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Abstract

Main conclusion Metabolite profiling of tuber flesh and
peel for selected colored potato varieties revealed cul-
tivar and tissue specific profiles of anthocyanins and
other polyphenols with variations in composition and
concentration.

Starchy tubers of Solanum tuberosum are a staple crop and
food in many countries. Among cultivated potato varieties
a huge biodiversity exists, including an increasing number
of red and purple colored cultivars. This coloration relates
to the accumulation of anthocyanins and is supposed to
offer nutritional benefits possibly associated with the
antioxidative capacity of anthocyanins. However, the
anthocyanin composition and its relation to the overall
polyphenol constitution in colored potato tubers have not
been investigated closely. This study focuses on the
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phytochemical characterization of the phenolic composi-
tion of a variety of colored potato tubers, both for peel and
flesh tissues. First, liquid chromatography (LC) separation
coupled to UV and mass spectrometry (MS) detection of
polyphenolic compounds of potato tubers from 57 cultivars
was used to assign groups of potato cultivars differing in
their anthocyanin and polyphenol profiles. Tissues from 19
selected cultivars were then analyzed by LC separation
coupled to multiple reaction monitoring (MRM) to detect
quantitative differences in anthocyanin and polyphenol
composition. The measured intensities of 21 anthocyanins
present in the analyzed potato cultivars and tissues could be
correlated with the specific tuber coloration. Besides sec-
ondary metabolites well-known for potato tubers, the
metabolic profiling led to the detection of two anthocyanins
not described for potato tuber previously, which we ten-
tatively annotated as pelargonidin feruloyl-xylosyl-gluco-
syl-galactoside and cyanidin 3-p-coumaroylrutinoside-5-
glucoside. We detected significant correlations between
some of the measured metabolites, as for example the
negative correlation between the main anthocyanins of red
and blue potato cultivars. Mainly hydroxylation and
methylation patterns of the B-ring of dihydroflavonols,
leading to the formation of specific anthocyanidin back-
bones, can be assigned to a distinct coloring of the potato
cultivars and tuber tissues. However, basically the same
glycosylation and acylation reactions occur regardless of
the main anthocyanidin precursor present in the respective
red and blue/purple tissue. Thus, the different anthocyanin
profiles in red and blue potato cultivars likely relate to
superior regulation of the expression and activities of
hydroxylases and methyltransferases rather than to differ-
ences for downstream glycosyl- and acyltransferases. In
this regard, the characterized potato cultivars represent a
valuable resource for the molecular analysis of the genetic
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background and the regulation of anthocyanin side chain
modification.

Keywords Colored potatoes - Flavonoids - LC-MS/
MRM - Metabolomics - Solanum tuberosum L

Abbreviations

ESI Electrospray ionization

MRM Multiple reaction monitoring

PCA Principal component analysis

PDA Photodiode array

TQMS Triple quadrupole mass spectrometry

UHR-TOF-MS  Ultra-high resolution time-of-flight mass
spectrometry

UPLC Ultra-performance liquid
chromatography

Introduction

Anthocyanins are glycosidic water soluble pigments,
belonging to the group of flavonoids, which give many
fruits and flowers a red to purple or blue coloration. Their
water solubility is due to a glycosidic bound sugar residue,
whereas the color is attributed to the aglycone (antho-
cyanidin) (Castaneda-Ovando et al. 2009). Six major
anthocyanidins are naturally occurring, which are petuni-
din, pelargonidin, cyanidin, peonidin, malvidin and del-
phinidin. Currently, a range of 700 anthocyanins have been
identified, differing in their overall hydroxylation pattern,
in methylation, glycosylation and acylation, and conse-
quently in their coloration (He and Giusti 2010). The color
variation is due not only to the global pigment concentra-
tion but also to the proportion of different types of pig-
ments and their secondary modifications, which can affect
the stability and reactivity of anthocyanins and the chro-
matic properties of the pigments (Fournier-Level et al.
2011).

There is an increasing interest in anthocyanins (Bridle
and Timberlake 1997) since these pigments fulfill several
protective functions in plants. They protect plant DNA and
proteins against UV-induced damages (Steyn et al. 2002),
which are involved in defense against divers biotic and
abiotic stresses (Chalker-Scott 1999; Wegener and Jansen
2007), show antioxidant capacity and help to attract
potential pollinators (Xie et al. 2015). Furthermore,
anthocyanins are potentially beneficial for human health
(He and Giusti 2010; Lila 2004). For a number of antho-
cyanins antioxidant, anti-carcinogenic (Bagchi et al. 2004;
Butelli et al. 2008) and anti-inflammatory (Ohgami et al.
2005) activities have been shown, as well as a possible
support of diabetes prevention and treatment (Tsuda 2016)
and heart health (Mazza 2007).
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Potato, belonging to the genus Solanum, is among the
most important staple foods worldwide. Thus, pigmented
varieties may provide a major quantitative source of
anthocyanins with aforementioned nutritional health ben-
efits (Prior 2003). Increasing interest in anthocyanin-rich
colored potatoes as ‘functional food’ from the food
industry, nutritional science and consumers gained the
attention of potato breeders. Providing new information
about phytochemical characteristics in colored potatoes
that can help breeders to select genotypes for the genera-
tion of more colorful, healthy, and disease-resistant pota-
toes is one of the goals of this study.

Potatoes are indigenous in the Andes, having a single
origin in the area of southern Peru and northwestern
Bolivia, where they were domesticated approximately
7000-10,000 years ago (Spooner et al. 2005; Kiple and
Ornelas 2000). About 5000 cultivated potato varieties exist
worldwide (International Potato Center, http://cipotato.org/
potato/), with the taxonomy being controversial with any-
where up to 20 species recognized (Takeda et al. 1988;
Mateus et al. 2002). The major species grown worldwide is
Solanum tuberosum L. (autotetraploid with 48 chromo-
somes), which we therefore have chosen for our investi-
gations. Pigmented potatoes of this species seem to feature
a huge variability in anthocyanin content and composition,
which may be based on genetic differences. Thus, they
supply a suitable model for investigating the regulation of
anthocyanin biosynthesis in potato. We made use of the
huge collection of the IPK Genebank (GLKS) in Grof
Luesewitz (http://glks.ipk-gatersleben.de/home.php) which
comprises more than 6100 potato accessions in total and
about 2620 anthocyanin containing accessions (about 660
cultivated and 1960 wild accessions). This collection and
the advance in analytical approaches lay the foundations to
elucidate the phytochemical diversity in the crop plant
potato on a newly revised level.

Overall, the tuber coloration patterns are highly variable
and colors of tuber peel and flesh tissues do not always
match. Potatoes with colored flesh usually have identically
colored skin, but colored skin does not implicate that the
flesh is colored too (De Jong et al. 2003). The pigmentation
ranges from partial to complete. Different degrees of pig-
mentation result in specific coloration patterns including
spots, stripes and rings (Brown 2006). For anthocyanins
described in potato a rough pattern is already verified. The
tuber colors are fundamentally determined by the matching
profiles of the six major naturally occurring anthocyani-
dins. Red potatoes contain mainly acylated pelargonidin
derivatives such as pelargonidin 3-p-coumaroylrutinoside-
5-glucoside (Naito et al. 1998; Rodriguez-Saona et al.
1998). In contrast, purple or blue potatoes contain mixed
patterns of the 3-p-coumaroylrutinoside-5-glucosides of
petunidin, malvidin and peonidin (Lewis et al. 1998).
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However, the tissue specific anthocyanin composition and
its relation to the overall polyphenol constitution in colored
potato tubers have been investigated infrequently.

Here, we analyzed the anthocyanin and polyphenol
profiles of 57 naturally colored red and blue/purple potato
varieties for extracts from tuber flesh and peel, respec-
tively. Based on observed variations in anthocyanin com-
position and concentration, both between flesh and peel as
well as between the individual varieties, potato tuber tis-
sues of 19 cultivars have been selected for further quanti-
tative analysis by LC-MS/MRM. Hierarchical clustering of
the quantitative data, obtained for 21 anthocyanins and 31
additional polyphenols, facilitated the identification of
cultivars and in particular of tissues with the highest vari-
ance in anthocyanin composition, and therefore presum-
ably with the biggest differences in the anthocyanins
biosynthesis regulation. Additionally, correlation analysis
determined associations between anthocyanins and other
polyphenols. Possible functions and regulatory mecha-
nisms of the observed relations are discussed together with
their impact on future breeding approaches.

Materials and methods
Plant material, cultivation and harvest

Tubers of 57 colored potato cultivars were obtained from
the IPK Genebank (GLKS) in Grof3 Luesewitz (http://glks.
ipk-gatersleben.de/home.php) and are listed in Supple-
mental Table S1. Potato tubers were field grown according
to best agricultural practice at two different locations: (1)
for LC-UV/MS analysis in Gross Luesewitz at two vege-
tation periods (2013 and 2014), and (2) for multiple reac-
tion monitoring (MRM) analysis in Gatersleben (2015).
Tubers were harvested after five months at maturity and
sample material was prepared immediately. Tuber flesh and
peel where manually separated, shock frozen under liquid
nitrogen and stored at —80 °C until lyophilization in a
freeze dryer. Subsequently, the sample material was
ground using a batch grinder (Janke and Kunkel KG, IKA
factory, Staufen im Breisgau, Germany) and stored at 4 °C
until usage.

Within the potato material examined, offsprings from
self-pollination of two varieties, namely “Violettfleis-
chige” (offsprings A to C) and “Blue Marker” (offspring A
and B), were included. Furthermore, we made use of pro-
genies from the crossing “Violettfleischige x Blue Marker”
(offspring A to D). In case of the offsprings from “Vio-
lettfleischige” and “Violettfleischige x Blue Marker”, one
genotype each was cultivated at two vegetation periods
(Supplemental Table S1, entries Al in 2013 and entries A2
in 2014, respectively) in Gross Luesewitz. Thus, together

with the planting of all cultivars in 2015 at another loca-
tion, the selection of this material offered the opportunity
to evaluate temporal and environmental influences, as by
the location and the year of cultivation, for closely related
cultivars or even within one progeny.

Extraction of anthocyanins and other polyphenols
from potato tubers

All utilized solvents were obtained from Th. Geyer (Ren-
ningen, Germany) at LC-MS grade. For LC-UV/MS based
metabolite profiling flesh and peel from three tubers per
cultivar where pooled. Extracts were prepared from
100 mg of lyophilized ground material using two times
500 wl of a mixture of 70% methanol with 2% formic acid.
The samples were weighted into a 2 ml reaction tube and
after addition of the extraction solvent the tubes were
vortexed for 3 s, shaken for 30 min on a thermomixer at
4 °C and centrifuged for 10 min at 4 °C with 28,000 g.
The supernatants were transferred to fresh reaction tubes.
After repetition of this procedure both supernatants were
combined. For each sample, two independent extracts were
made to obtain two technical replicates for the LC-UV/MS
profiling.

For preparation of samples applied to LC-MS/MRM
analysis, six tubers where pooled randomized from two to
five plants per cultivar. The extraction procedure was the
same as described above but using non acidified 70%
methanol as solvent. For each sample, three independent
extracts were made, referred to as technical replicates.

LC-UV/MS profiling

LC-UV/MS profiling was carried out using a combination
of an ultra-performance liquid chromatography (UPLC)
instrument (H-class, Waters, Milford, MA, USA) with
photodiode array (PDA) detection coupled to an ultra-high
resolution time of flight mass spectrometer (UHR-TOF-
MS, maXis Impact, Bruker Daltonics, Bremen, Germany)
for MS detection. After centrifugation of the extracts 3 pl
per sample were injected. LC separation was performed on
a reverse phase (RP) Acquity UPLC® CSH Phenyl-Hexyl
column (130 A, 2.1 x 100 mm, 1.7 um, Waters) in com-
bination with an Acquity UPLC® CSH Phenyl-Hexyl
VanGuard pre-column (130 IOA, 2.1 x Smm, 1.7 pm,
Waters) according to the following protocol: from 98 to
90% of A for the first 3 min, from 90 to 80% A from 3 to
7 min, from 80 to 2% A from 7 to 10 min, and an isocratic
hold for 3 min to clean the column. Solvent B was ace-
tonitrile (Chemsolute, Renningen, Germany)/0.5% (v/v)
formic acid and solvent A was 18 mQ water (Merck,
Darmstadt, Germany)/0.5% (v/v) formic acid. The tem-
perature of the column was maintained at 35 °C. The
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solvent was administered at a flow rate of 500 pl/min. UV
detection was performed in the range from 210 nm to
800 nm and UV chromatograms have been visually
inspected at a wavelength of 515 nm for abundance of
anthocyanins. For MS detection, the outlet of the PDA
detector was coupled to the electrospray ionization (ESI)
source (positive ion mode at 220 °C dry temperature, four
bar nebulizer, 4000 V capillary voltage and a dry gas flow
of 11 1/min) of the UHR-TOF-MS instrument using a
splitter directing 83% of the eluate into the source. The
instrument settings of the mass spectrometer were as fol-
lows: the mass range was set to m/z 50-1500, with a
hexapole radio frequency (RF) voltage of 100 V peak-to-
peak (Vpp), a collision energy of 8 V, a funnel 1 RF of 300
Vpp, a funnel 2 RF of 600 Vpp, a prepulse storage time of
15 ps, a transfer time of 50 ps and a collision cell RF of
500 Vpp.

LC-UV/MS data were analyzed first using Bruker
Compass DataAnalysis version 4.1 software for detection
of molecular features. Resulting retention time (RT)/mass
pairs were then used for extraction of ion chromatograms
and integration of peak areas by means of QuantAnalysis
2.1 software (Bruker Daltonics). For principal component
analysis (PCA), the module implemented in the Bruker
Compass ProfileAnalysis 2.1 software (Bruker Daltonics)
was utilized. The annotation of detected compounds is
based on the comparison of the measured retention times
and molecular ion masses with the literature data and
metabolite data bases, such as KEGG, PubChem,
ChemSpider, and Metlin (Supplemental Fig. S1g).

LC-MS/MRM profiling

Metabolite profiling by means of LC separation coupled to
triple quadrupole mass spectrometric (TQMS) detection
was carried out using an Acquity UPLC system (Waters)
coupled to a Xevo TQMS System (Waters). Directly prior
injection the extracts were filtered (Millex-GV syringe
filter unit, 0.22 pm, PVDF, 33 mm, Millipore, Darmstadt,
Germany). For each of the three extracts per sample, 2 pl
were injected twice and these six replicates per sample
were measured in a randomized order. All utilized solvents
were obtained from Sigma-Aldrich (Milano, Italy) at LC—
MS grade.

Anthocyanins were separated on a RP Acquity UPLC®
BEH C18 column (130 A, 2.1 x 150 mm, 1.7 pm, waters),
protected with an Acquity UPLC® BEH C18 pre-column
(130 10\, 2.1 x 5 mm, 1.7 um, waters). The following
multistep linear gradient was used: from 95 to 60% of A for
the first 4 min, from 60 to 45% A from 4 to 9 min, from 45
to 5% A from 9 to 11 min, and an isocratic hold for 3 min.
Solvent B was methanol/5% (v/v) formic acid and solvent
A was 18 mQ water/5% (v/v) formic acid, administered at
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a flow rate of 300 pl/min. The column temperature was
40 °C. ESI was implemented in positive mode at 150 °C
source temperature, 500 V capillary voltage, a desolvation
gas flow of 1000 I/h and a desolvation temperature of
500 °C. Anthocyanin annotation is based on the literature
data (Table 2) and entries of metabolite databases (KEGG,
PubChem, ChemSpider, Metlin).

The separation of other polyphenols was performed with
an  Acquity UPLC® HSST3 column (100 A,
2.1 x 100 mm, 1.8 um, Waters) in combination with an
Acquity UPLC® HSST3 pre-column (100 A, 2.1 x 5 mm,
1.8 um, waters). The solvent was administered at a flow
rate of 400 pl/min, according to the following protocol:
from 95 to 80% of A for the first 4.5 min, from 80 to 55%
A from 4.5 to 9 min, from 55 to 0% A from 9 to 11 min,
and an isocratic hold for 3 min. Solvent B was acetonitrile/
0.1% (v/v) formic acid and solvent A was 18 mQ water/
0.1% (v/v) formic acid. The temperature of the column was
maintained at 40 °C. For ESI the capillary voltage was
3.5 kV in positive mode and —2.5 kV in negative mode
(Vrhovsek et al. 2012). The source was kept at 150 °C,
desolvation temperature was 500 °C, cone gas flow was
50 /h and desolvation gas flow was 800 I/h. For the
annotation of potato polyphenols (P1-P31) listed in
Table 3, the MRM measurement method was created on
the basis of commercially available reference substances,
referring to Vrhovsek et al. (2012). For each compound,
two independent and orthogonal measures (retention time
and two MRM transitions) relative to an authentic com-
pound analyzed under identical experimental conditions
have been considered. Thus, all the annotations belong to
the level 1, non-novel metabolite identification.

Unit resolution was applied to each quadrupole.
Respective MRM settings are listed in Tables 2 and 3.
MRM data analysis was conducted using MassLynx 4.1
and TargetLynx software (Waters, Eschborn, Germany).

Data analysis and visualization

Statistical analysis was performed with R software (R Core
Team 2016) and visualized using package gplots (Warnes
et al. 2015). Hierarchical clustering (Euclidean distance
and complete linkage method) of logl0 transformed phe-
nolic metabolite intensities obtained from MRM peak areas
was conducted to allow better comparison of large and
small values. A dendrogram combined with a heat map
depict the clustering results. Rows of the heat map repre-
sent tuber tissue samples of different cultivars, and col-
umns represent the individual phenolic metabolites.
Additionally, Pearson correlation analysis has been per-
formed between the phenolic metabolite intensities of the
cultivars, based on the integrated peak areas of the MRM
analyses. Resulting correlation coefficients are visualized
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either in a heat map representation, in a value matrix, or in
scatter plots including regression lines. The significance is
denoted by P value categories *** P < 0.001, ** P < 0.01,
* P <0.05, P <0.1. Furthermore, the VANTED frame-
work [Visualization and Analysis of Networks containing
Experimental Data (Rohn et al. 2012)] was used to gen-
erate the anthocyanin biosynthesis pathway in potato tuber.

Results

LC-UV/MS analysis revealed tissue and cultivar
specific patterns of polyphenols

To identify potato cultivars with high variation in their
polyphenol patterns a sequential screening of tuber tissues
of a large set of colored varieties was conducted. The
workflow for metabolite profiling is shown in Fig. 1. First,
57 potato varieties differing in their tuber coloration have
been evaluated for their polyphenol profiles by LC-UV/MS
analysis. Thereby tuber flesh and peel were analyzed sep-
arately (57 colored potato cultivars, flesh and peel, Sup-
plemental Table S1). Most pronounced differences were
variations in anthocyanin composition and concentration,
both between flesh and peel as well as between the indi-
vidual varieties. One such example is shown in Fig. 2 for
the varieties “Violettfleischige x Blue Marker-B” (#2), and
“Rote Emmalie” (#49), which differ in the profile and the
content of the main anthocyanins absorbing at 515 nm.
However, to elucidate the main discriminating features of
all acquired polyphenols we visualized the LC-MS dataset
by principal component analysis (PCA).

Analyzing the main components of flesh and peel of the
57 potato cultivars in a projection of the data in two-di-
mensional space permits an overview of the patterns in the
data (Fig. 3). With this method, it is possible to visualize
whether these patterns are associated with tissue color,
tissue type or variety. The PCA was performed on the
complex data matrix of all measured polyphenols con-
taining all the features (intensities of retention time-mass
pairs) significantly detected across all samples. Figure 3a
shows the scores plot of the first two components which
allows for grouping of both tissue and color. PC1 separates
the flesh and the peel samples with an explained variance
of 48.2% and the different colored samples are separated
on PC2 with 16.9% of explained variance. At PC2 three
groups of samples were separated, namely the red, yellow,
and blue/purple colored samples. That way a clustering of
the samples in five main groups was obtained: (1) blue/
purple flesh, (2) blue/purple peel, (3) red flesh, (4) red peel,
and (5) yellow flesh. The variables related to the two
components are shown in the loadings plot in Fig. 3b. For
PC2 these variables mainly represent the color pigments,

especially the anthocyanins, while the variables for PC1 are
represented by other phenolic compounds. The antho-
cyanins, the compounds we focused on that are mainly
responsible for the separation of the differentially colored
samples on PC2 are highlighted in the appropriate color.
Anthocyanins that are responsible for blue to purple col-
oration of potato tuber tissues are mainly petunidin 3-p-
coumaroylrutinoside-5-glucoside (6.09 min, 933.27 m/z),
petunidin  3-feruloylrutinoside-5-glucoside  (6.27 min,
963.27 m/z), and malvidin 3-p-coumaroylrutinoside-5-glu-
coside (6.69, 947.26 m/z). Responsible for the red col-
oration are mainly pelargonidin 3-feruloylrutinoside-5-
glucoside (6.58 min, 917.27 m/z), pelargonidin 3-ruti-
noside (4.24 min, 579.17 m/z), pelargonidin 3-rutinoside-
5-glucoside (3.57 min, 741.22 m/z) and pelargonidin 3-p-
coumaroylrutinoside-5-glucoside (6.42 min, 887.26 m/z).

Selection of most contrasting genotypes
for quantitative LC-MS/MRM profiling

For further phytochemical characterization of the colored
potato cultivars we focused on most abundant differences
in anthocyanin profiles. The profiles mainly differ in
anthocyanin composition and intensity. We assembled the
114 samples (flesh and peel of 57 colored potato cultivars)
by grouping them for similar anthocyanin composition
based on UV-absorption at 515 nm and MS profiles.
Together, 24 distinct anthocyanin profiles (referred to as
groups) were found across both analyzed tissues of all
lines, each consisting of a number of red or blue/purple
varieties (Supplemental Fig. S1 a-f). In tuber flesh, six
different anthocyanin profile groups were observed, five of

57 cultivars

57x tuber flesh
57x tuber peel

l LC-MS profiling & grouping

Selection of 19 cultivars
(24 different profiles: 6x flesh, 18x peel)

different anthocyanin backbone
different acyl and sugar conjugates

l MRM profiling
Tentative annotation

21 anthocyanins
31 other polyphenols

l Hierarchical clustering

Candidate lines for further studies

Fig. 1 Schematic overview of the work flow for the metabolite
screening of colored potato genotypes
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Fig. 2 Overlay of contrasting anthocyanin profiles of two colored
potato genotypes, analyzed by LC-UV/MS. UV-chromatograms at
515 nm; purple flesh (group 1 F) of variety “Violettfleischige x Blue
Marker-B” (# 2), red flesh (group 6 F) of variety “Rote Emmalie” (#
49). Please also refer to Table 1 for anthocyanin profile groups (1 F
and 6 F)

them relating to blue/purple tissue and one group observed
in red-fleshed lines. For tuber peel, eighteen anthocyanin
profile groups were assigned comprising six groups derived
from red and 12 from blue/purple peel material (Table 1).

Most obvious variations between tissues and cultivars
comprised the accumulation of anthocyanins with different
backbones and different acyl and sugar conjugates. Red-
fleshed potatoes mainly contain acylated pelargonidin
derivatives (pelargonidin 3-p-coumaroylrutinoside-5-glu-
coside m/z 887.26 and pelargonidin 3-feruloylrutinoside-5-
glucoside m/z 917.27), while blue/purple-fleshed lines
harbor mixtures of several acylated derivatives of petunidin
(petunidin ~ 3-p-coumaroylrutinoside-5-glucoside ~ m/z
933.26), peonidin (peonidin 3-p-coumaroylrutinoside-5-
glucoside m/z 917.25), and malvidin (malvidin 3-p-
coumaroylrutinoside-5-glucoside m/z 947.28). These data

were later validated by LC-MS/MRM analysis and agree
with previous studies by Lewis et al. (1998), Naito et al.
(1998), and Rodriguez-Saona et al. (1998). Generally,
higher absolute amounts and higher variability of antho-
cyanins were detected in potato peel. Thus, we kept tuber
peel in our studies, although tuber flesh has the higher
nutritional impact.

After grouping of all measured tissues according to their
anthocyanin profiles, those cultivars showing the highest
intensity of the main anthocyanins within each group were
selected for further studies (Table 1 and Supplemental
Fig. S2). In that way, 19 pigmented potato cultivars with
different anthocyanin profiles in flesh (6 groups) and peel
(18 groups) were selected, leading to an assortment of 24
samples of potato tuber tissue with various anthocyanin
compositions, for the quantitative LC-MS/MRM profiling.

Compound annotation and selection of indicative
molecular ions for LC-MS/MRM analysis

The data obtained from the initial LC-UV/MS based
anthocyanin profiling provide a strong case for description
of phenotypic differences among colored potatoes. How-
ever, they lack identification and detection of differing
peaks, especially for compounds with equal mass-to-charge
ratios, and thus do not allow for quantification of related
molecular ions. To fill this knowledge gap, we focused on
the metabolite phenotyping of selected colored potato
varieties by LC-MS/MRM analysis of anthocyanin profiles
and profiles for other polyphenolic substances. MRM
provides a high level of selectivity for targeting these
compounds and enables multiplexed, sensitive metabolite
profiling. To ensure selective analysis of targeted com-
pounds, a characteristic precursor ion eluting at a specific
retention time (the so-called identifier) has to be defined
together with a fragment ion (quantifier) preferentially
produced during induced decay of the identifier molecular

a 0.6 4 b 038 -
1 petunidin 3-p-coumaroylrutinoside-5-glucoside
4 2 petunidin 3-feruloylrutinoside-5-glucoside
0.4 - 0.6 + 3 malvidin 3-p-coumaroylrutinoside-5-glucoside
—_ 4 pelargonidin 3-feruloylrutinoside-5-glucoside
o\° 0.2 | @O%) (e) °\° 0.4 5 pelargon!d‘m 3-rut!nos!de ‘
o o @ o blue/purple flesh q) 6 pelargonidin 3-rutinoside-5-glucoside
tD- o © 7 pelargonidin 3-p-coumaroylrutinoside-5-glucoside
= 0 9 red flesh T 0.2 °
N N o
3} yellow flesh o o °
& 2| oo 8> R 00 g
A blue/purple peel
04 | : red peel 0.2 4 .
-0.4 -
-0.6 —— ; L . . . .
-0.8 -06 -04 -02 O 02 04 06 038 0.0 0.1 0.2 0.3 0.4 0.6

PC1 (48.2%)
Fig. 3 Results from principal component analysis of 114 samples

obtained from tuber flesh and peel of 57 potato cultivars, presented as
score (a) and loading (b) plots. Projection and related variable are
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PC 1 (48.2%)

shown for PC1 and PC2. In the loadings plot, the anthocyanins mainly
contributing to the variance between red and blue/purple tissue for
PC2 are highlighted in the appropriate color
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potao ulivas, ow ot a ol of ¥ e Color Group

57 (Supplemental Table S1), Flesh Peel Flesh (6) Peel (18)

analyzed by LC-MS/MRM to

assess polyphenol composition 2 Violettfleischige x Blue Marker-B Purple Purple 1F 1P

quantitatively 3 (Violettfleischige)-A1 Purple Purple 3F 2P
6 (Blue Marker)-B Purple Purple 3P
8 Blaue Ajanhuiri Purple Purple 5F 4P
9 Bangladesh Yellow Red 14 P
16 Konigspurpur Red Red I5P
17 Desiree Yellow Red 17 P
19 Early Rose Yellow Red 18 P
21 Shetland Blau I Yellow Purple 6P
23 Rosamunda White Red 7P
25 Weinberger Blaue White Purple 8P
28 Mrs. Moerle’s Purple Baker White Purple 5P
39 Vogtlidndische Blaue White Purple 11P
41 Purple Purple Purple 9P
49 Rote Emmalie Red Red 6 F
53 Violettfleischige x Blue Marker-D Purple Purple 2F 10P
54 (Violettfleischige)-A2 Purple Purple 12 P
56 Rosemarie Red Red 16 P
57 Vitelotte Purple Purple 4F 13 P

ion. Those values are then used to generate a MS method
which sequentially acquires the compound specific data. To
capture the anthocyanins and polyphenols in our extracts
most comprehensively, we screened available literature
data and compared retention orders and molecular ion
signals with our available dataset from LC-UV/MS anal-
ysis. Those figures matching with values in our dataset
were then used to tune respective MRM conditions and to
generate MS methods for the analysis of anthocyanins and
other polyphenols. In total, we generated MRM methods
enabling the fragmentation-based quantification of 21
anthocyanins and 31 other polyphenols. Respective MRM
settings for the assigned compounds are listed in Tables 2
and Table 3.

MRM data validated tissue and cultivar specific
polyphenol patterns and indicated particular
correlation of anthocyanins with other polyphenols

Material representative of the 24 anthocyanin profile
groups (tuber flesh and peel of 19 selected potato cultivars,
Table 1) has been measured by means of LC-MS/MRM
method. The generated data set was evaluated for differ-
ences in anthocyanin and other polyphenol profiles and
abundance in these pigments.

The applied two-way hierarchical clustering, shown in
Fig. 4, resulted in a dendrogram that displays the hierar-
chical relationship between the metabolite profiles of the

potato genotypes in addition to a heat map (Smoliniski et al.
2002) which visualizes the log10 scaled metabolite inten-
sities of compound peak areas using a color scale from
white (low value) to dark green (high value). Only com-
pounds with at least five values with peak areas above the
threshold of 10° across the different potato genotypes have
been considered in the calculations (omitted compounds:
P16, P19, P23, P24, and P31). The measured compounds
are differently labeled in red (anthocyanins, A) and black
(additional polyphenols, P).

Hierarchical clustering first revealed a separation of red
and blue/purple tissue (horizontal axis). Main anthocyanins
detected in red tissue are pelargonidin 3-p-coumaroylruti-
noside-5-glucoside (A14), pelargonidin 3-feruloylruti-
noside-5-glucoside (A17), and pelargonidin 3-rutinoside-5-
glucoside (A2), while in blue/purple tissue the main
anthocyanins are petunidin 3-p-coumaroylrutinoside-5-
glucoside (A12) and malvidin 3-feruloylrutinoside-5-glu-
coside (A19), where the latter is more abundant in blue/
purple tuber peel than in flesh. In addition, there is an
obvious clustering of the type of tissue into peel and flesh,
which mainly relates to other polyphenols that are present
in tuber peel but could not be detected in flesh, such as
coniferyl aldehyde (P26), 1,5-dicaffeoylquinic acid (P22),
and daphnetin (P7), or compounds which were detected in
peel in significantly higher amounts than in flesh-like
vanillic acid (P9), ferulic acid (P17), vanillin (P14), and
scopoletin (P18), among others. The content of those
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Table 2 MRM conditions for the quantitative analysis of potato anthocyanins

# Tentative annotation RT Transitions (m/z)*  Cone Collision energy Literature
(min) V) V) (references)
Al  Petunidin 3-rutinoside-5-glucoside 2.99 787 — 317/625/ 20720/ 40/20/40 a
479 40
A2  Pelargonidin 3-rutinoside-5-glucoside 3.20 741 — 271/433/ 20/20/ 40/40/40 b, c
579 40
A3 Peonidin 3-rutinoside-5-glucoside 3.33 771 — 301/463/ 20720/ 40/20/40 b
609 40
A4 Malvidin 3-rutinoside-5-glucoside 3.42 801 — 331/493/  40/40/ 40/40/40 a
639 40
A5 Petunidin 3-rutinoside 3.98 625 — 317/479 20/20 40/20
A6 Pelargonidin 3-rutinoside 4.16 579 — 271/433 20/30 20/20 ,C
A7  Malvidin 3-rutinoside 4.40 639 — 331/493 20/20 40/20
A8  Petunidin 3-caffeoylrutinoside-5-glucoside 4.41 949 — 317/479/ 20720/ 40/20/40 a
787 40
A9  Delphinidin 3-p-coumaroylrutinoside-5- 4.45 919 — 303/465/ 20/20/ 40/20/40 a, c
glucoside 757 40
A10 Pelargonidin feruloyl-xylosyl-glucosyl- 4.62 903 — 271 20 40 d
galactoside
All Cyanidin 3-p-coumaroylrutinoside-5-glucoside 4.74 903 — 287/449 20/20 40/20 c, e
A12 Petunidin 3-p-coumaroylrutinoside-5- 4.78 933 — 317/479/ 40/40/ 40/40/40 a, c
glucoside 771 40
A13  Petunidin 3-feruloylrutinoside-5-glucoside 491 963 — 317/479/ 30/40/ 20/40/20 a
801 20
Al4 Pelargonidin 3-p-coumaroylrutinoside-5- 5.03 887 — 271/433/ 20/40/ 40/40/40 a, b
glucoside 725 40
Al5 Peonidin 3-p-coumaroylrutinoside-5-glucoside 5.09 917 — 301/463/ 30/40/ 20/40/40 a, b, c
755 40
Al6 Malvidin 3-p-coumaroylrutinoside-5-glucoside 5.11 947 — 331/493/ 30/20/ 20/20/40 a, c
785 40
A17 Pelargonidin 3-feruloylrutinoside-5-glucoside ~ 5.14 917 — 271/433/ 20720/ 40/40/40 b
755 40
A18 Peonidin 3-feruloylrutinoside-5-glucoside 5.20 947 — 301/463/ 20/40/ 40/40/40 a, b
785 40
A19 Malvidin 3-feruloylrutinoside-5-glucoside 5.21 977 — 331/493/  40/30/ 40/20/40 a
815 40
A20 Petunidin 3-p-coumaroylrutinoside 5.35 771 — 317/479 20/40 40/40 a
A21 Pelargonidin 3-p-coumaroylrutinoside 5.67 725 — 271/433 20/20 40/40 a, b

Quantitation ions are shown in bold (*). All measurements were done in positive ion mode (ES+)

4 Hillebrand et al. 2009
" Zhang et al. 2009

¢ http://www.genome.jp/dbget-bin/www_bget?pathway+sot00942

4 Kammerer et al. 2003
¢ Zubko et al. 1993

phenolic compounds, therefore, may be assumed as tissue
specific.

Furthermore, the hierarchical clustering results indicate
a correlation between anthocyanins and other polyphenols
as there are compounds, such as kaempferol 3-rutinoside
(P20), which is apparently color related because it is more
abundant in red compared to blue/purple tuber tissue. The

@ Springer

same was found for blue/purple tuber tissue containing
quercetin 3,4-rutinoside (P11) which was rarely detected
in red tissue. For more detailed and corroborated asser-
tions a correlation analysis was performed, providing the
correlation coefficients and the P values for the evaluation
of the significance of the detected correlations (Supple-
mental Fig. S3a-d).
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Table 3 MRM conditions for the quantitative analysis of potato polyphenols

# Tentative annotation RT (min) Transitions (m/z)* Cone (V) Collision energy (eV) Polarity
P1 4-Aminobenzoic acid 2.17 137.95 — 76.98/94.37 20/20 20/20 Positive
P2 Neochlorogenic acid 221 353.06 — 178.96/191.00 26/26 18/18 Negative
P3 Chlorogenic acid 2.79 353.06 — 92.97/191.00 36/36 38/20 Negative
P4 p-Hydroxybenzoic acid 2.88 138.87 — 64.90/76.95 20/20 26/18 Positive
P5 Cryptochlorogenic acid 2.89 353.06 — 172.97/178.96 34/34 14/16 Negative
P6 Fraxin 3.10 369.06 — 191.79/206.94 32/32 32/20 Negative
P7 Daphnetin 3.20 178.93 — 104.96/123.00 36/36 24/22 Positive
P8 Caffeic acid 3.23 180.95 — 117.01/144.94 16/16 22/16 Positive
P9 Vanillic acid 3.29 168.95 — 64.98/92.99 18/18 22/14 Positive
P10 2,4-Dihydroxy-benzoic acid 342 152.87 — 64.91/109.00 24/24 16/14 Negative
P11 Quercetin 3,4-rutinoside 3.63 627.18 — 303.07/465.08 18/18 32/16 Positive
P12 p-Coumaric acid 4.08 164.95 — 91.02/119.03 16/16 24/26 Positive
P13 Coniferyl alcohol 4.09 163.03 — 103.03/131.03 42716 18/10 Positive
P14 Vanillin 4.13 152.89 — 92.99/124.98 20720 16/10 Positive
P15 Rutin 4.22 611.25 — 303.00/465.01 18/18 22/12 Positive
P16 Quercetin 3-glucoside 4.53 465.13 — 228.99/303.01 18/18 48/12 Positive
P17 Ferulic acid 4.56 194.96 — 116.96/144.97 42716 24/16 Positive
P18 Scopoletin 4.58 193.01 — 133.02/161.08 14/14 16/10 Positive
P19 Sinapic acid 4.60 222.97 - 163.96/207.97 30/30 18/14 Negative
P20 Kaempferol 3-rutinoside 5.05 595.19 — 287.00/449.03 18/18 20/12 Positive
P21 Isorhamnetin 3-rutinoside 535 625.20 — 317.03/479.04 18/18 20/12 Positive
P22 1,5-Dicaffeoylquinic acid 5.36 515.16 — 190.98/353.06 26/26 28/16 Negative
P23 Kaempferol 3-glucoside 5.49 449.13 — 152.98/287.01 16/16 48/14 Positive
P24 Quercetin 3-rhamnoside 5.59 449.13 — 129.03/303.01 16/16 14/10 Positive
P25 Isorhamnetin 3-glucoside 5.63 479.14 — 302.02/317.04 16/16 38/14 positive
P26 Coniferyl aldehyde 5.78 178.97 — 118.98/146.99 22/22 18/14 Positive
P27 Dihydrokaempferol 6.13 289.03 — 152.99/242.99 18/18 18/16 Positive
P28 Phlorizin 6.22 435.04 — 166.98/273.03 32/32 30/16 Negative
P29 Luteolin 7.36 287.08 — 134.96/152.99 52/52 30/32 Positive
P30 Cinnamic acid 7.61 149.00 — 103.00/131.00 26/16 10/12 Positive
P31 Kaempferol 8.46 287.02 — 152.99/164.97 50/50 32/26 Positive

Quantitation ions are shown in bold (*)

Significant correlations between polyphenols were
detected

Linear relationships between metabolites have been eval-
uated by calculating the Pearson correlation coefficients. A
number of compounds have not been included in the cor-
relation analysis, namely A20, P10, P16, P19, P23, P24,
P25, P31, because of very low (below 103) MRM acquired
intensity values (Fig. 4, missing compounds and gray
boxes). A condensed visualization of the Pearson correla-
tion results is shown as a heat map in Fig. 5. Here, the
correlation coefficients range from —1 (negative correla-
tion) to 1 (positive correlation), represented by the color
key. Significant correlations are denoted by different

categories for P values. Related correlation coefficient Irl-
values and significance P values are presented in Supple-
mental Fig. S3a, ¢, d. Additionally, scatter plots per
interrelated compound pair were created visualizing the
type of relationship between them (Supplemental Fig. S3a,
b, ¢). A regression line depicts the linear association that is
represented by Pearson correlation.

The most significant positive or negative correlations, as
well as the least correlated metabolites are summarized in
Table 4. Generally, positive associations were found with
higher significance than negative ones. Of all calculated
coherences the strongest and most significant one was found
to be the positive correlation between the two anthocyanins
delphinidin 3-p-coumaroylrutinoside-5-glucoside (A9) and
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Color Key

Fig. 4 Two-way hierarchical clustering results visualized using a
dendrogram combined with a heat map. The heat map represents the
intensities (MRM peak areas, loglO scaled values depicted in the
color key [0; 7]) of the phenolic metabolites (columns) in the tuber
tissues of the different cultivars (rows). On the horizontal axis, two
main clusters represent cultivars with tuber colors purple and red and
within each of the two clusters the two tissues flesh (yellow bar) and

peonidin 3-p-coumaroylrutinoside-5-glucoside (A15), with
an r-value of 1 and a P value close to 0. Also, abundance of
pelargonidin 3-rutinoside-5-glucoside (A2) positively corre-
lates with the one of pelargonidin feruloyl-xylosyl-glucosyl-
galactoside (A10), pelargonidin 3-p-coumaroylrutinoside-5-
glucoside (A14), the main anthocyanin in red tuber tissue, and
pelargonidin = 3-p-coumaroylrutinoside (A21). Malvidin
3-rutinoside-5-glucoside (A4) was found significantly posi-
tive correlated with malvidin 3-p-coumaroylrutinoside-5-
glucoside (A16). The strongest positive correlation between
an anthocyanin and another polyphenol was calculated for
pelargonidin  3-p-coumaroylrutinoside-5-glucoside (A14)
and fraxin (P6). Other significant correlations were found for
petunidin 3-caffeoylrutinoside-5-glucoside (A8) and phlo-
rizin (P28), for pelargonidin 3-rutinoside (A6) with kaemp-
ferol 3-rutinoside (P20) and luteolin (P29), as well as for
petunidin 3-feruloylrutinoside-5-glucoside (A13) with phlo-
rizin (P28). Within the measured polyphenols 1,5-dicaf-
feoylquinic acid (P22) and dihydrokaempferol (P27) show the
highest positive linkage. Also, kaempferol 3-rutinoside (P20)
and luteolin (P29), p-hydroxybenzoic acid (P4) with 1,5-di-
caffeoylquinic acid (P22) and dihydrokaempferol (P27), as
well as vanillic acid (P9) and ferulic acid (P17) exhibit sig-
nificant positive correlation of their abundance. The strongest
and most significant negative correlation could be observed
within the polyphenols for chlorogenic acid (P3), the main
polyphenolic component in potato in general, and p-
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peel (orange bar) cluster together. On the vertical axis, anthocyanins
(Al to A21, shown in red) and other polyphenols (P1 to P31, shown
in black) form three main clusters indicative for their relative
abundance in the different sample groups, and thus for their
relationship. Abbreviations of cultivars and compounds are displayed
according to Tables 1, 2, and 3, respectively. Gray boxes indicate
peak areas below the threshold of 10

hydroxybenzoic acid (P4) with an r-value of —0.77 and a
P value close to 0. Metabolites with no observed relationship
were, for example, malvidin 3-rutinoside (A7) and cyanidin
3-p-coumaroylrutinoside-5-glucoside (All), vanillin (P14)
and scopoletin (P18), as well as pelargonidin 3-p-
coumaroylrutinoside-5-glucoside =~ (A14) and  dihy-
drokaempferol (P27).

Discussion

Potato genotypes feature variable anthocyanin
accumulation

The metabolite profiling of Solanum tuberosum genotypes
revealed polyphenol patterns specific for particular tuber
tissues and tuber coloration. In our analysis, two types of
tuber tissue (flesh and peel) of red and blue/purple potato
cultivars have been included. While certain polyphenols
particularly allowed for the separation of peel and flesh
tuber tissue, individual groups of anthocyanins were
indicative for respective tissue coloration. Our compre-
hensive analysis of 57 pigmented Solanum tuberosum
genotypes facilitated their grouping according to antho-
cyanin accumulation patterns, and thus possible genetic
diversity regarding anthocyanin biosynthesis, for the first
time.
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Fig. 5 Pearson correlation analysis results depicted in a heat map.
Correlation coefficient r is used to visualize the correlation between
all anthocyanins (A1-A21) and additional polyphenolic compounds
(P1-P31) detected in potato tuber tissues via LC-MS/MRM (color

We were able to tentatively annotate 27 individual
anthocyanins in our data set, out of which 21 could be
included in the quantitative MRM profiling of the 19
selected potato cultivars (Supplemental Fig. S1g). Our
analysis revealed that red tuber tissue contains mainly
pelargonidin derivatives, whereas blue/purple tuber tis-
sue harbors mostly derivatives of malvidin and petu-
nidin (Fig. 4; Table 4). These data confirm the findings
of previous studies. In red potato tissue, pelargonidin
3-p-coumaroylrutinoside-5-glucoside (our compound
A14) was identified as the main anthocyanin by Sachse
(1973) already. Furthermore, acylated pelargonidin
glycosides have been identified as main pigments in red
potato tubers (Naito et al. 1998; Rodriguez-Saona et al.
1998). In blue/purple tissue, the main anthocyanin has
been annotated as petunidin 3-p-coumaroylrutinoside-5-
glucoside (our compound A12) by Andersen et al.
(1991). In addition, malvidin and petunidin derivatives
were described for blue-fleshed potatoes (Hillebrand
et al. 2009). Conjugates of peonidin, as well as an
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key [—1; 1]). The significance is highlighted using categories for
P values including *** P <0.001, ** P <0.01, * P <0.05,
* P < 0.1. Abbreviations of compounds are displayed according to
Tables 2 and 3

acylated delphinidin derivative, could be verified in
both, red and blue/purple tuber tissue (Lachman and
Hamouz 2005).

Notably, other than for the cultivar Vitelotte, polyphe-
nolic profiles have not been described for any of the other
genotypes included in our study. Also, few comparisons
have been made between tuber flesh and peel. Compared
with the literature data, in our study similar anthocyanin
accumulation patterns were observed for red as well as for
blue/purple tuber tissues. Additionally, we observed dis-
tinct anthocyanin profiles for peel of some genotypes,
which together led to the categorization of several major
genetic backgrounds for anthocyanin biosynthesis regula-
tion in potato. Thus, we hypothesize at least four major
groupings of potato cultivars based on anthocyanin accu-
mulation, namely (1) no tuber coloration, (2) red tuber
coloration, (3) blue/purple tuber coloration, and (4) par-
ticular peel coloration. Hence, the material assessed in our
study provides a valuable resource to the selection of
genotypes for the investigation of underlaying regulatory
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Table 4 Examples for most significant positive or negative correlations and no observed correlations as obtained by means of Pearson

correlation analysis (max. 5 examples per correlation type)

Type of correlation Strongest positive correlation

Strongest negative correlation No observed correlation

Avs. A A9/A15 — +1.00%**
A2/A14 — +0.96%**
A2/A10 — 40.95%%*
A2/A2]1 — +0.94%%*
A4/A16 — +0.91***
Al14/P6 — +0.97%**
AB/P28 — +0.91%**
A6/P29 — 40.90%**
A6/P20 — +0.87%*%*
A13/P28 — +0.82%**
P22/P27 — 40.98*%%*
P20/P29 — +0.97%%*
P4/P27 — 40.93%**
P4/P22 — 40.88%**
P9/P17 — +0.84%**

A vs. P

Pvs. P

Al12/A14 — —0.53%*
A2/A12 - —0.46
A12/A17 - —0.46
Al/A16 —» —0.41

A7/A11 — 0.0018
A9/A10 — 0.0019
A4/A18 — 0.0035
A4/A6 — 0.0047

A7/P11—- —0.60*
A19/P26 — —0.54%*
Al12/P26 — —0.51%
Al12/P13 — —0.49%
A12/P14 —» —0.47*
P3/P4 — —0.77%%*
P3/P22 — —0.71%%*
P3/P27 — —0.71%*
P5/P11 — —0.59%
P8/P11 — —0.59%*

A14/P27 — 0.00079
A12/P2 — 0.001
A17/P3 — 0.0014
A2/P9 — 0.0014
A11/P29 — 0.0029
P14/P18 — 0.0034
P9/P26 — 0.0057
P9/P28 — 0.0094

P values are represented by *** P < (0.001, ** P <0.01, * P <0.05, - P <0.1. A anthocyanins; P other polyphenols. Abbreviations of

compounds are displayed according to Table 2 and 3, respectively

mechanisms of anthocyanin biosynthesis and new breeding
approaches.

Apart from pelargonidin feruloyl-xylosyl-glucosyl-
galactoside (our compound A10), all other anthocyanins
detected in our study have been described for potato pre-
viously (Hillebrand et al. 2009; Zhang et al. 2009; Zubko
et al. 1993). Pelargonidin feruloyl-xylosyl-glucosyl-galac-
toside with m/z 903 (A10, Table 2) was identified earlier in
black carrots (Daucus carota L. ssp. sativus var. atrorubens
Alef.) by means of LC-MS/MS analysis (Kammerer et al.
2003; Algarra et al. 2014), but to our knowledge, it was
detected for the first time in Solanum tuberosum in this
study. We mainly detected this pelargonidin derivative in
red potato tuber tissue, while only very small amounts were
found in some of the blue/purple tubers. It is tempting to
speculate about coherence between potato tuber and carrot
anthocyanins. Both are tuberous roots and as such they are
belowground organs growing in the dark. Although the role
of anthocyanins in belowground organs is not clear yet, it is
conceivable that they fulfill different functions compared to
anthocyanins in light exposed plant tissues. Anthocyanins
in fruits and flowers, for example, lead to a positive sig-
naling to frugivores and pollinators due to their attracting
color (Willson and Whelan 1990; Janson 1983). Accumu-
lation of these pigments in young leaves is conductive to
photoprotection (Liakopoulos et al. 2006). In underground
organs, by contrast, the color aspect and the photo pro-
tective function are immaterial. In reproductive or storage
tissues, such as potato tubers and tuberous carrot roots,
anthocyanins are likely to have protective function against
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pathogens and herbivores (Wegener and Jansen 2007;
Innocenzi et al. 2004; Wang et al. 1997). They are asso-
ciated with an improvement of preservation and thus lead
to a reproductive advantage (Mano et al. 2007). This sug-
gests that anthocyanin composition and regulation varies
according to biological function and localization (Kovinich
et al. 2014). The isolation of a regulatory MYB (IbMYBI)
gene from purple-fleshed sweet potato which controls
anthocyanin biosynthesis specifically in tuberous roots
further approved this assumption (Mano et al. 2007).
Based on the literature sources and the KEGG database,
we tentatively annotated compound All with m/z 903
(Table 2) as a cyanidin derivative (m/z 287), glycosylated
with glucose (m/z 180) and rutinose (m/z 326) and acylated
with p-coumaric acid (m/z 164). This anthocyanin was only
described for callus cell lines of potato yet (Solanum
tuberosum L. cv. Zarevo) by Zubko et al. (1993).
However, as annotation of anthocyanins in our study is
based on the literature data and entries of metabolite
databases only, full structural elucidation of side chain
modifications remains to be conducted for both afore-
mentioned compounds (A10 and Al1) in potato tubers.

Certain anthocyanins show tissue type specificity
in some potato genotypes

Our analysis revealed petunidin 3-p-coumaroylrutinoside-
5-glucoside (A12) and malvidin 3-feruloylrutinoside-5-
glucoside (A19) as the main anthocyanins in blue/purple
tuber tissue. Interestingly, the latter is more abundant in
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tuber peel than in flesh. Similarly, malvidin 3-p-
coumaroylrutinoside-5-glucoside (A16) has found to be
more abundant in tuber peel of blue/purple genotypes. In
general, a higher concentration of malvidin derivatives
could be detected in tuber peel compared to flesh. This
could be attributed to the antibacterial effect of malvidin as
recently demonstrated for anthocyanin extracts from
Syzygium cumini (L.) (Gopu et al. 2015). The malvidin
found in the peel of S. cumini fruits interrupts the quorum
sensing of Klebsiella pneumoniae, and therefore enables an
early defense response. As many bacterial species use this
intercellular signaling mechanism it is conceivable that
such defense reactions can also occur on malvidin-rich
peels of blue/purple potatoes.

Furthermore, the results of our MRM analysis suggest
that the tissue specific accumulation of some anthocyanins
may be cultivar specific as well (Fig. 4). This seems to be
the case for petunidin 3-caffeoylrutinoside-5-glucoside
(A8). Other than the red peel of cultivar “Desiree” (group
17 P), this compound could only be detected in blue/purple
tuber tissue and is most abundant in tuber flesh and peel of
the two genotypes “Violettfleischige x Blue Marker-B”
(group 1 F and group 1 P) and “Violettfleischige-A”
(group 3 F and group 2 P). In contrast, pelargonidin feru-
loyl-xylosyl-glucosyl-galactoside (P10) is only present in
flesh and peel of red colored cultivars, except the blue/
purple varieties “Violettfleischige x Blue Marker-B”
(group 1 F and group 1 P) and “Blaue Ajanhuiri” (group 5
F and group 4 P), where it was also found in both tissues.
The peel of variety “Konigspurpur” (group 15 P), shows
the highest abundance for derivatives of pelargonidin and
peonidin, while the main aglycon in cultivar “Vitelotte”
(group 4 F) was found to be malvidin. Interestingly, the
overall highest amounts of all four measured malvidin
derivatives were detected in the tuber tissue of this variety
and confirm malvidin derivatives as major pigments of
blue-fleshed potatoes (Hillebrand et al. 2009; Eichhorn and
Winterhalter 2005). This is highlighting Vitelotte as suit-
able potato variety to study the regulation of malvidin
biosynthesis. Conjugates of peonidin were found in blue/
purple and red tissue, while in the latter it seems to be more
common, except for genotypes “Violettfleischige x Blue
Marker-B” (group 1 P), “Weinberger Blaue” (group 8 P),
and “Blaue Ajanhuiri” (group 4 P). The same accumula-
tion pattern was observed for the acylated cyanidin
derivative cyanidin 3-p-coumaroylrutinoside-5-glucoside
(A11).

Together, our results hint to a cultivar-specific regula-
tion of the tissue abundance of particular anthocyanins.
Thus, lines with diverse accumulation patterns for antho-
cyanins in peel and flesh tissue represent powerful models
to study the genic background of these particularities (Chen
and Coe Jr 1977; Xie et al. 2015; Pattanaik et al. 2010).

Abundance of certain other potato polyphenols
also correlates with tissue type and coloration

About one third of the 31 tentatively annotated polyphenols
were detected in all samples regardless of the color or type
of the tissue. As an example, high amounts were found for
caffeic acid (our compound P8) and derived chlorogenic
acid isomers (our compounds P2, P3, and P5), whereas low
abundance was observed for quercetin derivatives (our
compounds P15, P16, and P21) as well as cinnamic acid
(our compound P30). In contrast, the remaining compounds
show various specificities.

Besides a clear separation of red and blue/purple tissue,
our data analysis revealed an obvious clustering of tis-
sues, e.g., peel and flesh. This separation mainly involves
compounds that were strongly present in tuber peel but
could not or only rarely be detected in flesh, such as
caffeic acid (P8), coniferyl alcohol (P13), coniferyl
aldehyde (P26), vanillin (P14), vanillic acid (P9), ferulic
acid (P17) and p-coumaric acid (P12). Therefore, a tissue
specificity can be assumed for these phenolic compounds,
which has been reported recently for caffeic acid (Wang
et al. 2015), and which is supposed to be linked to a
special function of these compounds in the peel of
belowground plant organs. Previous studies of sweet
potato storage root indicated that periderm caffeic acid
content is subject to genetic and environmental influences.
This compound showed inhibitory activity on the growth
of four sweet potato pathogenic fungi and germination of
proso millet seeds, suggesting that high periderm caffeic
acid levels contribute to the storage root defense chem-
istry (Harrison et al. 2003). Also, caffeic acid serves as a
substrate of the lignin precursor ferulic acid (Valifas et al.
2015) which is likewise elevated in potato tuber peel,
contrasting to tuber flesh. Lignin and suberin have been
implicated in the non-race-specific resistance of potato
tuber discs to Phytophthora and Phoma spp. (Ampomah
and Friend 1988) and their synthesis in the outer layer of
the tubers may serve as a defense response of the plant
that can potentially slow down pathogen spread.

Our data additionally hint to an interrelation of tissue
color and polyphenol content, as elucidated for the antho-
cyanins. Some of the polyphenols accumulated strongly in
red tuber tissue, such as kaempferol (P31), dihy-
drokaempferol (P27), kaempferol 3-glucoside (P23),
kaempferol 3-rutinoside (P20) and luteolin (P29), whereas
others such as quercetin 3,4-rutinoside (P11) and quercetin
3-rhamnoside (P24) were found with higher content in blue/
purple tissue. This observation is in accordance with the
anthocyanin biosynthesis where kaempferol derivatives act
as direct precursor for pelargonidins leading to red coloration
while quercetin is the precursor used for the biosynthesis of
cyanidins/peonidins and delphinidins/malvidins mainly
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Fig. 6 Schematic overview of the anthocyanidin biosynthesis path-
way in potato tuber. Stacked bar charts are shown for selected
candidate cultivars with representative anthocyanin profiles, where
total anthocyanin content is presented as the sum of peak areas
(compound A1-A21) and the relative amount of anthocyanidin
derivatives is given. Additionally, the proportion of individual
anthocyanins for the major aglycone of each candidate cultivar is
visualized as a pie chart. Calculations are based on LC-MS/MRM
data of the 21 detected anthocyanins. Graphic elements (columns, pie

leading to blue/purple pigmentation (Fig. 6, http://www.
genome.jp/kegg-bin/show_pathway?map00941).

Most pronounced was the association of kaempferol
3-rutinoside (P20) and luteolin (P29) with red tuber flesh
tissue of variety “Rote Emmalie” (profile group 6 F).
Generally, potato peel contains significantly higher con-
centrations of free and bound phenolics than the flesh (Nara
et al. 2006). The flavonoid luteolin, for example, possesses
a variety of pharmacological activities, including antioxi-
dant, anti-inflammatory, antimicrobial and anticancer
activities (Lopez-Lazaro 2009). The increased accumula-
tion of luteolin in tuber flesh points to a particular nutri-
tional importance of variety “Rote Emmalie”. Likewise,
quercetin 3.4-rutinoside (P11) was found to be more
abundant in blue/purple tuber flesh than in peel. Among the
31 polyphenols analyzed this compound is the only one
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charts, and arrows) are stained according to the dominating color of
the respective aglycone. AGMT anthocyanidin—glycoside—?;—O—methyl
transferase; AS anthocyanin synthase; DFR dihydroflavonol-4-reduc-
tase; F3H flavanone-3-hydroxylase; F3H ﬂavonoid—é—hydroxylase;
F35H ﬂavonoid-é,é-hydroxylase; GFG UDP-glucose 3-O-flavonoid
glucosyltransferase. Cultivars and abbreviations of compounds are
displayed according to Tables 1 and 2, respectively [produced using
VANTED (Rohn et al. 2012); structural formulas of metabolites are
included from KEGG database (Kanehisa et al. 2015)]

with higher abundance in blue/purple tuber flesh compared
to tuber peel, and therefore assumed to contribute to the
nutritional value of the blue/purple potatoes.

Strongest metabolite correlations relate
to particularities of flavonoid biosynthesis
in pigmented tissues

Generally, higher anthocyanin accumulation in potato
coincided with higher contents of total soluble phenols in
pigmented potato varieties when compared with yellow
fleshes varieties (Wegener and Jansen 2007). Accordingly,
we detected more positive than negative correlations in our
data set. Whereas the detected positive correlations show
similar strengths for anthocyanins, other polyphenols, and
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anthocyanins with other polyphenols, negative correlations
were found most significant within the group of other
polyphenols and least significant within the anthocyanins.

Confirming and emphasizing our previous findings that
red tuber tissue mainly contains pelargonidin 3-p-
coumaroylrutinoside-5-glucoside (A14), whereas blue/
purple tuber tissue mostly harbors petunidin 3-p-
coumaroylrutinoside-5-glucoside (A12), these two com-
pounds showed the most significant negative association.

As known from other studies (Andre et al. 2007,
Friedman 1997) chlorogenic acid and its isomers (P3, P2,
and P5) dominated the polyphenolic profile of each cultivar
regardless of amount and composition of anthocyanins and
other polyphenols. No correlation between chlorogenic
acid and tissue type or color associated types of antho-
cyanins could be observed, as this compound was detected
in all samples in similar amounts. Contrary, for conven-
tional yellow-fleshed potato varieties it has been reported
that chlorogenic acid is more abundant in potato peel
compared to flesh (Wang et al. 2015). According to pre-
vious studies showing that potatoes with red or purple flesh
have markedly higher amounts of chlorogenic acid and its
derivatives (Andre et al. 2007; Payyavula et al. 2015;
Navarre et al. 2011), which we could confirm by a positive
correlation between chlorogenic acid content and the
overall anthocyanin amount. The general correlation of
anthocyanin and chlorogenic acid accumulation corrobo-
rates the assumption of mutual regulatory mechanisms for
anthocyanin, polyphenol and phenolic acid biosynthesis, as
shown in previous studies indicating synergistic effects
(Mazzaracchio et al. 2004). This is in accordance with the
role of chlorogenic acid as a central intermediate in
phenylpropanoid biosynthesis (Payyavula et al. 2015;
Valinas et al. 2015).

Kaempferol 3-rutinoside (P20) and luteolin (P29) exhi-
bit a high correlation not only among themselves, but also
to four of the six pelargonidin derivatives analyzed.
However, the reason for this strong connection of the
biosynthesis of these two compounds remains unclear as no
direct link has been reported so far, although both
metabolites are products as well as intermediates of flavone
and flavonol biosynthesis. We hypothesized a role of both
compounds (P20 and P29) during regulation of biosyn-
thesis of pelargonidins, probably by influencing the flow of
precursors in this direction.

Concluding remarks and perspectives

Here, we describe differential polyphenol patterns, partic-
ularly focusing on anthocyanins, of many pigmented potato
cultivars for the first time. Our data allowed the assignment
of potato genotypes to the appropriate position in the
biosynthetic pathway according to their anthocyanin

profile, suggesting a dominant metabolic flow in particular
branches of the flavonoid pathway (Fig. 6). Overall,
diverse interactions in a highly complex network of enzy-
matic reactions can be inferred to be responsible for this
diversity. Differently regulated hydroxylation and methy-
lation events at the B-ring of dihydroflavonols lead to the
formation of anthocyanidin backbones that are specific for
either red or blue/purple tuber tissues (Fig. 6, bar charts).
On the other hand, similar glycosylation and acylation
reactions can be supposed at least for the main antho-
cyanidin precursors detected in red and blue/purple tissue
(Fig. 6, pie charts). This leads to the assumption that
besides the superior regulation of the expression and/or
enzymatic activity of hydroxylases and methyltransferases,
differently colored potato tissues presumably comprise
more or less the same set of downstream glycosyl- and
acyltransferases.

Being a key step in the biosynthesis of differentially
colored anthocyanins, we postulate a significant difference
in the regulation of ﬂavonoid-é,é-hydroxylase, catalyzing
the transformation of dihydroquercetin to dihy-
dromyricetin, in blue/purple tuber tissue. This enzyme is
regarded as the precursor for the synthesis of delphinidin,
petunidin and malvidin in potato anthocyanin biosynthesis
(Stushnoff et al. 2010). Thus, among others, ﬂavonoid—é,é—
hydroxylase will be the subject of our further research
investigating the regulation of potato anthocyanin
biosynthesis.

Besides, strong interactions of anthocyanin accumula-
tion and abundance of other polyphenols motivated us to
speculate about further regulatory elements of this
biosynthesis pathway. In this regards, our genotype col-
lection provides material of high value for the investigation
of anthocyanin side chain regulation and tissue specific
accumulation and function, in crops with belowground
storage organs.

In our LC-UV/MS analysis, we have included a few
genotypes grown at different growth periods. One such
example is genotype #3 (grown in 2013) and its genetically
identical tuber propagation genotype #54 (grown in 2014).
We observed differing anthocyanin profiles for tuber peel
of cultivars #3 and #54 (Supplemental Fig. S1), which are
likely attributed to environmental changes during cultiva-
tion in 2013 and in 2014. To prove to which extent envi-
ronmental conditions can influence anthocyanin patterns in
colored potatoes will be the subject of future studies.

Additionally, our data imply that some anthocyanin
profiles are more stable than others and maybe genotype or
tissue specific. Prominent examples are the selfed lines of
the cultivars “Violettfleischige” (accession GLKS 12066)
and “Blue Marker” (accession GLKS 12477) and their
crosses (accession GLKS 12066 x accession GLKS 12477).
Potato flesh of the selfed lines showed one dominating
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anthocyanin profile (profile group 2 F), while anthocyanin
profiles of their peel samples strongly varied dependent on
the genotype (profile groups 1 P, 2 P, 3 P, 10 P and 12 P,
Supplemental Fig. S1). Thus, we postulate a potential
dominance of some genotypes concerning these stable an-
thocyanin profiles, which constitutes an important aspect in
breeding programs.
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