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Pollen grains are the natural starting point for microcapsules and biomaterials used in diverse engineering applications.
Defatting, solvent extraction and acid/alkaline treatment are standard techniques for converting native pollen into “inert”
materials through removing internal biological components. However, the common assumption that physiochemically treated
pollen particles are necessarily biologically inactivated is questionable. Pollen grains are intrinsically chemically robust, being
encased in an outer exine layer that protects the hydration-responsive intine involved in germination. Here, based on preliminary
morphological observations, we formalize a “processing-dependent” hypothesis challenging the standard assumption. Pollen
grains of Camellia and sunflower were defatted by solvent (acetone/diethyl ether) extraction, then incubated in solid medium for
72 h. Bright-field imaging revealed filamentous and tube-like structures in the defatted Camellia pollen that suggest a possibility
of retained germination competence. In contrast, sunflower pollen showed greater agglomeration and less visual evidence of
germination. Taken together, we propose a conceptual continuum – first native pollen; then defatted pollen, with a chemically
altered surface but possible retention of biologically active internal structures; then finally, biologically inactive sporopollenin
exine capsules (SECs). This framework thus explicitly distinguishes extensively processed SECs, which are required for “inert”
engineering purposes, from treated pollen grains that may retain germination competence. The biological status of engineered
pollen materials should be assessed on a per-processing-condition, per-species basis rather than assumed. However, our proposal
remains a hypothesis, and we call for empirical testing. We outline a protocol for control experiments under sterile conditions
with appropriate germination-scoring criteria, viability assays and other requirements.
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Introduction

Pollen grains exhibit a multilayered structure consisting of
a chemically robust outer exine, which is mostly composed
of sporopollenin, and a hydration-responsive intine that fa-
cilitates swelling, wall remodeling and pollen-tube emer-
gence1–5. This composition protects genetic material from
the environment while maintaining the capacity of pollen to
rapidly activate upon hydration under suitable conditions for
germination4–8.

Owing to these structural features, pollen and plant spores
are increasingly investigated as renewable biomaterials. Nat-
ural spores and pollen-derived capsules have high morpho-
logical uniformity and well-defined micromeritic properties,
are mechanically and chemically resistant, and contain in-
ternal cavities suitable for compound loading1,2,9–11. These

1 BC Collegiate, South Korea

properties are relevant to multiple engineering applications,
including drug delivery, oral protein formulation, microen-
capsulation, environmental remediation, flexible electronics,
micro/nanomotors, sustainable paper, optical substrates, 3D
printing materials and UV-protective coatings9–22. In particu-
lar, sporopollenin exine capsules (SECs) and their associated
pollen-derived shells are externally robust, hollow microcap-
sules with strong treatment resistance1–3,11,23.

Notably, however, structural preservation of these pro-
cessed materials does not imply that their biological capacities
are also retained. Even if the exine morphology of a pollen
grain survives processing, the internal cellular components
may be unviable. Conversely, partial processing of a pollen
grain can lead to loss of surface lipids but preserve enough of
the internal architecture to enable activation following hydra-
tion. For example, the swelling, mechanics and environmen-
tal responsiveness of pollen-derived microgels appear to de-
pend on the extent of chemical remodeling of pollen wall sub-
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structures, especially intine-associated pectin networks3,20,24.
From a biomaterial engineering standpoint, this raises the
question of when biologically responsive pollen grains can be
considered to have become inert microcapsules.

Regarding the genus Camellia, existing evidence is equivo-
cal. Pollen of Camellia japonica soaked in organic solvents for
3 days was reported to retain viability, and some solvents actu-
ally induced the production of longer tubes25. In a companion
study, pollen of Camellia sasanqua soaked briefly in acetone
or diethyl ether also produced tubes three to four times longer
than unsoaked pollen, an effect retained during cold storage
but lost after prolonged exposure at warmer temperatures26.
The solvent–germinability relationship may depend on mem-
brane integrity: pollen exposed to non-polar, low-dielectric
solvents retains germination with little leaching, whereas po-
lar solvents cause extensive leaching of phospholipids and loss
of viability27.

This has two important implications. First, since the sol-
vents used for defatting in biomaterial workflows reportedly
preserve rather than inactivating pollen, it should not be as-
sumed that defatting yields inert particles. Second, if the out-
come of defatting depends on solvent polarity, exposure time
and temperature, further research is needed in which these
processing parameters are varied systematically.

This paper presents a hypothesis and perspective regarding
the effect of processing on pollen germination competence.
In expectation of a complete quantitative study in the future,
the paper explicitly states a “processing-dependent” hypothe-
sis, places it within a structural framework for pollen-derived
materials, and reports the preliminary observations that led to
it. Figure 1 shows a conceptual processing pathway from har-
vested Camellia pollen to defatted pollen and to SECs. Herein,
we do not claim that germination competence is retained after
defatting, but that this is a testable question with implications
for the way processed pollen particles should be described.

Schematic representation of the multi-step processing path-
way and the structural changes it is hypothesized to induce.
The fresh plant pollen was obtained from Camellia flowers
with a complete set of structural elements, including pollen
cement, an outer exine layer, an inner intine layer, a vegeta-
tive cell and a generative cell. Defatting by sequential acetone
and diethyl ether extraction is expected to remove the exter-
nal pollen cement, while keeping the exine and intine largely
intact. Additional acidolysis is expected to remove the inter-
nal biomolecules and cytoplasmic contents, leaving an SEC
consisting of the exine shell surrounding a hollow cavity. The
processing states shown in this figure are conceptual, based on
previously published extraction studies1–3,11,23.

In the current study, no surface-material removal, preserva-
tion of internal structures or formation of empty SEC cavities
were investigated, nor were any SECs manufactured.

Materials and Methods

Pollen Sources and Sample Groups

Fresh Camellia pollen was acquired from a commercial source
as a natural bee pollen product. According to the supplier, the
pollen was harvested at full anther dehiscence under dry envi-
ronmental controls to prevent moisture uptake; after receipt,
it was kept in cold storage in an airtight container prior to
testing. Intact sunflower pollen was examined concurrently to
evaluate species-specific variations across identical processing
conditions. Commercial bee-collected pollen of both Camel-
lia and sunflower (Natural Bee Pollen, HS code 0410902300,
supplied for research use only; Shaanxi GTL Biotech Co.,
Ltd, Xi’an, Shaanxi, China) was obtained in 1 kg bags in the
form of a dry yellow granular material and stored in a tight,
light-resistant container away from strong light and moisture
as specified by the supplier.

This bee-collected pollen was not used in the germination
experiments reported here but is included only as a conceptual
comparator (see Figure 2). Raw and defatted samples of each
species were prepared from matched aliquots of the same col-
lection, so that the only difference between raw and defatted
conditions was the defatting step.

Defatting and Generation of SECs

Defatted pollen was prepared by sequential organic-solvent
extraction to remove lipidic surface material, including pol-
lenkitt, following literature-reported procedures13,20,24 scaled
to a 5 g batch. Pollen (5.0 g) was suspended in acetone (25
mL, reagent grade, minimum 99.5% purity; solid-to-solvent
ratio 1:5 w/v) in a round-bottom flask fitted with a glass con-
denser and refluxed at 50 °C for 3 h with magnetic stirring at
220 rpm1,24. The suspension was stored at room temperature
prior to further experiments, and the solvent was removed by
filtration under vacuum using 6 µm filter paper. This acetone
extraction step was repeated once for a total of two acetone ex-
traction cycles24. The solid residue was then extracted 3 times
with diethyl ether (25 mL each, reagent grade, min. 99.5%
purity) at 25 °C under magnetic stirring at 400 rpm for 2 h, 2
h and 12 h, respectively, with vacuum filtration between ex-
tractions. The defatted pollen was washed with a final 25 mL
portion of diethyl ether, transferred to a glass petri dish, and
air-dried in a chemical hood at room temperature for 12 h to
constant weight. The dried material was stored in a sealed vial
at 4 °C in the dark, with the time interval between the end of
defatting and the start of the germination assay not exceeding
24 h. Acetone and diethyl ether were used separately, not as a
mixture.

“SECs” here specifically refers to the extensively processed
endpoint of the conceptual pathway in Figure 1. No SECs
were prepared or tested in this study and no acidolysis was
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Figure. 1 Workflow for the sequential processing of Camellia pollen to extract sporopollenin exine capsules

performed. The characteristics of the SEC state are taken
from previously published extraction work and are presented
as a literature-based reference point rather than a character-
ized sample. SEC extraction studies of Lycopodium, sun-
flower, pine and dandelion systems have shown that acid-
based processing can strip cytoplasmic or proteinaceous con-
tents while preserving species-specific external pollen-shell
morphology1–3,11,12,23.

Solid-medium Pollen Germination Assay and Bright-field
Microscopy

Raw or defatted pollen grains were placed on solid pollen
germination medium prepared on microscope slides. The
medium was composed of 10% (w/v) sucrose, 0.5 mM cal-
cium chloride (CaCl2), 0.5 mM potassium chloride (KCl), 0.1
mM magnesium sulfate (MgSO4), 0.01% boric acid (H3BO3)
and 1.5% agar, adjusted to pH 7.5. This choice of chemicals
is based on their widespread use in in vitro germination5–8.
Specifically, sucrose provides osmotic balance and a carbon
source. Calcium ions support pollen-tube emergence, mem-
brane stability, tip-focused growth and calcium-dependent
wall processes4,6–8. Potassium and magnesium ions are im-
portant for ionic balance and cell activation, while borate is
involved in cell-wall stabilization and interactions with pectin
during pollen-tube growth4–8. The agar medium allowed for

spatial localization of pollen grains and processed particles
over long observation periods. The grains were spread on the
medium and incubated at room temperature for up to 72 h.
Samples were imaged by bright-field optical microscopy at 2
and 72 h.

Figure 2 shows the experimental design used to compare
the germination responses of the raw and processed pollen
samples. The assay was designed so that all pollen states
would experience the same culture conditions, and differences
in morphology and activation could be interpreted in terms of
processing history rather than differences in medium compo-
sition or incubation environment. The assay kit included four
types of sample: fresh plant pollen, bee-collected pollen, de-
fatted pollen and sporopollenin-rich capsules.

The assay workflow is summarized in three main steps
in Figure 2. First, the samples are distributed on the solid
germination medium. Second, the samples are incubated at
room temperature for up to 72 h. Third, morphological re-
sponses are assessed using bright-field microscopy over time.
As shown, a pollen grain is considered germinated when the
length of the pollen tube is greater than the diameter of the
grain4,5. This criterion is important because pollen hydration,
swelling and small protrusions can occur in the absence of full
germination.

Figure 2 (right) shows a conceptual overview of the ex-
pected outcomes of each processing state. The fresh pollen
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is anticipated to have a high germination rate, with numerous
grains producing long pollen tubes. In contrast, bee pollen
should present an activation rate considerably below 100% be-
cause commercial collection, dehydration, storage and aggre-
gation may damage the viability of some grains while leaving
others partially competent9,13. If solvent extraction disturbed
hydration-controlling surface layers but did not remove all in-
ternal biological competence, then defatted pollen would be
expected to germinate less or to germinate more slowly. Con-
versely, SECs are not expected to germinate at all due to the
lack of intracellular components required for metabolic acti-
vation and pollen-tube formation1–3,11,23.

Results

Schematic illustration of the assay design and the germina-
tion behavior of each sample type over a 72-h incubation.
Note: the behaviors depicted for the four sample types are
expected outcomes drawn from the literature rather than mea-
sured results of this study. (Center) Composition of the solid
pollen germination medium. Experimental data were obtained
only for raw and defatted Camellia and sunflower pollen (Fig-
ures 3–6); pollen and SECs collected by bees were not tested.
(Top) Good germination of fresh plant pollen with long-tubed
grains. (Right) Defatted pollen is predicted to retain partial
germination ability with reduced frequency and delayed tube
emergence. (Bottom) The SECs are expected not to germi-
nate, remaining as intact hollow shells1–3,11,23. (Left) Com-
mercial bee pollen would be expected to behave in a heteroge-
neous manner as a mixed population of viable and non-viable
grains. In the experiments reported here, samples were only
observed by bright-field microscopy at 2 and 72 h. The 0, 36
and 72 h intervals are illustrative and do not correspond to ac-
tual measurements at these time points. More than two time
points would be needed to describe germination kinetics. Ger-
mination scoring: a grain is considered germinated when the
length of the pollen tube is greater than the diameter of the
grain4,5.

Representative microscopic fields for untreated (RAW)
Camellia pollen (top row) and defatted (DF) Camellia pollen
(bottom row) at the 2-h time point.

Representative microscopic fields for untreated (RAW)
Camellia pollen (top row) and defatted (DF) Camellia pollen
(bottom row) at the 72-h time point. Filamentous structures of
unknown identity are visible around the defatted pollen aggre-
gates. These were not confirmed as pollen tubes and could not
be traced to an aperture of an individually resolved grain.

Representative microscopic fields for untreated (RAW) sun-
flower pollen (top row) and defatted (DF) sunflower pollen
(bottom row) at the 2-h time point.

Representative microscopic fields for untreated (RAW) sun-
flower pollen (top row) and defatted (DF) sunflower pollen

(bottom row) at the 72-h time point. Filamentous structures
of unknown identity can be seen around the raw pollen aggre-
gates, while the defatted pollen is mostly visible as rounded
grains without visible elongated structures. Several of these
filaments are branching networks that cannot be traced to
a pollen aperture and may represent microbial or medium-
derived material

Figures 3–6 display typical bright-field microscopy images
of the raw and defatted pollen. Specifically, Figures 3 and
4 show Camellia pollen after 2 and 72 h of incubation, re-
spectively, while Figures 5 and 6 show sunflower pollen af-
ter 2 and 72 h of incubation, respectively. This comparison
of two species, two processing conditions and two incubation
times provides direct visual evidence of the influence of pollen
source and processing state on morphology during the solid-
medium germination assay.

At the early (2 h) time point, the raw Camellia pollen (Fig-
ure 3) typically formed dense, optically dark aggregates rather
than fully dispersed individual grains. This morphology im-
plies incomplete early hydration and separation of the pollen
particles. The compact clusters may be caused by the native
adhesive properties of the pollen-associated materials, resid-
ual pollenkitt, or incomplete wetting during early incubation.
The defatted Camellia pollen at the same time point also ap-
peared as clustered material, but the surrounding field con-
tained more isolated small particles and less continuous dark
mass in several areas. Thus, the removal of surface lipids may
alter particle–particle adhesion and further affect the initial
dispersion behavior of Camellia pollen.

After 72 h, both samples of Camellia (Figure 4) showed
a significant change. The raw Camellia pollen showed more
clearly distinguishable rounded grains, which suggested that
prolonged incubation promoted hydration and partial disper-
sion. For the defatted Camellia pollen, filamentous and tube-
like structures were observed around the clusters in several
fields. The nature of these structures was indeterminable.
They could represent delayed tube emergence or wall protru-
sions associated with germination, but there were also branch-
ing filaments not attached to an identifiable aperture. Alterna-
tively, microbial or medium-derived material cannot be ruled
out due to the absence of sterile procedures and medium-only
controls.

The sunflower samples behaved differently. The raw sun-
flower pollen (Figure 5) at 2 h took the form of compact and
optically dense aggregates, with individual grains less clearly
separated than in the Camellia fields. For the defatted sun-
flower pollen, considerable agglomeration was observed even
at this early time point, with some rounded particles visible on
the edges of dense clusters.

At 72 h, the raw sunflower samples (Figure 6) showed
numerous background filamentous or network-like structures
surrounding dense pollen aggregates. However, the field was
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Figure. 2 Comparative germination profiles of different pollen types and derivatives on a solid germination medium

Figure. 3 Bright-field microscopy images of raw and defatted
Camellia pollen after 2 h of incubation.

Figure. 4 Bright-field microscopy images of raw and defatted
Camellia pollen after 72 h of incubation.
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Figure. 5 Bright-field microscopy images of raw and defatted sun-
flower pollen after 2 h of incubation.

Figure. 6 Bright-field microscopy images of raw and defatted sun-
flower pollen after 72 h of incubation.

dense and heterogeneous, making it difficult to distinguish
true pollen-tube emergence from non-specific filamentous ma-
terial, agar-associated structures or debris. At the same time
point, the defatted sunflower samples showed a higher number
of rounded grain-like particles dispersed around aggregates
than the raw sunflower samples, but clear long pollen tube-
like extensions were less apparent than those observed in the
defatted Camellia condition. These results suggest that sun-
flower pollen is different from Camellia pollen in its response
to the same assay conditions and that solvent defatting may
not have the same biological consequences across species.

Discussion

The images in Figures 3–6 are consistent with a species- and
processing-dependent pattern of morphological change, but
are treated as preliminary observations rather than a demon-
stration of such a pattern. First, the evolution between 2 and
72 h suggests that pollen morphology changes with time dur-
ing incubation, consistent with progressive hydration, disper-
sion and possible activation. Second, the comparison of raw
and defatted samples indicates that morphological change over
time occurred in both conditions; however, the raw condition

was not validated as a positive control in this medium, and
therefore the comparison cannot be used to quantify an effect
of solvent extraction. Third, the comparison between Camel-
lia and sunflower shows that the result of a given test is highly
dependent on the biological and structural properties of the
pollen source. Evidently, processed pollen materials should
be evaluated on a species-specific basis rather than assuming
a universal response to chemical treatment.

Figures 1–6 together underlie our suggestion that defatted
pollen should be considered an intermediate material whose
biological status must be determined via characterization,
rather than assumed as a fully inert microcapsule. Evidently,
the defatting procedure removes the lipid-rich surface mate-
rial but preserves the gross pollen architecture (Figure 1). As
shown in Figure 2, in a comparative germination assay, one
would expect defatted pollen to display reduced or delayed ac-
tivation, not loss of function. It is important to note that there
was no independent measurement of viability, which cannot
be confirmed based merely on swelling or other morpholog-
ical change. The observed morphological change is consis-
tent with previous studies on pollen microgels and pollen-
paper, showing that processed pollen particles may maintain
dynamic swelling or humidity-responsive behavior if key wall
substructures are preserved3,20,24.

This is important, as defatting is often used as a prepar-
ative step for cleaning pollen particles and improving their
dispersibility. The removal of pollenkitt and surface lipids,
however, does not mean that the internal cellular machinery
required for germination is removed. If the exine, intine,
aperture regions and cytoplasmic contents are preserved well
enough, the pollen grain may still respond to water, osmotic
conditions, ions and culture-medium components. This possi-
bility is consistent with the observed filamentous or tube-like
features around the defatted Camellia pollen after prolonged
incubation. These features must be interpreted with caution,
since the images are bright-field observations; their repeated
appearance around defatted Camellia clusters is strictly the
observation that motivates our hypothesis that defatting can
preserve germination competence, to be tested in future work,
rather than evidence per se.

Nonetheless, the defatted pollen did not act identically to
fresh natural pollen. The response was delayed, reduced and
spatially heterogeneous. This suggests that pollenkitt and sur-
face lipid wax layers regulate hydration, pollen dispersion, and
the initial interaction between the pollen wall and the germi-
nation medium. Their removal may disrupt native germina-
tion processes while still leaving part of the internal response
mechanism intact. This supports our conjecture that defatted
pollen is a transitional state between native biological pollen
and fully extracted hollow capsules.

In the proposed future experiment (see “Future Work” be-
low), the most highly processed material state would be SECs,
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rather than defatted pollen. SECs were neither prepared nor
imaged in this study, but would be expected to behave as non-
germinating hollow shells on the basis of previously published
extraction work. Direct microscopy of SECs under the same
assay conditions would be a required component of any test
of the framework. The criterion for positive identification of
SECs would be the lack of internal cytoplasmic and cellular
components, combined with preservation of the chemically re-
sistant sporopollenin-rich exine1–3,11,23.

From a biomaterials perspective, the loss-of-function state
represented by SECs could be advantageous. Hollow SECs
provide a well-defined, robust microcapsule architecture with
monodisperse particle morphology and an internal cavity suit-
able for loading or encapsulation1,2,10–12. These properties
have already been exploited in applications such as drug de-
livery, oral protein formulation, microencapsulation, environ-
mental remediation, flexible electronics, micro/nanomotors,
sustainable paper, optical substrates, 3D printing materials and
UV-protective coatings9–11,14–22. However, we emphasize that
such inert capsule-like properties depend on extensive pro-
cessing and internal content removal. Not all forms of chemi-
cal treatment will convert pollen to SECs.

Our results inform a “processing-dependent” hypothesis
of pollen biofunction, according to which the biological re-
sponsiveness of pollen-derived microstructures is determined
by the specific physicochemical treatment and the degree of
preservation of internal structural and cellular compartments.
In our conceptual scheme, fresh Camellia pollen represents the
fully competent biological state; defatted pollen represents an
intermediate state in which surface chemistry is altered but key
internal architecture may remain partially intact; and SECs are
the extensively processed endpoint, a structurally preserved
but biologically inactive hollow shell1–3,11,23. Pollen, a living
reproductive microstructure, is thus conceptually distinct from
pollen-derived particles as engineered biomaterials.

Defatting is considered here a partial processing stage that
alters the surface chemistry without necessarily removing the
exine, the intine or internal cellular contents. Note that this
processed state was defined by the protocol applied and was
not verified analytically. For example, the removal of cyto-
plasm and the integrity of the exine, intine and apertures were
not measured by scanning electron or confocal microscopies,
or by protein or nitrogen analyses. Such verification would be
required before the defatted state can be described as a defined
material state.

This “processing-dependent” interpretation tackles an im-
portant conceptual issue related to pollen biomaterials. Pollen-
derived, chemically processed particles are often described as
“robust,” “inert” or “capsule-like.” Such terminology is appro-
priate for extensively extracted SECs if internal biomolecular
contents have been removed. However, it may not be appro-
priate for all processed pollen materials. Defatting, washing,

UV–ozone treatment, alkaline treatment and acidolysis do not
lead to equivalent biological states. Depending on the treat-
ment, the main effect may be to modify the surface chemistry,
remodel the intine, extract cytoplasmic contents or generate
hollow exine capsules. Thus, the biological status of engi-
neered pollen materials should be defined by the specific pro-
cessing method and experimentally verified.

The role of defatting remains uncertain. Pollenkitt and
lipidic surface layers contribute to pollen hydration, adhe-
sion, dispersibility and interactions with surrounding media.
Acetone and diethyl ether should remove these components,
thereby altering the balance of hydrophobic and hydrophilic
surface domains. In contrast, defatting may prevent germina-
tion by disrupting surface layers involved in hydration con-
trol and pollen–stigma interactions, while exposing more hy-
drophilic wall regions and facilitating the adsorption of wa-
ter under artificial culture conditions. The fact that defatted
Camellia pollen continued to show morphological changes
over time in this study, coupled with the previous observa-
tions that exposure to solvent can preserve or even stimulate
Camellia pollen-tube growth, suggests that solvent extraction
by itself is not conclusive evidence of total biological inacti-
vation, nor indeed of competence.

Compared with defatting, acidolysis is a more promising
route for the preparation of inert hollow microcapsules. Past
SEC studies indicate that acid-based extraction can remove
internal cytoplasmic components and maintain the integrity of
the external exine microstructure1–3,11,23. The retention of the
shell morphology is advantageous for the applications of SECs
as it provides mechanical robustness, monodispersity, porosity
and a well-defined hollow cavity.

These considerations indicate that the appropriate process-
ing technique to prepare pollen-derived biomaterials depends
on the intended function. To prepare inert carriers, complete
extraction leading to hollow SEC formation may be prefer-
able. For applications exploiting dynamic hydration, swelling,
interfacial activity or retained biological architecture, then
partially processed pollen, such as defatted or lightly remod-
eled particles, may be advantageous. This consideration is
likely to be especially important for novel applications where
pollen grains are used as responsive micro-structured materi-
als.

Limitations

This preliminary study has several limitations. First, no quan-
titative endpoints were measured. Germination frequency and
pollen-tube length were not obtained for the studied species,
treatment or time point, precluding any statistical comparison.
Second, the filamentous structures seen after 72 h could not
be identified. Some formed branching networks that could not
be traced to an aperture; moreover, the assay was not ster-
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ile and included no medium-only or heat-killed-pollen con-
trol, so a microbial or medium-derived origin cannot be ruled
out28. Third, the raw condition was not a validated positive
control, since the medium was not optimized for either species
and its pH of 7.5 is well above the range usually reported for
pollen germination media29. A comparison with an unvali-
dated control cannot support a claim about the effect of de-
fatting. Fourth, natural pollen and SECs are shown as con-
ceptual comparisons only (Figure 2) and were not tested. The
processing descriptions were defined by protocol rather than
verified by structural or compositional measurement. Fifth,
biological replication was not structured as we obtained our
samples commercially. Independently collected flowers or in-
dependently processed batches were not considered replicates.
Sixth, hydration and swelling are essentially morphological
observations, and were not accompanied by any independent
measurement of viability. We make no claims about viabil-
ity or metabolic competence. We explicitly restrict this paper
to stating a hypothesis and describing the morphological re-
sponses actually observed under the specific defatting protocol
tested.

Limitations regarding the bright-field microscopy should
also be acknowledged. The fields were selected by eye, with-
out a pre-specified sampling scheme, and different fields were
imaged at the two time points; thus, the same fields were
not followed through time. The images were not counted
for grains nor measured, so the analysis of these images is
only qualitative. In principle, a grain is scored as germinated
when an aperture-originating tube exceeds one grain diame-
ter4,5. This criterion, together with a fixed number of prede-
fined fields, a stated total of grains counted, exclusion criteria
set before scoring, and analysis at the level of independent
biological batches, constitutes the scoring plan for the quanti-
tative study proposed here. However, the present images were
not scored in this fashion. Bright-field imaging alone cannot
prove that a filamentous structure is a pollen tube: identifica-
tion requires that the structure be traced to an aperture of an
individually resolved grain and confirmed with an orthogonal
marker such as cytoplasmic staining, together with a validated
callose stain, ideally by time-lapse imaging of the same grains.
In this paper we therefore consider filamentous features to be
structures of undetermined identity.

Four properties that are often conflated in this literature
should be kept distinct, and this paper only addresses the third
property. (i) Germination competency, the ability to develop
a tube from an aperture, is determined by validated germina-
tion scoring. (ii) Metabolic viability, the continuation of active
physiology, requires confirmation by viability or metabolic as-
says. (iii) Structural responsiveness, the ability to hydrate,
swell or change shape, can be shown by bright-field imag-
ing and was observed here. (iv) Material purity, the lack of
residual biomolecules, requires compositional analysis. Fail-

ure to observe germination does not prove complete biological
inactivation, and an apparently hollow particle does not prove
complete removal of residual biomolecules.

Future Work

The hypothesis expressed herein is testable. For each species,
the germination medium should be optimized separately, and
reproducibly high germination should be demonstrated in a
fresh positive control before any treatment effect is inter-
preted. The assay should then be repeated under sterile con-
ditions with medium-only and heat-killed-pollen controls and
with shorter intermediate time points. The outgrowth must
be identified as a pollen tube with an orthogonal marker (e.g.
live-cell cytoplasmic staining with aniline blue or another val-
idated callose stain). The same individual grains must be
tracked with time-lapse imaging focused on the apertures.
Scoring rules should be defined in advance, e.g. a grain is
considered as germinated when a tube originating from an
aperture is longer than one grain diameter, the total number of
grains counted must be reported, and exclusion criteria must
be defined prior to scoring. Independent flower collections or
independently processed batches are to be treated as biologi-
cal replicates, and grains and fields nested within these. Grain-
level outcomes are to be analyzed with a model that accounts
for clustering by slide and by batch. The same fields should be
sampled over time, or predefined fields sampled at both time
points. Processing states should be checked directly by imag-
ing the exine, intine and apertures with scanning electron or
confocal microscopy and by confirming removal of cytoplasm
through determination of protein or nitrogen. Finally, SECs
and bee-collected pollen should be tested under the same con-
ditions. Under the framework presented here, SECs are a state
in which the persistence of the exine shell should not have any
effect on biological competence; this expectation remains to
be tested under the conditions described herein. Staining and
metabolic assays would allow experimenters to distinguish
structural responsiveness from metabolic viability1–3,11,23.
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