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Abstract 22 

Background: Environmental adaptation and expanding harvest seasons are primary 23 

goals of most peach [Prunus persica (L.) Batsch] breeding programs. Breeding 24 

perennial crops is a challenging task due to their long breeding cycles and large tree 25 

size. Pedigree-based analysis using pedigreed families followed by haplotype 26 

construction creates a platform for QTL and marker identification, validation, and the 27 

use of marker-assisted selection in breeding programs. 28 

Results: Phenotypic data of seven F1 low to medium chill full-sib families were collected 29 

over two years at two locations and genotyped using the 9K SNP Illumina array. Three 30 

QTLs were discovered for bloom date (BD) and mapped on linkage group 1 (LG1) (172 31 

– 182 cM), LG4 (48 – 54 cM), and LG7 (62 – 70 cM), explaining 17-54%, 11-55%, and 32 

11-18% of the phenotypic variance, respectively. The QTL for ripening date (RD) and 33 

fruit development period (FDP) on LG4 was co-localized at the central part of LG4 (40 - 34 

46 cM) and explained between 40-75% of the phenotypic variance. Haplotype analyses 35 

revealed SNP haplotypes and predictive SNP marker(s) associated with desired QTL 36 

alleles and the presence of multiple functional alleles with different effects for a single 37 

locus for RD and FDP. 38 

Conclusions: A multiple pedigree-linked families approach validated major QTLs for 39 

the three key phenological traits which were reported in previous studies across diverse 40 

materials, geographical distributions, and QTL mapping methods. Haplotype 41 
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characterization of these genomic regions differentiates this study from the previous 42 

QTL studies. Our results will provide the peach breeder with the haplotypes for three BD 43 

QTLs and one RD/FDP QTL for the creation of predictive DNA-based molecular marker 44 

tests to select parents and/or seedlings that have desired QTL alleles and cull unwanted 45 

genotypes in early seedling stages. 46 

Keywords: FlexQTL, Prunus persica QTL, haplotype, Pedigree-based Analysis, Bloom 47 

date, Ripening date, Fruit development period. 48 

Background 49 

Peaches and nectarines [Prunus persica (L.) Batsch] are deciduous fruit trees belonging to the 50 

Rosaceae family. These are native to China and grown throughout the world in a wide range of 51 

environments. The gross production value of peaches and nectarines in 2016 was $825 million in 52 

the United States and $17,107 million globally [1]. 53 

Breeding of woody perennial crops is not an easy task since their long juvenility periods 54 

and large plant size makes maintaining large populations in the field expensive [2]. The use of 55 

marker-assisted breeding (MAB) provides a tool to do an early selection of seedlings, to identify 56 

superior parents, to improve the selection of elite alleles for essential traits, and to stack desirable 57 

alleles [3, 4]. This strategy is pertinent for perennial fruit tree to reduce breeding operational 58 

costs. [3].  59 

QTL identification in peaches conducted [5] for acidity, total sugar content, organic 60 

acids, fruit weight, bloom, and harvest dates [6, 7], and chilling injury susceptibility [8] have 61 

been limited due to the low marker density of genetic maps [9]. Recently, these issues have been 62 

overcome due to the availability of the peach genome v1.0 and v2.0 [10, 11] sequence and the 63 

development of the International Peach SNP Consortium peach 9K SNP array [11]. Moreover,  64 
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the Pedigree-Based Analysis (PBA) approach [12, 13] that uses multiple pedigree-linked 65 

families allows the discovery of more QTL or QTL-alleles per locus across a range of genetic 66 

backgrounds. This approach has facilitated the identification of QTLs for blush [14-16], ripening 67 

date [15, 17, 18], soluble solids content [15-18], fruit weight, and titratable acidity [15, 17, 19]. 68 

Bloom date which is primarily determined by chilling requirement [20-22] is an 69 

important trait determining peach adaptation for both low and high chill zones. Bloom date has 70 

been reported as moderately to a highly heritable trait (0.39- 0.92) [15, 23-27]. QTLs for bloom 71 

date were reported on LG1 (40-60% of phenotypic variance (PVE)), LG2 (27% PVE), LG4 (32-72 

35% PVE) and LG7 (21% PVE). Not all the QTLs were found in all the studies indicating the 73 

population-specific nature of these QTLs [15, 17, 28-30]. 74 

Ripening date in peach trees is a crucial element for extending the production season and 75 

developing cultivars that ripen throughout the harvest season. Also, the ripening process is 76 

involved in the regulation of several metabolic pathways such as blush, sugar/acid balance, and 77 

the flesh softening in peach fruits [31]. Narrow sense heritability (h2) for ripening date ranges 78 

from high to very high (0.79 - 0.94) [15, 32, 33]. The major QTL for controlling RD was mapped 79 

on LG 4 at ~44 cM in the Prunus T×E reference map and a putative candidate gene was located 80 

at ~10.5 Mbp on the peach genome sequence v.1 [30, 31, 34, 35]. This QTL explained ~50 to 98 81 

% of the phenotypic variability. The RosBREED project has verified this locus is significant in 82 

the U.S. breeding programs [18]. Likewise, a QTL for RD on chromosome 4 was detected in 83 

apricot, sweet cherry [31], and almond [36]. 84 

Fruit development period (FDP) is the period between bloom and ripening date [37] and 85 

FDP is well correlated with RD [6, 15]. This trait is highly heritable (h2= 0.73 - 0.98) [15, 23, 26, 86 

38]. QTLs for fruit development period were mapped on LGs 1, 2, 3, 4, 5, and 6 with decisive 87 
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evidence. The QTLs mapped by Hernández Mora, et al. [15] on LGs 1-6 and by Etienne, et al. 88 

[6] on LG4 co-localized with ripening date QTLs. 89 

Currently, DNA-based tests for a few breeding-relevant traits have been developed and 90 

used in the peach marker-assisted selection application including maturity date (G4mat) [39], 91 

quality traits, and fruit bacterial spot resistance. Thus, work is needed to develop DNA tests for 92 

BD and FDP traits and to validate SNP-based DNA test (G4mat) for ripening date to enable their 93 

use in the TX and other breeding programs [3, 40-42]. 94 

The objectives of this study are to identify new and/or validate the major QTLs previously 95 

reported for bloom date, ripening date, and fruit development period through pedigree-based 96 

analysis approach (PBA) using Texas peach/nectarine germplasm. Also, to estimate QTL 97 

genotypes for important breeding parents and to identify predictive SNP marker(s) associated 98 

with desired QTL alleles. Results from this research will facilitate the design of DNA tests linked 99 

to these QTL(s) or genes for routine use for marker-assisted breeding 100 

Results 101 

Phenotypic data analysis 102 

The mean BD value ranged from 42.6 ±1.9 (CA11) to 49.5 ±7.9 (TX12) and a maximum range 103 

of 34, with number of observations ranged between 67 (CA11) and 143 (overall mean) 104 

(Additional file 1: Table S1). In our study, the distribution of BD varied across environments and 105 

overall mean (Additional file 2: Fig. S1). The CA environments were skewed towards the lower 106 

values whereas the TX exhibited trimodal or multimodal profiles, with two or more separated 107 

peaks in both environments. This was expected as some of the higher chill genotypes had 108 

delayed bloom in the lower chill Texas site as compared to California (~540 vs. ~1,090 chilling 109 

hours) [43]. Normal distribution was seen in the overall mean of BD.  110 
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RD exhibited an average between 125.9 ± 12.0 (TX12) and 157.4 ±17.7 (CA11), with a 111 

greater (75.8) and lower (55.0) RD ranges in the overall mean and TX12 data sets, respectively. 112 

CA and the overall mean data sets were slightly skewed towards the higher values while the TX 113 

data sets were skewed towards the lower values. Fruit, on average, ripened approximately 20 114 

days later at Fowler, CA than at College Station, TX. FDP mean values ranged from 77.8 ±13.0 115 

(TX12) and 115.3 ±16. 9 (CA11) with FDP range from ~ 56 (TX12) to 86 (overall mean) days. 116 

The minimum number of observations (59) was recorded for CA11 compared to 141 117 

observations for the overall mean data set. Similar to RD, FDP for CA data sets were slightly 118 

skewed towards higher values compared to the TX environments which skewed towards lower 119 

values while the overall mean showed normal distribution. Fruit, on average, had development 120 

periods that were approximately 26 days longer at Fowler, CA than at College Station, TX. This 121 

was an effect of cooler temperatures during early fruit development in March and April for CA11 122 

and CA12 (~15 and 9°C) relative to TX12 and TX13 (21 and 18°C). 123 

Among these traits, a strong correlation was found between RD and FDP (r = 0.91) 124 

(Additional file 1: Table S2), and a moderately weak correlation was observed between FDP and 125 

BD (-0.45). The negative correlations between BD and FDP suggest that the earlier blooming 126 

genotypes experience a delay in the rate of fruit development due to cooler temperatures. A weak 127 

correlation was found between RD and BD traits (-0.14). 128 

Genotype by environment interactions 129 

The genotype × environment interaction (G×E) is the differential sensitivity of genotypes to 130 

different environments, if such interaction exists, the selection would be complicated and result 131 

in genetic gains reduction in a breeding program. The understanding of G×E interactions is key 132 

to increase the efficiency of marker-assisted selection for complex traits [44]. 133 
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In this study, RD and FDP showed very high broad-sense heritability (H2=0.91), strong 134 

correlations among environments (r = 0.91), and minimal G×E variance (σg×e2 σg2⁄  ratio = 0.20) 135 

(Additional file 1: Table S3 and S4) whereas BD trait, showed high broad sense heritability (H2 = 136 

0.74), strong correlation among environments (r = 0.83) and a moderate genotype by 137 

environment interaction (σg×e2 σg2⁄ = 0.70). All traits had comparable PC2 value and ranged from 138 

5.5 to 6.8 (Additional file 1: Table S5), implying that the environments equally discriminate the 139 

populations for these traits. Finally, the minimal G×E effect of RD and FDP is supported by the 140 

relatively similar length of the environmental vectors in the GGE biplots, especially within the 141 

same location, indicating a high correlation among them and equal discriminatory ability of the 142 

four environments (Additional file 2: Fig. S2). Also, the distance between the environmental 143 

vectors was closer between CA11 and CA12, and between TX12 and TX13 for RD and FDP, 144 

respectively, illustrate that genotypes responded similarly in these two environments. This is 145 

confirmed by the highest positive correlations between CA11 and CA12 (r = 0.87, RD and 0.84, 146 

FDP) and between TX12 and TX13 (r = 0.79, RD and 0.89, FDP) for RD and FDP) (see 147 

Additional file 1: Table S4). 148 

For BD, the sharper angle and less distance were observed between CA12 and TX12, TX12 and 149 

TX13, and CA12 with TX13 (Additional file 2: Fig. S2), indicating a stronger correlation 150 

between these environments (r=0.73, 0.75, and 0.65) (Additional file 1: Table S4). The best 151 

discrimination of BD among genotypes was observed in the CA11 environment indicated by the 152 

longer vectors for these environments (Additional file 2: Fig. S2). Also, the environment CA11 153 

was far from the other three environments and showed less correlation coefficient. However, the 154 

low number of observations of this environment (67) may have affected the correlation and G×E 155 

results.  156 
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Genome-wide QTL analysis 157 

The narrow-sense heritability (h2) varied among datasets in each trait. Minimum h2 (0.44) 158 

for BD was observed in BD-CA11 versus maximum observed h2 (0.82) in BD-mean (Table 1). 159 

While for RD, h2 ranged from 0.59 (RD-TX13) to 0.83 (RD-CA12) and for FDP, the minimal h2 160 

was observed in FDP-CA11 (0.65) and the maximal in FDP-CA12 (0.82). 161 

Three QTLs were mapped for BD on three linkage groups (LG1, 4, and 7) across the four 162 

environments (site × year combinations) and their overall mean. The QTL on LG1 was at the 163 

distal end and showed strong to decisive evidence in all data sets (Table 1 and Additional file 2: 164 

Fig. S3). The QTL on LG4 mapped in three environments (except CA11) and the overall 165 

analysis, showing positive and decisive evidence. Whereas the QTL on LG7 was seen in only 166 

two environments and the overall analysis with decisive evidence. FlexQTL software found one 167 

to two candidate QTLs for RD and FDP depending on the environment; however, only the QTL 168 

on the middle part of G4 passed our inclusion criteria. (Table 1 and Additional file 2: Fig. S4 and 169 

S5). 170 

For BD, the proportion of phenotypic variation explained (PVE) ranged from 17 to 54%, 171 

11 to 55%, 11 to 18% for LG1, LG4, and LG7, respectively (Table 2). The highest posterior 172 

QTL intensity (0.94) showed in BD_CA11_G1 and the lowest intensity (0.21) was found in 173 

TX12_G4. The highest additive effect (~10 days) was in TX13_G4 and the lowest (~2 days) 174 

showed in LG1, 4, and 7 for CA12. The QTL on LG1 was co-localized across all data sets with 175 

an interval between 172 - 182 cM (peaks, 174, 176, and 178 cM) and the physical position of this 176 

chromosomal region was 43,058,300 - 45,586,061 bp on the peach genome sequence v2.0, 177 

(Table 2, Fig. 1a, and Additional file 1: Table S6). Likewise, peaks of QTL on LG4 of three data 178 

sets, except CA12, clustered at mode 50 cM, with an interval between 48 - 54 cM and physical 179 
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chromosomal position between 11,956,738 – 13,633,831 bp. Regarding LG7, the peaks co-180 

localized at either 64 or 66 cM with an interval from 62 - 70 cM and physical chromosomal 181 

position between 15,513,277 - 17,226,623 bp on the peach genome sequence v2.0 (Table 2 and 182 

Fig. 1b, Additional file 1: Table S6). 183 

The proportion of phenotypic variation explained (PVE) by RD QTL on LG4 ranged 184 

between 46 and 75% (Table 2). The highest posterior QTL intensity (1.80) and the highest 185 

additive effect (~19 days) were found in CA12. The observed high intensity (greater than one) in 186 

most environments implies that FlexQTL assigned two QTLs within the same QTL interval with 187 

an average distance between them of 1.0 cM across all sampled models. This distance is too 188 

short to be genetically meaningful with our current population sizes. This QTL had mode at 189 

either 44 or 45 cM, overlapping intervals from 40 to 46 cM across all data sets, and the physical 190 

chromosomal position between 10,396,616 to 11,298,736 on the peach genome sequence v2.0 191 

(Table 2, Fig. 1c, and Additional file 1: Table S6). The proportion of phenotypic variation 192 

explained (PVE) by FDP QTL on LG4 ranged between 40 and 71% (Table 2). The highest 193 

posterior QTL intensity (1.60) was for CA12 and the lowest (0.79) for TX12. The highest 194 

additive effect (~20 days) was found in TX13. Likewise, this QTL had a mode at either 44 or 45 195 

cM, overlapping intervals from 40 to 46 cM across all data sets, except TX12, and has a physical 196 

chromosomal position between ~10,396,616 to 11,298,736 bp of the peach genome sequence 197 

v2.0 (Table 2 and Additional file 1: Table S6). Same as RD, the high intensity that is noticed in 198 

most data sets indicates the presence of two tightly linked QTLs within the QTL interval and the 199 

gap between them averaged to 1.4 cM across all sampled models. So, the distance is also too 200 

short to be genetically dissected in these studied population sizes. 201 
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QTL associated haplotypes, number of QTL-alleles, their effect, predictive 202 

markers, and sources 203 

On LG1, eleven SNPs in the predicted qBDG1 region (172.23 - 182.34 cM) (Additional 204 

file 1: Table S7) chosen for haplotyping, revealed eight SNP haplotypes across the seven parents 205 

in which H8 was a common haplotype (Table 3). The estimation of the diplotype effect identified 206 

families of two parents (Y434-40 and ‘Victor’) were segregating for this QTL. The results also 207 

discovered the presence of multiple Q-alleles of various effects associated with H1 to H7 and 208 

only one q-allele was linked to low phenotypic values associated with H8. 209 

The examination of the haplotype /diplotype effects (Fig. 2a) revealed that the effect of 210 

H7 and H1could not differentiated when comparing H5H7<>H5H1 and H8H1<>H8H7. 211 

Likewise, the effects of H5 and H8 could not be differentiated when comparing H5H1 to H8H1 212 

and H5H7 to H8H7. Also, H7 had a larger effect than H8 and H3 in the comparison 213 

H8H7<>H8H8 and H8H7<>H8H3, respectively. The effect size of H1 was greater than H2 and 214 

H3 when comparing H8H1 to H8H2 and H8H3. In general, H8 had a smaller effect than H1, H2, 215 

H3, H6, and H7, when comparing H8H8 to H8H1, H8H2, H8H3, H8H6, and H8H7. Hence, H1 216 

and H7 had similar and the largest effects, and both coined as Q1, then followed by H3, H6, H2, 217 

and H8 which were represented as Q2, Q3, Q4, and q, respectively. However, the under-218 

representation of QTL genotypes hindered the estimation of H4 and H5 effects.  219 

All of these haplotypes could be differentiated from H8 by various pairs of adjacent SNP 220 

markers by contrasting either AB- or BA-alleles for 1) snp_1_46757382 and ss_135737 to BB of 221 

H8, or 2) ss_128625 and ss_128603 to AA of H8, and 3) ss_129512 and ss_128603 to also AA of 222 

H8 (Table 3 and Additional file 1: Table S7). Breeding parents ‘Galaxy’, Y426-371, Y435-246, 223 

Y434-40, and TX2B136 were considered as founders in this study and the sources of these SNPs 224 
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were unknown because their ancestors were not available for genotyping. On the other hand, the 225 

Q-allele (H5) found in F_Goldprince and the q-allele (H8) of both ‘Victor’ and TXW1490-1 was 226 

inherited from Fla3-2 through ‘TropicBeauty’. 227 

On LG4, there were 13 SNP markers in the BD QTL region (47.83 to 54.54 cM) 228 

(Additional file 1: Table S7) selected for haplotyping. This revealed five SNP haplotypes in the 229 

seven parents. H1 and H3 were the most common haplotypes (Table 3). Families of four parents 230 

(Y435-246, Y426-371, ‘Galaxy’, and ‘Victor’) were heterozygous for this QTL. H2 and H3 were 231 

associated with the Q-allele while H1, H4, and H5 with the q-allele. 232 

The examination of the haplotype/diplotype effects in Fig. 2b revealed that H3 was not 233 

different from H5 based on H3H3<>H5H3. Also, H3 had a larger effect than H1, H2, and H4 234 

when comparing H3H3 to H3H1, H3H2, and H3H4, respectively. Our results suggest different 235 

effects/magnitudes of some haplotypes on BD, e.g. H5H3 (qQ) had a larger effect than H3H2 236 

(QQ). This could be explained by several reasons such as the presence of interaction with other 237 

loci, H5 (q) having a smaller effect on decreasing BD among the other haplotypes (H1 and H4) 238 

associated with decreasing BD, or H2 (Q) having less magnitude on increasing BD.  The low 239 

number of diplotype observations or high variance within a diplotype class might also have 240 

caused these issues. 241 

More than one predictive SNP marker associated with H2 and H3 (Q- allele) were 242 

identified (Table 3). A-allele at ss_415301 (50.09 cM) along with three more SNP markers 243 

distinguished H3, whereas the A-allele at ss_414387 (48.43 cM) and the other two SNP markers 244 

were unique for H2. In contrast, H1, H4, and H5 (q-allele) were distinguished by two adjacent 245 

BB-alleles at ss_414387 and ss_415301. The H3 Q- allele was found in TX2B136, 246 

‘Flordaprince’, F_TXW1490_1, Y426-371, and F-Goldprince while the H2 Q- allele came from 247 
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Y435-246 and ‘Galaxy’. The q- alleles were found in Y435-246, Y426-371, ‘Galaxy’, Y434-40, 248 

Fla3-2, and ‘TropicBeauty’. 249 

On LG7, the 13 SNPs (62.05- 68.91cM) in the BD QTL region (Additional file 1: Table 250 

S7) were chosen for haplotyping. Seven SNP haplotypes were discovered across the seven 251 

parents (Table 3). Estimation of the diplotype effect found families of five parents (Y426-371, 252 

Y434-40, ‘Victor’, ‘Galaxy’, and TX2B136) were segregating for this QTL. H1, H2, H3, and H6 253 

were assigned to the Q-allele and H4, H5, and H7 to q-allele (Table 3).  The analysis of the 254 

haplotype/effects showed that the effects of H2 and H4 could not be differentiated based on 255 

H6H2<>H6H4 and the same was observed between H2 and H3 when comparing H7H2 <>H7H3 256 

(Fig. 2c). H6 had a greater effect than H7 in the comparison H6H2 to H7H2. While H5 showed a 257 

smaller effect than H2 and H3 when comparing H7H5 to both H7H2 and H7H3, respectively. 258 

Likewise, the different effects of haplotypes were noticed in this QTL for the same reasons 259 

mentioned earlier. The A-allele at the SNP marker ss_778808 (15.6 Mb, 62.48 cM) (Table 3) 260 

was associated with Q-alleles. This SNP allele inherited from the parents ‘Galaxy’, Y426-371, 261 

Y435-246, Y434-40, and TX2B136. The sources of q- allele came from F_TXW1490_1, 262 

‘Galaxy’, Y426-371, Y434-40, TX2B136, and from ‘Flordaprince’ through ‘TropicBeauty’. 263 

15 SNP markers in the predictive QTL region for both RD and FDP traits (42.33 to 45.19 264 

cM) (Additional file 1: Table S7) on the middle part of LG4 were picked for haplotype analyses. 265 

FlexQTL implies this genomic region had more than one QTL within the same interval.  266 

Results discovered four SNP haplotypes associated with RD and FDP across the seven 267 

parents of which H1 was common (Table 3). Families of five parents (Y426-371, Y434-40, 268 

‘Galaxy’, ‘Victor’, and TXW1490-1) were segregating in this region.  269 
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The diplotype analysis revealed the presence of four statistically distinct phenotypic 270 

classes (Fig. 3 a and b). H3 had a larger effect than H1 and H4 when comparing H4H3<>H4H1 271 

and H1H3 <> H4H1, respectively. Likewise, H2 showed a smaller effect than H1 on both RD 272 

and FDP when comparing H1H1<>H1H2 and from H4H1<>H4H2 just in FDP not RD as their 273 

effects could not be differentiated (Fig. 3 a and b). Thus, the effect size of haplotypes can be 274 

ordered as H3 > H4 > H1 > H2 that is differentiated by Q1, Q2, q1, and q2, respectively. The 275 

major finding in this study was the presence of multiple QTL alleles of different effects for a 276 

single locus. This may explain why the Bayes Factor values and high intensities of most data sets 277 

of this study suggested the presence of two QTLs. 278 

Seven SNP markers were identified, each of which distinguished H3 and H4 from the other 279 

two haplotypes (Table 3). In this study, ‘Galaxy’, TX2B136, Y426-371, Y435-246, and Y434-280 

40, were considered as founders as their direct parents and earlier generations do not exist or 281 

were not available for genotyping. Q1 (H3) was found in parent Y426-371, Y434-40, and 282 

‘Galaxy’ (Table 3) while Q2 (H4) inherited from Fla3-2 through ‘TropicBeauty’. q1 (H1) was 283 

from Y434-40, Y435-246, ‘Galaxy’, TX2B136, F_Goldprince, and F_TXW1490-1. Y426-371 284 

parent was the only source of q2 (H2). Thus, RD and FDP shared the same specific haplotypes 285 

and favorable SNP alleles associated with increasing/decreasing phenotypic values. 286 

Discussion 287 

In this study, the bloom date was moderate to highly heritable (0.44 – 0.82) as has been 288 

previously reported [15, 24-27] in a range of germplasm, indicating that expression of bloom 289 

date is not heavily influenced by environmental effects which were supported by G×E results. 290 

Narrow sense heritability was moderate to high for RD (0.59 to 0.83) as was found in previous 291 

studies [15, 18, 26, 45-47]. FDP also has an important additive genetic component as indicated 292 
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by a high to very high (0.65 to 0.82) estimated narrow-sense heritability reported in this and 293 

previous studies [15, 24-27]. 294 

Our QTL for BD on LG1 was flanked by snp_1_46757382 and ss_128603, spanned the 295 

region from 43.1 – 45.6 Mb with PVE from ~17 to 54 %. This QTL was previously described in 296 

different germplasm, by Romeu, et al. [30] in the ‘V6’ × ‘Granada’ progeny (low- medium chill) 297 

(41.2 Mb) at the end of LG1, PVE ~60 %) and by Fan, et al. [29] using ‘Contender’ (high chill) 298 

and ‘Fla.92-2C’ (low chill) population (at 45.6 Mb, PVE ~40%). 299 

The QTL at the middle region of LG4 for BD mapped between ss_413934 and 300 

ss_419614, in the interval between 12 – 13.6 Mb, and PVE ranged from 11 to 55 %. This QTL 301 

overlaps with the BD QTL on LG4 (qFD4.2) at nearest markers ss_417840 and ss_440116 (13.1 302 

to 16.0 Mb ) reported by Hernández Mora, et al. [15]. 303 

Lastly, the QTL at the distal end of LG7 was flanked by ss778568 and snp_7_17628094, 304 

spanned from 15.5 to 17.2 Mb and explained ~11 to 18 % of BD phenotypic variation. This 305 

finding agreed with Romeu, et al. [30] who found a QTL for BD on LG7 at the nearest marker 306 

ss_779224 (15.7 Mb), which was close to our QTL peaks (ss_780816 (16.3 Mb) and ss_779362 307 

(15.7 Mb)). Moreover, this region overlapped with the QTL (15.4 to 19.4 Mb; PVE ~60%) that 308 

was reported by Fan, et al. [29]. 309 

The only one of the three QTLs was detected in CA11 is probably due to that this environment 310 

had a low number of phenotypic data (82 records). The G×E for BD in the studied populations 311 

may result from the response of the high-chill seedlings to the lack of chill hours that delayed the 312 

blooming period.  313 

In summary, this study provides more evidence that three mapped QTLs for BD on LG1, 314 

4, and 7 are major loci for controlling BD and were supported by other studies using low- and 315 



15 

medium-chill germplasm and bi-parental family mapping. It was also supported by the polygenic 316 

nature of BD inheritance. Additional QTLs for BD were also reported on LG2 [15, 48], LG3 [17, 317 

30], LG6 [15, 30, 49], and LG8 [15, 17]. Thus, further studies using more diverse germplasm 318 

will be important to continue to characterize additional QTLs and candidate genes to identify the 319 

genetic pathway regulating the BD in peach. 320 

The examination of haplotype/diplotype effects uncovered the high prevalence of a few 321 

haplotypes, e.g. H8 (q-allele), H3 (Q-allele), and H7 (q-allele) on LG1, 4, and 7, respectively, 322 

reflecting the relatively narrow genetic base of peach germplasm. Also, the results revealed the 323 

presence of multiple Q-alleles of different effects for the QTL on LG1 (Q1, Q2, Q3, and, Q4) 324 

along with only one q-allele. In general, the small family sizes and consequently the low/lack 325 

representation of various compound diplotypes (e.g. 6 to 9 observations in some diplotypes of 326 

LG1) hindered the ability to make conclusions on the haplotype effects (H4 and H5) or the 327 

interplay among the three mapped QTLs for BD. 328 

One QTL associated with RD and FDP was mapped at the middle part of LG4 (10.4 - 329 

11.3 Mb) with PVE 46 - 75 % and 40 - 71 %, respectively. This specific genomic region was 330 

reported as associated with RD trait previously by Nuñez-Lillo, et al. [35] (~10.9 Mb), Romeu, et 331 

al. [30] (~10.7 Mb), Frett [18] (10.7 - 11.3 Mb), Eduardo et al. (2011; 2013) (~11.0 – 11.2 Mb ) 332 

with candidate gene ppa008301m for maturity, and Hernández Mora, et al. [15] (~11.2 – 14.1 333 

Mb). This held true using early-, mid-, and late-maturing populations. The co-localization 334 

between QTLs for RD and FDP was supported by the strong correlation (r=0.87) (data not 335 

shown) between these traits in this study as well as previous work [6, 15]. 336 

Also, all data sets, except TX12, showed decisive evidence (BF ≥ 10) with high intensity 337 

for the presence of a second QTL on LG4. This could be explained by that TX12 had higher 338 
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temperatures during the critical fruit development months (March and April) [50] compared to 339 

other sites. The higher temperatures accelerated RD and shortened FDP in this environment 340 

which minimized the phenotypic variation as mentioned earlier (Additional file 1: Table S1)  341 

Furthermore, the haplotype analysis of this chromosomal region revealed multiple predictive loci 342 

(ss_410398, ss_410794, and ss_412662) for decreasing and increasing for either RD or FDP. 343 

Likewise, the examination of the relative effects of haplotypes and estimated QTL genotypes 344 

revealed a series of QTL alleles of different effect at this locus that we coined Q1, Q2, q1, and 345 

q2. The use of multi-parent populations for finding multiple functional alleles of different effect 346 

was also reported for two acidity QTLs/genes in apple by Verma, et al. [51] and for the blush 347 

QTL in peach using the current germplasm by Rawandoozi, et al. [16]. In our germplasm the RD 348 

QTL on LG4 co-localized with a QTL for soluble solids concentration (SSC) and blush reported 349 

by Rawandoozi, et al. [16]. These co-localizations had also been reported by other studies [15, 350 

34, 52]. A pleiotropic effect of the RD has been reported on several quality traits [15, 34, 35, 39]. 351 

Co-factor analysis could be useful in future studies to account for one trait when analyzing 352 

another, e.g. accounting for RD for analyzing SSC or blush traits.  353 

Overall, additional QTL mapping through pedigree-based analysis across a wider range of 354 

breeding germplasm is needed to identify and characterize additional QTLs to understand the 355 

whole genetic pathway controlling RD and FDP traits. Moreover, larger family sizes would 356 

ensure better representation of QTL genotype classes for estimating QTL effects and allow 357 

improved downstream analysis in case of multiple QTL alleles of different effects at a single 358 

locus and/or gene by gene interaction. 359 

At the genomic region of the detected QTLs for these traits, candidate genes have been 360 

reported. For BD, the QTL interval (43,058,300-45,586,061bp) of LG 1, the most promising 361 
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candidate genes for the major QTL affecting blooming time and chilling requirement in LG1 362 

were the Dormancy-associated MADS-box (DAM) genes within the evergrowing (evg) locus in 363 

peach, apricot, and almond [29, 53, 54].  364 

Prupe.1G531600 (DAM5) and Prupe.1G531700 (DAM6) genes were identified as potential 365 

candidate genes of lateral bud endodormancy release in peach [29, 55, 56]. Prupe.1G531500 366 

gene is described as MADS-box protein short vegetative phase (SVP) and it plays a role in 367 

controlling meristem development during the vegetative phase and flower development as well 368 

as in floral meristem determination [57]. Prupe.1G549600 and Prupe.1G548000 genes are 369 

described as agamous-like MADS-box proteins AGL11 and AGL12, respectively. AGL11 is a 370 

vital gene to control ovule identity and associated placental tissues in Arabidopsis [58]. While a 371 

MADS-box gene AGL12 regulates root development and flowering transition in Arabidopsis 372 

[59]. Prupe.1G554100 (AGL80) is also a member of the MADS-box family of genes. In 373 

Arabidopsis, AGL80 was found to be involved in female gametophyte development [60].  374 

 Likewise, many candidate genes have been reported within the interval (11,956,738-375 

13,633,831bp) of LG4. Prupe.4G208000 is described as a Forkhead-associated (FHA) domain-376 

containing protein (DDL) that plays an important role in plant growth and development [61]. 377 

Prupe.4G197000 gene was proposed to link to auxin synthesis and response which is known to 378 

be involved in fruit set and ripening [62]. Prupe.4G202200, Fertilization Independent Endosperm 379 

(FIE) polycomb group protein, in Arabidopsis thaliana FIE regulates endosperm and embryo 380 

development and suppresses flowering during embryo and seedling development [63]. 381 

Prupe.4G207300 (uclacyanin) is associated with pollen grain development in rice [64]. 382 

Prupe.4G205500 (early nodulin-like protein 1) gene is reported to be engaged in determining the 383 

reproductive potential in Arabidopsis [65]. In the QTL region (15,513,277-17,226,623 bp) of 384 
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LG7, Prupe.7G130900, CURLY LEAF (CLF) gene, is associated with the repression of 385 

FLOWERING LOCUS T (FT) gene and other flowering-time genes during the vegetative 386 

growth of the plant [66]. Prupe.7G153400 gene is described as a ATP-dependent DNA helicase 387 

(DDM1), the importance of this gene was previously reported for DNA methylation in genes and 388 

transposable elements [67]. Prupe.7G133100 (Zeaxanthin epoxidase) gene has been identified to 389 

play an important role in resistance to stresses, seed development, and dormancy in Arabidopsis 390 

[68]. 391 

Within the RD/FDP locus on LG4 (10,582,092 to 11,298,736), a list of candidate genes has 392 

been previously reported in this region. NAC072 (Prupe.4G816800) is the candidate gene for 393 

controlling the ripening date in peach [39]. Also, there are three other genes proposed to be 394 

involved in the determination of RD/FDP in peach. Prupe.4G79900 gene is needed for normal 395 

embryo development in Arabidopsis and maize [69, 70]. Prupe.4G179800 gene is described as 396 

Early nodulin- like protein 1 and PtNIP1in Arabidopsis and loblolly pine, respectively [71]. It is 397 

expressed in immature zygotic and somatic embryos of developing seeds. Prupe.4G179200 gene 398 

with functional annotation Purine permease 10 in Arabidopsis and OsPUP7 in rice [72], and 399 

showed a flowering delay in rice. Finally, Prupe.4G185800 [73] and Prupe.4G187100 [74] genes 400 

that were reported to be associated with the regulation of the anthocyanin biosynthetic pathway 401 

in peach. Hence, these results confirming the pleiotropic effect of the RD on several quality traits 402 

including blush that was previously reported [15, 16, 34, 35, 39]. 403 

Conclusions 404 

Pedigree-based analysis was successfully used as a statistical method for discovering and 405 

validating QTLs. Four QTLs associated with three important phenological traits were validated 406 

using low- medium-chill peach/nectarine germplasm. Two minor QTLs were also identified. 407 
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This approach increases the genetic background explored, improves statistical power, and allows 408 

the simultaneous detection and validation of QTLs. 409 

QTLs for BD on LG1, 4, and 7 were verified and the SNP haplotypes associated with increasing 410 

or decreasing BD were identified. A single QTL with multiple QTL alleles of different effects 411 

was detected on the central part of LG4 for both RD and FDP. These mapped QTLs are optimal 412 

targets for developing new predictive, DNA-based molecular marker tests to enable MAB. Our 413 

findings would help breeding programs make crossing decisions to pick the combination of 414 

parents that have SNP haplotypes associated with lowering BD to produce progeny with better 415 

adaptation to subtropical environments like Texas or raising BD to ensure better adaptation to 416 

temperate environments whereas the results of RD and FDP will facilitate better targeting for 417 

specific ripening periods. 418 

Methods 419 

Plant materials 420 

This study included 162 seedlings from seven related F1 families derived from seven parents 421 

descending from 12 founders (Fig. 4). Parents were medium to low chill selections from the 422 

Texas A&M University breeding program, and high chill selections from the USDA Stone Fruit 423 

Breeding Program in Parlier, CA. The number of seedlings in each family ranged from 8 to 36 424 

with an average of 20. These seedlings, along with parental genotypes, were budded onto 425 

'Nemaguard' peach rootstocks and planted in College Station, TX, and Fowler, CA. Each site 426 

included one replicate of each seedling and three (Fowler) to four (College Station) replicates of 427 

each parent. Phenotypic and fruit quality characteristics of the eight parents used in the study are 428 

shown in Additional file 1: Table S8. 429 

Plot establishment and design 430 
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The College Station plot was randomized, whereas the Fowler plot was organized by progeny. 431 

Trees at College Station were planted in 2010 in staggered double-rows, with 1.7 meters between 432 

rows, 0.67 meters within rows, and 5 meters between double rows. All trees were trained as a 433 

central leader. Trees at Fowler were planted in 2010, with 4 meters between rows, and one meter 434 

within rows and trained as a two-scaffold ‘Y’. At each location, irrigation, fertilization, pest and 435 

weed control, pruning, and fruit thinning were done according to typical commercial practice. 436 

College Station is located in east-central Texas with a sub-humid and warm temperate 437 

climate with mild winters and warm to hot, humid summers. Fowler is located in the San Joaquin 438 

Valley in central California and is ideal for peach production with a semi-arid Mediterranean 439 

climate. The temperature ranged between 4.0 to 36.5 °C (Fowler) and between 7.0 to 35.0 °C 440 

(College Station) for Min Ave. Jan. Temp. and Max Ave Jul. Temp., respectively. College Station 441 

has greater rainfall than Fowler (1022 versus 248 mm), higher humidity (67.5% versus 55.1%), 442 

warmer night temperatures during fruit development (15.8 °C versus 12.4 °C), and more cloudy 443 

days (College Station receives 27% less sunlight per year) [50]. Besides, College Station is more 444 

subject to late spring freezes, low chill accumulation, and has a heavy textured soil. These 445 

environmental factors make College Station much less suitable for stone fruit production as 446 

compared to Fowler. 447 

Phenotypic Evaluations 448 

Phenotypic data was taken at both locations across two years (2011-2012 in CA, and 2012-2013 449 

in TX) on individual trees for three phenological traits, bloom date (BD), ripening date (RD), and 450 

fruit development period (FDP). The date of first (10% blossoms open) and full bloom (60% to 451 

80% of the blossoms open) were visually assessed in the field and recorded for each tree. 452 

Ripening date was determined when 20% of fruits are pickable by visually inspecting the 453 
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presence of a few soft fruits in the field for maturity two times per week. Both full bloom and 454 

ripening dates were converted to Julian days (0-365). FDP was calculated as the number of days 455 

between the date of full bloom and ripening date. 456 

Broad sense heritability and Genotype by Environment interaction 457 

A linear mixed model with the residual maximum likelihood (REML) procedure used to estimate 458 

the additive (𝜎𝐴2), non-additive (𝜎𝑑2), and G×E (𝜎𝑔×𝑒2 ) variances for all traits. In the linear mixed 459 

model, the genotypes and G×E were considered as random effects. 460 

GGE biplots R package version 0.1.1 was used to explain the variation due to genotypes 461 

and G×E. The sum of parental [female parent (FP), pollen/male parent (PP)] variances was 462 

treated as additive variance (𝜎𝐴2), progeny variance was regarded as non-additive variance (𝜎𝑑2), 463 

and the sum of the parental and progeny variances was regarded as the genotypic variance (𝜎𝑔2). 464 

The interaction of genotype (FP, PP, or Progeny) by environment was treated as the genetic-465 

environmental variance (𝜎𝑔×𝑒2 ). 466 

Broad sense heritability across the environments was calculated as: 467 

 𝐻2 = 𝜎𝑔2 𝜎𝑔2+𝜎𝑔×𝑒2𝐸   Where E is representing the number of environments [75-77]. 468 

Pearson correlations coefficient was calculated between phenotypic traits per environment and 469 

across environments using R software. 470 

SNP genotyping and genetic linkage map 471 

Individuals were previously genotyped as part of the US Peach Crop Reference Set and 472 

Breeding Pedigree Set [2] using the IPSC 9K SNP Array for Peach [11]. The raw iScan data was 473 

initially processed into the GenomeStudio software v2010.3 [78] using the Genotyping Module 474 
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with a Gen Call threshold of 0.15. Parentage records and SNP data curation was performed as 475 

described before [79]. 476 

After filtering null alleles and non-Mendelian error conflicts across our germplasm 1,487 477 

informative SNPs were retained. Their physical position on the peach genome v2.0 [80] was 478 

assessed and scaled to an approximate genetic map by using a conversion factor where every 1 479 

Mb corresponded to 4 cM [79]. The markers were evenly distributed over the eight 480 

chromosomes. 481 

QTL detection 482 

Genotypic and phenotypic data for the seedlings were combined for QTL mapping. The 483 

pedigree-based QTL analysis approach was implemented through FlexQTL software to increase 484 

the accuracy of QTL mapping. It allows for a QTL to be evaluated across diverse genetic 485 

backgrounds while, simultaneously, increases the chances of recombination events nearby the 486 

QTL of the trait of interest [13, 81]. FlexQTL analyses were conducted on data from each 487 

location and the overall mean (of both locations) three times with different chain length, and 488 

prior and maximum QTL number to reach an effective chain size (ECS) [82] of at least 100 for 489 

phenotypic mean, residual variance and number of QTLs as needed to make sound inferences 490 

and conclusions. The length of Markov Chain Monte Carlo (MCMC) simulations varied between 491 

100,000 and 3,600,000 iterations, from which one thousand simulations were sampled for 492 

statistical inference, thus sampling every 100 to 2,500 iterations. ECS values and trace and 493 

intensity plots were evaluated for convergence [13]. Traits were first tested with a mixed model 494 

(allowing QTLs with additive and dominant effects). Since none of the traits showed dominance, 495 

they were reanalyzed with an additive model. The statistical evidence for QTLs was evaluated by 496 

twice the natural logarithm of the obtained Bayes Factors (BF) [2ln(BF)] [83]; values greater 497 
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than 2, 5 and 10, can be interpreted as indicating positive, strong, and decisive evidence, 498 

respectively. For inferences on the number of QTLs, we considered loci that had a 2lnBF ≥ 5, or 499 

that 2 ≤ 2lnBF < 5 for at least two data sets. Also, the QTLs with overlapping intervals of at least 500 

2 cM and explained at least 10% of the phenotypic variation were considered for haplotyping. 501 

QTL intervals were defined as a series of successive 2-cM bins with intensities corresponding to 502 

2lnBF > 2. 503 

Additive variance (𝜎𝐴(𝑡𝑟𝑡)2 ) for each trait was calculated by subtracting the residual variance 504 (𝜎𝑒2) from the phenotypic variance (𝜎𝑃2) (both are obtained from FlexQTL). And the narrow-505 

sense heritability (h2) was calculated as follows: 506 

ℎ2 = 𝜎𝐴(𝑡𝑟𝑡)2  𝜎𝑃2 × 100   where: 𝜎𝐴(𝑡𝑟𝑡)2  is the variance of the trait 507 

The proportion of phenotypic variance explained (PVE) by each QTL was estimated from 508 

FlexQTL output for the additive model (pure additive effect) through the following equation: 509 

𝑃𝑉𝐸 = 𝜎𝐴(𝑞𝑡𝑙)2  𝜎𝑃2 × 100   where: 𝜎𝐴(𝑞𝑡𝑙)2  is the variance of QTL 

Our QTL nomenclature is a modification of that of Fan et al. [29]. Thus, in the name qTTGa, 510 

‘TT’ stands for the trait, ‘G’ the linkage group number, ‘a’ or ‘b’ letter to distinguish different 511 

QTLs for the same trait in one linkage group. Next, an identifier ‘LLYY’ may be added 512 

whenever useful to specify the environment where the QTL underlying phenotypic data came 513 

from where ‘LL’ specifies the location (State, CA or TX) and ‘YY’ the year in which the trait was 514 

evaluated. The QTL name is in italics, while the identifier is not. 515 

SNP haplotypes and QTL genotypes of important breeding parents 516 
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Considering the 1,487 informative SNP markers, SNPs within the interval of a significant QTL 517 

were chosen for haplotyping. Haplotypes were constructed across the germplasm using FlexQTL 518 

and PediHaplotyper [19]. 519 

To examine for the presence of multi-allelic QTLs, haplotype effects were analyzed 520 

manually. Haplotype effects were deduced from combinations of diplotypes. For instance, the 521 

effects of haplotypes H1 and H2 could be estimated by comparing the effects of the H3|H1 and 522 

H3|H2 diplotypes. Statistical significance of differences was evaluated using the Steele–Dwass 523 

nonparametric multiple comparison test (P < 0.05) using JMP Pro Version 13.2 (SAS Institute 524 

Inc., Cary, NC, 2016). Then, haplotypes were assigned to QTL allele categories (Q or q) based 525 

on the direction of their effects by increasing or decreasing phenotypic values of each trait. In 526 

case of multi-allelic series, Q and q alleles were differentiated by an index number. Lastly, QTL 527 

genotypes were assigned to each individual. The SNP allele sequences of haplotypes along with 528 

pedigree records allowed tracing back of favorable alleles to their original sources. 529 
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Tables and Figures 838 

Table 1. QTLs mapped for the bloom date (BD), ripening date (RD), and fruit development period 
(FDP) traits evaluated in four environments (CA11, CA12, TX12, and TX13), and the overall mean for 
143 peach seedlings. 

 
2ln(BF) 

Trait MCMC Records  2
p 

2
e 

2
A h

2
 LG 1/0 2/1 3/2 

BD-CA11 150,000 82 42.3 15.2 8.5 6.7 0.44 1 6.6 0.1 0.0 
BD-CA12 250,000 138 43.8 10.5 2.2 8.3 0.79 1 11.4 2.7 0.2 
         4 10.4 0.3 -0.5 
         7 29.5 1.0 -0.1 
BD-TX12 150,000 114 49.3 76.3 23.5 52.9 0.69 1 5.1 1.3 0.7 
  

       
4 3.9 1.0 0.4 

  
       

7 15.6 1.3 0.6 

BD-TX13 150,000 124 50.2 89.3 23.5 65.7 0.74 1 14.1 -0.4 -0.3 
  

       
4 29.6 -1.3 na 

BD-mean 3,600,000 143 47.0 42.6 7.6 35.1 0.82 1 13.9 5.5 -1.2 
         4 4.6 -2.0 na 
         7 14.6 -0.9 na 
RD-CA11 100,000 104 157.4 313.9 97.6 216.3 0.69 4 28.0 3.9 0.6 
RD-CA12 200,000 138 147.3 239.0 41.5 197.5 0.83 4 na 18.6 0.2 
RD-TX12 100,000 94 129.2 278.8 112.6 166.1 0.60 4 29.3 0.6 -0.4 

        
7 2.3 0.2 na 

RD-TX13 500,000 114 141.8 293.7 119.8 173.8 0.59 4 27.6 4.5 0.7 

RD-mean 100,000 135 142.9 187.9 67.4 120.5 0.64 4 na 10.0 1.0 
FDP-CA11 100,000 59 115.3 285.2 97.7 185.7 0.65 4 27.0 4.4 1.1 
FDP-CA12 100,000 138 103.5 249.9 46.2 203.1 0.82 4 na 30.9 0.3 
FDP-TX12 250,000 94 81.2 286.5 91.6 194.8 0.68 4 29.0 1.8 1.0 
  

       
6 4.5 1.3 0.0 

FDP-TX13 150,000 114 91.3 321.0 105.5 215.4 0.67 4 28.2 3.6 1.0 
FDP-mean 100,000 138 95.5 246.4 71.7 174.7 0.71 4 na 11.7 1.8 

Bloom date, ripening date, and fruit development period in Julian days. 

CA11 = Fowler, California 2011, CA12 = Fowler, California 2012, TX12 = College Station, Texas 2012, TX13 
= College Station, Texas 2013. 

Markov chain Monte Carlo (MCMC) run length, phenotypic mean ( , phenotypic variance ( 2
P), residual 

variance( 2
e), additive variance( 2

A), narrow-sense heritability (h2), the linkage groups (LG) that QTLs were 
mapped on. 

2ln(BF). Bayes Factor, a measure quantifies the support from the data for the number of QTLs in the model 
(QTL evidence), after pair-wise model comparison (1/0, 2/1, and 3/2) such as ‘one-QTL model’ vs. ‘zero-QTL 
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Table 2. QTL name, linkage group, interval, mode peak, intensity, additive effect, and 
phenotypic variance explained (PVE) for the bloom date (BD), ripening date (RD), and fruit 
development period (FDP) traits evaluated in four environments (CA11, CA12, TX12, and 
TX13), and the overall mean for 143 peach seedlings. 

QTL name 
Linkage 
Group 

Interval 
(cM) 

Mode peak 
(cM) Intensity 

Additive 
Effect (d) PVE 

qBD1-CA11 1 [174, 182] 178 0.94 5 54 
qBD1-CA12 1 [172, 180] 176 0.43 2 19 
qBD1-TX12 1 [172, 182] 178 0.72 5 17 
qBD1-TX13 1 [172, 182] 174 0.86 6 20 
qBD1-mean 1 [172, 182] 178 0.96 5 35 
qBD4-CA12 4 [70, 78] 76 0.60 2 18 
qBD4-TX12 4 [48, 52] 50 0.21 4 11 
qBD4-TX13 4 [48, 52] 50 0.85 10 55 
qBD4-mean 4 [48, 54] 50 0.42 4 14 
qBD7-CA12 7 [62, 70] 66 0.87 2 17 
qBD7-TX12 7 [62, 70] 64 0.89 5 18 
qBD7-mean 7 [62, 68] 66 0.91 3 11 

qRD4-CA11 4 [42, 46] 44 1.40 17 46 
qRD4-CA12 4 [42, 46] 45 1.80 19 75 
qRD4-TX12 4 [42, 46] 44 0.85 18 54 
qRD4-TX13 4 [40, 46] 44 1.21 17 52 
qRD4-mean 4 [42, 46] 44 1.50 17 57 
qFDP4-CA11 4 [42, 46] 45 1.10 16 42 
qFDP4-CA12 4 [42, 46] 45 1.60 19 71 
qFDP4-TX12 4 [46, 52] 50 0.79 18 56 
qFDP4-TX13 4 [42, 46] 44 1.10 20 62 
qFDP4-mean 4 [40, 46] 44 1.04 14 40 

Bloom date, ripening date, and fruit development period in Julian days 

CA11 = Fowler, California 2011, CA12 = Fowler, California 2012, TX12 = College Station, Texas 
2012, TX13 = College Station, Texas 2013. 

Posterior intensity is the accumulated probability of QTL presence in a successive series of 2 
cM bins (chromosome segments) based on Bayesian analysis. 

For each QTL reported, the evidence [2ln(BF)] is either positive (2-5), strong (5-10), or decisive 
(>10). 
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Table 3. QTL genotypes for bloom date (BD), ripening date (RD), and fruit development period (FDP) 
traits for seven breeding parents, with associated linkage groups, haplotype names, the haplotype’s SNP 
sequences, and original sources. QTL alleles for each parent cultivar are presented with ♀ and ♂ for 
maternal and paternal parent sources, respectively. Parents that are heterozygous for the QTL are in bold. 
Allele(s) for predictive SNP marker(s) associated with Q or q-alleles for increasing or decreasing a given 
trait, respectively, are shown in underscored bold. Q/q of different effect magnitude are indicated by 
subscript numbers. The identity of the SNP markers and their physical and genetic location is given in 
Additional file 1: Table S7. 

Trait/LG/Pos Parents 
QTL 
allele 

Hap. 
SNP haplotype Successive ancestors 

Allele sequence (founders in bold) 

BD 
LG1 

[172.23-182.34] 

Galaxy Q  ♀ H4 ABABBBBBAAB Galaxy 

Galaxy Q  ♂ H4 ABABBBBBAAB Galaxy 

Y426-371 Q1 ♀ H1 ABABBBAAAAB Y426-371 

Y426-371 Q1 ♂ H7 BABBBBAAABB Y426-371 

Y434-40 Q4 ♂ H2 ABABBBAAABB Y434-40 

Victor Q  ♂ H5 ABBBBBABBBA Goldprince > F_Goldprince 

Y435-246 Q3 ♀ H6 BAABBBBBAAB Y435-246 

Y435-246 Q2 ♂ H3 ABABBBABBBA Y435-246 

Y434-40 q   ♀ H8 BBABBBBBAAA Y434-40 

Victor q   ♀ H8 BBABBBBBAAA TropicBeauty > Fla3-2 

TX2B136 q   ♀ H8 BBABBBBBAAA TX2B136 

TX2B136 q   ♂ H8 BBABBBBBAAA TX2B136 

TXW1490_1 q   ♀ H8 BBABBBBBAAA TropicBeauty > Fla3-2 

TXW1490_1 q   ♂ H8 BBABBBBBAAA F_TXW1490_1 

BD 
LG4 

[47.83-54.54] 

TX2B136 Q  ♀ H3 ABAAAABBAABAB TX2B136 

TX2B136 Q  ♂ H3 ABAAAABBAABAB TX2B136 

TXW1490_1 Q  ♀ H3 ABAAAABBAABAB TropicBeauty > Flordaprince 

TXW1490_1 Q  ♂ H3 ABAAAABBAABAB F_TXW1490_1 

Y426-371 Q  ♀ H3 ABAAAABBAABAB Y426-371 

Victor Q  ♂ H3 ABAAAABBAABAB Goldprince > F_Goldprince 

Y435-246 Q  ♂ H2 BABBBBAABBABA Y435-246 

Galaxy Q  ♂ H2 BABBBBAABBABA Galaxy 

Y435-246 q   ♀ H1 BBBBBBBABAAAA Y435-246 

Y426-371 q   ♂ H1 BBBBBBBABAAAA Y426-371 

Galaxy q   ♀ H1 BBBBBBBABAAAA Galaxy 

Y434-40 q   ♂ H1 BBBBBBBABAAAA Y434-40 

Y434-40 q   ♀ H4 ABBBBBBABAAAA Y434-40 

Victor q   ♀ H5 ABBABABABBBAB TropicBeauty > Fla3-2 
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Table 3. (Cont.) 
 

Trait/LG Parents 
QTL 
allele 

Hap. SNP haplotype Successive ancestors 

Allele sequence (founders in bold) 

BD 
LG7 

[62.05-68.91] 

Y435-246 Q  ♂ H3 ABAAABAABBABB Y435-246 

Galaxy Q  ♀ H6 BBABABBABABBA Galaxy 

Victor Q  ♂ H6 BBABABBABABBA Goldprince > F_Goldprince 

TX2B136 Q  ♀ H1 BBABBAAAABAAB TX2B136 

Y426-371 Q  ♂ H2 BBABBAAAABABA Y426-371 
Y435-246 Q  ♀ H2 BBABBAAAABABA Y435-246 
Y434-40 Q  ♀ H2 BBABBAAAABABA Y434-40 

Galaxy q   ♂ H4 AABABBBBBABAB Galaxy 

Y426-371 q   ♀ H4 AABABBBBBABAB Y426-371 
Y434-40 q   ♂ H5 AABAAAAAABABA Y434-40 

Victor q   ♀ H7 AABBBAAAABABA TropicBeauty > Flordaprince 

TX2B136 q   ♂ H7 AABBBAAAABABA TX2B136 

TXW1490_1 q   ♀ H7 AABBBAAAABABA TropicBeauty > Flordaprince 

TXW1490_1 q   ♂ H7 AABBBAAAABABA F_TXW1490_1 

RD and FDP 
LG4 

[42.33-45.19] 

Y426-371 Q1  ♂ H3 BAAAAAAAABAAAAB Y426-371 
Y434-40 Q1  ♂ H3 BAAAAAAAABAAAAB Y434-40 

Galaxy Q1  ♀ H3 BAAAAAAAABAAAAB Galaxy 
Victor Q2  ♀ H4 AAABABAABAABBBB TropicBeauty > Fla3-2 

TXW1490_1 Q2  ♀ H4 AAABABAABAABBBB TropicBeauty > Fla3-2 

Y435-246 q1   ♀ H1 ABBBBBBBBABBBBA Y435-246 

Y435-246 q1   ♂ H1 ABBBBBBBBABBBBA Y435-246 
Y434-40 q1   ♀ H1 ABBBBBBBBABBBBA Y434-40 

Galaxy q1   ♂ H1 ABBBBBBBBABBBBA Galaxy 

Victor q1   ♂ H1 ABBBBBBBBABBBBA Goldprince > F_Goldprince 

TX2B136 q1   ♀ H1 ABBBBBBBBABBBBA TX2B136 

TX2B136 q1   ♂ H1 ABBBBBBBBABBBBA TX2B136 

TXW1490_1 q1   ♂ H1 ABBBBBBBBABBBBA F_TXW1490_1 

Y426-371 q2   ♀ H2 BBBBBBBBBABBBBA Y426-371 
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Fig. 1. Position of putative QTLs and peaks controlling the bloom date (BD) in peach at linkage group 
1 (LG1) (a) and LG7 (b) and the ripening date (RD) and fruit development period (FDP) at LG4 
(c) from four environments (CA11, CA12, TX12, TX13), and the overall combined mean 
generated using MapChart software [84]. 

CA11, CA12 = Fowler, California 2011 and 2012; TX12, TX13 = College Station, Texas 2012 and 
2013. 
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 Diplotype 

Fig. 2. Diplotype effect of the most common haplotypes associated with bloom 
date (BD) for the three QTLs mapped on LG1 (a), LG4 (b), and LG7 (c). 

Means not connected by the same letter are significantly different (P<0.05) within 
each linkage group. 

n = Diplotype sample size 
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 Diplotype 

Fig. 3. Diplotype effect of the most common haplotypes associated with 
ripening date (RD) (a) and fruit development period (FDP) (b) for the 
QTLs mapped on LG4.  

Means not connected by the same letter are significantly different 
(P<0.05) within each linkage group. 

n = Diplotype sample size 
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Fig. 4. Pedigree of the seven peach families and their progeny number. Red and blue lines link 
progeny to female and male parents, respectively. 
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Figures

Figure 1

Position of putative QTLs and peaks controlling the bloom date (BD) in peach at linkage group 1 (LG1)
(a) and LG7 (b) and the ripening date (RD) and fruit development period (FDP) at LG4 (c) from four
environments (CA11, CA12, TX12, TX13), and the overall combined mean generated using MapChart
software [84]. CA11, CA12 = Fowler, California 2011 and 2012; TX12, TX13 = College Station, Texas 2012
and 2013.



Figure 2

Diplotype effect of the most common haplotypes associated with bloom date (BD) for the three QTLs
mapped on LG1 (a), LG4 (b), and LG7 (c). Means not connected by the same letter are signi�cantly
different (P<0.05) within each linkage group. n = Diplotype sample size



Figure 3

Diplotype effect of the most common haplotypes associated with ripening date (RD) (a) and fruit
development period (FDP) (b) for the QTLs mapped on LG4. Means not connected by the same letter are
signi�cantly different (P<0.05) within each linkage group. n = Diplotype sample size



Figure 4

Pedigree of the seven peach families and their progeny number. Red and blue lines link progeny to female
and male parents, respectively.
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