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Plant Regeneration Through Organogenesis in Poplar1 

Hoduck Kang and Young Woo Chun 

Introduction 

Among woody genera, Populus has been extensively 
studied as a model system for biotechnological research. 
This genus of the Salicaceae family, widely distributed 
across the Northern Temperate Zone (FAO 1980), is com
posed of 5 sections: Leuce (currently termed Populus), 
Aigerios, Tacamahaca, Turanga, and Leucoides (Dickman 
and Stuart 1983). Leuce is a large group that includes as
pen and white poplars, which have great economic im
portance. Aigeiros, considered the "true poplars," include 
the cottonwoods and black poplars. Tacamahaca, contain
ing the balsam poplars, is the largest poplar species group. 
The remaining 2 sections (Turanga and Leucoides) have 
minor economic importance. 

Populus species and hybrids are ideal for plywood and 
lumber production, and woody biomass production be
cause of rapid growth, ease of establishment through stem 
or root cuttings, and relative ease of coppice regeneration 
(Ahuja 1987; Behrens and Melchior 1978; Hallet al. 1989; 
Herrmann and Seuthe 1982). Trees of this genus represent 
wide genetic diversity, exhibit widely ranging site require
ments, and respond well to cultural input (Schreiner 1974). 
Many new, high-quality, rapidly growing poplar clones 
were developed in various breeding programs from di
verse geographic regions (Hall et al. 1989). Vegetatively 
propagated Populus species and hybrid clones have been 
planted extensively in many countries (Zsuffa 1985). For 
the difficult-to-root poplar (section Leuce), tissue culture 
techniques for micro-propagation have become a primary 
alternative to more conventional propagation procedures. 
In vitro propagation techniques were applied to poplars to 
overcome limitations such as production cost and availabil-
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ity of specific genotypes for planting material (Ahuja 1987). 
Furthermore, as a model system for biotechnology programs, 
poplars have been intensively studied for in vitro micro
propagation, genetic transformation, and gene expression. 

The objectives of this review are to summarize: 1) organo
genic regeneration of poplar by adventitious bud induction 
from various explants; and 2) physiological malformation 
of in vitro plantlets, which is a fundamental problem in pop
lar micro-propagation. 

In Vitro Organogenesis 

Since 1980, poplars have been intensively studied for 
in vitro establishment (Chun et al. 1988). Such studies re
veal that Populus tissue exhibits a high degree of develop
mental plasticity, similar to tobacco in the herbaceous 
species. Many in vitro cloning techniques were developed 
that provide an integral basis for biotechnological appli
cations. Published reports on in vitro regeneration of pop
lars are summarized in table 1. Types of shoot regeneration 
with organs or tissues are ordinarily classified as: 1) ad
ventitious shoot formation or 2) axillary shoot induction. 
Adventitious shoot formation is amorphous shoots originat
ing from the various explants of leaf, internode, catkin, im
mature embryo, pollen, vascular or bark cambium, root, etc. 
Cultures for axillary shoot induction are composed of 
morphous shoots originating from an apical meristem or ax
illary bud. Apical meristems containing shoot primordia can 
produce multiple shoots. For more information on in vitro 
morphogenesis of Populus hybrids and species, refer to re
views by Ahuja (1987, 1993), Chun (1993), and Ernst (1993). 

Adventitious Shoot Organogenesis 
Through In Vitro Cultured Explants 

Adventitious poplar shoots can be induced from in vitro 
cultured leaf, internode, petiole, and root explants that 
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Section I /n Vitro Culture 

Table 1. Published reports on in vitro establishment with Populus species. 

Culture type Species Reference 

Leaf culture 
immature lamina discs P. ciliata Mehra and Cheema 1980 
leaf, internode, root P. alba x P. grandidentata Chun 1987 
leaf discs P. maximowiczii Michler and Bauer 1988 

x P. trichocarpa 
leaf, stem, root P. maximowiczii Kang 1991 

x P. trichocarpa 
Root culture 

bud, stem, leaf, root P. tremula Ahuja 1983 
bud, stem, leaf, root P. tremuloides Ahuja 1983 
root P. alba x P. grandidentata Son and Hall 1990 
leaf, stem, root P. x euramericana Kang 1991 

Anther culture 
anther P. glandulosa Kim et al. 1983 
anther P. deltoides Uddin et al. 1988 

Embryo culture 
immature embryo P. deltoides Kouider et al. 1984 
immature embryo P. deltoides Savka et al. 1987 
ovary, embryo P. alba Raquin et al. 1993 
ovary, embryo P. deltoides Raquin et al. 1993 
ovary, embryo P. trichocarpa Raquin et al. 1993 
ovary, embryo P. lasiocarpa Raquin et al. 1993 
ovary, embryo P. trichocarpa x P. deltoides Raquin et al. 1993 
immature ovary P. deltoides Kang and Hall 1996 

Callus culture 
callus P. tremuloides Winton 1968 
callus P. tremuloides Wolter 1968 
callus P. tremuloides Winton 1970 
callus P. tremuloides Wolter and Gordon 1975 
callus P. tremuloides Noh and Minocha 1986 
callus P. maximowiczii Ostry and Skilling 1988 

x P. trichocarpa 
callus P. nigra var. charkowiensis Ostry and Skilling 1988 

x P. nigra var. caudina 
callus P. nigra var. betulifolia Ostry and Skilling 1988 

x P. trichocarpa 
callus P. nigra var. charkowiensis Ostry and Skilling 1988 

x P. deltoides 
callus P. nigra var. betulifolia Ostry and Skilling 1988 

x P. nigra 
callus P. nigra x P. maximowiczii Park and Son 1988 
cell suspension P. ciliata Cheema 1989 
callus P. deltoides Coleman and Ernst 1990 
callus P. alba x P. grandidentata Michler and Bauer 1991 

normally never reproduce vegetatively in vivo (Ahuja 1993; 
Chun 1993; Ernst 1993). Most aspen, cottonwood, and their 
hybrids produce adventitious shoots in Murashige and 
Skoog (MS) (Murashige and Skoog 1962) media or Woody 
Plant Media (WPM) (Lloyd and McCown 1980) supple
mented with 0.2 to 0.5 mg/1, 6-benzyladenine (BA) or 2.0 
mg/1 zeatin as a cytokinin source. Many Populus species 
were successfully regenerated through adventitious shoot 
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induction from cultured explants including node, intern
ode, leaf, and root segment (Agrawal and Gupta 1991; 
Chun 1990; Coleman and Ernst 1990; Douglas 1984; Kim 
et al. 1994a, 1994b; Nadel et al. 1992; Rutledge and Dou
glas 1988). 

Adventitious regeneration in vitro may generate a much 
higher rate of shoot production than proliferation of axil
lary shoots. Commercial-scale regeneration systems were 
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established from leaf and root cultures of European as
pen (P. tremula), quaking aspen (P. tremuloides), and their 
hybrids (Ahuja 1984). Plant regeneration from stem inter
nodes was accomplished in P. trichocarpa x P. tacamahaca 
(Douglas 1984). Park and Son (1988) demonstrated that 
an average of 178 shoots was directly produced from a 
punctured leaf of P. nigra x P. maximowiczii after 6-weeks 
culture. 

Morphogenetic responses of explants from in vitro 
cultured poplar plantlets depend on the explant source 
and the combination of exogenously applied plant 
growth regulators. Chun (1990) demonstrated that 
abaxial side culture of whole-leaf explants was best to 
induce adventitious shoot buds from a hybrid aspen 
(P. alba x P. grandidentata) plantlet. Kim et al. (1994a) 
showed that the form and concentration of nitrogen 
sources (ammonium and nitrate) and combination of 
BA with naphthaleneacetic acid (NAA) greatly affect 
adventitious shoot induction from leaf-explant cultures 
of P. davidiana. 

Kang and Hall (1996b) successfully established a 
nodal culture system to maximize shoot production of 
a cottonwood hybrid (P. x euramericana). They used 4 
explants: node, internode, node with the axillary bud 
excised, and reutilized stem. The shoot proliferation 
capacity of nodal explants and modified explants was 
compared, and the origin of multiple shoots was inves
tigated. For these explants, most shoots were derived 
from the axillary meristems. Shoots also originated from 
the vascular cambium and qccasionally from the len
ticels (figures 1-4 to 1-6). A conventional method of di
rectly using nodal explants produced a mean (± 
standard error) of 5.7 ± 0.6 shoots by treatment with 
2.0 mg/1 zeatin. However, shoot production from in
ternodes and modified nodes was better using 0.5 mg I I 
BA with 2.0 mg/1 zeatin, which produced averages of 
21.7 ± 1.1 and 29.0 ± 0.9 shoots, respectively (figures 1-1 
to 1-3). Shoot formation from lenticels was examined 
in thin sections using bright-field microscopy, and in
tact specimens were observed with a stereo microscope 
(figures 1-8 and 1-9). 

For adventitious shoot production from in vitro cul
tured leaves of hybrid aspen clones (P. alba x P. 
grandidentata cv. 'Crandon' and cv. 'Hansen'), thidi
azuron (TDZ) and NAA test combinations were more 
effective than BA and NAA test combinations or TDZ 
test concentrations without NAA (Kim et al. 1994b). 
Among 40 combinations of TDZ and NAA tested, 0.05 
J.lM TDZ with 1.0 J.LM NAA produced the most adventi
tious shoots; 18 shoots per leaf explant for 'Crandon' 
and 15 shoots per leaf explant for 'Hansen.' Increasing 
TDZ concentrations (0.1, 0.2, 0.5, 1.0, and 2.0 J!M) had 
varying effects on the frequency of regeneration and 
vitrification of the 2 hybrid aspen clones (Kim et al. 
1994b). Significant clonal differences were observed for 
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the number of adventitious shoot regenerated. After 2 
to 3 weeks on TDZ/NAA regeneration media, adventi
tious shoots initiated on the proximal cut surface of the 
petiole and near punctured areas on the leaf surface. 
On BA/NAA regeneration media, most adventitious 
shoots formed at the proximal cut surface of the peti
ole, while only a few formed on the cultured leaf sur
face. 

Shoot proliferation occurred on cultured root segments 
of quaking aspen, hybrid aspen (P. alba x P. grandidentata), 
and hybrid cottonwood (P. x euramericana) (Ahuja 1983; 
Chun 1990; Kang 1991; Son and Hall 1990). Using 
'Crandon' and 'Hansen' clones of P. alba x P. grandidentata, 
Son and Hall (1990) tested root segments of various ages 
for shoot regeneration. They reported that root tip con
taining explants from 60-day-old roots produced the most 
shoots (an average of 111 shoots per root segment for 
'Crandon' and 98 for 'Hansen') on WPM supplemented 
with 4.8 mg I l or 3.0 mg /1 zeatin, respectively. Clonal 
propagation was used with root segments of hybrid cot
tonwood (P. x euramericana) clones (Kang 1991). Among 4 
clones ('Canada Blanc,' 'Eugenei,' '1-45/51,' and 'Wiscon
sin #5'), the most shoots (17.60 ± 8.96) were induced from 
'Canada Blanc' explants on WPM with either a low con
centration (0.2 mg/1) of BA or a high concentration (5.0 
mg/1) of zeatin. 

Generally, morphogenetic responses of in vitro cultured 
explants depend on the species, explant source, and com
bination of exogenously applied plant growth regulators. 
Research efforts to develop more generalized organogen
esis techniques for explant culture of poplar species and 
hybrids include: 1) applications of physical treatment, such 
as the leaf-surface puncturing technique of Park and Son 
(1988); 2) the effects of various plant growth regulator com
binations, such as 2,4-dichlorophenoxyacetic acid (2,4-D) 
vs. NAA; and 3) optimization of culture conditions for 
explant source material. 

Adventitious Shoot Induction 
From Anther, Ovule, Embryo, 
and Catkin Culture 

Haploid plantlets were produced from anther cultures 
of P. glandulosa, P. deltoides, and P. maximowiczii (Kim et al. 
1983; Stoehr and Zsuffa 1990; Uddin et al. 1988). In a breed
ing program, embryo cultures can potentially rescue abort
ing embryos of interspecific hybrids. Several cultures were 
reported with ovules or embryos of Populus species 
(Kouider et al. 1984; Raquin et al. 1993; Savka et al. 1987). 
Recently, Kang and Hall (1996a) reported shoot formation 
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from developing ovules cultured on vitamin-supple
mented WPM containing BA and zeatin as cytokinins. 
Multiple shoots were obtained from immature ovules col
lected 20 days after pollination. Generally, zeatin was bet
ter than BA for inducing multiple shoots. The highest mean 
number (56.1 ± 7.4) of shoots was from immature ovules 
on WPM supplemented with 5.0 mg/1 zeatin (figures 2-1 
and 2-2). Roots formed after small clumps of shoots were 
transferred to half-strength WPM containing 0.02 mg I 1 
indole-3-butyric acid (IBA) (figure 2-3). A survival rate of 
97 percent was achieved by transferring plantlets to a 
greenhouse environment (figure 2-4). 

Development of shoots from excised flower buds is ex
tremely rare in tree species. Bawa and Stettler (1972) cul
tured female catkin primordia of P. trichocarpa. Although 
unsuccessful in developing whole plants, they found a 
general tendency for callus formation with increasing cul
ture age, occasionally followed by a reversal to vegetative 
growth. Chung et al. (1993) successfully established a 
flower-bud culture system to maximize shoot regenera
tion of P. deltoides and P. maximowiczii. They used small 
slices (5 to 6 mm thick) of catkin prepared from well-de
veloped (3 to 4 em long) flower buds that were cultured 
on MS medium. An average of 3.8 shoots from P. deltoides 
and 4.1 shoots from P. maximowiczii were regenerated from 
catkin after culturing on MS medium containing 1.0 mg/1 
BA with 0.05 mg/1 NAA or 0.5 mg/1 BA with 0.05 mg/1 
N AA, respectively. More than 20 shoots can be regener
ated from a single mature catkin of poplar such as P. 
deltoides, which is typically recalcitrant to shoot regenera
tion. Adventitious shoots were initiated from 3 locations 
on the explant; the outer and the cut surface of stalks, and 
the marginal area of small bracts. 

Callus Culture 

Calli, groups of undifferentiated cells, are induced from 
various explants, such as stem, leaf, root, embryo, pollen, 
or protoplast. Plants regenerate in 2 ways from calli ma
nipulation: 1) organogenesis in which shoots form directly 
from calli; and 2) somatic embryogenesis from embryo
genic development. Pioneering studies for in vitro shoot 
regeneration were conducted on callus cultures of triploid 
quaking aspen (Winton 1968; Wolter 1968) and quaking 
aspen (Winton 1970). Wolter (1968) suggested that shoots 
were induced on callus explants of P. tremuloides by supple
menting the basal medium with 0.2 to 0.5 mg/1 BA, and 
that fresh shoots were rooted on the same medium supple
mented with 0.04 mg/12,4-0 and 1.0 mg/1 kinetin. In vitro 
plantlets were regenerated through organogenesis in 
Populus species (Coleman and Ernst 1990; Noh and 
Minocha 1986; Park and Son 1988). Cytokinin treatments 
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of 0.2 to 1.0 mg/1 BA or 2.0 to 5.0 mg/1 zeatin were used 
for shoot regeneration. 

McCown et al. (1988) defined nodules from cell suspen
sion culture as independent, spherical, dense cell clusters 
that form a cohesive unit and display a consistent internal 
cell/ tissue differentiation. They demonstrated that nod
ule culture has a high potential for organogenesis. Chung 
and Chun {1991) obtained fine nodules from cell suspen
sion cultures of P. x euramericana and P. nigra x P. 
maximowiczii on MS medium with an optimal combina
tion of BA and NAA. When these fine nodules were trans
ferred to liquid regeneration medium with BA and NAA, 
an average of 27 shoots per nodule was induced after 8-
weeks culture. 

Overall, plant morphogenesis through in vitro culture 
depends on species, explant, type and concentration of 
plant growth regulators, culture medium composition, and 
culture environment. For further application, systems for 
successful plant regeneration need careful study to opti
mize these parameters. 

Physiological Changes of 
In Vitro Cultured Plantlets 

Vitrification is a physiological disorder affecting in 
vitro plantlets (Kevers et al. 1984). Although most vitri
fication studies have focused on herbaceous species, 
some woody species have been studied (Letouze and 
Daguin 1987; Marin et al. 1988; McLaughlin and 
Karnosky 1989). Numerous studies have reported on 
the abnormalities caused by factors such as medium 
type (Earle and Langhans 1975), gelling agents 
(Debergh 1983), organics (Zimmerman and Cobb 1989; 
Ziv et al. 1983), inorganics (Vieitez et al. 1987), and plant 
growth regula tors (Leshem et al. 1988; Paques and 
Boxus 1987). In comparison with normal leaves of in 
vitro plantlets, vitrified plantlets have malfunctional 
stomata (Brainerd et al. 1981; Marin et al. 1988; Miguens 
et al. 1993; Ziv et al. 1987); unorganized vacuolated, 
spongy mesophyll cells (Earle and Langhans 1975; 
Vieitez et al. 1987); large intercellular spaces (Brainerd 
et al. 1981); reduced epicuticular waxes (Sutter 1985); 
and low chlorophyll content (Phan and Letouze 1983; 
Ziv et al. 1983). Vitrified in vitro plantlets also poorly 
acclimatize after transfer to soil, a problem for commer
cial production (Debergh et al. 1981). Vitrified plant
lets demonstrated an increased cellular volume (Paques 
and Boxus 1987; Vieitez et al. 1985; von Arnold and 
Ericksson 1984), and vascular bundles were less devel
oped in vitrified leaves (Leshem 1983; Ziv et al. 1983). 
Several rescue methods using modifications of media 
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Section I In Vitro Culture 

0 

Figure 4. Morphological characteristics of leaf vitrification in the culture of Populus alba x P. grandidentata. 4-1) Normal leaf 
of 'Crandon' clone. 4-2) Adaxial orientation of normal 'Crandon' clone, P=palisade parenchyma. 4-3 and 4-4) 
Abnormal leaf of 'Crandon' clone; M=spongy mesophyll. 4-5) Normal leaf of 'Hansen' clone. 4-6) Abnormal leaf of 
'Hansen' clone; !=enlarged intercellular space. 4-7) Normal leaf of 'Hansen' clone. 4-8) Abnormal leaf of 'Hansen' 
clone (Kang and Hall 1996c}. ·. 
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components have been reported (McLaughlin and 
Karnosky 1989; Sato et al. 1993). 

In liquid culture, vitrified plantlets produce more ethyl
ene, suggesting that increased 1-aminocyclo-propane-1-
carboxylic acid (ACC) and ethylene production is a 
nonwound response to stress (Kevers et al. 1984). Subse
quently, ACC and ethylene cause metabolic changes that 
activate peroxidases such as indole-3-acetic acid (IAA) and 
ACC oxidases. Increased peroxidase activities were de
tected in vitrified tissue of herbaceous and woody plant
lets (Kervers et al. 1984). 

Kang and Hall (1996c) studied in vitro morphological 
abnormalities in hybrid aspen (P. alba x P. grandidentata cv. 
'Crandon' and cv. 'Hansen'). Morphological differences in 
stomata and other cell types were investigated through 
scanning electron microscopy. Phenotypic differences are 
shown in figures 3-1 to 3-3. In vitrified leaves of 'Crandon' 
and 'Hansen,' stomatal shape was circular and inflated 
with larger stomatal apertures (figures 3-4 and 3-5); how
ever, stomatal densities were similar between normal and 
vitrified leaves. Vitrified leaves were thicker than those of 
normal leaves (figure 4). Mesophyll cells were arranged 
irregularly and palisade parenchyma was less developed 
in vitrified leaves (figures 4-1 to 4-4). Chloroplasts of vitri
fied leaves were arranged sparsely within the larger me
sophyll cells, whereas they were highly condensed in 
normal leaves (figures 4-5 to 4-8). 

Although many reports relate to vitrification studies in 
herbaceous horticultural species, only a few papers have 
been published for woody species. The morphological 
study of Kang and Hall (1996c) is the only report on the 
physiological variations related to vitrification in Populus 
species. Studies on such physiological phenomena provide 
a basis for developing successful in vitro culture systems. 

Summary 

Organogenesis has become a basic technique for advanc
ing studies such as genetic manipulation and can provide 
a primary plant regeneration system to obtain "true-to
type" plantlets. Fundamental studies on in vitro physiol
ogy are prerequisites for developing and optimizing a 
successful tissue culture system. 

Biotechnology can support future industrial applica
tions to produce synchronized plantlets for tree-breeding 
programs and secondary metabolites for pharmaceutical 
programs. Further applications of biotechnology require 
more studies on: 1) in vitro physiological phenomena; 2) 
development of generalized regeneration systems for 
poplar species and hybrids; 3) variation among plantlets 
from different explants; and 4) transplanting for green
house growth. 

USDA Forest Service Gen. Tech. Rep. RM-GTR-297. 1997. 

Plant Regeneration Through Organogenesis in Poplar 

Acknowledgments 

We thank Dr. Ned B. Klopfenstein (USDA Forest Ser
vice, Rocky Mountain Forest and Range Experimental Sta
tion, National Agroforestry Center) for reviewing an earlier 
draft of this manuscript. 

Literature Cited 

Agrawal, V.; Gupta S.C. 1991. In vitro plantlet development 
from explants of 25-year-old trees of Populus x 
euramericana- a hybrid poplar. Plant Science. 78: 99-105. 

Ahuja, M.R. 1983. Somatic cell differentiation and rapid 
clonal propagation of aspen. Silvae Genetica. 33: S-6. 

Ahuja, M.R. 1984. A commercially feasible 
micropropagation method for aspen. Silvae Genetica. 
33: 174-176. 

Ahuja, M.R. 1987. In vitro propagation of poplar and as
pen. In: Bonga, J.M.; Durzan D.J., eds. Cell and tissue 
culture in forestry, Vol. 3 Case histories: Gymnosperms, 
angiosperms and palms. Dordrecht, The Netherlands: 
Martinus Nijhoff Publishers: 207-223. 

Ahuja, M.R. 1993. Regeneration and germplasm preser
vation in aspen-Populus. In: Ahuja, M.R., ed. 
Micropropagation of woody plants. Dordrecht, The 
Netherlands: Kluwer Academic Publishers: 187-194. 

Bawa, K.A.; Stettler, R.F. 1972. Organ culture with black 
cottonwood: morphogenetic response of female catkin 
primordia. Can. J. Bot. 50: 1627-1631. 

Behrens, V.; Melchior, G.H. 1978. Hinweise zur 
verbesserung des verfahrens der vegetativen 
vermehrung von aspen und aspen hybriden durch 
grunstecklinge aus jungen wurzelschosslingen. 
Holzzucht. 32: 17-21. 

Brainerd, K.E.; Fuchigami, L.H.; Kwiatkowski, 5.; Clark, 
C.S. 1981. Leaf anatomy and water stress of aseptically 
cultured 'Pixy' plum grown under different environ
ments. Hart. Science. 16: 173-175. 

Cheerna, G.S. 1989. Somatic embryogenesis and plant re
generation from cell suspension cultures of mature Hi
malayan poplar (Populus ciliata). Plant Cell Reports. 8: 
124-127. 

Chun, Y.W. 1987. Biotechnology application of Populus 
micropropagation. Ames, lA, U.S.A.: Iowa State Uni
versity. 149 p. Ph.D. dissertation .. 

Chun, Y. W. 1990. Morphogenic potential of leaf, internode, 
and root explants from Populus alba x P. grandidentata 
plantlets. Forest and Humanity. 3: 31-44. 

Chun, Y.W. 1993. Clonal propagation in non-aspen poplar 
hybrids. In: Ahuja, M.R., ed. Micropropagation of 

21 



Section I In Vitro Culture 

woody plants. Dordrecht, The Netherlands: Kluwer 
Academic Publishers: 209-222. 

Chun, Y.W.; Klopfenstein, N.B.; McNabb, H.S.,Jr.; Hall, R.B. 
1988. Biotechnological applications in Populus species. 
J. Kor. For. Soc. 77: 467-483. 

Chung, K.H.; Chun, Y.W. 1991. Plant regeneration of hy
brid poplars through nodule culture system. J. Kor. For. 
Soc. 80: 1-8. 

Chung, K.H.; Kim, J.H.; Chun, Y.W. 1993. In vitro plant re
generation from flower buds of Populus deltoides and P. 
maximowiczii. Kor. J. Breed. 25: 191-200. 

Coleman, G.D.; Ernst, S.G. 1990. Axillary shoot prolifera
tion and growth of Populus deltoides shoot cultures. Plant 
Cell Reports. 9: 165-167. 

Debergh, P.; Harbaoui, Y.; Lemeur, R. 1981. Mass propa
gation of globe artichoke (Cynara scolymus): Evaluation 
of different hypotheses to overcome vitrification with 
special reference to water potential. Physiol. Plant. 53: 
181-187. 

Debergh, P.C. 1983. Effects of agar brand and concentra
tion on the tissue culture medium. Physiol. Plant. 59: 
270-276. 

Dickman, 0.1.; Stuart, K. 1983. The culture of poplars in 
eastern North America. East Lansing, Ml, U.S.A.: Michi
gan State University Press. 168 p. 

Douglas, G.C. 1984. Formation of adventitious buds in stem 
internodes of Populus spp. cultivated in vitro on basal 
medium: Influence of endogenous properties of ex
plants. J. Plant Physiol. 116: 313-321. 

Earle, E.D.; Langhans, R.W. 1975. Carnation propagation 
from shoot tips cultured in liquid medium. Hort. Sci
ence. 10:608-610. 

Ernst, S.G. 1993. In vitro culture of pure species non-aspen 
poplars. In: Ahuja, M.R., ed. Micropropagation of 
woody plants. Dordrecht, The Netherlands: Kluwer 
Academic Publishers: 195-208. 

FAO. 1980. Poplar and willows in wood production and 
land use. Rome: Food and Agric. Organ. of the United 
Nations: 12-44. 

Hall, R.B.; Colletti, J.P.; Schultz, R.S.; Faltonson, R.R.; 
Kolison, S.H., Jr.; Hanna, R.D.; 

Hillson, T.D.; Morrison, J.W. 1989. Commercial-scale veg
etative propagation of aspen. In: Proc. aspen sympo
sium. Duluth, MN, U.S.A.: 211-219. 

Herrmann, S.; Seuthe, H. 1982. Vegetative vermehrung von 
hybrid-aspen durch okulation. Holzzucht. 36: 17-22. 

Kang, H. 1991. In vitro clonal propagation of Populus x 
euramericana (Populus deltoides x P. nigra). In: Propaga
tion parameters in Populus species. Ames, lA, U.S.A.: 
Iowa State University: 17-43. M.S. thesis. 

Kang, H.; Hall, R.B. 1996a. Light and scanning electron 
microscope studies of shoot formation in developing 
ovules of cottonwood (Populus deltoides). Kor. J. of Plant 
Tissue Culture. 23: in press. 

Kang, H.; Hall, R.B. 1996b. Shoot proliferation from in vitro 

22 

nodal cultures of cottonwood hybrid (Populus deltoides 
x P. nigra). Kor. ]. of Plant Tissue Culture. 23: 39-44. 

Kang, H.; Hall, R.B. 1996c. Morphological in vitro shoot 
abnormalities in hybrid aspen (Populus alba x P. 
grandidentata Michx.). Kor. ]. of Plant Tissue Culture. 23: 
in press. 

Kevers, C.; Coumans, M.; Gilles-Coumans, M.F.; Gasper, 
T. 1984. Physiological and biochemical events leading 
to vitrification of plants cultured in vitro. Physiol. Plant. 
61:69-74. 

Kim, J.H.; Noh, E.W.; Park, J.l. 1983. Haploid plantlets for
mation through anther culture of Populus glandulosa. Res. 
Rep. Ins. For. Gen. Korea. 22: 116-121. 

Kim, M.-S.; Kim, Z.S.; Chun, Y. W. 1994a. Plant regenera
tion from leaf explants of Populus davidiana Dode. Kor. 
J. Breed. 26: 74-81. 

Kim, M.-S.; Klopfenstein, N.B.; Chun, Y.W. 1994b. Effects 
of thidiazuron or benzyladenine combined with 
naphthaleneacetic acid on shoot organogenesis from leaf 
explants of hybrid aspen. In: Proceedings of the inter
national poplar symposium: Poplar biology and its im
plications for management and conservation; 1995 
August 20-25; Seattle, WA, U.S.A. Seattle, WA, U.S.A.: 
University of Washington: 81. Abstract. 

Kouider, M.; Skirvin, R.M.; Saladin, K.P.; Dawson, J.O.; 
Jokela, J.J. 1984. A method to culture immature embryos 
of Populus deltoides in vitro. Can. J. For. Res. 14: 956-958. 

Leshem, B. 1983. Growth of carnation meristems in vitro: 
Anatomical structure of abnormal plantlets and the ef
fect of agar concentration in the medium on their for
mation. Ann. Bot. 52:413-415. 

Leshem, B.; Werker, E.; Shalev, P.O. 1988. The effect of cy
tokinins on vitrification in melon and carnation. Ann. 
Bot. 62: 271-276. 

Letouze, R.; Daguin, F. 1987. Control of vitrification and 
hypolignification process in Salix babylonica cultured in 
vitro. Acta. Hort. 212: 185-191. 

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

Marin, J.A.; Gella, R.; Herrero, M. 1988. Stomatal structure 
and functioning as a response to environmental changes 
in acclimatization micropropagated Prunus cerasus L. 
Ann. Bot. 62: 663-670. 

McCown, B.H.; Zeldin, E.L.; Pinkalla, H.A.; Dedolph, R.R. 
1988. Nodule culture: a developmental pathway with 
high potential for regeneration, automated 
micropropagation, and plant metabolite production 
from woody plants. In: Hanover, J.W.; Keathley, D.E., 
eds. Genetic manipulation of woody plants. New York: 
Plenum Press: 149-166. 

McLaughlin,].; Karnosky, D.F. 1989. Controlling vitrifica
tion in Larix decidua via culture media manipulation. 
Can.]. For. Res. 19: 1334-1337. 

USDA Forest Service Gen. Tech. Rep. RM-GTR-297. 1997. 



Mehra, P.N.; Cheema. G.S. 1980. Clonal multiplication in 
vitro of Himalayan poplar (Populus ciliata). 
Phytomorphology. 30: 336-343. 

Michler, C.H.; Bauer, E.O. 1988. Somaclonal variation of 
poplar that tolerate sulfometuron methyl. In Vitro Cel
lular and pevelopmental Bioi. 24: 52A. 

Michler, C.H.; Bauer, E.O. 1991. High frequency somatic 
embryogenesis from leaf tissue of Populus spp. Plant Sci
ence. 77: 111-118. 

Miguens, F.C.; Lauro, R.P.; Machado, R.D. 1993. A scan
ning electron microscope study of normal and vitrified 
leaves from Datura insignsis plantlets cultured in vitro. 
Plant Cell, Tissue and Organ Culture. 32: 109-113. 

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

Nadel, B.L.; Hazan, G.; David, R.; Huttermann, A.; Altman, 
A. 1992. In vitro propagation of Populus species: Re
sponse to growth regulators and media composition. 
Acta. Hart. 314: 61-68. 

Noh, E.W.; Minocha, S.C. 1986. High efficiency shoot re
generation from callus of quaking aspen (Populus 
tremuloides Michx.). Plant Cell Reports. 5: 464-467. 

Ostry, M.E.; Skilling, D.O. 1988. Somatic variation in resis
tance of Populus to Septaria musiva. Plant Disease. 72: 
724-727. 

Paques; M.; Boxus, P. 1987. Vitrification: Review of litera
ture. Acta. Hart. 212: 155-166. 

Park, Y.G.; Son, S.H. 1988. In vitro organogenesis and so
matic embryogenesis from punctured leaf of Populus 
nigra x P. maximowiczii. Plimt Cell, Tissue and Organ 
Culture. 15: 95-105. 

Phan, C.T.; Letouze, R. 1983. A comparative study of chlo
rophyll, phenolic and protein contents and of 
hydroxycinnamate: CoA ligase activity of normal and 
vitreous plants (Prunus avium L.) obtained in vitro. Plant 
Sci. Lett. 31: 323-327. 

Raquin, C.; Troussard, L.; Villar, M. 1993. In-ovary embryo 
culture as a tool for poplar hybridization. Can. J. Bot. 
71: 1271-1275. 

Rutledge, C.B.; Douglas, G.C. 1988. Culture of meristem 
tips and micropropagation of 12 commercial clones of 
poplar in vitro. Physiol. Plant. 72: 367-373. 

Sato, S.; Hagimori, M.; Iwai, S. 1993. Recovering vitrified 
carnation (Dianthus caryophyllus L.) shoots using Bacto
Peptone and its subtractions. Plant Cell Reports. 12: 370-
374. 

Savka, M.A.; Dawson, J.O.; Jokela, J.J.; Skirvin, R.M. 1987. 
A liquid culture method for rescuing embryos of east
em cottonwood. Plant Cell, Tissue and Organ Culture. 
10: 221-226. 

USDA Forest Service Gen. Tech. Rep. RM-GTR-297. 1997. 

Plant Regeneration Through Organogenesis in Poplar 

Schreiner, E.J. 1974. Populus L., poplar. In: Seeds of woody 
plants in the United States. Agriculture Handbook No. 
450. Washington, DC: U.S. Dept. of Agriculture, Forest 
Service: 645-655. 

Son, S.H.; Hall, R.B. 1990. Multiple shoot regeneration from 
root organ cultures of Populus alba x P. grandidentata. 
Plant Cell, Tissue and Organ Culture. 20: 53-57. 

Stoehr, M.U.; Zsuffa, L. 1990. Induction of haploids in 
Populus maximowiczii via embryogenic callus. Plant Cell, 
Tissue and Organ Culture. 23:49-58. 

Sutter, E.G. 1985. Morphological, physical and chemical 
characteristics of epicuticular wax on ornamental plants 
regenerated in vitro. Ann. Bot. 55: 321-329. 

Uddin, M.R.; Meyer, M.M., Jr.; Jokela, J.J. 1988. Plantlet 
production from anthers of eastern cottonwood (Populus 
deltoides). Can. J. For. Res. 18:937-941. 

Vieitez, A.M.; Ballester, A.; San-Jose, M.C.; Vieitez, E. 1985. 
Anatomical and chemical studies of vitrified shoots of 
chestnut regenerated in vitro. Physiol. Plant. 65:177-184. 

Vieitez, A.M.; Ballester, A.; Vieitez, E. 1987. Vitrification in 
chestnut shoots regenerated in vitro. Acta. Hart. 212:231-
234. 

von Arnold, S.; Ericksson, T. 1984. Effect of agar concen
tration on growth and anatomy of adventitious shoots 
of Picea abies (L.) Karst. Plant Cell, Tissue and Organ 
Culture. 3: 257-264. 

Winton, L.L. 1968. Plantlets formation from aspen tissue 
culture. Science. 160: 1234-1235. 

Winton, L.L. 1970. Shoot and tree production from aspen 
tissue culture. Amer. J. Bot. 57: 904-909. 

Wolter, K.E. 1968. Root and shoot initiation in aspen callus 
culture. Nature. 219: 509-510. 

Wolter, K.E.; Gordon, J .C. 1975. Peroxidase as indicators of 
growth and differentiation in aspen callus culture. 
Physiol. Plant. 33: 219-223. 

Zimmerman, T.W.; Cobb, B.G. 1989. Vitrification and 
soluble carbohydrate levels in petunia leaves as influ
enced by media Gelrite and sucrose concentrations. 
Plant Cell Reports. 8: 358-360. 

Ziv, M.; Meir, G.; Halevy, A.H. 1983. Factors influencing 
the production of hardened glaucous carnation plant
lets in vitro. Plant Cell, Tissue and Organ Culture. 2:55-
60. 

Ziv, M.; Schwarts, A.; Fleminger, D. 1987. Malfunctioning 
in vitreous leaves of carnation (Dianthus caryophyllus) 
plants propagated in vitro; implications for hardening. 
Plant Sci. 52: 127-134. 

Zsuffa, L. 1985. Concepts and experiences in clonal plan
tations of hardwoods. Proc. 19th meeting of clonal for
estry: The Canadian tree improvement association. Can. 
For. Serv.: 12-25. 

23 


	Section I. In Vitro Culture
	Chapter 3: Plant Regeneration Through Organogenesis in Poplar


