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ABSTRACT

Although in vitro production of potato tubers or microtuberization was achieved
more than 40 years ago, the application of microtubers in reliable model research
systerns has been slow to develop. Several factors such as the use of growth
regulators in microtuber induction and growth media, the rnixotropic nature of the in
vitro system, and cultivar-specific responses have led to interpretive difficulties. A
cautionary note is also necessary in view of apparent growth and development
differences, metabolic alterations, and somaclonal variation encountered in
microtubers that may not be found in field-grown tubers. Evidence for strong and
consistent analogies between microtubers and field-grown tubers for their
induction, growth and development, and metabolism often is lacking. How- ever,
several components such as the rapid and near- synchronous induction and
growth, which can be modified by a range of exogenous compounds or
conditions, make the microtuber a valuable model system. Complex problerns such
as dormancy also appear to be particularly amenable to examination by the
microtuber system. In addition, the use of microtubers as experimental research
tools has potential in the areas of plant metabolism, germplasm selection and
evaluation, genetic transformation, somatic hybridization, and molecular farming.
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RESUMEN

Aunque la producción in vitro de tubérculos de papa, o microtuberización, data de
hace 40 años, la aplicación de microtubérculos en modelos confiables de sistemas
de investigación ha tenido un lento desarrollo. Diversos factores, como el uso de
reguladores y medios de crecimiento en la inducción de microtubérculos, la
naturaleza mixotrófica del sistema in vitro y las respuestas de cultivares
específicos han conducido a dificultades de interpretación. Una anotación
preventiva es 'también necesaria en vista de las aparentes diferencias en el
crecimiento y desarrollo, alteraciones metabólicas y variaciones somaclonales
encontradas en los microtubérculos, que no se encuentran en los tubérculos que
crecen en campo. La evidencia de fuertes y consistentes analogías para
inducción, crecimiento y desarrollo y metabolismo entre microtubérculos y
tubérculos que crecen en campo con frecuencia es defectuosa. Sin embargo,
diversos componentes, como la rápida y cercana inducción y el crecimiento
sincrónico, que pueden ser modíficados por un rango de combinaciones y
condiciones exógenas, hace de la microtuberización un modelo valioso para el
sistema. Problemas complejos como la dormancia también aparentan estar
particularmente sujetos a examen por el sistema de microtubérculos.
Adicionalmente, el uso de microtubérculos como herramientas de investigación
experimental tiene potencial en las áreas del metabolismo de plantas, evaluación y
selección de germoplasma, transformación gen ética, hibridación somática y
cultivo molecular.

INTRODUCTION

Potato (Solanum tuberosum L.) tuber praductian in vitro was first described as an
experimental tool for examining tuberization and problems in potato pathology
(Barker 1953; Mes and Menge 1954). Although in vitro tubers are occasionally
referred to as "mini-tubers" produced in vitro ( e.g., Abbott and Belcher 1986; Lewis
et al. 1998) or "vitrotubers" (Mandolino et al. 1996), the accepted terminology sup-
ports the use of "microtubers" (Wattimena 1983), and this term will be used in the
present review. While microtubers have become integrated into numerous potato
research programs, physiochemica1 conditions in vitro that maximize microtuber
production may not be appropriate for eva1uating tuber induction or physiologica1
events such as regulation of carbohydrate metabolism during tuber bu1king,
response to low temperatures, or the physiology of dormancy.Most studies have
used complex media containing plant growth regulators that affect microtuber
induction and dormancy. Consequeptly, inconsistent results have led to uncertaint
Y regarding the va1iditY of microtubers as model systems for tuber physiology
research. The purpose of this review is to swnmarize the available information
comparing microtubers with greenhouse-grown minitubers or field-grown tubers in
order to examine the potentia1 usefulness of microtubers as experimenta1 tools. A



subsequent review (in preparation) will examine microtuber production and
performance.

TUBER DORMANCY

Microtuber dormancy can be regarded as extending from tuber initiation or
induction in vitro to the resumption of active and continuous tuber bud growth as
noted by Bur- ton (1957), Good win (1967), and Wiltshire and Cobb (1996) for field-
grown tubers. However, it is unknown whether the mechanism of dormancy in
microtubers is similar to field- grown tubers. Although microtuber dormancy
duration has been positively and significantly correlated with dormancy duration in
field-grown tubers for a limited number of cultivars (Leclere et al. 1995),
microtubers may exhibit a wide range of dormancy responses. Microtubers may be
nondormant, or exhibit dormancy durations of up to 7 months depending on
cultivar, and in vitro induction and growth environment (Hussey and Stacey 1984;
Tovar et al. 1985; Estrada et al. 1986; Joyce and McCown 1987; Ortis-Montiel and
Lozoya-Saldana 1987; Rosell et al. 1987; Harvey et al. 1991; Choi et al. 1994;
Ranalli et al. 1994; Vecchio et al. 1994; Désiré et al. 1995a,b; Leclerc et al. 1995;
Hoque et al. 1996). For example, when microtubers were induced in continuous
darlmess and then stored at 4 C, the average dormancy duration was 210 days.
However, when microtubers were induced under an B-h photoperiod, the average
dormancy was 60 days for the same cultivar (Tovar et al. 1985; Estrada et al.
1986). Whether donnancy duration was measured from 50% tuber initiation or from
the start of storage is unknown. The need for a consistent frame of reference for
descriptions of tuber donnancy is evident, both in field-grown tubers (Cho et al.
1983) and microtubers. As noted previously, donnancy duration appears to extend
from tuber initiation to sprouting while use of a harvest date is highly subjective and
may have little or no physiological significance. On the other hand, the date of top
pull or top kill may be very important in the regulation of tuber donnancy (Coleman
and King 1984). This field event (i.e., top kill) has yet to be modelled and studied
using microtubers.

Since variability in tuber donnancy duration due to growing conditions in vitro also
has not been studied SYS- tematically, there are no well-defined protocols for
consistent production of microtubers of known donnancy status for use in seed
certification programs or as propagules for basic research into donnancy
mechanisms. However, highly variable dormancies reported within one cultivar
(e.g., Estrada et al. 1986) due to defined exogenous "triggers" avail- able to the
experimentalist suggest that the microtuber sys- tem may prove to be effective in
unravelling honnonally based donnancy mechanisms.



Abscisic Acid

Initially considered a naturally occurring inhibitor of seed and bud dom1ancy (Lang
1996), endogenous ABA is found primarily in peridenn tissues of potato tubers
(Korableva et al. 1980). Abscisic acid concentrations were significantly correlated
with donnancy duration in small (< 250 mg FW) and large (> 250 mg FW)
microtubers (Leclerc et al. 1995). Small microtubers exhibited significantly longer
donnancy duration than large microtubers. These djfferences in donnancy
duration possibly were due to djfferences in microtuber age or sur- face-to-volume
ratios (Leclerc et al. 1995). When exogenous fluridone (a carotenoid biosynthesis
inhibitor that also inhibits ABA synthesis) or ABA were added to induction media,
subsequent observations on the onset and maintenance of microtuber donnancy
suggested that they required endogenous ABA (Suttle and Hultstrand 1994). While
ABA may playa critical role in donnancy induction and maintenance, a direct and
obvious link between donnancy loss and endogenous ABA levels has not been
forthconúng in potato. In seed donnancy, there is evidence that donnancy release
is related to the gradual depletion of ABA (Taiz and Zeiger 1998). In field-grown
tubers, however, there is no clear relationship between tuber sprouting and
endogenous levels of free ABA. For example, there was no evidence for a rapid
decline in endogenous ABA below a threshold level for loss of donnancy at a
storage temperature of 4 C (Coleman and King 1984) and similar observations
were evident for greenhouse- grown minitubers stored at 3 C (Suttle 1995).
However, other work has supported the concept of a depletion of endogenous ABA
preceding donnancy release at 4 C (Cvikrová et al. 1994) or 20 C storage
temperatures (Suttle 1995). Certainly all published studies support the decline of
ABA levels after the resumption of rapid and continuous sprout growth. A
subsequent study indicated that a rapid and reversible decline in ABA content
caused by controlled atmospheres composed of altered nitrogen, oxygen and
carbon dioxide levels preceded donnancy release in field-grown tubers and
greenhouse-produced minitubers (Coleman 1998).

Cytokinins

Cytokinins can enhance microtuberization (Wang and Hu 1985) as well as modify
tuber donnancy duration depending on cultivar (Wattimena 1983). High levels
ofIaN (56 uM) reduced microtuber dormancy duration in five cultivars when
dormancy was measured from tuber initiation to sprouting (Wattimena 1983).
However, when measured from harvest to sprouting, dormancy duration was only
reduced in one (Russet Burbank) of the five cultivars. In field-grown tubers,
exogenous cytokinins can break donnancy (Hemberg 1970) with greatest efficacy
when applied near the end of the dormancy period (Tumbull and Hanke 1985a) as
the concentration of endogenous cytokinins begins to increase (Turnbull and
Hanke 1985b; Sukhova et al. 1993). Whether similar changes in apparent
sensitivity to exogenous cytokinins is present in microtubers is currently unknown.



Gibberllins

Numerous studies indicate that exogenous GA enhances stolon fonnation, but is
an effective inhúbitor of microtuber induction (Palmer and Smith 1970; Garcia-
Torres and Gomez-Campo 1973; Stallknecht and Farnsworth 1982a,b; Xu et al.
1998). Similar inhúbition of tuber induction as well as reductions in tuber dry matter
and altered tuber size distribution (i.e., smaller grades) occurred in field-grown
tubers that had been treated at different times after planting with GA3 (Struik et al.
1989). The use of 14C-GA3 in a microtuberization medium indicated limited
degradation of GA3 after 3 wk of storage (Couillerot 1993) suggesting that GA3 was
relatively long lived in microtubers.

Treatrnents with promise for reducing microtuber dormancy duration have included
cutting with or without a subsequent brief dip (5 min) in GA3 (5 mg/L) solution
(Ewing et al. 1987). The GA3 dip was of variable effectiveness, possibly due to lack
of effect on donnant tubers (Turnbull and Hanke 1985a) or the dosage used.
Soaking whole microtubers for 1 h in 1 g/L G~ was suggested as being effective for
breaking dormancy (Choi et al. 1994). In field- grown tubers, endogenous GAs
increase during sprouting (Smith and Rappaport 1961). Exogenous GAs can
promote tuber sprouting (van lttersum 1992) but usually only after donnancy is
complete (Turnbull and Hanke 1985a; Coui1lerot 1993). GA1 may be the active GA
fonn in potatoes although its role in field-grown tuber or microtuber dormancy is
unknown (Suttle,1996).These discrepancies indicate that further work is necessary
to characterize GA effects on donnancy duration compared to sprout growth. In
addition, possible carry-over effects from GA3 treatment of microtubers on the
subsequent plant development (e.g., modified leaf morphology, aerial stolons,
reduced yield) will have to be identified for individual cultivars.

Ethylene

Endogenous ethylene may be an import2nt component of early donnancy
development in microtubers (Suttle 1998). Whether endogenous ethylene plays a
role in donnancy  release of microtubers remains to be demonstrated. In field
tubers and microtubers, ethylene production increased during donnancy inception
and then decreased to low levels until tuber sprouting (Cvikrová et al. 1994; Suttle
1998). Previous work with field-grown tubers has shown repeatedly that exogenous
ethylene can reduce tuber donnancy duration (Rosa 1925; Rylski et al. 1974; Alam
et al. 1994). However, treatment of donnant field tubers with 2% (v/v) Ethrel
(ethephon), an ethylene-release compound, led to prolonged donnancy
(Sukhova et al. 1993) while treatment of microtubers with the ethylene antagonists,
silver nitrate and 2,5-norbornadiene, led to precocious sprouting (Suttle 1998).
Since ethylene is known to inhibit sprout growth (Rylski et al. 1974), "any
evaluation of dormancy release mechanisms must include a study of sprout



elongation since we define the fonner developmental event in terms of the latter
growth feature" (Coleman 1998). Microtubers may allow us to examine donnancy
and sprout growth regulation as well as to study possible interactions between
such plant honnones as ABA and ethylene (Suttle 1998).

Dormancy-Release Agents

A number of exogenous chemicals can remove dormancy from field-grown tubers
(Coleman 1987; Wiltshire and Cobb 1996), but similar evaluations with microtubers
have been limited. Rindite (7 parts ethylene chlorohydrin:3 parts dichloroethane: 1
part carbon tetrachloride) or carbon disulfide were effective dormancy-release
agents for microtubers and field tubers (Wattimena 1983; Kim et al. 1996, 1997;
Nasiruddin and Blake 1997). However, their mutagenicity, carcinogenicity, and high
toxicity make their commercial use unacceptable. The use of BE vapor in
conjunction with a carbon dioxide, oxygen and ethylene treatment was highly
effective in donnancy release in microtubers and may provide a more
environmentally-acceptable alternative for microtubers, greenhouse- and field-
grown tubers (Coleman et al. 1992; Coleman 1998; Coleman and Coleman2000).

The probable occurrence of multiple plant growth regulator controls in tuber
donnancy make any simple interpretation unlikely. Any experimental system used
to address this regulator problem will have to possess superior handing and
manipulation characteristics for the examination of hormonal interactions (e.g.,
ABA/KIN ratio effects), timing of app1ication or concentration effects. Since
microtubers can be induced rapidly in a relatively synchronous manner under
defined conditions in a short period of time and in large numbers, they should
provide a suitable experimental system for closely examining the problem of tuber
donnancy. The value of using a microtuber induction system for exploring the roles
of donnancy release agents as well as endogenous and exogenous plant growth
regulators has been demonstrated (Suttle and Hulstrand 1994; Suttle 1995, 1996,
1998; Xu et al. 1998) and should allow additional insight into the complexities of
potato tuber dormancy.

MICROTUBER METABOLISM

Researchers have been quick to develop research systems that use microtubers
for the examination of plant metabolism, ranging from pigment biosynthesis in
tubers (Lewis et al. 1998) to tuber proteÍn gene expression (Bourque et al. 1987;
MusÍn and Troflffiets 1988; Ulloa et al. 1997). The use of microtubers to investigate
carbohydrate metabolism associated with tuber formation and growth is an
excellent example of this application.



Carbohydrates

Studies of carbohydrate metabolism in tubers have benefited from the use of
microtuber systems since sucrose was demonstrated to be an obligatory extemal
carbon substrate for microtuber induction and development (Mes and Menge 1954;
Leclerc et a1. 1994). Also, developing microtubers have a capacity to rapidly
accumulate sucrose and reducing sugars when stored at 2 C (Classen et al. 1992).
Such results suggest that a microtuber experimental system could prove useful to
explore metabolic events surrounding low-temperature induction of reducing
sugars, a phenomenon with significant ramifications for potato processors.
Similarly, high sucrose concentrations in conjunction with fluridone promote
rooting of nodal stem segments cultured on microtuber induction media (Harvey et
al. 1994). This observation may be the basis of another promising experimental
system that should be examined in our attempts to unravel sugar/ ABA
interactions on organogenesis.

The apparent regulation of starch synthesis by sucrose during tuberization,
possibly through the control of orthophosphate or triose phosphate concentrations
(Taiz and Zeiger 1998), may be another research area where micro- tubers are a
superior experimental tool compared with field tubers. For example, starch appears
in the induced axillary buds within 72 h of tuber induction on a sucrose-containing
medium (Pevalek-Kozlina and Berljak 1997). In field-grown tubers, sucrose
induced the expression of tuber-specific genes, and this induction was suppressed
by GA3 (Park 1990). In addition, application of G~ to field-grown tubers increased
reducing sugar levels, possibly by reducing starch synthesis through a reduction in
ADP-glucose pyrophosphorylase activity (Mares et al. 1981). When sucrose was
applied to cut slices of growing field tubers, most of the carbon was incoIporated
into starch during the initial24-h period (Geiger et al. 1998). The authors concluded
that sucrose stimulated the expression of ADP-glucose pyrophosphorylase.
Whether a similar role for sucrose in the promotion of starch production is evident
in conjunction with GA modulation remains to be demonstrated in microtubers.
However, we know that sucrose can serve as an osmotic agent (Khuri and Moorby
1995) as well as a regulator of endogenous GA levels (possibly through increased
GA conjugation) in developing tubers from cuttings (Simko 1994) and microtubers
(Xu et al. 1998).

In a microtuber system, Kim et al. (1997) concluded that the parallels between
sucrose and starch contents and sucrose synthase activity supported the
importance of this enzyme in starch biosynthesis. Similarly, high sucrose levels in
the culture medium appeared to increase sucrose synthase in potato tissue
cultures (Sowokinos and Varns 1992). Whether microtuber size can be altered by a
modified sucrose metabolism due to the expression of cytosolic or apoplastic
invertase as found in tubers remains to be deter- mined (Sonnewald et al. 1997).
The apparent interactions between GAs and sucrose during tuber initiation and
growth as well as starch synthesis suggest that the use of the microtuber system



should asist in the further characterization of carbohydrate metabolism in the
context of plant growth regulators and their effects on microtuber growth.

As a cautionary note, there is conflicting evidence for possible differences in
carbohydrate metabolism between field-grown tubers and microtllbers. A report by
Veramendi et al. (1999) concluded that microtubers were "an adequate model
system for studying primary carbohydrate metaboism. In addition, a sturly of
temperature effects on starch synthesis and composition in microtubers suggested
that these features are similarly to field-grown tubers (Debon et al. 1998).
However, in the latter study, the modal diameter of starch granules from
microtubers was considerably smaller (8-9 Mm) than those found in field-produced
tubers (21 Mm). Although starch granule size may be a function of tuber size
(Christensen and Madsen 1996), starch granules from micro- tubersfncreased in
size with incubation temperature. This result was contrary to temperature effects
on granule size in tllbers produced from potted plants under controlled
environmental conditions. The authors (Debon et a,l. 1998) hypothesized that this
discrepancy was caused by "the artificial nature of the microtuber system, although
it is difficult to conceive how this could be so. " Similarly, in an earlier study it was
found that the activity of a primer- independent phosphorylase could be modulated
by exogenous sucrose and had greater activity in microtubers than field-grown
tubers (Moreno and Tandecarz 1996). Since starch deposition is related to
photosynthetic patterns, the rnixotrophic nature of the cultures may playa key,
although as yet undefmed, role. These studies indicate that any fuhlfe metabolic
studies should include, during the initial stage of the study, a comparative
evaluation with field-grown tubers in order to con- firm the suitability of the
microtuber analogy. Innate physiological responses may be evaluated best in
growth- regulator-free culture media (Garner and Blake 1989) since agronomic
events may be assessed best when in vitro environments rnirnic the major
components (1ight, temperature, moisture, inorganic nutrients) offield conditions
(Gopal and Minocha 1997, 1998; Gopal et al. 1997).

GENETIC TRANSFORMATIONS AND MOLECULAR FARMING

In addition to contributing to germplasm selection and eva1uation (Gopa1 and
Minocha, 1997, 1998), potato microtubers have provided a va1uable addition to the
collection of tools for studies of genetic transformation (e.g., Choi et al. 1997;
Sandhu et al. 1998; Tu et al. 1998; Choi et al. 1999; Inui et al 1999). The
successfull development of transgenic potato plants has been achieved primarily
by the use of disanned strains of Agrobacterium tumefaciens. This transfonnation
was followed by regeneration of plants from in-vitro-grown microtubers (Ishida et
al. 1989). ln addition to providing the widely accepted advantages of steri1ity and
ease of storage and transport (Kumar et al. 1995), the regenerated plants exhibited
lower levels of somaclonal variation compared with regenerated plants derived



from protoplasts (Snyder and Belknap 1993). Snyder and Belknap (1993) used this
approach to increase resistance to blackspot bruise in the cultivars Lemhi and
Russet Burbank, by the introduction of a tyrosine- rich protein gene that appeared
to reduce the levels of free tyrosine.

The recent extension of this approach from Solanum tuberosum to five wild
Solanum species (Kumar et al. 1995) should a1Iow access to unique genes and
eventual development of effective somatic hybridization systems. The successful
use of Agrobacterium and regeneration from microtuber slices for transgenic potato
plant production may find broader applications as genetic transformation methods
become more intensively used for agricultural research. Recent research areas
include the characterization and control of tuberization (Perl et al. 1991; Visser et
al. 1994; Galis et al. 1995; Ivana et al. 1997), starch granule synthesis (Smith et al.
1996), enhanced protein quality (Davies 1996) and export and storage of sugars
(Stitt and Sonnewald 1995).

Transgenic potato plants have also served as experimental vehicles for the
demonstration of the synthesis of foreign carbohydrates. For example, by
introducing microbial fructosyltransferase genes, microtubers were produced that
accumulated the foreign carbohydrate fructan (Meer et al. 1994). Similarly, after
introducing trehalose synthesis enzymes from Escherichia coli and inhibiting
trehalase activity with validamycin A, considerable trehalose accumulated in the
microtubers of the transformed plants (Goddijn et al. 1997).

ln addition to microtubers serving as a source for transgenic plants, the highly
synchronous nature of tuberization in vitro has served as the basis for visualizing
differential gene expression during microtuber development using an AFLP
technique for RNA fingerprinting (Bachem et al. 1996). The study isolated two
tuber-specific, transcript-derived fragments coding for the lipoxygenase enzyme
and suggested that developmentally regulated genes could be identified by this
technique. These studies indicate that microtuber systems may provide
considerable flexibility for exploring the genetic, physiological and biochemical
components of microtuber initiation and growth as well as the production of unique
or foreign biochemicals.

However, unintended growth and development changes, metabolic alterations, or
somaclonal variation during or after culturing in vitro can lead to complications in
interpretation. For example, Romanov et al. (1998) failed to obtain a clear
correlation between tuber formation and yield in field-grown tubers and
microtubers. Similarly, high (8%) sucrose levels can activate class I B33 patatin
promoter in tissues where it norma11y is not expressed (Rocha-Sosa et al. 1989;
Perl et al. 1991). Mandolino et al. (1996) discovered different variants in
"vitrotubers" (microtubers) derived from MS-induction medium contajning Ia N
when they used a RAPD fingerprinting approach. The authors concluded that the
observed changes were caused by culturing in vitro in the presence of plant-gro



regulators. This somaclonal variability has been observed repeatedly from the
morphological to the DNA level (Larkin and Scowcroft 1981; Ba111987; Rietveld et
al. 1991, 1993). Consequently, the potential impact of culturing in vitro should be
considered before any conclusions are drawn from the microtuber system.

Perhaps the most cha11enging future role for microtubers will focus on their
potential use for the large-scale production of proteins for industrial,
pharmaceutical, and agricultural use. "Molecular farming" has become a reality in a
range of plant species such as tobacco, canola, and maize. The potato ptant has
entered this high-value area of biotechnology with the development of edible
vaccines for such diseases as diabetes and hepatitis (e.g., Mason and Arntzen
1995; Feather- stone 1996; Ma et al. 1997; Tacket et al. 1998; Arakawa et al.
1999). The ease of use of microtubers for producing transgenic potatoes and as
mass-produced, optimally aged, and soluble protein sources make potato
potentially one of the most suitable, cost-effective molecular farming hosts.

CONCLUSIONS

Microtubers grown in an aseptic manner on defined nutrient media in a controlled
environment are an attractive model for biochenúcal and physiological studies of
conventional and transformed potatoes. Their synchronous and rapid induction in
response to a range of exogeIlous "triggers," their small size, structure comparable
to field tubers, protein, and starch composition are important characteristics of the
model system. Studies of núcrotuber dormancy once appeared to consist of a
confusing plethora of culture- specific observations. With the use of núcrotuber
systems, the confusion can now be resolved into a well-defined set of experimental
questions. At a practical level, donnancy issues that restricted the use of
microtubers for field planting in nuclear seed stock programs are being overcome
(Jones 1988; Coleman and Coleman 2000). However, a cautionary note is
necessary in view of apparent growth and development changes, metabolic
alterations and somaclonal variation mentioned earlier. Often evidence for a strong
and consistent analogy for induction, growth and metabolism between microtubers
and field-grown tubers is lacking. The lack of a close analogy has led to artifacts
that preclude generalized conclusions being applied to all potato tubers, regardless
of source. Similary concerns in other in vitro systems have been expressed, e.g.,
the control of antioxidative mechanisms in Nicotiana tabacum L. (Yun et al. 1998).
These studies support the need for caution in interpreting resu1ts that may reflect
system-dependent artifacts. Nevertheless, during the 21 st century, microtubers
may emerge as the propagu1e of choice in the nuclear production phase of the
seed potato industry and as an essential research tool in a wide range of tuber-
related studies.
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