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Abstract

An asymmetric (top vs. bottom halves of pulvini) induction of invertase mRNA by gravistimulation was
analyzed in oat shoot pulvini. Total RNA and poly(A)*" RNA, isolated from oat pulvini, and two oli-
gonucleotide primers, corresponding to two conserved amino acid sequences (NDPNG and WECPD)
found in invertase from other species, were used for the polymerase chain reaction (PCR). A partial
length cDNA (550 bp) was obtained and characterized. A 629, nucleotide sequence homology and 589,
deduced amino acid sequence homology, as compared to S-fructosidase of carrot cell wall, was found.
Northern blot analysis showed that there was an obviously transient induction of invertase mRNA by
gravistimulation in the oat pulvinus system. The mRNA was rapidly induced to a maximum level at 1 h
after gravistimulation treatment and gradually decreased afterwards. The mRNA level in the bottom half
of the oat pulvinus was significantly higher than that in the top half of the pulvinus tissue. The kinetic
induction of invertase mRNA was consistent with the transient accumulation of invertase activity during
the graviresponse of the pulvinus. This indicates that the expression of the invertase gene(s) could be
regulated by gravistimulation at the transcriptional level. Southern blot analysis showed that there were
two to three genomic DNA fragments which hybridized with the partial-length invertase cDNA.

The oat shoot pulvinus, which is the swollen leaf- sis that occurs in elongating cells of the gravire-

sheath base, is the graviresponding organ which
is responsible for the normal upward growth of
oat (Avena sativa) shoots [ 1]. Invertase is respon-
sible for the hydrolysis of sucrose to D-glucose
and D-fructose. These hexoses provide substrate
for starch synthesis in the gravisensors (chloro-
plasts) in the pulvini and for cell wall biosynthe-

sponding pulvini [ 1, 4]. It has been demonstrated
that the activity of invertase (EC 3.2.1.26) is dif-
ferentially upregulated after gravistimulation of
oat leaf-sheath pulvini [2], where a strong top
versus bottom half asymmetry in enzyme activity
develops in the graviresponding pulvini. How-
ever, information about oat invertase gene(s) ex-
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pression at the molecular level is not yet available.
In the present study, we demonstrated by north-
ern blot analysis that the invertase mRNA level
in oat shoot pulvini is kinetically and differentially
upregulated by gravistimulation.

cDNA cloning and characterization of invertase
¢DNA

Two primers, [TGGAT(C/A/)AA(T)YCGA(C)-
TCCIAA(C)TGGICCIATG] and [ATCIGGA-
CA(C)TTCCCACAT(C/G/T)ACC], were syn-
thesized according to the fully conserved amino
acid regions (WINDPNGPM and DPCEWMG)
of previously identified f-fructosidase from carrot
cell walls, levanase and sucrase from B. subtilis
and invertase from yeast [5, 7]. cDNAs were ob-
tained by PCR using total RNAs or poly(A)*
RNA as templates. The cDNAs were amplified
by PCR using the two primers [6]. The size of the
PCR products was determined to be approxi-
mately 550 pb by agarose gel electrophoresis. The
cDNA was cloned into M13mpl8 between the
Bam HI and Hind Il restriction sites. The cDNA
was sequenced by means of the dideoxynucle-
otide sequencing method using Sequenase ver-
sion 2.0 of United States Biochemical [3]. The
cDNA showed a 629, nucleotide sequence ho-
mology and a 58% amino acid sequence homol-
ogy (Fig. 1, uppercase letters) to that of carrot
p-fructosidase (Fig. 1, lowercase letters) by a par-
tial comparison. These data indicate that the
550 bp cDNA by PCR is derived from the mRNA
encoding oat invertase.

Kinetic induction of invertase mRNA

Total RNA was isolated from frozen top and
bottom halves of gravistimulated oat (4vena sa-
tiva cv. Victory) pulvini (0.5-1.0 g fresh weight for
each sample). Poly(A)* RNA was purified from
total RNA with an oligo(dT)-cellulose chroma-
tography column [11]. Poly(A)* RNA (5 ug/
well) was electrophoresed in a 1%, formaldehyde-
agarose gel and blotted onto a nylon membrane

filter (Hybond-N, Amersham). The filter was hy-
bridized with «-**P-dCTP-labeled partial-length
invertase cDNA as a probe and exposed to X-ray
films with an intensifying screen at =70 °C. RNA
was initially measured with a spectrophotometer
at a wavelength of 260 nm. In order to check for
equal loading of mRNA in each well, the same
filters were stripped of the hybridized invertase
cDNA probe and rehybridized to an «-*?P-
labeled actin gene probe from Arabidopsis thaliana.
Autoradiographs were scanned with densitome-
ter (LKB 2222-010 UltroScan XL, Bromma).
Our previous studies have shown that there is
a time-course change in invertase activity during
the gravitropic response of oat shoot leaf-sheath
pulvini [2]. Northern blot analysis here showed
that a 1.90 kb invertase mRNA was detected from
whole pulvini of oat plants (Fig. 2A). The level of
this mRNA was very low at time zero, but is was
significantly induced 1 h after initiation of gravi-
stimulation. After that time, it decreased. In order
to examine the induction pattern of the gravity-
induced invertase mRNA in more detail, RNAs
were separately isolated from top and bottom
halves of oat shoot pulvini after different times of
gravistimulation. As shown in Fig. 2B and 2C,
there is a clear pattern of kinetic changes in in-
vertase mRNA level during the graviresponse of
the respective halves. The 1.90 kb mRNA was
detected at a relative low level in the top halves
of the pulvini (Fig. 2B), but it occurs in the bot-
tom halves at a very high level (Fig. 2C). The
amount of mRNA rapidly increased at 1 h after
initiation of gravistimulation, after which time, it
gradually decreased. Using a densitometer, the
maximum level at 1 h represents a five-fold in-
crease above that of the 0 time control, and a
ten-fold higher level than that of top halves of
pulvini. These data are typical results of three
repeated experiments. Using an actin probe to
monitor the amount of mRNA loaded in each
well, we observed a weak band in each well (data
not shown). It has been demonstrated that a sim-
ilar asymmetric distribution in the activity of in-
vertase occurs in upper versus lower halves of
gravistimulated oat pulvini [2]. Northern blot
analysis data here indicate that the kinetic and
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Fig. 1. Comparison of oat invertase partial-length cDNA nucleotide sequence and its deduced amino acid sequence (uppercase
letters) with those of carrot f-fructosidase (lowercase letters).

asymmetric induction of invertase mRNA by
gravistimulation was consistent with the time-
course changes in invertase activities in the same

tissue halves. A marked, transient accumulation
of invertase transcripts was followed by a tran-
sient increase in the enzyme activity. This allows
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Fig. 2. Northern blot analyses of oat shoot invertase mRNA
isolated from gravistimulated oat shoot pulvini. Poly(A)*
RNA (5 ug/well) was electrophoresed in 19 agarose gel, blot-
ted onto a nylon membrane and hybridized with «->?P-dCTP-
labeled invertase cDNA (PCR product) as a probe. A. mRNA
isolated from intact gravistimulated oat shoot pulvini.
B. mRNA isolated from the top halves of the pulvini.
C. mRNA isolated from the bottom halves of the pulvini.
Lanes 1-6 represent mRNA isolated from oat pulvini during
different times of gravistimulation. Lane 1: 0 h is the vertical
control. Lane 2: gravistimulated for 1 h. Lane 3: 3 h. Lane 4:
6h. Lane 5: 12 h. Lane 6: 24 h (B and C) of gravistimulation,
respectively.

one to speculate that the induction of invertase
mRNA level may account for the changes of in-
vertase activity that occur during the gravire-
sponse. It also suggests that the expression of
invertase gene(s) in oat pulvini might be regulated
by gravistimulation at transcriptional or post-
transcriptional levels.

Southern blot analysis
In order to estimate the size of invertase gene(s),

genomic DNA was isolated from etiolated oat
seedlings, and 25 ug of DNA was digested with
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Fig. 3. Southern blot analysis of oat genomic DNA. DNA
(25 pg/well) was digested with restriction enzymes and elec-
trophoresed on a 0.6% agarose gel. The gel was denatured,
neutralized and the DNA was transferred onto a nylon mem-
brane filter. After baking at 80 °C under vacuum for 2 h, the
filter was hybridized to digoxgenin-dUTP-labeled partial-
length invertase cDNA used as a probe. The bands were vi-
sualized by chemiluminescent detection with Lumi-Phos 530
(Boehringer Mannheim Biochemicals) and exposed to X-ray
film for 30 min at room temperature with an intensifying screen.
Two restriction enzymes were used: Eco RI (Lane 1) and
Bam HI (Lane 2).

different restriction enzymes at 37 °Cfor 2 h. The
digested DNA was electrophoresed in a 0.6%
agarose gel and blotted onto a nylon membrane
filter and dried at 80 °C under vacuum [6]. The
filter was then hybridized with digoxigenin-
dUTP-labeled (a non-isotope labeling method,
Boehringer Mannheim Biochemicals) invertase
cDNA used as a probe. As shown in Fig. 3, two
or three genomic DNA fragments with different
sizes were hybridized to the partial-length inver-
tase cDNA probe. These data indicate that more
than a single invertase gene may exist for differ-
ent isoforms of invertase in oat plants.
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