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Abstract

In plants, the most widely used cytological techniques to assess parental genome contributions
are based on in situ hybridization (FISH and GISH), but they are time-consuming and need specific
expertise and equipment. Recent advances in genomics and molecular biology have made
PCR-based markers a straightforward, affordable technique for chromosome typing. Here, we
describe the development of a molecular assay that uses single-copy conserved ortholog set Il
(COSII)-based single nucleotide polymorphisms (SNPs) and the high-resolution melting (HRM)
technique to assess the chromosome dosage of interspecific hybrids between a Solanum phureja-
S. tuberosum diploid (2n = 2x = 24) hybrid and its wild relative S. commersonii. Screening and
analysis of 45 COSIl marker sequences allowed S. commersonii-specific SNPs to be identified
for all 12 chromosomes. Combining the HRM technique with the establishment of synthetic DNA
hybrids, SNP markers were successfully used to predict the expected parental chromosome
ratio of 5 interspecific triploid hybrids. These results demonstrate the ability of this strategy to
distinguish diverged genomes from each other, and to estimate chromosome dosage. The method
could potentially be applied to any species as a tool to assess paternal to maternal ratios in the
framework of a breeding program or following transformation techniques.

Subject areas: Conservation genetics and biodiversity; Quantitative genetics and Mendelian inheritance
Key words: COSII, haplotype, SNPs, Solanum commersonii, Solanum tuberosum

Interspecific hybridization is an important component of many plant
breeding programs. It can be achieved by either sexual crossing or
by protoplast fusion. From a breeding standpoint, hybridization
provides the basis for developing new genetic diversity and further
selecting individuals by combining the best characteristics from their
parents. Following hybridization, offspring with unbalanced parental

chromosome contributions can be obtained, such as triploids and
aneuploids. Despite their unusual chromosome number, they may
display traits with significant impact on breeding. For instance, trip-
loid hybrids may allow the development of new seedless commercial
varieties as reported in banana (Raboin et al. 2005), watermelon
(Barham et al. 2003), citrus (Ye et al. 2009), grape (Sun et al. 2011a),
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and papaya (Sun et al. 2011b). In addition, triploids can be pro-
duced to overcome incompatibility barriers between incongruent
species (Carputo and Barone 2005; Schatlowski and Kohler 2012).
Knowing the chromosome number is an important prerequisite for
breeding decisions. Currently, the most commonly used techniques
to assess variations in chromosome number are based upon root tip
counts, flow cytometry, or fluorescence in situ hybridization (FISH)
(Henry et al. 2010). The last-named technique makes use of chromo-
some-specific fluorophore-labeled probes to detect DNA sequences
(Pita et al. 2014). A special type of FISH, genomic in situ hybridiza-
tion (GISH), is based on the use of total genome as a labeled probe
and helps to discriminate parental genomes in natural and artificial
hybrids (Chester et al. 2010). Although in situ hybridization tech-
niques are reliable, they are time-consuming, chromosome-size/
shape-dependent and need specific instruments.

Recent developments in genomics and molecular marker tech-
niques suggest that the use of PCR-based markers can be a straight-
forward, affordable strategy for chromosome typing. Fulton et al.
(2002) developed universal primers in solanaceous species with
single-copy conserved ortholog set II (COSII) and Wu et al. (2006)
successfully applied them to study synteny among tomato, auber-
gine, pepper, and tobacco (Wu et al. 2009a, 2009b, 2010). Even in
crops that have not yet been sequenced, it may be feasible to develop
universal markers based on orthologous genes coming from the most
closely related sequenced plant species (Liu et al. 2013). Single nucle-
otide polymorphisms (SNPs) are the most abundant DNA markers
in plant genomes and therefore represent ideal instruments to detect
a high level of polymorphisms. A recent paper by Tonosaki et al.
(2014) showed their ability to identify alien chromosomes in 2 mon-
osomic addition lines of Brassica.

Although SNPs can be screened through a variety of technolo-
gies, high-resolution melting (HRM) analysis has the advantages of
increased simplicity and rapid turnaround time (Wu et al. 2009c).
Briefly, after PCR amplification, the HRM instrument heats the sam-
ples to denature DNA and monitors the pattern of fluorescence reduc-
tion due to the release of an intercalating dye (Reed and Wittwer
2004). Data outputs are the dissociation or melting curves that plot the
reduction in fluorescence against the increase in temperature. SNPs in
amplicon sequences can result in different melting curves. HRM analy-
sis to detect SNPs is very efficient in terms of sensitivity, cost, time,
and labor (Ujino-Thara et al. 2010). In potato, De Koeyer et al. (2010)
used HRM for genotyping diploid and tetraploid materials. Zhou et al.
(2014) proposed HRM analysis in humans as an alternative to karyo-
typing for rapid diagnosis of aneuploidy syndromes. Plants provide an
excellent opportunity for a genome-wide investigation of aneuploid
syndromes: sample size is not limited, phenotypes can be described and
assessed in detail, and plant aneuploid populations provide a complex
mixture of viable karyotypes (Henry et al. 2010).

Among cultivated plants, the tetraploid (2n = 4x = 48) potato
Solanum tuberosum is receiving much attention in terms of apply-
ing new technologies for genetic and breeding studies. Its genome
sequence has been released (Potato Genome Sequence Consortium,
2011), facilitating potato functional and comparative genomics
(Spooner and Salas 2006). The potato has more cultivated and wild
relatives than any other crop, some of which have been used as
source of genes and allelic diversity both in conventional breeding
and genetic engineering programs (Carputo et al. 2005). Among wild
potatoes, diploid S. commersonii has received much attention due to
its noteworthy resistance traits. It has also been the first potato rela-
tive whose genome was sequenced (Aversano et al. 2015). A breeding
scheme based on the production of triploid bridges was developed

to introgress its genes into the cultivated gene pool (Carputo et al.
1997). The triploid state of bridge genotypes produced and their
genomic constitution make this material suitable for setting up a
reliable and efficient method to monitor chromosome dosages. This
seems very interesting in a crop like the potato, a species where small
chromosomes make it difficult to determine chromosome dosages.

In this study, we propose a PCR-based method for chromosome
dosage estimation in potato hybrids through the 1) identification
of SNPs among single-copy COSII markers, and 2) the application
of HRM to differentiate each chromosome rapidly and quantita-
tively. We give an example of the effectiveness of our method by
assessing the genomic ratio of the entire chromosome set of triploid
(2n = 3x = 36) hybrids using 3 different species, diploid S. commer-
sonii and S. phureja (2n = 2x = 24) and S. tuberosum (2n = 4x = 48).
The distinctive features of our method are critically discussed.

Materials and Methods

Plant Materials

The material used consisted of 5 potato triploid (2n = 3x = 36) hybrids
with S. commersonii and S. tuberosum in their pedigree. These trip-
loids (MCA1, MCB1, MCB3, MCB10, and MCC1) were obtained
from 4x x 2x crosses between a tetraploid (2n = 4x = 48) clone of
S. commersonii and S. phureja-S. tuberosum diploid (2n = 2x = 24,
clone UP88PS) hybrids (Carputo et al. 1995). This study also included
S. commersonii (P1 243503, clone cmm1T), S. tuberosum cv. Blondy,
a S. phureja-S. tuberosum hybrid (clone UP88PS), S. phureja (clone
IVP35), useful for the identification of S. commersonii-specific SNPs
and the set-up of 3 reference samples. The reference samples were
obtained by mixing DNA from S. commersonii (clone cmm1T) and
S. tuberosum cv. Blondy in 2:1, 1:2 and 1:1 ratios.

COSII Marker Selection

Eighty-seven single-copy COSII markers with a fragment length rang-
ing between 500 and 2100bp were selected from the SOL genom-
ics network database (Fernandez-Pozo et al. 2015). Total DNA
was extracted from 100mg of leaf material using the Qiagen Plant
DNeasy Kit according to the manufacturer’s instructions (Qiagen)
and quantified using spectrophotometric (Nanodrop 1000, Thermo
Fisher Scientific) and fluorometric (Qubit 2.0, Life Technologies) tech-
niques. PCR reactions were conducted in a volume of 25 pL contain-
ing 30ng of genomic DNA, 0.2 pM of each primer, ANTPs 0.8 mM,
MgCl, 3mM, recombinant Tag polymerase 0.06 U (Invitrogen Life
Technologies) and 1X PCR buffer. Thermal cycling conditions were
as follows: 4 min at 94 °C; 35 cycles of 45s at 94 °C, 1 min at anneal-
ing temperature (Supplementary Table 1) and 2min at 72 °C, with a
final extension step of 10min at 72 °C. Monomorphic (1 amplicon)
markers were selected using agarose gel electrophoresis and then, for
each chromosome, 1 monomorphic COSII marker was selected and
amplified in S. commersonii (clone cmm1T), S. tuberosum cv. Blondy,
a S. phureja-S. tuberosum hybrid (clone UP88PS) and S. phureja
(clone IVP35). The amplicons were purified using the High Pure PCR
Product purification Kit (Roche Applied Science) according to the
manufacturer’s instructions and sequenced (Eurofins MWG Operon).

Sequence Alignment and SNP Discovery

Each COSII marker sequence obtained was analyzed and aligned
using SeqScape Software v2.5 (Applied Biosystems). The alignment
was used to discover S. commersonii-specific SNPs. Primers flank-
ing S. commersonii-specific SNPs were designed using Primer3 web
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version 4.0.0 (Untergrasser et al. 2012) for HRM analysis. The
parameters for primer design included an amplicon containing a
number of SNPs no higher than 4 and ranging from 80 to 150 bp.

HRM Analysis

Real time PCR reaction and HRM technology were conducted with
Rotor-Gene™ 6000® (Corbett, Life Science), in a volume of 25 pL
containing 40ng of genomic DNA, 0.4 pM of each primer, dNTPs
0.8 pM, Taq polymerase 0.026 U (TakaRa Shuzo), 1X PCR buffer
and 1X EvaGreen Dye (Biotium). Thermal cycling conditions were
as follows: 30s at 95 °C; 40 cycles of 10s at 95 °C, 30s at primer
melting temperature, and 30s at 72 °C. Samples were melted from
65 to 90 °C with a melting rate of 0.1 °C s~!. All the HRM data col-
lected were analyzed by the dedicated HRM software (Rotor-Gene
6000 Series Software 1.7). Normalization of HRM curves was fol-
lowed by calculation of genotype confidence percentages (GCPs)
(value attributed to each genotype with respect to another one, with
a value of 100 indicating an exact match) were calculated. The refer-
ence genotype was specified and the fluorescence readings for the
melt curve were recovered (ref_fluorescence). For each sample, the
fluorescence readings for the melt curve were also retrieved (sam-
ple_fluorescence). For each reading/point X in the respective melt
curves, an error value was calculated as the square of the difference
between the readings: Error(X) = [(sample_fluorescence(X) - ref_
fluoresence(X)]2. The error values were then summed over the entire
set of readings. The percentage of confidence (confidence percentage)
was subsequently calculated as: confidence percentage = C_spread_
factor (-C_sharpness_factor x sum_error) where C_spread_fac-
tor = 1.05, C_sharpness_factor = 0.02. The percentage of confidence
above 90% is recommended by the technical support of the manu-
facturer. The GCPs calculation was based on a single reading of the
reference sample. HRM analyses were carried out in triplicates.

Data Archiving
In fulfilment of data archiving guidelines (Baker 2013), we have
deposited the primary data underlying these analyses as follows:

e COSII markers alignments: Dryad

COSII6-8

E cmm  tbr UP88P5 IVP35
e
e
—
R ——

Results and Discussion

Discover of S. commersonii-specific SNPs

Previous studies in mammals, birds, and insects have shown that
anchoring primers in conserved orthologs can provide useful
markers for comparative mapping (Lyons et al. 1997; Smith et al.
2000; Chambers et al. 2003). In plants, the availability of whole
genome sequences and large expressed sequence tag (EST) data-
bases for a growing number of species provides the potential to
align DNA sequences from multiple species and to identify a COS
of single-copy genes (Wu et al. 2009a, 2009b, 2010; Kuhn et al.
2012; Nowak et al. 2012). In Solanaceae, COSII markers have been
shown to be randomly distributed along the whole genome (Fulton
et al. 2002) and mostly present as single copies (Lindqvist-Kreuze
et al. 2013). Such features make them useful tools for comparative
genomics studies.

We identified 87 COSII markers distributed across the S. com-
mersonii genome, with an average of 7 markers per chromosome
(Supplementary Table 1). Among them, 45 with a size smaller than
750bp were amplified in S. commersonii clone cmml1T (cmm),
S. tuberosum cv. Blondy (tbr), S. phureja-S. tuberosum hybrid (phu-
tbr, UP88PS) and S. phureja (phu, clone IVP35) (Supplementary
Table 1). Given the number of bands amplified, each COSII was clas-

»

sified as “1 amplicon,” “multiple amplicons,” or “null” (no ampli-
con). Out of 45 markers tested, 24 were “1 amplicon,” 14 “multiple
amplicons,” and 7 “null.” An example of these markers is reported
in Figure 1. The “1 amplicon” COSIIs were sequenced and aligned
to identify polymorphisms (Supplementary Figure 1). Sequences
obtained in cmm1T were also used to confirm their uniqueness in
the genome of S. commersonii. Blastn alignments against cmm1T
genome sequence (Aversano et al. 2015) revealed a single hit for each
of these markers and allowed us to select 1 marker per chromo-
some. Out of 264 polymorphisms, 6 insertions, 6 deletions, and 252
SNPs were found, with an average of 21 SNPs per COSII marker
(Supplementary Table 2). A fraction of them (66%) was identified as
the S. commersonii-specific SNP set and was used as target to design
primers for HRM analysis. All of them were tested but only primers
reported in Table 1 were considered as the optimized set of SNPs
specific to S. commersonii chromosomes.

COSII2-2

cmm tbr UP88P5 IVP

Figure 1. One and multiple amplicon COSIl electrophoresis patterns.

Electrophoresis profiles of COSIl markers of chromosomes VI (multiple

amplicon) and Il (1 amplicon) on 4 genotypes. M = 1kb plus DNA ladder; cmm = Solanum commersonii (clone cmm1T); tbr = S. tuberosum cv. Blondy;
UP88P5 = S. phureja-S. tuberosum hybrid (clone UP88P5); IVP35 = S. phureja (clone IVP35).
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Table 1. Solanum commersonii-specific markers

Chromosome ID Primer sequences Primer Annealing Sequence SNPs,
length, bp temperature, °C length, bp No.

1 COSII1-4¢ S -TTGGGATTGAGGTGTGGTTC/ 20/21 61 144 4
5’-TCCCACCCATAATAAAGAACA

2 COSII2-2¢ §’-TCCCTGGTAAACAAAATGAGC/ 22/21 59 140 2
5"-AAGATCCTGAAATTCGATCCAT

3 COSII3-5b 5’-CCAAAATGTTAACCAGATTCCT/ 22/23 57 139 1
§-GCAGTTTGTTTTTCCTTTTAGTG

4 COSII4-6¢ §5"-ATTCCTGAGACCAAATCAATTTC/ 23/23 58 115 1
5-TTGGTCAAGACATCCTATTATTC

N COSIIS-3¢ §5-TGCCTATTGGATTCAAGCAA/ 22/20 59 100 3
§5’-GCATGGTCTCCATCTTAGTGAA

6 COSlI6-5d S"-ATCATCTTCAACAAGTGAAGTTG/ 23/23 57 90 4
5-AAGCAATCAAGAAATTAGCAGTC

7 COSII-7-2a §-CATCCCTTGTCGCTTTTCC/ 19/22 58 107 1
5-AGCAACATGAAACACGTAAAC

8 COSII 8-6¢ 5-GACGTGTTTTCTCATCTTGACA/ 22/21 58 130 1
5"-GGCATAGGCAGAGTGACATAC

9 COSII 9-4d S-ACATCTCCTCCTTTTCTCCG/ 20/20 59 132 3
§S-TTCATGCCCAGATGCAGCAG

10 COSII10-2a 5-AAATCAGGAATTTGCATGAC/ 20/20 57 139 1
§-GTGTTCACCTCGTTGACAAA

11 COSII11-5a §5-CTCTAAACGTTTGGCCATT/ 19/20 54 158 4
5-CCTAAATTCAGTTGTTAAAG

12 COSII12-8a 5-GAACATGTATATATGATTG/ 19/18 53 121 3

§5-GTAACTGCATAACGAATT

Chromosome, COSII marker ID, primer sequence and length, annealing temperature, sequence length and number of SNPs are reported.

Assessment of Chromosome Dosage Using HRM

Solanum commersonii specific SNPs for all 12 chromosomes were
analyzed using the HRM technique. HRM assays were carried out on
10 genotypes, including the 2 parents, 5 triploid hybrids, and 3 refer-
ence samples. The reference samples are an equimolar DNA mixture
simulating triploid and diploid chromosome set ratios, the establish-
ment of these samples proving a pivotal step for the experiment. The
reference synthetic mixtures were produced using 2 parental genome
DNAs, namely S. commersonii (clone cmm1T) and S. tuberosum cv.
Blondy. Three S. commersonii:S. tuberosum (cmm:tbr) chromosome
set ratios were simulated: 2:1, 1:2 and 1:1. Based on their pedigree
(Carputo et al. 1995), for all 5 triploid hybrids, a 2:1 cmm:tbr ratio
was expected. The similarity between the HRM profile of the refer-
ence and the HRM profile of the triploid samples was based on a
percentage of similarity score, called the GCP. GCP values reflect the
similarity of a reference sample to the other samples included in the
analysis. When the GCP value was higher than 90, a sample was con-
sidered to have the same chromosome dosage as the reference. An
example of these results is reported in Figure 2 and Supplementary
Figure 2, where normalized HRM curves and GCPs for COSII9-4d
are shown. The results suggest that all triploids analyzed with the
COSII9-4d marker have a chromosome dosage similar to the syn-
thetic triploid cmm:tbr 2:1, considered in this study as the positive
control. A GCP value >90 was detected for most the comparisons
between the triploid HRM profile and the cmm:tbr 2:1 reference
samples, indicating that for all 12-chromosome triplets the triploid
hybrids harbor 2 S. commersonii homologues and 1 S. tuberosum
homeologous (Table 2). In the comparisons with the other refer-
ence samples (cmm:tbr 1:1 and 1:2) GCP values were always < 90
(not shown). The results were 100% consistent with the expected
parental chromosome dosage of the triploid hybrids, strengthening
our confidence in our strategy to distinguish diverged genomes from

each other, as well as to differentiate each of the nonhomologous
chromosomes within a genome.

The present method can be applied to study various genetic
materials and has several attractive features. In sexual hybrids it
may allow estimation of parental chromosome-specific dosage with
a view to studying chromosome inheritance and its possible pheno-
typic effects, especially in crosses involving closely related species.
Similarly, in interspecific somatic hybrids this method may facilitate
the assessment of parental chromosome contribution. Our approach
cannot be applied to estimate chromosome dosage after the F1
generation since this could lead to false estimates due to potential
meiotic recombination between homologous or homeologous chro-
mosomes. However, it does enable allele dosage in advanced gen-
erations to be followed. Indeed, compared to qPCR, it confers the
benefit of discriminating different alleles using the polymorphisms
(SNPs) identified between the parents. For example, Milner et al.
(2014) proposed a method able to establish a correlation between
the dosage of a homologous transgene in T1 lines and its phenotypic
effects.

The method presented here is easy to apply, since amplifica-
tion and HRM analysis are performed as a single-step, closed tube
process. Alternative analyses, such as pyrosequencing and SSR,
have some disadvantages, which limit their application. In par-
ticular, pyrosequencing requires specialized equipment and rea-
gents, whereas SSR-HRM, as far as we know, are not yet available
in potato and therefore its set-up may result more laborious than
the approach here described. In the COSII-HRM analysis, the most
important step is the preliminary determination of genomic DNA
concentration. Nowadays, several techniques are available to obtain
very accurate estimations of double-stranded DNA (dsDNA) con-
centration, as UV and fluorescence spectrometry, able to detect also
“low molecular weight” dsDNA (~150bp PCR products). The only
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Figure 2. HRM curve of COSII9-4d HRM analysis. Normalized melting plots obtained with HRM analysis set up on chromosome IX. Samples are Solanum
commersonii (cmm1T), S. tuberosum cv. Blondy (tbr), 5 triploid hybrids, the reference DNA mix (cmm:tbr 2:1, 1:1 and 1:2) and the negative control (water). All
triploids show the same shape of the synthetic DNA mixture with a 2:1 cmm:tbr ratio.

Table 2. GCPs values of 5 triploids in all chromosomes

Hybrid Chromosome

I II 111 v \% VI VII VIII IX X XI XII
MCA1 91.3 94.0 99.2 91.4 <90 94.6 <90 92.5 <90 91.4 96.6 96.3
MCB1 96.6 95.5 93.2 <90 97.5 97.6 92.1 90.4 92.0 93.0 91.0 93.5
MCB3 95.9 91.8 95.1 94.0 99.5 90.6 95.9 92.6 94.5 93.2 96.9 97.7
MCB10 90.2 91.3 97.7 95.5 95.7 90.1 95.6 96.8 95.3 96.2 98.3 97.0
MCC1 98.0 96.4 <90 90.5 96.3 90.2 96.3 95.6 92.2 94.0 93.9 95.2

GCPs values obtained from HRM analysis of S triploids in all chromosomes using the synthetic triploid cmm:tbr 2:1 as reference.

manipulations required are DNA extraction and PCR reaction set-
up. The method is highly sensitive, robust and has the potential to be
widely applied to nonmodel species for marker development. Indeed,
having included the necessary references DNA mixes simulating the
chromosome dosages of interest, individuals showing matching
melting patterns can be considered to have the same dosage. This
method is promising especially for species with large numbers of
small chromosomes in which alternative methods of chromosome
dosage determination are more cumbersome.

Supplementary Material

Supplementary material can be found at http://www.jhered.oxford-
journals.org/
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