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Abstract

Under-development of pea (Pisum sativum L.) seeds in normally developed pods, resulting in “un-
filled pods”, has been a serious problem in the greenhouse cultivation in Wakayama Prefecture, one
of the major regions of pea cultivation in Japan. This phenomenon appears to be induced by low
temperature and low solar irradiation during pea growing season. This study examined the rela-
tionship between this seed under-development and sucrose-to-starch metabolism in developing
seeds and pods after flowering. The starch content, ADP-glucose pyrophosphorylase (AGPase) and
sucrose synthase activities of a pea cultivar, Kishu-usui, were monitored through seed development
in shading-treatment plot and in control plot. Results showed that the present treatment induced
the depression of starch accumulation and AGPase activity in developing seeds compared with con-
trol, which might cause the occurrence of under-development of seeds and unfilled pods. Surplus
carbohydrates from source organs might be stored in pod walls, as expected from higher starch level
and AGPase activity in treated pod walls. The necessity of thermostable AGPase variants in pea to
prevent the unfilled-pod problem was discussed.
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1. Introduction

In Japan, cultivars of garden pea (Pisum sativum L.) are performed mainly under greenhouse conditions in large-
scale. In Wakayama Prefecture, one of the major regions of pea cultivation in Japan, the growing season of pea
generally ranges from late autumn to the next early spring, corresponding to relatively warm winter conditions
in this region. Flowering period in this case ranges continuously from December to the next March. Pods were
harvested after maturation also continuously until about May.

One of the serious problems in this pea cultivation in Wakayama is the frequently occurrence of seed abortion
after flowering, resulting in so-called “unfilled pods™ which look like normal pods in appearance but involve
several under-developed seeds. These unfilled pods are difficult to distinguish from pods with well-developed
seeds by eye-inspection in the shipment to markets. It, therefore, makes serious troublesome for pea growers and
also consumers.

Kawanishi et al. [1] showed that the seed abortion in pea can be induced when pea plants were growing after
flowering under low-intensity solar radiation (less than 23% of the control) and low air temperature (below 13°C)
particularly in the morning. They also showed that these environmental conditions influenced negatively only
the percentage of under-developed seeds, but not the fertilization events. This is because the ploidy level of un-
der-developed seeds was diploid from flow cytometry (personal communication). Therefore, some internal fac-
tors should be attributable to the under-development of seeds after fertilization.

In developing pea seeds, photoassimilates from source leaves are transported as a form of sucrose. Unloaded
sucrose to sink apoplast is moved into developing embryo, and converted to UDP-glucose, glucose-1-phosphate
and glucose-6-phosphate, sequentially. Glucose-6-phosphate is transferred via specific transporter to plastids,
and again converted to glucose-1-phosphate, ADP-glucose and finally to starch [2]. Weigelt et al. [2] conducted
RNA interference experiment to surpress ADP-glucose pyrophosphorylase (EC 2.7.7.27, AGPase) genes, which
catalyzes the step from glucose-1-phosphate to ADP-glucose, and observed the decrease in starch accumulation
and the increase in sucrose content. The significance of AGPase on starch accumulation in pea embryo has been
demonstrated by several researchers [3]-[5]. Déjadin et al. [6] reported that the genetic variation in the activity
of sucrose synthase (EC 2.4.1.13, SuSy), which catalyzes the step from sucrose to UDP-glucose, among nine
pea genotypes mainly contributed to the variation in the rate of starch accumulation in pea embryos. These re-
searches implied that the occurrence of under-developed seeds is associated with some environmentally induced
disorders in sucrose-to-starch metabolism in developing pea seeds.

The present study examined the starch contents and enzyme activities relating to the sucrose-to-starch meta-
bolism in the under-developed and normal seeds, as well as pod walls. The objective of this study was to under-
stand the mechanism underlying the occurrence of under-developed seeds or unfilled pods of pea causing envi-
ronmental conditions.

2. Materials and Methods
2.1. Plant Materials, Cultivation and Shading Treatment

A pea cultivar “Kishu-usui”, was used as the material in this experiment. “Kishu-usui” is a local cultivar which
has been cultivated dominantly in Wakayama Prefecture, Japan, and used as a parent of several cross breeding
programs, because of its excellent performance. Immature seeds of this cultivar is harvested as fresh vegetables.
Seeds of this cultivar were sown on 25 September, 2009, into cultivation beds in a greenhouse, after vernaliza-
tion at 2°C for 20 days. Fertilizers were applied as basal dressing at a rate of N:P,0s:K,0 = 11:15:11 g m %, and
as top dressing at late December, 2009 and middle February, 2010, at a rate of 3:4:3 g m 2 at both periods.

To induce pods with under-developed seeds, a shading treatment was conducted. In the shading treatment plot,
whole plants were covered by sheets of fine net, reducing light intensity approximately 38% of the non-treated
condition from the start of flowering (from early December), while no shading treatment was done in the control
plot. Temperature was kept at above 5°C in both plots during all growing season. Photoperiod and humidity
were not controlled. Total of four and six plants were assigned as shading treatment plot and control plot, re-
spectively. Flowering days were recorded for all of flowers individually.

2.2. Determination of Matured Dry Weight and Starch Content in Seeds and Pod Walls

On 9 March, 2010, all pods were sampled simultaneously from six plants (three in control and three in treatment
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plots), frozen in liquid nitrogen, and stored under —80°C until used for determination of starch content. On 10
May, 2010, all of the pods were again sampled simultaneously from other four plants (three in control and one in
treatment plots), frozen in liquid nitrogen, and stored under —80°C until used for enzyme assay. The duration
between the sampling day and flowering day in individual pod was regarded as days after flowering (DAF) of
the seeds in the pods. A part of the sampled pods involving matured seeds (more than 50 DAF) in both treated
and control plots were dried at 90°C for three days in an oven. Individual seed dry weights of all seeds involving
under-developed ones were measured in both plots.

To determine starch content, a colorimetric method [7] was conducted. Frozen pod walls (approximately 1
gFW per sample) and seeds (approximately 0.75 gFW per sample) were separately measured their fresh weight,
dissected into small pieces with a scalpel, incubated in 60% ethanol at 70°C for 15 min, and thoroughly homo-
genized with a homogenizer (NS-55, Microtec Co., Ltd., Funabashi, Japan). After filtration through a paper fil-
ter (ADVANTEC No. 2, Advantec Toyo Kaisha Ltd., Tokyo, Japan), the residue remained on filter was dried
completely in an oven. Ten mL of 7 N HCIO, was added to a part of residue, and stirring for 10 min to make
gelatinization. These samples were diluted with deionized water, filtrated through glass wool, and adjusted their
volumes to be 200 mL with deionized water. After appropriate dilution, 1 mL each of 0.5% Kl and 0.001N KIO;
were added to 10 mL of each sample, and thoroughly mixing. Absorbance at 620 nm was measured after 5 min
with a spectrophotometer (UV-1600, Shimazu Co., Kyoto, Japan) to determine the starch content. Potato starch
(Sigma-Aldrich, Co., MO, USA) of known concentrations (0, 200 and 500 pg 10 mL™) was used as a standard
calibration curve.

2.3. Assay of Enzyme Activity in Seeds and Pod Walls

For the extraction of enzyme fraction, a frozen single seed per pod and a part of pod wall (pericarp) which di-
rectly attached to the seed (up to 0.1 gFW per sample) were individually and separately dissected into small
pieces with a scalpel, placed into a Lysing Matrix D tube (MP Biomedicals LLC, OH, USA) together with 1 mL
of extraction buffer consisting of 50 mM HEPES/NaOH (pH 7.5), 2 mM EDTA, 10 mM MgCl,, 50 mM
2-mercaptethanol, 12.5% glycerol, 5% PVP (polyvinylpyrrolidone)-40 (Sigma-Aldrich, Co., MO, USA). These
tubes were equipped with FastPrep 24 (MP Biomedicals LLC, OH, USA) and homogenized for 60 sec at Speed =
60. The procedures hereafter to obtain course enzyme fraction were described in Kato et al. [8]. Enzyme assay
in seeds and pod walls for SuSy and AGPase was followed the methods of Kato et al. [8]. Enzyme activity was
expressed as mU mg protein *. Protein concentration was measured using Protein Assay Kit (Bio-Rad Laborato-
ries, CA, USA) with BSA as a standard.

3. Results
3.1. Under-Development of Pea Seeds Due to Shading Treatment

Figure 1 shows the frequency distribution of matured (more than 50 DAF) seed dry weight in the treatment (to-
tal of 86 seeds) and control plots (88 seeds). Given the seeds less than 75 mg seed * were under-developed, per-
centages of under-developed seeds were 48.8% in the treatment plot and 11.4% in the control. The difference in
the percentage of under-developed seeds between the treatment and control plots was statistically significant (;/* =
27.39, P < 0.0001) from a goodness of fit test. This result clearly demonstrated that under-development of pea
seeds was certainly induced by the present shading treatment.

3.2. Starch Contents in Seeds and Pod Walls

In the control plot, starch contents of seeds linearly increased from the youngest stage (at approximately 25 DAF)
to approximately 55 DAF to 60 DAF, and kept the highest level hereafter (Figure 2(a)). Therefore, it is ade-
quate that the seeds of more than 50 DAF were judged as “matured” seeds, as above. Contrastingly, the starch
contents in the treatment plot increased but obviously more slowly compared with the control plot, and reached
lower levels than the control even in the oldest stage. The levels of starch content in treatment plot were signifi-
cantly (P < 0.0001) lower than the control at the first and the second halves of growing seeds (tentatively set at <
50 DAF and >50 DAF, respectively) according to t-test (Table 1). For the starch content of pod walls (Figure
2(b)), the level in the control plot was just lower at the youngest stage than with those of seeds, and gradually
decreased hereafter to undetectable level. On the other hand, the starch contents in the treatment plot were ap-
proximately the same level as pod walls in the control plot, and decreased moderately compared with the control
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Figure 1. Frequency distributions of matures seed dry weight/seed in shading treatment plot and in control plot of a pea cul-

tivar, “Kishu-usui”.
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Figure 2. Changes in starch contents of developing seeds (a) and pod walls (b) in shading treatment plot and in control of a

pea cultivar, “Kishu-usui”.
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100 200

300 400

Seed dry weight (mg seed™)

8
o0 ® o o
oo
Sp o0 6 5 o Shaded
& © o o Control
° 5
o
o© 4 - O
e8ep 04 “©
3 z“.g&:' O
@0 .980 oﬁ P 8 °
. o© o
S 2 3 o. Q. .. o)
o - W
0 ®e0 ¢ 0
80 20 40 60
Days after flowering
(b

seeds and pod walls in control and shading treatment plots in a pea cultivar, “Kishu-usui”.

o
oo %

Organ Control
Seed
<50 DAF 11.4
>50 DAF 26.2
Pod wall
<50 DAF 31
>50 DAF 0.9
Seed
<30 DAF 319
>30 DAF 40.4
Pod wall 7.4
Seed
<30 DAF 334.7
>30 DAF 305.6
Pod wall 22.3

Treatment
Strach content (g 100 gFW ™)

29
14.2

3.8
2.2
AGPase (mU mg protein )

19.2
30.7
115
SuSy (mU mg protein™)

199.6
301.9
21.4

t

6.075
7.286

1.699
4.505

6.579
3.006
2.467

5.616
0.143
0.114

<0.0001
<0.0001

0.0928
<0.0001

<0.0001
0.0063
0.0389

<0.0001
0.8874
0.9123

P, probability of t; DAF, days after flowering.
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and maintained a detectable level at the oldest stage. This resulted in the non-significant and significant differ-
ences at the first and the second halves, respectively, between control and treatment plots (Table 1). Several pod
walls showed exceptionally high starch contents at young stage in the treatment plot. It is plausible that seed and
pod-wall dry weights may show the same growth profiles as that of starch contents.

3.3. Enzyme Activities in Seeds and Pod Walls

During the linearly increasing phase (from 15 DAF to 45 DAF) of starch contents in seeds, the activities of su-
crose-to-starch metabolizing enzymes, AGPase and SuSy, of seeds and pod walls in the treatment and control
plots were monitored (Figure 3 and Figure 4). For AGPase, activities of seeds in the control plot gradually in-
creased in the first half of this stage (tentatively set at <30 DAF) and remained the final level (Figure 3(a)).
Seeds in the treatment plot showed similar pattern as those in the control, but resulted in consistently lower val-
ues than the control plot during all stages. Mean activity of AGPase in the control plot was significantly (P <
0.01) higher than those in the treatment plot both in the first half of this phase (<30 DAF) and the second half
(>30 DAF), according to t-test (Table 1). On the contrary to the seeds, activities of AGPase in pod walls ap-
peared to be constant despite of the difference in growth stage both in the treatment and control plots, although
the values at initial growth stage were missing in pod walls (Figure 3(b)). Mean activity of AGPase in pod walls
during all stage was significantly (P < 0.05) lower in the control plot than that in the treatment plot (Table 1).
For SuSy, activities of seeds in the control plot were not so greatly changed during growth stage examined
(Figure 4(a)) compared with AGPase, resulting in no significant difference between the first and the second halves
of this stage (Table 1). In the treatment plot, on the other hand, mean SuSy activity of seeds was significantly (P <
0.0001) higher in the first half of the stage than the second half (Table 1), indicating obvious increase from a very
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Figure 3. Changes in the activities of ADP-glucose pyrophosphorylase (AGPase) of developing seeds (a) and pod walls (b)
in shading treatment plot and in control of a pea cultivar, “Kishu-usui”.
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Figure 4. Changes in the activities of sucrose synthase (SuSy) of developing seeds (a) and pod walls (b) in shading treatment

plot and in control of a pea cultivar, “Kishu-usui”.
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low level to about the same as the control (Figure 4(a)). In pod walls, SuSy activity decreased clearly both in
the treatment and control plots as pod growing (Figure 4(b)). This decreasing was just delayed in the treatment
plot compared with the control plot. Mean activities in pod walls during all stages were not significantly differ-
ent between the two plots (Table 1).

The clear decrease in seed starch content of the treatment plot, which corresponded to the occurrence of un-
der-developed seeds, should be attributed, at least partly, to the decrease in seed AGPase activity, rather than
SuSy. This is because an obvious parallelism between the profile of changes in starch content and AGPase ac-
tivity in seeds (Figure 2(a) and Figure 3(a)). SuSy activity in the treatment plot certainly decreased at the first
half of seed development, but was not different at the second half, compared with the control (Figure 4(a) and
Table 1). The carbohydrates, mainly sucrose, from source organs could not be transported sufficiently to the
seeds in the treatment plot due to the disorder of source-to-starch metabolism in developing seeds. These surplus
carbohydrates might be inevitably stored in pod walls, resulting in a relatively higher level of starch in this organ
(Figure 2(b)). This accumulation of starch was also suggested from higher level of AGPase activity in pod walls
(Figure 3(b)). On the other hand, no apparent changes were found in the pod-wall SuSy activity in the treatment
plot (Figure 4(b)), except for the delay of the profile.

4. Discussion

AGPase has been well known as a key enzyme of starch biosynthesis in developing endosperms and seeds,
leaves and other starch accumulating plant organs [9]. In addition to its fundamental contribution to starch bio-
synthesis, AGPase plays an important role in the responses against temperature stress in several plants [10]. In-
fluences of low temperature have not been fully examined in pea.

The present study may be the first trial to exhibit the relationship between AGPase activity and seed abortion,
or unfilled pods, in developing pea seeds under low temperature and low solar irradiation conditions, although
more data accumulation will be needed. In rice, Ahmed et al. [11] examined the effects of cold stress (12°C) on
the activity of sucrose-to-starch metabolism enzymes. They showed that low temperature reduced the activities
of enzymes including AGPase, and excluding granule-bound starch synthase. This stress did not affect grain
weight, but increased amylose content of endosperm.

Avoidance of seed abortion or unfilled pods in developing pea seeds under adverse conditions is basically
provided to prevent these stresses through appropriate cultivation control. As one of the other ways, breeding of
tolerant pea genotypes could be considered, although genetic variation for the occurrence of unfilled pods in pea
remained not to be fully understood (personal communication). Saripalli and Gupta [10] reviewed the thermoto-
lerant or thermostable variants of AGPase molecule in relation to the development of heat tolerant crops. These
thermostable variants could be obtained from many kinds of amino acid substitution by mutagenesis in maize
[12] [13], by transgenic approach to introduce altered AGPase large-subunit showing insensitivity against the
inhibition by inorganic phosphate in wheat [14], rice [15], and maize [12]. Also in pea plants, these mutants with
thermostable AGPase would be introduced in the future breeding program, while other important factors as su-
crose transporters [16] and other enzymes in starch biosynthesis than AGPase [6] [17] [18] should be considered
for this problem.

5. Conclusion

In Japan, particularly in Wakayama Prefecture, under-development of seeds in garden peas in greenhouse culti-
vation is one of the serious problems for pea growers, because this results in unfilled pods which showed normal
appearance but include disordered seeds. This phenomena is caused by low solar irradiation and low tempera-
ture after flowering stage. The present study clarified that the under-development of pear seeds caused by the
environmental factors were strongly associated with abnormal sucrose-to-starch metabolism in developing seeds
and pods with decreased activities of relating enzymes, particularly of AGPase. Thermostable AGPases and
their underlying alleles could be one of the genetic resources to overcome this problem, in addition to environ-
mental control. This problem is not only peculiar to a local region in Japan, but also can occur in any places of
garden pea cultivation.
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