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Abstract

Seedlings have been ignored in tissue culture of Populus
species due to the relative ease of obtaining or regenerating
suitable explants from older individuals. Cotyledon and
hypocotyl cultures of Populus tremuloides exhibit remark-
able morphogenic capabilities that can be manipulated to
form shoots, roots, or callus. Plantlets are obtained by
production of multiple adventitious buds under a high
cytokinin-to-auxin ratio, followed by shoot elongation and
root formation. To date, over 600 propagules have been
hardened into soil, making this a reliable procedure, In-
vestigation of four different quaking aspen crosses reveals
substantial variation in organogenic features both within
and between crosses. This can be exploited to establish
shoot cultures of individual seedlings, yielding a continuous
harvest of rootable shoots at monthly intervals for up to
five subculture periods. Such a system might find applica-
tions in isolation and proliferation of unique individuals
from conventional and nonconventional breeding prac-
tices.

Key words: Aspen (Populus), Micropropagation, Seedling explant
culture, Plantlet.

Zusammenfassung

Weil bei Pappelarten relativ leicht von &lteren Indivi-
duen durch Gewebekultur gute Explantate erzielt werden
konnen, wurden bisher Pappel-Sédmlinge als Ausgangsma-
terial vernachlissigt. Hypokotyl- und Kotyledonenkultu-
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ren von Populus tremuloides zeigen bemerkenswerte Fa-
higkeiten zur Manipulation, um Wurzeln, Sprosse oder
Kallus zu bilden. Plantlets sind durch Herstellung multip-
ler Adventivknospen bei einem hohen Cytokinin: Auxin-
verhiltnis zu erhalten, wobei Wurzelbildung und Triebver-
ldngerung folgen. Da bisher iiber 600 Abkémmlinge im Bo-
den eingew6hnt werden konnten, diirfte dies ein zuverlds-
siges Verfahren sein. Die Untersuchungen von vier ver-
schiedenen Aspen-Kreuzungen zeigen wesentliche Unter-
schiede in organogenetischen Merkmalen, sowohl innerhalb
der Kreuzungen als auch zwischen diesen. Dies kann aus-
genutzt werden, um SproBkulturen einzelner Sidmlinge zu
erhalten und stidndig neue bewurzelungsfihige Sprosse in
monatlichen Intervallen bis zu fiinf Einzelkulturperioden
zu erzielen. Ein solches System koénnte bei der Isolierung
und Vermehrung besonders guter Individuen aus konven-
tionellen und unkonventionellen Ziichtungspraktiken An-
wendung finden.

Introduction

Of all the commercially important forest species that
have been propagated in vitro, none have enjoyed the suc-
cess of members of the genus Populus. Indeed, the first
woody species produced from callus using tissue culture
techniques was P. tremuloides (WintoN, 1970). Since that
time, there have been reports of poplars regenerated from
sporophytic (VenverLoo, 1973; WinrtonN, 1971; Worter, 1968)
and gametophytic (anther) callus (Saro, 1974; Wanc et al.,
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1975) as well as from somatic tissue-derived suspension
cultures (DoucLas, 1982). Protoplasts have also been isolated
and cultured from differentiated (VErma and Wann, 1983;
for recent review see AHulA, 1984) and dedifferentiated
(DoucLas, 1983) tissues.

Throughout most of the earlier reported work, in vitro
manipulations of poplars have circumvented a critical
problem associated with tissue culture of woody species.
This problem is the apparent recalcitrance of mature tis-
sue to in vitro techniques. This recalcitrance has confined
most tissue culture work, particularly in gymnosperms, to
juvenile explants. Due to the ease of vegetative propaga-
tion in poplars, rejuvenation of mature trees has provided
suitable material to establish tissue cultures with a high
morphogenic potential. Recently, reports of successful
micropropagation of plants from 17- to 40-year-old aspen
(Anusa, 1983) have suggested that rejuvenation may be
unnecessary.

These factors have served to preclude in vitro work on
seedlings of Populus species. However, we are interested
in tissue culture of aspen seedlings for a number of
reasons. Briefly, these are:

1. Aspen seedlings, even from full-sib crosses contain a
considerable amount of phenotypic (and presumably geno-
typic) variation (Dickmann and StuarTt, 1983). A tissue cul-
ture method might be used in conjunction with selection
pressure to conveniently rogue seed lots for desirable cha-
racteristics.

2. Certain unconventional aspen breeding procedures
[use of heat-treated (WintoNn and Einspanr, 1968) or ir-
radiated (Ruporpn, 1978) pollen and interspecific crosses
(SterTLEr and Bawa, 1971)] are characterized by poor seed
set and germination. A tissue culture method would make
it possible to proliferate these few individuals for a more
detailed examination of the potential of these techniques.

3. Aspen seedlings are an excellent source of protoplasts
(VErma and Wann, 1983). Examination of culture conditions
that afford morphogenesis from seedling explants could
serve as a starting point for protoplast culture. Due to our
interest in the above mentioned areas we wish to describe
a reliable method of micropropagation of P. tremuloides
from seedling explants.

Material and Methods
Plant Material

Full-sib crosses (designated XT-3-83, XT-2-84, and XT-
20-82) were made in March and April employing a cut
branch technique (WerTstEIN, 1933). The branches were col-
iected from The Institute of Paper Chemistry arboretum
near Greenville, WI. Male and female flower buds were
forced in a greenhouse and seed was produced by hand
pollinating with a small brush. Seed was collected 21—22
days after pollination. For the cross employing dead or
damaged pollen, the material was subjected to a tempera-
ture of 50° C for 3.5 min. using a previously described pol-
len oven (WinTon and Einspaur, 1968).

Production of Sterile Seedlings

Seeds were sterilized by a two step procedure. In the
first step, seeds were stirred with a 0.02% solution of 8-
quinolinol sulfate (chinosol) for 5 min. After rinsing with
sterile water (3 X 50 mL) the seeds were treated with
0.525% sodium hypochlorite (10% v/v commercial bleach)
for 5 min. In both steps Tween-20 (0.4% v/v) was employed
as a wetting agent.

Following a rinse with sterile water (6 X 50 mL), seeds
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Figure 1. — Effect of sucrose addition (open circles = no sucrose;

Closed circles = 1% sucrose) on root formation. (XT-0-24-80; 1/3

MS + 0.1 mg /L IBA).

were plated on 1% agar-water (Bacto; Difco) and incuf
bated at 2,000 lux!) and 22° C. After 4 days, explants were
taken to establish cultures.

Shoot Differentiation

Cotyledons and hypocotyls were excised and placed (8
seedlings/9 cm Petri dish; 7 dishes/treatment) on a variety
of media. This constituted the protocol for replicated stud-
ies of shoot differentiation within and between crosses
that were subjected to a one-way ANOVA with Duncan’s
multiple range test (p < 0.05). After 4 weeks at 22° C and
3,000 lux, morphogenesis was scored as the percentage of
explants producing shoots. In addition, the number of

* shoots/explant with a length > 1 ¢m was also recorded. In

all subsequent work, MS medium (MurasHiGe and Skoog,
1962) containing 0.1/1.0 mg/L. NAA/BA (naphthaleneacetic
acid/6-benzyl adenine) was employed to initiate shoot dif-
ferentiation. The pH of the medium was adjusted to 5.8
prior to autoclaving, and the medium was solidified by the
addition of 0.8% agar.

To elongate the shoots and multiple buds that lagged
behind in development, the explants were transferred to
1/2 X MS (macro- and microelements) medium containing
0.3 mg/L BA and 1.5% sucrose. The pH and agar concen-
tration were as above. After 3—4 weeks, the first crop of
1—2 cm shoots was harvested and transferred to a root
initiation medium. The remaining explants were transfer-
red to fresh medium to stimulate continued shoot formation
and elongation.

Root Formation

Root formation was achieved by placing excised shoots
in 1/3 X MS (macro- and microelements) medium con-
taining 0.1 mg/L IBA (y-indole butyric acid) and 1% suc-
rose. The pH was adjusted to 6.7 and 0.65% agar was used
for solidification. Incubation was at 22°C and 3,000 lux.
The first roots appeared as early as 6 days, and by 3 weeks
plantlets were ready for transfer to soil (see Figure 1).

Plantlet Transfer

Plantlets were removed from the rr;edium and most of
the agar was carefully removed from the roots. The leaves
from the lower half of the stem were removed, and the

1) All light regimes 16/24 h; cool-white fluorescent.



Table 1. — Effect of Media and Growth Regulator Regime on Shoot Proliferation Characteristics of Seed-
ling Explants (XT-3-83).

Shoot Induction, % Shoots/Explant
Medium?  NAA/BA, mg/L Ratio (BA/NAA) Hypocotyls Cotyledons Hypocotyls  Cotyledons
MS 0.01/1.0 100:1 9523 47° 6.1 4.48
0.1/1.0 10:1 963 803 5.9% 4,82
1.0/1.0 1:1 61P 48b 3.1¢ 3.1b
0.01/0.1 10:1 65P 29¢ 1.54 1.7b,¢
0.1/0.1 1:1 50b 15¢,d,e 1.1d 2.0b,¢
LM 0.01/1.0 100: 1 842 zoC»: 6.8 5.02
0.1/1.0 10:1 952 19¢, 7.32 4.48
1.0/1.0 1:1 31 4.6d,¢ 3.5% balee
0.01/0.1 10:1 66Y 5.4d,e 1.3 1.6b,¢
0.1/0.1 1:1 32¢ 0.86¢ 1.0d 0.14¢
z Mumsmcs and Skoog, 1962; Lirvay, et al., 1981.
a,b, c, d, @ within a column, means followed by a common superscript are not significantly different by

one-way ANOVA with Duncan’s multiple range test (p << 0.05).

plantlet was planted to this point. A soilless mixture com-
posed of sand:peat:perlite (1:1:1) contained in Spencer-
Lemaire Rootrainers (175 cc) book planters was used. The
plantlets were watered with a systemic fungicide, (Be-
nomyl, 1 gm/L) and sealed in plastic bags to maintain a
humid environment. The bags containing the plantlets
were kept shaded in a greenhouse for 4 weeks at 3,000—
5,000 lux. After 4 weeks, plantlets were removed from the
plastic bags and kept under the ambient conditions of the
greenhouse. In early summer 1984, 50 of these tissue cul-
ture-produced trees were planted at the Institute’s arbore-
tum near Greenville, WI.

Results and Discussion
Sterile Seedling Production

The seed sterilization conditions were optimized with
respect to germination. Employing higher concentrations
of sodium hypochlorite and/or longer time intervals had
adverse affects on germination and seedling vigor. The
most typical indicator of harsh sterilization conditions was
that root development of the seedlings was severely at-
tenuated.

Shoot Proliferation

A limited study to examine the effects of growth regu-
lators on shoot differentiation and shoot number/explant

was undertaken with the two media formulations em-
ployed. The number of shoots per explant was not entirely
indicative of the proliferative ability of the explant, as
many buds had not elongated at the time of scoring in
some treatments. The results of this study are depicted in
Table 1. In general, a greater percentage of hypocotyl
segments gave rise to multiple adventitious buds, and the
number of buds obtained was more uniform than for coty-
ledonary explants.

The effects of growth regulators can be divided into two
groups based on the cytokinin regimes. The lower level
of BA (0.1 mg/L) was characterized by production of 1—3
shoots that appeared without visible callus formation a
week after the cultures were initiated. This response was
relatively insensitive to the auxin levels employed, but at
the higher level (0.1 mg/L NAA) extensive root formation
replaced shoot differentiation.

The higher level of cytokinin (1.0 mg/L) resulted in cul-
tures that proliferated callus which subsequently differen-
tiated shoots after 3—4 weeks. The number of shoots ob-
tained was similar for the lower levels of auxin (0.01 and
0.1 mg/L), but at 1.0 mg/L. NAA, extensive parenchymatous
callus formation predominated instead of the smooth, no-
dular callus that gave rise to shoots. This effect was
clearly seen when loblolly pine medium (Litvay et al.,

Table 2. — Organogenic Behavior of Four Different Aspen Crosses.

Root Formation Roo# Formation

Shoot Induction Elongation Frequency; Frequency
Cross No. Frequency, % Frequency, Clones, 7% Ramets, X
XT-3-83 802 84 (51)Y 96 (43) 94Z (43)
XT-0-24-80% 692 75 (56) 94 (42) 88 (42)
XT-2-84 51b 13 (60) 75 (8) 84z  (6)
XT-20-82% 39b 23 (22) 100 (5) 60  (5)

WOpen-pollinated cross.
XHeat-treated pollen cross.

YvValue in parentheses indicates the number of explants for which the frequency was deter-

mined.
ZMinimum 6 ramets/clone.

3,bwithin this column, means followed by a common superscript are not significantly different
by one-way ANOVA with Duncan’s multiple range test (p << 0.05).

21



Figure 2. — Shoot culture established on elongation medium (8 weeks).

Figure 3. — Rooted plantlet ready for transfer to soil.

Figure 4. — Tissue culture trees 14 weeks after establishment in soilless medium,

1981) was employed. At 1.0/1.0 mg/L. NAA/BA the shoot
induction frequency drops significantly for both explants
when compared to MS, and callus formation occurs almost
exclusively from cotyledons. We have previously observed
this propensity for LM to proliferate callus at the expense
of differentiation, and BornmaN has suggested that the
low level of calcium in LM (22 vs. 440 ppm in MS) may
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be the reason behind a similar suppression of differentia-
tion in Picea abies (BorNMAN, 1983).

In spite of this, when LM was compared to MS at the
two growth regulator levels that gave rise to the greatest
bud proliferation (0.01/1.0 and 0.1/1.0 mg/L. NAA/BA) there
is little difference between the two media. Although MS
and LM produced comparable numbers of shoots at the



time of evaluation, MS containing 0.1/1.0 mg/L. NAA/BA
was used in all subsequent work as it consistently pro-
duced the greatest number of buds that could subsequently
be elongated.

Examination of several crosses on shoot proliferation
medium suggests that there is a genetic component to in
vitro behavior (see Table 2). Within a seed lot, two respon-
ses are seen on this medium — parenchymatous callus
proliferation or nodular callus that differentiated buds.
Significant differences in shoot induction frequency oc-
curred between the normal diploid crosses and the heat-
treated pollen cross which was severely impaired with
respect to organogenesis.

In addition to differences in induction frequency, the
ability of the buds to develop into rootable shoots also
varied between seedlots. In particular XT-2-84 and XT-20-
82 yielded a high percentage of leafy buds that never
elongated and developed stems.

In each seed lot, a number of explants were exceedingly
prolific. For those explants, shoot cultures could be estab-
lished on elongation medium that produced a continuous
harvest and multiplication of rootable shoots for up to 5
monthly subcultures, (see Figure 2).

Shoot Elongation

Transfer of cultures that produced rootable shoots to
1/2 MS containing 0.3 mg/L BA stimulated elongation of
those buds that had lagged behind in development. In ad-
dition, this treatment caused axillary bud elongation in ex-
isting shoots which could also be excised and rooted. By
taking care during excision to leave a portion of the shoot
behind, this “microcoppicing” became an effective way to
perpetuate certain seedlings in a juvenile state. Under these
conditions, full-sib clones were established in which a
varying number of ramets (1 to 60 ramets) had been rooted.

Root Formation

Root formation was facile, perhaps because of the ju-
venile nature of the material, since woody cuttings of
quaking aspen are considered difficult to root (EiNspAHR
and WinToN, 1977).

The inclusion of a carbon source (1% sucrose) signifi-
cantly enhanced the rate and frequency of rooting wit-
hin clones (see Figure 1). When sucrose was employed in
the medium, the level of IBA was kept at 0.1 mg/L. At
1.0 mg/L IBA, a large mass of basal callus formed at the
end of the shoot that later differentiated roots.

In the normal diploid crosses, most of the derived clones
produced roots (see Table 2). The rooting ability of the
ramets within a clone was also insensitive to differences
in parentage. For the heat-treated pollen cross, all of the
5 clones examined produced roots but at lower frequency.
In this cross, stunted, knobby roots were formed that re-
duced subsequent survivability in soil.

Plantlet Transfer

Figure 3 shows a representative plantlet that can be
readily transferred to a simple, soilless medium and har-
dened without the need of expensive growth chambers or
intermittent misting. In one study, the survival after 2
months in this medium was 115/134 individuals (86%) for
XT-0-24-80 and 109/119 (91%) for XT-3-83. At the time of
transfer, several plantlets exhibited characteristics that
seemed to be artifacts of the tissue culture system (i.e.,
vitrified or lanceolate leaves, or a rosette pattern of the
terminal bud). However, once established in the soilless
medium these features were quickly lost and the plants

grew and developed in a manner that was indistinguishable
from quaking aspen seedlings (see Figure 4). Although
ploidy level was not determined, plantlets resembled seed-
lings from the crosses in which they were derived. While
examination of gross features like leaf shape suggests this
is a clonal method of propagation, this assumption is cur-
rently under examination by establishing shoot cultures
from a single cotyledon and growing the remainder of the
seedling. In this way a direct comparison of propagules
with the donor plant will be made.

Conclusions

Aspen seedling explants display a remarkable capacity
for morphogenesis that can be manipulated by hormonal

regimes to give roots, shoots, ot callus. Organogenesis ap-
pears to have a strong genetic component both within and

between crosses, and differences between clones in orga-
nogenic behavior has been previously reported (Anuia,
1983) for Leuce poplars. This feature can be exploited to
isolate and establish shoot cultures that have to date pro-
vided a continuous source of rootable shoots. The sup-
pression of all organogenic features in the heat-treated
pollen cross suggests that this treatment caused some
manner of alteration. Although the ploidy level was not
determined, use of heat-ireated pollen has been reported
to give rise to aneuploidy and mixoploidy (Winton and
EINSPAHR, 1968), which may account for its reduced capa-
city for organogenesis, The three clones derived from this
cross that have been established in soil do not exhibit
phenologies or growth rates different from the normal

‘diploid crosses.

The reproducibility of this micropropagation technique
has enabled its utilization in examining the role of poly-
amine synthesis inhibitors on differentiation (Feirer et al.,
1984). The use of this technique for isolation and propa-
gation of unique individuals from conventional or non-
conventional hybridizations may be applicable if selection
does not coincide with the lack of organogenic capacity
within and between crosses.
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Genetic variances and interactions in 9-year-old Douglas-fir grown
at narrow spacings
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Summary

The variance structure (additive-genetic, plot, within
plot, and interactions) in a population of unselected Doug-
las-fir was studied; 54 control-pollinated families grown at
three close spacings (30, 60, 90 cm) in two plantations were
used. Significant genotype X spacing interaction occurred
only for height of 5-year- and volume of 9-year-old Dou-
glas-fir and could be attributed to measurement scale.
Plantation X genotype interactions occurred in diameter,
height, height increment, branch length, volume, and dry
weight of stem. Traits fell roughly into three individual-
tree heritability (h?) classes. The lowest group (h? =~ 0.15)
included total height at younger ages, height increment
and branch length; the medium group (h? = 0.20), 9-year
height, diameter, volume, and dry weight of stem; and the
highes* group (h* == 0.48), specific gravity.

Close spacing appears to have the potential for improving
effectiveness of early selection for total height by increas-
ing the age-age correlation as hypothesized by FRANKLIN
(1979). Close spacing, however, apparently did not shift the
genetic variance structure from the juvenile to the mature
phase. Coefficients of variation for additive-genetic, plot,
and within-plot effects were similar to corresponding
coefficients calculated for tests in young loblolly pine,
ponderosa pine, and Douglas-fir grown at much wider
spacing.
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Zusammenfassung

Es wurde die Varianzstruktur (additiv-genetische, Par-
zellen-, innerhalb der Parzellen und Interaktions-Varianz)
in einer Population unselektierter Pseudotsuga menziesii
studiert. Hierzu wurden 54 kontrolliert bestdubte Familien,
die in 3 engen Pflanzen-Abstédnden (30, 60, 90 cm) auf zwei
Versuchsflachen herangewachsen waren, benutzt. Signifi-
kante Genotyp X Standraum Interaktionen gab es nur fiir
die Hohe im Alter 5 und das Volumen im Alter 9 der Dou-
glasien und konnten der Mef3skala zugeschrieben werden.
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Versuchsfliche X Genotyp Interaktionen traten beim
Durchmesser, bei der Hohe, dem Hohenzuwachs, der Ast-
lange, dem Volumen und dem Stammtrockengewicht auf.
Die Merkmale fielen grob in 3 Einzelbaum-Heritabilitdts-
(h?)-Klassen. Die niedrigste Gruppe (h? = 0.15) enthielt
die Gesamthohe im jlingeren Alter, den Héhenzuwachs und
die Astlénge; die mittlere Gruppe (h? =~ 0,20) die Hohe im
Alter 9, den Durchmesser, das Volumen und das Stamm-
irockengewicht, die hoéchste Gruppe (h? = 0.48) das spezi-
fische Gewicht.

Der enge Abstand schien die Fahigkeit zu besitzen, die
Effektivitdat fiir eine Friihselektion auf die Gesamthéhe
durch Erhohung der Alter zu Alter Korrelation zu verbes-
sern, wie Franklin 1979 hypothetisch angenommen hat. Ein
geringer Pflanzenabstand verschob jedoch augenscheinlich
nicht die genetische Varianzstruktur von der Jugend- zur
Altersphase. Additiv genetische Variationskoeffizienten
und Parzellen-Variationseffekte, sowie die innerhalb von
Parzellen waren entsprechenden Koeffizienten dhnlich, die
in Tests mit jungen Pinus taeda, Pinus ponderosa und
Pseudotsuga menziesii errechnet wurden, die mit viel gro-
Berem Abstand aufgewachsen waren.

Introduction

In a previous study of 3-year-old, nursery-grown Doug-
las-fir (Pseudotsuga menziesii [Mirs.] FraNco var. men-
ziesii) seedlings with a widest spacing of 18 cm X 18 cm,
spacing-genotype interactions in stem diameter and volume
were attributed to effects of measurement scale (CamPBELL
and Wirson 1973). In this paper, we report an experiment
involving 9-year-old cross-pollinated families grown in two
plantations at square spacings ranging from 30 to 90 cm.

The experiment tested interaction but also provided in-
formation on genetic and environmental variances for
several traits, and on age-age correlations for stem height.
Variance structures for stem height have been shown to
change with age in Douglas-fir (NamkoonG et al. 1972),
ponderosa pine (Pinus ponderosa Laws.) (NamkoonG and
ConkLe 1976), loblolly and slash pines (P. taeda L., P. el-
liotii EnceLm.) (Frankuin 1979). These changes apparently
give rise to characteristic time trends in variances, heri-
tabilities, and age-age correlations (FrRankLiNn 1979). FRANK-
LN suggested that trends might be manipulated by silvi-
culture, one factor being close spacing, to increase the
age-age correlation and thereby make early selection more
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