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Abstract 

Some bigleaf maple (Acer macrophyllum) trees develop defects during wood formation 

that result in attractive ‘wavy figure’ patterns in the wood. This wood commands a high 

price and is used primarily for making musical instruments and decorative products. 

While the underlying causes of these defects are unknown, the large extent and 

homogeneity of the defects in many individuals suggest an underlying genetic basis. 

Typically, available living material from cut trees is limited. To propagate trees from a 

limited amount of source material, we have developed an in vitro procedure that 

combines (i) cutting of shoot apices to break apical dominance with (ii) hormone 

treatment to induce shoot multiplication from lateral buds. This procedure can be 

repeated as needed for propagation, followed by root induction to generate bigleaf 

maple plants. 

It is not assured that clones of figured wood trees will develop figure patterns, and 

harvested trees typically do not show figure patterns in their 10–15 first growth rings. 

Hence, we have begun searching for potential early anatomical and/or chemical 

differences between young clones from non-figured and figured trees. Pyrolysis 

Molecular Beam Mass Spectroscopy analysis suggests that the content of two unknown 

cell wall components, m/z_69 and m/z_298, differ between non-figured wood and figured 

wood tree clones. The basis for this difference remains unknown. 

Taken together, we have developed the first micro-propagation procedure for bigleaf 

maple and also identified potential markers of early chemical differences between tested 

clones of figured and non-figured wood trees. 

Keywords:  sterilization; micro-propagation; thidiazuron (TDZ); fiddleback figure; m/z 

value 
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Chapter 1.  
 
Introduction 

1.1. Bigleaf maple and its figured wood 

Bigleaf maple (Acer macrophyllum L.) is a large deciduous tree in the genus Acer. 

As its name implies, this species probably has the largest leaves of all maple species, 

commonly reaching an overall width of 15 to 30 centimeters across the blade (Iddrisu 

and Ritland 2004). Bigleaf maple is a commercial hardwood timber for the Pacific Coast, 

where it is the only commercially important maple species (Minore and Zasada 1990). 

The wood is used for the manufacturing of diverse items, including furniture, piano 

frames, etc. At a low frequency, some bigleaf maple trees produce wood with a variety of 

figure patterns: curly, fiddleback, quilted or even birdseye (Figure 1.3) (Beals and Davis 

1977; Panshin and De Zeeuw 1980). Such wood is highly valued and used for the 

production of veneer, stringed instruments, guitar bodies, and gunstocks. Rieder (1998) 

reported that the fiddleback grain in maple increased wood value by 150% to 200% 

(Rieder 1998). In addition, the price increased annually due to its scarcity (Kobal et al. 

2013). Fiddleback wood is one of the most desired figured wood in market. Analysis of 

data from log auctions (2007 to 2014, in Slovenj Gradec, Slovenia) showed that 

fiddleback wood was always sold at significantly higher prices than other figured wood 

(Krajnc 2013). 

Wavy figure is formed by a wavy alignment of wood fibers (Beals and Davis 

1977). When split, such logs show wave patterns on the radial face and to some extent 

also on the tangential face (Figure 1.2) (Panshin and De Zeeuw 1980). In samples with 

higher frequency and amplitude of waves than the normal wavy pattern, the planed 

wood exhibits an optical phenomenon of alternating light and dark stripes, and this type 

of figure is referred to as “fiddleback” (Figure 1.3 b) (Beals and Davis 1977; Bucur 2006). 

In bigleaf maple, well-developed and extensive fiddleback figured pattern that 

can be used commercially is rare (Fan et al. 2013; Panshin and De Zeeuw 1980). 

Fiddleback sycamore maple has an occurrence of only 3% in the sycamore maple 

population, and the occurrence of fiddleback in the bigleaf maple population is not 
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reported but considered similarly low (communication with Kevin Burke). Considering its 

scarcity, there has been a continuous interest in vegetative propagation of individuals 

with fiddleback figured wood (Krajnc et al. 2015). 

1.2. Shoot culture micro-propagation 

Vegetative propagation of plants refers to the production of genetically identical 

individuals by asexual methods including cutting, grafting, and micro-propagation. 

Several attempts to propagate figured wood trees by cutting or grafting methods failed to 

give consistent and reliable results (Lamb 1941). In addition, growth form and growth 

rate of grafted plants were not ideal for log production (Ewald and Naujoks 2015). 

Propagation by cuttings is influenced by species, age, and genotype of the donor tree, 

and may be highly inefficient in certain mature trees with the desired figure (Rohr and 

Hanus 1987). In comparison, micro-propagation methods have the potential to 

rejuvenate and multiply figured wood plant materials simultaneously (Ewald and Naujoks 

2015). 

Micro-propagation techniques use artificial media to grow isolated plant tissues 

or organs from a mother plant (Bhojwani and Dantu 2013). When shoots are used as 

explants, the method is referred to as shoot culture micro-propagation. Shoot culture 

micro-propagation includes well-defined steps, each of which has specific requirements 

and problems (Figure 1.1): 
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Figure 1.1. Shoot/bud micro-propagation standard process. 

Step 1: Surface sterilization of explants 

In this step, disinfectants are used to eliminate bacteria and fungi on the surface 

of explants. If these microbes are not completely removed, they can propagate rapidly 

on the nutrient-rich cultivation medium, killing the explants. To minimize the 

contamination problem during shoot initiation, the type and concentration of disinfectant 

and the duration of treatment have to be determined empirically as the disinfectants can 

also kill the explants. In general, explants derived from plants grown in growth chambers 

or in greenhouses are easier to surface-sterilize than explants collected from the field 

(Trigiano and Gray 1999). 

Step 2: Initiation of shoot growth 

The aim of this step is to obtain axenic and healthy cultures of growing shoot 

explants. Shoots of woody plants are more liable than those of herbaceous species to 
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release undesirable phenolic substances when first cultured on a shoot initiation medium 

(SIM) (George 2008). Frequent transfers to new media, the use of activated charcoal to 

bind phenolics, and low light intensity are used to lessen the stress to explants 

(Bhojwani and Dantu 2013). Low-level microbial infection can also be suppressed by the 

inclusion of antibiotics in the medium. This stage is considered completed only if an 

adequate number of explants survive and show signs of growth e.g. flushing leaves and 

shoot elongation. 

Step 3: Shoot multiplication 

This step is vital because the success of a micro-propagation protocol greatly 

depends on the efficiency of shoot multiplication. In many species, axillary meristems 

and buds remain dormant unless they are activated by exogenous application of 

cytokinins. Under suitable cytokinin treatment, continuous in vitro shoot multiplication 

occurs by growth of shoots from leaf axils (George 2008). 

Step 4: Root induction 

Shoots that are sufficiently tall, typically more than 2 cm, can be rooted to form 

complete plants. Rooting is generally achieved by a combination of wounding by cutting 

the shoot base and exposure to a suitable auxin concentration in the growth medium 

(Bhojwani and Dantu 2013). 

Step 5: Plant acclimatization 

In vitro-grown plants have thin cuticles and use sugar in the medium as a carbon 

source. In order to survive a low-humidity environment and use photosynthetic products 

as the sole source of sugars, the transition to soil should be gradual. This acclimatization 

or hardening process preferably occurs by transferring rooted plants to soil, followed by 

growth under a transparent cover in a growth chamber with intermediate humidity and 

light intensity. The cover is gradually opened allowing the plants to adjust to the lower 

humidity. Once the plants are adjusted and grow well, they can be transferred to a 

greenhouse for further growth.  
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1.3. An overview of maple micro-propagation 

Many hard maple species produce hard and stiff wood of high commercial value. 

Such wood can be used for the manufacturing of furniture, flooring, interior finishes, etc. 

Normal wood is straight-grained but a small population of maple species develops 

abnormal wood with wavy or birdseye grain. The abnormal wood is highly decorative 

and thus of high commercial value when used for the manufacturing of decorative items 

and musical instruments (Ďurkovič and Mišalová 2008). In addition, there are many 

ornamental species in maple taxa. For instance, shrubby Japanese maple (Acer 

palmatum Thunb.) is extremely popular in horticultural markets due to its large variety of 

leaf shapes and spectacular leaf colors. Micro-propagation is often used to maintain the 

desired genotype and thereby to propagate individuals with similar phenotypes. The low 

natural occurrence of figured and attractive wood makes clonal propagation of such 

trees a potentially viable long-term investment. However, there are only two cases of 

curly maple being propagated by tissue culture till now (Ewald and Naujoks 2015; Rohr 

and Hanus 1987). In comparison, many maple species have been micro-propagated for 

ornamental (red maple, silver maple, etc) or wood production (bigtooth maple, etc) 

purpose (Ďurkovič and Mišalová 2008). 

Maple taxa have been micro-propagated using shoot tips, node segments, and 

buds (Ďurkovič 1996; Preece et al. 1991; Wann and Gates 1993). Here, key parameters 

and results from micro-propagation of maple species will be reviewed. 
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Table 1.1. Summary of micro-propagation via axillary shoot proliferation in 
different maple species.  

Species Explant 
source 

Age of 
donor trees 

Proliferation 
medium 

No. of 
shoots Rooting medium 

Acer caudatifolium 
Hayata 

Axillary buds 2-yr-old 
seedlings 

WPM + 0.7 mgL–1  

BA + 0.05 mgL–1  

NAA 
2.27 ½ WPM + 1.0 mgL–1 

IBA 

A. × freemanii Murr. 
‘Marmo’ 

Shoot tips; 
nodal 

segments 

4-yr-old 
rejuvenated 

trees 
LS 1.0 µM BA + 

0.01 µM TDZ 5.3 LS PGR-free 

A. grandidentatum 
Nutt. 

Nodal 
segments 

2-yr-old 
seedlings 

DKW + 27.37 µM 
zeatin 3.6 DKW + 10 µM IAA 

A. palmatum Thunb. 
‘Osakii’ 

Shoot tips; 
nodal 

segments 
4-yr-old 

trees 
WPM + 0.01 mg L–1 

TDZ NR WPM +1.0 mg L–1 IBA 

A. platanoides L. Axillary buds 
2-yr-old 

seedlings; 
10-yr-old 

trees 

WPM + 0.5 mg L–1 

KIN; WPM + 0.1 µM 
TDZ 

NR 

½ WPM + 1.0 mgL–1 

IBA 

WPM + 0.1 mgL–1 

 IBA; 

MS PGR-free 

A. platanoides L. 
‘Crimson King’ Shoot tips 

Mature trees 
budded onto 

rootstock 
LS +1.0 µM BA + 

0.005 µM TDZ NR ½ LS + 5.0 µM 
IBA+½ LS PGR-free 

A. pseudoplatanus L. 

Zygotic 
embryos 
Stump 

sprouts; 
micro-

cuttings 

— 
Germinated 
seedlings; 
60- to 100- 
yr-old trees 

MS + 1.0 µM BA + 
0.04 µM TDZ 

MS + 0.1 mg L–1  

KIN; MS PGR-free 

3.7; 

NR 

MS + 123.0 µM IBA; 
MS PGR-free 

MS + 0.1 mg L–1   KIN; 
MS PGR-free 

A. rubrum L. Axillary buds 20- to 40-yr-
old trees 

MS + 0.1mgL–1  BA + 
0.01 mgL–1  TDZ 

 
3.5 

⅓ WPM + 0.1 mgL–1 

IBA; 

MS PGR-free 

A. rubrum L.  ‘Red 
Sunset’ 

Nodal 
segments NR MS + 0.01 mg L–1  

TDZ NR 
WPM + 1.0 mg L–1  

IBA; 
MS + 1.0 mg L–1  IBA 

A. saccharinum L. 
Shoot tips; 

nodal 
segments 

Juvenile 
seedlings; 

rejuvenated 
mature trees 

DKW + 0.01 µM 
TDZ 6.2 

PGR-free ex vitro 
rooting;  

1.0 mM IBA under ex 
vitro rooting 

A. saccharinum L. Shoot tips Mature tree LS + 1.0 µM BA + 4.3 ½ LS + 5.0 µM IBA, 
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Species Explant 
source 

Age of 
donor trees 

Proliferation 
medium 

No. of 
shoots Rooting medium 

‘Pyramidale’ 0.005 µM TDZ ½ LS PGR-free 

A. saccharum Marsh. Axillary buds 2-yr-old 
seedlings 

MS 2.0 mgL–1  2iP + 
0.01 mgL–1 TDZ 4.3 MS + 0.3 mgL–1  PAA 

+ 0.5 mg L–1  IBA 

Abbreviations: 2,4-D (2,4-dichlorophenoxyacetic acid), 2iP ( 6-(γ-γ-dimethylallylamino)purine riboside), BA (6-benzyl- 
aminopurine), DKW (Driver and Kuniyuki walnut medium), GA3 (gibberellic acid; IBA, indole-3-butyric acid), KIN 
(kinetin), NAA (1-naphthaleneacetic acid), PAA (phenylacetic acid), TDZ (thidiazuron), PGR-free (plant growth 
regulator-free medium), LS (Linsmaier and Skoog medium), MS (Murashige and Skoog medium), WPM (woody plant 
medium), NR (not reported). 

  Sycamore maple (Acer pseudoplatanus L.) 

Several attempts have been made to micro-propagate explants of sycamore 

maple from both juvenile and mature trees. In 1999, Wilhelm succeeded in adventitious 

shoot regeneration of plants from zygotic embryos (Wilhelm 1999). When germinated 

seedlings were used, hypocotyl and plumule segments developed adventitious shoots, 

while radicles produced only calli. The combination of BA (6-benzylaminopurine) and a 

low concentration of TDZ (thidiazuron) during micro-propagation resulted in the highest 

multiplication rate. The exposure of shoots to IBA (indole-3-butyric acid) for 24 hours 

followed by transferring to auxin-free medium resulted in a 65% rooting rate. A similar 

rooting frequency was observed when shoots were exposed to a low concentration of 

kinetin (Rohr and Hanus 1987). These shoots were produced from apical and nodal 

buds from branches of 50- to over 100-year-old sycamore maple trees with wavy grain. 

The above two experiments obtained the similar rooting rate using different explants and 

plant growth regulators (PGRs). The only similarity between treatments was that both 

procedures used low concentrations of hormones for root induction. Thus, it appeared 

that multiple micro-propagation approaches could be used not only between species but 

also within species. Six out of eight sycamore maple trees were propagated in vitro 

using buds dissected from grafted wavy sycamore maple (Ewald and Naujoks 2015). In 

this study, shoot multiplication medium (SMM) was alternated every month between 

double-strength woody plant medium (WPM) with a low concentration of TDZ and full-

strength WPM with a high concentration of zeatin. Root induction was carried out on 

half-strength WPM with a low concentration of NAA (1-naphthaleneacetic acid) and IBA 

(Ewald and Naujoks 2015). Other than the use of zeatin, shoot multiplication and rooting 

of wavy sycamore maple in this study both required the low concentration of hormones, 

in agreement with previous researches on sycamore maple micro-propagation. 



8 

Naujoks (1995) succeeded in inducing the formation of somatic embryos from 

immature zygotic embryos collected from mature sycamore maple trees (Naujoks 1995). 

However, the somatic embryos had a poor germination rate and their embryogenic 

capacity was easily lost after several subcultures.  

  Red maple (Acer rubrum L.) 

Regeneration of mature red maple trees was achieved using axillary buds of both 

dormant and greenwood cuttings taken from 20- to 40-year-old trees (Wann and Gates 

1993). When applying BA alone in the medium, cultures formed a large amount of basal 

callus and no viable adventitious shoots. However, the combination of low 

concentrations of BA and TDZ induced both adventitious shoots and axillary shoots 

(Wann and Gates 1993). Similarly, low TDZ concentrations efficiently induced axillary 

shoot proliferation of nodal segments from scion buds in the red maple cultivar “red 

sunset” (Orlikowska and Gabryszewska 1995). BA was harmful to this red maple cultivar, 

causing shoot necrosis after transferring growing shoot cultures from medium containing 

TDZ to medium containing BA. In the presence of IBA, 100% “red sunset” red maple 

rooted in vitro. In summary, BA had various effects on the shoot multiplication of red 

maple and red maple cultivar “Red Sunset”. However, none of the effects were beneficial 

for shoot multiplication. In comparison, TDZ, especially at low concentrations, was 

beneficial for shoot multiplication of red maple and the cultivar “Red Sunset”, as well as 

for the micro-propagation of sycamore maple. 

McClelland et al. (1990) compared the anatomical and morphological properties 

of “Red Sunset” micro-cuttings rooted in vitro and cuttings rooted ex vitro (McClelland et 

al. 1990). The roots formed in vitro were generally healthier and had a larger diameter, 

enlarged cortical cells and underdeveloped vascular system compared to the roots 

formed ex vitro. In addition, shoots developed in vitro continued to grow vigorously 

during adventitious root formation and acclimatization. As a result, the in vitro-derived 

plants were twice as tall with nearly four-fold more shoots than the ex vitro plants. Thus, 

in vitro rooting may be beneficial not only for improving propagation rate but also the 

survival of maple species. 
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  Silver maple (Acer saccharinum L.) 

Single-node explants from juvenile trees have been used to regenerate silver 

maple (Preece et al. 1991). During the shoot multiplication process, low concentrations 

of TDZ proved again to be superior to BA, KIN (kinetin) or zeatin, as TDZ induced 

extensive proliferation of axillary shoots (an average of 6.2 shoots per explant after 2 

months, Table 1.1). Despite the potential effect of genotype on shoot multiplication, a 

large variety of silver maple genotypes proliferated well on medium containing 0.01 µM 

TDZ. Rooting of micro-shoots excised from proliferated cultures did not require any 

auxin. Later, a micro-propagation system was established for the silver maple cultivar 

“Pyramidale” using shoot tips from a mature tree (Marks and Simpson 1994). Similar to 

red maple, BA caused the formation of a large amount of callus at shoot bases when 

used alone. However, continued use of BA also promoted shoot elongation. The 

formation of excessive callus was suppressed by adding TIBA (2,3,5-triiodobenzoic acid), 

an auxin transport inhibitor, which also increased the number of axillary shoots. An 

alternate shoot multiplication formula combined low concentrations of TDZ and BA. All 

shoots could be rooted in vitro on IBA-containing medium. In summary, TDZ proved 

superior to BA and other tested cytokinins in shoot multiplication of juvenile silver maple. 

However, BA is preferred to TDZ in the micro-propagation of the cultivar “Pyramidale” 

mature tree due to its effect on promoting shoot elongation. In addition, silver maple 

could be easily rooted on auxin-free medium, whereas the cultivar “Pyramidale” required 

IBA in the root induction process. Again, multiple micro-propagation approaches could 

be used for a given species. 

  Sugar maple (Acer saccharum Marsh.) 

In vitro micro-propagation of sugar maple from nodal segment explants of 

seedlings was successful in the previous trial, but the rooted shoots stopped growing 

after being transferred to soil (Hanus and Rohr 1985). Afterward, sugar maple was 

successfully micro-propagated from buds of 2-year-old seedlings (Brassard et al. 2003). 

The highest shoot proliferation rates were induced by low concentrations of TDZ in 

combination with 2iP [6-(γ-γ-dimethylallylamino) purine riboside] or PAA (phenylacetic 

acid). Low TDZ concentrations again proved efficient in shoot multiplication. Adventitious 

roots formed on medium containing IBA and PAA.  
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  Bigtooth maple (Acer grandidentatum Nutt.) 

Bigtooth maple was regenerated from nodal segments of 2-year-old seedlings 

(Bowen-O’Connor et al. 2007). Bigtooth maple had very different in vitro requirements 

than other maple species. In contrast to other maple species, shoot multiplication rate 

and induction of adventitious shoots was promoted with an optimal high zeatin 

concentration (27 µM). Being different from other maples, low TDZ concentration was 

less efficient than zeatin for shoot multiplication. Root induction required IAA (indole-3-

acetic acid) instead of IBA. The rooting rate of bigtooth maple was considerably low 

(15%) compared to other maple species. The highest rooting rate was obtained using 10 

µM IAA, a higher concentration than that used for rooting other maple species. 

  Japanese maple (Acer palmatum Thunb.) 

A micro-propagation system of Japanese maple has been established via axillary 

shoot proliferation (Fernández-Lorenzo et al. 2000). Shoot tips and nodal segment 

explants from the 4-year-old cultivar ‘Osakii’ were treated with low concentrations of TDZ 

for shoot multiplication. The widely used Difco Bacto Agar worked better for shoot 

multiplication than the ABtE agar brand. Unfortunately, all tested conditions resulted in 

quite low multiplication rates. In contrast, a high rooting rate (95%) was achieved on 

medium containing IBA. 

Somatic embryos were formed in Japanese maple from immature zygotic embryo 

explants (Vlašínová and Havel 1999). Unlike organogenesis, BA was essential in 

inducing somatic embryogenesis, which was probably due to its potent ability to induce 

callus in this species. Secondary somatic embryogenesis occurred directly on micro-calli 

developing on the root tips of the original somatic embryos. Selected elite cultures were 

able to produce somatic embryos continuously without a decrease in embryonic ability 

for more than 2 years (Vlašínová and Havel 1999). The subsequent maturation and 

germination of somatic embryos proved successful. 

  Snakebark maple (Acer caudatifolium Hayata) 

A protocol was developed for successful shoot multiplication and in vitro plant 

regeneration from axillary buds of juvenile snakebark maple (Ďurkovič 2003). From 
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juvenile explants, shoot multiplication was achieved first by removing the shoot apices, 

presumably releasing apical dominance manually, followed by cultivation on medium 

with BA and NAA. This is a common way to induce multiple shoots from plants that have 

strong apical dominance over bud growth such as neem (Azadirachta indica A. Juss) 

and potato (Solanum tuberosum L.). Plants with strong apical dominance are hard to 

propagate in large numbers even under continuous cytokinin treatment (Bhojwani and 

Dantu 2013). Shoots were rooted on medium with IBA. Plantlets were successfully 

acclimated to ex vitro conditions and continued to grow vigorously after transfer to soil. 

Snakebark maple was the only reported maple that used shoot apex removal to obtain 

axillary shoot multiplication. This maple species was therefore considered recalcitrant to 

shoot multiplication in vitro. 

1.4. Basal media types 

When cultured in vitro, the growth performance of explants is determined by 

genotype, environment, and components of the culture medium (Bhojwani and Dantu 

2013). For some species, successful micro-propagation highly depends on the selection 

of optimal culture medium. Different plant species have various nutritional requirements 

to promote optimal growth (George et al. 2007). Tissues originating from different parts 

of plants may also require different culture medium formula (Bhojwani and Dantu 2013). 

The idea of developing basal culture medium initially came from the study of nutritional 

requirements of plants grown in soil. Two examples of early plant tissue culture media 

are (i) the callus culture medium of Gautheret (1939) and (ii) the root culture medium of 

White (1943), which were based on Knop’s (1865) salt solution and Uspenski and 

Uspenskaia’s medium (1925) for algae, respectively (Gautheret 1939; White 1943). The 

subsequently developed media formulations are primarily based on White’s and 

Gautheret’s media. Basic media that are frequently used include Murashige and Skoog 

(MS) medium, woody plant medium (WPM), Driver–Kuniyuki Walnut (DKW), Gamborg’s 

B5 medium and Nitsch and Nitsch (NN) medium (Saad and Elshahed 2012). 

  MS medium 

Murashige and Skoog (MS) originally developed a medium to support hormone-

induced organogenesis and regeneration of tobacco cultivar (Nicotiana tabacum L. 
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‘Wisconsin 38’) tissues (Murashige and Skoog 1962). Nowadays, MS medium is used as 

a commercial medium for many types of culture systems including organ, callus and cell 

suspension cultures of a large number of species (Saad and Elshahed 2012).  

MS is considered a “high salt” medium due to its high concentration of nitrate, 

potassium, and ammonia. In this medium, the nitrogen source is provided by ammonium 

and nitrate ions. Cations and anions balance the pH of the medium, as well as providing 

essential nutrition for plant growth. Vitamin content like thiamine, pyridoxine, and 

nicotinic acid are high in the medium and have a stimulatory effect on many cultures 

(Thorpe et al. 2008). 

  WPM medium 

McCown (1980) developed the woody plant medium (WPM) for culturing shoot 

tips of Mountain Laurel (Kalmia latifolia L.) (Lloyd and McCown 1980). It was formulated 

to address the salt sensitivity of some woody species. Since then, it has been widely 

used for culturing woody plant cell, tissue and organ cultures (George and de Klerk 

2008). The salt concentration of both ammonium and nitrate ions in WPM are less than 

MS medium but its sulfate concentration is higher than average (George and de Klerk 

2008). A limitation of WPM is that it frequently results in hyperhydricity a.k.a. vitrification 

of shoot leaves (McCown 1981).   

  DKW medium 

DKW medium was formulated for regeneration of paradox walnut (Juglans hindsii 

L. x Juglans regia L.) (Driver and Kuniyuki 1984). DKW has lower ammonium ion content 

than MS, and uses calcium nitrate instead of potassium nitrate, which increases its 

calcium concentration. DKW is suitable for long-term culture maintenance, but 

vitrification can be unacceptably high (70–100%) in walnut tissues cultured on ½ DKW 

(Bosela and Michler 2008). 

In bigtooth maple propagation, DKW is considered superior to other basal media 

because DKW contains nutrients that are either lacking or in low concentrations in other 

tested media (MS and WPM) (Bowen-O’Connor et al. 2007). Both WPM and DKW 

contain the macronutrient calcium nitrate, but the concentration of this salt is significantly 
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higher in DKW than in WPM. Moreover, DKW medium contains the micronutrients zinc 

and nickel that neither MS nor WPM contain. These micronutrients are vital to iron 

absorption in plants (Bowen-O’Connor et al. 2007). DKW also contains a higher amount 

of iron than MS and WPM. Taken together, DKW provides higher amount of calcium and 

iron for explants than MS or WPM. Calcium and iron are particularly important in root 

formation and normal root development (Thorpe et al. 2008). Overall, DKW provides 

adequate amounts of nutrients for bigtooth maple growth, especially root development 

(Bowen-O’Connor et al. 2007). 

  Gamborg B5 medium 

Gamborg’s B5 medium was formulated for callus and cell suspension culture of 

soybean (Glycine max L.) (Gamborg and Eveleigh 1968). This medium has been widely 

used for plant cell, tissue, and organ culture, and also performs well for whole plant 

regeneration. With certain modifications, this medium can also be used for protoplast 

culture (Bhojwani and Dantu 2013). Gamborg’s B5 medium has lower concentrations of 

nitrate and ammonium salts than MS medium because soybean callus culture has a 

lower requirement of nitrogen element (Bhojwani and Dantu 2013). The thiamine content 

in B5 medium is elevated to support the growth of soybean cell suspension culture 

(Bhojwani and Dantu 2013). 

  Nitsch Medium 

Nitsch medium was formulated for in vitro anther culture of Nicotiana species 

(Nitsch 1969). Salt levels in the Nitsch medium are intermediate between that of MS and 

White’s medium (Bhojwani and Dantu 2013). Nitsch medium contains the same nitrogen 

source as MS medium. The potassium dihydrogen phosphate in this medium is essential 

for the high growth rate of anther callus (Saad and Elshahed 2012).  

  N6 Medium 

N6 was formulated for anther culture of rice (Oryza sativa L.) (Chih-Ching et al. 

1975). This medium is not only used to culture rice anthers but also widely used for in 

vitro studies of other graminaceous plants (Bhojwani and Dantu 2013). The N6 medium 

contains a high concentration of phosphate, which is beneficial to rice callus formation. 
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Microelements including boron, manganese, and zinc also improve the development of 

anther callus. Thiamine is an important element in carbohydrate and amino acid 

metabolism, and a vital molecule for the growth of rice callus (Yaqoob et al. 2016). 

1.5. Plant growth regulators 

Although plant cells can synthesize a certain amount of endogenous plant growth 

regulators a.k.a plant hormones, it is often necessary to apply exogenous hormones to 

induce explant responses (Gaspar et al. 1996). The addition of hormones is especially 

important for the induction of calli and the de novo formation of shoots. In general, plant 

hormones are required in concentrations ranging from 1 nM to 10 μM (Bhojwani and 

Dantu 2013). The type and amount of plant hormones needed in the medium depend on 

the type of organ or tissue, the species, the variety, characteristics of the tissue, and 

also plant age (Gaspar et al. 1996).  

The five main classes of plant hormones are auxins, cytokinins, abscisic acid, 

ethylene, and gibberellins (Saad and Elshahed 2012). Auxins and cytokinins are 

generally considered the most important hormones for growth and development and 

thus are needed in micro-propagation (Trigiano and Gray 1999). Abscisic acid, ethylene, 

and gibberellin are often not added to the cultural medium. However, these hormones 

are synthesized by plant tissues and play an active role in regulating explant growth and 

development in micro-propagation systems (Bhojwani and Dantu 2013). The 

exogenously provided auxins and cytokinins interact with various endogenous plant 

hormones to evoke responses of explants (Ferguson and Lessenger 2006). 

In general, the combination of two or more plant regulators is required in micro-

propagation system, either applied simultaneously or sequentially (Bhojwani and Dantu 

2013). For instance, the combination of auxin and cytokinin is needed in many 

processes of culture including cell division and differentiation in tissue culture (Bhojwani 

and Dantu 2013). The nature and amount of PGRs in cultural medium vary in terms of 

plant species, nature of tissues and also the developing stage of culture (Gaspar et al. 

1996). Therefore, to develop a feasible tissue culture protocol for a new plant species, 

various types and concentrations of hormones in several combinations need to be tested. 

The concentration of plant growth regulators is preferably expressed in molar 

concentrations, but milligrams per liter is also often used.  
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  Auxins 

Auxins play an important role in many developmental stages in plants, regulating 

cell division and elongation, embryo, root and leaf formation and patterning, as well as 

physiological processes such as apical dominance, tropisms, and leaf abscission 

(George and de Klerk 2008). In plant tissue culture, exogenous auxins are frequently 

added to the cultural medium to induce cell division, organogenesis and somatic 

embryogenesis (George 2008). In general, low concentration of auxin facilitates root 

formation, while an excessive amount easily induces callus formation (Saad and 

Elshahed 2012). Two types of exogenous auxins, synthetic auxins (1-naphthaleneacetic 

acid (NAA) and 2,4-dicholorophenoxyacetic acid (2,4-D)) and naturally occurring auxins 

(indole-3-butyric acid (IBA), and indole-3-acetic acid (IAA)), are commonly used in plant 

tissue culture (Gaspar et al. 1996).  

The most common auxin found in nature is IAA and IBA (George et al. 2008). 

IBA has a very similar structure to IAA. In both maize and Arabidopsis, IBA is derived 

from IAA via a chain elongation reaction similar to fatty acid biosynthesis (Taiz et al. 

2015). In plant tissues, the correct homeostatic amount of IAA and other natural auxins 

is regulated by biosynthesis, degradation, and conversion to inactive auxins by 

conjugation with small molecules (amino acids, sugars, alcohols) (Bandurski et al. 1995, 

Srivastava 2002). The inactive auxins can be stored in cells, being protected from 

breakdown by oxidation and may be mobilized enzymatically when needed (Gaspar et al. 

1996).  

During micro-propagation, both IAA and IBA are commonly used in root induction 

and sometimes in combination with a cytokinin for shoot elongation (Bhojwani and Dantu 

2013). IAA and IBA are denatured and metabolized in plant tissue rapidly. This property 

can be beneficial for developmental phases that require low concentrations of auxin 

(rooting) or during shoot organogenesis from calli, which requires the automatic and 

gradual reduction of auxin to increase cytokinin to auxin ratio (Gaspar et al. 1994). IBA is 

the major auxin used commercially for root induction due to its high potency in 

adventitious roots induction than IAA or NAA (Davies et al. 1994). Presumably, IBA is 

more stable than IAA because the longer side chain is more resistant to oxidation, 

resulting in higher activity at the same concentrations (Srivastava 2002). NAA is less 
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used than IBA commercially because this synthetic auxin may inhibit root initiation in 

some plant species (Davies et al. 1994).  

The synthetic auxin 2,4-D is commonly used to induce embryogenic calli 

(Bhojwani and Dantu 2013). After induction of embryogenic calli or suspension cultures, 

the cells are typically washed with hormone-free medium to allow embryogenesis to 

proceed. Presumably, this step allows the cells to establish endogenous auxin maxima, 

which is required for embryo formation (Friml et al. 2003). Another hormone that can be 

used to induce embryogenic calli from somatic tissues is NAA. NAA is also frequently 

used for root induction and shoot elongation in combination with cytokinins (Bhojwani 

and Dantu 2013). The synthetic auxins dicamba (3,6-dichloro-o-anisic acid) and picloram 

(4-amino-3,5,6-trichloropyridine-2-carboxylic acid) (both used commercially as selective 

herbicides) are also effective in inducing embryogenic cells (Conger et al. 1987).  

The effect of auxin on plants depends on the free availability of boron. In boron-

deficient plants, not only the response of RNA synthesis to auxin treatment but also the 

translocation of IAA between cells will be inhibited. In addition, boron levels affect IAA-

oxidase activity, which in turn influence root induction (Jarvis et al. 1983). The response 

of tissues to auxins can also be regulated by other hormones, such as cytokinins and 

ethylene (Aloni 2010; Liu and Reid 1992).  

  Cytokinins 

Cytokinins play a central role in cell division, the establishment, and proliferation 

of shoot meristems, as well as plant physiological processes such as apical dominance, 

and retardation of senescence and chlorophyll degradation. Cell division is regulated by 

the interaction of auxin and cytokinin, each of which controls different phases of cell 

division (Srivastava 2002). Cytokinin acts antagonistically to auxin in apical dominance, 

inhibiting the expression of the BRC1 gene and promoting axillary shoot growth (Taiz et 

al. 2015). In plant tissue culture, exogenous cytokinins can be used to trigger cell 

divisions, to induce adventitious shoots from callus and organs, and to obtain multiple 

shoots by releasing apical dominance over axillary meristems and buds (Bhojwani and 

Dantu 2013; Fabijan et al. 1981). The developmental fate of cells can be regulated by 

controlling the cytokinin to auxin ratio. Typically, high levels of cytokinin relative to auxin 

trigger shoot formation, whereas the reverse ratio triggers root formation (Saad and 
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Elshahed 2012). In practice, however, the absolute levels, as well as relative ratio, need 

to be calibrated for different species and different types of explants to induce a high 

multiplication rate. 

Natural cytokinins have an adenine ring with a 5-carbon isopentenyl side chain 

substituted at N6 of adenine, mostly synthesized in roots (George et al. 2008, Srivastava 

2002). The frequently used cytokinins in tissue cultures are BA (6-benzylaminopurine), 

kinetin, 2iP [6-(γ-γ-dimethylallylamino) purine riboside] and zeatin. Among them, kinetin 

and BA are synthetic cytokinins with an aromatic ring attached to the N6 position of 

adenine (Gaspar et al. 1996). Synthetic cytokinins are resistant to cytokinin oxidase and 

are maintained at higher levels in plant tissues, making them more effective than natural 

cytokinins (Srivastava 2002). The most efficient and frequently used cytokinin in plant 

tissue culture medium is BA, typically used in the range of 1–10 μM (Gaspar et al. 1996).  

TDZ 

Thidiazuron (TDZ) was originally registered and used as a cotton defoliant. Later, 

this phenylurea derivative showed cytokinin activity (Mok et al. 1980). What’s more, TDZ 

was often more effective than adenine-based compounds in inducing growth of axillary 

and adventitious shoots (Mok et al. 1982). Since 1988, TDZ has been used to induce 

adventitious shoots in vitro in a number of species, especially woody plants (Lu 1993). In 

general, some woody species have a strong monopodial growth pattern and their 

explants often fail to branch sufficiently in vitro when commonly-used aminopurine 

cytokinins are added to the medium (Lu 1993). While TDZ is efficient in enhancing shoot 

production in many tree species, the amount of TDZ applied in the medium needs to be 

low and balanced because it induces callus formation easily (Preece et al. 1991). Being 

structurally different from natural cytokinins, TDZ is less susceptible to plant degrading 

enzymes and remains effective even at low concentrations (Huetteman and Preece 

1993).  

In general, callus formation is unavoidable during the formation of adventitious 

organs. In woody species, TDZ may induce excessive callus growth that inhibits axillary 

shoot multiplication and TDZ may also convert formed shoots into calli (Ashby et al. 

1987). In other words, high concentrations of TDZ are effective in inducing calli in many 

woody species, but at the expense of axillary shoots. In black walnut (Juglans nigra L.), 

high TDZ concentrations (1–50 μM) promoted callus formation while inhibiting axillary 
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shoot growth (Huetteman 1988). Similarly, 1 μM TDZ induced callus in silver maple but 

also suppressed axillary shoot growth (Preece et al. 1991). The sensitivity to TDZ can 

also differ considerably between species. For example, while 100 nM TDZ induced the 

highest number of axillary shoots from eastern black walnut nodal segments, the same 

TDZ concentration was lethal to white ash (Fraxinus Americana L.) nodal segments 

(Preece and Bates 1991).  

1.6. Activated charcoal  

Activated charcoal (AC) contains a fine network of pores with an extensive inner 

surface area that can absorb many substances (Thomas 2008). AC is widely used in 

plant tissue culture to improve cell growth and development during organogenesis, 

somatic embryogenesis, anther culture and bulb formation (Pan and Staden 1998). AC 

can be added to both liquid and solid plant tissue culture medium (Fridborg et al. 1978). 

The beneficial effect of AC is mainly due to its absorption of secondary metabolite 

exudates in the medium (Horner et al. 1977; Weatherhead et al. 1979). In many species, 

surface-sterilized and cut explants initially release large amounts of secondary 

metabolites that inhibit the growth of explants or even kill them. AC may be highly 

beneficial at this stage. The growth-inhibitory molecules may also come from the culture 

medium. For instance, sucrose is often used in culture media but it produces growth 

inhibitory compounds after autoclaving. These molecules can be absorbed by AC (Pan 

and Staden 1998). In addition, AC may release certain compounds itself that promote 

growth (Johansson and Eriksson 1977).  

However, while being beneficial for removing toxic compounds, AC also 

diminishes the effect of PGRs and other organic supplements, most likely by absorbing 

some of these molecules. AC has a great absorptive capacity of aromatic products like 

phenolics, indoles and their oxides, including the auxins IAA and IBA (Yam et al. 1990). 

When adding AC to medium containing these auxins, the effective hormone 

concentration will be lowered. As a consequence, the optimal hormone concentration 

needs to be recalibrated once AC is added to the medium. The influence of AC on tissue 

culture establishment and the commonly used AC concentration have been reported in a 

number of species (Büter et al. 1993; Kunitake et al. 1995; Ziv and Gadasi 1986).  
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  Shoot and bulblet induction 

During initiation of sorghum (Sorghum bicolour L.) tissue cultures, the 

polyphenols produced by the explants caused blackening of tissues within one day 

followed by tissue necrosis and even explant death (Nguyen et al. 2007). Explant 

survival rate was noticeably increased from 29% to 80% after adding 1–5 g/L AC to the 

medium (Nguyen et al. 2007). AC can also counteract excessive callus formation during 

micro-propagation. Compared to medium lacking AC, micro-propagation of black wattle 

(Acacia mearnsii de Wild.) nodal cuttings incubated on medium supplemented with 2 g/L 

AC produced a higher rate of elongated shoots (63% versus 47%), lower rate of shoots 

with excessive amount of calli (27% versus 100%), and a lower rate of chlorotic shoots 

(32% versus 70%) (Quoirin et al. 2001). AC also had a positive effect on shoot 

multiplication using PGR-free medium. Shoots were induced from thin transverse 

sections of parenchyma cells of juvenile Easter lily (Lilium longiflorum Thunb.) stems 

when grown on ½ MS medium with AC (maximum of 4.2 shoots/explant) but the same 

medium without AC produced no shoots (Nhut et al. 2001). 

AC is also useful for bulblet induction. In garlic (Allium sativum L.) micro-

propagation, a maximum of 6.8 bulblets/plant were induced on MS medium with 5 g/L 

AC (Mohamed-Yasseen et al. 1995). Grape hyacinth (Muscari armeniacum Leichtl. Ex 

Bak.) bulb scale explants cultured on MS medium produced yellowish calli that produced 

shoots and roots, whereas culture on MS with 1 g/L AC produced healthy bulblets at the 

basal plate of the original bulb scale (Peck and Cumming 1986). Similarly, AC improved 

bulblet induction of “paperwhite” (Narcissus tazetta L.) (Steinitz and Yahel 1982). 

  Rooting 

The application of AC alone or in combination with auxins induces root formation 

from micro-shoots in several plant species (Thomas 2008). The rooting of deadly carrot 

(Thapsia garganica L.) was best on ½ MS medium with IBA, followed by transfer onto 

hormone-free ½ MS medium with 0.5 g/L AC (Makunga et al. 2006). Half of the explants 

rooted with an average of 6 roots/plant, whereas the same medium without AC induced 

no roots. For globe artichoke (Cynara scolymus L.) in vitro root induction, 2 g/L AC was 

added to ½ MS medium for phenolics absorption (Le Guen-Le Saos and Hourmant 

2001).  
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AC promotes root formation in some tree species. Shoot explants from shoot tips 

and nodal segments of camphor tree (Cinnamomum camphora L.) had 100% rooting 

rate on WPM medium containing 2 g/L AC and 4.9 μM IBA, whereas the same medium 

without AC induced only 40% rooting rate (Babu et al. 2003). Pretreatment on medium 

with 10 g/L AC before root induction was necessary for sugar apple (Annona squamosa 

L.) as shoots without this treatment did not produce roots (Lemos and Blake 1996).  

1.7. The release of apical dominance 

In general, the growth of leaf axillary buds is initially suppressed due to the 

phenomenon called “apical dominance” (Bhojwani and Dantu 2013). Apical dominance 

is caused by auxin synthesized in shoot apex. Auxin is actively transported downwards 

and may accumulate in axillary buds, suppressing axillary shoot growth (Cline 1997). 

Removal of the shoot apex can release the suppression and allow axillary buds to grow 

into leafy shoots. In the process of micro-propagation, exogenous cytokinin can break 

apical dominance and force axillary buds to grow even in the presence of the shoot apex 

(George 2008). However, in some species, exposure to cytokinins is not sufficient to 

counteract the effect of apical dominance (Bhojwani and Dantu 2013). Shoot 

multiplication of neem explants in the presence of the shoot apex was unsuccessful, 

while the removal of shoot apex resulted in axillary shoot elongation and 5- to 7-fold 

multiplication in 5 weeks (Chaturvedi et al. 2003). In species that are recalcitrant to 

multiplication like neem, removing the apex manually has been used as an alternative to 

or in combination with cytokinins to activate meristem and bud growth (Dun et al. 2006). 

The removal of shoot apices to activate leaf axillary meristem and bud growth 

can be repeated to produce a large number of shoots within a year (Bhojwani and Dantu 

2013). This method reliably maintains genetic uniformity of the plants and thus is one of 

the preferred methods of in vitro micro-propagation if genetic uniformity is crucial. Almost 

all plants can be successfully micro-propagated using the axillary branching method 

(Cline 1997).  



21 

1.8. Definition of decorative (figured) wood 

In the broadest sense, decorative wood is any wood that appeals aesthetically to 

people. Wood with any patterned or figured grain, color, luster or distinctive marking 

throughout the entire or partial longitudinal surface of lumber that can be used for 

decorative purposes is defined as “decorative wood” (Beals and Davis 1977, Panshin 

and De Zeeuw 1980). In the wood market, the definition of “decorative wood” is 

restricted to the wood with highly decorative patterns. The unusual wood could be 

produced by irregular wood fiber orientations and indented growth (Beals and Davis 

1977). 

Decorative (figured) wood is highly prized primarily because of its beauty and 

rarity. Wood containing certain types of figure pattern is the raw material for several 

worldwide industries that manufacture furniture, gunstocks, panels, and musical 

instruments (Ewald and Naujoks 2015). Figured wood is rare because trees with such 

wood are typically found at low frequency in natural populations (Beals and Davis 1977; 

Bragg et al. 1997). However, little is known about the physical and cellular basis of 

figured wood, such as how fiber length and microfibril angle influence the quality of wood 

(Harris 1989; Rioux et al. 2003). This is primarily due to the relatively small market for 

figured wood and the long generation times of trees. This subject has not received much 

attention as 30 years ago. What’s more, many worldwide journals reported contradictory 

conclusions of the reason for figured wood formation. However, figured wood continues 

to be desired and expensive, thus providing the motivation to trace the beginning of 

figured wood formation. 

1.9. Figure caused by grain orientation in wood  

Wood from dicotyledonous trees consists primarily of vessel elements, and fibers 

(hereafter called wood elements), typically aligned parallel to the longitudinal axis of the 

tree. Abnormal figure in wood results from deviations in grain (wood elements) 

orientation from the vertical axis of standing trees, as well as the irregular grain caused 

by burls, crotches, and stump swell (Panshin and De Zeeuw 1980). Figure types can be 

grouped into four classes: (1) figure caused by interlocked spiral grain, (2) figure caused 
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by the undulation in the direction of fiber alignment, (3) figure resulting from indented 

growth, and (4) figure resulting from twisted grain (Beals and Davis 1977). 

  Figure caused by interlocked spiral grain 

As mentioned above, normal wood has wood elements aligned parallel to the 

longitudinal axis of the tree trunk. When wood elements are sloped, the wood is 

described as spiral-grained (Panshin and De Zeeuw 1980). Spiral grain does not cause 

striking figure in wood because the light rays strike and leave the surface of the board at 

approximately the same angle (Panshin and De Zeeuw 1980). In some trees, especially 

tropical trees, the direction of spiral grain reverses at periodic intervals. In these cases, 

the angle of the grain inclination was left-handed or right-handed originally and changed 

to the opposite direction in the successive wood layers (Hejnowicz and Romberger 

1979). Wood possessing this type of fiber alignment is named interlocked-grained wood 

(Panshin and De Zeeuw 1980). 

Quarter-sawn interlocked-grain wood shows a striped or ribbon figure, running 

lengthwise of the board (Panshin and De Zeeuw 1980). This kind of figure exhibits 

longitudinal dark and light bands (Panshin and De Zeeuw 1980). There is no evident 

difference in wood color between dark and light bands. Instead, the dark and light 

banding is an effect of differences in light absorption caused by different grain 

orientations (Krawczyszyn 1972). Therefore, it is not hard to predict the reversal of the 

dark and light band if the angle of light rays is changed. 

  Figure caused by the undulation direction of fiber alignment 

Figured wood can be caused when fiber alignment deviates from the vertical axis 

of a tree trunk and fibers are arranged in an undulating pattern (Beals and Davis 1977). 

In contrast to interlocked-grain, the inclination of the fibers in undulating direction wood 

remains the same in successive wood layers along the tree bole. Some common types 

of this figure include curly, fiddleback, blister, and quilted.  

A) Curly and fiddleback figure 

Like interlocked-grain, regular undulations in fiber alignment can also cause 

alternating light and dark bands in cut wood (Beals and Davis 1977). However, unlike 
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interlocked-grain, the pattern is more significant and is corrugated (Figure 1.3 b). Some 

common figure types caused by undulation fiber alignment include curly and fiddleback. 

Curly and fiddleback figures are most frequently found in maple and birch, and 

occasionally in other trees like poplar (Fan et al. 2013). When split, such logs show wave 

patterns on the radial face and to some extent also on the tangential face (Figure 1.2, 

Panshin and De Zeeuw 1980). The planed wood exhibits an optical phenomenon of 

alternating light and dark stripes (Beals and Davis 1977; Bucur 2006). Wavy grain maple 

is commonly called “curly” when waves can be measured in terms of numbers per foot 

and “fiddleback” when waves are measured in numbers per inch (Panshin and De 

Zeeuw 1980). True fiddleback refers to uniform, wavy-grained wood of high quality, 

whereas curly figure shows typically sloping grain (Harris 1989). Commercially valuable 

wavy-grained wood mostly occurs in maple trees with > 25 cm diameters (Beals and 

Davis 1977). 

Curly grain frequently occurs in the vicinity of large branches and knots where 

the tissues are inevitably distorted. Curly figure is also often formed from the healing of 

wounds in the living trees (Panshin and De Zeeuw 1980). In these cases, the curly 

figured formed is restricted to a small area and typically collected only by wood crafters. 

At low frequency, individual trees are found to have wavy figure throughout the bole, 

typically except for the first 10–15 annual rings. These trees are of particular interest 

because of the high amount of figured wood that may not be a result of position within 

the tree or caused by disease agents (such as for some burls). Hence, these trees may 

breed true when propagated by cloning. 
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Figure 1.2. A block of bigleaf maple (Acer macrophyllum L.) wood named 

“electric” with fiddleback figure.  
Note: This block shows fiddleback figure on both radial (the surface perpendicular to the black 
background) and tangential (the top surface) surfaces. 

B) Blister and quilted figure 

Similar to curly and fiddleback figure, blister and quilted figure are also caused by 

an undulation arrangement of wood fiber. The difference is that the blister and quilted 

figure normally appear on the tangential surface of some trees, while curly and 

fiddleback generally occur on the wood radial surface (Ozarska 2003). The figured wood 

surface exhibits an illusion of depressions or mounds separated by narrow ridges or 

grooves (Panshin and De Zeeuw 1980). In addition, the visually appealing depressions 

and mounds can be reversed with different angles of incident light rays. Blister figure is 

formed when the interlacing grooves enclose a number of irregular round areas (Beals 

and Davis 1977). If the enclosed areas are longer across the grain than parallel to the 

grain, the wood figure is called a quilted figure (Panshin and De Zeeuw 1980). Neither of 

these figures is common, and the figure only forms in a small region of the stem of trees 

that possess such figure (Panshin and De Zeeuw 1980). Therefore, the commercial 

value of well-developed quilted (or blister) figured wood is high. 

  Figure resulting from indented growth 

This type of figure originates from indented growth rings due to localized reduced 

growth. The reduced growth accumulates in the same location for several years and 

results in lenticular or conical depressions indented towards the pith of the wood. 



25 

Birdseye and dimple figure 

As indicated by the name, birdseye figure is the droplet-like structure on wood 

that looks like the eyes of birds. Due to unknown reasons, the division of local cambial 

tissues in wood is suppressed and the growth is reduced (Panshin and De Zeeuw 1980). 

The reduced growth continues for several growing seasons and produces an indented 

conical depression pattern called “birdseye” (Beals and Davis 1977). In some trees, 

birdseye figure may occur throughout the trunk of the tree and even on the branches 

(Rioux et al. 2003). However, it is more commonly found on only one side of the tree or 

is separated by non-figured wood (Bragg and Stokke 1994). Birdseye figure is one of the 

most common figures in hard maple species, but can also be found in soft maples and 

other species (Bragg 2011). Similar to birdseye, dimples are caused by localized conical 

depressions, but the depressions are smaller and shallower (usually less than one 

annual ring) (Panshin and De Zeeuw 1980).  

  Figure resulting from twisted grain 

Twisted grain can cause various figures. The unusual patterns are obtained from 

crotches, burls, and stump swells of trees that also produce straight-grained wood 

(Panshin and De Zeeuw 1980). Due to the twisted grain in these parts of the trees, the 

most striking and unpredictable designs are often obtained when such wood is cut into 

veneer (Panshin and De Zeeuw 1980). 

A) Crotch figure 

A crotch is a fork-shaped segment of the stem, normally found where the main 

bole branches (Beals and Davis 1977). The typical crotch figure has an appearance 

resembling a cluster of feathers (Panshin and De Zeeuw 1980). In crotch, the wood 

tissue is severely crowded and twisted (Beals and Davis 1977). When the twisted grain 

is relatively open, the special figure called moonshine-crotch is developed. A less-

twisted grain called swirl is formed when veneers are cut towards the outside of the 

crotch (Liestman et al. 2000).  

B) Burl figure 

Abnormal bulges or burls are found in almost all tree species. The fiber alignment 

in burls is very irregular and results in highly valued and striking burl figured wood 
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(Ozarska 2003). Burls often contain numerous but incompletely developed buds 

(Panshin and De Zeeuw 1980). Some scientists relate the formation of partly developed 

buds to frost, fire, mechanical and other injuries to the tree (Bailey 1948). A close-fitting 

metal band was placed around the stem of boxwood (Buxus semperviren L.) and caused 

the formation of adventitious buds that ultimately formed a swelling burl (Bailey 1948). In 

addition, burl-like growth can be caused by the fungal or bacterial invasion of the 

cambium (Brown and Panshin 1940). 

C) Stump-wood figure 

Stump wood is the bell-shaped portion of the base of the stem, just above the 

roots (Beals and Davis 1977). Only the stumps that possess irregular grain are 

considered valuable, and these can be indicated by the fluting at the base of the trunk 

(Pillow 1955). Figured walnut stump is generally considered the most valuable among all 

the species that possess the same figured wood (Panshin and De Zeeuw 1980). Figured 

stump wood exhibits highly varied, right- and left- balanced designs and can be used to 

produce matched pattern ornamental veneers for various exclusive panels (Panshin and 

De Zeeuw 1980). 

1.10.  Potential causes of the figured wood formation 

The suspected cause of figured wood varies greatly among species (Bragg 1994; 

Fan et al. 2013; Mckenna et al. 2015; Ryynänen and Ryynänen 1986). Three main 

theories have been proposed to explain how figured wood is formed. In the inducible 

model, figured wood is presumably induced by environmental factors such as strong 

wind, fungal activity, physical stress, and site conditions (Brown and Panshin 1940; 

Dudley and Yamasaki 2000; Eklund and Säll 2000). In the second theory, scientists 

attribute the constitutive production of figure throughout large parts of tree boles to 

genetic factors (Fan et al. 2013; Kärkkäinen et al. 2017). A third model suggests that 

figure formation is a genetically-controlled response to certain environmental conditions 

(Bailey 1948; Harris 1989; Mckenna et al. 2015; Righter 1934). 
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 Environmental factors 

Even though no evidence was provided, it was speculated that strong wind 

caused spiral figure formation or at least acted as a factor to initiate the twist of grain in 

conifers (Harris 1989; Eklund and Säll 2000; Wentworth 1931). In an early report, Brown 

and Panshin proposed that burl figure formation might be due to the fungal or bacterial 

invasion of the cambium (Brown and Panshin 1940). On the other hand, burls were also 

common in trees for which trunk branches were pruned on a regular basis. Therefore, 

burl might be the result of pathogen infection or physical stress (Baker et al. 2009). 

Similarly, curly wood was usually also restricted in certain areas of trees. Curly wood 

generally occurred near the base of trees (Gerry 1955) or under heavy branches in 

crowded compressed wood (Dudley and Yamasaki 2000). These findings agreed with a 

study showing that figured wood formation was correlated with physical stress such as 

compression (Baker et al. 2009). There was even one successful case of inducing 

figured wood using physical stress. People in Algeria managed to obtain burl-like growth 

in Callitris quadrivalis Vent. by repeatedly burning the stems (Brown and Panshin 1940).  

 Genetic factors 

It is generally believed that genetic control is a key factor of figured wood 

formation due to the observation that extensive figured wood is found in some trees (Fan 

et al. 2013). A study of a 26-year-old male curly aspen, a Populus hybrid of Populus x 

canescens, showed that figured wood can be inherited (Fan et al. 2013). In this study, all 

rooted cuttings from the curly aspen eventually developed wood with an undulating 

pattern on the radial longitudinal surface, indicating a stable genetic cause of this 

phenotype. Genetic crosses confirmed this conclusion, although the segregation ratios 

suggest that several genes caused this phenotype. 

Figure formation in European birch (Betula pendula Roth.) was also shown to be 

under genetic control (Persson 1954). Later, the curly birch phenotype was shown to be 

heritable and semi-dominant homozygous lethal (Kärkkäinen et al. 2017). In this 

research, the dominance of the curly figure allele over non-figured allele could be 

inferred from the fact that all curly birch x non-curly birch crosses produced only curly 

phenotypes. It was inferred as homozygous lethality because segregation ratios (curly 
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birch: non-curly birch) from curly birch x curly birch crosses and curly birch self-

fertilization were closer to 2:1 than 3:1. 

Figured wood formation of many species is suspected to be under genetic control, 

but few mechanisms have been well-studied. Hence, the genetic basis of figured grain 

formation will become an active field of study. Progress in biotechnology (such as 

cloning, DNA testing, and molecular markers) may allow the determination of genes 

related to figured wood (Bragg et al. 1997). In New Brunswick, DNA testing has already 

been used to identify stolen birdseye maple logs (Fullerton 1996). 

 The combined result of environment and genotype 

There is evidence indicating that a certain kind of figure is determined by both 

environmental and heredity factors. In a study of figured black walnut, only 1 out of 9 

grafted trees produced some curly figure, which indicated some genetic control in figure 

formation but at a low expressivity and penetrance of the trait, whereas environmental 

factors appeared to play a more significant role (Mckenna et al. 2015). The formation of 

spiral grain in conifers is considered genetically controlled, but environmental factors are 

also involved (Harris 1989). Figured wood formation in these trees may be inherited, but 

the actual expression may depend on prevailing growing site conditions. 

Researchers have suspected a genetic role in birdseye formation for decades. 

Birdseye occurred throughout the geographical range of the species, indicating a high 

possibility of genetic control (Bragg 1994). However, the earliest attempts to propagate 

clones with birdseye figure wood from cuttings of birdseye maple largely failed. 

Therefore, it is possible that birdseye figure is not solely controlled by genetic factors. 

Birdseye formation may be a genetically susceptible response to certain environmental 

factors (Bailey 1948; Righter 1934). In other words, a sugar maple with the birdseye 

genotype must be cultured in a certain environment to develop figure (Bragg et al. 1997). 

Therefore, there is a need to study genotype and environmental interactions in mature 

figured wood trees to evaluate the degree of effect of heredity and environmental factors 

on birdseye formation (Bragg 2008). 
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1.11.  Figured wood tree propagation 

There is generally a low occurrence of valuable figured wood in tree populations. 

For example, only 1/500 to 1/1000 walnut trees develop valuable curly figure, whereby a 

single walnut stem bole with fine figured wood for veneer can be valued at US$100,000 

(Mckenna et al. 2015). While walnut figured wood is rare and expensive, there has been 

a persistent interest in the true-to-type propagation of walnut with figured wood. 

The quest for the propagation of figured walnut can be dated back to the early 

20th century. George Lamb, a veneer buyer of figured walnut and mahogany, found a 

highly curly walnut in Michigan (Lamb 1941; Wilkinson 1948). In order to propagate trees 

with figured wood, he obtained figured live branches and sent them to a nursery for 

grafting. However, unfortunately, the grafted branch did not produce figured wood. 

Subsequent attempts to propagate figured walnut trees by grafting also largely failed 

(Beals and Davis 1977; MacDaniels 1953). The only success was that a small piece of 

wood of the branch grafted onto “Lamb” (the figured walnut tree) showed some figure 

(Walters 1951). Thus, it is by no means given that clones of walnut trees with extensive 

figured wood will always develop the same figured wood. 

Other than figured walnut, there have been subsequent studies on vegetative 

propagation of other figured wood tree species since 1941. In most reports, figured trees 

were cloned by cutting or grafting. However, many attempts failed due to the low vitality 

of cloned plants and/or rooting problems with cuttings. For instance, mature curly birch 

had a limited rooting rate (12%) by cutting and only 3% of the regenerated individuals 

remained viable after a year (Bailey 1948). Low vitality was also not uncommon in the 

cuttings of curly red maple and blister yellow poplars (Bailey 1948). Grafts of figured 

wood trees also suffered from low vitality. In a study grafting 18 curly red maples and 15 

blister yellow poplars onto non-figured stocks of the same species, all maples died and 

only two blister yellow poplars remained alive (Bailey 1948). The low survival rate was 

attributed to the low vitality of the donor figured wood trees. 

Recently, clones with figured wood have been successfully produced by 

vegetative propagation. European birch (B. verrucose Ehrh., B. pendula Roth., and B. 

pendula Roth. var. Carelica) that possessed unique figured grain named “Masur” or 

“flamy” figure was successfully propagated by grafting, and clones produced the same 
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figure as parents (Heikinheimo 1951; Scholz 1962). More recently, clones of curly poplar 

from cuttings produced figured wood consistently, whereas control trees grown at the 

same site did not produce curly figure. This provided strong evidence that the curly 

phenotype was heritable and had a complete penetrance (Fan et al. 2013). Wavy 

sycamore maple trees have been successfully propagated via grafting, cutting and 

tissue culture, and undulating fiber structures were found in 12-year-old clones of 

cuttings and grafted logs (Ewald and Naujoks 2015). 

For species and mature trees that are recalcitrant to propagation by cuttings and 

grafting, micro-propagation via tissue culture offers an alternative avenue for vegetative 

propagation (Douglas et al. 2001). In addition, hormone-induced micro-propagation 

tends to rejuvenate propagated material, and this material can be used to establish a 

reliable figured wood tree plantation (Douglas et al. 2013). 

1.12.  Maples with decorative wood 

Maple species develop various types of figured wood in trees (Beals and Davis 

1977; Harris 1989; Pillow 1955). The type of figured wood can be categorized based on 

the way of wood fiber alignment. (i) undulating wood fiber alignment, (ii) indented growth 

in the growth increment, (iii) twisted wood fiber. 

Table 1.2. The relation between the type of wood grain and resultant wood 
figure in maple species. 

Figure found in wood 
Common maple 

species with such 
figure 

Possible causes 

curly 

Acer macrophyllum L. 

Acer platanoides L. 

Acer saccharum Marsh. 

Acer pseudoplatanus L. 

Acer rubrum L. 
 

undulation of wood fiber 
alignment 

fiddleback 
Acer macrophyllum L. 

Acer pseudoplatanus L. 
 

undulation of wood fiber 
alignment 
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Figure found in wood 
Common maple 

species with such 
figure 

Possible causes 

quilted Acer macrophyllum L. 
 

undulation of wood fiber 
alignment 

birdseye 
Acer macrophyllum L. 

Acer saccharum Marsh. 
 

indented growth in the 
growth increment 

burl 
Acer macrophyllum L. 

A. saccharinum L. 
twisted wood fiber 

 
Figure 1.3 Bigleaf maple (Acer macrophyllum L.) non-figured wood (a), and 

veneer showing fiddleback (b), quilted (c), and birdseye (d) figured 
wood.  
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 Wavy figure 

Well-developed wavy grain is rare in most species, but the figure is observed 

frequently in maple species (Beals and Davis 1977; Harris 1989; Pillow 1955). The most 

common figure in bigleaf maple tree is also the wavy-grained figure (Beals and Davis 

1977).  

A) Radial Surface - Curly and Fiddleback Figure 

Wavy grain maple is commonly called “curly” when waves can be measured in 

terms of numbers per foot and “fiddleback” when waves are measured in numbers per 

inch (Panshin and De Zeeuw 1980). True fiddleback refers to uniform, wavy-grained 

wood of high quality, whereas curly figure shows typically sloping grain (Harris 1989). 

Commercial valuable wavy-grained wood occurs predominantly in maple trees with 

diameters larger than 25 cm (Beals and Davis 1977). 

Fiddleback figure appears relatively frequently in sycamore maple in parts of 

Europe and in bigleaf maple in Oregon and Washington than other maples (Krajnc et al. 

2015). Fiddleback also occurs at a low frequency in sugar maple. Fiddleback wood 

(Figure 1.2 b) is commonly used for furniture and musical instruments due to its 

favorable decorative and acoustic properties (Panshin and De Zeeuw 1980). Fiddleback 

grain in maple greatly increased wood value by 150% to 200% (Rieder 1998). In addition, 

the price increased annually due to its scarcity (Kobal et al. 2013). Fiddleback wood is 

one of the most desired figured wood in the market. Analysis of the data from log 

auctions that took place from 2007 to 2014 in Slovenj Gradec, Slovenia, showed that 

fiddleback wood in maple was always sold at significantly higher prices than other 

figured wood (Krajnc 2013). 

B) Tangential Surface - Blister and Quilted Figure 

Quilted is a distinctive figure that can be found in bigleaf maple wood tangential 

surface (Figure 1.2 c). The bumps and flat areas on the surface develop a three-

dimensional effect that resembles a topographical map (Beals and Davis 1977). To 

obtain the best effect of quilted figure, the log must be flat cut and the veneer must be 

rotary sawn. Quilted maple is highly preferred over other figured wood because of the 

deep wave effect it exhibits after being finished (Ozarska 2003). Therefore, it is highly 

sought after by luthiers and furniture makers for its beauty. 
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 Birdseye figure 

Birdseye maple wood exhibits sharp, conical indentations on the tangential 

surface after being split (Rioux et al. 2003). The indentations are normally less than one-

sixteenth inch in depth and appear in a random pattern with variation in the size and 

distribution among individual trees (Rioux et al. 2003). Birdseye maple often occurs in 

combination with wavy grain, which enhances the figure appearance (Bragg 2011).  

Birdseye is mostly found in sugar maple (Bragg et al. 1997). However, other 

North American hardwood species also occasionally develop birdseye figure (Brown and 

Panshin 1940; Pillow 1955). Birdseye-like structures have been reported in red maple 

and bigleaf maple (Figure 1.2 d) (Panshin and De Zeeuw 1980; Sherwood 1936), as well 

as Norway maple, sycamore maple, field maple (Acer campestre L.), and Manchurian 

Maple (Acer mandschuricum Max.) (Boulger 2008; Korovin and Zuikhina 1985). 

Birdseye maple has long been used for ornaments (Bragg 2011). Ancient 

Romans used birdseye figure wood to make tables (Boulger 2008). Colonial gunsmiths 

and woodworkers crafted gunstocks, musical instruments, and furniture from birdseye 

maple (Beals and Davis 1977). The price of birdseye has always been high. In 1884, an 

American birdseye maple tree was sold for $1,000 (Hough 1884). In 2002, a single 

specimen was worth more than $46,000 (Bragg 2007).  

 Burl figure 

Burls are commonly found on maple trees (Beals and Davis 1977). Due to its 

beauty, ancient emperors and kings have their most prized possessions made from 

burlwood (Mitchell 1964) and maple burls are to this day commonly used for veneer and 

furniture production (Beals and Davis 1977). 

1.13.  Research objectives 

Bigleaf maple with fiddleback figure is now in high demand by wood companies 

wanting to obtain high commercially valuable wood, especially for manufacturing musical 

instruments. However, there is a low frequency of trees with well-developed figured 

wood in bigleaf maple. In addition, it often takes over 10 years for trees to develop figure 
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and there is a risk that a large amount of time and money is wasted on candidate trees 

that may not develop figure.  

This research aimed to develop a procedure to micro-propagate bigleaf maple. 

This procedure may aid the propagation of figured bigleaf maple and thus bring 

considerable future profit when a large amount of figured wood is obtained. Another goal 

was to find potential early anatomical and/or chemical markers that precede and predict 

figure formation at a later stage. The goal was not to identify the cause of figure 

formation because figure formation is likely a complicated process due to genetic and 

environmental factors, and was therefore beyond the scope of this limited study. Instead, 

I was comparing anatomical and chemical characteristics of sprouts coming from trees 

with and without fiddleback figured wood. A marker that would indicate early and stable 

differences between figured and non-figured wood would potentially help identify 

individuals more likely to develop stronger defects in the form of figured wood later in 

their life. To address these issues, my two main research objectives were:  

1) To establish and optimize bigleaf maple micro-propagation. 

2) To screen for early anatomical or chemical differences between young clones 

of figured and non-figured trees living in the same environment.   
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Chapter 2.  
 
Micro-propagation of bigleaf maple 
(Acer macrophyllum L.) 

2.1. Introduction 

Bigleaf maple is a large deciduous tree in the genus Acer. As its name implies, 

this species has large leaves (Iddrisu and Ritland 2004). When given spaces, bigleaf 

maple grows rapidly. As a result, the annual rings in bigleaf maple lumber are usually 

wider than those in other maples, which makes it popular with the wood industry 

(Peterson 1999). Its wood is generally used for the manufacturing of furniture. In the 

bigleaf maple population, a small proportion of them develop distinct figure pattern on 

the wood surface. Such wood is highly favorable when it is used for the production of 

decorative veneer, stringed instruments, guitar bodies, and gunstocks. Distinct figure 

patterns that can be found in bigleaf maple are fiddleback, birdseye, burl and the 

spectacular quilted figure. Among them, fiddleback is the most popular pattern and the 

price continues to increase annually due to its scarcity (Kobal et al. 2013). 

The reason for the formation of fiddleback figure is still unknown. However, 

considering its scarcity in natural populations (fiddleback sycamore maple has an 

occurrence of 3% in sycamore population, the occurrence of fiddleback in bigleaf maple 

population is not reported but also considered low), there has been a continuous interest 

in the vegetative propagation of figured individuals (Rohr and Hanus 1987; Ewald and 

Naujoks 2015). However, vegetative propagation of figured wood using cutting or 

grafting failed to give reliable results. Propagation by cutting is influenced by species, 

age, and genotype of the donor tree, and may be highly inefficient using branches from 

certain mature trees with the desired figure (Rohr and Hanus 1987). Growth form and 

growth rate of grafted plants are not comparable to seedlings and thus grafting is not 

ideal for log production (Ewald and Naujoks 2015). The micro-propagation method has 

the potential to rejuvenate and multiply figured wood plant materials simultaneously 

(Ewald and Naujoks 2015). 
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There is no previous report of tissue culture research on bigleaf maple. However, 

tissue culture protocols have been developed for red maple, sycamore maple, Norway 

maple, silver maple, sugar maple and other maple species (Ďurkovič and Mišalová 

2008). In these protocols, nodal segments, shoot tips, or axillary buds were cultured as 

explants. The basal media used were MS, WPM, LS, or DKW, supplemented with a 

range of plant growth regulators (Ďurkovič and Mišalová 2008). The most frequently 

used PGR to stimulate shoot multiplication was TDZ, sometimes in combination with BA 

(Zhao et al. 2010). Shoots of several maple species can be easily rooted in vitro with or 

without IBA (Bowen-O’Connor et al. 2007; Kerns and Meyer 1987). There are 

considerable species to species differences in the procedures and rate of propagation. 

Hence, it is critical to developing a specific procedure for micro-propagation of bigleaf 

maple before this approach can be used for micro-propagation of limited and precious 

material from the individuals that develop figured wood. 

The objective of this research was to test critical culture parameters in order to 

develop an optimized protocol for micro-propagation of bigleaf maple. Several 

sterilization procedures, the effect of basal media type and BA concentrations on shoot 

initiation, the effect of several PGRs (BA, NAA, TDZ) on shoot multiplication, and the 

effect of basal media type and IBA concentrations on root development were tested. 

Regenerated plantlets were successfully acclimatized and grew vigorously after being 

transferred to the greenhouse. 

2.2. Materials and methods 

  Plant materials and surface sterilization 

The plant materials for this study were obtained primarily from seeds of trees on 

the northwestern side of Burnaby mountain where Simon Fraser University is located 

(49.27676° N, -122.918° E) and from the sprouts of trees regularly cut under a powerline 

on Burnaby mountain.  

Seeds were collected in the fall, given a cold stratification at 4 °C for two months 

and then sown into sterile PRO-MIX soil (Premier Tech Ltd, Quebec, Canada) to 

germinate in the greenhouse. Plants were grown for one year to provide initial explants. 
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After one year, shoots of seedlings were dissected and used as explants, hereafter 

referred to as seedling-derived explants. 

In the late spring and summer, soft shoots were dissected from the sprouts in the 

field and used as explants, which are referred to as field-grown sprout-derived explants. 

Other sprouts that contained unopened buds were collected in early spring, washed with 

water and cultured in buckets with water in the greenhouse. After 1–2 weeks, shoots 

grew from buds and were used as explants, hereafter referred to as greenhouse-

cultured sprout-derived explants. To increase the number of shoot explants from 

greenhouse-cultured sprouts, some sprouts were also collected in November when all 

buds were dormant. To break bud dormancy, sprouts were painted with 20% (v/v) water-

soluble white exterior latex paint containing 1 mM BA and 1 mM GA3, put horizontally 

halfway down into black polyethylene flats filled with wet vermiculite (Perlite Canada Inc, 

Lachine, Canada), and cultured in the greenhouse as described previously (Mansouri 

and Preece 2009). Sprouts were watered once every two days and sprayed weekly with 

0.3% (v/v) Funginex fungicide (Sumitomo Corporation, Japan) to reduce fungal 

contamination. After 2–3 weeks, shoots elongated from buds and were used as explants 

for the following processes. 

The sterilization process started with dissecting shoot explants from sprouts or 

seedlings. The explants were 3–4 cm tall after trimming the leaves. The shoots were 

brushed gently with a toothbrush with soapy water and then rinsed under running tap 

water for 20 minutes. The explants were then brought into a laminar fume hood and 

surface sterilized with 70% ethanol for 0.5–7 minutes (Tables 2.1, 2.2, 2.3), then soaked 

in 10% (v/v) Clorox bleach (6% NaOCl; Clorox Co., Oakland, U.S.A.) solution for 2–25 

minutes (Tables 2.1, 2.2, 2.3), and subsequently rinsed three times in sterile distilled 

water. To suppress future contamination, 0.2% (v/v) PPM (Plant Preservative mixture, 

Washington, U.S.A.) and 0.1% (v/v) 200 mg/mL timentin (GlaxoSmithKline plc, London, 

England) were added in all cultural media after autoclaving. PPM is a broad-spectrum 

preservative and biocide, which kills bacteria and fungal cells, prevents germination of 

spores, and can eliminate endogenous contamination in explants at higher 

concentrations. Timentin is an antibacterial combination used to treat and prevent 

bacterial infection. 
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  Shoot initiation 

Shoot initiation medium (SIM) contained basal medium DKW (Driver and 

Kuniyuki 1984), ½ MS (Murashige and Skoog 1962), or WPM (Lloyd and McCown 1980) 

(Phytotechnology Laboratories, Shawnee Mission, U.S.A.) supplemented with three 

concentrations of BA (Sigma-Aldrich Corporation, St. Louis, U.S.A.). The sucrose 

concentration (3% w/v), agar concentration (8 g/L) (plant agar, Phytotechnology 

Laboratories Ltd, Shawnee Mission, U.S.A.), and activated charcoal concentration (2.5 

g/L) (Sigma-Aldrich Corporation, St. Louis, U.S.A.) were kept constant. The pH was 

adjusted to 5.7–5.8 before autoclaving at 121°C for 20 minutes.  

After surface sterilization, shoots were dried using sterilized dry filter paper, the 

shoot bases were excised to remove killed tissues, and shoots were inserted vertically 

into the above media. Batches of over 30 explants were treated at a time. All the cultures 

were kept in a plant incubator, programmed to 22 °C with 90% humidity under a 16-hour 

photoperiod at light intensity of 28 µmolm-2s-1, provided by white fluorescent tubes. 

Shoot explants that were adapted to the cultural environment in SIM responded by 

growth and elongation. Data on shoot growth response rate (the number of explants that 

responded by growth and elongation / the number of explants x 100%) were collected 

after one month. 

  Shoot multiplication 

Shoots that were free of contamination and grew well on SIM were transferred to 

shoot multiplication medium (SMM). Before transferring, shoot apices were cut off, 

leaving at least one node on each segment. Both the apices and the left segments were 

inserted side by side on DKW medium supplemented with BA, BA with NAA, or TDZ with 

NAA. Explants were also treated with only TDZ of four concentrations 0.01, 0.05, 0.1, 1 

μM. After two months, newly proliferated shoots were dissected from the cultures and 

cultured on the medium supplemented with 0.01, 0.05 and 0.1 μM TDZ, but not the 

supra-optimal 1 μM TDZ. More than 30 explants were treated with each treatment. 

Shoot induction from callus was not successful in the laboratory (data not shown). 

Hence, we focused our propagation efforts on axillary shoot generation from buds, which 

excluded intermediate callus formation. After two months, the shoot response rate a.k.a. 
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axillary shoot sprouting rate (the number of basal segments that produced strong axillary 

shoots / the number of cultured explants x 100%), the number of shoots per explant, the 

average shoot length, and the number of nodes per explant were recorded. Shoot length 

was measured from the apical meristem to the base, and the callus was not included. 

Data sets were subjected to JMP13 software (SAS) for analysis of variance (ANOVA) 

and means were separated using Fisher’s least significant difference (LSD).  

  Root induction 

Shoots that were longer than 2 cm were dissected from seedlings in the 

greenhouse. They were then inserted into low-salt media ½ MS, ½ WPM, or ½ DKW 

with four different concentrations of IBA for root induction. Shoots were also inserted on 

½ MS medium with 5 g/L activated charcoal to test the effect of AC on rooting frequency.  

Shoots (>2 cm) dissected from cultures on SMM were cultured on ½ MS medium 

supplemented with four concentrations of IBA for rooting. More than 30 explants were 

treated with each treatment. Rooting data including rooting rate (the number of rooted 

shoots / the number of explants x 100%), average root length (mm), number of roots per 

rooted explants and number of explants that developed lateral roots were collected. Data 

sets were subjected to JMP13 (SAS) for analysis of variance (ANOVA) and means were 

separated using Fisher’s least significant difference (LSD). 

  Acclimatization 

Well-rooted plants were pulled out of agar-solidified media. The root region of 

plants was gently washed with sterilized distilled water. Plants were then inserted into 

sterile vermiculite (Perlite Canada Inc, Lachine, Canada) that was slightly-wetted with 

0.5 g/L 20-20-20 fertilizer (Sure-Gro IP Inc, Brantford, Canada). These plantlets were 

cultured in a growth chamber supplemented with intermittent mist (Sutanto 2010). The 

lids of the containers were opened slightly in the first few days and then opened wider in 

the following days until they were finally removed, acclimating plants to lower humidity. 

After one month, plants that survived in the growth chamber were transferred to the 

greenhouse. The survival rate of plants in the growth chamber and greenhouse were 

calculated based on the number of explants that survived after the treatment in growth 

chamber and in the greenhouse. 
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  Plant hormone stock solution preparation 

The plant hormones NAA, BA, TDZ, IBA, and GA3 were prepared from stock 

chemicals (Phytotechnology Laboratories Ltd, Shawnee Mission, U.S.A). The stock 

chemicals of BA, NAA and TDZ were first dissolved in a small amount of 1 N KOH, and 

then water was added to attain the standard stock concentration (1 mM for NAA and 

TDZ, 10 mM for BA). The stock solutions of 10 mM IBA and 20 mM GA3 were prepared 

by first dissolving chemicals in several drops of 100% ethanol, and then adding water to 

attain the standard stock concentrations. All plant hormone stock solutions in this project 

were made using sterilized distilled water and were filter sterilized (syringe filter, pore 

size 0.22 μm, VWR, Radnor, U.S.A) before being stored at –20 °C. 

2.3. Results 

  Surface sterilization 

A) Field-grown sprout-derived shoots 

The contamination rate of field-grown shoots declined as the duration in 10% (v/v) 

bleach or 70% (v/v) ethanol increased (Table 2.1). However, there was also an 

increased rate of tissue browning and subsequent lack of shoot growth caused by longer 

bleach or ethanol treatment. The most successful trade-off between contamination and 

browning was a 30-second treatment with 70% (v/v) ethanol followed by 10% (v/v) 

bleach for 10 minutes. However, the survival rate for this explants type was only 25%, as 

25% of shoots succumbed to browning and 50% to infection. 
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Table 2.1. Effect of surface sterilization on field-grown axillary shoots of 
bigleaf maple.  

10% 
blea. 
(min) 

70% ethanol (min) 

 
0.5 1 2 

con. (%) bro. (%) sur. (%) con. (%) bro. (%) sur. (%) con. (%) bro. (%) sur. (%) 

2 76.0 3.9 20.2 71.7 15.6 12.6 67.2 20.9 11.8 

3 66.7 12.5 20.8 62.1 20.0 17.9 59.3 23.6 17.0 

5 58.6 18.2 23.2 54.4 26.0 19.6 48.6 29.2 22.2 

10 50.0 25.0 25.0 48.8 30.2 20.9 44.4 33.3 22.2 

15 46.4 35.7 17.9 42.2 37.8 20.0 42.4 39.4 18.2 

20 40.6 43.8 15.6 37.8 48.9 13.3 41.4 51.7 6.9 

25 39.2 49.0 11.8 35.5 54.8 9.7 40.7 58.0 1.24 

Note: Contamination (con.), browning (bro.) and survival (sur.) frequency (%) in response to different exposure times to 
70% (v/v) ethanol and 10% (v/v) bleach (blea.). 

B) Greenhouse-cultured sprout-derived shoots  

When shoots from buds breaking in the greenhouse were tested, the highest 

explant survival rate (46.8%) was obtained after exposure to 70% (v/v) ethanol for 1 

minute and 10% (v/v) bleach for 5 minutes (Table 2.2). In comparison to field explants, 

axillary shoots from buds that broke in the greenhouse were easier to sterilize, given the 

relatively lower contamination rates using the same sterilization method (e.g. 

contamination rate of 66.0% versus 76.0% after washing with 70% (v/v) ethanol for 30 

seconds and 10% (v/v) bleach for 2 minutes) (Tables 2.1, 2.2). 
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Table 2.2. Effects of surface-sterilization of greenhouse-grown axillary shoots 
derived from field-grown sprouts of bigleaf maple.  

10% 
blea. 
(min) 

70% ethanol (min) 

 

0.5 1 2 3 

con. 
(%) 

bro. 
(%) 

sur. 
(%) 

con. 
(%) 

bro. 
(%) 

sur. 
(%) 

con. 
(%) 

bro. 
(%) 

sur. 
(%) 

con. 
(%) 

bro. 
(%) 

sur. 
(%) 

2 66.0 0.0 34.0 62.1 0.0 37.9 60.3 10.0 29.7 59.6 17.3 23.1 

3 62.5 0.0 37.5 57.5 6.0 36.5 52.9 17.7 29.4 49.0 27.5 23.5 

5 51.4 5.1 43.4 48.1 5.2 46.8 42.9 28.6 28.6 32.4 38.2 29.4 

10 46.7 8.9 44.4 41.9 14.0 44.2 38.9 36.1 25.0 26.0 46.0 28.0 

15 41.3 17.4 41.3 37.1 20.0 42.9 35.3 41.2 23.5 20.0 50.0 30.0 

20 40.0 26.7 33.3 34.5 31.4 34.1 26.5 50.0 23.5 16.0 56.0 18.0 

Note: Contamination (con.), browning (bro.) and survival (sur.) frequency (%) in response to different exposure times to 
70% (v/v) ethanol and 10% (v/v) bleach (blea.). 

C) Greenhouse-grown seedling-derived shoots 

The highest survival rate (78.6%) of shoots from greenhouse-grown seedlings 

was obtained when explants were submerged in 70% (v/v) ethanol for 0.5 minutes and 

for 25 minutes in 10% (v/v) bleach. Compared to sprouts cultured in the greenhouse, 

greenhouse seedlings were more resistant to the potential damage caused by 

disinfectants. The browning rate of greenhouse seedlings was lower than that of sprouts 

under the same treatment. For instance, the browning rate of greenhouse seedlings was 

13.2% (Table 2.3) when treated with 70% (v/v) ethanol for 30 seconds and 10% (v/v) 

bleach for 20 minutes, whereas this rate was doubled in greenhouse sprouts (26.7%) 

(Table 2.2). 

Taken together, the results showed that the highest survival rate of shoots from 

greenhouse-grown seedlings was about 30% higher than that of shoots that break in the 

greenhouse, which in turn was about 20% higher than field-grown young shoots. Based 

on these results, it was clear that greenhouse-grown plants were the preferred material 

for initiation of shoot cultures. 
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Table 2.3. Effects of surface-sterilization of greenhouse-grown seedling-
derived shoot explants of bigleaf maple. 

10% 
blea. 
(min) 

70% ethanol sterilization duration (min) 

 
0.5 1 2 3 5 7 

con 
(%) 

bro. 
(%) 

sur. 
(%) 

con. 
(%) 

bro. 
(%) 

sur. 
(%) 

con.
(%) 

bro. 
(%) 

sur. 
(%) 

con.
(%) 

bro. 
(%) 

sur. 
(%) 

con.
(%) 

bro. 
(%) 

sur. 
(%) 

con.
(%) 

bro. 
(%) 

sur. 
(%) 

2 43.7 0.0 56.3 34.6 0.0 65.4 32.0 0.0 68.0 27.1 5.0 67.9 23.2 10.7 66.1 21.5 13.9 64.6 

3 35.7 0.0 64.3 31.0 0.0 69.0 27.0 4.1 68.9 23.3 8.3 68.3 20.0 17.1 62.9 15.0 20.0 65.0 

5 29.3 2.5 68.2 25.0 4.1 71.0 20.2 7.3 72.5 17.1 10.0 72.9 18.8 18.8 62.5 9.4 21.9 68.7 

10 23.7 8.5 67.8 21.2 12.1 66.7 17.4 13.0 69.6 14.8 22.2 63.0 14.3 25.0 60.7 8.3 25.0 66.7 

15 20.0 11.1 68.9 18.0 12.5 69.5 12.5 18.8 68.8 9.4 21.9 68.7 10.0 30.0 60.0 5.1 33.3 61.5 

20 10.5 13.2 76.3 9.7 19.4 71.0 8.6 22.9 68.6 6.7 26.7 66.7 6.1 33.3 60.6 5.3 36.8 57.9 

25 4.8 16.7 78.6 2.6 21.1 76.3 2.9 25.7 71.4 3.0 27.3 69.7 0.0 38.2 61.8 2.2 42.2 55.6 

Note: Contamination (con.), browning (bro.) and survival (sur.) frequency (%) in response to different exposure times to 
70% (v/v) ethanol and 10% (v/v) bleach (blea.). 

 Shoot initiation 

A) Preliminary hormone experiments 

In general, some shoots started to grow and elongate after being cultured on SIM 

for two weeks (Figure 2.6 b). It was found that regardless of different hormone 

combinations, all the media containing activated charcoal resulted in higher rates of 

growing shoot than the media without activated charcoal (data not shown). As described 

for bigtooth maple (Bowen-O’Connor et al. 2007), 27 μM zeatin is optimal to stimulate 

shoot growth. But this high concentration of a potent cytokinin induced extensive callus 

formation with little promotion of shoot growth in bigleaf maple (Figure 2.6 c, data not 

shown). Based on the result, I subsequently added activated charcoal in shoot initiation 

medium. And the weaker cytokinin BA was used to promote shoot growth. 

B) Basal media and BA concentrations experiments 

As shown in Figures 2.1 and 2.3, the use of DKW basal medium resulted in more 

than 30% higher rate of growing shoots than that of ½ MS and WPM media for both 

sprout- and seedling-derived explants. Therefore, DKW might be the medium of choice. I 
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also tested how different concentrations of BA affect shoot growth and found that 2.2 μM 

BA resulted in over 25% higher rate of growing shoots compared to hormone-free 

medium in both sprout and seedling-derived explants (Figures 2.2 and 2.4). Higher 

concentrations of BA (4.4 and 6.6 μM) resulted in higher growth response rates than 

hormone-free medium, but also lower than for 2.2 μM BA, suggesting that these 

concentrations were supra-optimal and 2.2 μM was the optimal concentration to initiate 

the culture of explant. 
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Figure 2.1. The response of seedling-derived shoots of bigleaf maple to three 

types of basal media (DKW, ½ MS, WPM) and two concentrations of 
BA. 

 
Figure 2.2. The response of seedling-derived shoots of bigleaf maple to three 

concentrations of BA in DKW basal medium.  
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Figure 2.3. The response of sprout-derived shoots of bigleaf maple to three 

types of basal media (DKW, ½ MS, WPM) and two concentrations of 
BA.  

  
Figure 2.4. The response of sprout-derived shoots of bigleaf maple to three 

concentrations of BA in DKW basal medium.  
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  Shoot proliferation 

A) Initial exploratory experiments 

In the initial experiment, few bigleaf maple explants showed axillary shoot growth 

on media with cytokinins. For example, when treated with 0.01 μM TDZ, only one out of 

25 explants showed axillary shoot growth (Figure 2.6 d). Other hormone combinations 

resulted in lower or equally low frequency of axillary bud growth (data not shown). More 

frequently, the elevated hormone concentrations resulted in massive calli formation at 

the shoot base (Figure 2.6 c), and eventually also converted newly formed shoots into 

calli (data not shown).  

B) Hormone combination screen on shoots without apices  

Two months after cutting shoots from SIM media into two segments, the apical 

shoot segments typically had grown and produced additional leaves but no axillary 

shoots. On the other hand, the basal shoot segments produced strong axillary shoots, 

and in some shoots, additional adventitious shoots also emerged from the shoot callus 

base. At a low frequency, adventitious shoots also appeared on the callus base of the 

apical part of the shoots. 

The first four rows of Table 2.4 showed the effect of four different concentrations 

of BA on shoot proliferation. BA at a concentration of 2.2 μM induced the most shoots 

(2.3 shoots per explant), the highest shoot length of 13.8 mm, and the most number of 

nodes (2.5 nodes per explant). The effect of auxin NAA in combination with cytokinin BA 

on shoot multiplication was shown in the following three rows of Table 2.4. BA in the 

concentration of 1.33 μM together with 0.27 μM NAA induced a higher multiplication rate 

(2.2 shoots per explant) than BA with other tested NAA concentrations. However, the 

multiplication rate was comparable to that of 2.2 μM BA alone (2.3 shoots per explant), 

indicating that NAA was less efficient than BA. What’s more, a slightly higher 

concentration of NAA (0.54 μM) reduced shoot multiplication rate to 1.4 shoots per 

explant. Therefore, NAA is not necessary for SMM and even if used, should be carefully 

balanced. 

The last three rows of Table 2.4 showed how low concentration of NAA (0.27 μM) 

in combination with three low concentrations of TDZ influenced shoot proliferation. The 

highest tested TDZ concentration (0.1 μM) induced the most number of shoots (2.4 



48 

shoots per explant), the longest new shoot length (14.0 mm) and the highest number of 

nodes (2.8) per explant than other TDZ concentrations. These parameters were also the 

highest among the ten tested hormone combination, indicating that TDZ (NAA may have 

a weak effect) was more efficient than BA or the combination of BA and NAA. 

Table 2.4. Effect of the BA, NAA, TDZ and the combinations on multiplication 
of shoots of bigleaf maple excised from seedlings after two months. 

BA 

(µM) 
NAA 
(µM) 

TDZ 
(µM) 

No. of 
expl. 

resp. rate 
(%)y 

No. of 
shootsy 

shoot length 
(mm)y 

No. of 
nodesy 

0.44 - - 31 38.7±8.7ax 1.1±0.2c 6.7±0.8c 1.3±0.1c 

1.33 - - 31 51.6±9.0a 1.7±0.1b 11.1±0.7b 2.1±0.1b 

2.22 - - 28 60.7±9.2a 2.3±0.1a 13.8±1.3a 2.5±0.1a 

4.44 - - 32 40.6±8.7a 1.3±0.1c 8.0±0.6c 1.7±0.1c 

1.33 0.054 - 34 58.8±8.4a 1.8±0.1b 10.3±0.6b 2.2±0.1b 

1.33 0.27 - 36 63.9±8.0a 2.2±0.1a 12.9±0.6a 2.6±0.1a 

1.33 0.54 - 36 47.2±8.3a 1.4±0.1c 8.1±0.6c 1.8±0.1a 

- 0.27 0.01 32 46.9±8.8a 1.5±0.1c 8.8±0.9c 1.8±0.1c 

- 0.27 0.05 33 57.6±8.6a 2.1±0.1b 11.9±0.8b 2.2±0.2b 

- 0.27 0.1 35 68.6±7.8a 2.4±0.1a 14.0±0.6a 2.9±0.1a 

ANOVAw  

PGR NA NA NA NS ** ** ** 

Abbreviations: BA (6-benzylaminopurine), TDZ (thidiazuron), NAA (1-naphthaleneacetic acid), expl. (explants), resp. 
rate (response rate), NA (not applicable). 
yValues represent mean ± SEM. Means followed by different letters within columns are significantly different, P < 0.05.  
xMean separation within columns by Fishers LSD, P < 0.05.  
wNS,*, **: Not significant or Significant at P < 0.05 or < 0.01, respectively. 

C) TDZ series in combination with shoot apex removal 

i) Seedling-derived shoots 

As can be seen in the results of the previous hormone screen, the contribution of 

0.1 μM TDZ with 0.27 μM NAA was high for shoot multiplication. However, whether NAA 

facilitated this process or not was unclear. The effect of TDZ alone on shoot 

multiplication was then tested and results were shown in Table 2.5. The highest shoot 

response rate, with 83.7% of shoot explants responding by axillary shoot sprouting was 
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obtained using 0.1 μM TDZ. The average number of shoots, the average shoot length, 

and the number of nodes per explant also increased with the increasing of TDZ 

concentration, reaching the maxima at 0.1 μM TDZ (3.2 shoots per explant, shoot length 

of 18.1mm, 3.7 nodes per explant, respectively) (Table 2.5). These parameters 

suggested that 0.1 μM was the optimal TDZ concentration for shoot multiplication among 

tested TDZ concentrations. In addition, these parameters were higher than the previous 

best result obtained using 0.1 μM TDZ with 0.27 μM NAA. This result suggested that (i) 

NAA did not facilitate shoot multiplication and (ii) TDZ at 0.1 μM was the optimal 

concentration among all tested hormone concentrations.  

The use of 0.01 μM TDZ allowed assessment of the effect of removing the apex 

on shoot multiplication efficiency, with only 4% response (axillary shoot sprouting) rate 

without removal of the apex (Figure 2.6 d), compared to 68.8% when shoots apices were 

removed (Figure 2.7 c, d). Removing shoot apex effectively increase axillary shoot 

sprouting rate. 

One μM TDZ induced fewer shoots (1.4 shoots per explant) with fewer nodes 

(1.7 nodes per explant) than other concentrations of TDZ. Instead, these segments 

showed massive proliferation of calli from the base and newly formed shoots were also 

converted into calli, indicating that 1 μM TDZ was supra-optimal. 

Table 2.5. Effect of TDZ concentrations on the multiplication of explants 
excised from seedling of bigleaf maple after two months (round 1) 
and on the multiplication of newly proliferated shoots (round 2).  

TDZ 

(µM) 
No. of 
expl. 

resp. rate 
(%)y No. of shootsy shoot length 

(mm)y No. of nodesy 

round 1 

0.01 32 68.8±8.3ax 1.9±0.2c 10.6±0.7c 2.2±0.2c 

0.05 36 66.7±7.9a 2.6±0.3b 13.3±0.6b 2.7±0.1b 

0.10 43 83.7±5.6a 3.2±0.2a 18.1±0.6a 3.7±0.1a 

1.00 26 38.5±9.5b 1.4±0.2d 6.0±0.5d 1.7±0.2d 

round 2 

0.01 40 62.5±7.7a 2.4±0.2c 14.5±0.8c 3.1±0.1c 
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TDZ 

(µM) 
No. of 
expl. 

resp. rate 
(%)y No. of shootsy shoot length 

(mm)y No. of nodesy 

0.05 36 63.9±8.0a 3.0±0.2b 16.6±0.7b 3.7±0.1b 

0.10 43 79.1±6.2a 3.5±0.2a 22.1±0.6a 4.8±0.1a 

ANOVA w  

TDZ NA NS ** ** ** 

Abbreviations: TDZ (thidiazuron), expl. (explants), resp. rate (response rate), NA (not applicable). 
yValues represent means ± SEM. Means followed by different letters within columns are significantly different, P <0.05. 
xMean separation within columns by Fishers LSD, P < 0.05. 
wNS,*, **: Not significant or Significant at P < 0.05 or < 0.01, respectively.  

Same as the first round, the numbers for all recorded parameters increased with 

the increasing of TDZ concentration in the second round of shoot multiplication test 

(Table 2.5). Interestingly, the numbers for all categories except response rate were 

consistently higher than that observed in the first round. In particular, shoots on average 

had one more node in round 2 compared to round 1 (3.7 versus 4.8 nodes per shoot). 

Therefore, it appeared that the second round of propagation possibly increased the 

propagation capacity of the shoots. 

ii) Sprout-derived shoots 

Similar to explants from seedlings, shoots from sprouts also produced the 

highest number of shoots when 0.1 μM TDZ was added to the medium. In comparison 

with shoots from seedlings, sprout-derived explants produced more shoots (3.9 shoots 

per explant) (Table 2.6). However, the average length of shoots was shorter (13.1 mm) 

than shoots from seedlings (18.1 mm) with the same treatment of 0.1 μM TDZ (Table 

2.6). 

Table 2.6. Effect of TDZ concentrations on the multiplication of explants 
excised from sprouts of bigleaf maple after two months. 

TDZ 

(µM) 
No. of 
expl. 

resp. rate 
(%)y No. of shootsy shoot length 

(mm)y No. of nodesy 

0.01 27 63.0±9.3ax 2.3±0.3b 9.2±0.4b 2.5±0.2b 
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TDZ 

(µM) 
No. of 
expl. 

resp. rate 
(%)y No. of shootsy shoot length 

(mm)y No. of nodesy 

0.05 30 66.7±8.6a 2.4±0.3b 10.1±0.6b 2.8±0.1b 

0.10 29 82.8±7.0a 3.9±0.3a 13.1±0.5a 3.5±0.2a 

ANOVA w  

TDZ NA NS ** ** ** 

Abbreviations: TDZ (thidiazuron), expl. (explants), resp. rate (response rate), NA (not applicable) 
yValues represent means ± SEM. Means followed by different letters within columns are significantly different, P <0.05. 
xMean separation within columns by Fishers LSD, P < 0.05. 
wNS,*, **: Not significant or Significant at P < 0.05 or < 0.01, respectively. 

  Rooting of shoots 

A) Seedling-derived shoots 

Among four tested concentrations of IBA, 0.25 μM IBA induced the highest 

rooting rate when using ½ DKW (81.3%) or ½ WPM (67.7%) as basal medium (Table 

2.7). Half MS supplemented with 0.5 μM IBA induced the highest rooting rate (56.2%) 

than other tested IBA concentrations. Across all combinations, ½ DKW + 0.25 μM 

induced the highest rooting rate. On all basal media without activated charcoal, rooting 

rate increased with increasing IBA concentration up to 0.5 μM IBA and started to 

decrease when 1 μM was used (Table 2.7). However, on ½ MS with activated charcoal, 

the rooting rate continued to increase up to the maximum tested IBA concentration of 5 

μM. Half MS with AC induced a higher rooting rate (61.2%) than ½ MS without AC 

(56.3%) when the same concentration of IBA (0.5 μM) was used. Therefore, AC was 

beneficial to improve root induction rate.  

Root length and other parameters (e.g. roots number) also varied with the 

concentration of IBA (Table 2.7). The highest root length (190.3 ± 13.1 mm) occurred at 

0.5 μM IBA (and not 0.25 μM IBA) among four tested IBA concentrations on ½ DKW. A 

negative effect of IBA concentration on root length was observed when IBA 

concentration reached to 1 μM. Same negative effect of IBA concentration could be 

noticed in other basal media as well.  
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Table 2.7. Effect of IBA concentration and basal media on the rooting of 
seedling-derived explants of bigleaf maple.  

basal 
media 

 

IBA 
(µM) 

No. of 
explants 

rooting 
rate (%)y 

No. of 
roots per 

rooted 
explants 

No. of 
explants 

that 
develop 
lateral 
roots 

root length (mm)y 

½ MS 

0.25 34 47.1±8.6ax 2.9 9 83.2±2.1a 

0.50 32 56.3±8.8a 3.4 18 74.1±3.7a 

1.00 30 43.3±9.0a 2.9 2 56.2±3.0b 

5.00 30 36.7±8.8a 4.0 2 44.9±3.2c 

½ MS 
(AC) 

0.00 23 56.2±1.0a 2.7 3 9.7±1.5b 

0.25 45 53.3±7.4a 3.2 11 22.8±3.9b 

0.50 49 61.2±7.0a 2.5 19 64.4±14.4a 

1.00 54 61.1±6.6a 3.4 9 15.9±1.9b 

5.00 44 65.9±7.1a 3.0 6 19.8±2.8b 

½ DKW 

0.00 24 33.3±9.6b 4.4 22 130.0±9.9b 

0.25 32 81.3±6.9a 4.4 39 172.5±13.1a 

0.50 27 66.7±9.1a 2.6 37 190.3±13.1a 

1.00 30 60.0±8.9ab 2.2 21 136.2±11.7b 

5.00 25 56.0±9.9b 2.7 21 112.1±10.3b 

½ WPM 

0.00 30 40.0±8.9b 2.7 10 68.5±5.4bc 

0.25 34 67.7±8.0a NA NA NA 

0.50 33 51.5±8.7ab NA NA NA 

1.00 34 46.9±8.6ab 3.2 7 83.1±3.9a 

2.50 40 42.5±7.8b 2.5 6 57.3±9.6bc 

5.00 32 31.3±8.2b 3.4 10 53.3±3.4c 

ANOVA w  

Media NA NA NS NA NA ** 

IBA NA NA NS NA NA ** 

Media*IBA NA NA NS NA NA ** 

Abbreviations: ½ MS (half Murashige and Skoog basal salts and vitamins), ½ WPM (half woody plant medium basal 
salts and vitamins), ½ DKW (half Driver-Kuniyuki Walnut basal salts and vitamins), IBA (indole-3-butyric acid), AC 
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(activated charcoal), NA (not applicable). 
yValues represent means ± SEM. Means followed by different letters within columns are significantly different, P <0.05. 
xMean separation within columns by Fishers LSD, P < 0.05.  
wNS,*, **: Not significant or Significant at P < 0.05 or <0.01, respectively. 
 

Table 2.8. Effect of IBA concentrations on the rooting of shoots obtained from 
multiplication round 2 (shoot explants derived from seedlings).  

basal 
medium 

IBA 

(µM) 
No. of 

explants rooting rate (%)y 
No. of 

roots per 
rooted 
shoots 

No. of 
shoots that 

develop 
lateral 
roots 

root length 
(mm)y 

½ MS 

0.00 22 40.9±10.5bx 2.0 0 20.5±1.0d 

0.25 42 52.4±7.7ab 2.1 2 43.3±2.6c 

0.50 32 59.4±8.7ab 2.4 6 54.2±2.8b 

1.00 37 67.6±7.7a 2.8 4 66.7±2.4a 

5.00 31 45.2±8.9ab 3.4 1 38.6±5.6c 

ANOVA w  

IBA NA NA NS NA NA ** 

Abbreviations: ½ MS (half Murashige and Skoog basal salts and vitamins), IBA (indole-3-butyric acid), NA (not 
applicable). 
yValues represent means ± SEM. Means followed by different letters within columns are significantly different, P <0.05. 
xMean separation within columns by Fishers LSD, P < 0.05. 
wNS,*, **: Not significant or Significant at P < 0.05 or <0.01, respectively. 

 

Proliferated shoots from cultures (seedling-derived explants) on SMM after the 

second round of multiplication were collected and induced to root. As shown in Table 2.8, 

rooting rate increased as IBA concentration increased, peaking at 67.6% with the 

treatment of 1 μM IBA. This rooting rate was over 20% higher than that of greenhouse 

seedlings (43.3%, Table 2.7), which were not induced by SMM. In addition, proliferated 

shoots from SMM induced longer roots (root length 66.7 mm) than greenhouse 

seedlings (root length 56.2 mm) (Tables 2.7 and 2.8). 

B) Sprout-derived shoots 

Shoots proliferated from sprout-derived explants were also harvested for root 

induction. As with proliferated shoots of seedling-derived explants, shoots from sprouts 
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showed the highest rooting rate on ½ MS with 1 μM IBA and the rooting rate and 

average root length were close to those of seedling-derived shoots (Tables 2.8 and 2.9). 

A negative correlation and significant interaction (P < 0.01) between IBA 

concentration and root length was observed in both seedling-derived explants and 

sprout-derived explants (Tables 2.8 and 2.9), which has a bearing on future efforts to 

further improve rooting performance (see discussion). 

Table 2.9. Effect of IBA concentrations on the rooting of shoots obtained from 
multiplication round 1 (shoot explants derived from sprouts). 

basal 
medium 

IBA 

(µM) 
No. of 

explants 
rooting rate 

(%)y 
No. of roots 
per rooted 

shoots 

No. of 
shoots that 

develop 
lateral roots 

root length (mm)y 

½ MS 

0.00 28 53.6±9.4ax 1.3 0 24.9±1.7d 

0.25 25 52.0±10.0a 1.9 1 32.6±2.9c 

0.50 27 55.6±9.6a 2.5 2 45.4±0.9b 

1.00 28 64.3±9.1a 2.7 6 71.5±2.9a 

5.00 25 40.0±9.8a 2.9 3 37.3±1.4c 

AVONA w  

IBA NA NA NS NA NA ** 

Abbreviations: ½ MS (half Murashige and Skoog basal salts and vitamins), IBA (indole-3-butyric acid), NA (not 
applicable). 
yValues represent means ± SEM. Means followed by different letters within columns are significantly different, P < 0.05. 
xMean separation within columns by Fishers LSD, P < 0.05. 
wNS,*, **: Not significant or Significant at P < 0.05 or <0.01, respectively. 

 Acclimatization 

Plantlets that were transferred to a growth chamber for acclimatization showed a 

survival rate of 74.6% after two weeks in a growth chamber (Figure 2.8 d), after which 

they were transferred to a greenhouse. The survival rate of plants transferred to a 

greenhouse was 82.9%. One of the plants grew to over 2 meters (Figure 2.8 e) in the 

greenhouse within two months.  
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Figure 2.5. Explants of bigleaf maple. 
a) A sprout with buds dissected from a bigleaf maple mature tree. 
b) Bigleaf maple samara that contained 2 seeds. Sometimes one samara enclosed 3 seeds.  
c) Seedlings germinated and grown for 2 months. 
d) An unanticipated root developed on an isolated branch cultured on wet vermiculite. 
e) Bud dormancy was successfully broken after being painted with BA and GA3. 
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Figure 2.6. Shoot initiation of bigleaf maple. 
a) Shoot developed from a bud explant of a branch. 
b) Shoot grown on shoot initiation medium. 
c) A shoot cultured on DKW supplemented with 27 μM zeatin produced a large callus base with 
multiple petioles and no additional shoots. 
d) Axillary shoot sprouted on media containing TDZ. 
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Figure 2.7. Shoot multiplication of bigleaf maple. 
a) Multiple shoots developed on DKW medium supplemented with 0.1 μM TDZ for 1 month. 
b) Multiple shoots developed on DKW medium supplemented with 0.01 μM TDZ for 1 month. 
c) The right shoot of b) had the shoot apex removed and had been cultured on medium with 0.01 
μM TDZ for 1 month.  
d) The left shoot of b) had the shoot apex removed and had been cultured on medium with 0.01 
μM TDZ for 1 month.  
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Figure 2.8. Rooting and acclimatization of bigleaf maple. 
a) Shoot rooted on root induction media within a month. 
b) Shoot rooted on medium with activated charcoal. 
c) Rooted plant was transferred to a slightly-wet vermiculite. 
d) A rooted plantlet survived and elongated after one month of acclimation in the growth chamber. 
e) Plantlet in d) reached to 2 meters within 2 months after being transferred to a greenhouse. 

 

Table 2.10. Plants’ survival rate after acclimatization in the growth chamber and 
in the greenhouse. 

No. of rooted 
plants 

survival rate (%) in the growth 
chamber 

survival rate (%) in the 
greenhouse 

55 74.6% 82.9% 
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2.4. Discussion 

A series of experiments were performed to develop the first protocol for micro-

propagation of bigleaf maple. In initial experiments, suitable conditions for surface 

sterilization of field-grown shoots, shoots that flushed in a greenhouse, and shoots from 

greenhouse-grown seedlings were identified. Among the three tested basal media, DKW 

resulted in 30% higher rate of growing shoots than MS and WPM media. DKW combined 

with 2.2 μM BA and activated charcoal produced the highest shoot growth response rate 

than other tested BA concentrations. Initial experiments showed that the removal of 

shoot apices was essential for shoot multiplication. Subsequent tests of 14 different 

hormone concentrations and combinations identified 0.1 μM TDZ as the best option for 

shoot multiplication. The high rooting rate was induced by ½ DKW supplemented with 

0.25 μM IBA. These findings are discussed further and related to existing results. 

  Sterilization 

When using shoot explants that were sensitive to disinfectants, as expected 

there was a trade-off between reduced contamination rate and increased browning and 

death rate when using increasingly stringent sterilization treatments. The origin of 

explants also had an effect on survival rate with the highest survival rate in the following 

order: shoots from greenhouse-grown seedlings (79%) > shoots emerging in the 

greenhouse from outdoor sprouts (47%) > young shoots from outdoor sprouts (25%). 

Based on these results, greenhouse-grown seedlings are considered the most preferred. 

The considerably high survival rate of seedling-derived shoots was probably due to 

fewer microbes on the seeds, and because the seedlings had been grown in a relatively 

sterile environment rather than in the wild. In addition, shoots emerging in the 

greenhouse from outdoor sprouts were more sensitive to over sterilization (higher 

browning rate) than shoots from greenhouse-grown seedlings (Tables 2.2 and 2.3). 

Presumably, older (1-year-old) greenhouse-grown seedlings had thicker cuticles than 

the recently emerged sprout-derived shoots and therefore were less sensitive to ethanol 

and bleach.   
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  Shoot initiation 

It was found in this project that bigleaf maple shoots responded and grew better 

on DKW medium than ½ MS and WPM media. The same result was reported for 

bigtooth maple (Bowen-O’Connor et al. 2007). However, in contrast to this publication, 

bigleaf maple shoots cultured on 27 μM zeatin only produced a large callus base (Fig. 

2.6 c). Instead, the use of a modest 2.2 μM of BA produced the high rate of growing 

shoots in both seedling and sprout-derived shoot explants.  

The use of 2.2 μM BA appeared to produce a higher shoot growth response rate 

than other BA concentrations, although the rate was not significantly higher than the 

rates obtained using 4.4 and 6.6 μM BA (Figures 2.2 and 2.4). Shoot growth response 

rates obtained on medium with 4.4 and 6.6 μM BA were very close. The comparable 

results of two relatively high BA concentrations may be due to some of the BA being 

absorbed by the added activated charcoal. Activated charcoal is commonly used in plant 

tissue culture to absorb harmful secondary metabolites like phenolic compounds that are 

produced in response to wounding and surface sterilization. Excised and surface-

sterilized bigleaf maple shoots also exude visible amounts of brown compounds, 

presumably phenolics. It was clear in the preliminary experiment that the inclusion of 

activated charcoal in the medium was beneficial for the establishment of growing shoots 

(data not shown), as also observed for many other species (Thomas 2008; Weatherhead 

et al. 1979). 

  Shoot proliferation 

The preliminary result revealed that bigleaf maple had low sprouting rate when 

treated with only cytokinins and auxins (data not shown). The suppression of axillary 

buds reveals the strong apical dominance in bigleaf maple micro-propagation, which is in 

accordance with the monopodial growth of wild bigleaf maple trees observed in the field. 

Therefore, before being transferred to SMM, bigleaf maple shoots had apices 

removed as this allowed axillary buds to grow. This technique is not commonly used in 

the micro-propagation of maple species. Only one publication, assessing micro-

propagation of snakebark maple, reported using this method for shoot multiplication 

(Ďurkovič 2003). In other maple species, axillary bud multiplication can be easily 
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activated by exposure to exogenous cytokinins (Bowen-O’Connor et al. 2007; Preece et 

al. 1991; Wann and Gates 1993).  

In the exploratory experiment with BA, 2.2 μM BA induced the highest number of 

shoots (2.3 shoots per explant). This hormone concentration also promoted the highest 

shoot growth response rate in the shoot initiation process. In contrast, Manitoba maple 

(Acer negundo) cultured shoots performed the best on medium containing 1.3 μM BA 

compared to other concentrations including 2.2 μM (Meng 2006). However, similar to 

Meng (2006), I also found that a slightly higher concentration of NAA (0.54 μM) was not 

beneficial to shoot proliferation and resulted in a low multiplication rate (1.4 shoots per 

explant).  

In fact, NAA should be abandoned from SMM since it did not improve shoot 

multiplication efficiency and potentially decreased it. TDZ at 0.1 μM induced 3.2 shoots 

per explant, whereas the number was only 2.4 on medium with 0.1 μM TDZ and 0.27 μM 

NAA. In addition, without adding NAA, 0.1 μM TDZ induced longer shoots (18 mm 

versus 14 mm) (Tables 2.4, 2.5). Therefore, there is no obvious advantage of using a 

combination of NAA and TDZ over TDZ alone.  

When TDZ alone was added to SMM, 0.1 μM TDZ induced the best shoot 

multiplication performance with the highest axillary shoot sprouting rate, the highest 

number of shoots per explant and the longest shoot length relative to the results of other 

concentrations of TDZ (Table 2.5). In addition, shoot multiplication rate increased in the 

second round and shoots of the second round developed one more node than the 

shoots in the first round. These results were encouraging as it appeared that the second 

round of propagation did not reduce but possibly increased the propagation capacity of 

the shoots. Similar results can be observed in shoot explants taken from sprouts of adult 

trees, indicating that there are no obvious differences in responses between shoot 

explants of different origins and that at least under these tested conditions, the 

ontogenetic age of the starting material is not an issue. 

TDZ was also proved more efficient in shoot multiplication than other cytokinins 

in the micro-propagation of other maple species. It induced higher multiplication rate 

than BA, kinetin, or 2iP for silver maple (Preece et al. 1991) and Manitoba maple (Meng 

2006), and was superior to BA in shoot multiplication of red maple (Wann and Gates 
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1993). In silver maple micro-propagation, Preece et al. (1991) reported that the optimal 

cytokinin TDZ at 10 nM was optimal for both juvenile and adult nodal explants. This 

finding is similar to ours except that bigleaf maple needs a higher concentration of TDZ 

and that we did not get the dense “turf”-like shoot proliferation seen in silver maple 

micro-propagation (Preece et al. 1991). In addition, except for red maple and silver 

maple, there are no reports on micro-propagation of other maple species that show 

“turf”-like multiplication of shoots (Ďurkovič 2003), indicating that maple tree species are 

typically quite recalcitrant to multiplication in vitro. 

 Rooting of shoots 

The use of ½ DKW and 0.25 μM IBA induced the highest rooting rate (81.3%) 

over other basal media and IBA concentrations. Among all the tested basal media, we 

noticed a negative correlation and significant interaction (P < 0.01) between IBA 

concentration and root length. This phenomenon revealed the inhibitory effect of 

prolonged auxin treatment in root development. For plant species that require IBA for 

root induction, the IBA concentration must be lowered 3–4 fold in later root development 

stages as high auxin concentration inhibits root elongation and development (Srivastava 

2002). Therefore, in a future study, one can transfer rooted plants to hormone-free 

media or even media with activated charcoal (to lower auxin concentration) to obtain 

longer and more roots. 

Many reports indicated that activated charcoal (AC) alone or in combination with 

an auxin such as IBA improve rooting frequency of in vitro shoots (Rohr and Hanus 

1987). Here, we also found that AC increased the rooting rate by 10% (Table 2.7). The 

effect of AC is likely due to its ability to absorb inhibitory substances such as phenolics 

produced by the cut shoots. Because activated charcoal provides a dark environment, it 

is also possible that physiological reactions that occur in the dark and are vital to root 

formation are promoted.  

In summary, a combination of ½ DKW and 0.25 μM IBA resulted in a high (>80%) 

rooting frequency of bigleaf maple shoots. It is also worth noting that unrooted shoots 

can be recut and used for another round of rooting, putting the actual rooting frequency 

close to 100%. In the future, it is also worth trying to add activated charcoal in ½ DKW 
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with 0.25 μM IBA because AC has improved the rooting rate of shoots on ½ MS by 10% 

(Table 2.7). 
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Chapter 3.  
 
Screening for markers that may precede and predict 
the formation of fiddleback figure 

3.1. Introduction 

A small population of bigleaf maple (Acer macrophyllum L.) produce wood that 

exhibit a variety of figures: curly, fiddleback, quilted, burl, or even birdseye (Figure 1.3) 

(Beals and Davis 1977; Panshin and De Zeeuw 1980). However, the biological origin of 

figured wood remains a mystery. The most frequent figure found in figured bigleaf maple 

is curly figure. It is formed by a wavy alignment of wood fibers (Beals and Davis 1977). 

When split, logs with such fibers show wave patterns on the radial face and to some 

extent also on the tangential face (Panshin and De Zeeuw 1980). In samples with higher 

frequency and amplitude of waves than the waves in curly figure, the planed wood 

exhibits an optical phenomenon of alternating light and dark stripes, and this figure is 

called “fiddleback” (Beals and Davis 1977; Bucur 2006). The beauty of the wavy grain 

structure is often the most vital criterion when selecting among fiddleback bigleaf maples 

(Krajnc et al. 2015). 

Bigleaf maple with fiddleback figure is usually used for manufacturing veneer for 

furniture and musical instruments because of its favorable decorative property (Panshin 

and De Zeeuw 1980). It is not only appreciated for its distinctive decorative property, but 

it is also considered resonance wood in terms of its acoustic properties (Beals and Davis 

1977; Bucur 2006). Historically, the name “fiddleback” comes from its wide use for the 

backplates, ribs, necks, and scrolls of stringed instruments such as violins and guitars 

(Beals and Davis 1977). 

The occurrence of fiddleback figure in maple is low, only 3% of sycamore maple 

develop fiddleback figure (Krajnc et al. 2015). Therefore, the figured maple is worth 

extraordinarily more than the non-figured one. The fiddleback grain in maple increased 

wood value by 150% to 200% (Rieder 1998). In addition, the price was increasing 

annually due to its scarcity (Kobal et al. 2013). Fiddleback maple is one of the most 

desired figured wood. Analysis of the data from log auctions that took place from 2007 to 
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2014 in Slovenj Gradec, Slovenia, showed that fiddleback maple always sold at 

significantly higher prices than any other types of figured wood (Krajnc 2013). 

As valuable figured (especially fiddleback) maple trees are scarce in forests, 

scientists have often been motivated to develop a protocol to propagate figured trees 

and to detect wavy grain in standing trees (Bucur 2005; Bucur 2006). There have been 

many reports of vegetative propagation of trees with curly figure but very few of them 

have figured wood produced in clones. One of the few successes was that wavy 

sycamore maple was successfully cloned by cutting (Ewald and Naujoks 2015). And 

they detected the appearance of wavy grain in the cuttings after twelve years (Ewald and 

Naujoks 2015). Being inspired by the few cases that figured wood is produced, research 

into the propagation of figured wood continues (my project and personal communication 

with Kevin Burke). To detect wavy figure in a standing tree, a piece of bark is commonly 

removed and the underlying wood is examined for the presence of wavy figure (Pillow 

1955). When using this method, only a small portion of wood should be peeled or long-

term effects on growth and disease resistance may occur. Non-destructive detection of 

wavy grain in maple can be done by ultrasound analysis, whereby ultrasound waves 

travel through wavy grain wood significantly faster than in wood without wavy grain 

(Harris 1989). 

Radial sections of bigleaf maple trees reveal that weak wavy figure starts to 

emerge only after 10 or more years (data not shown). Thus, it is likely that clones from 

trees with wavy figure need to be grown for at least 10 years before knowing if they are 

developing wavy figure. However, due to the fact that fiddleback occurs in some trees to 

a high extent, its formation is therefore considered the result of accumulation instead of 

accident. It is speculated that some unusual natural defects occur in a figured wood tree, 

accumulate for many years, and then produce figured wood (Krajnc et al. 2015). 

Therefore, it is possible to detect markers that either only exists in juvenile figured wood 

trees or differ in the amount between young figured and non-figured wood trees. The 

detected markers in figured wood trees may induce defects that accumulate and 

eventually form the figured wood in the future. Therefore, detected markers are 

correlated with figured wood formation and can even potentially predict whether one 

individual will produce figured wood or not in the future before real figured wood forms. 

The objective of this study was to screen for potential early differences between young 

clones from trees with figured wood compared to young clones from trees without 
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figured wood. Wood anatomy, wood components, and cell wall structure of wood 

samples of figured wood tree clones and non-figured wood tree clones were studied to 

detect an early difference that could potentially determine the nature of figured wood 

individuals. Once found, these differences could potentially be used as early markers for 

the development of figured wood. 

3.2. Materials and methods 

  Paraffin embedding  

To screen for early markers, the wood anatomy of the tangential longitudinal 

surface of sprouts derived from figured wood and non-figured wood trees were studied. 

Pieces of sprout sapwood were provided by Kevin Burke (Pacific Rim Tonewoods 

company) from a fiddleback bigleaf maple tree called “BHF” (Bills Hollow Fiddleback) 

and from a control tree living at the same site with no figured wood. From here on, young 

sprouts from figured wood trees are also named as “figured tree name + clones” and 

young sprouts from non-figured wood trees are also called “control + figured tree name + 

clones”. All sprouts were 1–2” in diameter.  

Wood cubes were prepared from wood samples with the tangential face exposed, 

followed by fixation in paraffin. The wood tissues were fixed overnight at 4°C in FAA (10% 

v/v formaldehyde, 50% v/v ethanol, 50% v/v glacial acetic acid, 35% v/v water), then 

washed in 50% (v/v) ethanol for 1 hour. Samples were dehydrated and embedded in 

paraffin using 100% xylene as the intermediate solvent. Embedded wood cubes were 

sectioned on a microtome (Ernst Leitz GMBH Wetzlar tissue microtome type 1212) at a 

thickness of 10–15 μm. Paraffin was removed as described previously (Ruzin 1999). 

Sections were then stained with 1% (w/v) safranin for 5 minutes, washed 3 times in 

distilled water, dehydrated in 100% ethanol and cleared overnight in 100% (w/v) methyl 

salicylate (oil of wintergreen). Sections were mounted under a coverslip in Permount, 

with weight applied to press out excess fluid, then cured for 1–2 days at 50–60 °C (Ruzin 

1999). Sections were observed using bright field or differential contrast optics on a Nikon 

Eclipse E600 microscope. Photos were taken with a Canon 5D digital camera. Contrast 

and exposure were adjusted in Adobe Photoshop. 
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  Staining agent 

Wood samples were taken from four non-figured trees (WT1, WT2, WT3, R1) 

and from four trees with fiddleback figure (AX, D1, FNSO5, S1). Wood pieces were 

provided by Kevin Burke from the fiddleback trees called “AX”, “D1”, “FNSO5”, “S1” and 

non-figured wood tree named “R1”. Wood pieces of three other non-figured wood trees 

WT1, WT2, WT3 were collected on Burnaby mountain. Blocks were boiled for one 

minute in a microwave oven for wood softening. Thereafter the blocks were sectioned on 

the above microtome. The sections were stained with three stains, 0.01% (w/v) toluidine 

blue (TBO), 0.05% (w/v) ruthenium red and Etzold-FCA (fuchsin-chrysoidine-astra blue) 

stain (ready-to-use solution, Morphisto, Frankfurt am Main, Germany), to test if there 

was any difference in stain uptake between figured wood and non-figured wood. In 

addition, vessel elements were counted in random areas (0.84mm x 1.26mm). 

  Maceration 

In order to observe individual cells (fibers, rays, and vessel elements) in wood 

sections, the samples were macerated as previously described (Ruzin 1999). Wood 

pieces were provided by Kevin Burke from the fiddleback tree called “AX” and non-

figured wood tree named “R1”. Wood from sprouts was also collected. Some sprouts 

from the figured wood tree “BHF” and some sprouts from a non-figured tree near BHF. 

Wood pieces of approximately 1 x 1 x 2 mm in size were placed into a solution of 1:4:5 

H2O2 (30%): DI water: glacial acetic acid and incubated at 56 °C for 3 days. Thereafter, 

the sludge was washed with 3 changes of DI water, several hours per change and kept 

in water overnight. On the next day, samples were transferred to 50% (v/v) ethanol 

solution, stained with 1% (w/v) safranin in 95% (v/v) ethanol for 5–10 minutes, washed 

3–4 times in fresh 95% (v/v) ethanol, once in 100% ethanol and twice in xylene before 

mounting in Permount (Ruzin 1999). After maceration, the lengths of vessel elements 

were measured under a light microscope, using the method illustrated in Figure 3.4 a.  

  Microfibril angle (MFA) measurement using x-ray diffraction 

Wood samples were taken from five sprouts of two figured wood trees (BHF, PL) 

and five sprouts of nearby control trees without figured wood. Wood samples were 

prepared as 10 mm thick discs and sent to Dr. Shawn Mansfield, University of British 
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Columbia for determination of average MFA using x-ray diffraction (Barnett and Bonham 

2004). The MFA measurement was repeated using seven sprouts of four figured trees 

(BHF, PL, Clipper, Sleeper) and nine control non-figured tree sprouts.  

  Pyrolysis Molecular Beam Mass Spectroscopy 

To prepare samples for Pyrolysis Molecular Beam Mass Spectroscopy (py-

MBMS), a wood grinding machine (Wiley laboratory mill, standard model No. 2, Cat. No. 

4275 Z10, Ser. No. 670201, Arthur H. Thomas Company) was used to break down wood 

pieces into powder. Wood samples included figured wood tree (PL) and non-figured 

wood tree (R0, R1), as well as sprouts of figured wood trees (BHF, PL) and nearby 

control non-figured wood trees. Wood samples were sent to Robert Sykes et al., 

National Renewable Energy Laboratory, Golden, CO, U.S.A. for py-MBMS analysis. In 

this procedure, the molecular beam mass spectrometer method was used to collect 

spectral data in the form of mass charge ratios (m/z) of 30–450 during pyrolysis of wood 

samples. As previously described (Sykes et al. 2015), two technical replicates of spectra 

data for each sample were collected.   

  Transmission electron microscopy (TEM) analysis of 
secondary cell wall layers 

Wood samples came from sprouts of figured wood trees (BHF, PL) and nearby 

control non-figured wood trees. Cubes of approximately 3 mm3 in volume were taken 

from the outermost layer of sapwood of sprouts. The cubes were embedded, sectioned 

and their images were taken by transmission electron microscopy (TEM) by staff at the 

UBC bioimaging facility. The thickness of the S1, S2, S3 cell wall layers of wood fibers 

were measured from scaled images using the software imageJ 

(imagej.nih.gov/ij/download/). 
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3.3. Results 

  Assessment of potential differences in anatomical traits 

3.3.1.1 Preliminary results of wood tangential surface comparison 

Tangential longitudinal sections suggested that vessel elements were shorter in 

the BHF clone, and that rays were roughly equal in size and in cell number between the 

BHF clone and its control (Figure 3.1). In near radial sections, vessels were often curved, 

generating small waves (figure not shown). However, the wavy vessels appeared in both 

figured wood tree sprouts and non-figured wood tree sprouts and appeared to be an 

artifact from compression during sectioning. Therefore, when the variation that existed 

on a microscopic level in different control samples and within individual control samples 

were taken into account, there was no evidence for any major anatomical deviations in 

BHF samples. However, images suggested that the length of vessel elements should be 

assessed.  
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Figure 3.1. Tangential face of BHF sprouts (figured wood tree clone) and control 

(non-figured wood tree clone) viewed with a light microscope. 
Top row: vessel elements were potentially shorter in the BHF clone(a) than the control (b). 
Bottom row. Rays were roughly equal in size and cell number between the BHF clone (c) and the 
control (d). 

3.3.1.2 Continued study on vessel elements’ length using maceration 

On average, BHF clones had significantly (P < 0.05) longer vessel elements than 

control clones (Figure 3.2). Vessel elements of the figured wood AX were on average 

slightly longer than vessel elements of the non-figured wood sample R1, however, the 

difference was not significant (P > 0.05) (Figure 3.3). In summary, although the lengths 

of vessel elements were longer in figured wood tree (or clone) than non-figured wood (or 

clone), the differences were small. 

ray cells 

 vessel 
element 

 wood 
fiber  
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Figure 3.2. Vessel elements length comparison between one figured wood tree 

BHF clone (red column) and one non-figured wood tree clone (blue 
column). Data show mean ± S.E. (n = 47 for control, n = 53 for BHF 
clone) 

 
Figure 3.3. Vessel elements length comparison between one figured wood tree 

AX (red column) and one non-figured wood tree R1 (blue column). 
Data show mean ± S.E. (n = 29 for R1, n = 40 for AX) 
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Figure 3.4. Macerated figured tree clone and non-figured tree clone wood 

samples under a light microscope. Vessel elements are indicated by 
white arrows.  

a) Vessel elements’ length measurement method.  
b) The longest vessel element in non-figured tree clone (sprouts of a non-figured tree near figured 
tree BHF).  
c) The longest vessel element in BHF clone (sprouts of figured tree BHF).  
d) The shortest vessel element in a non-figured tree (sprouts of a non-figured tree near figured 
tree BHF).  
e) The shortest vessel element in BHF clone (sprouts of figured tree BHF). 

  Assessment of potential differences in histological staining 

TBO is a polychromatic dye that reacts with different chemical components of 

cells, resulting in multi-colored specimens. The colors generated can provide information 

on the nature of the cell and its cell walls. For example, lignin, blue; other phenolic 

compounds, green to blue-green (O’Brien et al. 1964). The inorganic dye ruthenium red 

has been commonly used as a standard pectin stain in plant tissue and can be used to 

differentiate between acidic and methyl-esterified pectins. The red or pink color 

developed by staining indicates the presence of unesterified (acidic) pectins. Etzold-FC 
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stains lignified cell walls red, often in different shades (sclerenchyma crimson, xylem: 

brick to yellow-red), wood fibers dark red (Lorentz et al. 2011). 

Wood sections of figured and non-figured trees showed no difference in uptake 

of safranin or toluidine blue (Figure 3.5), indicating no obvious visible difference in the 

amount of pectin and lignin between these samples. All samples stained with ruthenium 

red had the rays stained (figures not shown), suggesting no visible difference in the 

amount of unesterified pectin between wood sections obtained from figured and non-

figured trees. 

Vessel element density or frequency was measured by counting the number of 

vessel elements in a given area of a section using a microscope. The average vessel 

element density of four non-figured wood samples was higher than that of four figured 

wood samples, but the difference was not statistically significant (P > 0.05) (Figure 3.7). 

In addition, there was considerable variation in vessel element density among figured 

trees and among non-figured trees (Figure 3.6). Wood of non-figured trees did not 

always have higher vessel element density than figured wood. The possible reason why 

non-figured trees had a higher average vessel element density was that one sample 

(WT2) had a considerably high vessel element density (Figure 3.6). Therefore, there was 

no strict correlation between low vessel element density and figured wood. 
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Figure 3.5. Cross section of figured wood and non-figured wood samples under 

a light microscope after being stained with toluidine blue. 
a) AX (figured wood) cross section viewed with a10x objective lens.  
b) R1 (non-figured wood) cross section viewed with a 10x objective lens.  
c) AX cross-section viewed with a 4x objective lens.  
d) R1 cross-section viewed with a 4x objective lens. 
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Figure 3.6. Comparison of the number of vessel elements per mm2 in cross-

sections. Samples from figured wood trees in red columns and non-
figured trees in blue columns. Data show mean ± S.E. 

 
Figure 3.7. Comparison of the number of vessel elements per mm2 in cross-

sections. Average of vessel element density in figured wood 
samples AX, D1, S1, FNSO5 in red column, and non-figured R1 
control, WT1, WT2, WT3 samples’ average vessel elements density 
in blue column. Data show mean ± S.E.  
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  Assessment of potential differences in microfibril angle (MFA)  

The result of the first round of test showed that sprouts from figured tree PL had 

a higher average of MFA value than sprouts from nearby non-figured tree. However, 

sprouts of BHF had lower MFA value than its control (graph not shown). Therefore, MFA 

value of figured tree clones was not always higher or lower than non-figured tree clones. 

 
Figure 3.8 Microfibril angle (MFA) of figured wood tree clones (red column) and 

their control non-figured wood tree clones (blue column).  

 

In the second round of tests, more BHF and PL samples were assessed, 

together with sprouts from two other figured wood trees (Clipper, Sleeper) and control 

sprouts from nearby non-figured wood trees. The merged MFA value result of both 

rounds was shown together in Figure 3.8. There was considerable variation in MFA 

value among BHF clones and BHF controls. The similar variation could be seen among 

PL clones and PL controls. MFA values of PL controls ranged from 29.5° to 41.4° and 

PL clones’ MFA values ranged from 33.1° to 49.0°. Thus, there was an overlap of MFA 

values from 33.1° to 41.4° between PL clones and controls. A similar but a smaller 

overlap of MFA value was observed between BHF clones and its controls. When 
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averages were compared, differences in MFA value between figured clones and their 

controls were non-significant (P > 0.05) and thus could be discerned (graph not shown). 

However, MFA value of figured tree clones was not consistently higher or lower than its 

controls. 

  Spectra data analysis 

Twenty-two samples were grouped into three groups, for pair-wise comparisons. 

Each group with replicates of figured and non-figured wood samples was assessed by 

Pyrolysis Molecular Beam Mass Spectroscopy (py-MBMS) to screen for potential 

differences in the amounts of wood component fragments. The BHF group consisted of 

new sprouts derived from BHF vicinity non-figured tree stumps and sprouts from BHF 

stumps, and the same for the PL group. R&PL was a group of non-figured wood trees 

(R0, R1) and two samples from PL figured wood trees.  

Each mass over charge (m/z) value listed in Table 3.1 represents one specific 

unidentified wood component of which the non-figured wood trees (or sprouts) and 

figured wood trees (or sprouts) differs in the amount significantly. For example, in the 

BHF group, six control samples had an average of significantly (P < 0.05) different 

amount of wood component m/z_57 to four BHF sprouts. As shown in Table 3.1, among 

all three pair-wise comparisons, figured wood trees (or sprouts) and non-figured wood 

trees (or sprouts) were significantly different in the amount of wood component m/z_69. 

Therefore, there seemed to be a correlation between the content of m/z_69 and figure 

wood individuals. However, figured tree clones did not always have higher or lower 

m/z_69 content than its controls. Six BHF controls had an average of significantly (P < 

0.05) higher amount of m/z_69 than four BHF clones, whereas four PL controls had an 

average of significantly (P < 0.05) lower amount of m/z_69 than four PL clones. In 

addition, m/z_298 could also be a potential early marker because tested young figured 

sprouts had significantly (P < 0.05 for BHF group, P < 0.05 for PL group) higher amount 

of m/z_298 than the controls, even though the figured wood tree did not have 

significantly higher or lower m/z_298 content than the non-figured wood tree. 
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Table 3.1. The spectra data significant analysis.  

BHF controls (6) VS. 
BHF sprouts (4) 

PL controls (4) VS. 
PL sprouts (4) 

R non-figured wood trees (2) 
VS. PL figured wood trees (2) 

m/z_57 m/z_69 m/z_30 m/z_176 

m/z_69 m/z_107 m/z_31 m/z_180 

m/z_70 m/z_114 mz_33 m/z_197 

m/z_77 m/z_147 m/z_53 m/z_203 

m/z_86 m/z_169 m/z_60 m/z_218 

m/z_185 m/z_173 m/z_69 m/z_235 

m/z_203 m/z_198 m/z_75 m/z_236 

m/z_204 m/z_218 m/z_94 m/z_255 

m/z_220 m/z_248 m/z_97 m/z_257 

m/z_286 m/z_278 m/z_105 m/z_344 

m/z_298 m/z_298 m/z_108 m/z_350 

m/z_316 m/z_313 m/z_125 m/z_372 

m/z_384 m/z_319 m/z_126 m/z_421 

m/z_398 m/z_333 m/z_133 m/z_436 

 m/z_350 m/z_150  

 m/z_370 m/z_154  

Note: Figured wood trees (or clones) had significant differently amount of the listed m/z values than non-figured wood 
trees (or clones). There are 3 groups. The first two are young figured wood tree clones and non-figured wood tree 
clones and the last group consists of mature figured wood and non-figured wood. The number in the bracket stands for 
the number of replicates. 

Lignin content and syringyl guaiacyl ratio analysis 

In the first round of assessment of lignin content, mature wood samples that had 

no figure (R0 and R1) were compared with wood samples from figured wood trees (PL, 

electric). While minor differences could be seen (figure not shown), the lignin content as 

the percentage of total dry biomass was not consistently higher or lower in the samples 

of figured wood. We therefore also assessed figured and non-figured wood samples of 

sprouts collected at the same age from the same sites. As shown in Figure 3.9, the 

amount of lignin differed by a few percent between figured wood samples and its vicinity 

non-figured samples. There was, however, no consistent pattern of lower or higher lignin 
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content in wood from sprouts collected from the figured tree compared to the control 

trees. For instance, BHF clones had higher lignin content than its controls, but PL clones 

had lower lignin content than its controls (Figure 3.9). Therefore, this result was not 

consistent among all groups, not to mention that the difference between figured wood 

and non-figured wood was small (Figure 3.9). 

The results from the first round of 14 tested samples and the second round of 14 

samples are shown in Figure 3.9 and 3.10, respectively. Taken together, there was no 

consistent pattern of difference in lignin content between sprouts from figured wood 

trees and sprouts derived from trees without figured wood. Therefore, variations in lignin 

content did not appear to be the characteristic of figured maple wood or figured maple 

genotypes. A similar conclusion can be reached from syringyl to guaiacyl lignin subunit 

ratios (sg ratio) comparisons (data not shown). 
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Figure 3.9. Comparison of lignin content for three groups of non-figured wood 

trees (or clones) (blue column) and figured wood trees (or clones) 
(red column). Data show mean ± S.E. 

 
Figure 3.10. Comparison of lignin in four groups of non-figured wood tree clones 

(blue column) and figured wood tree clones (red column). Data show 
mean ± S.E. 
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 TEM and S1, S2, S3 layers of secondary cell wall 

The secondary cell wall thickness of sprouts of BHF stump was thinner than the 

sprouts generated from nearby non-figured tree stumps, but this difference was not 

statistically significant in the thickness of any layer (P > 0.05 in S1 layer thickness 

comparison, S2 layer thickness comparison, S3 layer thickness comparison, and 

S1+S2+S3 layer thickness comparison) (Table 3.2). Similar differences could be detected 

in the group of figured tree PL sprouts and its control, although this was also not 

significant (P > 0.05 for the comparison of any layer’s thickness). To conclude, figured 

tree clones did not develop thinner secondary cell wall than the non-figured tree clones. 

When observing TEM images, I found that the margin (the S3 layer) of one area of the 

sample of BHF (Figure 3.12) was translucent but this phenomenon never occurred in 

BHF control or in the PL clone.   
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Figure 3.11. TEM image of powerline control (non-figured wood tree clone) at 

40000x magnification. 
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Figure 3.12. TEM image of BHF clone (figured wood tree clone) at 10000x 

magnification. 
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Table 3.2. The thickness of S1, S2 and S3 secondary cell wall layers of figured 
and non-figured wood tree clones.  

powerline clone 
secondary layers 
thickness (µm) 

powerline control 
secondary layers 
thickness (µm) 

BHF clone 
secondary layers 
thickness (µm) 

BHF control 
secondary layers 
thickness (µm) 

S1 S2 S3 S1 S2 S3 S1 S2 S3 S1 S2 S3 

0.294 

±0.014 
1.250 

±0.25 
0.087 

±0.017 
0.291 

±0.031 
1.296 

±0.015 
0.101 

±0.012 
0.237 

±0.037 
0.715 

±0.047 
0.197 

±0.073 
0.186 

±0.019 
1.483 

±0.300 
0.0651 
±0.003 

1.765±0.106 1.978±0.193 1.540±0.160 1.614±0.187 

Note: Powerline clone and BHF clone are sprouts of figured trees. Powerline control and BHF control are their 
corresponding controls of nearby non-figured tree sprouts. 

3.4. Discussion 

Figured wood tends to emerge only after many years of growth, and typically also 

gradually (Bragg et al. 1997). The project was therefore focused on finding anatomical 

differences that may occur in wood at an early stage. The transverse, longitudinal radial 

and tangential surfaces of wood samples were initially cut and observed. Bigleaf maple 

wood contains water-conducting vessel elements, supportive tissue wood fiber, and ray 

parenchyma cells. No difference in the waviness of vessel elements and wood fibers 

between juvenile clones of figured trees and non-figured trees was observed despite that 

figured wood have remarkable wavy vessel arrangement when mature. This agrees with 

the wavy grain development in conifers. The developmental pattern of spiral grain in 

Scots pine (Pinus sylvestris L.), Norway spruce [Picea abies (L.) Karst.] and other 

conifers include a grain angle close to zero in the first annual rings, i.e. vertically oriented 

tracheids. An inclination of the tracheids to the left in the newly formed growth rings 

occurs only after 5–15 years (Eklund and Säll 2000). Therefore, it seems reasonable to 

observe no waviness in vessel elements of juvenile figured wood clones when it is still 

too early for any figure to occur.  

Preliminary microscope observations suggested that vessel elements appeared 

variable in length, with many shorter cells in BHF clones than its controls. However, the 

result of the following experiment was contrary to that. It turned out that vessel element 

length in figured wood trees was significantly longer than that of non-figured trees, 

though non-significantly. The proportion of shorter vessel elements was previously 
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shown to be higher in reactivated cambium than in dormant cambium (Kitin et al. 1999). 

It is possible that figured bigleaf maple has on average longer vessel elements, which 

are derived from relatively dormant cambium. Similarly, dormant buds are related to the 

formation of burl (Beals and Davis 1977). Therefore, there is a potential connection 

between bud dormancy and fiddleback figure, despite that not many reports relate bud 

dormancy to wavy figure formation (Krajnc et al. 2015). 

Some non-figured wood samples had an average higher density of vessel 

elements on the transverse surface than the figured wood trees, although these 

differences were not statistically significant. Vessel density increased when a high 

concentration of NAA was applied to common bean (Phaseolus vulgari L.) (Aloni and 

Zimmermann 1983). Low though non-significant vessel element density differences in 

figured bigleaf maple may be due to low levels of auxin. Therefore, fiddleback figure 

formation in bigleaf maple may be related to auxin levels or signaling. A hormonal basis 

of wood defects is not without precedent. Ethylene was reported as the main factor of 

regulating the extent of spiral grain angle of Norway spruce trees and balsam fir [Abies 

balsamea (L.) Mill.](Eklund et al. 2003).  

TBO is used as a differential stain of polysaccharides and lignin, in which 

intensity of color marks, to some extent, the amount of these components in cell walls. In 

this study, the figured and non-figured wood samples showed a similar extent of TBO 

stain, indicating that there were no large differences in polysaccharide and lignin content 

between these samples. Etzold FCA stains wood fibers and vessel elements dark red, 

and non-cutinized cell walls (in some ray parenchyma cells) blue. Ruthenium red stains 

wood fibers and vessel elements pink and ray cells red, showing unesterified (acidic) 

pectins (O’Brien et al. 1964). We saw no obvious differences in the uptake of these 

stains between figured wood and non-figured wood materials (including figured, non-

figured trees and their clones). Taken together, these observations suggest that there 

are no large-scale differences in the content of cell wall polysaccharides, lignin, including 

unesterified pectins between the compared samples. 

In the following study, cell wall structure including wood fiber secondary cell wall 

S1, S2, and S3 layers, microfibril angle (determined primarily by the thicker S2 layer), and 

cell wall components were investigated. In comparison to sprouts of non-figured trees, 

figured tree clones had non-significantly higher MFA values with one of the figured wood 
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clones (BHF), providing contradictory results. The observed small differences combined 

with large variation precludes any conclusion whether or not these relationships hold 

true for all clones of figured wood trees. There is typically a pith-to-bark decrease in MFA 

in trees (Lindström et al. 1998). This trend can be interrupted by a surge in growth rate 

such as may occur following thinning and removal of competitor trees (Lindström et al. 

1998). The large variation in MFA values that we observed among replicate clones was 

from these perspectives surprising because the sprouts came from the same stump, 

were of similar age, diameter and height, and samples were taken in the same site 

(current year sapwood). The idea to investigate secondary cell wall layers came from 

one discovery in spiral conifer, in which the S3 layer was missing while non-spiral conifer 

had an intact S3 layer structure (Herman 1988). However, in my study, figured wood 

clones had non-significantly thinner secondary cell wall layers than their controls. The 

translucent margin on the S3 layer in one piece of BHF clone sample was noticed. 

Although it was most likely an artifact from the embedding in plastic resin, this could be 

verified in other figured wood samples to check the possibility of it being early defects in 

figured wood formation. To conclude, vessel element length and density, MFA and 

secondary cell wall thickness were not significantly different between clones derived 

from figured wood trees and non-figured wood trees.  

When the amounts of cell wall molecular fragments were assessed by py-MBMS, 

the content of the m/z_69 wood fragment was found to be significantly different in three 

independent pairwise comparisons between figured and non-figured wood trees (or 

sprouts). Even though figured tree clones did not always have higher or lower m/z_69 

than non-figured tree clones, it is possible that altered levels, up or down, correlate with 

clones from figured trees as well as mature figured trees. This m/z value difference was 

reproducible based on the tested 22 samples. However, a future study should ideally 

have a larger sample size and additional novel clones from figured wood trees for 

consistency if it were ultimately used to predict the development of figured wood. In 

addition, m/z_298 is potentially an early marker because the tested figured tree clones 

had a significantly higher amount of this wood component than non-figured clones. Soil 

carbon was found to contain m/z_69 furan structure that was probably derived from 

altered carbohydrates (Magrini et al. 2002). However, the exact structures of m/z_69 and 

m/z_298 are yet to be determined.  
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Chapter 4.  
 
General discussion and conclusions  

4.1. Micro-propagation of bigleaf maple 

Initially, hormone and media combinations that had proven effective for shoot 

proliferation in other maple species (Ďurkovič and Mišalová 2008) were tested for bigleaf 

maple micro-propagation. However, the ideal proliferation rate shown in many of these 

publications was not obtained. A major improvement in shoot proliferation rate was later 

achieved by removing or “decapitating” the apical meristem of shoots, a treatment that 

has been successful in a select few species, including snakebark maple (Ďurkovič 2003). 

The removal of shoot apical meristems, together with the use of TDZ, resulted in 

multiplication rates of 3.19 (explants from seedlings) and 3.9 (explants from sprouts) per 

explants after two months growth. As shown in Table 4.1, this multiplication rate 

compares favorably to other maple species. Optimal procedures for additional required 

steps were also identified based on the tested parameters, i.e. explant sterilization, 

initiation of cultures, and in vitro rooting of shoots. While the procedure for 

acclimatization of in vitro grown plants to greenhouse and field growth requires further 

optimization, the obtained results suggest that acclimatization is likely to be successful 

when rooted plants have well-developed and healthy root and shoot systems before 

being transferred to another condition. Humidity should also be gradually reduced after 

being transferred to the growth chamber and greenhouse. 

As indicated in the introduction of this thesis, the purpose of developing the 

micro-propagation procedure for bigleaf maple was to provide an avenue for clonal 

micro-propagation of trees that contained extensive figured wood in their boles. This 

thesis describes for the first time the development of a micro-propagation procedure of 

bigleaf maple. Although the rather unorthodox removal of the shoot apex is required to 

induce bud growth, the resulting propagation rate is comparable to and greater than 

those obtained for other maple species. Micro-propagation is typically considerably more 

expensive than conventional cloning by stem cuttings. In this case, micro-propagation is 

a commercially interesting alternative because the output by stem cuttings is limited by 

poor efficiency and also by season. In addition, it is also unknown if rooted cuttings may 
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be infected by fungi and develop butt rot, a disease that may take years to manifest in 

symptoms and be financially devastating in the long term. Although micro-propagation is 

also based on cuttings, the cut surfaces are sealed with developing epidermal cells 

before exposure to microbe-containing media (Francisco De Assis et al. 2004). It 

remains to be seen to what extent source materials from different figured trees differ in 

their responses to the preferred parameters identified in this study. End users of this 

protocol may need to refine further these parameters to suit the tested genotypes and/or 

focus on the genotypes with the highest propagation rate.  

Table 4.1. Comparison of my results with those of published procedures 
regarding micro-propagation via axillary shoot proliferation in 
genera of Acer. The first row shows my best results. 

Species Explant 
source 

Age of donor 
trees Proliferation medium No. of 

shoots Rooting medium 

Acer 
macrophyllum L. 

Axillary 
shoots 

1-yr-old 
sprouts; 3-yr-
old trees; 1-yr-
old seedlings 

DKW+ 0.1 µM TDZ 
3.9; 

3.19 
½ DKW + 0.25 µM 

IBA 

A. caudatifolium 
Hayata 

Axillary 
buds 

2-yr-old 
seedlings 

WPM + 0.7mgL–1 

BA+0.05mgL–1 NAA 2.27 ½ WPM + 1.0mgL–1 

IBA 

A. × freemanii 
Murr. ‘Marmo’ 

Shoot tips; 
nodal 

segments 

4-yr-old 
rejuvenated 

trees 
LS 1.0 µM BA + 0.01 

µM TDZ 5.3 LS PGR-free 

A. 
grandidentatum 

Nutt. 
Nodal 

segments 
2-yr-old 

seedlings DKW +27.37 µM zeatin 3.6 DKW + 10 µM IAA 

A. palmatum 
Thunb. ‘Osakii’ 

Shoot tips; 
nodal 

segments 
4-yr-old trees WPM +0.01 mg L–1 TDZ NR WPM +1.0 mg L–1 IBA 

A. platanoides L. 
Axillary 
buds 

2-yr-old 
seedlings; 10-

yr-old trees 
WPM +0.5 mg L–1 KIN; 
WPM +0.1 µM TDZ NR 

½ WPM + 1.0mgL–1 

IBA 

WPM + 0.1mgL–1 IBA; 

MS PGR-free 

A. platanoides L. 
‘Crimson King’ Shoot tips 

Mature trees 
budded onto 

rootstock 
LS +1.0 µM BA + 0.005 

µM TDZ NR ½ LS + 5.0 µM 
IBA+½ LS PGR-free 

A. 
pseudoplatanus 

L. 

Zygotic 
embryos 
Stump 

sprouts; 

— 
Germinated 

seedlings; 60- 
to 100- yr-old 

MS +1.0 µM BA + 0.04 
µM TDZ 

MS +0.1 mg L–1 KIN; MS 

3.7; 

NR 
MS +123.0 µM 

IBA+MS PGR-free 
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Species Explant 
source 

Age of donor 
trees Proliferation medium No. of 

shoots Rooting medium 

micro-
cuttings 

trees PGR-free MS +0.1 mg L–1   KIN; 

MS PGR-free 

A. rubrum L. Axillary 
buds 

20- to 40-yr-old 
trees 

MS +0.1mgL–1  BA 
+0.01mgL–1  TDZ 

 
3.5 

⅓ WPM + 0.1mgL–1 

IBA; 

MS PGR-free 

A. rubrum L. 
‘Red Sunset’ 

Nodal 
segments NR MS + 0.01 mg L–1  TDZ NR 

WPM + 1.0 mg L–1  

IBA; 

MS + 1.0 mg L–1  IBA 

A. saccharinum 
L. 

Shoot tips; 
nodal 

segments 

Juvenile 
seedlings; 

rejuvenated 
mature trees 

DKW +0.01 µM TDZ 6.2 
PGR-free ex vitro 

rooting; 1.0 mM IBA 
under ex vitro 

rooting 

A. saccharinum 
L. ‘Pyramidale’ Shoot tips Mature tree LS +1.0 µM BA+0.005 

µM TDZ 4.3 ½ LS + 5.0 µM IBA, 
½ LS PGR-free 

A. saccharum 
Marsh. 

Axillary 
buds 

2-yr-old 
seedlings 

MS 2.0mgL–1 2iP + 
0.01mgL–1 TDZ 4.3 

MS + 0.3mgL–1 PAA+ 

0.5 mg L–1 IBA 

Abbreviations: 2,4-D (2,4-dichlorophenoxyacetic acid), 2iP ( 6-(γ-γ-dimethylallylamino)purine riboside), BA (6-benzyl- 
aminopurine), DKW (Driver and Kuniyuki walnut medium), GA3 (gibberellic acid; IBA, indole-3-butyric acid), KIN 
(kinetin), NAA (1-naphthaleneacetic acid), PAA (phenylacetic acid), TDZ (thidiazuron), PGR-free (plant growth 
regulator-free medium), LS (Linsmaier and Skoog medium), MS (Murashige and Skoog medium), WPM (woody plant 
medium), NR (not reported). 

4.2. Screening for markers that may precede and predict 
the formation of fiddleback figure 

Although there is now evidence that clonal propagules of figured sycamore 

maple breed true and develop figured wood after about 12 years (Ewald and Naujoks 

2015), it is by no means given that the same will occur after cloning of individual bigleaf 

maple trees with figured wood. Even in such trees, there are portions of the tree that are 

old enough to show figured wood but do not. In addition, the contribution of 

environmental conditions to the development of figured wood is unknown. For that 

reason, we screened for potential anatomical and chemical differences between sprouts 

from trees with and without figure, growing at the same site and in the same age. Such 

markers could be meaningful in that they correlate with and are used for the 

development of figured wood in some clones in the future. If such difference(s) could be 
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identified, they could also provide clues to the underlying cause of figured wood 

formation. To identify potential early markers, we started searching for anatomical 

differences by looking at wood tangential and radial surfaces of figured and non-figured 

trees and tree clones. Some differences were noticed including potentially longer vessel 

elements in figured trees than non-figured trees, and potentially lower vessel element 

frequency in figured trees. However, none of these differences proved to be statistically 

significant. Although statistically significant differences may be observed using larger 

sample sizes, the differences were not large enough to be scored with ease and were 

therefore not pursued further. To study wood components, we used four stains for 

figured and non-figured trees. However, there were no noticeable differences in stain 

uptake between figured and non-figured trees. To explore wood secondary cell wall 

structure, we analyzed TEM images and found no significant difference in the thickness 

of S1, S2 or S3 layers between figured and non-figured trees. Although average values of 

the S2 cell wall layer thickness differed between clones of figured and non-figured trees, 

the differences were not statistically significant. However, the wood component analysis 

using py-MBMS showed some promise, as figured trees (and clones) differed 

significantly from non-figured trees (and clones) in the content of wood component m/z 

69. In addition, figured tree clones had a significantly higher average amount of m/z 298 

than non-figured wood clones.  

In summary, this screen, albeit limited in the number of replicates, informs future 

research as it excludes some measurable markers of interest, and, more importantly, 

provides potential markers that could be explored further. In particular, a more extensive 

comparison of wood from different trees with and without figured wood and therefore 

clonal propagules may shed some light on the extent to which differences in m/z_69 and 

m/z_298 wood content can be used. If such differences are reproducibly found, further 

analyses determining the identity of m/z_69 and m/z_298 containing molecules may 

provide partial insight into the cause(s) of figured wood development. 
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Table 4.2. Tested early markers used in detecting fiddleback bigleaf maples 
and results obtained. 

Markers /traits Correlation with figure genotype 

Vessel element length NO 

Vessel element frequency NO 

Microfibril angle NO 

Four types of stains No wood components get strongly stained or 
more stained. 

Lignin content NO 

Secondary cell wall thickness NO 

Wood components 

YES, in tested three groups, figured trees (or 
figured tree sprouts) had a significantly different 
amount of m/z_69 to vicinity non-figured trees 
(or non-figured trees sprouts). However, the 

different groups showed contrasting differences 
between figured and non-figured wood. 

Two groups of sprouts of figured trees had a 
higher amount of m/z_298 than their controls 

(vicinity non-figured tree sprouts). 
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