblate and circular, with relatively 
thin cell walls. Chloroplasts with low-resolution thylakoid 
stacks were also clearly identifi able as were nuclei, starch grains, 
 and internal cytoplasmic membranes. 

 Petal mesophyll 2D images and 3D renderings revealed elon-
gated, irregularly shaped cells arranged into aerenchymous tis-
sue as previously reported for  Arabidopsis  ( Pyke and Page, 
1998 ) and numerous other species ( Kay et al., 1981 ). Cells were 
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 Fig. 5. 3D false-colored volume rendering for the fi ve cell types. False-coloring was manually added to 3D reconstructions to add greater contrast to 
some of the prominent structures. (a) Seed aleurone cells, (b) stem cortex to parenchymal cells, (c) root endodermis to cortex cells, (d) leaf mesophyll cells, 
(e) petal mesophyll cells. Axes are color coded: x = red, y = green, z = blue. Abbreviations: Aa = amorphous aggregrate; Ap = amyloplast; Cp = chloroplast; 
CW = cell wall; LB = lipid body; N = nucleus; Nu = nucleolus; PB = protein body; V = vacuole.   

highly vacuolated similar to those of another member of the 
Brassicaceae,  Erysimum cheiri  (L.) Crantz ( Weston and Pyke, 
1999 ). Published transmission electron micrographs of  Arabidop-
sis  white petal mesophyll have shown electron-dense leucoplasts 
in the thin strip of cytoplasm typical for these cells ( Pyke and 
Page, 1998 ). There were several structures that may have been 

mitochondria, leucoplasts, or large vesicles, but the SEM im-
ages obtained in this study lacked the resolution to defi nitively 
identify them. Inside the petal mesophyll cell vacuoles, an 
amorphous aggregate was clearly visible in 3D reconstructions. 
This feature has been mentioned in 2D TEM studies as an electron 
opaque material in the mesophyll and epidermal cell vacuoles 
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of  Erysimum  petals ( Weston and Pyke, 1999 ), but its presence 
in those images was  relatively unremarkable. 
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