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ABSTRACT - The flavor quality of citrus fruits is largely determined by the sugar-acid ratio, but it remains 
uncertain how sugar- and/or acid-metabolizing enzymes regulate the sugar-acid ratio of navel oranges and 
further affect the fruit quality. In the present study, Robertson navel oranges (Citrus sinesis osb.) were 
collected from six representative habitats in three eco-regions of Sichuan, China. The changes in the sugar-acid 
ratio and the activities of sucrose phosphate synthase (SPS), sucrose synthase (SS), cytosolic cio-aconitase 
(ACO), and isocitrate dehydrogenase (IDH) were examined in navel oranges during fruit development. The 
results indicated that the sugar-acid ratio of fruits in different eco-regions changed significantly from 150 
days after full bloom. The SPS and cytosolic ACO fruit activities had minor changes among different eco-
regions throughout the experimental periods, whereas the activities of SS and IDH changed significantly in 
fruits among three eco-regions. Furthermore, the sugar-acid ratio and the activities of SS in the synthetic 
direction and IDH were the highest in south subtropics and the lowest in north mid-subtropics, probably due 
to the effects of climate conditions and/or other relevant eco-factors. It demonstrated that SS in the synthetic 
direction and IDH were of greater importance in regulating the sugar-acid ratio of navel oranges in different 
eco-regions, which provided new insights into the factors that determine the flavor quality of navel oranges 
and valuable data for guiding relevant agricultural practices.
Index terms: navel orange, sugar-acid ratio, sucrose phosphate synthase, sucrose synthase, cytosolic 
aconitase, isocitrate dehydrogenase.

ESTUDO SOBRE A RELAÇÃO AÇÚCAR-ÁCIDO E ATIVIDADES 
RELEVANTES METABOLIZADORAS DE ENZIMA EM FRUTOS 

DE LARANJA DE UMBIGO DE DIFERENTES ECOREGIÕES

RESUMO - A qualidade do sabor das frutas cítricas é amplamente determinada pela relação açúcar- ácido, 
mas permanece incerto como enzimas metabolizadoras de açúcar e / ou do ácido regulam a relação açúcar-
ácido de laranjas de umbigo e depois afetarem a qualidade dos frutos. No presente estudo, laranjas de umbigo 
Robertson (Citrus sinensis Osb.) foram coletadas de seis habitats representativos em três ecorregiões do 
Sichuan, na China. As mudanças na relação açúcar-ácido e as atividades da síntese de sacarose fosfato (SPS), 
síntese de sacarose (SS), aconitase citossólica (ACO) e isocitrato desidrogenase (IDH) foram examinadas em 
laranjas de umbigo durante o desenvolvimento dos frutos. Os resultados indicaram que a relação açúcar-ácido 
de frutas em diferentes ecorregiões alterou significativamente a partir de 150 dias após a plena floração. O SPS 
e as atividades ACO citossólicas das frutas tiveram pequenas alterações entre diferentes ecorregiões ao longo 
dos períodos experimentais, enquanto que as atividades da SS e IDH alteraram significativamente em frutas 
entre três ecorregiões. Além disso, a relação açúcar-ácido e as atividades da SS na direção sintética e IDH 
foram as mais elevadas em regiões subtropicais sul e as mais baixas nas regiões do meio-subtropical norte, 
provavelmente devido aos efeitos das condições climáticas e / ou outros fatores-ecológicos. Demonstrou-se 
que a SS na direção sintética e IDH foram de maior importância na regulação da relação açúcar-ácido de 
laranjas de umbigo em diferentes ecorregiões, que forneceu novas descobertas sobre os fatores que determinam 
a qualidade do sabor das laranjas de umbigo e dados valiosos para orientar práticas agrícolas relevantes.
Termos de indexação: laranja de umbigo, relação açúcar-ácido, síntese de sacarose fosfato, síntese de 
sacarose, aconitase citossólica, isocitrato desidrogenase.
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INTRODUCTION
navel oranges are among the most common 

and popular citrus fruits due to their widespread 
distribution, long growing season, and rich flavor 
(SNYDER et al., 2011). Since navel oranges were 
introduced into China, great efforts have been made 
for decades in evaluating and improving the fruit 
quality of them (BAO et al., 2004; LIN, 2006; 
XIAO et al., 2006). The primary quality indicator 
of citrus fruits is the flavor quality, which is shown 
strongly correlated with the sweetness and acidities 
(KELEBEK and SELLI, 2011). The sweetness 
and acidities is largely determined by the type and 
quantity of sugars as well as associated organic 
acid content and the sugar-acid ratio of the fruit. 
Among them, the sugar-acid ratio reflects the relative 
contents of sugars and acids, thus is considered to be 
an important indicator for the flavor quality of citrus 
fruits (ALBERTINI et al., 2006). 

The sugar-acid ratio of fruits is determined 
by sugar and acid metabolism through enzymatic 
reactions. Previous studies demonstrated that fruits 
contained a variety of sugar- and acid-metabolizing 
enzymes including soluble acid invertase, sucrose 
synthase (SS) in the synthetic or cleavage direction, 
sucrose phosphate synthase (SPS) (HASHIZUME et 
al., 2003; ZHANG et al., 2012; YANG et al., 2013), 
citrate synthase (CS), cis-aconitase (ACO), malate 
dehydrogenase, isocitrate dehydrogenase (IDH) and 
phosphoenolpyruvate carboxylase (PEPC) (KUBO 
et al., 2002; LUO, 2003). Among them, SPS and SS 
in the synthetic direction are closely related to sugar 
accumulation in fruits, whereas CS, ACO, IDH, and 
PEPC are important enzymes that determine the 
organic acid content of citrus fruits. In our previous 
study, the sugar-acid ratio, SPS, SS, ACO, and 
IDH were found to play an important role in navel 
oranges at the developmental stages (GONG et al., 
2008). Furthermore, the findings suggested that 
climate changes impacted on yield, carbon balance, 
partitioning and photosynthetic acclimation of fruits 
(LUEDELING et al., 2011; DARBYSHIRE et al., 
2014; SALAZAR-PARRA et al., 2015). However, it 
remains uncertain how these key enzymes regulate 
the sugar-acid ratio of navel oranges in different 
eco-regions, and further influence the flavor quality 
of the fruit.

In China’s vast areas, navel oranges are 
planted in large-scale orchards in different eco-
regions. It has been noted that the flavor quality 
of navel oranges significantly varies in different 
orchards (eco-type areas), possibly due to the effects 
of habitat and/or eco-region on the sugar- and/or 

acid-metabolizing enzyme activities. In order to 
explore the underlying ecological and physiological 
mechanisms, this study investigated the changes 
in the sugar-acid ratio and relevant metabolizing 
enzyme activities of navel oranges in different 
habitats and eco-regions throughout the process of 
fruit development. 

MATERIALS AND METHODS

Study areas and plant materials
This study was conducted in six representative 

eco-type areas (navel-orange orchards) in three eco-
regions in Sichuan Province, China between February 
2010 and December 2012. The orchards, including 
Hongge and Anning in a hot, dry south-subtropical 
eco-region, Changning and Jiang’an in a hot, humid 
mid-subtropical eco-region, and Mingshan and 
Ya’an in a humid north mid-subtropical eco-region 
with less sunshine hours, were chosen for analysis 
in accordance with fruit quality and relevant eco-
factors, the detail information of these places were 
shown in Table 1. A map of the country with three 
eco-regions of Sichuan was doted in Figure 1.

The experimental plants were 10-year-old 
trees of navel orange (Citrus sinensis osb. cv. 
Robertson) grafted on Satsuma mandarin (Citrus 
unshiu mark cv. Miyagawawase) rootstocks. From 
each orchard, five trees were randomly chosen as the 
samples and five medium-size fruits per sample tree 
were randomly taken in different directions (south, 
north, east, west, and top) each 15-day from days 60 
to 225 after full bloom. The fruits were kept in an ice-
box to transport to the laboratory immediately after 
collection, and then stored at -20℃ prior to analysis.

 Sugar and ac id  extract ion  and 
determination

The fruit samples were washed repeatedly 
with distilled water (dH2O) and then cut equatorially. 
Sugar and acid extraction was done following the 
method of HAN (1986). Total soluble sugar content 
was determined using the anthrone sulfuric acid 
method as described by GONG et al. (2004). The 
reaction system contained 1 mL of fruit extract and 
3 mL of anthrone sulfuric acid (0.14 g of anthrone 
dissolved in 76 mL of conc. H2So4 and 30 mL of 
dh2O). Titratable acidity of the fruit extract was 
determined by titration with 0.1 M NaOH (endpoint 
ph 8.1) and the results were converted to citric acid 
concentrations in fruit.
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IDH and ACO activity assays
The extraction of IDH and ACO was done 

according to a modification of the method of SINGH 
et al. (2005). Briefly, the sample fruits were cut 
vertically into four sections along the central core as 
symmetrical axis. Then, 3 g of flesh fruit was taken 
from two of the four symmetrical sections and mixed 
in a clean mortar containing 2 mL of 0.2 M Tris·HCl 
extraction buffer (pH 8.2; containing 0.6 M sucrose, 
10 mM erythorbic acid, and 0.1% Triton X-100). The 
composite samples were homogenized on ice (2% 
PVPP was added to the homogenates of young fruits 
before days 90 after full bloom) and then centrifuged 
at 4,000×g for 15 min at 4℃. After the supernatant 
was discarded, the precipitate was re-dissolved in 2 
mL of extraction buffer and used for enzyme activity 
assays of IDH and cytosolic ACO. 

For IDH activity assay, 1 mL reaction system 
containing 40 mM HEPES buffer (pH 8.2), 800 
µM naD, and 200 µM MnSo4 was used, and the 
reaction was initialized with 2 mM isocitric acid. For 
cytosolic ACO activity assay, the enzyme extract was 
pre-incubated with an equal volume of 2 mM GSH 
for 1 h. The 1 mL reaction system containing 40 mM 
Tris·HCl (pH7.5) and 100 µM NaCl was used, and 
the reaction was initialized with 200 µM aconitate. 
Immediately after the substrates were added, the 
absorbance of the reactions was measured at 340 nm 
(A340) on a spectrophotometer at a 30 s interval for 
3 min and repeated for three times. One unit of the 
enzyme activity was defined as 0.01 change in the 
absorbance per minute and the enzyme activity was 
expressed as the unit enzyme activity per milligram 
of enzyme protein (U·mg-1Pro). The soluble protein 
content determined by Coomassie brilliant blue 
(CBB) staining with bovine serum albumin (BSA) 
was used as the standard (GONG et al., 2004; 2006).

Analysis of SPS and SS activity
The extraction of SPS and SS was done 

according to the method of GONG et al. (2004). 
Briefly, the fruits were cut vertically into four sections 
with the central core as the symmetrical axis. Then, 
1-2 g of fruit flesh was taken from two of the four 
symmetrical sections and mixed in a clean mortar 
containing a small amount of quartz sand particles and 
10 mL of 200 mM HEPES-NaOH extraction buffer 
(5 mM MgCl2, 0.1% β-mercaptoethanol, 0.05% 
Triton-X 100, 0.05% BSA, 2% PVPP, 1 mM EDTA, 
1 mM EGTA, 10 mM sodium ascorbate, 10 mM Cys-
HCl, and 2% glycerol; pH 7.5). The composite sample 
was homogenized for 5-10 min and then centrifuged 
at 15,000×g for 30 min at 4℃. The supernatant was 
collected and gradually added with solid (NH4)2So4 

to 20% saturation level, then centrifuged at 15,000×g 
for 10 min at 4℃. Thereafter, the supernatant was 
collected and gradually added with solid (NH4)2So4 
to 80% saturation level. The mixture was allowed to 
sit for 20-30 min and then centrifuged at 15,000×g 
for 30 min. After the supernatant was discarded, 
the precipitate was re-dissolved in 20 mM hePeS-
NaOH desalt buffer (0.25 mM MgCl2, 1 mM eDTa, 
1 mM EGTA, 0.01% β-mercaptoethanol, 0.05% 
BSA, and 0.2% glycerol; pH 7.5) and dialyzed in a 
dialysis bag for 16 h. The desalted enzyme extract 
was used for enzyme activity assays of SPS and SS 
in the synthetic direction.

The activities of SPS and SS in the synthetic 
direction were assayed according to the methods of 
LOWELL et al. (1989) and HUBER et al. (1989). 
For SPS activity assay, the 70 µL reaction system 
contained 50 mM HEPES-NaOH buffer (pH 7.5), 
15 mM MgCl2, 1 mM EDTA, 5 mM NaF, 16 mM 
UDP-glucose, 4 mM Fru 6-P, 20 mM Glc 6-P, and 
an appropriate amount of enzyme extract. For SS 
activity assay, the 70-µL reaction system contained 
80 mM HEPES-NaOH buffer (pH 8.5), 5 mM 
KCN, 5 mM NaF, 100 mM levulose, 15 mM UDP-
glucose, and an appropriate amount of enzyme 
extract. The reactions were incubated at 30℃ for 
30 min and then terminated by adding 70 µL of 5M 
naoh solution and heating in a boiling water bath 
for 10 min. After cooling down, the reactions were 
added with 1 mL of 0.14% anthrone sulfuric acid 
and incubated at 40℃ for 20 min. Thereafter, the 
absorbance of the reactions was measured at 620 
nm (A620) using a spectrophotometer. The control 
reactions were prepared without Fru 6-P and Glc 
6-P (for SPS) or levulose (for SS in the synthetic 
direction). The enzyme activity was defined as the 
enzymatic production of sucrose from the substrates 
by unit protein per hour (µmol·h-1·g-1 Pro). all 
measurements were done with three composite 
replicates of five fruits.

Statistical analysis
The results were expressed as means ± 

standard errors of the means. Comparisons among 
different habitats or eco-regions were done by 
multiple comparison tests following analysis of 
variance (ANOVA) in SPSS15.0 software package. 
The differences were considered significant at a 
level of P<0.05.
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RESULTS

The Changes of sugar-acid ratio of navel 
orange fruits from different eco-regions

In the process of fruit development, the 
changes of sugar-acid ratio of navel orange fruits 
in different eco-regions were shown in Figure 1. It 
demonstrated that, there were small decreases in the 
sugar-acid ratio from 60 days to 75 days after full 
bloom, followed by a 15-day plateau and a 45-day 
slow increase in all eco-regions. However, at 60-135 
days after full bloom, the sugar-acid ratio showed 
no significant variations between all eco-regions 
(P>0.05). From 135 days after full bloom, the sugar-
acid ratio of the fruits began to increase significantly 
with fruit development (P<0.01).

Furthermore, the changes of the sugar-acid 
ratio of fruits from three different eco-regions were 
compared. It suggested that the sugar-acid ratio of 
fruits substantially decreased from south to north 
(P<0.01). That is, the fruits of south-subtropical 
eco-region (Hongge and Anning) had the highest 
sugar-acid ratio followed by the mid-subtropical 
eco-region (Changning and Jiang’an), and the lowest 
sugar-acid ratio was observed in fruits from the 
north mid-subtropical eco-regions (Mingshan and 
Ya’an). Statistical analysis showed that there were 
no significant differences in the sugar-acid ratio of 
fruits from different orchards in the same eco-region 
(Figure 2). 

The changes of IDH and ACO activities
IDH and ACO are two important enzymes 

involved in sugar accumulation. Enzyme activity 
assay in Figure 3 showed that the IDH activity 
of navel oranges in different eco-regions first 
fluctuated at the early stage of fruit development 
(60-120 days after full bloom) and then substantially 
increased at 120-210 days after full bloom with 
fruit development. The IDH activity in fruits from 
different eco-regions had no significant differences 
before 120 days after full bloom, while it showed 
significance after 120 days (P<0.01). Regarding 
different eco-regions, the IDH activity was the 
highest in fruits from south subtropics (Hongge 
and anning) compared to that in other two eco-
regions (P<0.01), and the IDH activity of fruits 
from mid-subtropics (Changning and Jiang’an) was 
significantly higher than that of north mid-subtropics 
(Mingshan and Ya’an) (P<0.05). Statistical analysis 
showed that there were no significant differences in 
the IDH activity of fruits from different orchards in 
the same eco-region (P>0.05). 

As shown in Figure 4, during the fruit 

development period, the cytosolic ACO activity of 
fruits from different eco-regions showed two evident 
increases at 60-90 days and 120-150 days and an 
obvious decrease at 180-210 days after full bloom 
in different eco-regions, respectively. However, 
the cytosolic ACO activity showed no significant 
differences in fruits among different eco-regions or 
between different orchards in the same eco-region 
(P>0.05). 

The results above suggested that cytosolic 
ACO activity of fruits showed little changes while the 
IDH activity of fruits showed significant changes in 
different eco-regions, indicating an important role of 
IDH in sugar accumulation during fruit development. 

The changes of SPS and SS activities
Two enzymes, SPS and SS adjusted the 

organic acid cleavage, and potentially played a key 
role in regulating the sugar-acid ratio during fruit 
development. The observation suggested that the SPS 
activity first increased by approximately four times 
and then substantially decreased to the low level 
below the initial value after 150 days after full bloom 
(P<0.05). however, there were minor variations in 
SPS activity among different eco-regions or between 
different orchards in the same eco-region (P>0.05) 
(Figure 5).

The results in Figure 6 expressed that the 
changes of SS activity in the synthetic direction were 
relatively complex in navel oranges at different fruit 
development stages. Significant differences were 
observed in the SS activity of fruits among different 
eco-regions, especially from 105 days after full 
bloom (P<0.01). Regarding the special variation, 
the SS activity of fruits in the synthetic direction was 
higher in south subtropics (Hongge and Anning) and 
mid-subtropics (Changning and Jiang’an) than that of 
north mid-subtropics (Mingshan and Ya’an) (P<0.01). 
There was no significant difference in the activity of 
SS in the synthetic direction of fruits between south 
subtropics and mid-subtropics (P>0.05). Additionally, 
no significant differences were observed in SS activity 
of fruits from different orchards in the same eco-
region (P>0.05). It demonstrated that the key enzyme 
SS was involved in regulating the sugar-acid ratio in 
navel oranges, which provided guiding information 
for agriculture practice and food processing of navel 
oranges.
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DISCUSSION
Citrus fruit accumulate large amounts of 

sugars, mainly sucrose, glucose, and fructose during 
the development (TEWARI et al., 2008). Previously, 
our study demonstrated that the activities of SPS, 
SS in the synthetic direction, ACO and IDH were 
closely related to the sugar-acid ratio in navel oranges 
at fruit development stages (GONG et al., 2008). 
In the present study, we attempted to identify the 
key enzymes that control the fruit quality such as 
flavor quality in different eco-regions by evaluating 
the changes of sugar-acid ratio and relevant 
metabolizing enzyme activities in navel oranges from 
six representative habitats (orchards) in three eco-
regions in Sichuan Province. This study demonstrated 
that the sugar-acid ratio in navel oranges had small 
fluctuations among different eco-regions at 135 days 
before full bloom and substantially increased to 
different extents. Furthermore, the sugar-acid ratio 
was generally higher in the south-subtropics than 
in the (north) mid-subtropics, suggesting that better 
flavor quality of fruits was obtained in a dry, hot 
climate. Results also confirmed that the sugar-acid 
ratio and the activities of SPS, SS in the synthetic 
direction, ACO and IDH substantially were changed 
with fruit development and eco-region types. This 
finding can be used for agricultural management of 
navel oranges that aims to improve the fruit quality.

Cytosolic ACO and SPS are known to 
respectively regulate organic acid cleavage and 
sugar accumulation in fruit at the development 
stages, further affecting the flavor quality (GONG 
et al., 2004). It is well established that SPS plays a 
pivotal role in sucrose synthesis (FOYER et al., 2003; 
STITT et al., 2002). The isomerization of citrate to 
isocitrate catalyzed by aconitase is a key step in acid 
metabolism. Inhibition of mitochondrial aconitase 
activity early in fruit development contributes to 
acid accumulation (DEGU et al., 2011). Despite the 
substantial changes in the sugar-acid ratio, it was 
observed that the activities of cytosolic ACO and 
SPS occurred at similar levels in fruits from different 
eco-regions. However, our previous study showed a 
strong correlation relationship between the sugar-acid 
ratio and the activities of four potentially key enzymes 
cytosolic ACO, SPS, SS and IDH in navel oranges 
(GONG et al., 2008). Thus, it was speculated that 
cytosolic ACO and SPS were not the main controlling 
factors of the sugar-acid ratio in navel oranges from 
different eco-regions, whereas SS and IDH played a 
key role in regulating the sugar-acid ratio of navel 
oranges at the fruit development stages. Further 
studies are needed to explore the exact regulatory 

function of cytosolic ACO and SPS in the flavor 
quality of navel orange fruits.

The accumulation of citric acid and its decline 
toward fruit maturation is typical of citrus fruit. IDH 
is involved in citrate metabolism and its activity 
keeps increasing throughout fruit development 
(SADKA et al., 2000). KUBO et al. (2002) reported 
that IDH was a key enzyme that limited organic acid 
accumulation in citrus fruits, and its primary function 
in citrus fruits at the development stages was to 
cleave organic acids, similar to cytosolic ACO. As 
for the SS, a number of studies have demonstrated 
that its activity is positively correlated with the 
degree of sucrose accumulation, and that it is a 
biochemical determinant of sink strength in fruit (LI 
et al., 2012; ALBACETE et al., 2014; HOLLAND 
et al., 2005). Thus, the SS in turn plays a regulatory 
role in importing sucrose substrate into the fruit. 
Because IDH and SS in the synthetic direction can 
respectively regulate the sugar-acid ratio of fruits 
by accelerating the organic acid metabolism and 
sugar accumulation, it is understandable that both 
enzymes play a positive role in the flavor quality 
of navel oranges (HOLLAND et al., 2005). In this 
study, we found that the changes of the activity 
of IDH and SS in the synthetic direction among 
different eco-regions generally were corresponded 
to the changes of the sugar-acid ratio of the fruits, 
suggesting the important roles of IDH and SS in the 
synthetic direction in regulating the flavor quality of 
navel orange fruits. It also indicated that the enzyme 
activities of IDH and SS in the synthetic direction 
were likely attributed to regional climatic conditions 
and/or other eco-factors (e.g., vegetation and soil 
type), which led to the differences in sugar and 
organic acid contents as reflected by the changes in 
sugar-acid ratio.
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TABLE 1- Main eco-factors of the three representative eco-regions in Sichuan Province.

Areas
Annual 

temperature 
(°C)

Annual 
rainfall
(mm)

Annual 
light 
hours

(h)

≥10°C
annual 

ccumulated 
(°C)

Annual 
relative 

humidity
(%)

Soil 
type

Altitude 
(m)

Vegetation Eco-region

Ya’an 16.5 1439.6 1039.6 5026 80 Yellow 
soil 629 Lauriliguosa north mid-

subtropics

Mingshan 16.9 1245.1 1040 5181 81.5 Yellow 
soil 692 Lauriliguosa north mid-

subtropics

Changning 18.7 942.1 1295 6083.1 83 Yellow 
soil 650 Lauriliguosa Mid-

subtropics

Jiang’an 18.8 968.5 1386 6143.8 83 Yellow 
soil 315 Lauriliguosa Mid-

subtropics

hongge 19.1 743.8 2358.3 6932 68 Latosolic 
red soil 1446 Savanna-like 

vegetation
South 

subtropics

anning 19.4 757.4 2361.5 7069 71 Latosolic 
red soil 1057 Savanna-like 

vegetation
South 

subtropics

FIGURE 1 - A map of the country with the three eco-regions of Sichuan.
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FIGURE 2 -Changes in the sugar-acid ratio of navel orange during fruit development in different eco-regions.

FIGURE 3 -  Changes in isocitrate dehydrogenase (IDH) activity of navel orange during fruit development 
in different eco-regions.

FIGURE 4 - Changes in cytosolic cio-aconitase (ACO) activity of navel orange during fruit development 
in different eco-regions.
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FIGURE 5  - Changes in sucrose phosphate synthase (SPS) activity of navel orange during fruit development 
in different eco-regions.

FIGURE 6 - Changes in the activity of sucrose synthase (SS) in the synthetic direction of navel orange 
during fruit development in different eco-regions. 

CONCLUSIONS

In summary, this study demonstrated that 
IDH and SS in the synthetic direction were the key 
enzymes that control the sugar-acid ratio in navel 
oranges from different eco-regions in Sichuan 
Province, China, which would be helpful for relevant 
agricultural practice, food processing, and quality 
testing. Moreover, this study was limited and further 
studies need to be conducted to explore the decisive 
eco-factors of these enzymes and detailed mechanism 
of relevant enzymatic reactions for longer times.
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