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Hydroxycinnamoylputrescines are not causally involved in the
tuberization process in potato plants
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The possible role of hydroxycinnamoylputrescines in the tuberization process of
potato plants was studied using in vitro tuberization systems. Minitubers in shoot
cultures of Solanum tuberosum ssp. andigena and S. tuberosum ssp. tuberosum were
obtained jn vitro within 3 weeks of dark incubation after increasing the sucrose
concentration in the Murashige-Skoog (T. Murashige and F. Skoog. 1962. Physiol.
Plant. 15: 473-^97.) medium (without hormones) from 60 to 240 mM, both in the
presence and absence of benzylaminopurine (BAP) Feruloylputrescine (FP) and
caffeoylputrescine (CP) mcreased with tuberization, with a sharp maximum at day 9
in the shoot, but only when the medium contained BAP. When inhibitors of phenyl-
alanine ammonia-lyase (PAL) and of polyamine biosynthesis were added to the
medium containing BAP, the levels of FP and CP were reduced to values lower than
those observed in the absence of BAP, but there was no significant effect on the
number and dry weight of tubers formed. Addition of BAP without increasing the
sucrose content also resulted in CP and FP accumulation, but failed to induce
tuberization of the cultures. Experiments with in vitro stolon cultures and leaf
cuttings also supported the conclusion that CP and FP accumulated as a response to
the application of BAP, without having any effect on optimal tuherization. These
results indicate that the increase of hydroxycinnamoylputrescines during tuber forma-
tion is unlikely to be causally involved in the tuberization process in potato plants.
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namic acid amides, in vitro minitubers, polyamines, potato, Solanaceae, tuber-
ization.

G. Leubner-Metzger and N. Amrhein (corresponding author); Institute of Plant
Sciences, Plant Biochemistry and Physiology, Swiss Federal Institute of Technology,
Sonneggstr. 5, CH-S092 Ziirich, Switzerland.

I trod f uted in the plant kingdom. They have been suggested to
have possible functions in several plant developmental

Tuberization of potato plants is a complex physiological processes (Martin-Tanguy 1985, Flores et al, 1989, Bur-
process, in which tubers are formed on underground tin et al. 1990),
shoots, the stolons (Ewing 1987, Vreugdenhil and It was inferred that HCAs might be causally involved
Struik 1989). The first sign of tuberization after tuber in the tuberization process of potato plants (Paynot et
induction and tuber initiation is a swelling of the sub- al. 1983, Martin-Tanguy 1985). In their experiments
apical region of the stolon tip. In vitro tuberization these authors used the potato hybrid SDA ,̂ which
systems have proven to be useful toois in the analysis of forms tubers only in short days. In stolons of leaf cut-
this process (Ewing 1985, Tovar et al. 1985), tings, basic HCAs (p-coumaroylputrescine, caffeoylpu-

Hydroxycinnamic acid amides (HCAs) are conju- trescine, feruloylputrescine and traces of caffeoyisper-
gates of hydroxycinnamic acids (such as caffeic acid, midine) were shown to accutnulate parallel to the for-
ferulic acid, p-coutnaric acid) and anilines (such as pu- mation of tubers. Under short day conditions, levels of
trescine, spermidine, spermine) and are widely distrib- basic HCAs in the tuberizitig stolons were about 0,02
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(g fresh weight) ', whereas in the leaves of these
cuttings and in nontuberizing stolons of cuttings cul-
tured under long day conditions levels remained iow, at
about 0.002 (imol (g fresh weight) ' (data also compiled
in Tab. 1).

In field grown plants of Solanum tuberosum ssp. tu-
berosum cv. Astrid we have shown (Leubner-Metzger
and Amrhein 1992); (data also in Tab. 1) that levels of
CP, FP, pCP and DFP were below 0.02 |imol (g dry
weight)"' in all organs and that no accumulation of
these compounds in tuberizing stolon tips was observed
as described by Paynot et al. (1983).

In the present paper we have examined hydroxycin-
namoylputrescines in in vitro tuberization systems of
potato plants. We have tested the hypothesis of Paynot
et al. (1983) using in vitro minituber cultures, in vitro
stolon cultures and leaf cuttings in combination with
inhibitors of PAL (AOPP, APEP, AIP) and of polya-
mine biosynthesis (DFMA, DFMO), which were ex-
pected to block HCA accumulation. AOPP and APEP
have been introduced as potent inhibitors of PAL, and
especially AOPP has been widely used to block phenyl-
propanoid synthesis in vivo (Amrhein 1986, Laber et al.
1986). Recently AIP has been shown to be a potent
inhibitor of PAL from buckwheat and other sources,
both in vitro and in vivo (Zoti and Amrhein 1992).

Abbreviations - AIP, 2-aminoindan 2-phosphonic acid; AOPP,
a-aminooxy-/J-phenylpropionic acid; APEP, (l-amino-2-phen-
ylethyl)-phosphonic acid; BAP, benzylaminopurine; CP, caffe-
oylputrescine; pCP, p-coumaroylputrescine; DFMA, a-difluo-
romethylarginine; DFMO, a-difluoromethylornithine; DFP,
diferuloylputrescine; FP, feruloylputrescine; HCAs, hydroxy-
cinnamic acid amides; MS, Murashige and Skoog (1962);
NAA, 1-naphthyl acetic acid; PAL, phenylalanine ammonia-
lyase.

Materials and methods
Chemicals

/7-Coumaroylputrescine (pCP), feruloylputrescine (FP)
and diferuloylputrescine (DFP) were a gift from Dr E.
Ebert (Ciba-Geigy Ltd, Base!, Switzerland). Caffeoyl-
putrescine (CP) was a gift from Merck, Darmstadt,
Germany. The patatin-cDNA-clone pcT58 was kindly
provided by Prof. L. Willmitzer (Institut fur Genbiol-
ogische Forschung, Berlin, Germany), and AIP by Dr J,
Zoii (Technical University, Wroclaw, Poland). All other
chemicals were of analytical or HPLC grade.

Plaot material

Solanum tuberosum L. ssp, tuberosum cv. Astrid, Car-
ola and Indira, were grown in the experimental field of
the Ruhr-University Bochum (Germany), Sprouted tu-
bers were planted in soil in April. Plants were harvested
between June and September. Sterile plantlets of these
cultivars and of the two clones 482W and 283W of the
wild potato 5, tuberosum L, ssp, andigena (Juz, et Buk,)
Hawkes were cultivated as described below.

In vitro miitituber culture

Using a 3-step organ culture system (Tovar et al. 1985),
minitubers of S. tuberosum ssp. tuberosum cultivars and
of 5, tuberosum ssp, andigena clones were obtained in
vitro.

Step I: Sterile plantlets were cultivated in 0,5-1 glass
vessels containing 80 ml MS-medium with 1% (w/v)
Bacto-agar, 60 mAf sucrose and 5,4 DM NAA, Long day
culture conditions were; 16 h photoperiod, 80 ̂ imol m -
s ', 20°C. After 4 weeks, single-node cuttings were tak-
en for vegetative propagation.

Step 2; Three single-node cuttings from each plantlet
were cultivated in l(X)-ml Erlenmeyer flasks containing
10 ml liquid MS-medium with 60 mM sucrose and with-
out hormones. Long day culture condition were; 16 h
photoperiod, 200 nmol m"- s"', 20°C, shaking at 60
rpm. After 4 weeks, a green shoot culture had devel-
oped.

Step 3; For induction of in vitro minitubers the shoot
culture medium was replaced by a hormone-free MS-
medium with the sucrose concentration increased to 240
mM, After 3—4 weeks incubation in the dark with shak-
ing at 20°C, minitubers had been formed. Cultures were
harvested at intervals of a few days, divided into shoot,
minitubers, and root, and lyophilized.

Leaf cuttings

Cuttings (Ewing 1985) were taken from tuberized po-
tato plants 5. tuberosum ssp. tuberosum cv. Astrid
grown in the field. Only the 5th and 6th leaves from the
top were used. Cuttings consisted of a single leaf, its
node with the axillary bttd and some of the internode
below. For experiments, internodes of the leaf cuttings
were placed into small, non-transparent vessels contain-
ing 15 ml 1/10 strength Hoagland-solution (Wilson et al.
1978). In addition, either 22 \iM BAP or 10 [iM methyl
jasmonate were applied, but not in the control. The
axillary bud was covered with aluminum foil, whereas
the leaf was illuminated. Culture conditions were 8 h
photoperiod, 350 ^mol m'" s"', temperature; day 25°C,
night 13°C. Axillary buds developed into tubers within
two weeks of incubation.

In vitro stoion culture

Isolated stolons from lateral shoots of tubers of S, tuber-
osum ssp, tuberosum cv, Indira were incubated in the
dark in MS-medium containing 180 mM sucrose and
either 22 [iM BAP or 170 ^^M coumarin, or no further
addition, according to the method of Palmer and Smith
(1969, 1970),

Extraction and HPLC of HCAs and free pdyamines

Extraction and HPLC analysis of HCAs and free polya-
tnines were perfonned as described elsewhere
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(Leubner-Metzger and Amrhein 1992), HCAs accord-
ing to the procedure of Wyss-Benz et al, (1988) and free
polyamines according to Flores and Galston (1982) and
Smith and Davies (1985, 1987),

Northern blot analysis of patatin-specifk mRNA

Total RNA from shoots of in vitro minituber cultures
was extracted according to Eckes et ai, (1986) at various
times during the dark incubation. A radioactively la-
belled 70(1 bp-patatin-cDNA-fragment was obtained by
restriction of the patatin-cDNA-clone pcT58 (Rosahl et
al, 1986a,b) with EcoRI and Hindlll, RNA-agarose-gel
electrophoresis and Northern-blot analysis were carried
out as described by Sambrook et a!, (1989),

Results
Totai ievels of HCAs and free polyamines in in vitro
minituber cultures

The clone 482W of the wild potato S, tuberosum ssp.
andigena was chosen for the experiments, because it
forms tubers only in short days. Because of the long day
incubation conditions in step 1 and 2 of the organ cul-
ture system, piantlets developed in a non-induced state
at the beginning of step 3.

Under the inductive conditions of step 3, minitubers
of 5. tuberosum ssp. andigena 482W were obtained in
vitro. The following series were performed, with differ-
ent supplements to the culture medium in step 3; MS-
medium with 240 mM sucrose (control); addition of
either 10 [iM AIP (-I-AIP); or 22 \iM BAP (-I-BAP); or
a combination of both (+BAP-I-AIP), Addition of BAP
to the medium increased the nutnber of obtained mini-
tubers to up to 130% (7.7 per culture) compared to the
5.9 tubers per culture in the control (100%), but BAP
was, in principle, not required for tuber formation. In
the series -t-BAP-l-AIP this enhancing effect of BAP
was partially reduced to 6,5 per culture (110%), Neither
BAP nor AIP had a significant effect on the average dry
weight of a minituber.

In all series, first swellings of axillary btids were vis-
ible at about day 9 after transfer to 240 mA/ sucrose.
Additionally, patatin-mRNA became detectable at this
day in the series -fBAP, The expression of patatin, the
main potato storage protein, is normally restricted to
tubers (Park et al. 1985, Rosahl et ai, 1986a,b), As
patatin-mRN A was not detectable before visual swelling
occurred, its determination did not provide an advan-
tage in the recognition of the early steps of tuberization.

Figure 1 shows the changes in the total levels of CP
and FP in the shoot cultures during minituber formation
in the dark incubation period. In the -t-BAP series, the
levels of CP and FP began to rise 2 to 3 days after
transfer of the cultures to 240 mM sucrose and reached
a sharp maximum on day 9, At this maximum, coinci-
dent with the time of tuber initiation, CP and FP had

increased 30-fold and 4-fold, respectively. The levels of
CP and FP then decreased, but rose again at the end of
the dark incubation period (Fig. 1, Tab, 1). In all other
series, minituber formation occurred without significant
changes in the levels of CP. In the control series, mini-
tubers were formed in parallel to a slow, continuous
increase in the FP-level (Fig. 1, Tab, 1), This increase
was totally blocked by the addition of 10 \LM AIP,
without any influence on tuber formation. In the series
H-BAP-HAIP, the inhibitor blocked the biosynthesis of
FP partially, and that of CP totally, without any influ-
ence on tuber formation (Fig, 1).

DFP was detected oniy at low levels. The pattern of
its changes was the same as that found for CP and FP.
There was also a maximum at day 9, but only in the
series with 22 \iM BAP (Tab, 1). pCP and /)-coumaroyl-
spermidine were detected only in the series -I-BAP,
Their levels remained constant during the entire period
of dark incubation, pCP at 0.01 \imo\ (g dry weight)"'
only in shoots and p-coumaroylspermidine at 0,1 (imol
(g dry weight) ' in all organs.

30

Fig. 1, Total endogenous levels of femloylputrescine (FP; up-
per panel) and caffeoylputrescine (CP; lower panel) in [imol (g
dry weight)-' during the dark incubation period of the in vitro
minituber cultures of ,S. tttberesum ssp. andigena 482W. Series
with 240 mM sucrose in the MS-medium; no addition (control)
( • , FP; n, CP), addition of 22 ^M BAP (-I-BA?) ( • , FP;
O, CP), addition of 22 (lM BAP and 10 \M AIP
(+BAP-I-AIP) (A,FP; A,CP), addition of 10 v-M AIP
(-I-AIP) ( • , FP; O^ CP), The arrow at day 9 marks the time
when first swellings of axillary buds were visible in all series
and patatin-tnRNA became detectable in the series +BAP.
Results are expressed as means ±SD (n = 5),
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Similar results were obtained with organ cultures of
the S. tuberosum ssp, tuberosum cultivars Carola (Tab,
1) and Astrid, Other inhibitors of PAL (fl-APEP, S-
AOPP) as well as of polyamine biosynthesis (DFMA,
DFMO), applied in 10 \iM concentration either alone or
in combination, produced a suppression of HCA levels
comparable to AIP but had, likewise, no influence on
the formation of in vitro minitubers.

These resuits demonstrate that the increase in the
sucrose content of the MS-medium from 60 to 240 mM
was fully sufficient for optimal formation of in vitio
minitubers. The application of exogenous hormones
such as BAP was clearly not required. Accumulation of
CP and FP during early tuberization was observed ex-
clusively when BAP was present in the medium and
therefore represents a response to the hormone inde-
pendent of tuber formation. Suppression of the accumu-
lation of FP and CP by application of suitable inhibitors
of their biosynthesis did not affect the fortnation of in
vitro minitubers. These results therefore indicate that

hydroxycinnamoylputrescines are not causally involved
in the tuberiration process in potato plants.

Shoot cultures of 5, tuberosum ssp, andigena 482W
contained total levels of free polyamines of 1,7 (imoi (g
dry weight) ' putrescine and about 0.7 nmol (g dry
weight)"' of both spermidine and spermine at the begin-
ning of the dark incubation period. Within 1 to 2 weeks
these levels decreased to values below 0.1 fimol (g dry
weight)"^ in a!l series (Tab, 1).

HCA accumulation as a response to BAP in in vitro minituber
cultures

Figure 2 shows the tissue-specific accumulation of HCA
as a response to the application of BAP. The hormone
caused the accumulation of CP and FP only in the
shoot. Only the shoot was responsible for the maximum
at day 9, and therefore for the pattern of the changes. In
roots, there was only a slow and continuous increase of
FP and a very slight increase in CP levels up to the end

Tah. 1. Comparison of the endogenous levels of caffeoylputrescine (CP), feruloylputrescine (FP), difcruloylputrescine (DFP),
free putrescine (Put) and free spermidine (Spd) in field grown potato plants (data of G. Leubner-Metzger and N. Amrhein 1992)
and in leaf cuttings of S. tuberosum ssp. tuberosum cv. Astrid, in in vitro stolon cultures of S. tuberiKum ssp. tuberosum cv. Indira,
and in in vitro minituber cultures of 5. tuberosum ssp. tuberosum cv. Carola and of S. tuberosum ssp. andigena AKT^ (this work)
Data on the levels of basic HCAs (CP, FP, pCf and traces of caffeoylspermidine) in leaf cuttings of the F, -potato hybrid SDA^ are
from Paynot et al. (1983). N D , Not determined.

Experimental
system

Levels of HCAs and free polyamines.
l (g dry weight)"'

CP FP DFP Put Spd

Field grown plants cv. Astrid
unthickened stolon tips
thickened stolon tips
young tubers <0.5 ctn
young tuhers 0.5-2 cm

Leaf cuttings cv. Astrid
(in nutrient solution)

tuberizing axillary buds (without BAP)
tuberizing axillary buds (with 22 \iM BAP)

In vitro stolon culture cv. Indira
untuberized culture (without BAP)
tuberized culture (with 22 (lA/ BAP)

In vitro minituber culture cv. Carola
culture day 32 (without BAP)
culture day 32 (with 22 )iM BAP)

In vitro minituber culture ssp. andigena 482W
culture day 0
culture day 9 (without BAP)
culture day 9 (with 22 \iM BAP)
culture day 27 (without BAP)
culture day 27 (with 22 ]iM BAP)

Leaf cuttings of the F,-potato hybrid SDAj
tuberized stolons (short day)
untuberized stolons (long day)

0.(107
0.013
0.017
O.«)8

0.(100
0.130

0.017
0.072

0 KM)
1.926

0.007
0.018
0.190
0.018
O.IU

0,001
0.0(M
0.007
O.(KJ5

0.020
0,570

0.195
0.477

0.264
1.432

0.067
0.154
0.288
0.257
0.351

0.001
(i.(Kli
0.001
0.000

0.001
0.090

ND
ND

ND
ND

O.(K)6
0.CII3
0.029
0.006
0,010

2 6 3.4
1.2 2.4
0.8 1.5
0.9 1.1

ND ND
ND ND

ND ND
ND ND

ND ND
ND ND

1.7 0.7
0.4 0.!
0.8 0.3
0.1 0.0
0.1 0,0

Total levels of basic HCAs
(CP, FP, pCP, traces of caffeoylspermidine),

l (g fresh weight)"'

0.020
0.002
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^ 0,3

Fig. 2. Tissue-specific accumulation of HCAs as a response to
the application of BAP. Endogenous levels of feruloyiputres-
cine (FP; upper panel) and caffeoylputrescine (CP: lower
panel) in |imol (g dry weight) ' during the dark incubation
period of the in vitro minituber cultures of 5. tuberosum ssp.
andigena 482W. Series with 240 mM sucrose and 22 ]iM BAP
added to the MS-medium (+BAP), Levels in shoot ( • , FP;
O, CP), minitubers (A, FP: A, CP) and root ( • . FP: • , CP)
are shown. Means ± SD (n = 5). Arrow as in Fig. 1.

of the dark incubation period. This FP accumulation in
roots is independent of the application of BAP, and was
also found in the roots of the control series. Application
of 10 (iM AIP inhibited the increase of CP levels in all
cases, and abolished the FP increase in the roots. The
accumulation of FP in the shoot as a response to the
application of BAP was partially inhibited by 10 fiM
AIP. The maximum at day 9 was reduced and shifted to
day 12, In all cases, no accumulation of CP, FP, pCP or
DFP was measured in in vitro minitubers.

Figure 3 shows the effect of 9 days preincubation of
shoot cultures with 10 \iM AIP in the Sight, This treat-
ment resulted in low levels of CP and FP during the
entire following dark incubation period in the presence
of BAP, The formation of in vitro minitubers was not
affected by this procedure.

Incubation of shoot cultures in the dark without in-
creasing the sucrose concentration of the MS-medium,
never resulted in tuberization, regardless of the applica-
tion of BAP, Addition of 22 ^^f BAP to a series with 60
mM sucrose caused a 12-fold increase in CP and a 7-fo!d

increase in FP at the end of the dark incubation as
compared to the control without BAP, In this case, CP-
and FP-accumulation clearly occurred as a response to
the application of BAP, without the formation of in
vitro minitubers.

HCA accumulation as a response to BAP in cuttings and in in
vitro stolon cultures

In control experiments with leaf cuttings from S. tuber-
osum ssp, tuberosum cv, Astrid, tubers at the end of
stolons were formed from the axillary buds. While this
work was in progress, jasmonates (for review, see Par-
thier 1990) were reported to induce tuberization (Yosh-
ihara et al. 1989.) Addition of either 22 |xAf BAP or 10
(iM methyl jasmonate to the Hoagland nutrient solution
caused the formation of sessile tubers, which represent
the strongest degree of tuberization (Ewing 1985).

When BAP was added, a 290-fold FP, 30-fold CP- and
20-fold DFP-accumulation was observed after 6 days in
the young axillary buds during tuberization (Tab, 1),
Levels of the 3 HCAs were at least 10-fold lower in the
axillary buds of the control, in the tubers which had
developed after two weeks, and in leaves and stems at
any time. In both, in vitro minituber cultures and leaf
cuttings, BAP increased the levels of CP, FP and DFP,
but this increase was not a prerequisite for tuberization.

For in vitro stolon cultures (Palmer and Smith 1969,

0,05

0,00

Days
Fig. 3. Effect of 9 days preincuhation of shoot cultures in the
light with MS-mediutn containing 60 mM sucrose and 10 \iM
AIP. Endogenous levels of feruloylputrescine (FP: upper
panel) and caffeoylputcescine (CP; lower panel) in ^tnol (g dry
weight)^' of the in vitro minituber cultures of S. tuberosum ssp.
andigena 482W. Dark incubation with 240 mAf sucrose, 22 \iM
BAP and 10 [iM AIP applied to the MS-medium starting at day
0, Total levels (A, FP; A, CP) and levels in shoot ( • , FP;
O, CP), minitubers ( • , FP: O . CP) and root ( • , FP: D, CP)
are shown. Means ± SD (n = 5), Arrow as in Fig. 1.
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1970) of S, tuberosum ssp. tuberosum cv, Indira, in-
creasing the sucrose concentration of the MS-medium
was not sufficient for tuberization. In this system, appli-
cation of either BAP or eoumarin (Stallknecht and
Famsworth 1982) was necessary. After 5 weeks of dark
incubation, CP had accumulated 4-fold and FP 15-fold
in tuberized cultures, but only when BAP was added
(Tab, 1).

In all other cases CP-levels remained low, whereas
FP-leve!s increased 5-fold, regardless of whether the
culture was tuberized (addition of coumarin) or not (no
addition). Comparable to our results with in vitro mini-
tuber cultures and leaf cuttings, CP accumulated in in
vitro stolon cultures solely as a response to BAP appli-
cation, while FP accumulation was promoted by the
addition of BAP.

Discussion

Table 1 compares the endogenous levels of the hydroxy-
cinnamoyiputrescines CP, FP and DFP, and of the free
polyamines putrescine and spermidine, in field grown
potato plants (Leubner-Metzger and Amrhein 1992),
with corresponding values in leaf cuttings, in in vitro
stolon cultures and in in vitro minituber cultures (this
communication) as we!l as with the levels of basic HCAs
in leaf cuttings of the F,-potato hybrid SDA;, {Paynot et
al, 1983). In contrast to the hypothesis of Paynot et al,
(1983), our results clearly indicate that HCAs are un-
likely to be causally involved in the tuberization process
of potato plants.

We have shown that in field grown potato plants
(Leubner-Metzger and Amrheiti 1992), HCAs do not
accumulate in tuberizing stolon tips. Levels of CP, FP,
pCP and DFP remain at least 5-fold below the values
found in tuberizing stolons of SDA cuttings by Paynot
et al, (1983) (Tab, 1), In contrast to our dry weight
based values, Paynot et al, (1983) based their HCA
levels on fresh weight. For comparing HCA levels, we
therefore considered a water content of about 85% for
leaves and of 80 to 85% for stoions and tubers.

In our experiments with leaf cuttings and tuberization
systems, HCA accumuiation occurred solely in response
to the application of BAP (Tab, 1), In in vitro minituber
cultures, it was exclusively the sucrose concentration
that determined tuberization. Application of BAP
caused the accumulation of CP and FP in the shoot,
regardless of tuberization. At the high sucrose concen-
tration, addition of BAP had no further effect on tuber
formation.

As in stolon tips of field grown potato plants, levels of
free polyamines decreased in in vitro minituber cultures
during the formation of tubers (Tab, 1),

Our observation that hydroxycinnamoylputrescines
accumulate in response to hormone application in the in
vitro tuberization systems is in agreement with results
obtained in other systems, Martin-Tanguy et aJ, (1988)
have described the accumulation of FP, CP, free putres-

cine and free spermidine in in vitro cultivated tobacco
leaf explants as a response to the application of 2,4-D
and/or BAP. Likewise, root formation in response to
auxin application was accompanied by the accumulation
of hydroxycinnamoylputrescines (Burtin et al, 1990),
As a reaction to auxin application, free polyamines
accumulate in tuber explants of Helianthus tuberosus
(Evans and Malmberg 1989), and the content of free
putrescine of tobacco callus cultures was found to de-
pend on the concentration of NAA in the medium (Pa-
lazon et al. 1987). Free putrescine accumulates in coty-
ledons of Cucumis sativus upon cytokinin application
(Suresh et al, 1978, Walker et al. 1988), Wyss-Benz et
al, (1989, 1990) measured FP- and CP-accumulation in
stem explants of tobacco species. They observed a cor-
relation between FP-accumulation and the formation of
cortical callus, and between CP-accumulation and in
vitro flower formation, which they explained as a reac-
tion to the distribution of endogenous auxin and cytoki-
nin during the development of the explants. Using the
same inhibitors that we have used, they showed that CP
and FP are not involved in growth and floral bud forma-
tion of tobacco stem explants.

The inhibitors of PAL and of polyamine biosynthesis
effectively suppressed the CP and FP accutrtulation
caused by BAP in the in vitro minituber cultures, while
they did not affect ttiberization. These results indicate
that the correlation between HCA-accumulation and
tuber formation in some tuberization systems, or after
application of BAP, does not reflect a causal relation-
ship in this developmental process.

Recently, Yoshihara et al, (1989) isolated the jasmo-
nate derivative tuberonic acid and its glycoside as nat-
ural tuber inducing substances from potato leaves. Sev-
eral other jasmonate derivatives, such as methyl jasmo-
nate, were shown to induce tuberization in a bioassay at
concentrations of 10 iiM (Koda and Okazawa 1988,
Kodaetal, 1988, Yoshihara etal, 1989). In our work, 10
|xM methyl jasmonate, added to the Hoagland nutrient
solution in the potato leaf cutting system, increased the
tuberization of the axillary buds by causing sessiJe tu-
bers, but without concomitant HCA accumulation. This
again rules out HCAs as endogenous regulators of the
tuberization of potato plants.

Acknowledgements - We thank Drs E. Ebert and M. Wyss-
Benz (Ciba-Geigy Ltd, Basel, Switzerland), Dr L. Schilde-
Rentschler (Universitat Ttibingen, Germany) and Dr H. Uhrig
(Max-Planck-lnstitut fur Ziichtungsforschung, Koln, Ger-
many) for discussions and suggestions. Prof. L. Willmitzer
(Institut fiir Genbiologische Forschung. Berlin, Germany) for
the patatin cDNA clone, Dr J. Zori (Technical University,
Wroclaw, Poland) for AIP, D, Halter for technical assistance,
and Dr M. Kertesz for critical reading of the manuscript.
Support by a grant from Ciba-Geigy Ltd, Basel, Switzerland, is
gratefully acknowledged.

500 Physiol. Plant. 86, 1992



References
Amrhein, N. 1986. Specific inhibitors as probes into the bio-

synthesis and metabolism of aromatic amino adds. - Rec.
Adv. Phytochem. 20: 83-117.

Burtin, D., Martin-Tanguy, J., Paynot, M., Carre, M. & Ros-
sin, N. 1990. Polyamines, hydroxycinnamoyiputrescines,
and root formation in leaf explants of tobacco cultivated in
vitro. - Plant Physiol. 93: 1398-1404.

Eckes, P, Rosahl, S., Schell, J. & Willmitzer, L. 1986. Isola-
tion and characterization of a light-inducible, organ-specific
gene from potato and analysis of its expression after tagging
and transfer into tobacco and potato shoots. — Mol. Gen
Genet, 205: 14-22.

Evans, P T. & Malmberg, R. L. 1989. Do polyamines have
roles in plant development? - Annu. Rev. Plant Physiol.
Plant Mol. Biol. 40: 23,5-269.

Ewing, E, E. 1985. Cuttings as simplified models of the potato
plant. - In Potato Physiology (P H. Li, ed.), pp. 154-199.
Academic Press, London. ISBN 0-12-447660-0.

- 1987. The role of hormones in potato (Solanum tuberosum
L.) tuberization. - In Plant Hormones and their Role in
Plant Growth and Development (P. J, Davies, ed,), pp.
51,5-538. Kluwer Academic Publishers, Dordrecht. ISBN
9(),247-349K-3.

Flares. H E. & Galston, A. W. 1982. Analysis of polyamines
in higher plants by high performance liquid chromatog-
raphy. - Plant Physiol. 69: 701-706.

- . Prtitacio, C. M.'& Signs, M, W. 1989. Primary and sec-
ondary metabolism of polyamines in plants. - Rec. Adv.
Phytochem. 23: 329-393.

Koda.Y. & Okazawa, Y. 1988. Detection of potato tuber-
inducinE activity in potato leaves and old tubers. - Plant
Cell Physiol. 29: 969-974.

- , Omer, E. A., Yoshihara, T., Shibata, H., Sakamura, S, &
Okazawa, Y. 1988. Isolation of a specific potato tuber-
inducing stibstancc from potato leaves. - Plant Cell Physioi.
29: 1047-1051.

Laber, B , Kiltz, H. H & Amrhein, N. 1986. Inhibition of
phenyiataninc ammonia-lyase in vitro and in vivo by (1-
amino-2-phenylethyi) phosphonic acid, the phosphonic
analogue of phenylalanine. - Z. Naturforsch. 41c: 49-55.

Leubner-Metzger, G. & Amrhein, N. 1992. The distribution of
hydroxycinnamoylputrescines in different organs of Soia-
num tuberosum and other solanaceous species. - Phytoche-
mistry (In press).

Martin-Tanguy, J. 1985. The occurrence and possible function
of hydroxycinnamoyi acid amides in plants. - Plant Growth
Regul. 3: 381399.

- , Martin, C , Paynot, M. & Rossin, N. 1988. Effect of
hormone treatment on growth, bud formation and free
amine and hydroxycinnamoyi putrescine levels in leaf ex-
plant of Nicotiana tabacum cultivated in vitro. - Plant Phy-
siol. 88: 600-604.

Murashige, T. & Skoog, F. !%2. A revised medium for rapid
growth and bio assays with tobacco tissue cultures. - Phy-
siol. Plant. 15: 473-497.

Palazon, J., Pinol, M. T., Altabella, T., Cusido, R. & Serrano,
M. 1987. Auxin-induced regulation of amino acid and pu-
trescine in the free state and nicotine content in cultured
tobacco callus. - J , Plant. Physiol, 128: 153-159,

Palmer, C. E. & Smith, O, E. 1969. Cytokinins and tuber
initiation in the potato Solanum tuberosum L. - Nature 221:
279-280.

- & Smith, O. E. 1970, Effect of kinetin on tuber formation
on isolated stolons of Solanum tuberosum L. cultured in
vitro. - Plant Cell Physiol. H: 303-314.

Park, W. D., Hannapei, D, J., Mignery, G. A. & Pikaard, C.
S, 1985, Molecular approaches to the study of the major

tuber proteins. - In Potato Physiology (P. H, Li, ed), pp.
262-279. Academic Press, London. ISBN 0-12-447660-0.

Parthier, B. 1990. Jasmonates: hormonal regulators or stress
factors in leaf senescence? - J, Plant Growth Regul 9-
57-63,

Paynot, M., Perennec, P., Martin, C , Martin-Tanguy, J., Ver-
noy, R., javelle, F. & Gautheret, R. 1983. Photoperio-
disme, tuberisation et phenolamides. - C. R. Acad. Sci.
Paris Ser. Ill 297: 87-90.

Rosahl, S., Eckes, P, Schell, J. & Wilimitzer, L. 1986a. Or-
gan-specific gene expression in potato: isolation and char-
acterization of tuber-specific cDNA sequences. - Mol.
Gen. Genet. 202: 36S-̂ 373.

- , Schmidt, R., Schell, J. & Willmitzer, L. 1986b. Isolation
and characterization of a gene from Solanum tuberosum
encoding patatin, the major storage protein of potato tu-
bers. - Mol. Gen, Genet. 203: 214-220.

Sambrook, J., Fritsch, E. F. & Maniatis, T. 1989. Molecular
Cloning - a Laboratory Manual, 2nd Ed. - Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, NY. Vol 1,
p. 7.43.

Smith, M, A, & Davies, P. J. 1985. Separation and quantita-
tion of polyamines in plant tissue by high performance
liquid chromatography of their dansyl derivatives. - Plant
Physiol. 78: 89-91.

- & Davies, P. J 1987. Monitoring polyamines in plant tis-
sues by high performance liquid chromatography. - In
HPLC in Plant Sciences (H. F. Linskens and J. F. Jackson,
eds), pp. 209-277. Springer-Verlag, Berlin, ISBN 3-540-
17243-2.

Stallknecht, G. F. & Farnsworth, S. 1982. General character-
istics of coumarin-induced tuberization of axillary shoots of
Solanum tuberosum L. cultured in vitro. - Am Potato J.
59: 17-32.

Suresh, M. R., Ramakrishna, S. & Adiga, P. R. 1978. Regu-
lation of arginine decarboxylase and putrescine levels in
Cucumis sativus cotyledons. - Phytochemistry 17: 57-63

Tovar, P., Estrada, R., Schilde-Rentschler, L. & Dodds, J. H.
1985. Induction and use of in vitro potato tubers. - In-
ternational Potato Center, Lima, Peru, CIP-Circular 13:
1-5.

Vreugdenhil, D. & Struik. P. C. 1989. An integrated view of
the hormonal regulation of tuber formation in potato (Sola-
num tuberosum). - Physiol. Plant. 75: 525-531.

Walker, M. A., Roberts,' D. R. & Dumbroff, E. B. 1988.
Effects of cytokinin and light on polyamines during the
greening response of cucumber cotyledons. - Plant Cell
Physiol. 29: 201-205.

Wilson, L. G., Bressan, R. A. & Filner, P. 1978. Light-de-
pendent emission of hydrogen sulfide from plants. - Plant
Physiol. 61: 184-189.

Wyss-Benz, M., Streit. L, & Ebert, E. 1988. Hydroxycinna-
moyi amides in stem explants from flowering and non-
flowering Nicotiana tabacum. - Physiol. Plant. 74: 294-298.

- , Streit, L, & Ebert, E. 1989. Feruloyl- and caffeoylputres-
cine in stem explants from photoperiodically determined
Nicotiana species. - Physiol. Plant. 77: 593-598.

- , Streit, L, & Ebert, E. 1990. Feruloylputrescine and caffe-
oylputrescine are not involved in growth and floral bud
formation of stem explant3 from Nicotiana tabacum L. var.
Xanthi nc. - Plant Physiol. 92: 924-930.

Yoshihara, T., Omer, E. A., Koshino, H., Sakamura, S.,
Kikuta, Y. & Koda, Y. 1989. Structure of a tuber-inducing
stimulus from potato leaves (Solanum tuberosum L.). -
Agric. Biol. Chem, 53: 2835-2837.

Zofi, J. & Amrhein, N, 1992. inhibitors of phenylalanine am-
monia-lyase: 2-aminoindan-2-phosphonic acid and related
compounds. - Justus Liebigs Ann, Chem. 1992: 625-628.

Edited by L. Eliasson

Physiol. Planl. 86, 1W2 501




