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Abstract  41 

Sweet cherry is very appreciated by consumers because of its attractive 42 

appearance and taste, which is determined by the balanced sweet-sour flavor. In this 43 

work, the genetics of soluble solid content (SSC), titratable acidity (TA), sugars and 44 

organic acids was investigated in sweet cherry to facilitate breeding improvement for 45 

fruit quality. The fruits of five sweet cherry populations (N = 372), three F1 and two F2, 46 

were sampled over two years to evaluate SSC, TA, and the content of individual sugars 47 

(glucose, fructose, sorbitol, and sucrose) and organic acids (malic, quinic, oxalic, citric 48 

and shikimic) by ultra-performance liquid chromatography (UPLC). Glucose, followed 49 

by fructose, was the most abundant sugar, while malic acid was the predominant acid. 50 

Sorbitol and malic acid were the most stable compounds between years, and had the 51 

highest heritability, being also the best correlated to SSC and TA respectively, revealing 52 

their relevance for breeding. Significantly positive correlations were observed among 53 

sugars and SSC, and acids and TA, but high interannual variability between years was 54 

observed for all traits. QTL mapping for SSC, sugars, TA, and organic acids was 55 

performed using a multi-family approach with FlexQTL™. Twenty QTLs were detected 56 

consistently during the two phenotyped years, and several relevant regions with 57 

overlapping QTLs for sugars and acids were also identified. The results confirmed 58 

major stable SSC and TA QTLs on the linkage groups 4 and 6, respectively. Within the 59 

main LG4 SSC QTL region, where maturity and fruit development time QTLs have 60 

been previously detected, three stable sugar (glucose, sorbitol, and sucrose) and two 61 

acid (quinic, shikimic) QTLs were also identified, suggesting a pleiotropic effect of 62 

ripening date on the content of these compounds. The major malic acid QTL overlapped 63 

with TA QTL on LG6, thus TA QTL mapping in LG6 may correspond to malic acid 64 

QTLs. Haplotype analyses of major SSC and sugars QTL in LG4, and TA and malic 65 

acid in LG6 revealed haplotypes of breeding interest. Several candidate genes 66 

previously identified in other Prunus fruit species, like peach, were found to collocate 67 

with the QTLs detected herein. This work reports QTLs regions and haplotypes of sugar 68 

and acid content in a Prunus non-climacteric stone fruit for the first time.  69 

Keywords: glucose, fructose, sorbitol, malic acid, SSC, TA, QTL, breeding  70 
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Introduction 72 

Sweet cherry (Prunus avium L.) is a non-climacteric temperate fruit tree, that is 73 
highly appreciated by consumers, due to its attractive appearance (smooth, red, and 74 
shiny), pleasant texture (soft and juicy), and unique flavor (sweet and sour balance). 75 

Sweet cherry consumer acceptance is, therefore, based on fruit quality (size, color, 76 
texture, and flavor), but is also an important source of nutrients and bioactive 77 
compounds (Cao et al., 2015; Chauvin et al., 2009; Calle et al., 2023). The flavor is 78 
associated with sweetness and sourness (Crisosto et al., 2003; Quero-García et al., 2019; 79 
Ross et al., 2010; Turner et al., 2008), which are usually estimated by the balance 80 

between soluble solid content (SSC) and titratable acidity (TA). A high ratio between 81 
SSC and TA has been related to consumer acceptance (Crisosto et al., 2003). SSC:TA 82 

ratios of 19 to 29 are found in most sweet cherry cultivars, with SSC ranging from 15 to 83 
25 ºBrix, and TA values from 0.7 to 1.2% (Serradilla et al., 2016; 2017).  84 

Like other fruits, water (80-83% of the total fruit weight) is the main compound 85 
in sweet cherries, followed by carbohydrates (12-17%). Sugars are the highest portion 86 
of carbohydrates, ranging from 11 to 15% of total fruit composition and up to 20% in 87 

some cultivars (Serradilla et al., 2016; Usenik et al., 2008). Sugars contribute to about 88 
65 to 85% of SSC (Walker et al., 2020). Glucose and fructose are the main sugars in 89 
sweet cherry cultivars, with glucose concentration usually being higher than fructose. 90 
Glucose content ranges from 6 to 10 g/100g of fresh weight (FW), and fructose from 4 91 

to 6 g/100g FW (Serradilla et al., 2017). Sorbitol and sucrose are also detected but in 92 
much lower contents ranging from 0.4 to 4.0 g/100g FW and 0.05 to 1.18 g/100g FW, 93 

respectively (Serradilla et al., 2017). Fructose has the highest sweetness, followed by 94 
sucrose, glucose, and sorbitol (Cirilli et al., 2016). Glucose and fructose accumulate 95 

during fruit development, while sucrose and sorbitol accumulation does not exhibit 96 
significant changes during ripening (Serrano et al., 2005). Climatic conditions, 97 
rootstock, soil, and agricultural management also influence sweet cherry fruit sugar 98 

content (Serradilla et al., 2016). 99 

Acidity is another important factor implicated in flavor. The main organic acid in 100 

Prunus fruits is malic acid. In sweet cherries, its content values range between 360 and 101 
1400 mg/100g FW depending on the cultivar (Ballistreri et al., 2013; Usenik et al., 102 
2008). Other acids with minor content are citric (5-300 mg/100g FW) (Gündo and 103 

Bilge, 2012; Usenik et al., 2008), succinic, fumaric, shikimic, and oxalic (Serradilla et 104 

al., 2017). In sweet cherry fruit, which is non-climacteric, malic acid and consequently 105 

TA content increase during fruit development (Serradilla et al., 2011; Serrano et al., 106 
2005). However, in climacteric stone fruit species of the same genus (Prunus), like 107 

peach [P. persica (L.) Batch], plum (P. salicina Lindl.), or apricot (P. armeniaca L.), 108 
malic acid and TA decrease during ripening. Other less abundant acids such as citric or 109 
succinic do not have significant content variation during fruit development in sweet 110 
cherry (Serrano et al., 2005). The acidity variation of fleshy fruit is mainly due to the 111 
metabolism of malate and citrate in the fruit itself (Etienne et al., 2013). Several 112 

processes are involved in sugar and organic acids accumulation, with carbohydrate 113 
transport by the phloem of into the fruit, sugar metabolism, organic acid metabolism, 114 
and solute accumulation in vacuoles being the most relevant (Etienne et al., 2013). 115 

About 85% of the sugars required for sweet cherry fruit development are imported from 116 
other parts of the plant where they are synthesized (Falchi et al., 2020).  117 

Genetic studies of sweet cherry fruit quality traits have mostly focused on 118 

physical attributes like size, weight, firmness (Calle et al., 2020 a,b; Campoy et al., 119 
2015; Rosyara et al., 2013; Zhang et al., 2010) and skin and flesh color (Calle et al., 120 
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2021; Sooriyapathirana et al., 2010) (reviewed in Quero-García et al., 2022). Fewer 121 
works have focused on fruit acceptance and flavor-related traits like sweetness and/or 122 
sourness in sweet cherry. Sugars and organic acid content were initially investigated by 123 
studying SSC and TA in an F1 sweet cherry population (N=601) for three years (Zhao et 124 

al. 2014). No QTLs were consistently detected for the three years. However, major SSC 125 
QTLs were detected for two years on linkage group (LG) 2, and on LGs 4 and 7 in a 126 
single year. For TA, QTLs were detected on LGs 2, 4, and 6 but they were not consistent 127 
across years. Quero-Garcia et al. (2019) evaluated another F1 population (‘Regina’ × 128 
‘Garnet’; N= 117) for three years and identified a major SSC QTL on LG3. For TA, 129 

relevant QTLs were reported on LGs 1 and 6, in three different years, with 16 and 25% 130 
phenotype variance explained (PVE), respectively. Similarly, Calle and Wünsch (2020) 131 
analyzed SSC and TA QTLs in six sweet cherry populations, for two years, using a 132 

multi-population approach (N = 406, four F1 and two F2 populations). The major QTL 133 
for SSC was detected for the two years on LG4 with a 22 to 34% PVE range. This QTL 134 
region collocated with QTLs detected for fruit development time, maturity date, and 135 
fruit firmness, indicating a possible relation or pleiotropic effects among these traits 136 

(Calle and Wünsch, 2020). In the same work, additional stable SSC QTLs were 137 
identified on LG3 (PVE = 7-10%). For TA, the most relevant stable QTL was detected 138 
on LG6 (PVE = 15-22%; Calle and Wünsch, 2020). Genetic studies of SSC and TA 139 
have also been carried out in other stone fruit species like Japanese plum (Salazar et al., 140 

2017, 2020), apricot (García-Gómez et al., 2019; Salazar et al., 2013) and peach 141 
(Dirlewanger et al., 1999; Etienne et al., 2002; Hernández Mora et al., 2017; 142 
Rawandoozi et al., 2020; Zeballos et al., 2016). Interannual variation was observed in 143 

the QTLs detected for these traits in these species, however, a main SSC QTL on LG4 144 

was also identified in apricot, Japanese plum, and peach (García-Gómez et al., 2019; 145 
Salazar et al., 2013, 2020; Zeballos et al., 2016). The co-localization of LG4 SSC QTL, 146 
with firmness and/or fruit development QTLs, was also observed in peach (Etienne et 147 

al., 2002). More recently sugar and acid content genetics have also been investigated in 148 
a Chinese cherry (P. pseudocerasus Lindl.; Ma et al., 2024) F1 population for two years. 149 

A polygenetic model was proposed for sugars, while the regulation of acids was 150 
suggested to be controlled by two major QTLs (Ma et al., 2024). 151 

QTL studies for individual sugars and organic acids in Prunus species have been 152 

carried out in peach and apricot fruit, both of which are climacteric (Dirlewanger et al., 153 
1999; Dondini et al., 2022; Etienne et al., 2002; Quilot et al., 2004; Zeballos et al., 154 

2016). Dirlewanger et al. (1999) analyzed the main sugars (sucrose, fructose, glucose, 155 
sorbitol) and the main acids (malic acid, citric acid, and quinic acid) in one F2 peach 156 

population for two years. Population distribution for all the compounds was similar in 157 
both years, however significant differences between years were observed for some 158 
compounds (malic acid and glucose). Sugar and acid contents were analyzed for an 159 
additional year in the same population and the year effect was detected for all the 160 
compounds (Etienne et al., 2002). Using the three-year means, QTLs for SSC, glucose, 161 

and fructose were detected on LG4 (Etienne et al., 2002). These QTLs were detected in 162 
the same region as ripening and fruit development period QTLs (Etienne et al., 2002). 163 
Another sucrose QTL was detected on LG6 (37% PVE), near SSC QTL, and both 164 
collocated with a candidate gene (PRUpe;Vp2), encoding a vacuolar H+-165 

pyrophosphatase, involved in the establishment of an electrochemical gradient across 166 
the vacuole, putatively involved in sugar transport across the vacuolar membrane 167 

(Etienne et al., 2002). QTLs for TA (44% PVE), malic acid (83% PVE), citric acid (39% 168 
PVE), and sucrose (29% PVE) were identified in the same region on LG5 (Etienne et 169 
al., 2002). Quilot et al. (2004) also investigated sugars in a peach × Prunus hybrid (P. 170 
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davidiana × P. persica) population for two years. Co-localization of QTLs for glucose 171 
and fructose was also observed in this work on LGs 2, 4, and 7 (Quilot et al., 2004). 172 
More recently, Zeballos et al. (2016) measured the main sugars and acids, TA, and SSC 173 
for four years, reporting the highest correlation for SSC and sucrose. For some 174 

compounds, such as glucose, stable QTLs were not detected (Zeballos et al., 2016). 175 
QTLs for firmness, SSC, and sorbitol were mapped in the same region on LG4, and the 176 
major QTL for glucose and fructose content was detected also on LG4 (Zeballos et al., 177 
2016) as reported previously (Dirlewanger et al., 1999; Etienne et al., 2002; Quilot et 178 
al., 2004). Also, a stable QTL for TA was detected across three years on LG5 (Zeballos 179 

et al., 2016) in the same location as previously reported (Dirlewanger et al., 1999; 180 
Etienne et al., 2002). Another study in apricot evaluated organic acids in an F1 181 
population. A major QTL was identified for malate and citrate on LG8, while three 182 

QTLs were detected for quinic acid on LG5, 6, and 7 (Dondini et al., 2022). 183 

In this work, we have investigated the genetics of sugars and acids content in the 184 
non-climacteric sweet cherry fruit, with the objective of identifying genetic loci 185 
associated with the regulation of these relevant compounds of fruit quality. This work 186 

serves as a foundation for identifying genes and markers related to sugar and acid 187 
content, with the ultimate goal of supporting breeding and selection of sweet cherry 188 
cultivars with better fruit quality. We have identified and quantified the main sugar and 189 
organic acids content, as well as SSC and TA, for two years in five sweet cherry 190 

populations (three F1 and two F2 populations) and studied their distribution and 191 
heritability. Furthermore, to our knowledge, this is the first report on QTL analyses 192 
investigating genetic regulation of these compounds using a multi-population mapping 193 

approach in a non-climacteric Prunus species. 194 

 195 

Results 196 

Phenotyping, heritability, and correlations 197 

SSC, TA, and the sugar and organic acid content evaluation was conducted for 198 
two years from mature fruit of individuals (N=245 in 2019; and N=263 in 2021) from 199 
the five described sweet cherry populations, and from the parental and ancestor cultivars 200 
available (N=10), the results of these analyses are shown in Supplementary Table 1,2, 3 201 

and 4.  202 

SSC and sugars 203 

In the ancestor and parental cultivars, SSC values in the two analyzed years 204 
varied from 15 (‘Burlat’ in 2021) to 24 °Brix (‘Brooks’ in 2021; Sup. Table 1). SSC 205 
values were consistent for each cultivar between the two years, with inter-year 206 
variability ranging from 0.5 (‘Van’) to 4.7 °Brix (‘Rainier’). ‘Brooks’ had the highest 207 
SSC values in both years (around 23 to 24 °Brix), while ‘Burlat’, ‘Lambert’, and 208 

‘Rainer’ consistently exhibited the lowest values (15 to 17 °Brix) (Sup. Table 1). In the 209 
population individuals, SSC values showed higher maximum levels than those in the 210 
parental cultivars, as individuals with SSC ranging from 15 to 31 °Brix were identified 211 
(Sup. Table 2). The population with the highest SSC means values was C×C in 2021 (23 212 

°Brix), while the lowest mean was observed in L×C in 2019 (19 °Brix; Figs. 1, 2, Sup. 213 
Table 2). SSC means in 2021 were higher than in 2019 (except for L×C), and significant 214 
differences between years means were observed in C×C and L×C populations (Student’s 215 

test or Mann-Whitney U-test, p-value<0.05; Figs. 1, 2, Sup. Table 2). Moderate broad-216 
sense heritability (H

2
=0.65) was detected in all the individuals of the five populations. 217 
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Within populations, SSC heritability ranged from moderate to high, varying from 0.46 218 
(C×C) to 0.65 (V×C) (Sup. Table 5). Positive and negative transgressive segregation for 219 
SSC was observed in all the populations, except for C×C, which only showed positive 220 
transgressive segregation. BC2 parental data (‘BC8’) was not available (Fig. 2). 221 

 222 

 223 

 224 

Figure 1: Means of sugars (glucose, fructose, sorbitol and sucrose) content, soluble 225 

solids content (SSC), organic acids (malic, quinic, oxalic, citric and shikimic) content, 226 
and titratable acidity (TA), in populations studied (A×C, BC2, C×C, L×C, V×C), over 227 
two years (2019 and 2021).   228 

 229 

Four sugars (glucose, fructose, sorbitol, and sucrose) were identified in all the 230 
fruit samples of the analyzed cultivars and individuals of the populations. Glucose 231 
exhibited the highest content (39-40% of total sugars), followed by fructose (33-34%), 232 

while sorbitol and sucrose were detected at lower concentrations (15-18 and 8-9%, 233 
respectively; Fig. 1). For the parental and ancestor cultivars, the levels of glucose and 234 
fructose ranged from 2 to 5 g/100 g of FW, while the content of sorbitol and sucrose 235 
varied from 0.5 to 2 g/100 g of FW, with the sucrose content being lower than that of 236 
sorbitol (Sup. Table 1). As for SSC, there was consistent similarity in sugar content 237 

between both years within each cultivar, showing inter-annual variability of less than 238 

0.5 g /100 g of FW for glucose (except for ‘Burlat’), less than 0.8 g/100 g of FW for 239 

fructose (except for ‘Burlat’), less than 0.4 g/100 g of FW for sorbitol, and less than 0.2 240 
g/100 g of FW for sucrose. ‘Brooks’, ‘Van’, and ‘Vic’ had the highest content of the four 241 
sugars in both years, while ‘Bing’ and ‘Burlat’, in 2021, exhibited the lowest content of 242 
glucose and fructose (Sup. Table 1). 243 
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 244 

Figure 2: Violin-plot distribution of major sugars (glucose, fructose, and sorbitol) and 245 
acids (malic acid), soluble solids content (SSC), and titratable acidity (TA), in each 246 

population studied (A×C, BC2, C×C, L×C, V×C) for two years (2019 and 2021). Black 247 
vertical lines indicate mean values, squares and diamonds indicate parental values, 248 
asterisks indicate significant differences between year´s means (Student’s test or Mann- 249 
Whitney U-test; p-value<0.05). 250 
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In the individuals of the populations, glucose and fructose also showed the 251 
highest content, with values ranging roughly from 2 to 7 g of glucose, and 2 to 6 g of 252 
fructose per 100 g of FW. The content of sorbitol and sucrose ranged from 0.5 to 3.5 253 
and 0.3 to 1.3 g/100 g of FW, respectively (Sup. Table 2). The sugar content variation 254 

was therefore larger in the population seedlings than in the parental cultivars, as 255 
observed for SSC, with C×C and A×C populations showing the largest \variation (Sup. 256 
Tables 1, 2). Similarly, significant differences in the mean values of some sugars were 257 
observed between years for certain populations. A×C, C×C, and V×C had significant 258 
differences between years for glucose, while C×C, L×C, and V×C showed inter-annual 259 

significant differences for fructose (Mann-Whitney U-test; p-value<0.05) (Fig. 2). In 260 
contrast, sorbitol showed the lowest variation between years, with C×C exhibiting 261 
significant differences (Fig. 2; Sup. Table 2). Regarding heritability, glucose and 262 

fructose showed the lowest values (H
2 

= 0.23 and 0.08, respectively), while it was 263 
moderately high for sorbitol (H

2
=0.73). Sugars heritabilities were generally higher 264 

when analyzed in each population, except in the C×C (Sup. Table 5). 265 

The results show a high inter-year variability of the saccharides glucose, 266 

fructose, and sucrose, and a higher inter-year stability for the sugar alcohol sorbitol and 267 
SSC. Only significant positive correlations between years were observed for SSC (ρ = 268 
0.41), sorbitol (ρ = 0.53), and glucose to a lesser extent (ρ = 0.16; Sup. Figure 1), while 269 
a significant negative correlation was observed for sucrose. The correlation between 270 

sugars and SSC was significantly positive in both years for all sugars (Sup. Figure 1), 271 
being moderately high for sorbitol (ρ = 0.77/0.84) and glucose (ρ = 0.67/0.70), 272 
moderate for fructose (ρ = 0.47/0.63), and low for sucrose (ρ = 0.37/0.14; Sup. Figure 273 

1). Among the sugars, all correlations were also significantly positive in both years. The 274 

highest correlations were found between glucose and fructose (ρ = 0.86/0.74), as well as 275 
between glucose and sorbitol (0.85/0.73) in both years (Sup. Figure 1). This 276 
observation, as expected, indicated that glucose, fructose, sorbitol, and SSC increase 277 

simultaneously, with sucrose being the sugar that was less correlated with the rest, but 278 
still positively correlated.  279 

TA and organic acids 280 

In the parental and ancestor cultivars, TA ranged from 0.7 to 1.2% (Sup. Table 281 
3). The lowest TA (0.7%) was found in ‘Bing’ (2019) and ‘Burlat’ (2021), and the 282 

highest in ‘Van’ (1.2%) in both years (Sup. Table 3). Year-to-year variability was 283 

generally low (ranging from 0.0 to 0.2%) except in ‘Bing’, in which variation was 0.7% 284 

between years (Sup. Table 3). In the individuals of the populations, the TA variability 285 
range was like that of parental and ancestor cultivars with values ranging between 0.6 286 

and 1.4% (Fig. 2 Sup. Table 4). TA means were very similar among populations and 287 
years, with L×C having the highest mean value (1.0% in 2019) and C×C exhibiting the 288 
lowest (0.9% in 2021; Sup. Table 4). TA means were higher in 2021 for A×C and V×C, 289 
however, C×C and L×C had lower values in 2021 compared to 2019. BC2 presented 290 
similar data in both years (Sup. Table 4). Significant differences between years were 291 

found for TA means in C×C and V×C populations (Student’s test or Mann-Whitney U-292 
test, p-value<0.05; Fig. 2). TA showed positive and negative transgressive segregation 293 
in all populations, except A×C and C×C in 2019 (Fig. 2). Overall, moderate H

2
 for TA 294 

was observed (H
2
=0.43) for all plant material in the study, whereas within populations 295 

heritability values ranged from 0.21 (BC2) to 0.70 (V×C; Sup. Table 5). 296 

Five organic acids (malic, quinic, oxalic, citric, and shikimic) were identified in 297 

all samples, including parental cultivars and individuals of the populations. Malic was 298 
the predominant acid, accounting for an average of 71% of the total acid content in the 299 
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parental and ancestor cultivars, while the other organic acids were detected at lower 300 
concentrations, with quinic accounting for 12-24%, oxalic 6-12%, citric 1-4%, and 301 
shikimic acid ≤ 1% (Sup. Table 3). In these cultivars, malic content ranged from 89 to 302 
433 mg/100g of FW, followed by quinic (29 to 109 mg/100g of FW), oxalic (10 to 28 303 

mg/100g of FW), citric (0.6 to 9 mg/100g of FW) and shikimic (1 to 4 mg/100g of FW) 304 
(Sup. Table 3).  305 

Malic acid was also the most abundant acid in the individuals of the populations, 306 
with values ranging from 24.7 to 575.4 mg/100g of FW and accounted for 59 to 78% of 307 
total acid contents (Fig. 1; Sup. Table 4). C×C population had the lowest malic content 308 

mean (167 mg/100g of FW in 2019) while BC2 had the highest (313 mg/100g of FW in 309 
2021; Sup. Table 3). The range of quinic and oxalic content in the populations was 310 

broader than those of the parental and ancestor cultivars (Sup. Tables 3 and 4). Quinic 311 
content ranged from 19 to 165 mg/100g of FW, and oxalic content varied from 7 to 53 312 
mg/100g of FW. Citric acid showed a wide range (0.8-24 mg/100g FW), as observed in 313 
the parental and ancestor cultivars (Sup. Table 3 and 4). Positive and negative 314 
transgressive segregation was shown for malic acid in all populations (Fig. 2). Inter-315 

annual variability was observed for this acid with significantly different means detected 316 
in all populations except in L×C (Student’s test or Mann Whitney U test, p-value<0.05; 317 
Fig. 2). Overall, malic acid had the highest heritability (H

2
 = 0.58), followed by oxalic 318 

and shikimic acid (H
2 

= 0.49 and 0.41, respectively). Quinic acid showed a moderate-319 

low H
2
 (0.32) and citric acid had the lowest (H

2 
= 0.15). A wide range of heritability 320 

was observed for the different organic acids in each population, with specific acids 321 
exhibiting higher heritabilities in each population (Sup. Table 5). 322 

TA and organic acids showed even higher inter-year variability than sugars, with 323 

a significantly low-moderate positive correlation for TA (ρ = 0.29), malic (ρ = 0.33), 324 
oxalic (ρ = 0.32), and shikimic (ρ = 0.27) acids, and low for quinic (ρ = 0.19), and no 325 
significant correlation between years for citric acid (Sup. Figure 1). A moderately 326 

significant positive correlation was found between malic acid and TA in both years (ρ = 327 
0.45/0.47; Sup. Figure 1), being the highest correlation of all the organic acids with TA. 328 

Among acids, the highest correlations were shown between quinic and shikimic (ρ = 329 
0.52/0.58) and quinic and oxalic (ρ = 0.46/0.60; Sup. Figure 1). 330 

 331 

QTLs analyses 332 

SSC and sugars 333 

A total of 57 QTLs were detected for the analyzed sugars and SSC (Sup. Table 334 
6). From these, 24 were detected in 2019 and 33 in 2021. Among these, sixteen had 335 

strong evidence (average 2lnBF>5) and one decisive evidence (average 2lnBF>10; Sup. 336 
Table 6). Stable QTL regions, with overlapping QTLs detected in each year, were 337 
identified for SSC and the four sugars, glucose, fructose, sorbitol, and sucrose, on LGs 338 
1, 3, 4 and 8 (Tables 1, 2; Sup. Table 6; Fig. 3). The most significant SSC QTL, qP-339 
SSC4.1

m
,
 
was detected in a narrow region on LG4 (51 to 53 cM; Table 1). This QTL had 340 

strong evidence and explained a significant amount of the phenotypic variance (PVE), 341 
33 and 38% in 2019 and 2021, respectively (Table 1). Another SSC QTL, qP-SSC3.1

m
, 342 

was detected on LG3 (31-64 cM) (Table 1) with decisive evidence in 2021. The qP-343 
SSC3.1

m
 exhibited a smaller effect in 2019, indicating reduced stability in controlling 344 

SSC (Table 1).  345 

 346 
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Table 1: Soluble solid content (SSC) and titratable acidity (TA) stable QTLs (detected 347 
at least two years), and significant (Average 2lnBF>2), from four-year data [2017 and 348 
2018 data from Calle and Wünsch (2020); 2019 and 2021 data from this work]. QTLs 349 
interval in cM, maximum 2ln Bayes Factor (2lnBF), average 2lnBF, mean additive 350 

effect, percentage of variance explained (PVE), and physical position in the Tieton cv. 351 
Genome v2.0 (Wang et al., 2020) are shown.  352 

 353 

  LG Year QTL name 
Interval 

(cM) 

Peak 

(cM) 
Max2lnBF 

Average 

2lnBF 

Additive 

effect 

PVE 

(%) 

Physical 

position in 

sweet cherry 

genome 

(Mbp)  

SSC 

1 2018 qP-SSC1.1
m
 37-74 63 9.01 4.82 1.26 15.26 10.4-17.2 

1 2019 qP-SSC1.1
m
 17-45 33 3.66 2.73 0.61 3.58 14.0-35.8 

3 2017 qP-SSC3.2
m
  13-40 27 9.32 4.76 1.5 10.42 8.1-17.5 

3 2018  qP-SSC3.2
m
 18-69 59 8.29 4.19 0.89 7.41 9.1-29.3 

3 2019 qP-SSC3.2
m
 43-61 45 4.6 2.92 0.37 0.61 17.6-25.3 

3 2021 qP-SSC3.2
m
 31-55 35 6.58 4.15 0.87 11.9 12.5-23.2 

4 2017  qP-SSC4.1
m
 50-55 53 14.09 11.7 3.04 34.16 14.8-17.4 

4 2018  qP-SSC4.1
m
 45-59 53 9.6 6.82 1.69 22.11 13.1-17.9 

4 2019 qP-SSC4.1
m
 47-57 51 10.94 7.05 1.52 32.8 14.0-17.6 

4 2021 qP-SSC4.1
m
 51-53 51 11.25 9.55 2.08 38.07 15.1-16.3 

TA 

1 2019 qP-TA1.1
m
 7-29 17 6.23 3.82 0.07 5.26 6.9-10.4 

1 2021 qP-TA1.1
m
 13-25 25 3.26 2.56 0.05 <1 8.4-12.1 

3 2018 qP-TA3.1
m
 72-89 87 9.94 6.17 0.06 5.01 30.5-36.1 

3 2019 qP-TA3.1
m
 77-81 81 2.78 2.03 0.03 <1 31.5-32.8 

3 2021 qP-TA3.1
m
 81-87 85 3.77 3.46 0.07 <1 32.8-34.9 

6 2017 qP-TA6.1
m
 91-98 95 11.83 9.65 0.09 21.57 33.1-33.8 

6 2018 qP-TA6.1
m
 91-108 97 10.29 6.33 0.07 15.02 33.1-36.9 

6 2019 qP-TA6.1
m
 87-99 95 6.01 4.33 0.05 <1 31.5-34.0 

6 2021 qP-TA6.1
m
 87-109 95 8.99 5.18 0.05 7.14 31.5-37.4 

8 2019 qP-TA8.1
m
 29-41 31 3.53 2.66 0.06 <1 23.2-27.0 

8 2021 qP-TA8.1
m
 23-35 27 2.78 2.18 0.04 <1 21.8-24.5 

 354 

For the individual sugars analyzed, the most relevant QTLs were detected for 355 

glucose (qP-GLU4.1
m
) and sorbitol (qP-SOR4.1

m
) in the same narrow LG4 region as for 356 

SSC (45-57 cM). These QTLs showed strong to decisive evidence and PVE ranging 357 
from 24 to 51% (Table 2, Fig. 3). These LG4 QTLs were the only stable QTLs detected 358 
across both years for glucose and sorbitol. Another QTL was detected for sucrose (qP-359 
SUC4.2

m
) in the same region with lower significance, but not for fructose. QTLs for 360 

sucrose were detected on LGs 1 (qP-SUC1.1
m
; 1-23 cM) and 8 (qP-SUC8.1

m
; 31-57 361 

cM). For fructose, two QTLs were identified on LG1: qP-FRU1.1
m
 (3-29 cM), which 362 

overlaps with the sucrose QTL (qP-SUC1.1
m
), and qP-FRU1.5

m
 (115-149 cM), which 363 

overlaps with the oxalic QTL (qP-OXA1.3
m
). Another QTL for fructose was detected on 364 

LG3 (qP-FRU3.1
m
; 35-69 cM; Fig. 3, Tables 1, 2) overlapping with SSC QTLs. Several 365 

relevant genomic regions were observed where various overlapping QTLs for SSC 366 
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and/or sugars were mapped (both or either year), with variable degrees of significance 367 
(Sup. Figure. 2). These regions are located on upper and lower LG1 (1-25 and 115-149 368 
cM), and lower LG2 (41-73 cM), LG3 (35-36 cM), and LG4 (43-59 cM) (Sup. Figure. 369 
2). 370 

 371 

Table 2: Sugars and organic acids stable QTLs (detected at least two years), and 372 
significant (Average 2lnBF>2) from two-year data (2019,2021). QTLs interval in cM, 373 
maximum 2lnBF, average 2lnBF, mean additive effect, percentage of variance explained 374 
(PVE), and physical position in the Tieton Genome v2.0 (Wang et al., 2020) are shown. 375 

 LG Year QTL name 
Interval 

 (cM) 

Peak 

(cM) 

Max 

2lnBF 

Average  

2lnBF 

Additive 

 effect 

PVE  

(%) 

Physical  

position in  

sweet cherry  

genome  

(Mbp)  

Glucose 4 2019 qP-GLU4.1
m
 45-55 51 9.71 7.18 4.08 25.22 14.0-17.4 

(GLU) 4 2021 qP-GLU4.1
m
 45-57 53 11.38 6.49 3.38 24.07 14.0-17.7 

Fructose 1 2019 qP-FRU1.1
m
 3-15 11 4.27 3.91 1.95 4.06 5.8- 9.0 

(FRU) 1 2021 qP-FRU1.1
m
 5-29 21 6.8 3.78 0.96 3.4 6.5-12.9 

 
1 2019 qP-FRU1.5

m
 121-149 141 4.09 2.49 2.14 2.75 49.9-57.2 

 
1 2021 qP-FRU1.5

m
 115-149 129 4.465 1.86 3.262 4.73  47.7-57.2 

 
3 2019 qP-FRU3.1

m
 55-69 59 5.97 4.57 2.77 8.14 21.5-29.3 

  3 2021 qP-FRU3.1
m
 35-63 45 7.92 5.31 1.15 6.08 14.3-26.6 

Sorbitol 

(SOR) 

2 2019 qP-SOR2.1
m
 41-55 47 9.28 6.17 2.68 28.65 32.6-36.8 

2 2021 qP-SOR2.1
m
 53-71 63 6.05 4.67 2.73 12 36.5-39.7 

4 2019 qP-SOR4.1
m
 47-53 51 12.21 8.53 3.42 27.48 14.0-16.3 

4 2021 qP-SOR4.1
m
 51-53 53 12.17 11.77 5.32 51.45 14.0-16.3 

Sucrose 1 2019 qP-SUC1.1
m
 15-17 16 2.95 2.95 0.36 <1 9.0- 10.4 

(SUC) 1 2021 qP-SUC1.1
m
 1-23 1 5.14 2.72 0.6 1.96 4.9-11.4 

 
4 2019 qP-SUC4.2

m
 43-59 49 6.16 4.44 0.38 4.41 14.0-18.6 

 
4 2021 qP-SUC4.2

m
 43-51 45 3.11 2.28 0.19 <1 14.0-15.1 

 
8 2019 qP-SUC8.1

m
 31-57 33 4.75 2.953 1.7 7.12 23.2-31.34 

  8 2021 qP-SUC8.1
m
 37-55 55 6.63 3.89 0.94 7.3 26.1-31.14 

Malic 6 2019 qP-MAL6.2
m
 85-99 95 10.04 6.68 37.57 11.11 31.0-33.6 

 (MAL) 6 2021 qP-MAL6.2
m
 85-97 95 12.36 6.001 49.837 13.7 31.0-34.0 

Quinic  4 2019 qP-QUI4.1
m
 45-59 53 9.26 7.40 10.22 16.67 14.0-17.9 

(QUI) 4 2021 qP-QUI4.1
m
 47-53 51 12.43 5.76 17.38 19.34 14.0-16.2 

Oxalic  1 2019 qP-OXA1.3
m
 113-151 147 5.61 4.07 5.89 8.26 47.3-55.8 

(OXA) 1 2021 qP-OXA1.3
m
 95-149 137 5.80 4.21 5.30 21.13 42.3-57.3 

 
2 2019 qP-OXA2.1

m
 63-75 69 3.26 2.94 4.29 1.81 38.7-44.1 

  2 2021 qP-OXA2.1
m
 41-73 69-71 4.27 2.81 4.02 3.64 32.7-40.5 

Shikimic  4 2019 qP-SHIK4.1
m
 49-53 51 12.58 8.56 0.69 <1 14.8-16.2 

(SHIK) 4 2021 qP-SHIK4.1
m
 49-53 51 11.27 7.20 0.36 23.07 14.8-16.2 

 376 

 377 
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TA and organic acids 378 

A total of 55 QTLs were detected for the analyzed organic acids and TA (Sup. 379 
Table 7). Of these QTLs, 31 and 24 were detected in 2019 and 2021 respectively; with 380 
16 of them reported with strong evidence (average 2lnBF>5; Sup. Table 7). Overlapping 381 

QTLs, detected in both years, were mapped for different organic acids (malic, quinic, 382 
oxalic, and shikimic) and TA on LGs 1, 2, 3, 4, 6, and 8 (Table 1 and 2, Fig. 1). 383 

For TA, the most significant QTL, qP-TA6.1
m
, was detected in a narrow region 384 

(87-109 cM) on LG6 with strong and decisive evidence in 2019 and 2021, respectively 385 
(Table 1, Fig 1). Other TA QTLs were detected on LGs 1, 3, and 8 (Table 1, Fig. 1). 386 

None of these TA QTLs explained a large proportion of the phenotypic variance (PVE < 387 
7.1). For malic acid, the major organic acid, a stable QTL, qP-MAL6.2

m 
(85-99 cM) was 388 

detected overlapping with the major TA QTL on LG6. This QTL explained 11 to 13% of 389 
PVE (Table 2, Fig. 1). However, none of the other detected QTLs for malic acid in both 390 
years overlapped with TA QTLs. For quinic acid, one QTL, qP-QUI4.1

m
 was detected 391 

on LG4 (45-59 cM; PVE 16-19), in the same region where a QTL for shikimic acid (qP-392 
SHIK4.1

m
) was found. This region overlapped with the genomic area where several 393 

QTLs for sugar were also found. Another two QTLs were detected for oxalic acid on 394 
LGs 1 and 2 (qP-OXA1.3

m
, qP-OXA2.1

m
), with the former showing strong evidence 395 

(Table 2, Fig. 1). For citric acid, no stable QTLs were detected across years. However, 396 
two QTLs with strong evidence were observed in 2019, and four in 2021, on LGs 1, 2, 397 

3, and 4 (Sup. Table 7). 398 

 399 

 400 

 401 

Figure 3: Genetic position (cM) on the consensus linkage map (Calle et al., 2020) of 402 
stable and significant QTLs of SSC and TA (Table 1), sugars (glucose, fructose, sucrose 403 
and sorbitol; Table 2), and acids (malic, quinic, oxalic, citric, shikimic; Table 2) QTLs.    404 
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Haplotype analyses of breeding interest 406 

The haplotypes for the main SSC, glucose, sorbitol, quinic and shikimic acid 407 

QTLs on LG4, and for TA and malic acid QTLs on LG6 were constructed for the 408 

parental and ancestor genotypes (Sup. Tables 8 and 9). On the LG4 QTLs, within 56-59 409 

cM, the four haplotypes (H4-a, -b, -c and -d were identified with six SNPs (Sup. Table 410 

8). H4-c haplotype, which was exclusively identified in ‘Cristobalina’, ‘Burlat’, and 411 

‘BC8’, exhibited the lowest values of SSC sugars and acids content (Sup. Tables 8 and 412 

10). Conversely, the H4-a haplotype was associated with a higher SSC and sugars 413 

(glucose and sorbitol), and acids (quinic and shikimic) content (Sup. Table 10). The 414 

comparison of means within the H4 haplotypes revealed that H4-b exhibited higher 415 

values than H4-c and -d. 416 

On the LG6, within the 95-96 cM interval, where TA (qP-TA6.1
m
) and malic 417 

(qP-MAL6.2
m
) acid QTLs were identified, four SNPs were used for haplotype 418 

construction. Three haplotypes were identified (H6-a, -b and -c) in parental and ancestor 419 

genotypes (Sup.  Table 9). Significant differences among the mean TA values were 420 
observed in both years, with the H6-c showing the highest values. For malic acid, 421 
significant differences were detected only in one of the studied years; however, the H6-c 422 
haplotype also exhibited the highest mean values in both years (Sup. Table 10).  423 

 424 

Discussion 425 

Genetics and interannual variability of individual sugars and organic acids in 426 

sweet cherry were analyzed for two years, in five populations (including F1 and F2), 427 

with the goal of carrying out QTL analyses that could be useful for sweet cherry fruit 428 

quality breeding. In parallel, SSC and TA were also analyzed in the same samples, 429 

adding two-year data to previous study (Calle and Wünsch, 2020; Table 1), to help 430 

understand their genetics, and correlation between sugars and acids content. Similar 431 

works, including sugar and/or acid phenotyping followed by genetic and QTL analyses, 432 

have only been carried out previously in Prunus species with climacteric fruits such as 433 

peach and apricot (Dirlewanger et al., 1999; Dondinni et al., 2022; Etienne et al., 2002; 434 

Quilot et al., 2004). 435 

 436 

SSC and sugars 437 

Phenotyping heritability and correlations 438 

In this work, the range of SSC observed in the populations (15-31 ºBrix) was 439 
broader than previously observed in sweet cherry cultivars (12-24 ºBrix) (Calle et al., 440 

2023; Serradilla et al., 2017). However, this variability was similar to that previously 441 
observed (13 to 30 ºBrix) in the same plant material for two additional years (2017, 442 
2018; Calle and Wünsch, 2020). In addition, SSC heritability (0.65) was very similar to 443 
that previously estimated for this plant material (0.62; Calle and Wünsch, 2020), and 444 
higher than that observed in other sweet cherry populations (H

2
 = 0.48; Piaskowski et 445 

al., 2018). In Chinese cherry, larger variability of SSC heritability in different years 446 
(0.14-0.94; Ma et al., 2024) was reported. However, heritability estimation was done 447 

differently from this study so results could not be compared. Studies in other Prunus 448 
species like peach, show similar SSC heritability than reported here (H

2
 = 0.72 - 0.76) 449 

(Brooks et al., 1993; Rawandoozi et al., 2020). These results indicate significant 450 
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variability in SSC within the analyzed plant material, as well as evidence of genetic 451 
inheritance, highlighting the potential for improvements in sweet cherry via breeding. 452 

For the analyzed sugars, glucose and fructose content (5-7g /100g FW) 453 
accounted for about 70% of the total sugar content, which is in agreement with previous 454 

studies, although slightly higher and lower values have been observed in other sweet 455 
cherry cultivars (Ballistreri et al., 2013; Cao et al., 2015; Girard et al., 1998; Serradilla 456 
et al., 2017; Usenik et al., 2008). The sorbitol and sucrose were found at lower contents 457 
(0.1-4 /100 g FW) than glucose and fructose but within the ranges previously described 458 
(Serradilla et al., 2016). In the related Chinese cherry, a broad range of variation in 459 

major sugars was also observed (Ma et al., 2024), but with fructose as the major sugar, 460 
while glucose had a higher contribution to total sugar content in this work. In peach, the 461 

major reported sugar is sucrose (Dirlewanger et al., 1999). The differences in these 462 
species may be revealing intrinsic differences of the fruit quality of each species and/or 463 
a different genetic variability for these traits. The heritability for individual sugars has 464 
been estimated in peach with similar results as reported in this work: high heritability 465 
for sorbitol and SSC, and moderate H

2
 for glucose and fructose (Brooks et al., 1993). 466 

Nevertheless, when the heritability was analyzed across populations, variations were 467 
noted among different sugars in each population. Some populations exhibited higher 468 
heritability than others for specific sugars, suggesting that genetic background 469 
influences sugar heritability. 470 

The results showed a low inter-year correlation and hence a high annual 471 
variability for all sugars except for sugar alcohol, sorbitol which was the most stable 472 

sugar between years. Similar results have also been shown previously in peach with 473 
sorbitol being more stable than other major sugars (Zeballos et al., 2016), and in 474 

Chinese cherry (Ma et al., 2024) in which major sugars were also highly variable 475 
between years. This year-to-year variability is linked to environmental factors such as 476 
temperature, radiation, and water supply, which influence the metabolic regulation of 477 

these compounds (Zheng et al., 2018). Significant differences were observed in 478 
temperature and precipitation in both sampling seasons (Sup. Figure. 3). In 2019, 479 

precipitation was concentrated in earlier whereas in 2021, it was distributed throughout 480 
the ripening and harvest season. Temperatures were quite similar during the ripening 481 
time both years, except at the end of the harvest season with higher temperatures 482 

recorded in 2021. These differences may account for variability in compound 483 

concentration the different years and identification of minor QTLs only one year. 484 

Also, in this work, the highest correlation was observed between SSC and 485 
sorbitol, followed by glucose and fructose. However, in Chinese cherry, the highest 486 

correlation was observed between SSC and the main sugars glucose and fructose (Zhou 487 
et al., 2023). The results reported here reveal that sugar alcohol sorbitol, despite not 488 
being the major sugar, is the most stable component of SSC in sweet cherry. Sorbitol 489 
was also better correlated with SSC, and with the highest heritability, being therefore a 490 
relevant candidate trait for sweet cherry breeding fruit quality improvement in the 491 

species.  492 

A major QTL on LG4 for SSC and sugar content 493 

A major stable SSC QTL was identified on LG4, qP-SSC4.1
m
 in both 494 

phenotyped years. This same SSC QTL was detected previously in the same plant 495 

materials with similar PVE (22-34; Calle and Wünsch, 2020). This LG4 region overlaps 496 

with SSC QTLs identified in other Prunus species (Quero-García et al., 2019; Salazar et 497 

al., 2020; Zeballos et al., 2016). Additionally, the major stable QTLs for glucose and 498 
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sorbitol content (qP-GLU4.1
m
, qP-SOR4.1

m
) detected in this work also overlap with this 499 

major SSC QTL on LG4 and explained more than 24% of the phenotypic variance (up 500 

to 50% for sorbitol). These results confirm the importance of LG4 region in SSC 501 

regulation and reveal its crucial role in controlling glucose and sorbitol content in sweet 502 

cherry. These two sugars are highly correlated with SSC and play a major role in sweet 503 

cherry quality being the major and most stable sugars respectively, as discussed above. 504 

In this LG4 genomic region, García-Gómez et al. (2019) identified three candidate 505 

genes ppa001122m, ppa000854m and ppb001660m associated with SSC regulation. By 506 

BLAST analysis (Jung et al., 2018; www.rosaceae.org) using the ‘Tieton’ sweet cherry 507 

genome as reference (v2.0; Wang et al., 2020), we confirmed the presence of 508 

orthologous genes (FUN_033560, FUN_033567) for two of these candidate genes 509 

(ppa001122m, ppa000854m) in the LG4 QTL region associated to SSC. Additionally, in 510 

the same region, we identified an orthologous gene in sweet cherry (FUN_034033) for 511 

another candidate gene associated with sorbitol regulation (Prupe.4G191900; Cao et al., 512 

2019) that was previously identified in peach using the same analyses. This gene 513 

encodes a diacylglycerol kinase 5 (DGK5), which was expressed during fruit 514 

development in peach (Cao et al., 2019). These candidate genes for sugar regulation 515 

may also be playing a relevant role in sugar content regulation in sweet cherry. 516 

The same LG4 region also overlaps with major QTLs for maturity date, fruit 517 

development time, and firmness in sweet cherry, being, therefore, a highly relevant 518 

hotspot for fruit quality breeding in sweet cherry (Calle and Wünsch, 2020). In peach, 519 

QTLs for individual sugars have also been detected within the same LG4 region 520 

previously associated with maturity date (Etienne et al., 2002; Quilot et al., 2004; 521 

Zeballos et al., 2016). Moreover, this QTL region on LG4 has been compared between 522 

sweet cherry and peach, where homologous genes controlling key processes related to 523 

ripening time and fruit firmness were identified (Cai et al., 2019). This conserved region 524 

has also been found in other Prunus species, including apricot (Salazar et al., 2017) and 525 

Japanese plum (Salazar et al., 2020), confirming the genetic regulation of maturity and 526 

sugar accumulation within the same genomic region on chromosome 4. The 527 

conservation of this region extends beyond the Prunus genus to other Rosaceae species. 528 

A syntenic region corresponding to peach LG4 was identified on LG10 in apple, where 529 

QTLs for SSC, maturity, and sugars were also detected (Dirlewanger et al., 2004; Kenis 530 

et al., 2008). Other authors have also highlighted the importance of this region in terms 531 

of fruit maturity and sugar content, suggesting the possible pleiotropic effect of maturity 532 

on other fruit quality traits like sugars, in both peach and sweet cherry (Calle and 533 

Wunsch, 2020; da Silva et al., 2024; Eduardo et al., 2010). In sweet cherry, Calle and 534 

Wünsch (2020) demonstrated a strong correlation between SSC, maturity date, and fruit 535 

development period using the same plant material and haplotype analyses in this region. 536 

They observed that haplotype H4-c, which had a shorter fruit development period and 537 

earlier maturity date, also showed lower SSC content. In this work, the analysis of the 538 

same haplotypes in this LG4 region revealed lower values for SSC and sugar content 539 

(glucose and sorbitol) in the same haplotype (H4-c), but also lower values of quinic and 540 

shikimic adics. These findings further highlight the relationship between the ripening 541 

process and the accumulation of sugars and acids suggesting the possibility that genes 542 

associated with ripening could have a pleiotropic effect on the regulation of sugars 543 

concentration in the species. 544 
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From the breeding perspective selection of haplotypes H4-a and H4-b can 545 

contribute to higher SSC and sugar content than -c or -d. Therefore, selection of the 546 

earlier maturity haplotype H4-c will also involve decreasing sugar content as shorter 547 

development period is correlated to lower SSC and lower sugar content as shown 548 

herein.  Minor QTLs may relevant role in quality fruit breeding with the potential to 549 

serve as a resource for increasing sugar content without prolonging the fruit 550 

development period and delaying the ripening date. 551 

Other relevant genomic regions involved in SSC and sugar content. 552 

Another stable SSC QTL was identified on LG3 (qP-SSC3.1
m
), which explains a 553 

lower portion of the phenotypic variation than qP-SSC4.1
m
, and was also detected 554 

previously in the same material (Calle and Wünsch, 2020). Additionally, a QTL for 555 

fructose (qP-FRU3.1
m
) detected in two years, along with two QTLs for glucose (qP-556 

GLU3.1) and sorbitol (qP-SOR3.1) reported uniquely in 2021, were identified in this 557 

same region. In this LG, an SSC QTL was also previously found in sweet cherry, 558 

although it is unclear if in the same genomic region as in this work (Quero-García et al., 559 

2019). However, it is evident that region on LG3, is relevant for and playing a stable 560 

role in SSC and sugar content regulation.  561 

For fructose, two stable and significant QTLs, qP-FRU1.1
m
 and qP-FRU1.5

m
 562 

were detected on LG1. The first one was colocalized with QTLs for sucrose and sorbitol 563 

(qP-SUC1.1
m
, qP-SOR1.1) in this work. The second, which is located at the bottom of 564 

LG1, encompassed the region where two genes (LOC110761288, LOC110744941) 565 

related to sugar metabolism in sweet cherry were previously reported (Chen et al., 566 

2020). We identified two orthologous genes (FUN_006074 and FUN_007451), in the 567 

‘Tieton’ genome (v2.0; Wang et al., 2020). The FUN_006074 was annotated as ATP-568 

dependent 6-phosphofructokinase 3 and the FUN_007451 as probable receptor-like 569 

protein kinase.  570 

For sucrose, the stable QTL with the highest PVE was found on LG8. However, 571 

the main sucrose QTL in peach is found on LG5, overlapping with other main SSC 572 

QTLs (Etienne et al., 2002; Zeballos et al., 2016). QTLs in this LG5 region were not 573 

detected in sweet cherry for SSC or sucrose. As sucrose is a minor sugar in sweet 574 

cherry, opposite to peach in which it is the most abundant, it may be more difficult to 575 

identify SSC QTLs associated with sucrose regulation in sweet cherry, or this region 576 

may not be segregating in our population due to a lower variability in sweet cherry. 577 

The distribution of QTLs involved in regulating sugar content across all LGs 578 

indicates that the genetic control of these traits is dispersed throughout the genome. This 579 
pattern is consistent with previous observations in peach (Etienne et al., 2002; Quilot et 580 

al., 2004) and recent findings by Ma et al. (2024) in Chinese cherry, suggesting that 581 
sugar content is regulated polygenically with additive effects. Furthermore, the 582 
influence of environmental conditions in different years during the fruit ripening 583 
process could be associated with the varying percentages of variance explained by 584 
certain minor QTLs, as well as the identification of these QTLs in one year but not in 585 

another. These genotype-by-environment and QTL-by-environment interactions have 586 
been observed in the species during QTL analyses of fruit-related and agronomical traits 587 
(Calle et al., 2020a; Branchereau et al., 2023). The clustering of many of these sugar 588 
QTLs in different regions of the genome has also been reported previously in peach 589 
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(Etienne et al., 2002, Zeballos et al., 2016), and apple (Guan et al., 2015). The 590 
overlapping of QTLs for different sugars in the same genomic regions would be 591 
consistent with the common sugar metabolic pathways in Prunus (Walker et al., 2020).  592 

 593 

TA and organic acids 594 

Phenotyping, heritability, and segregation 595 

The TA values were similar to those previously reported for sweet cherry 596 

cultivars (0.6-1.4%; Ballistreri et al., 2013). However, the TA means were higher than 597 

those found by Calle and Wünsch (2020) in the same plant material. The observed 598 

variation in the mean values may be due to maturation degree or environmental effect. 599 

The contrasting environmental conditions between the two seasons were clearly 600 

discernible, as illustrated in the graph (Sup. Figure 3) and discussed above. Heritability 601 

for TA (0.43) was lower than previously reported in the same materials during two 602 

different years (H
2
=0.54; Calle & Wünsch, 2020). However, when heritability was 603 

calculated for each population, it ranged from 0.21 to 0.70, depending on the 604 

population. Thus, the results highlight the high impact of annual environmental and 605 

population genetics on TA variability, with the ripening stage at sampling potentially 606 

also playing a role (Serradilla et al., 2011). The TA heritability was similar to that 607 

reported in other sweet cherry populations (0.60; Piaskowski et al., 2018), and generally 608 

lower than in peach (0.90-0.93; Rawandoozi et al., 2020; Hernandez-Mora et al., 2017) 609 

confirming that sweet cherry fruit TA heritability may be lower than that of other 610 

Prunus species like peach. In peach, TA is controlled by a major locus on LG5 (D locus; 611 

Boudehri et al., 2009), which contrasts with sweet cherry where TA is controlled by 612 

multiple minor genes, potentially resulting in reduced heritability.   613 

The values for malic acid (predominant acid) were lower than previously 614 

described for this acid in other plant materials (300-1100 mg/100g for FW; reviewed in 615 

Calle et al., 2023). The H² for this acid was 0.58, slightly lower than that reported for 616 

the same compound in apricot (H²=0.79; Salazar et al., 2020). However, when 617 

considering the H² for malic acid in each population individually, significant variation 618 

was observed, highlighting the influence of genetic background on the segregation of 619 

this acid. The second most abundant acid, quinic acid, has not been quantified in most 620 

of the previous studies (Cao et al., 2015; Serradilla et al., 2011; Usenik et al., 2008), 621 

although it has been detected at low concentrations (Oen & Vestrheim, 1985). However, 622 

the oxalic acid was found at higher concentrations than previously reported (<5 623 

mg/100g of FW; Serradilla et al., 2016), and the shikimic acid content was comparable 624 

to levels observed in certain cultivars (Ballistreri et al., 2013), but lower than in others 625 

(Cao et al., 2015). The citric acid showed a wide range as described by the bibliography 626 

(Serradilla et al., 2016). 627 

Low and moderate inter-annual correlations of organic acids and TA confirmed 628 

the high inter-annual variability of these parameters in this plant material and may be 629 

attributed to environmental effects or the ripening stage in which were harvested, as 630 

discussed above. As mentioned above, there were notable differences in temperature 631 

and precipitation between the two years analysed (Sup. Figure 3).The correlations 632 

among acids were significantly positive in this work as observed in peach (Dirlewanger 633 
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et al., 1999; Quilot et al., 2004), but not in Chinese cherry (Zhou et al., 2023). Amongst 634 

them, the highest correlation was observed between malic acid and TA as previously 635 

shown in Chinese cherries and peach (Dirlewanger et al., 1999; Quilot et al., 2004; 636 

Zhou et al., 2023), and confirming the large contribution of malic acid, the most 637 

abundant acid in cherries to TA. 638 

A major stable QTL for TA and malic acid on LG6 639 

The main QTL for TA, qP-TA6.1
m
, was detected on LG6 in the same position 640 

previously described for the same plant material in two different years (2017, 2018; 641 
Calle and Wünsch, 2020). This confirms the detection of this QTL over four years, 642 
making it the only QTL consistently identified across all four years. This QTL explains 643 

a relevant portion of the TA variation (15-21%), and it is located in a syntenic region 644 
where QTLs for TA have also been found in peach (Hernández-Mora et al., 2017) 645 
(Chr06: 12.07-37.69 Mbp in the ‘Tieton’ genome v2.0 and Chr06: 8.88-30.72 Mbp in 646 
the peach genome v2.0.a1;  https://www.rosaceae.org/synview/block/ppptB235). 647 

However, the main QTL for TA in peach was detected on LG5 (Rawandoozi, et al., 648 
2020, Zeballos et al., 2016), a region where no QTLs were detected in this work in 649 
sweet cherry. Furthermore, the primary QTL for malic acid (qP-MAL6.2

m
), the 650 

predominant acid detected in sweet cherry, was identified in the same region as qP-651 

TA6.1
m
. This QTL has a large additive effect although it only explains 11-13% of the 652 

variation. However, the strong correlation between malic acid and TA may explain the 653 
colocation of their QTLs, suggesting that the regulation of TA in this region is caused by 654 

the malic acid QTL. The haplotype analysis confirmed this hypothesis, since haplotype 655 

H6-c that increases TA level was observed to increase malic acid content as well. 656 
Consequently, cultivars such as ‘Burlat’ or ‘BC8’ homozygous for this haplotype can be 657 
used to increase fruit acidity and should be avoided if the breeder´s purpose is to reduce 658 

acidity, in accordance with market demands.  659 

  In this LG6 region, we identified a candidate gene, described as a vacuolar-type 660 

inorganic pyrophosphatases (V-PPase) (FUN_022609), using the ‘Tieton’ genome v2.0 661 

(Wang et al., 2020). Several studies indicated that V-PPase is involved in the 662 

accumulation of sugar and organic acids in the vacuole during the fruit development in 663 

pear (Pyrus communis L.; Suzuki et al., 1999), Japanese pear (Pyrus serotina ;Suzuki et 664 

al., 2000), grape (Vitis vinifera L.; Terrier and Romieu et al., 2001), peach (Etienne et 665 

al., 2022) and tomato (Mohammed et al., 2022) making it a good candidate gene for the 666 

phenotypic variation explained by this QTL. Other relevant genomic regions involved in 667 

TA and organic acids regulation 668 

Three other relevant and stable regions (detected in 2 or 3 years) for TA 669 
regulation were identified on LGs 1, 3, and 8. Of these, TA QTLs on LG1 overlapped 670 
with stable QTLs for oxalic acid on LG1, but not with other stable (at least in two years) 671 
QTLs for other acids. As in malic acid on LG6, this TA QTL on LG1 may be caused by 672 
the oxalic acid regulation in that region. In contrast, the main QTLs for quinic and 673 

shikimic acids (qP-QUI4.1
m
, qP-SHIK4.1m) were found to overlap with the main region 674 

described for SSC and sugars regulation on LG4, but not for TA regulation. The 675 
colocalization between QTLs for sugars and TA has also been previously described in 676 

peach (Quilot et al., 2004). These findings may suggest the potential co-regulation of 677 
these compounds and/or their association with the regulation of ripening, as the ripening 678 
date has been previously shown to be regulated in a large portion on the same region of 679 

LG4 (Calle and Wünsch, 2020). 680 
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The high number of QTLs detected for TA and organic acids in this work 681 

contrasts with the results observed in peach (Rawandoozi, et al., 2020, Zeballos et al., 682 

2016), in which QTLs on LG5 play a major role, and in Chinese cherry (Ma et al., 683 

2024) in which two pairs of additive-dominant major genes were proposed to regulate 684 

acidity and malic acid content. Similarly, two main QTLs for the regulation of TA and 685 

malic acid were observed in apple (Malus domestica Borkh; Ma et al., 2015). In this 686 

work, QTL analyses revealed a larger number of genomic regions playing smaller roles 687 

in organic acids and hence TA regulation in sweet cherry. 688 

In this work, genomic regions associated with sugar and organic acid content 689 

were identified, which contribute to sweetness and acidity in cherries and provide 690 

valuable insights for breeding programs to improve the fruit organoleptic 691 

characteristics. Even though several factors like the environment and the ripening stage 692 

highly influence the levels of sugars and organic acids in the fruit, the wide segregation 693 

of these compounds within populations and the presence of stable QTLs over the two 694 

studied years provide evidence of the possibility of selection for improvement of these 695 

traits. The major QTL regions and hotspots identified here may help in developing 696 

breeding tools for sweet cherry quality breeding, a fruit that reveals differences in sugar 697 

and acid content with other climacteric stone fruits.  Additionally, to further explore the 698 

genetic control of these compounds and identify and validate candidate genes within the 699 

main QTL intervals, transcriptomic analyses of sweet cherry fruit at various ripening 700 

stages are being carried out.  701 

 702 

Materials and methods  703 

Plant material 704 

The plant material used in this work includes five sweet cherry populations (N = 705 
372) and available parental cultivars and ancestors (N=10; Sup. Table 1). These five 706 
populations include three cross-pollinations (F1), namely ‘Lambert’ × ‘Cristobalina’ 707 

(L×C; N=14), ‘Vic’ × ‘Cristobalina’ (V×C; N=158), and ‘Ambrunés’ × ‘Cristobalina’ 708 
(A×C; N=40); and two populations derived from self-pollination (F2), one from the 709 

cultivar ‘Cristobalina ̓ (C×C; N=97) and the other from the selection ‘BC-8’ (BC2; 710 

N=68). These populations are maintained in the experimental orchards of CITA de 711 

Aragón (Zaragoza, Spain).  712 

 713 

SSC, TA, sugars, and organic acid content quantification 714 

A total of 249 and 263 individuals were sampled in 2019 and 2021, respectively 715 
(Sup. Table 2). A representative count of fruits (15 fruits per tree) was collected from 716 

each individual over two years. The fruit samples were harvested based on commercial 717 
maturity, using a combination of colour, firmness and taste assessment.  The fruit 718 
samples were pitted and stored at -20°C degrees. For further analyses, fruit samples 719 
were defrosted and homogenized using a homogenizer (POLYTRON ® KINEMATICA; 720 

Malters, Switzerland). SSC was measured from the fruit homogenate using a digital 721 
refractometer (PAL-1, Atago, Tokyo, Japan). TA was determined by dissolving 5 g of 722 

the same homogenate in 50 ml of de-ionized water using an automatic titrator 723 
(Metrohm, Herisau, Swiss).  724 
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Sugars and organic acids were extracted from the same samples and measured 725 
by ultra-performance liquid chromatography (UPLC). Sugar and acid extractions were 726 
carried out using an adaptation of the method described by Sturn et al. (2003). Five 727 
grams of homogenate and 20 mL of ultrapure water (MiliQ) were mixed and shaken for 728 

1 min using a vortex and another minute using a homogenizer. Samples were 729 
subsequently treated with ultrasound using a sonicator for 5 min (BACTOSOMIC 14.2, 730 
Bandelin, Berlin, German). The solution was then centrifuged for 20 min at 9500 rpm. 731 
The pellet and supernatant were separated by decantation. The pellet was used in a 732 
second extraction by adding 10 mL of MiliQ water and repeating the steps described 733 

above from the vortex mixture step. The supernatants of the two extractions were mixed 734 
and centrifuged one more time under the same conditions, and the liquid phase obtained 735 
was used for the sugar and acid extraction. For the sugars, 2 mL of this extraction 736 

(liquid phase) was filtered with a 1.0/0.45 µm polyester (PET) double syringe filter 737 
followed by another filtration through a 0.20 µm filter. For the acids, 3 mL of the 738 
extraction were filtered using a 1.0/0.45 µm polyester (PET) double syringe filter and 739 
then purified using Supelclean ™ LC-SAX SPE 57017 column. The column was pre-740 

activated with 3 mL of methanol, followed by 2 mL of MiliQ water. The organic acids 741 
retained on the column were eluted with 20 mM NaH2PO4 buffer solution and then 742 
filtered through a 0.20 µm filter. 743 

Identification and quantification of sugars in each sample was performed using 744 

Acquity UPLC H-Class (Waters, Milford, Massachusetts, USA) equipped with a Waters 745 
410 refractive index (RI) detector at the Parque Tecnológico Aula Dei [PCTAD, 746 
currently Fundación de Innovación y Transferencia Agroalimentaria de Aragón (FITA; 747 

Zaragoza, Spain)]. The column chromatography was Flavour Green Ca2+ (8 µm, 8 × 748 

300 mm). The sugars were separated in HiperSolv Chomanorm Water using isocratic 749 
method with a flux 0.8 mL/min and a 10 μL injection volume (Sturn et al., 2003). For 750 
acids, the same equipment was used with a Photodiode Array (PDA) detector, and with 751 

an ACQUITY UPLC HSS T3 (1.8 μm, 2.1 × 100 mm) column and an ACQUITY HSS 752 
T3 1.8μM VANGUARD Pre-Col (Waters, Milford, Massachusetts, USA) precolumn. 753 

Acid separation was performed using a 20 mM NaH2PO4 buffer solution with a flux of 754 
0.2 mL/min. 755 

Statistical analysis 756 

The mean, standard deviation, minimum, and maximum values of all 757 

compounds were calculated for each population in both years. In each population, 758 

segregation normality was tested for both years according to the Shapiro-wilk test (p-759 
value <0.001). Significant differences in sugar content and soluble solids between 760 

annual means were studied for each population. The T-student and Man-Whitney U 761 
tests were used to perform a mean comparison (p-value < 0.05). Correlations between 762 
the traits within years in all the analyzed individuals were calculated using the 763 
Spearman coefficient (ρ; p-value < 0.001). Broad-sense heritability (H

2
) for SSC, TA, 764 

and each sugar and organic acid was estimated from the data of two years using the 765 

equation: 𝐻2 =  
𝜎𝑔

2

𝜎𝑔
2+ 

𝜎𝑒
2

𝑛

 where 𝜎𝑔
2 is the variance of genotype effect, 𝜎𝑒

2 is the variance of 766 

the residual term, and n is the number of years. These analyses were performed using 767 

the software R v4.1.1 (R Core Team, 2021). 768 

QTLs analyses  769 

Sugars, organic acids, SSC, and TA phenotyping data were used for QTL 770 
mapping using genotypic data and genetic maps generated previously (Calle et al., 771 
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2019). QTL mapping was conducted using the FlexQTL™ (Bink et al., 2008; Bink et 772 
al., 2014) as described by Calle and Wünsch (2020). This software provides the 773 
possibility to study several families simultaneously, increasing the probability of 774 
detecting quantitative trait loci (QTL) (Bink et al., 2014). For each trait, finite polygenic 775 

models (FPM) were assumed with additive gene effect (Bink, 2002) and Markov Chain 776 
Monte Carlo (MCMC) simulations were performed with a minimum of 250,000 777 
interactions to obtain at least 100 effective chain samples with the objective of having at 778 
least a sample of 100 samples per simulation (Bink et al., 2018). Four simulations were 779 
performed, varying the prior number of the QTLs (1 and 3) and the seed number to 780 

create independence between iterations in order to verify the consistency of the results. 781 
The inference on the number of QTLs was estimated using the natural log of Bayes 782 
factors (2lnBF). This parameter was interpreted as positive (2-5), strong (5-10) or 783 

decisive (>10) evidence for the presence of QTLs. The QTL positions are based on 784 
posterior QTL intensities and the inference on QTL contributions are based on the 785 
posterior mean estimates of the QTL effect sizes (Bink et al., 2008). QTLs were named 786 
according to the standard QTL nomenclature guidelines recommended in the Genome 787 

Database for Rosaceae [e.g., qP-SSC4.2
m
: where q = quantitative trait; P = Prunus; SSC 788 

= trait (e.g. soluble solid content); 4 = chromosome number; 2 = second chronological 789 
QTL reported for this trait on this chromosome; and m = QTL identified in multiple 790 
years) (Jung et al., 2019). 791 

Haplotype analyses 792 

Haplotype analysis was carried out in the major stable QTL identified for SSC 793 

and sugars, and TA and acids, as described by Calle et al., (2020b). The haplotypes 794 
were obtained from SNP phase estimated by FlexQTL™. SNPs identified in the most 795 

significant QTL region were selected, inheritance in the populations was confirmed, and 796 
recombinant individuals in these regions were discarded. The mean phenotypic values 797 
for SSC, sugars, TA and malic acid, were calculated for all the population individuals 798 

for each QTL haplotype each year. These values were then compared using ANOVA or 799 
Kruskal-Wallis (p-value <0.05) with the software R.  800 
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