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Abstract

Micropropagation has several advantages over conventional vegetative propagation meth-
ods, but it is limited by genotype responsiveness. We assessed the effect of age of the
mother-tree and the time of explant collection on culture initiation, as well as the multi-
plication ability and effect of different nutrient media and plant growth regulators on sil-
ver birch genotypes. Explants collected from 1-year-old trees (66%) and explants collected
in spring (64—67%) developed a significantly (both p <0.001) higher proportion of shoots
than those from 15-year-old trees (39%) and those collected in mid-summer (31%) and
autumn (29%), respectively. In a stabilised culture, the length of the main shoot varied from
1.3 to 7.8 cm between genotypes, and the multiplication rate ranged from 1.0 to 6.8 shoots
per explant. Hyperhydrated shoots were present in 17 out of 50 clones, and, among the
clones, ranged from 14 to 50%. Cultures on the Murashige and Skoog basal medium had a
higher multiplication rate than cultures on a Woody Plant Medium, and the application of
zeatin provided better results than 6-benzylaminopurine. The difference between cytokinin
types was 11-29% for the multiplication rate and 21-29% for the length of the main stem.
The highest multiplication rate was obtained using a zeatin concentration of 0.5 mg L'
However, better shoot growth and proliferation had a significant positive relation to shoot
hyperhydration (all p <0.001). Therefore, a medium with an optimal balance between the
multiplication rate and the number of hyperhydrated shoots should be carefully selected.
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Introduction

Wood is the most versatile renewable material that is used to substitute for fossil resources
from construction wood and packaging boards to textiles and biochemical production. The
growth of population and middle-class income, as well as bioeconomic development have
steadily increased the global demand for wood and wood-based products: wood demand is
forecasted to increase more than twice from 2010 to 2030, and more than thrice from 2010
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to 2050 (WWF 2012), while roundwood production under the continuous trend is fore-
casted to increase by 16% from 2018 to 2050 (Hetemiki et al. 2020). The increase in the
productivity of native species and the establishment of fast-growing species and genotypes
plantations are strategies to ensure a sufficient wood supply (Mola-Yudego et al. 2017). In
both respects, silver birch (Betula pendula Roth) has potential in the Northern European
and Baltic states (Rytter et al. 2013). Here, birch is one of the most abundant tree species
(Brus et al. 2012) and is highly productive both in forest sites and on abandoned agricul-
tural land (Uri et al. 2012; Lutter et al. 2015). It has several advantages over other fast-
growing species that are suitable for the region, especially concerning environmental risks,
due to its high tolerance and adaptation capacity to a large variety of climates and soils
(Dubois et al. 2020). In contrast, spruce (Picea abies (L.) Karst.) is prone to wind, drought,
and bark beetles (Mezei et al. 2017). Moreover, these disturbances are increasing in fre-
quency (Seidl et al. 2017). Populus species and their hybrids are preferred by herbivores.
In addition, due to their non-native origin (except for P. tremula), these species might be
damaged by abiotic factors, such as early autumn frost (Lazdipa et al. 2016; Senhofa et al.
2016). The Salix species or genotypes may suffer from frost- and bacteria-induced dieback
(Cambours et al. 2005). Moreover, this species has limited wood-processing possibilities
due to stem size.

Size and external quality traits, including the absence of defects (cracks) in the stem,
have a substantial effect on the financial return for birch (Kilpeldinen et al. 2011; Viheré-
Aarnio and Velling 2017). High-quality timber is a valuable resource for plywood, sawn-
wood, and wood-based panel production, whereas lower-grade timber is used as pulpwood,
and the residue is utilised for bioenergy. Planting is the preferred stand establishment
method for the intended management of a high-quality plantation (Hynynen et al. 2010).
However, birch is primarily established via natural regeneration. For instance, in Lat-
via, only 11% of the area regenerated with birch is planted (Valsts meZa dienests 2019).
Although planting requires a higher initial investment, artificial seedlings have more vigor-
ous growth in comparison to naturally regenerated seedlings; thus, they are more competi-
tive with ground vegetation and require less intensive management, i.e. less frequent tend-
ing, in young stands (Hynynen et al. 2010). Moreover, planting allows the use of genotypes
with enhanced desired characteristics because the seedlings originate from improved mate-
rial, i.e. seeds collected from seed orchards (Gailis et al. 2012).

Silver birch has considerable ecological adaptability and climatic differentiation, which
are related to its wide distribution (Koski and Rousi 2005; Rousi et al. 2011), thus provid-
ing a good basis for breeding. To improve the stem quality, the phenotypic selection of
plus-trees is based on stem straightness, apical dominance, and desirable branch proper-
ties, including good natural pruning (Koski and Rousi 2005; Stener and Jansson 2005),
yet breeding aims to balance between increased growth, timber quality, and resistance to
biotic and abiotic factors. Several studies have affirmed the economic gain from the use
of improved regeneration material (Jansson et al. 2017). In Latvia, the breeding of birch
trees started in 1995 and has substantially improved the yield and stem quality (Jansons
et al. 2011; Zeltips et al. 2018). The selection of the top 10% of families in the progeny
trials at the age of 14 years resulted in a genetic gain of 10-27% for height and diam-
eter at breast height, accounting for 26-62% of the stem volume. The gain in the overall
stem quality was 6-10%, with improved straightness by 9-21% and branch diameter and
angle by 2-18% (Gailis et al. 2020a). Furthermore, the occurrence of stem defects, such as
spike knots, double tops, and lost tops, were more affected by environmental factors than
genetic control, and low-to-moderate genetic correlations between growth and stem quality
traits indicated the potential to improve productivity and wood quality simultaneously. As
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a result, the use of improved planting material significantly increased the economic gain
from commercial thinning (Gailis et al. 2020b).

Breeding is performed in repeated cycles of selection of the best-performing genotypes
and their recombination using controlled pollination and progeny testing (Ruotsalainen
2014). The establishment of clonal collections and seed orchards can be accelerated when
vegetative propagation is used. Moreover, vegetative propagation allows the maintenance
of all inherent traits of the mother-tree (Ryyninen and Aronen 2005) and produces uni-
form-sized plantlets (Jones et al. 1996). Such trees reach the target diameter for final felling
sooner (Zeltins et al. 2018), and any time-related damage is lower (Donis et al. 2020): as
the vegetative propagation ensures a way to propagate the best-growing genotypes, time
(and, consequently, the probability of damages) to reach similar dimensions of convention-
ally propagated trees can be reduced. However, using conventional vegetative propaga-
tion methods on mature birch has not been successful. Cuttings can be rooted only up to
the age of five years, and grafting is limited by the incompatibility of rootstock and scion
and delayed graft failure (Ryyndnen and Ryynidnen 1986; Welander 1993; Mikola 2009).
Therefore, micropropagation can be used as an alternative method with several advantages:
numerous pathogen-free plantlets can be obtained in a short period and propagation can
be done throughout the year regardless of the season (Jones et al. 1996; McCown 2000;
Ryyninen and Aronen 2005).

Yet, micropropagation per se does not infer a general advantage over seed-born plants,
and careful selection of clones to be multiplied has crucial importance on breeding gain
(Viherd-Aarnio and Velling 2001). Micropropagation is a laborious process that involves
skilful manual work in an aseptic laboratory and therefore results in higher costs than
conventional nursery practice (Koski and Rousi 2005). The success of culture initiation
depends on the explant type and its position on the stock plant, the age of the stock plant,
the tree species, and variations among trees of the same species (Welander 1993). Not
all genotypes multiply with equal success (Koski and Rousi, 2005), but multiplication is
largely dependent on the applied nutrient media and plant growth regulators (Jokinen and
Tormild 1991), which must be determined experimentally.

This study aimed to assess the effect of the mother-tree age and the time of the explant
collection on the culture initiation in vitro. This is followed by an assessment of the repro-
duction capacity of different genotypes and the optimal medium content.

Materials and methods

The study material was collected from a 15-year-old progeny trial in Rembate (56°44’
N, 24°49" E) that was established using open-pollinated (half-sib) families of silver
birch (Betula pendula Roth) plus-trees phenotypically selected across forests in Latvia
(55°40"-58°05" N, 20°58'-28°14" E). The trial was established on former agricultural land
with mesotrophic, mesic, and silty soil, corresponding to the forest site type Oxalidosa
(according to the classification by Buss (1997)). One-year-old containerised seedlings were
planted in a randomised complete block design with four-row plots of 32 trees per row for
each family in three to five replications at initial density of 2500 trees ha™! (2x2 m).

To assess the effect of the mother-tree age on shoot initiation in vitro, the explants from
clone 54-95 in Rembate were compared with the explants from one-year-old grafted scions
(one year after grafting on two-year-old rootstock) of the same clone in Kalsnava (56°40'
N, 25°58" E), and all samples were collected in March. To assess the effect of the time of
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the explant collection, twigs of clone 54-95 from Rembate were collected from the lowest
part of the canopy four times per year: in March and April (spring), and in June (mid-
summer) and September (autumn). In total, 100 stem segments per each ontogenetic age
and collection time were initiated in vitro.

In laboratory, stem segments containing one bud were excised and gently washed with a
toothbrush and dish soap under running tap water, and rinsed toughly. Stem segments were
sterilised for 10 min in 0.1% HgCl, with a few drops of Tween 20, and rinsed three times
with distilled water. The stem segments were inserted into glass test tubes (18 x 180 mm,
with a metal cap) containing 3 mL of woody plant medium (WPM; Lloyd and McCown
1980) supplemented with WPM micronutrients, WPM vitamins, 1.0 mg L™" of 6-ben-
zylaminopurine (BAP), 0.05 mg L~! of naphthaleneacetic acid, 20 g L™! of sucrose, and
6g L' of agar. The pH of the medium was adjusted to 5.8, and the tubes were autoclaved
for 15 min (110 kPa, 121 °C). The culture was incubated at 25+ 3 °C under a 16-h photo-
period of cool-white fluorescent light (photosynthetically active radiation with photon flux
density at 140-160 pmol m~2 s™'). After 30 days, the proportion of initiated shoots was
evaluated.

The multiplication rate and the growth of shoots between 50 genotypes in Rembate were
assessed using a stabilised in vitro culture. Ten shoots per each clone were inserted into test
tubes (one explant per tube) containing 3 mL of Murashige and Skoog (MS) basal media
(Murashige and Skoog 1962), supplemented with MS micronutrients, 0.2 mg L=! of zeatin,
MS vitamins, 20 g L™! of sucrose, and 6 g L™! of agar. The pH of the medium and the culti-
vation conditions were set as described for the culture initiation. After 30 days, 500 shoots
were assessed. The main shoot was measured. The lateral shoots>0.5 cm were counted,
and the multiplication rate of each shoot was determined by the number of 1.5-cm-long
shoot fragments (hyperhydrated shoots were not counted) that could be obtained from one
plant. The total multiplication rate and occurrence of hyperhydrated shoots were noted.
According to the growth parameters, the clones were divided into four groups to assess
the effect of the macronutrient media and plant growth regulators. Group divisions were
based on the multiplication rate and ability to proliferate. Group 1 has a multiplication
rate of 3.4-6.8. Group 2 has a multiplication rate of 1.7-3.3. Group 3 has a multiplication
rate of 0—1.6 with proliferation, and Group 4 has a multiplication rate of 0-1.6 without
proliferation.

Three clones from each group (24 shoots per clone in each treatment) were randomly
selected to test the effect of the multiplication medium and cytokinin type and concen-
tration in the following combinations: (1) WPM, zeatin 0.1 mg L™}, (2) WPM, zea-
tin 0.5 mg L™!, (3) MS, zeatin 0.1 mg L™}, (4) MS, zeatin 0.5 mg L™!, (5) MS, zeatin
1.0 mg L7!, (6) MS, BAP 0.5 mg L', and (7) MS, BAP 1.0 mg L™!. The pH of the
medium and the cultivation conditions were set as described for the culture initiation. After
30 days, 2016 shoots were assessed. The main and lateral shoots were measured. The lat-
eral shoots > 0.5 cm were counted. The multiplication rate of each shoot was determined by
the number of 1.5-cm-long shoot fragments (hyperhydrated shoots were not counted) that
could be obtained from one plant. Finally, the total multiplication rate and occurrence of
the hyperhydrated shoots were noted.

We used the chi-square ()?) test to assess the distribution of the initiated shoots between
the time of explant collection and the age of the mother-tree. The analysis of variance and
Tukey’s honestly significant difference test were used to assess the differences in the length
of the main shoots, the length and number of lateral shoots, the multiplication rate, and
proportion of the hyperhydrated shoots between the clones and groups of clones. We used
generalised linear models with a Poisson distribution to assess the relationship between
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the length of the main shoot and the number of the lateral shoots, as well as to evaluate the
effect that the length of the main shoot, number of lateral shoots, length of lateral shoots,
and total multiplication rate had on the number of hyperhydrated shoots. Linear model was
used to assess relationship between the length of the main shoot and the length of the lat-
eral shoots. The regression coefficients + standard error are shown. All calculations were
done in R 3.5.1. (R core team 2018). In addition, all tests were performed at ¢=0.05.

Results

The age of the mother-tree and explant collection time had a significant effect (both
p<0.001) on the shoot initiation in vitro (Fig. 1). The explant collected from the one-year-
old trees had 66% initiated shoots, and the explant collected from the 15-year-old trees had
39% of initiated shoots. The explants collected in spring developed a higher proportion of
initiated shoots (64% in March and 67% in April) than explants collected in June and Sep-
tember (31% and 29% of shoots initiated, respectively).

In the stabilised culture, the growth parameters greatly differed between the clones. The
multiplication rate varied from 1.0 (no multiplication) to 6.8 shoots per explant (Fig. 2),
and the lengths of the main shoots varied from 1.3 to 7.8 cm (Fig. 3). Moreover, the num-
ber of lateral shoots varied from O to 3.8 per explant.

Clones exhibited different growth patterns. Several genotypes had a large main shoot
but a low number of lateral shoots (e.g. clone L 29, Fig. 3a), whereas others had a short
main stem but a high number of lateral shoots (e.g. clone Bau 40-13, Fig. 3a). A high
multiplication rate was achieved by both of these patterns and by the intermedium between
them. Regardless of the large variation, the number of lateral shoots showed a negative
relationship to the length of the main stem (p <0.01, regression coefficient—0.11 +0.04).
Almost a quarter of the clones had a low multiplication rate; 12 clones had a mean multi-
plication rate lower than two, and seven clones did not multiply.

A high proportion (50%) of hyperhydrated shoots was present for two clones, one
among the clones with a high multiplication rate (clone 54-616-783, Fig. 2a) and the other
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Fig.1 The proportion of initiated shoots according to the age of the mother-tree and explant collection
time. Statistically significant differences between groups of age and between groups of collection time are
denoted with different letters (both p <0.001)
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Fig.2 The multiplication rate (bars; +standard error) and proportion of hyperhydrated shoots (Hyp%; bul-
lets) among the clones in (a) Group 1, (b) Group 2, (¢) Group 3, and (d) Group 4. Clones that were selected
to test the effect of different treatments are dark grey

with a low multiplication rate (clone 55-875, Fig. 3). A moderate proportion (14-25%)
of the hyperhydrated shoots was present for 15 out of 50 clones. The number of hyperhy-
drated shoots demonstrated no relationship (both p>0.05) to the length of the main stem
and number of lateral shoots. However, a positive relationship (p <0.001, regression coef-
ficient 0.56 +0.04) exists between the number of hyperhydrated shoots and the total multi-
plication rate.

The mean multiplication rate between the treatments varied from 1.8 to 6.7 (mean 3.9).
Within all groups, the culture on the MS medium exhibited a higher multiplication rate
(Fig. 4) and a longer length of the main stem than the culture on the WPM. For these
two parameters, the difference between the media type was most pronounced for Group 1
(Fig. 4a) and gradually decreased for Group 4 (Fig. 4d). However, the culture on the WPM
had a substantially lower proportion of hyperhydrated shoots than the culture on the MS
medium, and it ranged from 0 to 6.3 (mean 2.9) for WPM and from 0 to 38.0 (mean 13.2)
for the MS medium. The number and length of the lateral shoots had no clear relation to
the media type.

The length of the main shoot showed a significant relation to the length of the lat-
eral shoots (p<0.001, regression coefficient 1.68 +£0.24) and the number of lateral
shoots (p <0.01, regression coefficient 0.23 +0.06). The length of the main shoot had
a consistent ranking between the groups of clones (Fig. 5a). However, the number of
lateral shoots highly fluctuated between treatments (Fig. 5b), affecting the ranking of
the multiplication rate (Fig. 5c). Regardless of the media and cytokinin type, both the
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Fig.3 Length of the main shoot (bars; +standard error) and the number of lateral shoots (bullets) among
the clones in (a) Group 1, (b) Group 2, (¢) Group 3, and (d) Group 4. Clones that were selected to test the
effect of different treatments are dark grey

multiplication rate and length of the main stem were the highest in Group 3, followed
by Group 2 and then Group 1. As expected, Group 4 contained clones with the poor-
est growth among the genotypes and had the poorest results for all growth parameters
(Figs. 4 and 5). The number of hyperhydrated shoots showed a positive relation with all
shoot growth parameters: the length of the main stem (p <0.001, regression coefficient
0.77 £0.07), the number (p <0.001, regression coefficient 3.11+0.07), and length of
the lateral shoots (p <0.001, regression coefficient 0.98 +0.21). Consequently, a signifi-
cant relation (p <0.001, regression coefficient 0.44 +0.02) between the number of hype-
rhydrated shoots and the total multiplication rate exists.

The effect of the cytokinin type and concentration on the growth parameters was
assessed separately on the WPM and MS medium. On the MS medium, regardless of
the concentration, zeatin exhibited better results on the multiplication rate and length
of the main stem than BAP for all groups (Fig. 4). Within the groups, the mean differ-
ence between the zeatin and BAP treatments was 11-29% for the multiplication rate and
21-29% for the length of the main stem. Moreover, within all groups, the treatments
with zeatin had a lower mean proportion of hyperhydrated shoots (ranging from 2.4 to
23.4%) than the treatment with BAP (ranging from 11.1 to 31.8%). Among the MS and
zeatin treatments, the highest multiplication rate was obtained with a concentration of
0.5 mg L~! in total, and for all groups except Group 1 (Fig. 4). This concentration also
resulted in the highest mean length of the main stem within all groups.
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Fig.4 Stacked multiplication rate (dark grey;+ standard error) and number of hyperhydrated shoots (light
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1, (b) Group 2, (¢) Group 3, and (d) Group 4. WPM, woody plat medium; MS, Murashige and Skoog basal
media; BAP, 6-benzylaminopurine

On the WPM, the zeatin at a concentration of 0.5 mg L™' had an equal or slightly
higher multiplication rate and a longer length of shoots than zeatin at a concentration of
0.1 mg L', but these differences were more negligible than on the MS medium. The num-
ber of lateral shoots between the different treatments varied from 0.1 to 1.2 (mean 0.6). No
specific relation between the length and number of lateral shoots and cytokinin type was
observed.

Discussion

Culture initiation in vitro is the most important stage in micropropagation because the out-
come determines further operation possibilities. However, it is also the most problematic
stage in the micropropagation of perennial plants. Recalcitrance (i.e. the inability of plant
cells, tissues, and organs to respond to in vitro manipulations) could be a major limiting
factor in the application of in vitro propagation (Benson 2000). Several factors, such as
the collection time, age of the stock plant, bud position in the mother-tree crown, geno-
type, pre-treatment storage time, conditions, and medium content (Welander 1993, 1988;
McCown 2000; Vaiciukyné et al. 2017), affect the responsiveness of the plant material.
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Plants have complex life cycles, associated with reproduction, vegetative development,
and morphogenesis. Temperate species undergo cycles of dormancy that determine periods
of active shoot growth and cell division. Consequently, plants exhibit seasonal differences
in their responses to tissue culture, depending on the time of the year when the explants
are procured (Benson 2000). We obtained the highest proportion (about 65%) of initiated
shoots from the explants collected in spring (Fig. 1). About one-third of the explants col-
lected in mid-summer and autumn developed shoots, although the initiation rate was sig-
nificantly lower than that in spring. This result corresponds well with the general pattern
that cultures are most easily initiated from the explants collected in spring to early summer
after a break of dormancy (George et al. 2008a).

A similar trend had been observed for other temperate tree species. Populus tremula
L. had the highest survival rates of buds collected in late February and early March,
while buds collected earlier had less intensive callus formation and plantlet develop-
ment, and buds collected later had intense decay and infections (Peternel et al. 2009).
For Quercus robur L., the most responsive explants were collected later, from May to
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July (Civinové and Sladsky 1990), which is probably related to their later bud burst in
comparison to the aspen and birch (Linkosalo 2000; Lange et al. 2016). In contrast, oth-
ers have found that the initiation of the silver birch culture was more successful from
explants collected in autumn and winter (Jokinen and Térméld 1991), and bud treatment
that induces dormancy resulted in a higher proportion of buds developed into shoots
(Welander 1993), suggesting that factors other than the growing season might be more
significant for culture initiation.

Plant growth regulators applied during the initiation affect the induction of the shoot for-
mation (Magnusson et al. 2009). Seasonal cycles of perennial plants determine the dynam-
ics of the endogenous levels of growth regulators, which are responsible for the induction
of dormancy or inhibit growth and further development. For instance, a low concentration
of applied BAP (0.2 mg L") resulted in a higher shoot number in Q. robur explants col-
lected in February and March but with an increased BAP concentration (1 and 2 mg L)
better results were obtained from buds collected from May to July (Civinova and Sladsky
1990). Moreover, buds collected from May to July had a higher regeneration capacity than
those from February to April, but higher BAP concentrations were needed to stimulate
their meristematic activity (Civinova and Sladsky 1990).

Higher initiation success in spring might be related to the seasonally determined occur-
rence of microbes within the buds. For mature B. lenta L., dormant buds demonstrated
lower contamination than buds collected in spring (Rathwell et al. 2016). Similar results
were obtained for Platanus occidentalis L., and the contamination rate gradually increased
from 14% in January to 48% in July (Tao et al. 2007). Spring was the most appropriate
time for bud collection to reduce contamination in Ulmus americana L., whereas almost all
were contaminated among dormant buds (Shukla et al. 2012). In contrast, low contamina-
tion from May to October and significantly higher contamination from December to April
were found for Pinus sylvestris L., which is assumed to be related to better resistance of the
tissue against pathogens during the active period (Hohtola 1988).

Trees exhibit developmental changes as plants progress from the juvenile to adult
phases leading to a decline in their potential for micropropagation (von Aderkas and Bonga
2000). Juvenile seedling tissue is generally more responsive to culture initiation in vitro
than that of mature trees. Juvenile seedlings are more easily initiated and grow and prolif-
erate at a more rapid rate than adult material (George et al. 2008a). Cultures from mature
trees are more problematic due to higher contamination rates, the browning of tissues, and
recalcitrance (George et al. 2008a). One of the methods to obtain juvenile material is graft-
ing, which can lead to a partial rejuvenation of the donor plant and can overcome recalci-
trance in mature trees (Benson 2000). No assessment of true rejuvenation or reinvigoration
of the scion (Wendling et al. 2014) was done in our study, yet, explants from the grafted
one-year-old tree had a significantly higher proportion of initiated shoots than the explants
from the 15-year-old tree (Fig. 1). Similarly, a high bud initiation (80%) was achieved
using 3-year-old plants of B. lenta, whereas the explants from mature trees did not develop
into shoots (Rathwell et al. 2016). However, most Betula species can be propagated from
adult material without major difficulties (Welander 1993), and several studies found suc-
cess using buds from mature birch trees (Ryynédnen and Ryynénen 1986; Jones et al. 1996;
Aubakirova and Kalashnikova 2011).

Our results are limited by using only one genotype (clone 54-95) to assess the effect
of the explant collection time and age of the mother-tree. The initiation success is more
affected by the genotype than the aforementioned factors (Jokinen and Térmild 1991), but
the genotype response is affected by the physiological heterogeneity of the ramets and buds
of the same ramet (Civinova and Sladsky 1990). However, these limiting factors could be
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overcome if the genotype is generally competent for growing in vitro (Jokinen and Torméla
1991).

Once the culture is fully stabilised, biologically responsive tissues show little seasonal-
ity and progression through phase states (McCown 2000). We observed large variations
in the multiplication rate between and within genotypes (Fig. 3), ranging from 1.0 to 6.8
among the clones. Close results (a multiplication rate between 1.6 and 7.4) were found
among 10 genotypes selected in Sweden, Finland, and Germany (Ewald et al. 2002). Large
variations but higher multiplication rates (from 2 to 20) were observed between 100 geno-
types by Jokinen and Tormald (1991). Among our tested genotypes, 12 clones had a mean
multiplication rate lower than two, and seven clones did not multiply. This might be related
to the limited time of the study because four to ten weeks are required for bud induction in
birch, depending on the explant type, age, and physiological conditions of the mother-tree
and genotype (Welander 1993). Moreover, the applied medium and plant growth regulators
affect genotype performance.

The optimal media composition is species- and genotype-specific, and while a number
of plants exhibit decent growth in the range of media, others may have considerable differ-
ences in their performance (McCown and Sellmer 1987). Therefore, the number of geno-
types that are possible to micropropagate could be increased by modifying the composi-
tion of the medium and applying different types and concentrations of cytokinins (Jokinen
and Tormild 1991). For optimal shoot growth in vitro, the optimal amount of minerals
should be provided. The most commonly used basal media in micropropagation of birch
are the MS and WPM basal media, although others are also used (Ewald et al. 2000; Iliev
et al. 2003). We observed a slightly higher multiplication rate (Fig. 4) and longer length of
the main stem for cultures on the MS medium than those on the WPM. Similarly, poorer
growth on the WPM was shown for B. lenta. The shoots on WPM cultures had red pig-
mentation, were significantly shorter, and had fewer nodes compared to the MS cultures,
although the multiplication rate was not significantly lower (Rathwell et al. 2016). They
associated this response to ionic strength (i.e. salt concentration) in the basal salt mixture,
as the amount of ammonium nitrate is about a quarter lower in the WPM than in the MS
medium. A limiting effect of low nitrogen was revealed for a given genotype of Populus
hybrid. At first, the cultures on the WPM had poor growth, whereas these cultures on the
MS medium were maintainable indefinitely. However, after an increase in NH,NO, on the
WPM to the level of MS, growth improved substantially, and was similar to that observed
for the MS medium (McCown and Sellmer 1987). In contrast, four genotypes of Betula
platyphylla Sukatchev var. japonica (Miq.) Hara X B. pendula had a constantly higher mul-
tiplication rate on the WPM than on the MS medium, with the mean long-term multiplica-
tion rate on these media at 3.7 and 2.8, respectively (Meier-Dinkel 1992).

Plant growth regulators have the most important role in birch in vitro shoot initiation
and cultivation. Among them, cytokinins are highly effective in stimulating cell division
and the control of morphogenesis (George et al. 2008b). For shoot multiplication, the most
commonly used cytokinins are single BAP or zeatin at concentrations of 0.2—-5.0 mg L™
and 1.0-5.0 mg L™, respectively, or BAP concentrations of 0.7-2.0 mg L~! in combination
with a low concentration of auxin (Meier-Dinkel 1992).

The effect of the particular cytokinin should be assessed experimentally, and the
response is determined by the particular compound used, type of culture, genotype, and
ontogenetic stage of the tissue (George et al. 2008b). For instance, two B. pendula geno-
types demonstrated a distinct response to supplementation with cytokinin. One of them
had a significant decrease in the shoot length and an increase in the number of shoots
per explant, whereas the other did not affect these parameters. Simultaneously, the latter
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genotype had a higher number of shoots per explant in both the control medium and the
medium supplemented with BAP (Vaiciukyné et al. 2017). For several Betula species, the
absence of cytokinins resulted in the poor growth of new shoots (Cheng et al. 2000) or
no shoot development and explant death (Magnusson et al. 2009; Rathwell et al. 2016;
Girgzde and Samsone 2017). Yet, typically, a narrow range of concentration achieves the
best results. We observed slightly better results for the multiplication rate and length of
the main stem on the media supplemented with zeatin instead of BAP. On the MS medium
supplemented with zeatin, a concentration of 0.5 mg L~! resulted in the highest mean
length of the main stem within all groups and in the highest multiplication rate for three out
of four groups (Fig. 4). On treatments supplemented with BAP, a higher concentration of
cytokinin resulted in a somewhat higher multiplication rate than a lower concentration. The
observed tendencies remained non-significant due to the large variation, although these
tendencies were nearly constant between the groups of clones.

Several studies have tested optimal concentrations of cytokinins on Betula genotypes.
The effect of the BAP concentration was tested on a cultivar of B. platyphylla. The con-
centration at 2.2 uM of BAP (rounded 0.5 mg L") resulted in about a four-times higher
number of new shoots than a concentration at 1.1 uM, and in a twice higher number of
new shoots than the concentration at 4.4 uM (Cheng et al. 2000). For the B. pendula geno-
type, the main shoots on 1.0 mg L™! of BAP had a similar length to those on treatments
containing zeatin (0.5-1.0 mg L™!). Yet, 1.0 mg L~! of BAP had more than a two-fold
higher number of lateral shoots and hence achieved a significantly higher multiplication
rate than the other treatments (GirgZde and Samsone 2017). In addition, a study of B. lenta
revealed a significantly higher result of shoot growth with BAP treatment compared to the
supplementation of 2-isopentenyladenine (2-IP) and thidiazuron (TDZ), and the highest
multiplication rate was achieved at a BAP concentration of 5.0 uM (rounded to 1.1 mg L™';
Rathwell et al. 2016). For B. platyphylla and B. papyrifera Marsh, the BAP at a concen-
tration of 10-20 uM (rounded to 2.3—4.5 mg L™') and TDZ at a concentration of 4-8 uM
proliferated more shoots than other treatments (Magnusson et al. 2009). Different intensi-
ties of response to cytokinins might be related to the dynamics of the endogenous levels
of growth regulators over the seasons, and thus could be related to the explant collection
time. Civinova and Sladsky (1990) found that Q. robur explants collected from May to July
needed a higher concentration (2 mg L™") of BAP than those collected from February to
April (0.5 mg L™") to achieve the highest regeneration capacity.

Within the tested media composition, groups of clones had a generally consistent rank-
ing for the length of the main shoots (Fig. 5), but the number of lateral shoots fluctuated
with the treatments, hence affecting the ranking of the multiplication rate. Moreover,
groups of clones had reversed ranking in the multiplication rate in comparison to the first
subculture (assessment of different genotypes, Figs. 2 and 3), although, typically, the mul-
tiplication rate remains stable during several subcultures (Jokinen and Tormald 1991). The
difference in the performance of the groups between subcultures indicates the importance
of the careful selection of the media content.

A higher cytokinin concentration is beneficial until a certain study-specific threshold is
reached, and afterwards, shoot abnormalities appear. The explant might form many small
shoots that fail to elongate, and the leaves might have an unusual shape (George et al.
2008b). For instance, a high concentration of zeatin induced the spontaneous appearance
of abnormal shoots in B. pendula. A concentration of 5 mg L™ resulted in 3.4% fasciated
shoots, and 10 mg L~! resulted in 4.2% fasciated shoots, whereas all shoots appeared ana-
tomically normal in the absence of or at a low concentration (2 mg L~!; Iliev et al. 2003).
In another study, at the highest tested BAP concentration (5.3 pM; rounded to 1.2 mg L"),
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the shoots had variable sizes and appeared hyperhydrated and chlorotic (Cheng et al.
2000). Hyperhydricity (previously called ‘vitrification’) characterises frequently observed
malformations during vegetative propagation in vitro, where the plants appear turgid and
watery at their surface and are hypolignified (Gaspar 1991; Debergh et al. 1992). Their
shoots have broad and thick stems; short internodes; and thick, frequently very elongated,
wrinkled, curled, and brittle leaves (Franck et al. 1995).

In our study, 34% of the clones had hyperhydrated shoots (Fig. 3), ranging from none to
50% of the shoots. Hyperhydricity is related to the particular conditions of the in vitro cul-
ture and results from the inability of the shoots to adapt normally to the reactions caused by
stress factors, e.g. wounding, high ionic strength, and inappropriate lighting and tempera-
ture (Kevers et al. 2004). In our study, BAP promoted more hyperhydration. A high propor-
tion of hyperhydrated shoots was also present for zeatin at a concentration of 0.5 mg L™,
i.e. for treatment that resulted in the highest multiplication rate. Overall, the number of
hyperhydrated shoots was positively related to better shoot growth and proliferation. These
results agree with the study conducted by Gaspar (1991), who reported that hyperhydricity
is related to intensive multiplication, i.e. frequent subcultures with a high rate of regenera-
tion, but is not affected by the physiological conditions of the mother-tree at the time of the
explant collection.

Conclusions

We aimed to assess the effect of the mother-tree age and explant collection time on the
culture initiation in vitro, as well as to assess the multiplication capacity of different geno-
types and the optimal media content on stabilised cultures. For initiation, explants from
ontogenetic younger trees, and explants collected in spring had a substantially higher pro-
portion of developed shoots. The genotype performance on the stabilised culture had sub-
stantial variation with several growth patterns. Clones had a consistent response in terms
of the length of the main shoot among different media content. Our results suggest hype-
rhydration as a key limiting factor for the in vitro propagation of silver birch genotypes.
The media with an optimal balance between multiplication and hyperhydration should be
carefully selected to reduce the waste of resources. Yet, economic implications should be
addressed with caution because even small differences in the multiplication rate between
genotypes within a subculture result in the expansion in the number of produced seedlings
per genotype in a year. Moreover, the multiplication capability should be viewed in the
context of the rooting and acclimatisation of the seedlings and the field performance of the
given genotypes.

Funding The study was conducted in the Forest Competence Centre (ERDF) project “Technologies for effi-
cient transfer of genetic gain in plant production and forestry” (No. 1.2.1.1/18/A/004).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of interest.

@ Springer



804 New Forests (2021) 52:791-806

References

von Aderkas P, Bonga JM (2000) Influencing micropropagation and somatic embryogenesis in mature trees
by manipulation of phase change, stress and culture environment. Tree Physiol 20:921-928. https://doi.
org/10.1093/treephys/20.14.921

Aubakirova LS, Kalashnikova EA (2011) Experimental morphogenesis in a curly birch tissue culture. Russ
Agric Sci 37:109-110. https://doi.org/10.3103/S1068367411020030

Benson EE (2000) Special symposium: in vitro plant recalcitrance in vitro plant recalcitrance: an introduc-
tion. Vitro Cell Dev Biol-Plant 36:141-148. https://doi.org/10.1007/s11627-000-0029-z

Brus D, Hengeveld GM, Walvoort DJJ, Goedhart PW, Heidema AH, Nabuurs GJ, Gunia K (2012) Statisti-
cal mapping of tree species over Europe. Eur J Forest Res 131:145-157. https://doi.org/10.1007/s1034
2-011-0513-5

Buss K (1997) Forest ecosystem classification in Latvia. Proc Latvian Acad Sci Sect B 51:204-218

Cambours MA, Nejad P, Granhall U, Ramstedt M (2005) Frost-related dieback of willows. Comparison of
epiphytically and endophytically isolated bacteria from different Salix clones, with emphasis on ice
nucleation activity, pathogenic properties and seasonal variation. Biomass Bioenerg 28:15-27. https://
doi.org/10.1016/j.biombioe.2004.06.003

Cheng Z-M, Schnurr JP, Dai W (2000) Micropropagation of Betula platyphylla ‘Fargo’ via shoot tip
culture and regeneration from leaf tissues. J Environ Hort 18:119-122. https://doi.org/10.24266
/0738-2898-18.2.119

Civinova B, Sladky Z (1990) Stimulation of the regeneration capacity of tree shoot segment explants in
vitro. Biol plant 32:407. https://doi.org/10.1007/BF02890885

Debergh P, Aitken-Christie J, Cohen D, Grout B, Von Arnold S, Zimmerman R, Ziv M (1992) Reconsidera-
tion of the term ‘vitrification’ as used in micropropagation. Plant Cell Tiss Organ Cult 30:135-140.
https://doi.org/10.1007/BF00034307

Donis J, Saleniece R, Krisans O, Dubrovskis E, Kitenberga M, Jansons A (2020) A financial assessment of
windstorm risks for Scots pine stands in hemiboreal forests. Forests 11:566. https://doi.org/10.3390/
11050566

Dubois H, Verkasalo E, Claessens H (2020) Potential of birch (Betula pendula Roth and B. pubescensEhrh.)
for forestry and forest-based industry sector within the changing climatic and socio-economic context
of western Europe. Forests 11:336. https://doi.org/10.3390/f11030336

Ewald D, Naujoks G, Piegert H (2000) Performance and wood quality of in vitro propagated hybrid curly
birch (Betula pendula X Betula pendula var. carelica Sok.) clones. Silvae Genet 49:98-101

Ewald D, Naujoks G, Welander M. Zhu LH, Hagqvist R, Salonen M, Harrison A (2002) Micropropagation
and birch field trials. In: Proceedings of the workshop on high quality birch: clonal propagation and
wood properties, pp 37-46

Franck T, Kevers C, Gaspar T (1995) Protective enzymatic systems against activated oxygen species com-
pared in normal and vitrified shoots of Prunus avium L.L. raised in vitro. Plant Growth Regul 16:253—
256. https://doi.org/10.1007/BF00024782

Gailis A, Augustovs J, Purvins A, Jansons A (2012) Differences of Latvia’s silver birch (Betula pendula
Roth.) provenances. Special Issue Sci ProcMeZzinatne 25:185-186

Gailis A, Karklina A, Purvin$ A, Matisons R, Zeltip$ P, Jansons A (2020a) Effect of breeding on income at
first commercial thinning in silver birch plantations. Forests 11:327. https://doi.org/10.3390/£11030327

Gailis A, Zeltips P, Purvins A, Augustovs J, Vindedzis V, Zarina I, Jansons A (2020b) Genetic parameters
of growth and quality traits in open-pollinated silver birch progeny tests. Silva Fenn 54:10220. https://
doi.org/10.14214/sf.10220

Gaspar T (1991) Vitrification in micropropagation. In: Bajaj YPS (ed) High-tech and micropropagation I.
Springer, Berlin, pp 116-126

George EF, Hall MA, De Klerk GJ (2008a) Stock plant physiological factors affecting growth and mor-
phogenesis. In: George EF, Hall MA, Klerk GID (eds) Plant propagation by tissue culture. Springer,
Dordrecht, pp 403—422

George EF, Hall MA, De Klerk GJ (2008b) Plant growth regulators II: cytokinins, their analogues and
antagonists. In: George EF, Hall MA, Klerk GJD (eds) Plant propagation by tissue culture. Springer,
Dordrecht, pp 205-226

Girgzde E, Samsone I (2017) Effect of cytokinins on shoot proliferation of silver birch (Betula pendula) in
tissue culture. Environ Exp Biol 15:1-5. https://doi.org/10.22364/eeb.15.01

Heteméki L, Palahi M, Nasi R (2020) Seeing the wood in the forests. Knowledge to Action 01, European
Forest Institute

Hohtola A (1988) Seasonal changes in explant viability and contamination of tissue cultures from mature
Scots pine. Plant Cell Tiss Organ Cult 15:211-222. https://doi.org/10.1007/BF00033645

@ Springer


https://doi.org/10.1093/treephys/20.14.921
https://doi.org/10.1093/treephys/20.14.921
https://doi.org/10.3103/S1068367411020030
https://doi.org/10.1007/s11627-000-0029-z
https://doi.org/10.1007/s10342-011-0513-5
https://doi.org/10.1007/s10342-011-0513-5
https://doi.org/10.1016/j.biombioe.2004.06.003
https://doi.org/10.1016/j.biombioe.2004.06.003
https://doi.org/10.24266/0738-2898-18.2.119
https://doi.org/10.24266/0738-2898-18.2.119
https://doi.org/10.1007/BF02890885
https://doi.org/10.1007/BF00034307
https://doi.org/10.3390/f11050566
https://doi.org/10.3390/f11050566
https://doi.org/10.3390/f11030336
https://doi.org/10.1007/BF00024782
https://doi.org/10.3390/f11030327
https://doi.org/10.14214/sf.10220
https://doi.org/10.14214/sf.10220
https://doi.org/10.22364/eeb.15.01
https://doi.org/10.1007/BF00033645

New Forests (2021) 52:791-806 805

Hynynen J, Niemisto P, Viherd-Aarnio A, Brunner A, Hein S, Velling P (2010) Silviculture of birch (Bet-
ula pendula Roth and Betula pubescens Ehrh.) in northern Europe. Forestry 83:103-119. https://doi.
org/10.1093/forestry/cpp035

Iliev I, Rubos A, Scaltsoyiannes A, Nellas C, Kitin P (2003) Anatomical study of in vitro obtained fasciated
shoots from Betula pendula Roth. ISIS Acta Hort 616:481-484

Jansons A, Gailis A, Donis J (2011) Profitability of Silver birch (Betula pendula Roth.) breeding in Latvia.
In: Annual 17th international scientific conference proceedings, research for rural development, vol 2, pp
33-38

Jansson G, Hansen JK, Haapanen M, Kvaalen H, Steffenrem A (2017) The genetic and economic gains from
forest tree breeding programmes in Scandinavia and Finland. Scand J For Res 32:273-286. https://doi.
org/10.1080/02827581.2016.1242770

Jokinen K, Tormild T (1991) Micropropagation of silver birch (Betula pendula Roth.) and clonal fidelity of
mass propagated birch plants. In: Ahuja MR (ed) Woody plant biotechnology. Plenum Press, New York,
pp 31-36

Jones OP, Welander M, Waller BJ, Ridout MS (1996) Micropropagation of adult birch trees: production and
field performance. Tree Physiol 16:521-525. https://doi.org/10.1093/treephys/16.5.521

Kevers C, Franck T, Strasser RJ, Dommes J, Gaspar T (2004) Hyperhydricity of micropropagated shoots: a typi-
cally stress-induced change of physiological state. Plant Cell Tissue Organ Cult 77:181-191. https://doi.
org/10.1023/B:TICU.0000016825.18930.e4

Kilpeldinen H, Lindblad J, Herdjérvi H, Verkasalo E (2011) Saw log recovery and stem quality of birch from
thinnings in southern Finland. Silva Fenn 45:117. https://doi.org/10.14214/sf.117

Koski V, Rousi M (2005) A review of the promises and constraints of breeding silver birch (Betula pendula
Roth) in Finland. Forestry 78:187-198. https://doi.org/10.1093/forestry/cpi017

Lange M, Schaber J, Marx A, Jackel G, Badeck FW, Seppelt R, Doktor D (2016) Simulation of forest tree spe-
cies’ bud burst dates for different climate scenarios: chilling requirements and photo-period may limit bud
burst advancement. Int J Biometeorol 60:1711-1726. https://doi.org/10.1007/s00484-016-1161-8

Lazdina D, Senhofa S, Zeps M, Makovskis K, Bebre I, Jansons A (2016) The early growth and fall frost damage
of poplar clones in Latvia. Agron Res 14:109-122

Linkosalo T (2000) Mutual regularity of spring phenology of some boreal tree species: predicting with other
species and phenological models. Can J For Res 30:667-673. https://doi.org/10.1139/x99-243

Lloyd G, McCown B (1980) Commercially-feasible micropropagation of mountain laurel, Kalmia latifolia, by
use of shoot-tip culture. Comb Proc Int Plant PropertSoc 30:421-427

Lutter R, Tullus A, Kanal A, Tullus T, Vares A, Tullus H (2015) Growth development and plant—soil relations in
midterm silver birch (Betula pendula Roth) plantations on previous agricultural lands in hemiboreal Esto-
nia. Eur J Forest Res 134:653-667. https://doi.org/10.1007/s10342-015-0879-x

Magnusson VA, Castillo CM, Dai W (2009) Micropropagation of two elite birch species trough shoot prolifera-
tion and regeneration. In: Romano A (ed) ISHS Acta horticulturae 812: III international symphosium on
aclimatization and establishment of micropropagated plants, pp 223-230

McCown BH (2000) Special symposium: /n vitro plant recalcitrance. Recalcitrance of woody and herbaceous
perennial plants: dealing with genetic predeterminism. Vitro Cell Dev Biol-Plant 36:149—154. https://doi.
org/10.1007/s11627-000-0030-6

McCown BH, Sellmer JC (1987) General media and vessels suitable for woody plant culture. In: Bonga JM,
Durzan DJ (eds) Cell and tissue culture in forestry. Forestry sciences, vol 24-26, pp 4-16

Meier-Dinkel A (1992) Micropropagation of birches (Betula spp.). In: Bajaj YPS (ed) High-tech and micropro-
pagation II. Biotechnology in agriculture and forestry, vol 18, pp 40-81

Mezei P, Jaku$ R, Pennerstorfer J, Havasova M, Skvarenina J , Ferencik J, Slivinsky J, Bicarova S, Bilcik D,
BlaZzenec M, Netherer S (2017) Storms, temperature maxima and the Eurasian spruce bark beetle Ips
typographus—An infernal trio in Norway spruce forests of the Central European High Tatra Mountains.
Agr Forest Meteorol 242:85-95. https://doi.org/10.1016/j.agrformet.2017.04.004

Mikola J (2009) Successes and failures in forest tree cutting production in Finland. Working papers of the Finn-
ish Forest Research Institute, vol 114, pp 3943

Mola-Yudego B, Arevalo J, Diaz-Yailez O, Dimitriou I, Freshwater E, Haapala A, Khanam T, Selkimiki M
(2017) Reviewing wood biomass potentials for energy in Europe: the role of forests and fast growing plan-
tations. Biofuels 8:401—410. https://doi.org/10.1080/17597269.2016.1271627

Murashige T, Skoog F (1962) A revised medium for rapid growth and bioassays with tobacco tissue cultures.
Physiol Plant 15:473-497. https://doi.org/10.1111/j.1399-3054.1962.tb08052.x

Peternel S, Gabrovick K, Gogala N, Regvar M (2009) In vitro propagation of European aspen (Populus trem-
ula L.) from axillary buds via organogenesis. Sci Hortic 121:109-112. https://doi.org/10.1016/j.scien
ta.2009.01.010

R Core Team (2018) R: a language and environment for statistical computing. R Fondation for Statistical Com-
puting, Vienna, Austria. https://www.R-project.org/

@ Springer


https://doi.org/10.1093/forestry/cpp035
https://doi.org/10.1093/forestry/cpp035
https://doi.org/10.1080/02827581.2016.1242770
https://doi.org/10.1080/02827581.2016.1242770
https://doi.org/10.1093/treephys/16.5.521
https://doi.org/10.1023/B:TICU.0000016825.18930.e4
https://doi.org/10.1023/B:TICU.0000016825.18930.e4
https://doi.org/10.14214/sf.117
https://doi.org/10.1093/forestry/cpi017
https://doi.org/10.1007/s00484-016-1161-8
https://doi.org/10.1139/x99-243
https://doi.org/10.1007/s10342-015-0879-x
https://doi.org/10.1007/s11627-000-0030-6
https://doi.org/10.1007/s11627-000-0030-6
https://doi.org/10.1016/j.agrformet.2017.04.004
https://doi.org/10.1080/17597269.2016.1271627
https://doi.org/10.1111/j.1399-3054.1962.tb08052.x
https://doi.org/10.1016/j.scienta.2009.01.010
https://doi.org/10.1016/j.scienta.2009.01.010
https://www.R-project.org/

806 New Forests (2021) 52:791-806

Rathwell R, Shukla MR, Jones AMP, Saxena PK (2016) In vitro propagation of cherry birch (Betula lenta L.).
Can J Plant Sci 96:571-578. https://doi.org/10.1139/cjps-2015-0331

Rousi M, Heinonen J, Neuvonen S (2011) Intrapopulation variation in flowering phenology and fecundity of
silver birch, implications for adaptability to changing climate. For Ecol Manag 262:2378-2385. https://doi.
org/10.1016/j.foreco.2011.08.038

Ruotsalainen S (2014) Increased forest production through forest tree breeding. Scand J For Res 29:333-344.
https://doi.org/10.1080/02827581.2014.926100

Rytter L, Johansson K, Karlsson B, Stener LG (2013) Tree species, genetics and regeneration for bioenergy
feedstock in northern Europe. In: Kelloméki S, Kilpeldinen A, Alam A (eds) Forest bioenergy production.
Springer, New York, pp 7-37

Ryynénen L, Aronen T (2005) Genome fidelity during short-and long-term tissue culture and differentially
cryostored meristems of silver birch (Betula pendula). Plant Cell Tiss Organ Cult 83:21-32. https://doi.
org/10.1007/s11240-005-3396-7

Ryynénen L, Ryyninen M (1986) Propagation of adult curly-birch succeeds with tissue culture. Silva fenn
20:139-147

Seidl R, Thom D, Kautz M, Martin-Benito D, Peltoniemi M, Vacchiano G, Wild J, Ascoli D, Petr M, Hon-
kaniemi J, Lexer MJ, Trotsiuk V, Mairota P, Svoboda M, Fabrika M, Nagel TA, Reyer CPO (2017) Forest
disturbances under climate change. Nat Clim Change 7:395-402. https://doi.org/10.1038/nclimate3303

Senhofa S, Zeps M, Gailis A, Kapostins R, Jansons A (2016) Development of stem cracks in young hybrid
aspen plantations. For Stud 65:16-23. https://doi.org/10.1515/fsmu-2016-0008

Shukla MR, Jones AMP, Sullivan JA, Liu C, Gosling S, Saxena PK (2012) In vitro conservation of American
elm (Ulmus americana): potential role of auxin metabolism in sustained plant proliferation. Can J For Res
42:686-697. https://doi.org/10.1139/x2012-022

Stener LG, Jansson G (2005) Improvement of Betula pendula by clonal and progeny testing of phenotypically
selected trees. Scand J For Res 20:292-303. https://doi.org/10.1080/02827580510036265

Tao FJ, Zhang ZY, Zhou J, Yao N, Wang DM (2007) Contamination and browning in tissue culture of Platanus
occidentalis L. For Stud China 9:279-282. https://doi.org/10.1007/511632-007-0044-9

Uri V, Varik M, Aosaar J, Kanal A, Kukumégi M, Lohmus K (2012) Biomass production and carbon sequestra-
tion in a fertile silver birch (Betula pendula Roth) forest chronosequence. For Ecol Manag 267:117-126.
https://doi.org/10.1016/j.foreco.2011.11.033

Vaiciukyne M, Ziauka J, Kuusiené S (2017) Factors that determine shoot viability and root development during
in vitro adaptation and propagation of silver birch (Betula pendula Roth). Biologija 63:246-255. https:/
doi.org/10.6001/biologija.v63i3.3579

Valsts meZa dienests (2019) MeZa statistikas CD. [State Forest Service, Forest statistics]. https://www.zm.gov.
Iv/public/files/CMS_Static_Page_Doc/00/00/01/49/35/CD_2019.7z (in Latvian)

Viheri-Aarnio A, Velling P (2001) Micropropagated silver birches (Betula pendula) in the field—performance
and clonal differences. Silva Fenn 35:385—401. https://doi.org/10.14214/s£.576

Viherd-Aarnio A, Velling P (2017) Growth, wood density and bark thickness of silver birch originating
from the Baltic countries and Finland in two Finnish provenance trials. Silva Fenn 51:7731. https://doi.
org/10.14214/s£.7731

Welander M (1988) Biochemical and anatomical studies of birch (Betula pendula Roth) buds exposed to differ-
ent climatic conditions in relation to growth in vitro. In: Hanover JW, Keathley DE, Wilson CM, Kuny G
(eds) Genetic manipulation of woody plants. Springer, Boston, pp 79-99

Welander M (1993) Micropropagation of birch. In: Ahuja MR (ed) Micropropagation of woody plants.
Springer, Dordrecht, pp 223-246

Wendling I, Trueman SJ, Xavier A (2014) Maturation and related aspects in clonal forestry—part II: reinvig-
oration, rejuvenation and juvenility maintenance. New For 45:473-486. https://doi.org/10.1007/s1105
6-014-9415-y

WWF (2012) Worldwide fund for nature. Living planet report. Forests and wood products. Gland, Switzerland,
p40

Zeltins P, Matisons R, Gailis A, Jansons J, Katrevics J, Jansons A (2018) Genetic parameters of growth traits
and stem quality of silver birch in a low-density clonal plantation. Forests 9:52. https://doi.org/10.3390/
19020052

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

@ Springer


https://doi.org/10.1139/cjps-2015-0331
https://doi.org/10.1016/j.foreco.2011.08.038
https://doi.org/10.1016/j.foreco.2011.08.038
https://doi.org/10.1080/02827581.2014.926100
https://doi.org/10.1007/s11240-005-3396-7
https://doi.org/10.1007/s11240-005-3396-7
https://doi.org/10.1038/nclimate3303
https://doi.org/10.1515/fsmu-2016-0008
https://doi.org/10.1139/x2012-022
https://doi.org/10.1080/02827580510036265
https://doi.org/10.1007/s11632-007-0044-9
https://doi.org/10.1016/j.foreco.2011.11.033
https://doi.org/10.6001/biologija.v63i3.3579
https://doi.org/10.6001/biologija.v63i3.3579
https://www.zm.gov.lv/public/files/CMS_Static_Page_Doc/00/00/01/49/35/CD_2019.7z
https://www.zm.gov.lv/public/files/CMS_Static_Page_Doc/00/00/01/49/35/CD_2019.7z
https://doi.org/10.14214/sf.576
https://doi.org/10.14214/sf.7731
https://doi.org/10.14214/sf.7731
https://doi.org/10.1007/s11056-014-9415-y
https://doi.org/10.1007/s11056-014-9415-y
https://doi.org/10.3390/f9020052
https://doi.org/10.3390/f9020052

	Silver birch (Betula pendula Roth.) culture initiation in vitro and genotype determined differences in micropropagation
	Abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Conclusions
	References




