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Abstract. Cold hardiness and cryogenic survival of micropropagated pear (Pyrus cordata
Desv.) shoots were evaluated after pretreatments with ABA and sucrose. Shoot cold
hardiness increased by 3 °C, and cryopreserved shoot tip growth increased by 17% after
a 4-week 150 µM ABA pretreatment. Low temperature (LT) pretreatments improved the
recovery of cryopreserved P. cordata shoot tips. Six to 10 weeks of LT were required for
reaching high cryopreservation recovery. ABA and LT treatments produced significant
synergistic effects on both cold hardiness and cryopreservation recovery. ABA shortened
the LT requirement for high cryopreservation growth from 10 to 2 weeks. The optimal
treatment for recovery of cryopreserved shoot tips was a 3 week culture on 50 µM ABA
followed by 2 weeks of LT, while the maximum cold hardiness (–22.5 °C) was obtained with
150 µM ABA and 2-week LT. A 4 week culture on 150 µM ABA at 25 °C induced dormancy
in 74% of shoot tips, but had little effect on cryopreservation growth unless combined with
LT. Control and ABA-treated shoot tips, lateral buds, and leaves had similar cold
hardiness (–10 to –12 °C), but LT and LT+ABA-treated shoot tips survived the lowest
temperatures (–17 to –23 °C), lateral buds next (–15 to –20 °C), and finally leaves (–14 to
–18 °C). An increase in the preculture-medium sucrose concentration from 2% to 7%
combined with 2-week LT significantly increased cryopreserved shoot tip growth (0% to
75%) and decreased the LT50 from –7.8 to –12.4 °C. The optimal shoot pretreatment for
successful recovery of cryopreserved P. cordata shoot tips was a 3 week culture on either
50 µM ABA or 5% to 7% sucrose medium followed by 2 weeks of LT, and increased shoot
tip growth from zero to >70%. Chemical name used: abscisic acid (ABA).

sucrose, an important chemical in dehydration
and freezing tolerance, is a commonly used
cryoprotectant (Dumet et al., 1993; Niino et
al., 1992). Sucrose cryoprotectant solutions
are highly concentrated (10% to 50%) and
applied for short duration (16 h to several
days). High sucrose concentration in the
medium of in vitro-grown apples and black-
berries significantly increases tissue freeze
tolerance (Caswell et al., 1986; Palonen and
Junttila, 1999).

ABA is an important stress hormone pro-
duced during cold acclimation. Chen et al.
(1983) suggest that increased ABA concen-
trations in cells trigger cold acclimation and
expression of low temperature-responsive
genes. ABA increases the cold hardiness of
cell cultures and whole plants of many spe-
cies (Chen and Gusta, 1983; Lang et al.,
1989; Tanino et al., 1990a; Veisz et al., 1996).
Exposing tissues to ABA at room tempera-
ture substitutes for low temperature (LT)
treatments for cold acclimating embryogenic
wheat callus and the resulting lethal tempera-
ture at which 50% of cultures die (LT50) is
similar for callus treated with ABA and LT
acclimation. ABA has a much weaker effect
on intact wheat than on wheat callus (Dallaire

et al., 1994). ABA in the preculture medium
improves the recovery of cryopreserved shoot
tips of several plant species (Pence, 1998;
Reed, 1993; Ryynanen, 1998; Vandenbussche
and De Proft, 1998).

LT pretreatments increase cold acclima-
tion and improve the recovery of cryo-
preserved in vitro-grown shoot tips. How-
ever, some plant species require long LT
treatments, some genotypes do not respond
to LT, and others do not tolerate LT (Chang
and Reed, 1997). Cold acclimation is essen-
tial for shoot tip cryopreservation of most
pear genotypes (Reed et al., 1998a). The
relationship of ABA, cold hardiness, and
cryopreservation of in vitro-grown pear has
not been studied.

Our objectives were to determine the
effects of pretreatments of LT, ABA, and
sucrose on the cold hardiness of pear shoots
and on cryopreserved shoot tip recovery, and
to examine the interactions between ABA
and LT for inducing cold acclimation and
improving recovery from cryopreservation.

Materials and Methods

Plant materials. Pyrus cordata (acces-
sion PYR 750.001) was selected because of
its poor response to standard cryopreservation
protocols in earlier studies (Chang and Reed,
2000). Micropropagated shoots of P. cordata
were cultured in Magenta GA7 boxes (Ma-
genta Corp., Chicago) on 40 mL of Cheng
medium (Cheng, 1979), with 4.9 µM N6–
benzyladenine (BA), 3% sucrose, 0.35% agar
(Bitek agar, Difco, Detroit) and 0.145%
Gelrite (Kelco, San Diego, Calif.). The pH
was adjusted to 5.2 before autoclaving.
Growth room conditions were 25 °C with a
16-h photoperiod (25 µmol·m–2·s–1) and 40%
relative humidity (RH). Shoots were trans-
ferred at 3 week intervals. Shoots were LT
acclimated in a growth chamber at 22 °C with
8-h light (10 µmol·m–2·s–1) and –1 °C 16-h
darkness (Reed, 1990).

ABA treatments. Shoots were cultured for
3 weeks on the medium described above with
0, 10, 25, 50, 75, 100, and 150 µM (±) cis-
trans-abscisic acid (Sigma Chemical Co., St.
Louis). After 3 weeks, the shoots were placed
in the LT chamber for 0, 1, or 2 weeks without
transfer to new medium. Cold hardiness and
the cryogenic recovery of the shoots were
tested at the end of the LT treatment. To
determine the effect of ABA on growth, we
dissected apical shoot tips (1.0 mm) from
shoots grown for 3 weeks on each ABA
concentration and transferred them to regular
medium. Growth data were recorded at 4
weeks. If the shoot tips remained green but
did not grow new shoots or leaves by 4
weeks, they were considered dormant.

Sucrose and BA treatments. Shoots of
P. cordata were cultured on medium with 2%,
3%, 5%, or 7% sucrose and 0.89, 2.22, or 4.44
µM BA for 3 weeks and then placed in the LT
chamber for 0, 1, or 2 weeks without transfer
to new medium.

Freezing procedure. After ABA, sucrose,
BA, or LT pretreatment, 25 shoot tips (0.8–

Cryopreservation for germplasm storage
is increasingly important for national
germplasm collections (Withers, 1991).
Clonally propagated crops such as fruit, nut,
and many root and tuber vegetables cannot be
stored as seed and are especially suited for
cryopreserved storage. Pear germplasm is
now stored in the cryopreserved form as base
storage for the active field collections of the
U.S. National Plant Germplasm System (Reed
et al., 1998b). Cryopreservation techniques
that are effective for a wide range of geno-
types are important for both genebanks and
breeder’s collections.

Many techniques are used to prepare plant
materials for cryopreserved storage, including
osmotic and temperature conditioning and
chemical additives at various stages of the
cryopreservation process (Reed and Chang,
1997). Osmotic conditioning with sugars is
often used for cryopreservation. Natural
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1.0 mm) of each treatment were dissected and
precultured on medium with 0.35% agar,
0.18% Gelrite, and 5% dimethyl sulfoxide
(DMSO) for 48 h under the same temperature
conditions as the parent shoots. Samples were
subjected to slow freezing (Reed, 1990). Shoot
tips were transferred to 0.25 mL liquid me-
dium in 1.2 mL plastic cryo-vials (Cryovial,
Beloeil, Quebec, Canada) on ice. The
cryoprotectant PGD (Finkle and Ulrich,
1979), a mixture of 10% (w/w) each of poly-
ethylene glycol (MW 8000), glucose, and
DMSO in liquid medium was added dropwise
up to 1.2 mL over 30 min. After 30 min
equilibration on ice, the shoot tips were fro-
zen to –40 °C at 0.1 °C/min in a program-
mable freezer (Cryomed, Forma Scientific,
Mt. Clemens, Mich.) with nucleation at –9 °C
and immersed in liquid nitrogen for at least 1 h.
Vials were thawed in 45 °C water for 1 min,
then in 23 °C water for 2 min. The cryo-
protectant was removed and replaced with
liquid Cheng medium. Shoot tips were plated
in 24-cell plates with 2 mL Cheng medium
per cell (Costar, Cambridge, Mass.) for re-
covery. Growth data were taken 4 weeks after
thawing. Each experiment comprised 20 shoot
tips in one vial for each treatment and five
shoot tips for unfrozen controls, with at least
three replications per experiment.

Cold hardiness test. Ten shoots were en-
closed in a piece (11.4 × 11.5 cm) of moist
sterile tissue paper (Kimwipes, Kimberly-
Clark Corp., Roswell, Ga.) in each test tube
(15 × 100 mm) and closed with a plastic cap
sealed with parafilm. Tubes were cooled at
0.1 °C/min in a programmable freezer with
automatic ice nucleation at –2 °C. Five tubes
per treatment were removed at each 2.5 °C
interval. Shoots were thawed at 4 °C for 3 h
and recultured on Cheng medium. Leaves
that retained green color for 2 weeks were
considered alive. Only shoot tips and buds
that developed into plantlets were considered
to have survived. Viability was expressed as
LT50, the temperature at which 50% of the
shoots were killed.

Fresh weight/dry weight. Shoot water con-
tent was determined as the difference between
dry weight (DW) and fresh weight (FW). DWs
were determined after heating the samples in
an oven at 95 °C for 24 h. Percentage of water
was calculated as: [(FW – DW)/FW] × 100.

Osmotic potential measurement. The
water potential of the medium and the osmotic
potential of P. cordata shoots at different
culture or LT durations were measured on
expressed sap using a vapor pressure os-
mometer (5100C; Wescor, Logan, Utah). The
medium was frozen at –20 °C for 16 h, then
thawed for 5 min at room temperature (22 °C).
Aliquots of the medium (0.5 mL) were centri-
fuged in 1.5-mL microfuge tubes (Fisher
Scientific, Pittsburgh) at 3000 rpm for 5 min.
Shoots were frozen in the microfuge tubes
overnight, thawed for 3 min at room tempera-
ture, then pressed with a glass bar to extract the
sap. Sap was centrifuged at 3000 rpm for 5
min to obtain a clear supernatant (Guak,
1998). Osmolalities were converted to MPa
by multiplying by 2.48 (According to Van’t

Hoff’s equation Ψ = –RTΣCj, where R is the
gas constant, T was the temperature in de-
grees Kelvin and Cj was the summation of the
concentrations of all solutes in the solution).
There were at least three replications for each
treatment.

Statistical analysis. The results were ana-
lyzed by analysis of variance (ANOVA) and
means separated with Duncan’s multiple
range test (P ≤ 0.05) using Statgraphics Plus
(Statistical Graphics Corp. and STSC
Rockville, Md.).

Results and Discussion

ABA and LT effects on the cold hardiness of
in vitro-grown pear shoots. Increasing con-
centrations of ABA produced increasingly
lower LT50s either with or without LT
treatments (Fig. 1). Shoots grown at 25 °C
were the hardiest on 150 µM ABA with an LT50

of –12.5 °C. This was 2.5 °C lower than the
non-ABA controls. LT treatments produced
greater increases in cold hardiness than the
ABA treatments. Non-ABA control shoot
LT50s were 4 °C lower with 1-week LT and
7 °C lower with 2-week LT compared to the
non-LT, non-ABA controls. ABA and LT
interacted to improve plant cold hardiness.
The addition of 150 µM ABA to the LT
treatments reduced the LT50 to – 17.5 °C after
1 week and to –22.5 °C after 2 weeks.

Effect of ABA and LT on cold hardiness of
pear tissues. Lateral buds, leaves, and shoot
tips of control shoots had LT50s near –10 °C
(Table 1). ABA (75 µM) treatment signifi-
cantly increased tissue cold hardiness, but by
only 1 to 2 °C, and there were no significant
differences among the three tissues (P ≤ 0.05).
LT treatments significantly increased shoot
cold hardiness and the effect was signifi-
cantly stronger than ABA treatment for all
three tissues. Shoot tips had the greatest re-

sponse to LT and were significantly hardier
than leaves and lateral buds (P ≤ 0.05). The
combined ABA and LT treatment increased
the hardiness of all three tissues with shoot
tips and lateral buds both significantly har-
dier than leaves.

ABA (75–150 µM) in the preculture
medium increased the cold hardiness of P.
cordata shoots by only a few degrees (Fig. 1)
and only slightly improved cryopreservation
recovery. LT induced much deeper cold har-
diness than ABA. ABA did not substitute for
LT for inducing cold hardiness. These re-
sponses indicate that ABA and LT induce
cold hardiness by different pathways. A
similar conclusion was reached in studies
on wheat (Dallaire et al., 1994), where ABA
(50 µM) application increased the cold hardi-
ness of intact wheat plants by 3 °C, while LT
induced much deeper cold hardiness. For five
Rubus genotypes, although cold hardiness
was not directly tested, LT combined with
ABA (50 µM) treatment of stock cultures
improved the growth of cryopreserved shoot
tips, while ABA alone had little effect (Reed,
1993). LT treatments improved cryo-
preservation recovery of P. cordata shoots
from no growth of controls (no LT) to >80%
after 12 weeks of LT (Chang and Reed, 1997).
Long periods of LT acclimation (2 to 12
weeks), are required to achieve maximum
cold hardiness in many pear genotypes in-
cluding P. calleryana Decne, P. koehnei
Schneider, P. pashia Buch. -Ham. ex D. Don,
and P. communis L. cvs. Beurre d’Amanlis
Panachee, Bosc-OP-5, Monchallard, and
Good Christian (Chang and Reed, 1997). In
the current study, P. cordata shoot cold har-
diness significantly improved when ABA
and LT were applied together and less expo-
sure to LT was required with the ABA treat-
ment. This is similar to Rubus hybrid cv.
Hillemeyer that has improved cryopreser-

Fig. 1. Cold hardiness of in vitro-grown P. cordata shoots determined by LT50 after 3-week growth on
Cheng medium with various ABA treatments followed by 0, 1, or 2-week low temperature (LT)
treatment (22 °C with 8-h light (10 µmol·m–-2·s–1) and –1 °C 16-h darkness). Five replicates of 10
shoots each (N = 50).
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vation growth with LT pretreatment (from
17% to 21%), but growth more than doubles
(52%) with combined LT and ABA pretreat-
ments (Reed, 1993). In P. cordata, pre-
treatment with ABA and 2 weeks of LT
produced cold hardiness similar to that pro-
duced with 12 weeks of LT pretreatment
(data not shown). Shoot tips appear to be best
for cryopreservation not only because of their
genetic stability, but also because they attain
the deepest cold hardiness and withstand
freezing.

Dormancy induction by ABA. ABA
induced apical dormancy in shoot tips of P.
cordata and the rate increased with increas-
ing ABA concentrations. After 3 weeks of
growth, 30% of shoot tips on 50–80 µM, 50%
on 100 µM, and 75% on medium with 150 µM

ABA formed dormant apical buds. ABA con-
centrations below 25 µM did not affect shoot
tip growth or induce dormancy.

Effects of ABA and LT pretreatments on
the growth of cryopreserved pear shoot tips.
ABA pretreatments alone slightly improved
shoot tip growth (Fig. 2). Without LT, growth
of shoot tips pretreated on 150 µM ABA was
17% compared to zero for the control (no
ABA or LT). LT treatments for 2 weeks
(without ABA) produced ≈20% shoot tip
growth while control (no ABA or LT) and 1
week of LT shoot tips did not survive. ABA
and LT treatments interacted to improve
growth of cryopreserved shoot tips (Table 2).
Shoots treated with 50 µM ABA alone had
<10% shoot tip growth after thawing, but
growth increased to 38% with only 1 week of
LT and to over 70% with 2 weeks of LT.
Increasing ABA to 75 µM or 150 µM slightly
improved non-LT treated shoot tip growth
(from 8% to 20%), but shoots with 1 or 2
weeks of LT produced 40% to 50% shoot tip
growth. Without ABA, extended LT treat-
ments (10 week) are required for >80% growth
of cryopreserved P. cordata shoot tips and 6
to 8 weeks of LT for >50% growth (Chang
and Reed, 1997).

Dehydration tolerance of Medicago sa-
tiva L. and Brassica napus L. is increased by
adding ABA to the culture medium (Anan-
darajah and McKersie, 1990; Senaratna et al.,
1991). Dehydration and freezing tolerance
are well correlated with improved growth of
shoot tips following cryopreservation (Chang
and Reed, 2000). In this study, ABA treat-
ment slightly increased the shoot tip growth
(Fig. 2) and decreased shoot water content
(Fig. 3A). There are two suggested mecha-
nisms by which ABA could confer freezing
tolerance in plants: maintenance of a favor-
able water balance (Rikin et al., 1981; Tanino
et al., 1990b) or induction of specific sets of
genes that produce freeze-protective prod-
ucts (Lee et al., 1991). Without further analy-
sis, it is difficult to say which mechanism is
applicable to pear tissues.

Sucrose effects on shoot cold hardiness.
Shoot cold hardiness increased significantly
with increasing pretreatment-medium sucrose
concentrations (Table 3). The LT50 of shoots
grown on 7% sucrose with no-LT treatment
was significantly lower (P ≤ 0.05) than those

Table 1. Cold hardiness of in vitro-grown P. cordata shoot tissues determined by LT50

following a 3-week growth on 75 µM ABA, a 2-week LT pretreatment, or both.

LT50 (°C)
Type of tissues Controlz +ABAy +LTx +ABA + LTw

Shoot tips –10.8 aDv –12.4 aC –16.9 aB –22.5 aA
Lateral buds –11.1 aD –12.5 aC –15.2 bB –20.1 bA
Leaves –10.1 aD –12.1 aC –14.1 bB –17.9 cA
Means –10.7 D –12.3 C –15.4 B –20.2 A
zControl: 3 weeks of  growth at 25 °C with no ABA.
y+ABA: 3 weeks of  growth at 25 °C with 75 µM ABA.
x+LT: 2 week LT at 22 °C with 8 h light (10 µmol·m–-2·s–1) and –1 °C 16 h darkness.
w+ABA + LT: Growth at 25 °C for 3 weeks with 75 µM ABA then a 2-week LT treatment.
vMeans in a row with different capital letters (A–D) are significantly different at P ≤ 0.05;
Means in a column with different lower case letters (a–c) are significantly different at
P ≤  0.05.

Fig. 2. Growth of in vitro-grown P. cordata shoot tips after a 3-week culture with various ABA treatments
followed by  0, 1, or 2 week low temperature (LT) treatment (22 °C with 8 h light (10 µmol·m–-2·s–1) and
–1 °C 16 h darkness) on the same medium. N = 60; means + SD.

Table 2. Analysis of variance for frequency of recovery of in vitro-grown P. cordata
shoot tips after 3 weeks of growth with 0.75 µM ABA followed by 0, 1, or 2 weeks of
LT treatment and cryopreservation in liquid nitrogen.

Source of variation Sum of squares df Mean square
Cold treatment 369.8 2 184.9*

ABA concentration 1067.6 4 266.9**

Cold treatment × ABA concentration 2599.2  6  433.2**

Residual 1785.6  32  55.8
Total  5822.2 44
*, **Significant F test at P ≤ 0.05 and P ≤ 0.01.

on 2% or 3%. LT treatments significantly
increased the cold hardiness of the pear shoots
grown on all sucrose concentrations. There
was an interaction between medium sucrose
concentration and LT treatment. Shoots grown
on 7% sucrose had significantly lower LT50s
after 2 weeks of LT than with 0 or 1 week of
LT, but the LT50s were not significantly dif-
ferent from the 3% and 5% sucrose plus 2
weeks of LT treatments.

High sugar concentrations in plant tissues
are strongly correlated with freezing toler-
ance and cold hardiness (Gusta et al., 1996;
Dumet et al., 1993). We increased the con-
centration of sucrose in the pear pretreatment

medium and significantly increased cold har-
diness of non-acclimated shoots. High su-
crose concentrations also enhanced the effect
of LT treatments on cold hardiness (Table 3)
and decreased shoot water content (Fig. 3A).
Generally, moisture content correlates nega-
tively with cold hardiness in plants (Caswell
et al., 1986; Tanino et al., 1990b; Yelenosky
and Guy, 1989). Palonen and Junttila (1999)
demonstrated that sucrose in the culture me-
dium increased the sugar content of raspberry
shoots and is readily taken up by shoots without
prior hydrolysis.

Water content and osmotic potential of su-
crose and ABA-cultured shoots. Shoot mois-
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Table 4. Percentage of recovery of cryopreserved P. cordata shoot tips excised from shoots grown
for 3 weeks on preculture medium with sucrose and BA and 2 weeks in combination with LT
treatments.

Sucrose concentration (%)z

BA concentration (µM) 2 3 5 7
0.89 35 ± 11.4 b 60 ± 15.8 a 70 ± 7.8 a 58 ± 12.3 a
2.22 0 c 69 ± 10.7 a 68 ± 9.5 a 72 ± 6.1 a
4.44 0 c 25 ± 8.9 b 67 ± 6.7 a 75 ± 5.0 a
zShoots were precultured on Cheng medium with sucrose and BA for 3 weeks followed by LT
treatment for 2 weeks [22 °C with 8-h light (10 µmol·m–2·s–1) and –1 °C 16-h darkness] (n = 60).
Means followed by different letters are significantly different at P ≤ 0.05

Table 3. Cold hardiness of in vitro-grown P. cordata shoots cultured 3 weeks on
medium with 2%, 3%, 5%, or 7% sucrose followed by 0, 1, or 2 weeks of  LT
pretreatment as determined by LT50.

LT50(°C)y

LT duration (wk)
Sucrose (%)z 0 1 2 Means
2 –7.8 cB –12.6 cA –13.3 bA –11.2 c
3 –10.6 bC –15.5 bB –18.6 aA –14.9 b
5 –11.5 abC –16.7 abB –20.4 aA –16.0 ab
7 –12.4 aC –17.5 aB –20.3 aA –16.7 a
Means –10.5 C –15.6 B –18.2 A
zShoots grown on 2%, 3%, 5%, or 7% sucrose medium at 25 °C for 3 weeks and then
treated with 0, 1, or 2 weeks. LT treatments at 22 °C with 8 h light (10 µmol·m–2·s–1)
and –1 °C 16 h darkness.
yMeans in a row with different capital letters (A–C) are significantly different at
P ≤ 0.05; Means in a column with different lower case letters (a–c) are signifi-
cantly different at P ≤ 0.05.

ture content decreased from 86% to 71% for
leaves and 89% to 75% for stems when the
medium sucrose concentration increased from
2% to 7% (Fig. 3B). The osmotic potential of
the shoots became more negative with the in-
creased sucrose concentrations and the decline
was similar to that for water content. Shoot
water content decreased significantly, from 88%
to 77% for stems, and 86% to 76% for leaves,
after 3 weeks of ABA (150 µM) treatment (Fig.
3A). The osmotic potential of ABA-treated
tissues decreased with the increase in ABA
concentration.

Effects of sucrose and BA on cryo-
preservation. Sucrose and BA in the preculture
medium affected the growth of pear shoot tips
following cryopreservation (Table 4). Shoots
grown on 2% sucrose had poor recovery at all
BA concentrations. Standard growth medium
concentrations of BA (4.44 µM) and sucrose
(3%) resulted in significantly less shoot tip
growth than lower BA or higher sucrose con-
centrations. Growth of shoot tips following
cryopreservation is influenced by the physi-
ological condition of the parent shoots (Reed
and Chang, 1997; Wu et al., 1999). Lower BA
concentrations in the culture medium improved
pear shoot growth (data not shown) and in-
creased the growth of shoot tips following
cryopreservation. High sucrose (5% to 7%) and
BA (2.22–4.44 µM) concentrations combined
also produced good growth of cryopreserved
shoot tips (Table 4).

LT treatments were the most effective
pretreatments for increasing shoot cold hardi-
ness and growth of cryopreserved pear shoot
tips. Without LT treatment, ABA and sucrose
in the culture medium decreased water con-
tent and osmotic potentials, but only slightly
increased cold hardiness and tolerance to
liquid nitrogen. ABA and sucrose effects

Fig. 3. Water content and osmotic potential of stems and leaves of P. cordata shoots following 3-week culture on Cheng medium with (A) five ABA
concentrations or (B) four sucrose concentrations. Shoots were grown at 25 °C with a 16-h photoperiod. (dotted line) osmotic potential; (solid line) water
content. N = 60; means ± SD.

were greatly enhanced when combined with
LT treatment. Shoot tips and lateral buds were
the most cold hardy (–22.5 and –20.1) with the
combined LT-ABA treatment. The optimal
shoot pretreatment for successful recovery of
cryopreserved P. cordata shoot tips was a 3-
week culture on either 50 µM ABA or 5% to
7% sucrose medium followed by 2 weeks of
LT, and increased shoot tip growth from 0 to
>70%. This new procedure will increase the

number of pear genotypes that can be success-
fully stored in liquid nitrogen.
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