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Abstract

The visualization of taxonomically diagnostic features of individual pollen grains can be a challenge
for many ecologically and phylogenetically important pollen types. The resolution of traditional
optical microscopy is limited by the diffraction of light (250 nm), while high resolution tools such
as electron microscopy are limited by laborious preparation and imaging workflows. Airyscan con-
focal superresolution and structured illumination superresolution (SR-SIM) microscopy are
powerful new tools for the study of nanoscale pollen morphology and three-dimensional structure
that can overcome these basic limitations. This study demonstrates their utility in capturing mor-
phological details below the diffraction limit of light. Using three distinct pollen morphotypes
(Croton hirtus, Dactylis glomerata, and Helianthus sp.) and contrast-enhancing fluorescent staining,
we were able to assess the effectiveness of the Airyscan and SR-SIM. We further demonstrate
that these new superresolution methods can be easily applied to the study of fossil pollen

Plant Biology, University of lllinois, 505 material.
South Goodwin Avenue, Urbana, lllinois,
61801. KEYWORDS

Email: punyasena@life.illinois.edu

Review Editor: Prof. Alberto Diaspro

1 | INTRODUCTION

Palynologists classify pollen grains into taxonomic groups on the basis
of morphological features. These include the shape of the pollen grain,
the number and arrangement of any apertures, and the ornamentation
of the pollen surface (Punt, Hoen, Blackmore, Nilsson, & Le Thomas,
2007; Traverse, 2007). The choice of microscopy technique affects the
morphological detail that can be observed and the accuracy of the
resulting taxonomic classification (Mander & Punyasena, 2014). Paly-
nologists select a microscopy method according to the nature of the
study and the types of morphological features they aim to investigate
(Sivaguru, Mander, Fried, & Punyasena, 2012; Mander & Punyasena,
2014). Research that relies on the rapid identification of hundreds to
thousands of individual pollen grains (such as the reconstruction of
vegetation history through the geologic past or the generation of pol-

len counts for allergy forecasts) primarily involves the use of brightfield

confocal, fluorescence, fossil pollen morphology, SR-SIM

transmitted light microscopy (Faegri, Iversen, & Kaland, 1992; Traverse,
2007). This technique has been the backbone of palynology from its
inception, and the terminology that is used to describe the morphology
of pollen grains is based principally on morphological features that can
be inspected using brightfield transmitted light microscopy (Punt et al.,
2007).

However, the resolution of conventional optical microscopy meth-
ods, which includes brightfield transmitted light microscopy, is limited
by the diffraction of light in most practical situations (Heintzmann &
Ficz, 2006; Weiss, 2000). This “diffraction limit” means that optical
techniques are unable to capture morphological features that are less
than 200-250 nm in size. In certain plant groups, such as the grasses,
the morphological features that distinguish the pollen of different spe-
cies are far smaller than 200 nm (Andersen & Bertelsen, 1972; Chatur-
vedi, Datta, & Nair, 1998; Mander, Li, Mio, Fowlkes, & Punyasena,
2013; Page, 1978; Peltre, Cerceau-Larrival, Hideux, Abadie, & David,
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1987). In these cases, the diffraction limit represents a fundamental
barrier to the process of classification (Mander & Punyasena, 2014).

Detailed investigations of pollen morphology, therefore, are sup-
plemented by electron microscopy (EM) techniques such as scanning
electron microscopy (SEM) and transmitted electron microscopy (TEM)
(Faegri et al., 1992; Traverse, 2007; Hesse et al., 2009). In contrast to
most optical microscopy methods, SEM and TEM provide the highest-
resolution visualizations of pollen morphology. SEM captures the sur-
face details of a pollen grain, with a spatial resolution of less than 5 nm
(Mander et al., 2013). Detailed analysis of the interior of the pollen wall
is possible using complementary TEM images of microtome sections.
TEM can reach resolutions of up to 0.5 nm (Reimer & Kohl, 2008),
although that extreme degree of resolution is not required for standard
pollen analyses. The high magnification of EM makes it indispensable
to many morphological studies of pollen material. The “gold-standard”
approach to pollen classification requires linking the generalized mor-
phology observed under transmitted brightfield light with the finer fea-
tures evident in SEM and TEM images. Detailed observations under
EM are required to test hypotheses of biologic affinity and to confirm
observations made using transmitted light. However, the isolation and
imaging of pollen grains with EM can be laborious and is therefore only
undertaken with a handful of specimens within a pollen sample. Rou-
tine imaging of a large number of pollen grains using EM is, therefore,
not standard practice.

Optical methods with superresolution capabilitiess—which allow
observation of morphological features below the diffraction limit, and
thereby reduce or replace the need for electron microscopy—would
therefore be transformational to the practice of palynology. Optical
superresolution methods would allow researchers to more easily exam-
ine pollen specimens that are already mounted in palynological slides
(and therefore not readily accessible for EM), as well as analyze rare
reference and fossil material that would otherwise be destroyed by EM
preparation protocols such as sputter coating and microtome section-
ing. The use of optical superresolution would further allow the seam-
less visualization of a pollen grain at multiple resolutions, from standard
transmitted light to superresolution, permitting the morphology
observed under different methods to be easily interpreted. This highly
efficient and timesaving workflow would enable more detailed analyses
of pollen morphology and investigations of the biological affinity of
unknown fossil types. Theoretically, all significant pollen types within a
pollen sample could be identified with the assistance of superresolution
microscopy.

In this article, we demonstrate the potential of two emerging
superresolution optical microscopy techniques—Superresolution Struc-
tured lllumination Microscopy (SR-SIM) (Gustafsson et al., 2008) and
Airyscan Confocal Superresolution Microscopy (Airyscan or Image
Scanning Microscopy; Muller & Enderlein, 2010; Sheppard, Mehta, &
Heintzmann, 2013; Weisshart, 2014)—to capture morphological detail
below the diffraction limit from both modern reference and fossil pol-
len specimens. We highlight the effectiveness of each technique using
a range of pollen morphotypes and compare new contrast-enhancing

fluorescent staining techniques and embedding media.

2 | MATERIALS AND METHODS

2.1 | Procurement and preparation
of pollen specimens

We used both fossil and modern reference material in our study. For
our modern material, we used three extant species with distinct and
varied ornamentation and structure of the exine (pollen wall): Croton
hirtus (Euphorbiaceae), Dactylis glomerata (Poaceae), and Helianthus sp.
(Asteraceae). The morphological features of these species ranged in
size from tens of microns to tens of nanometers. C. hirtus had been
previously examined using detailed optical microscopy by Sivaguru
et al. (2012) and D. glomerata surface texture was described using SEM
by Mander et al. (2013). The morphology of C. hirtus is distinctive to
Croton, with prominent elements approximately 500 nm in size (called
clava) protruding from the surface and arranged in a Croton pattern
(Punt et al., 2007). The thicker exine and more robust ornamentation
of Croton pollen results in a high degree of light absorption (Sivaguru
et al, 2012). Dactylis glomerata pollen, like that of other grasses, is
characterized by a thin exine with minimal ornamentation visible under
transmitted light. Under SEM, submicron areolae (polygonal islands) are
visible in many species (Mander et al., 2013; Mander & Punyasena,
2014, 2016). Interspersed on the surface are nanoscale features of
high relief, called granula (Mander et al., 2013; Mander & Punyasena,
2014, 2016). The most prominent features on Helianthus are the echi-
nae (spines), typical of the Asteraceae family.

Pure D. glomerata pollen was procured from Sigma-Aldrich (St.
Louis, MO). Helianthus sp. pollen was obtained as a prepared slide from
Carolina Biological Supply (Burlington, NC), who stained the pollen
using Phloxine B and mounted it in Practomount. Croton hirtus pollen
was collected from herbarium specimens at the Smithsonian Tropical
Research Institute, Panama and prepared following standard proce-
dures outlined in Faegri et al. (1992). Pollen samples were incubated in
potassium hydroxide to remove humic acids, hydrochloric acid to
remove carbonates, and acetolysis to remove cellulose. D. glomerata
samples were prepared using a modified procedure that excluded
carbon-containing compounds (Nelson, Hu, & Michener, 2006). Our
primary modification to standard palynological processing was the
replacement of acetolysis with a 2-hr incubation in sulfuric acid.

The fossil material used in our study is from three sources. Holo-
cene fossil pollen was obtained from a 500-year-old lake sediment
sample from Lake Rutundu, located on the northeastern flank of Mt
Kenya in eastern Africa (Urban et al., 2013), and the first set of Mio-
cene fossil pollen is from a core in the Rubielos de Mora basin of north-
eastern Spain and dates to approximately 18-16 million years before
present (Urban, Nelson, Jimenez-Moreno, and Hu, 2016). Both fossil
samples were prepared following the same modified preparation proce-
dure as D. glomerata. The final fossil sample is of Miocene material
from northern Venezuela, and is approximately 16-12 million years
old. Paleoflora Ltd., Colombia, prepared the samples. The specifics of
the processing and embedding medium used are proprietary and
unpublished, but roughly follow the standard preparation methods out-
lined in Faegri et al. (1992).
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2.2 | Staining procedures for D. glomerata and fossil
samples

The exine, or exterior encasing, of a pollen grain is naturally autofluor-
escent. However, the strength of the fluorescence and the resulting
signal to noise ratio (SNR) varies with exine thickness. The microscopy
methods analyzed in our study require samples with high SNR. Fluores-
cent labeling of pollen improves SNR, so our first set of experiments
addressed the extent to which labeling could improve our images. We
used D. glomerata, the pollen grain with the thinnest exine and lowest
signal to noise ratio as our test sample, and the stain Periodic Acid-
Schiff solution (PAS; Sigma-Aldrich, St. Louis, MO).

Based on these results detailed below, we chose to stain our D.
glomerata, Lake Rutundu, and Rubielos de Mora samples with PAS
before further analysis. (Our Helianthus material came labeled with
Phloxine B and the thick exine of C. hirtus is highly fluorescent, so did
not require a label.) All pollen was hydrated before the custom-made
staining procedure. Pollen samples that were stained were washed a
minimum of three times with ultrapure water and passed through
60 um Pluriselect cell sieves (Pluriselect, San Diego, CA) inserted into a
50 mL Falcon tube to remove large debris, and then through 20 pm
Pluriselect cell sieves to isolate the pollen. Pollen samples were incu-
bated in periodic acid for a minimum of 8 hr followed by three washes
in distilled water. The pollen was then incubated with Schiff's reagent
for a minimum of 30 min or until the pollen turns from yellow-white to
purple. Pollen was washed again to remove excess stain and to allow
the color to fully develop. Staining was performed within the 20 um

Pluriselect cell sieves to minimize loss of material.

2.3 | Mounting procedures for D. glomerata
and fossil samples

The stained pollen was either mounted in Hoyer’'s media (Anderson,
1954) or Eukitt (Electron Microscopy Sciences, Hatfield, PA). In our
previous experiments with superresolution imaging, we discovered that
the main criterion for successful preparation was using a solid medium
with a refractive index close to that of glass (Wesseln, 2015). Hoyer'’s
and Eukitt are two media that fulfill this criterion. Notably, silicone oil,
perhaps the most popular embedding media for Quaternary palynologi-
cal analysis, is not appropriate. The mobility of the grain, a desirable
quality for manual manipulation and rotation in pollen analysis (Faegri
et al., 1992), is not desirable for superresolution imaging. Minute vibra-
tions affect the quality of the images. The large number of images
needed to produce an SR-SIM image makes this technique particularly
vulnerable to vibrations during imaging (Wesseln, 2015).

For Hoyer's, the pollen was dehydrated in the 20 pm Pluriselect
cell sieves using a graded ethanol series of 70%, 80%, and 100%. The
pollen was then transferred to a microcentrifuge tube where it was
suspended in Hoyer's media. For Eukitt, the pollen was dehydrated in
20 pm Pluriselect cell sieves with a graded ethanol/xylene series of
70%, 80%, 100% ethanol followed by 2:1, 1:1, 1:2 solutions of ethanol:
xylene. The pollen was then transferred to microcentrifuge tubes and
incubated in 100% xylene with three drops of Eukitt to allow for infil-

WILEY*®

tration of the mounting media overnight. For both mounting media, a
500 pL pipette was used to place a drop about 3-4 mm diameter on
the slide. The sample drop was covered with a high-performance cover
glass (0.17 mm thickness). Hoyer's mounted samples were dried at
room temperature or placed on a hotplate set at 65°C for 1 week to
promote drying. (Heat may sometimes promote bleeding of stains from
samples into the medium.) Eukitt-mounted samples were dried at room
temperature in a laboratory hood overnight.

2.4 | Measuring point spread functions
of optical systems

Point spread functions (PSFs) were measured for each modality using
100 nm Tetraspeck fluorescent beads (Thermofisher, Catalog# T7279)
prepared on a Zeiss high-performance cover glass with Prolong Gold
antifade (Thermofisher, Eugene, OR) as the mounting medium. We
have used 561 nm excitation laser for all modes with appropriate emis-
sion (570 LP) in each system using a Plan Apochromat 63X 1.4 NA
(Carl Zeiss) objective. The LSM 880 was used for both confocal and
Airyscan modes using the Airyscan detector (described below). The SR-

SIM system was used to generate widefield and SR-SIM PSFs.

2.5 | Imaging pollen using confocal and airyscan
superresolution microscopes

We used the LSM 880 with Airyscan (Carl Zeiss, Jena, Germany) sys-
tem with GaAsP detectors (Gallium:Arsenide:Phosphide) for both con-
focal and Airyscan imaging. In the standard confocal approach, only
one detector is used. The Airyscan represents a new laser scanning
imaging technique much like confocal but with 32 detectors replacing
the single photomultiplier detector of the standard confocal micro-
scope and producing a two-fold signal to noise ratio (SNR) improve-
ment over conventional detectors (Weisshart, 2014; Urban et al., this
issue). The light path is illustrated in Figure 1A. In both Airyscan and
conventional confocal modes, a 63X Plan Apochromat (1.4 NA) oil
objective was used. In the confocal mode, the pinhole was set to 1.0
airy unit (AU). In the Airyscan superresolution mode, emission light was
projected onto an array of 32 GaAsP detectors in a hexagonal pattern
each representing 0.2 AU (Weisshart, 2014). These are arranged in
three rings with a central detector. The complete array represented
1.25 AU from a sample. At a given time and laser position the signal
from each detector goes to the appropriate pixel in the image. Reduc-
ing pinhole size from 1 to 0.2 AU improves the resolution by a factor
of 1.4, using the point spread function (PSF) to dynamically reassign
the photons gives a total improvement of 1.7 over the confocal resolu-
tion. The PSF refers to the image of each sub-diffraction and near dif-
fraction fluorescent point source that defines the spatial resolution of
the microscope (Allen, Ross, & Davidson, 2014; Habuchi, 2014; Jost &
Heintzmann, 2013). The confocal and Airyscan image acquisition set-

tings are provided in Table 1.
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A. Light Paths
LSM 880 Confocal and SR

Slide
L ]
i Cover glass
i
63x 1.4 NA
Plan-Apochromat
100x 1.46 NA
alpha Plan-Apochromat
Twin gate main
beam splitter
M f / XY Galvo scanning mirrors
-~
- Emission
405/488/561 Secondary filters
| asers beam splitters P

Zoom Optics
Airyscan detector

AS Mode or CO mode
GaAsP Detector Array

SR-SIM

63x 1.4 NA
Plan-Apochromat

SIM Reflector Module*

To EMCCD
@ Field Rotator

SIM Grating

D SIM Module
]

-

-

405/488/561 Lasers

*405nm Ex: MBS 405, BP 495-550/LP750
561 nm Ex: MBS 561, BP 570-620/LP750

B. Point spread functions of microbeads
Confocal - XY Confocal - XZ

SR-SIM (WF) - XZ

SR-SIM (WF)- XY

Airyscan - XY

SR-sIM (sR)-xY I

Airyscan - XZ

SR-SIM (SR) - XZ

FIGURE 1 (A) Light paths for the LSM 880 [confocal and Airyscan Superresolution (SR)] and SR-SIM. AS, Airyscan; CO, Confocal; SIM,
structured illumination microscopy. The Airyscan detector is a 32-channel GaAsP detector used in superresolution mode (AS) as well as con-
focal mode (CO). The SIM grating used for the study is 34 um, but wavelength dependent grid frequencies are available from 28 to 54 um
and switched based on the excitation wavelength used. (B) Images of 100 nm Tetraspeck fluorescent beads used to measure point spread
functions for each modality. Scale bars represent 0.2 um. SR: Superresolution; WF, widefield. All images are collected from 561 nm excita-
tion and 570-630 nm emission band pass. The full width at half maximum lateral resolution values for modalities are widefield: 259 nm;
confocal: 204 nm; Airyscan: 161 nm and SR-SIM: 125 nm. Same bead set was shown between widefield-SR-SIM and confocal-Airyscan
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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TABLE 1 Summary of image acquisition techniques and methodology

Techniques
Systems

Objectives

Dimensions/(X,Y,Z in pm)

Emission wavelengths

Excitation wavelengths
Detectors

Digital Post-processing
and Software

Confocal (GaAsP)
LSM 880, Carl Zeiss, Jena, Germany

63X Plan Apochromat DIC (1.4 NA)
Qil, 100X 1.46 NA Alpha Plan
Apochromat DIC with 1.4 NA Oil
Condenser

1,024 x 1,024 (0.04 x 0.04 x 0.1%)

Ex405; Em 420-480 + LP 605;
Ex488; Em495-550 + LP 570

405 nm, 488 nm, 561 nm
Airyscan detector (Confocal Mode)

Subset of processed data planes,
Max intensity projection, 3 X 3
median filter-Zen, Orthogonal
projections-Autoquant X3

Airyscan
LSM 880, Carl Zeiss, Jena, Germany

63X Plan Apochromat DIC (1.4 NA)
Qil, 100X 1.46 NA Alpha Plan
Apochromat DIC with 1.4 NA Oil
Condenser

1,024 x 1,024 (0.04 x 0.04 x 0.1%)

Ex405; Em 420-480 + LP 605;
Ex488; Em495-550 + LP 570

405 nm, 488 nm, 561 nm
Airyscan detector (Airyscan Mode)

Airyscan module, Subset of pro-
cessed data planes, Max intensity
projection, 3 X 3 median filter -Zen,
Orthogonal projections - Autoquant
X3

WILEY

SR-SIM
ELYRA S1, Carl Zeiss, Jena, German

63X Plan Apochromat DIC (1.4 NA)
Qil, 100X 1.46 NA Alpha Plan
Apochromat DIC with 1.4 NA Oil
Condenser

1,004 x 1,002 (0.037 x 0.037 X
0.1%)

Ex561; Em 570-620 + LP 750

406 nm, 488 nm, 561 nm
Andor Ixon 885 EMCCD

Structured Illlumination module,
Subset of processed data planes,
Max intensity projection, 3 X 3
median filter -Zen, Orthogonal
projections - Autoquant X3

#Average length for z.

2.6 | Imaging pollen using Superresolution-structured
illumination microscopy

The Elyra S1 SR-SIM light path (Carl Zeiss, Jena, Germany) is illustrated
in Figure 1A. SR-SIM is a recently developed optical superresolution
microscopy method with increasing applications in the life sciences
(Habuchi, 2014; Han, Li, Fan, & Jiang, 2013; Huang, Bates, & Zhuang,
2010; Leung & Chou, 2011; Long, Robinson, & Zhong, 2014). It is a flu-
orescence technique with a light path similar to a widefield fluores-
cence microscope, but with a moving optical grid of parallel lines that is
projected onto the sample in the lateral (XY) and axial (2) directions.
During standard SR-SIM image acquisition, five images of the sample
are collected when the grid is repeatedly moved one fifth of the grid
spacing along the X-axis. Moiré fringes are created by this grid pattern
and the sample. The Moiré fringes are then transmitted through the
objective to the camera. Moving the resulting image to Fourier space
allows the original sample structure to be reconstructed by removing
the known grid pattern from the Moiré fringes (Gustafsson et al.,
2008). Image resolution on the Y-axis is improved by rotating the grid
at predetermined angles to collect an isotropic improvement in resolu-
tion (Gustafsson, 2000; Gustafsson et al., 2008; Lukosz & Marchand,
1963; Sun & Leith, 1992). Because the grid projection is structured on
the Z-axis, the optical sectioning resolution is improved two-fold com-
pared with the standard confocal. Therefore, resolutions of 120 nm lat-
erally (XY) and 250 nm axially (Z) can be achieved depending on the
wavelength used (Allen et al., 2014; Dan, Yao, & Lei, 2014; Gustafsson,
2000; Gustafsson et al., 2008; Jost & Heintzmann, 2013; Kasuboski,
Sigal, Joens, Lillemeier, & Fitzpatrick, 2012; Long et al., 2014).

In our study, we used the 34-um gratings of the Zeiss Elyra S1 SR-
SIM system to create near diffraction-limited lines for 561 nm light, by
combining the +1, —1, and O diffraction orders in the back aperture of
the objective. A theoretical lateral resolution of 140 nm is possible
with this setting. This pattern was rotated to five pre-aligned angles

and at each rotation the grating was moved five times to collect images

with the grid in five phases, or positions. Thus, constructing a single
plane of an SR-SIM image with five rotations and five phases per rota-
tion required 25 images. For a typical pollen image Z-stack 4 um in
depth and with multiple axial sections taken at 130 nm steps, approxi-
mately 750 images were required for acquisition for a single wave-
length of light [(3,900 nm/130 nm) X 25 images).

The Elyra S1 was calibrated for a 63X Plan Apochromat (1.4 NA)
oil objective using PSF measurements from both sub-diffraction
(50 nm) and near diffraction (170 nm) limited point source fluorescent
beads supplied by the system manufacturer. The empirical PSFs were
measured using these beads and the same wavelengths and objective
used in this study. The Electron Multiplying Charge Coupled Device
(EMCCD; Andor iXon 885) gain and exposure times were kept con-
stant across specimens, but the laser power was set to optimize the
quality of the image. The default SR-SIM image acquisition settings

used are provided in Table 1.

2.7 | Image processing and analysis

Pollen samples were imaged with the three microscopy methods
(standard confocal, Airyscan, and SR-SIM) as a series of axial images, or
Z-stacks. The raw (confocal) and processed (SR-SIM and Airyscan)
images were stored in the proprietary Zeiss CZI file format. Images of
pollen grains were optimized for visualization by manually adjusting the
minimum and maximum intensity values of the histogram in Zen, a pro-
gram native to Zeiss microscopes. Subsets of focal planes were made
to highlight various structures on the surface of the pollen grains. Line
intensity profiles were obtained for the surface structures either line-
arly across an image or from location to location to highlight the resolu-
tion, signal and noise values of each modality. Some images were
cropped to highlight specific areas of a given pollen grain to compare
the retrieval of information from various modalities and before and
after staining. Orthogonal maximum and single plane images of XY and
XZ were produced using Autoquant X3 (Media Cybernatics, Bethesda,
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Labeled Pollen

Unlabeled Pollen

Low Magnification High Magnification

Low Magnification

Confocal

Airyscan

SR-SIM

High Magnification

FIGURE 2 Low and high magnification comparisons of labeled (periodic acid-Schiff) and unlabeled Dactylis glomerata grains under the
three modalities (Confocal, Airyscan, SR-SIM). For low magnification images, scale bars represent 5 pm. Scale bars for the corresponding
high magnification images represent 2 um. All low magnification images represent maximum intensity projections of all planes within the
Z-stack. All high magnification images represent a subset of 3 axial planes.

MD). Videos of optical sections were made with the program Imaris
Suite and Zen and stored in AVI format. Three-dimensional rendering
algorithms of maximum intensity projections, blend projections, mixed
projections of transparency and surface algorithms, and iso-surface
projections were made after setting specific thresholds. FFT images
were made in the program Image J (NIH Open Source software 2015)
and pseudo-colored to highlight low and high frequency gain. For the
FFT analysis, the average intensities of frequency values within an
image (at an angle of 0° to the image center) were recovered using a 6-
pixel wide line profile across the image center. At each horizontal pixel
the intensity of the 6 pixels was averaged to give an intensity value to

plot.

3 | RESULTS

3.1 | Preparation methods

In our preliminary experiments to determine the effects of processing
and preparation, we first tested the effect of using PAS on our ability
to image the fine structure of Dactylis glomerata. All of the imaging

methods showed an increase in image quality with labeling (Figure 2;

Supporting Information Movies S1 and S2). The areolae were sharper
in the labeled sample for confocal, the lowest resolution method. In
Airyscan, the granula were evident only in the labeled sample. Labeling
most dramatically improved the results for SR-SIM. This is not surpris-
ing given the large number of images and high signal needed for SR-
SIM imaging. Labeling improved the signal as indicated by the higher
signal to noise ratio (Supporting Information Table S1) and reduced
photobleaching. Both the areolae and granula were clearly visible in
the labeled SR-SIM sample, with images closely resembling those from
SEM (Mander et al., 2013). The unlabeled SR-SIM sample showed the
well-defined edges of what could be the areolae, but the structural
shape notably does not match SEM, Airyscan or the labeled SR-SIM
images (Figure 2). We found minimal differences among the embedding
media. We were able to successfully image material using Hoyer’s,
Eukitt, Practomount (for the commercially prepared Helianthus sp. sam-
ples), and an unknown solid medium (for the commercially prepared
Miocene Venezuelan material).

Based on these results, we chose to stain our D. glomerata and
two of our fossil samples with PAS before further analysis. The Helian-
thus sp. samples were commercially prepared and arrived stained with
Phloxine B. Because of ease of preparation (Urban, Barclay, Sivaguru, &
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Punyasena, 2016), samples that were prepared in-house were mounted
in Eukitt.

3.2 | Performance comparison of optical systems
using point spread functions

The full width at half maximum measurements performed using the
100 nm fluorescent beads showed a lateral resolution of 259 nm in
widefield, 204 nm in confocal, 161 nm in Airyscan, and 125 nm for SR-
SIM and are presented in Figure 1B. These results indicate that in prac-
tice, the SR-SIM provides a two-fold improvement in lateral resolution,
while Airyscan results in an approximately 1.6 times enhancement in

lateral resolution over diffraction-limited widefield fluorescence.

3.3 | Comparison of imaging methods

Maximum intensity and single plane images of the three pollen types
(Croton hirtus [unlabeled], Dactylis glomerata [PAS], and Helianthus sp.
[Phloxine B]), comparing the three imaging methods (confocal, Airy-
scan, and SR-SIM), are presented for both the XY and XZ orientations
in Figure 3. The results demonstrate the differences in the resolution
of pollen grains and imaging depth of each technique. We include a sin-
gle XZ plane to show the morphological detail visible at increasing
imaging depth. Intensity line profiles, measured across the XY projec-
tions, quantify the relative contrast. Because the cytoplasm remained
intact in the Helianthus samples, which strongly absorbed the Phloxine
B stain, the interior of the pollen grain was highly fluorescent. For this
reason, our XY reconstruction of the Airyscan results includes a ren-
dered three-dimensional shaded projection instead of a maximum
intensity projection alone. The depth of penetration was most affected
by the degree of absorption by the pollen exine, which varied by taxon.
However, Airyscan appears to have the greatest depth of penetration.

Figure 4 compares the ability of each microscopy method to cap-
ture high-resolution details of the pollen surface. Line profiles in this
figure are constructed by measuring pixel intensities in an irregular
path that zigzagged from the center of one morphological feature to
the next. This was done in order to emphasize the contrast of features
from background within an image. For the high-magnification images
of D. glomerata, two separate sets of layers were chosen to emphasize
the patterning of the areolae and granula. The fine-scale optical sec-
tioning possible with the SR-SIM further reveals that the patterning of
the granula is tied to the collumellate structure of the pollen wall. Both
Airyscan and SR-SIM show improvements in the morphological detail
recovered, but SR-SIM shows morphological detail not evident with
the confocal or Airyscan. Whether this morphological detail is real or
artifact is discussed later in the article.

Figure 5 illustrates the impressive optical sectioning capabilities of
both superresolution methods. The profile and structure of the echinae of
Helianthus sp. and clava of C. hirtus are clearly visible with Airyscan (Figure
5A, B). These are relatively large structures, for example, clava are approxi-
mately 16.8 um in size on average. The additional resolution of the SR-
SIM is needed to distinguish the fine-scale structures (tectal columellae,
~250 nm) that compose the pollen wall of D. glomerata (Figure 5D).

WILEY Y

The increase in resolution delivered by the SR-SIM and Airyscan
compared with the confocal is quantified in in Figure 6. Low magnifica-
tion and high magnification images of D. glomerata are presented along
with fast Fourier transforms (FFTs) of the high-resolution images.
Circles representing 250 nm resolution, the standard limit of optical
resolution, have been added to the FFTs of each image to aid in com-
parison (Figure 6A). Standard confocal is diffraction-limited. Airyscan
approaches this level of resolution. SR-SIM surpasses it. To more
directly compare the resolution capabilities of each microscopy tech-
nique, we overlay cross-sections taken through the center of the FFT
intensity plots (Figure 6B). Intensity values were averaged across six
pixels perpendicular to the y-axis cross-section. The results demon-
strate that the Airyscan and the SR-SIM outperformed the standard
confocal across the entire spectrum of feature sizes present in the D.
glomerata image. Although the Airyscan appears to have the greater
ability to distinguish larger features (1-3 cycles/um, or 1,000-333 nm
in size), the SR-SIM is better able to detect smaller features (6-8
cycles/um, or 166-125 nm in size).

4 | DISCUSSION

4.1 | Taxon-dependent results

The most effective technique for visualizing pollen features depended on
feature size. For C. hirtus, the shape and arrangement of the clava were
visible under all three imaging methods, but our best images for this type
of pollen grain came from the Airyscan. The images showed improved
resolution as demonstrated by the sharpness of features in the maximum
intensity projection, the wider, more distinct, valleys in the intensity plot,
and clarity of the clava profiles in the single XZ plane (Figure 3; Support-
ing Information Movie S5). Airyscan also clearly imaged the muri, the
interconnecting ridges supporting the clava, which were not visible with
the SR-SIM but were suggested, although not definitive, in the confocal
(Figure 5B; Supporting Information Movie S5). Although the SR-SIM
penetrated deeper into the grain than the other methods (Figure 3), the
edges of the clava were overemphasized and showed strong variations
in fluorescence intensity (Figure 4; Supporting Information Figure S1).
These intensity variations were also suggested in the Airyscan images
(Figure 4; Supporting Information Movie S5) and became more apparent
with extremely long Airyscan imaging times. This suggests that the varia-
tions in intensity may be real and reflect differences in the autofluores-
cence properties within the clava that may reflect true structure.

In contrast, the thinner exine, smaller size of surface features, and
lower optical absorption of D. glomerata made the SR-SIM more effec-
tive. At low magnification, the areolae were visible under all three
methods, but were the most distinct deeper in the Z-stack with the SR-
SIM (Figure 3). Airyscan, however, retains more of the information orig-
inating from the sample than the SR-SIM, resulting in better contrast
with increasing depth (Figures 3 and 5; Supporting Information Movies
S1 and S2). In comparison, the granula and underlying columellae can-
not be sufficiently resolved in the confocal system, even after the criti-
cal application of fluorescent labeling (Figure 2). The contrast between
the granula and areolae was only visible with twice the optical
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FIGURE 3 Low magnification images of each pollen type under the three modalities (confocal, Airyscan, SR-SIM). All images were cropped
to fit the individual panels. Original image sizes are found in Table 1. Scale bars at the bottom right corner of each XY maximum intensity
projection (MIP) image represent 5 um. All images of a species for a given modality (i.e., each row) are shown at the same scale. The
Helianthus XY projection for Airyscan is a 3D render (hybrid, see methods for details) of the grain, with the inset being the true MIP. The
interior space of the grain has higher intensity than the surface masking the surface features. The line profiles represent intensity values
measured across the middle of the pollen grain, marked by the two short gray lines on the middle left and middle right of the
corresponding XY projections. To simplify line profile figures, all intensities were normalized to a scale between O and 5.
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FIGURE 4 High magnification images of each pollen type under the three modalities (confocal, Airyscan, and SR-SIM). All images represent
the maximum intensity projection (MIP) of a subset of 3 axial planes. Scale bars represent 2 um. For Dactylis glomerata, the major structures
are best represented using two different sets of MIPs of three planes. (A) Represents the three surface planes of the grain. (B) Represents
the three planes below (A). The line profiles were generated using each MIP image by drawing lines between the major structures. To
simplify line profile figures, all intensities were normalized to a scale between 0 and 5.
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A. Helianthus sp. - Airyscan B. Croton hirtus - Airyscan

C. Dactylis glomerata - Airyscan
- -

FIGURE 5 The internal structures Helianthus sp., Croton hirtus, and Dactylis glomerata under Airyscan and SR-SIM modalities. (A, top):
Hybrid 3D projection of Helianthus sp. Scale bar represents 5 um. (A, bottom): XZ cross section through the exine. Scale bar represents 2
um. (B, top): surface of a Croton hirtus grain showing how the muri connect the individual clava. Scale bar represents 5 um. Inset shows the
maximum intensity projection (MIP) of the outside of the same grain. (B, bottom): XZ cross-section through the grain showing individual
clava. Scale bar represents 2 um for the upper cross-section and 0.5 um for the lower. (C, top): A 10-plane MIP subset of a Dactylis glomer-
ata grain using Airyscan. Scale bar represents 5 pm. (C, bottom): XZ cross-section through the grain showing details of the tectum, columel-
lae, and foot layer. Scale bar represents 2 um for the upper cross-section and 0.5 um for the lower. (D, top): A 10-plane MIP subset of a
Dactylis glomerata grain using SR-SIM. Scale bar represents 5 um. (D, bottom): XZ cross section through the grain showing details of the
tectum, columellae and foot layer. Scale bar represents 2 um for the upper cross-section and 0.5 um for the lower.

resolution (the SR-SIM) or when all the photons are collected, reas-
signed, and deconvolved (the Airyscan) (Figure 4). The columellate
structure of the pollen wall, however, was most distinct with the SR-
SIM. The differences between the two superresolution techniques
were further emphasized by the FFT analysis and frequency spectrum
of the same labeled D. glomerata pollen grain (Figure 6). Under identical
brightness and spatial frequency intensity and distribution, the ampli-
tude of spatial frequencies for the Airyscan was similar to the SR-SIM
at the lower spatial frequencies (1-3 cycles/pm or 1,000-333 nm) that
are expected by theory (Figure 6B). At higher spatial frequencies (4-8
cycles/um or 250-125 nm), the SR-SIM was slightly better at capturing
smaller features, such as the granula and columellae. Both Airyscan and
SR-SIM systems revealed these details only after labeling the pollen
with the fluorescent stain PAS (Sivaguru et al., 2015).

Due to differences in processing methods, the cytoplasm remained
intact in the Helianthus samples. This internal matrix strongly absorbed
the Phloxine B stain and was highly fluorescent. For this reason, our
XY reconstruction and supplemental movie of the Airyscan results uses
a rendered three-dimensional mixed projection (mixture of transpar-
ency and surface projections) projection instead of a maximum inten-
sity projection alone (Figure 3; Supporting Information Movie S4). The
signal introduced by the presence of cytoplasm would have been
removed if the pollen had been processed using standard palynological
processing techniques (Faegri et al., 1992). Despite this, significant mor-
phological detail is still apparent in the Helianthus images. At high mag-
nification, the Airyscan and SR-SIM appear to capture the scabrate
surface texture of Helianthus sp. not visible with confocal (Figure 4;

Supporting Information Movies S3 and S4). The confocal XZ images

show echinae with blunted tips resulting from the difference in the XY
and XZ resolution (Figure 3). This distortion is less apparent with the
higher resolution Airyscan and SR-SIM, which better capture the true
shape of the echinae in three dimensions (Supporting Information
Movies S3 and S4). At high magnification, the single plane Airyscan XZ
projection captures a detailed cross-section of the exine, with the tec-
tum, columellae, and foot layer clearly differentiated (Figure 5A; Sup-
porting Information Movies S3 and S4). The SR-SIM, however, had
difficulty imaging these structures due to optical distortions of the grid
resulting from the irregular pollen morphology. When the index of
refraction of the pollen sample varies from the index of refraction of
the mounting medium, the pollen structures act as lenses and distort
the optical grid. The result is a distorted image of the pollen structures.

Taken together, the results suggest that SR-SIM excels at capturing
small features (250-120 nm) on samples with a high signal to noise ratio,
without irregular features that distort the grid pattern (Figure 3). In con-
trast, the Airyscan is better able to resolve images of unlabeled pollen,
with a lower signal to noise ratio. These features need to be larger
(>150 nm) (e.g., C. hirtus) because of the lower resolution of Airyscan. It
was nearly impossible to effectively resolve the morphology of unlabeled
D. glomerata grains with the SR-SIM given the large number of images
and high signal to noise ratio needed for the technique. However, areolae
(but not granula) were still clearly visible with the Airyscan. Thus, the Air-
yscan appears to be the better choice when only unlabeled samples are
available (e.g., archived slides and samples). And while the Airyscan does
not have the resolution of the SR-SIM, it can act as an independent
check of the SR-SIM to ensure that the features in SR-SIM are not an
artifact of distortion (Supporting Information Figure S1).
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FIGURE 6

(A) Low and high magnification maximum intensity projection images of a three-plane subset of the same grain of Dactylis glom-

erata and the pseudocolored Fast Fourier Transform images across the three modalities (confocal, Airyscan, SR-SIM) of the high-
magnification image. Color represents intensities from high (red) to low (green). Fast Fourier Transform (FFT) data were generated using the
low magnification whole pollen images and the yellow circle represent spatial frequency of 4 cycles/micron or 250 nm. For low magnifica-
tion images, scale bars represent 5 um. The same scale bar represents 2 um for the corresponding high magnification image. (B) Frequency
spectra generated from the FFT images, comparing the transfer functions of each technique. The spectra are averages of 6-pixel wide lines
drawn across the FFT image centers. The X-axis is the transferred frequencies in cycles per micron (e.g., 8 cycles represent 125 nm) and
the Y-axis is the averaged intensity in 8-bit grayscale [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

4.2 | The potential of optical superresolution

Our images demonstrate the tremendous potential of optical superre-
solution methods for pollen analysis. The surface images from both the
Airyscan and SR-SIM rival SEM for features larger than 120 nm. Addi-
tionally, the XZ sectioning capability of these optical techniques allows

the internal structure of the pollen wall to be visualized. Internal and
external structures can be viewed and correlated within the same spec-
imen (the example of C. hirtus shown in Figure 5B; Supporting Informa-
tion Movies S5 and Sé). This integrated morphological analysis is not
possible with current EM approaches to pollen analysis.
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Grass pollen I Other palymorph
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FIGURE 7 Representations of subfossil (Holocene) and fossil pollen (Miocene) imaged with Airyscan and SRSIM modalities. Scale bars represent 5
um. Insets show 7.4 um-wide cropped maximum intensity projection (MIP) images (subset of 3 axial planes) that emphasize surface texture. With the
exception of (D) all grains were mounted in Hoyer's and labeled with periodic acid-Schiff (PAS). Mounting medium for (D) is unknown and it is unla-
beled. (A, E) Poaceae (grass) grain from Lake Rutundu, Kenya. (B) Celtis sp. grain from Lake Rutundu, Kenya. (C) Poaceae grain from Rubielos de Mora
Basin, Spain. (D) Croton-type grain from Urumaco Formation of Venezuela. (F) Hagenia abyssinica grain from Lake Rutundu, Kenya. (G) Poaceae (grass)
grain from Rubielos de Mora basin, Spain. (H) Euphorbiaceae-type grain from Rubielos de Mora basin, Spain.

The ability of Airyscan and SR-SIM to work with standard micro-
scope slides also provides a mechanism for a higher throughput approach
to the taxonomic analyses of pollen samples, as critical morphological
detail can be rapidly imaged and interpreted. This would potentially allow
for more specific taxonomic classifications as a matter of routine for
problematic groups, like the grasses, where critical morphological differ-
ences are smaller than the diffraction limit of 200-250 nm (Mander et al.,
2013; Mander & Punyasena, 2014, 2016). Our results for D. glomerata
demonstrate that surface features such as the patterning of the granula
and shape of the areolae are visible with both the Airyscan and SR-SIM,
and the three-dimensional shape and height of the granula are visible in
cross-section.

Finally, Airyscan and SR-SIM are two superresolution methods that
can be directly applied to naturally autofluorescent fossil samples. Figure
7 demonstrates the quality of images that can be achieved with subfossil
(~500 years old) and fossil (16-18 million years old) material (Figure 7).
Two examples of fossil specimens (Figure 7C,D) were prepared by a
commercial processing facility using a variation of the standard palyno-
logical processing methods developed for transmitted brightfield micros-
copy. The images that resulted are comparable to our modern reference
material that was not labeled explicitly for fluorescence imaging. We
prepared the remaining material expressly for superresolution imaging,
including labeling these specimens with PAS (Figure 7A,B,E-H). The use
of fluorescent stains augmented the signal. This is especially evident for
the Holocene (~500 years before present) grass pollen (Figure 7AE
insets) which show distinct surface ornamentation that is on par with

that of a modern specimen. However, in the less robust Rubielos de
Mora grass pollen, smaller scale morphological features appear less dis-
tinct, despite the use of fluorescent stain (Figure 7G). These specimens
were likely strongly altered by diagenetic processes during fossilization.
In this case, superresolution captures the taphonomic history of this
specimen, rather than its taxonomic identity.

Overall, our images support the argument that Airyscan and SR-SIM
are both viable techniques for the study of pollen morphology—whether
it is in the context of paleoecology, pollen development, or plant system-
atics. The results provided by the two superresolution techniques, how-
ever, are not identical, but complementary. SR-SIM performs best only
when a sample is thin and has a relatively high signal to noise ratio. The
Airyscan performs better than SR-SIM for samples that have a lower sig-
nal to noise ratio or have structures that distort the optical grid (e.g., the
echinae of Helianthus). Airyscan, however, never achieves the resolution
of SR-SIM under optimal conditions (161 nm for the former vs. 125 nm
for the latter). The appropriateness of a given technique ultimately
depends on the nature of the morphological characters of interest, the
light absorption characteristics of the pollen grain itself, image acquisition
and processing parameters, and finally, the effectiveness of sample prep-
aration methods. The use of a solid medium is critical, particularly for the
SR-SIM. Labeling is vital for thin walled specimens with low signal to
noise, as in the case of D. glomerata.

The nature of Airyscan and SR-SIM is very different from EM. SEM
captures information from only the very surface of a specimen, whereas

Airyscan and SR-SIM, as optical microscopy methods, are potentially
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able to reveal intricate, internal structures. Due to the nature of optical
sectioning, this internal information is three-dimensional (Figure 5). As a
result, some of the texture that is visible in the optical superresolution
images, which may not be not visible in corresponding SEM images,
potentially represent morphological features that are located within the
pollen wall, rather than on its surface. For some samples, SR-SIM
appears more prone to artifactual imaging (e.g., rings on C. hirtus clava
or distorted areolae in unlabeled D. glomerata; Supporting Information
Figure S1). Airyscan, therefore, should be used to corroborate SR-SIM
data. The 161 nm resolution of the Airyscan is coarser than the 125 nm
resolution of the SR-SIM, but the images will be more comparable than
those from a standard confocal (Figure 1B). Further research interpret-
ing superresolution optical microscopy images is needed to determine
the nature of features that are only visible using SR-SIM and Airyscan.
Establishing feature-to-feature correlations between superresolution
images and scanning electron micrographs of biological structures is dif-
ficult, but detailed morphological analyses over a larger morphological
range of pollen specimens using SEM, TEM, SR-SIM, and Airyscan
would establish the degree to which these different methods capture
the same or alternative morphological details.

An additional future challenge is to integrate superresolution tech-
niques such as SR-SIM with semi- and fully-automated pollen and
spore classification systems such as the Classifynder (Holt et al., 2011)
and ARLO (Punyasena et al., 2012; Tcheng, Nayak, Fowlkes, & Punya-
sena, 2016), so that morphological data from below the diffraction limit
of light can be collected and analyzed using high-throughput methodol-
ogies. The combination of superresolution microscopy with new
approaches to computer vision and image analysis will allow even the
smallest scale morphological differences among pollen and spores to be
incorporated into the study of plant morphology and diversity.
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