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Abstract: Black and red raspberries (Rubus occidentalis L. and Rubus idaeus L.) are the prominent
members of the genus Rubus (Rosaceae family). Breeding programs coupled with the low costs of
high-throughput sequencing have led to a reservoir of data that have improved our understanding
of various characteristics of Rubus and facilitated the mapping of different traits. Gene B controls
the waxy bloom, a clearly visible epicuticular wax on canes. The potential effects of this trait on
resistance/susceptibility to cane diseases in conjunction with other morphological factors are not
fully studied. Previous studies suggested that gene H, which controls cane pubescence, is closely
associated with gene B. Here, we used tunable genotyping-by-sequencing technology to identify the
de novo SNPs of R. occidentalis and R. idaeus using an interspecific population that segregates for the
waxy bloom phenotype. We created linkage maps of both species and mapped the identified SNPs to
the seven chromosomes (Ro01–Ro07) of Rubus. Importantly, we report, for the first time, the mapping
of gene B to chromosome 2 of R. occidentalis using a genetic map consisting of 443 markers spanning
479.76 cM. We observed the poor transferability of R. idaeus SSRs to R. occidentalis and discrepancies
in their previously reported chromosome locations.
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1. Introduction

Rubus, with approximately 750 species, is one of the genera of the Rosaceae family of plants
with domesticated subgenera comprising of raspberries and blackberries [1]. The European red
raspberry (Rubus idaeus L. subsp. idaeus), the North American red raspberry (Rubus idaeus L. subsp.
strigosus (Michx.) Focke), and the black raspberry (R. occidentalis L.) are the most popular raspberries in
this subgenus (Idaeobatus) and are diploid species with 2n = 2× = 14 chromosomes. Other members of
the domesticated subgenera include flowering raspberries, blackberries, and arctic fruits [1]. Red and
black raspberries are cross compatible and produce hybrid purple raspberries [2]. The canes of Rubus
species are the shoots, which are perennials due to their biennial growth habit. Summer raspberries
(floricanes) bear fruit in the second year on two-year-old canes; however, primocane raspberries bear
fruit in the autumn of the first year on current-year shoots.
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Worldwide, raspberries are important fruit crops consumed fresh or as processed products.
Raspberries have a high content of phenolic compounds with antioxidant activity [3], making them
a popular choice with health-conscious consumers. The production of red raspberries, grown in a
temperate climate, has doubled over the last 20 years [4]. Raspberry breeding has not always been
easy due to the long seed dormancy phase, limited seed germination, as well as the relatively long
juvenility period of this perennial crop. Breeding challenges such as a lack of diversity and availability
of genetic resources [2] are part of the reason why Rubus breeding has lagged behind. However, the
development and use of traditional molecular markers [5–9] and, recently, the use of robust DNA
sequencing technology [10–13] have facilitated breeding and genetic mapping studies in raspberry [14].
Nevertheless, one limiting factor in raspberry production in field plantations is its susceptibility to
several fungal diseases, which often decrease the yield or destroy plantings. The importance of these
diseases often varies depending on the specific location of planting, as the local climate, particularly
precipitation, influences their occurrence and severity. As chemical protection is often not economical
or effective, coupled with its ban in Europe, breeding new cultivars with resistance or tolerance against
these diseases could present a way to aid production. The influence of various cane morphology traits
on fungal diseases has been studied previously in raspberries. Jennings [15] studied cane hairiness,
spines, and the presence of waxy bloom in relation to spur blight (Didimella applanata), grey mold
(Botrytis cinerea), and cane spot (Elsinoe veneta). The interaction of these morphological traits resulting
in better water run-off on canes was proposed to be the cause of reduced disease incidence with spur
blight and grey mold, but not with cane spot, where an intrinsic tissue resistance was proposed.

The gene responsible for hairy canes (pubescence), gene H, has been widely investigated as a major
factor in disease resistance, and it has been finally mapped to linkage group 2 in ’Glen Moy’ [7,16].
Markers associated with the trait spininess (gene S) were also mapped to linkage groups 2 and 3 [6,7].
In contrast, only few studies on the waxy bloom trait have been published since it was initially described
in raspberry. The gene for waxy bloom was first described in R. idaeus as gene B [17], with waxy bloom
being the wild-type trait and plants with bloomless canes being homozygous recessives for the gene.
The visual appearance of the bloom depends on both the amount and chemical composition of the
epicuticular wax. Bloomless canes had four times less amount of total wax compared to canes with
dense bloom on ‘Latham’, while having a similar proportion of paraffins to esters [18]. In contrast,
the canes with a sparse bloom of ‘Malling Exploit’ had a greater total amount of wax than the canes with
an intermediate bloom of ‘Norfolk Giant’, while having a marked difference in their composition [18].
The correlation between the chemical composition of wax structures and their micromorphology [19],
the latter in turn affecting the light refraction and thus the appearance of bloom can explain this.
The influence of waxy bloom on fungal diseases is complex and depends on the infection process of
the disease and other morphological factors of the cane. Waxy bloom on canes prevents the complete
wetting of the cane surface, thus creating water droplets that run off canes but collect at the nodes,
where spur blight can infect the plant even in the presence of cane hairs, which otherwise promote
water run-off from nodes [15]. Waxy bloom acts as a mechanical barrier and fungistatic with grey
mold and cane spot, making plants with a dense waxy bloom less susceptible to these diseases [15].
Waxy bloom also confers a protection against winter chill injury in canes [15,20]. The trait is prevalent
in R. occidentalis. Waxy glaucous coating is typical for canes of this species [21].

Interestingly, all three morphological traits mentioned above have been shown to be linked based
on their segregation, with their order proposed as locus B between locus H and locus T (which is
responsible for fruit and cane pigmentation) and being distal to locus S [22]. To date, the waxy
bloom trait (gene B) as well as the genes T and S have not been mapped in any raspberry population.
Graham et al. [7] mapped gene H in a ‘Glen Moy’ × ‘Latham’ population, a cross between the
European red raspberry and the North American red raspberry [6]. Here, we report for the first
time the mapping of the waxy bloom trait in a population. A population derived from ‘Black Jewel’
(R. occidentalis) × ‘Glen Ample’ (R. idaeus) was used for the development of genetic maps using
genotyping-by-sequencing technology, thus facilitating the mapping of the waxy bloom trait on linkage
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group 2 of ‘Black Jewel’. The predicted genes in the Rubus whole genome V3.0 assembly within the
waxy bloom interval as well as the mapping of a few Rubus SSR markers are presented.

2. Materials and Methods

2.1. Plant Material and Phenotyping

The population was comprised of 145 progeny from a cross between ‘Black Jewel’ (R. occidentalis)
and ‘Glen Ample’ (R. idaeus). The cross was performed by hand on emasculated flowers in the
greenhouse. The seeds were scarified according to [23], stratified for six weeks at 4 ◦C, and germinated
in a tray on planting soil with a thin layer of sand cover. The resulting seedlings were hardened in
the greenhouse for 24 weeks and then taken to the experimental field of the Julius Kühn-Institut in
Dresden-Pillnitz (Germany), where they were cultivated in single pots with drip irrigation. The progeny
were screened for the waxy bloom trait in late fall and early winter between the beginning of leaf
coloration and the vegetative pause. Waxy bloom is a visible epicuticular wax on canes (Figure 1).
The phenotype was scored as present (1) or absent (0) in the progeny in two consecutive years, in the
second and third year after planting on primocanes. Phenotypic data were converted to marker data
for mapping.
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Figure 1. Two individuals from the population showing different waxy cane phenotypes: waxy bloom
cane (whitish-colored cane, left) and no waxy bloom (right) on one-year-old canes in late autumn.
There is a strong visible difference between the two categories.

2.2. DNA Isolation and SSR Marker Analysis

For genomic DNA isolation, 0.1 g of young leaf material was taken from the plants. Genomic DNA
was extracted using DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s
protocol and resuspended in 50 µL of elution buffer of the same kit. The resulting DNA template was
diluted to 10 ng/µL with ddH2O for the PCRs. The trueness of the cross was verified in the progeny of
the population with five SSR markers (Table 1) [6,24,25].
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Table 1. SSR markers applied to the population and their allele sizes in base pairs (bp).

SSR LG Source ‘Black Jewel’ Alleles ‘Glen Ample’ Alleles
‡ RhM011 1 LG7 Castillo et al. [24] 280, 282 288, 292
‡ RhM043 2 LG4 Castillo et al. [24] – 374, 377
‡ RiM017 3 LG7 Castillo et al. [24] 192, 194 196
‡ Rub123a 2 LG6 Graham et al. [7] 139 148, 162
‡ Rub285a 2 LG1 Graham et al. [7] 167 172, 174
† Rub107a 2 LG2 Graham et al. [7] 173 166, 168
† Rub210a 2 LG1 Graham et al. [7] 103 117, 123
† Rub124a 4 LG1 Graham et al. [7] – 163
† Rub270a 2 LG2 Graham et al. [7] 183 175, 183
† Rub56a 5 LG2 Graham et al. [7] – –
† Rub76b 4 LG2 Graham et al. [7] 217 211, 217
† Rub4a 4 LG2 Graham et al. [7] – 154 6

† Rub163a 5 LG2 Graham et al. [7] – –
† Rub293b 2 LG2 Graham et al. [7] – 162, 164, 200, 202
† Rub284a 1 LG2 Graham et al. [7] 114, 116, 122 6, 124, 126 156, null

† Rubnebp2O23 4 LG2 Graham et al. [7] 234 238, 240
‡ Markers analyzed on the CEQ 8800 Genetic Analysis capillary electrophoresis system (Beckman Coulter, Krefeld,
Germany), and used to analyze the trueness of the cross; † markers analyzed on the ABI Genetic Analyzer 3500 XL
(Applied Biosystems, ThermoFisher Scientific, Darmstadt, Germany) with allele sizes according to Schuelke (2000),
nine of which were chosen from linkage group 2 (LG2); 1 polymorphic in both parents; 2 polymorphic in only
‘Glen Ample’; 3 polymorphic in only ‘Black Jewel’; 4 monomorphic in both parents; 5 failed to amplify in both
parents; 6 fragment failed to amplify or was monomorphic in the progeny.

The PCRs were conducted using the Type-it Microsatellite PCR Kit (Qiagen, Hilden, Germany) in
a 10 µL reaction multiplex with 10 ng of genomic DNA as template and primer concentrations of 0.2 µM
for Dye-751, 0.1 µM for BMN-6, and 0.05 µM for BMN-5 labeled fluorescent markers. The PCR program
was the following: initial denaturation at 95 ◦C for 5 min; 28 cycles of 95 ◦C for 1 min; annealing at
51 ◦C, 52 ◦C, or 57 ◦C for 90 s and 72 ◦C for 30 s; with a final extension step of 60 ◦C for 30 min.

The PCR product was diluted with ddH2O 1:20 and 1 µL was added to 24.9 µL of SLS
(sample loading solution) buffer and 0.1 µL 400 bp size standard for use in the CEQ 8800 Genetic
Analysis capillary electrophoresis system (Beckman Coulter, Krefeld, Germany). A drop of mineral oil
was added to every sample in the capillary electrophoresis plate to prevent evaporation. The resulting
fragment size profiles of the markers were visually assessed through the CEQ 8800 software of the
same supplier.

2.3. Tunable Genotyping-by-Sequencing (tGBS)

Lyophilized leaf materials of 146 progeny individuals and both parents were sent to Data2Bio
(Ames, IA, USA) for DNA isolation and tunable genotyping-by-sequencing (tGBS) analyses.
Briefly, the genomic DNA were digested with two restriction enzymes. NspI leaves a 3′ overhang
and BfuCI/Sau3AI leaves a 5′ overhang. Thereafter, two single-strand oligos were ligated to the
complementary 3′ and 5′ overhangs. The oligo matching the 3′ overhang contains a sample-specific
internal barcode sequence for sample identification. The oligo matching the 5′ overhang is universal
and present in every reaction for later amplification. Target sites were then selected using a selective
primer with variable selective bases (“CA”) that match selective sites in the digested genome fragments
and a nonselective primer. When properly amplified, the selective site is complementary to the selective
bases. Finally, the primers matching the amplification primer and the selective primer, which contain
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the full Proton adapter sequences, were used for the amplification of the final library. The final
sequence contains the 5′ Proton adapter sequence, an internal barcode, the NspI restriction enzyme
site, the target molecule, selective bases, the BfuCI/Sau3AI restriction enzyme site, and the 3′ Proton
adapter sequence.

2.4. Trimming of Sequencing Reads and Alignment to the Reference Genome

The nucleotides of each raw read were first scanned for low-quality bases. Bases with a PHRED
quality value ≤15 out of 40 [26,27] were removed by the trimming pipeline. Each read was examined in
two phases. In the first phase, the reads were scanned starting at each end and nucleotides with quality
values lower than those of the threshold were removed. The remaining nucleotides were then scanned
using overlapping windows of 10 bp and sequences beyond the last window with an average quality
value less than the specified threshold were truncated. The trimming parameters were referred to the
trimming software, Lucy [28]. Trimmed reads were aligned to the Rubus occidentalis V3.0 reference
genome [29], available at http://www.rosaceae.org, using GSNAP [30], and confidently mapped reads
were filtered if mapped uniquely (≤2 mismatches every 36 bp and less than 5 bases for every 75 bp as
tails) and used for subsequent analyses.

2.5. Discovery of Polymorphic Sites

The polymorphisms at each potential SNP site were carefully examined and putative homozygous
and heterozygous SNPs were identified in each sample separately. For homozygous SNP calling,
the most common allele was supported by at least 80% of all the aligned reads covering that position.
For heterozygous SNP calling, each of the two most common alleles was supported by at least 30% of
all aligned reads covering that position. For both criteria, the polymorphisms in the first and last 3 bp of
each read were ignored and each polymorphic base had at least a PHRED base quality value of 20 (≤1%
error rate). Any site that was deemed to be polymorphic (homozygous or heterozygous) as compared
to the reference genome sequence in at least one sample was included in the set of polymorphic sites.

2.6. Criteria for Homozygous and Heterozygous Calls

A SNP site was called homozygous in a given diploid sample if at least 5 reads supported the
major common allele at that site and at least 90% of all aligned reads covering that site shared the same
nucleotide at that site. A SNP was called heterozygous in a given diploid sample if at least 2 reads
supported each of at least two different alleles and each of the two allele types separately comprised
more than 20% of the reads aligning to that site and when the sum of the reads supporting those two
alleles was at least equal to 5 and comprised at least 90% of all reads covering the site. The SNP sets
were further filtered to define the MCR50 (minimum call rate) SNP set (i.e., the SNP minimum call rate,
each of which was genotyped in at least 50% of samples).

2.7. Rubus Linkage Group 2 (LG2) SSR Genotyping

Since the gene H maps on Linkage Group 2 (LG2) [7] and a previous publication suggest that gene
B (waxy bloom) is close to gene H [22], nine microsatellites (SSR markers) mapping on chromosome 2
in the same population where gene H was mapped [6,7] were chosen (Table 1). The SSRs were tested
for polymorphism on ‘Black Jewel’, ‘Glen Ample’, and a subset of six progenies. The PCR conditions
were as described for SSR marker analyses above. However, this time the forward primers included
the M13 elongation primer (5′-TGTAAAACGACGGCCAGT-3′) and the PCR reaction contained the
M13 primer [31], with labelled dyes suitable for the ABI Genetic Analyzer for fragment detection and
analyses (i.e., FAM, ATTO532, and ATTO550). For analyses on the ABI Genetic Analyzer 3500 xL
(Applied Biosystems, ThermoFisher Scientific, Darmstadt, Germany), the PCR products were diluted
1:100 and 1 µL of the dilution was mixed with 8.95 µL of HiDi formamide (Applied Biosystems) and
0.05 µL of Liz 600 size standard (Applied Biosystems) in a total volume of 10 µL. The mixture was
denatured in a thermocycler at 94 ◦C for 5 min before loading onto the ABI. The SSR fragments were

http://www.rosaceae.org
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analyzed using the GeneMapper™ software version 6 (ThermoFisher Scientific, Darmstadt, Germany).
Polymorphic SSRs were then used to genotype the population.

2.8. Genetic Map Construction

The SSR data and the converted marker data of the waxy bloom phenotypic trait were integrated
into the SNP data. The genetic map was constructed using JoinMap 4.0 version [32]. Regression mapping
algorithm was used to create the linkage map of both parents using the Kosambi function at a LOD
(logarithm of odds) grouping of 12–18. Markers showing segregation distortions were excluded after
the first genotype frequency calculation. Only groups with at least 20 markers were used to generate
the linkage maps at a chosen LOD of 15. More markers were excluded in the respective groups when
linkage maps could not be created due to poor linkages. The linkage groups were manually renamed,
and some of them were flipped in order to be consistent with the physical map.

2.9. Predicted Gene Search in the Rubus Reference Genome

The structural and functional gene annotation were extracted from Rubus occidentalis
V3.0 reference (available at ftp://ftp.bioinfo.wsu.edu/www.rosaceae.org/Rubus_occidentalis/Rubus_
occidentalis-genome.v3.0) within the physical interval that contains SNPs, which flank the waxy trait
in the ‘Black Jewel’ genetic map.

3. Results

3.1. Waxy Bloom Phenotyping

Of the 145 individuals scored in both years, 66 individuals consistently showed presence while
69 individuals consistently showed absence of the phenotype. Ten individuals showed inconsistent
phenotypes in both years (i.e., present in one year and absent in the other year or vice versa). If these 10
individuals with inconsistent phenotypes are excluded, the ratio of segregation is 1:1. We transformed
the phenotypic data of all individuals into marker data for mapping purposes. Data for the respective
phenotypic years as well as the consistent phenotype data excluding the 10 inconsistent individuals
were used for mapping.

3.2. SSR Marker Analyses

In total, 16 Rubus SSR markers already published in the literature were tested on the mapping
population. Nine of these SSR markers were chosen from LG2, since gene H (pubescence) known to be
associated with gene B (waxy bloom), was previously mapped on LG2 in a ‘Glen Moy’ × ‘Latham’
population [7]. The rationale therefore was to ascertain their genetic proximity by genetic mapping
using this mapping population. Table 1 lists the SSRs tested in this study including the alleles amplified
in ‘Black Jewel’ and ‘Glen Ample’. Whilst only three of these SSRs were polymorphic in ‘Black Jewel’,
nine were polymorphic in ‘Glen Ample’. Six primer pairs were either monomorphic in both or failed
to amplify in both parents and the progeny (Table 1). Two SSRs, Rub284a and Rub293b, amplified
multiple alleles in ‘Black Jewel’ and ‘Glen Ample’, respectively. Only six polymorphic SSRs (Rub284a,
RiM017, RhM011, Rub123a, Rub285a, RhM043) could be mapped in both parental maps. Subsequently,
the primer sequences of the six mapped SSRs were used in a BLAST search against the Rubus V1 [33,34]
and V3.0 [29] assembled genomes to ascertain their positions relative to the genetic positions in our
developed map.

3.3. tGBS SNPs Identification and Genotyping

Tunable genotyping-by-sequencing (1-bp selection) of the 148 samples submitted to Data2Bio
resulted in 370,664,239 reads. The sequence reads were first scanned for low-quality sequences and
then aligned to the Rubus occidentalis V3.0 reference genome [29]. Of 320,186,444 quality trimmed reads,
an average of 2,163,421 were identified per sample. Of the total quality reads, 82.5% (264,078,189)

ftp://ftp.bioinfo.wsu.edu/www.rosaceae.org/Rubus_occidentalis/Rubus_occidentalis-genome.v3.0
ftp://ftp.bioinfo.wsu.edu/www.rosaceae.org/Rubus_occidentalis/Rubus_occidentalis-genome.v3.0
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aligned in more than one location and 47.3% (151,400,902) aligned in a single location in the reference
genome. The physical positions of the SNPs in the Rubus V3.0 genome are included to identity the
SNPs. Only uniquely aligned reads were used for further analyses. A total of 86,982 polymorphic sites
were identified from 3,088,267 bases that had ≥5 reads in at least 50% of samples. The initial set of SNPs
identified was 47,794 (File S1). Based on further filtering parameters (SNP minimum call rate, each of
which was genotyped in at least 50% of samples: MCR50), the number of SNPs was reduced to 18,700.
Finally, the SNPs were filtered according to the parental genotype information—i.e., heterozygous in one
parent and homozygous in the other parent, as well as heterozygous in both parents. Finally, 1059 and
3498 SNPs found to be heterozygous in ‘Black Jewel’ and ‘Glen Ample’, respectively, were used for
mapping. Eighty SNPs were heterozygous in both parents. One individual, found not to be an offspring
of the ‘Black Jewel’ × ‘Glen Ample’ cross, was excluded from the mapping.

3.4. Linkage Map Construction

One hundred and forty-five (145) individuals were used to construct the linkage groups of the
respective parental maps. To construct the linkage map of ‘Black Jewel’, 1059 heterozygous SNPs,
3 SSRs, and the waxy bloom phenotypic marker data were used. Although Rub284a produced five
alleles in ‘Black Jewel’, it was treated as four loci since the 122 bp allele was monomorphic in the progeny.
In total, 1066 loci were imputed into JoinMap 4.0 for regression mapping calculation. After the first
locus genotype frequency calculation, 187 SNP markers that showed the highest level of segregation
distortion (≥*** i.e., p = 0.01 to 0.0001) were excluded from further calculations. Neither the SSR loci
nor the waxy bloom phenotypic marker data showed segregation distortion. At a LOD of 15 and the
selection of groups with >20 loci, seven groups were formed that represented all seven chromosomes
of raspberry. Rub284a SSR marker was found to be a multi-loci marker and was mapped on LGs 5, 6,
and 7 in ‘Black Jewel’. One SSR marker, RhM011, mapped on LG4 at a LOD of 14 but was ungrouped
at a LOD of 15 (Table 2). Table 2 summarizes the characteristics of the linkage maps of ‘Black Jewel’ and
‘Glen Ample’. In general, the genetic map of ‘Black Jewel’ consists of 443 markers spanning 479.76 cM
(Figure 2 and File S2a). LG6 is the longest, with a genetic length of 101.96 cM, and LG4 is the shortest,
with a genetic length of 47.72 cM.

For the creation of the ‘Glen Ample’ linkage map, 3503 markers including five SSRs were imputed
into JoinMap 4.0 program. Following the first locus genotype frequency calculation, 724 markers,
all SNPs, showed the highest level of segregation distortion (≥*** i.e., p = 0.01 to 0.0001) and were
excluded. Thus, 2779 markers were used for the subsequent calculations. At a LOD of 15, seven groups
were formed that contained more than 20 markers. Rub284a mapped on the LG3 of ‘Glen Ample’.
Two other SSRs mapped on LG1, whilst the other two mapped on LG2 and LG4. Eight hundred and
seventy-seven markers were successfully mapped to the ‘Glen Ample’ linkage map (Table 2). This map
spanned 660.53 cM, with LG3 as the longest with a genetic length of 112.91 cM and LG6 as the shortest
with a genetic length of 47.80 cM (File S2b).

The order of the genetic positions (cM) of most of the markers corresponded to the order of their
physical positions for both maps; nevertheless, several markers did not correspond. In addition, in some
cases the SNP markers already assigned a Rubus chromosome number due to the uniquely aligned
results, mapped on different linkage groups. Figure 3 shows the SNP markers of the ‘Black Jewel’ and
‘Glen Ample’ maps and their locations in the Rubus V3.0 chromosomes. The graphical illustration
shows the physical gaps of both maps where SNPs could not be identified and/or mapped, and suggests
a similar pattern of gaps for both species in the chromosomes, except in chromosomes one and five,
for which there were too few markers in ‘Black Jewel’ for comparison (Figure 3).
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Table 2. Summary of the characteristics of the genetic maps of ‘Black Jewel’ and ‘Glen Ample’.

‘Black Jewel’ ‘Glen Ample’

LG No. of Markers
LOD15

No. of Markers
Mapped

Length of
Map cM

Maximum
Gap cM

Minimum
Gap cM

Average
Gap cM LG No. of Markers

LOD15
No. of Markers

Mapped
Length of
Map cM

Maximum
Gap cM

Minimum
Gap cM

Average
Gap cM

1 30 23 58.80 7.74 0.34 2.67 1 312 123 103.75 4.78 0.25 0.85

2 81 68 59.23 5.61 0.07 0.88 2 384 120 103.76 2.79 0.08 0.87

3 123 96 97.69 3.72 0.15 1.03 3 586 200 112.91 1.59 0.06 0.57

4 74 47 47.72 3.92 0.35 1.04 4 320 140 96.03 3.82 0.01 0.69

5 25 25 66.09 4.59 0.47 2.87 5 295 106 98.87 3.54 0.08 0.94

6 113 96 101.96 6.25 0.04 1.07 6 58 42 47.80 4.74 0.02 1.17

7 120 88 48.27 4.32 0.01 0.55 7 364 146 97.41 3.57 0.02 0.67

Total 566 443 479.76 Total 2319 877 660.53
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3.5. Mapping of the Waxy Bloom Gene

The waxy bloom trait was mapped on LG2 of ‘Black Jewel’ at 15.08 cM in a 1.11 cM interval
between the SNP markers Ro02_10876052 (14.33 cM) and Ro02_12972133 (15.44 cM). This represents a
distance of approximately 2 Mb in the Rubus V3.0 genome [29]. Of all nine LG2 SSRs tested, only one,
Rub284a, was polymorphic in ‘Black Jewel’, and none of the Rub284a loci mapped on LG2. All three
SSRs in the linkage map of ‘Black Jewel’ are located on linkage groups different from what the literature
suggests (Table 3). In fact, only one SSR in this study—Rub285a—maps on the same linkage group as
was previously reported (Table 3)—i.e., on LG1 of ‘Glen Ample’. Thus, it was impossible to ascertain
the position of the waxy bloom gene relative to gene H. To ascertain the actual chromosome positions
of the SSRs mapped in this study, their forward and reverse primers were blasted against versions one
and three of the Rubus genome [29,33,34]. The positions of the SSRs in both genomes in comparison
to our maps and already published Rubus maps is presented in Table 3 and shows that the alleles of
Rub284a mapped on LGs 5, 6, and 7 in ‘Black Jewel’ and on LG3 in ‘Glen Ample’. The chromosome
locations of the sequences of most of these markers in the Rubus genome are in agreement with the
linkage groups assigned in the maps presented in this study.

3.6. Annotated Genes in the Rubus V3.0 Reference Genome within the Physical Interval of the Waxy
Bloom Gene

The two Mb physical interval containing the waxy bloom trait was scanned for annotated genes
in the Rubus V3.0 genome [29]. Within this interval, 298 mRNAs were found (File S3a), with 136 of
these having putative gene ontology annotations (File S3b). Noteworthy are genes bearing similar
roles as those found in the sequences obtained from BAC clones near and spanning the gene H
region [16]. Briefly, this includes carbohydrate metabolism, transcription factor activity, defense
response, and oxidation-reduction process.
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Table 3. Map positions of Rubus SSR markers in comparison to the Rubus genomes and other mapping studies.

R. occidentalis Genomes Map Locations in This Study in Comparison to Previous Studies

Chromosomes Located This Study Graham et al. [7] Castillo et al. [24]

Rubus SSRs Rubus V3 Rubus V1 ‘Black Jewel’ ‘Glen Ample’ ‘Glen Moy’ × ‘Latham’ ‘Glen Moy’ × ‘Latham’ ‘Autumn Bliss’ × ‘Malling’

Rub284a – (F/R) chr7 (F) LG7 LG3 LG2 N/A N/A

chr6 (F) LG6

chr5 (F) LG5

chr4 (F)

– (R)

RiM017 chr4 (F/R) chr4 (F/R) LG4 ‡ NP N/A LG7 LG7

RhM011 chr4 (R) chr4 (R) LG4 LG4 N/A LG7 LG7

chr3 (R) chr3 (R)

– (F) – (F)

Rub123a chr1 (F) chr1 (F) NP LG1 LG6 N/A N/A

– (R) – (R)

Rub285a – (F/R) chr1 (F) NP LG1 LG1 N/A N/A

– (R)

RhM043 – (F/R) chr7 (F) NP LG2 N/A NP NP

chr5 (F) LG4 (secondary locus)

– (R)

F and R = forward and reverse sequence; ‡ Mapped at LOD of 14; – = no hits were found; NP = not polymorphic in the population; N/A = not applicable—i.e., not reported by the references.
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4. Discussion

In the present study, we identified single nucleotide polymorphisms (SNPs) for black (R. occidentalis)
and red (R. idaeus) raspberry cultivars using tunable genotyping-by-sequencing method and used
informative SNPs to construct the respective genetic maps. Interestingly, we have also mapped,
for the first time, the waxy bloom trait (gene B) on LG2 corresponding to chromosome two of the
Rubus genome [29,33,34]. Genotyping-by-sequencing, a next-generation sequencing technique, is a
high-throughput method that facilitates rapid, broad coverage targeted sequencing based on reducing
genome complexity with restriction enzymes [35,36]. Widely applied to several species since it was first
reported, there are only a few reports of the use of genotyping-by-sequencing for the identification of
thousands of SNPs in Rubus [10,11,13]. Whilst two studies [10,13] were based on populations derived
from R. idaeus cultivar crosses, one [11] was based on a population purely from a black raspberry cross.
Therefore, this is the first report of the use of genotyping-by-sequencing to generate and map SNPs in
progeny derived from black (‘Black Jewel’) and red (‘Glen Ample’) raspberries, although a progeny
derived from black and red raspberries have previously been used to develop genetic maps [12].

Millions of reads resulting from tGBS and the subsequent identification of thousands of SNPs in
this study is consistent with other studies in Rubus [10,11,13]. For example, Hackett et al. [13] reported
an average number of reads of 2,042,242, similar to the 2,163,421 found in this study. The stringency of
the filtering criteria of SNP sets vary from study to study and usually results in a lesser number of
markers. The total number of 47,794 SNPs initially identified here was first reduced to 18,700 following
the determination of SNPs which could be called in at least 50% of the samples, termed MCR50
(minimum call rate 50), and further reduced due to the parental genotype information—’Black Jewel’:
1059; ‘Glen Ample’: 3498. Other studies reported final reduced SNP numbers—for example, 9143 [10]
and 8019 [13], due to different filtering criteria. However, the number of SNPs heterozygous for the
black raspberry cultivar is much less than for the red raspberry cultivar. This is presumably due to
the low heterozygosity levels of R. occidentalis. Bushakra et al. [11] reported a similar occurrence in
their study, where only 1545 SNPs were suitable for black raspberry, of which only 399 could finally be
mapped. In the current study, of 1059 SNPs, only 436 (excluding SSRs) were mapped. The high levels
of heterozygosity of R. idaeus in our study is consistent with other studies [10,13].

The genetic maps of ‘Black Jewel‘ and ‘Glen Ample’ span lengths of 479.76 and 660.53 cM,
respectively, and are comparable to similar studies that used GBS technology [10,11,13].
However, there were some inconsistencies in the genetic order of the markers and their physical order.
This lack of collinearity could be attributed to two possibilities: inaccuracies in the recombination
frequencies and/or the poor assembly of the genome sequence. A major problem of GBS maps is
that double recombinations could be found within a small genetic window, which in principle is
impossible [37]. This has the potential to overestimate the overall size of linkage groups, and a possible
consequence of this is the wrong order of some markers. On the other hand, Jibran et al. [34] resolved
multiple inconsistencies between the genetic and physical orders of GBS markers in the R. occidentalis
genomes [29,33], although 25% of the discrepancies remained unsolved. That a better collinearity
would have been achieved had the tGBS reads in the current study been aligned to the Rubus V1.1
genome [34] is speculative. In addition, a few SNPs assigned to a certain chromosome from physical
alignment mapped on a different linkage group, thus suggesting the plausibility of duplications in
the genome. There is no information on the collinearity of GBS SNP genetic and physical orders in
previous mapping studies [10,11,13]. Hackett et al. [13], whose map was based on the ‘Glen Moy’
× ‘Latham’ progeny, developed and used a ‘Glen Moy’ draft genome as a reference and opined
that the scaffolds aligned comparably to the genome of black raspberry. Up to 97% of scaffolds [11]
and approximately 83% of the reads in the current study aligned to single positions in the Rubus
genome. Nevertheless, the correct alignment of scaffolds to the genome does not necessarily translate
to the unique alignment of SNP sequences. Another surprising outcome in the current study was
the contrasting map locations of Rubus SSRs [6,7,24]. Only Rub285a mapped on a linkage group it
was previously reported to map on—i.e., LG1 [7]. Furthermore, the positions of the forward and
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reverse sequences of SSR primers on the Rubus genomes [29,33,34] appeared to be in contrast with
their previously mapped location, and in some instances no hits were found (Table 3). Many of the
Rubus SSRs were developed from ‘Glen Moy’ (R. idaeus) genomic DNA, and this ‘Glen Moy’ × ‘Latham’
population [5–7] has been widely used in Rubus [13,38]. The other sets of SSRs applied in this study
were developed from ‘Meeker’ (R. idaeus) and ‘Marion’ blackberry (hybrid) [24]. It is unclear whether
these discrepancies suggest diversity in the Rubus genus reflecting the different cultivars. Nevertheless,
the discrepancies deserve attention. The public availability of red raspberry draft genomes [13,39] will
throw light on the locations of several of these Rubus SSR fragments. The development and mapping
of de novo SSR markers from the R. occidentalis genome will improve molecular mapping studies in this
vastly untapped species.

Further, we report the mapping of the waxy bloom trait (gene B) on LG2 of ‘Black Jewel’ (Figure 2)
in a population derived from R. occidentalis (mother) and R. idaeus (father). Differences in gene B
determine the presence (B) and absence (b) of waxy bloom [17]. Canes of R. occidentalis are heavily
glaucous [15]. Several R. occidentalis cultivars are assumed to be heterozygous for waxy bloom,
since they have previously produced bloomless progeny in certain crossings [21,40]. ‘Black Jewel’
could be the European equivalent of one of the ‘Jewel’ cultivars, as there are no known cultivars in the
US under the name ‘Black Jewel’ and vice versa. A discrepancy in naming is not the only uncertainty
with working with both R. idaeus and R. occidentalis cultivars. Even the genotype authenticity is not to
be assumed as certain, as cultivars have been repeatedly found to not be true-to-type, resulting from
mix-ups or mutations [41–43]. As such, care must be taken with comparisons with other studies, even if
they used the same cultivars. ‘Glen Ample’, the father cultivar in this study, has non-glaucous canes
and is therefore homozygous recessive to gene B. The trait segregated in a 1:1 ratio in the population,
thus confirming the heterozygosity of the trait in the donor parent. Gene B, responsible for waxy bloom,
is on the same chromosome as gene T, which determines the type of cane pigment [15]. It was postulated
based on segregation that gene B must be between gene T and gene H, responsible for cane hairiness,
and distal to gene S, which determines the presence or absence of spines [22]. Graham et al. [7]
mapped gene H on LG2 of ‘Glen Moy’ in a population derived from ‘Glen Moy’ and ‘Latham’, both red
raspberry cultivars. It was also reported that the phenotypic marker of gene H was the most significant
marker correlating with the degree of spininess. Whereas gene H mapped at 48 cM [7], gene B maps at
15.08 cM of ‘Black Jewel’ (Figure 2). Based on Jennings [15,22] and Graham et al. [7], it makes sense
that gene B maps on LG2 of ‘Black Jewel’. Unfortunately, however, it was impossible to ascertain the
putative genetic positions of gene H relative to gene B by analyses of LG2 SSR markers, since only one
SSR, Rub284a, was polymorphic in ‘Black Jewel’ and did not map on LG2. The poor polymorphism of
R. idaeus SSRs in ‘Black Jewel’ (R. occidentalis) observed in our study is a microcosm of the results in
Bushakra et al. [11], although we have focused on only LG2 SSRs following the preliminary mapping
results, which indicated that gene B maps at LG2 of ‘Black Jewel’. MacKenzie et al. [16] characterized
the region, which contained gene H, and proposed PDF2/GL2, a homeobox gene, amongst many
others, as responsible for cane pubescence. Functions of other putative genes found on the BAC clone
that spanned the gene H region as well as the adjoining BAC clones included transcription factors,
disease resistance, carbohydrate transport metabolism, and oxidative reduction, amongst others [16].
The physical region-containing gene B in the Rubus genome [29] contains several genes, but genes
were found with similar functions such as carbohydrate metabolism, transcription factor activity,
defense response, and oxidation-reduction process. This is some evidence of similarity in the regions,
and suggests that locus B and H may not be too distal.

5. Conclusions

An interspecific progeny derived from R. occidentalis and R. idaeus that segregates 1:1 for waxy
bloom was the basis of this study. The genetic maps constructed with SNPs derived from tunable
genotyping-by-sequencing and a few Rubus SSR markers allowed for the mapping of gene B, controlling
waxy bloom, on chromosome 2 of R. occidentalis. However, poor polymorphism of R. idaeus SSR markers
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was observed and led to an inability to characterize chromosome 2 relative to R. idaeus chromosome 2,
where gene H was previously mapped. In addition, the maps we present show discrepancies in the
map locations of previously mapped SSRs. Nevertheless, the genetic maps created in this study add to
the handful of maps in the Rubus reservoir, and would contribute to our understanding, particularly as
it pertains to the respective genomes of R. occidentalis and R. idaeus, in terms of sequence assembly and
marker anchorage. In conclusion, to our knowledge, this is the first report of the mapping of gene B in
Rubus. However, we do not propose any genes from the R. occidentalis genome as gene B due to the
relatively large physical region.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/10/1579/s1:
File S1: sequence of all SNPs identified in this study and the Rubus chromosome they align to; File S2: (a) excel
map file of ‘Black Jewel’ and (b) excel map file of ‘Glen Ample’; File S3: (a) Annotated genes in the physical
interval of waxy bloom (b) available functional annotation within the waxy bloom physical interval.
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