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Introduction

Potato tubers arise from differentiation of apical tips of underground stems,
called stolons. The subapical regions of meristem cells were initially found
swelling due to radial cell expansion, followed by enlargement by cell divisions
with concomitant accumulation of reserve starch and protein®>”!“?®_  The process
of tuber formation was phenologically stimulated by short day and chilling
temperature, and also by many other factors including genotype, shortage of
nitrogen nutrition and physiological aging of mother tubers*®&417:20 By the
grafting experiments, tuber-inducing stimulus was postulated to be produced in
leaves, then to be transmitted to the stolon tips®. Recently tuberonic acid, a
derivative of jasmonic acid that was isolated from potato leaves, has been found
to induce tuberization by an assay system using single-node stem segments of
etiolated shoots!>®®, ' '

For the study of the molecular mechanism of tuberization, several kinds of
tuber-specific cDNAs have been isolated by the differential screening technique.
Among those cDNA clones, amino acid sequences deduced from pTI1*® and
p34021°Y were reported to have characteristics of Kunitz-type proteinase in-
hibitors. The corresponding proteins (PKPI} were isolated from tubers and
demonstrated to compose the 22 kDa protein family (molecular mass of 20.5, 22,
23 and 24 kDa). Some differences found among these proteins were not only in
molecular mass but also in the charge of protein, amino acid composition and
inhibitory property®>**3®  In potato tubers, major proteins consist of patatin
together with PKPI and proteinase inhibitor [132%%23% and are expected to accu-
mulate as reserve protein. .The other role of those proteins is probably involved
in defense responses against herbivorous insects and pathogens. Particularly,
PKI-2, a 20.5 kDa protein of the PKPI family, was demonstrated to be one of the
relatively few examples of a microbial proteinase inhibitor in potato tubers®®.
On the other hand, the developmental accumulation of PKPI mRNA and protein
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has been investigated by using axillary bud tubers on stem segments'"'*3®.  This
paper reports the PKPI mRNA accumulation by using an intact plant system, iz
vitro, which more closely resembles the process of tuberization in the field.
Discussed as well are some of the molecular characteristics of the PKPI gene.

Materials and Methods

Plant materials

Stem apices of aseptic potato plants (Solanum tubevosum L. cv. Irish Cobbler)
were serially subcultured in 300 ml culture flasks (Iwaki) containing 30 ml of
shoot culture medium at 23 °C under fluorescent tubes (Toshiba, FL40S BRN) for
a 16 h photoperiod (photon flux density of 37.6 gmol/m?/s). The shoot culture
medium consisted of half strength MS medium salts??, supplemented with 0.5 g/1
CaCl;, 1 g/l casamino acids (Difco), 40 g/l sucrose, 8 g/l Bacto-agar (Difco),
vitamin components (100 mg/1 myo-inositol, 20 mg/l adenosine, 5 mg/l nicotinic
acid, 2 mg/1 glycine, 0.5 mg/1 thiamine-HCI, 0.5 mg/]1 pyridoxine-HCI, 0.5 mg/]
folic acid and 0.03 mg/] biotin), and was adjusted to pH 5.8. For tuberization,
axillary buds of single-node stem segments were cultured on 30 ml of agarless
shoot culture medium (20 ml of which was added after two weeks) under the
above conditions for 3 weeks. Subsequently, the shoot culture medium was
replaced by a tuberization medium, on which decapitated plants-were cultured at
18 °C in the dark. The tuberization medium consisted of half strength MS salts
and vitamin components, supplemented with 0.05 g/1 casamino acids and 100 g/1
sucrose.

RNA isolation

Total RNA was isolated according to the method of Shirras and Northcote®”
with some modification. Tissues excised from in vitro potato plants were imme-
diately frozen in liquid nitrogen and stored at —85 °C. The frozen tissues were
ground to a fine powder with a mortar and pestle. For each gram of frozen
powder, 3 ml phenol mixture (phenol : chloroform : isoamyl alcohol, 25 :24 : 1,
v/v) and 3 ml RNA extraction buffer (0.1 M Tris-HCI pH 9.0, 0.15 M LiCl, 5 mM
EDTA, 2 %(w/v) SDS and 0.1 M 2-mercaptoethanol) were added. This mixture
was further ground in a Potter-Elvehjem homogenizer and centrifuged. The
aqueous phase was again extracted with an equal volume of the phenol mixture.
The final aqueous phase was adjusted to 0.2 M LiCl. The total RNA was
precipitated with 2.5 volumes of ethanol at —85 °C for 1 h and collected by
centrifugation. The dried pellet was dissolved in water and precipitated in 2 M
LiCl on ice overnight. The pellet was again centrifuged, dissolved in water, and
stored at —85 °C for later use.

Poly(A)* RNA was prepared by two cycles of affinity chromatography of
oligo(dT) cellulose column?®,
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Construction of ¢cDNA library

Poly(A)* RNA was isolated from in wvitro tubers harvested 3 weeks after
tuber induction. Double-stranded ¢cDNA was prepared from 5 pg of poly(A)*
RNA as described by Gubler and Hoffman'®. After second-strand synthesis, the
c¢cDNA was ligated to Eco RI adaptors (Amersham), and then inserted into the
Eco RI site of the bacteriophage vector Agtll (Amersham). The bacteriophage
was in vitro packaged and used for infecting Escherichia coli Y1090 (Amersham).
Eventually, ca. 1.0 x 10° recombinants were obtained per microgram of poly(A)*
RNA.

Differential screening

Potato tuber ¢cDNA clones were screened by differential hybridization
method?®. Single-stranded cDNA probes labeled with **P were prepared from 3
week-old tubers and 9 day-old leaves, and then hybridized respectively to du-
plicated membranes. Eight recombinants only hybridized to tuber cDNA were
further screened with probes from 10 day-old tubers and 9 day-old leaves. The
cDNA insert of the most strongly hybridizing recombinant was subcloned in
phagemid vector, pBluescript SK(+) (Stratagene), and named pT1.

Northern blot analysis

Total RNA (20 xg) was separated by electrophoresis in a formaldehyde/
formamide agarose gel (1.2 %) as described in Sambrook et «l.?® except that the
concentration of formaldehyde in the gel was 0.66 M. The separated RNAs were
transferred to nylon membranes (NY 13N, Schleicher & Schuell). The mem-
branes were prehybridized at 65 °C for about 2 h in a solution containing 6 X SSC
(1xSSC consisted of 0.15 M NaCl, 15 mM trisodium citrate, pH 7.0), 5X
Denhardt’s solution [1XDenhardt’s solution consists of BSA, PVP (molecular
weight of 360,000) and Ficoll 400 (Pharmacia) at concentration of 0.02 % each],
0.1 26 SDS and 0.1 mg/ml heat denatured herring sperm DNA, and then hybrid-
ized with *2P-labeled pT1 insert at 65 ‘C overnight in the same solution. Blots
were washed with 6 X SSC at room temperature for 10 min and then washed twice
with 6 xSSC at 65 °C for 30 min. Hybridized probes were detected by exposure
of the membranes to X-ray films (RX, Fuji Photo Film).

Southern blot analysis

Genomic DNA of potatoes was extracted from etiolated shoot tips by using
the method of Rogers and Bendich?”. Ten microgram DNA was digested with
restriction enzyme, Eco RI or Hind IIl, and separated by electrophoresis in a
0.7 9% agarose gel. Blotting and hybridization were performed in accordance
with the procedure of the northern analysis except that the membrane was
prehybridized overnight. After hybridization, the membrane was washed three
times with 6 X SSC, 0.5 9§ SDS at room temperature for 15 min, 2 X SSC, 0.5 % SDS
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Fig.1. Tuberization of in vitro potato plants. Potato plants
were cultured for 2 weeks (A). Tubers were induced for
2 (B) and 5 weeks (C). Details are described in text.
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at 42 °C for 30 min, 1 XSSC, 0.5 9% SDS at 67 °C for 15 min, and then 0.1 X SSC,
0.5 % SDS at 67 °C for 30 min. A hybridized probe was detected by exposure of
the membrane to X-ray film.

Results

Accumulation of PKPI mRNA during tuber development

The technique of differential screening was employed to isolate the tuber-
specific cDNA clone, pT1. The nucleotide sequence of pT1 was previously
reported to encode a Kunitz-type proteinase inhibitor (PKPI)*®. Organ
specificity of PKPI mRNA was first confirmed by the northern blot analysis.
Potato plants were grown on a liquid medium (Fig. 1A), then cultured on tuberiza-
tion medium. Sessile tubers appeared in the basal axillary buds followed by
development of tubers with concomitant senescence of shoots (Fig. 1B and C).
Tubers developed synchronously were used for RNA isolation.

The total RNAs isolated from roots,
stems and leaves of 3 week-old plants on
the liquid medium, and from tubers of 3 T R S L
weeks after tuber induction were hybrid- ‘
ized with PKPI c¢cDNA probe (pTl
insert). Figure 2 shows that the PKPI
mRNA was about 0.9 kb, and accumulat-
ed in tubers specifically, while only
slightly in stems. Little mRNA accu-
mulation was detected in the total RNA

from roots or leaves. - &8
The temporal accumulation of PKPI 0.9kb e
mRNA was examined with the total .

RNA from iz vitro tubers of 3,5, 7, 14, 21
and 28 days after tuber induction (Fig. 3).
The PKPI mRNA appeared at the same
position as field-grown tubers. The
mRNA accumulation could be detected
from bth day after tuber induction and
increased with tuber development. By Fig-2. Accumulation of PKPI mRNA in

1. tubers (T), roots (R), stems (S) and
longer exposure of hybridized mem- leaves (L) of potato plants cultured

brane to X-ray film, a trace amount of in vitro. Total RNAs (20 g each)
the mRNA could be detected as early as were analyzed by northern blot
the 3rd day. hybridization. Size of the mRNA

is indicated in kilobases (kb).

Comparison of amino acid sequence data deduced from pT1 with other PKPI
The previously reported nucleotide sequence (EMBL accession number
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3 5 7 14 21 28 T

Fig. 3. Accumulation of PKPI mRNA during i wvitro potato tuberization. Total
RNAs (20 g each) were analyzed by northern blot hybridization. The num-
bers indicate days after tuber induction. First visible swelling at the subapical
meristem was detectable on the 3rd day. Tuberization was obvious from 5th
day. Lane T corresponds to field-grown tubers stored at 4 °C for 2 months
after harvest.

X56874) and deduced amino acid sequence of pT1%® are again shown in Fig. 4 in
addition to comparisons of amino terminal region with other PKPI. An amino
acid sequence (Leu 43— Pro 67) deduced from pT1 was completely identical to the
N-terminal region of the tuber protein, PKI-2, which was reported by Walsh and
Twitchell®®. Other PKPI proteins were different from pT1 in two amino acids,
but were identical to p340213'2®, In addition to the facts, all those proteins did
not contain any amino acid sequences corresponding to the N-terminal region of
pT1 (Met 1—Asn 42). A hydropathic profile revealed that this region was
extremely hydrophobic (Fig. 5), suggesting the. possibility of a signal peptide for
protein sorting in cells.

Southern blot analysis of PKPI genes

The Southern blot analysis was performed with genomic DNA isolated from
tetraploid cultivar Irish Cobbler (Fig. 6). The restriction enzyme polymorphism
with EcoRI-digested DNA seemed to contain a few more fragments which hybrid-
ized stronger with PKPI ¢cDNA, than with fragments by Hind III. Besides these
major fragments, several weak signs were found in the latter autoradiogram.
This data suggested that PKPI genes might compose a small multigene family.
However, the precise number of PKPI genes could not be estimated due to
uncertainties of homology to the probe.

Discussion

The process of potato tuberization is accompanied by de novo synthesis of
specific proteins!»'®%®_  Parts of those mRNAs have been isolated by a differen-
tial screening technique and a possible role in the molecular mechanism of
tuberization was studied'*®*%. In a similar way, we isolated PKPI cDNA from
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G -1
ATGAAGTCGATTAATATTTTGAGTTTCCTCTTGCTTTCAAGTACCCTCTCTTTGGTTGCC 60
M K §$ I N I L &8 F L L L S S T L 8§ L V A
TTTGCTAGATCTTTCAGTTCTGAGAATCCAATTGTCCTCCCCTCAACTTGTCATGATGAT 120
F AR S F $ S E N P I V L P S T C H D D
GATAATCTTGTACTCCCTGAAGTTTATGACCAAGACGGCCATCCGCTGAGGATTGGTCAG 180
D N L VL P E V Y D Q@ D G H P L R I G Q
AGGTACATTATTAACAATCCTCTCATCGGGGCCGGAGCCGTATACTTGTACAATATTGGA 240
R Y I I N NP L I G A G A V Y L Y N I G
AACCTTCAATGCCCAAACGCCGTGTTGCAGCACATGTCCATTCCCCAATTTTTGGGAGAA 300
N L @ ¢ P N A V L @ H M S I P Q@ F L G E
GGCACGCCCGTCGTGTTCGTTCGTAAGTCGGAGTCGGATTATGGTGATGTGGTGCGTGTA 360
G T P V V F V R K S E S D Y G D V V R V
ATGACTGGTGTTTATATCAAATTCTTTGTTAAAACAACAAAGTTGTGTGTTGACCAAACT 420
M T G V Y I XK F F v K T T K L C¢C V D Q T
GTTTGGAAAGTTAATCATGAAGGGTTGGTGGTAACTGGTGGTCAGGTAGGAAATGAAAAC 480
V WK V NH E G L VvV VTG G Q V G N E N
GACATCTTCAAGATTAGGAAAACTGACTTGGTGACACCAGAAGGTTCCAAATTTGTATAC 540
D I F XK T R K T D L Vv T P E G § K F V Y
AAGTTACTGCATTGTCCCTCTCATCTTCAGTGCAAAAATATCGGCGGCAACTTTAAAAAT 600
K L L H ¢ P $ HL Q@ €C K N I G G N F K N
GGATATCCTCGTCTGGTGACTGTCGATGATGATAAGGACTTTCTTCCATTTGTGTTCATC 660
G Y PR L VTV DD DK D F L P F V F I
AAGGCGTAGAATGCTAATTAGCTGGCTAGTTTGCAGCTTTCTAAATAAAGTGGGGGATAT 720
K A
ATCCTTCTATCGCTCCATGTAATTTAATGTATGCTTATCAATAAATAAACAAGCTAGCAA 780
TTAGCCTATTACCTTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 835
pT1 (20.2 kDa) 1 MKSINILSFLLLSSTLSLVAFARSFSSENPIVLPSTCHDDDN 42
p3402t (20.2 kDa) 1 SINILSFLLLSSTLSLVAFARSFTSENPIVLPTTCHDDDN 40
Coincidence FREKRRR Rk ok Rk kR ok k ok kK kKRR Rk k Kk kkok ¥
pT1 43 LVLPEVYDQDGHPLRIGQRYIINNPLIG:- - [36]
p34021 41 LVLPEVYDQDGNPLRIGERYIINNPLLG-- - [31,32]
PKI-2 (20.5 kDa) 1 LVLPEVYDQDGHPLRIGQRYIINNP 25 [35]
22 kDa 1 LVLPEVYDQDGNPLRIGERYI 21 [32]
23 kDa 1 LVLPEVYDQDGNP 13 [32]
24 kDa 1 LVLPEV 6 f32]
Coincidence Kok kkokkkkkkok Kkkkk Fkkkkkkx X

Fig.4. Comparison of N-terminal amino acid sequence deduced from nucleotide
sequence of pT1 cDNA with other PKPI. Top : nucleotide and deduced amino
acid sequences of the cDNA clone pT1*®. Bottom : N-terminal sequences of
pT1 and p34021 were deduced from the nucleotide sequences. Two amino
acids were missing in p34021 because of incomplete clone. Potato Kunitz
inhibitor-2 (PKI-2), and 22 kDa, 23 kDa and 24 kDa PKPI were isolated from
tubers and analyzed by protein sequencing. Identical residues in all sequences
are marked by asterisks. Also shown are molecular masses of those proteins
and of corresponding parts deduced from nucleotide sequences. Numbers of
references are indicated in brackets.
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Fig.5. Hydropathy plots of amino acid sequence deduced from pT1 cDNA.

The horizontal line represents a hydrophilicity value of zero. Hydro-
philic regions are represented by negative values and hydrophobic
regions by positive. Numbers along the X-axis refer to the number of
amino acid residues from the N-terminal of the deduced polypeptide.
Plots were generated by the method of Kyte and Doolittle'® using 11
amino acid intervals.
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Fig. 6. Southern blot hybridization analysis of
genomic DNA from potatoes. The genomic
DNASs (10 ug each) were digested with Eco RI

, (E) or Hind III (H). After separation by

0.6= ~ electrophoresis, the DNA was transferred to

a nylon membrane and hybridized with 32P- .

labeled PKPI ¢DNA. Molecular weight
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in vitro tubers. The N-terminal amino acid sequence deduced from the cDNA
was extremely hydrophobic and was proposed to bear the propeptide necessary
for vacuolar targeting®®. However, intracellular location of PKPI was not
investigated. To the best of our knowledge, four members of the PKP! proteins
and two cDNAs have been reported to be isolated from four potato
cultivars®323%:38  Although they could be classified into two groups on the basis
of the amino acid sequences, their sizes were somewhat different. In addition,
another member was also isolated in our laboratory (Mitsumori ef al., in submis-
sion). These diversities might be arising from not only genetic variations among
the cultivars but also genomic duplications, because the PKPI gene of each
cultivar seemed to compose a small multigene family (Fig. 6 and Ref. 12, 31).

On the assumption that the PKPI gene consisted of several members, the gene
expression might be collectively measured by northern analysis. Accumulation
of PKPI mRNA in tubers was detectable from the early days of the development,
followed by a gradual increase that resulted in specific accumulation in tubers.
The similar patterns of accumulation have been reported by using the system of
axillary bud tubers on stem segments!'**®_  Suh et al. reported that PKPI cDNA
could hybridize with two mRNA fragments which showed major and minor
signs®*®, but the latter could not be detected in our experiment. Nevertheless,
accumulation of PKPI mRNA could be used as a molecular marker of tuber
development.

As reviewed by Park?®!, the process of potato tuberization has been expected
to be controlled by the available amount of photosynthate and by the tuber-
inducing stimulus transported from leaves to stolons. Promotion of in vitro .
tuber formation by jasmonates and sucrose was consistent with this expecta-
tion®'%>1622  (On the other hand, those tuber-inducing compounds could also
stimulate the mRNA accumulation of PKPI, patatin and proteinase inhibitor II in
potato explants, except that patatin mRNA was not affected by jasmonates!#2537,
This coincidence implies that a common regulatory mechanism could be involved
in both the tuber formation and the gene expression. Therefore, we are exceed-
ingly interested in investigating the mechanism of gene transcription and factors
which cause PKPI gene expression specifically in tubers of potato plants.

Summary

In potato tubers, Kunitz-type proteinase inhibitors are part of major storage
proteins, and consist of several members of the 22 kDa protein family. Southern
blot analysis suggested that PKPI genes might compose a small multigene family.
By using én vitro tuberization system, accumulation of PKPI mRNA was specifi-
cally detected in tubers from early days of the development, and thus expected to
be used as a molecular marker of potato tuber development.
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