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Abstract Potato microtubers are used as pathogen-
tested in vitro stocks for certified seed potato produc-
tion. Microtubers grown in a rotating bioreactor grew
at a faster rate when the medium was replaced
frequently. Although the total microtuber number was
not affected, the number of microtubers over 1g
quadrupled when 75% of the medium was replaced
every 2 weeks when compared with no medium refresh-
ment. Significantly slower microtuber growth rates
resulted when a lower sugar concentration (40g 17!
instead of 80 g 17') was used or when a mixture of
glucose and fructose replaced sucrose. Although high
sucrose levels are necessary for optimal microtuber
production, the sucrose supplied was rapidly hydro-
lyzed into glucose and fructose, making the long-term
maintenance of desirable sucrose levels difficult. These
results indicate that successful strategies to reduce
sucrose hydrolysis without inhibiting microtuber
growth will improve the efficiency of sucrose utilization
in potato microtuber bioreactors.
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Introduction

Microtubers, which are potato tubers produced in vitro,
have many properties that make them ideal propagules
for producing high-quality seed potatoes. Since micro-
tubers are produced in vitro, they usually stay
pathogen-free if started with pathogen-free materials.
Compared with the other in vitro potato propagule,
microshoots, microtubers are more robust, easier to
handle, and more amenable to automatic planting
(McCown and Joyce 1991). Because microtubers can be
stored for extended periods, they also provide more
flexible planting options. When more generations of
multiplication are performed in vitro, fewer genera-
tions are needed in the field. The lower dependence on
field multiplication reduces the risk of disease infection
and thus can improve the health status of certified seed
potatoes. The reduced risk of disease build-up in potato
stocks is particularly important in regions with
prevailing high disease pressures.

Although microtubers can be used in the green-
house to produce minitubers (seed tubers produced
under greenhouse conditions) or transplants for field
planting, direct field seeding using microtubers has high
commercial potential, particularly in regions with
warm, well-drained soils during the planting season.
However, the size of the tubers destined for field plant-
ings has a strong effect on the performance of the
resulting potato crop. Studies with direct field planting
of microtubers (Haverkort 1991) and minitubers
(Lommen and Struik 1994) have shown that small
tubers emerge slower and with less uniformity, estab-
lish their canopy more slowly, intercept less radiation,
and yield less than plants established from conventional
seed tubers. In order for the tuber to perform
adequately through the rigorous conditions required
for commercial seed potato production, a minimum
fresh weight of 0.5 g is necessary (Lommen and Struik
1994; Struik and Lommen 1990). Larger sized seed
tubers perform better with less risk, but 0.5g is a
minimum fresh weight for commercially viable yields.
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The minimum fresh weight requirement (0.5 g)
excludes most published microtuber production
methods from becoming directly commercially viable
for direct field planting. Most systems have produced
microtubers with a median fresh weight below 0.5 ¢
(Garner and Blake 1989; Hussey and Stacey 1984;
Rosell et al. 1987; Seabrook et al. 1993; Tovar et al.
1985; Wang and Hu 1982; Wattimena 1983). A few
reported systems produce microtubers with an average
fresh weight greater than 0.5g, but less than 1.0g
(Akita and Takayama 1994a; Leclerc et al. 1994; Oka
and Sluis 1996).

The environment and medium within the in vitro
growth vessel influences the size of the microtubers.
Such environmental factors include photoperiod,
temperature, gaseous components such as ethylene and
CO,, and medium components (Mingo-Castel et al.
1976; Wang and Hu 1985). One of the most important
factors is the carbon source in the medium; both its
type and concentration have profound effects on tuber
growth. Sucrose is considered to be the optimal carbon
source as compared to its constituent hexoses—glucose
and fructose (Dodds et al. 1992; Khuri and Moorby
1995). Using radiolabeled sugars, Khuri and Moorby
(1995) demonstrated that more sugar is translocated to
microtubers when sucrose, rather than glucose or fruc-
tose, is the carbon source. The reported optimal
concentration of sucrose ranges from 60 to 80g 17!
(Abbot and Belcher 1986; Dodds et al. 1992; Garner
and Blake 1989; Hussey and Stacey 1984; Lawrence and
Baker 1963). A too high or too low concentration of
sucrose leads to slower tuberization and fewer and
smaller microtubers.

Sucrose may play a dual role in microtuber develop-
ment. Apart from being a suitable carbon source that is
easily assimilated by the microplants and converted to
starch in developing microtubers, sucrose, at a concen-
tration of 80 g 1™, also provides a favorable osmolarity
for microtuber development (Khuri and Moorby
1995).

Since microtuber growth is strongly affected by
sugar type and concentration, an understanding of how
these two factors change over time is important for the
optimal operation of microtuber production systems.
Although sucrose is susceptible to partial or total
hydrolysis in potato microtuber bioreactors (Dodds et
al. 1992; Akita and Takayama 1994a), little is known
concerning the rate of sucrose utilization and hydrolysis
in such systems nor the effects on the efficiency of
microtuber production. In order to determine these
relationships, we studied in vitro tuberization and tuber
growth in a rotating bioreactor. We first examined the
effect of medium refreshment on microtuber growth.
Then, to determine if rapid sucrose hydrolysis would
limit microtuber growth even with medium refresh-
ment, we performed another set of experiments with
various types and concentrations of sugar.

Materials and methods

In vitro shoot multiplication

In vitro potato shoots (Solanum tuberosum L. ’Russet Burbank )
were routinely subcultured every 4-5 weeks by placing 8 single
node cuttings in each culture vessel. The culture was maintained
at 22°+2°C under 80 uE m™ s™' of continuous fluorescent
lighting in 280-ml glass jars covered with polypropylene “B” caps
(Magenta Corporation, Chicago, Ill.). Each jar contained 30 ml of
solid MS medium (pH 5.6) (Murashige and Skoog 1962) supple-
mented with 20 g 17! sucrose, 1.3 g 17! calcium gluconate, 3.0 g 17
agar, and 1.1 g 17! Gelrite (Kelco, Rahway, N.J.).

In vitro tuberization

The bioreactors were made of 1.0-1 polycarbonate centrifuge
bottles (Nalgene, Rochester, N.J.). Two ports were provided for
air flow: one in the cap and one at the bottom of the bottle. A
0.2-pm Teflon filter was fitted on each port to maintain sterility.
A specially constructed apparatus (Fig. 1) was used to both rotate
the bottles and simultaneously provide a forced air flow through
the bottles. The apparatus consisted of a driving unit with a gear
motor and a chain, a hollow shaft with air regulators and, fixed to
the shaft, two 60-cm diameter wooden boards each cut with 20
circular holes whose diameter of 10 cm closely fit the outside
diameter of the bottles. One end of the shaft was sealed, and the
other was fitted with a swivel fitting which was connected to a
compressed air line. Thus, the hollow shaft also acted as a small
pressurized chamber, through which air was delivered from an
oil-free air compressor to the bottles.

A sequential two-stage growth regime was used throughout
the studies. First, the elongation stage, for shoot and root growth,
was conducted under constant lighting at 22 °C with no rotation
and 50 ml min~" of air flow. Each bioreactor contained 50 single
nodal cuttings and 100 ml of liquid MS medium supplemented
with 30 ¢ 17" of sucrose. After 3 weeks of growth in this environ-
ment, the resulting potato shoots (now about 10-15cm long)
were then subjected to tuberization conditions. The residual
shoot growth medium was drained, and 200 ml of tuberization
medium was added. Tuberization and subsequent tuber growth
was conducted in the dark at 18°C with 0.5 rpm rotation and
150 ml min~" of air flow. The standard liquid tuberization medium
contained MS salts and vitamins, 170 M coumarin, and 80 g 1~
sucrose. Other sugars and concentrations were used for specific
experiments.

Effect of medium refreshment

Three different medium supply levels were investigated, equi-
valent to 0%, 10%, and 75% of medium refreshment every 2
weeks. The time courses of tuberization, tuber growth, and sugar
concentration were followed by randomly harvesting five repli-
cate bioreactors from each treatment every 2 weeks over a period

Air
compressor

Fig. 1 Rotating apparatus for 1-1 rotating bioreactors



of 10 weeks. The number and fresh weight of microtubers were
recorded. Sugar concentrations were measured by a Waters
HPLC system (Milford, Mass.) equipped with a Sugar-Pak
column (Waters, Milford, Mass.) and a refractometer. The
column was maintained at 90°C with the mobile phase of an
aqueous solution of 0.5 g I™' Ca-EDTA flowing at 0.5 ml min~".

Effect of sugar type and concentration

Two weeks after tuber initiation with the standard tuberization
medium, bioreactors were subjected to four different medium
treatments consisting of two types of sugar at two total concentra-
tions. These treatments were 40 and 80 g 17! of sucrose, and 40
and 80 g 17! of a 1:1 (mol basis) mixture of glucose and fructose.
The treatment media contained only half the normal amount of
MS salts and vitamins. In an effort to maintain near-constant
nutrient levels, the medium in all bioreactors was drained and
replaced every 2 days. Bioreactors were harvested after 6 weeks
of microtuber growth, or 4 weeks after the treatment began.
Plants were separated into microtubers, shoots, and roots, and
were weighed. Sugar concentrations in the media were deter-
mined by HPLC as described above.

Experimental design

Treatment bioreactors were randomized as to position on the
rotating apparatus. Each bioreactor was considered a replicate,
and each treatment bioreactor was replicated 5 times in each
experiment. All data was included except when a bioreactor was
contaminated. Because of the extensive time and labor required
to conduct each experiment, experiments were not repeated in
time. Descriptive statistics were performed using SigmaStat 2.0
(Jandell Corp, San Rafael, Calif.).

Results and discussion

Effect of medium refreshment

The total fresh weight of microtubers was markedly
enhanced by medium refreshment. Microtubers grew
very little after 6 weeks in the no-refreshment treat-
ment, whereas at the 75% medium refreshment level,
the growth of microtubers was linear with no sign of
decline in growth rate (Fig.2). If allowed, the growth
would most likely have continued beyond 10 weeks.
The enhanced microtuber growth from medium
refreshment was not the result of an increase in the
number of microtubers, but instead was due to an
increase in the number of larger microtubers (Fig. 3).
As shown in Fig. 3A, the total number of microtubers
=0.01 g in fresh weight reached about 100 in 2 weeks,
and did not change significantly afterwards. Thus, tuber
initiation was completed within 2 weeks, and no signifi-
cant number of new tubers was formed in response to
any of the medium refreshment treatments. The
number of larger sized microtubers (=0.5g), on the
other hand, increased with increasing medium refresh-
ment, especially microtubers in the size class larger
than 1.0 g (Fig.3B). With 75% medium refreshment,
40.4%+0.2 (n=5) microtubers over 1.0 g were produced
from 50 single nodal cuttings in 10 weeks; over 80% of
these explants produced microtubers larger than 1.0 g.
This was nearly a fourfold improvement over the case
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Fig. 2 Effect of medium refreshment on potato microtuber
growth. Each bioreactor was inoculated with 50 single nodal
cuttings and 100 ml of shoot growth medium. Three weeks later,
the resulting shoots were tuberized with 200 ml of 8% sucrose
tuberization medium. Medium refreshment was performed every
2 weeks at three different levels — 0% (@), 10% (A), and 75%
(M). Data points represent means of four to five replicate bior-
eactors, and error bars are =SE

with no medium refreshment (11.2+1.1 microtubers
over 1.0 g). Further increases in the number of microtu-
bers over 1.0 g was likely if the experiment had been
allowed to continue beyond week 10.

Two distinct phases can be distinguished in the
rotating bioreactor system used here: (1) microtuber
initiation and (2) the further growth and development
of the initiated microtubers. These distinct phases were
also observed in the jar fermentor system of Akita and
Takayama (1994b). The medium refreshment treat-
ments may not have influenced total microtuber
number because these treatments were not begun until
after microtuber initiation had already occurred.

With no medium refreshment, the total sugar
concentration steadily decreased as microtuber growth
proceeded (Fig.4). By week 6, when the growth of
microtubers had nearly stopped, less than 20g 17" of
total sugar was left. The sucrose concentration, on the
other hand, showed a sharp drop from 80 to 6g 1!
within the first 2 weeks of microtuber growth, even
though there was still 50 g 17! of total sugar left (Fig. 4).
Most of the sucrose had been converted into glucose
and fructose (Fig. 4). Even with 75% medium refresh-
ment every 2 weeks, the sucrose concentration was zero
at the end of each 2-week period (Fig. 5A), although
the total sugar concentration was maintained between
40 and 80 g 17! (Fig. 5B).

The hydrolysis of sucrose leads to the production of
equal amounts of glucose and fructose. However, the
glucose concentration was always lower than the fruc-
tose concentration (Fig. 4), suggesting that the potato
plant has a slightly greater preference for the absorp-
tion of glucose than fructose.

Proper medium supply is essential for continued
microtuber growth and appears to be a key for
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Fig. 3A, B Number of potato microtubers in various size catego-
ries during tuberization with medium refreshment every 2 weeks
at 0% (@), 10% (A), and 75% (H). A Fresh weights =0.01 g
(dashed line) and =0.5g (solid line), B fresh weights =1.0g.
Each bioreactor was inoculated with 50 single nodal cuttings and
200 ml of tuberization medium. Data points represent means of
four to five replicate bioreactors, and error bars are £SE

achieving large microtubers. High total sugar concen-
trations and a uniform availability of sucrose probably
both play important roles, based on previous reports
that sucrose is the most effective carbon source for in
vitro tuber growth (Dodds et al. 1992; Khuri and
Moorby 1995), and the optimal level is about 60-80 g
17! (Abbot and Belcher 1986; Dodds et al. 1992; Garner
and Blake 1989; Hussey and Stacey 1984). Unfortu-
nately, the sucrose supplied in the medium for potato
microtuber growth is rapidly hydrolyzed into glucose
and fructose; such sucrose degradation has the poten-
tial to severely affect subsequent microtuber growth
and limit the effectiveness of medium replenishment in
bioreactors.

Effect of sugar type and concentration

To fully investigate whether the rapid hydrolysis of
sucrose during microtuber growth would lead to
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Fig. 4 Concentrations of sucrose (@), glucose (A), fructose (M),
and total sugar (x) during 10 weeks of potato tuberization with
no medium refreshment. Each bioreactor was inoculated with 50
single nodal cuttings and 200 ml of tuberization medium. Data
points represent means of four to five replicate bioreactors, and
error bars are =SE
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Fig. 5A, B Concentrations of sucrose (@) (A) and glucose (A),
fructose (M), and total sugar ( X) (B) during 10 weeks of potato
tuberization with 75% medium refreshment every 2 weeks. Each
bioreactor was inoculated with 50 single nodal cuttings and
200 ml of tuberization medium. Data points represent means of
four to five replicate bioreactors



reduced microtuber size, a comparison of microtuber
growth on sucrose and its hydrolyzed product, a 1:1
(mol basis) mixture of glucose and fructose, is needed.
To our knowledge, such a study has not been
conducted previously. In addition, the effect of carbon
source on the initiation of microtubers and on the
subsequent microtuber growth has often been
confounded in previous research. Several reports have
investigated the effect of carbon source on microtuber
culture (Abbot and Belcher 1986; Dodds et al. 1992;
Garner and Blake, 1989; Hussey and Stacey 1984;
Khuri and Moorby 1995; Lawrence and Barker 1963)
and have shown that sucrose at about 80 g 17! is more
stimulatory than other sugars and concentrations.
However, in these reports plant materials were
subjected to various levels and types of sugar from the
beginning of tuberization, and thus the results reflect
the combined effects on both microtuber initiation and
subsequent growth and development of induced micro-
tubers.

To determine how much the rapid hydrolysis of
sucrose adversely affects the growth of initiated micro-
tubers, we compared microtuber growth under four
different conditions: 40 and 80 g 1! of sucrose and 40
and 80g 17 of 1:1 (mol basis) glucose/fructose
mixture. In terms of the total microtuber weight
achieved and the number of larger sized (=0.5g and
=<1.0 g) microtubers produced, the 80g 17! sucrose
treatment clearly outperformed the other three treat-
ments (Table 1). Lowering the sucrose concentration to
40 g 17! not only resulted in less growth in microtubers
but also shifted the growth towards shoots and roots, as
indicated by the lower microtuber biomass/total
biomass ratio. Such a shift in biomass partitioning was
also observed when the concentration of glucose and
fructose was decreased. However, unlike the case with
sucrose where the number of larger sized microtubers
increased with increasing sugar concentration, the 80 g
1! glucose/fructose treatment actually produced fewer
microtubers over 1.0 g than the 40 g 17" glucose/fruc-
tose treatment. Such a tendency to produce small
microtubers may be the result of the unfavorably high

Table 1 Effect of sugar type and concentration on potato micro-
tuber growth. Each bioreactor was inoculated with 50 single
nodal cuttings and 200 ml of 8% sucrose tuberization medium.
After 2 weeks of tuberization in the 8% sucrose medium, 100%
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osmolarity (444 mM) generated by 80 g 17! of glucose/
fructose as compared to the 80g 17' of sucrose
(234 mM osmolarity). These results clearly demonstrate
that sucrose is a superior carbon source for microtuber
growth than its hydrolyzed products, glucose and fruc-
tose, and that sucrose availability is a major factor in
determining microtuber size.

To achieve optimal microtuber sizing, sucrose
concentrations should be maintained at the optimal
level throughout the microtuber development period.
However, maintaining 80 g 17" sucrose in the micro-
tuber bioreactor environment is difficult due to rapid
hydrolysis of sucrose. At week 3, about 30 g 17" of
sucrose had been hydrolyzed in 2 days for both the 40 g
17" and 80 g 17" sucrose treatments, while little change
was observed in the total sugar concentration (Fig. 6).
As microtuber growth proceeded, even more sucrose
was degraded during the 2 days between medium
replacement (Fig. 6). In the 40 g 17! treatment, at week
4 the sucrose concentration dropped to zero in 2 days;
in the 80 g 17! sucrose treatment, at week 6 only 15 g
17! of sucrose was left 2 days after refreshment. In all
treatments, the decrease in the total sugar concentra-
tion remained relatively small; for example, less than
10 g 17! of sugar was consumed in 2 days in the 80 g 17!
sucrose treatment at week 6. These observations
demonstrate that sucrose was degraded at a much
faster rate than the uptake rate of sugars into the
cultured potato tissues. In the 80 g 17! case, the rate of
sucrose hydrolysis was estimated to be about 6 times
the uptake rate of sugars. Such a rapid hydrolysis of
sucrose makes its utilization as the carbon source in
potato bioreactors very inefficient.

Sucrose hydrolysis and sucrose-hydrolyzing enzymes

Sucrose is frequently used as a carbon source for plant
tissue culture. Its hydrolysis into glucose and fructose
has been reported in a wide variety of plant cell and
tissue cultures (George 1993). Examples include
suspension cell cultures of sugar cane (Thom et al.

medium replacement was performed every 2 days using media
containing various types and concentrations of sugars as indicated
below. Data are presented as mean+SE (n=4 or 5) (FW fresh
weight)

Characteristics per bioreactor Treatment

40 g/l sucrose 80 g/ sucrose 40g1 G+F 80 g/l G+F
Total microtuber FW (g) 46.5+2.7 60.8+3.6 36.8+2.0 41.1+£3.0
Increase in total microtuber FW* (g) 28.7+£3.8 43.0£4.6 19.0+3.0 23.3£4.0
Ratio of increase in FW, 0.21+0.02 0.46+0.03 0.31+0.02 0.57+0.03
microtuber/total biomass®
Number of microtubers=0.01 g 81.3+1.1 102.0+1.6 87.8+0.9 133.4+6.6
Number of microtubers=0.5g 41532 51.5%£32 31.8%£25 29.8+2.4
Number of microtubers=1.0 g 13.8+1.4 214£1.2 9.0+0.5 44104

# The increase in total microtuber fresh weight during treatment,
i.e., between 2 and 6 weeks of tuberization

> Total biomass includes shoot, root, and microtuber
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Fig. 6 Total sugar (shaded bar) and sucrose (clear bar) concen-
trations 2 days after 100% medium replacement during 3—-6 weeks
of potato tuberization. Each bioreactor was inoculated with 50
single nodal cuttings and 200 ml of 8% sucrose tuberization
medium. After 2 weeks of tuberization under the 8% sucrose
medium, 100% medium replacement was performed every 2 days
using media containing either 40 g 17" (A) or 80g 1! (B) of
sucrose. Data points represent means of four to five replicate
bioreactors and error bars are £SE

1981), carrot (Kanabus et al. 1986), sugar beet (Masuda
et al. 1988) and asparagus (Daie et al. 1987); root
cultures of tomato (Weston and Street 1968) and straw-
berry (Nuutila et al. 1997); shoot and organ cultures of
rose (Riek et al. 1997), carnation (Woo and Park 1993),
and orchids (Hew et al. 1988). Akita and Takayama
(1994a) also reported that in their potato microtuber
jar fermentor, all the remaining sugars were glucose
and fructose after 10 weeks of in vitro growth.

Two enzymes can catalyze the hydrolysis of sucrose
in plants: sucrose synthase and invertase (Avigad 1982;
Hawker 1985; Copeland 1990). Two forms of invertase
exist, and these vary in their pH optimums. One form,
termed acid invertase, has an optimal activity near
pH 5, while the other form, termed neutral or alkaline
invertase, has a maximum activity at about pH?7
(Avigad 1982; Hawker 1985; Copeland 1990). All of
these enzymes are present in the potato plant (Mares et

al. 1985; Rees and Morrell 1990). While acid invertase
can be located in vacuoles, the cell wall, and the free
space outside cells, both alkaline invertase and sucrose
synthase are generally believed to be cytoplasmic
enzymes (Avigad 1982; Hawker 1985; Copeland 1990).
For intracellular enzymes to be involved in the hydro-
lysis of sucrose in a culture medium, an unlikely cycle
of sucrose uptake and subsequent secretion of glucose
and fructose is necessary. Extracellular acid invertase,
on the other hand, is capable of sustaining direct
sucrose hydrolysis in the medium. In varied systems,
cell-wall-located acid invertase is responsible for
sucrose hydrolysis in the medium (Daie et al. 1987;
Kanabus et al. 1986; Masuda et al. 1988; Thom et al.
1981; Weston and Street 1968), while the involvement
of intracellular enzymes has not been demonstrated.

Sucrose is taken-up unaltered by tomato roots (Chin
and Weston 1975), sugar beet root tissues (Giaquinta
1977; Wyse 1979; Lemoine et al. 1988), and asparagus
cells (Daie et al. 1987), despite the presence of active
cell-wall acid invertase in these systems. Tomato roots
exhibit better growth on sucrose than glucose and fruc-
tose (Weston and Street 1968), and this has been attri-
buted to their inability to take up hexoses efficiently
(Chin et al. 1981). Nevertheless, the acid invertase in
the cell wall of tomato roots causes the conversion of
sucrose to hexoses in the medium. The physiological
role of extra-cellular acid invertase remains unclear.

In our microtuber system, preliminary tests showed
no detectable sucrose hydrolyzing activity in the
medium (data not shown), indicating that the enzyme is
associated with plant materials. It is probable that a cell
wall associated acid invertase is responsible for the
rapid degradation of sucrose observed in potato
cultures.

In conclusion, we found that a key to producing
large microtubers in bioreactors is maintaining an
adequate supply of sucrose throughout the microtuber
growth stage. A relatively high concentration of 80 g
17! must be maintained for optimal microtuber growth.
However, maintaining a high sucrose concentration is
very difficult because of the very rapid hydrolysis of
sucrose in potato bioreactors. Methods to inhibit
sucrose hydrolysis while maintaining microtuber
growth would greatly improve the efficiency of carbon
assimilation in bioreactor systems.
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