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1  | INTRODUCTION

Strawberries (Fragaria x ananassa Duchesne) were first bred in Dutch 
farms in the 18th century and have spread worldwide. Various cul-
tivars and methods of cultivation have been developed to adapt 
them to the environment in each region (Darrow, 1966). To evalu-
ate the various aspects of strawberries, such as improving the culti-
vars (Ariza et al., 2018), cultivation (Sønsteby, Opstad, Myrheim, & 

Heide, 2009), preservation (Ayala-Zavala, Wang, Wang, & González-
Aguilar, 2004; Jiang, Shiina, Nakamura, & Nakahara, 2010), and their 
processing	(Aaby,	Grimsbo,	Hovda,	&	Rode,	2018;	Kovačević	et	al.,	
2015), their “deliciousness” is an extremely important factor.

However, it is very difficult to evaluate the taste of fresh fruits in 
general, because fruits can vary significantly in their size, color, total 
soluble solid (TSS), and organic acid contents even when cultivated 
under the same conditions. Hence, multiple homogeneous samples 
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Abstract
The concentrations of sugars and organic acids as well as the total soluble solid (TSS) 
in different parts of the strawberry fruit were characterized. The data were used to 
create simulated fruit juice jellies, in order to clarify how the sugar and organic acid 
levels affect the taste. Such an approach eliminates the influence of external factors 
such as size, color, and texture when using real fruits in sensory evaluations. Further, 
the use of a jelly allowed us to simulate the concentration differences between vari-
ous parts of the fruit. In the strawberry fruit, the sugar content is higher in the apex 
than in the peduncle; however, the level of organic acids is the same throughout. It 
was revealed that the sweetness and sourness in the apex and peduncle could be suf-
ficiently recognized by humans as tastes. Also, a layered jelly sample replicating the 
sugar and acid distribution in real strawberry was perceived as less sweet and more 
sour, compared to a homogeneous one with the same overall composition. The likely 
reason is that the sourness in the peduncle is accentuated by the low TSS level, which 
decreases the TSS/total organic acid ratio that affects the sweetness/sour percep-
tions. Based on these results, factors for the appropriate sensory evaluation of fresh 
fruits in general were considered. Specifically, the distribution of sugars and organic 
acids in the fruit should be analyzed first, and bite-sized parts with concentrations 
close to the average provide the most accurate evaluation results.
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cannot be obtained, and sensory evaluation has to be performed 
with nonuniform ones. Moreover, even within a single fruit there are 
big differences in glucose and sucrose contents among the various 
parts (Biais et al., 2010). These factors must be adequately consid-
ered when performing sensory evaluation on fruits.

Besides the content and composition of sugars and organic acids 
which constitute taste, the palatability of fruit is affected by many 
other factors like texture, flavor, color, and size (Banerjee, Tudu, 
Bandyopadhyay, & Bhattacharyya, 2016; Keast & Breslin, 2002; Yin, 
Hewson, Linforth, Taylor, & Fisk, 2017). Thus, even though different 
cultivars, methods of cultivation, and preservation can give rise to 
differences in palatability, it is difficult to specify the primary cause.

In this study, we aim to clarify the effects of sugars and organic 
acids, which are the main components found in strawberry fruit juice 
(Koyuncu & Dilmaçünal, 2010; Paparozzi et al., 2018), on the taste 
of strawberries. The strawberry fruits were separated into different 
parts, and the contents of TSS, sugar, and organic acids in each part 
were analyzed. Next, in order to isolate the taste effects of sugar and 
organic acid content in different parts of the strawberry, we created 
simulated fruit juice jellies based on the composition measured in 
real juice for use in sensory evaluation. Note that by creating a jelly 
with a coagulant, we were able to replicate the distribution of vari-
ous components within the fruit.

2  | MATERIALS AND METHODS

2.1 | Analysis of TSS, sugar, and organic acid 
contents in the strawberry fruit

2.1.1 | Strawberry fruits

Fresh strawberries (cv. “Benihoppe”) were cultivated in a greenhouse 
at the Shizuoka Prefectural Research Institute of Agriculture and 
Forestry. The seedlings were planted in September 2017, and the 
fruits were harvested in April the following year. The plants were culti-
vated based on the standard method for Benihoppe (Takeuchi, 2016).

2.1.2 | Distribution of TSS within the 
strawberry fruits

Fully ripened strawberries were harvested, and 20 individual fruits 
weighing	19–23	g	each	were	selected.	Figure	1	shows	the	method	of	
separating each fruit. After removing the hull, the strawberry was 
sliced into five pieces: 5, 10, 10, and 10 mm in thickness plus the re-
mainder, from the peduncle to the apex. The center of each 10-mm-
thick	piece	was	punched	out	using	cork	borers	of	diameters	13	and	
20.5 mm into annular and cylindrical pieces. Thereafter, each section 
except the apex was separated into two sides, one received heavy 
sunlight during cultivation (front) and the other side faced inward 
(back). In this way, a single strawberry was divided into 19 parts. The 
segments were wrapped in 100 mesh gauze cloth and squeezed by 
hand. TSS (Brix) in the resulting juice was measured using a sugar 
refractometer (SMART-1, Atago Co., Ltd.) at 20°C.

2.1.3 | Sugar and organic acid composition within 
strawberry fruits

Each of six fully ripened strawberries was separated from the apex 
into regions I, II, III, and IV with equal mass (Figure 2). The segments 
were squeezed and the TSS in the juice was measured, in the same 
way as in Section 2.1.2. The juice was thereafter subjected to refrig-
erated centrifugation for 10 min at 6,400 × g at 4°C. The supernatant 
was collected, diluted 50 fold in water, and then filtered through a 
0.45 µm filter. The levels of glucose, fructose, and sucrose, which 
are the main free sugars in strawberries (Paparozzi et al., 2018), were 
determined in the filtered supernatant using high-performance liquid 

F I G U R E  1   Method of division the strawberry fruit for total 
soluble solid measurement. “front” is the surface that was 
predominantly exposed to the sun during cultivation, as opposed to 
the “back”

F I G U R E  2   Method of division the strawberry fruit for sugars 
and organic acids analysis
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chromatography (HPLC). The analysis conditions were as follows: 
HPLC:	Alliance2695	(Waters);	column:	SC1011	(8	mm	I.D.	×	300	mm,	
Showa Denko K.K.); eluent: water; flow rate: 1 ml/min; detector: dif-
ferential refractometer (2,414, Waters); and standard: glucose, fruc-
tose, and sucrose (Wako Pure Chemical Industries).

The same juice supernatant was diluted 5 fold in water, filtered, 
and used for determining the levels of citric acid and malic acid, which 
are the main organic acids in strawberries (Koyuncu & Dilmaçünal, 
2010), along with succinic acid using HPLC. The analysis conditions 
were as follows: HPLC: LC-10AD-Vp (Shimadzu Corporation); column: 
Shim‐pack	SCR102H	(8	mm	I.D.	×	300	mm,	Shimadzu);	eluent:	5	mM	
p-toluenesulfonic acid aqueous solution; flow rate: 0.8 ml/min; detec-
tor: conductivity detector (CDD-6A, Shimadzu); and standard: citric 
acid, malic acid, and succinic acid (Wako Pure Chemical Industries).

2.2 | Sensory evaluation using simulated fruit 
juice jellies

In order to clarify the effects of spatial distribution of sugars and 
organic acids within the strawberry fruit on its taste, we conducted 
two	sensory	evaluations	(A	and	B,	Figure	3).

2.2.1 | Sensory evaluation using simulated fruit 
juice jelly replicating compositions in the peduncle and 
apex (sensory evaluation A)

Firstly, in order to verify whether the different concentrations of 
sugars and organic acids between the apex and peduncle could be 
recognized in terms of taste, we prepared simulated fruit juice jelly 

F I G U R E  3   Combinations of the 
simulated strawberry fruit juice jelly for 
sensory evaluation

Ingredient

Concentration (g/L)

 Part

I (Apex) II III IV (Peduncle) Averagea

Sugar Glucose 24.6 21.6 19.0 15.5 20.2

Fructose 26.4 23.1 20.4 17.0 21.7

Sucrose 31.8 29.7 26.3 21.6 27.4

Organic acid Citric 7.4 7.3 7.5 9.1 7.8

Malic 1.9 1.9 1.8 1.8 1.9

Strawberry flavor 0.2

Red food coloring 0.2

aAverage sugar and organic acid concentrations of I, II, III, and IV. When producing jelly sample 
from	the	simulated	strawberry	fruit	juice,	a	gelatinizing	agent.	Corresponding	to	3%	of	the	juice	
mass was added. 

TA B L E  1   Composition of simulated 
strawberry fruit juices
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replicating the sugar and organic acid contents in these parts and 
performed functional evaluation on them.

Table 1 shows the composition of the jellies used in the experi-
ment, where all the ingredients were either foodstuffs or food addi-
tives. Glucose (Kanematsu Ensyou Co., Ltd.), fructose (Nissin Sugar 
Co., Ltd.), sucrose (Mitsui Sugar Co., Ltd.), citric acid (Benisei Co., 
Ltd.), and malic acid (Happo Shokusan Co., Ltd.), as well as straw-
berry flavor (Strawberry essence, Golden Kelly Pat. Flavor Co., Ltd.) 
and red food coloring (Anthocya red RS, Glico Nutrition Co., Ltd.), 
were dissolved in distilled water to replicate the sugar and organic 
acid concentrations measured for the fruit apex (I) and the peduncle 
(IV).	A	coagulant	(Cleagar	100,	Aobakasei	Co.,	Ltd.)	was	added	at	3%	
weight to the mixture and heated to 80°C. Since the coagulant was 
chiefly carrageenan and roast bean gum, it was both tasteless and 
odorless.

The loss of mass due to evaporation during heating was corrected 
by adding water. Thereafter, 810 ml of the liquid was poured into a 
stainless	steel	mold	with	inner	dimensions	of	150	×	135	×	47	mm	and	
placed in a refrigerator at 4°C for 18 hr. The prepared jelly was cut to 
a size of 40 × 25 × 10 mm for sensory evaluation.

The	taste	of	the	jelly	was	evaluated	by	a	panel	of	31	participants	
from	various	age	groups	(5	in	their	20	s,	6	in	30	s,	8	in	40	s,	and	12	
in 50 s) and both genders (15 female and 16 male) with various ed-
ucational backgrounds. The jellies were adjusted to a temperature 
of 20°C and coded with three random digits. The panelists assessed 

the two attributes of sweetness and sourness with a two-sample 
difference test (Meilgaard, Civille, & Carr, 2007) by choosing the 
sample they felt as sweeter or sourer. The panelists were instructed 
to take a single bite of 1 piece of jelly when performing the sensory 
evaluation.

2.2.2 | Sensory evaluation of simulated fruit juice 
jelly replicating the concentration gradient (sensory 
evaluation B)

Next, we used simulated fruit juice jelly to verify the effect of 
the concentration gradient of sugars and organic acids within the 
strawberry fruit on its taste. A jelly with uniform concentrations of 
sugars and organic acids (homogeneous) was compared to another 
jelly with nonuniform concentrations based on the real fruit (het-
erogeneous). The total amount of sugar and organic acid contained 
in both jellies were the same. The details and composition of the 
jellies	are	described	 in	Figure	3	and	Table	1,	respectively.	First,	4	
simulated fruit juices with different sugar and organic acid concen-
trations (I, II, III, and IV) were prepared using the same method as in 
Section 2.2.1. After adding the coagulant, the mixture was heated, 
during which water was added for weight adjustment. Then, the 
four liquids (202.5 ml each) were poured sequentially after solidi-
fication in the order of IV–III–II–I into the same mold, to produce 
a jelly with layers with different sugar and organic acid concentra-
tions (heterogeneous). A jelly with uniform composition (i.e., the av-
erage sugar and organic acid concentrations of I, II, III, and IV) was 
also produced (homogeneous). The same sample was then divided 
into four and solidified as a 4-layer jelly. The prepared jelly was cut 
in the same way as in Section 2.2.1 into 40 × 25 × 10 mm before 
sensory evaluation using the same method as in 2.2.1.

2.3 | Statistical analysis

Each value was expressed as the mean ± standard deviation (SD). 
Results were evaluated using ANOVA, and the means were com-
pared using Tukey’s multiple range test. Paired t tests were used 
to compare TSS in the strawberry’s front and back sides. And the 
results of sensory evaluation were evaluated by two-tailed test. All 
tests	used	the	significance	level	of	5%.

3  | RESULTS AND DISCUSSIONS

3.1 | Total soluble solid distribution within 
strawberry fruits

Figure 4 shows the TSS of each part of the strawberry. The TSS con-
centration varies greatly between the apex and the peduncle: while 
the	apex’s	TSS	level	was	10.1%,	that	in	the	peduncle	was	lower	(6.3%	
in	the	back	and	6.5%	in	the	front).	The	sugar	content	varies	greatly	
within the same strawberry, and this tendency is also reported in 
melon (Biais et al., 2010).

F I G U R E  4   Total soluble solid (Brix) distribution of strawberry 
fruit. The meaning of “front” and “back” are the same as in 
Figure 1. The values are presented as mean ± SD. (n = 20). Mean 
within a figure followed by different letters are significantly 
different according to Tukey’s multiple range test at p < 0.05. In 
addition, paired t test between “front” and “back” for each part 
are performed. * and ** are significantly different at p < 0.05 and 
p < 0.01, respectively
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During cultivation, the surface of strawberry receiving much 
sunlight becomes darker, and in Japan, this side is called the “front” 
while the reverse side is called the “back.” The TSS in the front tends 
to be higher than that in the back. However, this difference is slight 
with	a	maximum	value	of	0.4%,	while	the	difference	in	TSS	between	
the	apex	and	the	peduncle	is	3.0%.

3.2 | Distribution of sugars and organic acids by 
part of the strawberry

The	results	in	Section	3.1	revealed	a	large	change	in	TSS	within	the	
strawberry fruit from the apex toward the peduncle. Therefore, the 
mass between the apex and peduncle was separated into four parts 
equal in weight. The TSS, sugar, and organic acid concentrations 
of the fruit juice from each part were analyzed, and the results are 
shown in Table 2.

As	mentioned	in	Section	3.1,	TSS	within	the	strawberry	fruit	grad-
ually decreases from the apex toward the peduncle. The main sugars 
found in strawberries are glucose, fructose, and sucrose. These sugars 
were analyzed, and their sum was taken to be the total sugar (TS). The 
concentrations of glucose, fructose, and TS decreased from the apex 
to the peduncle. The content of sucrose varies widely, and significant 
difference can only be identified between regions I and IV.

Citric acid, malic acid, and succinic acid were analyzed as organic 
acids. Since the level of succinic acid was below 0.1 g/L in all cases, 
it was considered to have little effect on taste. Rather, the sum of 
citric acid and malic acid was taken to be the total organic acid (TOA). 
There was no variation in the concentrations of citric acid, malic acid, 
or TOA within the fruit.

The TSS/titratable acidity (TA) ratio can be used to evaluate the 
sweetness of sour fruits like citrus and strawberries (Fawole & Opara, 
2013;	Qiu,	Wang,	&	Gao,	2015;	Zhou	et	al.,	2018).	In	this	study,	since	
acid was analyzed by HPLC instead of titration, sweetness was eval-
uated using TOA instead of TA. Because the TSS in strawberries 
gradually decreases from the apex down to the peduncle (Yoshida, 
2016) while the TOA remains constant, the TSS/TOA ratio similarly 
declines along this direction. The difference in taste from the apex 
to the peduncle of the strawberry is therefore expected to be larger 
than the change in sugar content. The fact that sugar and TSS de-
crease from the apex to the peduncle while the concentration of 

organic acid remains constant is a new discovery in this research. 
In addition, the distribution trends of sugars and organic acids are 
substantially different, suggesting that the metabolic mechanisms 
relating to their accumulation are also different. We wish to further 
investigate the root cause of these findings in the future.

3.3 | Effects of quantity and composition of 
sugars and organic acids on the taste of strawberry 
(sensory evaluation A)

After revealing the large difference in the quantity of sugars and 
TSS/TOA ratio in strawberry fruit, between the apex and the pe-
duncle, next we investigated how this difference affects the taste 
as experienced by actual people through sensory evaluation. To 
exclude the effect of individual differences between strawberries, 
we used model systems and simulated samples for sensory analy-
sis. Evaluation of foodstuffs using model systems had been carried 
out for wines and cheeses (Arvisenet et al., 2019; Niimi et al., 2016); 
however, there are no examples pertaining to fresh fruits.

First, we compared the sweetness and sourness of simulated fruit 
jellies that reproduce the sugar and organic acid compositions in the 
apex	and	peduncle	of	the	real	fruit.	From	the	results	in	Table	3,	the	
jelly simulating the apex was considered to have significant strong 
sweetness	and	weak	sourness.	In	Section	3.2,	the	different	distribu-
tion trends of sugars and organic acids within the strawberry, as well 
as differences in TSS and the TSS/TOA ratio, have been discussed. 
The apex of strawberries is generally said to be sweeter and the pe-
duncle more sour (Yoshida, 2016). However, other taste components 
and sensory elements like flavor and texture may also contribute 
to the sweetness of strawberries besides sugars and organic acids 
(Banerjee et al., 2016; Keast & Breslin, 2002; Yin et al., 2017). By 
using simulated fruit juice jellies, the effects of flavor, texture, and 
other ingredients within the fruit juice are excluded, and the focus 
is on whether the different quantity and composition of sugars and 
organic acids between the apex and the peduncle can be fully per-
ceived as sweetness and/or sourness.

Furthermore, since a strawberry usually cannot be eaten in a sin-
gle bite, the part that is tasted first will affect the perception of the 
other parts. For example, after tasting the very sweet apex, taste ad-
aptation will make it hard to evaluate sweetness in the peduncle, and 

TA B L E  2   TSS, free sugar and organic acid content in parts I-IV of strawberry fruit, and TSS/TOA rati

Part TSS (Brix)

Free sugar (g/L) Organic acid (g/L)

TSS/TOA ratioGlucose Fructose Sucrose Total (TS) Citric Malic Total (TOA)

I 10.0 ± 0.7a 24.6	±	1.3a 26.4 ± 1.1a 31.8	±	5.3a 82.8 ± 7.5a 7.4 ± 1.2a 1.9 ± 0.5a 9.3	±	1.1a 10.9 ± 1.4ab

II 8.6	±	1.3bc 21.6 ± 0.9b 23.1	±	1.0b 29.7 ± 4.8ab 74.4 ± 6.0ab 7.3	±	1.3a 1.9 ± 0.5a 9.1	±	1.3a 9.5	±	1.3bc

III 7.8 ± 1.1cd 19.0	±	1.3c 20.4 ± 1.4c 26.3	±	4.7ab 65.7 ± 6.2bc 7.5	±	1.3a 1.8 ± 0.4a 9.3	±	1.1a 8.5 ± 1.1c

IV 7.0 ± 0.9d 15.5 ± 1.9d 17.0 ± 1.8d 21.6 ± 5.4b 52.2 ± 8.8c 9.0	±	1.3a 1.8 ± 0.4a 10.9 ± 1.2a 6.5 ± 0.9d

Note: The results are presented as mean ± SD (n = 6). Values marked with different letters within the same column are significantly different accord-
ing to Tukey’s multiple range test at p < 0.05.
Abbreviations: TOA, total organic acid; TSS, total soluble solid.
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so the acidity will be felt more strongly (Theunissen, Polet, Kroeze, 
& Schifferstein, 2000). Conversely, if the peduncle is consumed first, 
the apex can be expected to appear sweeter than when tasted alone.

It	 was	 clarified	 in	 Sections	 3.1–3.3	 that	 there	 were	 large	 dif-
ferences in the distribution of sugars and organic acids within the 
strawberry fruit. These differences are expected to affect the taste 
as in other fruits. Therefore, to exclude the external influences in the 
sensory evaluation of fresh fruits, it is preferable to first investigate 
the TSS distribution within the fruit and then cut the fruit into sin-
gle-bite pieces with similar TSS concentrations prior to the testing.

3.4 | Effects of concentration gradient of 
sugars and organic acids on the taste of strawberry 
(sensory evaluation B)

Next, two jellies were prepared, one with a uniform concentration 
(homogeneous) and another containing four layers to replicate the 
sugar and organic acid distributions as measured in real strawberries 
(heterogeneous). We compared the strength of sweetness and sour-
ness using sensory evaluation, and Table 4 shows the results. The 
heterogeneous sample was perceived as having significantly lower 
sweetness than homogeneous, and a stronger sourness, even though 
the two jellies had the same total amounts of the various sugars and 
organic acids. Therefore, the results confirmed that concentration 
difference in sugars and organic acids has a significant effect on taste.

In the case of saltiness, the taste of substances is known to be 
felt more strongly when there are differences in their concentra-
tion while the total amount is kept the same (Dijksterhuis, Boucon, 
& Berre, 2014). In the present study for sweetness and sourness, 

however, heterogeneous was perceived as less sweet and with 
stronger sourness in sensory evaluation compared with homoge-
neous. A likely explanation is that, when organic acid is mixed with 
sugar, the sourness is weakened (Green, Lim, Osterhoff, Blacher, & 
Nachtigal, 2010). However, since parts III and IV in heterogeneous 
had little sugar, their sourness was felt more strongly. This result 
suggests that a stronger sourness through decreased TSS/TA ratio 
exerts a bigger effect on the strawberry’s taste than stronger sweet-
ness from a higher sugar content. In addition, since the perception 
threshold for sourness is generally lower than that for sweetness 
(Amerine, Pangborn, & Roessler, 1965; Pfaffmann, 1959; Yamaguchi, 
1979), the sourness effect on the taste of fruit is strong. For the taste 
of fruits, it is considered important to evaluate it in combination with 
the TSS/TOA ratio and not by TSS alone.

In	Section	3.3,	we	mentioned	that	it	is	desirable	to	use	bite‐sized	
pieces for sensory evaluation of fresh fruits. Meanwhile, it is even 
more desirable to perform the test using parts with less variance in 
sugars and organic acids. Taking the strawberry as an example, even 
when the fruits can be eaten in a single bite, more accurate sensory 
evaluation results can be obtained by first removing the parts where 
the TSS concentration greatly diverges from the average, such as the 
apex and the peduncle.

4  | CONCLUSIONS

It is widely known that TSS is higher in the apex of strawberry fruit 
and lower in the peduncle. In this study, we further discovered that 
while the sugar content is higher in the apex, the distribution of 
organic acids in the fruit is almost uniform, and thus, the TSS/TOA 
ratio varies greatly between parts of the fruit.

To exclude unwanted influencing factors, sensory evaluation 
were conducted using simulated fruit juice jellies prepared using 
foodstuffs and food additives, based on the sugar and acid contents 
measured in real strawberry fruits. The differences in sugar and acid 
concentrations between the apex and peduncle were found to have 
recognizable effects on the taste. In the peduncle, the TSS is low 
and the TSS/TOA ratio is also low, and so the sourness is felt more 
strongly. Compared with a homogeneous sugar and acid distribution, 
their concentration gradients throughout the fruit will accentuate 
the sourness.

This system of evaluation is highly effective for comparing spe-
cific elements in fresh fruits by excluding the effects of variations in 
quality. Since the distribution of sugars and organic acids is not uni-
form and this affects the taste, it is preferable to first analyze their 
contents in fresh fruit and then cut the fruit into bite-sized pieces 
and use those with sugar and acid concentrations close to the aver-
age values for sensory evaluation. Even with fruits that can be eaten 
in one bite, it is preferable to exclude parts where the TSS greatly 
diverges from the average value.

In future work, we wish to clarify the effects of flavor, color, 
and physical properties of strawberries using this evaluation sys-
tem and carry out more detailed investigation of the effects of 

TA B L E  3   Results of sensory evaluation A of simulated 
strawberry fruit juice jellies based on component analysis of fruit 
apex and peduncle region

Attributes Apex (I) Peduncle (IV) Statistical analysis

Sweetness 27 4 ***

Sourness 8 23 *

Note: “Sweetness” and “sourness” are investigated in terms of which 
one felt stronger. The results are presented as number of responses 
(n	=	31).
*and  ***are significantly different according to two-tailed test at 
p < 0.05 and p < 0.001, respectively. 

TA B L E  4   Results of sensory evaluation B with different taste 
homogeneity

Attribute
Homogeneous 
(Average of I‐IVa)

Heterogeneous 
(4 layers of I‐IV)

Statistical 
analysis

Sweetness 23 8 *

Sourness 9 22 *

Note: “Sweetness” and “sourness” were investigated in the same as 
Table	3.	The	results	are	presented	as	number	of	respondents	(n	=	31).
aAs same as Table 1. 
*is significantly different according to two-tailed test at p < 0.05. 
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sugars and organic acids on taste. We are further interested in 
developing more appropriate methods to evaluate various fruits 
besides strawberries.
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