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Abstract: Quercus aliena Blume, also known as the oriental white oak, is a widespread species in
temperate forests of East Asia with significant ecological and economical importance. Establishing an
efficient vegetative propagation system is important for its germplasm conservation and breeding
program. Protocols of micropropagation from shoot tips and nodal segments were investigated in
order to produce uniform high-quality seedlings. Nodal segments from 18 month old seedlings
were used as explants to initiate the aseptic culture. The highest bud proliferation was achieved
by subculturing the explants on 1/2 strength woody plant medium (WPM) with 2.0 mg·L−1 BA.
WPM with 0.5 mg·L−1 BA and 0.05 mg·L−1 IBA was the best medium for subculture to obtain the
vigorous regenerated shoots in this experiment. Nodal segments without shoot tips had a higher
adventitious bud proliferation rate than those with shoot tips. The highest rate (41.5%) of rooting
in vitro was induced by using WPM with 1.0 mg·L−1 IBA and 5 g·L−1 activated charcoal. Ex vitro
rooting by dipping the proliferated shoots with 500 mg·L−1 IBA solution, then transplanting directly
to potting mix with 50% peat and 50% horticultural perlite fostered the highest rooting percentage
and survival rate of the plantlets.
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1. Introduction

Quercus aliena Blume, commonly known as oriental white oak, is widespread deciduous oak from
section Quercus of the family Fagaceae. It grows up to 30 meters tall with fissured grey-brown bark.
It is widespread in the mixed mesophytic forests of China, Japan and Korea at elevations ranging from
100–2700 m. There are two varieties recognized under the species, including Q. aliena var. acutiserrata
and Q. aliena var. pekingensis [1,2]. It is an important relict vegetation of temperate forests and culturally
important sites. It is an instantly recognizable facet of Korean heritage [3], and an important forestry
species in Northern China [4] commonly used as landscape trees [5]. Its wood is a good material for
building boats, furniture and wood flooring for houses. In addition, the wood waste of oriental white
oak can be pyrolyzed in a fluidized bed reactor to produce bio-oil [6]. As one of the most common
deciduous trees in East Asia, its acorns support the fundamental food chains in the forest ecosystems [7].
Meanwhile, the starch of Q. aliena acorns was historically cooked as food by human around 10,000 years
ago [8]. Recent studies indicated that aqueous extracts of Q. aliena acorn had higher superoxide radical
scavenging activity, and had protective effect against CCl4-induced hepatotoxicity in rats [9], which
have a potential to be used as medicinal food.
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In oak seedling production, nurseries typically try to attain uniform high-quality seedlings to facilitate
handling, shipping and planting procedures [10]. However, many factors influence the homogeneity
and quality of seed germination and seedling establishment. Acorn size and mass significantly affect
the seedling height, root collar diameter, and survival rate [11,12]. The infestation of weevils severely
decreases the seed germination and seedling growth [13]. Seedlings from weevil-damaged acorns are
likely to be less competitive in the forest [14]. Likewise, Q. aliena maximizes its viability through satiating
larval feeding via annual variation in acorn sizes as a unique evolutionary mechanism to resist predators at
seed level [15]. This mechanical restriction of the pericarp causes delayed and uneven germination, which
adversely impacts the quality of its seedlings [2] and nursery production.

On the other hand, oaks are notorious for frequent interspecific hybridization, especially among
the systematically closely-related species. For example, Q. aliena and Q. dentata are sympatrically
distributed in a wide range in warm temperate forests of East Asia. The two species overlap at flowering
time, which facilitates the introgression and hybridization between the two species [4]. A chloroplast
DNA polymorphism study in four oak species (Q. serrata, Q. mongolica var. crispula, Q. dentata
and Q. aliena) indicated that there has been previous gene flow among them, and the hybridization
still occurs quite frequently [16]. The extensive interspecific hybridization and introgression in oak
species might increase genetic diversity, but on the other hand, might reduce the species’ genetic
distinctiveness or lead to outcrossing depression, which can jeopardize the forest health and sustainable
usage. Meanwhile, the hybridization can also boost phenotype diversity in the hybridized offspring
and add an extra difficulty to forest management. In addition, the detection of hybridized offspring
and pure species in oaks is still a pronounced difficulty, especially at the juvenile stage, which causes
many problems regarding quality control in nursery-propagated trees [17]. Vegetative propagation has
the advantage of producing uniform clones of superior genotypes for landscape use. Although there
are risks of long-term genetic diversity loss by large-scale clonal propagation, it has many benefits and
the risks can be controlled [18].

However, it is very difficult to vegetatively propagate most oaks by cutting, and the rooting ability
decreases significantly with the age of oak tree, though grafting, cutting back, and etiolation are usually
adopted to improve rooting [19,20]. Micropropagation from shoot tips or nodal explants is an efficient way
to produce uniform quality oak clones with desired traits and is helpful for further improvement through
genetic transformation [21]. However, tissue culture of oak species, especially using mature-phase plant
material, is still a challenge, often resulting in low growth and survival ratio [22].

Though WPM is most commonly used for the micropropagation of many Quercus species [23],
the ratios and concentrations of plant growth regulators are greatly varied among the species, even
on the different regional populations and genotypes of the same species. The objective of this
study is to optimize tissue culture media for different stages of the micropropagation process (shoot
regeneration, shoot proliferation, rooting), and to provide a practical and simple protocol for successful
micropropagation of Q. aliena.

2. Materials and Methods

2.1. Plant Material

Mature acorns of Q. aliena were collected on September 25, 2011, at Badagongshan, Sangzhi County,
Zhangjiajie, Hunan Province, China (29.669 N, 109.799 E, elevation 1890 m). Acorns were washed
and surface disinfected by 10% commercial bleach solution (contains 0.5% sodium hypochlorite) for
15 min, drained and kept in ziplock bags at 4 ◦C. Then, the acorns were sown in 32-cell plug trays
in November 2011. When the seedlings were about 15 cm in height, they were then transplanted in
plastic pots (21 cm × 16 cm × 18.5 cm) with substrate mixed by 60% peat moss, 20% perlite and 20%
vermiculite, and placed in a shaded greenhouse. The shoots of 10–20 cm in length from the second
year’s new growth were cut into single nodal segments in June 2013, and used as explants.
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2.2. Culture Initiation

Shoot tips and shoot segments with one node were used to initiate axenic culture establishment.
The explants were disinfected by rinsing under running tap water for 1 h, immersed and shaken in
70% ethanol for 30 seconds, soaked in 1 g·L−1 HgCl2 (Sinopharm, Shanghai, China) solution with
3 drops of Tween 20 for 10 min, and then followed by rinsing in sterile, distilled water for three
times under aseptic condition. The disinfected one-node shoot segments were then placed on Lloyd
& McCown [24] Woody Plant Medium (WPM) with different salt and 6-Benzylaminopurine (BA)
concentrations (Table 1). All the media contained 30 g·L−1 sucrose and 6 g·L−1 agar (gelling strength
900 g·cm−2) and were adjusted to pH 5.8, then autoclaved at 121 ◦C for 15 min. All culture jars were
kept in an environmentally controlled growth room at 25 ◦C under a 16 h photoperiod of Photosynthetic
Photon Flux Density (PPFD) 60 µmol·m−2

·s−1 by white LED lamps (Zhejiang Yankon Group Co., Ltd.,
Zhejiang, China). Induction of shoot organogenesis was investigated and compared after 5 weeks of
culture. All the media, plant growth regulators, tissue culture jars were provided by Shanghai Jiafeng
Articles for Horticulture Co., Ltd, Shanghai, China.

2.3. Subculture for Shoot Proliferation

The first-generation in-vitro shoots from the same media were cut above the callus and inoculated
onto WPM supplemented with different concentrations of BA (0.1, 0.5, and 1.0 mg·L−1) and/or
IBA (0, 0.01, and 0.05 mg·L−1) for subculture (Table 2). Each jar was inoculated with 10 shoots for
proliferation (Figure 1C). The culture jars were placed under LED lights for a 16 h photoperiod at
PPFD 60µmol·m−2

·s−1. Each treatment had six replications (six jars) with a total of 60 explants.
The polycarbonate (PC) plastic jars were 340 mL. Subcultures were evaluated after 5 weeks, and the
regenerated shoot number produced by each explant was observed and counted.

2.4. Rooting and Acclimatization

When the subculture adventitious shoots reached to 3–4 cm in height, for in vitro rooting
experiment, the shoots were cut without callus and transferred to WPM with IBA (Indole-3-butyric acid;
0, 0.5, and 1.0 mg·L−1), without or with 5g·L−1 activated charcoal (AC). The shoots were incubated in
culture jars for 6 weeks. Root formation was observed and measured. The plantlets were then removed
from the jars, the media on the roots was gently washed away, and the plantlets were transplanted
into a 32-cell plug tray (cell top diameter 6 cm, height 11cm, cell volume 190 cm3) with potting mix
consisting of 50% peat and 50% perlite.

For ex vitro rooting, the shoots from proliferation were taken out from the jars, dipped in a
500 mg·L−1 IBA solution for 3 seconds, and transplanted in the tray directly. Trays with plantlets
were kept in a low tunnel covered with plastic film in a shaded greenhouse with a maximum PPFD
of 300µmol·m−2

·s−1, at a temperature between 15 to 32 ◦C. After transplanting, all the trays were
watered thoroughly and sprayed with fungicide (1 g·L−1 carbendazim solution, Sichuan Guoguang
Agrochemical Co., Ltd, Chengdu, China). The plastic film was kept closed to maintain the relative
air humidity above 90% during the first 10 days, and then the plastic film was rolled up at night,
but opened partially during the daytime for five more days. After that, the plastic film was removed.
The survival rates of plantlets were recorded 6 weeks after transplanting.

To compare the root characteristics of in vitro and ex vitro rooting seedlings, five seedlings in vitro
rooting and five seedlings from ex vitro rooting were randomly sampled. Media were gently washed
away from the roots and the entire root systems were spread out and photographed with a digital
camera (Nikon D90, Nikon Corporation, Tokyo, Japan). The photographs were processed with GiA
Roots software [25] to quantify the root characteristics, including average root diameter (width), root
length (network length), root area (network surface area), root volume (network volume), maximum
number of roots, median number of roots [26].
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2.5. Statistical Analysis

Data were analyzed by one-way and two-way ANOVA using SPSS Statistics Software (IBM SPSS
Statistics for Windows, Version 19.0. IBM Corp., Armonk, NY, USA) and means were separated using
Duncan’s new multiple range test or independent samples T test for root characteristics.

3. Results

3.1. Aseptic Establishment and Initiation Culture

Most shoot tips were necrotic with browning, and those surviving shoot tips produced few buds
(0.6–2 buds per explant). Calluses started to form at the base of nodal segments after 10 days of
inoculation on 1/2 strength WPM with 2.0 mg·L−1 (Figure 1A). The first adventitious bud emerged from
the internode of explant on WPM with 2.0 mg·L−1 BA after 15 days of inoculation, with an average
of 3.3 buds induced per explant (Table 1). The new shoots elongated quickly. However, the explants
on 2/3 and 1/2 strength WPM showed bud initiation after 50 days of inoculation. The media salt
concentration showed significant effects on bud proliferation ratio per nodal segment explant with
2/3 and 1/2 strength WPM generating the most buds. Both the media salt concentration and BA
concentration alone significantly affected bud induction rate; and higher salt concentration caused
slender stems and etiolating foliage. Half strength WPM with 2.0 mg·L−1 BA produced 7.4 new
buds per nodal segment, and the regenerated shoots were more vigorous than other treatments with
no hyperhydration (Figure 1B). This protocol is effective and efficient at budding initiation stage to
produce initial shoots for further subculture for proliferation.
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Figure 1. The micropropagation processes of Q. aliena. (A) callus formed at the base of shoot explant on
the initiation medium 1/2 strength WPM with 2.0 mg·L−1 BA; (B) adventitious shoots developed on the
initiation medium; (C) shoots on the subculture media; (D), shoot proliferation on subculture medium
WPM with 0.5 mg·L−1 BA and 0.05 mg·L−1 IBA; (E) Nodal segments without shoot tips proliferated
more adventitious buds (open arrow) than the shoot tips (solid arrow); (F) the in vitro rooted plantlet;
(G) the ex vitro rooted plantlet; (H) Plants reached 75 cm high 18 months after transplanted from ex
vitro rooted plantlets into a 20 cm pot. All the bars represent 1 cm, except the bar of (H), which is 10 cm.
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Table 1. Effects of media and BA concentration on in vitro establishment of Quercus aliena Blume.

Media BA (mg·L−1)
Bud No. from

Shoot Tip
Bud No. from

Nodal Segment
Bud Induction Rate from

Nodal Segment (%)

WPM 0.5 2.0 ± 0.14a 1.0 ± 0.1c 7.1% ± 0.2c
WPM 1.0 1.0 ± 0.12a 2.0 ± 0.4bc 14.3% ± 0.5b
WPM 2.0 0.6 ± 0.04a 3.3 ± 0.5b 23.8% ± 0.3b

2/3WPM 2.0 1.0 ± 0.09a 6.0 ± 0.2a 42. 8% ± 0.2a
1/2WPM 2.0 1.3 ± 0.11a 7.4 ± 0.4a 54.8% ± 0.5a

Means (±SE, n = 6) followed by the same letter within a column are not significantly different (p ≥ 0.05, Duncan’s
multiple range test).

3.2. Shoot Multiplication Stage

The interaction between BA and IBA, and BA concentration alone significantly influenced the
proliferation rate, but IBA had no significant impact (Table 2).

Table 2. Effects of BA and IBA concentrations on adventitious shoot proliferation on WPM media.

BA (mg·L−1) IBA (mg·L−1) Shoot No. per Explant Morphology of Adventitious Shoots and Explants

0.1 0 1.5 ± 0.1d very few loose calluses, but shoot growth is slow
0.1 0.01 1.8 ± 0.2d loose callus
0.1 0.05 2.4 ± 0.1c some compact calluses
0.5 0 2.9 ± 0.3bc some loose calluses
0.5 0.01 2.6 ± 0.3c few loose calluses, narrow leaves
0.5 0.05 3.1 ± 0.2ab few loose calluses, stems sturdy, shoots grow fast
1.0 0 3.7 ± 0.2ab some loose calluses, more leaves, some hyperhydration
1.0 0.01 4.5 ± 0.3a mass loose calluses, shorter internode, some hyperhydration
1.0 0.05 4.3 ± 0.2a mass compact calluses, some rooted, more hyperhydration

Significance
BA **
IBA ns

BA × IBA *

Means (±SE, n = 6) followed by the same letter within a column are not significantly different (p ≥ 0.05, Duncan’s
multiple range test). ** indicates significant, p < 0.01; * indicates significant, p < 0.05; ns indicates not significant,
p ≥ 0.05.

Increasing BA concentration was associated with higher shoot proliferation rate, but 1.0 mg·L−1

BA also induced more compact callus and hyperhydrated shoots. The WPM medium containing
0.5 mg·L−1 BA and 0.05 mg·L−1 IBA regenerated 3.1 shoots per explant (Figure 1D), which was not the
highest rate obtained from our study, but these new shoots grew more vigorously than those in other
treatments, and without hyperhydration.

3.3. Rooting Stage

Neither the interaction between IBA and activated charcoal (IBA × AC) nor AC alone had
significant influence on all the rooting percentages, average root number and survival rate (Table 3).

The rooting percentage was significantly improved when IBA concentration was increased from
0 to 1.0 mg·L−1, and IBA had significant positive influence on the survival rate after transplanting.
In this study, the WPM medium with 1.0 mg·L−1 IBA and 5 g·L−1 activated charcoal generated the best
results (41.5% rooting and 76% transplanting survival rate). But the in vitro rooting percentage was
still low, and those roots were brown, slender, weak and lacking vigor (Figure 1F). The ex vitro rooting,
by transplanting proliferated shoots to soil after dipping with 500 mg·L−1 IBA solution, increased
the rooting percentage to 85%, and the roots grew more vigorously with white root tips (Figure 1G).
The root number, average root diameter, total root length, root area, and root volume were significantly
increased (Table 4). The seedlings grew to 75 cm high in a 20 cm pot in greenhouse within eighteen
months (Figure 1H).
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Table 3. Influence of different auxins concentration and activated charcoal on rooting and plantlet survival.

IBA (mg·L−1)
Activated Charcoal

(AC, 0.5%)
Rooting

Percentage (%) Average Root No. Survival Rate after
Transplanting (%)

0 yes 14.5 ± 0.8c 1.4 ± 0.2c 27 ± 2.8b
0.5 yes 25.5 ± 2.1b 1.7 ± 0.1b 55 ± 3.5b
1.0 yes 41.5 ± 3.2a 2.1 ± 0.3a 76 ± 4.5a
0 no 16.3 ± 2.3c 1.3 ± 0.2c 15 ± 1.7c

0.5 no 21.1 ± 1.9b 1.8 ± 0.1ab 28 ± 3.6c
1.0 no 28.6 ± 2.1b 1.6 ± 0.3b 43 ± 3.8b

Significance
IBA * ns *
AC ns ns ns

IBA × AC ns ns ns

Means (±SE, n = 6) followed by the same letter within a column are not significantly different (p ≥ 0.05, Duncan’s
multiple range test). * indicates significant, p < 0.05; ns indicates not significant, p ≥ 0.05.

Table 4. Root characteristics of shoots rooted in vitro and ex vitro.

Root In Vitro Root Ex Vitro Significance

Average Root Diameter (mm) 0.33 ± 0.02 0.51 ± 0.02 **
Total Root Length (cm) 9.60 ± 0.27 28.80 ± 0.62 **

Root Area (cm2) 1.07 ± 0.05 4.48 ± 0.20 **
Root Volume (cm3) 0.01 ± 0.001 0.06 ± 0.001 **

Maximum No. of Roots 5.60 ± 0.51 9.40 ± 0.51 **
Median No. of Roots 2.40 ± 0.24 4.80 ± 0.37 **

Means ± SE (n = 5), ** indicates significant by t-test, p < 0.01.

4. Discussion

Woody plant medium (WPM) is efficient for the micropropagation of most Quercus plants [23].
After preliminary trials, WPM was chosen as the basal medium for Q. aliena. A better result was achieved
when the salt concentrations were reduced to 2/3 and 1/2 strength for the initiation culture in this study
(Table 1). Media with low concentrations of ions were also more suitable for growth and proliferation
of explants than the other media containing higher salts for Q. suber micropropagation [27]. Low salts
could reduce the browning and improve the initial shoot establishment [28]. However, the aseptic
new formed shoots should be transferred to full strength WPM soon after establishment to avoid
nutrient deficiency.

The concentrations and ratio of auxin and cytokinin were the most critical factors that promoted
shoot proliferation rate in this study. In micropropagation, exogenous cytokinin in culture medium
releases buds from apical dominance both on initial shoot segments and subsequent lateral shoots [29].
And the exogenous plant growth regulators will affect the shoot proliferation along with the endogenous
hormone synergistically. Thus, the best cytokinin and auxin concentrations and ratio will vary among the
different species, ages of explants, cut position of explants, nutritional status, and culture conditions [30].
The effects of auxin and cytokinin concentration and ratio on shoot proliferation rate has been shown
to be quite different for different genotypes of the same species [23]. In our study, some nodal segments
without stem tips produced more adventitious buds (Figure 1E, indicated with open arrow), while
the segments with shoot tips produced less adventitious buds (Figure 1E, indicated with solid arrow).
This phenomenon is likely caused by the apical dominance. To achieve a higher proliferation rate,
shoots could be cut into several nodal segments in the subculture.

The optimal concentrations of cytokinin varied considerably among different oak species
micropropagation. In Q. serrata, WPM with 2 mg·L−1 BA produced the highest number of shoots [31].
While highest shoot proliferation rate of Q. ilex was achieved by alternating 2 week long subcultures
on much lower concentration of cytokinin, which was 0.1 mg·L−1 BA first, followed by 0.05 mg·L−1

BA, then 0.01 mg·L−1 BA plus 0.1 mg·L−1 zeatin [32]. The effect of genotype on the optimal protocol
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was shown to be one of the most serious limitations concerning the commercial micropropagation
of oaks [21]. Other components such as sucrose concentration and agar brand also affected shoot
proliferation in Q. ilex [32]. Other basal media, such as plant growth regulators can also be trialed,
however only BA and IBA were chosen in this study as these two plant growth regulators were the
most commonly used.

The recalcitrance to rooting is a major problem in commercial micropropagation [33], especially
in certain woody perennial species lacking the ability to form adventitious roots, especially in oaks.
Many factors can affect the rooting capability, such as the juvenility of explants, auxin concentrations,
and exudation of inhibitory compounds. Accumulation of ethylene during in vitro rooting may
have devastating effect [33]. Activated charcoal is often used in tissue culture to improve rooting by
adsorption of inhibitory compounds in the culture medium and substantially decreasing the toxic
metabolites, phenolic exudation and brown exudate accumulation [34,35]. Activated charcoal could
increase both the rooting percentages and secondary roots in Q. lusitanica [23]. However, in our
case, activated charcoal did not significantly improve the rooting. Only IBA concentration did.
Rooting percentage can be improved by using a combination of IBA and NAA in Q. suber [36]. In vitro
rooting of Q. serrata was optimized by culture on WPM with very high IBA concentration (20 mg·L−1)
for only 48 h, then were transferred to 1/2 strength WPM without plant growth regulators [37].
In Q. leucotrichophora and Q. glauca, 90% and 100% rooting percentages were achieved with a 24-hour
20 mg·L−1 IBA treatment, then transferred to 1/2 strength WPM without plant growth regulators [38].
However, those protocols with short exposure to high concentration of rooting growth regulator are
time and cost inefficient, labor intensive and could increase the risk of contamination.

Ex vitro rooting by direct transfer of the shoots from the multiplication medium to potting mix
has been widely used in some difficult to root woody plants. This protocol was also tried as an
alternative strategy in micropropagation of some oaks, such as Q. robur [39], Q. ilex [40], Q. suber [41].
Usually, ex vitro rooting resulted in a better rooting percentage, vigorously growing roots and increasing
the survival rate. Comparatively, the plantlets rooted ex vitro were taller with more, and larger leaves
than those in vitro rooted plantlets [42]. In our study, ex vitro plantlets showed larger and vigorous
roots. Therefore, ex vitro rooting is a better time- and cost-efficient method by skipping the in vitro
rooting stage.

New shoots from 18 months old seedling were used as explants in this study. Explants from
young seedlings are relatively easy to establish initiation culture, while explants from mature trees are
more challenging, as they tend to lose their regeneration potential [21,22]. Further trials are needed if
some mature Q. aliena genotype with special traits need to be vegetative propagate for conservation or
commercial production.

5. Conclusions

This study describes a simple, scientifically valid, practical and efficient micropropagation
protocol for oriental white oak Q. aliena via proliferation of adventitious shoots, using only common
and affordable plant growth regulators. Shoots from spring flush on young seedlings are efficient
explants to establish in vitro culture. WPM at half strength with 2.0 mg·L−1 BA is optimal for initial
inducing adventitious buds for further subculture of proliferation. WPM with 0.5 mg·L−1 BA and
0.05 mg·L−1 IBA is the best combination for subculture to achieve vigorous shoot regeneration.
The highest in vitro rooting rate (41.5%) was obtained by WPM containing 1.0 mg·L−1 IBA and
5 g·L−1 activated charcoal. Alternatively, ex vitro rooting by dipping the proliferated shoots with
500 mg·L−1 IBA solution, then transplanting directly to potting mix with 50% peat and 50% perlite is
also recommended for better rooting percentage and survival rate.
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