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Abstract: ADP-glucose pyrophosphorylase (AGPase), the key enzyme in starch synthesis, consists of
two small subunits and two large subunits with cytosolic and plastidial isoforms. In our previous
study, a cDNA sequence encoding the plastidial small subunit (TaAGPS1b) of AGPase in grains of
bread wheat (Triticum aestivum L.) was isolated and the protein subunit encoded by this gene was
characterized as a truncated transit peptide (about 50% shorter than those of other plant AGPS1bs).
In the present study, TaAGPS1b was fused with green fluorescent protein (GFP) in rice protoplast
cells, and confocal fluorescence microscopy observations revealed that like other AGPS1b containing
the normal transit peptide, TaAGPS1b-GFP was localized in chloroplasts. TaAGPS1b was further
overexpressed in a Chinese bread wheat cultivar, and the transgenic wheat lines exhibited a significant
increase in endosperm AGPase activities, starch contents, and grain weights. These suggested that
TaAGPS1b subunit was targeted into plastids by its truncated transit peptide and it could play an
important role in starch synthesis in bread wheat grains.
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1. Introduction

Starch is one of the primary plant carbohydrate reserves in higher plants and it is composed of
two different types of glucose (Glc) polymers: amylose (a linear polymer composed of α-1,4-glucosidic
link chains) and amylopectin (a highly branched glucan with α-1,6 glucosidic bonds that connect
linear chains) [1]. Adenosine diphosphate glucose pyrophosphorylase (AGPase, EC 2.7.7.27) converts
glucose-1-phosphate (G-1-P) and ATP to adenosine diphosphate glucose (ADP-Glc). Granule-bound
starch synthase (GBSS, EC 2.4.1.242) is mainly involved in amylose production, whereas soluble
starch synthase (SS, EC 2.4.1.21), starch branching enzyme (BE, EC 2.4.1.18), and starch debranching
enzyme (DBE) (isoamylase, ISA, EC 3.2.1.68; pullulanase, PUL, EC 3.2.1.41) work together, with
distinct roles to catalyze the amylopectin synthesis [2,3]. Disproportionating enzyme (DPE, EC 2.4.1.25)
and phosphorylase (PHO, EC 2.4.1.1) have been thought to function in the initiation step of starch
biosynthesis, although their precise mechanisms of action remain obscure [2].
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AGPase is thought to be the key enzyme of starch biosynthesis, because ADP-Glc catalyzed by
this enzyme is the precursor for the synthesis of both amylose and amylopectin [1]. In transgenic
Arabidopsis thaliana plants expressing a bacterial β-glucuronidase (GUS) gene under the control of
the AGPS gene promoter, the expression patterns of GUS gene followed closely the AGPS protein
location and starch production in plant tissues/cells, indicating the essential function of AGPase
subunits in starch synthesis in higher plants [4]. AGPase is a homotetramer (α4) in bacteria,
whereas it is a heterotetramer in higher plants, in which each molecule carries two smaller subunits
(AGPS or SSU = α2) and two slightly larger subunits (AGPL or LSU = β2). Thus, AGPase in higher
plants is an α2β2 heterotetramer [5]. AGPSs form a homotetrameric enzyme exhibiting normal catalytic
properties, AGPLs provide the enzymatic regulatory properties, which increase the allosteric response
of AGPSs to 3-phosphoglyceric acid (3-PGA) and inorganic phosphate (Pi), and these two subunit
types are essential for normal AGPase activity [6]. In higher plants, starch synthesis takes place inside
plastids (the leaf chloroplasts in photosynthetic organs and the grain amyloplasts in non-photosynthetic
starch-storing organs) [7]. In graminaceous species, AGPases have cytosolic and plastidial isoforms
and these two types function independently to produce starch. Thus, there are four types of AGPase
subunits in plant cells: cytosolic AGPS, cytosolic AGPL, plastidial AGPS, and plastidial AGPL. In plant
leaf tissue, AGPase generally occurs only in plastids. In the grain endosperm of most cereal crops,
however, the predominant form of AGPase occurs in the cytosol and only a minor form resides in the
amyloplasts [8]. For instance, cytosolic AGPase activity represents approximately 85% and 95% of
the total AGPase activity in developing endosperms of barley and maize, respectively [9,10]. These
account for the importance of cytosolic AGPase for starch synthesis in these species. These have
also been demonstrated by low-starch mutants of barley and maize which lack the cytosolic form of
AGPase [11].

Together with maize and rice, bread wheat is one of three most important crops globally, and it
provides approximately 20% of the total food calories and proteins for the human diet [12]. Unlike in
barley and maize, however, the proportion of plastidial AGPase activity is higher in wheat endosperm,
and approximately 30% of endosperm AGPase activity in wheat [13] is plastidial compared with about
15% in barley [14] and 5% in maize [9]. These suggest that, besides cytosolic AGPase, plastidial AGPase
also plays important role in endosperm starch synthesis in bread wheat. In rice, the model species
of monocotyledonous plants, the AGPase gene family consists of two AGPS genes, OsAGPS1 and 2,
and four AGPL genes, OsAGPL1-4. OsAGPS2 generates two transcripts, OsAGPS2a and OsAGPS2b.
OsAGPS2b and OsAGPL2 subunits are localized to the cytosol, whereas the other subunits present
in the plastids. In barley and bread wheat, two genes encoding the AGPSs (AGPS1 and AGPS2) of
AGPase have been identified. AGPS2 gives rise to a single transcript encoding a plastidial AGPS.
Similar with OsAGPS2 gene, AGPS1 in these two species gives rises to two transcripts by use of the
alternative first exons. One of the alternative first exons, exon1b (AGPS1b), encodes a transit peptide
for targeting its precursor protein to plastids. The other first exon, exon 1a, is shorter than exon 1b and
does not contain a predicted transit peptide. This suggests that one of the proteins encoded by AGPS1
is cytosolic (AGPS1a) and the other is plastidial (AGPS1b). The amino acid sequences of AGPS1a and b
subunits in these two species are identical over 90% of their length, and differ only at their N termini.
The predicted N-terminal domain unique to the plastidial AGPS1 in bread wheat and barley contains
a transit peptide, whereas the predicted N-terminal domain of the cytosolic protein is shorter than a
typical transit peptide and lacks a consensus transit peptide cleavage site [7,10].

In our previous study, a cDNA sequence (GenBank accession No. EU586278) encoding one
transcript of TaAGPS1b was isolated from grains of some Chinese bread wheat cultivars. Compared
with another TaAGPS1b transcript in bread wheat, this isolated transcript lacked a long fragment
(117 bp) at its 5′ terminal, resulting in a truncated transit peptide [15]. The predicated transit peptide of
this AGPase subunit merely contained 25 amino acids, considerably shorter than those of other plant
AGPS1bs (54–70 amino acids). Although it lacked a long fragment at its 5′ terminal, the predicated
transit cleavage site (R|A) of this TaAGPS1b subunit was the same as those of other cereal AGPS1bs.
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Their amino acid residues behind the transit peptides also shared high similarities. Thus, we speculated
that the capacity of the transit peptide for our isolated TaAGPS1b subunit, and the catalytic function of
the AGPase enzyme, composed by this plastidial small subunit and the related AGPase plastidial large
subunit, could not be changed. To test this speculation, in the present study, TaAGPS1b (EU586278)
was fused with the green fluorescent protein (GFP) and then transformed into rice protoplasts for
subcellular localization analysis. Its overexpression vector was constructed and transformed into a
bread wheat cultivar to measure starch contents for its functional analysis.

2. Results and Discussion

2.1. TaAGPS1b-EU586278 Subunit with the Truncated Transit Peptide Could Be Located in Plastid

Transit peptide, as a kind of signal peptide, carries the information required for targeting to the
correct organelle [16]. Most plastidial proteins are encoded by the nuclear genome, synthesized in
the nucleocytoplasm as preproteins with N-terminal extensions (transit peptides, targeting peptides
or presequences) that are required for protein import into the organelles, and in most cases, the
targeting peptides are removed by intraorganellar proteases during or shortly after import [17]. In the
photosynthetic tissues of the majority of higher plant species, the synthesis of ADP-Glc, which is
catalyzed by plastidial AGPase enzyme, occurs entirely within the chloroplasts, and preproteins of
AGPS (SSU) and AGPL (LSU) are synthesized in nuclear genome and directly imported into the
chloroplasts by their transit peptides [7].

TaAGPS1b-EU586278, a transcript encoding plastidial AGPS characterized with a truncated
transit peptide, was isolated in our previous study [15]. In this study, the subcellular localization
of TaAGPS1b-EU586278 subunit was examined in rice protoplasts using FJ643609-GFP as positive
control. Our data indicated that, like the TaAGPS1b-FJ643609 transcript, TaAGPS1b-EU586278 was also
located in chloroplasts (Figure 1). This suggested that the targeting function of this truncated transit
peptide in TaAGPS1b-EU586278 subunit could not be changed and this truncated transit peptide
could target TaAGPS1b-EU586278 preproteins into plastids (chloroplasts in leaf cells or amyloplasts in
grain cells). Many transit peptides contain three distinct regions: an uncharged N-terminal domain
of ~10 residues beginning with methionine (Met) and alanine (Ala) and terminating with a glycine
(Gly) or proline (Pro), a central domain lacking acidic residues but enriched in serine (Ser) or threonine
(Thr) and, finally, a C-terminal domain enriched in arginine (Arg) [18]. The N- and the C-terminal
domains can contain α-helical structure underlying the structural preferences of a given peptide
sequence, however, the central domain often forms a random coil, which can act as a recognition
motif for preprotein import [18]. Compared to other AGPS1b subunits, the lacked fragment of
TaAGPS1b-EU586278 was located at the central domain [15]. Our results suggested that the lacked
fragment of the TaAGPS1b-EU586278 transit peptide could not be recognition motif and its lack could
not change the targeting function of the transit peptide.

The cleavage site (R|A) of TaAGPS1b-EU586278 transit peptide, which was predicted with TargetP
software in our previous study [19], was the same as other AGPS1bs, and their amino acid sequences
behind the cleavage sites were highly identical, allowing us to speculate that after TaAGPS1b-EU586278
preprotein was directed into plastids and its transit peptide was cleaved off, the functional amino acid
sequence of its matured TaAGPS1b subunit was not changed [15]. However, the reliable predication
[reliability coefficient (RC), RC = 3] on the transit peptide of TaAGPS1b-EU586278 was lower than
those (RC = 1−2) of other AGPS1bs, suggesting that this prediction needed to be further confirmed.
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Figure 1. Subcellular localization of FJ643609-GFP (A) and EU586278-GFP (B) fusion proteins into 
rice protoplasts. Notes: (1) Full-length TaAGPS1b-FJ643609 and -EU586278 cDNA sequences were 
fused in-frame to GFP, respectively, and expressed under the control of the CaMV35S promoter. (2) All 
images were recorded at the same sensitivity and scale. (3) Each set of four images shows the same 
cell. Bars = 5 μm. 

2.2. Function of TaAGPS1b-EU586278 with the Truncated Transit Peptide Could Not Be Changed 

Measuring the activities of the enzymes encoded by the target genes for their functional studies 
by in vitro or vivo protocols should be quick and effective. Because both two homo-AGPLs and two 
homo-AGPSs in higher plants compose a heterotetramer AGPase and only AGPS has no enzymatic 
activity without regulatory properties from AGPL [5], it is difficult to study enzymatic function of 
alone AGPS protein encoded by TaAGPS1b-EU586278 transcript although it could be easily extracted 
in vitro (e.g., in E. coli). More, it could be difficult to solely isolate the especial AGPase enzyme composed 
of AGPL and TaAGPS1b-EU586278 subunit in vivo and measure its activity because the matured 
TaAGPS1b-EU586278 subunit containing the truncated transit peptide could be the same as other 
matured TaAGPS1s containing the normal transit peptides. Moreover, it is also difficult to separately 
quantify the enzymatic activity or the quantity of every isoform in plant cells because most of starch 
synthesis enzymes have multiple isoforms or subunits and they are usually labile [20]. In our opinion, 
it could be feasible to evaluate the function of TaAGPS1b-EU586278 using transgenic experiments. 

In this study, the TaAGPS1b-EU586278 transcript was overexpressed in wheat plants, and 
transgenic wheat plants were identified using PCR and southern blot analysis (Figure 2). These data 
indicated that these three transgenic lines overexpressing TaAGPS1b-EU586278 gene were identified, 
and of these, two (S7 and S10) were inherited by the progeny in a single copy and were used for the 
following experiments. Compared with WT, the transcript levels of TaAGPS1b-EU586278 in these 
two transgenic wheat lines significantly increased at 10, 15 and 20 days after anthesis (Figure 3A, 
Figure S2). AGPase activities also showed similar changes in these transgenic wheat lines (Figure 3B). 
At mature stage, starch contents in the harvested grains of S7 and S10 transgenic wheat lines were 
significantly increased by 14.6% and 11.5% higher than those in WT, respectively (Table 1). The 
increased grain starch contents in transgenic wheat lines could result in the remarkably improved 
grain sizes, kernel weights per grain and individual spike weights (Table 1, Figure 4). These suggested 
that TaAGPS1b-EU586278 preprotein could form normal mature AGPS1 subunits and combine with 
TaAGPL to compose the heterotetramer AGPase enzyme for starch synthesis after it was directed 
into grain amyloplasts and its truncated transit peptide was cleaved off. 

In most bread wheat planting regions of China, genetic improvement in grain yield in recent 
twenty years has mainly been focused on achieving increased kernel weights [21]. However, wheat 
grain filling is seriously inhibited by frequent abiotic and biotic stresses, and kernel weights of most 
wheat cultivars in China rarely achieve their own maximal potential. In the present study, transgenic 
wheat lines overexpressing TaAGPS1b-EU586278 showed increased kernel weights without remarkable 
changes in phenotype (plant height, leaf number, spike shape, etc), growth and development stages 

Figure 1. Subcellular localization of FJ643609-GFP (A) and EU586278-GFP (B) fusion proteins into
rice protoplasts. Notes: (1) Full-length TaAGPS1b-FJ643609 and -EU586278 cDNA sequences were
fused in-frame to GFP, respectively, and expressed under the control of the CaMV35S promoter. (2) All
images were recorded at the same sensitivity and scale. (3) Each set of four images shows the same cell.
Bars = 5 µm.

2.2. Function of TaAGPS1b-EU586278 with the Truncated Transit Peptide Could Not Be Changed

Measuring the activities of the enzymes encoded by the target genes for their functional studies
by in vitro or vivo protocols should be quick and effective. Because both two homo-AGPLs and two
homo-AGPSs in higher plants compose a heterotetramer AGPase and only AGPS has no enzymatic
activity without regulatory properties from AGPL [5], it is difficult to study enzymatic function of alone
AGPS protein encoded by TaAGPS1b-EU586278 transcript although it could be easily extracted in vitro
(e.g., in E. coli). More, it could be difficult to solely isolate the especial AGPase enzyme composed
of AGPL and TaAGPS1b-EU586278 subunit in vivo and measure its activity because the matured
TaAGPS1b-EU586278 subunit containing the truncated transit peptide could be the same as other
matured TaAGPS1s containing the normal transit peptides. Moreover, it is also difficult to separately
quantify the enzymatic activity or the quantity of every isoform in plant cells because most of starch
synthesis enzymes have multiple isoforms or subunits and they are usually labile [20]. In our opinion,
it could be feasible to evaluate the function of TaAGPS1b-EU586278 using transgenic experiments.

In this study, the TaAGPS1b-EU586278 transcript was overexpressed in wheat plants, and
transgenic wheat plants were identified using PCR and southern blot analysis (Figure 2). These data
indicated that these three transgenic lines overexpressing TaAGPS1b-EU586278 gene were identified,
and of these, two (S7 and S10) were inherited by the progeny in a single copy and were used for the
following experiments. Compared with WT, the transcript levels of TaAGPS1b-EU586278 in these two
transgenic wheat lines significantly increased at 10, 15 and 20 days after anthesis (Figure 3A, Figure S2).
AGPase activities also showed similar changes in these transgenic wheat lines (Figure 3B). At mature
stage, starch contents in the harvested grains of S7 and S10 transgenic wheat lines were significantly
increased by 14.6% and 11.5% higher than those in WT, respectively (Table 1). The increased grain starch
contents in transgenic wheat lines could result in the remarkably improved grain sizes, kernel weights
per grain and individual spike weights (Table 1, Figure 4). These suggested that TaAGPS1b-EU586278
preprotein could form normal mature AGPS1 subunits and combine with TaAGPL to compose the
heterotetramer AGPase enzyme for starch synthesis after it was directed into grain amyloplasts and its
truncated transit peptide was cleaved off.

In most bread wheat planting regions of China, genetic improvement in grain yield in recent
twenty years has mainly been focused on achieving increased kernel weights [21]. However, wheat
grain filling is seriously inhibited by frequent abiotic and biotic stresses, and kernel weights of most
wheat cultivars in China rarely achieve their own maximal potential. In the present study, transgenic
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wheat lines overexpressing TaAGPS1b-EU586278 showed increased kernel weights without remarkable
changes in phenotype (plant height, leaf number, spike shape, etc), growth and development stages
(seedling, overwintering, re-greening, jointing, anthesis, filling, maturity, etc) (data no shown), and
other two yield components (spike number per plant and grain number per spike) (Table 1). These
suggested that the transgenic wheat lines overexpressing TaAGPS1b-EU586278 transcript could have
potential applications to develop a high-yield wheat cultivar with high starch and kernel weight.
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Figure 2. Analyses of wheat lines transformed with pWM101-EU586278 using PCR and southern
blot methods. (A) PCR analysis of genomic DNA with Hyg gene. M, DL2000 marker; P, plasmid
pWM101-EU586278 (positive control); WT, the untransformed wild plant (negative control); lines 1–15,
wheat plants transformed with pWM101-EU586278; (B) Southern blot. Lines 1–13, thirteen randomly
selected PCR positive lines; WT, the untransformed wild plant (negative control); P, the purified probe
product (positive control).

Molecules 2017, 22, 386 5 of 10 

 

(seedling, overwintering, re-greening, jointing, anthesis, filling, maturity, etc) (data no shown), and 
other two yield components (spike number per plant and grain number per spike) (Table 1). These 
suggested that the transgenic wheat lines overexpressing TaAGPS1b-EU586278 transcript could have 
potential applications to develop a high-yield wheat cultivar with high starch and kernel weight. 

 
Figure 2. Analyses of wheat lines transformed with pWM101-EU586278 using PCR and southern blot 
methods. (A) PCR analysis of genomic DNA with Hyg gene. M, DL2000 marker; P, plasmid 
pWM101-EU586278 (positive control); WT, the untransformed wild plant (negative control); lines 
1-15, wheat plants transformed with pWM101-EU586278; (B) Southern blot. Lines 1–13, thirteen 
randomly selected PCR positive lines; WT, the untransformed wild plant (negative control); P, the 
purified probe product (positive control). 

 
Figure 3. Transcript levels of TaAGPS1b-EU586278 (A) and AGPase activities (B) in endosperm of the 
developing grains of WT and transgenic wheat lines. Notes: (1) Transcript levels at 10, 15 and 20 days 
after anthesis were measured by qPCR using β-actin gene as internal control. (2) WT, the untransformed 
wild plant; S7 and S10, the two independent TaAGPS1b-EU586278 T3 transgenic wheat lines. (3) Each 
value is the mean ± SD of three independent biological replicates. Different letters represented 
statistical significance at p < 0.05. 
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untransformed wild plant; S7 and S10, the two independent TaAGPS1b-EU586278 T3 transgenic wheat
lines. (3) Each value is the mean ± SD of three independent biological replicates. Different letters
represented statistical significance at p < 0.05.
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Figure 4. Comparison of phenotype of mature grains between WT and the representative transgenic
wheat lines. Eighteen grains were randomly selected in WT and S7 line, respectively.

Table 1. Comparisons of grain characterizations between WT and transgenic wheat lines in the field.

Lines Spike Number
(per Plant)

Grain Number
(per Spike)

Kernel Weight
per Grain (mg)

Weight of
Individual Spike (g)

Starch Content
(mg/Grain)

WT 6.3 ± 0.3a 23.0 ± 0.6a 53.28 ± 0.33b 1.23 ± 0.03b 34.77 ± 0.64b
S7 7.0 ± 0.6a 23.3 ± 0.3a 59.02 ± 0.61a 1.38 ± 0.01a 39.86 ± 0.52a
S10 6.7 ± 0.3a 23.7 ± 0.3a 57.12 ± 1.47a 1.35 ± 0.16a 38.77 ± 1.09a

Data were mean ± SD (n = 3). Different letters represented statistical significance at p < 0.05.

Modifying the allosteric properties (the inhibited insensitivity to Pi) of AGPase heterotetramers
could increase grain weight by increasing grain number per plant without changing starch
content [22–24]. For example, Giroux and his colleagues exploited site-specific mutagenesis system to
create short insertion mutations (3 or 6 bp) of maize AGPL1 gene (Sh2) named Rev6 and these lines
had 11%–18% greater individual grain weight by increasing grain number per spike, but without
changing starch content or single grain weight [22]. They proposed that the decreased sensitivity
of AGPase to allosteric inhibition (Pi) might effectively mobilize resources to adjacent later-setting
grains, enhancing their ability to avoid abortion [23]. According to data shown in this study (Table 1),
however, overexpression of one or more AGPase subunits could improve grain weight by increasing
starch content and per seed weight, but without changing the grain number per spike [25–28]. For
instance, Li and his colleagues reported that overexpression of either the Sh2 gene, or Bt2 gene coding
for maize AGPS1 and AGPL1 subunits, did not affect the number of grain rows or number of grains
per ear, whereas resulted in enhanced seed weight and starch content, and they proposed that this
might be related to the enhanced photosynthetic capability and carbon metabolite levels, or the formed
more tetramers of AGPase [26]. These results implied that the increased grain yield by regulating
AGPase subunit expression could be complex in cereals. To deeply explore the mechanism of the
TaAGPS1b-EU586278 subunit in regulating starch synthesis, our following experiments would be
performed to determine the number of AGPase tetramers, the rates of photosynthesis, and the contents
of carbohydrates in the transgenic wheat plants.

3. Materials and Methods

3.1. Subcellular Localization of TaAGPS1b Subunit with the Truncated Transit Peptide

Two bread wheat transcripts encoding two AGPS1b subunits with the truncated transit peptide
(GenBank accession No. EU586278) and the untruncated transit peptide (GenBank accession
No. FJ643609) were isolated in our previous study [15]. In this study, their coding sequences
(CDSs) without stop codon were separately amplified with the primers (Table S1). The amplified
fragments were digested with the Kpn I and BamH I endonucleases and inserted into the HBT-sGFP
vector [29] containing the green fluorescent protein (GFP) gene to construct two HBT-TaAGPS1b-GFP
vectors (EU586278-GFP and FJ643609-GFP) (Figure S1). Next, these two GFP fusion vectors were
separately transformed into rice protoplasts as described by Zhang and his colleagues [30]. The rice
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protoplasts were incubated at room temperature for 16 h, and fluorescence signals of EU586278-GFP
and FJ643609-GFP were measured with a laser-scanning confocal microscopy (FV10-ASW, Olympus,
Tokyo, Japan). GFP fluorescence was imaged at an excitation wavelength of 488 nm, and chlorophyll
autofluorescence was imaged at an excitation wavelength of 560 nm.

3.2. Identification of Transgenic Wheat Plants Expressing TaAGPS1b-EU586278 Transcript

CDS sequence of EU586278 transcript containing stop codon was amplified using the primers
5′-ATGGCGATGGCCGCGGCC-3′ (sense) and 5′-TCATATGACTGTTCCACTAGGGAGT-3′ (antisense).
The plant expression vector pWM101, which contains the selective marker gene of hygromycin
(Hyg) controlled by the 35 S promoter and 35 S polyA terminator, was used as the backbone for
construction [31]. Then, this CDS was inserted into pWM101 with BamH I and Xba I endonucleases
to construct plasmid pWM101-TaAGPS1b overexpression vector (pWM101-EU586278) (Figure S2).
Transgenic wheat progenies were generated by Agrobacterium inoculum to the basal portions of wheat
seedlings as described in previous studies [28,32]. Coleoptiles of seedlings with 2–4 cm height from
wheat cultivar Yumai 34 were used to transform pWM101-EU586278 vector. In this cultivar, transcript
of TaAGPS1b gene was also amplified and sequenced, and it was found that its transcript is identical to
that of EU586278, suggesting that the transit peptide of TaAGPS1b subunit encoding this transcript
is truncated in this wheat cultivar [15]. After the transformed wheat seedlings had three to four
leaves, resistance selection was performed by insufflation of the seedlings with solution containing
180 mg·L−1 Hyg. The resistant seedlings (T0) were planted in the Experimental Farm of Agricultural
Faculty, Henan Agricultural University (34◦N, 113◦E, and 52 m elevation). Seedlings of T1 and T2

parents were further selected using both herbicide selection and PCR analysis, the Hyg-resistant
and PCR-positive seedlings were self-pollinated and their seedlings were harvested according to our
previous methods [28]. One of Hyg-resistant, PCR analysis-positive and homozygous T2 plants was
randomly sampled for southern blot analysis and southern blot-positive wheat plants were allowed to
produce T3 seeds. These T3 seeds were randomly sowed, grown, and identified for phenotypic analysis.
Homozygous and PCR-positive T3 progenies were selected for physiological and biochemical analysis.

At every transgenic wheat parent, genomic DNA from every Hyg-resistant parents was
extracted from young leaves using the CTAB method for PCR analysis [33], primers 5′-ATCGTTAT
GTTTATCGGCACT-3′ (sense) and 5′-CGGTCGGCATCTACTCTATT-3′ (antisense) from the Hyg
resistance gene were used and a fragment (863 bp) was amplified. The PCR amplification programs
were as follows: 95 ◦C for 5 min, then 32 cycles of 30 s at 95 ◦C, 40 s at 53.5 ◦C, and 60 s at 72 ◦C.

At T2 parents, genomic DNA samples (30 µg) from Hyg-resistant and PCR analysis-positive
wheat plants were digested for 2 h at 37 ◦C with EcoR I endonuclease, which has no cut site in T-DNA
region. Digested wheat genomic DNA was separated on to 1% (w/v) agarose gels and transferred to
Hybond N+ nylon membranes. The above PCR amplified fragments were labeled with digoxigenin
(DIG)-dUTP as the probes. Southern blot was conducted at 68 ◦C for overnight and hybridization and
detection were performed according to our previous study [28].

3.3. Transcript Levels of TaAGPS1b-EU586278 Gene in Transgenic Wheat Lines

At T3 parents, total RNA from the endosperm of WT and transgenic wheat lines at 10, 15,
and 20 days after anthesis was isolated with the extraction buffer (50 mM Tris pH 9.0, 200 mM
NaCl, 1% (w/v) sarcosyl, 20mM EDTA, and 5 mM DTT) to remove starch, and further treated with
RNase-free DNase I (Takara Biotechnology Co., Ltd., Dalian, China) to remove contaminating genomic
DNA. 2 µg isolated RNA was used for cDNA synthesis using the PrimeScript™ RT Reagent Kit
(Perfect Real Time) (Takara Biotechnology Co., Ltd.) and real-time quantitative RT-PCR (qPCR)
was performed for determination of TaAGPS1-EU586278 transcripts using the SYBR Premix Ex Taq
Kit (Takara Biotechnology Co., Ltd.) according to the manufacturer’s instructions. To minimize
sample variation, mRNA expression of the target gene was normalized relative to wheat glyceraldehydes
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3-phosphate dehydrogenase (GAPDH) (GenBank accession No. EF592180) and β-actin (GenBank accession
No. AB181991) genes expression levels. Primers used for qPCR are listed in Table S1.

3.4. Assays of AGPase Activity in Grains of Transgenic Wheat Lines

Activities of AGPase enzyme were assayed for the same transgenic wheat lines for analysis of the
above transcript levels of TaAGPS1b-EU586278 at the same sampling stages using the method described
previously [26]. Embryo and aleurone layer were manually removed from harvested grains and the
remained endosperm (about 1 g) was ground on ice in 5 mL of extraction buffer (50 mM HEPES,
pH 7.5; 50 mM MgCl2; 10 mM EDTA; 12.5% (v/v) glycerol; and freshly added 5% (m/v) PVP, and
50 mM β-mercaptoethanol). After 15 min centrifugation (10, 000 g, 4◦C), 50 µL of enzyme supernatant
was mixed with 250 µL of enzyme reaction mixture (100 µL of 5 mM ADPG, 50 µL of 50 mM MgCl2,
and 100 µL of 50 mM HEPES-NaOH) to the final concentrations of 1.7 mM ADPG, 8.3 mM MgCl2, and
16.7 mM HEPES-NaOH and incubated for 10 min at 30 ◦C. Then, 100 µL of 20 mM Pi was added to
initiate the reaction, and the mixture was incubated at 30◦C for 15 min. The reaction was stopped by
boiling for 1 min, and cooled to room temperature. Total 500 µL of reaction solution (100 µL of 6 mM
NADP+, 50 µL of 1.5 U/mL P-glucomutase, 50 µL of 5 U/mL glucose-6-phosphate dehydrogenase,
and 300 µL of 50 mM HEPES-NaOH (pH 7.5)) was added. After incubation, the absorbance of the
solution was measured at 340 nm with a UV-2600 spectrophotometer (UNICO (Shanghai) Instruments
Co., Ltd., Shanghai, China]. One unit was defined as amounts of AGPase that catalyzed production of
1 nmol NADPH per min.

3.5. Analysis of Starch Content and Yield Characteristics between WT and Transgenic Wheat Lines

Mature grain harvested from wild and T3 transgenic wheat lines were used for analysis on starch
content and yield characteristics. Harvested grains were weighted after drying to equivalent moisture
content. The starch contents were measured and calculated according to methods of Zhao and his
colleagues [34]. The yield characteristics of spike number, grain number per spike, kernel weight per
grain and grain weights of individual spike were evaluated according to our previous study [28].

3.6. Statistical Analysis

Three biological replications were performed, and all data are the mean ± standard deviation
(SD) of three independent experimental replicates. Data were statistically analyzed using one-way
analysis of variance (ANOVA), and means were compared by using the Duncan's multiple range test
at p < 0.05 level by SPSS (version 20.0) statistical software.

4. Conclusions

TaAGPS1b (EU586278), a wheat AGPase plastidial small subunit with a truncated transit peptide,
was proved to be localized in chloroplasts and its overexpression transgenic wheat plants exhibited
the improved AGPase activities, starch contents, and grain weights, indicating its important role in
starch synthesis.

Supplementary Materials: Supplementary materials are available online.

Acknowledgments: This study was financially supported by the National Natural Science Foundation of China
(31571575), the National Transgenic Major Project (2016ZX08002-003-04), the second Million people plan - Science
and technology innovation leader, the Scientific Innovation Talent for Henan Province (174100510002), the Program
for Science & Technology Innovation Talents in Universities of Henan Province (15HASIT029), and the Independent
Item of the National Key Laboratory of Wheat and Maize Crop Science (SKL2014ZH-03).

Author Contributions: Yang Yang and Tian Gao performed the main experimental work, Mengjun Xu, Jie Dong,
Hanxiao Li and Gezi Li participated in data analysis, Pengfei Wang and Tiancai Guo designed the experiments.
Guozhang Kang and Yang Yang wrote this manuscript, and Yonghua Wang and Guozhang Kang provided the
financial support. All authors read and approved the final manuscript.

Conflicts of Interest: The authors declare no competing financial interest.



Molecules 2017, 22, 386 9 of 10

References

1. Zeeman, S.C.; Kossmann, J.; Smith, A.M. Starch: Its metabolism, evolution, and biotechnological modification
in plants. Annu. Rev. Plant. Biol. 2010, 61, 209–234. [CrossRef] [PubMed]

2. Jeon, J.S.; Ryoo, N.; Hahn, T.R.; Walia, H.; Nakamura, Y. Starch biosynthesis in cereal endosperm.
Plant. Physiol. Biochem. 2010, 48, 383–392. [CrossRef] [PubMed]

3. Yang, Z.; Wu, H.; Yuan, B.; Huang, M.; Yang, H.; Li, A.; Cheng, R. Synthesis of amphoteric starch-based
grafting flocculants for flocculation of both positively and negatively charged colloidal contaminants from
water. Chem. Eng. J. 2014, 244, 209–217. [CrossRef]

4. Siedlecka, A.; Ciereszko, I.; Mellerowicz, E.; Martz, F.; Chen, J.; Kleczkowski, L.A. The small subunit
ADP-glucose pyrophosphorylase (ApS) promoter mediates okadaic acid-sensitive uidA expression in
starch-synthesizing tissues and cells in Arabidopsis. Planta 2003, 217, 184–192. [PubMed]

5. Saripalli, G.; Gupta, P.K. AGPase: Its role in crop productivity with emphasis on heat tolerance in cereals.
Theor. Appl. Genet. 2015, 128, 1893–1916. [CrossRef] [PubMed]

6. Salamone, P.R.; Kavakli, I.H.; Slattery, C.J.; Okita, T.W. Directed molecular evolution of ADP-glucose
pyrophosphorylase. Proc. Natl. Acad. Sci. USA 2002, 99, 1070–1075. [CrossRef] [PubMed]

7. Burton, R.A.; Johnson, P.E.; Beckles, D.M.; Fincher, G.B.; Jenner, H.L.; Naldrett, M.J.; Denyer, K.
Characterization of the genes encoding the cytosolic and plastidial forms of ADP-glucose pyrophosphorylase
in wheat endosperm. Plant. Physiol. 2002, 130, 1464–1475. [CrossRef] [PubMed]

8. Geigenberger, P. Regulation of starch biosynthesis in response to a fluctuating environment. Plant. Physiol.
2011, 155, 1566–1577. [CrossRef] [PubMed]

9. Denyer, K.; Dunlap, F.; Thorbjørnsen, T.; Keeling, P.; Smith, A.M. The major form of ADP-glucose
pyrophosphorylase in maize endosperm is extra-plastidial. Plant. Physiol. 1996, 112, 779–785. [CrossRef]
[PubMed]

10. Thorbjørnsen, T.; Villand, P.; Kleczkowski, L.A.; Olsen, O.A. A single gene encodes two different transcripts
for the ADP-glucose pyrophosphorylase small subunit from barley (Hordeum vulgare). Biochem. J. 1996, 313,
149–154. [CrossRef] [PubMed]

11. Rösti, S.; Denyer, K. Two paralogous genes encoding small subunits of ADP-glucose pyrophosphorylase in
maize, Bt2 and L2, replace the single alternatively spliced gene found in other cereal species. J. Mol. Evol.
2007, 65, 316–327. [CrossRef] [PubMed]

12. Gupta, P.K.; Mir, R.R.; Mohan, A.; Kumar, J. Wheat genomics: Present status and future prospects. Int. J.
Plant. Genomics. 2008, 2008, 896451. [CrossRef] [PubMed]

13. Tetlow, I.J.; Davies, E.J.; Vardy, K.A.; Bowsher, C.G.; Burrell, M.M.; Emes, M.J. Subcellular localization
of ADP-glucose pyrophosphorylase in developing wheat endosperm and analysis of the properties of a
plastidial isoform. J. Exp. Bot. 2003, 54, 715–725. [CrossRef] [PubMed]

14. Beckles, D.M.; Smith, A.M.; ap Rees, T. A cytosolic ADP-glucose pyrophosphorylase is a feature of
graminaceous endosperms, but not of other starch-storing organs. Plant. Physiol. 2001, 125, 818–827.
[CrossRef] [PubMed]

15. Kang, G.Z.; Zheng, B.B.; Shen, B.Q.; Peng, H.F.; Guo, T.C. A novel Ta.AGP.S.1b transcript in Chinese common
wheat (Triticum aestivum L.). C. R. Biol. 2010, 333, 716–724. [CrossRef] [PubMed]

16. Bhushan, S.; Kuhn, C.; Berglund, A.K.; Roth, C.; Glaser, E. The role of the N-terminal domain of chloroplast
targeting peptides in organellar protein import and miss-sorting. FEBS Lett. 2006, 580, 3966–3972. [CrossRef]
[PubMed]

17. Teixeira, P.F.; Glaser, E. Processing peptidases in mitochondria and chloroplasts. BBA-Mol. Cell. Res. 2013,
1833, 360–370. [CrossRef] [PubMed]

18. Bruce, B.D. Chloroplast transit peptides: Structure, function and evolution. Trends Cell. Biol. 2000, 10,
440–447. [CrossRef]

19. Emanuelsson, O.; Brunak, S.; von Heijne, G.; Nielsen, H. Locating proteins in the cell using TargetP, SignalP
and related tools. Nat. Protoc. 2007, 2, 953–971. [CrossRef] [PubMed]

20. Ohdan, T.; Francisco, P.B.; Sawada, J.T.; Hirose, T.; Nakamura, Y. Expression profiling of genes involved in
starch synthesis in sink and source organs of rice. J. Exp. Bot. 2005, 56, 3229–3244. [CrossRef] [PubMed]

http://dx.doi.org/10.1146/annurev-arplant-042809-112301
http://www.ncbi.nlm.nih.gov/pubmed/20192737
http://dx.doi.org/10.1016/j.plaphy.2010.03.006
http://www.ncbi.nlm.nih.gov/pubmed/20400324
http://dx.doi.org/10.1016/j.cej.2014.01.083
http://www.ncbi.nlm.nih.gov/pubmed/12783326
http://dx.doi.org/10.1007/s00122-015-2565-2
http://www.ncbi.nlm.nih.gov/pubmed/26152573
http://dx.doi.org/10.1073/pnas.012603799
http://www.ncbi.nlm.nih.gov/pubmed/11773627
http://dx.doi.org/10.1104/pp.010363
http://www.ncbi.nlm.nih.gov/pubmed/12428011
http://dx.doi.org/10.1104/pp.110.170399
http://www.ncbi.nlm.nih.gov/pubmed/21378102
http://dx.doi.org/10.1104/pp.112.2.779
http://www.ncbi.nlm.nih.gov/pubmed/8883389
http://dx.doi.org/10.1042/bj3130149
http://www.ncbi.nlm.nih.gov/pubmed/8546676
http://dx.doi.org/10.1007/s00239-007-9013-0
http://www.ncbi.nlm.nih.gov/pubmed/17846820
http://dx.doi.org/10.1155/2008/896451
http://www.ncbi.nlm.nih.gov/pubmed/18528518
http://dx.doi.org/10.1093/jxb/erg088
http://www.ncbi.nlm.nih.gov/pubmed/12554715
http://dx.doi.org/10.1104/pp.125.2.818
http://www.ncbi.nlm.nih.gov/pubmed/11161039
http://dx.doi.org/10.1016/j.crvi.2010.06.003
http://www.ncbi.nlm.nih.gov/pubmed/20965441
http://dx.doi.org/10.1016/j.febslet.2006.06.018
http://www.ncbi.nlm.nih.gov/pubmed/16806197
http://dx.doi.org/10.1016/j.bbamcr.2012.03.012
http://www.ncbi.nlm.nih.gov/pubmed/22495024
http://dx.doi.org/10.1016/S0962-8924(00)01833-X
http://dx.doi.org/10.1038/nprot.2007.131
http://www.ncbi.nlm.nih.gov/pubmed/17446895
http://dx.doi.org/10.1093/jxb/eri292
http://www.ncbi.nlm.nih.gov/pubmed/16275672


Molecules 2017, 22, 386 10 of 10

21. Zheng, T.C.; Zhang, X.K.; Yin, G.H.; Wang, L.N.; Han, Y.L.; Chen, L.; Huang, F.; Tang, J.W.; Xia, X.C.; He, Z.H.
Genetic gains in grain yield, net photosynthesis and stomatal conductance achieved in Henan Province of
China between 1981 and 2008. Field Crop. Res. 2011, 122, 225–233. [CrossRef]

22. Giroux, M.J.; Shaw, J.; Barry, G.; Cobb, B.G.; Greene, T.; Okita, T.; Hannah, L.C. A single mutation that
increases maize seed weight. Proc. Natl. Acad. Sci. USA 1996, 93, 5824–5829. [CrossRef]

23. Smidansky, E.D.; Clancy, M.; Meyer, F.D.; Lanning, S.P.; Blake, N.K.; Talbert, L.E.; Giroux, M.J. Enhanced
ADP-glucose pyrophosphorylase activity in wheat endosperm increase seed yield. Proc. Natl. Acad. Sci. USA
2002, 99, 1724–1729. [CrossRef] [PubMed]

24. Smidansky, E.D.; Meyer, F.D.; Blakeslee, B.; Weglarz, T.E.; Greene, T.W.; Giroux, M.J. Expression of a
modified ADP-glucose pyrophosphorylase large subunit in wheat seeds stimulates photosynthesis and
carbon metabolism. Planta 2007, 225, 965–976. [CrossRef] [PubMed]

25. Nagai, Y.S.; Sakulsingharoj, C.; Edwards, G.E.; Satoh, H.; Greene, T.W.; Blakeslee, B.; Okita, T.W. Control of
starch synthesis in cereals: Metabolite analysis of transgenic rice expressing an up-regulated cytoplasmic
ADP-glucose pyrophosphorylase in developing seeds. Plant. Cell. Physiol. 2009, 50, 635–643. [CrossRef]
[PubMed]

26. Li, N.; Zhang, S.; Zhao, Y.; Li, B.; Zhang, J. Over-expression of AGPase genes enhances seed weight and
starch content in transgenic maize. Planta 2011, 233, 241–250. [CrossRef] [PubMed]

27. Jiang, L.; Yu, X.; Qi, X.; Yu, Q.; Deng, S.; Bai, B.; Li, N.; Zhang, A.; Zhu, C.; Liu, B.; Pang, J. Multigene
engineering of starch biosynthesis in maize endosperm increases the total starch content and the proportion
of amylase. Transgenic Res. 2013, 22, 1133–1142. [CrossRef] [PubMed]

28. Kang, G.; Liu, G.; Peng, X.; Wei, L.; Wang, C.; Zhu, Y.; Guo, T. Increasing the starch content and grain weight
of common wheat by overexpression of the cytosolic AGPase large subunit gene. Plant. Physiol. Biochem.
2013, 73, 93–98. [CrossRef] [PubMed]

29. Hu, J.; Huang, W.; Huang, Q.; Qin, X.; Dan, Z.; Yao, G.; Zhu, Y. The mechanism of ORFH79 suppression with
the artificial restorer fertility gene Mt-GRP162. New Phytol. 2013, 199, 52–58. [CrossRef] [PubMed]

30. Zhang, Y.; Su, J.; Duan, S.; Ao, Y.; Dai, J.; Liu, J.; Wang, J. A highly efficient rice green tissue protoplast system
for transient gene expression and studying light/chloroplast-related processes. Plant. Methods 2011, 7, 1.
[CrossRef] [PubMed]

31. Ding, Y.H.; Liu, N.Y.; Tang, Z.S.; Liu, J.; Yang, W.C. Arabidopsis GLUTAMINE-RICH PROTEIN23 is essential
for early embryogenesis and encodes a novel nuclear PPR motif protein that interacts with RNA polymerase
II subunit III. Plant. Cell. 2006, 18, 815–830. [CrossRef] [PubMed]

32. Zhao, T.J.; Zhao, S.Y.; Chen, H.M.; Zhao, Q.Z.; Hu, Z.M.; Hou, B.K.; Xia, G.M. Transgenic wheat progeny
resistant to powdery mildew generated by Agrobacterium inoculum to the basal portion of wheat seedling.
Plant. Cell. Rep. 2006, 25, 1199–1204. [CrossRef] [PubMed]

33. Saghai-Maroof, M.A.; Soliman, K.M.; Jorgensen, R.A.; Allard, R.W. Ribosomal DNA spacer-length
polymorphisms in barley: Mendelian inheritance, chromosomal location, and population dynamics.
Proc. Natl. Acad. Sci. USA 1984, 81, 8014–8018. [CrossRef] [PubMed]

34. Zhao, H.; Dai, T.; Jiang, D.; Cao, W. Effects of high temperature on key enzymes involved in starch and
protein formation in grains of two wheat cultivars. J. Agron. Crop. Sci. 2008, 194, 47–54. [CrossRef]

Sample Availability: Samples of the compounds are not available from the authors.

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.fcr.2011.03.015
http://dx.doi.org/10.1073/pnas.93.12.5824
http://dx.doi.org/10.1073/pnas.022635299
http://www.ncbi.nlm.nih.gov/pubmed/11830676
http://dx.doi.org/10.1007/s00425-006-0400-3
http://www.ncbi.nlm.nih.gov/pubmed/17021802
http://dx.doi.org/10.1093/pcp/pcp021
http://www.ncbi.nlm.nih.gov/pubmed/19208694
http://dx.doi.org/10.1007/s00425-010-1296-5
http://www.ncbi.nlm.nih.gov/pubmed/20978801
http://dx.doi.org/10.1007/s11248-013-9717-4
http://www.ncbi.nlm.nih.gov/pubmed/23740205
http://dx.doi.org/10.1016/j.plaphy.2013.09.003
http://www.ncbi.nlm.nih.gov/pubmed/24080395
http://dx.doi.org/10.1111/nph.12310
http://www.ncbi.nlm.nih.gov/pubmed/23647140
http://dx.doi.org/10.1186/1746-4811-7-30
http://www.ncbi.nlm.nih.gov/pubmed/21961694
http://dx.doi.org/10.1105/tpc.105.039495
http://www.ncbi.nlm.nih.gov/pubmed/16489121
http://dx.doi.org/10.1007/s00299-006-0184-8
http://www.ncbi.nlm.nih.gov/pubmed/16773333
http://dx.doi.org/10.1073/pnas.81.24.8014
http://www.ncbi.nlm.nih.gov/pubmed/6096873
http://dx.doi.org/10.1111/j.1439-037X.2007.00283.x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	TaAGPS1b-EU586278 Subunit with the Truncated Transit Peptide Could Be Located in Plastid 
	Function of TaAGPS1b-EU586278 with the Truncated Transit Peptide Could Not Be Changed 

	Materials and Methods 
	Subcellular Localization of TaAGPS1b Subunit with the Truncated Transit Peptide 
	Identification of Transgenic Wheat Plants Expressing TaAGPS1b-EU586278 Transcript 
	Transcript Levels of TaAGPS1b-EU586278 Gene in Transgenic Wheat Lines 
	Assays of AGPase Activity in Grains of Transgenic Wheat Lines 
	Analysis of Starch Content and Yield Characteristics between WT and Transgenic Wheat Lines 
	Statistical Analysis 

	Conclusions 

