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Abstract Starch contents play important roles in determining the fruit quality. Stawberry accumulates starch in the early
stages and then mobilized into soluble sugars during fruit ripening. To date the molecular studies on the ADP-glucose
pyrophosphorylase (AGPase), a key enzyme of starch biosynthesis, were not reported. cDNAs encoding small (FagpS) and
large (FagpL1 and FaspL2) AGPase subunits were isolated from strawberry (Fragaria x ananassa Duch. cv. Niyobou). Both
FagpS and FagpLl cDNAs have open reading frames deriving 55-58 kDa polypeptides, where FagpL2 contains a partial
fragment. Sequence analyses showed that FagpS has a glutamate-threonine-cysteine-leucine (ETCL) instead of a glutamine-
threonine-cysteine-leucine (QTCL) motif found in all the dicot plants except for Cirus. In fruits, FagpS and FagpLl were
expressed in all stages with a little change in the amounts of transcripts. In the case of FagpL2, we were not able to detect any
signal from all stages of fruit development and all tissues except for very a weak signal from the leaf. The results indicate that
FagpLl and FagpL2 show ubiquitous and leaf-specific expression patterns, respectively. The studies suggest that the starch
contents in strawberry might be controlled by the expression of AGPase gene at both the transcriptional and post-

transcriptional levels during fruit development.
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Introduction

Levels of starch are major quality-determining factors of
crops (1). Sugars are mainly composed of glucose, fructose,
and sucrose accounting for more than 99% of the total
sugars in ripe strawberry fruit (2). Generally, sugar contents
increase and starch contents decrease as a fruit ripens.
During fruit development the photoassimilate in leaves
was found to be exported to the fruit, a relatively strong
sinks. Sucrose is the main carbohydrate translocated to the
fruit. The major carbohydrate reserve material is starch in
the fruit (3).

ADP-glucose pyrophosphorylase (AGPase) plays a central
role in starch synthesis in higher plants. The evidence for
this has been obtained by mutant studies and by transgenic
experiments (4, 5). Through the analysis of photosynthetic
partitioning, it has been reported that AGPase is the main
rate-limiting step for starch synthesis. Both 3-phosphogly-
cerate (3-PGA) and inorganic pyrophosphate are important
factors regulating the rate of starch biosynthesis (6).

Plant AGPase is a heterotetrameric enzyme which is
composed of two small and two large subunits (7, 8). The
presence of both subunits is essential for normal enzymatic
activity, which is supported by several evidences including
mutants lacking one of the subunits (4, 9), and by analysis
of transgenic plants (5).

Multiple ¢cDNA clones encoding AGPase have been
isolated from numerous plants. It is generally recognized
that higher plants have multiple genes encoding large
AGPase subunits, which are expressed in a developmental
stage- and tissue-specific manner (10). Distinct from large
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subunits, small AGPase subunits are encoded by lower
copies of genes in plants, and their amino acid sequences
are highly conserved regardless of plant species. Further-
more, their expression patterns are not tissue specific.

In many fleshy fruits, the breakdown of starch to glucose,
fructose, or sucrose is a characteristic of a ripening event.
For strawberry, cell enlargement in fruit was accompanied
by the loss of starch grain. Therefore, it is necessary to
illuminate more clearly the function of AGPase which is
involved in the control of starch content during fruit ripen-
ing and which has an effect on the fruit quality including
texture and storage duration. In this research, we studied
on the sequence characteristics and expression profiles of
AGPase in the fruit development stage.

Materials and Methods

Plant materials The strawberries (Fragaria x ananassa
Duch. cv. Niyobou) were cultivated under greenhouse
conditions, and the fruits were harvested at four stages of
development as determined by maturity and external fruit
color. The developmental stages were as follows: green
(G), white (W), turning (T), and red (R) stages. '

Preparation of the AGP probe by reverse transcription-
polymerase chain reaction (RT-PCR) amplification
The total RNA was isolated from the strawberry fruits and
leaves with an Extract-A-plant™ RNA isolation kit (Clon-
tech, Palo Alto, CA, USA). Poly(A)" RNA was purified
from the total RNA with a Poly A Tract mRNA isolation
kit (Promega, Madison, WI, USA). First-strand cDNA was
synthesized from poly(A)" RNA by reverse transcriptase
(Promega) using random hexamers as primer. For the PCR
reaction of the small AGPase subunit, the sense primer
(SU2: 5-GA GAJA/G] CAJA/G] TTG [C/A]JAA GC[A/T]
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ATG-3") and the antisense primer (SL1: 5-GI' ACC AAT
ATC TTC CCA GTA-3") were used. For the PCR reaction
of large AGPase subunits, the sense primer (LU2: 5'-
CCI[A/C/T] ATG AG[C/T} AA[C/T] TG[C/T] [A/T]T [C/
T] AA-3"), and the antisense primer (LL2: 5-CC[A/G/T]
AT[A/G] TC[C/T} TCC CAJA/G] TA[A/G] TC-3") were
used. These PCR primers were synthesized on the basis of
the conserved regions of the previously published sequences
of small and large AGP subunits. RT-PCR fragments were
obtained from the combination of PCR primers and were
then inserted into the pGEM-T vector (Promega). These
fragments were used as probes for the screening of fuli-
length ¢cDNA clones of AGPase and then was radioactive-
ly labeled with a random primer labeling kit (Promega)
with [a-**P]dCTP for the probe preparation.

Isolation and sequence analysis of cDNA clones A
strawberry fruit and leaf ¢cDNA library from poly (A)"
RNA was constructed using the Zap-cDNA synthesis and
the Gigapack® II gold cloning kits (Stratagene, La Jolla,
CA, USA) according to the manufacturer's instruction
manual. Approximately 2x10° recombinant phages were
screened by using a *?P-labeled RT-PCR product as a
probe. The filters were pre-hybridized for 1-2 hr at 42°C in
30% formamide, 5xDenhardt's solution, 5XSSPE, and 100
mg/mL denatured salmon sperm DNA. After the pre-
hybridization, the filters were incubated with *2P-labeled
PCR products for 24 hr under the same conditions. The
filters were then washed once in 2xSSC, 0.05% sodium
dodecyl sulfate (SDS) at room temperature, once with 1x
SSC, 0.05% SDS at 42°C, and once in 0.1xSSC, 0.1%
SDS for 15 min at 65°C. After isolation of positive clones,
the phagemids were excised in vivo by means of a helper
phage.

The longest cDNA for each of small or large AGPase
subunits, respectively, was sequenced on both strands with
T3, T7, and sequence-specific primers. Multiple sequence
alignments were performed with the CLUSTALX(1.8)
computer program (11). Aligned sequences from the deduced
protein sequences were used to build a phylogenic tree
according to the TreeView 1.6.6 program.

Genomic DNA gel blot analysis Genomic DNA gel
blot analyses were performed using genomic strawberry
DNA digested with EcoRIl and HindIll. The genomic
strawberry DNA was isolated from a young leaf tissue in a
large-scale method using cetyltrimethylammonium bromide
(12). The DNA (10 ng) was digested with restriction
enzymes EcoRI and HindIIl. Restriction fragments were
then separated by electrophoresis through 0.8%(w/v) agarose
gels before transferring them onto positively charged
Hybond-N membranes (Amersham Biosciences, Little
Chalfont, Buckinghamshire, UK). The hybridization to the
labeled probe with [a-*?P]dCTP and the random primer
were done overnight in a new prehybridization buffer. The
filters were washed at high stringency conditions, once at
42°C for 15 min in 2xSSC and 0.05% SDS, once at 65°C
for 15 min in 1xSSC and 0.1% SDS, and twice at 65°C
for 15 min in 0.1xSSC and 0.1% SDS. The probes labeled
with [a-**P]dCTP were not hybridized with any AGPase
genes other than corresponding genes under this hybridi-
zation condition. Filters were exposed at -70°C to Fuji RX
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film.

RNA gel blot analysis Total RNA was isolated from
three organs (leaves, flowers, and roots) and fruits in four
developmental stages (G W, T, and R). The RNA was
fractionated on 1.2%(w/v) denaturing agarose gel. Prehy-
bridization, hybridization, and washing were performed as
described in the Genomic DNA gel blot analysis. After the
filters (Hybond-N from Amersham Biosciences) were stripp-
ed of probe according to the manufacturer's instructions,
the same blot was hybridized with a partial cDNA of 18S
rRNA labeled with [o-*?P]dCTP.

Results and Discussion

Isolation of AGPase cDNA clones from strawberry cv.
Niyobou Using the PCR-amplified 250 bp (SU2-SL1)
cDNA fragment of AGPase small subunit as a probe, we
screened a fruit cDNA library under high stringency
conditions and isolated 10 positive clones. Sequencing
analysis led to the identification of ¢cDNAs encoding
AGPase small subunits (FagpS). Similar efforts using the
670 bp PCR product cDNA fragment (LU2-LU2) as a
probe resulted in the isolation of 16 positive clones from a
fruit and leaf ¢cDNA libraries, which led to the identifi-
cation of two different AGPase large subunit cDNAs
(FagpLl and FagplL?2). As cultivated strawberry is a hybrid,
that was supposed to have at least two or more for small,
and more for large subunits of AGPase. However, we
didn’t obtain any additional isoforms from strawberry fruit
and leaf cDNA libraries. Also, other degenerate primers
for isolation of the additional small and large subunits of
plant AGPase could not amplify any PCR products in
probe preparation.

The sizes of the FagpS (GenBank accession No.
AY518343), FagpLl (AY518344), and FagpL2 (AY518345)
cDNAs are 1872, 2065, and 1257 bp, respectively. Two
c¢DNAs encoding FagpS and FagpLl contained complete
coding sequences, while the FagpL2 cDNA only had a
partial fragment. To obtain the full length FagpL2 clone,
we isolated other positive clones out of 2,000,000 plaques
of strawberry fruit and leaf cDNA libraries, respectively.
However, we could not isolate any clones having full
length clone.

The deduced amino acid sequence of FagpS is shown in
Fig. 1. The amino acid sequence of the FagpS protein
shared 52% homology with that of a large subunit, FagpL.1.
The amino acid sequences of two large AGPase subunits
showed 63% homology with each other (Fig. 1).

AGPase is localized to the plastids and is initially
synthesized as large precursor polypeptides containing an
N-terminal plastid targeting leader sequence (15). The N-
terminal sequence of the mature, small subunit protein
from a spinach leaf has been determined by the Edman
degradation method to be VSDSQNSQ (7). A similar
sequence VSDSKNSE was also found in the primary
sequences of FagpS (Fig. 1), indicating that the preceding
residues comprise the plastid targeting leader sequence.
The putative plastid targeting signal of FagpS was also
predicted by the TargetP (16) and PSORT (17) algorithms.
In the case of FagplL.1, the preceding residues comprise the
plastid targeting leader sequence (Fig. 1). The underlined
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Fig. 1. Alignment of deduced amino acid sequences of FagpS, FagpL1, and FagpL2. The sequences were aligned using the
CLUSTAL X program. An asterisk indicates identical amino acids. Arrowheads indicate the putative proteolytic cleavage site. Underlined
sequences are important residues for substrate binding (RAATPAV and KRAKPAV) at the N-terminal region, and for allosteric activator
binding at the C-terminal region. A region corresponding to QTCL in dicot AGPase enzymes is boxed.

sequence of the KRAKPAYV in FagpS and the RAATPAV
in FagpL1 is related to the substrate binding sequence. In
addition, the underlined sequence of the C-terminal region
has a high homology to the allosteric activator binding
site.

Genomic DNA blot analysis Genomic DNA gel blot
analyses were performed using strawberry genomic DNA
digested with EcoRI and HindIIl. As shown in Fig. 2, the
blot patterns revealed 2 to 7 bands with major band(s),
which indicates that the gene for FagpS, FagpLl, and
FagpL?2 presents in a few copies in the strawberry genome.
The different patterns of three ¢cDNAs indicate that the
c¢DNAs did not cross-hybridize with one another at the
high stringency condition. F. x ananassa as a hybrid of
two parents, F virginiana and F chiloensis, has a
polyploidic genome. Thus weaker cross-hybridizing bands
in blots might result from the polyploidic genome of F x
ananassa.

Comparison of strawberry AGPase with other plant
AGPases The phylogenetic relationship among small
AGPase subunits is presented in Fig. 3A. They can be

E H E H E H

FapgS FagpL1 FagpL?2

Fig. 2. Genomic Southern blot of strawberry AGPases. The
genomic DNA (20 mg/lane) was digested with either EcoRI (R) or
HindIII (H), separated on 0.8% agarose gel, transferred to a nylon
membrane, and hybridized with radioactively labeled cDNA
specific fragments of FagpS, FagpLl, and FagpL2, respectively.
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Fig. 3. Dendrogram for small and large AGPase subunit
proteins from diverse sources. This tree was generated by the
TreeView 1.6.6 and the alignment program (CLUSTAL X version
1.83). A. The amino acid sequences of the small subunits were
obtained from Arabidopsis (GenBank accession No. X73365),
barley (AY634681), chickpea (AF356004 and AF356005), Citrus
(AF184597), maize (AY032604 and AF334959), melon (AF030382),
pea (X96764 and X96765), Perilla (AF249915 and AF249916),
rice (AY028315), sugar beet (X78899), tomato (141126), watermelon
(AF032471), wheat (X66080), and strawberry (AY518343, this
work). B. The large subunits were obtained from Arabidopsis
(AF117570, X73364, and X73366), barley (X67151), chickpea
(AF356002), Citrus (AF 184598), maize (S48563), melon (AF030383
and AF030384), pea (X96766), Perilla (AF249917), rice (AY028314),
sugar beet (X78900), potato (X76136, X74982, and X61187),
tomato (U88089, U85496, and UB5497), watermelon (AF032472

and AF032473), wheat (Z21969), and strawberry (AYS518344 and
AYS18345, this work).

Stem/root

Monocot Endosperm

Leaf/stem/fruit/root

divided into two major groups or branches such as the
cereal monocot endosperm and all non-endosperms.
Although the primary sequence of strawberry FagpS is
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closely related to the sugar beet, the FagpS polypeptide
contains a glutamate-threonine-cysteine-leucine (ETCL)
instead of a glutamine-threonine-cysteine-leucine (QTCL)
motif at the amino terminal region. It was known that all
small dicot subunits, except for only one case of Citrus,
contain a conserved amino acid (QTCL) motif at the
amino terminal region of the small subunit, which is
related to the enzyme activity (18). This is the first report
of small subunits containing an ETCL motif among small
dicot subunits. Especially, the Cysteine'? residue within the
QTCL motif plays an important role in heat stability and
reductive activation through the formation of an intermole-
cular disulfide bridge between the two, small subunits. It
was reported that the surrounding sequence of Cysteme
affects the heat stability of small, recombinant subunits in
maize (18). The replacement of Glutamine to Glutamate in
maize AGPase led to a significant decrease in heat stabi-
lity (18), which suggests that strawberry FagpS is less
stable at a high temperature than other dicot enzymes. In
the case of other non-climacteric fruits like Cifrus, the
small subunit FagpS lacked a Cysteine'? residue. We hap-
pened to observe that the unique sequence characteristics
of two non-climacteric fruit-producing plants, strawberry
and Citrus, differ from the QTCL motif of other dicot
plants. A comparison of the deduced amino acid sequence
suggested the evolutionary link between strawberry Fagpl.2
and chickpea agpL1. Strawberry Fagpl.2 showed the highest
similarity with chickpea CagpL1 (90%), while FagpL1 has
a strong similarity with watermelon wmll (74%), potato
agpS1 (73%), and Citrus agpL (71%).

The phylogenetic relatedness among large AGPase sub-
units is presented in Fig. 3B. The tree shows that large
subunit sequences can be categorized into four groups
including one group of monocot endosperm and three
groups of dicots according to the tissue types expressed.
Fagpl.l is a member of the leaf/stem/fruit/root group,
while FagpL2 belongs to the leaf category. Thus we ex-
pected that FagpL] ubiquitously expresses in the tissues
and FagpL2 shows a leaf-specific expression pattern.

RNA expression of strawberry AGPases The spatial
expression profiles of FagpS, FagpLl, and FagpL2 from
cv. Niyobou were investigated by an RNA gel blot analysis
using the total RNA isolated from three tissues (leaves,
flowers, and roots) and fruits in four developmental stages
(G W, T, and R).

FagpS was weakly expressed steady-state levels in all
tissues and differentially according to fruit developmental
stages (Fig. 4). The transcripts decreased as the fruits
matured, slightly increased at the turning stage, and declin-
ed a little at the full red stage. Similar expression patterns
were observed in the agpS of Citrus (19), which suggests
that the expression patterns have a relationship with the
non-climacteric respiration pattern. Interestingly, the profile
of FagpLl also shows a very similar expression pattern to
FagpS. The slightly increase of FagpS and FagpLl in
franscription level at the turning stage imply that strawberry
fruits may accumulate starch in the later stage. However
starch contents decrease as a strawberry fruit ripens (2). A
similar pattern was reported by Souleyre et af. (13). The
starch breakdown could lead to a higher fruit sugar content
at maturity. Both levels of starch and AGPase transcript
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Fig. 4. Northern blot analysis of FagpS, FagpL1, and FagpL2
at four stages of fruit development and in various tissues of
strawberry cv. Niyobou. The total RNA (20 pg/lane) was
separated on denaturing agarose gel, transferred to nylon membrane,
and hybridized with **P-labeled probes. G, green fruits; W, white
fruits; T, turning fruits; R, red fruits; F, flowers; Ro, roots; L,
leaves.

decreased in the early developmental stages of G and W
stages. In the residual stages, both patterns were diverged
into different manners. Thus the results suggest that the
starch biosynthesis is regulated by AGPase both at the
transcriptional level and at the post-transcriptional level
during fruit development.

In the case of FagplL2, we cannot detect any signal of
all tissues in the same condition despite the longer expo-
sure time, except for a very weak signal in leaves, that is,
the expression of FagpL?2 showed a leaf-specific pattern.
The leaf-specific pattern expressed by FagpL2 was consis-
tent with AgpL3 in tomato (10). The presence of large,
multiple subunit genes, which display significant sequence
diversity, suggest that the two large subunits have different
allosteric regulatory and catalytic properties. When con-
sidering the expression patterns of the large isoforms of
strawberry, FagpS may mainly form a heterotetramic struc-
ture with FagpL1l during starch synthesis in developing
fruits and other tissues.

The studies indicate that strawberry FagpS has a unique
amino acid characteristic which is different from other
dicot enzymes, and that the two non-climacteric fiuits,
strawberry and Cifrus, have similar expression patterns.
The results suggest that AGPase might have evolutionary
relatedness among non-climacteric fruit-producing plants,
and that the expression has some connection with the
respiration pattern.

The result suggest that AGPase gene might be a target
modulating the starch and sugar contents at the early
developmental stages in strawberry fruits by metabolic
engineering, which might lead to a higher fruit quality as a
food. Recent work showed that fruit-specific down-regu-
lation of the AGPase gene results in the increase in sugar
and the decrease in starch contents in strawberry (20).
Similar phenomena were observed in transgenic Vicia
narbonensis (21), oilseed rape (22), and potato (5) plants
as well as the changes of protein species and content.
Furthermore the sugar content decreased slightly in straw-
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berry during stored at cold condition (23). The increased
sugar content induced higher water content in seeds, and
therefore increased seed maturation duration and yield.
Thus the increase of water contents at the harvesting stage
in fleshy fruits such as strawberry might lead to the
increased storage duration by retardation of dehydration.
The studies described above indicate that AGPase has an
effect on the fruit quality by regulating starch and soluble
sugar contents.
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