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Abstract

Bloom date is an important production trait in sour cherry (Prunus cerasus L.) as the risk of crop loss to floral freeze injury increases
with early bloom time. Knowledge of the major loci controlling bloom date would enable breeders to design crosses and select
seedlings with late bloom date. As sour cherry is a segmental allotetraploid, quantitative trait locus (QTL) analysis for bloom date
was performed based on haplotype reconstruction by identifying the parental origins of marker alleles in sour cherry. A total of 338
sour cherry individuals from five F; populations were genotyped using the cherry 6K Illumina Infinium® SNP array and
phenotyped for bloom date in 3 years. A total of four QTLs were identified on linkage group (G)1, G2, G4, and G5, respectively.
For these QTLs, 14 haplotypes constructed for the QTL regions were significantly associated with bloom date, accounting for 10.1—
27.9% of the bloom date variation within individual populations. The three most significant haplotypes, which were identified for
the G4 (G4-k), G2 (G2+j), and G1 (G1-c) QTLs, were associated with 2.8, 1.8, and 1.0 days bloom delay, respectively. These three
haplotypes were also demonstrated to have additive effects on delaying bloom date for both individual and multiple QTLs. These
results demonstrate that bloom date is under polygenic control in sour cherry; yet, pyramiding late blooming haplotypes for single
and multiple QTLs would be an effective strategy to obtain later blooming offspring.
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Introduction

Breeding for late bloom date is an important objective for
many Prunus breeding programs due to the increased risk of
crop loss for early blooming cultivars. In sour cherry (Prunus
cerasus), low-temperature damage to flower buds is the most
important factor limiting yields. For example, Michigan
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produces around 70% of the nation’s total crop each year;
however, in 2012, more than 90% of the sour cherry crop
was lost due to multiple freezes resulting in huge economic
losses (NASS 2012). Therefore, late bloom date to reduce the
likelihood of flower bud loss from spring freeze damage is a
major breeding priority for sour cherry (Iezzoni 1996). Sour
cherry exhibits more extensive variation for late bloom date
than sweet cherry (Prunus avium), one of its two progenitor
species. This is likely due to variation contributed by the sec-
ond progenitor species, the very late blooming ground cherry
(Prunus fruticosa) that is native to Russia (Dirlewanger et al.
2009). Therefore, the identification of bloom date QTL is of
particular interest in sour cherry. Mining alleles conferring late
bloom date and development of new cultivars with late bloom
would significantly reduce the probability of floral damage
caused by low spring temperatures.

Bloom date is a quantitative trait with high broad sense
heritability in most fruit tree species (Anderson and Seeley
1993; Wang et al. 2000; Dirlewanger et al. 2012; Sanchez-
Pérez et al. 2014). QTL for bloom date has been detected in
numerous genomic regions in Prunus species; however, a ma-
jor and consistent QTL was identified within the same region
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on G4 in almond, sweet cherry, peach, and apricot
(Dirlewanger et al. 1999; Verde et al. 2002; Quilot et al.
2004; Fan et al. 2010; Campoy et al. 2011; Dirlewanger
et al. 2012). For example, in almond, late bloom was found
to be controlled primarily by one major gene located on G4
responsible for at least 79% of the phenotypic variation
(Ballester et al. 2001). In sweet cherry, QTL with the largest
effect was detected on G4 using two F; progeny populations
from the crosses ‘Regina’ x ‘Lapins’ and ‘Regina’ x ‘Garnet’
(Castede et al. 2014). Dirlewanger et al. (2012) and Casteéde
et al. (2014) identified QTL linked to bloom date on G1 and
G2 using the same populations in sweet cherry as well. Wang
etal. (2000) also identified bloom date QTLs on G1 and G2 in
the sour cherry ‘Rheinische Schattenmorelle’ x ‘Erdi
Botermo’ F; population using restriction fragment length
polymorphism markers. The genomic synteny of Prunus spe-
cies (peach, almond, apricot, and cherry) has been known to
be highly conserved, and therefore, the discovery of QTL in
one species often leads to the discovery of that QTL in the
same region in another species (Dirlewanger et al. 2004).

Sour cherry is a segmental allotetraploid, meaning that while
there is preferential pairing of chromosomes within the sub-
genomes of sour cherry, non-bivalent pairing between sub-
genomes is also common (Beaver and Iezzoni 1993; Schuster
and Wolfram 2005). Because of the complexity of chromosome
pairing, the understanding of the genetic control of bloom date
in sour cherry has lagged behind that of other Prunus species.
With the availability of the cherry 6K Illumina Infinium® II
array as part of the RosBREED project (www.rosbreed.org)
(Peace et al. 2012), genome-wide single nucleotide polymor-
phism (SNP) markers can be assayed. Additionally, advanced
statistical approaches and software such as TetraploidMap
(Hackett et al. 2007) and TetraOrigin (Zheng et al. 2016) allow
researchers to phase parental linkage with the high-density SNP
markers and use this information to construct offspring haplo-
types for each of the four homologous chromosomes.

In this study, QTL detection was performed in five sour
cherry F; populations and QTL haplotype-trait associations
were investigated. The objectives of this study were to (1)
identify QTLs controlling bloom date in sour cherry and (2)
determine the late-blooming alleles (haplotypes) for these
QTL that would have potential for marker-assisted breeding.

Materials and methods

Plant materials

A total of 338 parents, ancestors, and offspring from five bi-
parental F; populations including eight parents were used in
this study (Fig. 1a). Populations were as follows: M172 x 25-

02-29 (Popl, N =111), ‘Montmorency’ x 25-02-29 (Pop2,
N=53), 25-14-20 x 25-02-29 (Pop3, N=67), ‘Ujfehértéi
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Fiirtés’ (UF) x ‘Surefire’ (Pop4, N=76), and ‘Rheinische
Schattenmorelle’ (RS) x ‘Englaise Timpurii’ (ET) (Pop5,
N=23). All of these individuals are maintained at the
Michigan State University Clarksville Research Station,
Clarksville, Michigan.

Phenotypic data

Bloom date was recorded in 2011, 2012, and 2014 when 50% of
the flowers were open on a tree. Bloom date data were converted
to growing degree days (GDD) with a base temperature of
4.4 °C (40 °F) as described by Stegmeir et al. (2014a). The
phenotypic data were analyzed using SAS version 9.13 (SAS
Institute Inc.), and the model PROC MIXED was used to obtain
the best linear unbiased prediction (BLUP) value among differ-
ent years. PROC CORR was performed to calculate the corre-
lation coefficients of bloom date among different years.

Broad-sense heritability (H*) was calculated using esti-
mates for the offspring based on the following random linear
model:

Yi = u+y +gjtej

where Y, is the phenotypic value of the jth offspring in ith
year, 4 is the mean bloom date, y; is the random effect of the
ith year on the bloom date, g;is the random genotypic effect of
Jjth progeny, and e; is the model residual. H* was calculated
using the following equation: A* = 02g / (ozg + 0%,/ n), where
cr2g is the genetic variance, 026 is the residual error, and 7 is the
number of years.

Genotypic data

All individuals were genotyped using the RosBREED
[lumina Infinium® cherry SNP array of 5696 SNP markers
(Peace et al. 2012), and SNP genotypes were scored using the
Genotyping Module of GenomeStudio Data Analysis soft-
ware (Illumina Inc. 2010). For sour cherry, five genotypes
were possible for each SNP when considering allele dosage:
AAAA, AAAB, AABB, ABBB, and BBBB. SNP data from a
diverse range of sweet cherry selections and seedlings (105
individuals) were included to aid in the determination of dos-
age as the two homozygous (AAAA and BBBB for sour cher-
ry corresponding to AA and BB in sweet cherry) and balanced
heterozygous (AABB for sour cherry corresponding to AB in
sweet cherry) classes co-located. All samples that had GenCall
Scores greater than 0.15 were used for clustering following the
built-in algorithm “Gentrain2” (Teo et al. 2007). Manual
editing was done to check and adjust clusters to the expected
genotypic classes. Following the procedure outlined in Peace
et al. (2012), SNP markers were classified into polymorphic
(at least two clusters identified), monomorphic, unresolved
polymorphic (ambiguous clusters), and failed markers when
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M172 x 25 Montmorency x 25 25x 25 UF x Surefire
Pop1(N =111) Pop2(N =53) Pop3(N =67) Pop4(N = 76)
b SNP Physical Genetic G2 QTL Haplotypes
position (bp) position (cM) @ b c d e I g h i Jj k L m n 0 P q
55490547139 2 15,584,544 20.9 A A A A A A A A A A A A A A A A B
55490549109 2 17,033,717 26.9 A B A A B B A B B A B B B A A A B
55490549121 2 17,503,996 28.6 B A B B A B B A A B A B A B A B B
$5490549172 2 17,862,597 29.0 A A A A B B A B A A A A B A A A B
55490556795 2 18,223,481 29.2 A B B B B B B B B A A B B B B B B
55490549216 2 18,914,293 29.7 B A A A A B A B B A B B B A B A B
55490549287 2 19,324,328 32.8 A A A A A B A B A A A A A A A A B
55490549295 2 19,354,729 33.0 A A B B A A A A B B A B A B B B A
55490547200 2 19,582,376 33.8 A A B B A A A A A A A A A A A A A
55490549435 2 20,106,573 40.1 B B B A B B B B B B B B B A B B B

Fig. 1 a Pedigrees of the five bi-parental populations used in this study
where the eight parents of the bi-parental populations are in blue boxes.
The F; populations are in white boxes with the number of progeny
individuals below. Grandparents of the populations are also included
when available (gray) to show the relatedness of populations. Parental
qP-BD2.1™ haplotypes across different generations are illustrated using
letters to identify the different haplotypes. Those haplotypes with the

considering all individuals from the five populations. For each
F, population, only those SNP markers which were polymor-
phic between the two parents and segregated in the progeny
were used in the QTL analysis. The genetic positions of all
markers were determined by aligning and integrating their
physical positions based on the peach genome v2.0 (Verde
et al. 2017) with the sweet cherry ‘Regina’ x ‘Lapins’ SNP
consensus linkage map (Klagges et al. 2013).

Genome-wide haplotype reconstruction (marker
phase determination)

Genome-wide haplotype reconstruction within each full-sib
tetraploid F; population was performed using TetraOrigin
software (Zheng et al. 2016). This process included two
stages. The first step was parental linkage phasing to recon-
struct the most probable parental haplotypes for each of the
four homologous chromosomes for each of the eight Prunus
chromosomes. The second step was ancestral inference to
probabilistically reconstruct the offspring haplotypes

same letter and color are identical by descent. For example, haplotype

/7 segregating in populations 3 and 4 are identical by descent, originating
from ‘UF’. b Marker allele composition of each haplotype for gP-BD2.1™
is illustrated using the smallest number of markers needed to differentiate
the haplotypes. The complete marker composition is in Supplementary
Fig. sS4

conditional on the parental haplotypes. For each offspring, this
resulted in an estimation of probability for each parental hap-
lotype (n=38), thereby indicating which four haplotypes the
offspring had inherited from each of its parents.

QTL analysis

QTL analysis was performed for each SNP segregating within
each population using the haplotype probability linear regres-
sion model of Bourke (2014) as illustrated by Rak et al.
(2017). For each offspring, this model includes a variable for
the probability of parental origin for each marker that was
obtained from the genome-wide haplotype reconstruction.
This variable had a value of either “0.25” or “0” (output from
TetraOrigin) if the allele is present or absent in the offspring,
respectively. Intermediate values between 0 and 0.25 were
assigned where parental homolog origin was uncertain. The
linear model was estimated using R version 3.1.3 (R Core
Team 2015). One thousand permutations were used to deter-
mine the LOD thresholds for marker significance (Churchill
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and Doerge 1994). The QTL nomenclature used follows the
guideline available at Genome Database for Rosaceae (GDR,
WWW.rosaceae.org).

QTL haplotype effects

For all the QTL identified in this study, QTL haplotypes
(alleles) were obtained from the results of genome-wide hap-
lotype reconstruction. QTL haplotypes were identified that
spanned a 5 Mbp region centered on the QTL peak and named
using different letters. When a crossover took place within a
QTL region, the haplotype was represented as missing data
since it was unclear which parental haplotype contributed to
the trait. To determine if QTL haplotypes had a positive or
negative effect on bloom date, a two-tailed Student’s # test was
performed to compare the trait means of the two groups: indi-
viduals with the haplotype versus individuals without the hap-
lotype. The threshold for significance of the ¢ tests was
P <0.05. A QTL haplotype was considered to be stably asso-
ciated with bloom date if it was significant for at least two out
of the 3 years in this study.

Results
Phenotype variation of bloom date

A wide range of variation for bloom date was observed for
individuals of all populations (Table 1, Supplementary Fig.
S1). Bloom date ranged from 279 to 430 GDD with a mean
value of 340 [standard deviation (SD) = 28] when considering
all 3 years. Bloom date for individuals was significantly cor-
related (= 0.84-0.90) across years (Table 1). Of the parents,
‘Montmorency’, ‘UF’, and ‘RS’ exhibited later blooming than
M172, 25-14-20, and 25-02-29 (Supplementary Fig. S1).
Individuals which bloomed late (more than 370 GDD) were
primarily found in Pop2, Pop4, and Pop5 (Table 1,

Supplementary Fig. S1). Within populations, the ANOVA
analysis revealed highly significant effects for the different
genotypes (Table 1). In all five populations, the broad-sense
heritabilities were high (0.89-0.96), indicating that much of
the phenotypic variation in these populations is genetically
controlled (Table 1).

Identification of QTLs for bloom date

A total of 2058 out of 5696 SNPs were used to construct the
genetic map resulting in an average coverage of one marker
every 0.3 cM, and the largest gap was 7.4 cM on G6
(Supplementary Table S1, Supplementary Fig. S2). The num-
bers of SNPs that were polymorphic between the parents for
each population and therefore used to inform the QTL analy-
ses for Pop1 to Pop5 were 1795, 1795, 1807, 1787, and 1856
SNPs, respectively.

Genome-wide QTL analysis using the haplotype probabil-
ity linear regression model identified four bloom date QTLs
on four different linkage groups: G1, G2, G4, and G5 (Table 2,
Fig. 2, Supplementary Table S2). These four QTLs were only
identified in three of the five populations, Popl, Pop2, and
Pop4, where the threshold LOD values of marker significance
in each population were 3.5, 3.5, and 3.2, respectively. The
lack of QTL identification in Pop3 and Pop5 is presumably
due to the low progeny number for Pop5 and the concentration
of bloom time exhibited by offspring in Pop3 (Supplementary
Fig. S1). QTL gP-BD1.2" was identified at the same GI re-
gion in two populations (Pop1 and Pop2). The peak positions
of this QTL were not equivalent in the two populations and
were ~2 Mb apart; however, as the intervals for the QTLs
overlapped, the G1 QTLs were considered the same QTL
(Fig. 2a, b). However, gP-BD1.2" was considered to be dif-
ferent from the G1 QTL reported by Castéde et al. (2014,
2015) because the confidence intervals did not overlap
(Supplementary Table S2), and both these QTLs were differ-
ent from the weak QTL identified at ~44 cM in Pop4 (Fig.

Table 1 Descriptive statistics of

bloom date (BD, heat unit Population® Size Range Mean + SD azg 02e Heritability
accumulation) for the five bi-
parental F, populations. Best Popl 11 279-368 32419 365.2% 1301 0.89
linear unbiased predictions Pop2 53 279-394 344 +£27 786.6%* 173.9 0.93
p . Pop3 67 287-391 334+19 374.2%% 1239 0.90
(BLUP) were used to combinethe  peypg 76 294-430 361 +31 1079.8%* 115.1 0.96
data from 3 years Pop5 23 320411 358+24 913.8%%* 179.6 0.94
BD 2011 BD 2012 BD 2014 BD BLUP
Pearson correlation® BD_2011 1.00

BD 2012 0.90** 1.00

BD 2014 0.85%* 0.84%* 1.00

BD BLUP 0.97%%* 0.96%%* 0.94%%* 1.00

*Popl =M172 x 25-02-29, Pop2 = ‘Montmorency” x 25-02-29, Pop3 = 25-14-20 x 25-02-29, Pop4 = ‘Ujfehértoi
Fiirtds” x ‘Surefire’, Pop5 = ‘Rheinische Schattenmorelle” x ‘Englaise Timpurii’

° The calculation of Pearson correlation was based on all individuals of five populations

**Significant at P<0.01
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Table 2 Summary of bloom date QTLs identified in this study
QTL Linkage group Population -log QTL peak®
(P value) Marker Physical position (bp) Genetic position (cM)

qP-BD1.2™ 1 Popl1* 5.6 55490549393 30,929,239 85.9

Pop2 4.8 $s490547302 32,949,341 92.4
qP-BD2.1™ 2 Pop4 3.6 $s490549295 19,354,729 33.0
qP-BD4.1™ 4 Pop4 4.2 55490548706 10,843,158 33.7
qP-BD5.1™ 5 Popl 5.5 $5490554134 10,498,528 25.7

2 Populations: Popl = M172 x 25-02-29, Pop2 = ‘Montmorency’ x 25-02-29, Pop4 = ‘Ujfehértoi Fiirtds® x ‘Surefire’

® Additional details of the QTL locations are in Supplementary Table S2

2¢). Therefore, we named the QTL identified in Popl and
Pop2 as qP-BD1.2™ rather than qP-BD1.1". QTL ¢P-
BD2.1™ was identified in Pop4 with the peak SNP marker
$s490549295 (Table 2, Fig. 2¢), a position which was consis-
tent with that identified in sweet cherry (Castéde et al. 2014).
QTL ¢P-BD4.1"™ was also identified in Pop4. The peak posi-
tion for gP-BD4.1™ was just outside the 95% confidence in-
terval for the G4 QTL reported by Castede et al. (2014); how-
ever, the QTL confidence intervals overlapped, and therefore,
they were considered the same QTL (Supplementary
Table S2). QTL ¢gP-BD5.1™ was only identified in Popl
(Table 2, Fig. 2a), and its physical location overlapped with
the G5 bloom date QTL previously reported in sweet cherry
(Castéde et al. 2014) (Supplementary Table S2).

Haplotype identification for the bloom date QTLs

The target regions which were used to construct QTL haplo-
types for the four bloom date QTLs identified ranged from
4.873 to 5.269 Mbp (Supplementary Table S2). Haplotypes
constructed for these four QTL regions on G1, G2, G4, and
G5 consisted of 50, 55, 39, and 50 SNPs, respectively. For gP-
BD1.2™, 13 haplotypes were built for the eight parents and
designated as haplotypes “a” through “m” (Table 3,
Supplementary Fig. S3). For gP-BD2.1™, 17 haplotypes were
identified for the eight parents and designated as haplotypes
“a” through “g” (Table 3, Supplementary Fig. S4). For gP-
BD4.1™, 16 haplotypes were identified for eight parents and
designated as “a” through “p” (Table 3, Supplementary Fig.

a 0 50 100 150 0 50 100 150 0 50 100 150 0 50 100 150
. L L L
2 3 4 5 6 7 8
T I T T T T T T \L-L"A\_‘ T T \JL”".N\ T T
o 50 100 150 o 50 100 150
Genetic position (cM)
100 150 o 50 100 150 o 50 100 150
I P L I L ! I P L L L I I
5 6 7 8
0 50 100 150 0 50 100 150
Genetic position (cM)
Cc 0 50 100 150 0 50 100 150 0 50 100 150 0 50 100 150
L L L L L L L L L L L L L L L I L L
2 3 4 5 6 7 8

Genetic position (cM)

Fig. 2 QTL positions along the eight Prunus linkage groups for bloom
date identified in three F1 populations. a Popl: M172 x 25-14-20
progeny. b Pop2: ‘Montmorency’ x 25-14-20 progeny. ¢ Pop4:
“Ujfehértoi Fiirtds® x ‘Surefire’ progeny. Permutation test was conducted

1000 times to determine the threshold (red lines) of significance. The
resulting threshold values were 3.5, 3.5, and 3.2 for Popl, Pop2, and
Pop4, respectively
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S5). Lastly, for gP-BD5.1™, 15 haplotypes were built for the
eight parents and were designated as haplotypes “a” through
“0” (Table 3, Supplementary Fig. S6). In total, 32 genotypes
were deduced for the four QTLs for the eight parents (Table 3).
Of these 32 genotypes, 29 were tetra-allelic and 3 were tri-
allelic. As an example, SNP marker composition for the haplo-
types spanning gP-BD2.1™ is illustrated in Fig. 1b using the
smallest number of markers needed to differentiate the
haplotypes.

Due to the pedigree relationships among the parents, some
of the haplotypes were known to be identical by descent
(IBD). This is illustrated using the haplotypes for gP-
BD2.1"™, where haplotype G2-d in ‘RS’ is IBD to haplotype
G2-d in 25-02-29 (Fig. 1a). Haplotype G2-d is also present in
‘Montmorency’ and ‘Surefire’, but despite having the same
SNP genotype, it is not possible to conclude that their haplo-
type G2-d is IBD with that present in 25-02-29 and ‘RS’.

Genetic effects of individual QTL haplotypes
on bloom date

A total of 14 haplotypes constructed for the four QTLs were
significantly associated with bloom date within individual
populations (Table 4, Fig. 3). These 14 QTL haplotypes ex-
plained 10.1-27.9% of bloom date variation within individual
populations, corresponding to an effect on bloom date ranging
from — 1.4 to 2.8 days (Table 4).

Four of the 13 gP-BD1.2™ haplotypes identified (G1-a, -c, -d,
and -e) were significantly associated with bloom date within
individual populations (Table 4, Fig. 3a). The presence of G-
¢ derived from 25-02-29, ‘Montmorency’, and M172 was asso-
ciated with late bloom date in both Pop1 and Pop2. In Pop1 and
Pop2, the bloom date delays were 15 and 24 GDD, respectively,
and the percentages of phenotypic variation explained were 16.8
and 20.9%, respectively. In contrast, the presence of G/-d also

derived from 25-02-29 and “Montmorency’ was associated with
early bloom date in Pop1 and Pop2, with the maximum effect in
Pop2. In this population, G/-d had an early blooming effect of
30 GDD and the percent phenotypic variation explained was
26.1%. Gl-a and Gl-e derived from 25-02-29 and M172, re-
spectively, were also associated with earlier bloom date, but
their effects were less than that of G/-d. Haplotypes G/-c and
G-e that were associated with late and early blooming, respec-
tively, were also segregating in Pops 3, 4, and 5; however, the
haplotype effects were not significant in these populations
(Supplementary Table S3).

Three of the 17 gP-BD2.1™ haplotypes (G2-¢, -d, and -)
were significantly associated with bloom date within individ-
ual populations (Table 4, Fig. 3b). The presence of G2-¢ de-
rived from 20-02-29 in Pop1 was significantly associated with
late bloom date; however, G2-c was not significantly associ-
ated with bloom date in the other two populations for which
25-02-29 was a parent (Pop2 and 3). The presence of G2-d
was associated with early bloom date in both Pop1 and Pop4
(Fig. 3b), and for these two populations, three of the four
parents each had one copy of G2-d. G2-j derived from ‘UF’
was significantly associated with late blooming in Pop4, and
the bloom delay associated with the presence/absence of G2-j
was a mean delay of 25 GDD (Table 4, Fig. 3b). G2-j was also
present in 25-14-20, and it is IBD since ‘UF’ is one of the
parents of 25-14-20 (Fig. 1a); however, G2-j contributed by
25-14-20 in Pop3 was not significantly associated with bloom
date (Supplementary Table S3).

Four of the 16 gP-BD4.1™ haplotypes (G4-c, -e, -i, and
-k) were significantly associated with bloom date within
individual populations (Table 4). The presence of G4-e,
G4-i, and G4-k was significantly associated with late
blooming in Popl, Pop2, and Pop4, respectively (Fig.
3c). G4-k had the largest effect on bloom date delay (+
38 GDD, 2.8 days) compared to the other late blooming

Table 3 Bloom date (presented as

growing degree days) and QTL Parents Bloom date (GDD) QTL haplotype genotypes

haplotype genotypes for the eight

parents qP-BD1.2™ gP-BD2.1™ qP-BD4.1™ gP-BDS5.I™
M172 323 c-e-f-g" a-e-f-g d-e-f-h e-f-g-h
Montmorency 359 c-d-h-i d-h-h-i a-d-i-1 d-e-i-j
25-14-20 330 b-c-d-e h-i-j-k a-g-h-j k-k-1-m
25-02-29 315 a-b-c-d a-b-c-d a-b-c-d a-b-c-d
UF 350 c-d-e-e a-d-j-k a-h-k-n a-g-k-1
Surefire 376+4° c-e-i-j d-i-I-m g-i-k-0 a-c-m-n
RS 376 b-c-e-k b-d-h-i b-d-g-i c-d-k-m
ET NA® c-e-I-m n-o-p-q a-m-n-p g-h-m-o

UF “Ujfehértoi Fiirtds’, RS ‘Rheinische Schattenmorelle’, ET ‘Englaise Timpurii’

“ Different haplotypes are indicated by different italic letters where four haplotypes represent four chromosomes in
a tetraploid. SNP haplotypes for QTL on G1, G2, G4, and G5 are in Supplementary Figs. S3, S4, S5, and S6,

respectively

® Surefire’ is reported to bloom after ‘Rheinische Schattemorelle’ (Andersen et al. 1999)

¢ Data not available as ‘Englaise Timpurii’ is no longer in the orchard
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Table 4 Summary of genetic

effects for QTL haplotypes that QTL Haplotype  F; population®  Contributing parent (s) ~ Effect (GDD/day)°  Ratio (%)
were significantly associated with

bloom date. Effect is calculatedas ~ ¢P-BD1.2"  a/noa Popl 25-02-29 —9/-04 10.1
the difference between the ¢/noc Popl M172, 25-02-29 15/0.7 16.8
phenotypic mean of individuals c/noc Pop2 Montmorency, 25-02-29 24/1.0 20.9
with the haplotype and d/nod Popl 25-02-29 —11/~0.5 124
individuals without the haplotype d/nod Pop2 Montmorency, 25-02-29 -30/—1.3 26.1
within an individual population. m e/noe Popl Mi72 ~ 117705 124
The percent phenotypic variation qP-BD2.1 c¢/noc Popl 25-02-29 13/0.6 14.6
. d/nod Popl 25-02-29 -9/~0.4 10.1
explained by each haplotype was d/nod Pops UF, Surefire — 19~ 1.4 14.0
equ.al .to |Effect| / total phenotypic jinoj Pop4 UF 25/1.8 184
variation gP-BD4.1™  c/noc Pop3 25-02-29 —14/-0.6 135
e/noe Popl M172 15/0.7 16.9
i/noi Pop2 Montmorency 16/0.7 139
k/nok Pop4 UF, Surefire 38/2.8 27.9
gP-BD5.1™ ¢/noc Popl 25-02-29 —14/-0.6 15.7
e/noe Popl M172 —13/~0.6 14.6
g/nog Popl M172 10/0.5 11.2

A Popl =M172 x 25-02-29, Pop2 = ‘Montmorency’ x 25-02-29, Pop3 =25 02-20 x 25-14-20, Pop4 = ‘Ujfehértoi

Fiirtds’ (UF) x “Surefire’

® Presented as growing degree days (GDD) and calendar day

haplotypes across all the other QTLs. Both parents of
Pop4 (‘UF’ and ‘Surefire’) carried this very late G4-k
haplotype, which was consistent with their late bloom
dates, and with Pop4 having a high proportion of later
blooming individuals (Table 3). Despite gP-BD4.1™ not
being significant in Pop3 using the haplotype probability
linear regression model, G4-c derived from 25-02-29 and
segregating in Pop3 was significantly associated with ear-
ly bloom time.

Three of the 15 haplotypes identified for gP-BD5. 1™ (G5-c,
-e, and -g) were significantly associated with bloom time in
only one population, Popl (Table 1). Only G5-g was associ-
ated with late bloom (Table 4, Fig. 3d). Additional significant
differences were not found for G5-¢ and G5-g despite these
haplotypes segregate in three and two other populations, re-
spectively (Supplementary Table S3).

Additive genetic effects of QTL haplotypes on bloom
date

Among all the significant haplotypes, the presence of G/-c, G2/,
and G4-k had the largest effects associated with late bloom date.
None of the parents had more than one dose of any of these late
bloom haplotypes (Table 3); however, in two populations, both
the female and male parent shared the same late bloom date
haplotype; therefore, a dosage effect could be investigated in
the offspring. In Popl, both parents had one G/-c haplotype,
and therefore, it was possible for progeny to inherit zero, one,
or two GI-c haplotypes. The mean bloom date was significantly
later for Pop1 progeny with two G/-c haplotypes compared to
progeny with just one G/-c (Fig. 4a). Most of the latest blooming
progeny (80%) had at least one G/-c; however, some also had no
G1-c (Fig. 4b). Dosage effects of haplotypes on bloom date were

also observed in Pop4 as the same haplotype, G4-k, was shared
between the two parents ‘Ujfehértoi Fiirtos’ and ‘Surefire’.
Offspring with two doses of G4-k had a later mean bloom date
compared to individuals with zero or one dose (Fig. 4c).
Moreover, almost all the offspring with two doses of G4-k had
very late bloom dates, exceeding more than 350 GDD (Fig. 4d).

Significant additive effects were also identified when two
late blooming haplotypes from different QTL were combined
in offspring within Pop1, Pop2, and Pop4 (Fig. 5). In Popl,
those offspring with late bloom haplotypes from ¢P-BD1.2"
and gP-BD4.1" (G1-c and G4-e) had a significantly later
mean bloom date compared to those offspring with none or
one of the late bloom haplotypes. A similar effect was ob-
served in Pop4 for two different late bloom haplotypes, one
each from gP-BD2.1" and gP-BD4.1"™. For Pop2, those off-
spring that had G4-i had a significantly later bloom date if they
also had G/-c.

Discussion
QTL detection in tetraploid sour cherry

Compared to diploid or auto-tetraploid species, QTL mapping
studies in sour cherry have been hampered due to its lack of
strict bivalent pairing and unbalanced sub-genome chromo-
some segregation during meiosis. Fortunately, the probabilis-
tic approach of TetraOrigin software facilitates the deduction
of'the linkage phase of high-density SNPs for both parents and
offspring. TetraOrigin software proved robust for complex
chromosome pairing, various marker segregation types, flaws
of genetic map positions, offspring dosage errors, and missing
data (Zheng et al. 2016). In addition, a QTL was detected in
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Fig. 3 Comparisons of bloom date (presented as growing degree days
(GDD)) between individuals with or without specific QTL haplotypes in
individual population for the QTLs located on G1 (¢P-BD1.2™) a, G2

Pop2 which only consisted of 53 offspring, and two QTLs
were detected in Pop4 which consisted of 76 offspring; an
important consideration given the space and cost requirements
for maintaining tree plantings. The use of the multiple popu-
lations also allowed QTL validation concurrent with QTL
discovery as gP-BD1.2" was significant in two populations
and haplotypes for gP-BD2.1™ and gP-BD4.1" were signifi-
cant in two and four populations, respectively.

Of'the four QTL identified in this study, all were previously
identified in cherry and other Prunus species (Dirlewanger
et al. 1999; Wang et al. 2000; Ballester et al. 2001; Verde
et al. 2002; Quilot et al. 2004; Fan et al. 2010; Campoy et al.
2011; Dirlewanger et al. 2012; Castéde et al. 2014). Among
these QTLs, the one with the largest effect was on G4 (gP-
BD4.1™) which is consistent with previous findings, including
findings from two bi-parental F; populations in sweet cherry. In
a ‘Regina’ x ‘Lapins’ sweet cherry population, the QTL on G4
explained 24-47% of the bloom date variance (Dirlewanger
et al. 2012), and in a second population (‘Regina’ x ‘Garnet’),
the G4 QTL was significantly associated with a 3.8-day bloom
date difference (Castede et al. 2014). The second largest effect
was observed for gP-BD1.2™. This QTL is likely the same as
that identified in sour cherry on G1 by Wang et al. (2000) based
on pedigree relationships among the parents. The source of the
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b 400 -
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(gP-BD2.1"™) b, G4 (¢P-BD4.1™) ¢, and G5 (¢P-BD5.1™) d. Bars indicate
standard errors

G1 bloom date QTL identified by Wang et al. (2000) was ‘Erdi
Botermo’, and this cultivar is the parent and half-sib of 25-02-
29 and M 172, respectively, two parents from whom significant
qP-BD1.2™ haplotypes were identified. Although 25-02-29
was a parent for three populations (Pop1, Pop2, and Pop3), this
QTL was only identified in two populations (Popl and Pop2).
This suggests that the other parent of Pop3 may have had an
impact on the ability to detect this QTL. QTLs ¢P-BD2.1™ and
gP-BD5.1™ are likely the same QTLs identified by Castéde
et al. (2014) due to overlapping QTL intervals on G2 and G5.
However, our study did not identify minor bloom time QTL
that were also identified in sweet cherry by Casteéde et al. (2014)
on G1, G3, G6, G7, and G8. Taken together, although there are
some major effect QTL for bloom date in cherry, the presence
of at least one QTL per linkage group indicates that bloom date
is under polygenic control.

Haplotype effects on bloom date and their breeding
application

One limitation of this study was that the QTL haplotypes were
based on SNP marker composition spanning the QTL region
and not variation in underlying genes. Therefore, it is possible
that haplotypes assigned different letters over-represent the
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Fig. 4 Dosage effects of the G1 QTL (¢P-BD1.2™) haplotype ¢ within
Popl and the G4 QTL (gP-BD4.1™) haplotype k within Pop4. Mean
comparisons of bloom date (BD, heat unit accumulation) among

number of functional alleles. The finding that an overwhelm-
ing number of the deduced QTL genotypes (91%) were tetra-
allelic suggests that this is the case. However, if haplotypes
which were known to have identical functional genes could
have been condensed, it may have resulted in the identifica-
tion of more significant differences. In contrast, it is also pos-
sible that haplotypes with the same SNP marker composition
and therefore assigned the same letter are not IBD and do not
have identical functional genes. For example, G/-d which is
associated with late bloom time when derived from
‘Montmorency’ and 25-02-29 is also present in ‘UF’ and its
grandchild 25-14-20 but not significantly associated with

50 -
40 -
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individuals with different dosages of haplotype (a, ¢). Frequency
distribution of bloom date among individuals with different dosages of
haplotype (b, d). Bars indicate standard errors

bloom time in ‘UF’ or 25-14-20 offspring. In this example,
either G1-d represents different functional alleles in these
plant materials or other functional alleles segregating in these
populations mask the effect of this haplotype. This illustrates
the value of defining haplotype effects using multiple parents
and progeny populations, as the significance of bloom time
haplotypes is highly dependent on genetic background.

The three most important late bloom date haplotypes (G-
¢, G2-j, and G4-k) were demonstrated to have additive effects
on delaying bloom time in the populations studied, both with-
in and across QTLs. Gene dosage (additive effects for multiple
copies of the same allele) has been shown to affect structural

Pop4 Popl Pop2
G4-k G4-e G4-i
+ - - + -
+ 38la 340bc + 334a  321b + 358a  345ab
G2+ Gl-c Gl-c
- 359  329¢ = 317bc  310c - 332bc  323c

Fig. 5 Within population mean comparisons for bloom date (presented as
growing degree days) based on the presence or absence of two different
QTL haplotypes in each progeny individual. Comparisons include the
late bloom date haplotypes for gP-BD4.1™ (G4-k, -e, and -i) with the

late bloom date haplotypes from gP-BD2.1" (G2-j) and qP-BD1.2™
(G1-c). Within each population, means that were significantly different
(P <0.05) are indicated by different letters
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gene expression and the related phenotype in diploid maize
and tetraploid potato (Birchler and Newton 1981; Guo et al.
1996; Iovene et al. 2013). In sour cherry, despite the lack of
knowledge of the underlying genes, the evidence of dosage
suggests that it may be possible to further delay bloom time
with the presence of three or even four doses of the late bloom
date alleles. Combining late blooming haplotypes across QTL
also resulted in increased bloom delay. Collectively, these re-
sults illustrate that pyramiding late blooming haplotypes both
within and across QTLs would be an effective strategy to
obtain later blooming offspring.

To breed late blooming sour cherry cultivars, it would be
most beneficial to initially focus on gP-BD4.1", as G4-k has the
largest effect on bloom date. Development of SSR markers
located within the favorable haplotype could be used for
marker-assisted selection. This technique has been successfully
used to develop DNA markers in tetraploid sour cherry for
cherry leaf spot resistant (Stegmeir et al. 2014b) and red fruit
color (Stegmeir et al. 2015). However, decisions to use DNA
information for seedling selection would need to be informed
by the effect of the QTL regions on other important target traits.
For example, ¢P-BD4.1" is likely linked with a major QTL for
maturity date identified in other Prunus species (Sanchez-
Pérez et al. 2007; Dirlewanger et al. 2012; Pirona et al. 2013).
Likewise, gP-BD2.1"™ is located in a QTL “hotspot” that in-
cludes QTLs for fruit size and firmness (Zhang et al. 2010; De
Franceschi et al. 2013; Cai et al. 2017). Given that the desired
cultivar would be a late blooming tree with firm large fruit,
studies are underway to genetically dissect these chromosome
regions, including the assignment of trait effects to functional
alleles, and search for the underlying genes.
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