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A new starch-degrading enzyme activity is induced by storage of
potato (Solanum tuberosum L.) tubers at low temperatures (L. Hill,
R. Reimholz, R. Schrider, T.H. Nielsen, M. Stitt [1996] Plant Cell
Environ 14: 1223-1237). The cold-induced activity was separated
from other amylolytic activities in zymograms based on iodine
staining of polyacrylamide gels containing amylopectin. A similar
band of activity was detected at normal growth temperatures in
leaves, stems, and growing tubers but was present only at low
activity in warm-stored tubers. The cold-induced enzyme was sep-
arated by ion-exchange chromatography from other amylolytic ac-
tivities. It has a broad neutral pH optimum. Characterization of its
hydrolytic activity with different substrates showed that the cold-
induced activity is a B-amylase present at low activity in tubers
stored at 20°C and induced progressively when temperatures are
decreased to 5 and 3°C. The first clear induction of B-amylase
activity was observed within 3 d of storage at 3°C, and the activity
increased 4- to 5-fold within 10 d. The possible involvement of the
cold-induced B-amylase in sugar accumulation during cold storage
is discussed.

When potato (Solanum tuberosum L.) tubers are stored at
low temperatures they accumulate sugars, primarily Gle,
Fru, and Suc (Sowokinos, 1990), in a process that is termed
“cold sweetening.” Higher storage temperatures (e.g.
above 10°C) prevent this sugar accumulation. Cold sweet-
ening is of commercial interest, since high sugar content
will result in a poor-quality product when the tubers are
used for fries and chips. Recently, it was shown that the
accumulation of sugars is due to a specific activation of Suc
synthesis by up-regulation of Suc-P synthase (Hill et al,
1996). Along with the activation of Suc synthesis, a new
amylolytic activity also induced in the cold-stored tubers
was discovered. This activity was observed in zymograms,
in which the amylolytic enzymes were degrading amyl-
opectin. Since starch is the likely source of carbohydrates
for the cold sweetening of tubers (Isherwood, 1976), this
induction of new amylolytic activities could contribute to
the sweetening process.

Starch degradation can occur via phosphorolytic and
hydrolytic reactions and probably requires the concerted
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action of several enzymes (Beck and Ziegler, 1989). The
degradation of starch granules in vivo is in most cases
poorly understood. In leaf tissues, degradation of starch
appears to involve the cooperative attack by phosphoro-
lytic and hydrolytic activities (Steup et al., 1983; Beck and
Ziegler, 1989). Recently, hexose transport over the chloro-
plast membrane was demonstrated as a prerequisite to
retaining normal starch degradation rates in leaves of Ara-
bidopsis (Trethewey and ap Rees, 1994), which would sug-
gest an important role of a-glucosidase in the degradation
of transitory starch. In cereal seeds, the mobilization of the
starch reserves is triggered by the induction of a-amylases.
These cereal seeds are the only tissues in which the starch
degradation process has been characterized in detail, and
several elements of a signal transduction pathway leading
to the expression of specific a-amylase genes have been
identified. However, the cereal seed is a highly specialized
system, and it is not safe to deduce extensive similarity to
other tissues such as potato tubers because both the phys-
iology and the cellular organization are fundamentally
different.

A range of starch-degrading enzyme activities have been
reported in potato tubers, including a-amylase, isoamy-
lase, B-amylase, a-glucosidase, and phosphorylase (Ger-
brandy et al., 1975; Kennedy and Isherwood, 1975; Fan,
1975; Killilea and Clancy, 1978; Schneider et al., 1981; Co-
chrane et al., 1991a, 1991b; Cottrell et al., 1993). However, it
is not clear whether the degradation is primarily amylolytic .
or phosphorolytic. Morrell and ap Rees (1986) concluded
that the degradation of starch in cold-stored potato tubers
was phosphorolytic because they detected no amylase ac-
tivities in the tubers. However, several other authors
(Sowokinos et al., 1985; Davies and Ross, 1987; Cochrane et
al., 1991b; Cottrell et al.,, 1993) have detected substantial
activities. This discrepancy may be due to the use of dif-
ferent assay procedures.

Several authors have looked for changes in starch-
degrading activities after transfer of potato tubers to low
temperature to promote sugar accumulation. Low storage
temperature has been reported to result in increased activ-
ity of both a-amylase and B-amylase (Cochrane et al,
1991b; Cottrell et al, 1993), as well as phosphorylase
(Claassen et al.,, 1993). On the other hand, Kennedy and

Abbreviations: BPNPG?7, end-blocked p- mtrophenyl maltohep-
taose; PNPG5, p-nitrophenyl-maltopentaose.
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Isherwood (1975) and Hill et al. (1996) found no effect of
storage temperature on phosphorylase activity, and
Sowokinos et al. (1985), who did report a selective increase
in phosphorylase in the sweetening tuber tissues, found no
changes in amylase activity. These inconsistencies might be
due to differences between cultivars. However, another
explanation is that the assays used to measure amylolytic
activities do not always fully distinguish between the dif-
ferent types of enzymes, e.g. a- and S-amylase activities,
and will not detect separately potential isoforms of each of
these types. This complicates the interpretation of previous
experiments on potato tubers, in which amylases have not
been separated and characterized. In the following study,
we have separated the cold-induced enzyme detected by
zymograms (Hill et al., 1996) from the other amylolytic
activities in cold-sweetening tubers of the potato cv De-
sirée. We show that it is a B-amylase (a-1,4-glucan malto-
hydrolase, EC 3.2.1.2.), whereas a-glycosidase and endo-
amylolytic activities are not influenced by low storage
temperature.

MATERIALS AND METHODS

Tubers of potato (Solanum tuberosum cv Desirée) were
harvested from a field during August and stored in dark-
ness at 20°C. During cold treatment the tubers were trans-
ferred to cabinets in which the temperature was regulated
within +0.2°C. Unless otherwise indicated the tubers were
stored for 7 d at 3°C. Tuber tissue was harvested by punch-
ing a rod with a 10-mm cork borer and cutting 2-mm slices
directly into liquid nitrogen. The frozen tissue was stored
at —80°C. For the larger preparations used for chromato-
graphic separation of enzymes, fresh tissue was used.

Native Gel Electrophoresis and Detection of
Amylolytic Activities

Frozen tuber discs were extracted in 2 volumes of a
buffer containing 50 mm Mops-KOH (pH 7.5), 20 mm
MgCl,, 2 mm CaCl,, 1 mm EDTA, and 0.1% (v/v)

* B-mercaptoethanol (buffer A). The extraction medium also
contained 30 g L™ PEG-8000 and 20 g L™ polyvinylpoly-
pyrrolidone. Twenty microliters of 50% (v/v) glycerol con-
taining 0.1 mg L~" bromphenol blue was added to 60 uL of
crude extract. Then 10 to 35 uL of this mixture was loaded
in each lane of the gels.

The enzymes were separated by discontinuous PAGE
using separating gels containing amylopectin, as described
by Hill et al. (1996). Separating gels (0.75 mm) contained
7.5% (w/v) polyacrylamide (30:0.8 acrylamide:bisacrylam-
ide), 0.6% (w/v) potato amylopectin (Merck, Darmstadt,
Germany), and 375 mm Tris-HCl (pH 8.8). Stacking gels
contained 3% (w/v) polyacrylamide and 63 mM Tris-HCI
(pH 6.8). The gels were electrophoresed at 0 to 4°C (Mini
Protean 2 system, Bio-Rad) for 1 to 1.5 h at a constant
current of 30 mA (two gels). After electrophoresis the gels
were washed twice for 10 min in water and incubated (1.5
h at 20°C) in buffer containing 0.1 M Mes-KOH (pH 6.2), 2
mmM CaCl,, and 0.1% (v/v) B-mercaptoethanol (buffer B).
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Gels were then washed for 10 min in water and stained
with iodine to detect degradation of the amylopectin.

For determination of the pH optimum only the incuba-
tion buffer was changed. All incubations contained 0.1 M of
the indicated buffer (pH set with KOH or HCl) and 0.1%
B-mercaptoethanol.

Assay of Starch-Hydrolyzing Enzymes

Activities of endo-amylase and exo-amylase were deter-
mined by detecting the degradation of maltooli-
gosaccharides linked to a p-nitrophenyl group by a glu-
cosidic bond at the reducing end, using assay kits purchased
from Megazyme (Sydney, Australia). These assays were de-
signed for specific detection of cereal grain enzymes. The
endo-amylase substrate is a p-nitrophenyl-maltoheptaose
chemically blocked at the nonreducing end (BPNPG7?) to
prevent degradation by exo-amylase. The exo-amylase sub-
strate is a nonblocked p-nitrophenyl-maltopentaose
(PNPG5) that is too short to allow significant activity of
cereal a-amylases. Enzyme extract (50 pL) was mixed with
225 plL of buffer containing 100 mm Mes-KOH, pH 6.2, 1 mm
EDTA, and 0.1% (v/v) B-mercaptoethanol. Assays were
started by adding 25 uL of substrate and coupling enzyme
(final concentration 0.4 mm oligosaccharide and 2.5 units of
a-glucosidase). Assays were stopped by adding 2.5 volumes
of 10 g L™" Trizma-base (Sigma), and the activity was de-
termined as liberated p-nitrophenolate detected spectro-
photometrically at 405 nm. a-Glucosidase was determined
in the same way using p-nitrophenyl-glycoside (5 mm) as
substrate.

Total amylolytic activity was determined as the degra-
dation of soluble starch (Kowalsky starch, Merck, Darm-
stadt, Germany). Enzyme (50 upL) and buffer B (200 uL)
with soluble starch (final concentration 10 g L™') were
mixed, and degradation products were determined colori-
metrically according to the method of Bernfeld (1955).

Separation of Hydrolytic Activities

Starch-degrading enzymes were extracted from cold-
and warm-stored tubers. All steps during separation were
performed at 0 to 4°C. Tuber tissue (80 g) was homoge-
nized in a blender (Waring; three times for 30 s each time)
in 200 mL of buffer A with 30 g L™! PEG-8000 and 20 g L™!
polyvinylpolypyrrolidone. The homogenate was centri-
fuged (15 min at 20,000g). The pellet was discarded and the
supernatant was filtered through two layers of Miracloth
{Calbiochem). Protein was precipitated from 150 mL of the
homogenate with PEG-8000 (final concentration 170 g L™").
The precipitate was pelleted by centrifugation (15 min at
20,000g). The supernatant was discarded, and the pellet
was redissolved in 35 mL of buffer A. The redissolved
protein was cleared by centrifugation (15 min at 20,000g)
and separated over a 60-mL DEAE column (Fast Flow,
Pharmacia) with a linear gradient of 0 to 0.4 M KCl in buffer
A developed over 250 mL. Fractions (8 mL) were collected
and analyzed for starch-degrading enzyme activities.
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Detection of Hydrolysis Product

Fractions from the DEAE column were mixed with an
equal volume of buffer B and 10 g L' soluble starch and
incubated for 0 to 20 h at 20°C. The reaction was stopped at
different times by applying 1 uL of the reaction mixture to
a TLC plate (Silicagel F60, Merck). The plate was developed
twice with an eluent containing isopropanol:butanol:water
(12:3:4). Mixtures of Glc and malto-oligosaccharides (two
to seven Glc residues) were used as standards. Products
formed were visualized by charring of the plates wetted
with 10% (v/v) H,SO, in ethanol.

RESULTS

Amylolytic enzyme activities were detected in zymo-
grams, where they appeared as light bands on a darker-
brown background. As previously observed (Hill et al.,
1996), tubers stored at low temperatures (3°C) contained an
amylolytic activity that was absent or very weak in tubers
stored at higher temperatures (20°C) (Fig. 1, lanes 1 and 2,
respectively). We denote this the “cold-induced” band.

The same activity was present in growing tubers (Fig. 1,
lane 3), although much weaker than in the cold-stored
tubers. A similar band was observed in mature and devel-
oping leaves (Fig. 1, lanes 4 and 5). The activity was rela-
tively high in the leaf tissues compared with the cold-
stored tubers (note amounts of extracts loaded). The
activity detected in mature leaves had a slightly higher
mobility than that detected in the other tissues. A similar
activity was observed in crude extracts of stem tissue (Fig.
1, lane 6). Thus, the cold-induced band is the predominant
amylolytic activity in several nondormant tissues that were
not cold-treated.

In a recent study, amylolytic activities from potato leaves
were separated by ion-exchange chromatography (Vikse-
Nielsen et al., 1997). To separate the activities in the tubers
and identify which type of amylolytic enzyme the cold-
induced band represents, we again used ion-exchange
chromatography of the activities extracted from cold-
stored and warm-stored tubers. Crude extracts of 80 g of
tuber material were precipitated with 17 g L™' PEG. The
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Figure 1. Zymogram of amylolytic activities in different tissues from
potato plants. Crude extracts of tuber stored at 3°C (15 ulL, lane 1),
tuber stored at 20°C (15 ul, lane 2), growing tuber (15 ulL, lane 3),
source leaves (10 L, lane 4), sink leaves (5 uL, lane 5), and stem (30
L, lane 6). The enzymes were separated by electrophoresis in
polyacrylamide gels containing 6 g L~' amylopectin. The gels were
incubated for 1 h in buffer (100 mm Mes-KOH, pH 6.2, 2 mm CaCl,,
0.1% B-mercaptoethanol) at 20°C and then stained with iodine.
Amylolytic activities are seen as light bands on a dark background.
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Figure 2. Separation of amylolytic activities by ion-exchange chro-
matography. Protein concentrated by precipitation with PEG-8000
was separated over a DEAE-Sepharose column with a linear salt
gradient. @, Activity with BPNPG7; O, activity with PNPG5; A,
a-glucosidase. A, Tuber stored at 20°C; B, tuber stored at 3°C. mU,
Milliunits.

redissolved precipitate was applied to a DEAE column and
eluted with a gradient of KCI. The collected fractions were
analyzed by assays (see “Materials and Methods”) de-
signed to distinguish between the activities of endo-
amylase, a-glucosidase, and exo-amylase and total amylo-
lytic activity (Fig. 2). The same fractions were also analyzed
by zymograms (Fig. 3) to compare the banding pattern in
the gels with the activity of the different types of amylo-
lytic enzymes.

An early-eluting activity in fractions 10 to 16 accepted
PNPG5 but not BPNPG7 as a substrate, indicating that it
was an exo-amylase (Fig. 2B). The column chromatography
gave a good separation of this exo-amylase activity from
the activities that accepted BPNPG7 as substrate, presum-
ably endo-amylases. These activities eluted in later frac-
tions. Unexpectedly, the fractions containing endo-
amylases also cleaved PNPGS5 (see below for discussion).

The early-eluting exo-amylase activity was specifically
induced by low-temperature storage of the tubers (Fig. 2,
compare A and B for the profile in warm- and cold-stored
material, respectively). The other slow-eluting amylolytic
activities showed no significant response to storage tem-
perature. a-Glucosidase eluted slightly later than the
cold-induced exo-amylase and was considerably less ac-
tive than the exo-amylase. It was also unaffected by stor-
age temperature.

Total amylolytic activity, detected as the degradation of
soluble starch, corresponded in activity profile to the sum
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Figure 3. Zymogram of amylolytic activities (as in Fig. 1) in fractions
from ion-exchange chromatography (same as in Fig. 2). A 25-ul
fraction was loaded in each lane. A, Tuber stored at 20°C; B, tuber
stored at 3°C. Cr, Crude extract; numbers indicate fractions 11 to 23
from DEAE columns shown in Figure 2.

of the individual amylases. It showed a strong cold induc-
tion in the fractions containing the early-eluting exo-
amylase activity but not in the slow-eluting fractions (data
not shown). The total amylolytic activity was 2 to 3 times
higher than the sum of the individual hydrolytic activities,
indicating that soluble starch is a better substrate for potato
amylolytic activities than the malto-oligosaccharides.

The combination of ion-exchange chromatography and
native gel electrophoresis (Fig. 3) separated several (at least
seven) amylolytic activities in the cold-stored tubers. These
may represent multiple forms, isozymes, or different types
of hydrolytic enzymes. The cold-induced amylolytic activ-
ity detected in the zymograms eluted from the ion-
exchange column in the same fractions as the early-eluting
activity that cleaved PNPG5 (compare Figs. 2B and 3B). In
warm-stored tubers this band was weak on the zymo-
grams, and the measured activity in the early-eluting frac-
tions with PNPG5 was also low (Figs. 2A and 3A). Closer
inspection of the zymograms in Figure 3 reveals that the
ion-exchange column fractions with a sharp, low-mobility,
cold-induced band also contain some less-focused activities
with a higher mobility. These less-focused bands were also
induced by cold treatment (Fig. 3, compare A and B). This
was not evident in the crude extracts (Fig. 1; Hill et al.,
1996) but is evident in Figure 3 because other overlapping
and noninduced bands are separated by the previous ion-
exchange chromatography step.

To identify which of the two observed cold-induced
bands represent the exo-amylase activity measured in the
PNPGS assay, the gels with electrophoresed enzymes were
sliced into 2.5-mm pieces and each slice was analyzed for
activity with PNPGS5 (Fig. 4). Both the upper band and the
less-focused lower bands reacted with the substrate, indi-
cating that both bands represent exo-amylases. These may
represent different forms of the same enzyme. Similar anal-
ysis of the second peak containing the endo-amylase (frac-
tion 19) revealed that activities detected by both PNPG5
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and BPNPG7 were accounted for by just one of the bands
on the zymograms (data not shown), which is likely to be
an endo-amylolytic activity that also accepts short-chain
malto-oligosaccharides.

To provide further evidence that the cold-induced hydro-
lytic activities are B-amylases, the products formed during
incubation with soluble starch were analyzed by TLC. Frac-
tions 10 to 13, in which the cold-induced activity was the
only predominant amylolytic activity, produced almost ex-
clusively maltose, as would be expected from a B-amylase
activity (Fig. 5). Only small amounts of oligosaccharides and
Glc were formed by these fractions. In contrast, the slow-
eluting fractions produced a range of saccharides (Fig. 5).
Fractions 14 to 16 contained a-glucosidase and produced
significant amounts of Glc, whereas later fractions predom-
inantly formed oligosaccharides.

To characterize the pH dependence of the cold-induced
B-amylase activity, the early-eluting activity was assayed
with soluble starch as substrate at different pH values, and
these measurements were supplemented with zymogram
analysis of pH dependence (Fig. 6). Both methods indicated
a broad pH optimum curve that peaked between 6.0 and 7.5.

To gain more information about the temperature depen-
dence of the B-amylase induction, tubers were transferred
from 20°C to different temperatures between 3 and 11°C.
Crude extracts of these tubers were analyzed by zymo-
grams and assayed for exo-amylase and endo-amylase ac-
tivity. The foregoing analysis showed that the PNPG5 as-
say detected the cold-induced B-amylase and a second
peak of amylase activity that eluted later from the ion-
exchange column (Fig. 2). This second peak is mainly due
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Figure 4. Location of exo-amylase activities in zymograms of frac-
tions containing the cold-induced amylolytic activity. After electro-
phoresis, the gel was sectioned in individual lanes. One lane was
sliced into 2.5-mm pieces. Amylolytic activity was measured for
each slice with PNPG5 as substrate. The gel slices were incubated
with substrate for 2 h with vigorous stirring and the liquid phase was
analyzed for liberated p-nitrophenolate. The distribution of activity is
shown (sum of all slices set to 100%). A neighboring lane was stained
with iodine as in Figure 1.
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to an endo-amylase that reacts at approximately the same
rate with BPNPG7 and PNPGS5. To estimate the activity of
cold-induced B-amylase in crude extracts, we therefore
subtracted the activity measured with the BPNPG7 from
the activity measured with PNPG5 (Fig. 7).

The induction of the exo-amylase depends strongly on
the temperature. The most efficient induction was at 3°C
(Fig. 7A). Increasing the temperature to 5°C gave a signif-
icantly lower induction, and the activity hardly changed at
7 to 11°C. These data were confirmed by zymograms, in
which induction was highest at 3 and 5°C, and the first
clear induction was seen within 3 d at low temperature
(Fig. 8; Hill et al., 1996). A similar time dependence was
also found in activity measurements (Fig. 7B).

The accumulation of sugars (Suc, Glc, and Fru) largely
corresponded with the response of the exo-amylase to stor-
age temperatures. After 10 d the sugar content, expressed
as hexose equivalents, had increased from 12 to 41 umol
g~ ! fresh weight at both 3 and 5°C. At 7, 9, and 11°C only
small changes in sugar content were observed (sugar con-
tents 16, 14, and 14 umol g~ fresh weight, respectively). At
3°C the first significant sugar accumulation occurred be-
tween 3 and 6 d of cold storage (data not shown; Hill et al.,
1996).

DISCUSSION

The maximum rates of sugar accumulation during cold
storage in Desirée tubers reported by Hill et al. (1996) are
about 0.2 to 0.3 umol g~ fresh weight h™' (hexose equiv-
alents). After chromatographic separation of enzymes in
cold-stored tuber material we measured activities of 1.4
and 1.1 umol g ' fresh weight h™' in the assays with
PNPG5 and BPNPGY for exo- and endo-amylolytic activi-
ties, respectively. These are minimum values since losses
during the partial enzyme purification were not corrected
for. Calculations based on measurements on the unsepa-
rated crude extracts (Fig. 7B, d 10) give higher values (3, 6,
and 1.9 pmol g~ ' fresh weight h™", respectively). Further-
more, it should be considered that the amylases produce
malto-oligosaccharides rather than Glc and will release
more Glc units per cleavage action. The measured amylo-
lytic activities in crude extracts would therefore be suffi-
cient to account for the carbohydrate accumulation during
cold sweetening. These results indicate that starch degra-
dation in potato tubers is not exclusively phosphorolytic.
However, to reach a final conclusion, subcellular compart-
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Figure 5. Identification of hydrolytic products
formed by the separated amylolytic enzymes in
cold-stored tubers. The indicated fractions cor-
respond to Figure 2B. A sample of each fraction
was incubated with 10 mg L ™" soluble starch for
6 h. The products formed were separated by TLC
and stained by charring with sulfuric acid. std,
Standard compounds; Gl, Glc; G2-G7, malto-
oligosaccharides with chain lengths of two to
seven Glc residues.
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mentation also needs to be considered. This will require
further investigation, since the localization of these activi-
ties in potato tuber tissue is not yet known.

Most previous reports of B-amylase in potato tubers
have been based on indirect evidence (Davies and Ross,
1987; Cochrane et al., 1991a, 1991b; Cottrell et al., 1993;
Vikseg-Nielsen et al., 1997). Only Fan (1975) demonstrated
directly that tubers contain a B-amylase. Using a combina-
tion of chromatographic separation, specific assay proce-
dures, and zymograms we have now shown that cold-
induced activity in tubers indeed represents B-amylase
(Figs. 2—4). This was confirmed by identifying the hydro-
lysis product as maltose (Fig. 6), although minor short-
chain oligosaccharides were also noted. Vikse-Nielsen et
al. (1997) purified and characterized a p-amylase from
potato leaves and demonstrated that it is a dominant
amylolytic activity in this tissue. This corresponded well to
our zymograms (Fig. 1), in which a band similar to the
cold-induced tuber enzyme was evident in both leaf and
stem tissues.
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Figure 6. pH dependence of the activity of cold-induced B-amylase.
The activity was determined by the assay measuring total amylolytic
activity (degradation of soluble starch) using the early-eluting frac-
tion of a cold-stored tuber preparation (fraction 12, Fig. 2B). Buffers
used were: @, acetate; O, Mes; M, Mops; [, Hepes; A, Tris. The top
panel shows the corresponding effect of pH on the B-amylase activity
in zymograms (same fraction as used for activity curve). The pH value
of the incubation buffer is indicated below each lane. mU, Milliunits.
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Figure 7. Activities of endo-amylase and B-amylase in stored potato
tubers. A, Tubers stored for 10 d at 3, 5, 7, 9, and 11°C. B, Potato
tubers stored for different times at 3°C. The tubers were transferred
from 20°C at d 0. The curves show activity using BPNPG7 as sub-
strate (@, endo-amylase activity) and using PNPG5 as substrate (O).
The activity of B-amylase ((J) was calculated as the activity with
PNPG5 minus the activity with BPNPG?7. Results are means * se of
three individual enzyme extracts. mU, Milliunits; FW, fresh weight.

The zymograms separated at least two B-amylase bands
that are cold-induced in tubers (Fig. 4). These may repre-
sent isozymes, different forms of the same enzyme, or the
presence of active proteolytic products. Clarification of this
must await further analysis. B-Amylase has been identified
in a number of different plant species, and the molecular
properties of the different B-amylases are varied. The re-
ported masses of subunits range from 53 to 64 kD, and the
holoenzyme may be a monomer (Monroe and Preiss, 1990),
a homodimer (Fan, 1975; Vikse-Nielsen et al., 1997), or a
homotetramer (Takeda et al., 1988).

Our finding that B-amylase is induced by cold treatment
of the stored tubers is in agreement with data presented by
Cottrell et al. (1993) and Cochrane et al. (1991b). These
earlier studies relied on the specificity of PNPG5 as sub-
strate for B-amylolytic activity. This convenient assay was
developed by Mathewson and Seabourn (1983) and was
optimized for cereal enzymes. However, our data indicate
that it may be of limited value for analysis of crude ho-
mogenates of potato tuber. Cochrane et al. (1991a) con-
cluded that, since B-amylase is the dominant amylase in the
tubers, the assays can be used for crude homogenates. In
contrast, our data show that endo-amylase activity domi-
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nates in warm-stored tubers and, even in cold-treated tu-
bers, endo-amylase activity may contribute significantly to
total amylolytic activity (Fig. 2). Endo-amylase interferes
with the PNPGS5 assay for p-amylase in tubers, because the
endo-amylase in potato tubers apparently accepts short
oligosaccharides such as PNPG5 as substrates (Fig. 2). To
estimate the activity of B-amylase in a crude potato tuber
homogenate, it is therefore necessary to correct for the
interfering endo-amylase activity, as shown in Figure 7.
The values achieved are approximate and rely on the ob-
servation that interfering endo-amylase has similar activity
in the assays with BPNPG7 and PNPG5 (Fig. 2).

By combining chromatographic separation and zymo-
grams, we could demonstrate that the cold-induced activity
in tubers is indeed a B-amylase. When we compensate for
endo-amylase activity (discussed in the previous para-
graph), we observe an induction of p-amylase activity dur-
ing cold treatment that was clearly indicated within 3 d at
low temperatures (Fig. 7). This correlates well with the ap-
pearance of a new activity in zymograms (Fig. 8). Cottrell et
al. (1993) and Cochrane et al. (1991b) also observed a con-
siderable increase in a-amylase activity during cold storage
of tubers. We did not observe a similar response in our plant
material (Figs. 2 and 3), in which only B-amylase activity
was induced. This may result from cultivar differences.

B-Amylase is also inducible in several other plant sys-
tems, measured either as activity or by monitoring expres-
sion of the gene for B-amylase. Feeding sugars or polyga-
lacturonic acid to sweet potato cuttings (Otho et al., 1995,
and refs. therein) or to leaves of Arabidopsis thaliana (Mita et
al., 1995), defective starch metabolism in leaves of A. thali-
ana (Caspar et al., 1989), application of stress to barley
leaves (Dreier et al., 1995), and light treatment of mustard
cotyledons (Sharma and Schopfer, 1987) have all been dem-
onstrated to induce B-amylase in these tissues. Thus, the
B-amylase gene is already known as a regulatory gene,
although it is unclear to what extent any analogies to these
systems can be made for potato tubers.

The temperature dependence for induction of amylase
activity (Fig. 7A) corresponds well with the temperature
dependence of sugar accumulation. The cold induction of
B-amylase activity also appears to be an early response to
low temperatures. We observed an increase in B-amylase
activity within 3 d at 3°C (Fig. 7), which precedes any
significant sugar accumulation (Hill et al., 1996). However,
other metabolic fluxes change quickly as a response to
altered temperatures (Hill et al., 1996), and we cannot

Storage temperature, °C
3 § 5§ T 7

9 9 11

Figure 8. Zymograms of amylolytic activities (as in Fig. 1) in crude
extracts of tubers stored for 3 d at 3, 5, 7, 9, and 11°C.
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exclude the possibility that the induction of B-amylase
could be a consequence of altered metabolism rather than a
primary effect of temperature.

Our results provide correlative evidence for a role of the
cold-induced B-amylase in cold sweetening. However, it is
also possible that the induction of B-amylase represents a
more general stress response that occurs in parallel with
cold sweetening but is not directly involved in mobiliza-
tion of the starch. Three arguments can be raised against a
role for B-amylase in cold sweetening.

First, if the cold-induced B-amylase is involved in starch
mobilization during cold sweetening, a possible conse-
quence could be the accumulation of maltose, and this has
not to our knowledge previously been documented in
sweetening tubers. However, Hill et al. (1996) observed a
significant transient increase in labeling of maltose and
glucans in response to cold treatment of tubers supplied
with [*C]Glc. Krause (1994) has also achieved a major
accumulation of maltose and short-chain glucans at 4°C in
transgenic tubers with decreased expression of Suc-P syn-
thase. In wild-type tubers cold treatment results in a spe-
cific stimulation of Suc-P synthase activity, and this most
likely prevents the accumulation of amylolytic products.
The absence of maltose accumulation should therefore not
be taken as a strong indication against increased hydrolytic
starch degradation.

The second argument against a role for B-amylase in cold
sweetening is that the enzyme was present in nondormant
tubers as well as in leaf and stem tissues that were not
cold-treated (Fig. 1). However, this does not preclude its
role in cold sweetening and starch mobilization. Even dur-
ing the massive starch accumulation in nondormant tubers,
a turnover of starch molecules may occur, although this
remains to be demonstrated.

The third argument concerns the subcellular location of
the cold-induced B-amylases. In Arabidopsis SB-amylases
appear to reside outside the plastids (Lin et al., 1988), and
a specific localization of the protein in phloem tissue has
been demonstrated (Wang et al., 1995). In wheat and pea
leaves, B-amylases are found in the vacuoles (Ziegler and
Beck, 1986). In view of this extraplastidial localization, it
can be questioned whether S-amylase can act as a starch-
degrading enzyme in these tissues. However, there is no
general consensus about the localization in other tissues,
and the neutral pH optimum of the potato tuber enzyme is
evidence against a vacuolar function of this enzyme. Dis-
integration of the amyloplast membrane has been inves-
tigated as a possible mechanism for the onset of starch
degradation in potato tubers (Sowokinos et al., 1985, 1987)
and for the possible involvement of phosphorylases
thought to reside in the cytosol at later stages of matura-
tion (Brisson et al., 1989). A similar argument could apply
to B-amylase. However, there is no indication of disrup-
tion of the membrane systems over the short storage
periods required for the onset of cold sweetening (Isher-
wood, 1976).

Using a combination of column chromatography and
zymograms we demonstrated in potato tubers the presence
of a range of different enzymes with amylolytic or starch-

modifying activity (Fig. 3). To evaluate the significance of
all of these activities for starch metabolism, the purification
and further characterization of substrate specificities and
the occurrence of isoforms of the individual activities in
potato tubers will be necessary. To finally establish
whether the cold-induced B-amylase plays a role in cold-
induced starch degradation, it will also be essential to
localize the enzyme at the cellular and subcellular level.

Received June 27, 1996; accepted October 29, 1996.
Copyright Clearance Center: 0032-0889/97/113/0503/08.

LITERATURE CITED

Beck E, Ziegler P (1989) Biosynthesis and degradation of starch in
higher plants. Annu Rev Plant Physiol Plant Mol Biol 40: 95-117

Bernfeld P (1955) Amylases, a and 8. Methods Enzymol 1: 149-158

Brisson N, Giroux H, Zollinger M, Camirand A, Simard C (1989)
Maturation and subcellular compartmentation of potato starch
phosphorylases. Plant Cell 1: 559-566

Caspar T, Lin T-P, Monroe J, Bernhard W, Spilatro S, Preiss }J,
Sommerville C (1989) Altered regulation of B-amylase activity
in mutants of Arabidopsis with lesions in starch metabolism. Proc
Natl Acad Sci USA 86: 5830-5833

Claassen PAM, Budde MAW, van Calker MH (1993) Increase in
phosphorylase activity during cold-induced sugar accumulation
in potato tubers. Potato Res 36: 205-217

Cochrane MP, Duffus CM, Allison MJ, Mackay GR (1991a)
Amylolytic activity in stored potato tubers. 1. Estimation using
p-nitriphenyloligosaccharides. Potato Res 34: 325-332

Cochrane MP, Duffus CM, Allison MJ, Mackay GR (1991b)
Amylolytic activity in stored potato tubers. 2. The effect of low
temperature storage on the activities of a- and B-amylase and
a-glucosidase in potato tubers. Potato Res 34: 333-341

Cottrell JE, Duffus CM, Paterson L, Mackay GR, Allison M],
Bain H (1993) The effect of storage temperature on reducing
sugar concentration and the activities of three amylolytic en-
zymes in tubers of the cultivated potato, Solanum tuberosum L.
Potato Res 36: 107-117

Davies HV, Ross HA (1987) Hydrolytic and phosphorolytic en-
zyme activity and reserve mobilization in sprouting tubers of
potato (Solanum tuberosum L.). ] Plant Physiol 126: 387-396

Dreier W, Schnarrenberger C, Bérner T (1995) Light- and stress-
dependent enhancement of amylolytic activities in white and
green leaves: B-amylases age stress-induced proteins. J Plant
Physiol 145: 342-348

Fan M-L (1975) Partial purification and properties of potato beta-
amylase. Taiwania 20: 132-133

Gerbrandy SJ, Shankar V, Shivaram KM, Stegemann H (1975)
Conversion of potato phosphorylase isozymes. Phytochemistry
14: 2331-2333

Hill L, Reimholz R, Schréder R, Nielsen TH, Stitt M (1996) The
onset of sucrose accumulation in cold stored potato tubers is
caused by an increased rate of sucrose synthesis and coincides
with low levels of hexose phosphates, an activation of sucrose
phosphate synthase and the appearance of a new form of amy-
lase. Plant Cell Environ 19: 1223-1237

Isherwood FA (1976) Mechanism of starch-sugar interconversion
in Solanum tuberosum. Phytochemistry 15: 3341

Kennedy MGH, Isherwood FA (1975) Activity of phosphorylase
in Solanum tuberosum during low temperature storage. Phyto-
chemistry 14: 667-670

Killilea SD, Clancy M]J (1978) Properties of potato a-glucosidase.
Phytochemistry 17: 1429-1431

Krause K-P (1994) Zur Regulation des Saccharosestoffwechsels in
photosynthetisch activen und heterotrophen Pflanzengeweben.
Untersuchungen transgener Tabak- und Kartoffelpflanzen mit
veranderter Expression des saccarosephosphat Synthase. PhD
thesis. Universitat Bayreuth, Germany



510 Nielsen et al.

Lin T-P, Spilatro SR, Preiss J (1988) Subcellular localization and
characterization of amylases in Arabidopsis leaf. Plant Physiol 86:
251-259

Mathewson PR, Seabourn BW (1983) A new procedure for spe-
cific determination of B-amylase in cereals. ] Agric Food Chem
31: 1322-1326

Mita S, Suzuki-Fujii K, Nakamura K (1995) Sugar-inducible ex-
pression of a gene for B-amylase in Arabidopsis thaliana. Plant
Physiol 107: 895-904

Monroe JD, Preiss J (1990) Purification of a B-amylase that accu-
mulates in Arabidopsis thaliana mutants defective in starch me-
tabolism. Plant Physiol 94: 1033~1039

Morrel S, ap Rees T (1986) Control of the hexose content of potato
tubers. Phytochemistry 25: 1073-1076

Otho M, Hayashi K, Isobe M, Nakamura K (1995) Involvement of
Ca®* signalling in the sugar-inducible expression of genes cod-
ing for sporamin and B-amylase of sweet potato. Plant ] 7:
297-307

Schneider EM, Becker J-U, Volkmann D (1981) Biochemical prop-
erties of potato phosphorylase change with its intracellular lo-
calization as revealed by immunological methods. Planta 151:
124-134

Sharma R, Schopfer P (1987) Phytochrome-mediated regulation of
B-amylase mRNA level in mustard (Sinapis alba L.) cotyledons.
Planta 171: 313-320

Sowokinos JR (1990) Stress-induced alterations in carbohydrate
metabolism. In ME Vayda, WD Park, eds, The Molecular and

Plant Physiol. Vol. 113, 1997

Cellular Biology of the Potato. CAB International, Wallingford,
UK, pp 137-158

Sowokinos JR, Lulai EC, Knoper JA (1985) Translucent tissue
defects in Solanum tuberosum L. 1. Alterations in amyloplast
membrane integrity, enzyme activities, sugars, and starch con-
tent. Plant Physiol 78: 489-494

Sowokinos JR, Orr PH, Knoper JA, Varns JL (1987) Influence of
potato storage and handling stress on sugars, chip quality, and
integrity of the starch (amyloplast) membrane. Am Potato J 64:
213-226

Steup M, Robenek H, Melkonian M (1983) In-vitro degradation
of starch granules isolated from spinach chloroplasts. Planta 158:
428-436

Takeda Y (1988) Sweet potato B-amylase. In The Amylase Re-
search Society of Japan, eds, Handbook of Amylases and Related
Enzymes. Pergamon, Oxford, UK, pp 89-94

Trethewey R, ap Rees T (1994) The role of the hexose transporter
in chloroplasts of Arabidopsis thaliana L. Planta 195: 168-174

Vikse-Nielsen A, Christensen TMIE, Bojko M, Marcussen J
(1997) Purification and characterization of B-amylase from
leaves of potato (Solanum tuberosum). Physiol Plant 99: 190-196

Wang Q, Monroe ], Sjolund RD (1995) Identification and charac-
terization of a phloem-specific B-amylase. Plant Physiol 109:
743-750

Ziegler P, Beck E (1986) Exoamylase activity in vacuoles isolated
from pea and wheat leaf protoplasts. Plant Physiol 82:
1119-1121





