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Abstract 

 We had previously demonstrated that expression of a cytoplasmic-localized ADPglucose 

pyrophosphorylase (AGPase) mutant gene from Escherichia coli in rice endosperm resulted in 

enhanced starch synthesis and, in turn, higher seed weights (Sakulsingharoj et al. 2004).  In this 

study, the levels of the major primary carbon metabolites were assessed for wildtype and four 

transgenic CS8 rice lines expressing 3- to 6-fold higher AGPase activity.  Consistent with the 

increase in AGPase activity, all four transgenic CS8 lines showed elevated levels of ADPglucose 

(ADPglc) although the extent of increases in this metabolite were much higher than the extent of 

increases in starch as measured by seed weight.  Surprisingly, the levels of several other key 

intermediates were significantly altered.  Glc 1-P, a substrate of the AGPase reaction, as well as 

UDPglc and Glc 6-P were also elevated to the same relative extent in the transgenic lines 

compared to wildtype control.  Analysis of metabolite ratios showed no significant differences 

between the wildtype and transgenic lines indicating that the reactions leading from sucrose 

metabolism to ADPglc formation were in near equilibrium. Moreover, glucose and fructose 

levels were also elevated in three transgenic lines that showed the largest differences in 

metabolites and seed weight over wildtype suggesting the induction of invertase.   Overall, the 

results indicate that the AGPase catalyzed reaction is no longer limiting in the transgenic lines, 

and constraints on carbon flux into starch are downstream of ADPglc formation, resulting in an 

elevation of precursors upstream of ADPglc formation.   

 

Keywords: Keyword: ADPglucose pyrophosphorylase, starch biosynthesis, endosperm, 

glgC, rice, mass spectrometry 
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Introduction 

Global improvement of plant productivity and crop yield is a high priority to meet the 

challenge of feeding the world’s growing population which is expected to reach 8 billion by the 

year 2020 (Choi et al. 1998).  Crop yield is dependent on many factors including environmental 

conditions and nutritional inputs and the genetic potential for plant growth and development.  

The latter is controlled by source-sink relationships where sugars and amino acids generated by 

the photochemical and dark reactions of photosynthesis and nitrogen metabolism in source 

leaves, are transported and assimilated by heterotrophic sink organs (Edwards et al. 2000,Okita 

et al. 2001,Tegeder and Weber 2006).   

During the vegetative stage, most of the photoassimilates (e.g. sucrose and amino acids) are 

utilized for plant growth and development.  However, during the reproductive stage, plants 

convert the bulk of the photosynthate into storage reserves as proteins, carbohydrates and lipids.  

Therefore, the capacity for synthesis of starch, proteins, and lipids in seeds of staple economic 

crops, like rice, maize and wheat, is an important consideration for enhancing yield.  

In cereals, the principal storage reserve is starch which constitutes ~78% of the dry weight 

of the grain (Singh and Juliano 1977).  One key regulatory step that controls the flux of carbon 

into starch is catalyzed by ADPglucose pyrophosphorylase (AGPase) (Hannah 1997,Preiss et al. 

1991,Sakulsingharoj et al. 2004,Slattery et al. 2000,Smith et al. 1997).  In photosynthetic tissues, 

the catalytic activity of this enzyme is controlled by its allosteric regulatory responses to the 

activator 3-PGA and inhibitor Pi.  Several of the AGPase isoforms are also finely regulated by 

redox control where the catalytic activity of the oxidized form is suppressed compared to the 

reduced form of the enzyme at low 3-PGA levels (Tiessen et al. 2002).   In most tissues where 

starch is synthesized, AGPase is localized in the chloroplast or amyloplast, the site of starch 
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synthesis and accumulation.   The exception is in starch synthesis in amyloplasts of the cereal 

endosperm where two forms of the enzyme are present: a major cytoplasmic form and a minor 

plastidal form (Denyer et al. 1996,Sikka et al. 2001,Thorbjornsen et al. 1996).   

 In previous studies from our laboratories, we introduced the Escherichia coli glgC triple 

mutant (glgC-TM) gene into rice and targeted expression to either the cytoplasm or amyloplasts 

of developing endosperm (Sakulsingharoj et al. 2004).  This mutant AGPase contains three 

amino acid replacements, R67K, P295D, and G366D which renders the enzyme essentially 

independent of allosteric regulation, i.e. does not require any activators for catalytic activity  and 

is insensitive to the inhibitor Pi (Preiss et al. 1994).  When assessed under Pi-inhibitory 

conditions to suppress the activity of the endogenous AGPase catalytic activity, the transgenic 

plants showed up to 13-fold higher AGPase activity.  However, only transgenic plants expressing 

the glgC-TM  in the cytoplasm (CS8 lines) and not the amyloplast had a higher rate of 

conversion of sucrose into starch, and bore seeds having up to 11% increase grain weight 

compared to the wildtype control (Sakulsingharoj et al. 2004).   These results demonstrate that 

the AGPase reaction is one of the limiting factors of starch biosynthesis and that the carbon flux 

into starch can be enhanced by increasing the net catalytic activity of this enzyme.  Moreover, 

the results also supported the view that the major pathway leading to ADPglc synthesis and, in 

turn, starch biosynthesis, is cytoplasmic. 

Results from CO2 enrichment experiments suggested that ADPglc formation in the CS8 

transgenic rice plants was no longer a limitation in starch synthesis and that one or more other 

steps was limiting (Sakulsingharoj et al. 2001).  To gain further insight on this process, we 

analyzed the levels of the major carbon metabolites in selected transgenic CS8 lines and 

wildtype.  As expected, ADPglc levels were elevated in the transgenic lines, which accounted for 
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the increase in grain weights of mid-developing and mature seeds.  Interestingly, the precursor 

metabolites, Glc 1-P and UDPglc, that lead to formation of ADPglc, were also elevated to the 

same extent, indicating that ADPglc may be reaching saturating levels and that a downstream 

process, i.e. the transport or utilization of this sugar nucleotide, is now the major limitation in 

starch synthesis. 

Results 

 

AGPase activity of wildtype and CS8 rice 

 Four independent, homozygous transgenic CS8 lines expressing a cytoplasmic E. coli 

AGPase TM enzyme as well as wildtype plants were grown to maturity under controlled 

environmental conditions.  Samples of mid-developing seeds from three plants of each line were 

collected and assayed for AGPase activity.   When measured in the presence of Pi to suppress the 

catalytic activity of the endogenous endosperm AGPase, the various CS8 lines showed a 3- to 6-

fold increase in AGPase activity compared to wildtype plants (Table 1).  As these transgenic 

plants were fifth generation progeny from the initial transformation event, expression of the 

integrated transgene in each of these CS8 lines was stable and not subjected to gene silencing. 

 

Comparison of seed weight and seed morphology with wildtype and CS8 rice 

 The effect of enhanced cytoplasmic AGPase activity on starch synthesis during seed 

maturation was evaluated by measuring the weights of developing and mature grains.  From 

analysis during the  developing stage (13 days after flowering), all of the CS8 rice lines showed 

an increase in total grain weight varying from 7 to 24% as compared to wildtype (Table 1).   

Likewise, mature seeds from the various transgenic lines showed a significant increase in grain 
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weight (7 to 15%) compared to wildtype (Table 2).  The increase in grain weight observed for 

the transgenic plant lines was accompanied by an increase in grain size (Fig. 1).  Interestingly, 

these increases were also reflected not only in the seed themselves, but also in the seed coat, 

where the weight of the outer seed hulls was also observed to be elevated in the transgenic lines. 

 

Carbon metabolism in upregulated cytoplasmic AGPase rice  

 The major primary carbon metabolites were analyzed in developing seeds of wildtype 

and the four independent CS8 transgenic rice lines (Table 3).  Each metabolite value was an 

average of the quantities measured from samples of developing seeds derived from three plants 

of each CS8 transgenic line.  Consistent with the elevated AGPases activity levels, ADPglc 

levels were elevated in all of the transgenic lines, CS8-3, CS8-13, CS8-18 and CS8-29, 

compared to wildtype.  This increase in ADPglc levels, however, was not proportional to the 

increase in levels of AGPase activity measured in the various transgenic lines.  Although CS8-18 

had nearly twice the levels of AGPase activity than CS8-29, it had lower levels of ADPglc, and 

as noted earlier, lower seed weight than other transgenic lines. In general, higher ADPglc levels 

corresponded to higher seed weight. The lowest (29%) and highest (46%) increases in ADPglc 

levels were seen for CS8-18 and CS8-29, respectively.    

Surprisingly, there were significant increases in nearly all of the other metabolites 

measured.  With the exception of GDPglc and sucrose, the levels of the major primary carbon 

metabolites, Glc 6-P, Glc 1-P and UDPglc, were significantly elevated compared to the wildtype 

control.   As seen earlier for ADPglc, CS8-18 showed the smallest increase in the levels of these 

metabolites while the other three transgenic lines showing significantly larger increases. 
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Interestingly, three of the transgenic lines showed significant increases in fructose and 

glucose levels.  The increases in hexoses suggest a more active invertase activity in these 

transgenic plants as reflected by the apparent equilibrium values [(Glc)(Fru)/(Suc)] for CS8-3, 

CS8-13 and CS8-29 (Table 2).  The fourth transgenic line, CS8-18, appeared to have somewhat 

increased glucose levels (though not significant at P = 0.05) while fructose levels were 

essentially unchanged from that of the wildtype.    

 

Discussion 

Crop yields are governed by source-sink relationships.  As starch comprises ~78% of dry 

weight of rice seed, the rate and capacity for carbon flux into this storage product has a large 

impact on sink strength in rice (Singh and Juliano 1977).   A key regulatory step in starch 

biosynthesis is catalyzed by AGPase whose activity is governed by the relative amounts of the 

activator 3-PGA to inhibitor Pi.   As Pi is a potent inhibitor of the enzyme even in the presence 

of equimolar amounts of the activator 3-PGA, it is likely that this reaction is one of the rate-

limiting steps of starch biosynthesis.    Indeed, the expression of a highly active, allosteric-

insensitive bacterial AGPase results in a higher flux of carbon into starch in potato tubers (Stark 

et al. 1992,Sweetlove et al. 1996) and in developing rice seeds (Sakulsingharoj et al. 2004).  A 

similar situation was observed in maize where expression of a naturally occurring Pi –insensitive 

AGPase coded by Shrunken2 rev6 resulted in increase starch content and, in turn, kernel weight 

(Giroux et al. 1996).   

Our studies showed that the cytoplasmic-localized, but not plastid-localized, AGPase 

catalyzed reaction is a limiting step in starch biosynthesis in developing rice seed.  Further 

efforts to enhance starch synthesis in developing rice seeds by growing the transgenic CS8 plants 
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under elevated CO2, however, did not further increase grain weight (Sakulsingharoj et al. 2004).  

Since elevated CO2 enhances photosynthesis and increases sucrose levels to the developing seed 

(Chen and Sung 1994,Rowland-Bamford et al. 1996), the lack of CO2-stimulated starch synthesis 

suggested that the AGPase catalyzed step was no longer limiting in rice and that one or more 

other processes became more important in controlling carbon flux into starch (Okita et al. 2001).    

To further characterize these rice transgenic lines, we conducted a more in-depth study of their 

biochemical properties and traits.  All four transgenic CS8 lines exhibited higher AGPase 

activity levels than wildtype and showed higher seed weights during mid-development and at 

final maturation.  Although all of the CS8 transgenic lines produced seeds of higher weight, there 

was no obvious correlation between the increase in AGPase activity (3 to 6 fold higher than 

wildtype) and extent of increases in seed weight.  This suggests a 3-fold increase in AGPase 

activity is sufficient to overcome limitations by this step in starch synthesis. The lack of 

correlation between AGPase activity and starch biosynthesis was clearly apparent for CS8-18 

line which had the highest AGPase activity but the lowest increase in grain weight of the four 

CS8 transgenic lines studied.  This lack of correlation may infer an inhibition of starch synthesis 

when AGPase activity becomes excessively high.  However, we think that this is an unlikely 

explanation as the cytoplasmic synthesis of ADPglc is spatially isolated from amyloplast-

localized events of starch synthesis.  A more likely possibility is that sucrose loading into the 

seeds of CS8-18 is not as efficient as for the other transgenic lines as suggested by sugar levels. 

Combined sucrose and hexose levels (total sugars, Table 3) in developing seeds of CS8-18 were 

the lowest of the four transgenic lines and comparable to wildtype.  Hence, the lower levels of 

sugars might reflect a comparably reduced sucrose transport and, in turn, metabolic flux leading 

to ADPglc formation.  
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Interestingly, in addition to increases in grain weight, the weight of the outer seed hull of 

the four CS8 transgenic rice lines was also elevated compared to the wildtype.  Seed hull weights 

were found to increase from 6 to 24% with CS8-18 showing the smallest increase and C8-29 

showing the highest increase.   It has been suggested that the rigid hull of rice limits the grain 

size (Yoshida, 1981).  These increases in seed coat indicate that the growth of the outer hull is 

not rigidly set.  Instead, the growth of the seed hull is elastic and can accommodate the increases 

in seed volume (Fig. 1) mediated by increase starch synthesis.  

All of the transgenic CS8 lines had significantly higher levels of ADPglc than wildtype 

plants which resulted in these CS8 transgenic lines producing seeds of higher weight.  The extent 

of increase of ADPglc levels, however, did not translate to comparable increases in starch as 

reflected by grain weight.  For example, ADPglc levels were elevated from 29-46% among the 

four transgenic lines, whereas increases in seed weight were much lower and ranged from 7-

15%, the latter may be the maximum ceiling increase in starch production by enhancing AGPase 

activity.    These results, together with the absence of any further increase in grain weight in 

transgenic rice plant grown under elevated CO2, indicate that ADPglc biosynthesis is no longer a 

limiting step in starch biosynthesis and that one or more other reactions now constrains carbon 

flux into starch.   Analysis of the other major carbon metabolites in these transgenic lines 

provides important insights in this process. 

The principal pathway leading to starch synthesis in cereal endosperm is the breakdown of 

sucrose into UDPglc and fructose (step 3, Fig. 2) followed by the metabolism of UDPglc to Glc 

1-P (step 6).  The resulting Glc 1-P together with ATP is then converted into ADPglc (step 8).   

The cytoplasmic produced ADPglc is then transported into the amyloplast (step 9) where it 

serves as a substrate for various starch synthase activities (step 10).  Analysis of the major 
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metabolites formed from sucrose metabolism showed that they were also elevated compared to 

the wildtype.  The largest increases were seen for Glc 1-P (32-61%) followed by Glc 6-P (18-

50%), and, in turn, followed by UDPglc (15-39%).  In all instances, the smallest increases in 

these metabolites were displayed by CS8-18 which also showed the smallest increases in seed 

weight compared to the wildtype.    

Despite the range of increases, these metabolites are apparently in near equilibrium as 

indicated when the relative ratios of these metabolites are determined.  This is best illustrated by 

the ratio of Glc 6-P/Glc 1-P which is 17.9 in the wildtype and 15.9 to 16.7 in the various CS8 

transgenic lines.  The measured wildtype Keq value is very close to the Keq of 19-20 for this 

reaction.  The ratios of ADPglc/Glc 1-P,  ADPglc/UDPglc and Glc 1-P/UDPglc were nearly 

constant among the four CS8 transgenic and wildtype lines.   These constant metabolite ratios 

indicate that the metabolites, although elevated in the CS8 transgenic lines, are in apparent 

equilibrium although at a higher steady state level, reflecting the increased metabolite flux to 

starch synthesis.     

What accounts for the increases in the upstream metabolite precursors that lead to ADPglc 

synthesis? The simplest explanation is that the AGPase catalyzed reaction no longer limits the 

flow of carbon into starch and that processes downstream of ADPglc formation now control the 

rate of starch synthesis.  The limitation in these downstream processes would affect not only the 

levels of ADPglc but also metabolites upstream of ADPglc synthesis.  The latter condition 

occurs because the reactions from sucrose degradation to ADPglc formation are reversible (see 

Fig. 2).  For example, the AGPase reaction has a Keq of about 1.0 (Tiessen et al. 2002).   Under 

steady state conditions, because of the inability of downstream processes to utilize all of the net 

increases of ADPglc in the CS8 transgenic lines, the elevated ADPglc levels would result in 
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increasing Glc 1-P levels by the reverse AGPase reaction.  In turn, the elevated Glc 1-P levels 

would increase Glc 6-P and UDPglc levels, via the reversible phosphoglucomutase and UDPglc 

pyrophosphorylase reactions, respectively.  Sucrose may also be re-synthesized by the reverse 

sucrose synthase reaction,although this is not readily apparent by metabolite measurements. 

Interestingly, glucose levels are significantly increased in CS8-3 and CS8-29 over wildtype 

suggesting the induction or activation of invertase activity.   

Limitation in ADPglc utilization can occur at multiple downstream processes.  These 

downstream steps include the transport of ADPglc from the cytoplasm to the amyloplast, and the 

utilization of this sugar nucleotide for starch synthesis.   Limitation in branching and 

debranching activities could also indirectly affect the utilization of ADPglc as suggested by 

pleiotrophic effects of mutations in defined starch biosynthetic genes on the activities of other 

starch biosynthetic enzymes and the association of specific starch synthase and branching 

enzyme activities to form enzymatically active multisubunit complexes (Hennen-Bierwagen et 

al. 2008,Tetlow et al. 2008).  Although sub-saturating activity levels of the various  starch 

biosynthetic enzymes cannot be totally excluded as a possible cause for the suboptimal 

utilization of ADPglc in these transgenic rice plants, there is evidence indicating that the starch 

synthases are unlikely to be a limiting factor in starch synthesis.  Loss of starch synthase I or 

starch synthase IIIa, the two major activities in developing rice endosperm, appeared to have 

very little effect on the extent of starch accumulation (Fujita et al. 2006,Fujita et al. 2007).  

Hence, starch synthase activities are apparently present at excess levels and able to accommodate 

net increases in ADPglc during rice endosperm development.  Of the various processes, the 

transport of ADPglc may be the more important limiting factor in starch synthesis in these 

transgenic rice plants.  Such a view is supported by studies in potato where transport of ATP into 
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tuber amyloplasts is a limiting step in ADPglc formation and, in turn, starch biosynthesis (Tjaden 

et al. 1998). 

The net increase in ADPglc levels may affect  the amylose to amylopectin ratio.   

Transgenic potato tubers expressing an ATP/ADP transporter had higher ADPglc levels and 

higher amylose:amylopectin ratio (Geigenberger et al. 2001).  Synthesis of amylose is favored 

with increasing ADPglc levels as the granule bound starch synthase, which is responsible for 

amylose synthesis, has significantly higher affinity for this sugar nucleotide substrate than other 

starch synthases (Smith et al. 1997).   

The synthesis and degradation of ADPglc would appear to be a futile cycle.  It should be 

pointed out, however that the formation of ADPglc from sucrose or the formation of sucrose 

from ADPglc is energy neutral where energy consumed at one step is regenerated at another step.  

Hence, energy generated by ATP hydrolysis in the AGPase reaction is balanced by the formation 

of UTP in the UGPase reaction.   Likewise, consumption of high energy PPi by UGPase is 

regenerated by the AGPase reaction.  

Our results differ substantially from those reported by Smidansky et al. (Smidansky et al. 

2002,Smidansky et al. 2003) who showed that transgenic rice and wheat lines expressing a maize 

AGPase large subunit Sh2r6hs gene displayed higher yields stemming mainly from a higher 

number of seeds per panicle and enhanced number of reproductive organs, and not from increase 

seed weight.  The larger number of seeds per rice panicle or wheat head suggests a reduction in 

seed abortion by expression of the variant AGPase large subunit gene.   Moreover, unlike the 

condition observed in this study, ADPglc, UDPglc, Glc 1-P and Glc 6-P levels remained 

essentially unchanged between the wheat transgenic and a segregating untransgenic sibling 

(Smidansky et al. 2007).  
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Overall, our results showed that the sink strength of developing rice seeds can be increased 

by enhancing the net catalytic activity of the cytoplasmic-localized AGPase activity.  Analysis of 

the major metabolites in the transgenic rice lines showed that the catalytic reactions leading to 

ADPglc are no longer limiting and that further improvements in increasing carbon flux into 

starch are situated downstream of ADPglc formation and occur at the transport of this sugar 

nucleotide into the amyloplast or its utilization by starch synthases.     

 

Materials and Methods 

 

Plant materials and growth conditions  

 Wildtype rice (Oryza sativa L. cv Kitaake) and four independent, fifth generation 

transgenic lines, CS8-3, CS8-13, CS8-18 and CS8-29, expressing an up-regulated, cytoplasm-

targeted E. coli glgC-TM were grown in 2 gallon pots in a controlled environmental growth 

chamber under a 12 h photoperiods at 26oC during the day and 22oC at night.  Photosynthetic 

photon flux density was 2,000 µmol m-2 s-1 and relative humidity was 80%.  Rice plants were 

fertilized twice per week with Peter’s Fertilizer with the second application containing an 

additional 1 mM potassium phosphate added to prevent phosphate deficiency. 

 

AGPase activity assay 

Approximately 13 days after flowering, 10 immature rice seeds from each plant were 

randomly selected, grounded to a powder in liquid nitrogen and then resuspended in 1 ml of 

extraction buffer containing 20% (w/v) sucrose, 50 mM Hepes-NaOH, pH 7.5, 5 mM MgCl2, 1 
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mM EDTA, 5 mM DTT, 1 mM PMSF, 1 µg/ml pepstatin, and 1 µg/ml leupeptin.  The 

homogenate was centrifuged at 12,000 x g for 15 min at 4oC and the supernatant was 

immediately used for the assay of AGPase enzyme activity.  

AGPase activity was assayed in the pyrophosphorolysis direction, which measures the 

formation of [32P] ATP from 32PPi.  The reaction mixture contained 100 mM Hepes-NaOH, pH 

7.5, 5 mM DTT, 7 mM MgCl2, 10 mM NaF, 1 mM ADP-glucose, 0.4 mg/ml BSA, 1.5 mM 

NaPPi and 2000-2500 cpm/ml 32PPi in the presence or absence of 10 mM potassium phosphate. 

The reaction was initiated by adding 5 µl protein crude extract and then incubated for 10 min at 

37oC. The amount of ATP formed was measured as described in Laughlin et al. (1998). Protein 

concentrations were determined using the advanced protein assay reagent (Cytoskeleton Inc., 

USA). 

 

Determination of biomass and seed morphology 

At maturity, all panicles of individual plants were harvested and air-dried at room 

temperature.  From the first 3 to 5 panicles to flower, 100 seeds were obtained per panicle, and 

weighed in order to calculate the average grain weight of each line. The weights of intact seeds, 

dehulled seeds and seed hulls were measured.  Images of dehulled wildtype and CS8 rice seeds 

were captured using ProgRes® C12 PlusCamera and ProgRes® Capture Pro (Version 2.0) 

software (Germany).  

 

LC-MS/MS metabolite analysis 

 

 Twenty-five developing seeds (about 13 days after anthesis) were collected from each 

plant, frozen in liquid nitrogen and then stored at -80oC.  Seed samples were ground to a fine 
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powder in liquid nitrogen, and then lyophilized for 2.5 days.  Approximately 50 mg (exact 

weight was recorded) of seed material was weighed in a 2 mL plastic tube containing two small 

stainless steel beads to facilitate extraction. A solution of 80:20 methanol:water containing 0.1N 

HCl solution was added to each sample (1.50 mL) and mixed well.  Samples were centrifuged to 

pellet particulates and the supernatant was transferred to a 13 x 100 glass test tube.  Two 

additional extractions were performed on the sample pellet with 80:20 methanol:water (no acid), 

and the supernatants from all three extractions were combined.  The combined extract was 

evaporated to dryness, reconstituted with 80:20 methanol:water containing an internal standard 

solution, sonicated and centrifuged.  The supernatant was transferred to an injection vial and 

analyzed on an LC-MS/MS.  

The LC-MS/MS analyses in this study were performed on an Agilent 1100 liquid 

chromatograph interfaced to an Applied Biosystems SciexTM 3000 triple quadrapole tandem 

mass spectrometer equipped with a TurboIonTM Spray inlet.  Prior to LC-MS/MS analysis of 

seed extracts, standards (~10 µg/mL) of the individual secondary metabolites were infused (10 

µL/min) into the mass spectrometer in order to establish the following parameters: Q1, m/z of +/- 

molecular ion; DP, declustering potential for maximum formation of molecular ion; Q3, m/z of 

product ions generated from the molecular ion; CE, collision energy for maximum formation of 

product ions; and CXP, cell exit potential.   

The rice seed metabolites monitored in this study were found to form the expected [M-

H]- molecular ion using negative mode ESI, Q1 (Table 3).   The fragment ions and the MSMS 

parameters used to quantitate each of the metabolites are listed in Table 3. 

Because of the high polarity of the rice metabolites, a HILIC phase liquid 

chromatographic column (TSKgel Amide 80, TOSOH Biosciences LLC, 100 x 2 mm, 5uM) was 
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used for separation.  A linear gradient starting at 0:100 HPLC water:acetonitrile going to 100:0 

water:acetontrile over 4 minutes at a flow rate of 500 µL/min was typically used.  To enhance 

compound ionization, the water was buffered with 10 mM ammonium acetate.   

Quantitation was achieved by creating a calibration curve for each targeted metabolite 

and using linear regression analysis on each extract.   

 

Statistical analysis  

 Analysis of variance (ANOVA) was done with the MINITAB software (Minitab Inc.). 

Dunnet’s multiple comparison tests were used to compare the values obtained between wildtype 

and CS 8 transgenic lines.  All analyses were performed at P≤ 0.05 significance level.  
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Figure legends 

 

Fig. 1. Seed morphology of wildtype and transgenic CS8 rice. 

Images of wildtype and cytoplasmic transgenic CS8 mature seeds. Representative seeds for each 

line were selected based on their weight which was identical to the mean weight for each of the 

rice lines. The white bar is 1 mm. 

 

Fig. 2. The primary carbon metabolic pathway from sucrose to starch in developing rice 

seeds.  The enzyme catalyzed reactions leading to ADPglc synthesis and subsequently into starch 

in developing rice endosperm are depicted.  The major flux of carbon from sucrose into starch 

are shown in bold arrows while minor reactions are depicted with thin arrows.  Metabolites that 

were measured by mass spectrometry are in red while those which are elevated in the transgenic 

CS8 rice lines are enclosed in boxes.  Note that in addition to increases in ADPglc, the levels of 

UDPglc, Glc 1-P and Glc 6-P are also elevated in the CS8 transgenic lines as a consequence of 

the inefficient utilization of net increases of ADPglc for starch synthesis due to a limitation in 

their transport into the amyloplast (step 9) or as substrate by starch synthases (reaction 10).    

Although not shown, limitations in starch branching enzyme and debranching enzyme activities 

may also result in suboptimal starch synthesis.  Under steady state conditions, the elevated 

cytoplasmic ADPglc levels result in the increases in Glc 1-P by the reverse pyrophosphorylysis 

reaction.  In turn, elevated levels of Glc 1-P mediate an increase in the levels of Glc 6-P and 

UDPglc by reversible reactions catalyzed by phosphoglucomutase (7) and UGPase (6), 

respectively.  Elevated levels of Glc in two of the transgenic CS8 lines suggests the induction or 

activation of invertase.  Note that very little carbon flows into starch through the plastidial 
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phosphoglucomutase (7) and AGPase (8) reactions.  1. cell wall invertase, 2. cytoplasmic 

invertase, 3. sucrose synthase, 4. hexokinase, 5. phosphoglucose isomerase, 6. UGPase, 7. 

cytoplasmic and plastidial phosphoglucomutase, 8. cytoplasmic and plastidial AGPase, 9. 

ADPglc transporter, and 10. starch synthases. 
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Table 1.  Net increases in AGPase activity and grain weights of 13 day old developing seeds 
from wildtype and CS 8 transgenic lines.  AGPase activity was measured from three plants of 
each plant line in the phosphorolysis direction in the presence of 10 mM Pi to suppress the 
endogenous enzyme activity.   
    AGPase activity Immature seed weight 

Line N µmol/min/mg  % mg seed-1 % 

Wildtype 3 0.03 ± .01 100 26.4 ± 0.8 100 
CS 8-3 3 0.17 ± .03 550 31.1 ± 1.0 118 

CS 8-13 3 0.09 ± .03 290 30.3 ± 0.5 115 
CS 8-18 3 0.19 ± .03 620 28.1 ± 0.5 107 
CS 8-29 3 0.10 ± .02 330 32.7 ± 0.1 124 
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Table 2.  Seed weights of wildtype and transgenic CS8 rice lines. 
Mean weight values (±SE) for intact grain (seed plus hull), seed, and hull were measured from six or 
seven plants (N) per line. The values in parentheses denote the percentage of seed weight compared to 
wildtype.  An asterisk indicates that there is a statistically significant difference at the 95% confidence 
level compared to wildtype. 
    intact grain %   seed  %   seed hull % 

Line N       mg seed-

1         

wildtype 7 26.7 ± 0.6 100  22.4 ± 0.5 100  4.3 ± 0.1 100 

CS8-3 7 29.8 ± 0.2 111  24.9 ± 0.2 111  4.9 ± 0.1 114 

CS8-13 6 30.1 ± 0.2 113  25.3 ± 0.2 113  4.8 ± 0.1 111 

CS8-18 7 28.5±  0.3 107  23.9 ± 0.3 107  4.6 ± 0.1 106 

CS8-29 7 30.6 ± 0.2 115   25.3 ± 0.2 113   5.4 ± 0.1 124 
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Table 3.  Metabolite levels in 13 day old developing seeds from wildtype and transgenic CS8 rice lines. Mean values or ratio ±SE were calculated from samples 
taken from three plants per lines. Parentheses indicate percentage of metabolite content compared to wildtype. An asterisk indicates that there is a statistically significant 
difference at the 95% confidence level compared to wildtype. 

 

 
 

Wildtype % CS 8-3 % CS 8-13 % CS 8-18 % CS 8-29 % 
Metabolites nmol seed-1 or ratio of metabolites 

G6P 41.3 ± 0.5 (100) 56.6 ± 2.7* (137) 54.5 ± 1.9* (132) 48.5 ± 2.2 (118) 61.9 ± 1.0* (150) 
G1P 2.31 ± 0.05 (100) 3.45 ± 0.18* (149) 3.30 ± 0.17* (143) 3.06 ± 0.17* (132) 3.71 ± 0.1* (161) 
ADPglc 0.72 ± 0.01 (100) 1.02 ± 0.04* (142) 1.02 ± 0.06* (142) 0.93 ± 0.06* (129) 1.05 ± 0.05* (146) 
GDPglc 0.028 ± 0.001 (100) 0.030 ± 0.004 (107) 0.029 ± 0.003 (104) 0.035 ± 0.002 (125) 0.026 ± 0.003 (93) 
UDPglc 3.82 ± 0.01 (100) 5.21 ± 0.38* (136) 4.69 ± 0.18 (123) 4.40 ± 0.21 (115) 5.31 ± 0.12* (139) 
Fructose 1649 ± 51 (100) 1948 ± 182 (118) 1786 ± 52 (108) 1621 ± 65 (98) 1959 ± 62 (119) 
Glucose 1558 ± 22 (100) 2089 ± 188* (134) 1771 ± 19 (114) 1650 ± 6 (106) 2023 ± 62* (130) 
Sucrose 7409 ± 234 (100) 7618 ± 591 (103) 7323 ± 268 (99) 7169 ± 320 (97) 8189 ± 141 (111) 
G6P+G1P 43.6 ± 0.5 (100) 60.1 ± 2.8* (138) 57.8 ± 1.9* (133) 51.6 ± 2.3* (118) 65.6 ± 0.9* (151) 
Glc 4.54 ± 0.02 (100) 6.23 ± 0.42* (137) 5.71 ± 0.24* (126) 5.34 ± 0.27 (118) 6.36 ± 0.15* (140) 
Total sugars 10617 ± 188 (100) 11654 ± 961 (110) 10881 ± 321 (103) 10440 ± 264 (98) 12171 ± 47 (115) 
(Glc)(Fruc)/Suc 348 ± 22 (100) 534 ± 57 (153) 432 ± 5 (124) 376 ± 32 (108) 486 ± 39 (140) 
(Fruc)(UDPglc)/Suc 0.86 ± 0.05 (100) 1.33 ± 0.11 (155) 1.14 ± 0.04 (133) 1.01 ± 0.14 (117) 1.27 ± 0.09 (148) 
G6P/Glc 0.027 ± 0.000 (100) 0.027 ± 0.002 (100) 0.031 ± 0.001 (115) 0.029 ± 0.001 (107) 0.031 ± 0.001 (115) 
G1P/UDPglc 0.60 ± 0.01 (100) 0.66 ± 0.02 (110) 0.71 ± 0.04 (118) 0.69 ± 0.02 (115) 0.70 ± 0.02 (117) 
G6P/G1P 17.9 ± 0.6 (100) 16.4 ± 0.2 (92) 16.6 ± 1.0 (93) 15.9 ± 0.4 (89) 16.7 ± 0.7 (93) 
ADPglc/G1P 0.31 ± 0.01 (100) 0.30 ± 0.01 (97) 0.31 ± 0.02 (100) 0.30 ± 0.01 (97) 0.28 ± 0.02 (90) 
ADPglc/UDPglc 0.19 ± 0.00 (100) 0.20 ± 0.01 (105) 0.22 ± 0.00* (116) 0.21 ± 0.00* (111) 0.20 ± 0.01 (105) 
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Table 4.  The mass spectrometry values used for metabolite 
quantitation 
 m/z    
Analyte Q1 Q3 DP (V) CE (V) CXP (V) 

Glc 6-P 258.9 139.1 -34 -21 -6 
Glc 1-P 258.8 240.9 -32 -18 -14 
ADPglc 588.1 345.9 -35 -35 -22 
GDPglc 604.2 361.8 -33 -36 -22 
UDPglc 565.1 322.9 -35 -34 -22 
sucrose 341.1 178.9 -56 -20 -10 
fructose 179.1 113.1 -29 -12 -5 
glucose 179.1 119 -30 -10 -5 
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