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Abstract A plant regeneration protocol was developed for
white ash (Fraxinus americana L.). Hypocotyls and cotyle-
dons excised from embryos were cultured on Murashige and
Skoog (MS)medium supplementedwith 6-benzylaminopurine
(BA) plus thidiazuron (TDZ), and compared for organogenic
potential. Sixty-six percent of hypocotyl segments and 10.4%
of cotyledon segments produced adventitious shoots, with a
mean number of adventitious shoots per explant of 3.5±0.9
and 2.5±1.5, respectively. The best regeneration medium
(52% shoot formation; 47% shoot elongation) for hypocotyls
was MS basal medium containing 22.2 μM BA plus 0.5 μM
TDZ, producing a mean of 3.9±0.4 adventitious shoots.
Adventitious shoots were established as proliferating shoot
cultures following transfer to MS medium with Gamborg B5
vitamins supplemented with 10 μMBA plus 10 μMTDZ. For
in vitro rooting, woody plant medium with indole-3-acetic
acid (IAA) at 0, 2.9, 5.7, or 8.6 μM in combination with
4.9 μM indole-3-butyric acid (IBA) was tested for a 5- or
10-d dark culture period, followed by culture under a
16-h photoperiod. The best rooting (78% to 81%) of in vitro
shoots was obtained with a 5 d dark culture treatment on
medium containing 2.9 or 5.7 μM IAA plus 4.9 μM IBA,
with an average of 2.6±0.4 roots per shoot. Rooted plants

were successfully acclimatized to the greenhouse. This
adventitious shoot regeneration and rooting protocol will be
used as the basis for experimental studies to produce
transgenic white ash with resistance to the emerald ash borer.

Keywords Adventitious shoots .Fraxinus rooting . Shoot
organogenesis . Tissue culture .White ash

Introduction

White ash, Fraxinus americana L. (family Oleaceae), is one
of the most abundant and useful of the native ash species,
providing both ecological and economic benefits. Endemic
to North America, this species is integral to many
ecosystems across the east from Nova Scotia to Texas and
was recognized as a component species in 26 forest cover
types (Schlesinger 1990). White ash trees provide shelter
and nesting sites for a variety of wildlife. The seeds are
food for several bird and mammal species, and its bark was
found to be utilized by rabbits, deer, beaver, and porcupine
(Griffith 1991). White ash is valued as an ornamental shade
tree and as a pioneer species, making it ideal for use in
urban areas as well as reclamation of disturbed sites
(Nesom 2001). Ash trees composed 5% to 29% of all
street trees in the Midwest, replacing many of the elm trees
in urban settings since the advent of Dutch elm disease
(MacFarlane and Meyer 2005). White ash has high
economic value as a commercial hardwood, with timber
trees valued for wood strength, straight grain, heavy
weight, and elasticity. The wood is used in the production
of tool handles, furniture, flooring, crates, boats, doors, and
cabinets. White ash is the wood most often used in the
production of baseball bats. The estimated value of the 3.8
billion urban ash trees in the USAwas $2.4 trillion, with an
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additional $282.3 billion in compensatory value from the
7.5 million ash trees growing on US timberlands (Sydnor
et al. 2007).

There exists a threat to white ash in the form of the
emerald ash borer (EAB), Agrilus planipennis Fairmaire
(Coleoptera: Buprestidae). EAB is an aggressive, wood-
boring beetle indigenous to China, Japan, Taiwan, Korea,
Mongolia, and eastern Russia (Yu 1992). EAB has become
a devastating invasive pest to the North American land-
scape since being discovered in southeastern Michigan in
2002. The adult beetles feed on the foliage of ash trees, but
most of the damage is produced by the larval stage. The
larvae bore through the bark and into the cambial region,
feeding and producing galleries that disrupt the flow of
water and nutrients, eventually killing the tree. Over one-
half of a tree’s canopy can be devastated within the first
2 yr, and the entire tree will usually be dead within 3- to
4-yr after first observed symptoms (McCullough and
Katovich 2004). EAB is fatal to ash trees, and there is
neither any known innate resistance in native trees nor any
means to completely eradicate the beetle (Poland and
McCullough 2006). All native North American ash species
are susceptible, and there is evidence that EAB is spreading
quickly throughout North America, placing ash trees in
danger (Dobesberger 2002). Devastation of this tree species
as a result of EAB infestation will be a huge economic and
ecological loss. Development of an in vitro protocol for
regenerating white ash plants will prove valuable in
producing improved ash germplasm. Such a protocol will
also be necessary to genetically modify white ash to
produce resistance to the EAB, thus benefiting economic
markets and ecological landscapes.

Adventitious shoot regeneration has been attempted for
several ash species. Callus formation was induced using
isolated petioles of F. americana, but no shoot regeneration
from that callus was achieved (Hicks and Browne 1983).
Navarrete et al. (1989) reported explant growth and axillary
shoot proliferation from in vitro germinated, cut white ash
seeds. Bates et al. (1992), using cotyledons, hypocotyls,
and epicotyls from mature white ash seeds, regenerated
adventitious buds and shoots, but only a few shoots
elongated enough to be rooted. Adventitious shoot regener-
ation from hypocotyls (Tabrett and Hammatt 1992) and direct
organogenesis from hypocotyls, embryonic leaves, and
stems (Mockeliunaite and Kuusiene 2004) of common ash
(Fraxinus excelsior) have also been reported. High rooting
(76%) was achieved by Tonon et al. (2001b) for narrowleaf
ash (Fraxinus angustifolia) by culturing shoots in the dark
for 5 d on root induction medium then 15 d in the light on
root expression medium. Du and Pijut (2008) developed a
complete plant regeneration protocol using hypocotyls and
cotyledons of green ash (Fraxinus pennsylvanica). Mitras et
al. (2009) successfully used epicotyls for in vitro propaga-

tion of F. excelsior. The present study was initiated to
develop a protocol for adventitious shoot regeneration and
rooting of white ash for further use in genetic transformation
studies.

Materials and Methods

Adventitious shoot induction. Mature white ash seeds
purchased in 2004 from F.W. Schumacher Co., Inc.
(Sandwich, MA) were stored in a sealed container in the
dark at 5°C until used. The pericarps were cut and removed
along with 2- to 3-mm of the seed opposite the radical. Any
seeds with noticeable insect or fungal damage were
discarded. The seeds were surface disinfected in 70% (v/v)
ethanol for 30 s and then immersed in 20% bleach solution
(5.25% sodium hypochlorite) for 18 min, followed by three
rinses in sterile, distilled water before being stored in
sterile, distilled water overnight at 24±2°C. After 24 h, the
turgid embryos were extracted, and cotyledon and hypo-
cotyl segments were cultured horizontally on Murashige
and Skoog (MS) medium (1962) supplemented with
13.3 μM 6-benzylaminopurine (BA) plus 4.5 μM thidia-
zuron (TDZ) to induce adventitious shoot formation (Du
and Pijut 2008). Four to five replications of each explant type
were tested, with 12 to 17 explants per replication. Unless
noted otherwise, all cultures were incubated at 24±2°C under
a 16-h photoperiod (80μmol m−2 s−1), and all media included
3% (w/v) sucrose, 0.7% (w/v) Difco Bacto agar, with the pH
of the medium adjusted to 5.7 prior to autoclaving and
dispensing at 45 ml per 100×25-mm Petri plates. After
obtaining these results, adventitious shoot regeneration was
optimized for hypocotyls using 0, 4.4, 8.9, 13.3, or 22.2 μM
BA in combination with 0, 0.5, 2.3, or 4.5 μM TDZ (Du and
Pijut 2008). Five replications with 15 hypocotyls per
treatment per replication were conducted. Cultures were
incubated for 4 wk to induce callus and shoot bud formation.

Elongation of adventitious shoots. After 4 wk culture on
induction medium, all explants initiating shoot buds were
transferred to MS basal salt medium plus Gamborg B5
vitamins (MSB5) supplemented with 10 μM BA and
10 μM TDZ (Kim et al. 1997) to induce shoot elongation.
Magenta GA-7 vessels (Magenta Corp., Chicago, IL)
containing 50 ml of medium were used. Cultures were
incubated under a 16-h photoperiod for 4- to 5-wk.
Elongated shoots were continuously removed from the
original explant when approximately 3 cm in length and
placed directly onto root induction medium.

Establishment of in vitro germinated shoots. To supplement
the number of adventitious shoots in culture for rooting
experiments, proliferating shoot cultures were established
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from in vitro germinated embryos in order to obtain a
significant number of microshoots. White ash seeds were
surface disinfected and the embryos extracted as described
previously. Intact embryos were then cultured vertically on
MSB5 medium supplemented with 10 μM BA plus 10 μM
TDZ. Magenta GA-7 vessels containing 50 ml of medium
were used. The in vitro shoots established from the
embryos were micropropagated on the same medium and
continuously subcultured to fresh medium every 4 wk for
shoot culture establishment.

Rooting of adventitious and in vitro germinated shoots.
Elongated adventitious and in vitro germinated shoots were
pooled and randomly placed on woody plant medium
(WPM; Lloyd and McCown 1980) supplemented with
4.9 μM indole-3-butyric acid (IBA) plus 0, 2.9, 5.7, or
8.6 μM indole-3-acetic acid (IAA). Magenta GA-7 vessels
containing 50 ml of medium were used. Cultures were
placed in the dark at 26°C for either 5- or 10-d, then
incubated for 4- to 5-wk at 24±2°C under a 16-h photoperiod,
after which rooting percentage, the number of roots per shoot,
and root length were recorded. Nine replications with four
shoots per treatment per replication were conducted.

Acclimatization of rooted plants. Rooted plantlets were
removed from the Magenta vessels and transplanted into
10×9-cm plastic pots containing a moist, autoclaved,
soilless medium with high porosity (Premier ProMix HP;
Premier Horticulture Inc., Quakertown, PA). Any agar
clinging to the roots was gently removed with distilled
water prior to potting. Plants in pots were then placed in
sealed 3.8-L plastic bags to provide a high relative humidity
and grown at 24±2°C under a 16-h photoperiod. Watered
as needed to maintain moisture, the plants were acclima-
tized to the culture room over a 2- to 3-wk period by
progressively opening the bags until plants were able to
survive without wilting. Plants were then transferred to the
greenhouse, transplanted to larger pots containing a peat-
and perlite-based, soilless medium with high porosity
(Premier ProMix HP/Mycorise® Pro; Premier Horticulture
Inc.), and watered, as needed, with fertilizer water [15N-5P-
15K commercial fertilizer formulation (Miracle Gro©

Excel© Cal-Mag; The Scotts Co., Marysville, OH)] that
was adjusted to a pH range of 5.7 to 6.0 using 93% sulfuric
acid (Ulrich Chemical, Indianapolis, IN). Three replications
of 12 plants per replication were acclimatized.

Statistical analysis. SPSS (software version 17; SPSS
2009) was used to analyze data. An analysis of variance
(ANOVA) was performed using the General Linear Model
procedure on the individual replicate means by treatment
for percent shoot formation, number of shoots per hypo-
cotyl, percent root formation, number of roots per shoot,

root length, and number of lateral roots. If the ANOVA
indicated a statistical significance, a Duncan’s comparison
test with an alpha level of 0.05 was used to distinguish the
differences between treatments.

Results and Discussion

Adventitious shoot induction. A collection of open-
pollinated seed was used to normalize the regeneration
process across a random mix of white ash genotypes. The
tips of the cotyledons were removed during the surface
sterilization process to not only make it easier to excise the
embryos post-imbibition, but because cutting one-third of
the cotyledons had been proven to increase germination
rates (Preece et al. 1989, 1995). After 1 wk culture on MS
medium supplemented with BA and TDZ, callus formation
occurred on the cut ends and wounded surface area of
hypocotyls, and shoots began to initiate. Cotyledon
explants took longer to form callus, with many of these
explants never regenerating shoots (Fig. 1). Both types of
explants regenerated most shoots at the cut end previously
nearest the shoot apical meristem.

Green and white ash are in the Melioides clade and
therefore have high nuclear and morphological similarities
(Wallander 2008). The adventitious shoot regeneration
protocol developed in our lab for green ash (F. pennsylvanica;
Du and Pijut 2008) was therefore used initially to compare
the response of white ash hypocotyls and cotyledons and to
determine the best explant for further development of the
regeneration protocol. Hypocotyls proved to have a signif-
icantly higher organogenic potential than cotyledons in white
ash (Fig. 2A; Table 1). Sixty-six percent of hypocotyl
segments produced adventitious shoots, but only 10.4% of
cotyledon segments regenerated in this way, with a mean
number of adventitious shoots per explant of 3.5±0.9 and
2.5±1.5, respectively. This was consistent with results

Figure 1. Callus formation and shoot initiation on a cotyledon
explant of Fraxinus americana. Cotyledon cultured for 4 wk on
Murashige and Skoog medium with 13.3 μM 6-benzylaminopurine
plus 4.5 μM thidiazuron.
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reported by Preece and Bates (1995) and Tonon et al. (2001a)
which noted a lower organogenic potential of Fraxinus
angustifolia cotyledons compared to embryo axes. The lower
shoot formation rate observed for white ash cotyledons
(10.4%) compared to green ash cotyledons (24%; Du and
Pijut 2008) could be a result of white ash having a stronger
and more complicated hormonally controlled dormancy than
green ash (Ashley and Preece 2009).

All combinations of BA and TDZ in the induction
medium produced some level of adventitious shoot forma-
tion on hypocotyls. Seventy-three percent of hypocotyls
produced shoots on medium containing only 0.5 μM TDZ,
but this percentage did not accurately represent the best

regeneration medium, as only 19% of the shoots elongated
(Table 2). To better elucidate which medium would produce
a high percentage of shoot formation along with shoot
elongation, we present the percentage of hypocotyls
producing shoots, percent shoot elongation, and mean
number of shoots elongating per explant (Fig. 2B, C;
Table 2). This was a more accurate representation of what
medium was the most successful to use for white ash
regeneration. The medium supplemented with 22.2 μM BA
plus 0.5 μM TDZ proved to be the best adventitious shoot
induction medium overall. Even though the percent shoot
formation (52%) appears low, this medium produced the
highest percentage (47%) of shoots able to elongate and the

Figure 2. Plant regeneration from hypocotyls of Fraxinus americana.
A: Callus formation and adventitious shoot induction on a hypocotyl
explant after 4 wk on Murashige and Skoog (MS) medium with
13.3 μM 6-benzylaminopurine (BA) plus 4.5 μM thidiazuron (TDZ).
B, C: Elongation of adventitious shoots from hypocotyls on MS with
10 μM BA plus 10 μM TDZ. D: Shoot with roots on woody plant

medium with 2.9 μM indole-3-acetic acid plus 4.9 μM indole-3-
butyric acid after 5 d in the dark and then 4 wk under a 16-h photoperiod.
E: Acclimatized white ash plantlet in the culture room producing simple
leaves. F: Acclimatized white ash plant in the greenhouse exhibiting
compound leaf growth.

Table 1. Effect of explant type on Fraxinus americana adventitious shoot regeneration

Explant type Callus formation (%) Shoot formation (%) Mean no. of shoots per explant

Cotyledon 28.9±25.2 10.4±8.0 2.5±1.5

Hypocotyl 91.5±6.4 66.1±19.5 3.5±0.9

Values are means±standard deviation of responsive explants (49 cotyledons and 72 hypocotyls) on Murashige and Skoog medium supplemented
with 13.3 μM 6-benzylaminopurine and 4.5 μM thidiazuron
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highest mean number of shoots elongating per hypocotyl
(3.9±0.4). The BA concentration was found to be a
significant factor in determining the number of shoots
initiated that would eventually elongate from the hypocotyl

explants. This same BA concentration (22.2 μM) also
proved successful for proliferation of adventitious shoots
from Fraxinus excelsior hypocotyls (Tabrett and Hammatt
1992). The concentration of TDZ at 0.5, 2.3, or 4.5 μM was

Table 2. Effect of cytokinins on adventitious shoot regeneration from hypocotyls of white ash

Plant growth regulator (μM) Hypocotyl

BA TDZ Shoot formationa (%) Shoot elongationb (%) Mean no. of shootsc

0.0 0.0 0e 0c 0c

4.4 0.0 68.0±6.8ab 32.7±8.8ab 2.9±1.0ab

8.9 0.0 61.3±3.3abc 28.8±11.0ab 2.1±0.6abc

13.3 0.0 54.7±2.5abcd 25.0±8.6abc 2.2±0.6abc

22.2 0.0 41.3±7.1d 35.4±9.6ab 4.6±2.4a

0.0 0.5 73.3±6.0a 19.4±5.3bc 2.4±0.7abc

4.4 0.5 54.7±3.3abcd 19.7±7.1bc 1.7±0.6bc

8.9 0.5 62.7±4.5abc 27.5±10.6ab 3.2±0.9ab

13.3 0.5 61.3±5.7abc 32.7±5.8ab 2.3±0.5abc

22.2 0.5 52.0±7.4bcd 46.9±7.7a 3.9±0.4ab

0.0 2.3 62.7±5.4abc 18.6±5.8bc 2.3±0.8abc

4.4 2.3 54.7±7.1abcd 16.3±4.8bc 1.6±0.9bc

8.9 2.3 62.7±3.4abc 21.5±5.6abc 2.5±0.5abc

13.3 2.3 54.7±4.4abcd 20.1±11.9bc 2.1±0.9abc

22.2 2.3 50.7±10.7bcd 31.2±6.2ab 1.4±0.2bc

0.0 4.5 68.9±4.6ab 23.8±4.9abc 2.3±0.7abc

4.4 4.5 52.0±6.4bcd 42.6±7.9ab 3.0±0.6ab

8.9 4.5 52.0±5.0bcd 22.1±7.0abc 1.3±0.3bc

13.3 4.5 68.0±3.9ab 27.0±5.3ab 1.5±0.2bc

22.2 4.5 48.0±5.7cd 41.6±12.1ab 2.9±0.7ab

Means in each column followed by the same letter are not significantly different according to Duncan’s multiple comparison test (α=0.05)
aMean±standard error for 75 explants per treatment
bMean±standard error for hypocotyls that produced leaf primordia and were able to elongate shoots
cMean number of shoots based on the number of hypocotyls transferred to Murashige and Skoog medium supplemented with 10 μM 6-benzylaminopurine
(BA) and 10 μM thidiazuron (TDZ)

Table 3. Effect of auxin concentration on in vitro root formation of white ash microshoots

Treatment Rooting (%) Mean no. of roots Mean root length (cm) Mean no. of lateral roots

Dark period (days) IAA+IBA (μM)

5 0.0+4.9 52.8±10.6abc 1.8±0.2b 4.0±0.6ab 7.7±2.0a

5 2.9+4.9 80.6±8.1a 2.5±0.3ab 3.6±0.7ab 9.1±2.0a

5 5.7+4.9 77.8±6.5a 2.6±0.4ab 4.1±0.8a 7.6±1.5a

5 8.6+4.9 69.4±10.0ab 3.6±0.6a 2.7±0.6abc 4.1±1.1a

10 0.0+4.9 36.1±12.6c 1.8±0.5b 1.6±0.7c 5.7±3.2a

10 2.9+4.9 66.7±9.3abc 2.3±0.4ab 2.5±0.6abc 5.8±2.3a

10 5.7+4.9 63.9±11.1abc 2.3±0.4ab 2.1±0.6bc 3.7±1.6a

10 8.6+4.9 41.7±11.8bc 1.4±0.4b 1.2±0.3c 4.1±1.2a

Values represent the means±standard errors for 36 explants per treatment. Means in each column followed by the same letter are not significantly
different according to Duncan’s multiple comparison test (α=0.05)

IAA indole-3-acetic acid, IBA indole-3-butyric acid
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a significant factor in percent shoot formation on hypo-
cotyls in combination with zero BA, inducing a high
percentage of shoot formation of 73%, 63%, and 69%,
respectively. This was consistent with the findings of
Navarrete et al. (1989), who noted that 3 μM TDZ was
the maximum concentration allowing for the most shoot
proliferation of white ash while having minimal callus
formation. With our protocol, only a 3- to 4-wk culture on
one medium was necessary to induce shoots on hypocotyl
explants. No additional plant growth regulator overlays or
different medium transfers were necessary, as had previ-
ously been reported (Navarrete et al. 1989; Preece et al.
1991; Van Sambeek et al. 2001).

Rooting of adventitious and in vitro grown shoots. A
collection of in vitro shoots (adventitious and in vitro
micropropagated) were randomly divided among eight root
induction treatments. Roots were visible 10 d after
transferring cultures to the light, with slight formation of
callus at the basal end of the shoot. Rarely did shoots form
roots without a small amount of light green callus.
Significantly higher rooting (53% to 81%), number of roots
(1.8 to 3.6), and root lengths (2.7 to 4.1 cm) were obtained
with the 5 d dark culture treatment. The most effective root
induction medium was WPM supplemented with either 2.9
or 5.7 μM IAA plus 4.9 μM IBA for 5 d in the dark
(Fig. 2D), with 81% and 78% of shoots rooted with an
average of 2.5±0.3 and 2.6±0.4 roots produced per shoot,
respectively. The number of lateral roots formed was not
statistically significant across all treatments (Table 3).

Preece et al. (1995), Kim et al. (1998), and Tonon et al.
(2001a, b) reported rooting of Fraxinus spp. on auxin-free
medium, but it was noted that the addition of auxin
provided more synchronous root formation. Half- or full-
strength WPM supplemented with 4.9 μM IBA had
previously been proven successful for inducing root
formation in Fraxinus spp. (Hammatt and Ridout 1992;
Tabrett and Hammatt 1992; Perez-Parron et al. 1994; Tonon
et al. 2001a; Du and Pijut 2008) as well as MS and MSB5
medium (Preece et al. 1987; Navarrete et al. 1989; Kim et
al. 1998). The addition of 2.9 to 8.6 μM IAA to WPM
supplemented with 4.9 μM IBA produced significant
rooting (89–90%) of F. pennsylvanica shoots (Du and Pijut
2008), along with a 10 d dark pretreatment. Tonon et al.
(2001b) achieved high rooting (76%) for F. angustifolia by
exposing shoots to a root induction medium for 5 d in the
dark before transferring shoots to a root expression
medium, and then placing cultures in the light. A similar
two-step process was used for F. americana and F.
pennsylvanica (Navarrete et al. 1989; Van Sambeek et al.
2001) with a 4- to 8-d dark pulse on root induction medium
followed by culture in the light on root elongation medium.
Our rooting protocol eliminates the need to use two

different media for root induction and elongation and
required only 5 d in the dark. We achieved 81% rooting
of white ash shoots with an average of 2.5 roots per shoot, a
mean root length of 3.6 cm, and a mean number of lateral
roots of 9.1 using one medium. Previously, approximately
70% of shoots rooted with an average of 2.2 roots per
shoot after 7 d in the dark on root induction medium and
culture in the light on root elongation medium (Van
Sambeek et al. 2001).

Acclimatization of rooted plants. Thirty-eight rooted plant-
lets were chosen randomly for acclimatization. Plantlets
with two to three internodes, four to six fully formed
leaves, and well-developed roots were used (Fig. 2D).
Simple leaves were observed on plantlets regenerated in
vitro and acclimatized to the culture room (Fig. 2E), with
compound leaf development observed after continued
growth and acclimatization to the greenhouse (Fig. 2F).
This was consistent with previous observations on growth
of white ash started in vitro (Van Sambeek et al. 2001). No
morphological abnormalities were observed with our white
ash plants, and 100% of the plants survived acclimatization
to the greenhouse.

Conclusions

A successful in vitro adventitious shoot regeneration, rooting,
and plantlet acclimatization protocol for F. americana was
developed using hypocotyls obtained from a collection of
open-pollinated seeds. This protocol will be used for
experimental studies to produce transgenic white ash with
resistance to the EAB or transfer of other value-added traits
for genetic improvement and conservation.

Acknowledgments The authors gratefully acknowledge Drs. Michael
Kane and John E. Preece for their constructive review and suggestions for
the improvement of this manuscript.

The mention of a trademark, proprietary product, or vendor
does not constitute a guarantee or warranty of the product by the
U.S. Department of Agriculture and does not imply its approval
to the exclusion of other products or vendors that also may be
suitable.

References

Ashley J. A.; Preece J. E. Seed cutting treatments stimulate
germination and elucidate a dormancy gradient in dormant
Fraxinus americana L. and Fraxinus pennsylvanica Marsh.
Propag. Ornam. Plants 9(3): 122–128; 2009.

Bates S.; Preece J. E.; Navarrete N. E.; Van Sambeek J. W.; Gaffney
G. R. Thidiazuron stimulates shoot organogenesis and somatic
embryogenesis in white ash (Fraxinus americana L.). Plant Cell
Tiss. Org. Cult. 31: 21–29; 1992.

REGENERATION OF PLANTS FROM FRAXINUS AMERICANA 255



Dobesberger, E. G. Emerald ash borer, Agrilus planipennis: Pest Risk
Assessment. Canadian Food Inspection Agency, Plant Health
Risk Assessment Unit, Nepean, Ontario, Canada; 2002.

Du N.; Pijut P. M. Regeneration of plants from Fraxinus pennsylvanica
hypocotyls and cotyledons. Sci. Hortic-Amsterdam 118: 74–79;
2008.

Griffith, R. S; Fraxinus americana. In: Fire Effects Information
System, [Online]. U.S. Department of Agriculture, Forest
Service, Rocky Mountain Research Station, Fire Sciences
Laboratory (Producer). Available: http://www.fs.fed.us/database/
feis/ [2010, August 2]; 1991.

Hammatt N.; Ridout M. S. Micropropagation of common ash
(Fraxinus excelsior). Plant Cell Tiss. Org. Cult. 31: 67–74; 1992.

Hicks G.; Browne R. Induction and subculture of callus from petioles
of Fraxinus americana (L.), white ash. Proc. N S Inst. Sci. 33:
123–130; 1983.

Kim M. S.; Klopfenstein N. B.; Cregg B. M. In vitro and ex vitro
rooting of micropropagated shoots using three green ash
(Fraxinus pennsylvanica) clones. New For. 16: 43–57; 1998.

Kim M. S.; Schumann C. M.; Klopfenstein N. B. Effect of thidiazuron
and benzyladenine on axillary shoot proliferation of three green
ash (Fraxinus pennsylvanica Marsh) clones. Plant Cell Tiss. Org.
Cult. 48: 45–52; 1997.

Lloyd G.; McCown B. Commercially feasible micropropagation of
mountain laurel, Kalmia latifolia, by use of shoot-tip culture.
Proc. Int. Plant Prop. Soc. 30: 421–427; 1980. Publ. 1981.

MacFarlane D. W.; Meyer S. P. Characteristics and distribution of
potential ash tree hosts for emerald ash borer. For. Ecol. Mgmt.
213: 15–24; 2005.

McCullough D. G.; Katovich S. A. Pest alert: emerald ash borer.
USDA Forest Service State and Private Forestry, Northeastern
Area; 2004.

Mitras D.; Kitin P.; Iliev I.; Dancheva D.; Scaltsoyiannes A.; Tsaktsira
M.; Nellas C.; Rohr R. in vitro propagation of Fraxinus excelsior
L. by epicotyls. J. Biol. Res. - Thessaloniki 11: 37–48; 2009.

Mockeliunaite R.; Kuusiene S. Organogenesis of Fraxinus excelsior
L. by isolated mature embryo culture. Acta Univ. Latviensis, Biol.
676: 197–200; 2004.

Murashige T.; Skoog F. A revised medium for rapid growth and
bio assays with tobacco tissue cultures. Physiol. Plant. 15:
473–497; 1962.

Navarrete, N. E.; Van Sambeek, J. W.; Preece, J. E.; Gaffney, G. R.
Improved micropropagation of white ash (Fraxinus americana
L.). In: Rink G.; Budelsky C. A. (eds) Proc 7th Central
Hardwood Conf, GTR-NC-132, pp 146–149; 1989.

Nesom, G. Plant guide: white ash, Fraxinus americana L. USDA
Natural Resources Conservation Service; 2001.

Perez-Parron M. A.; Gonzalez-Benito M. E.; Perez C. Micro-
propagation of Fraxinus angustifolia from mature and juvenile
plant material. Plant Cell Tiss. Org. Cult. 37: 297–302; 1994.

Poland T. M.; McCullough D. G. Emerald ash borer: invasion of the
urban forest and the threat to North America’s ash resource.
J. For. 104: 118–124; 2006.

Preece J. E.; Bates S. Somatic embryogenesis in white ash (Fraxinus
americana L.). In: Jain S.; Gupta P.; Newton R. (eds) Somatic
embryogenesis in woody plants, vol. 2. Kluwer, Netherlands,
pp 311–325; 1995.

Preece J. E.; Bates S. A.; Van Sambeek J. W. Germination of cut seeds
and seedling growth of ash (Fraxinus spp.) in vitro. Can. J. For.
Res. 25: 1368–1374; 1995.

Preece J. E.; Christ P. H.; Ensenberger L.; Zhao J. L. Micro-
propagation of ash (Fraxinus). Comb. Proc. Int. Plant Prop.
Soc. 37: 366–372; 1987.

Preece J. E.; Navarrete N.; Van Sambeek J.W.; Gaffney G. R. An in vitro
microplant bioassay using clonal white ash to test for tall fescue
allelopathy. Plant Cell Tiss. Org. Cult. 27: 203–210; 1991.

Preece J. E.; Zhao J. L.; King F. H. Callus production and somatic
embryogenesis from white ash. HortScience 24: 377–380; 1989.

Schlesinger, R. C. Fraxinus americana L. White ash. In: Burns,
R. M.; Honkala, B. H. (Tech Coords), Silvics of North America,
Vol. 2, Hardwoods, USDA Forest Service, Agric Handbook 654,
Washington, DC; pp 333–338; 1990.

SPSS Inc. SPSS for Windows. Chicago, IL. Ver 17; 2009.
Sydnor T. D.; Bumgardner M.; Todd A. The potential economic

impacts of emerald ash borer (Agrilus planipennis) on Ohio,
U.S., communities. Arbor Urban For. 331: 48–54; 2007.

Tabrett A. M.; Hammatt N. Regeneration of shoots from embryo
hypocotyls of common ash (Fraxinus excelsior). Plant Cell Rep.
11: 514–518; 1992.

Tonon G.; Capuana M.; Di Marco A. Plant regeneration of Fraxinus
angustifolia by in vitro shoot organogenesis. Sci. Hortic-
Amsterdam 87: 291–301; 2001a.

Tonon G.; Kevers C.; Gaspar T. Changes in polyamines, auxins
and peroxidase activity during in vitro rooting of Fraxinus
angustifolia shoots: and auxin-independent rooting model. Tree
Physiol. 21: 655–663; 2001b.

Van Sambeek J. W.; Preece J. E.; Navarrete-Tindall N. E. Comparative in
vitro culture of white and green ash from seed to plantlet
production. Comb. Proc. Int. Plant Prop. Soc. 51: 526–534; 2001.

Wallander E. Systematics of Fraxinus (Oleaceae) and evolution of
dioecy. Plant Syst. Evol. 273: 25–49; 2008.

Yu C. Agrilus marcopoli Obenberger. In: Xiao G. (ed) Forest insects
of China. 2nd ed. China Forestry Publishing House, Beijing,
pp 400–401; 1992.

256 PALLA AND PIJUT

http://www.fs.fed.us/database/feis/
http://www.fs.fed.us/database/feis/

	Regeneration of plants from Fraxinus americana hypocotyls and cotyledons
	Abstract
	Introduction
	Materials and Methods
	Results and Discussion
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


