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14

15 Understanding how strawberry nutritional and quality traits are genetically regulated and 
16 correlated is an essential step towards improving marker-assisted breeding programmes in this 
17 crop. A first step to achieve this goal was to construct a Single Nucleotide Polymorphism (SNP)-
18 based genetic map of 140 F1 individuals of a cross between the two octoploid parents ‘Redgauntlet’ 
19 and ‘Hapil’. The map consisted of 3933 SNPs distributed over 28 linkage groups, representing the 
20 seven homoeologous groups expected in Fragaria (2n = 8x = 56), and covered a total length of 
21 2624.7 cM with an average resolution of 0.7 cM/SNP. Two overlapping subsets of F1 individuals 
22 were evaluated in the field and glasshouse at East Malling Research and the University of Reading, 
23 respectively. Negative correlation was observed between Pelargonidin and the three traits L*, a* 
24 and b*, whereas positive correlations were observed within L*, a* and b*, and between Ellagic 
25 acid, Pelargonidin, and Cyanidin at both trial locations. QTL mapping revealed 29 significant QTL 
26 associated with the measured traits and mapped over 16 linkage groups. Two QTL for fruit Fresh 
27 Weight (FW) were co-located between day 1 and day 4 of shelf life, accounting for over 62 % of 
28 the variation. These data will enhance our understanding of the genetic basis and correlation of 
29 strawberry quality traits and provide the basis for refining QTL that underpin the genetic regulation 
30 of these quality traits.
31  
32 Key words: Strawberry, Rosaceae family, F1 strawberry population, shelf life, QTL, SNP. 
33

34 Abbreviations: FW, Fresh Weight; TSS, Total Soluble Solids; TA, Titratable Acidity; QTL, 
35 Quantitative Trait Loci; SNP, Single Nucleotide Polymorphism.  
36
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43 1. Introduction

44 Strawberry belongs to the Rosaceae family, which contains morphologically diverse flowering 
45 plants consisting of more than 3,000 species from approximately 100 genera (Cabrera et al., 2009; 
46 Jung et al., 2012; Shulaev et al., 2008). Although the taxonomic structure of the Rosaceae family 
47 is still controversial, it is divided into four subfamilies based on chromosome number: Rosoideae, 
48 Amygdaloideae (Prunoideae), Spiraeoideae and Maloideae (Pomoideae) (Shulaev et al., 2008). 
49 Economically, Rosaceae is the third most important plant family in temperate regions after the 
50 Poaceae (grass family) and Fabaceae (legume family) (Dirlewanger et al., 2002). Strawberries are 
51 one of the most highly valued fruits due to their abundance of vitamins, minerals, anthocyanin, 
52 flavonoids, and phenolic acids (Ayala-Zavala et al., 2004; Halbwirth et al., 2006) that give rise to 
53 appearance, nutritional and organoleptic qualities that appeal to human consumers. 
54 Epidemiological studies indicated that consuming food containing micronutrients and 
55 phytochemical compounds found in strawberry is linked with decreased risk of developing non-
56 communicable diseases such as cancers, heart diseases, neurodegenerative diseases, attenuate 
57 cognitive decline and neuronal dysfunction (Aune et al., 2017; Spencer, 2009; Vauzour et al., 
58 2008). 
59

60 Fresh strawberries are extremely perishable, have a short shelf life, and are susceptible to 
61 mechanical injuries and physiological decay due to loss of tissue integrity, sensitivity to fungal 
62 diseases, and having a large surface area lacking      an outer protective rind. Therefore, selecting 
63 for improved post-harvest quality traits, otherwise known as consumer quality traits, is becoming 
64 an important consideration for breeders (Lerceteau-Kohler et al., 2012; Sargent et al., 2009; 
65 Zorrilla-Fontanesi et al., 2012).      Post-harvest quality traits such as colour, firmness, flavour, e.g. 
66 Total Soluble Solids (TSS) and Titratable Acidity (TA), and phenolic compounds, are complex 
67 traits that are normally controlled by several genetic loci and are also influenced by pre-harvest 
68 and post-harvest environmental factors, such as temperature, light, moisture, and soil quality 
69 (Crespo et al., 2010; El Hadi et al., 2013; Forney et al., 2000; Hakala et al., 2002; Hancock, 1999; 
70 Soria et al., 2008; Wang and Lewers, 2007). Therefore, maintaining high nutritional values in the 
71 berry fruit whilst maintaining high fruit quality requires an understanding of the genetic and 
72 environmental effects on each trait, and how different traits are associated with each other. 
73 Mapping traits on the linkage map using a Quantitative Trait Loci (QTL) approach is the first step 
74 to identify the underlying gene(s) and to explore their effects and interactions (Hossain et al., 2019; 
75 Vallarino et al., 2019; Verma et al., 2017). Strawberry is a highly heterozygous species, further 
76 complicated by the octoploid nature of each parental genome, therefore an F1 population and a 
77 two-way pseudo-testcross were used to generate a genetic linkage map (Gaston et al., 2013; 
78 Grattapaglia and Sederoff, 1994; Zorrilla-Fontanesi et al., 2012). Selection of parents showing 
79 divergence in the traits of interest is recommended to produce an informative mapping population. 
80 In this case the Redgauntlet (Rg) x Hapil (H) mapping population was used in a heterozygous cross 
81 that segregated for fruit quality, disease resistance, and postharvest traits (Sargent et al., 2009). 
82 This population was phenotyped and QTL were reported for powdery mildew disease severity 
83 (Cockerton et al., 2018), Verticillium dahliae resistance (Antanaviciute et al., 2015), and root 
84 architecture, AMF association and low phosphate tolerance (Cockerton et al., 2020). 
85  
86 The aim of the present study was to use a Single Nucleotide Polymorphism (SNP)-based genetic 
87 map for the Rg x Hapil mapping population to map QTL associated with morphological and 
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88 physiological traits associated with fruit quality collected at two contrasting environments within 
89 the UK.
90

91 2. Materials and methods

92 2.1 Plant material and growth conditions

93 Two subsets consisting of 63 and 76 lines, with 25 overlapping lines, of an F1 octoploid strawberry 
94 mapping population derived from crossing Redgauntlet and Hapil (Sargent et al. (2009) were 
95 grown under field conditions at East Malling Research in 2013 (Cockerton et al., 2018) and under 
96 glasshouse conditions at University of Reading (UoR), Whiteknights campus in 2014. Details of 
97 the respective latitude, longitude, elevation, and temperature are given in Table 1.

98 The cultivation at EMR, reported previously by Antanaviciute et al. (2015), was conducted as 
99 follow; cloning of runners from mother plants was carried in the autumn, then the propagation in 

100 9 cm square pots was carried from July onwards, then planted in the field in a randomized block 
101 design in late Autumn (September–October). At the UoR, clonal propagation of the F1 
102 population was carried out in the autumn in 9 cm square pots using runners from mother plants 
103 kept in an unheated polytunnel. In the spring, four replicates of the 147 seedlings and parental 
104 lines ‘Redgauntlet’ and ‘Hapil’ were planted in 0.5 m peat-based grow bags (Bulrush 
105 Horticulture Ltd., UK) in each of two complete randomised blocks, where each block contained 
106 two replicate plants per genotype, and each block had two beds and three rows per bed, in an 
107 experimental glasshouse. The glasshouse was set to heat at if the temperature dropped below 5 
108 °C and to vent if the temperature exceeded 20 °C. The plants were grown in natural light. Plants 
109 were watered and provided with a commercial nutrition solution containing calcium nitrate, 
110 potassium nitrate, potassium sulphate, magnesium nitrate, mono potassium phosphate, iron-
111 EDTA, manganese sulphate, copper sulphate, zinc sulphate, sodium molybdate, and solubor 
112 using a drip irrigation system with three drippers per bag. Crop protection to prevent powdery 
113 mildew, botrytis, and aphids was applied as per standard commercial practice. 

114 2.2 SNP-base map construction

115 DNA was isolated from two leaf discs taken from new, fully expanded strawberry leaves of 140 
116 Rg × H individuals and parental genotypes using the Qiagen DNeasy plant miniprep kit (Qiagen 
117 Ltd., Manchester, UK).  SNP identification and map construction was carried out according to 
118 Cockerton et al. (2018) and SNPs are as identified in Cockerton et al. (2020). 
119

120 2.3 Post-harvest management for plant phenotyping and chemotyping 

121 Six fully-ripe fruits per genotype were harvested from three blocks grown at EMR, while twelve 
122 fruits were harvested from two blocks grown at the UoR. Fruits were delivered immediately to the 
123 laboratory in the School of Chemistry, Food and Pharmacy, UoR, Whiteknights campus at ambient 
124 temperature on the day of harvest (day 0). Fruits were placed into clear plastic egg boxes to avoid 
125 bruising and to allow the analysis of individual fruit, then stored overnight at 4 °C in the dark 
126 before subsequent analysis on day 1, day 4 and day 7 of post-harvest storage at 4 °C. Post-harvest 
127 quality assessment was conducted on fresh fruits including fresh weight (FW) and colour using 
128 non-destructive methods allowing repeat measurements of the same fruit (n=4 from the EMR trial 
129 and n=9 from the UoR trial). Then, one experimental rep of each block were used to measure 
130 firmness in order to allow repeating the measurements over post-harvest storage. The fruits from 
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131 each block for each genotype were subsequently combined, giving one sample per genotype per 
132 block, and blended prior to storage at -80 °C for further chemical analysis.
133

134 2.4 Measuring total soluble solids and titratable acidity, and HPLC analysis 

135      One experimental rep of each block was prepared by blending the two fruits, which were stored 
136 at -80 °C prior to further chemical analysis. On the day of HPLC analysis each experimental 
137 replicate was defrosted and brought to ambient temperature prior to measuring two aliquots for 
138 TSS (Total Soluble Solids) and TA Titratable Acidity) (two technical reps). One extract was 
139 prepared from each experimental rep for HPLC analysis. Polyphenol standards were supplied as 
140 follows: Ellagic acid, (+)-Catechin, Kaempferol, Quercetin, Pelargonidin chloride and Cyanidin 
141 chloride by Sigma (North Dorset, UK). HPLC-grade methanol and water were purchased from J. 
142 T. Baker (Deventer, The Netherlands). Formic acid was obtained from Merck (Darmstadt, 
143 Germany). The glassware was cleaned before use by repeatedly washing with chromic and 
144 concentrated sulfuric acid hot mixture and purified water and finally dried at 150° C. 
145

146 2.5 Assessment of postharvest fruit quality 

147 2.5.1 Fresh weight (FW)

148 Fresh weight of samples was measured on day 1, day 4 and day 7 to evaluate the water loss from 
149 the fruits using a digital electrical balance (Analytical Products Ltd, UK). Repeat measurements 
150 were taken for each single fruit (n=4 from the EMR trial and n=9 from the UoR trial).
151

152 2.5.2 Colour measurement 

153 Three measurements were taken on day 1, day 4 and day 7 using a sph850 spectrophotometer 
154 (ColorLite GmbH, Katlenburg-Lindau, Germany) around the circumference of each fruit and a 
155 single mean set of values was calculated from three replicate measurements of each fruit. The 
156 measurements included three parameters L* (lightness), a* (red tone), b* (yellow tone) which were 
157 each separately subjected to subsequent QTL analysis. Repeat measurements were taken for each 
158 single fruit (n=4 from the EMR trial and n=9 from the UoR trial).
159

160 2.5.3 Firmness

161 Three measurements of each fruit were taken on day 1, day 4 and day 7 using a handheld Digital 
162 Fruit and Vegetable Ripeness/Hardness Tester fitted with 3.5 mm diameter plunger tip (HFH81, 
163 Omega Engineering Limited, Manchester, UK) of each fruit and a single mean set of values was 
164 calculated. A puncture test was performed on the fruit cheek, approximately between the calyx 
165 and blossom end, by holding the fruit against a hard surface before forcing the plunger tip into the 
166 fruit at a uniform speed so that the depth of penetration was consistently to the subscribed line on 
167 the tip. 
168

169 2.5.4 Total Soluble Solids (TSS)

170 TSS is a refractometric index that indicates the proportion (%) of dissolved solids in a solution 
171 (Beckles, 2012). The TSS was determined for day 1, day 4 and day 7 samples through a digital, 
172 hand held refractometer (Atago, Japan). A drop of strawberry puree was placed on the hand 
173 refractometer with results expressed as °Brix.
174
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175 2.5.5 Titratable Acidity (TA)

176 TA was quantified for day 1, day 4 and day 7 samples by diluting each 3 ml of strawberry liquid 
177 in 50 ml distilled water and then titrating with NaOH (0.1M), using 0.1 % phenolphthalein (ph-th) 
178 in ethanol:water 50:50 (v/v) as an indicator. Results were converted to percent citric acid 
179 equivalents using the following equation: [(ml NaOH × 0.1N × 0.064 / 3 ml of strawberry puree) 
180 × 100]. 
181

182 2.5.6 Extraction of Flavonoids and Acid Hydrolysis for HPLC

183 Samples for determination of phenolic content by HPLC were extracted as follows: three 
184 strawberry fruits of each genotype from each block were blended together with no further addition 
185 of liquid. Samples from different blocks were analysed separately. 1 g of strawberry puree was 
186 added to 1 ml of 70 % MeOH, prepared by mixing 70 ml of absolute methanol (MeOH) and 30 ml 
187 of distilled water. 1 ml from the solution was transferred to screw-cap tubes and then placed in 
188 water-bath (80 °C) for 10 minutes. Afterwards, the samples were recovered and then located in 
189 speed vacuum (Savant Speed Vac, Thermo Scientific, MA, USA) for 60 minutes to dry them 
190 completely. 1.5 ml of 2M hydrochloric acid (HCl) in HPLC grade MeOH, which was made by 
191 mixing 16.8 ml of 37 % HCl and 83.2 ml of HPLC grade MeOH, was added to each sample. The 
192 samples were then placed in the roller/stirrer for 45 minutes and covered with aluminium foil to 
193 prevent the degradation of light-sensitive compounds, including flavonoids. After mixing, these 
194 samples were located in a dried heater block (85 °C) for 60 minutes, in order to accelerate the acid 
195 hydrolysis process, and then left for 30 minutes to cool. The samples were then transferred into 
196 microcentrifuge tubes (1.5 ml) after filtering them through 0.45 µm filters (Sartorius Stedim 
197 Biotech GmbH, Goettingen, Germany). Lastly, 100 µl was transferred into amber glass vials and 
198 used for high performance liquid chromatography (HPLC).
199

200 2.5.7 High Performance Liquid Chromatography (HPLC)

201 The different components were separated using a Hewlett Packard (Agilent, Bracknell, UK) model 
202 1100 series LC running HP ChemStation software with a Nova Pak C18 column (250 * 4.6; 4 mm) 
203 (Waters, Elstree, UK) at 30 °C. 50µl of each sample was injected into the column. The mobile 
204 phase consisted of (A) H2O (95 %), methanol (5 %), and containing formic acid (0.1 %) and (B) 
205 H2O (50 %), acetonitrile (50 %), and containing formic acid (0.1 %), with a flow rate of 0.7 
206 ml/min. The gradient system was: 95% A (5-5 min), 50% (40 min), 0% (55 min), and 95% (60 
207 min). A UV/vis diode-array detector was used to acquire spectra at different wavelengths: 254, 
208 280, 320, 365, and 520 nm. Flavonoids were identified by matching their retention times and UV 
209 diode array spectra with those of standards (Sigma, Gillingham, UK). 
210

211 2.6 Statistical analysis 

212 Data were Log10-transformed to generate datasets with a normal distribution and then it was 
213 statistically analysed using GenStat for windows release 16 (VSN International Ltd., Hemel 
214 Hempstead, UK). Mixed linear model (MLM) was applied to the 25 common lines between the 
215 two experiments. The model included Environment and genotypes as a fixed effect, and shelf life 
216 day as a random effect. MLM was used to test for the significant genotype x environment, genotype 
217 x day, and environment x day interactions. Pearson's correlation analyses were conducted using 
218 SPSS for windows release 21. Heritability was calculated as the ratio of additive genetic variance 
219 (Vg) to total phenotypic variance (Vt), (Vt = Vg + Ve).

Page 6 of 112

URL: https://mc.manuscriptcentral.com/thsb  E-mail: THSB-peerreview@journals.tandf.co.uk

The Journal of Horticultural Science & Biotechnology

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



For Peer Review
 O

nly

6

220

221 2.7 QTL analysis

222 QTL mapping was performed on the –log10 transformed data using Genetic Analysis of Clonal F1 
223 and Double cross populations (GACD) software (Zhang et al., 2015). Using the 3933 SNPs, 
224 inclusive composite interval mapping (ICIM) was used as an algorithm for mapping the QTLs. 
225 Significant QTL with logarithm of odds (LOD) scores (P ≤ 0.05) was identified based on 1000 
226 permutations. The LOD score was determined separately for each trait and is shown in Table 5. 
227 We also calculated a universal LOD score threshold from combining all traits, which was found 
228 to be LOD=5.7.
229

230 3. Results

231 3.1 Constructing a SNP-based linkage map of Rg × H population for QTL mapping

232 A linkage map consisting of 28 linkage groups (LG) representing the whole genome of the Rg × 
233 H octoploid strawberry population was constructed using 3,933 SNP markers covering a total 
234 length of 2,624.7 centimorgans (cM) with an average distance between SNPs of 0.7 cM (Figure 1; 
235 Supplementary Table 1). LG2.1 was the longest at 162.8 cM, whereas, LG5.4 was the shortest at 
236 58.3 cM. In addition, the highest and the least number of SNPs mapped on one linkage group were 
237 on LG6.1 and LG5.2 with 272 and 72, respectively. Sixteen gaps (defined as a distance of 10 cM 
238 or more without markers) were observed on the consensus map with the longest gap of 31 cM on 
239 LG6.3. The second two longest gaps of 24 cM and 20 cM, were observed on LG4.4 and LG7.2 
240 respectively. Two gaps per LG were observed on LG5.2, LG6.2 and LG7.1 and six single gaps per 
241 LG were found on LG1.4, LG2.4, LG3.3, LG4.1, LG4.2 and LG7.3 (Table 2). 
242

243 3.2 Plant Phenotyping

244 The parent Hapil showed higher values than the parent Rg for all traits measured at EMR except 
245 for TSS/TA %, Elagic acid, Pelargonidin, and Cyanidin (Table 3). For the traits measured at The 
246 UoR, TSS/TA %, b* value, FW and firmness values were higher for Hapil than Rg. The two 
247 parents showed interaction with the locations (Gene x Environment (GxE) effects) for TSS, TA 
248 and a* value. In addition, Elagic acid, Pelargonidin and Cyanidin measured at day 1 showed 
249 interaction with the location, however, day 7 data differences were independent of the location. 
250

251 For the 25 common genotypes between the two experiments, population and parental lines means 
252 and range values for quality traits is presented in Table 3. Broad sense heritabilities ranged from 
253 0.25, for L* measured at EMR, to 0.96, for Ellagic acid and Pelargonidin measured at The UoR. 
254 MLM revealed significant genotype x environment interactions for a* value (red tone), Cyanidin, 
255 Ellagic acid, Pelargonidin, and TSS/TA (Table 4). Only Cyanidin showed significant genotype x 
256 day interaction. In addition, Cyanidin and pelargonidin showed significant environment x day 
257 interactions.  
258

259 Correlation analysis of all measured traits at EMR (Figure 2A) and at The UoR (Figure 2B; 
260 Supplementary Table 2) showed similar correlation trends at both locations. For example, and in 
261 contrast to the negative correlation observed between Pelargonidin and the three traits L*, a* and 
262 b*, positive correlations were observed within L*, a* and b* and between Ellagic acid, 
263 Pelargonidin, and Cyanidin at both trial locations. In addition, correlations between the two sites 
264 were observed in most traits. The highest positive correlations were found for Pelargonidin, 
265 regardless of shelf life day.
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266 3.3 QTL analysis

267 A total of 29 significant QTL, all of which exceeded the universal LOD threshold of 5.7 and of 
268 which six had relatively high LOD scores (>10), mapped on 16 LGs were associated with 16 traits 
269 measured at EMR (2013) and The UoR (2014) (Figure 3, Table 5). The highest number of QTL 
270 observed on the same LGs was three QTLs on each of 2.4, 4.2, and 4.4. Per trait, the highest 
271 number of significant QTL was four, mapped for L-1-13, which together explained over 34 % of 
272 the variation in this trait across the population. Two QTL were observed for FW measured at UoR 
273 (2014) on LGs 4.4 and 7.3 and co-located between days 1 and 4, with over 62 % of the variation 
274 in fresh weight captured by these two QTL on each day of shelf life (Figure 3, Table 5). A QTL 
275 for L (Lightness) at day 1 from the EMR trial (qL-1-13.RH-ch4.2) was adjacent to the QTL for 
276 FW on LG 4.4 (qFW-1-14.RH-ch4.1 and qFW-4-14.RH-ch4.1), and a QTL for Ellagic Acid from 
277 UoR trial (qEA-1-14.RH-ch7.1) was found to lie within 10 cM of the FW QTL on LG 7.3 (qFW-
278 1-14.RH-ch7.1 and qFW-4-14.RH-ch7.1). QTL for Pelargonidin for both trials (qPel-1-14.RH-
279 ch2.1 and qPel-7-13.RH-ch2.1) were adjacent to each other on LG 2.2. QTL for L (Lightness) at 
280 day 1 from UoR (qL-1-14.RH-ch2.1), Pelargonidin at day 7 from EMR (qPel-7-13.RH-ch2.2) and 
281 Cyanidin at day 7 from EMR (qCya-7-13.RH-ch2.1) were all adjacent to each other within the top 
282 7.5 cM of LG 2.4. A two-way ANOVA revealed a non-epistatic interaction at P value = 0.05 
283 between the markers reported in table 5. The highest explained variances for single QTL were 53.3 
284 and 44.6 % observed for Firmness-7-14 and b-7-13, respectively. 
285  
286

287 4. Discussion

288 4.1 Environmental effects on plant performance

289 Compared to the research on diploid strawberry which uses F2 populations (Mahoney et al., 2016; 
290 Rousseau-Gueutin et al., 2008) and near isogenic lines population (Urrutia et al., 2015), research 
291 on the octoploid strawberry use F1 populations as a common method to map QTL, where each of 
292 the parent lines are derived from two diploid parents (Davik et al., 2015; Gaston et al., 2013; 
293 Hancock et al., 2016; Hossain et al., 2019; Rousseau-Gueutin et al., 2008; Vallarino et al., 2019). 
294 In the present study, both parents were chosen because they mainly differ in fruit size, taste and 
295 flowering time. Rg has bland small fruits and slightly late flowering (June-bearer type), whereas 
296 Hapil has large sweet fruits and classified as a mid-season type (also a June-bearer). However, our 
297 results showed striking difference between the parental lines for polyphenol content especially 
298 with regard to anthocyanins, i.e. pelargonidin and cyanidin. Those differences were affected by 
299 the environmental conditions where the two parents and the 25 overlapping lines cultivated in 
300 EMR had significantly higher phenolic compounds compared to those cultivated at The UoR. This 
301 observation could be explained by the fact that the EMR experiment was an open field trial and 
302 that phenolic acids act as antioxidants and herbivory defense molecules in plants exposed to any 
303 kind of biotic and abiotic stress factors (Mithöfer and Boland, 2012; Skłodowska et al., 2011; 
304 Treutter, 2006).  
305

306 In contrast, both parents showed higher TSS, TA and TSS/TA at the UoR in comparison to EMR, 
307 while the 25 overlapping lines showed divergent trends between the two sites. For example, and 
308 in contrast to TA, the majority of the overlapping lines grown at EMR had significantly greater 
309 TSS and TSS/TA content compared to those grown at the UoR. Previous studies reported 
310 significant site effects when studying sugar and acid content in strawberry (Crespo et al., 2010), 
311 TSS and TA content in strawberry (Krüger et al., 2012) and blackcurrant (Zheng et al., 2009), and 
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312 the observed effects were also cultivar dependent. It was reported that low light exposure might 
313 lead to low TSS content by the reduction of photosynthetic rates which results in less sugar 
314 available (Watson et al., 2002). As discussed above, this may explain the higher TSS content in 
315 strawberries grown in the open field at EMR compared to those grown in the greenhouse at the 
316 UoR as a result of the shading, as well as, the reduced light radiation occurring as a result of the 
317 experiment taking place later in the year. Such differences could be attributed to the MLM results 
318 which revealed significant genotype x environment interactions (for a* value (red tone), Cyanidin, 
319 Ellagic acid, Pelargonidin, and TSS/TA) and significant environment x day interactions (for 
320 Cyanidin and pelargonidin). The study by Watson et al. (2002) also reported a considerable 
321 reduction in TSS/TA ratio in shaded conditions; in both cases the data indicate that lower light 
322 drives metabolism towards acid production and away from sugars. 
323

324 Overall, the range of values for the majority of the traits measured at both locations was greater 
325 than the values for the parents. This suggests the formation of transgressive phenotypes due to 
326 combination of alleles from both parents. These complementary gene effects are common in plants 
327 (Rieseberg et al., 1999) and provide useful trait variation for use in breeding programmes. 
328

329 4.2 Constructing a SNP-based linkage map of Rg × H population

330 Since the first application of the genotyping arrays to the rosaceous species, a number of saturated 
331 linkage maps have been developed in strawberry biparental populations such as Emily × Fenella 
332 (Cockerton et al., 2018), Fragaria × ananassa (Hossain et al., 2019), and Emily x Fenella and 
333 Flamenco x Chandler (Cockerton et al., 2019). The Redgauntlet (Rg) × Hapil population was used 
334 to generate a dense linkage map. A linkage map of the Redgauntlet (Rg) × Hapil population was 
335 created using 3933 SNPs with an average marker density of one marker per 0.7 cM which is similar 
336 to the earlier map that was built for the same population using 35154 SNPs (Cockerton et al., 
337 2018). 

338 The length of this map is 2524.7 cM which is comparable to the length of the recent SNP based 
339 map presented in the allo-octoploid strawberry Fragaria × ananassa (Hossain et al., 2019) map 
340 comprised of 1268 SNPs spanning a genetic distance of 2581.57 cM. Our map is also comparable 
341 to the length of the previous SSR maps, i.e. 210 markers spanning 2,373 cM reported by Spigler 
342 et al., 2008, and the 549 markers spanning 2,140 cM (Sargent et al., 2012). It therefore provides 
343 good coverage of the genome, which is now estimated to be 805 Mb based on the ‘Camrosa’ 
344 cultivar (Edgar et al., 2019). However, the SSR-based maps already developed for the Rg × Hapil 
345 population had poor coverage of some areas of the genome, with fewer than five markers on some 
346 linkage groups, a case which was improved in the present SNP-based map. The availability of the 
347 high-throughput platform is a valuable tool for genotyping other populations and accessions and 
348 to compare the results obtained by QTL and association mapping approaches and will contribute 
349 towards the assembly of an octoploid strawberry genome sequence. 

350

351 4.3 QTL Analysis 

352 Although software such as Genstat (VSN International, Hemel Hempstead, UK), and MapQTL 
353 (www.kyazma.nl) (Van Ooijen, 2009) were designed to handle clonal F1 populations, they suffer 
354 from computational limitation in handling large numbers of markers. The GACD software 
355 (Zhang et al., 2015) used here for QTL mapping is a well-integrated software for genetic 
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356 analysis in clonal F1 populations that can handle large number of markers and allowed us to use 
357 all 3933 SNPs. This software was recently used in Cassava (Masumba et al., 2017; Nzuki et al., 
358 2017), Goji (Gong et al., 2019),  Eucalyptus (Subashini et al., 2018), and Taro  (Bellinger et al., 
359 2020). 
360

361 We used two subsets consisting of 63 and 76 lines, respectively grown in EMR and UoR, that are 
362 comparable in population size with the earlier studies used 44 lines (Hossain et al., 2019) and 95 
363 lines (Vallarino et al., 2019) for QTL mapping. It would have been desirable to have more lines 
364 in all of these studies, the present one included, and this is a limit of the experimental design 
365 particularly since the parental lines segregated so widely for our traits of interest. Both Hossain 
366 and Vallarino (2019) found that there was extremely limited consistency of QTL locations in 
367 different iterations of the population growth, presenting a problem for breeders in identifying 
368 suitable targets that can be used to enhance desirable traits. In these situations, particularly where 
369 the cross is very wide, it would be useful to have a larger population as this would be likely to 
370 generate more robust QTL and identify small areas of genome stability between environments.
371

372 Our results were consistent with others that have used small populations and traditional QTL 
373 mapping methods, in that there was a relatively low number of the co-located SNPs observed in 
374 the present study between the two locations/years. As in other studies, this is most likely to be 
375 the result of genotype x environment interaction, which was significant here, probably due to the 
376 pre-harvest conditions which included different cultivation sites and years. Verma et al. (2017) 
377 found that out of the 11 QTL mapped for flowering habit and fruit quality in U.S. strawberry 
378 (Fragaria x ananassa) breeding populations, over two locations and growing seasons, only 2 
379 QTL were common and the other 9 QTL were specific to the locations or the growing seasons. A 
380 similar observation was also reported in the recent study (Vallarino et al., 2019) focusing on 
381 analyzing primary metabolite content in strawberry fruit over two growing seasons. An earlier 
382 study of agronomical and major fruit quality traits in strawberry identified 13 stable QTL over 
383 three harvest years, out of a total of 33 QTL (Zorrilla-Fontanesi et al., 2011). The same 
384 observation was also reported in other fruits. For example, in pear, out of the 32 QTL mapped for 
385 pear fruit quality related traits (Wu et al., 2014), only 12 QTL were stable over two successive 
386 years. Another study in apple mapped 26 stable QTL, out of the total 74 QTL over two years for 
387 fruit physiological traits (Kenis et al., 2008). More modern population structures, such as Multi-
388 parent Advanced Generation Intercrosses (MAGIC) populations, have even more utility and 
389 enable multiple genotypes to be compared to obtain more robust markers for fruit quality (Wada 
390 et al., 2017) and these are the recommended way forward for breeding programmes.

391

392 Comparing the 7 homology groups (HG) of the octoploid strawberry genome showed that HG2, 
393 HG4, HG5, HG6 and HG7 had the largest number of significant SNPs which is similar to previous 
394 studies (Lerceteau-Kohler et al., 2012; Verma et al., 2017; Zorrilla-Fontanesi et al., 2011)) that 
395 mapped the largest number of QTL associated with fruit quality traits to HG6, based on an SSR 
396 map. The FW QTL we detected on LG 7.3 and 4.4 was not observed in earlier studies, e.g. the 
397 QTL observed on LG 2BII and HG 2 in strawberry Fragaria × ananassa (Lerceteau-Kohler et al., 
398 2012; Verma et al., 2017). However, mapping the same QTL over two shelf life days increase our 
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399 certainty of both QTL. A recent study also reported many QTL mapped to HG2 and HG5 
400 (Vallarino et al., 2019). 
401

402 The results of this study showed major QTL for FW across shelf life points that are relevant for 
403 strawberry breeding which account for over 62 % of the variation and is stable across shelf life 
404 points. The SNP markers associated with those traits facilitates the first step towards identifying 
405 the underlying genes and to improving strawberry breeding programs.  However, further testing 
406 would be necessary to confirm the significance and stability of the identified QTL in other 
407 octoploid mapping strawberry populations in different environments and over several years before 
408 they are considered in breeding programs (Kenis et al., 2008). 
409
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657 Table 1. Geographical and climatic conditions at two different sites during the 
658 strawberry seasons, April - June 2013 for EMR, April - June 2014 for Reading.

 EMR (2013) Reading (2014)

Latitude 51° 17' 13"N 51° 26' 26"N

Longitude 0° 27' 0"N 0° 56' 11"N

Elevation (meter) 33.0 66.0

Average temperature (°C) 11.1 13.0

Standard deviation of temperature  (°C) ±3.9 ±3.0

Maximum temperature (°C) 25.2 24.4

Minimum temperature (°C) −4.5 −0.4
659  
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678 Table 2: The consensus map illustrating number of SNPs per linkage group, length of each 

679 LG in cM. and SNP density/cM. cM refers to centiMorgans.  

Consensus map

Linkage 
group

No. of 
SNPs

Length in 
(cM)

SNP 
density/     

cM     

1.1 204 86.8 0.4

1.2 148 80.9 0.5

1.3 94 80.5 0.9

1.4 82 65.2 0.8

2.1 230 162.8 0.7

2.2 137 88.2 0.6

2.3 145 85.9 0.6

2.4 89 81.1 0.9

3.1 235 116.9 0.5

3.2 99 71.3 0.7

3.3 152 104.9 0.7

3.4 149 83.5 0.6

4.1 99 72.7 0.7

4.2 169 95.3 0.6

4.3 100 71.6 0.7

4.4 105 89.6 0.9

5.1 216 113.3 0.5

5.2 72 93.5 1.3

5.3 137 85.9 0.6

5.4 107 58.3 0.5

6.1 272 145.0 0.5

6.2 103 107.9 1.0

6.3 141 118.6 0.8

6.4 157 120.8 0.8

7.1 162 112.3 0.7

7.2 107 86.6 0.8

7.3 107 76.7 0.7

7.4 115 68.6 0.6

Sum 3933 2624.7  
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Table 3. Population and parental lines means and range values for quality traits of the overlapping individuals 
between the two sites. NS = not significant (p≥0.05). TSS = total soluble solids, TA= titratable acidity, L* 
= brightness-darkness spectrum, a* = green-red spectrum, b* = yellow-blue spectrum. Ellagic acid, 
pelargonidin and cyanidin content, TSS, TA, and FW. 

  EMR UoR 

Parents F1 population Parents F1 population
Traits Day

Rg H Min Max SD Mean
h2

Rg H Min Max SD Mean
h2

1 7.9 8.5 7 12 1.06 9.58 0.64 9.3 9.1 5 11 1.7 8.1 0.94

4 - 9.3 8.8 5.65 11 8.48 0.93
TSS

 (ºBRIX)
7 6.6 8.1 6.6 13 1.2 9.68 0.68 9.8 7.2 4.85 13 1.52 9.08 0.93

1 0.8 0.9 0.5 0.9 0.1 0.7 0.73 1.1 0.9 0.49 1.2 0.14 0.83 0.83

4 - 1.1 0.9 0.53 1.2 0.14 0.87 0.94
TA
 (%)

7 0.7 1 0.5 1.1 0.12 0.77 0.74 1.1 1 0.51 1.4 0.17 0.94 0.87

1 9.8 9.5 9.5 25 2.7 17.1 0.66 9 9.8 5.27 17 2.7 11.3 0.89

4 - 8.6 9.5 5.42 19 2.15 12 0.95
TSS / TA

(%)
7 9.1 7.9 7.9 23 2.9 15.4 0.66 8.9 7.6 6.85 14 1.75 10.4 0.86

1 29 38 28 46 3.5 36.7 0.56 38 35 29.5 42 3.8 35.8 0.59

4 - 36 32 30 42 2.5 35.7 0.55L*  

7 35 36 29 43 3.3 35.9 0.25 35 36 28.4 41 2.7 34.6 0.61

1 18 22 15 33 3.6 24 0.65 28 25 17.5 33 3.5 25.1 0.6

4 - 28 25 18.4 31 3.1 24.9 0.57a*  

7 21 24 15 31 3.3 23.2 0.24 25 23 14.2 29 3.2 21.4 0.57

1 14 19 9.3 26 3.4 17.6 0.59 18 19 10.4 24 3.03 17.2 0.56

4 - 17 18 9.33 21 2.5 15.2 0.41b*  

7 12 19 7.6 24 3.03 16 0.4 13 16 8.52 20 2.6 14.1 0.51

1 4.3 1.7 1.1 13 2.2 6.97 0.76 2.3 3 1.4 6.6 1.2 3.99 0.79

4 - 5.5 5.2 0.85 8.3 1.4 4.55 0.96
Ellagic acid

(mmol/g FW)
7 3.3 1.3 0.8 11 2.06 5.83 0.76 6.1 3.7 0.92 7.4 1.5 4.18 0.9
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1 7.6 6.5 0.7 13 1.9 6.6 0.8 3 4.7 0.23 7.8 1.5 3.99 0.95

4 - 4.5 3.7 0.53 6.2 1.2 3.37 0.96
Pelargonidin 
(mmol/g FW)

7 9.7 3.3 0.5 11 1.9 5.58 0.8 5.4 4.5 0.64 6.4 1.2 3.52 0.85

1 0.8 0.6 0.3 1.2 0.2 0.71 0.73 0.4 0.5 0.24 1.7 0.2 0.96 0.53

4 - 0.6 0.4 0.17 1.1 0.18 0.64 0.66
Cyanidin 

(mmol/g FW)
7 0.9 0.4 0.3 1.6 0.2 0.97 0.69 0.9 0.6 0.2 1.3 0.21 0.74 0.61

1 13 15 5.67 18 3.7 11.9 0.41

4 12 13 5.17 17 2.6 11.3 0.42
FW 
(g)

7 12 14 4.97 16 2.5 10.3 0.41

1 8.9 11 7.28 13 1.1 9.87 0.39

4 6.2 9.6 3.53 12 1.5 7.91 0.49
Firmness 

(N)
7 6.5 8.1 0.93 12 2.4 6.5 0.49
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Table 4: Mixed linear model for the 25 common lines between the two experiments. Values 

represent the significance level at α = 0.05.  

Mixed Linear Model

Trait Genotype Environment Day GenotypexEnvironment GenotypexDay EnvironmentxDay

a* 0.000 0.042 0.025 0.000 0.147 0.682

b* 0.000 0.892 0.440 0.057 0.901 0.159

Cyanidin 0.035 0.301 0.764 0.001 0.004 0.006

Ellagic acid 0.000 0.132 0.910 0.000 0.175 0.152

L* 0.000 0.490 0.625 0.072 0.748 0.525

Pelargonidin 0.000 0.227 0.582 0.001 0.165 0.016

TA 0.000 0.125 0.995 0.166 0.976 0.454

TSS 0.000 0.157 0.824 0.267 0.888 0.121

TSS/TA 0.000 0.016 0.912 0.012 0.441 0.868
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Table 5. QTL detected for all traits measured at EMR (2013) and The University of Reading (2014) 
using the Rg x Hapil population. TSS = total soluble solids, TA= titratable acidity, L* = brightness-
darkness spectrum, a* = green-red spectrum, b* = yellow-blue spectrum. Positive values indicate an 
effect from the Rg parent and negative values indicate an effect from the Hapil parent. A LOD threshold 
of P<0.05 based on 1000 permutation test was used for all traits and groups to identify significant QTL 
and the threshold is shown here. a LOD above the threshold, R2 is percentage of total phenotypic 
variation explained by the QTL (positive values refer to effect from Rg and minus values refer to the 
effect from H). Codes used for all quality traits refer to “trait-day-year”.

Trait Name QTL Name Chr Pos Left_CI Right_CI Left Marker Right Marker

LOD 

thresh

old*

LODa R2

a-4-14 qa-4-14.RH-ch4.1 4.2 40 37.5 42.5 AX89786137nmh AX89824346ph3 5.8 -11.0

a-4-14 qa-4-14.RH-ch4.2 4.2 94 92.5 94.5 AX89807269ph3 AX89804013nmh
3.45

7.6 -14.5

a-7-13 qa-7-13.RH-ch3.1 3.1 51 49.5 51.5 AX89873530nmh AX89803121nmh 18.9 -12.7

a-7-13 qa-7-13.RH-ch6.1 6.2 34 32.5 34.5 AX89830478ph3 AX89887622ph3 6.4 -2.7

a-7-13 qa-7-13.RH-ch3.2 6.3 11 10.5 11.5 AX89905813ph3 AX89805071nmh

4.4

10.2 -6.7

a-7-14 qa-7-14.RH-ch2.1 2.2 16 15.5 16.5 AX89882026ph3 AX89884448ph3 12.5 32.1

a-7-14 qa-7-14.RH-ch2.2 2.2 39 37.5 39.5 AX89884963ph3 AX89827817nmh 6.3 12.0

a-7-14 qa-7-14.RH-ch3.1 3.4 96 94.5 96.5 AX89808563ph3 AX89899480nmh

5.36

12.9 -28.4

b-7-13 qb-7-13.RH-ch7.1 7.2 47 46.5 48.5 AX89887678ph3 AX89887268nmh 3.36 6.4 44.6

Cyanidin-7-13 qCya-7-13.RH-ch5.1 5.1 55 48.5 55.5 AX89783689ph3 AX89880541ph2 7.7 -20.0

Cyanidin-7-13 qCya-7-13.RH-ch2.1 2.4 7 6.5 7.5 AX89873438ph3 AX89779355ph3 7.8 -26.5

Ellagic-acid-1-14 qEA-1-14.RH-ch7.1 7.3 17 16.5 17.5 AX89906484ph3 AX89874457nmh 5.72 7.2 -22.4

Firmness-7-14 qFir-7-14.RH-ch5.1 5.3 82 80.5 82.5 AX89828937nmh AX89885994ph3 5.19 10.0 53.3

FW-1-14 qFW-1-14.RH-ch7.1 7.3 26 24.5 26.5 AX89778715ph3 AX89850117ph3 7.3 26.8

FW-1-14 qFW-1-14.RH-ch4.1 4.4 13 12.5 13.5 AX89801472ph3 AX89801474nmh
5.20

8.8 35.6

FW-4-14 qFW-4-14.RH-ch7.1 7.3 26 24.5 26.5 AX89778715ph3 AX89850117ph3 7.4 26.9

FW-4-14 qFW-4-14.RH-ch4.1 4.4 13 12.5 13.5 AX89801472ph3 AX89801474nmh
3.60

8.8 35.6

L-1-13 qL-1-13.RH-ch3.1 3.2 2 1.5 2.5 AX89884094ph3 AX89786698ph3 3.39 9.1 10.8
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L-1-13 qL-1-13.RH-ch4.1 4.2 22 21.5 22.5 AX89892578ph3 AX89883232nmh 5.8 7.9

L-1-13 qL-1-13.RH-ch4.2 4.4 5 4.5 5.5 AX89902513nmh AX89801904nmh 7.3 7.2

L-1-13 qL-1-13.RH-ch5.1 5.4 49 44.5 53.5 AX89904050ph3 AX89802126nmh 10.7 -13.5

L-1-14 qL-1-14.RH-ch2.1 2.4 0 0 0.5 AX89881623nmh AX89872273nmh 3.85 5.9 -26.7

Pelargonidin-1-14 qPel-1-14.RH-ch2.1 2.2 0 0 0.5 AX89907741nmh AX89784219ph3 4.32 8.3 -27.4

Pelargonidin-7-13 qPel-7-13.RH-ch2.1 2.2 11 10.5 11.5 AX89825685ph3 AX89884628nmh 6.3 16.4

Pelargonidin-7-13 qPel-7-13.RH-ch3.1 3.3 21 20.5 21.5 AX89794104ph3 AX89794340ph3 5.9 12.4

Pelargonidin-7-13 qPel-7-13.RH-ch2.2 2.4 3 2.5 4.5 AX89872273nmh AX89895998ph3

5.1

6.7 -19.1

TSS_TA-4-14 qTSS/TA-4-14.RH-ch6.1 6.3 37 35.5 37.5 AX89832392ph3 AX89889559ph3 3.2 6.3 -18.1

TSS_TA-7-13 qTSS/TA-7-13.RH-ch4.1 4.3 71 70.5 71.5 AX89794266nmh AX89848345ph3 4.25 5.8 -23.3

TSS-1-13 qTSS-1-13.RH-ch3.1 3.3 105 104.5 105.5 AX89899152ph3 AX89798888ph3 3.84 5.8 10.8

* A universal LOD threshold of 5.7 was used to identify potentially significant QTL.
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Figure legends

Figure 1: SNP-based consensus linkage map of an octoploid strawberry F1 mapping population 
Rg x H composed of 3933 SNPs distributed over 28 linkage groups with total length of 2524.7 cM

Figure 2. Heat map showing the correlation between the measured traits at the two locations; EMR 
(A) and The University of Reading (B). TSS = total soluble solids, TA= titratable acidity, L = L* 
brightness-darkness spectrum, a = a* green-red spectrum, b = b* yellow-blue spectrum, FW = 
fresh weight. Suffixes _1, _4 and _7 indicate measurements taken at 1, 4 and 7 days postharvest 
respectively.

Figure 3. Positions of significant QTL (exceeding the universal LOD threshold of 5.7) mapped 
for the investigated traits measured at the University of Reading (UoR) in red, and at EMR in blue. 
TSS = total soluble solids, TA= titratable acidity, L = brightness-darkness spectrum, a = green-red 
spectrum, b = yellow-blue spectrum, FW = fresh weight. Suffixes _1, _4 and _7 indicate 
measurements taken at 1, 4 and 7 days postharvest respectively. 

Supplementary Table 1. Map of Rg x H population showing the 28 linkage groups of octoploid 
strawberry and the distribution of 3900 SNPs.

Supplementary Table 2. Correlation between the measured traits at the two locations.

Page 24 of 112

URL: https://mc.manuscriptcentral.com/thsb  E-mail: THSB-peerreview@journals.tandf.co.uk

The Journal of Horticultural Science & Biotechnology

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



For Peer Review
 O

nly

 

Figure 1: SNP-based consensus linkage map of an octoploid strawberry F1 mapping population Rg x H 

composed of 3933 SNPs distributed over 28 linkage groups with total length of 2524.7 cM 
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Figure 2. Heat map showing the correlation between the measured traits at the two locations; EMR (A) and 

The University of Reading (B). TSS = total soluble solids, TA= titratable acidity, L = L* brightness-darkness 

spectrum, a = a* green-red spectrum, b = b* yellow-blue spectrum, FW = fresh weight. Suffixes _1, _4 and 

_7 indicate measurements taken at 1, 4 and 7 days postharvest respectively. 
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Figure 2. Heat map showing the correlation between the measured traits at the two locations; EMR (A) and 

The University of Reading (B). TSS = total soluble solids, TA= titratable acidity, L = L* brightness-darkness 

spectrum, a = a* green-red spectrum, b = b* yellow-blue spectrum, FW = fresh weight. Suffixes _1, _4 and 

_7 indicate measurements taken at 1, 4 and 7 days postharvest respectively. 
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Positions of significant QTL (exceeding the universal LOD threshold of 5.7) mapped for the investigated traits 

measured at the University of Reading (UoR) in red, and at EMR in blue. TSS = total soluble solids, TA= 

titratable acidity, L = brightness-darkness spectrum, a = green-red spectrum, b = yellow-blue spectrum, FW 

= fresh weight. Suffixes _1, _4 and _7 indicate measurements taken at 1, 4 and 7 days postharvest 

respectively. 
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Response to reviewers’ comments

Reviewer(s)' Comments to Author:

Comments to the Author

Reviewer’s comments Author’s response

The number of individuals is quite low for a 

QTL study and is problematic when 

considering the traits targeted as most of 

them are highly influenced by the 

environment. 

We agree that it would have been desirable 

to have a larger population size. We have 

addressed this more fully in the discussion in 

the latest version (see line 363) rather than 

adding additional text to the methods.

Please briefly describe how cultivation at 

EMR was conducted so the reader does not 

have to find the Antanaviciute et al., (2015) 

paper. 

This has been done in line 98. See additional 

text highlighted in yellow.

Were the fruit punctured on day 4 and day 

7 the same as the fruit punctured on day 1? 

I would think that puncturing the fruit once 

would compromise the structural integrity 

of the fruit preventing repeated measures. 

Please clarify this point. 

Different fruit were punctured on each day. 

To clarify, post-harvest quality assessment 

was conducted on fresh fruits including FW 

and colour using non-destructive methods 

allowing repeat measurements of the same 

fruit. Then, one experimental rep of each 

block was prepared after measuring the 

firmness, by blending the three fruits used for 

firmness measurement. See additional text 

highlighted in yellow (see line 129)

Based on this sentence berries from each 

block were maintained as individual 

samples. How were data treated for QTL 

analysis? Was an average of the blocked 

data points used or were BLUPs calculated 

for each environment and then used for 

QTL analysis. Using BLUPs would help 

reduce the effect of environmental 

variability which could lead to more reliable 

QTL detection. 

Average values of the blocked data 

points were used directly for qtl mapping. As 

the heritability was high for the majority of 

the traits, we believe that the environmental 

variance between blocks within each trial was 

low. Therefore, we believe that using BLUBs 

wouldn’t improve results that much. 

Why not construct the model using all of 

the samples for a trait? If done well BLUPs 

for each trait could be used which may 

improve QTL detection by removing some 

of the environmental variability. 

As we analyzed each location separately, and 

due to the high heritability for most of the 

traits, we believe that the environmental 

factor is not the main reason to map low 

number of significant QTL    

Please use the standardized naming 

convention for QTLs in Rosaceae. See the 

GDR website for more information. 

This has been done throughout the 

manuscript. see line 275 and Table 5.

results of MLM should be mentioned in this 

section. 

This has been done in line 317. See additional 

text highlighted in yellow.
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Cockerton 2020 did not produce a physical 

map. Their approach was also generated a 

linkage map but used a different program. 

Thank you for the correction and sorry for this 

mistake. We have corrected this sentence. 

See additional text highlighted in yellow (line 

334).

F. x ananassa. also list the cross from this 

study. 

This has been done in line 339. See additional 

text highlighted in yellow.

How does your Redgauntlet x Hapil map 

compare to the Cockerton 2020 one? 

The map length presented in Cockerton 2018 

was in Mb not in cM (Figure 5, Supplementary 

Fig 1, Supplementary Fig 2). Cockerton 2020 

(Figure 4). 

 Therefore, it is difficult to compare the map 

length or to compare marker positions. Only 

distance between markers were presented in 

cM, i.e. on average 0.75 cM.   

Citing poorly done QTL work is not a good 

way to justify issues with your study. 

Vallarino et al., 2019 even runs into some 

issues even at a population size 

approaching 100 but they still managed to 

find QTLs that appear in the same genetic 

location over multiple environments. Please 

place more effort toward discussing the 

limitations of this study due to population 

size. If the distributions of the traits 

targeted were more binary, indicating a 

major effect locus, a smaller population 

would be fine but given the quantitative 

nature of the traits in this study the 

population size is an issue. P8

A paragraph has now been added to the 

manuscript, beginning on Line 372. This now 

highlights some of the limitations of our study 

due to population size.

What about SSC QTLs? P9 We think this reviewer means SSR not SSC 

based markers and is asking if there is any co-

location between the SSR QTL and the ones 

that we have identified in the present 

manuscript. Unfortunately, we cannot 

compare QTL mapped from our results with 

the QTL mapped on the SSR map due to two 

factors; First, SSR based studies didn’t 

measure the same traits. Secondly, we can’t 

be sure of the co-locations of SNPs and SSR 

markers as the maps were built 

independently.   

Add unit information as parenthesis in the 

table following the trait rather than up in 

the description.

This has been done.

What are these values? Are they model 

coefficients? 

Values represent the significance level at α = 

0.05. See additional text highlighted in yellow.

this is misspelled This has been done.
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Is R2 the last column in this table? If it is not 

I would like to see the rest of the table to 

adequately look at the results. Also please 

follow the Rosaceae naming conventions 

for QTLs

This has been done.
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group 1A cM
AX-89780504:nmh 0
AX-89806486:ph3 0.719
AX-89779866:nmh 0.719
AX-89874808:ph3 2.169
AX-89778378:nmh 2.888
AX-89812209:nmh 2.888
AX-89779723:nmh 3.608
AX-89817742:nmh 3.608
AX-89817701:ph3 4.327
AX-89779683:nmh 4.327
AX-89851085:nmh 5.047
AX-89860579:nmh 5.766
AX-89874771:nmh 5.766
AX-89854388:nmh 7.215
AX-89874676:nmh 7.215
AX-89817396:ph3 10.921
AX-89816774:ph3 10.921
AX-89817467:ph3 10.921
AX-89847000:ph3 11.351
AX-89779550:nmh 12.218
AX-89910390:nmh 12.649
AX-89862663:nmh 12.649
AX-89874672:ph3 12.649
AX-89873848:ph3 15.33
AX-89873720:ph3 15.33
AX-89846876:ph3 15.33
AX-89816729:nmh 15.33
AX-89891442:ph3 16.295
AX-89806490:ph3 16.774
AX-89904270:ph3 16.774
AX-89875077:nmh 19.532
AX-89875098:ph3 20.207
AX-89779921:nmh 21.566
AX-89904256:ph3 21.566
AX-89818057:nmh 22.24
AX-89875219:nmh 22.915
AX-89818099:ph3 22.915
AX-89780007:ph3 23.589
AX-89815286:nmh 24.264
AX-89818294:ph3 24.264
AX-89847095:ph3 24.938
AX-89818346:ph3 24.938
AX-89818370:nmh 25.613
AX-89854573:ph3 26.972
AX-89907143:nmh 26.972
AX-89780262:nmh 27.646
AX-89818402:ph3 27.646
AX-89847104:ph3 29.005
AX-89780287:nmh 29.679
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AX-89780343:ph3 30.354
AX-89780350:nmh 30.354
AX-89875590:nmh 30.676
AX-89875635:nmh 31.028
AX-89875617:ph3 31.446
AX-89875633:nmh 32.217
AX-89818536:nmh 33.089
AX-89818567:ph3 33.77
AX-89780390:ph3 33.77
AX-89803329:nmh 33.77
AX-89818673:ph3 34.313
AX-89875761:ph3 34.835
AX-89875719:nmh 34.835
AX-89875860:ph3 35.944
AX-89780475:nmh 35.979
AX-89818715:nmh 35.979
AX-89875819:nmh 36.524
AX-89811082:ph3 36.524
AX-89780485:nmh 37.129
AX-89875863:ph3 37.734
AX-89780525:nmh 37.768
AX-89806533:ph3 38.338
AX-89875900:nmh 39.557
AX-89780577:nmh 39.557
AX-89875889:ph3 39.557
AX-89904297:ph3 39.557
AX-89818807:nmh 39.557
AX-89875951:ph3 40.649
AX-89876098:nmh 41.234
AX-89803355:nmh 41.728
AX-89780609:ph3 41.728
AX-89780651:nmh 42.088
AX-89780660:nmh 42.448
AX-89876025:ph3 42.807
AX-89851215:ph3 42.807
AX-89876001:ph3 42.807
AX-89818945:ph3 43.167
AX-89803369:ph3 43.527
AX-89780703:nmh 43.527
AX-89904305:ph3 43.527
AX-89806546:ph3 43.707
AX-89818987:ph3 43.887
AX-89847157:ph3 43.887
AX-89780700:nmh 43.887
AX-89780776:ph3 44.774
AX-89847167:ph3 44.774
AX-89876217:nmh 45.728
AX-89780810:nmh 46.332
AX-89780815:nmh 46.332
AX-89780832:nmh 46.937
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AX-89876261:nmh 46.937
AX-89819149:nmh 48.405
AX-89915376:ph3 51.108
AX-89915369:nmh 51.108
AX-89841526:nmh 51.365
AX-89841549:nmh 51.365
AX-89864512:nmh 51.97
AX-89808468:nmh 52.575
AX-89808467:nmh 52.575
AX-89906401:ph3 52.896
AX-89906403:ph3 52.896
AX-89810654:nmh 53.179
AX-89778810:nmh 53.784
AX-89898698:nmh 53.784
AX-89850186:ph3 53.784
AX-89898652:ph2 53.784
AX-89906399:ph3 54.203
AX-89906395:ph3 55.48
AX-89898552:nmh 55.899
AX-89873650:nmh 56.318
AX-89898516:ph3 56.318
AX-89873657:nmh 57.038
AX-89816532:nmh 57.038
AX-89815255:ph3 57.038
AX-89873632:ph3 57.397
AX-89841302:nmh 57.757
AX-89841264:nmh 58.117
AX-89872254:ph3 58.117
AX-89816508:nmh 58.117
AX-89778929:ph3 59.201
AX-89862586:nmh 59.201
AX-89873703:nmh 59.201
AX-89870905:nmh 60.286
AX-89848869:ph3 60.286
AX-89816880:nmh 60.286
AX-89846877:ph3 60.286
AX-89816873:ph3 60.765
AX-89817073:ph3 61.73
AX-89904183:nmh 61.73
AX-89874176:nmh 61.73
AX-89874268:nmh 61.73
AX-89874215:ph3 61.73
AX-89874121:ph3 61.73
AX-89873687:nmh 63.186
AX-89874272:nmh 63.917
AX-89817152:ph3 64.619
AX-89846967:ph3 64.641
AX-89817160:nmh 64.641
AX-89779271:nmh 65.003
AX-89846970:ph3 65.365
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AX-89816422:nmh 65.728
AX-89854317:nmh 65.728
AX-89860500:nmh 65.728
AX-89803085:ph3 66.09
AX-89862633:nmh 66.63
AX-89846844:ph3 67.169
AX-89816409:nmh 67.169
AX-89906996:nmh 68.062
AX-89778731:ph3 68.505
AX-89816692:ph3 68.972
AX-89873972:nmh 69.152
AX-89873861:ph3 69.332
AX-89816694:ph3 69.533
AX-89846906:ph3 70.415
AX-89846233:ph3 70.415
AX-89806374:ph3 70.415
AX-89846369:ph3 70.775
AX-89903657:ph3 70.775
AX-89873314:nmh 70.954
AX-89778562:ph3 71.134
AX-89816169:ph3 71.134
AX-89904105:ph3 71.494
AX-89816209:ph3 71.494
AX-89816897:nmh 71.854
AX-89778379:nmh 71.854
AX-89779146:ph3 72.213
AX-89846927:ph3 72.213
AX-89816910:ph3 72.213
AX-89864969:nmh 73.648
AX-89904061:ph3 75.133
AX-89904062:ph3 75.492
AX-89873003:ph3 75.492
AX-89806304:ph3 75.492
AX-89860404:ph3 76.577
AX-89904060:ph3 76.618
AX-89849993:ph3 77.65
AX-89897443:ph3 77.661
AX-89897446:ph3 78.018
AX-89873207:nmh 78.38
AX-89873216:nmh 78.38
AX-89778538:ph3 78.38
AX-89778511:ph3 78.74
AX-89873192:ph3 79.099
AX-89778495:ph3 79.459
AX-89873184:ph3 79.459
AX-89780926:ph3 80.179
AX-89778469:ph3 80.179
AX-89876297:ph3 80.538
AX-89847806:ph3 80.538
AX-89910149:nmh 80.538
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AX-89873074:ph3 80.898
AX-89815804:ph3 80.898
AX-89873195:nmh 83.1
AX-89816060:nmh 84.185
AX-89847200:ph3 86.861

group 1B
AX-89873541:ph3 0
AX-89873136:ph3 0.719
AX-89780854:ph2 0.721
AX-89860564:nmh 0.721
AX-89874548:ph3 0.723
AX-89887950:nmh 1.816
AX-89872970:nmh 2.91
AX-89860402:ph3 2.91
AX-89779486:nmh 3.626
AX-89826336:nmh 3.632
AX-89795955:nmh 4.355
AX-89816121:ph3 6.555
AX-89778532:nmh 6.555
AX-89815933:ph3 7.225
AX-89840223:nmh 7.896
AX-89874492:nmh 8.566
AX-89872549:ph2 8.566
AX-89860461:nmh 8.918
AX-89806384:nmh 9.694
AX-89778387:ph3 9.917
AX-89815910:nmh 10.587
AX-89816906:nmh 11.258
AX-89802786:nmh 11.258
AX-89846824:ph3 11.258
AX-89816181:ph3 11.258
AX-89874095:nmh 12.475
AX-89779063:nmh 13.692
AX-89873797:nmh 13.888
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AX-89845227:ph3 4.337
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AX-89802014:nmh 7.506
AX-89902634:ph3 8.718
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AX-89862418:ph3 11.252
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AX-89901986:nmh 11.881
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AX-89872048:nmh 16.512
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AX-89903072:nmh 83.34
AX-89850381:ph3 91.688
AX-89800226:ph3 92.412
AX-89900389:nmh 92.412
AX-89900391:nmh 92.412
AX-89903162:nmh 93.901
AX-89904009:nmh 94.39
AX-89859779:ph3 95.153
AX-89900405:nmh 96.909
AX-89906584:ph3 97.894
AX-89850407:ph3 97.894
AX-89843248:ph2 98.621
AX-89850413:ph3 98.989
AX-89864679:ph3 99.349
AX-89800308:ph3 99.349
AX-89847641:ph3 100.803
AX-89904667:ph3 100.803
AX-89806892:nmh 102.253
AX-89880752:ph3 102.253
AX-89904671:ph3 102.253
AX-89904670:nmh 102.433
AX-89903950:ph3 102.613
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AX-89823688:ph3 104.067
AX-89846527:nmh 104.067
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AX-89900724:nmh 112.262
AX-89802589:nmh 112.305
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AX-89802520:nmh 0
AX-89903252:ph3 0
AX-89846071:nmh 0.719
AX-89903604:ph3 0.719
AX-89894503:ph3 0.719
AX-89903672:nmh 1.439
AX-89894467:nmh 1.439
AX-89802736:ph3 2.888
AX-89846292:nmh 2.888
AX-89906916:ph3 2.888
AX-89894472:ph3 3.248
AX-89795356:nmh 3.428
AX-89837272:ph3 3.608
AX-89894425:ph3 3.608
AX-89850909:ph3 4.33
AX-89864956:nmh 8.006
AX-89802642:ph3 8.006
AX-89802684:ph3 9.891
AX-89846140:nmh 12.423
AX-89862292:nmh 12.803
AX-89864950:nmh 13.042
AX-89802827:ph3 13.662
AX-89843431:ph3 13.662
AX-89843462:ph3 13.662
AX-89846474:nmh 13.662
AX-89800541:ph3 14.129
AX-89900762:ph3 15.474
AX-89859800:ph3 15.474
AX-89900561:ph3 15.474
AX-89869212:ph3 16.201
AX-89880816:nmh 17.666
AX-89823671:ph3 17.666
AX-89802932:nmh 18.386
AX-89880768:ph3 18.393
AX-89800271:nmh 20.324
AX-89850940:nmh 20.911
AX-89903910:ph3 21.613
AX-89800314:nmh 23.512
AX-89885585:ph3 23.512
AX-89885594:ph3 23.512
AX-89850418:ph3 23.871
AX-89800291:ph3 23.871
AX-89850425:ph3 23.871
AX-89843213:ph3 24.64
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AX-89903075:nmh 29.932
AX-89903006:ph3 30.399
AX-89845674:nmh 30.865
AX-89860252:nmh 31.332
AX-89845849:ph3 32.161
AX-89900343:nmh 33.734
AX-89862528:ph3 33.734
AX-89802998:nmh 33.734
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AX-89850601:ph3 53.575
AX-89802126:nmh 53.575
AX-89850550:ph3 54.536
AX-89843746:nmh 55.496
AX-89900968:ph3 57.431
AX-89800637:nmh 58.392
AX-89843637:ph3 58.392
AX-89843844:nmh 59.352
AX-89800746:ph3 59.352
AX-89850549:ph3 60.313
AX-89843940:nmh 60.313
AX-89901300:nmh 60.313
AX-89901248:nmh 61.268
AX-89844207:ph3 61.801
AX-89843979:ph3 62.224
AX-89901595:nmh 62.698
AX-89844205:ph3 62.84
AX-89901577:nmh 63.656
AX-89844325:ph3 64.283
AX-89844293:nmh 64.283
AX-89901655:nmh 65.005
AX-89850626:ph3 65.727
AX-89808803:nmh 65.907
AX-89906728:ph3 66.087
AX-89801224:nmh 66.087
AX-89906750:ph3 66.806
AX-89850649:ph3 66.806
AX-89801386:nmh 66.806
AX-89906754:ph3 68.118
AX-89844684:nmh 69.429
AX-89845497:ph3 69.429
AX-89802107:nmh 70.74
AX-89916173:nmh 72.051
AX-89802089:nmh 72.051
AX-89916174:nmh 72.051
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AX-89801864:nmh 4.711
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AX-89845358:nmh 5.971
AX-89860212:nmh 6.802
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AX-89801464:nmh 11.028
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AX-89844626:nmh 14.808
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AX-89903046:nmh 47.991
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AX-89850843:ph3 76.045
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AX-89801696:nmh 1.604
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AX-89902365:nmh 2.403
AX-89850706:ph3 2.403
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AX-89901937:nmh 12.354
AX-89901951:ph3 12.354
AX-89850675:ph3 12.354
AX-89901952:ph3 12.379
AX-89844611:nmh 13.437
AX-89801382:ph3 13.437
AX-89901867:nmh 13.437
AX-89844571:ph3 14.009
AX-89901801:nmh 14.009
AX-89833088:nmh 14.278
AX-89844420:ph2 15.605
AX-89844421:nmh 15.605
AX-89850631:ph3 15.605
AX-89844356:nmh 15.965
AX-89906729:ph3 16.324
AX-89844482:nmh 16.324
AX-89850543:ph3 18.155
AX-89901530:nmh 18.155
AX-89850595:ph3 18.155
AX-89800941:nmh 18.517
AX-89844078:ph3 18.88
AX-89850560:ph3 18.88
AX-89844051:nmh 19.239
AX-89901348:ph3 19.796
AX-89844102:ph3 20.323
AX-89901388:nmh 20.323
AX-89901429:nmh 21.311
AX-89800842:nmh 22.3
AX-89843860:nmh 24.291
AX-89906671:ph3 26.283
AX-89906618:ph3 34.34
AX-89860054:ph3 35.479
AX-89850487:ph3 37.792
AX-89800415:ph3 38.357
AX-89906794:ph3 40.669
AX-89808893:ph3 41.235
AX-89902872:nmh 41.8
AX-89845660:ph3 44.113
AX-89845666:ph3 44.113
AX-89802341:ph3 45.015
AX-89860445:nmh 45.318
AX-89906853:ph3 45.917
AX-89802400:ph3 46.276
AX-89802479:nmh 46.456
AX-89906875:ph3 46.636
AX-89850837:ph3 46.636
AX-89850966:ph3 46.636
AX-89903126:nmh 46.998
AX-89800171:ph3 47.361
AX-89800200:ph3 47.361
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AX-89843125:nmh 47.361
AX-89906583:ph3 48.816
AX-89900408:nmh 48.816
AX-89800242:nmh 48.995
AX-89800259:ph3 49.175
AX-89843177:nmh 49.175
AX-89843260:ph3 49.355
AX-89900507:ph3 49.535
AX-89869005:ph3 49.895
AX-89843266:ph3 49.895
AX-89885562:nmh 49.895
AX-89880751:nmh 50.075
AX-89880793:ph3 50.254
AX-89847661:ph3 50.614
AX-89807369:nmh 50.614
AX-89900661:nmh 51.334
AX-89846645:ph3 51.334
AX-89802949:ph3 51.334
AX-89784176:nmh 51.334
AX-89906949:ph3 51.334
AX-89815793:ph3 52.058
AX-89843361:ph3 52.418
AX-89906936:ph3 52.418
AX-89906628:ph3 52.776
AX-89900776:nmh 53.836
AX-89802904:nmh 53.882
AX-89843325:nmh 54.593
AX-89903789:nmh 55.304
AX-89906932:ph3 55.304
AX-89850924:ph3 56.028
AX-89850921:ph3 56.028
AX-89843590:nmh 56.028
AX-89862479:ph3 56.748
AX-89850928:ph3 56.748
AX-89802646:nmh 57.467
AX-89850860:ph3 67.905
AX-89845974:nmh 68.624
AX-89906884:ph3 68.624
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L_1_14 a_1_14 b_1_14 TSS_1_14 TA_1_14
TSS_TA_
1_14

Ellagic_aci
d_1_14

Pelargonid
in_1_14

Cyanidin_
1_14 L_7_14

TSS_1_13 .021 .318 .242 -.070 -.008 .043 -.219 -.204 -.407 .225

TA_1_13 -.107 -.075 .039 -.322 .280 -.227 .037 -.209 -.196 .080
TSS_TA__
1_13

.070 .259 .129 .169 -.265 .216 -.153 .045 -.075 .062

L_1_13 .180 -.042 -.161 -.068 .142 .000 .276 .091 .016 .065
a_1_13 .340 .334 .332 .023 .070 .034 .311 -.214 -.190 .432*

b_1_13 .232 .299 .365 -.042 .270 -.102 .318 -.304 -.128 .412*

Ellagic_aci
d_1_13

-.115 -.152 -.050 .078 -.350 .388 .344 .157 .271 -.142

Pelargonid
in_1_13

-.092 -.466 -.478* .041 -.272 .140 -.023 .648** .083 -.472*

Cyanidin_
1_13

.051 .324 .424 -.224 -.095 -.132 .059 -.038 .327 .217

TSS_7_13 .098 .232 .211 -.034 .037 -.053 -.186 -.433 -.263 .224
TA_7_13 -.184 -.042 .036 -.242 .464* -.284 -.202 -.312 -.280 .109
TSS_TA__
7_13

.145 .111 .024 .116 -.361 .185 .011 .000 .044 .031

L_7_13 .313 .592** .463* .183 -.124 .102 -.044 -.589** -.304 .607**

a_7_13 .440* .546** .461* .091 .143 -.078 .122 -.270 -.194 .607**

b_7_13 .407* .307 .302 -.080 .042 -.198 -.007 -.115 -.344 .465*

Ellagic_aci
d_7_13

-.147 -.062 .008 .178 -.304 .360 -.051 .028 .007 -.211

Pelargonid
in_7_13

-.257 -.649** -.614** -.066 -.225 .128 .031 .616** .113 -.688**

Cyanidin_
7_13

-.081 .217 .229 -.044 -.208 .122 -.161 .026 .082 -.021
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a_7_14 b_7_14 TSS_7_14 TA_7_14
TSS_TA_
7_14

Ellagic_aci
d_7_14

Pelargonid
in_7_14

Cyanidin_
7_14

.111 .000 .184 .335 -.192 -.142 -.449* -.113
-.026 .004 -.115 .293 -.499* .140 -.071 .338

.115 .026 .157 -.070 .273 -.225 -.221 -.331

-.094 -.188 .112 .293 -.210 .126 -.069 .191
.443* .458* -.009 .174 -.190 .076 -.491* .169
.472* .536** -.061 .146 -.210 .280 -.425* .371

-.098 .161 -.133 -.589* .617** -.037 .213 .151

-.484* -.308 -.200 -.502* .405 -.173 .526* -.236

.295 .182 -.243 -.394 .243 -.262 -.133 .071

.136 .116 -.055 .298 -.467* -.060 -.306 -.082

.096 .107 -.087 .315 -.452* .063 -.290 .299

-.026 -.037 -.083 -.103 -.031 -.144 .030 -.289

.503* .361 .243 .066 .250 .078 -.528** .001
.585** .386 .281 .254 .122 .081 -.473* .001
.169 .089 -.132 -.081 -.031 .028 -.085 -.062

.134 .279 -.018 -.477* .602** -.109 .112 -.088

-.482* -.214 -.259 -.513* .346 -.113 .589* -.109

.313 .100 .003 -.364 .457 -.086 .031 -.055
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