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Abstract 
 
The amount of free glucose and sucrose within the leaves of Stevia rebaudiana has been evaluated under different 
photoperiods and related to steviol glycoside (SVgly) accumulation. The diurnal dynamics of glucose and sucrose in 
leaves, internodes, apices, and roots revealed considerable fluctuations. Within leaves, glucose and sucrose content 
decreased up to three-fold during the night whereas SVgly amounts did not show any significant diurnal fluctuations. 
Ontogenetic variations in glucose content was markedly different under long-day (LD) and short-day (SD) regimes. 
Under LD, glucose content increased two-fold after the onset of flower bud formation, whereas under SD, a stagnation 
or small decrease was observed. This increase under LD was already noticed in the upper sink leaves at the end of the 
vegetative stage, possibly acting as a metabolic trigger for the phase transition to reproductive development. Under SD, 
glucose content appeared more controlled resulting in a better linear relationship with dry matter and SVgly content. 
The increased sink demands of the transitional apex led to a rapid decline in leaf sucrose which showed little or no 
correlation with SVgly amounts. From our results, it becomes clear that the correlation between glucose or sucrose as 
substrates and SVglys as products is very dynamic and is significantly influenced by day-length and ontogeny. 
Additional key words: Asteraceae, diterpene glycosides, diurnal course, ontogeny, saccharides. 
 
⎯⎯⎯⎯ 
 
The sweet diterpene steviol glycosides (SVglys) of the 
Paraguayan short-day (SD) plant Stevia rebaudiana 
Bertoni have already been extensively studied (for a 
review, see Kinghorn 2002). Most SVglys accumulate in 
the leaves, in which more than thirty have so far been 
described, including stevioside (ST) and rebaudioside A 
(Reb A; Bondarev et al. 2003/4, Chaturvedula et al. 
2011). Within the leaves, maximal SVgly content is 
reached near the end of flower bud formation, after which 
it gradually declines. However, this pattern is dependent 
on genotype, photoperiod (Ceunen and Geuns 2012), and 
irradiance (Ermakov and Kochetov 1996). 
 Under long-day conditions (LD), vegetative growth is 
prolonged, resulting in a greater accumulation of dry 
matter, total sugar, protein, and ST content in leaves 
(Metivier and Viana 1979). During SD regime, LD 
conditions can easily be simulated by a short application 
of red irradiation during the night to activate the  
 

phytochrome (Ceunen et al. 2012).  
 Steviol glycosides are synthesised via the plastidial 
methylerythritol 4-phosphate (MEP) pathway resulting in 
a close relationship between SVgly accumulation and 
chloroplast differentiation (Totté et al. 2000, Ladygin  
et al. 2008). In Stevia leaves, the carbon flow is mainly 
directed between the MEP and the shikimic acid 
pathways (Teo et al. 2011). Although SVglys constitute a 
large carbon pool, they have a very small turnover rate 
rendering them unsuitable for use as a short-term carbon 
reservoir (Ferraresi et al. 1985, De Guzman 2010). The 
physiological function of SVglys is still unknown. Some 
reports suggest a role as protectants against insect 
herbivory (Metivier and Viana 1979), yet this was refuted 
by field observations (Fuente 2001).  
 As part of our ongoing studies on the metabolism of 
SVglys in S. rebaudiana, the relationship between 
glucose, sucrose, and SVgly content was investigated  
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under different photoperiods. Glucose and sucrose were 
chosen because they are precursors of SVglys. Together 
with fructose, they constitute the majority of soluble 
sugars in S. rebaudiana (Darin Peshev, unpublished 
results). Sucrose also acts as a signalling molecule in 
SVgly biosynthesis (Guleria et al. 2011), though this 
influence is probably modulated in multiple layers with 
response to environmental stimuli (Pathre et al. 2004). 
Diurnal and ontogenetic variations of glucose, sucrose, 
and SVgly content were also measured along with their 
mutual correlations.  
 In order to assess diurnal variations in SVgly, glucose 
and sucrose content, 20 pots with one-year-old, originally 
in vitro propagated Stevia rebaudiana Bertoni cv. Criolla 
plants were grown in a greenhouse under a 16-h photo-
period with day/night temperature of 25/18 °C, and 
relative humidity of 60 % for 5 weeks. During 24 h,  
3 morphologically similar plants having 12 nodes were 
collected every 4 h and separated into lower, middle, and 
upper leaves, internodes, apices, and roots. 
 To measure ontogenetic variations in glucose and 
sucrose content, 70 pots containing one 2-year old plant 
were cut above the third node and further cultivated in a 
greenhouse under 16-h (LD) or 8-h (SD) photoperiods. 
Leaves were collected during the vegetative stage, flower 
bud formation, and flowering, and pooled per 2 nodes. 
Under LD, plants formed more nodes than under SD  
(22 or 8 for LD and SD, respectively). Therefore, 
vegetative growth was arbitrarily classified into different 
phases according to nodal number. Under LD, “early” 
and “mature vegetative” plants were grown until they had  
10 or 20 nodes, respectively. Under SD, plants were 
collected when they had 5 (“early vegetative”) or 8 nodes 
(“mature vegetative”). Nodes were counted starting from 
the bottom in order to measure ontogenetic accumulation 
patterns within leaves of the same absolute age. The 
experiment was conducted for 210 d or 105 d in LD or 
SD regimes, respectively. All plant samples were 
lyophilised, pulverised, and stored in a desiccator until 
further use.  
 Extraction and analysis of SVglys was done as 
described before (Ceunen et al. 2012). The pooled 
supernatant fractions obtained after water extraction of  
20 mg of dry and pulverised plant material were used for 
glucose and sucrose determination. Glucose analysis was 
done in a 96-well plate using a modified version of the 
sensitive 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulpho-
nic acid) (ABTS) method (Bruss and Black 1978). This 
method is glucose-specific because it uses glucose 
oxidase. Each well contained 50 mm3 of supernatant to 
which 300 mm3 of a reagent was added; it contained 
horseradish peroxidase (2.5 U cm-3, Sigma, Bornem, 
Belgium), glucose oxidase type X-S from Aspergillus 
niger (3.6 U cm-3, Sigma), and 0.75 mM ABTS dissolved 
in 0.12 M Na-phosphate buffer, pH 6.0 (Sigma). Control 
samples did not contain ABTS. The mixture was 
incubated at room temperature for 30 min after which 
absorbance at 405 nm (A405) was measured with a micro-
plate reader (Multiskan Ascent, Thermo, Aalst, Belgium). 

Calibration curves for glucose were linear up to 1.04 mM 
concentration (R2 > 0.999). Sucrose content was 
calculated from the glucose release after enzymatic 
degradation. This was done by adding 1 mm3 of 
concentrated invertase, dissolved in 50 mM Na acetate 
buffer, pH 5.0, to 50 mm³ of supernatant, together with  
1 mm3 of 1 M Na-acetate buffer, pH 5.0. Samples were 
incubated at 30 °C for 1 h after which 300 mm3 of ABTS 
reagent was added and protocol was followed as 
described before. Due to the efficient sucrose degra-
dation, the calibration curve for glucose could also be 
used to quantify sucrose-derived glucose formation.  
 Two-tailed t-tests for independent variables were 
applied to determine significant spatio-temporal changes 
of glucose and sucrose content in either LD or SD groups. 
In case of heterogeneity of variances, Welch corrections 
were applied. Differences were considered as statistically 
significant at P ≤ 0.05. Basic regression analysis was 
used to find linear correlations between the measured 
parameters, with n = 129 or 202 for SD and LD, 
respectively. Pearson’s correlation coefficients were 
calculated. Slopes of the different curves for the LD and 
SD groups and vegetative, flower budding, and flowering 
stages were compared using a one-way analysis of 
covariance (ANCOVA) for independent samples.   
 Plants grown under LD clearly showed a prolonged 
vegetative growth which lasted around 130 d during 
which, on average, 22 nodes were formed. Under SD, 
vegetative growth was relatively short (35 d) with only  
8 nodes formed. Nevertheless, the rate of leaf production 
(RLP) was greater under SD with new leaf pairs appearing 
roughly every 4.4 d compared to 6 d under LD.  
 Total SVgly content did not reveal any significant 
diurnal variations (results not shown) in contrast with 
glucose and sucrose content which varied considerably in 
all analysed tissues (Fig. 1). In general, glucose and 
sucrose content was greater during daytime whereas a 
two- to three-fold decrease was measured during the 
night (P ≤ 0.01). In middle and lower leaves, a transient 
increase of glucose content occurred after the onset of the 
night (P ≤ 0.05). In upper leaves, sucrose peaked around 
04:00 (P ≤ 0.05). Corresponding to the changes observed 
in leaves, similar variations were observed in the related 
stem sections where sugar content was greater compared 
to leaves. For example, in upper internodes, glucose 
content was almost 2 mg g-1(d.m.) compared to only  
200 µg g-1(d.m.) in upper leaves. Concurrently, the 
largest diurnal deviations were seen in these upper 
internodes where maximum glucose content was reached 
around midnight (P ≤ 0.01) whereas that of sucrose was 
smallest around 02:00 (P ≤ 0.01). In the middle and lower 
internodes, sucrose peaked around midnight (P ≤ 0.05). 
In roots, sucrose content increased sharply during the 
night. A second maximum was reached around 16:00  
(P ≤ 0.05; Fig. 1). 
 In order to minimise intra-day-related glucose and 
sucrose variations, it was necessary to apply strict 
sampling periods during ontogenetic development. The 
content of glucose was quite variable with no large spatial 
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differences across the stem. During LD, free glucose 
tended to increase two-fold to about 600 µg g-1(d.m.) in 
most leaves when the plant began to form buds  
(P ≤ 0.01). This was markedly different from the plants 
grown under SD where stagnation in glucose content was 
seen and even a decline in the middle and upper leaves 
after flowering (P ≤ 0.05; Fig. 2). 
 Under LD, the greatest sucrose content was found in 
lower leaves [up to 1.5 mg g-1(d.m.)] except during 
flowering when no significant spatial differences were 
measured. Small increases were observed in some leaves 
 

Fig. 1. Diurnal variation of glucose and sucrose content
measured in 1-year-old Stevia rebaudiana plants grown in
greenhouse (a 16-h photoperiod). All plants were at mid-
vegetative stage and had 12 nodes. Plants were divided into
apices (A), leaves (B1 - B3), stems (C1 - C3) and roots (D). 
Leaves and internodes were collected per 4 nodes allowing the
following division: upper (B1, C1), middle (B2, C2) and lower 
(B3, C3) sections. Day and night are indicated by the white or 
grey area, respectively. Means ± SE, n = 3. 

during the transition to reproductive development (e.g., 
nodes 17 - 18, P ≤ 0.05; Fig. 2). In plants grown under 
SD, no significant spatial differences were seen in all 
stages. However, sucrose content significantly decreased 
under SD during flower bud formation (P ≤ 0.05) 
followed by an increase during flowering (P ≤ 0.01). 
 The diurnal glucose and sucrose variations revealed 
some aspects of the sink-source relationship in  
S. rebaudiana. It is possible that the transient glucose 
peak in the middle and lower leaves was due to leaf 
starch degradation as there is no photosynthetic activity 
during the night (Zeeman et al. 2004). In S. rebaudiana, 
De Guzman (2010) measured a five-fold decline of leaf 
starch during the night, from 3.3 to 0.7 % (m/m). As 
source organs, these leaves then exported sucrose to the 
roots. This was indicated by transient sucrose peaks in the 
lower and middle internodes around midnight followed 
by a sharp increase in root sucrose around 04:00 (Fig. 1). 
At the same time, no peak of sucrose was detected in 
upper internodes. Presumably, most sucrose synthesised 
in the upper sink leaves was used for their own growth 
with little or no transport to other sink organs, such as 
roots. In sink leaves, photosynthetic rate is usually still 
insufficient to meet their own sugar demands necessary 
for growth. Earlier research already suggested that leaf 
development in S. rebaudiana is divided in two phases: at 
first, dry matter remains fairly constant whereas fresh 
mass and leaf area increases. When leaf area reaches  
80 % of full expansion, in situ carbon fixation becomes 
sufficiently developed resulting in an increase of dry mass 
and leaf protein content, both having doubled by the time 
leaves are fully expanded (Viana and Metivier 1980).  
 In Angiosperms, the transition from vegetative to 
reproductive development coincides with complex 
alterations in plant physiology and biochemistry. The 
increased sink requirements of the apical region are 
marked by an increased influx of sugars from source 
leaves (Périlleux and Bernier 1997) and transient 
increases in sucrose content have been linked to flower 
induction (Corbesier et al. 1998).  
 Under LD, a sharp increase in glucose content was 
observed at the end of the vegetative stage in middle-to-
upper leaves (Fig. 2). These leaves are situated near the 
sink-to-source boundary as derived from the diurnal 
course of sugars (Fig. 1) and from the hypothesis that  
in situ photosynthesis becomes significantly contributory 
at 80 % of full leaf expansion (Viana and Metivier 1980). 
Possibly, the glucose peak in those leaves acted as a 
metabolic trigger for the phase transition to reproductive 
development influencing cell division in the apical 
regions in a similar way as was observed, e.g. in Vicia 
faba  (Borisjuk et al. 1998). 
 Floral induction is often accompanied by increased 
starch mobilisation (Corbesier et al. 1998) and under LD, 
this may be the source of the increased glucose amounts 
preceding flower bud formation (Fig. 2). SD conditions, 
however, generally require increased rates of starch 
biosynthesis during the day whereas starch mobilisation 
during the night occurs at a lesser, more controlled rate  
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Fig. 2. Spatial accumulation patterns of glucose and sucrose during ontogeny of Stevia rebaudiana, grown in both LD and SD 
regimes. Top leaves correspond to the greatest nodal number. Means ± SE, n = 3 (SD, early and mature vegetative growth), 6 (SD, 
flower bud formation; LD, vegetative and reproductive stages) or 21 (SD, flowering). Total n depends on the amount of independent 
samples which had to be pooled in each ontogenetic stage.  
 
(Smith and Stitt 2007). In vegetative stages, Stevia leaf 
glucose content was up to two-fold greater under SD 
compared to LD (P ≤ 0.01) which might further be linked 
with the increased RLP under SD. Mitotic activity in the 
apical region is known to increase after 5 SD cycles 
indicating an early formation of the transitional apex in 
this species (Monteiro and Gifford 1988) which is likely 
to increase sugar influx. 
 In both LD and SD groups, significant linear 
correlations (P ≤ 0.001) were found between leaf dry 

matter and glucose or sucrose content per leaf (r = 0.81 or 
0.65 for SD and LD, respectively, P ≤ 0.05). An opposite 
pattern was observed for sucrose (r = 0.47 or 0.72 for SD 
and LD, respectively). The relationship between glucose 
or sucrose and amount of SVglys per leaf also showed a 
positive correlation. However, variance was quite large 
(R² < 0.2). The main exception was the close correlation 
between glucose and SVgly content in plants under SD  
(r = 0.80; P ≤ 0.001). 
 A linear relationship was found between total soluble 
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sugars and SVgly content in leaves of Stevia grown in 
field under photoperiod of 12 to 13 h (Nishiyama et al. 
1992). Plants grown from seeds under a 16-h photoperiod 
showed an inverse correlation between total soluble sugar 
content and leaf dry matter (Viana and Metivier 1980). 
From our data, it appears that the relationship between 
glucose, sucrose and SVgly content was affected by a 
photoperiod. Correlations between glucose and total 
SVgly levels were more linear under SD, possibly due to 
the more controlled glucose flux in these conditions. 
However, SVgly biosynthesis might be less homeo-
statically balanced under SD during vegetative growth 

(Ceunen and Geuns 2012). In the current study and under 
the same conditions, such variations were mainly 
observed between sucrose and dry matter or total SVgly 
content. This may be logical because sucrose is mainly 
used as transport vehicle and storage for glucose. The 
putative role of sucrose as an enhancer of SVgly 
biosynthesis (Guleria et al. 2011) might partially explain 
the less balanced flux of SVglys during vegetative growth 
under SD as the result of large sucrose fluctuations at this 
stage. How exactly sugars influence SVgly accumulation 
still needs further clarification.  
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