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Abstract The development of the male reproductive struc-
tures of American chestnut (Castanea dentata) is described
to advance our understanding of its reproductive behavior.
This information has been vital in the development of a
strategy to collect pollen grains from male catkins suitable
for in vitro germination and transformation experiments.
Cutting male catkins into small segments and rolling them
over a culture plate resulted in evenly dispersed and large
amounts of pollen with minimal unwanted accessory flo-
ral parts. To optimize pollen viability, the effect of various
storage conditions on in vitro germination was examined.
Our results showed that initial storage at 4◦C for 2 weeks
significantly increased percent germination as compared to
freshly collected pollen and those stored directly at −20◦C
or −80◦C. This also means that for long-term storage of
American chestnut pollen, the catkins should first be kept
at 4◦C for a couple of weeks and then at −80◦C. The use
of pollen grains with high viability is necessary for the
transformation of American chestnut pollen. To optimize
pollen transformation via particle bombardment, the effects
of target distance, target pressure, and pollen developmen-
tal stage were examined. Statistical analysis showed that
bombardment of ungerminated pollen at 1,100 psi resulted
in the highest percent transient GFP expression (4.1%).
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Introduction

Chestnut blight is caused by Cryphonectria parasitica, a
fungal pathogen introduced from infected Japanese chest-
nut (Castanea crenata) trees before the turn of the previous
century. Fifty years after the discovery of the disease, the
American chestnut (C. dentata) was decimated from its
entire range (Berry 1954). Research on the restoration of
the American chestnut has focused on biological control
and back-cross breeding. Strains of C. parasitica with
reduced pathogenecity have been successfully used to treat
the European chestnut (C. sativa), but not the American
chestnut. It has been reported that vegetative incom-
patibility amongst the strains prevents the transmission
of hypovirulence (Anagnostakis 1987; MacDonald and
Fulbright 1991). As for resistance breeding, this strategy
requires screening large numbers of progeny over six
generations, each of which requires a minimum of 6 to 7
years. It is expected that progenies from intercrossed third
backcrossed trees will be ready for reintroduction into the
wild very soon; these seeds will represent the beginning of
the fifth generation in the breeding process and constitute
93.75% American chestnut genes (Hebard 2001). However,
as pointed out by Hebard (2001), besides the problem with
the lengthy process, there is also the possible existence of
a race structure in the pathogen that could overcome the
resistance genes being bred into American chestnuts.

Resistance genes of potential use in American chestnut
restoration have been developed, including those that
encode magainin and cecropin-like antimicrobial peptides
that confer antifungal activities (Powell et al. 1995; Liang
et al. 2001). Although these genes have not yet been
expressed in American chestnut, their antifungal activities
have been demonstrated in other woody plants (Liang et al.
2002). Given a successful method to insert resistance genes
into American chestnut through genetic engineering, the
restoration of this highly valued species could be expedited
with its genome remaining intact and undiluted. However,
the genetic engineering approach typically depends on
an in vitro regeneration process. Unfortunately, American
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chestnuts are difficult to regenerate in vitro (Merkle et al.
1991; Carraway et al. 1994; Maynard et al. 1998; Xing
et al. 1999; LaPierre 2003; Polin 2004).

One strategy that is independent of tissue culture steps
with the added benefit of producing nonchimeric plants
is pollen transformation. The use of haploid pollen grains
as carriers of foreign DNA also would allow rapid produc-
tion of transgenic plants and consequently, reduced chances
of somaclonal variation. Pollen is a natural vector for di-
rect gene transfer because it is involved in the normal sex-
ual reproductive process in plants. Transformed pollen has
been successfully used to generate transgenic plants such
as Nicotiana glutinosa (van der Leede-Plegt et al. 1995),
N. tabacum (Touraev et al. 1995, 1997; Aziz and Machray
2003), and Pinus sylvestris (Aronen et al. 2003).

This study was conducted to begin development of an
optimized pollen transformation system that can be used as
an alternative approach to produce disease resistant Amer-
ican chestnuts. To do this, information on the development
of the catkins and pollen grains is necessary. Since suc-
cessful pollen transformation depends on a reliable pollen
collection strategy and optimized pollen viability, several
methods to collect and store pollen from catkins were inves-
tigated. To produce transgenic American chestnut through
pollen transformation, a particle bombardment protocol
optimized to facilitate the insertion of foreign genes into
pollen must first be established. Therefore, the effects of
bombardment parameters (target distance and helium pres-
sure) and pollen developmental stages (ungerminated and
germinated pollen) on transient GFP (green fluorescent pro-
tein) expression were examined.

Materials and methods

Pollen sources, storage, and collections

The development of the male catkins was monitored from
early June to early August from the three most prolific
catkin producing American chestnut trees (A5, D11, and
E14) growing at SUNY-ESF’s Heiberg Memorial Forest in
Tully, NY, USA. Mature catkins were collected around the
third week of July and either used directly for experiments
(e.g., germination tests or bombardments) or stored. Prior to
storage, catkins were dried by spreading them out on clean
white paper for 2 h at room temperature. Catkins intended
for storage were placed in glass Petri dishes and sealed with
parafilm. Percent viability of pollen from freshly collected
catkins was compared to those stored directly under the
following conditions: (1) 4◦C for 2 weeks; (2) −20◦C for
2 weeks; (3) −80◦C for 2 weeks; (4) −20◦C for 1 year;
and (5) −80◦C for 1 year. Percent pollen viability was also
determined from those catkins initially stored at 4◦C for 2
weeks and then subjected to the following conditions: (1)
−20◦C for 2 weeks; (2) −80◦C for 2 weeks; (3) −20◦C for
1 year; and (4) −80◦C for 1 year.

Four different methods of collecting pollen grains from
catkins were tested: (1) the catkins were laid on a clean glass
plate overnight and the pollen scraped off onto a solid pollen

germination medium with a razor blade; (2) the catkins
were shaken for 3–5 min over a glass plate and the released
pollen was scraped off onto a solid pollen germination
medium with a razor blade; (3) the catkins were shaken for
3–5 min over a cardboard folder and the collected pollen
was sieved through a fine nylon mesh (21 µm) onto a
solid pollen germination medium; and (4) the catkins were
cut into 1-in. segments, placed gently onto solid pollen
germination medium using forceps, and rolled to release
pollen from the anthers.

Pollen germination medium, culture and morphology

The pollen germination medium used was a modified Brew-
baker and Kwack (BK) (1963) with 10 mg/L H3BO3,
30 mg/L Ca(NO3)2, 20 mg/L MgSO4, 10 mg/L KNO3,
supplemented with 51.3 g/L sucrose, 27.4 g/L mannitol,
and 4 g/L Phytagel. The pH was adjusted to 5.8 before au-
toclaving. Pollen was dispensed onto the solid germination
medium and incubated at 25◦C in the dark for 4 h. Pollen
germination was examined using a Leica DMLB compound
light microscope. Pollen was considered germinated if the
pollen tube was at least as long as the length of the pollen
grain. Percent germination was calculated by dividing the
number of germinated pollen grains by the total number
of pollen grains examined. Three replicate plates were ex-
amined per storage treatment and 1,000 pollen grains were
counted at random locations throughout each culture plate.

Anthers of American chestnut bearing pollen grains were
dehydrated overnight using tetramethylsilane (Ted Pella
Inc., CA) and critical point dried with liquid nitrogen un-
der vacuum. The specimens were mounted on metal stubs,
sputter coated with a thin film of gold, and examined with
an ETEC Autoscan scanning electron microscope. Rep-
resentative photomicrographs of pollen grains were taken
using Polaroid film.

DNA construct and preparation

The plasmid construct used was pBIN 35S-mgfp5-ER (pro-
vided by Dr. J. Haseloff, University of Cambridge, UK).
Plasmid DNA was transformed into Escherichia coli strain
DH5α following a standard protocol (Sambrook et al.
1989). DNA isolation was performed using a Qiagen Hi-
Speed Maxi Kit (Qiagen Inc., Chatsworth, CA). Purity
and concentration of isolated DNA was determined us-
ing 260/280 absorbance ratios measured with a SmartSpec
spectrophotometer (Bio-Rad, Hercules, CA).

Plasmid DNA was precipitated onto sterile gold particles
according to the method of Vidal et al. (2003). Gold parti-
cles 0.6 µm in size (BioRad, Hercules, CA) were dried by
placing 30 mg particles in a glass vial and heating them in
an oven at 180◦C for 12 h. The gold particles were surface
sterilized with isopropanol, washed three times in sterile
deionized distilled water, resuspended in 0.5 mL of 50%
(v/v) glycerol, dispensed into 50 µL aliquots, and stored
at 4◦C until used. The gold particles were resuspended and
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24 µg plasmid DNA (pBIN 35S-mgfp5-ER) was added fol-
lowed by 50 µL of 2.5 M CaCl2 and 20 µL 0.1 M spermi-
dine (Sigma Aldrich), and finally loaded onto macrocarrier
disks. The final amount of DNA per shot was 3 µg.

Bombardment, apparatus and parameters

Pollen grains from three randomly chosen catkins were
dispensed per pollen germination plate. To eliminate geno-
typic effect, the three catkins represented three different
genotypes. Three plates were bombarded per treatment con-
dition. Three trials were done for each experiment. Pollen
grains were either bombarded immediately after dispens-
ing on culture medium (ungerminated) or after 2–4 h of
incubation at 25◦C (germinated).

The biolistic device used was the prototype of the com-
mercially available PDS-1000/He (BioRad) developed and
located at the New York State Agricultural Experiment
Station, Cornell University, Geneva, NY, USA. Bombard-
ment was done immediately after DNA-coated gold par-
ticles were loaded onto macrocarriers to minimize DNA
degradation and adhesion of gold particles to the mem-
brane (Kikkert et al. 2005). In all experiments, the parti-
cle gun was set to the following conditions according to
Kikkert et al. (2005): 1 cm distance between rupture disk
and macrocarrier, 1 cm macrocarrier flight distance, and
28 in. Hg vacuum pressure. The effects of three target dis-
tances (5, 8, and 11 cm) and two helium pressures (1,000
and 1,100 psi) on transient GFP expression were examined.

Post-bombardment pollen handling and analysis
of GFP expression

After bombardment, pollen was incubated at 25◦C for 4 h
and then overnight at 4◦C to retard the growth of bacteria
and fungi that impede observation. Examination for GFP
expression was done using a Leica DMLB fluorescence
microscope. GFP expression was detected under oil im-
mersion objective and performed in the dark. To eliminate
false positives, several complementary control measures
were implemented including: (1) use of a Piston GFP filter
set designed to minimize autofluorescence (Chroma Tech-
nologies Corp., Rockingham, VT). This filter set has ex-
citation and emission spectra of 470±20 nm (blue light)
and 515±15 nm (green light), respectively; (2) scoring of
GFP expression only in pollen tubes since the pollen wall
is highly autofluorescent; and (3) use of negative controls
such as examining unbombarded pollen and pollen bom-
barded only with gold particles (no plasmid DNA included).
Fresh onion leaves bombarded with pBIN 35S-mgfp5-ER
served as a positive control; this gave an indication of the
activity of the plasmid DNA and success of bombardment
conditions.

The percentage transient GFP expression was calculated
based on the number of intensely green fluorescing pollen
tubes out of the total number of germinated pollen grains
counted. Per experiment, 150 germinated pollen grains

were counted. Three replicate plates were done per ex-
periment.

Pollen germination rates after various storage conditions
were analyzed using multivariate ANOVA procedures and
differences detected with Tukey’s honestly significant dif-
ference test using SPSS software (SPSS Inc. 2002). Interac-
tions between helium pressure, target distance, and pollen
developmental stage were determined using multivariate
analysis based on a three-way 2×2×3 factorial design.

Results

The male catkin primordia were evident starting in early
June, after the leaves were fully developed. Staminate flow-
ers generally mature acropetally along a catkin, i.e., the first
flowers to open are usually those at the proximal end, while
the last ones are usually those at the distal end (Fig. 1). Male
flowers are creamy-white to pale yellow and hairy in ap-
pearance due to the anthers and very long filaments, respec-
tively. The flowers are strongly scented when fully devel-
oped. Maturation of the male catkins at Heiberg Memorial
Forest began in early to mid-July and was completed by late
July. By early August, all anthers of American chestnut had
dehisced.

Dry pollen grains of American chestnut have a deflated
appearance and are 15 µm in length (Fig. 2). Once hy-
drated, the pollen expands and assumes an oval to more or
less round shape (Fig. 3). Non-germinating pollen grains
do not expand as much as the germinated pollen (Fig. 3).
At anther dehiscence, American chestnut pollen grains are
binucleate, containing generative and vegetative nuclei; fol-
lowing germination in culture, the generative nucleus di-
vides to form two sperm cells (Figs. 4 and 5).

Of the four different methods for collecting pollen grains
from catkins that were tested, the use of catkins cut into
small segments and rolled on culture medium resulted in
large amounts of evenly dispersed pollen with minimal ac-
cessory floral parts. This technique also involved the least
amount of steps. With the glass plate method, the pollen
grains adhered to the glass plate and razor blade; therefore
collection of large numbers of pollen for in vitro experi-
ments was difficult. Also, leaving the catkins overnight ren-
dered all pollen nonviable. When catkins were shaken over
a cardboard folder, reasonably large quantities of pollen
were collected, but substantial accessory floral materials
were also included making pollen examination and count-
ing difficult. Sieving the accessory floral parts resulted in
the loss of many pollen grains.

The developmental stage of the catkins directly impacted
pollen collection. Attempts to collect pollen from imma-
ture, greenish catkins were futile, as minimal pollen was
collected. Efforts to collect pollen from expired, bright yel-
low to brown male catkins resulted in small numbers of
pollen that were not viable. In addition, pollen was mixed
with large amounts of accessory materials such as anthers
and filaments. Therefore, catkins that were creamy-white
to pale yellow as described earlier were optimal for pollen
collection with reduced accessory floral parts.
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Figs. 1–6 Development and
transient GFP expression of the
male reproductive structures of
American chestnut. Fig. 1 –
Male catkins showing anthesis
in acropetal sequence. Fig. 2 –
Scanning electron micrograph
of pollen grains (Bar=4 µm).
Fig. 3 – Germinated (v) and
ungerminated (n) pollen
showing pollen tube (pt),
subglobose shape of viable
pollen (v), and unexpanded
nonviable pollen (n)
(Bar=10 µm). Fig. 4 – DAPI
stained pollen tube showing a
generative (g) and a vegetative
nucleus (v). Fig. 5 – DAPI
stained pollen tube showing two
sperm cells (s). Fig. 6 – Pollen
tube showing transient GFP
expression (Bar=7 µm)

American chestnut pollen grains were successfully ger-
minated on a modified Brewbaker and Kwack (1963)
medium. Using freshly collected pollen, germination was
observed as early as 30 min after dispensing on solid pollen
germination medium and incubating at 25◦C in the dark.
With pollen stored at 4◦C, germination occurred within 1 h
of dispensing on germination medium while pollen stored
at −20◦C or −80◦C took 3 h or more to germinate. To com-
pensate for these differences and maximize germination,
scoring of pollen for germination rates or GFP expression
was done after overnight incubation.

Substantial variations were recorded in the germination
rates of American chestnut pollen from trial to trial from

each of the storage conditions examined (Table 1). Geno-
typic differences were not tested as a source of variation
because mixed pollen sources (from three genotypes)
were used in all germination tests and bombardment
experiments. Storage at 4◦C for 2 weeks resulted in a
significantly higher germination rate (48%) compared to
all the other storage treatments examined (Table 1). The
lowest mean germination percentage (8%) was found in
pollen that was directly stored for 1 year at −20◦C; this
was significantly lower than all the other storage treatments
examined (Table 1). Storage of catkins at 4◦C for 1 month
was tested but resulted in poor germination rates since
the pollen dried up too much or microbes developed
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Table 1 The effects of catkin storage conditions on percentage
pollen germination in American chestnut

Storage conditons Directly stored With initial storage at
4◦C for 2 weeks

Freshly collected 33±9 a 33±9a a
4◦C for 2 weeks 48±8 b 48±8 b
−20◦C for 2 weeks 20±6 c 25±7 b
−80◦C for 2 weeks 32±5 a 43±4 c
−20◦C for 1 year 8±7 d 10±8 d
−80◦C for 1 year 19±5e 27±5e

aMean percent germination ± standard error. Values within each
column that are followed by the same letter do not differ significantly
at p<0.05 (n=3000)

excessively on the catkins (data not shown). Higher
percentage viability was achieved from those pollen,
which were initially stored at 4◦C for 2 weeks (Table 1).

GFP expression, based on the implementation of several
control measures, was observed as intensely green glowing
pollen tubes (Fig. 6). Mean percentage GFP expression
in each of the three target distances bombarded at 1,000
and 1,100 psi using germinated and ungerminated pollen
is presented in Fig. 7. In the pollen tubes, which were
unbombarded or bombarded with gold particles only, GFP
expression was not observed.

Transient GFP expression was higher at 1,100 psi in
both ungerminated and germinated pollen as compared to
1,000 psi (p<0.0001). Transient GFP expression was ob-
served in all target distances in both germinated and unger-
minated pollen. In spite of the apparent differences in the
mean percent transient GFP expression between the three
target distances examined (Fig. 7), statistical analysis in-
dicated that there were no significant differences among
these settings (p<0.342).

To examine the relationship between bombardment pa-
rameters and pollen developmental stage, transient GFP ex-
pression was compared for bombarded ungerminated and
germinated pollen. Mean percent transient GFP expression
was higher when ungerminated pollen was bombarded as
compared to bombarding germinated pollen in most treat-
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Fig. 7 Effects of target distance and helium pressure on GFP expres-
sion using germinated and ungerminated American chestnut pollen

ments (p<0.023). At 1,100 psi, bombarding ungerminated
pollen yielded a higher mean percent transient GFP ex-
pression in all the three target distances compared to using
germinated pollen.

Discussion

Collection of large quantities of American chestnut pollen
was very difficult because of their small size, limited
amount, nonuniform developmental stage along a catkin
and between catkins, and short-term viability. It was also
complicated by the presence of large quantities of acces-
sory floral parts even after following published protocols
(Jaynes 1974; Rutter 1990; Maynard 1991). Similar results
were achieved from three of the four techniques that were
tested in this study. However, putting catkin segments di-
rectly on the culture plate and rolling them over the medium
resulted in large amounts of pollen grains that were evenly
dispersed and virtually free of accessory floral parts. In
other woody species such as poplars (Stanton and Villar
1996), willows (Kopp et al. 2002), and conifers (Bramlett
and Matthews 1991; Fernando et al. 1998, 2000) collection
of large quantities of pollen is routine and high germination
rates are typically achieved.

Catkin storage conditions affected pollen viability. The
mean percentage pollen germination in freshly collected
catkins was 33%. This represents the typical amount of vi-
able pollen available per catkin at the stage of collection. In
American chestnut, we have observed non-uniform devel-
opmental stages of pollen grains along a catkin, i.e., some
pollen grains have already dried-up and others have just de-
hisced, while the rest are still enclosed within the anthers.
The proportion between these stages varied from day to
day resulting in a wide range of germination rates (6–68%).
Mean percentage pollen germination (48%) was higher in
catkins that were stored at 4◦C for 2 weeks. Storage at 4◦C
seemed to prolong the viability of pollen grains available
at the time of collection. It also probably allowed more
pollen grains, which were still enclosed within the anthers
during collection to be released during storage, therefore
increasing the total number of viable pollen grains. Short-
term storage at 4◦C also improved the viability of pistacio
(Pistacia vera) pollen (Vaknin and Eisikowitch 2000).

Storage of American chestnut pollen directly at −20◦C
for as short as 2 weeks significantly reduced pollen viabil-
ity. Reduced pollen viability also directly correlated with
the duration of storage. The sensitivity of American chest-
nut pollen to storage and handling has been previously
reported and believed to be related to the moisture lev-
els in the catkins (Rutter 1990; Maynard 1991). Viability
of American chestnut pollen is reduced both by freezing
samples that are too wet and by allowing the pollen to
become too dry. Maynard (1991) reported that allowing
catkins to dry overnight resulted in the complete loss of
viability, and this was confirmed by our study. In flower-
ing dogwood (Cornus florida), storage of pollen at −20◦C
also resulted in drastic reduction in germination (Craddock
et al. 2000).
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If pollen viability is maximized prior to storage at sub-
freezing temperatures, the recovery of viable pollen af-
ter storage is also maximized. Therefore, to store Ameri-
can chestnut pollen, it is recommended that the catkins be
placed initially at 4◦C for 2 weeks followed by storage at
−80◦C. Extended storage at 4◦C will dry up the catkins ex-
cessively causing cessation of pollen viability or the catkins
become overgrown with microbes. The use of low humidity
environment conferred by frost-free freezers or desiccants
may also help extend pollen viability (Hanna 1994).

Optimization of a protocol for transforming American
chestnut pollen grains required the selection of a suitable
reporter gene. GFP was chosen since its detection does not
require a cofactor or substrate (Prasher 1995) and can be
easily done under a fluorescence microscope (Cubitt et al.
1995). However, the principal advantage of using GFP in
this study was that transformed pollen could be analyzed in
a nondestructive assay. Maintaining pollen viability while
screening for transient transformation events is essential if
the pollen grains are to be used in controlled pollinations.
As previously reported, GFP does not seem to affect the via-
bility or normal development of pollen (Ottenschlager et al.
1999; Hudson et al. 2001 Hudson and Stewart 2004). The
normal progression of germination and tube development
with incorporated GFP strongly suggests that transformed
American chestnut pollen would be viable for use in arti-
ficial pollinations and subsequent fertilization of receptive
female flowers.

American chestnut pollen grains were examined 4 h after
bombardment but no GFP expression was observed; ex-
pression was observed only after an additional overnight in-
cubation. Therefore, examination for GFP in our study was
done 16–24 h post-bombardment. In the pollen of Trades-
cantia paludosa and N. tabacum, initial GFP expression
was detected as early as 3 h postbombardment, but highest
GFP accumulation, and therefore strongest GFP expression
occurred between 15 and 60 h postbombardment (Keller
and Hamilton 1998; Wang et al. 1998).

The promoter used to drive GFP expression in American
chestnut pollen was the constitutive promoter CaMV 35S.
This promoter has also been successfully used to drive
reporter gene expression in pollen grains of a wide range
of species (Nishihara et al. 1993; Hay et al. 1994; Li
et al. 1994; Fernando et al. 2000; Aronen et al. 2003).
However, higher gene expression has been reported
when pollen or anther-specific promoters have been used
in place of constitutive promoters (Twell et al. 1989;
Barinova et al. 2002). It may be of interest for future work
on microprojectile bombardment of American chestnut
pollen to investigate whether the use of pollen-specific
promoters such as ZM13 or LAT52 would enhance reporter
gene expression. In addition, it may be beneficial for the
restoration of American chestnut to limit reporter gene
expression in the pollen grains.

Helium pressure and developmental stage of American
chestnut pollen significantly affected transient GFP expres-
sion, whereas target distance did not. GFP expression was
significantly higher when 1,100 psi was used compared to
1,000 psi. Russell et al. (1992) reported that higher bom-

bardment pressures resulted in increased transient gene ex-
pression in N. tabacum. However, higher pressures cause
more cell damage and death in American chestnut. In Picea
glauca pollen, optimal reporter gene expression was ob-
served between 400 and 900 psi (Li et al. 1994). Helium
pressures of 900 and 1,300 psi were recommended for
pollen of Pinus sylvestris and Picea abies, respectively
(Haggman et al. 1997). Highest efficiency transient expres-
sion in pollen of Antirrhinum majus occurred at 1,000 psi
(Barinova et al. 2002). Optimization of bombardment pa-
rameters such as helium pressure and target distance is
clearly important because no single setting is best for pollen
of all species. The bombardment parameters that worked
for American chestnut pollen are within the range of what
was reported in other species.

In many woody species, ungerminated pollen grains are
the preferred targets for particle bombardment (Hay et al.
1994; Haggman et al. 1997; Fernando et al. 2000; Aronen
et al. 2003), and it is also the case with American chestnut.
In germinated pollen, the pollen tube is fragile and has a
slow growth rate since considerable pollen tube length has
already been attained at the time of bombardment. On the
other hand, ungerminated pollen grains are still protected
by their tough pollen wall and have to go through a rapid
growth rate. Therefore, they would be expected to produce
greater amounts of GFP.

Results of this study may be useful in the production of
large quantities of transformed American chestnut pollen.
These pollen grains can be individually picked amongst un-
transformed pollen through the use of a micromanipulation
facility. The collected transformed pollen can be applied
to the stigma to attempt to generate transgenic American
chestnuts seeds.
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