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A B S T R A C T

The present study is focused on the characterization of yacon [Smallanthus sonchifolius (Poepp. et Endl.) H.
Robinson] accessions from different geographic origins (Bolivia, Ecuador, and Peru) by iPBS markers and me-
tabolomic fingerprinting. The results showed that the number of amplified polymorphic fragment levels ranged
from 20 up to 27 with a level of polymorphism ranging from 80 to 100%. Five of the iPBS primers used in this
study provided no specific banding pattern able to discriminate between the different yacon accessions.
However, two iPBS primer pairs were able to separate Peru accessions from those of Ecuador and Bolivia. The
UPLC-HRMS/MS-based metabolomic fingerprinting showed highly similar metabolomic fingerprints char-
acterized by the accumulation of high quantities of sesquiterpene lactones and diterpenes, but no apparent
geographic clustering. The present study demonstrates that yacon accessions from different geographical origins
maintained ex situ (in the Czech Republic) present a rather low chemical and genetic diversity.

1. Introduction

Smallanthus sonchifolius (Poepp. et Endl.) H. Robinson is a plant
species native to the Andes. This member of the family Asteraceae has
been used for a long time in the traditional medicine of South America
(Bolivia and Peru) because of its antidiabetic, nutritious, and fertility
enhancing properties (Simonovska et al., 2003; Milella et al., 2005).
Modern analytical methods have confirmed the medicinal potential of
this species, which is related to its high content of bioactive compounds
(Russo et al., 2015).

The variability of yacon has been maintained to date by small
farmers in situ and the gene resources of this crop are stored mainly in
the gene banks in Peru, Bolivia and Ecuador (Svobodová et al., 2013).
The yacon was successfully introduced not only to other countries of
South America, but also to Central and North America, Europe, New
Zealand, and Japan (Fernández et al., 2006).

Yacon is one of the species where still very limited information
about its genome exist. Up to date, only two matches for S. sonchifolius
can be found in the National Centre for Biotechnology Information
(NCBI nucleotide database). Both of them are the sequences of internal

transcribed spacer (ITS1) with 5.8S rRNA gene and ITS2 (Rauscher,
2002; Žiarovská et al., 2013a). This constitutes a limiting factor for
choosing DNA based markers that serve effectively in the differentiation
of individual clones of yacon. In fact, different types of non-specific
DNA markers can be used for these purposes. Different markers such as
amplified fragment length polymorphism (AFLP), random amplification
of polymorphic DNA (RAPD) and inter-simple sequence repeat (ISSR)
have been used for yacon diversity mapping (Milella et al., 2005, 2011;
Mansilla et al., 2006; Svobodová et al., 2013). ISSRs were reported to be
informative and able to distinguish yacon clones by Svobodová et al.
(2013), but no specific pattern connected to the accessions provenience
was obtained for them. Milella et al. (2005) applied RAPD and AFLP
markers to analyse the genetic diversity in a group of five yacon ac-
cessions. The authors have suggested that RAPD could be applicable for
differentiation purposes, as well as AFLP. The RAPD marker later
showed that its distinguishing ability is limited when more accessions
are used in the study (Mansilla et al., 2006). Moreover, problems with
the difficulties connected to low reproducibility, unsatisfactory level of
polymorphism, and only a limited possibility of inter-laboratory cross
analyses are reported for the RAPDs (Štefúnová et al., 2015). AFLP
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markers serve as a very good analytical tool, but this method detects the
SNP changes in the restriction sites and indels, making this technique
more static when compared to the techniques based on retro-
transposons, such as inter-primer binding site (iPBS) (Kalendar, 2011;
Balážová et al., 2014; Guo et al., 2014). Retrotransposons are mobile
genetic elements that transpose, through RNA, intermediates in the
genomes of plants leaving a molecular fingerprint there. In fact, retro-
transposons are reported to possess many of the characteristics that an
ideal DNA marker should have (Trebichalský et al., 2013). They can be
used both as the specific as well as non-specific DNA markers, de-
pending on the sequence knowledge about them. Kalendar et al. (2010)
has introduced a marker technique that provides a general and non-
specific DNA marker based on the retrotransposon for plant species –
iPBS. These markers are applicable to any organism that possess primer
binding sites of retrotransposons that is complimentary to tRNA. The
principle of primer design is based on the presence of the retro-
transposon sequences that are described in the literature as to be ubi-
quitous in plant genomes (Sabot and Schulman, 2006). Actually, the
method was successfully used for analysis in many different plant
species such as Linum usitatissimum L. (Smýkal et al., 2011), Saussurea
esthonica Baer ex. Rupr. (Gailīte et al., 2011), Liparis loeselii (L.) Rich.
(Belgorudova et al., 2012), and Prunus armeniaca L. (Baránek et al.,
2012). The iPBS markers were reported as a reliable DNA marker
system which overcomes the problems of other non-specific markers
and provides a fully reproducible technique.

The genetic diversity and differences in the chemical profiles of
plants are influenced by genetic, ontogenic, and environmental factors
(Facanali et al., 2015). Genetic and chemical component diversity in-
formation on natural populations is crucial for conservation and
breeding programs (Silveira et al., 2009). Previous studies on yacon
chemistry report a significant variation in the quantitative composition
of sesquiterpene lactones (STLs) in twenty accessions collected in the
central region of Peru (Mercado et al., 2014), while the biological,
molecular, and chemical variability of five yacon accessions from dif-
ferent geographic origins cultivated under field conditions in the Czech
Republic were also determined (Valentová et al., 2006; Milella et al.,
2011). However, these studies have focused on monitoring restricted
classes of metabolites by classical approaches. Thus, a comprehensive
phytochemical characterization of yacon by modern techniques is still
lacking in the literature. Metabolomics constitute a relatively new re-
search field that focuses on high-throughput characterization of small
molecules in biological matrices (Krastanov, 2010). Ultra-performance
liquid chromatography-high resolution tandem mass spectrometry
(UPLC-HRMS/MS)-based metabolomics has the advantage of simulta-
neously detecting hundreds to thousands of metabolites even in minor
concentrations, while providing structural information of the metabo-
lites based on their MS2 fragmentation spectra. Considering that de-
termining the intraspecific variation of yacon may be useful in different
breeding programs, in this study iPBS markers and metabolomic fin-
gerprinting were used for characterization and discrimination of yacon
germplasm cultivated in the Czech Republic.

2. Materials and methods

2.1. Plant material

Different germplasm accessions of yacon (Table 1) are maintained
ex situ since 1993 in the Faculty of Tropical AgriSciences, Czech Uni-
versity of Life Sciences in Prague. Plants have been continuously pro-
pagated over the years by rhizome and cultivated under greenhouse
and field conditions.

For DNA extraction, young leaves were used from 14 accessions
(PER 04, PER 05, PER 06, PER 07, PER 09, PER 12, PER 13, PER 14,
BOL 22, ECU 41, ECU 42, ECU 43, ECU 44 and ECU 45) and for che-
mical analyses young leaves of 21 accessions (PER 01, PER 02, PER 03,
PER 04, PER 07, PER 08, PER 09, PER 10, PER 11, PER 12, PER 13, PER

14, PER 15, BOL 21, BOL 24, ECU 40, ECU 41, ECU 42, ECU 43, ECU
44, and ECU 45). For the chemical analyses, young leaves were har-
vested from five -month -old plants cultivated in the greenhouse and
immediately frozen to avoid perturbations in the plants’ metabolome.
After collection, the plants were stored at −70 °C until further use.

2.2. DNA extraction and iPBS fingerprinting

Total genomic DNA extraction was performed from the tissues of
five young leaves of each yacon accession, following the modified
method of Friar (2005), where 2% cetyl trimethylammonium bromide
(CTAB), 1% PVP and mercaptoethanol with double ice-cold 95%
ethanol precipitation of DNA was used. Seven different iPBS primers
were used for the analysis based on our previous results (Žiarovská
et al., 2013b). MyTaq™ Mix with 50 ng of DNA and 400 nM of iPBS
primers were used in the PCR and the following amplification condi-
tions were used: 95 °C 4min followed with 35x of 95 °C 1min; 52–62 °C
1min; 72 °C 2min and the final extension of 72 °C 10min. Amplifica-
tion was performed in BIO-RAD C1000™ Thermal Cycler.

2.3. Data analysis

PCR amplicons were evaluated in 6% polyacrylamide gel electro-
phoresis (PAGE) gels and the obtained fingerprints were captured by
GeneBox system. Generated iPBS amplicons were scored as present (1)
or absent (0) in the gel using the GeneSnap (Syngene) software. Genetic
similarity was calculated on the basis of Jaccard coefficient of genetic
similarity. Cluster analysis was performed by unweighted pair-group
method with arithmetic average (UPGMA) with statistic program
SYNTAX.

2.4. Metabolite extraction and metabolomic fingerprinting

Metabolite extraction of frozen leaf material was carried out based
on the detailed protocol for large-scale untargeted metabolomics of
plant tissues reported by De Vos et al. (2007) with some modifications.
Fifty milligrams of each frozen yacon accession were grinded in a mixer
mill (9 Hz, 30 s) with liquid nitrogen and extracted with 1ml of
MeOH:H2O (7:3, v/v) in an ultrasonic bath for 15min at 25 °C. Plant
extracts were centrifuged at 13000 rpm for 5min, filtered through a
0.2 μm polytetrafluoroethylene (PTFE) membrane and analyzed by
UPLC-HRMS/MS on an Agilent 1290 UPLC system coupled to a Q-Ex-
active Plus Orbitrap mass spectrometer (Thermo Scientific).

Chromatographic separation of plant extracts (5 μl) was performed
on a C18 column (Acquity CSH, 1.7 μm, 2.1×150mm, Waters) at a
constant temperature of 40 °C, using water with 0.1% formic acid as
solvent A and acetonitrile with 0.1% formic acid as solvent B (flow rate:
300 μl/min). The gradient program started with 5% acetonitrile and
increased the amount linearly to 50% in the first 15min. Acetonitrile
(50%) remained constant for 5min (20min) before increasing to 99%
in 30min. This concentration (99% acetonitrile) was kept constant for
11min for washing and was subsequently equilibrated back to 5% for a
total run time of 42min.

After chromatographic elution, ions were generated by electrospray
ionization under the following conditions: spray voltage (positive
mode= 4.2 kV; negative mode=3.5 kV); capillary
temperature= 360 °C. Mass detection was performed in an Orbitrap
analyzer using the full scan method (resolution= 70,000; scan
range=140–1200m/z) and the data-dependent MS2 (dd-MS2) method
using the following parameters: resolution=17,500; TopN=5 and
isolation window=1.5m/z. This method selects the five most intense
peaks in each scan and performs the fragmentation of those ions in the
HCD (higher-energy collisional dissociation) cell with normalized col-
lision energy of 30 units.

J. Žiarovská, et al. Plant Physiology and Biochemistry 141 (2019) 183–192

184



2.5. Dereplication of plant extracts

Compounds were tentatively identified based on a comparison of
the accurate mass measurements, MS2 fragmentation patterns, and
online database searches. Accurate mass comparisons were performed
relative to the theoretical monoisotopic mass (< 3 ppm accuracy) of the
secondary metabolites previously reported in the family Asteraceae;
this was done using an in-house database (AsterDB) with more than one
thousand metabolites reported in members of this family (fully avail-
able at: www.asterbiochem.org/asterdb), and those from the Dictionary
of Natural Products (DNP, http://dnp.chemnetbase.com) and the
SciFinder database (Chemical Abstract Service, USA). To confirm peak
assignments, the fragmentation pattern of the identified metabolites
was proposed based on the MS2 spectra; to compare accurate mass
measurements and MS2 spectra with those of the detected metabolites,
the following reference substances were used: quinic acid, enhydrin,
uvedalin and longipilin acetate. Based on the Metabolomics Standard
Initiative (Sumner et al., 2007), three levels of confidence were adopted
to report the accuracy of the identifications: level 1 (identified com-
pounds), corresponding to the identifications based upon the co-char-
acterization with authentic samples; level 2 (putatively annotated
compounds), “without chemical reference standards, based upon phy-
sicochemical properties and/or spectral similarity with public/com-
mercial spectral libraries”; and level 3 (putatively characterized com-
pound classes), “based upon characteristic physicochemical properties
of a chemical class of compounds, or by spectral similarity to known
compounds of a chemical class”. In all cases, a minimum of two in-
dependent and orthogonal data (e.g. accurate mass and MS2 fragmen-
tation patterns or retention time and accurate mass, etc.) were con-
sidered.

2.6. Data pre-treatment and multivariate analysis

The chromatographic data in raw format was exported to the soft-
ware MZmine 2.28 (MZmine VTT, Finland), where data pre-processing
was performed. The MZmine parameters were set as follows: (mass
detection) noise threshold: 1.0E5; mass detector: Exact mass; MS level:
1; (FTMS shoulder peaks filter) mass resolution: 70,000; peak model

function: Lorentzian extended; (chromatogram builder) min time span:
0.2 min; min height: 5.0E5; m/z tolerance: 0.005 (absolute), 5 ppm
(relative); (chromatogram deconvolution) algorithm: local minimum
search; chromatographic threshold: 50%; search minimum in RT range:
0.2 (min); minimum absolute heigh.5.0E5; minimum relative height:
15%; peak duration range: 0.3–2min; (isotopic peaks grouper) re-
presentative isotope: most intense; maximum charge: 2; (retention time
normalizer) m/z tolerance: 0.005 (absolute), 5 ppm (relative); retention
time tolerance: 3.5min; minimum standard intensity: 5.0E5; (alignment)
algorithm: RANSAC aligner; interactions: 0; minimum number of
points: 50%; threshold value: 10; (gap filling) algorithm: peak finder;
intensity tolerance: 10%; (duplicate peaks filter) m/z tolerance: 0.005
(absolute), 5 ppm (relative); RT tolerance: 0.7min; (adduct search)
[M + Na–H]+ 21.9825m/z, [M + K–H]+ 37.9559m/z,
[M + Mg–2H]+ 21.9694m/z, [M + NH3]+ 17.0265m/z,
[M + CH3CN + H]+ 42.0338m/z and [M + Cl + H]- 35.9774m/z,
with the adducts selected according to the ionization mode.

The two data matrices obtained after MZmine pre-processing for
each ionization mode (positive and negative) were merged into a single
matrix in an MS-Excel file, where the peaks detected in the blank
sample (extraction solvent) were subtracted from all plant samples to
remove possible interfering variables. This matrix, containing the peak
areas of all-detected mass features in both ionization modes, was sub-
mitted to unsupervised statistical methods in the software SIMCA P
13.0.3.0 (Umetrics AB, Sweden). A principal component analysis (PCA)
was performed to reduce the dimensionality of the data set and to de-
termine trends and outliers, while a hierarchical clustering analysis
(HCA) allowed the grouping of plant extracts according to the similarity
in their chemical fingerprints, providing a dendrogram-like diagram. In
the HCA, the Ward's method was used as the clustering algorithm and a
Euclidean distance was employed as the distance measurement. Prior to
the statistical analyses, the data matrix was scaled by the Pareto
method; this keeps the data structure partially intact (major peaks in
each sample remain) while reducing the relative importance of large
values.

Table 1
Accessions of yacon used in the study.

No. in dendrogram Origin Codes of samples iPBS markers Metabolomic fingerprinting Qualitative characteristics Year of introduction to the
Czech Republic

Colour of root skin Colour of root flesh

1 Peru PER04 x x purplish grey yellow white 2005
2 Peru PER05 x purplish red yellow white 2005
3 Peru PER06 x purplish grey white 2005
4 Peru PER07 x x greyish orange yellow white 2005
5 Peru PER09 x x greyish orange orange yellow 2005
6 Peru PER12 x x purplish grey white 2005
7 Peru PER13 x x white white 2005
8 Peru PER14 x x greyish orange yellow white 2005
9 Bolivia BOL22 x purplish red yellow white 2007
10 Ecuador ECU41 x x white orange yellow 1993
11 Ecuador ECU42 x x purplish grey white 1993
12 Ecuador ECU43 x x purplish grey orange 2007
13 Ecuador ECU45 x x purplish grey yellow white 1994
14 Ecuador ECU44 x x purplish grey orange 2007
15 Peru PER01 x greyish orange yellow white 2005
16 Peru PER02 x greyish orange white 2005
17 Peru PER03 x purplish red orange yellow 2005
18 Peru PER08 x purplish grey white 2005
19 Peru PER10 x white orange yellow 2005
20 Peru PER11 x greyish orange yellow white 2005
21 Peru PER15 x greyish orange yellow white 2008
22 Ecuador ECU40 x purplish red yellow white 1994
23 Bolivia BOL21 x greyish orange yellow white 2007
24 Bolivia BOL24 x greyish orange yellow 2007
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3. Results and discussion

3.1. Genetic diversity based on iPBS markers

Here, the first insight into the yacon genetic fingerprint patterns
based on iPBS markers was performed. DNA polymorphism of amplified
sequences between different retrotransposons was obtained with the
result not only of distinguishing all of the analyzed accessions of yacon,
but providing a specific iPBS fingerprints based on the provenience of
this underutilized species. iPBS polymorphism of yacon applied in the
study was based on the selection of the most appropriate iPBS markers
performed previously (Žiarovská et al., 2013b). The number of ampli-
fied fragment levels ranged from 20 up to 27 for individual primers and
the polymorphism ranged from 80 to 100% (Table 2).

Kalendar et al. (2010) has published the technique of iPBS as a
platform that provide both an effective isolation of long terminal repeat
(LTR) retrotransposons as well as a universal DNA marker system for
the plants, if the very concrete group of retrotransposons presented by
the iPBS marker are a part of the genome. This mean that, not all the
iPBS are presented in all plant species. For the individual primers used
in the study, amplified fragments ranged from 20 up to the 27, with the
highest variation for the primer 1886 (Fig. 1). These results are in
concordance with the variability of the iPBS fragments amplification
that is typical for these techniques. Not all the PBS sites are present in
the individual genomes of plants and thus not all the iPBS primers are
suitable to use as markers. Lapiña et al. (2012) has used different iPBS
markers for the analysis of genetic variability in Latvian populations of
alfalfa (Medicago sativa L.). Ten primers gave monomorphic products
and one gave no amplification product among the 29 tested primers.
The same primer (2080) that was used in the study of Lapiña et al.
(2012) and gave a monomorphic profile in alfalfa has very similar
profile characteristics for yacon. In both cases, the monomorphic profile
was obtained among the analyzed accessions, but with differences in
the concentration of individual amplified fragments. In the study of
Belgorudova et al. (2012), the results for the primer 2080 were similar
as those reported by Lapiña et al. (2012) when analyzing the variability

of Liparis loeselii. Eighteen of the tested iPBS specific primers also gave
no results, among them 2080. Only three of tested iPBS markers were
selected as useful for examination of genetic diversity in Latvian po-
pulations of L. loeselii.

A UPGMA scattergram was constructed based on the binary matrix
that corresponds to the presence or absence of the separated PCR pro-
ducts in the agarose gels for each of the used primers (Fig. 2). Five of
the primers were not connected to some specific banding pattern (pri-
mers 1846, 1880, 1845, 1875 and 2080). Two of the used iPBS markers
(2078 and 1886) provide patterns where Peru accessions were grouped
together according their iPBS amplification profiles (Table 1; Fig. 2).

In silico alignment analysis was performed for the used iPBS primers
based on the results of unspecific or provenience-specific manner of
yacon accession grouping. All of them were BLASTed against
Asteraceae (taxid:4210) in the NCBI (Zhang et al., 2000). Different
results were returned that ranged from no matching up to 19 different
species matching (Table 3). When comparing the primers that have
grouped the yacon accessions in the manner of provenience specificity,

Table 2
Amplification characteristics of the primers used in the study.

Primer name Number of totally amplified loci levels % of polymorphism

1846 20 80
1880 23 86
2078 26 99
1845 23 100
1875 25 81
1886 27 82
2080 20 85

Fig. 1. Number of amplified iPBS loci for individual primers used in the study.

Fig. 2. Scattergram of yacon accession constructed for the provenience-specific
iPBS markers. Codes for the accessions are as in the Table 1 and genotypes of
Ecuador provenience are marked in rounded rectangle.
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the results are in concordance with the results for all the tested iPBS
primers. No matching for Asteraceae was returned in the case of 2078.
Four species of Helianthus L. and Hypochaeris chondrilloides (A.Gray)
Cabrera were returned with the sequences of both Ty1-copia-like and
Ty3/gypsy-like reverse transcriptase-like gene for 1886 marker.

Most of retrotransposons are nested, mixed, inverted, or truncated
in chromosomal sequences (Kalendar, 2011). Once the iPBS is proved to
be suitable for the analysis of the particular species, this means that
retrotransposons of a specific class are located near to the other. This is
important for LTR retroptransposons mainly, where it subsequently
allows the use of such a primer sequence for cloning of new LTR in the
analyzed species. The banding patterns obtained in the iPBS profile
follow the natural abundance variability of retrotransposon families
and their distribution (Kalendar et al., 2010) and provide an excellent
marker for the analysis of molecular variability. Retrotransposon mar-
kers have been applied successfully in many plant species (Tao et al.,
2005; Branco et al., 2007; Lou and Chen, 2007; Belgorudova et al.,
2012; Trebichalský et al., 2013). When comparing iPBS to other marker
systems that were successfully applied for yacon genome analysis
(Milella et al., 2011; Svobodová et al., 2013), iPBS is very similar to the
manner of action of RAPD marker system, but its amplification is
stringent and the reproducibility is superior (Mehmood et al., 2013).
The iPBS markers provide on average 15 to 50 bands that are the length
of the whole range of standard polymerases (Kalendar et al., 2010). A
scattergram based on Jaccard coefficients of genetic similarity with four
main clusters was produced for the analyzed yacon accessions and it
showed a close relationship between them, which is in concordance
with its vegetative manner of reproduction. This result pointed the
potential of iPBS markers for the purpose of yacon germplasm dis-
crimination and characterization, especially because of its vegetative
reproduction (Al-Najm et al., 2016) and different ploidy level. From all
the up-to-date studies on yacon germplasm it is concluded that the
genetic variability of yacon is low.

iPBS can be combined with the other markers to provide a very good
base for the whole genome characterization of yacon germplasm when
finding suitable and yacon-specific primers. Svobodová et al. (2013)
reported 97.3% of polymorphic band for the ISSR markers when ap-
plied for the yacon clones in the study, where not only yacon but its
three relative species were analyzed.

The highest value of Jaccard genetic similarity coefficient for yacon
accessions in the study was 0.24 with an average of 0.056. This sup-
ports the results of low genetic variability for vegetative manner re-
production of yacon. Mansilla et al. (2006) collected 30 cultivated ac-
cessions of yacon from Peru and scored them for the RADP variability,
and Milella et al. (2005) scored five different origin accessions for
RAPD variability in pilot studies of yacon germplasm analysis. Using
the thirty-four primers, Mansilla et al. (2006) reported only 30.7%
polymorphism and using 61 primers by Milella et al. (2005), only

28.7% polymorphism was reported. In both studies, all the accessions
were discriminated. Milella et al. (2011) compared AFLP and RADP
markers for five different yacon accessions, but the AFLP provided even
lower polymorphism (23.4%) compared to the RADP ones. That is why
a higher polymorphic technique is suitable to prove and establish suc-
cessful yacon genetic resources management. Some of the landraces
used in this study were used by Russo et al. (2015) to investigate dif-
ferent biological properties such as anticholinesterase activity, anti-
oxidant and antidiabetic characteristics, and phytochemical profiles. In
the study of those authors, the compound of 1,5-O-dicaffeoylquinic acid
was identified in yacon for the first time. Similar to the iPBS profile, a
different profile that was higher than in other yacon landraces was
obtained for phenylpropanoid derived in the study of the same authors.

3.2. Chemical diversity based on metabolomic fingerprinting

The UPLC-HRMS/MS-based metabolomic fingerprinting of crude
methanol extracts (70%) from 21 yacon accessions allowed assessment
of the chemical diversity of this species from individuals grown under
the same conditions. Although the analyzed yacon accessions originally
came from different geographic localities (Table 1), they display highly
similar metabolomic fingerprints characterized by the accumulation of
high quantities of sesquiterpene lactones and diterpenes (Fig. 3,
Table 4). As observed in the total ion current (TIC) chromatogram of
one representative sample from each locality (Peru, Ecuador and Bo-
livia, Fig. 3), a few major peaks appear common to all samples, sug-
gesting a rather low chemical diversity between the different germ-
plasm accessions of yacon; this is in accordance with previous reports,
as well as the semi-domesticated nature and clonal propagation of this
species (Mercado et al., 2014). Twenty-one compounds common to
most of the analyzed samples were identified (Table 4) with different
levels of confidence according to the metabolomics standards initiative
(MSI) (Sumner et al., 2007). The identified metabolites belong to five
major chemical classes: free or esterified organic acids, glycosylated
metabolites, flavonoids, sesquiterpene lactones (STLs), and diterpenes.
The chemical structures of the identified metabolites are presented as
supplementary data.

Among the free organic acids, peaks 2 and 3 (Fig. 3) were identified
based on accurate mass measurements, MS2 data and database com-
parisons. Peak 2 (Fig. 3), identified as quinic acid, was unambiguously
reported by spectral comparisons with a reference substance corre-
sponding to MSI level 1, while peak 3 (MSI level 2, Fig. 3) was tenta-
tively identified as altraric acid (Table 4). This compound (altraric acid)
has been previously reported in S. sonchifolius where it occurs in its free
form or esterified with one or more caffeoyl units in different positions
(Takenaka et al., 2003). This is the case of peak 6 (Fig. 3), identified as
a putative di-caffeoylaltraric acid isomer based on its fragmentation
pattern, characterized by the neutral loss of two caffeoyl units and a

Table 3
Analysis of the used iPBS primers alignment against Asteraceae.

Primer name Retrotransposon(-like) sequences matched in the alignment Species matched in the alignment

1846 Ty1-copia-like reverse transcriptase (RT) gene;
Ty3/gypsy-like reverse transcriptase-like gene

Hypochaeris - tenuifolia; sessiliflora; palustris; microcephala; megapotamica; maculata; eremophila; elata;
chondrilloides; chillensis; caespitosa; argentina; apargioides; angustifolia; acaulis
Helianthus petiolaris; paradoxus; deserticola

1880 none none
2078 none none
1845 Tdv1 gene for CACTA transposable element Dahlia pinnata
1875 none none
1886 Ty1-copia retrotransposonnonfunctionalpolyprotein gene;

Ty1-copia-like reverse transcriptase (RT) gene;
Ty3/gypsy-like reverse transcriptase-like gene

Hypochaerischondrilloides;
Helianthus annuus;
Helianthus petiolaris;
Helianthus paradoxus;
Helianthus deserticola;
Helianthus anomalus;

2080 Ty3/gypsy reverse transcriptase-like gene Helianthus deserticola
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base peak at 209.02910m/z in the negative mode of ionization, re-
presenting a deprotonated molecule of altraric acid (Table 4) (Takenaka
et al., 2003).

Three glycosylated metabolites were tentatively identified in all
plant samples (Table 4). Peak 1 (Fig. 3) showed a pseudomolecular ion
at 341.10794m/z and a neutral loss of 162.05455 Da in the negative
mode (Table 4), corresponding to the loss a hexose unit. Therefore, this
compound was tentatively identified as a putative disaccharide with the
following molecular formulae: C12H22O11. Database searches in the
DNP with the accurate mass and molecular formulae obtained for this
peak afforded 170 possible hits, all of them disaccharides. Peak 5
(Fig. 3) (C17H30O10) was proposed as a putative henexyl diglycoside
based on database searches and MS2 data. This compound showed a
neutral loss of 132.04218 Da in the negative mode (Table 4), re-
presenting the putative loss of a pentose unit and accurate mass sear-
ches in the DNP afforded seven hits for 3-henexyl diglycosides. A si-
milar fragmentation pattern was observed for peak 4 (Fig. 3, Table 4)
(C18H26O10), proposed as a benzyl diglycoside, for which seventeen hits
were obtained in the DNP. Although these two compounds (3-henexyl
diglycoside and benzyl diglycoside) have not been previously described
in S. sonchifolius, their aglycone form (3-hexenol and benzyl alcohol,
respectively) corresponds to common volatile alcohols involved in
plant-plant communication previously detected in several angiosperm
plant families, including Asteraceae (Sugimoto et al., 2016). These
volatiles, usually emitted in response to herbivory, are taken up by
neighbouring uninfested plants and subsequently undergo glycosylation
and glutathionylation, resulting in their conversion to non-volatile
compounds that have ecological functions (Sugimoto et al., 2016).

The identity of one flavonoid (peak 7, Fig. 3) was proposed based on
accurate mass comparisons with data reported in the AsterDB and
spectral comparisons with literature data. This compound, identified as
hesperetin, showed a pseudomolecular ion at 301.07101m/z in the
negative ionization mode, and two fragment ions at 165.01829m/z and
135.04392m/z (Table 4), which is in accordance with that reported by
Tahri et al. (2016). Although this compound has not been reported in S.

sonchifolius, it is a common metabolite in other Asteraceae species, in-
cluding members from Espeletiinae (Padilla-González et al., 2017,
2018), a closely related subtribe to the genus Smallanthus (Rauscher,
2002; Diazgranados and Barber, 2017). Interestingly, in our experi-
mental conditions we did not detect any of the commonly reported
phenolics and flavonoids in yacon (e.g. mono- and di-caffeoylquinic
acids and quercetin derivatives). However, based on previous analyses
(Padilla-González, unpublished), we believe that the absence of these
compounds could be related to the lack of direct solar radiation in the
early stages of plant development; this raises concerns about standar-
dizing the cultivation of yacon in the conditions of central Europe to
ensure a high concentration of bioactive metabolites, among which
flavonoids and phenolics are key substances (Genta et al., 2010;
Oliveira et al., 2013; Andrade et al., 2014).

As observed in Fig. 3, most of the peaks detected in high con-
centrations in the aerial parts of yacon correspond to sesquiterpene
lactones (Table 4). This class of metabolites is commonly reported in S.
sonchifolius and all the identified STLs have been previously reported in
this species (Schorr et al., 2007; Mercado et al., 2014). Nine compounds
(peaks 8–16, 18, Fig. 3) were identified based on database searches,
MS2 data and spectral comparisons with reference substances. The
identity of peak 8 (Enhydrin), 11 (Uvedalin), and 15 (Longipilin
acetate) (Fig. 3) was unambiguously reported by spectral comparisons
with reference substances, while the identity of peaks 9, 10, 12–14, 16
and 18 (Fig. 3) was proposed based on MS2 data and chemotaxonomic
information (Table 4). All the identified STLs share a common mel-
ampolide backbone (Table 4) with a double bound or an epoxyde group
between C-4 and C-5 and different ester moieties attached to C-8, C-9
and C-10. Therefore, the identified melampolides share a similar frag-
mentation pattern characterized by initial losses of the ester moieties
and a sequentent peak representing the melampolide backbone, usually
at 229.0859m/z or 213.0909m/z (positive mode) depending on the
presence of the epoxyde group or double bound between C-4 and C-5,
respectively (Table 4). In all cases, enhydrin (peak 8, Fig. 3) was de-
tected as the major STL followed by uvedalin (peak 11, Fig. 3), which is

Fig. 3. TIC chromatograms in the positive (blue)
and negative (red) ionization mode of three
yacon accessions from different geographic ori-
gins. Numbers above peaks correspond to the
identified metabolites reported in Table 4. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the Web
version of this article.)
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in accordance with literature reports (Schorr and Da Costa, 2005; Lopes
et al., 2013; Mercado et al., 2014). According to previous studies
(Mercado et al., 2014), enhydrin usually represents the major STL
found in most yacon accessions from Peru, Ecuador, Bolivia and Ar-
gentina. However, in such studies three accessions from Peru displayed
a different STL profile with uvedalin as the major STL and the enhydrin
chemotype was subdivided into three different subtypes: uvedalin,
fluctuadin, and uvedalin aldehyde, related to the second major STL
accumulated in the studied samples. In our case, all samples displayed a
highly consistent STL profile dominated by enhydrin and uvedalin,
which is probably a consequence of the standardized cultivation and
harvesting conditions to which all yacon accessiones were exposed,
rather than a consequence of the selection of several samples belonging
to a single chemotype-subtype, as some of the studied samples origin-
ally come from the same collection sites reported by Mercado et al.
(2014). This result opens an intriguing perspective about the possible
quantitative variability in the STL profile of yacon according to the
plant's growing conditions or developmental stages, which requires
further investigations.

Lastly, the identity of four diterpenes was also proposed based
mostly on accurate mass comparisons and MS2 data with those of the
diterpenes previously reported in the genus Smallanthus. Peaks 17, 19,
and 20 (Fig. 3) were suggested as three different smaditerpenic acids
(smaditerpenic acid D, E and F, respectively, Table 4), which corre-
spond to acyclic diterpenes commonly found in the genus Smallanthus
(Mercado et al., 2010). Peak 21 (Fig. 3) was identified as a putative
kaurane-type diterpene (16,17-epoxy-15-O-angeloxy-ent-kauran-18-oic
acid, Table 4) based on accurate mass comparisons with metabolites
reported in the Asteraceae family.

Considering that the analyzed yacon accessions display highly si-
milar metabolomic fingerprints with quantitative rather than qualita-
tive differences, the peak area of the detected ions in both ionization
modes (positive and negative) was used as input data to perform a
Hierarchical Clustering Analysis (HCA) and further explore relation-
ships between yacon accessions based on their metabolomic finger-
prints similarity.

Results from the HCA revealed a grouping tendency of the 21 yacon
accessions in four primary clusters (Fig. 4). Contrary to the results
observed in the molecular markers based-dendrogram (Fig. 2), there is
no grouping tendency according to the geographical origin of the

different yacon accessions based on their chemical compositions. This
result suggests that besides the low intraspecific chemical variability of
yacon, the observed quantitative variability is not related to geography,
confirming the results of Mercado et al. (2014). However, this is
probably a distinctive feature of yacon, considering that a similar study
found that twenty wild populations of a closely related Smallanthus
species [S. macroscyphus (Baker ex. Mart.) A.Grau], can be grouped into
two major clusters according to their STLs contents and that these two
clusters are related to geography (Aráoz et al., 2016). In such studies,
authors found a high diversity of STL in populations growing in the
tropics and a decrease in chemical diversity of STLs in populations
growing in less tropical locations towards the south (Aráoz et al., 2016).

4. Conclusions

The current study presents the first genetic and phytochemical di-
versity between yacon accessions based on iPBS markers and metabo-
lomic fingerprinting. The results showed that despite rather low che-
mical and genetic diversity, probably due to vegetative nature of yacon
reproduction, two iPBS primer pairs were able to separate Peru acces-
sions from those of Ecuador and Bolivia, and proved to be suitable
marker technique to analyse yacon germplasm diversity. The UPLC-
HRMS/MS-based metabolomic fingerprinting showed highly similar
metabolic fingerprints among all accessions of yacon and allowed the
annotation of twenty-one compounds, some of them previously un-
described in yacon. The identified metabolites belong to five major
chemical classes: free or esterified organic acids, glycosylated meta-
bolites, flavonoids, sesquiterpene lactones (STLs) and diterpenes.
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