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Abstract

This study investigated sweet–sour taste interactions in novel sweeteners using a

3 � 2 factorial design consisting of Sweetening System (three levels: sucrose; D-allu-

lose; and a blend of D-allulose and Monk fruit extract) and Acidity (two levels: with or

without citric acid). 110 untrained Chinese subjects participated using the temporal

check-all-that-apply (TCATA) method. Mixed-model ANOVA was conducted to

investigate the effect of Sweetening System, Acidity, and their interactions on the

fractional Area Under the Curve within three 20 s time intervals (attack, evolution,

finish). Treatments were compared using Dunnett's test with sucrose as control.

Citric acid suppressed the sweet taste of both sucrose and D-allulose more than the

blend of D-allulose and Monk fruit extract throughout attack and evolution time

intervals. This finding was confirmed by a significant interaction between Sweetening

System and Acidity for sweet taste. Sour taste was not affected differently by differ-

ent Sweetening Systems or the difference in sweetener concentration.

Practical Applications

This study showed that the sweet taste of a blend of sweeteners could be altered by

citric acid to have a similar temporal profile as sucrose in most of the evaluation time.

This emphasizes the importance of not only conducting evaluations of novel sweet-

eners in aqueous solutions but also considering studies in more complex matrices

and the choice of the methodology used to measure the sensory profile.

1 | INTRODUCTION

Sucrose-sweetened food and beverages are major contributors to the

global obesity epidemic, and the food industry is engaging in initiatives to

reduce the sugar content of such products (Wang et al., 2019). However,

sucrose provides a preference-driving sweet taste with a profile that is

difficult to mimic (Hutchings, Low, & Keast, 2019). A major difference

between sucrose and other sweeteners is the temporal profile (Gotow,

Esumi, Kubota, & Kobayakawa, 2018; Medeiros, Tavares, & Bolini, 2022;

Reyes, Castura, & Hayes, 2017; Tan, Wee, Tomic, & Forde, 2019). The

quest to find palatable ways to reduce the sugar content of foods and

beverages has mainly focused on the intensity of sweet taste, the side

tastes of noncaloric sweeteners, and the temporal profiles of these

sweeteners (Choi & Chung, 2014; Mora & Dando, 2021; Reyes

et al., 2017; Tan et al., 2019). When evaluating new sweeteners and their

sweet taste profiles, the key parameter is how the sweet taste profile is

comparable to sucrose which acts as a gold standard for sweet taste

(Bertelsen et al., 2021; Choi & Chung, 2014).
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Novel sweeteners are used across many food and beverage cate-

gories including fruit drinks (de Rocha & Bolini, 2015; Medeiros

et al., 2022). The temporal profile of many novel sweeteners such as

monk fruit extract (MFE), also known as Luo Han Guo, and D-allulose

have been investigated in previous studies (Reyes et al., 2017; Tan

et al., 2019). Many studies searching for substitutes and replacers for

sucrose have been conducted in aqueous model solutions, but less

attention has been given to the perceptual interactions with other

tastants relevant to the matrix that might influence the sensory pro-

files of such sweeteners (Gotow et al., 2018). Understanding the inter-

action between sweeteners and organic acids is therefore important

in fruit beverages.

The interaction between sweeteners and citric acid has been

investigated previously in aqueous model systems and complex bever-

ages by nontemporal methods (Laing et al., 1994; Martin, Minard, &

Brun, 2002; Pelletier, Lawless, & Horne, 2004; Prescott, Ripandelli, &

Wakeling, 2001; Zamora, Goldner, & Galmarini, 2006). Static methods

fail to capture dynamic taste perceptions, whereas temporal methods

can provide information on how sensations change during one or

many intakes. Bonnans and Noble (1993) investigated the sweet taste

of sucrose and aspartame and their interaction with the sourness of

citric acid using a time-intensity protocol. They found that sweeteners

suppress the perception of sourness more than citric acid suppresses

the perception of sweetness. This effect was found by comparing

peak intensities in different concentrations of sweetener and citric

acid. Wu, Lee, Calvé, and Cayeux (2019) investigated different levels

of citric acid in a lemonade model matrix sweetened with either

sucrose or steviol glycosides using a temporal protocol. They found

that citric acid did not affect the sweetness perception of steviol gly-

cosides, whereas the sweetness of sucrose was suppressed.

Temporal sensory methods such as TCATA (Temporal Check All

That Apply; Castura, Antúnez, Giménez, & Ares, 2016) enables a con-

tinuous evaluation of multiple sensations over time to account for

dynamic changes over time. TCATA data are often analyzed with

explorative approaches, such as TCATA curves with smoothed citation

proportions (Castura, Antúnez, et al., 2016; Schumaker, Diako, Castura,

Edwards, & Ross, 2019; Tan et al., 2019; Wu et al., 2019), principal

component analysis (PCA; Castura, Baker & Ross, 2016; Schumaker

et al., 2019), and even graph-theoretic approaches (Castura, 2019). In

the present manuscript, we will obtain product formulations from a fac-

torial design. So, for data analysis, we are interested in conducting sta-

tistical tests to determine how the factors and their interactions affect

dynamic perceptions. TCATA data can be analyzed using analysis of

variance (ANOVA). Previously, Meyners and Hasted (2021) showed

that ANOVA-based methods were suitable for evaluating CATA data,

as long as citations were not too low. This approach is also feasible for

TCATA, where the limitation with low citations still needs to be over-

come. One approach to overcome the limitation of low citations is to

slice the temporal data into time blocks and then sum citations within

attribute. This has been applied to data from temporal dominance of

sensations (Dinnella, Masi, Naes, & Monteleone, 2013; Lepage

et al., 2014) and TCATA data (Dietz, Yang, & Ford, 2022; Makame,

Cronje, Emmambux, & De Kock, 2019; McMahon, Culver, Castura, &

Ross, 2017; Mitchell, Castura, Thibodeau, & Pickering, 2019;

Poveromo & Hopfer, 2019; Reyes et al., 2017).

The retrospective method Attack-Evolution-Finish (AEF; Visalli,

Mahieu, Thomas, & Schlich, 2020) evaluates three-time points during

the tasting, namely the beginning (Attack), middle (Evolution), and end

(Finish) of the tasting. This method was developed to focus on percep-

tual meaning. Visalli et al. (2020) showed that three equal time blocks

of TDS data corresponded well with a retrospective AEF evaluation of

chocolate. Such a time-blocking approach can, despite losing informa-

tion, provide a meaningful interpretation of the results, as the AEF

concepts provide more perceptual meaning than specific times during

an evaluation (Figure 1).

This present study aims at investigating binary taste interactions

between sucrose or non-sucrose sweeteners, and citric acid, through

analysis of product factors and their interaction with TCATA data in

different time intervals. Thus, this study aims at (1) investigating how

citric acid alters the temporal sweet taste profile of sucrose and D-

allulose and MFE; (2) investigating the Sweetening System-Acidity

interaction in three-time intervals reflecting the attack-evolution-finish

of perception; (3) examining perceptual differences between Sweeten-

ing Systems, and Sweetening Systems-Acidity combinations, relative to

sucrose, over time.

2 | MATERIALS AND METHODS

The TCATA method applied in this study was chosen as it can be con-

ducted by consumers and provides a complete and continuous evolu-

tion of all attributes over time, both of which were important in this

study.

F IGURE 1 Three-time intervals and the fractional Area Under the
Curve for sweet in the sucrose-only treatment: attack (1–20;
fAUC = 10.82), evolution (21–40 s; fAUC = 6.78), and finish (41–
60 s; fAUC = 2.91)
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2.1 | Treatments

The temporal profile of aqueous solutions with the different Sweeten-

ing Systems (sucrose; D-allulose; D-allulose and MFE) in solution with

Acidity (with or without citric acid) were investigated using a factorial

design with six treatments (Table 1). The following taste compounds

(suppliers, grade) were used: sucrose (Merck KGaA, Darmstadt,

Germany, ACS reagent grade), D-allulose (Santiva Inc., Downers

Grove, IL, food grade), MFE (Guilin Layn Natural Ingredients Corp.,

Guangxi, China, food grade), and citric acid (Merck KGaA, Darmstadt,

Germany, ACS reagent grade). The specific concentrations of sucrose

and citric acid were chosen to be palatable to the subjects and with

similar intensity magnitudes for sweet taste and sour taste, respec-

tively (Junge et al., 2020). In a pilot test among six subjects, the con-

centrations of Sweetening Systems sucrose and D-allulose were found

to be of similar sweet taste intensity (data not shown). The blend of D-

allulose and MFE were of higher sweet taste intensity than the two

other Sweetening Systems and thus provided a variation in the sweet

taste concentration. This enabled a similar sweet taste profile of the

sucrose treatment and the D-allulose and MFE blend with citric acid.

After weighing, tastants were transferred to 2000 ml volumetric

flasks and dissolved in 1 L of San Benedetto, flavorless still natural

mineral water (San Benedetto S.p.A., Scorzè, Italy). When tastants

were dissolved, the flasks were filled up to the 2000 ml mark.

For each sample, 20 ml were dispensed into red-lidded opaque

sample tubes (Fisher Scientific, Roskilde, Denmark) coded with three-

digit random numbers. Samples were prepared the day before sensory

evaluation and stored at 5�C until evaluation at 20�C. Participants

evaluated all samples twice, one time per study part.

2.2 | Participants

Subjects were recruited among students and staff at the Institute of

Industrial Biotechnology (TIB), Tianjin, China. The study was adver-

tised with posters and on social media. Subjects gave their written

consent to participate and were informed that they could withdraw

their consent and leave the study at any time. Subjects were rewarded

with a small gratuity. The demographic characteristics of the subjects

are displayed in Table 2. Two-thirds of the subjects had earlier experi-

ence with noncaloric sweeteners but less than 25% had ever

consumed MFE.

Ethical review and approval were not applicable for this study

because research in sensory properties of foods is exempted from the

requirements of ethical approval. Participating in this study did not

inflict risks beyond those encountered in normal everyday life and,

participants gave their informed consent before participating. The

number of participants was decided based on the number of partici-

pants in similar studies (Reyes et al., 2017; Schumaker et al., 2019).

2.3 | Sensory evaluation

Subjects completed a two-part study on their smartphone using Com-

pusense Cloud (Compusense Inc., Guelph, Ontario, Canada). In part

one, subjects evaluated the six treatments (Table 1) using the attri-

butes sweet (甜), sour (酸), bitter (), chemical or medicinal sensation

(的化金属或化学口感), honey-like flavor (像蜜), and mouth-drying (口

干) in intensity. We used an attribute list similar to Tan et al. (2019)

which is consumer- relevant terms for the tastants evaluated but

modified to include attributes related to the perception of citric acid.

Data from the first part is not shown.

In the break between the two sessions, subjects were asked

demographical questions (age, gender, nationality, height, and weight)

followed by a video introducing the TCATA study protocol.

The second part was a TCATA task with the same treatments and

attributes. Attribute order was randomized and allocated to subjects

so that subjects used the same attribute order for all evaluations

(Meyners & Castura, 2016). Subjects evaluated the samples in a

TABLE 1 Treatment names and concentrations of tastants

Treatment Sucrose D-allulose Monk fruit extract Citric acid

S 2.5 – – –

A – 5 – –

Ma – 2.5 0.03 –

S + C 2.5 – – 0.14

A + C – 5 – 0.14

M + C† – 2.5 0.03 0.14

Note: Treatments are sucrose (S), D-allulose (AL), D-allulose + monk fruit extract (M), sucrose + citric acid (S + C), D-allulose + citric acid (A + C), and D-

allulose + Monk fruit extract + Citric Acid (M + C). All concentrations are in % weight per volume.
aThese treatments are markedly higher in sweet taste than the other treatments.

TABLE 2 Baseline characteristics of subjects in the study

Subjects

n 110

Number of male (%) 48 (43.6)

Body mass index (BMI) 22.3 ± 5.2

Mean of age ± SD (range) 26.2 ± 3.4 (21–37 years)

Abbreviation: n, number of subjects.
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sequential monadic presentation format with treatments presented by

a Williams Latin Square block design. There was a 30-s delay after

each sample.

The evaluation was conducted as TCATA Fading, as described by

others (Ares et al., 2016). Subjects were asked to take a sip of the

sample and keep the sample in their mouth for 5 s. After thes 5 s, the

subjects were prompted to swallow and start evaluating the sample.

Thus, evaluation started at the time of swallowing the sample. The

60-s evaluation time was determined based on a pilot study.

Subjects were asked to rinse their mouth between samples with a

glass of San Benedetto water. Subjects got a short verbal introduction

and should check that the sample numbers in the questionnaire were

in accordance with the sample numbers. All questions, attribute

names, and instructions were in Chinese. Results will be presented in

English only.

2.4 | Data analysis

All data analyses were performed using R version 3.6.3 (R Core

Team, 2020).

Before conducting any analysis of the TCATA data, compliance

with the TCATA task was investigated by reviewing the time that the

first attribute was elicited in each evaluation. Nearly all subjects

responded soon after 5 s, as instructed, thus data analysis was con-

ducted on the raw data.

2.4.1 | TCATA curves

All treatments are plotted with TCATA curves (Ares et al., 2016; Cas-

tura, Antúnez, et al., 2016) using the R package tempR

(Castura, 2020). Plots start at 5 s (the time of swallowing and when

the evaluation started) and show the temporal development of the

different attributes, for each treatment, as a consensus of all subjects

(Figure 2).

2.4.2 | Fractional area under the curve

The TCATA data is constructed as binary outcomes for each attribute

for each second for each subject. The outcome was set to 1 for all the

F IGURE 2 TCATA curves for all samples and all attributes. The top row is treatments with only sweetener and the bottom row are
treatments containing sweetener and citric acid. Treatments are sucrose (S), D-allulose (A), D-allulose + monk fruit extract (M), sucrose + citric

acid (S + C), D-allulose + citric acid (A + C), and D-allulose + monk fruit extract + citric acid (M + C)

4 of 11 JUNGE ET AL. Journal of
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seconds where the specific attribute has been selected by a specific

subject; 0 otherwise.

The fAUC is a summation of the outcomes for all subjects for

each attribute in a given time. We have summed over three equal-

sized time intervals of 20 s each resulting in citation rates similar to

citation proportions in earlier studies (McMahon et al., 2017; Mitchell

et al., 2019). Three equal-sized time intervals were chosen to keep

enough data in an interval for proper modeling (Dinnella et al., 2013;

Lepage et al., 2014; McMahon et al., 2017). We will adopt the frame-

work of Attack-Evolution-Finish similar to the framework of the retro-

spective method proposed by Mahieu, Visalli, Thomas, and Schlich

(2020) and Visalli et al. (2020).

To validate the AEF framework, we inspected TCATA curves for

each attribute and sample. We found evidence that the three intervals

fit the observed data very well. There was a rapid increase to a peak

in the Attack, a gradual decay in the Evolution, and a flattening of the

decaying curve in the Finish. Figure 1 shows this pattern, as well as

the fAUC per interval, for the attribute Sweet and sucrose

(S) treatment.

2.4.3 | Analysis of variance

Afterward, fAUCs were analyzed using Analysis of Variance (ANOVA).

The treatments were attributed to dummy variables for Sweetening

Systems (sucrose; D-allulose; D-allulose and MFE) and Acidity (no citric

acid; citric acid). We conducted hypothesis tests of the effect of the

factors Sweetening System and Acidity as well as treatment position,

that is, whether a sample was presented as either the first sample, the

second sample, and so on. Thus, the ANOVA model was

fAUC�PositionþSweetenening system�AcidityþSubject, ð1Þ

Where fAUC is the summation of the outcomes for each attribute

in each time interval, Subject is a random effect and all other terms are

fixed effects. For the Sweetening System and Acidity, both the interac-

tion effect and the main effects are investigated.

The mixed linear effects models were fitted by lme4 (Bates,

Mächler, Bolker, & Walker, 2015), and the ANOVA and p values were

based on degrees of freedom obtained by Satterthwaite's method

using the R package lmerTest (Kuznetsova, Brockhoff, &

Christensen, 2017).

2.4.4 | Treatment differences using Dunnett's test

Dunnett's test was used to evaluate differences between sucrose

(control) and the other five treatments (test samples) for each attri-

bute in each time interval.

Dunnett tests were conducted by fitting the mixed linear effects

model

fAUC�PositionþTreatmentþSubject ð2Þ

where fAUC is the summation of the outcomes in each second for

each attribute in each time interval, Subject is a random effect, and

Position and Treatment are fixed factors. The R packages used were

lme4 for fitting the model to the data, lmerTest to get the Satther-

waite degrees of freedom, and emmeans (Lenth et al., 2021) to con-

duct Dunnett's test. Results were visualized using the packages

tidyverse (Wickham et al., 2019) and ggplot2 (Wickham, 2016).

3 | RESULTS

3.1 | The effect of Acidity on the temporal sweet
taste profile of Sweetening Systems

The temporal profiles of the treatments are visualized in the TCATA

curves shown in Figure 2. The treatment S has a higher peak citation

rate than treatment A, but both treatments have a similar decay

(descent from the peak). Treatment M has a higher peak citation rate

and more gradual decay than S. After 60 s, M is higher in sweet cita-

tion than S. The sweet taste intensity for the M, was, substantially

higher than for the other treatments.

The sweet peak for the treatment S + C is substantially lower

than the sweet peak for treatment S, but the course of the two peaks

is similar. This shows a substantial sweet taste suppression of sucrose

by citric acid.

The sweet taste of A + C has the same low citation rate as other

attributes but has the same course as A, just at a lower level. This is

similar to S versus treatment S + C, indicating that citric acid

supresses allulose and sucrose similarly.

Sweet citation rate of M + C and S are similar, and M + C has a

course resembling S more than M resembles S. This differed from the

other citric acid-containing treatments, where the sweet citation rate

was suppressed by citric acid.

The honey-like flavor is also suppressed by citric acid as indicated

by lower peak in all citric acid-containing treatments.

The sour taste profile is similar in the three treatments containing

citric acid with similar peaks and similar rapid decays.

A and A + C are the treatments with the highest citation rate for

bitterness, and bitterness is not reduced in A + C compared to A. The

treatment with the lowest bitter citation rate is M + C.

3.2 | Interaction between Acidity and Sweetening
System in the different time intervals

Although Figure 2 shows the difference between treatments, it does

not indicate the effects each factor contributes. To test an interaction

effect between the Sweetening System and Acidity, a mixed-model

ANOVA was performed using Model (1).

A significant interaction between Sweetening System and Acidity

for the attribute Sweet was found in both the attack (p < .01) and

the evolution (p = .04), but not in the finish (Table 3). As indicated by

the coefficients, sucrose (baseline for the interaction model) had

JUNGE ET AL. 5 of 11 Journal of
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higher suppression in citation rates in both attack and evolution than

A (S was 2.52 and 1.47 higher than A on average for attack and evo-

lution, respectively), but not M (S was 0.29 and 0.58 lower than M in

average for attack and evolution, respectively). A change of 1 unit in

coefficients (e.g., a change from 1.00 to 2.00) is equivalent to one of

the 110 subjects selecting an attribute for the whol interval (20 s).

The sour taste of citric acid was not affected differently by the

different Sweetening Systems in any time interval, which also is in line

with the interpretation of the TCATA curve plots.

Bitter (p = .02) was significantly affected by the Sweetening

System-Acidity interaction in the attack, but not in the evolution

(p = .16) or the finish (p = .17). When citric acid was added to S, it

increased bitterness in the attack more than when citric acid was

added to M (�0.58), whereas citric acid increased bitterness in A

(1.16) compared to S. Adding citric acid increased honey flavor in the

attack in both A (0.31) and M (1.17) compared to S.

In the attack, treatment position influenced the attribute chemical

or medicinal (p < .01) and bitter (p = .03) significantly. Both were posi-

tive effects (0.48 and 0.18, respectively) indicating a sensory build-up.

Both sweet (p = .01) and mouth-drying (p = .03) were signifi-

cantly affected by treatment position in the evolution. The perception

of sweetness decreased (�0.33) indicating sensory adaptation or

fatigue whereas mouth-drying was increased (0.26) indicating sensory

build-up.

3.3 | Perceptual differences between Sweetening
System, and Sweetening System–Acidity combinations
in different time intervals

The differences between treatments for all attributes in each time

interval are visualized in Figure 3. The fAUC's are generally largest in

the attack, lower in the evolution, and lowest in the finish. The only

exception is mouth drying, which peaks in the evolution.

For all three time intervals, the Sweetening System M had the

highest sweet fAUC, which was significantly higher than S. The

addition of citric acid suppressed the sweet taste of this treat-

ment enough to make it similar to S, at least in the attack and

evolution.

A had lower fAUC for sweet compared to S in the attack and evo-

lution, but for the finish, the sweet was not significantly different

between the two treatments.

TABLE 3 Results from Analysis of Variance (ANOVA) showing model parameter coefficients and p-values for treatment composition and
treatment position for each time interval

Attribute

Sweetening system * acidity Sweetening system Acidity Position

Intercept A:C M:C p S A M p C p Position p

Attack

Sweet 10.54 �2.52 0.29 < .01 0.40 �2.77 3.37 < .01 �4.75 < .01 �0.04 .72

Sour 0.40 0.32 0.35 .22 0.36 �0.27 �0.09 .39 10.99 < .01 0.10 .20

Bitter 0.65 1.16 �0.58 .02 �1.09 1.36 �0.26 < .01 0.88 < .01 0.19 .03

Honey 5.93 0.31 1.17 .01 �1.50 �2.39 3.89 < .01 �3.94 < .01 �0.07 .54

Chemical or medicinal 1.37 �0.56 �0.37 .17 �0.28 1.50 �1.22 < .01 0.19 .59 0.48 < .01

Mouth drying 1.83 0.59 0.21 .12 �0.11 0.09 0.20 .78 0.50 .08 0.04 .66

Evolution

Sweet 8.57 �1.47 0.58 .04 �0.63 �2.84 3.48 < .01 �3.09 < .01 �0.33 .01

Sour 0.48 0.29 �0.05 .82 <0.01 0.14 �0.16 .88 5.14 < .01 �0.02 .88

Bitter 0.64 0.73 �0.15 .16 �0.84 0.81 0.03 < .01 0.47 .10 0.10 .21

Honey 4.21 0.30 0.78 .11 �1.15 �1.71 2.86 < .01 �2.60 < .01 �0.12 .28

Chemical or medicinal 1.59 0.06 �0.48 .49 �0.42 0.81 �0.38 .03 0.30 .33 0.06 .53

Mouth drying 3.65 0.79 �1.19 .11 0.05 0.49 �0.54 .33 0.18 .66 0.25 .04

Finish

Sweet 4.21 �0.37 0.49 .61 �1.09 �1.95 3.04 < .01 �1.74 < .01 �0.06 .58

Sour 0.70 �0.27 0.17 .80 �0.10 �0.03 0.13 .90 1.84 < .01 �0.09 .30

Bitter 0.40 0.58 �0.25 .17 �0.43 0.36 0.07 .11 0.28 .20 0.06 .34

Honey 1.66 �0.03 0.27 .69 �0.41 �0.68 1.09 < .01 �0.87 < .01 �0.08 .29

Chemical or medicinal 1.25 �0.32 �0.03 .50 �0.15 0.46 �0.31 .12 0.07 .77 �0.06 .36

Mouth drying 4.35 �0.08 0.01 .98 0.06 �0.50 0.44 .27 �0.60 .08 �0.08 .43

Note: A is D-allulose, S is sucrose, M is a blend of D-allulose and MFE, C is citric acid, and position is treatment presentation position, colon indicates

interaction effects. p values are shown for each model parameter, thus there are p values for the interaction between Sweetening System and Acidity,

Sweetening System, Acidity, and Position. p values <.05 in bold.

6 of 11 JUNGE ET AL. Journal of
 Sensory Studies

 1745459x, 2022, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/joss.12785 by N

ew
 A

arhus U
niversity, W

iley O
nline L

ibrary on [04/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



4 | DISCUSSION

4.1 | General discussion

This study revealed an interaction effect between the Sweetening Sys-

tem and Acidity, showing that sweeteners are affected differently by

citric acid. This might be due to the difference in the sweet taste of

the Sweetening Systems, as well as a Sweetening System-Acidity interac-

tion effect between the Sweetening Systems with the same sweet

taste intensity [namely between sucrose (S) and D-allulose (A)].

Dunnett's test results showed attribute differences between

sucrose and the other treatments within each of the time intervals, in

particular, differences from the sucrose Sweetening System as the gold

standard. These results also showed that it was possible to make a

Sweetening System that in combination with citric acid was comparable

to sucrose in sweet taste temporal profile.

In this study, the sour taste of citric acid was not affected differ-

ently by different Sweetening Systems as suggested by other studies

(Savant & McDaniel, 2004). Previous studies (Junge et al., 2020) have

found suppression of sour taste from sucrose in the intensities investi-

gated in the present study. It should, however, be kept in mind that

the present study investigated differences in sour taste suppression

from different intensities of sweet taste whereas Junge et al. (2020)

investigated samples with and without sweeteners. Moreover, Junge

et al. (2020) used a static evaluation protocol. Another reason that we

did not observe suppression of sourness perception could be that sub-

jects do not experience suppression in terms of characterization, but

they do experience sour taste suppression in intensity. This would be

in contrast to previous findings (Jaeger, Chheang, Jin, Roigard, &

Ares, 2020), where CATA citations and intensity ratings of a range of

food products were compared. Jaeger et al. (2020) found a high corre-

lation between CATA citations and intensity. As that study investi-

gated CATA data, the results do not completely correlate to our

TCATA results. The fact that temporal characterization and intensity

rating do not fully correlate for sweet and sour interactions could

explain the apparent perceptual prominence of sour over sweet.

4.2 | Sweetening System–Acidity interaction in the
different time intervals

Figure 2 displayed that in the treatments S + C and A + C, sour is by

far the most cited attribute, whereas sweet has substantially lower

citation rates. This indicates that the subjects described these treat-

ments as sour more often than sweet. Junge et al. (2020) investigated

the same concentrations of sucrose and citric acid in aqueous solu-

tions, also in a Chinese population. They found that these concentra-

tions had similar intensities of sweet taste and sour taste and that

these concentrations suppressed sweet taste and sour taste to a simi-

lar degree. Thus, although the sweet taste and sour taste are

F IGURE 3 Fractional Area Under the
Curve for all attributes. Significant
differences with p < .05 are presented
with filled dots with S as control in each
time interval shown with black triangles
and bolded lines. The confidence interval
for S is shown in gray rectangles.
Significance is based on Dunnett's test (p-
value < .05). Treatments are S, sucrose; A,

D-allulose; M, D-allulose + Monk fruit
extract; S + C, sucrose + citric acid;
A + C, D-allulose + citric acid; M + C, D-
allulose + Monk fruit extract + citric acid
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perceived a similar in intensity in both S + C and A + C blends, the

subjects described both treatments as sour more often than sweet,

when these treatments are evaluated using this TCATA Fading proto-

col. Bonnans and Noble (1993) found a similar prominence of sour

taste over sweet taste that was ascribed to differences in intensities

between the sweeteners and citric acid. In contrast, did Wu et al.

(2019) not reveal such prominence of sour taste over-sweet taste.

Their highest citric acid level was the same as the one used in our

study; however, their concentration of sucrose was three times higher

than the concentration used in our study. Thus, the difference in their

results from those in the present study is probably due to the differ-

ences in the actual sweet taste levels investigated. This is also consis-

tent with the treatment M + C having similar citation rates for both

sweet and sour in accordance with Wu et al. (2019). This treatment

had a markedly higher sweet taste intensity and therefore might the

sweet taste be perceived as more prominent than in the other two

Sweetening Systems. Even at this high sweet taste level, the highest

citation peaks are still sour and not sweet. Further, the temporal pro-

file in the sour citation in this treatment is similar to that of the other

citric acid-containing treatments. While our findings support the find-

ing that sour taste found a more prominent perceptual presence than

sweet taste even when evaluating the same intensities using a tempo-

ral protocol, the present study measured citation rates and not per-

ceptual intensity. Even though intensity and citation rates are

different measures, it has been shown that citation rates to a large

degree reflect intensities (Jaeger et al., 2020).

The TCATA curves (Figure 2) and the ANOVA results show that

the sour taste of citric acid was not affected differently by the differ-

ent Sweetening Systems. The addition of citric acid significantly

increased the sour taste with no significant effect on any other sen-

sory attribute. Bonnans and Noble (1993) found that sour taste was

suppressed by sweeteners but found the size of this effect was low.

As M + C has a substantially higher sweet taste than the other Sweet-

ening Systems, a higher degree of suppression of sour taste was

expected for this treatment. This was not found, as there was no

interaction effect of the Sweetening System and Acidity on sour taste.

An interaction effect between the Sweetening System and Acid-

ity was found for sweet taste in the time intervals of attack and

evolution. M had the highest sweet citation rates and was thus least

affected by Acidity, whereas the sucrose Sweetening System was

most affected by Acidity. In the time-intensity study by Bonnans

and Noble (1993), they did not find differences in the sweet taste

suppression of citric acid for sucrose and aspartame. They investi-

gated similar levels of citric acid whereas the sucrose levels were

markedly higher than those used in this study. The differences in

these concentrations might explain why the present study finds dif-

ferences in suppression of sweetness perception from citric acid

between Sweetening Systems whereas Bonnans and Noble (1993) do

not, indicates that there is a lower sweet taste suppression from

the citric acid in the higher sweet taste intensity than in lower

sweet taste intensities. However, results from the present study

should be interpreted with caution as both Sweetening System and

sweetness intensity are changed simultaneously.

Nontemporal studies have found differences in sweeteners' sus-

ceptibility to sweet taste suppression by citric acid (McBride &

Finlay, 1990). Previous studies have shown that the sweetness per-

ception of different sweeteners is affected differently by the interac-

tion with citric acid (Fabian & Blum, 1943; McBride & Finlay, 1990).

Thus, when the citation rates of the Sweetening Systems Sand Aare

more suppressed than those of the blend of D-allulose and MFE (M), it

is somewhat as expected.

4.3 | Perceptual differences between Sweetening
Systems and Sweetening System–Acidity combinations
in different time intervals

Honey-like flavor fAUC was higher for the blend of D-allulose and

MFE (M) than sucrose (S) for all three-time intervals. Further, the

honey-like flavor was higher for sucrose (S) than sucrose with citric

acid (S + C) for the attack and the evolution. MFE is known to have a

honey-like side taste (Kim, Yoo, Jung, Park, & Hong, 2015). However,

these results indicates that citric acid can suppress the honey-like fla-

vor side taste. Honey-like flavor for the blend of D-allulose and MFE

with citric acid (M + C) and honey-like flavor for sucrose (S) were sim-

ilar for all time intervals.

Bitterness fAUC was significantly higher for D-allulose (A) and D-

allulose with citric acid (A + C) than sucrose (S) in the attack and evo-

lution and for sucrose with citric acid (S + C) in the attack. Previously,

D-allulose has been associated with bitterness (Tan et al., 2019). Bit-

terness evaluated for sucrose with citric acid (S + C) might be a mis-

placement of sour taste, as neither sucrose nor citric acid have earlier

been associated with bitterness, whereas untrained subjects tend to

confuse the sour taste of citric acid with bitterness (O'Mahony, Gold-

enberg, Stedmon, & Alford, 1979).

For the time intervals attack and evolution, treatment A was lower

in fAUC for sweet than treatment S, even though these treatments

were similar in sweet taste intensity. A also did not have a lingering

sweet taste in the finish. Both of these findings agree with the results

presented by Tan et al. (2019).

The sweetness perception of S in the attack and evolution was

well matched by the treatment with M + C. But in the finish, the

sweet taste is higher for M + C compared to S. Nonsucrose sweet-

eners often linger in sweet taste, and M is the highest of all treat-

ments in sweet taste in the finish, so when M + S is higher than S in

sweet taste in the finish it could just be a lingering effect. Another

explanation could be that the suppression of the Acidity might vanish

after the attack and evolution. The rapid decay of sour taste makes this

interpretation rather plausible.

Sucrose is the gold standard for sweet taste, so it is desirable to

achieve a similar profile. It is to the authors' best knowledge the first

time it has been shown that a sweetener–citric acid mixture has been

found to achieve a similar TCATA profile as sucrose for sweetness.

The discovery might partly be due to the unusual treatment design

with two treatments (M and M + C) substantially higher sweet taste

levels than the rest of the treatments.
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5 | CONCLUSION

The present paper investigates the temporal effects of binary taste

interactions using TCATA data. We used TCATA curves and mixed-

model ANOVA to evaluate the effects of the Sweetening System and

Acidity and their interaction. Dunnett's test was used to compare each

treatment with sucrose, the gold standard for sweet taste.

Our results support earlier findings that similar intensities of

sweet and sour tastes are characterized as sour more often than

sweet when performing dynamic evaluations via a temporal protocol,

indicating a higher perceptual prominence of sour over sweet. Fur-

thermore, a Sweetening System–Acidity interaction was identified

where sweet taste was much more suppressed by citric acid for D-

allulose and sucrose than the blend of D-allulose and MFE. On the

other hand, a significant interaction effect was found for sour taste.

These interactions emphasize the importance of not only conducting

evaluations of novel sweeteners in aqueous solutions but also consid-

ering studies in more complex matrices and the choice of the method-

ology used to measure the sensory profile.

Although the blend of D-allulose and MFE has a higher sweetness

intensity than sucrose, we found that adding citric acid suppresses

sweet taste in attack and evolution such that we obtain the same

sweetness profile as sucrose. This is an important finding because

sucrose is the golden standard for sweetness. Thus, reproducing the

sweetness profile of sucrose is highly desirable.
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