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Abstract

The aim of the present study was to develop an effective cryopreservation method for hybridPagpéuns(tremuld . x Populus tremuloides
Michx.), an economically important woody plant and widely used model system of forest scientists. Specific attention was paid to genetic
fidelity of cryopreserved materials and transgene stability after retrieval. Three different kinds of cryopreservation protocols were applied,
i.e. the slow cooling of PGD-treated in vitro apical segments, the vitrification of PVS2-treated in vitro buds and the slow cooling of dormant
in vivo buds. The slow cooling of in vivo buds proved to be the most appropriate way to cryopreserve the samples, resulting in a generally
excellent regrowth rate of 72-96%. According to random amplified polymorphic DNA (RAPD) assays the genetic fidelity of the cryostored
materials was maintained during both slow cooling and vitrification. In addition, neomycinphosphotransfempti$) ij¢ne was found to
be stable in transgenic lines after cryopreservation. The results clearly indicate that it is possible to apply cryopreservation techniques to
preservation of valuable clones and transgenic lines of hybrid aspen.
© 2003 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction Populus species and their hybrids are recognized as
the model systems of forestry for a number of reasons:

Hybrid aspen ig=; hybrid of European asperPgpulus due to their fast growth, ease of propagation, consider-
tremulg and American aspenP¢pulus tremuloid@spro- able genetic variation, small genome size (550 Mb), and
duced by artificial hybridization. In recent years, the paper transformability[2,3]. Populusspecies have proved to be
industry has renewed its interest in hybrid aspen because itsccompetent for especiallyAgrobacteriuramediated gene
fibres have been found suitable for the manufacture of me-transfer [4,5], and to date, they are the most common
chanical pulp and fine paper. In addition, hybrid aspen is tree group used in transgenic field experiments in Europe
favoured due to its white coloured wood, which consumes (http://biotech.jrc.it/deliberate/doc/snifs.doc The recent
less chemicals in the paper making process, thus saving oradvances in the development of molecular genome f2dps
the production costs and causing less damage to the envidarge collections of expressed sequence tags (E/6T,ani-
ronment[1]. croarray analysis and the initiative to sequence the first tree

genome, that dPopulus trichocarpaare also promoting the
Abbreviations: BA, 6-benzyladenine; DMSO, dimethylsulfoxide; explmtafuon Of_POpUIUSby a wide range of S_CIGI’]tIStS,?].

IAA, indole-3-acetic acid; IBA, indole-3-butyric acid; MS, Murashige The intensive research performed with poplars and
and Skoog; PGD, mixture of polyethylene glycol, glucose and DMSO in aspens creates demand for the development of feasible
water; PVS2, Plant vitrification solution 2, mixture of glycerol, ethylene  non-genotype specific methods for a long-term maintenance.
glycol, DMSO and sucrose in MS medium; RAPD, random amplified The advantages of cryopreservation, the storage of material
polymorphic DNA; WPM, woody plant medium L. -

* Corresponding author. Tek:358-8-553-1547: at super-low temperature, are minimum requirements for
fax: +358-8-553-1061. space and labour. In the genspulus calli of Populus eu-
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as in vitro shoot tips olP. tremulax Populus albg10] andP. the growing season, the seedlings were cold store?aC

alba L. [11] have successfully been cryopreserved. In these in the darkness for 2 months before sampling.

experiments, applying both slow cooling and vitrification

methods, best regrowth rates have been 62—§I041], 2.2. Cryopreservation of in vitro apical segments and in

but the numbers of genetic backgrounds have been limited.vitro buds

One essential aspect of cryopreservation is the genetic sta-

bility of plants recovered from cryogenic storage. So far,the  The in vitro apical segments were cryopreserved using

use of genetic markers have generated controversial result¢he modified slow freezing method of Ryynariéa]. At the

for genetic fidelity of cryopreserved materid2—15] and beginning of the experiment the in vitro grown stock shoots

the information concerning the transgenic plants is scarcewere transferred on kanamycin-free MS medium (contain-

[16-19] The aim of this work was to develop an effective ing 2.22uM BA and 2.85.M IAA) to minimize any po-

cryopreservation method for multiple genotypes of hybrid tential stress caused by selection on kanamycin. The effects

aspen with specific focus on genetic fidelity. Genetic fidelity of both the duration from the previous subculturing and the

was analysed using RAPD markers and in transgenic hy-duration of cold acclimation were studied in the following

brid aspen lines also stable integration of transgenes wascombinations: the shoots were cultured 0, 1, 2, or 3 weeks in

confirmed by Southern hybridizations both before and after normal growth conditions and then cold acclimated 0, 1, or

cryostorage. 3 weeks at+5°C under an 8 h photoperiod with light inten-
sity of 23umol photons m2s1. Excised apical segments,
about 0.5-1.0cm in length, included a apical bud and 5-8

2. Materials and methods leaves with axillary buds. Fifteen segments per treatment
were precultured for 3 days in the above mentioned condi-
2.1. Plant material tions on the MS medium supplemented with 5% dimethyl-

sulfoxide (DMSO). The samples were then transferred into

All the plant materials were originally derived from suck- 0.25 ml liquid hormone-free MS medium in 2 ml plastic cry-
ers of the three selected hybrid aspen plus tr€&drém- otubes (Sarstedt, Nimbrecht, Germany) on ice. One ml PGD
ula L. x P. tremuloidesMichx.) V613, V617 and V619, (10% polyethylene glycol 6000 (w/v), 10% glucose (w/v)
which are growing in southern Finland (B8N, 28°22E). and 10% DMSO (v/v)) was added as cryoprotectant drop-
Micropropagated stock shoots were produced according towise over a period of 30 mif24]. The cryotubes were then
Ryynanen20]. left to stand on ice for 30 min. Thereafter, the samples were

In vitro apical segments, i.e. the upper parts of the frozen slowly to—38°C in a programmable cooling chamber
shoots were excised from the transgenic lines V613/14 and(Lauda Ultra-Kryomat RUK 60, Kénigshofen, Germany) at
V613/36. The lines had been generatedAgrobacterium arate of 10C h™1. After reaching the terminal temperature,
tumefaciensnediated gene transfer using strain LBA 4404 the cryotubes were stored in liquid nitrogen for 3 days. Fi-
carrying pBVHb-plasmid21]. pBVHb includes theVitre- nally, the samples were thawed at°®7in a water bath for
oscilla hemoglobin genevhb) driven by the 35S CaMV  circa 2 min, then washed with liquid MS medium for 30 min
promoter and the neomycin phosphotransferamsll}, a and cultured on semisolid MS medium containing 2.2
selectable marker gene driven by thaspromoter. BA and 2.85.M IAA, for plant regeneration. The regrowth

In vitro buds were derived from non-transgenic clones of the samples was observed 3 and 6 weeks after thawing.
V613, V617 and V619 and transgenic lines V613/73, The apical segments showing organogenesis by producing
V617/85 and V619/92. The transgenic lines were trans- new shoots and leaves were classified as regrowing.

formed with A. tumefaciensstrain LBA 4404 carrying The vitrification of in vitro buds was performed with the
pBl121-plasmid (Clontech, California, USA) withidA re- slightly modified method of Lambardi et diL1]. In vitro
porter gene encodin@-glucuronidase and theptll gene. grown stock shoots were acclimated for 3 weeks-&°C

The stock shoots for both the in vitro shoot and in vitro under an 8 h photoperiod with light intensity of 2&ol pho-
bud experiments were cultured on semisolid Murashige tons nT2s-1. Excised 2—-4 mm long unpeeled axillary and
and Skoog (MS)[22] medium, containing 2.22M apical buds were precultured on hormone-free MS medium
6-benzyladenine (BA), 2.85M indole-3-acetic acid (IAA), (0.09 M sucrose) for 3 days in the above mentioned condi-
and also 85.8.M kanamycin for transgenic lines; the shoots tions. The samples were then transferred into 0.25 ml liquid
were maintained at-25°C under a 16 h photoperiod with hormone-free MS medium in 2 ml plastic cryotubes (Sarst-
a light intensity of 100-13@.mol photons m?s~! and edt, Numbrecht, Germany) on ice and pretreated for 20 min
subcultured every 4 weeks. at 0°C with a mixture of 2M glycerol and 0.4 M sucrose
In vivo buds were collected from the 2-year-old [25], followed by the incubation for 30 min at°@ with
greenhouse-grown non-transgenic clones V613, V617 andPVS2 solutiorj26], which contains 30% glycerol (v/v), 15%
V619, and transgenic lines V613/14 and V613/36. The ethylene glycol (w/v), 15% DMSO (v/v) and 0.4 M sucrose
plants were first grown under a natural photoperiod at am- in hormone-free MS medium. The cryotubes were stored in
bient temperature limited to a minimum of 6 [19]. After liquid nitrogen for 3 days. After storage the samples were
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thawed at 37C in water bath for circa 2 min, washed with 2.5. DNA analyses
liquid MS medium (1.2 M sucrose) for 20 min and cultured
on the same regeneration medium as for in vitro shoots. The presence of transgemgtll in the shoots regener-
Twenty vitrified in vitro buds from the clone V617 and the ated from the control and from cryopreserved materials
line V617/85 and forty from the clones V613 and V619, as was tested by Southern hybridization. Fourteen transgenic
well as from the lines V613/73 and V619/92, were included cryopreserved plants, five non-cryopreserved transgenic
in the experiment. For testing the effects of the cryoprotec- plants, two cryoprotectant-treated but non-cryopreserved
tant solutions, twenty buds per genotype, i.e. treatment con-plants, and three wild-type plants were used. To study ge-
trols, were handled in the same way except that they werenetic fidelity of cryopreserved materials, DNA samples of
not immersed in liquid nitrogen. The non-treated controls, the shoots regenerated from in vitro buds of lines V613/73
18-20 per each genotype, were kept in tissue culture duringand V619/92 and in vivo buds of clones V613, V617 and
the experiment. The regrowth of the buds was recorded 3V619 were compared using random amplified polymor-

and 6 weeks after thawing. phic DNAs (RAPDs). Within each genotype and treatment,
samples were collected from one randomly selected plant.
2.3. Cryopreservation of in vivo buds Genomic DNA for molecular analysis was extracted from

the leaves of greenhouse-grown plants, that were minimum

In vivo axillary and apical buds with scales and about of 5 months of age, using the method of Lodhi et[2B]
2 cm piece of attached twigs were collected in 2 ml cryotubes with modifications according to Valjakka et §B0].
(Sarstedt, Numbrecht, Germany) on ice, 2-5 buds per cry- For Southern hybridization analysis, genomic DNA
otube. The bud type (axillary or apical bud) and the position (20.g) was digested withdindlll restriction enzyme hav-
of the bud on the seedling (base, middle or top), were iden- ing an unique cutting site within the transferred VHb con-
tified. The cryopreservation of buds was carried out as de- struct at the 5end of the 35S CaMV promoter. The DNA
scribed for silver birchBetula pendul&Roth) by Ryyndnen  fragments were separated on a 0.8% (w/v) agarose gel
[27]. The cryotubes were first placed at© for 36 h after and transferred to a nylon membrane (Roche Diagnostics
which they were frozen slowly in the programmable cooling GmbH, Mannheim, Germany) by capillary transfer. The pre-
chamber from 0 t6-38°C at a rate of 10C h~%, and then hybridizations and hybridizations were performed in a DIG
kept at the terminal prefreezing temperature for 24 h. Sub- Easy Hyb solution (Roche Diagnostics GmbH)-242°C
sequently, they were immersed in liquid nitrogen for about with nptll probe. Double stranded probe wftll (619 bp)
4 months. After cryostorage, buds were thawed a&tQih a was labelled with digoxigenin-11-dUTP (Roche Diagnostics
water bath for circa 2 min and sterilized with 70% ethanol for GmbH) in the polymerase chain reaction. The primers used
1.5min. The scales, young leaves and twigs were removedin the reaction were’'sTGGGCACAACAGACAATCGG-3
from the buds and the remaining meristems were cultured and 3-CAGCAATATCACGGGTAGCC-3 [30]. The 50ul
on semisolid woody plant medium (WPNBS8] containing reaction mixture contained about 10ng of plasmid DNA,
2.22p.M BA and 0.005.M NAA for regeneration. 50 ng of both primers, 100M dATP, dCTP, dGTP, 65.M

The number of cryopreserved in vivo buds from trans- dTTP, 35uM DIG-11-dUTP and 1.0 U of Dynazyme DNA
genic lines varied between 25 and 41, the ones from polymerase (Finnzymes, Espoo, Finland) in manufacturer’s
non-transgenic lines varied from 35 to 57. This variability buffer. The reaction mixture was first heated at°@4for
was due to different number of buds in original stock plants. 10 min, followed by 35 cycles of 94C for 1 min, 55°C for
The non-cryopreserved control buds, 20 for each genotype,1 min and 72 C for 2 min with a final extension step of 7€
were sterilized and cultured for regeneration as the cryop-for 7min in a DNA Thermal Cycler 480 (Perkin-Elmer,
reserved samples. The regrowth of the buds was examined\ellesley, MA, USA). After hybridization, the membranes

after 2 and 4 weeks of culturing. were washed twice for 5min in 2 SSC, 0.1% SDS at
room temperature, and twice for 15min in10x SSC,

2.4. Establishment of plants recovered from 0.1% SDS at 68C. Detection was performed according to

cryopreservation under greenhouse conditions the manufacturer’s (Roche Diagnostics GmbH) instructions

with a chemiluminescent substrate.

All shoots, about 10-25mm in length with 5-10 leaves, = For RAPD assays, 24 arbitrary 10-mers were prelimi-
both controls and those regenerated after cryopreservatiomary tested, of which 10 primers generating the sharpest
were dipped in 0.5mM indole-3-butyric acid (IBA) solu- RAPD profiles were chosen to the final analyses (OPC-01,
tion (pH 5.5) for a few seconds and potted in peat—perlite OPD-14, OPD-15, OPE-05, OPE-06, OPE-09, OPE-10,
(1:1) at a high relative air humidity for 2 weeks, followed by OPE-17, OPF-03 and OPF-06 purchased from Operon
cultivation and fertilization (once with 0.2% Superex Fertil- Technologies, Alameda, USA). The gbreaction mixture
izer, Kekkila, Tuusula, Finland) in decreasing humidity for contained about 100 ng of template DNA, 50 ng of primer,
two more weeks. After acclimation, the plants were trans- 100u.M of each of the dNTPs and 0.5 U of Dynazyme DNA
ferred into 0.51 pots, containing slow-release fertilized peat polymerase (Finnzymes, Espoo, Finland) in manufacturer's
(Kemira, Helsinki, Finland). buffer. The amplification of DNA was performed according
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to Aronen et al[12]. The mixture was first heated at 9@ Table 2
for 10 min, followed by 45 cycles of 94C for 1 min, 36°C Regrowth (%) of in vivo buds of hybrid aspen cryopreserved by slow
for 2min and 72C for 2min with a final extension step ~ °%ing method

of 72°C for 5min in a DNA Thermal Cycler 480. In the Clonefline  After 2 weeks of culture After 4 weeks of culture
control reactions the genomic DNA was omitted to check Control

Cryopreserved Control  Cryopreserved
for their possible contaminations.
V613 889  59.4 1000 719
o ) V617 1000  68.0 90.0  80.0
2.6. Statistical evaluation V619 950  94.7 950 947
V613/14 1000 783 1000 957
The effect of genotype and cryopreservation treatments V613/36 1000  75.6 1000 829

on the regrowth of in vitro and in vivo buds as well as the
effect of the in vivo—bud type and location was examined

using the logit model (SPSS 10.0). buds ranged from 59 to 95% and 72 to 96% after 2 and 4
weeks of culture, respectivelyigble 9. Correspondingly,
89-100% and 90—100% of the control buds showed regrowth

3. Results after 2 and 4 weeks of culture, respectively. The difference
between the regeneration of genotyp&s< 0.05), and cry-

3.1. Cryopreservation of in vitro apical segments and in  opreserved and control bud® (< 0.01) was statistically

vitro buds significant. The bud type or its position on the seedling did
not affect the regrowth (data not shown).

Cryopreservation of in vitro apical segments based on Inthe case of the in vitro apical segments as well as in vitro
the slow-cooling method succeeded with only four samples and in vivo buds, the regrowth of the cryopreserved material
out of 360, every recovered segment representing differ- was obtained without any callus formation. The plantlets re-
ent preculture-cold treatment combination (data not shown). generated from the cryopreserved explants appeared to have
Generally, the frozen segments turned pale within 1-2 daysnormal phenotypes compared with the control plantlets dur-
of culture and the structures of their stems and leaves wereing both in vitro cultivation and greenhouse growth.
soft. After 2—4 weeks of tissue culture, the viable samples
started to form chlorophyll-containing tissues and later three 3.3. DNA analyses
of them produced new shoots.

Vitrification of in vitro buds was more successful, because  The genetic fidelity of the PVS2-treated and vitrified in
all genotypes tested resumed growth after cryostorage. How-vitro buds, as well as cryostored in vivo buds, was tested
ever, the regeneration of the buds varied significan®ly( by comparing RAPD profilesHig. 1) generated arbitrary
0.001) among genotype3dble ). The growth rate of cry- 10-mers. The 10 RAPD-primers used in the experiment
opreserved buds ranged from 0 to 65% and 3 to 75% afteryielded a total of 80 strong fragments, the size of the frag-
3 and 6 weeks of culture, respectively, which were signifi- ments varying from 300 to 3000 bp. The number of amplified
cantly (P < 0.001) lower than those of the controls. Some products ranged from 5 to 11 per primer. A total of 31.3%
signs of cryoinjuries, such as blanching of leaf-edges of of the fragments were polymorphic among the genotypes.
the existing outermost leaves surrounding meristems, wereNo reproducible variation of the RAPD profiles within the

found in vitrified materials 2—3 days after thawing. clones and lines were observed. Occasionally, a few ghost
bands were detected in the control reactions.
3.2. Cryopreservation of in vivo buds Integration ofnptll gene on genomes of shoots regener-

ated from cryopreserved and control materials was tested
In vivo buds were successfully cryopreserved using the by Southern hybridization. The slow cooling and vitrifica-
slow cooling method. Regrowth rate of the cryopreserved tion methods used did not affect the copy number of the

Table 1
Regrowth (%) of in vitro buds of hybrid aspen cryopreserved by vitrification
Clonel/line After 3 weeks of culture After 6 weeks of culture
Control Treatment control Cryopreserved Control Treatment control Cryopreserved
V613 100.0 85.0 22.5 100.0 95.0 25.0
V617 100.0 90.0 65.0 100.0 90.0 75.0
V619 100.0 100.0 25 100.0 95.0 25
V613/73 100.0 100.0 0.0 100.0 100.0 10.0
V617/85 100.0 55.0 0.0 100.0 65.0 15.0

V619/92 100.0 80.0 32.5 100.0 95.0 40.0
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V613 /14 V613 /36 Vo613 V617 V619

m w ¢ tr c¢r € tr cr m w ¢ ¢r ¢ ¢ ¢ @ cCr

Fig. 1. Examples of the RAPD profiles generated for studying the genetic fidelity of cryopreserved hybrid aspen clones and lines. DNAs amplified
with primer OPD-15. (A) Plants regenerated from vitrified in vitro buds compared with treatment controls and controls. (B) Plants regenerated from in
vivo buds cryopreserved with slow cooling method compared with controls. Abbreviations: ¢, non-cryopreserved control; cr, cryopreservectlar, mole
marker; tr, treatment control; w, water.

transgene. There appeared to be two copieptf gene in of Lambardi et al[11]. Three weeks after thawing, clone

the line V613/73 while lines V619/92,V613/14 and V613/36 V617 had the best regrowth rate (65%), which was close

had one copy of the transgene both before and after cryop-to that of P. albalL. (62%) after 4 weeks in tissue culture

reservation Fig. 2. There was some variance in the speed [11]. As with the in vivo buds, there were significant differ-

that copies were carried along the gels probably because theences between the regrowth of the hybrid aspen clones and

quality of the isolated DNA varied. Line V617/85 could not  lines.

be tested with Southern hybridization, because the regener-

ated shoots died before transfer to the greenhouse. However4.2. Genetic fidelity of cryopreserved materials

the line appeared to be transgenic according to preliminary

PCR-test (data not shown). One important aspect of cryopreservation is the genetic
fidelity of plants recovered from cryogenic storage. This is
particularly true in the case of long-living forest trees, be-

4. Discussion cause the effects of occasional mutations or genetic rear-
rangements may not be readily observed in young plants but
4.1. Cryopreservability expressed later on in mature trgég].

So far, using genetic markers has generated controversial
In hybrid aspen, the cryopreservation of in vivo buds results for genetic fidelity of cryopreserved material. Hagg-
by the slow-cooling method was the most successful way man et al[13] observed no genetic changes in RAPD pro-
to cryostore samples, resulting in a generally excellent re- files of cryopreserved embryogenic cultures of Scots pine
growth rate of 72—96% after 4 weeks of tissue culture. The (Pinus sylvestrid..). Similarly, Turner et al[14] found that
different in vivo bud types were appropriate for cryopreser- the genetic fidelity ofAnigozanthos viridisvas maintained
vation of hybrid aspen, because they all, i.e. apical and axil- during cryostorage, because no qualitative differences were
lary buds and buds located in upper, middle and lower partsseen in amplified fragment length polymorphism (ALFP)
of the stem had similar regrowth rates. Although the differ- DNA fingerprints. Harding et al[15] did not detect any
ences in the regrowth between hybrid aspen genotypes werevariation in restriction fragment length polymorphisms
statistically significant, the method can be considered feasi- (RFLP) profiles of rRNA genes of mahogangwietenia
ble for the multiple genetic backgrounds tested in the study. macrofyllg after cryopreservation, but they did observe
All the genotypes from the in vitro bud experiment could chromatin and DNA methylation changes that might affect
also be preserved with the modified vitrification method the patterns of gene expression. When assayed by RAPD
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Vo613 /73 V613 /14
(¢ tr cr cr C cr cr m nt
i +— 8.6 kb
-
A +«— 49kb
V619 /92
v tr cr cr cr cr cr Ccr m nt
| ¢——— 8.6kb
-
— 49kb
. BRg
Vo613 /14 V613 /36
[ cr cr c cr cr m nt

+— R.6kb

<+«—— 36kb

C .

Fig. 2. Southern hybridisation analysis mtll genes of the transgenic cryopreserved hybrid aspens and controls. (A) V613/14 plants regenerated from in
vitro apical segments cryopreserved with slow cooling method and V613/73 plants regenerated from vitrified in vitro buds. (B)V619/92 plartiedegener
from vitrified in vitro buds. (C) V613/14 and V613/36 plants regenerated from in vivo buds cryopreserved with slow cooling method. Abbreviations:
¢, non-cryopreserved control; cr, cryopreserved; m, molecular marker; nt, non-transformed control; tr, treatment control. The sizes (kb) Af the DN
fragments are marked with arrows.

profiles, a widely used cryoprotectant, DMSO, was shown to mutated cells and the other compounds of the cryopro-
cause considerable genetic variations in the DMSO-treatedtectant mixture may diminish the mutagenic potential of
but non-frozen embryogenic cultures Abies cephalonica  DMSO [12].

[12]. In the same study, however, no such changes were The RAPD assays performed in the present study sug-
observed in the samples stored in LN or when DMSO gest no genetic aberrations originated in hybrid aspen clones
was used in the PGD cryoprotectant mixtures, indicating and lines during vitrification or slow cooling treatments. A
that cryostorage probably eliminates a high proportion of few ghost bands detected in some of the control reactions
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