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Abstract Different molecular markers are routinely
used in studies of potato (Solanum tuberosum) and the
genus Solanum in general. Genome sequence dat-
abases provide potential to design new markers for
various applications. Here we present the application
of a recently developed core set of nuclear intron-
targeting (indel) markers. These markers are based on
the fact that in the plant genome introns are more
variable than exons; therefore primers flanking exons
can reveal polymorphisms related to introns. We
detected such variation among accessions of the eight
different species of black nightshades (Solanum sect.
Solanum). Members of this group are important
sources of food, mostly in Africa, while others are
poisonous weeds with near global distribution. The
tested 29 primers were designed previously for potato
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based on Solanaceae EST and other genomic dat-
abases and targeted 16 different genes. Our results
showed that Solanum intron-targeting markers are not
very polymorphic but identified considerable structure
among accessions indicating fairly high interspecies
differentiation. Further analyses showed that inbreed-
ing is unlikely to be the major driving force in
determining the genetic structure of the analyzed
species. All phylogenetic analyses resolved the spe-
cies included in our study as distinct clades with high
support values, but provided weak information about
their internal relationships. In summary, indel markers
would be useful for the assignment of new Solanum
germplasm to taxonomic groups or to identify certain
taxa. They could also be used to address important
question about genetic diversity and should yield
results comparable to other markers covering the
whole genome.

Keywords Cross-species amplification -
Expressed sequence tags - Gene-targeted
markers - Genetic data mining - Indels -
Marker transferability

Introduction
Molecular markers have numerous applications in
plant genetic research ranging from genetic variability

and diversity studies to the construction of linkage
maps, and tracking individuals or lines carrying
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particular genes. Nowadays they are routinely used in
breeding programs to identify genes with valuable
traits that could be introduced to crop gene pools
(Dwivedi et al. 2007). Besides basic PCR-based
techniques like random amplified polymorphic DNA
(RAPD), amplified fragment length polymorphism
(AFLP), and inter-sample sequence repeats (ISSR)
that are often termed collectively as arbitrarily ampli-
fied DNA markers (AADs) many new promising
alternative techniques have been developed in plant
genetics. This is largely due to rapid growth in
genomic research initiating a trend away from AADs
towards gene-targeted functional markers. Public
genomic databases offer an enormous potential for
the development of new markers in diverse plant
species (Holland et al. 2001). Gene-targeted func-
tional markers from the transcribed region of the
genome offer great potential for various applications
in plant genotyping as they reveal polymorphisms that
might be directly related to gene functions (De Keyser
et al. 2009). In contrast, AADs are generated from
non-coding regions or randomly over the genome, and
the loci obtained are generally far away from the genes
of the targeted sites (Hu et al. 2010). The recent
availability of the full plant genome sequences like
those of Arabidopsis thaliana (L.) Heynh. (Arabidop-
sis Genome Initiative 2000) and potato (Solanum
tuberosum L.; Potato Genome Sequencing Consor-
tium 2011) makes it possible to expand the search for
well-distributed markers targeting gene rich regions.
Solanaceae genomes have undergone relatively few
genome rearrangements and duplications (Mueller
et al. 2005) and thus gene markers could be easily
transferred from one species to another. The relative
conservatism of the gene structures of the solanaceous
plants makes it possible to utilize intron sequences as
molecular markers, although they may require addi-
tional work compared to other techniques.

The gene-regions including introns already used in
various phylogenetic analyses of the Solanaceae
include COSII, GBSSI and nitrate reductase genes.
Wu et al. (2006) developed almost 3000 primer pairs
for the conserved orthologous set (COSII) and used
these in a study of the euasterid clade of the
Asteraceae. The advantage of these markers is the
fact that they are found in multiple positions in the
nuclear genome, include various amounts of exons and
introns and thus allow use in phylogenetic analyses at
different taxonomic levels (Tepe and Bohs 2010).

@ Springer

These primers have now been successfully used in
numerous phylogenetic analyses of various groups of
Solanaceae as exemplified by Ames and Spooner
(2010), Cai et al. (2012), Rodriguez et al. (2009) and
Tepe and Bohs (2010). Spooner et al. (2008) used
GBSSI sequences in their study of potato polyploids.
In addition to GBSSI Levin et al. (2009) used nitrate
reductase gene in their analysis of American species of
tribe Lycieae and Rodriguez and Spooner (2009) in
their study of the polyploidy species of the section
Petota Dumort.

Recently we have developed a core set of intron-
targeting (IT) primers in potato for genetic studies
(Poczai et al. 2010). This method is based on the
observation that introns are more polymorphic than
exons, thus primers designed to anneal in conserved
exon junctions could reveal length polymorphisms
possessed by the introns. In addition, due to the high
level of sequence conservation in exon sequences it is
possible to design cross-species exon flanking primers,
which are capable to reveal variation in closely related
Solanum L. species like black nightshades. Beside
major crops species, e.g., potato (S. tuberosum),
tomato (S. lycopersicum L.) or eggplant (S. melongena
L.) there are many minor food plants in the genus like
species of section Solanum L. or black nightshades.
Members of this group that belong to the Morelloid
clade (Weese and Bohs 2007) serve as emerging food
sources in Africa, but some varieties are cultivated
elsewhere. In Europe they carry a negative stigma due
to their similarity to S. nigrum L., a poisonous weed
commonly found across the continent. Large number
of traditional landraces and varieties exist in regions
where they are utilized as food and/or medical plants
(Edmonds and Chweya 1997). In addition to many
local uses in Africa the species of sect. Solanum are
potentially globally important for agriculture, human
health, plant breeding and biotechnology. The leaves
and berries are a potential source of coloring plant
extracts, inks and dyes (Lehmann et al. 2007) and they
are rich in proteins, fibers, vitamins and amino acids
(Schippers 2000). The value of black nightshades as a
genetic resource for Solanum breeding may also be
considered since many species are resistant to late
blight—economically one of the most important
diseases of solanaceous plants—caused by an oomy-
cete Phytophthora infestans (Mont.) de Bary (Lebecka
2008). Resistance genes from S. nigrum have been
successfully transferred to potato (Colon et al. 1993;
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Eijlander et al. 1994; Horsman et al. 1997) but the
species has not proved to be a useful source for
traditional breeding. However, there is growing inter-
est to search for alternative sources of R genes in
European Solanum species for example in S. dulca-
mara L. (Poczai et al. 2011; D’ Agostino et al. 2013) of
the Dulcamaroid group, the sister of the Morelloid
clade. From this species two new resistance loci to late
blight, Rpi-dic1 and Rpi-dlc2, have been reported from
chromosome 9 and 10 (Golas et al. 2010, 2013). Such
European species may represent a promising new pool
of possible R genes alternative to currently used
American sources.

Section Solanum often called as the S. nigrum
complex is one of the largest and most variable species
group of the genus (Edmonds and Chweya 1997) and
this is the reason why we chose these plants to
demonstrate the utility of intron-targeting (IT) in
genetic diversity assessment. We aim to investigate
the efficiency and transferability of IT by cross-
species amplification of a core primer set developed
for potato in chosen accessions of black nightshades.
Although, sect. Solanum is under intensive taxonomic
studies we concentrate here to overview the advanta-
ges and drawbacks of the IT method rather than
revising the systematics and species relationships of
the section.

Materials and methods
Plant material, in vitro culture and DNA extraction

A total of 61 accessions of black nightshades related to
S. nigrum (Fig. 1) of diploid (S. americanum Mill.,
S. physalifolium Rusby, S. chenopodioides Lam.),
tetraploid (S. retroflexum Dunal, S. villosum Mill.) and
hexaploid (S. nigrum, S. opacum A. Br. et Bouché,
S. scabrum Mill.) taxa were used in this study
(Table 1). The Hungarian potato cultivar white lady
was used as the reference genotype and as the outgroup
together with a bittersweet accession (S. dulcamara).
Plants were grown in vitro to obtain fresh tissues for
DNA extractions. Seeds were surface-sterilized by a
brief ethanol (70 %) immersion followed by surface-
sterilization treatments with a 7 % (v/v) aqueous
solution of sodium hypochlorite for 15 min and four
washes with sterile distilled water. The sterilization
step was repeated with aqueous H,O, (20 % v/v) and

HgCl, (1 % m/v) solutions followed by four washing
steps. Finally, seeds were placed on 30 ml solid MS
(Murashige and Skoog 1962) medium supplemented
with Murashige-Skoog vitamins, 0.8 % agar and 3 %
sucrose, with 5-6 seeds per vessel. Cultures were
grown at 23 £ 2 °C, with a day length of 16 h and a
light intensity of 106 pmol s~'. Adult plants were
further maintained in a growth chamber under optimal
physiological conditions for Solanum: 25 °C day
(11 h) and 15 °C night (13 h), 455 pmol m~2 s~!
illumination intensity, and irrigated as required. DNA
was isolated from 50 mg leaves using the technique of
Walbot and Warren (1988).

Intron-targeting (IT) amplifications

PCR reactions targeting 29 nuclear intron loci (Poczai
et al. 2010; Table 2) were performed in 10 pl volumes
containing: 5 pl Nuclease Free Water, ca. 20 ng
template DNA, 0.5 pM of each primer, 0.2 mM dNTP
(Fermentas, Lithuania), 1 pl 10 x PCR buffer (1 mM
Tris—HCI, pH 8.8 at 25 °C, 1.5 mM MgCl,, 50 mM
KCland 0.1 % Triton X-100) and 0.5 U of DyNazyme
IT (Finnzymes, Finland) polymerase. All reactions
were performed with the following settings with a
MasterCycler ep96 (Eppendorf, Germany): 2 min at
94 °C for initial denaturation, 35 cycles of 30 s
denaturation at 94 °C, 1 min annealing at optimal
temperature, and 2 min extension at 72 °C, followed
by a final extension for 5 min at 72 °C. Amplification
products were separated on a 1.5 % agarose gel (GE
Healthcare, UK) in 0.5 x TBE buffer (220 V, 0.5 h)
and stained with ethidium-bromide. Each amplifica-
tion contained one negative and one positive control,
to check the reliability of the primers and the patterns
produced. In many cases where the polymorphisms
manifested as small size difference, the PCR products
were separated on 2.5 % Metaphor agarose gels
(Cambrex, East Rutherford, NJ).

Genetic diversity analysis

Resulting banding patterns were scored as binary
characters and used for further analyses. Genetic
variability and genetic differentiation for each species
was assessed by calculating the number of polymor-
phic bands (PB) and the percentage of polymorphic
bands (PP) for the IT data set. A locus was considered
polymorphic when the band was present at a frequency

@ Springer
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Fig. 1 A In vitro culture of S. physalifolium. The approxi-
mately equal length and width of the petals is apparent, with the
distinct brown—yellow basal star. B Deep purple and broadly
ovoid berries (15-17 mm) of S. scabrum with opaque cuticles;
C the globose black berries of S. americanum with shiny opaque

between 5 and 95 %. Further matrices such as the
observed number of alleles (n,) and the effective
number of alleles (n.) were also calculated according
to Kimura and Crow (1964) for each species. The
lower bound for the actual number of alleles in the
each species was defined as the effective number of
alleles (n.), which is equivalent to the inverse of the
homozygosity. Shannon’s information index (/) of
phenotypic diversity (Lewontin 1972) was also cal-
culated from the data set together with expected
heterozygosity (Hg) or Nei’s gene diversity (Nei
1973). The latter was calculated from allele frequen-
cies based on the square root of the frequency of the
null (recessive) allele. All calculations were done
within all analyzed species and among all taxa
representing an overall statistic measure with the
program POPGENE v1.32 (Yeh et al. 1997).

@ Springer

cuticles. The sepals are reflexed away from the mature berries
found on ca. 14 mm long erect and splayed pedicels; D simple
umbellate 6-flowered cyme of S. americanum. Corollas have a
yellow—green translucent basal star, while the styles are usually
exserted beyond the anther cone ca. 2.5 mm

Bayesian estimates of genetic diversity

We obtained genetic diversity estimates by using a
Bayesian approach developed by Holsinger (1999)
and implemented in the program HICKORY v.1.0.4
(Holsinger and Lewis 2003). This method does not
require the assumption of Hardy—Weinberg equilib-
rium (HWE) for the genotypes and it takes full
advantage of the information provided by molecular
markers. The posteriori distribution of 0® (analogous
to Wright’s F) was approximated through a Markov
Chain Monte Carlo (MCMC) simulations using
default parameters (burn-in = 5,000; sample =
25,000; thin = 5). We also attempted to estimate the
panmictic heterozygosity, or total heterozygosity
(Ht), based on mean allele frequencies and the
average panmictic heterozygosity (Hs). The Bayesian
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Table 1 Information about black nightshade accessions (Solanum section Solanum) used for intron-targeting analysis

Nr. Accession number Accession code Taxon Received Origin Voucher”
Ingroup
1 HUGEO009022 Ame01 S. americanum G Australia UPGO0001
2 HUGEO009020 Ame02 S. americanum G Hungary UPG0002
3 HUGEO009023 Ame03 S. americanum G Australia UPGO0003
4 904750023 Ame04 S. americanum N Unknown JM Edmonds
5 HUGEO009024 Ame05 S. americanum G Australia UPGO0005
6 954750174 Ame(06 S. americanum N Unknown JM Edmonds
7 954750178 Ame(07 S. americanum N Unknown P Poczai
8 954750184 Ame08 S. americanum N Unknown P Poczai
9 HUGEO09021 Ame09 S. americanum G Hungary UPG0006
10 884750042 Che01 S. chenopodioides N Switzerland UPGO0007
11 HUGEO009025 Che02 S. chenopodioides G France UPGO0008
12 UHBG211-1470 Che03 S. chenopodioides H Germany UPG0009
13 HUGEO09005 Che04 S. chenopodioides G Hungary UPGO0010
14 HUGEO09026 Che05 S. chenopodioides G Romania UPGO0011
15 HUGEO09027 Che06 S. chenopodioides G Hungary UPGO0012
16 954750185 Che07 S. chenopodioides N Australia DE Symon
17 A14750051 Che08 S. chenopodioides N Australia DE Symon
18 904750124 Che09 S. chenopodioides N Australia DE Symon
19 HUGEO06004 Nig01 S. nigrum® G Hungary UPGO0013
20 HUGEO06005 Nig02 S. nigrum® G Hungary UPGO0014
21 HUGEO06006 Nig03 S. nigrum® G Hungary UPGO0015
22 HUGEO009028 Nig04 S. nigrum® G Croatia UPG0016
23 HUGEO09029 Nig05 S. nigrum® G Romania UPG0017
24 HUGEO09030 Nig06 S. nigrum® G Italy UPGO0018
25 824750016 Nig07 S. nigrum® N Italy GM van der Weerden
26 824750029 Nig08 S. nigrum” N Germany P Poczai
27 834750011 Nig09 S. nigrumb N Netherlands P Poczai
28 884750070 Nigl0 S. nigrum® N Belgium P Poczai
29 884750223 Opa01 S. opacum N Unknown UPGO0019
30 HUGEO09015 Opa02 S. opacum G Australia UPG0020
31 HUGEO09016 Opa03 S. opacum G Australia UPG0021
32 HUGEO09017 Opa04 S. opacum G Australia UPG0022
33 HUGEO09018 Opa05 S. opacum G Australia UPG0023
34 HUGEO09019 Opa06 S. opacum G Australia UPG0024
35 894750076 PhyO1 S. physalifolium N Germany UPG0025
36 HUGEO09010 Phy02 S. physalifolium G Hungary UPG0026
37 HUGEO09011 Phy03 S. physalifolium G Hungary UPG0027
38 HUGEO09012 Phy04 S. physalifolium G Romania UPG0028
39 HUGEO09013 Phy05 S. physalifolium G Romania UPG0029
40 HUGEO09014 Phy06 S. physalifolium G Slovakia UPGO0030
41 P163475502SD Ret01 S. retroflexum 6] USA UPGO0031
42 HUGEO09006 Ret02 S. retroflexum G USA UPG0032
43 HUGEO09007 Ret03 S. retroflexum G Australia UPGO0033
44 HUGEO09009 Ret04 S. retroflexum G South Africa UPG0034
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Table 1 continued

Nr. Accession number Accession code Taxon Received Origin Voucher®
45 904750228 Ret05 S. retroflexum N Australia UPGO0035
46 HUGEO09008 Ret06 S. retroflexum G Australia UPG0036
47 824750011 Sca0l S. scabrum N Unkonwn UPGO0037
48 Grif1419801SD Sca02 S. scabrum U USA UPGO0038
49 HUGEO09004 Sca03 S. scabrum G Uganda UPGO0039
50 UHBG211-1465 Sca04 S. scabrum H Germany UPG0040
51 HUGEO009002 Sca05 S. scabrum G South Africa UPG0041
52 HUGEO09003 Sca06 S. scabrum G South Africa UPG0042
53 HUGEO09031 Vilo1l S. villosum® G Hungary UPG0043
54 HUGEO09032 Vil02 S. villosum G Romania UPG0044
55 HUGEO09033 Vil03 S. villosum® G Hungary UPG0045
56 804750186 Vil0o4 S. villosum® N Unknown UPG0046
57 HUGEO009034 Vil05 S. villosum® G Unknown UPGO0047
58 HUGEO09035 Vilo6 S. villosum® G Unknown UPGO0048
59 814750090 Vil07 S. villosum® N France MLK Manoko
60 954750158 Vil08 S. villosum® N Unknown P Poczai
61 954750176 Vilo9 S. villosum® N Unknown P Poczai
Outgroup
62 S001/2009 Dul0O1 S. dulcamara Hungary UPG0049
63 White Lady WLI S. tuberosum C Hungary I Cernédk

C Potato Research Centre, University of Pannonia

G Georgikon Botanical Garden, University of Pannonia, Keszthely, Hungary

H Botanical Garden of the University of Hohenheim, Stuttgart, Germany

N Botanical and Experimental Garden of the Radboud University Nijmegen, The Netherlands

U National Plant Germplasm System (NPGS), Plant Genetic Resources Conservation Unit, Griffin, Georgia, United States

V Botanical Gardens, Institute of Ecology and Botany, Hungarian Academy of Sciences, Vacratot, Hungary

# University of Pannonia, Georgikon Faculty Voucher System of the Dept. of Plant Science and Biotechnology

Interspecific taxon marks:
® subsp. shultesii

¢ subsp. nigrum
d subsp. villosum

¢ subsp. miniatum

estimates of genetic diversity were calculated using
four models: (1) Full model (with non-informative
priors for f and 0%, 2) f=0 (assuming no
inbreeding); (3) 0® = 0 (assuming no population
structure); (4) f free (allowing the incorporation of
uncertainty about f into the analysis). The model
choice was based on the deviance information
criterion (DIC), which combines a measure of model
fit (Dbar) with the measure of model complexity

(D).
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Selection of a subset of intron-targeting markers
for quick genotyping

We calculated a number of parameters to select a small
number of markers (core set) that can effectively
differentiate the analyzed accessions. We calculated
the polymorphism information content (PIC) accord-
ing to Botstein et al. (1980) and the heterozygosity
level (H; Liu 1998) for each primer using PICcalc
(Nagy et al. 2012). To further assess the capacity of a



Genet Resour Crop Evol (2014) 61:247-266

253

Table 2 Details of intron-targeting markers used in this study

Primer Primer sequence (5'-3') Size T, Putative function No. of bands and
size ranges

Adk-242 F: TGCTTTTAAAGTCGCACCA 242 55 Adenylate kinase gene 4 (112-242)
R: TTATATCCGGAGCATGTCCAC

Adk-795 F: GCATGGTTCTTTCCTTCCTG 795 54 Adenylate kinase gene 4 (385-805)
R: TGGGCCAGGAATTTTGCTATC

Cat-232 F: AGGAGGCGGATCTAGCCTTA 232 55 Potato catalase gene 2 (210-232)
R: TGTCAAGAAAGGGGTGTCGT

Cat-260 F: TGACAACAAATGCTGGTGGT 260 53 Potato catalase gene 3 (260-310)
R: AAGGTGGCAAGCTTCTCAAT

GPSS-275 F: CTTTTGATGGGGGCAGATTA 275 53 ADP-glucose pyrophosphorylase 3 (125-275)
R: CAGCTTCCTGTCAGCATCAG small-subunit gene

GPSS-943 F: TCATTGGTGAAGGTTGTGTGA 943 53 ADP-glucose pyrophosphorylase 7 (150-1043)
R. ACCACGGAATGGTGAATCTT small-subunit gene

INHWI-509 F: TGAAACTCTCTTGGCACGAA 509 54 Wound-inducible proteinase 4 (205-509)
R: TTCTGGCCACCTTTGTTTTC inhibitor I gene

INHWI-545 F: TCAAGTTTGCTCACATCTTGT 545 54 Wound-inducible proteinase 4 (425-685)
R: TCGTGCCAAGAGAGTTTCAA inhibitor I gene

InvG-220 F: ACAGGAATCACACCTGCACA 220 54 Invertase gene 3 (150-280)
R: TCTGCACCCTTAAGTCCACA

InvG-262 F: TTCTCATGTGCTCAGATGCT 262 53 Invertase gene 3 (182-262)
R: GAGGGCTTGTACATTGACTTCA

InvG-393 F: TGGTTACCATTTTCAGCCAGA 393 55 Invertase gene 3 (320-393)
R: CCATTGAAATACATTGGTGCTG

LBr-G9 F: TGGATCTGAAGATGGCACTG 652 55 Transducin family protein 3 (652-1100)
R: TTGCTCTCAAATCCCACACA

LBr-4D6 F: GAGTATTCATTCGGGCTTGG 196 54 Plastidic ATP/ADP-transporter 4 (196-597)
R: CTCTACCGACCCGTAGCAAG protein

Patl-433 F: TCAAGCTCGTCATTCACAAAA 433 54 Potato patatin class 1. gene 3 (285-510)
R: TCAGACGCATCATCCATTTC

Patl-838 F: CGAACATGGCCCTCATATTT 838 53 Potato patatin class I. gene 5 (145-938)
R: TGCACACGAGTTTCTCCAAG

Pat-In3 F: CAGAAAGTTGCCATCTCAAGC 581 53 Potato patatin gene Intron 3 4 (220-595)
R: GCTGCTGCTGTGGAATAACA

Ponila-718 F: GGTGGTGGTGGTAGCTCAGT 718 55 Potato membrane protein 3 (718-850)
R: CCCARRGGCATTAACACTCC

Ponila-442 F: TTTGCCTCGGAACTCTTCAG 442 54 Potato membrane protein 3 (296-510)
R: GCCTCAGAAGCAAAGCAAAT

Ry1-In3 F: AATGCAGAAGGTGCAACGAT 199 54 Ryl resistance gene-like function 2 (199-450)
R: TGGGCGAAATTTCATTAACA protein intron 3

Ryl-In4 F: TCGAAAAATTCTCAAATGCAAA 477 55 Ryl resistance gene-like function 6 (125-590)
R: GATTGCTTCGATAGCCTTGG protein intron 4

Ryl-In5 F: CCAGCAGAGTTCACTGTTTCA 481 54 Ryl resistance gene-like function 2 (481-501)
R: GTTGCACAGCTGCTGAGAT protein intron 5

Ry1-In6 F: GCTCTCGTCTCCACTTCTGC 741 56 Ryl resistance gene-like function 7 (110-751)
R: AACTCCTCAGCAACTGCACA protein intron 5

S2-317 F: CGGCCAGTTACAATTCTGC 202 55 Self-incompatibility locus linked 6 (202-455)
R: AATCCAGTGGTGGTCCAGAG stylar Rnase gene

STAC1-226  F: GTCTTCCCGCTTTCAAAGAT 226 53 1-Aminocyclo- propane-1- 5 (135-295)

R: TCAGCAAGGCAAAACATGAG

carboxylate synthase gene
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Table 2 continued

Primer Primer sequence (5'-3') Size T, Putative function No. of bands and
size ranges

Sucl6-321 F: TCACCGCAATGAGATACTGC 321 54 Sucrose synthase gene 4 (270-385)
R: TATCCCTTTTCCGTGGCTTT

Suc16-349 F: TGACGTTGAGAATGACGAACA 349 55 Sucrose synthase gene 4 (275-605)
R: CCAACCTTGCCATTGTGAAT

UBQ-627 F: TCTCAATTGCCTTCAATTTCTC 627 53 Polyubiquitin gene 6 (520-715)
R: TCCGGTGAGAGTTTTCACAA

Ure-242 F: TGCTTTTAAAGGTCGCACCA 242 56 Ure gene for Urease 4 (242-257)
R: TTATATCCGGAGCATGTCCAC

Ure-271 F: GAGCAGCCACGAGATTTGA 271 55 Ure gene for Urease 4 (271-451)

R: CACAAATCAATGCCCAAGC

In the table forward and reverse primer sequences are shown with the applied annealing temperatures (7,,), size of the expected band
in potato (Solanum tuberosum) and its predicted putative function together with the number of scored bands and their size
range.Polymorphism information content (PIC) is calculated for each primer across all samples

given primer to distinguish among various genotypes
we also calculated the resolving power (Rp) described
by Prevost and Wilkinson (1999). The PIC and H
values were used to determine the information of a
primer to detect polymorphism within the analyzed
accessions, while Rp was used as a quantification tool
to assess the probability that two randomly chosen
individuals have different patterns.

Phylogenetic analyses
Parsimony analysis

We performed phylogenetic analyses with parsimony
as an optimality criterion using the program Nona
(Goloboff 1994) within a winclada (Nixon 2002) shell.
We performed six separate analyses (using processor
time as a seed to randomize the order of the terminals)
with the following settings: hold 100 (holding defined
number of trees), 50 replications (search performed
with multiple tree-bisection-reconnection algorithm
mult*max*), hold/1 (keeping 1 starting tree for each
replication). In addition, we performed also larger
analyses by holding up to 3,000, 30,000 and 300,000
trees (hold 3,000, 30,000 and 300,000), 100, 1,000 and
10,000 replications respectively, and keeping 20 or 30
starting trees for each replication (hold/20 or 30). In
addition we performed analyses using also parsimony
ratchet (Nixon 1999) in two additional analyses with
the following settings: 1000 replicates, two trees hold
per iteration, 23 characters (ca. 20 %) reweighted, and
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with amb-poly = (default setting of Nona: if any of
the reconstructed states are shared between ancestor
and descendant node, the branch is collapsed).
Another ratchet analysis was performed with the same
settings but with an increased number of trees held per
iteration (hold/10), and with 35 characters (ca. 30 %)
reweighted. Jackknife (Farris et al. 1996) support
values were calculated using 1,000 replications, with
10 search replications (multi*10) and with 1 starting
tree per replication (hold/1).

Bayesian analysis

Bayesian analysis was performed with MrBayes v3.2
(Huelsenbeck and Ronquist 2001) applying the binary
model with gamma-shaped distribution of across-site
rate variation (Iset rates = gamma). Posterior proba-
bility (PP) distributions were created using the
Metropolis-coupled Markov chain Monte Carlo
(MC)3 method. The binary (restriction) site model
implemented in MrBayes employs a simple F81-like
model that offers a number of options to correct for
coding bias. We used the option variable (Isef
coding = variable) that may closely fit the intron-
targeting (IT) dataset. The detection of indels revealed
by IT is typically depending on the detection of some
sequence length variation in the targeted site. There-
fore, neither all the absence (0) nor all the presence (1)
characters can be observed. The character frequencies
T and m; in the binary model would represent the rate
at which insertions and deletions occur. We attempted
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Intron-targeting (IT) method
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Fig. 2 a Outline of intron-targeting (IT) markers with primers
flanking the 5" and 3’ splice site of the exons. b Schematic
representation of IT markers designed from ESTs. ESTs are
compared with known genes from genome databases to find
putative exon and intron sequences. After locating the precise

positions of the introns, the aligned sequences of the flanking
exons are used for primer deign. Colored boxes indicate exons,
while (dashed) lines introns; arrows attached to the colored
boxes indicate the primers

Table 3 Genetic diversity statistics calculated under Hardy—Weinberg equilibrium for black nightshade (sect. Solanum) accessions

based on intron-targeting (IT) markers

Species N PB PP (%) n, n, 1 Hg

S. americanum 9 24 20.87 1.21 (0.41) 1.11 (0.25) 0.10 (0.21) 0.06 (0.14)
S. chenopodioides 9 37 32.17 1.32 (0.46) 1.17 (0.30) 0.15 (0.25) 0.10 (0.17)
S. nigrum 10 32 27.83 1.28 (0.45) 1.13 (0.27) 0.13 (0.22) 0.08 (0.15)
S. opacum 6 30 26.09 1.27 (0.44) 1.13 (0.27) 0.12 (0.22) 0.07 (0.15)
S. physalifolium 6 20 17.39 1.17 (0.38) 1.11 (0.25) 0.09 (0.22) 0.06 (0.15)
S. retroflexum 6 12 1043 1.10 (0.30) 1.07 (0.21) 0.06 (0.19) 0.04 (0.12)
S. scabrum 6 34 29.57 1.30 (0.45) 0.16 (0.30) 0.14 (0.24) 0.09 (0.16)
S. villosum 9 31 26.96 1.26 (0.44) 0.14 (0.30) 0.12 (0.23) 0.08 (0.16)
Total 61 105 91.3 1.91 (0.28) 0.36 (0.30) 0.37 (0.20) 0.24 (0.15)

Standard deviations (SD) are indicated in parentheses

ID sample identification code used in the study, N number of samples taken from the species, PB the number of polymorphic bands,
PP (%) the percentage of polymorphism, n, the observed number of alleles, n, the effective number of alleles, / Shannon’s
information index of phenotypic diversity, Hg expected heterozygosity or Nei’s gene diversity

to sample all trees that have a reasonable probability
given the assembled datasets. For this reason we kept
all sequences in the alignments even if they had
identical sequences. This was based on population
genetic reasons not to mislead the BI assuming a larger
population. Analyses were initiated with four runs and
eight chains (2 x 10° generations each) sampling
every 1,000th generation. Simulations were run until it
was necessary to reach stationarity assessed from the
average standard deviation of split frequencies <0.01.

MC? convergence was explored by examining the
Potential Scale Reduction Factor (PSRF) for all
parameters in the model and plots of log-likelihoods
over time together with other plots for all parameters
allowed by Tracer v1.4 (Rambaut and Drummond
2007). Additional tests of convergence were con-
ducted with the online program AWTY (Nylander
et al. 2008) using the ‘cumulative’ and ‘compare’
functions. The states of the chains sampled before
stationarity (split freq> 0.01) were discarded as burn-
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Table 4 DIC statistics for intron-targeting data of black
nightshade accessions under four models

Model Dbar Dhat pD DIC

Full 930.65 684.725 245.93 1176.59
f=0 924.79 650.87 273913 1198.70
=0 5174.77 5076.65 98.12 5272.89
f free 957.22 704.692 252.52 1209.75

DIC is the Deviance Information Criterion is similar to
Akaike’s Information criterion and shows how a particular
model fits to the dataset. Dbar, is the posterior mean of the
deviance; Dhat, is the deviance at the posterior mean of the
parameters and pD, is the effective number of parameters. (See
text for further explanation)

in (25 %). Trees from BI analyses were summarized as
majority-rule consensus trees and edited with Tree-
Graph?2 (Stover and Miiller 2010).

Maximum likelihood analysis

Phylogenetic analyses were performed with RAXML
7.2.6 (Stamatakis 2006) using maximum likelihood
(ML) as optimality criteria via raxmlGUI 0.93 (Silv-
estro and Michalak 2012). An ML + thorough boot-
strap (—b) search was performed with 1,000 replicates
and 100 runs using a BINGAMMA evolutionary
model implemented for binary data. Bootstrap support
values were drawn on the most likely (—f b) majority
rule consensus tree. Throughout this paper, 70-84 %
bootstrap support is considered moderate and
85-100 % as strong support.

Results

Intron-targeting amplifications and genetic
diversity

Insertion-deletion derived markers are considered to
reveal polymorphism in genetic studies. Despite of the
increasing molecular studies aiming to reveal the
genetic diversity and phylogeny of sect. Solanum only
few attempts have been made to analyze the value of
nuclear indels as genetic markers in this section. In our
study we revealed indel polymorphism in eight species
of black nightshades (sect. Solanum) with primers
previously designed based on Solanaceae EST and
genomic databases. These primers were designed to
amplify fragments of 110-1,100 bp flanking the
intron—exon splice sites (Fig. 2) of 16 genes and size
variation of the amplicons was detected by simple
agarose gel electrophoresis on samples of 61 acces-
sions of a core germplasm collection. One hundred and
five loci (91.3 %) were polymorphic among the total
accessions. The number of polymorphic bands (PB)
varied between 12 and 37 with the lowest value
(10.43 %) detected in S. retroflexum and the highest
(32.17 %) in S. chenopodioides. Population genetic
parameters, namely, the observed number of alleles,
number of effective alleles, Shannon’s information
index, and expected heterozygosity are shown in
Table 3. All of these calculated indices of genetic
diversity confirm that variability was low within
populations, but the species were well differentiated.

Table 5 Genetic diversity statistics from Bayesian inference not requiring Hardy—Weinberg proportions based on the f = 0 model

Species Hy Hg 08
Mean SD CI Mean SD CI Mean SD CI

Solanum americanum 0.3469  0.0196 0.3088, 0.3855 0.1116 0.0088 0.0950, 0.1299 0.0931 0.0664 0.0028, 0.2378
S. chenopodioides 0.3334 0.0161 0.3010, 0.3654 0.1473 0.0095 0.1289, 0.1658 0.1107 0.0729 0.0038, 0.2562
S. nigrum 0.3180 0.0165 0.2857,0.3511 0.1177 0.0081 0.1020, 0.1338 0.1198 0.0847 0.0034, 0.2851
S. opacum 0.3340 0.0220 0.2912, 0.3775 0.1399 0.0109 0.1186, 0.1616 0.0642 0.0480 0.0020, 0.1769
S. physalifolium 0.3897 0.0268 0.3367, 0.4402 0.1235 0.0101 0.1036, 0.1430 0.0160 0.0166 0.0003, 0.0609
S. retroflexum 0.4087 0.0307 0.3440, 0.4624 0.1057 0.0103 0.0852, 0.1264 0.0269 0.0292 0.0005, 0.1080
S. scabrum 0.3534 0.0208 0.3121, 0.3943 0.1392 0.0094 0.1214, 0.1582 0.0436 0.0345 0.0015, 0.1303
S. villosum 0.3234 0.0169 0.2905, 0.3570 0.1221 0.0084 0.1220, 0.1390 0.0871 0.0576 0.0043, 0.2134
Total 0.3077 0.0032 0.3012, 0.3140 0.1259 0.0042 0.1257, 0.1344 0.6065 0.0204 0.5654, 0.6466

Posterior means, standard deviation (SD), and upper and lower bounds of 97.5 % credible intervals (CI) of panmictic or total
heterozygosity based on mean allele frequencies (Hy), average panmictic heterozygosity (Hs), and fixation index (0%), respectively.
Values are shown in four decimal formats because of the observed small differences in some cases
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Dulo1 Solanum dulcamara
Tubo1 Solanum tuberosum

Sca03

Solanum scabrum

Opa01
Opa02
Opa03  solanum opacum
Opa04
99 Opa05
Opa06
Phy02
Phy01
Phy04
Phy03
Phy05
Phy06
Ret06
Ret04
Ret05

Solanum physalifolium

Solanum retroflexum

Solanum americanum

Solanum villosum

Solanum chenopodioides

Solanum nigrum

Nig09
Nig10

Fig. 3 The resulting strict consensus tree of the parsimony
analysis. Numbers below branches represent jackknife support
values

Within the species effective number of alleles (n.)
varied between 0.14 and 1.17, while the observed
number of alleles (n,) ranged between 1.10 and 1.32.
The values of Shannon’s information index (/) were
similar to expected heterozygosity values, ranging
from 0.06 to 0.15, while expected heterozygosity (Hg)
averaged across all species ranged from 0.04 to 0.10
with an average value of 0.24.

The Bayesian analysis carried out with HICKORY
showed that inbreeding is unlikely to be the major
driving force in determining the genetic structure of
the analyzed accessions. All inferences strongly
rejected the 0 = 0 model, confirming that there is
considerable structure in the dataset, indicating that
the analyzed species are well differentiated. The cross-
species amplification of IT markers was successful in
terms of species identification. The DIC parameter
was lowest in the Full model (1176.59) than in case of
others f free (difference in DIC value = 33.16) or
f = 0 (difference in DIC value = 22.11). The result-
ing DIC values indicated that the best model that fits
our dataset is the Full model. Comparing other
components of the DIC statistics led us to conclude
that a simpler model with f = 0 should be preferred.
As DIC = Dbar + pD and it combines the goodness-
of-fit with the model complexity where pD = Dbar—
Dhat. Dbar is —2 times the mean posterior likelihood
and gives a measure how well the model fits to the
data. The model with the lowest Dbar is that which
best fits the data, this holds for the f = 0 model
(inbreeding equals zero). The Dhat value, which is—2
times the log likelihood evaluated at the posterior
mean, and gives a measure about how well the best
point estimate fits the data was also the lowest for
f = 0. This suggested caution with the Full model as
the lowest DIC was entirely due to the smaller number
parameters estimated (pD). As indicated by Dbar and
Dhat values f= 0 fitted our dataset better (see
Table 4) and was used in our estimations instead of
the Full model that had the best DIC score. For the
results derived from the f= 0 run with default
settings, illustrating the accurate and precise estimates
of 0® see Electronic Supplementary Material 1. The
lower panel shows that the sampler thoroughly
explored the relevant parts of parameter space.

The Bayesian estimate of fixation index (HB) was
slightly higher compared to heterozygosity calcula-
tions assuming Hardy—Weinberg proportions, ranging
from 0.016 to 0.1198 with an total value of 0.6065
calculated across all samples (Table 5). The estimate
of total heterozygosity (Hy) with the Bayesian
approach (not assuming Hardy—Weinberg propor-
tions) returned similar posterior distributions for all
species ranging from 0.3180 to 0.4087 with an a value
of 0.3077 across all accessions. These estimates for
each species are much higher than those obtained
under Hardy—Weinberg equilibrium, while the
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Fig. 4 The best scoring
(InL = —1626.62)
maximum likelihood (ML)
majority rule consensus tree
for the analyzed black
nightshade (sect. Solanum)
accessions and outgroup
taxa obtained from ITs.
Numbers above branches are
bootstrap values from 1,000
replicates. Images of
representative flowers and
berries of the analyzed
species are shown

@ Springer

87

——
Nig10

50 Ret01

5 S. retroflexum




091 — Ame01

097 Ame09

ot Ame05
Ame02

Ame03
AmeQ7
Ame08

0.99 0.88

Ure-271 079 076 040 28

NSB number of synapomorphic bands, H heterozygosity, PIC
polymorphism information content, Rp resolving power

Phylogenetic analyses

Comparison of the results of the parsimony analyses

Genet Resour Crop Evol (2014) 61:247-266 259
068 Che01 Table 6 Characteristics of intron-targeting markers
097 — Che03
05 g:sg; Primer NSB H PIC Rp Order of Rp
Che06
woo| oo [osr — cheo? Adk-242 1 082 079 099 16
Che08 Adk-795 1 086 084 057 20
Che09
Cheo4 Cat-232 1 068 062 176 5
07 —Phy01
EEPWO " Cat-260 1 080 078 149 11
Phyo2 GPSS-275 0 087 086 173 6
Phy03
"Ephy% GPSS-943 1 092 091 332
R0t INHWI-509 1 085 083 189 4
e
2% | Reto2 INHWI-545 4 080 077 127 12
Ret03 InvG-220 2 071 066 027 29
081 — Ret04
0% L Ret05 InvG-262 0 075 071 057 21
o oomt G393 1 080 077 122 13
05 —Opa02 LBr-G9 3 073 068 048 24
1 Opa06
Opa03 LBr-4D6 1 082 080 085 18
Opad4 Patl-433 0 079 077 121 14
Opa05
0.52 Sca01 PatI-838 0 0.87 0.85 1.51 10
oo TS Pat-In3 3 081 079 054 22
' Scas Ponila-718 2 074 070 045 26
cal
; L Sca03 Ponila-442 1 073 069 044 27
e I—Es vios Ry1-In3 3 062 054 119 15
Vilo5 Ryl-In4 1 0.88 0.87 046 25
e [ o viog Ryl-In5 2 069 064 206 3
099 vilos Ry1-In6 3 092 091 1.69
0.85 — Vil07
: $2-317 2 086 085 062 19
— STACI1-226 2 087 083 08 17
, i Suc16-321 0 085 086 168 9
=T Suc16-349 1 0.85 083 283
% —Ni UBQ-627 2 090 089 1.69
. oI : Ure-242 4 080 077 053 23
: 4

0.99 Ame04

[ Ame06
S. dulcamara N
S. tuberosum ]

L |
0 0.3

Fig. 5 Bayesian majority rule (50 %) consensus tree (left) and
phylogram (right) from the analysis of IT dataset with MrBayes
v3.2. Numbers above branches are posterior probabilities (PP)

Bayesian estimates among the whole population
matched those obtained under the above mentioned
criteria.

(Fig. 3) reveals that already the first analysis with only
100 repetitions found 100 equally parsimonious trees
(EPTs) with the length of 435 steps, CI (Kluge and
Farris 1969) 0.25 and RI (Farris 1989) 0.78. The
consensus of the 100 optimal trees found in this
analysis, as compared with the consensus of the trees
of all analyses, differs only in the presence of one basal
clade within Solanum nigrum. As noted by Farris et al.
(1996) it is not necessary to find all parsimonious
trees. The tree “space” can be considered to be
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sufficiently sampled if no change in the consensus tree
can be detected. In our case already the second
analysis with 1,000 repetitions and 353 EPTs resulted
in a consensus that was identical with the consensus
based on the trees of all analyses.

The most likely tree (Fig. 4) of the maximum
likelihood (ML) analysis reached a log likelihood
score—1,626.62. This tree was consistent with the tree
obtained with parsimony and Bayesian analyses. The
results of the four BI runs conducted with MrBayes
were highly congruent with each other. PSRF values
averaged 1.0000-1.0001 strongly suggesting that
stationarity had been reached. The comparison of the
topologies and associated posterior probability values
obtained across the independent runs for the IT dataset
with AWTY verified convergence. The inspection of
the log likelihood trace plot and the comparison of
each run also showed that the runs reached stationa-
rity. Example trace plots comparing four runs with
each other and bivariate plots created with the
compare function of AWTY are shown in Electronic
Supplementary Material 2. Runs with the IT dataset
reached stationarity after 1.2 x 10° generations. The
Bayesian majority rule consensus tree is illustrated in
Fig. 5.

All analyses resolved the species included in our
study in separate well supported groups. The excep-
tion was the S. americanum clade which collapsed in
the ML analysis. This might be due to the taxonomic
dispute surrounding this species and its relationship
with S. nodiflorum Jacq (see Manoko et al. 2007). The
Bayesian analysis, however, supported a separate S.
americanum clade with strong posterior evidence (PP
0.99). The phylogenetic analyses provided only weak
support for the genetic relationships of the black
nightshade accessions analyzed. Solanum chenopo-
dioides and S. physalifolium were united in the BI tree
in a very weakly supported clade and the same is true
for S. retroflexum and S. opacum.

Selection of a core set of intron-targeting markers

The identification of a subset of IT markers, which can
quickly separate black nightshade accessions, would
be useful for reducing the costs of genotyping. We
calculated various indices, which can help to select the
most suitable primers for such experiments. The
resolving power of the primers ranged from 0.27 to
3.32, while PIC and H values varied from 0.54 to 0.91
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and 0.62 to 0.92, respectively (Table 6). Theoretically
even one primer with the highest Rp value could
differentiate all analyzed species (10.2), based on the
equation 0.15x 4+ 1.78 = Rp described by Prevost
and Wilkinson (1999), where x in our case would
define the number of analyzed species. Nevertheless,
there might be primers with high ranking Rp values
that are unable to distinguish all species when used
solely; this was also described by Prevost and
Wilkinson (1999). Therefore we suggest the use of at
least three to five intron-targeting markers with high
Rp values to separate sect. Solanum species if the
analysis is aimed at intraspecific level. However, at
least twelve primers, with the highest Rp values,
should be used to distinguish all accessions. However,
even when the entire indel primer set was used we
failed to distinguish accessions as for example with S.
opacum. On the parsimony consensus tree (Fig. 3)
also clades of S. americanum or S. physalifolium were
totally unresolved.

Discussion

Intron-targeting markers are less polymorphic
but reveal high interspecies differentiation

Introns have long been considered as a source of
polymorphism due to their moderate sequence evolu-
tion, which is presumed to take place under minimal
constraints in a way consistent with the neutral theory
of sequence evolution (Kimura 1983). Recent reports
have shown intron length polymorphism to be a
convenient and reliable source of information with
high interspecies transferability. The intron-targeting
markers can originate from either multiple or single
loci depending on the features of the targeted regions.
Another important feature of IT is that primers can be
designed from both genomic and EST databases.
These primers may generate amplicons from any gene
or gene family corresponding to conserved exon
sequences flanking the introns. The close proximity
of introns to exons makes them well suited for the
detection of length polymorphism in their structure
that can be utilized for various purposes. However,
development of such markers depends on the avail-
ability of genomic databases with several target
sequences for IT markers. Functional gene character-
ization might be a limiting factor, since it is not
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possible to establish functions for all genes. The
crucial question is whether useful allelic variation can
be identified for all genes of, for example, ecological
relevance in the targeted organism.

The present primer set of IT markers differentiated
all the eight analyzed species of sect. Solanum, but in
some cases they failed to distinguish accessions from
the same species. A better differentiation may be
obtained with more IT markers, but the low mean
number of alleles per locus may characterize the
limitation of this method compared to other techniques
based on multi-locus approaches, e.g., targeting
fingerprinting markers (see Poczai et al. 2013).
However, intron-targeting markers may be less poly-
morphic at intraspecific level (see Table 3 and 5) but
they proved to be useful at interspecies differentiation.
This finding is confirmed by both phylogenetic
analyses and the population genetic diversity analyses
presented here. Intron-targeting markers may fail to
identify variation in highly inbred species, or in cases
where the species have experienced severe genetic
bottlenecks followed by range expansions and rapid
dispersal. This may be the case with cultivar groups
that are based on limited genetic diversity. The recent
study of Garcia-Lor et al. (2012) comparing indels
markers and SSRs in the genus Citrus L. also showed
similar results. They concluded that indel markers are
better phylogenetic markers than SSRs with lower
level of homoplasy and are suitable to trace the
genomic contribution of three ancestral Citrus species,
while SSRs are better for intraspecific diversity
analysis. Indel markers could be useful for the
assignment of new solanaceous germplasm to taxo-
nomic groups or to identify species. The results
obtained with the IT method are comparable with
those reached with other molecular markers like
RAPDs that have been used to study genetic variation
among accessions of sect. Solanum, or with others
using similar DNA fingerprinting markers like AFLP
or SSR (Dehmer and Stracke 1999; Dehmer 2001;
Jacoby et al. 2003; Dehmer and Hammer 2004; Olet
et al. 2005; Manoko et al. 2008). The successful
transferability and cross-species amplification capac-
ity of IT markers, however, may depend on the
conservation of exon—intron junctions and gene
structures across related genomes in different species.
It seems that the shared syntenies of the presently
targeted 16 different genes as well as their sequence
features are relatively conserved. This allowed easy

transfer of primers between species developed for
potato (S. tuberosum) of the sect. Petota to black
nightshades of the sect. Solanum. This phenomenon
may be valuable for generating functional markers
directly related to gene regions and to facilitate the
discovery of specific markers linked to a given
phenotype. Indels play a major role in sequence
divergence between closely related DNA sequences in
plants (Xu et al. 2009). Studies of human genome
suggest that they are also responsible for other genetic
changes, gene defects or even diseases (Britten et al.
2003). In plants this could be useful in studies of
resistance to pests or different diseases as indels in
coding regions may have functional role also in plant
genomes, or they can contribute to evolutionary
changes (Garcia-Lor et al. 2012). Intron-targeting
markers showing functional diversity among the
amplified alleles could be useful for genetic or QTL
mapping as shown by Gorji et al. (2012). It is also
possible to tag specific genes related to environmental
factors that could have useful applications, for exam-
ple in molecular ecology. This is because IT uses
primers based on allele sequences of functionally
characterized genes, and thus specific banding patterns
corresponding to plant phenotypes can be identified.

The polymorphism and genome coverage
of intron-targeting markers

With the present primer set we surveyed over
12,672 bp for insertion-deletion polymorphism
regarding the size of the expected amplicons based
on GenBank data. According to this data the frequency
of indels per kb in black nightshade accessions was
0.11. This is considerably lower than frequencies
reported for other species, 0.43 in Zea L. (Ching et al.
2002); 0.45 in Brassica L. (Park et al. 2010) or 0.60/kb
in Cucumis L. (Morales et al. 2004). The mean alleles
(bands) per locus were 3.96 with a maximum of seven
for the GPSS-943 and Ry1-In6 locus, this being higher
than reported by the previously mentioned studies.
This may be attributed to the fact that genomes in
Solanaceae have undergone fairly few rearrangements
and duplications and gene structures are relatively
conserved (Mueller et al. 2005). However, in a similar
study with indel markers in tomato (S. lycopersicum)
and related species revealed 0.74 indels per kb (Wang
et al. 2010) indicating that our findings may be
restricted to sect. Solanum. The genomes of analyzed
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species may be highly similar or very closely related
and it is very likely that intron variability may increase
with taxonomic distance. However, the size of the
conserved intervening sequences amplified by intron-
targeting can be highly variable. Plant specific gene
families, e.g., homeobox genes that function as tran-
scription factors with a unique homeodomain (KNOX)
could reveal more polymorphism than those which are
more conserved. Intron-targeting markers could com-
bine reliability and reproducibility with easy access to
the generated raw data. Banding patterns are based on
length polymorphism, which requires no further lab-
oratory treatment. However, novel primer design may
become problematic if genomic annotations of con-
served sequences are missing.

Once they are developed they might be used for
further analysis besides indel screening. Although our
study did not address the utility of IT amplicons as a
source of SNP markers further downstream applica-
tions may reveal potential of the marker system as a
source of nucleotide polymorphism. Many loci inves-
tigated have proved this potential in other studies. A
good example could be the sucrose synthase gene also
targeted by our primers. This gene is coding the main
enzyme that degrades sucrose in potato tubers provid-
ing substrate for starch synthesis in this storage organ
(Sun et al. 1992; Wang et al. 1994). Boris et al. (2011)
detected both indels and SNPs in the sucrose synthase
gene and identified four alleles in potato depending on
the presence of a mononucleotide (T)g repeat in intron4
and 5. This is consistent with our findings and the
number of detected alleles (also four) for the Sucl6-
321 and Suc16-349 loci. Sequencing of the amplicons
revealed further cultivar-specific nucleotide and amino
acid substitutions, which were identified in potato
genotypes (Boris et al. 2011). Similar results were
obtained by (Draffehn et al. 2010) for the invertase
gene, coding an enzyme that irreversibly cleaves
sucrose into fructose and glucose. This gene was also
included in our study. Substantial allelic diversity was
found for potato invertases both in indels and SNPs.
This suggests that sequencing of IT bands may provide
further information for genetic diversity analysis.

Reproducibility, specificity and amplification
artifacts

Using the same primer combination, we repeated the
PCR reactions to test the reproducibility of the marker
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system. During the replicate experiments the same
banding patterns were detected. The polymorphic
bands were fully reproducible when the same DNA
samples were run in independent experiments, under
the same reaction conditions in different PCR instru-
ments. Some results using IT have shown that
amplicons generated from different samples may not
only amplify the targeted specific genes, but also
multiple analogues or alternative copies of targeted
gene. These can result from pseudogene loci, or from
PCR errors generating artifacts. Therefore, we suggest
that PCR conditions for all reactions should be
carefully optimized, because unspecific amplification
products, like heteroduplexes, may occur in the
reaction. In the IT method, polymorphism between
individuals ultimately results from insertions/dele-
tions (or from single nucleotide changes) occurring in
the amplified fragments, representing different alleles
of the targeted gene. Therefore, amplicons could form
heteroduplex artefacts, where a double-stranded prod-
uct is generated, from the single complementary strand
derived from the alternate allelic sequences of the
targeted gene. We observed a heteroduplex formed by
different DNA strands having homologue sites, orig-
inating from different alleles of the Car-In2 locus,
linked to the Ry, gene from Solanum stoloniferum
Schitdl. during our ongoing experiments related to
potato breeding (data not shown). These products,
however, can be eliminated with precise reaction
condition optimization, or with the inclusion of
adjuvants, such as BSA, in the reaction mix. Our
observation is that non-specific fragments tend to
appear when larger gene-families are targeted, but
remain insignificant, or unnoticed in conserved genes
with few copies. This phenomenon may appear to be
problematic in studies where homology of the bands is
essential. However, other fragments related to the
targeted or expected gene loci might still be useful for
functional marker studies, as well as for genetic
diversity assessment. This is why we recommend
choosing the targeted genes according to the aims of
the study.

Phylogenetic utility

We mapped the characters on the parsimony consen-
sus tree (see Electronic Supplementary Material 3)
using NONA and counted synapomorphic and homo-
plastic bands produced for each primer (Table 6). We
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observed that primers with the highest PIC and Rp
values may not be the ideal choice for phylogenetic
reconstructions, but they proved to be the most useful
ones for genotyping. For example the GPSS-943
primer targeting the small-subunit of the ADP-glucose
pyrophosphorylase gene was ranked first according to
its resolving power (3.32) but produced only one
synapomorphic band. Contrary, Ure-242 and Ure-271
targeting the Ure gene for urease enzyme were ranked
only 23" and 28™ based on Rp values but they
produced four synapomorphic bands. We suggest
choosing primers for phylogenetic purposes, which
are less polymorphic within each species, have lower
Rp values but produce banding patterns characteristic
for the particular species. Indel markers tend to
produce more synapomorphies between species, and
homoplasy increase at infraspecific level. There is a
slight correlation between taxonomic distance and the
utility of indel markers as synapomorphies are more
common at infrageneric level. Insertion and deletions
of single base pairs and monomeric base pair exten-
sions with variable length are commonly found among
indels (Vasemagi et al. 2010), but other types due to
transposon insertion, slippage in simple sequence
replication or unequal crossing over events also occur
(Xiong et al. 2010; Haile et al. 2013; Hachiken et al.
2013). It seems that such events have taken place
multiple times in different lineages limiting the use of
techniques at small scale phylogenetic studies.

Genetic relationships based on intron-targeting
markers

Intron-targeting markers were used to fingerprint a
small diverse set of black nightshade accessions. The
fingerprinting analysis reported here supports previous
taxonomy of sect. Solanum as presented by Dehmer
and Hammer (2004) and Manoko et al. (2008).
However, the topologies presented here are only
tentative, because only small subset of accessions
was analyzed to investigate the transferability and
utility of the described technique. In this context the
presented results should be regarded only as a mere
experiment with the developed markers. For further
analyses and clarification, it would be possible to use
the newly developed intron-targeting marker system
simultaneously with others on a broader range of
samples from different continents to confirm or reject
results obtained here. Our results also support the

differentiation of the two diploid species S. america-
num and S. chenopodioides from the tetraploid S.
retroflexum, S. villosum and hexaploid species S.
nigrum, S. opacum and S. scabrum. Phylogenetic
analyses with cladistic methods might not be appro-
priate when polyploid species, possibly resulting from
reticulate evolution, are included. These events are
complex and will not be investigated in this study [for
further details see Poczai and Hyvonen (2011)], but it
should be emphasized that intron-targeting might be
useful also for such studies besides and/or together
with other marker systems. Previous studies of black
nightshades germplasm reported difficulties due to the
taxonomic complexity of this group. Various classical
experimental and numerical studies have demon-
strated that this complexity can be attributed to a
number of causes such as phenotypic plasticity and
genetic variation (Edmonds 1979). Many diploid taxa
hybridize readily and show both pre- and post-zygotic
isolating mechanisms resulting in a polyploid complex
(Edmonds 1979). It seems clear, that for the complete
investigation of species relationships in this section
could only be achieved by a complex analysis
combining marker systems as suggested by Poczai
and Hyvonen (2011).

Concluding remarks

Our interpretations and conclusions are necessarily
tentative at this stage, but this study could serve as a
useful basis to develop more comprehensive and
detailed work in the future. Given the preliminary
nature of this study, we chose to use intron-targeting
markers as an efficient technique for obtaining a
picture of interspecies diversity in the selected black
nightshade accessions. The markers applied here, may
have wider application in other species of the genus
Solanum. These primers might be potentially useful in
other fields of applied research, e.g., crop breeding
programs of the family as further new primers can be
easily designed based on the methods described here.
Since the targeted intron sequences are generally less
conserved than the exons, the amplified products may
display polymorphism due to length/nucleotide vari-
ation among introns in the alleles of the gene. This fact
makes the intron-targeting method an effective tool in
the identification of several markers for plant molec-
ular genetic studies. Using next generation sequencing
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technologies, e.g., 454-Roche and iLLUMINA, large
amounts of new sequences could be produced in a
relatively easy and cost effective way providing new
basis for IT marker development. This could be very
useful for orphan crops, or poorly known taxonomic
groups of Solanum where further sequence informa-
tion is needed.
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