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Abstract. Sweet sorghum has drought resistance, waterlogging resistance, salt and alkali resistance, wide
adaptability and excellent resistance to leaf diseases, and is one of China’s important food crops, sugar
crops and energy crops. In the face of the energy crisis, as an energy crop, sweet sorghum has a high
conversion rate of ethanol, which shows an attractive prospect for development and utilization and has
attracted the attention of many countries. One of the main indicators to measure the use value of sweet
sorghum is its high sugar content, and it is of great significance to increase the sugar content. In this
study, we examined the expression of sucrose phosphate synthase (SPS) in leaves of sweet sorghum and
sorghum and found the rules of sugar accumulation in sweet sorghum. The effect of SPS gene expression
on sucrose accumulation in sweet sorghum and the factors affecting the difference of sugar content
between sweet sorghum and sorghum cultivars were studied. The sweet sorghum LTR102 (as the female
in this experiment), and common grain sorghum 654 (as the male), and hybrid F5 high and low sugar
individuals were used as experimental materials. The gene expression of sucrose phosphate synthase was
detected by real-time PCR. According to the qualitative and quantitative analyses of SPS gene, the SPS
gene is not only the key factor for the accumulation of sucrose, but also the factor that causes the
difference in sugar content between sweet sorghum and common sorghum. At different growth stages, the
high sugar individuals showed superiority in sucrose accumulation, SPS activity and SPS gene expression
compared to the other three individuals.
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Introduction

With the increasing scarcity of fossil fuels and the increasing environmental
pollution, biomass energy has become an increasingly attractive alternative to fossil
fuels as a renewable clean energy source, reducing greenhouse gas emissions and
supporting agricultural development (Guo et al., 2016). The name “sweet sorghum” is
used to distinguish those varieties of sorghum (Sorghum bicolor (L.) Moench), which
accumulate high concentrations of soluble sugars like sucrose, glucose and fructose in
the stem juice, from the common grain sorghum (Rao et al., 2013). Sweet sorghum is a
C4 plant with a high photosynthetic rate, and has excellent characteristics such as
drought resistance, waterlogging resistance, salt and alkali resistance. It has a short
growing period, the use of seeds to reproduce and the amount of seeds used is much
lower than that of sugar cane (Saccharum officinarum), and is suitable for sowing, so
the production cost of sweet sorghum is much lower than that of sugarcane (Luo et al.,
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2012; Zhang et al., 2018). Far lower than sugarcane, and suitable for sowing, so the
production cost of sweet sorghum is much lower than sugarcane. And a lot of research
has been carried out and will create economic benefits (Luo et al., 2012). At present,
sweet sorghum is one of the most promising renewable energy sources. In recent years,
sweet sorghum as a sugar crop, feed crop, energy crop and industrial crop has important
significance for global economic development and environmental protection (Zhao et
al., 2015; Jiang et al., 2012; Tang et al., 2012). Although sweet sorghum varieties have
important agronomic traits and invaluable economic values, the high sugar metabolism-
related genes have been little known so far (Li et al., 2014). Thus, it is great significance
to understand the accumulation pattern of sugar in sweet sorghum and to investigate the
effect of SPS gene expression on sucrose accumulation in sweet sorghum and the
differences in sugar content between sweet sorghum and sorghum.

Sucrose-phosphate synthase (SPS, EC 2.4.1.14) is a key enzyme in sucrose
biosynthesis in both photosynthetic and nonphotosynthetic tissues of plants. It is
encoded by different gene families. SPS exists in multiple forms which show
differential distributions and functional specializations in the plant tissues. The
expression of SPS was higher in sugarcane as compared with maize (Zea mays L.),
while in contrast no PCR amplification was obtained with the Arabidopsis plants
(Arabidopsis thaliana (L.) Heynh.) (ElSayed, et al., 2013). At the transcript level, the
rice (Oryza sativa L.) SPS genes, particularly SPS1, were preferentially expressed in
source tissues. Diurnal changes in SPS gene expression, SPS activity, and soluble sugar
content in leaf blades were investigated. The expression of all the SPS genes,
particularly that of SPS1 and SPS11, tended to be higher at night when the activation
state of the SPS proteins was low, and the mRNA levels of SPS1 and SPS6 were
negatively correlated with sucrose content. The temporal patterns of SPS gene
expression and sugar content under continuous light conditions suggested the
involvement of endogenous rhythm and/or sucrose sensing in the transcriptional
regulation of SPS genes (Okamura et al., 2011). The association among sucrose content,
tree phenology and elevated SPS gene expression also implicates both enzyme and
product in regulating poplar developmental processes (Park et al., 2009). SPS activity is
highly regulated by hierarchy of mechanisms including transcriptional control (Taneja
and Das, 2014). Therefore, to understand the accumulation and metabolism of sugar in
plants, it is essential to study the regulation of SPS and gene expression.

Real-time PCR (real-time quantitative PCR technology) can quantify the initial
template, it is simple and quick to operate, with strong specificity and high sensitivity.
Because the entire process does not require post-processing of PCR products, it can
effectively prevent contamination and false positives in the detection process, greatly
improving the detection efficiency, and fluorescence quantification can also prevent
non-specific amplification by melting curves, probes, etc. Thus, real-time PCR has the
tendency to replace conventional PCR. It refers to the addition of fluorescent groups to
the PCR reaction system, real-time monitoring of the entire PCR process using
fluorescence signal accumulation, and finally the quantitative analyses of unknown
templates using standard curves (Hou, 2009). Okamura et al. (2011) investigated the
tissue- and developmental stage-specific expression patterns of the rice SPS gene family
using real-time RT-PCR techniques. The diurnal changes in SPS gene expression and
activity in leaves were also examined. Based on the results presented, predictions of the
key transcriptional regulator of each SPS gene were discussed. Therefore, RT-PCR
technology plays an important role in the determination of SPS enzyme activity.
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For sweet sorghum, sugar content is an important trait indicator. The study of the
correlation between the changes of SPS activity and gene expression and sucrose
content is the theoretical basis to find out the factors influencing sugar sorghum
accumulation in sweet sorghum. In this study, the relationship between SPS activity and
gene expression patterns and sugar accumulation was studied, which provided the
theoretical basis for the selection and breeding of sweet sorghum new varieties and the
determination of the best harvest stage.

Research design and methods
Plant material

Sweet sorghum LTR102 (as the female parent in this experiment), common grain
sorghum 654 (as the male parent) and F5 high and low sugar plants from the cross of
the first two were supplied by Liaoning Academy of Agricultural Sciences. Through
subculture techniques, the genotypes were continuously purified to screen for high
sugar varieties. Three replicates of each treatment were sampled to extract the sugar and
determine the sugar content at the seedling stage, jointing stage, heading stage and
mature stage.

Determination of SPS activity

The sample (1 g) was homogenized to a fine powder in pre-chilled mortar and added
to 2.5 mL phosphate buffer (twice). These supernatant liquor were collected after
centrifugation at 10,000xg (4 °C) for 15 min, the reaction mixture contained in a final
volume of 50 uL supernatant liquor, 50 uL. phosphate buffer, 20 uL. MgCl,, 20 uL
UDPG and 20 uL 6-phosphate fructose. Then, vibrated it and incubated the tubes for
30 min in a water bath at 30 °C. The reaction was stopped by the addition of 200 pL of
NaOH and the tubes placed in a water bath at 100 °C for 10 min. After cooling the tubes
to room temperature, the tissue sample was added to 1.5 mL HCI (30%) and 0.5 mL
resorcinol and then, the tubes placed in a water bath at 80 °C for 10 min. After cooling
the tubes to room temperature, absorbance was measured at 480 nm.

Total RNA extraction and cDNA synthesis

Total RNA was extracted by improved Trizol method. The leaf tissue was
homogenized to a fine powder in liquid nitrogen. And then added 1 ml Trizol to each
50-100 mg of tissue, the sample volume should not be exceeded 100 pL at room
temperature for 5 min. Then, the leaf tissue was added 0.2 mL chloroform to the tubes
and vibrate it for 15s, static cultivation at room temperature for 5 min. These
supernatant liquor were collected after centrifugation at 12,000xg (4 °C) for 15 min and
then, collected the supernate into tubes. The samples were added 0.5mL isopropanol at
room temperature for 5 min. These samples were collected after centrifugation at
12,0009 (4°C) for 10 min and then, the supernatant liquor was discarded. The
precipitate was added 1 mL ethanol to the tubes to dissolve RNA precipitate. Similarly,
the samples were collected after centrifugation at 12,000xg (4 °C) for 5 min. If it used
for reverse-transcription PCR, repeat the above steps twice (discard supernatant liquor
and dissolve RNA precipitate). Dried for 5-10 min at room temperature. Then dissolved
the sample by TE (30-60 uL). Then take analyses of the extracted RNA purity and RNA
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integrity. RNA samples that were diluted 100-fold or 200-fold with RNase to solubilize
RNA samples. Absorbance was measured at 260, 280, 230 nm.

Determine the RNA concentration of the original sample: RNA ug/uL = A(260, 280,
230) x 33 x T/ 1000. A: Absorbance; T: Dilution times.

After electrophoresis on a 1.0% agarose gel at 90 V for 45 min, the clarity and
integrity of the RNA bands were visualized on a gel imager.

Design of SPS primers

Based on the known cDNA sequence of a sweet sorghum SPS3-1 gene coding region
(Liu, 2009), primers were designed using Oligo6 software and Primer primier software
(Zhang et al., 2004). And it was named SPS-1, B-Actin is the housekeeping gene
(Table 1).

Table 1. Primers for SPS gene amplification

Primer plljier:glt’h(t?;) ™ Primer sequence Amplified length
SPS-1 forward primer 20 58 | GGCAAGAAATAGAAGAGCAG 121bp
SPS-1 reverse primer 20 58 | ACCATACGAGGCATAAAACG
Actin-F forward primer 20 58 | AGATGGTGTCAGCCACACTG; 210bp
Actin-R reverse primer 20 58 CGAGCTTCTCCTTCATGTCC

Quantitative PCR systems and conditions

RT-PCR was used to determine the expression of SPS in sweet sorghum. RT-PCR
was performed with primers according to Table 1. The RNA from all sample was
reverse transcribed using QuantiTect Reverse Transcription Kid, primed with 50 pmol
of reverse primer (Oligo dT) by following the manufacturer’s protocol and carried out
in a PTC 100 Peltier Thermal Cycler (MJ Research, Ramsey, MN, USA).

The PCR reaction was performed in a volume of 25 uL containing 10xBuffer
(2.5 uL), 25 mg/mL MgCl, (2.5 uL), 100 umol/L dNTP (0.5 uL), 5 U/uL Taq enzyme
(0.5 uL), 0.2 umol/L Forward Primer (1.0 uL), 0.2 umol/L Reverse Primer (1.0 pL),
cDNA template (1.0 uL), and sterile ddH,O added up to the final volume.

This PCR program was performed with initial denaturation at 94 °C for 2 min,
(denaturation 94 °C 30 s — annealing 53 °C 20 s — extension 72 °C 80 s) 32 cycles —
extension 72 °C 10 min and saved at 4 °C (Yao et al., 2009; Li et al., 2007).

Detection of the expression of SPS using real-time quantitative PCR
Correlation analyses of SPS gene and housekeeping gene expression

In this experiment, Comparative Delta-delta Ct method was used for relative
quantitative analyses of the target gene. Dilution of cDNA into 5 gradients (27, 2%, 2°,
2° 2'), using SYBR Green | real-time PCR of target gene SPS and housekeeping gene
B-actin. Create the standard curves for two genes and detect amplification efficiency. By
calculating the difference between the two standard curves M (slope) is less than 0.1, it
is proved that the relative quantitative analyses can be used.
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Real-time PCR reaction system and conditions

The PCR program was performed with initial denaturation at 95 °C for 15 min, ten
cycles of 94 °C for 20 s, 53 °C for 20 s, 72 °C for 80 s with 35 cycles and final 53-95 °C
extension for dissolution curve program. Three replicates of each treatment were
sampled to set no template negative control. The PCR product was analyzed and
subjected to 1% agarose gel electrophoresis to determine the product specificity. The
experimental data was processed and analyzed by SPSS software.

Results
Correlation analyses of SPS activity and sucrose content

By measuring the activity of SPS in the leaves of the male and female parents, and
the F5 high sugar population and the low sugar population they hybridize, we can
understand the changes of SPS among different groups in different periods. The
variation of SPS was increased. At the mature stage, the activity of three sweet sorghum
varieties (the female parent, high sugar individuals and low sugar individuals) reached
the maximum of 14.86, 17.63, 13.76 umol/h.g.fw, respectively. The SPS activity of the
male parent at the mature stage was more minor than the heading stage. In spite of the
SPS activity of four species was similar at the seedling stage, the large differences in
SPS activity from the jointing stage. The SPS activity of the cross of the high and low
sugar individuals grew linearly, the rate of increase in activity was faster than that of the
parents and high sugar varieties had the highest SPS activity at mature stage. Analyses
of correlation for sucrose and SPS activities in leaves in sorghum and sweet sorghum
showed that sucrose was significant positive correlation with SPS activity (R = 0.763,
P <0.01) (Fig. 1).

[ ] sucrose
E SPsS activity of SPS

)-J>

activity of SPg(umol/h.g.fw
o
1

The concent of sucrose(%) and

o
o}

6

s J HM|s g H M|S 3 H M|S J H ™
S S s S

S S S

sorghum654  sweet sorghum LTR102 high sugar individuals low sugar individuals

Figure 1. The relationship between the activity of SPS and sucrose of different group at
different growth stages (SS: seeding stages; JS: jointing stages; HS: heading stages; MS:
mature stages)
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Analyses of extraction results of RNA

Agarose gel electrophoresis showed that the RNA extracted by the modified Trizol
method had three bands, and the brightness of the 28S bands in the total RNA was about
twice that of the 18S band, indicating that it was less degraded during the extraction
process. The integrity of the extracted RNA was intact, indicating that the RNA was not
contaminated and could be used as a template in the next experiment (Fig. 2).

Figure 2. 1% agarose gel electrophoresis of total RNA extracted

Qualitative analyses of SPS gene expression

At the seedling stage, parents, the SPS gene expression of F5 high and low sugar
leaves (Fig. 3). In the figure, bands 1 to 4 were used as templates for the cDNAs of
paternal, maternal, high-sugar and low-sugar individuals, and B-Actin was a PCR
product amplified by primers. The fragment length was about 210 bp. The bands 5 and
6 were used as templates for the cDNAs of the paternal, maternal, high- and low-sugar
individuals, and SPS-1 was a PCR product amplified by primers. The fragment length
was 121 bp. At the seedling stage, the SPS gene has already begun to express.

Figure 3. The electrophoresis of SPS gene and housekeeping genes at developmental stages
[top left: SS (seeding stages); top right: JS (jointing stages); bottom left: HS (heading stages);
bottom right: MS (mature stages)]

At the jointing stage, parents, the high sugar individuals showed strong expression,
and the SPS gene expression of the paternal parent at the jointing stage was not as
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strong as high sugar individuals. At the heading stage, the brightness and thickness of
the target fragment were stronger than those of the previous two stages, indicating that
the expression level of the SPS gene was greater than that at the seedling stage and the
jointing stage. At the mature stage, the degree of brightness and thickness of the target
fragment reached the maximum, which fully demonstrated that the expression level of
SPS gene reached a large value during the mature stage (Fig. 3).

Using B-Actin and SPS-1 as primers, the desired target fragment can be amplified
with clear. From Figure 3 we can see that the SPS gene can be detected at the seedling
stage. With the extension of the growth period, the expression level of SPS gene
gradually increases, and the expression level reaches the maximum at the mature stage.
This is similar to the variation of sucrose content, and it can be initially demonstrated
that the expression of SPS affects the accumulation of sucrose. On the basis of RT-PCR
detection was performed to more accurately understand the change pattern of SPS gene.

Quantitative analyses of SPS gene expression
Comparative analyses of quantitative expression of SPS gene at seedling stage

Relative quantitative analyses of SPS gene expression in the parental, F5 high and
low sugar individuals at different growth stages was performed using the Comparative
Delta-delta Ct method. In comparison with the relative concentration of SPS gene in
female leaves, the relative concentration of SPS gene in the high-growth individuals at
the seedling stage was higher, which was 1.59 times that of the parental SPS gene. The
relative concentration of the parental SPS gene was the minimum and was only half of
the parental SPS gene expression (Table 2).

Table 2. The comparison of different breeds of the SPS gene expression at seedling stage

Replicate name | GOICT | Norm. CT | Delta CT | Delta-delta CT | Relative conc. |Calibrator
Male parent 25.44 20.30 5.14 0.88 0.54
Female parent 27.09 21.97 5.12 0.00 1.00 Yes
High sugar 26.15 21.70 4.45 -0.12 1.59
Low sugar 25.59 20.51 5.07 0.36 1.03

Comparative analyses of quantitative expression of SPS gene at jointing stage

At the jointing stage, the relative concentration of SPS gene in the female parent
leaves was also used as a control. The parents, F5 high sugar and low sugar plants had
little difference in expression at this stage. The highest SPS gene expression level in the
high-sugar individual was only 1.25 times that of the minimum low-sugar individual
(Table 3).

Table 3. The comparison of different breeds of the SPS gene expression at jointing stage

Replicate name | GOICT | Norm. CT | DeltaCT |Delta-delta CT |Relative conc.|Calibrator
Male parent 25.44 20.3 5.14 0.24 0.84
Female parent 27.09 22.19 4.9 0 1.00 Yes
High sugar 26.37 21.45 4.83 -0.07 1.05
Low sugar 25.59 20.52 5.07 0.18 0.88
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Comparative analyses of quantitative expression of SPS gene at heading stage

The relative concentration of SPS gene in the paternal leaves was the minimum, and
the expression levels in the other three individuals were not significantly different. This
indicated that the difference in expression levels of SPS genes between sweet sorghum
and sorghum increased from the heading stage. The expression level of SPS gene in
sweet sorghum was about 2 times higher than that of sorghum (Table 4).

Table 4. The comparison of different breeds of the SPS gene expression at heading stage

Replicate name | GOI CT | Norm. CT | Delta CT | Delta-delta CT |Relative conc.| Calibrator
Male parent 24.28 19.09 5.19 0.88 0.54
Female parent 24.39 20.27 431 0.00 1.00 Yes
High sugar 24.46 20.62 4.19 -0.12 1.08
Low sugar 24.62 19.96 4.66 0.36 0.78

Comparative analyses of quantitative expression of SPS gene at mature stage

At the mature stage, the relative concentration of SPS gene in the female parent
leaves was used as a control. Parents, F5 high-sugar and low-sugar populations had
different expression levels at this stage. The expression level of the SPS gene in the
maximum high-sugar individual was approximately 15 times that of the minimum low-
sugar individual (Table 5).

Table 5. The comparison of different breeds of the SPS gene expression at mature stage

Replicate name | GOICT | Norm. CT | Delta CT | Delta-delta CT |Relative conc.| Calibrator
Male parent 27.65 21.96 5.69 1.31 0.40
Female parent 26.48 22.11 4.38 0.00 1.00 Yes
High sugar 26.07 24.28 1.80 -2.58 5.98
Low sugar 28.52 23.80 4,73 0.35 0.78

In summary, the relative concentration of maternal SPS gene was used as a control at
each stage. The maximum expression level was high-sugar individuals, and the
minimum expression level was the male parent. The order of SPS gene expression from
high to low was high-sugar individuals, maternal, low-sugar group and paternal. At the
mature stage, this change trend is similar to the accumulation pattern of sucrose and the
change of SPS activity. It can be seen that the expression of SPS gene influences the
accumulation of sucrose, and the higher the expression level of SPS gene, the higher the
sucrose content.

In the test materials selected for this experiment, the male parent was the pure
sorghum or hybrid sweet sorghum. At the maturing stage, the SPS gene expression was
lowest in the male parent leaves, and it was up to 15 times higher than the high-sugar
individual with the maximum expression. It is further explained that the difference in
sucrose content is one of the causes of the difference in sugar content between ordinary
sorghum and sweet sorghum.
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Discussion and conclusion

Sweet sorghum is an important sugar crop. The accumulation of sweet sorghum
sugar is mainly based on sucrose. Comparing the gene expression levels of SPS at
different stages of different varieties of sweet sorghum has important significance for
increasing the sugar content of sweet sorghum (Ye et al., 2012). In this experiment, the
improved Trizol method can propose high-quality, non-polluting RNA easily and
rapidly. The qualitative analyses of the sweet sorghum SPS gene revealed that the
spectrum detected at the mature stage was the most distinct, and the SPS gene
expression reached the maximum level during the mature period. The correlations
between sucrose and SPS activity in leaves of sorghum and sweet sorghum were
analyzed. The results showed that there was a significant positive correlation between
sucrose and SPS activity, and it could be initially proved that SPS gene expression was
a factor affecting sucrose content.

The experiment of RNA extraction must always be careful not to degrade RNA
(Zong et al, 2011). Compared with conventional PCR technology, real-time
fluorescence quantitative PCR technology has high sensitivity, specificity,
reproducibility, fast and simple operation, and can directly perform qualitative analyses
and quantitative analyses (Liu et al., 2011). Real-time PCR technology is a very
effective experimental method and has been widely used in molecular biology, genetic
engineering, medical diagnosis and other fields (Ren et al., 2007). In this experiment, by
analyzing the correlation between SPS gene and housekeeping gene expression, the
dissolution profiles of the two genes were single peaks, indicating that the specificity of
the reaction and accurate in the PCR amplification process and there are no non-specific
amplifications and primer dimers. It is an ideal dissolution curve, indicating that the
selected primers can be applied to Comparative Delta-delta Ct method relative
quantitative analyses of parental, F5 high glucose and low sugar populations at different
growth stages of SPS gene expression.

By comparing the changes of the relative concentrations of SPS gene in female
parent at different growth stages, it can be seen that the change pattern of SPS gene in
sweet sorghum is consistent with the variation law of sucrose content and SPS activity,
and both of them reach the maximum value at mature stage. Yekai et al. (2012) showed
that the highest value of the sorghum SPS enzyme activity appeared in the maturity
stage of No. 9, which was consistent with this experiment. The correlation analyses of
sucrose and SPS gene relative concentrations in leaves of sorghum and sweet sorghum
showed that the relative concentration of sucrose and SPS gene was positively
correlated. By understanding the changing pattern of SPS genes and providing
theoretical basis for determining the selection and breeding of new sweet sorghum
varieties. It is great significance to understand the laws of sugar accumulation in sweet
sorghum, the principle of SPS, metabolism and regulation. It is also possible to breed
sweet sorghum varieties with high sugar content to guide production practices and have
good reference for other crops.
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