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ABSTRACT 

 

‘Minihyang’ mandarin bears fruits with small size and high sugar content. 

‘Minihyang’ mandarin grafted on trifoliate orange (TO) tends to be vigorous and 

develops water sprout open. It is associated with insufficient floral differentiation 

and fruit set. Recently, the use of Flying Dragon (FD) as rootstock with a high dwarf 

effect has been proposed to improve this situation. Therefore, this study was 

conducted to evaluate the effect of two different rootstock genotypes on tree growth, 

fruit yield, and fruit quality at the physiological, biochemical, and molecular levels.  

As a result of the study, in FD, tree vigor was stably maintained, fruit size was 

large, and the sugar content was high compared to the TO. Fructose, glucose, and 

sucrose of fruit continued to increase from development to maturity. In particular, 

fructose and sucrose were significantly higher in the fruits of the FD than those in 

TO at 150 and 220 days after anthesis. The total sugar content was also significantly 

higher in the fruit of the FD. The activities of SPS and SS associated with sucrose 

synthesis tended to be increased during the fruit maturity season, but there was no 

significant difference between the two rootstocks. On the other hand, the activities 

of SS and AI breaking down sucrose were high in FD at 150 and 220 days after 

anthesis. These results suggest that the unloading of sucrose might be increased and 

affect the sugar content. However, the results of real-time PCR analysis of gene 

expression related to sucrose metabolism did not show an association with changes 

in enzyme activity affecting sugar content. Therefore, further detailed studies on the 
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process after the regulation of gene expression are likely to be needed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iii 

 

TABLE OF CONTENTS 

 

ABSTRACT ........................................................................................................................ ⅰ 

TABLES OF CONTENTS ................................................................................................ ⅲ 

LIST OF TABLES .............................................................................................................. ⅳ 

LIST OF FIGURES ............................................................................................................ ⅴ 

INTRODUCTION ............................................................................................................... 1 

MATERIALS AND METHODS ....................................................................................... 3 

1. Plant materials ............................................................................................................................. 3 

2. Measurement of scion tree growth, yield and fruit quality characteristics ........................ 3 

3. Fruit sugar analysis ..................................................................................................................... 4 

4. Enzyme extraction and assay .................................................................................................... 4 

5. Quantitative real-time PCR reaction analysis ......................................................................... 5 

6. Statistical analysis ........................................................................................................................ 6 

RESULT AND DISCUSSION ........................................................................................... 8 

1. Effect of different rootstocks on scion tree vegetative growth, yield and fruit quality .... 8 

2. Effect of different rootstocks on sugar contents .................................................................... 14 

3. Effect of different rootstocks on sucrose metabolic enzyme activities ........................... 17 

4. Effect of different rootstocks on the expression of sucrose metabolic enzyme genes ..... 20 

REFERENCES ..................................................................................................................... 23 

ABSRACT IN KOREAN .................................................................................................. 27 

ACKNOWLEDGEMENTS .............................................................................................. 29 

 

 

 



iv 

 

LIST OF TABLES 

 

Table 1. Primers used in this experiment ......................................................................... 7 

 

Table 2. Tree vegetative growth of ‘Minihyang’ mandarin grafted on trifoliate 

orange (TO) and Flying Dragon (FD) rootstocks ........................................................... 10 

 

Table 3. Yield of ‘Minihyang’ mandarin grafted on trifoliate orange (TO) and Flying 

Dragon (FD) rootstocks at harvest .................................................................................. 11 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 

 

LIST OF FIGURES 

 

Fig 1. Changes in fruit length (L) and diameter (D), L/D ratio, fruit weight 

and rind coloration during the fruit development in ‘Minihyang’ mandarin 

grafted on trifoliate orange (TO) and Frying Dragon (FD) rootstocks ........... 12 

 

Fig 2. Change in soluble solids and titratable acidity in ‘Minihyang’ fruits grafted on 

trifoliate orange (TO) and Frying Dragon (FD) rootstocks .......................................... 13 

 

Fig 3. Soluble sugar contents in the fruits of ‘Minihyang’ mandarin grafted on 

different rootstocks ............................................................................................................. 16 

 

Fig 4. Sucrose metabolic enzyme activities in the fruit of ‘Minihyang’ mandarin 

grafted on different rootstocks ......................................................................................... 19 

 

Fig 5. Real-time fluorescence quantitative PCR analysis for the relative expression of 

sucrose metabolic enzyme genes in the fruits of ‘Minihyang’ grafted on different 

rootstocks ............................................................................................................................. 22



1 

 

INTRODUCTION 

 

The citrus is one of the most important fruit crops in Korea and the world. Citrus fruits 

contain various nutrients, such as vitamin C, minerals, flavonoids, and fiber, playing a 

crucial role in improving health and preventing chronic diseases (Sadka et al.,2019). 

Especially, it accounts for about 32% of the total fruit production, which ranks first among 

the fruits in Korea (KOSIS, 2020). The fruit growing is generally performed with scion, 

fruiting part and rootstock, underground part. These two parts consist of two different 

cultivars, and then rootstock significantly affects scion tree performance such as canopy size, 

fruit set, and fruit quality (Castle, 1995; Zhou et al., 2015). The trifoliate orange (Poncirus 

trifoliata (L.) Raf.) (TO) is most commonly used as the rootstock of citrus in Korea because 

of its high tolerance to cold, acidic soil, citrus tristeza virus and phytophthora disease, and 

induction of semi-dwarfness of scion part (Wu et al., 2017).  

‘Minihyang’ mandarin is a hybrid (‘Kinokuni’ × ‘Ponkan’ mandarin) bred at the Citrus 

Research Institute, the National Horticultural and Herbal Science, in Korea. Its growth has 

been recently expanded due to bearing the fruits with high sweetness (13 °Brix) even though 

small size (30–40 g). However, it is not easy to manage the canopy for floral differentiation 

securing economic fruit set because scion trees become too vigorous when TO is used as a 

rootstock. Then Korean citrus industry needs  cultural trials on the rootstocks being much 

more dwarf than TO. It has been reported that the cultural performance of Frying Dragon 

trifoliate orange (Poncirus trifoliata var. monstrosa Swing.) (FD) is very similar to TO in 

most traits except for being much dwarf (Mademba-Sy et al., 2012), which is never 

evaluated in ‘Minihyang’ mandarin, yet. 

The difference of sugar content and composition in citrus was associated with the 
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rootstock genotypes (Dong et al., 2019; Noda et al., 2001), which might be attributed to the 

degree of sucrose metabolism related enzyme activities and gene expression. The sucrose 

metabolism is controlled by sucrose synthesis and cleavage mechanism (Lin et al., 2015). It 

is known that sucrose phosphate synthase (SPS) and sucrose synthase (SS) are involved in 

the synthesis of sucrose (Cardini et al., 1955), and SS and invertase (IV) are involved in the 

cleavage of sucrose (Stein et al., 2019). Therefore, there is a possibility that the activity of 

these enzymes may vary depending on the type of rootstock. In addition, their activity 

changes may be related to transcription, translation, and post-translational modification 

mechanisms of genes encoding these enzymes. In pineapple, it was also reported that the 

expression of SPS, SS, and neutral invertase (NI) genes showed distinct patterns associated 

with sugar accumulation and composition at the different developmental stages of pineapple 

fruits (Zhang et al., 2012). However, there are few such studies in citrus so far. 

Therefore, this study was conducted to evaluate the effect of the rootstock on the sugar 

content of ‘Minihyang’ citrus fruits and scion tree growth and yield and to analyze the 

relationship between the sucrose metabolism enzyme activity and gene expression patterns. 
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MATERIALS AND METHODS 

 

Plant materials 

Four-year-old ‘Minihyang’ mandarin (Citrus reticulata Blanco) grafted on TO and FD 

were used in this study. These trees were planted at the distance of 2 × 2.9 m in the unheated 

plastic house located at the Citrus Research Institute (33° 18′ 8.74″ N, 126° 36′ 43″ E), Jeju, 

Korea. All trees were managed by conventional cultural practices. Biological replicate 

consists of three trees selected randomly.  

 

Measurement of scion tree growth, yield, and fruit quality characteristics 

Tree height and width, the mean length and thickness of one-year-old shoots, the mean 

number and length of thorns developed in one-year-old shoots, and the total number and 

mean length of water sprouts were measured in the winter season, in which annual growth 

finished. The yield was evaluated with the total number of fruit-bearing and the mean fruit 

weight at harvest. Fruit growth, including fruit weight, size and shape, and fruit quality, 

including soluble solids content (SSC), titratable acidity (TA), and rind coloration, were 

measured 100, 150, 185, and 220 days after anthesis. Three fruits were randomly selected 

per tree and used to evaluate fruit growth and quality. The SSC and TA of squeezed fruit 

juice were measured with a digital sugar and acid analyzer (GMK-707R, G-won Hitech Ltd., 

Korea), and the rind coloration was measured using a colorimeter (CR-400 Chroma Meter, 

Konica Minolta Inc., Japan). 
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Fruit sugar analysis 

Three fruits per tree were randomly collected for sugar analysis. The peel and segment 

epidermis of fruits were quickly separated, and only the juice sacs were immediately frozen 

using liquid nitrogen. They were stored at –80°C before using to analyze juice sugar content, 

related enzyme activities, and gene expression.  

For the analysis of juice sugar content, the frozen juice sacs were slowly thawed and 

were squeezed with a two-layer cheesecloth. The juice extract was diluted three times with 

distilled water and centrifuged at 10,000 rpm for 10 min. The supernatant was passed 

through Sep-Pak C18 cartridges (Waters 2695, MA, USA) and filtered using a 0.45 μm 

syringe filter (Whatman 6784, Maidstone, UK). Then soluble sugar (fructose, glucose, and 

sucrose) content was determined with HPLC (LC-20AT, Shimadzu, Inc., Japan) equipped 

with ZORBAX NH2 column (4.6 × 250 mm, 5 µm, Agilent Technologies, Inc., USA) and 

conditioned with a mobile phase [acetonitrile: water = 80:20 (v/v)], 20 µL sample volume, 1 

mL·min-1 flow rate, 35°C column temperature. 

 

Enzyme extraction and assay 

The extraction of sucrose metabolic enzymes was followed by the Kubo et al. (2001) 

method with some modifications. Four grams of frozen juice sacs were homogenized in a 

prechilled mortar and pestle with 10 mL of a buffer solution [0.5 M hydroxyethyl piperazine 

ethane sulfonic acid (Hepes)-KOH (pH 7.5), 1 mM ethylene-diamine-tetraacetic acid 

(EDTA), 5 mM MgCl2, 150 mM NaCl, 5 mM 1,4-dithiothreitol (DTT), 1 mM 

phenylmethylsulfonyl fluoride (PMSF), 1 mM CaCl2 and 2% (v/v) glycerol]. The resulting 

mixture was centrifuged for 10 min at 12,000 × g. After loading 2.5 mL of supernatant in the 

Sephadex PD-10 column (Amersham Pharmacia Biotech, Inc., USA) pretreated with a 

desalting buffer [20 mM Hepes-KOH (pH 7.2), 10 mM MgCl2, 5 mM β-mercaptoethanol, 
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and 10% (v/v) glycerol], 3.5 mL was collected and used as a crude enzyme extract. 

The activities of SS and SPS were determined by the method of Song et al. (1998) with 

some modifications. The sucrose synthesis activity of SS was determined using the mixture 

of 100 mM Hepes-KOH (pH 7.2), 5 mM MgCl2, 2 mM uridine diphosphate glucose (UDPG), 

10 mM fructose, and crude enzyme extract. Whereas the sucrose cleavage activity of SS was 

measured using the mixture of 20 mM Hepes-KOH (pH 7.2), 4 mM uridine diphosphate 

(UDP), 10 mM sucrose, and crude enzyme extract. SPS activity was determined using 

mixture of 61.7 mM Hepes-KOH (pH 7.5), 19.2 mM MgCl2, 1.3 mM EDTA, 7.7 mM UDPG, 

9 mM fructose 6-phosphate (F-6-P), 49.5 mM glucose 6-phosphate (G-6-P), and crude 

enzyme extract. The sucrose synthesis activities of SS and SPS were assayed at 10-min 

intervals for 30 mins, and the sucrose cleavage activity of SS was assayed at 30-min 

intervals for 90 mins with boiling at 100°C for 3 min to terminate the reaction. All reactions 

were carried out at 30°C. AI activity was determined by Kubo et al. (2001) method with a 

modification in the mixture of 103 mM Na-acetate (pH 5.2), 10 mM sucrose, and crude 

enzyme extract. The assays were conducted at 30-min intervals for 90 mins, at 37°C with 

boiling at 100°C for 3 mins to terminate the reaction. The sucrose produced or broken down 

by each enzyme during assay was measured by the anthrone method (van Handel et al., 

1968). The total protein concentration of crude enzyme extracts was measured at 595 nm 

using a Bio-Rad protein assay kit (Bio-Rad 500-0001, Bio-Rad Laboratories, Inc., USA) by 

the Bradford method (1976). 

 

Quantitative real-time (qRT)-PCR reaction analysis 

For total RNA extraction, juice sac tissue was homogenized in a prechilled mortar and 

pestle with quartz sand and polyvinylpolypyrrolidone (PVPP) using liquid nitrogen. Total 

RNA was extracted using the BiomedicⓇ RNAxzolTM kit (Biomedic Co., Ltd., Korea) 
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according to the manufacturer’s instructions. Quantitative and qualitative analysis of the 

extracted RNA was conducted using a spectrophotometer (DeNovix DS-11+, DeNovix, Inc., 

USA) and 1.2% (v/v) agarose gel electrophoresis. cDNA was synthesized with a 

PrimeScriptTM RT reagent kit (TaKaRa, Inc., Japan). The primers for CitSPS1, CitSPS2, 

CitSUS, CSCW1, CitAI, and NIN were designed with the information of Dong et al. (2019) 

as shown in Table 1. The qRT-PCR was performed with three biological replicates and two 

technical replicates in a 20 μL mixture volume of 4 μL cDNA, 0.8 μL forward and reverse 

gene-specific primers (each 10 pmol·μL-1), 10 μL TOPreal qPCR 2x premix (Enzynomics, 

Inc., Korea) and 5.2 μL sterile distilled water using the LightCycler®  480 II real-time PCR 

system (Roche Diagnostics GmbH, Co, Ltd., Germany). The reaction of qRT-PCR was 

started with an initial denaturation at 95°C for 5min and followed by 45 cycles of 15 sec at 

95°C, 20 sec at 60°C, and 30 sec at 72°C. The relative gene expression was analyzed using 

the composite CT method by calculating a value of 2-(Ct target gene-Ct housekeeping gene). 

 

Statistical analysis 

Data were presented as means ± standard errors. Statistical significance was analyzed 

using the SPSS 18.0 software (SPSS, Inc., NY, USA) at P < 0.05. 
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Table 1. Primers used in this experiment. 

 

No. Oligo name Sequence Length 

1 
CitSPS1 F GCTCCCTCCTTATCCTTTCGT 21 

CitSPS1 R AGCAGCAACAAGACATCGAG 20 

2 
CitSPS2 F GTTGAACTTGCCCGAGCCTT 20 

CitSPS2 R ACATCTCGTTCGGTTCACCA 20 

3 
CitSUS F AGAGTCACACTGCTTTCACTC 21 

CitSUS R GCTCATATCAGCACCAGGAG 20 

4 
CSCW1 F AATAACATCAACGCTAGCTCA 21 

CSCW1 R GCGTTTAGCCTTAACCCAGT 20 

5 
CitAI F CCTTTCTTCACATCCGCAAT 20 

CitAI R GCATTGGTTCCAAGGACTTC 20 

6 
NIN F CAGCATTACTCTCTGCACGT 20 

NIN R TTCCCTGATATGGAATGACAAAG 23 

7 
β-actin F CCAAGCAGCATGAAGATCAA 20 

β-actin R ATCTGCTGGAAGGTGCTGAG 20 
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RESULTS AND DISCUSSION 

 

Effect of different rootstocks on scion tree vegetative growth, yield, and 

fruit quality 

The vegetative growth characteristics of the ‘Minihyang’ mandarin grafted on two 

different rootstocks are represented in Table 2. The tree height of 4-year-old ‘Minihyang’ 

mandarin grafted on FD was 1.4 m, whereas that grafted on the TO was 4.0 m, which had a 

difference of about three times. The large scion growth grafted on TO was attributed to the 

strong development of shoots, thorns, and water sprouts. Therefore, the result indicated that 

TO induced the scion to be much vigorous than FD. These results were in accord with the 

previous studies (Noda et al., 2001; Cantuarias-Avilés et al., 2012; Mademba-Sy et al., 2012; 

Andersen and Brodbeck, 2015), which reported smaller scion height or canopy with the low 

development of shoots and thorns at the different levels depending on scion cultivars grafted 

on FD compared to TO. 

The number of fruit-bearing per tree in TO was higher than in FD due to large canopy 

formation (Table 3). However, despite the higher fruit-bearing per tree, the yield on TO was 

much lower than that on FD (1.3 kgm-2 and 5.7 kgm-2 on TO and FD, respectively), which 

was four times lower due to small fruit size, light fruit weight and low fruit-bearing per unit 

area. The result was quite different from the previous studies reporting that larger fruit size 

and higher yield were obtained in Satsuma mandarin grafted on TO than FD (Noda et al., 

2001; Cantuarias-Avilés et al., 2012; Mademba-Sy et al., 2012; Andersen and Brodbeck, 

2015; Domingues et al., 2021). However, Mademba-Sy et al. (2012) reported that the fruit 

size affected by FD was considerably different depending on citrus species. Therefore, the 

result also indicated that the yield and fruit size affected by FD might differ depending on 
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citrus genotypes. On the other hand, the difference in fruit size was tiny at the initial stage of 

fruit enlargement but became significantly larger as fruit matured through cell enlargement 

with slight changes of fruit shape represented by the L/D ratio (Fig. 1B). Especially at the 

initial stage of fruit enlargement, there was only a difference in fruit length among fruit size 

parameters (Fig. 1A). Final fruit size is determined during the cell division phase of early 

fruit growth (Marsh et al., 1999) and the cell number of fruit is closely associated with 

carbohydrate partitioning and availability (Zhang et al., 2006). In citrus, the elevated 

temperature at the early fruit developmental stage promoted the longitudinal growth much 

higher than diametral growth, which was associated with larger and heavier fruits (Moon et 

al., 2015). Therefore, the result indicated that larger fruits on FD might be attributed to 

strong sink strength at the fruit enlargement and maturity stages and the early fruit growth 

stage. 

The rootstocks affected the SSC and TA of fruits in ‘Minihyang’ mandarin. FD represented 

higher SSC than TO with a range of 0.6–1.1 oBrix during all fruit developmental stages (Fig. 

2). However, TA represented some different patterns to SSC despite higher TA on FD during 

all fruit developmental stages and there was little difference except an apparent difference 

with 1.1% at an initial enlargement stage. Rind coloration was not affected by two different 

rootstock genotypes of TO and FD (Fig. 1D). Several studies have already reported that FD 

enhanced fruit quality with higher SSC and similar TA than those of TO in Satsuma 

mandarin (Noda et al., 2001; Cantuarias-Avilés et al., 2012; Andersen and Brodbeck, 2015) 

and sweet orange (Domingues wt al., 2021), which was consistent with the results of this 

present study. On the other hand, Cantuarias-Avilés et al. (2010) and Bowman et al. (2015) 

suggested that the effect of FD on higher TSS may be associated with water stress induced 

by FD, but it remained to be elucidated in the future. 
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Table 2. Tree vegetative growth of ‘Minihyang’ mandarin grafted on trifoliate orange (TO) and Flying Dragon (FD) rootstocks. 

Rootstock 

Tree size One-year-old shoots Water sprout 

Height 

(m) 

Width  

(m) 

Length 

(cm) 

Thickness 

(mm) 
No. of thorn 

Thorn length 

(cm) 
Number 

Length 

(cm) 

TO 4.0 ± 0.1 1.5 ± 0.1 24.8 ± 0.7 2.99 ± 0.05 8.5 ± 0.4 1.5 ± 0.1 25.0 ± 3.3 221.1 ± 4.8 

FD 1.4 ± 0.2 0.7 ± 0.1 9.8 ± 0.9 2.15 ± 0.11 1.2 ± 0.3 0.5 ± 0.0 10.5 ± 0.5 81.8 ± 15.8 

Significance * * * * * * * * 
*Mean separation within columns by T-test at 5% level. 
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Table 3. Yield of ‘Minihyang’ mandarin grafted on trifoliate orange (TO) and Flying Dragon (FD) rootstocks at harvest. 

Rootstock Number of fruits per tree  Fresh weight (g)  Yield (kg·m-²) 

TO 426 ± 51.7  46.5 ± 2.5  1.3 ± 0.2 

FD 183 ± 47.0  61.8 ± 2.8  5.7 ± 0.8  

Significance *  *  * 

*Mean separation within columns by T-test at 5% level. 

 

 

 

 



12 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig 1. Changes in fruit length (L) and diameter (D) (A), L/D ratio (B), fruit weight (C) and rind coloration (D) during the 

fruit development in ‘Minihyang’ mandarin grafted on trifoliate orange (TO) and Frying Dragon (FD) rootstocks. *Mean 

separation within columns by T-test at 5% level. 
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Fig 2. Change in soluble solids (A) and titratable acidity (B) in ‘Minihyang’ fruits grafted on trifoliate orange (TO) 

and Frying Dragon (FD) rootstocks. *Mean separation within columns by T-test at 5% level. 
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* 
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* A B 
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Effect of different rootstocks on sugar contents 

The soluble sugar contents of fruits were analyzed during fruit development in 

‘Minihyang’ mandarins grafted on TO and FD (Fig. 3). The total sugar content was rapidly 

increased during the fruit enlargement and early maturity stage and gradually during the late 

maturity stage. The major component of soluble sugars was sucrose, which accounted for 

about a half in the fruit enlargement stage and most at harvest. All individual sugar was 

higher in the fruits from FD than those from TO. However, significant differences were 

recognized in fructose, sucrose and, total sugar just except for glucose. The results indicated 

that soluble sugar contents were affected by the rootstock genotype. Although the pattern of 

increase in total sugar content and the difference of level affected by rootstock were similar 

to those in SSC, there were some differences at the early fruit enlargement and late maturity 

stages. There was no difference in total sugar content between the two rootstocks at the early 

fruit enlargement stage, whereas SSC showed a significant difference between the two 

rootstocks. At the late maturity stage, the increased level was higher in SSC than total sugar 

content. The ratio of total sugar content to SSC was continuously increased during all fruit 

developmental stages.  

In citrus fruits, the primary component of soluble sugars was sucrose, but the 

composition of soluble sugars differed depending on species and cultivars (Song et al., 1998; 

Liu et al., 2007; Kim et al., 2012; Zhang et al., 2016). Therefore, it might be attributed to a 

genotypic characteristic that the sucrose was a majority of soluble sugars in “Minihyung” 

mandarin. It was reported that the content of sucrose and fructose of “Kiyomi” fruits at the 

late developmental stage significantly differed in two different rootstocks, while the content 

of glucose was not significantly different (Dong et al., 2019), which was consistent with the 

results of this study. On the other hand, Raddatz-Mota et al. (2019) reported no significant 

difference in the sugar contents and composition of the fruit among rootstocks despite great 
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variation. The sugar contents of scion fruits might be very diverse depending on a 

combination of scion and rootstock genotypes because rootstocks modify the water potential 

and nutrient levels of scion cultivars (Albrigo et al, 2019), which affects sugar contents 

(Reese and Loo, 1975; Liao et al., 2019). Therefore, the result of sugar contents and 

composition from the present study might be attributed to the specific response of 

‘Minihyang’ mandarin by different rootstocks. 
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Fig 3. Soluble sugar contents in the fruits of ‘Minihyang’ mandarin grafted on different rootstocks. A, fructose; B, 

glucose; C, sucrose; D, total soluble sugars. *Mean separation within columns by T-test at 5% level. 
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Effect of different rootstocks on sucrose metabolic enzyme activities 

The sugar contents of fruits are the outcome of sugar metabolism controlled by sugar 

metabolic enzyme activities (Komatsu et al., 2002; Sadka et al., 2019). Then the activities of 

significant sucrose metabolic enzymes including, SPS, SS, AI and, NI, were evaluated 

during the fruit development of ‘Minihyang’ mandarin grafted on two different rootstocks 

(Fig. 4). The SPS activity remained almost unchanged, with a small fluctuation during the 

fruit development and a slight decline at the late fruit enlargement stage. There was a 

tendency of a little higher SPS activities in TO than FD except for at the early maturity stage; 

however, there was no significance. The SS-synthesis activity had increased by the early 

fruit maturity stage and then was sharply declined at the late maturity stage. There was a 

tendency for a little higher SS-synthesis activities in FD than TO except at the early maturity 

stage; however, there was no significant difference. The SS-cleavage activity was a little 

different depending on rootstock genotypes. The SS-cleavage activities were high at the 

early fruit enlargement stage and was declined at the late fruit enlargement stage in both 

rootstocks. However, thereafter, the SS-cleavage activity was gradually increased a little bit 

in FD, whereas it was increased and kept at a similar level. During the whole fruit 

development, the SS-cleavage activity was higher in FD than TO. The activities of AI and NI 

also differed a little depending on rootstock genotypes as in SS-cleavage activity; the 

tendency during the fruit development was different, too. The AI had high activity at the 

early fruit development stages. On the other hand, the NI had high activity at the late fruit 

development stages with the shift of role each other during the fruit development.  

The sugar content of citrus fruits is determined by the unloading process of sucrose 

transported from source leaves and sugar accumulation process into sink Juice sac tissues 

(Sadka et al., 2019). The sucrose unloading process is primarily controlled by sucrose 

catabolism, which is accompanied by sucrose cleavage enzyme activities such as cleavage-
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SS, AI and NI. The sucrose accumulation process is primarily controlled by sucrose 

anabolism, which is accompanied by sucrose synthesis enzyme activities such as SPS and 

synthesis-SS. The fruits of ‘Minihyang’ mandarin showed an increasing pattern in total sugar 

content, which was mainly accompanied by an increase of sucrose during the fruit 

development (Fig. 3). It corresponded well to the sucrose synthesis potential combined  

with SPS and synthesis-SS and the sucrose unloading potential combined with cleavage-SS, 

AI and NI (Fig. 4). Especially, the higher contents of total sugar and sucrose in FD compared 

to TO were consistent with the sucrose unloading potential combined with cleavage-SS, AI, 

and NI despite no statistical significances in each enzyme activity. Barry et al. (2004) 

suggested that the effect of rootstock on an increase of sugar accumulation was related to 

osmotic adjustment and sucrose hydrolysis, and Hockema and Etxeberria (2001) indicated 

that drought enhanced sugar accumulation was attributed just to an increase of SS-cleavage 

activity. Therefore, present study’s result indicated that increased sugar accumulation from 

FD might be attributed to enhanced sucrose unloading potential and sink strength combined 

with cleavage-SS, AI, and NI. 
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Fig 4. Sucrose metabolic enzyme activities in the fruit of ‘Minihyang’ mandarin grafted on different rootstocks. A, SPS activity; B, 

SS-synthetic activity; C, SS-cleavage activity; D, AI activity; E, NI activity. 
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Effect of different rootstocks on the expression of sucrose metabolic 

enzyme genes 

Sucrose unloading and accumulation are controlled by the regulation of sugar metabolic 

enzymes, which are affected by the expression of sugar metabolic enzyme genes through 

modifying the process of transcription and post-transcription. The present study evaluated 

quantitative transcription for six genes related representatively to sucrose unloading and 

sugar accumulation (Fig. 5). The CitSPS1 expression was kept constant during fruit 

development. On the other hand, the CitSPS2 expression was low at the fruit enlargement 

stage. However, it was expressed at a high level at the fruit maturity stage. The CitSPS1 

expression, unlike CitSPS2, was well corresponded to the pattern of SPS activity during the 

fruit development. However, there was no difference in the expression level between the two 

rootstocks. The expression of CitSUS encoding cleavage-SS was low at the early fruit 

enlargement stage and after that was kept constantly at the high level, which was not 

compatible with the pattern of SS-cleavage activity. The expression of CSCW1 encoding cell 

wall-bound AI was high at the early fruit enlargement stage. The expression of CitAI 

encoding AI was low at the early fruit enlargement stage and after that was kept constantly at 

the high level, which was not compatible with the pattern of AI activity. The expression of 

NIN encoding NI was low at the early fruit enlargement stage, and after that was increased 

gradually during the late fruit development, which was similar to the pattern of NI activity.  

Just a few studies have reported the expression of sugar metabolic genes in citrus (Liu et 

al., 2007; Islam et al., 2014; Dong et al., 2019). Three isoforms of citrus SPS gene (CitSPS1, 

CitSPS2, and CitSPS3) encoding SPS were separated from the citrus by Komatsu et al., 

(1996), CitSPS1 and CitSPS2 of which were expressed in the fruits. Komatsu et al. (2002) 

also reported two isoforms of citrus SS gene (CitSuSy1, CitSuSy2, and CitSuSyA), CitSuSy1 

of which was greatly involved in the sucrose accumulation of the fruits. Recently, it was 
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reported that the CitSUS1 and CitSUS2 of six SS genes (CitSUS1-6) cloned from sweet 

orange had specific expression in citrus juice sacs, CitSUS1 of which was the high similarity 

to CitSuSy1 (Islam et al., 2014). Then six genes including CitSPS1, CitSPS2, CitSUS, 

CSCW1, CitAI and NIN, were selected for this study. The results indicated that the 

expression of these genes did not correspond well to the pattern of those enzyme activities. 

However, the others were not compatible with the pattern of those enzyme activities (Fig. 4 

and 5). It was reported that the sugar accumulation at the late fruit maturity stage of the late-

ripening orange mutant was attributed to the enhanced sink strength combined with CitAI, 

CitSUS1, and CitSPS2 (Liu et al., 2007). Dong et al. (2019) showed that higher sugar 

accumulation in the fruits of ‘Kiyomi’ tangor grafted on TO compared to that of yuzu was 

caused by the significant increase of CitSPS1, CitSPS2, CitSUS, CSCW1, CitAI and NIN, 

unlike the results of this study. Therefore, the result of this study might imply the existence 

of posttranscriptional modification with time-lagged regulation. The sugar contents of fruits 

were determined by comprehensive outcome regulated with diverse metabolic factors, 

including sucrose unloading and sugar compartmentation and, organic acid and amino acid 

metabolism (Sadka et al., 2019). Depending on scion genotypes, rootstock genotypes and the 

growing environment, these diverse metabolic factors might respond differently. 

Consequently, a further integrated study is necessary to interpret the responses caused by 

interaction between scion and rootstock genotypes. 

In conclusion, FD rootstock affected tree growth to be less vigorous and fruit quality 

enhanced with high SSC in ‘Minihyang’ mandarin compared to TO rootstock. The high SSC  

mainly correspond to increased sucrose content, which was attributed to enzyme activities 

related to sucrose unloading potential. However, the related gene expression was not entirely 

associated with sugar content and enzyme activities. Therefore, future studies, including 

post-transcriptional modification and the other primary metabolism, are invoked.
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Fig 5. Real-time fluorescence quantitative PCR analysis for the relative expression of sucrose metabolic enzyme genes in the fruits of ‘Minihyang’ 

grafted on different rootstocks. A, citrus sucrose phosphate synthase 1 (CitSPS1); B, CitSPS2; C, citrus sucrose synthase (CitSUS); D, Citrus sinensis 

cell wall invertase (CSCW1); E, citrus acid invertase (CitAI); F, neutral invertase (NIN). 
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ABSTRACT IN KOREAN 

 

감귤연구소에서 육성된 ‘미니향’ 감귤 품종은 과실 크기는 작으나 당도가 

높은 특성을 가지고 있다. 제주에서 감귤은 관행적으로 탱자(trifoliate orange) 

대목을 이용하고 있다. 탱자 대목의 ‘미니향’의 경우 일부 지역에서 도장지 발

생이 많고 수세가 너무 강하여 화아 분화와 착과가 저하되는 특성을 보이고 있

다. 최근 왜성화가 높은 비룡탱자(flying dragon)의 대목 사용이 제안되고 있다. 

조사해본 결과 비룡탱자 대목의 경우 탱자에 비해 수세가 안정적으로 유지되고 

과실의 크기가 크며 당도는 높게 나타났다. 그러므로 본 연구는 대목의 종류가 

다른 ‘미니향’ 과실에서 당 함량의 차이와 자당 대사 관련 효소활성 및 유전

자 발현의 연관성을 규명하고자 수행하였다.  

과실의 과당, 포도당 및 자당은 과실 발육기부터 성숙기까지 지속적으로 증가

하였다. 특히 과당과 자당은 9월 중순과 12월 초에 탱자보다 비룡탱자 대목의 

과실에서 유의적으로 높게 나타났다. 이는 총 당의 함량에도 영향하여 총 당의 

함량 역시 비룡탱자 대목의 과실에서 유의하게 높게 나타났다.  

자당 합성의 SPS와 SS는 과실 성숙기 동안 그 활성이 증가하는 경향을 보였

으나, 두 대목 간 큰 차이는 보이지 않았다. 반면, 9월 중순과 12월 초에 자당분

해의 SS와 AI의 활성은 비룡탱자 대목에서 더 높게 나타났으며, 이로 인해 전류

당인 자당의 언로딩이 증가하여 당 함량에 영향을 미친 것으로 보아졌다. 그러나 

자당 대사 관련 유전자 발현에 대한 real time PCR 분석의 결과에서는 당 함량

과 관련된 효소활성의 변화와 명확하게 연관되는 경향을 보이지 않았다. 그러므

로 유전자 발현 후의 조절 과정에 대한 보다 상세한 추가적인 연구가 필요한 것
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으로 나타났다.  
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