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Abstract. This paper examines the salinity stress effect in vitro culture of
microshoots of 10 birch clones: Betula pendula L., B. pendula Roth var.
carelica (Mercklin) Hamet-Ahti, B. pendula f. 'dalecarlica’ (L.f.) Schneid.,
B. pubescens Ehrh. We used economically valuable and genetically diverse
(various species, varieties, hybrids, polyploids) birch material from in vitro
clone collection. We tested 3 in vitro selection methods on 1/2 MS
hormone-free nutrient medium: mild — with a prolonged exposure to 0.2%
NaCl; gradual — with a step-by-step increase in osmotic concentration
(from 0.2% to 1%); severe — with a sublethal (1%) NaCl concentration. We
established that the gradual method of NaCl exposure according to the
following pattern: 0.2% — 0% — 0.5% — 0% — 0.75% — 0% — 1.0%
resulted in the best selective effect for birch, as it provides a clear
differentiation of clones in terms of their salinity tolerance. We identified
that the genotype had a significant impact on the preservation of the
explants and their ability to regenerate under salinity stress. The study
showed that tetraploid clones of downy birch and a triploid clone of
Karelian birch of a pronounced mixoploid nature had the greatest salinity
tolerance.

1 Introduction

Abiotic stress (drought, soil salination, soil pollution by heavy metals etc.) has a negative
impact on growth, development and productivity of plants (including forest trees) [1-2].
Climate change, for example, has contributed to the increased number of droughts in the
European part of Russia in recent years. For instance, a major drought of 2010 with
extremely hot weather caused partial (in some cases, mass) die-off of silver birch trees [3].
There are reports of drought deaths in Eucalyptus globulus (Labill.) plantations in Australia
[4]. In this regard, plants with improved stress tolerance are becoming more and more
popular. As for breeding for resistance to various stress factors, it has become particularly
important in recent years. Genetic diversity in plant species is a prerequisite for the
perspective of successful breeding for stress resistance. For example, it has been
demonstrated [5] that Betula halophila, the birch species endemic to China, has a high salt
tolerance, which, according to the authors, is determined genetically and is related to the
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large number of differentially expressed genes. Genotypic differences in salinity tolerance
have been found in poplar [6-7] and other plants [8-9].

In vitro modelling of abiotic stress is one of the promising avenue for plant breeding for
resistance to negative environmental factors. The benefits of in vitro selection include the
strict control of the cultivation conditions and nutrient medium composition. The use of in
vitro techniques accelerates plant breeding and allows the breeders to save and quickly
reproduce the occasional specimens acquired [10-13].

There have been some positive results on selecting of stress-tolerant plants through in
vitro selection, but mainly for agricultural and fruit crops [8, 12, 14-19]. The researchers
have used seedlings, callus tissues, cell suspension cultures, and isolated organs as explants
[8, 11, 13-14, 17, 20-21]. But only few studies on in vitro selection have addressed forest
tree plants so far [7, 22-25], although such studies would be of great value.

Researchers from different countries have outlined the main objectives of in vitro
selection: to develop an algorithm for constructing in vitro selective model systems, to
obtain plants with increased tolerance to abiotic stresses, to develop the micropropagation
technologies for these plants [8, 10, 13, 17, 20, 26-27].

The most common abiotic stress factors are known to be drought and salination. /n vitro
culture has been used extensively to study the impact of these factors on plants [17, 20, 28].
Increasing concentrations of sodium chloride (NaCl) in the culture medium represents both
salinity stress and osmotic stress facilitating the selection of salt-tolerant and drought-
resistant forms [12-14, 17]. Moreover, NaCl salinity is known to produce the greatest
negative effect on plants [1, 10]. An excess of NaCl interferes with the basic physiological
functions, disrupts ion homeostasis, decreases the nutrient absorption in cells, damages cell
membranes, and has a toxic effect on numerous biochemical processes in plants, resulting
in overall negative effect on plant growth [1, 7, 21].

Previously, we had developed a biotest system based on Scots pine callus cultures under
saline conditions (on NaCl-supplemented nutrient media) and demonstrated its potential for
the selection of drought-resistant genotypes [29]. This became the basis for in vitro
selection of deciduous woody plants (birch, in particular).

The genus Betula L. includes 120 species and represents one of the highly valuable
forest-forming trees of Russia. It’s suitable for protective afforestation, which requires salt-
tolerant and drought-resistant forms. In the European part of Russia, the most common
species are silver birch (Betula pendula Roth.) and downy birch (Betula pubescens Ehrh.).
A special place among various forms of silver birch is occupied by Karelian birch (Betula
pendula Roth var. carelica (Mercklin) Hamet-Ahti), because of its decorative patterned
wood texture. Unlike other trees, its wood is sold by weight (kg) and not by volume (m?)
[30]. Another interesting variety of silver birch is dalecarlica birch (Betula pendula f.
'dalecarlica’ (L.f.) Schneid.) widely used in landscape gardening due to its beautiful deeply
dissected leaves.

Previously, we had created an in vitro clone collection, which represents high genetic
diversity (species, varieties, hybrids, polyploids) of birch [31].

The aim of this research was to study the response of different in vitro clones to sodium
chloride-induced salt stress and to develop an algorithm for in vitro selection of birch in
order to select stable lines.

2 Materials and methods

This study was based on microplants of 10 birch clones from our in vitro collection: Betula
pendula L. (d1, d5, P1); B. pendula Roth var. carelica (Mercklin) Haimet-Ahti (18k, Ap); B.
pendula t. 'dalecarlica’ (L.f.) Schneid. (R1, R2); B. pubescens Ehrh. (2psh, 3psh, 6psh). All
clones from the collection were maintained in vitro using our method [31] — by rare
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subculturing (once in 5-6 months) of microplants on 1/2 MS hormone-free nutrient medium
[32].

We used 1-1.5-cm-long micro-shoot segments with one axillary bud as explants to study
the effect of in vitro salinity stress. The composition of the 1/2 MS nutrient medium was
modified by addition of sodium chloride (NaCl) at concentrations of 0.2-1%, with different
duration and sequence order. As a control we used explants cultivated on nutrient medium
without NaCl.

We tested 3 in vitro selection methods:

. mild — with a single but prolonged (for 3 months) exposure to NaCl at 0.2%
concentration;

. gradual — with a step-by-step increase in osmotic concentration (from 0.2% to 1%),
alternating selective and non-selective cultivation conditions (0.2% — 0% — 0.5% — 0%
— 0.75% — 0% — 1.0%);

. severe — with a sublethal (1%) NaCl concentration.

In the last two cases, the duration of the cultivation cycle was 50 days (20 days of salt
exposure and 30 days of cultivation on medium without NaCl).

In each case of in vitro selection method, after salt exposure, birch cultures were
propagated and tested under normal conditions (without stress) for their preservation rate,
growth and morphological features (to determine whether developmental abnormalities
were present).

The cultivation conditions were as follows: temperature of 254+2°C, photoperiod
consisting of 16 hours of light and 8 hours of darkness, illumination of 2.0 klx.

We used glass test tubes (21x200 mm) with aluminum foil caps as culture tubes,
microshoots were placed each in a separate tube on agarized (6%) nutrient medium. Each
experiment was replicated 3 times, 20 microshoots for clone.

Stress tolerance was assessed based on preservation (viability) of cultures, their growth,
and morphological changes.

The statistical analysis of the results was done using the «Stadia» v.7.0 software
(http://top-torrent.ws/soft-torrent/4463-camtasia-studio-70.html, «TechSmith Corporationy,
USA). The pooling and processing of data procedure is given in Kulaichev’s work [33]. We
used the Student's #-test to compare the samples. Effect of the «belonging to a certain
clone» factor was determined by non-parametric one-factor Kruskal-Wallis analysis of
variance. Cluster analysis was performed using normalized Euclidean distances and
complete linkage classification method.

3 Results and discussion

Analysis of experiments performed beforehand demonstrated that under the
light mode (NaCl 0.2%) of short-term (20 days) salinity stress birch plants showed sharp
interclonal differences (initially 10 clones were tested) on the basis of preservation of the
explants (microshoots) — from 10 to 90% compared to 80-100% in the control. This
confirmed that birch is very sensitive to salinity under in vitro conditions and allowed us to
differentiate the clones primary into 1) stable (3psh, 6psh, Ap; 18k, 2psh, R2) with a
preservation rate varying from 40 to 90% and 2) sensitive (d.1, d.5, Pvl, R1) with a
preservation rate varying from 10 to 30% (Fig. 1). Stable clones were characterized by a
higher regenerative potential — 50-80% of explants showed signs of shoot formation, there
were 60-90% of rooted microplants. For the other group, these figures did not exceed 40%
and 40-50%, respectively. It should be noted that when the general regenerative activity
indicators (such as growth, shoot formation, rooting ability of microshoots) declined, the
most notable interclonal differences were based on plants’ preservation rate.
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Fig. 1. The preservation of microshoots of birch clones under the experimental conditions (1/2 MS +
NaCl 0.2%, 20 days) and the control conditions (1/2 MS, 20 days).

The graph shows arithmetic means and confidence intervals for clones of silver birch
(d1, d5, P1), Karelian birch (18k, Ap), dalecarcia form of silver birch (R1, R2), downy
birch (2psh, 3psh, 6psh).

The selection process effectiveness is determined not only by the preservation rate after
stress, but also by the preservation of plants’ regenerative potentials. Therefore, in later
experiments, we referred to preservation of experimental samples as the percentage of
cultures that survived salinity stress and were able to resume normal growth and
development afterwards (i.e., that preserved their regenerative potential), as this figure
reflects both morphological and physiological state of the explants.

At the further stages of the study, we tested three in vitro selection methods using 6 pre-
selected (the most salt-tolerant) birch clones. The results of comparative analysis of
preservation of samples depending upon the selection scheme are presented in table 1.

Table 1. Birch microshoot preservation rate (%) depending upon in vitro selection mode.

Clone Control Mode of exposure to NaCl
mild gradual severe
2psh 80.0+14 20.1+£0.6 17.8+0.1 6.6+0.1
3psh 90.3+14 453+0.3 60.0+0.3 134+0.3
6psh 90.0+0.3 43.1+05 62.2+0.1 184+0.1
18k 90.3+14 16.1+0.3 22.8+0.6 0.0
Ap 81.7+22 9.1+£0.2 10.0+0.3 0.0
R2 85.0+14 20.8+0.2 134+0.3 10.1+0.3
Mean value 86.2+0.8 25.8+1.9* 31.1+29° 8.1+1.0*
a differences between experimental samples and the control are significant at p < 0.001.

Most researchers in similar experiments with plants start with the sublethal
concentration of a selective agent, as a result a significant part of the experimental samples
die [8, 20, 27, 34]. In our experiments the severe mode of in vitro selection (NaCl, 1.0%)
resulted in the maximum degree of damage to birch microshoots, which is consistent with
the results obtained for other plants. On average, the preservation rate was 10 times lower
compared to the control (8.1% with variation from 0 to 18.4% depending on the clone,
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compared to 86.2% in the control). The occasional preserved samples of downy birch were
characterized by poor growth, apical or whole-plant necrosis, had smaller leaves with
pronounced chlorosis, closer internodal spacing, short thickened roots (Fig. 2). We also
observed loss of apical dominance, manifested in auxiliary shoot formation (Fig. 2B).

Table 1 shows that in cases of mild and gradual mode of exposure to NaCl along with a
general negative impact of the stress factor (inhibition of growth, loss of viability), there is
also a noticeable clone-specific variation in the birch plants’ preservation (depending on the
genotype). This allowed us to re-differentiate the clones in terms of their salinity tolerance.

In case of the mild mode (NaCl, 0.2%, for 3 months), the preservation rate reached an
average of 25.8% which was 3 times lower compared to the control. We noted genotypic
differences in the plants’ response to induced salinity stress. Thus, Ap clone of Karelian
birch had the lowest preservation rate (9.1%), two clones of downy birch — 3psh and 6psh —
the highest preservation rate (45.3 and 43.1%, respectively), while for the third clone of
downy birch it was 2 times lower (20.1%), which is also lower than the average figures for
this method of selective exposure to NaCl. At the same time, in the control the
microshoots’ preservation rate of the same clones was equally high (80-90%), Table 1.

After the removal of salt stress the plants did not fully resume their regenerative
processes. Inhibition of growth, loss of apical dominance, apical or whole-plant necrosis
was observed in most explants. The exceptions were the experimental samples of a R2
clone of the dalecarlica birch, which formed fully functional microplants.

The gradual method of selection (with the salt stress increasing step by step) resulted in
the continuation of the trend revealed with the other two selection methods: the collection
clones tended to differentiate in terms of their salinity tolerance. Thus, the Karelian birch
clone (Ap) had the lowest number of preserved plants (10.0%) while for 3psh and 6psh
clones it was the highest (60 and 62%, respectively). For the 2psh clone of the downy birch,
the preservation rate did not exceed 17.8%. Plants highly resistant to salinity stress, selected
by the gradual method, showed a complete recovery of growth and formed fully functional
plants under normal cultivation conditions (without stress), fig. 3.

@ W NG

Fig. 2. Morophogenesis of birch explants (2psh clone) after the severe mode of in vitro selection (V2
MS + NaCl, 1.0%): A — whole-plant necrosis; B — apical necrosis; C — inhibition of growth; D —
control (microplant that was not subjected to salt stress).
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Fig. 3. General view of birch microplants under normal cultivation conditions (without stress),
selected by the gradual method of in vitro selection.

Thus, a comparative analysis of the results of severe and gradual selection methods with
an equal final concentration of sodium chloride (1.0%) showed that the first method led to a
significantly lower preservation of plants and their capacity to regenerate than the second
one. For example, the average plants’ preservation, in this case, was 4 times lower (8%)
compared to the gradual selection methods (31.6%). Also, in the latter case, the capacity of
samples to regenerate was better preserved, which is important for their reproduction,
further study and formation of stable lines. Therefore, we can claim that the gradual method
of in vitro selection (with a step-by-step increase in NaCl concentration according to an
experimentally validated scheme: 0.2% — 0% — 0.5% — 0% — 0.75% — 0% — 1.0%) is
the most favorable for the studied birch clones. The cultivation cycle is 50 days (20 days of
salt exposure, then 30 days of cultivation on medium without NaCl).

Nevertheless, in all the tested selection methods (i.e., regardless of the concentration,
duration and sequence order of salt exposure), the collection clones tend to differentiate in
terms of the salinity tolerance.

Dispersion analysis showed that genotypic characteristics of collection clones
significantly impact the survival rate and regenerative potencies of experimental samples
(P<0.001). Using cluster analysis, we divided the clones into three groups based on their
reaction to salinity stress (Fig. 4): «resistant» (tolerant) — 6psh and 3psh; «medium salt-
resistant» — 18k and 2psh; «highly sensitive to salinity» — R2 and Ap.
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Fig. 4. Dendrogram of cluster distances between birch clones based on

the preservation of microshoots in the gradual method of in vitro selection: 1 — 2psh, 2 — 3psh, 3 —
6psh, 4 — 18k, 5 — Ap, 6 — R2. The y-axis of the graph represents the cluster distance, the x-axis of the
graph — the clone number.

From this perspective, therefore, the highest resistance to salinity was shown by two
clones of downy birch — 6psh and 3psh, which could be due to their polyploid nature.
Previously, we found that all three clones (6psh, 3psh, and 2psh) are tetraploid (2n = 56)
(Figure 5), which is typical of downy birch, whereas clones of silver birch (d1, d5, P1) and
dalecarlica birch (R1, R2) are diploid (2n = 28), [31]. However, tetraploid clones,
belonging to the same species (6psh, 3psh, and 2psh), showed different degrees of stability
under similar salinity conditions, which is probably due not only to their ploidy level status,
but also to their genotypic characteristics. The microsatellite analysis conducted earlier
showed that each of the studied birch clones had a unique genotype [35].
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Fig. 5. Metaphase plates with the modal number of chromosomes of root meristem cells of birch
microplantcs: A) diploid (2n=28) — silver birch (P1 clone); B) triploid (2n=42) — Karelian birch (18k
clone); C) tetraploid (2n=56) — downy birch (3psh clone) [31]. Bar= 10 pm.
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The genetic heterogeneity (natural or induced) of the original plant is known to be the
basis of successful breeding and selection of stable genotypes [12, 36]. In addition, in vitro
cultivation itself (including the long-term one) can cause genetic changes (somaclonal
variation) of cells and tissues [37].

In our experiment, a stable salinity-resistant regenerative line was selected from a long-
cultivated (for 26 years) triploid clone of 18k Karelian birch (Fig. 5) with a pronounced
mixoploid nature [31, 38]. The percent of cells with a modal triploid set of chromosomes
(2n=42) was on average 61.8% (with variations for individual ramets from 51.6 to 83.8%),
diploid — 26.5%, and aneuploid — 11.7% [31]. The level of myxploidy (the percent of cells
in witch number of chromosomes deviated from the modal triploid, 2n=42) was on average
34% (with a variations for individual ramets from 16 to 48%). Apparently, it was this
pronounced genetic heterogeneity of the cell population of clone (triploid-diploid somatic
tissue mixoploidy) which allowed us to isolate the stable regenerative line with the help of
selective conditions. Therefore, mixoploidy (the presence of cells with different levels of
ploidy in the tissue of one organism) can be considered as a source material for in vitro cell
and tissue selection.

To avoid the issue of epigenetic adaptation in vitro selection, we re-cultivated the
selected regenerative lines (downy birch — 3psh, 6psh, and Karelian birch — 18k) on a
medium with a sublethal NaCl concentration (1%). The ability of microplants to resume
normal growth and development under normal in vitro cultivation conditions confirms the
correctness of the study’s results. In the future, we plan to study and test the selected
regenerative lines of birch in the field (ex vitro).

Thus, in vitro selection offers great opportunities for increasing the stress tolerance of
birch and creating a promising source material for adaptive selection.
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