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The increased use of perennials has contrib-
uted to a renewed interest in the Hosta genus; in
fact, hosta may well be the perennial plant of the
decade (Jones and Jones, 1990). The popularity
of hosta is attributed to its decorative foliage,
attractive inflorescence, and ability to fill shady
areas in the landscape. Hosta plants are propa-
gated by division of lateral shoots. However,
because only a few shoots can be obtained from
some taxa, introduction of a new cultivar can
take several years. Tissue culture offers poten-

maintained photosynthetic ability and dry weight
of photoautotrophic broccoli (Brassica oleracea
L., Botrytis group) seedlings stored for 6 weeks.
In the photoautotrophic system, the micro-
propagated plant is dependent on its own pro-
duction of photosynthates rather than on an
exogenous carbon source in the form of sugar.
Kubota and Kozai (1995) showed that light
compensation points of stored plants vary with
air temperature and sugar level in the medium.
Addition of sucrose to the medium increased
dry weight, soluble sugars, and visual quality of
plantlets (Wilson et al., 1998a, 1998b). How-
ever, omitting from or reducing the level of
sucrose in the medium can facilitate growth by
promoting of autotrophy, decreasing expense
of materials, and reducing biological contami-
nation (Kozai, 1991).

Light quality is another important factor
affecting plant growth and development
(Economou and Read, 1987; Sergeeva et al.,
1994). Most studies on the effects of spectral
composition on plant growth have been per-
formed on whole plants. Sprinchanu and
Butenko (1991) observed that red light in-
creased internode length and root formation
during in vitro culture of Artemisia bal-
chanoorum H. Kraschen. Bertazza et al. (1995)
found that red light enhanced in vitro root
development of pear (Pyrus communis L.)
cultivars. In our previous work, red light
improved the storage of broccoli seedlings in
vitro (Wilson et al., 1998a).

Low temperature storage has been used
widely for preserving postharvest quality of
horticultural commodities. Provision of light
during low temperature storage can improve
the quality of plantlets during storage. Recently,
researchers found that red light irradiation
during cool temperature storage of strawberry
(Fragaria ×ananassa Duchesne) plants in-
creased leaf area, chlorophyll content, and
photosynthetic rates (Nishizawa et al., 1997).
However, few reports exist on low tempera-
ture storage of in vitro plantlets. Broccoli
seedlings can survive illuminated storage in
vitro at 5 °C for up to 6 weeks (Kubota et al.,
1996), but not more than 8 weeks (Wilson et
al., 1998a). Storage at 1 °C improved plantlet
quality and regrowth potential, with red light
being particularly effective in increasing dry
weight and photosynthetic capacity of stored
seedlings (Wilson et al., 1999). However,
various plant species respond differently to
low temperatures (Lange et al., 1991). There-
fore, for each new species stored in vitro,
various temperatures must be explored to pin-
point optimum conditions for high quality
plants. In the current research, we investigated
the influence of light (provided by fluorescent
tubes or light emitting diodes during storage at
intensities near the light compensation point)
and temperature (5, 10, and 22 °C) on storability
and poststorage recovery of micropropagated
hosta plantlets.

Materials and Methods

Plant material and culture conditions. In
vitro ‘Newberry Gold’ hosta plantlets (Carter
and Holmes, Newberry, S.C.) were subcultured
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Abstract. Hosta (Hosta tokudama Makeawa ‘Newberry Gold’) plantlets were micro-
propagated photoautotrophically (without sucrose in medium) or photomixotrophically
(with 2% sucrose in medium) for 3 weeks at 23 °C under 80 µmol·m–2·s–1 photosynthetic
photon flux (PPF) prior to long-term storage. Plantlets were stored for 4, 8, or 12 weeks
at 5, 10, or 22 °C in darkness or under white (400–800 nm), blue (400–500 nm), or red (600–
700 nm) light at or near light compensation points. Illumination during storage was
necessary to maintain dry weight and regrowth potentials of plantlets in vitro, but light
quality had no effect on these parameters. All photoautotrophic plantlets stored in
darkness were of poor quality at the time of removal from storage and died when
transferred to the greenhouse. Dark-stored photomixotrophic plantlets survived storage
for 12 weeks at 5 °C, but declined in appearance (visual quality) as the storage duration
increased. Decline in visual quality was greater when plantlets were stored at 10 and 22 °C.
Leaf dry weight of illuminated plantlets increased and percentage of leaf yellowing
decreased as storage temperature increased. Recovery of illuminated plantlets from
photomixotrophic storage was best when plantlets were stored at 22 °C. These plantlets
were characterized by increased visual quality (color and form) and increased dry weight
compared with those in other treatments. After 60 days in the greenhouse, the dry weight
of these plantlets was similar for 4-, 8-, and 12-week storage durations, indicating flexibility
in storage time if specific light and temperature provisions are met.

tial for rapid clonal multiplication (Paek and
Ma, 1996). The rapid availability of many new
and exciting hosta cultivars is in part due to the
use of tissue culture as a means of commercial
propagation. However, advantages of tissue
culture, such as rapid production, greater uni-
formity, and disease elimination, are often
counteracted by high production costs and low
profits. The ever-changing consumer demand
for certain hosta taxa is sometimes difficult to
predict and labor costs for the seasonal produc-
tion of hosta are equally difficult to distribute.
Storage of micropropagated plantlets for ex-
tended times in large numbers per unit area
would be useful to the horticultural industry.
In addition to ensuring availability of seasonal
ornamental crops and distributing labor costs,
techniques of holding micropropagated plant-
lets could significantly affect the globalization
of markets where preserving plantlet quality
during extended shipping periods is crucial.

Storage systems that minimize growth
without sacrificing quality require the manipu-
lation of light, temperature, and medium com-
position. Storage of plants at their light com-
pensation point (where photosynthesis balances
respiration) has proven effective in minimizing
excessive elongation. Kubota et al. (1995) have
shown that low temperature, in conjunction
with fluorescent lighting at photosynthetic
photon flux (PPF) as low as 2 µmol·m–2·s–1,
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photoautotrophically (no sugar in the medium)
or photomixotrophically (2% sucrose in the
medium) for 3 weeks in Murashige and Skoog
(1962) liquid media (10 mL per plantlet)
supplemented with vitamins (Gamborg, 1970).
Four plantlets were cultured on Sorbarod
cellulose support plugs (Sorbarod, Baumgartner
Papiers SA, Switzerland) in 375 mL GA-7
vessels (Magenta, Chicago). Two 10-mm-di-
ameter holes in opposite sides of the vessel
were covered with 0.5 µm membrane filter
disks (Milli-Seal, Millipore K.K., Tokyo) to
provide ≈3.2 air exchanges per hour (Kozai et
al., 1986). Culture room temperature was 23 ±
2 °C during the 16-h photoperiod and 19 ± 1 °C
during the 8-h dark period. PPF was 80 ± 20
µmol·m–2·s–1 on the culture shelf.

Determination of light compensation point.
Three weeks after culture initiation, in vitro
plantlets were transferred to smaller GA-7-3
vessels (Magenta) without membrane filters.
The vessels were capped with Magenta lids,
and the closure was sealed with sculpting clay
and Parafilm® to prevent gas from escaping.
Vessels were stored at 1, 10, and 15 °C in
separate low-temperature incubators (Preci-
sion 815; Precision Scientific, Chicago)
equipped with overhead lighting from 15-W
cool-white fluorescent tubes (General Electric
F15T12-CW), red light emitting diodes
(Stanley Co., Irvine, Calif.), or 20-W blue
fluorescent tubes (General Electric F20T12-
B) at 1.6, 4.1, or 8.6 µmol·m–2·s–1 PPF. Light
intensities within the incubator were adjusted
by application of mesh screening. Light inten-
sity was measured on the culture shelf in an
empty vessel covered with a lid. Spectral dis-
tributions of the three light sources in storage
have been reported previously (Wilson et al.,
1998a). A 0.5-mL gas sample was taken from
the head space of each vessel at 12-h intervals
during storage, and CO2 concentration inside
the vessels was measured using a gas chro-
matograph with a thermal conductivity detec-
tor (model 8A; Shimadzu Co., Kyoto, Japan).
Gas sampling was terminated after 3 d when
CO2 concentration inside the vessels reached a
steady state.

Storage treatments. In three consecutive
but independent experiments, vessels contain-
ing in vitro seedlings were stored for 4, 8, or 12
weeks at 5, 10, or 22 °C. At 5 °C, plantlets were
stored in darkness or under 7 µmol·m–2·s–1 of
white or blue light or 4.5 µmol·m–2·s–1 of red
light (average light compensation points from
previous experiment). At 10 °C, plantlets were
stored in darkness or under 8 µmol·m–2·s–1 of
white light, 7.5 µmol·m–2·s–1 of blue light, or
6.5 µmol·m–2·s–1 of red light (average light
compensation points from previous experi-
ment). At 22 °C, plantlets were stored in dark-
ness or under 11 µmol·m–2·s–1 of white light (an
estimated light compensation point based on
previous experiments). Blue and red light qual-
ity treatments were not administered. At the
start of storage, the air diffusive filters of the
vessel were covered with plastic tape to mini-
mize the number of air exchanges and to avoid
excessive water loss.

Post storage recovery in the greenhouse.
Upon removal from storage at 4, 8, or 12

weeks, plantlets from two vessels were trans-
ferred to soilless media (Metro Mix 360; The
Scotts Co., Marysville, Ohio) in 804 grow
packs and placed under mist in the greenhouse
for 4 weeks. Plantlets were removed from mist
and grown in a different greenhouse location
without mist for an additional 4 weeks. Visual
quality of plantlets (based on color and form)
was assessed biweekly by three people and an
average rating was recorded. Visual quality
evaluations were based on a scale from 1 to 5,
whereby 1 = very poor quality, severe leaf
necrosis, leaf yellowing, not marketable; 2 =
poor quality, large areas of leaf necrosis, leaf
yellowing, not marketable; 3 = fair quality,
marginally marketable; 4 = good quality, no
yellowing, marketable; and 5 = excellent qual-
ity, no leaf necrosis, no yellowing, highly
marketable. After 8 weeks in the greenhouse,
leaf dry weights were determined and plant
survival rates recorded.

Experimental design, data collection, and
statistical analysis. Experiments were con-
ducted similarly but independently (due to a
limited number of low temperature incuba-
tors) at 5, 10, and 22 °C. Vessels (photoau-
totrophic and photomixotrophic) were ran-
domized under each light treatment. Five pho-
toautotrophic and five photomixotrophic ves-
sels were harvested from each light treatment
after 0, 4, 8, or 12 weeks of storage. Each
vessel with four plantlets was considered a
replication. Three vessels from each treatment
were used for dry weight measurements, and
two were used for poststorage recovery analy-
sis in the greenhouse. Data were analyzed by
analysis of variance (ANOVA) and treatment
differences were separated by LSD at P = 0.05.

Results and Discussion

Light compensation points. Light compen-
sation points increased as storage temperature
increased from 1 to 15 °C. Therefore, the light
intensity was increased by ≈1.5 µmol·m–2·s–1

PPF for every 5 °C increase in storage tem-
perature to reach the light compensation point.
Storage at (or near) the light compensation
point is particularly desirable for maintaining
plants in a relatively “slow growth” status
without excessive shoot elongation and dry
weight increase (Kubota et al., 1995).

Regardless of storage temperature, light
compensation points were higher when sucrose
was provided in the medium (data not shown).
Plantlets grown under red light had the lowest
light compensation points, regardless of me-
dium composition or storage temperature. Be-
cause both photoautotrophic and photomixo-
trophic plantlets were stored in the same incu-
bator, average light compensation points were
used for long-term storage experiments.

Dry weight and leaf yellowing. Regardless
of medium composition, light quality did not
affect plant growth during or after storage at 5
and 10 °C. This supports previous research by
Kubota et al. (1996), who showed that
micropropagated hosta plantlets stored at 5 °C
for 6 weeks did not respond to red or blue
fluorescent lights. Therefore, blue and red
data are not presented for the 5 and 10 °C

experiments, and white light was used as the
only light source during the 22 °C storage
experiment. Plant species apparently differ in
response to light quality during low tempera-
ture storage, since in previous experiments red
light promoted growth of broccoli seedlings
(Wilson et al., 1998a).

Regardless of temperature or medium com-
position, illumination in storage helped main-
tain dry weight of plantlets better than did dark
storage. During dark storage, dry weight of
photomixotrophic plantlets was better main-
tained than that of photoautotrophic plantlets.
At 5 °C, photoautotrophic plantlets stored in
darkness were considered dead after 4 weeks
(Fig. 1A), whereas the leaf dry weight of
photomixotrophic plantlets stored in darkness
gradually decreased by ≈50% during the first
4 weeks and then remained relatively un-
changed (Fig. 1B). At 10 °C, leaf dry weight of
photoautotrophic plantlets stored in darkness
had fallen more than 50% after 4 weeks and the
plantlets were considered dead after 8 weeks
(Fig. 1C), whereas the leaf weight of
photomixotrophic plantlets decreased by ≈60%
during the first 8 weeks of storage and then
slightly increased. At 22 °C, the leaf dry weight
of photomixotrophic plantlets stored in dark-
ness gradually decreased to almost zero after 8
weeks (Fig. 1F). Dark storage of photoau-
totrophic plantlets was not tested at 22 °C
because of poor survival at lower tempera-
tures.

Illumination helped maintain the dry weight
of plantlets during storage. When photoau-
totrophic plantlets were stored under white
light, dry weight slightly increased during
storage at 22 °C, slightly decreased during
storage at 10 °C, and dramatically decreased
during storage at 5 °C. When photomixo-
trophic plantlets were stored under white light,
dry weight decreased during storage at 5 and
10 °C, and increased during storage at 22 °C.
Stability of dry weight during storage indi-
cates that light compensation points were
reached.

Illumination in storage reduced leaf yellow-
ing of photoautotrophic plantlets (Fig. 2 A and
C). At 5 °C , 92% of leaves were yellow or dead
after 4 weeks of dark storage, whereas at 10 °C,
excessive leaf yellowing was not observed until
after 8 weeks. Leaf yellowing of photomixo-
trophic plantlets after 12 weeks storage was
≈63% at 5 °C and ≈45% at 10 °C, regardless of
whether plantlets were stored in darkness or
under illumination (Fig. 2 B and D). However,
when photomixotrophic plantlets were stored
at 22 °C, leaf yellowing of dark-stored plantlets
was ≈18 times greater than that of plantlets
stored under illumination (Fig. 2F).

Visual quality and final dry weight in the
greenhouse. Regardless of storage tempera-
ture, visual quality of plantlets at the time of
removal from storage decreased as in vitro
storage time increased from 4 to 12 weeks
(data not shown). Therefore, only visual qual-
ity data from plantlets stored for 12 weeks
(longest treatment) at 5, 10, and 22 °C is shown
(Fig. 3). All dark-stored photoautotrophic
plantlets failed to recover in the greenhouse
and were considered dead (Fig. 3 A and C).
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Photoautotrophic plantlets had good visual
quality when stored under illumination 10 and
22 °C (Fig. 3 C and E), but poor visual quality
when stored at 5 °C (Fig. 3 A).

Photoautotrophic plantlets stored in light
or darkness had lower visual quality ratings
(reduced dry weight and increased leaf
yellowing) in the greenhouse than did
photomixotrophic plantlets (Fig. 3 A–F), con-
firming previous research (Wilson et al.,
1998a). All photomixotrophic plantlets stored
at 5 °C survived acclimatization to the green-
house, and there were no visual quality differ-
ences between dark- and light-stored plantlets.
At 10 °C, dark-stored plantlets had lower visual
quality ratings than did light-stored plantlets
(Fig. 3 B and D), but plantlets were still con-
sidered marketable. However, at 22 °C, dark-
stored plantlets were etiolated and never re-
covered after storage (Fig. 3 F). This indicates
that the optimum temperature for dark storage
of photomixotrophic hosta plantlets is 5 °C.
For photomixotrophic plantlets stored under
illumination, the initial visual quality (imme-
diately prior to transfer to the greenhouse) was
best when plantlets were stored at 22 °C rather
than at 5 or 10 °C. However, regardless of
storage temperature, visual quality increased
with time in the greenhouse. Initially (immedi-
ately after removal from storage), better qual-
ity hosta plantlets were obtained by increasing
the storage temperature, thereby preventing
the perennial plants from entering dormancy.
This differs from previous research, where

lowering storage temperature from 5 to 1 ºC
improved storability of broccoli seedlings in
vitro; better survival rates at 1 °C were attrib-
uted to reduced metabolism and high carbohy-
drate reserves (Wilson et al., 1999).

Although photomixotrophic plantlets re-
covered from illuminated storage after 4 weeks
in the greenhouse (increased visual quality
rating), final dry weights (measured after 8
weeks in the greenhouse) were still compara-
bly lower for plantlets stored at 5 or 10 °C,
presumably because of reduced carbohydrate
partitioning to crown tissue (Wilson et al.,
1998b). Final dry weight of plantlets decreased
as storage time increased to 12 weeks for all
treatments with the exception of photo-
mixotrophic plantlets stored under white light
at 22 °C, whose final dry weights remained
constant regardless of storage time (Fig. 4 A–
F). This suggests that at 22 °C, photomixo-
trophic hosta plantlets can be stored for up to
12 weeks at their light compensation point
(≈11 µmol·m–2·s–1) and grown in the green-
house for 8 weeks without change in dry
matter or visual quality. Avoiding refrigerated
storage reduces production cost and facilitates
transportation of plantlets; however at 22 °C,
illumination must be provided for even a short
storage duration.

Final dry weight was greatest after 8 weeks
in the greenhouse, when photoautotrophic and
photomixotrophic plantlets were stored under
illumination, with the exception of photomixo-
trophic plantlets stored at 5 or 10 °C, in which

light did not affect dry weight. This suggests
that plantlets can be stored in darkness at 5 or
10 °C with visual quality and dry weight
comparable with those of plantlets stored un-
der low illumination (≈7–8 µmol·m–2·s–1 PPF).
This information may be particularly useful
during conditions of long-distance shipping of
plantlets when illumination is not possible and
space is limited.

In conclusion, illumination is required for
storage of photoautotrophic hosta plantlets
between 5–22 °C, and recommended for stor-
age of photomixotrophic plantlets at higher
temperatures (10–22 °C). Sucrose must be
supplied in the medium to maintain high
quality plantlets during storage. Optimal
temperatures for illuminated storage of photo-
mixotrophic hosta plantlets are 10–22 °C.
Decreasing the storage temperature from 22 °C
to 10 or 5 °C decreases the dry weight and
visual quality of the plantlets when initially
transferred to the greenhouse, although plant-
lets recover after 4 weeks (increased visual
quality) and are considered marketable. The
survivability and strong regrowth potential
of stored hosta plantlets indicated that
carbohydrates were partitioned and stored in
the crown tissue. These reserves were
probably depleted in plants stored in dark-
ness and were limiting in plants stored with-
out sucrose. The effects of low temperature
storage on the carbohydrate status and photo-
synthetic ability of hosta are currently under
investigation.

Fig. 2. Mean (± SE ) percentage of leaf yellowing as a function of storage time
in weeks of photoautotrophic and photomixotrophic hosta plantlets incu-
bated either in the dark (❏) or under light (∆) at: (A, B) 5 °C; (C, D) 10 °C;
or (E, F) 22 °C.

Fig. 1. Mean (± SE ) leaf dry weights as a function of storage time in weeks of
photoautotrophic and photomixotrophic hosta plantlets incubated either in
the dark (❏) or under light (∆) at: (A, B) 5 °C; (C, D) 10 °C; or (E, F) 22 °C.
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Fig. 4. Mean (± SE) dry weight of hosta plantlets grown for 60 d in the
greenhouse following photoautotrophic or photomixotrophic storage for
0, 4, 8, or 12 weeks at: (A, B) 5 °C; (C, D) 10 °C; or (E, F) 22 °C, either
in the dark (❏) or under light (∆).
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