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Abstract To clarify the mechanism underlying amy-
lose synthesis in the amaranth pericarp, we attempted
to identify new GBSS isoforms. A new GBSS-encoding
gene (i.e., CrGBSSIb) was isolated from amaranth leaf
tissue. The CrGBSSIb gene consists of 4699-bp, includ-
ing a 1938-bp open reading frame encoding 606 amino
acids. A comparison of the cDNA and genomic se-
quences suggested that CrGBSSIb contains 12 introns
and 13 exons. Interestingly, a phylogenetic analysis
revealed that the amaranth GBSSIb gene evolved inde-
pendently from the other GBSSI isoforms within this
crop (i.e., intraspecies) and differed from the other plant
GBSSII genes. The expression patterns of two GBSS
isoforms revealed that CrGBSSIb and CrGBSSI are
expressed during the early and late phases of seed de-
velopment, respectively. Additionally, a highCrGBSSIb
transcript level was detected in leaf tissue. This result

indicates that CrGBSSI and CrGBSSIb, which affect
amylose synthesis in amaranth grains, are active in the
perisperm and pericarp, respectively. Therefore,
CrGBSSIb encodes an enzyme associated with amylose
synthesis. The enzyme may be primarily responsible for
amylose metabolism in pericarp tissue.
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Introduction

The genus Amaranthus includes approximately 60 spe-
cies that grow in many areas of the world. All
Amaranthus are drought-resistant C4 photosynthetic
plants that can grow well in saline, alkaline, acidic, or
poor soil (Saunders and Becker 1984). This species
originated in the New World are an ancient crop that
was already under cultivation 5000 to 7000 years ago
(Sauer 1967). Ancient amaranth grains still used to this
day include the three species, A. caudatus, A. cruentus,
and A. hypochondriacus. In recent years, amaranth is
getting attention as a food and fodder crop with high
seed protein content, a balanced amino acid composi-
tion, and high lysine content (Zheleznov et al. 1997). A
seed of grain amaranth contains 50–60% starch and
have two starch properties of non-waxy and waxy phe-
notypes (Okuno and Sakaguchi 1981; Saunders and
Becker, 1984). This finding substantiated for the first
time the presence of both non-waxy and waxy pheno-
types in a dicot species.
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Generally, the amylose content of storage starch is
considered as one of the most important traits in cereals
(Morita et al. 2002). Granule bound starch synthase
(GBSS), also known as the waxy protein, and it is respon-
sible for the synthesis of amylose in amyloplasts in plant
storage organs (Okuno and Sakaguchi 1981; Konishi
et al. 1985; Park et al. 2009). Amylose content is a major
factor affecting grain quality, and it is controlled almost
exclusively by GBSS. There are two types of GBSS
isoforms in higher plants based on localization. GBSSI
is playing the major role in the storage-tissues such as
endosperms and embryos of seeds, while the GBSSII
(GBSSIb) producing transitory starch in non-storage tis-
sues such as leaf, stem, root, and pericarp (Cheng et al.
2012). Multiple isoforms of GBSS have been reported in
many plants (Denyer et al. 1997; Dian et al. 2003; Hirose
and Terao 2004; Vrinten and Nakamura 2000). In ama-
ranth, only one isoform of GBSSI has been identified by
our previous study (Park et al. 2009). This study showed
that the major protein which is responsible for the synthe-
sis of amylose in amaranth perisperm is a GBSSI with the
molecular mass of 68 kDa. Recently, we also found that
the starch from A. cruentus pericarp tissue stained blue-
black with I2/KI and thus contained amylose in the initial
stage of seed development (Park et al. 2011). That is
considered to be an important temporary storage site in
pericarp starch at initial developmental stage, as in rice
and wheat, and this observation suggests the existence of
another GBSS isoform such as GBSSII or GBSSIb.

In this study, to clarify the one responsible for the
amylose synthesis in the amaranth pericarp, we will inves-
tigate the existence of a new GBSS isoform. For this goal,
the pattern of starch accumulation was temporally and
spatially re-observed during the development of seed by
I2/KI staining. Then, new gene encodingGBSS (designated
CrGBSSIb) was isolated and characterized from amaranth
leaf. Finally, the expression pattern of the CrGBSSIb gene
was determined by analyzing the expression in storage- and
non-storage tissues at different developmental stages.

The genus Amaranthus includes approximately 60 spe-
cies with a global distribution. All Amaranthus species are
drought-resistant C4 photosynthetic plants that can grow
well in saline, alkaline, acidic, or low-nutrient soil
(Saunders and Becker 1984). These species originated as
ancient crops that were being cultivated 5000–7000 years
ago (Sauer 1967). Ancient amaranth grains still used today
include those of A. caudatus, A. cruentus, and
A. hypochondriacus. There has recently been increasing
interest in amaranth plants as a food and fodder crop

because of their high seed protein content, balanced amino
acid composition, and high lysine content (Zheleznov et al.
1997). An amaranth seed contains 50–60% starch, which
exhibits non-waxy and waxy phenotypes (Okuno and
Sakaguchi 1981; Saunders and Becker 1984). This finding
revealed for the first time the presence of non-Crwaxy and
waxy phenotypes in a dicot species.

The amylose content of storage starch is generally
considered one of the most important cereal traits
(Morita et al. 2002). Granule-bound starch synthase
(GBSS), which is also known as the waxy protein, is
responsible for the synthesis of amylose in the amy-
loplasts of plant storage organs (Okuno and
Sakaguchi 1981; Konishi et al. 1985; Park et al.
2009). Amylose content is a major factor affecting
grain quality and is regulated almost exclusively by
GBSS. The two types of GBSS isoforms in higher
plants based on localization are GBSSI, which has an
important function in storage tissues (e.g., seed en-
dosperm or embryo), and GBSSII (GBSSIb), which
produces transitory starch in non-storage tissues, in-
cluding leaves, stems, roots, and pericarps (Cheng
et al. 2012). Multiple GBSS isoforms have been
identified in many plants (Denyer et al. 1997; Dian
et al. 2003; Hirose and Terao 2004; Vrinten and
Nakamura 2000). We detected the only known ama-
ranth GBSSI isoform in a previous study (Park et al.
2009). This 68-kDa enzyme is responsible for the
synthesis of amylose in the amaranth perisperm. We
also recently observed that the starch from
A. cruentus pericarp tissue during the initial stage of
seed development appears blue-black after staining
with I2/KI (iodine-potassium iodide), indicating it
contains amylose (Park et al. 2011). The amaranth
pericarp is considered an important temporary starch
storage site during the initial developmental stage,
which is similar to what has been observed in rice
and wheat. This suggests the existence of another
GBSS isoform such as GBSSII or GBSSIb.

In this study, we investigated whether there is
another amaranth GBSS isoform in an attempt to
characterize the synthesis of amylose in the pericarp.
We used I2/KI staining to analyze the temporal and
spatial starch accumulation patterns during seed de-
velopment. A new GBSS gene (i.e., CrGBSSIb) was
isolated and characterized from amaranth leaves. Fi-
nally, the CrGBSSIb expression patterns in storage
and non-storage tissues at different developmental
stages were determined.
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Materials and methods

Plant materials

We used an A. cruentus line (accession number: Ames
22004) obtained from the USDA–ARS, National Ge-
netic Resources Program. Plants were grown in a glass-
house for 90 days, and grains were collected at the
following time points, which were selected based on
external morphology, fresh weight, and size (Park and
Nishikawa 2012): 1–3 days after pollination (DAP)
(initial stage; approximately 0.03 mg), 3–5 DAP (early
stage; approximately 0.12 mg), 4–8 DAP (early-late
stage; approximately 0.26 mg), 8–12 DAP (middle
stage; approximately 0.42 mg), 10–15 DAP (mid-late
stage; approximately 0.54 mg), and 20 DAP (late stage;
approximately 0.65 mg). The average fresh weight of
ten seeds was recorded. Additionally, the leaves, peti-
oles, stems, and roots were collected from seedlings at
the six-leaf stage. Samples were immediately frozen in
liquid nitrogen and stored at − 80 °C until used.

Microscopic observations

The developing A. cruentus seeds were hand-sectioned
(approximately 100 μm thick) using a DTK-1000
Microslicer (Dosaka, Japan). Seed cross-sections were
stained with an iodine solution (0.1 g resublimated
iodine and 0.2 g KI dissolved in 30 mL distilled water)
and observed under an Olympus BX51 light microscope
or an Olympus SZ dissection microscope.

Isolation of total RNA and genomic DNA

Total RNAwas isolated from plant tissue samples using
the RNeasy Mini kit (Qiagen). Genomic DNA was
extracted from young leaves using cetyl trimethyl am-
monium bromide. The isolated RNA and DNA were
quantified with a NanoDrop ND-1000 spectrophotom-
eter (Nano-Drop Technologies, Wilmington, DE, USA).
Finally, the RNA and DNA samples were stored at − 80
and 4 °C, respectively.

Cloning of a new GBSS isoform from amaranth leaves

An alignment of the predicted cDNA sequences for rice
GBSSII (accession number AY069940), cassavaGBSSII
(accession number AF173900), and wheat GBSSII (ac-
cession number AF109395) revealed several conserved

domains. Two conserved regions were used to design
sense (5′-TTCRTTGCAAATGAYTGGCAYAC-3′) and
antisense (5′-AGRCCACATGGRTCAAARCT-3′) de-
generate primers to amplify a new GBSS isoform from
complementary DNA (cDNA) prepared using
A. cruentus leaves. The first-strand GBSS cDNA was
constructed using the SMARTer RACE cDNA Ampli-
fication Kit (Clontech) and then, using the degenerate
primers, a 693-bp cDNA fragment was amplified and
cloned. Based on the results of reverse transcriptase
polymerase chain reaction (RT-PCR) analysis, the 693-
bp cDNA fragment was used to design oligonucleotide
primers. RT-PCR, 3′- and 5′-rapid amplification of
cDNA end (RACE) were performed using the oligonu-
cleotide primers (Electronic Supplementary Material
[ESM]; Table 1). The PCR amplification was completed
using the 50× Advantage 2 Polymerase Mix, 2.5 mM
dNTPs, 10× Advantage 2 PCR Buffer (Clontech), and
10 pmol primers. The annealing temperatures used for
each primer combination are listed in Table 1. Some
amplified fragments were extracted from agarose gels
using the QIAquick Gel Extraction Kit (Qiagen). All
cDNA-amplified fragments were ligated into the
pGEM-T Easy vector using the TA cloning kit
(Promega), and then inserted into Escherichia coli strain
JM109 cells.

Genomic PCR amplification

The GBSSIb genomic DNA sequence was amplified
with gene-specific primers that were designed based
on a cDNA sequence analysis (accession number:
LC15378) (ESM Table 1). The PCR was conducted
using a thermal cycler and EX Taq polymerase (Takara).
The 50-μL reaction solutions consisted of 2 μL total
DNA, 5 μL 10× PCR buffer, 4 μL 2.5 mM dNTPs,
10 pmol primers, and 0.5 μL EX Taq polymerase. The
PCR program was as follows: 35 cycles of 98 °C for
10 s, 62 °C for 30 s, and 72 °C for 1 min. The PCR
products were purified using MultiScreen S384-SEQ
Plates (Millipore). To confirm the amplification of the
target sequence, 5-μL aliquots of the PCR products
were analyzed by 1.5% agarose gel electrophoresis in
0.5× TBE buffer.

Quantitative real-time PCR analysis

Amaranth grain cDNAwas synthesized from 1 μL total
RNA (50 ng) using the High Capacity RNA-to-cDNA
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Kit (Applied Biosystems). A quantitative real-time PCR
(qRT-PCR) analysis was completed using a 48-well
plate, and the StepONE™ Real-Time PCR System.
The data were analyzed with the StepONE™ (version
2.1) program. All qRT-PCR primers are listed in ESM
Table 2. The gene-specific primers were designed based
on the A. cruentus GBSSI (accession number
AB506113) and GBSSIb (accession number
LC153781) nucleotide sequences. A. tricolor Actin gene
(AF024716) was used to normalize the amount of gene-
specific RT-PCR products. This gene is typically a con-
stitutive gene that is expressed at relatively constant
levels in amaranth grain (Park et al. 2011, Park and
Nishikawa 2012). All primers were designed using the
Primer Express 3.0 software (Applied Biosystems).
Transcript abundance was determined using the Power
SYBR Green PCR Master Mix (Applied Biosystems).
Each reaction consisted of 10 μL Power SYBR Green
PCR Master Mix, 200 μM gene-specific primer pair,
and 1 μL cDNA for a final volume of 20 μL. The PCR
program was as follows: 95 °C for 10 min; 40 cycles of
95 °C for 15 s and 60 °C for 1 min. Each sample was
analyzed in triplicate to ensure the results were repro-
ducible. The data were normalized using the values
obtained for the Actin messenger RNA (mRNA).

Sequencing and phylogenetic analyses

The DNA sequences of the amplified products were
determined in both directions with the BigDye Termi-
nator Cycle Sequencing Kit (version 3.1; Applied
Biosystems) and a 3100 Genetic Analyzer (Applied
Biosystems). The sequencing primer (i.e., 3.2 pmol
PCR primer; see Table 2) and dye terminator ready-
reaction sequencing premix was added to each template.
The sequencing program was as follows: 96 °C for
2 min and 25 cycles of 96 °C for 15 s, 50 °C for 1 s,
and 60 °C for 4 min (i.e., dye terminator reactions).
Sequences were assembled using the CodonCode
Aligner program (CodonCode Co., Dedham, MA) to
yield full-length genes. The nucleotide sequences were
aligned using the ClustalX module of Geneious Pro
7.1.9 (Biomatters). Protein molecular weights were pre-
dicted using the Geneious Pro program. Additionally,
BLAST analyses were completed using the default set-
tings of an online tool (https://blast.ncbi.nlm.nih.
gov/Blast.cgi). The transit peptide and cleavage site
were predicted using the ChloroP server (http://www.
cbs.dtu.dk/services/ChloroP) (Emanuelsson et al. 1999).

The GBSS amino acid sequences from various plant
species that were used for a phylogenetic analysis were
obtained from the NCBI database. These sequences
were aligned using the ClustalX program (Thompson
et al. 1997). A phylogenetic tree was constructed using
the neighbor-joining method (Saitou and Nei 1987) of
the PAUP* 4.0 program (Swofford 1988). The bootstrap
confidence values were obtained from 1000 replicates
(Felsenstein 1985).

Results and discussion

Spatiotemporal patterns of starch deposition

The spatiotemporal starch accumulation patterns in de-
veloping seeds were observed by staining with I2/KI
(Fig. 1). Starch granules were observed in the pericarp
in the initial developmental stage (3 DAP). A few starch
granules were detected in the perisperm in the early-late
developmental stage (8 DAP), duringwhich the pericarp
starch contents rapidly decreased. Starch granules were
distributed throughout the perisperm in the mid-late
developmental stage (15 DAP). Similar results were
reported for other cereal crops, including barley, rice,
and sorghum (Yu et al. 2015). Starch granules in the
pericarp are synthesized during the early seed develop-
mental stages but are absent in mature seeds. We recent-
ly reported that starch deposits in the perisperm of
developing amaranth seeds are detectable only after
the initial developmental stage (Park et al. 2011). Prior
to this stage, the pericarp is the major site of starch
deposition. A recent study suggested that GBSSII iso-
forms are responsible for amylose synthesis in pericarps
(Hirose and Terao 2004).

Amplification of a new GBSS isoform from amaranth
leaves

To generate new amaranthGBSS isoforms, we used RT-
PCR to amplify a 693-bp fragment spanning the N-
terminal part of the enzyme. The RT-PCR degenerate
primers (ESM Table 1) were based on the conserved
sequence near the N-terminal of all known GBSSII
enzymes. A BLAST search using the amplicon se-
quence as a query revealed that the closest matches were
with available plant GBSS sequences. This result indi-
cates that the amplified fragment was a partial sequence
encompassing the conserved amaranth GBSS sequence.
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These fragments were then used to design gene-specific
primers to amplify new GBSS isoforms from amaranth
grains.

Isolation and characterization of GBSSIb

Further studies of amaranth starch will require the
characterization of the GBSS gene primary structures.
In this study, the full-length CrGBSSIb cDNA clones
were identified from a cDNA library prepared from
mRNA extracted from amaranth leaves. The clone
sequences are provided in Fig. 2 and have been
deposited in the DDBJ database (accession number:
LC153781; http: / /www.ddbj.nig.ac. jp/) . The
CrGBSSIb cDNA sequence consists of 1938-bp,
including a 58-bp 5′-untranslated region, a 1830-bp
open reading frame, and a 50-bp 3′-untranslated re-
gion. This gene exhibits relatively low sequence
identity (66%) with the amaranth GBSSI coding se-
quences (Park et al. 2009).

We analyzed the GBSSIb structure by comparing its
genomic sequence with that of the A. cruentus GBSSI
gene (Park et al. 2009). TheCrGBSSIb gene contains 12
introns and 13 exons (ESM Fig. 1). The genomic DNA
clones consist of 4699-bp, of which 2759-bp represent
the introns. The intron and exon structures are similar to
those of the amaranth GBSSI gene. All of the introns
comply with the universal GT-AG rule (Breathnach and
Chambon 1981) and contain AT-rich regions similar to
those present in the genes of other dicot plants
(Campbell and Gowri 1990; van der Leij et al. 1991).

Characterization of the GBSSIb enzyme

The structures of the enzyme encoded by CrGBSSIb
were predicted based on the exon sequences (Fig. 2).
The deduced CrGBSSIb enzyme consists of 609 ami-
no acids, with an estimated molecular weight of
approximately 66.5 kDa. A putative transit peptide,
from amino acids 1–63, was identified using the

Fig. 1 Starch granules stained
with I2/KI in a cross-section of a
developing seed. P pericarp Ps
perisperm
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ChloroP program. This suggests that the mature en-
zyme contains 546 amino acids, with a molecular
weight of 59.7 kDa. The 63-amino acid transit pep-
tide likely has a molecular weight of 6.8 kDa. A
BLAST search of each genus in the reduced dataset
using the amino acid sequence revealed that the de-
gree of sequence identity between the predicted am-
aranth GBSS enzyme and its homologs from various
plants is 54.7–63.5%

Phylogenetic analysis

The relationships among the plant GBSS amino acid
sequences were analyzed using the PAUP* 4.0

program, with the results presented in a neighbor-
joining phylogenetic tree (Fig. 3). The E. coli glyco-
gen synthase sequence was used as an outgroup. The
plant GBSSs were separated into two groups, with
monocot GBSSI forming one group and dicot GBSSs
with monocot GBSSII forming the other. Overall, the
monocot GBSSII appears to be closely related to
GBSSIs from several dicot plants, which is consistent
with the results of an earlier study (Cheng et al.
2012). The dicot GBSS could be grouped into three
distinct clades, namely GBSSI, GBSSII, and ama-
ranth GBSSs. Interestingly, the amaranth GBSSs
form a sister group to the clade consisting of the rest
of the dicot plants and are more closely related to

Fig. 2 Nucleotide and deduced amino acid sequences of the cDNA for CrGBSSIb gene
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GBSSIIs from monocot plants than to GBSSIIs from
dicot plants. This tree implies that the amaranth
GBSSIb pathway evolved differently than the path-
ways for the dicot GBSSIIs. Our results indicate that
the amaranth GBSSIb isoform probably evolved in-
dependently from the GBSSI isoforms in this crop
(i.e., intraspecies).

Expression patterns of two GBSS isoforms in amaranth
grains

Similar to other cereals, the amylose content of ama-
ranth grains has important consequences for grain
cooking properties, yield, palatability, processing qual-
ity, and other agronomic traits. Therefore, clarifying the

Fig. 3 Phylogenetic relationships among the GBSS enzymes of
various plant species and E. coli glycogen synthase. The tree was
constructed using the neighbor-joining method. The scale bar

represents the evolutionary distance. Bootstrap support values
from 1000 replicates are provided at each node
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expression patterns of the GBSS isoforms in amaranth
grains is important and possibly agriculturally relevant.
In this study, the relative CrGBSSI and CrGBSSIb ex-
pression levels in seeds at different developmental
stages were examined by qRT-PCR (Fig. 4). There were

different expression patterns between the two GBSS
isoforms. The CrGBSSI gene was expressed mainly
during the mid-late developmental stage, with lower
expression levels in the initial and/or early developmen-
tal stages (Fig. 4a). There have been several previous

Fig. 4 Expression profiles of a
CrGBSSI and b CrGBSSIb in
developing Amaranthus cruentus
seeds based on a qRT-PCR. a
Total RNAwas extracted from
amaranth seeds at different
developmental stages (i.e., st1,
initial; st2, early; st3, early-late;
st4, middle; st5, mid-late; and st6,
late). The expression profiles of a
CrGBSSI and b CrGBSSIb were
analyzed by qRT-PCR. Actin
mRNAwas used as a reference to
verify that equal amounts of RNA
were present in all samples

Fig. 5 CrGBSSIb expression
profiles in various Amaranthus
cruentus tissues based on a qRT-
PCR. Total RNAwas extracted
from various tissues at the six-leaf
stage (L leaf, P petiole, S stem, R
root). Actin mRNAwas used as a
reference to verify that equal
amounts of RNAwere present in
all samples
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studies onGBSSI expression and the encoded enzyme in
endosperm plants. This gene is designated as a Blate
expresser^ because of the increased abundance of its
transcripts in the later stages of starch granule formation
during endosperm development (Hirose and Terao
2004; Ohdan et al. 2005; Park et al. 2011). Thus, the
CrGBSSI gene is expressed in the later stages of
perisperm development, similar to the expression pat-
terns of its homologs in endosperm plants.

In developing seeds, CrGBSSIb was expressed dur-
ing the initial developmental stage (st1) (Fig. 4b). How-
ever, the peak transcript levels occurred in the early-late
developmental stage (st3), and then gradually decreased
thereafter. Similar results were reported for wheat and
rice (Nakamura et al. 1998, Hirose and Terao 2004). The
GBSSII gene is generally expressed during the early
stages of seed development, and this gene is considered
responsible for the synthesis of amylose in pericarps.
Pea plants carry a secondGBSSI gene (i.e.,GBSSIb) that
is similar to the homologous wheat GBSSII gene and is
expressed in leaves and pods rather than in embryos
(Denyer et al. 1997). Our results also suggest that
CrGBSSIb might affect the amylose content of pericarp
starch. In other words, the encoded enzyme may be
closely associated with the metabolism of amylose in
pericarp starch. This hypothesis is supported by the fact
it is consistent with the temporal pattern of starch depo-
sition, in which intensely stained starch granules were
observed in the pericarp during the initial seed develop-
mental stage (Fig. 1). Additionally, the gene expression
profiles in different tissues indicated thatCrGBSSIbwas
expressed mainly in the leaves, and expression in the
petiole, stem, and root tissues was at a very low level
than that of the leaf tissues evaluated (Fig. 5). This
observation is consistent with the results of a previous
study. Vrinten and Nakamura (2000) reported that wheat
GBSSII is specifically expressed in the pericarp and
leaves. In rice, this gene is expressed in the pericarp
tissues as well as in the leaves (Dian et al. 2003; Hirose
and Terao 2004). The orangeGBSSII-2 and peaGBSSIb
genes are predominantly expressed in leaves (Cheng
et al. 2012). Thus, our results imply that CrGBSSIb
encodes an enzyme that induces amylose synthesis and
may be primarily responsible for amylose metabolism in
pericarp tissues. We also conclude that different GBSS
isoforms are present in the perisperm (CrGBSSI) and
pericarp (CrGBSSIb) tissues of amaranth grains. Fur-
thermore, we recently examined the GBSSIb expression
patterns associated with the waxy phenotype of

A. cruentus (data not shown). The wxCrGBSSIb tran-
script levels exhibited the same patterns as the
CrGBSSIb transcripts. This result is consistent with the
amylose levels in the pericarp, including the levels in the
pericarp of wheat plants exhibiting a waxy phenotype
(Vrinten and Nakamura, 2000; Patron et al. 2002).

Finally, based on their expression patterns in ma-
turing seeds reported herein and in a previous study
(Park and Nishikawa 2012; Park et al. 2014a, b), the
starch synthesis genes in amaranth grains can be
divided into the following three groups: (i) GBSSIIa
and debranching enzyme III (DBEIII) are early ex-
presser genes, which are activated during the early
stage of starch granule formation; (ii) GBSSI and
debranching enzyme I (DBEI) are late expresser
genes, which are induced during the middle or
mid-late stages of starch granule formation; (iii)
soluble starch synthase I (SSSI), soluble starch syn-
thase II (SSSII), and starch branching enzyme I
(SBEI) are steady expresser genes, which are consti-
tutively expressed throughout the seed maturation
process.
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