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Abstract: Sucrose is the primary form of mobile photoassimilates, and its level is regulated by
sucrose-phosphate synthase (SPS) in plants. Increasing in the SPS activity was accompanied by an
increase in sucrose accumulation. This study was designed to examine the effect of the overexpression
sugarcane SoSPS1 gene on sucrose metabolizing enzymes, growth, and grain yield of indica rice.
The SoSPS1 gene was constructed in a binary vector under the control of a rice ubiquitin promoter
and transformed into indica rice using an Agrobacterium vector. Five lines of transgenic rice were
selected to develop homozygous transgenic lines and used for analysis. The overexpression of the
SoSPS1 gene significantly increased the transcript and protein levels, followed by increasing in SPS
activity and sucrose content in the leaves of the transgenic rice lines. Moreover, the activity of soluble
acid invertase (SAI) was elevated rather than sucrose synthase (SuSy) in the transgenic lines. The
increase in the sucrose-degrading enzymes leads to an increase in plant growth and development.
The plant height and number of tillers were significantly higher in the transgenic line compared to
non-transgenic (NT) rice. In addition, the amylose content, the number of seeds per panicle, and the
weight of 1000 grains of seed, including dry biomass weight, were increased in the transgenic lines.
The results indicated that enhancement of SPS activity, as well as sucrose content, provides a higher
carbon partitioning for higher growth and productivity of the transgenic rice lines.

Keywords: indica rice; sugarcane sucrose phosphate synthase; overexpression; grain yield; Agrobac-
terium-mediated transformation

1. Introduction

Rice (Oryza sativa L.) is the most widely consumed and major staple food crop in
Asian countries. Japonica and indica are two main subspecies of Asian cultivated rice.
Several attempts have been made to increase its productivity, particularly japonica rice.
In indica rice, there are many reports of developing biotic and abiotic stress-tolerant rice
cultivars [1,2]. However, the strategies for increasing yield are still limited. To address
these issues, a strategy to increase biomass by improving the carbon assimilation process
has been proposed.

The types of photoassimilates differ among species. For example, rice leaves are
known as sugar-forming leaves because the sucrose accumulation is higher than that
in starch in leaves [3,4]. Increased accumulation of sucrose as the main photosynthate
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accommodates the partitioning of carbon between sucrose and starch and affects the grain
characteristics in cereal yields, including rice [3,5,6]. The physiological characteristics
of sugar-forming leaves remain unclear. Sucrose in the leaves, source tissue, is further
translocated into the sink organs via the phloem to control the cellular metabolism, cell
wall biosynthesis, and respiration or is converted to starch for storage [7–9]. In order to
accommodate excess assimilation due to increased photosynthetic rate, carbohydrate is
utilized and transported in response to high sucrose in rice leaves. Therefore, source-sink
balance in sucrose metabolism is an important point in mediating the regulation of carbon
partitioning in plants.

In higher plants, the accumulation of sucrose is regulated by sucrose metabolism enzymes.
The key enzyme that catalyzes the reaction for the formation of sucrose-6-phosphate (S6P)
is sucrose-phosphate synthase (SPS, EC 2.4.1.14), and the formation of free sucrose and
inorganic phosphate is catalyzed by sucrose-phosphate phosphatase (SPP, EC 3.1.3.24).
Under certain physiological conditions, sucrose is cleaved by the readily reversible reac-
tion of sucrose synthase (SuSy, EC 2.4.1.13). In contrast, the breakdown of sucrose into
hexoses is regulated by an irreversible reaction of invertases, which are localized in the
cytosol, cell wall, or vacuole [10–12]. There are several reports associating sucrose accu-
mulation in leaves with increased SPS activity [13,14]. Many studies have been conducted
in order to understand the role of SPS in sucrose accumulation. Overexpression of SPS
resulted in increased sucrose accumulation in transgenic tomatoes [15,16] and Arabidopsis
thaliana [17]. Elevated SPS activity in leaves can reportedly be used as an indicator of
improved yield character in different species, such as in rice [3], cotton [18], and potato [19].
In sugarcane, SoSPS1 is abundantly expressed in photosynthetic organs and considered
a representative of the regulation of carbon allocation [20,21]. Previous studies on trans-
genic sugarcane revealed that overexpressing SoSPS1 induces enhancement of sugarcane
biomass production [22,23].

In this study, we investigated the effect of overexpressing sugarcane SPS (SoSPS1)
in indica rice to elucidate the role of SPS in improving rice yield. Therefore, in addition
to the yield characterization, we analyzed the enzyme regulation responsible for sucrose
metabolism in transgenic rice. Overexpression of the SoSPS1 gene increased SPS activity
and sucrose content, followed by the increase in activities of sucrose degrading enzymes.
The overexpression of the SoSPS1 gene enhanced plant height, the number of tillers, and
grain yield in transgenic rice.

2. Materials and Methods
2.1. Plant Material and Agrobacterium-Mediated Transformation

Mature, dry seeds of indica rice (Oryza sativa) cultivars named Ciherang, supplied
by the Indonesian Center for Rice Research, were used for callus induction. The rice
seeds were dehusked, sterilized with 70% ethanol for 5 min, soaked with 1% sodium
hypochlorite for 10 min, and rinsed with sterile water four times. Embryogenic callus
was induced by incubation of the sterilized seeds in callus induction media (CIM3) media
containing 3 mg/L 2,4-dichlorophenoxyacetic acid (2,4-D) as previously described [24].
The embryogenic callus was dissected and co-cultivated with Agrobacterium tumefaciens
GV3101 harboring binary vector of pBIUbi-SoSPS1 in MS basal media containing 100 mg/L
acetosyringone for three days. The pBIUbi-SoSPS1 vector construct was developed by
replacing the 35S promoter in the pBI121-SoSPS1 construct [22] with the rice ubiquitin
promoter [25]. After co-cultivation, the infected calli were rinsed with sterilized water
containing 500 mg/L cefotaxime to remove Agrobacterium. The calli were then incubated
on CIM3 containing 500 mg/L cefotaxime without antibiotic selection for a week and were
subsequently transferred to regeneration media (RM2) [24] containing 50 mg/L kanamycin
for antibiotic selection with illumination. After five successive cycles on the selection
media, regenerated plantlets were transferred to pots containing sand media supplied with
Hoagland solution in growth chambers for two weeks, followed by transplantation to pots
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containing soil media and grown in phytotron till maturity under controlled conditions.
The growth conditions were set at a temperature of 25–27 ◦C and humidity 70–80%.

The harvested T1 seeds were germinated on a seed tray for a month and randomly
selected using PCR among the transformants. The five selected clones were transplanted in
pots containing soil and grown in the greenhouse until maturity. T2 seeds were similarly
selected and grown to develop T3 seeds. After germination of T3 seeds and PCR analysis,
the selected T3 plants were grown in triplicates to maturity in the greenhouse for analysis
and characterization. The terms T1, T2, and T3 were defined according to the previously
described report [26].

2.2. Genomic PCR Analysis

Total genomic DNA was extracted from 2.5 g leaves of transgenic lines and non-
transgenic (NT) rice as previously described [27] with little modifications. The leaves were
pulverized in liquid nitrogen in a mortar and pestle, and the powder was continuously
ground in 5 mL extraction buffer containing 100 mM Tris-HCl (pH 8), 50 mM EDTA,
500 mM NaCl, 5% (w/v) SDS, and 5 mM β-mercaptoethanol. After incubation at 65 ◦C
for 10 min, 2.5 mL of 5 M potassium acetate was added, followed by incubation on ice for
10 min. The solution was then centrifugated at 12,000× g for 10 min, and isopropanol was
added to precipitate the DNA. The DNA pellet was dissolved in 10 mM TE buffer, and
RNA contamination was removed by adding RNAase. The amount of DNA was measured
using a NanoVue spectrophotometer (GE Healthcare, Chicago, IL, USA) at 260 nm.

PCR analysis was conducted to detect the nptII gene as the marker using primers as
previously described [22]. The steps of the PCR reaction include pre-denaturation at 95 ◦C
for 5 min, followed by 30 cycles of denaturing at 95 ◦C for 30 s, annealing at 55 ◦C for
30 s, elongation at 72 ◦C for 1 min, and final extension for at 72 ◦C for 5 min. The primers
nucleotides sequences were 5′-TGAATGAACTGCAGGACGAG-3′ and AGCCAACGT
ATGTCCTGAT for forward and reversed primer, respectively. The PCR reaction was
performed in a T100 thermal cycler (Bio-Rad Laboratories, Hercules, CA, USA), and the
PCR product was separated using 1% (w/v) agarose gel electrophoresis and documented
with GelDoc (Major Science, Saratoga, CA, USA).

2.3. Transcript Levels of Sucrose Phosphate Synthase Gene

In order to determine transcript levels of the SoSPS1 gene, total RNA was extracted
in triplicates from T3 generation rice by grinding the leaves in liquid nitrogen and iso-
lated using RNAprep pure plant plus kit (Tiangen, Beijing, China) following the man-
ufacturer’s instructions. In order to avoid DNA contamination, the isolated total RNA
was treated with DNAse and stored at −80 ◦C after quantification using a Nanovue
spectrophotometer (GE Healthcare). One microgram of total RNA was converted to
cDNA using oligo(dT) primer with the iScript cDNA synthesis kit (Bio-Rad Laborato-
ries) at 46 ◦C for 20 min, according to the manufacturer’s protocol. The abundance of
SoSPS1 transcripts was quantified using LightCycler® 480 SYBR green I master mix (Roche,
Basel, Switzerland) on a CFX connect real-time detection system (Bio-Rad Laboratories),
using pair of primer SoSPS1-F (5′-AATTTGGGCTGAGGTGATGC-3′) and SoSPS1-R (5′-
ATGATCCTCGCGTTGTCAAG-3′). Reaction conditions for the real-time PCR were 95 ◦C
for 2 min, followed by 40 cycles of 95 ◦C for 5 s and 60 ◦C for 10 s. The Actin expression
was determined using the primer pair Actin F (5′-GAGCAAGAGTTGGAAACTGCC-3′)
and Actin R (5′-ATGGCTGGAAGAGGACCTCAG-3′) and used as the reference gene.

2.4. Protein Extraction, Enzyme Assay, and Immunoblotting

Fully developed young leaves were harvested during the daytime in triplicates and
immediately frozen in liquid nitrogen for protein and sucrose analysis. One gram of frozen
leaves was pulverized in liquid nitrogen, and the frozen powder was continuously ground
in three-time volume (w/v) of extraction buffer containing 50 mM MOPS-NaOH (pH 7.5),
10 mM MgCl2, 1 mM EDTA, 2.5 mM dithiothreitol (DTT), 1 mM phenylmethanesulfonyl
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fluoride (PMSF) in the presence of 10 percent polyvinylpyrrolidone (PVP). After centrifu-
gation at 14,000× g at 4 ◦C for 10 min, the supernatant containing soluble proteins was
desalted using Sephadex G-25 (Pharmacia, Wilmington, NJ, USA) and stored at −80 ◦C
for enzymatic analysis. Protein concentration was measured spectrophotometrically using
Bradford reagent (Bio-Rad Laboratories).

Activities of SPS, SuSy, and soluble acid invertase (SAI) were determined in the
desalted crude extract according to previously described methods [22]. SPS activity was
assayed in the direction of sucrose-6 phosphate formation. In short, the extract samples
were incubated for 0, 5 and 10 min at 25 ◦C and the reactions were terminated using 1 M
NaOH. After addition of 0.25 mL resorcinol (1%) and 0.75 mL of 30% HCl, the developed
color was measured using spectrophotometer at 520 nm. SuSy activity was measured in
the direction of sucrose cleavage using 30 µL desalted extract and 70 µL reaction mixture
containing 20 mM Tris-HCl (pH 7.0), 100 mM sucrose, 4 mM UDP and incubated at 37 ◦C
for 30 min. SAI was also detected in the direction of sucrose degradation using 50 µL
desalted leaf extract that was added to 50 µL reaction mixture containing 1 M sodium
acetate buffer (pH 4.5), 0.25 M sucrose and incubated at 37 ◦C for 30 min. The reactions
were terminated by heating at 95 ◦C for 5 min and the content of resultant reducing sugar
from SuSy and SAI activities were determined using DNS (3:5-dinitrosalicylic acid) reagent
with a spectrophotometer at 540 nm.

To detect SPS protein levels, immunoblot analysis was conducted using a specific
antibody against sugarcane SPS [21]. Soluble protein extract (30 µg) was separated using
SDS-PAGE (12% and 5% acrylamide gels) and transferred onto the Immobilon-P trans-
fer membrane (Millipore, Burlington, MA, USA) using semi-dry trans-blotter (Bio-Rad
Laboratories). The membrane was then incubated with polyclonal antibody against sugar-
cane SPS diluted in TBS containing 0.5% skimmed milk and incubated overnight. After
washing three times with TBS, the membrane was incubated with the alkaline phosphatase-
conjugated goat anti-rabbit IgG secondary antibody (Bio-Rad Laboratories) for 60 min.
The SPS protein band was visualized by incubating the membrane with a mixture of the
substrate, 5-bromo-4-chloro 3-indolyl-phosphate (BCIP), and nitroblue tetrazolium (NBT)
(Bio-Rad Laboratories).

2.5. Sucrose Analysis in Rice Leaves

Frozen rice leaves (2 g) were ground in liquid nitrogen followed by continuous grind-
ing in 5 mL of methanol: chloroform: water mixture (12:5:3), then incubated at 60 ◦C
for 10 min. After centrifugation at 5000× g, the pellet was rinsed with the mixture and
the supernatant fractions from five successive washes were pooled. The combined super-
natants were dried at 40 ◦C using rotary evaporator and the residues were dissolved in
distilled water. Concentration of sucrose was determined using HPLC (Hitachi, Tokyo,
Japan) according to the previously described method [22].

2.6. Analysis of Amylose Content in Rice Grain

Amylose content of defatted rice flour was analyzed using the iodine reagent method [28].
Defatted rice flour (20 mg) was taken in 50 mL test tube and 10 mL of 1 N KOH was added.
The suspension was mixed using a vortex. The dispersed sample was transferred into a
100 mL volumetric flask and 1 molL−1 HCl (5 mL) was added followed by the addition
of 0.5 mL of iodine reagent. The solution was diluted to 100 mL and the absorbance was
measured at 620 nm using spectrophotometer after incubating for 20 min at 30 ◦C. Pure
amylose was used for the preparation of the standard curve to calculate amylose content
(Sigma, St. Louis, MI, USA).

2.7. Plant Growth and Productivity

The plant growth rate was observed regularly by measuring plant height and number
of tillers at one, two, and three months after transplanting (MAP). The observation was
conducted in triplicates until plant growth reached the maximum growth stage. At harvest,
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the panicle was removed from plants, and rice shoot biomass was dried in an oven at
105 ◦C for three days, then, the dry weight of the biomass was measured. The productivity
of rice was determined by measuring the number of seeds per panicle and the weight of
1000 seeds.

2.8. Statistical Analysis

Statistical analyses were performed in triplicates and represented as the mean± standard
errors. Statistical significance was calculated using Dunnett’s-test with an ANOVA to
determine significant differences. The p-value of 0.05 and 0.01 was considered as statistically
significant differences.

3. Results
3.1. Rice Transformation and Molecular Analysis of the Transformants

Rice transformation was conducted using an embryogenic callus that was induced by
incubating the seeds of rice cultivars Ciherang in the MS basal medium containing 2,4-D
(4 ppm) for two weeks, as previously described [24]. The embryogenic calli with a yellowish-
white appearance and compact and globular structures were separated (Figure 1A,B) and
used for co-cultivation with Agrobacterium. The infected calli were transferred to the
selection media containing 2 ppm 1-naphthaleneacetic acid (NAA) and 4 ppm kinetin and
incubated under illumination to regenerate plantlets (Figure 1C–E). The callus developed
green spots and regenerated into antibiotic-resistant plantlets. Eleven antibiotic-resistant
plantlets were generated from two independent experiments (Figure 1F). The plantlets were
acclimated in the growth chamber and transferred to the greenhouse for further analysis.
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Figure 1. Agrobacterium-mediated transformation of indica rice (Oryza sativa cv. Ciherang).
(A) Induction of embryogenic callus from rice seed explant; (B) Two weeks old embryogenic callus
was separated; (C) Infected callus developed green spot; (D,E) Regeneration of callus into plantlets;
(F) Growth of antibiotic-resistant plantlets.

To determine transgene integration, genomic DNA was isolated from rice leaves
and used for the detection of the nptII marker gene using PCR analysis. Among the
11 acclimated plants, 10 transgenic rice lines were confirmed to contain transgene of nptII,
and it was absent in the NT rice, which was used as the control (Figure S1A). In order to
obtain stable transgenic lines (homozygosity), five lines from a seedling of the T1 generation
were randomly screened using PCR analysis and successively grown in the greenhouse
until the T3 generation. This PCR screening was conducted because the transgenic lines
turned yellowish-albino and died during kanamycin selection. Amplification of the nptII



Agronomy 2022, 12, 2949 6 of 12

gene showed a corresponding DNA band with a molecular size of 550 kb in the screened
transgenic lines of SPS4, SPS7, SPS9, SPS10, and SPS11 (Figure S1B). The DNA bands were
consistently visible in the T1, T2, and T3 generations. The resulting seeds from the T3
generation were assumed as homozygous, stable transgenic lines, stored in the cold, and
used for molecular and biochemical analysis.

3.2. The RNA Transcript and Protein Expression of Sucrose-Phosphate Synthase

The relative expression of the SoSPS1 gene in the five stable transgenic lines and NT
rice was determined using quantitative RT-PCR (qRT-PCR). Actin was used as a reference
gene for the calculation of relative gene expression. The level of an RNA transcript of the
SoSPS1 gene in the transgenic lines was 1.6–2.4 fold higher than those in NT rice (Figure 2A).
Among the transgenic lines, the SPS4 line showed the highest transcription level, but the
level was comparable to the other transgenic lines.
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Figure 2. Expression levels of SPS gene in leaves of transgenic lines and non-transgenic rice.
(A) Transcript levels of SPS were determined using qRT-PCR and expressed as relative gene ex-
pression using Actin as the reference gene. (B) Protein levels of SPS were detected using immunoblot
using sugarcane SoSPS1 antibody. (C) Activities of SPS were measured spectrophotometrically. Val-
ues are presented as mean ± SD from three individual plants. Asterisks * and ** denote statically
significant differences at Dunnett’s-test: p ≤ 0.05 and p ≤ 0.01, respectively.

In order to validate the effect of increased SoSPS1 gene expression on protein levels,
immunoblot analysis was conducted according to the previously described method [22]. All
transgenic lines showed the expression of SPS protein with an approximate molecular size
of 120 kDa. The levels of SPS protein were increased in all transgenic lines corresponding
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to the transcript levels (Figure 2B). Interestingly, the polyclonal sugarcane SPS antibody did
not cross-react with rice SPS (NT). A similar result was reported that the antibody raised
against maize SPS did not cross-react with rice SPS protein [3].

Gene expression results were validated and reflected in the protein levels as well as
the enzyme activity. SPS activity was significantly increased in the five transgenic lines
compared to those in the NT rice (Figure 2C). SPS4 transgenic line showed the highest
increase in activity was approximately 3-fold higher than in the NT. The variation in SPS
activity was parallel to the transcript levels, except for the SPS11 line, which showed a lesser
increase in enzyme activity. The lower SPS activity might be due to inefficient activation of
the transgene sugarcane SPS in the transgenic line, as reported by [3].

3.3. Sucrose Content and Activity of Sucrose Degrading Enzymes

In plants, sucrose and starch are the end products of the photosynthetic carbon as-
similation pathway. The concentration of sucrose in the leaves of the transgenic lines and
NT was measured to determine the effect of SPS activity on sucrose content. As expected,
sucrose content was significantly increased in leaves of the five stable transgenic lines
compared to those of NT rice in response to increased SPS activity (Figure 3A).
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Figure 3. Sucrose content, SuSy, and SAI activities in leaves of NT and transgenic rice lines. Sucrose
and total soluble protein were separately extracted from the rice leaves as described in the Material
and Method. Values are presented as mean ± SD from three independent plants. Asterisks * and **
denote statistically significant differences at Dunnett’s-test: p ≤ 0.05 and p ≤ 0.01, respectively.

It was previously reported that the elevation of SPS activity was accompanied by
increasing activity of sucrose-degrading enzymes in transgenic sugarcane [22]. In plants,
SuSy and SAI are sucrose-degrading enzymes. Measurement of enzyme activity showed
that SuSy activity was not significantly increased in the leaves of the transgenic lines. The
activity was slightly lower in SPS11 lines compared to those of the NT rice (Figure 3B). How-
ever, SAI activity was significantly increased (1.5–3 fold) in all transgenic lines (Figure 3C).
The increase in SAI activity was significantly higher as compared to the increase in SuSy
activity in the transgenic lines. These different responses might be due to the involvement
of distinct biochemical pathways and carbon partitioning in the transgenic line. An increase
in the activity of SuSy leads to increased cell wall synthesis and starch content [29], whereas
SAI supports plant growth and development by the generation of ATP and NADH [9].
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These results suggest that sucrose is degraded by SAI and SuSy in the leaves, and partly
sucrose, which is not being degraded is exported for starch synthesis in the seed.

3.4. Plant Growth and Production

Sucrose is the primary product of carbon assimilation and is used to provide energy
and carbon sources for plant growth. In order to determine the effect of the introduction
of SPS sugarcane on plant growth, plant height and the number of tillers were observed
regularly at one, two, and three months after transplantation (MAP). The plant height was
defined by the measurement of the shoot from the base up to the leaf tip. Observation of
plant growth showed that all transgenic lines grew faster compared to NT rice at one MAP.
The transgenic lines continued to grow, and the plant height was significantly increased in
all transgenic lines at the maximum growth stage (3 MAP) (Table 1). Compared to the NT
rice, the plant height in transgenic plants was increased by 29.4% in the maximum plant
growth stage. The number of tillers was higher at the beginning of 1 MAP and significantly
increased at 2–3 MAP (Table 1). The increase in tiller number reached higher levels than the
increment in plant height (up to 53.2% compared to NT rice). Furthermore, all the shoot
tillers produced panicles. These results indicate that enhancement of SPS activity, as well as
sucrose content, provides higher carbon partitioning for the growth and development of plants.

Table 1. The vegetative growth rate of NT and transgenic rice lines grown in a greenhouse. The
plant height and number of tillers were regularly observed, starting from 1 up to 3 MAP. Values
are presented as mean ± SD from three individual plants, and asterisks * and ** denote different
significance levels at Dunnett’s-test: p ≤ 0.05 and p ≤ 0.01, respectively.

Lines
Tiller Number Plant Height (cm)

1 MAP 2 MAP 3 MAP 1 MAP 2 MAP 3 MAP

NT 8.67 ± 0.57 14.67 ± 1.52 25.67 ± 2.08 14.43 ± 1.01 35.61 ± 1.65 67.00 ± 2.00
SPS 4 11.33 ± 1.52 * 23.33 ± 2.51 ** 37.01 ± 2.64 ** 19.97 ± 1.94 * 45.33 ± 3.75 ** 81.67 ± 3.79 **
SPS 7 11.67 ± 1.15 * 21.00 ± 2.00 ** 39.33 ± 3.05 ** 19.87 ± 2.10 * 43.67 ± 1.15 ** 86.67 ± 3.21 **
SPS 9 12.00 ± 2.64 * 24.67 ± 1.52 ** 34.33 ± 3.05 ** 17.23 ± 2.25 43.00 ± 0.87 ** 79.33 ± 0.58 **
SPS 10 10.67 ± 1.15 * 21.67 ± 0.57 ** 37.33 ± 3.05 ** 17.27 ± 1.74 43.80 ± 1.45 ** 81.00 ± 3.46 **
SPS 11 9.67 ± 1.15 18.00 ± 2.00 35.33 ± 3.51 ** 15.83 ± 1.26 38.33 ± 0.76* 77.00 ± 1.00 **

Differences in the vegetative growth rate affect the generative phase and plant pro-
ductivity. In order to determine the rice grain yield, the content of amylose, the number
of seeds per panicle, and the weight of 1000 grains were determined. Starch is the major
polysaccharide in rice seeds and is composed of a mixture of amylose and amylopectin.
The ratio of amylose to amylopectin affects the properties of rice starch [30]. Measurement
of amylose content showed a significant increase in rice seeds, and the grain weight of
1000 seeds was significantly increased in all transgenic lines (Table 2). The rice-grain size
was bigger in the transgenic lines (Figure S2). Seed number per panicle was significantly
increased in all transgenic lines (41.2–79.2%) as compared to those of NT rice (Table 2).
After removing the panicle, the rice biomass was separately dried up in an oven, and the
dry weight was measured. The dry weight of the biomass was significantly increased in
SPS4 and SPS7 transgenic lines. Representative plants belonging to the five transgenic lines
were photographed at the grain-filling stage and consistently showed a higher growth
rate compared to that of NT (Figure 4). By considering the increases in tiller number,
grain number per panicle, and grain weight, the rice grain yield per plant was increased
compared to those of the NT rice plants. Overexpression of a maize SPS gene was reported
to improve the yield characteristics of potatoes under field conditions [19]. These results
indicate that the overexpression of the SoSPS1 gene increased the supply of carbon from
the source to sink tissue in transgenic rice.
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Table 2. Amylose content and grain yield of NT and transgenic rice lines were grown in a greenhouse.
The dry weight was measured after removing the panicle, and the rice biomass was dried up
before measurement. The amylose content and grain yield were measured at the harvest. Values
are presented as mean ± SD from three individual plants, and asterisks * and ** denote different
significance levels at Dunnett’s-test: p ≤ 0.05 and p ≤ 0.01, respectively.

Lines Amylose (%) Grain Number Per Panicle 1000-Grain Weight (g) Dry Weight (g)

NT 43.48 ± 2.78 94.67 ± 11.06 22.69 ± 0.51 56.41 ± 4.51
SPS 4 57.08 ± 5.36 ** 152.67 ± 15.53 ** 24.89 ± 0.38 * 76.78 ± 8.41 *
SPS 7 51.33 ± 2.67 ** 169.67 ± 30.17 ** 25.36 ± 0.91 * 81.58 ± 11.35 *
SPS 9 49.37 ± 0.80 * 152.33 ± 18.01 ** 24.35 ± 0.15 * 73.31 ± 15.56

SPS 10 54.41 ± 1.61 ** 133.67 ± 20.13 * 24.39 ± 0.37 * 70.45 ± 17.79
SPS 11 49.84 ± 1.06 * 138.33 ± 8.96 * 24.95 ± 0.16 * 66.69 ± 16.18
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4. Discussion

We have shown that overexpression of the SoSPS1 gene significantly increased SPS ac-
tivity concomitant with sucrose content in leaves of transgenic rice. Interestingly, increasing
the sucrose content enhanced the sucrose-degrading activities of SAI and Susy. This result
was in parallel with the previous finding that increasing sucrose content enhanced sucrose
degrading enzyme activity in transgenic sugarcane [22]. Previous studies have reported
similar effects of overexpression of the SPS gene on increased plant growth in transgenic
tobacco [13], Brachypodium distachyon [31], and sugarcane [23]. Sucrose is degraded by
SAI and Susy to generate glucose and fructose, which subsequently enters into distinct
biochemical pathways such as respiration, biosynthesis of cell wall polysaccharides, and
storage compounds. In this study, sucrose was cleaved and resulted in greater growth
of transgenic rice as revealed by significantly increased in plant height, number of tiller
as well as number of seed per panicle (Tables 1 and 2). Several reports also showed that
overexpression of the SPS gene retarded senescence in transgenic rice [3], potato [19], and
tobacco [13]. Although chlorophyll content was not measured, the retardation in leaf senes-
cence might be responsible for extending photosynthetic activity and sucrose export to
improve the growth and productivity of transgenic rice. These results indicate that sucrose
is an important factor which provides energy and strengthens the carbon skeleton for
plant growth.
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Sucrose cleavage by SuSy yields UDP-glucose, which is used as a substrate for cell
wall development and cellulose production [29]. Overexpression of the SPS gene has been
reported along with altered fiber traits in cotton fiber cells [18] and longer fiber in transgenic
tobacco [13]. Consequently, the total stem biomass was increased in transgenic tobacco
compared to the control. Similarly, overexpression of the SoSPS1 gene increased dry-weight
biomass in all transgenic rice lines (Table 2). The increase in SuSy activity was lower as
compared to SAI in the transgenic lines, which might have consequences in fiber synthesis;
however, this requires further examination. The entry of sucrose into cellular metabolism in
plants reveals that invertase is required for normal growth but not SuSy [32]. This different
carbon partitioning between transgenic rice and tobacco or cotton might be dependent on
the species.

Sucrose is the end-product of photosynthetic carbon assimilation that plays important
role in plant growth and development. The synthesized sucrose in leaves is subjected
to cleavage for metabolite production or export to sink tissue via the sucrose loading
and unloading mechanisms. In order to maintain a concentration gradient in the sink
tissue, sucrose is converted into other molecules, such as starch. The increase in starch
content in the sink tissue was reported in transgenic potato overexpressing maize SPS
gene [19]. Sugar is not only used as a carbon and energy source but also plays pivotal
roles as a signaling molecule. Many reviews have discussed the various aspects of sugar
regulation in plants [12,33–36]. Therefore, manipulating the rate of synthesis, transport,
and degradation of sucrose affects plant growth and development. In this study, increasing
sucrose synthesis by overexpression of the SoSPS1 gene resulted in the enhancement of
sucrose degrading activities followed by improvement of the growth and development of
transgenic rice. Similar to other organisms, plant development requires crucial nutrients
such as soluble sugar. The sugar levels affect the developmental processes of plants, such as
seedling development, leaf formation, organ number, flowering, and tuber formation [37].
Sucrose is cleaved by invertase and SuSy into hexose for biomass accumulation in plants.
Additionally, sugar controls metabolism, growth, stress responses and development from
embryogenesis to senescence [33]. Furthermore, sucrose can act as a signaling molecule
that regulates distinct aspects of plant development. Genetic analysis revealed that sugar
activates hexokinase (HXK) and controls different molecular mechanisms at multiple levels,
including transcription, translation, and enzyme activity [33,36]. For example, HXK plays
important role in tuber root development and starch accumulation in cassava [38], and
HXK can repress the expression of some photosynthetic genes in response to high glucose
(sugar) concentrations [39,40]. The sugar-signaling sensor is a highly complex process
that remains a mystery and needs to be elucidated [41]. Therefore, we hypothesize that
the increasing sucrose cleavage in the SPS overexpressed transgenic rice can be directed
to ensure the maintenance of sugar homeostasis. The sucrose content cannot drastically
increase and should be degraded or translocated to prevent repression of gene expression.
Understanding the fundamental mechanisms involved in sugar signaling will provide
opportunities for improving plant growth and productivity.

5. Conclusions

The overexpression of the sugarcane SoSPS1 gene significantly increased the transcript
and SPS activity as well as sucrose content in the transgenic indica rice. The increase in
sucrose was followed by the increase in SAI and SuSy in the transgenic lines. The increase
in the sucrose degrading enzymes leads to enhance plant growth and grain yield of the
transgenic lines compared to non-transgenic (NT) rice.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12122949/s1, Figure S1: PCR amplification of nptII
genomic DNA of rice in T0 (A) and T1, T2, and T3 (B) generation. Genomic DNA was extracted from
the leaves of T1, T2, T3, and NT (non-transgenic) rice and used for PCR amplification using a set of
primers for nptII. PCR amplified DNA was separated on 1% agarose gel and photographed using
GelDoc; Figure S2: Comparison of the rice-grain size between the transgenic lines and NT rice.

https://www.mdpi.com/article/10.3390/agronomy12122949/s1
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