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Introduction

Phenolic compounds are of special interest
as antioxidants and shielding compounds ac-
cumulated in response to ultraviolet-B ra-
diation (UVB; A = 280-315 nm) and other
abiotic factors. The majority of phenolic
compounds are based on phenolic acid or
flavonoid aglycones (Schmidt et al. 2010a),
but mainly occur in plants as glycosides
(Calderon-Montano et al. 2011) and some
of these compounds are acylated (Calderon-
Montano et al. 2011; Schmidt et al. 2010b).
Additionally, in case of flavanols, polymer-
ization leads to tannins, also known as
proanthocyanidins (Gadkari and Balaraman
2015). The compounds can vary from simple
to highly complex structures, which makes
their identification and quantification chal-
lenging.

To date, there are three main approaches
to measure phenolic compound concentra-
tions in plants.

1. The spectrophotometric measurements
of total phenolic content, total flavonoid
content, total flavonol content or others.
However, this approach does not allow
for the identification of single phenolic
compounds within the extract. Moreover,
to quantify content, standards like gal-
lic acid are used that do not necessarily
occur in the sample. A benefit is that
the results are comparable to other data
due to the intensive usage of this method

worldwide, which is of high interest to
compare plants and results of different
labs.

2. The measurement of flavonoid aglycones
after acid, alkaline or enzymatic hy-
drolysis of the flavonoid glycosides is
best performed with high-pressure li-
quid chromatography (HPLC). A number
of aglycone standards are already avail-
able, and thus, the identification and
quantification of these compounds are
both possible.

3. The identification and quantification of
flavonoids glycosides require an analyt-
ical platform including HPLC coupled to
a mass spectrometer (MS). For the iden-
tification of new compounds, nuclear
magnetic resonance (NMR) would also
be mandatory. This approach is mainly
semi-quantitative due to the fewer stand-
ards that are currently available.

Of note is that there is so far no stand-
ard procedure for the measurement of phen-
olic compound profiles and concentrations
in plants. However, the review of Julkunen-
Tiitto et al. (2015) summarizes possible tech-
niques to investigate the effect of UVB radi-
ation on plant phenolics.

This article provides a comprehensive over-
view on how sampling, drying and storage
as well as extraction and measurement affect
the quantification of phenolic compounds in
plants (Fig. 7.1). Furthermore, the need of
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Figure 7.1: How sampling, drying and storage as well as extraction and measurement affect the quan-
tification of phenolic compounds and the need of the method validation for the identification and

quantification of phenolics.

method validation to be able to obtain reli-
able results regarding the identification and
quantification of these compounds will be
highlighted. Here, results from our research,
done at the IGZ and TU Berlin, on kale’s phen-
olic compound profile and concentrations
will be used as examples (Neugart et al. 2013,
2014; Neugart, Klaring, et al. 2012; Neugart,
Zietz, et al. 2012; Schmidt et al. 2010a,b; Zi-
etz et al. 2010). The major benefit of using
these experiments as examples is the pos-
sibility of comparing the same cultivar un-
der different abiotic factors based on meta-
bolite measurements obtained with the ex-
act same validated method, including freeze-
drying, extraction and measurement which
would not be the case in a broad literature
review.

This article does not provide a widely ap-
plicable standardized working protocol. In-
stead, it describes all the steps required
for reliable quantification, highlighting the
difficulties we encounter when comparing
and interpreting phenolic compound meas-
urements reported in the scientific literature,
as there are enormous differences that may
not only be dependent on the genotype and
environment, but also depend on the various
analytic approaches and protocols used in
different labs. Below, we discuss the differ-
ent possible sources of uncertainty at differ-

ent steps of the quantification protocols and
how we can control them.

Sampling

The sampling of the plants is a crucial step
in measuring the concentration of phenolic
compounds and should be considered care-
fully. Sampling protocols determine how the
results of a study can be interpreted, and
which conclusions can be validly drawn. The
objective of the study and the desired range
of validity of the results determine the design
of the sampling protocol to be used. Plants’
chemical composition is affected by both gen-
otype and environment, while the amount of
uncontrolled variation and avoidance of bias
depend on the design of experiments, sur-
veys and sampling protocols from an statist-
ical point of view.

A valid approach for sampling the plants
is to repeat the same experiment 3-4 times
and generate independent results. This is the
standard for climate chamber experiments
requiring the use of multiple chambers or
replication in time with random re-allocation
of treatments to chambers and positions
within chambers. In order that field experi-
ments can generate truly interpretable data,
the climate conditions should be monitored,
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allowing the relationships between environ-
mental variables and metabolite concentra-
tions to be examined. In field experiments,
broad validity will require replication in time
and/or space at a scale matching the inten-
ded validity of the results: varying from rep-
licate plots at one site and time—e.g. a ran-
domized block design with at least 3-4 bio-
logical replicates-to temporal (years) and/or
spatial (localities) replication—e.g. a regional
or national network of field sites with replic-
ation over several years.

Generally, when comparing species or cul-
tivars, the harvested plants or parts of plants
should be grown and treated under the same
conditions as far as possible to be able to
obtain accurate results. More generally, ran-
dom variation should be either controlled or
quantified.

Other factors which can affect profiles
and concentrations of phenolic compounds
should be also considered: cultivar and
genotype, developmental stage, plant organ,
nutritional status of the plant, temperat-
ure and photosynthetically active radiation
(PAR), UVB radiation, diurnal changes, as
well as wounding. All these factors need
to be considered when designing a sampling
protocol and randomization applied to the
sampling protocol so as to ensure that no
bias is introduced. It is important to be
aware that concentrations per unit dry mat-
ter can change rapidly both through fast syn-
thesis, transformation or degradation of the
metabolites under study, and by changes
in the accumulation of other metabolites
such as starch (e.g. starch concentration in
leaves varies through the day as well as in
response to any factor affecting photosyn-
thesis or respiration—in the case of respira-
tion, even after their collection, the dry mass
of samples decreases, unless they are rapidly
frozen or dried so as to stop metabolism.)

As a final consideration, data analysis
should be performed taking into account
what units in an experiment are true replic-
ates and which ones are sub-samples within

such replicates. In many cases valid analysis
requires the use of nested designs to take
into account the properties of the sampling
scheme used.

Species or Cultivar

It is known that there is strong variation
in phenolic compound profiles and concen-
tration among species (Hakkinen and Tor-
ronen 2000; Klepacka et al. 2011; Neugart
et al. 2017, 2015; Wu et al. 2004). How-
ever, it is also now known that such vari-
ation exists between different cultivars of the
same species. For example, various studies
have shown that plants of different cultivars
grown under the same conditions have re-
markable differences in their phenolic com-
pound concentration as described in the liter-
ature (Buendia et al. 2010; Castillo-Munioz et
al. 2010; Flanigan and Niemeyer 2014; Luo et
al. 2013; Y.-W. Lv et al. 2011; Pérez-Gregorio
et al. 2010; Wang et al. 2008; Zheng et al.
2012). For examples of kale, see sections
Flavonoid Aglycones and Flavonoid Glycos-
ides. If species or cultivars should be com-
pared it is mandatory to do that in one ex-
periment with the same environmental con-
ditions regarding developmental stage, tem-
perature, radiation and plant nutrition.

Developmental Stage

For sampling, plants should be at the same
developmental stage, unless developmental
effects are being studied. When interpreting
results, one should take into account that en-
vironmental conditions, including the treat-
ments under study, can affect the timing of
plant development, such as reproductive in-
duction. Moreover, variation of the phenolic
compounds concentration with age has been
described for several species (Edwards et al.
1997; Reifenrath and Miiller 2007; Schoedl
et al. 2012; Vogt and Gul 1994). As an ad-
ditional example, in Arabidopsis thaliana and
other plant species, an increase of anthocyan-
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ins with age has been attributed to the higher
concentration of reactive oxygen species in
older plants (J. Huang et al. 2010; Kovinich
et al. 2014; Stracke et al. 2010; Yonekura-
Sakakibara et al. 2011). Data from one of
our experiments, are used to exemplify how
kale plants grown under consistent envir-
onmental conditions (250 pmolm™2s~! and
10°C) show a decrease in flavonoids with on-
going plant development (Fig. 7.2).

In addition to the plant’s age, leaves at dif-
ferent positions and/or different ages within
a single plant can also differ enormously in
their phenolic compound profile and concen-
tration. For example, in adult kale plants
(12 weeks), the younger, light-green coloured
leaves from the top of the plant contained
higher concentrations of quercetin than the
intermediate-aged or old leaves (Fig. 7.3), and
similar results were found for strawberry
fruits (Tsormpatsidis et al. 2011). Therefore,
it is important to harvest parts of the plants
that are at comparable developmental stage
if one is to get meaningful and robust data.
This does not necessarily mean a single devel-
opmental stage, but rather that samples from
different individuals should be comparable
in this respect in all cases—i.e. sampling of
a single developmental stage of the plant or
organ, multiple stages as separate samples,
or as a pooled “stratified” sample.

Variation Within and Between Organs

Different plant organs vary in their flavonoid
profile and concentration (El Morchid et al.
2014) and even within a single organ, vari-
ation has been found (e.g. Julkunen-Tiitto et
al. 2015). As a further example, we found
that the concentration of flavonoids in the
midrib of kale leaves is at most 20% of what
is found in the rest of the leaf, consistently
accross different cultivars (Fig. 7.4). To min-
imize the effect on the results of differences
between cultivars size of the leaves’ mid-
ribs, one solution is to cut out the midrib
where possible or sample the whole leaf and

quantify the contribution of the midrib to
each leaf’s dry mass. Consequently, the har-
vested organs should be as equal as possible
regarding developmental stage.

Nutritional Status of the Plants

Another factor affecting the phenolic com-
pound concentration is the nutritional status
of the plants. For example, several art-
icles have described a negative correlation
of phenolics, especially flavonoids, and ni-
trogen supply in the plants (Fallovo et al.
2011; Groenbaek et al. 2016, 2014; Han et
al. 2010; Levdal et al. 2010; Nguyen and
Niemeyer 2008; K. M. Olsen et al. 2009;
Strissel et al. 2005). We exemplify these
effects, with data from one of our experi-
ments on kale, where we observed that quer-
cetin greatly decreased while kaempferol and
isorhamnetin slightly decreased with increas-
ing nitrogen fertilization (Fig. 7.5). How-
ever, even though other nutrients can also
affect the concentration of phenolic com-
pounds, they are less frequently discussed:
e.g. sulphur fertilization can lead to a species-
specific increase of phenolic acids in Brassica
rapa subsp. sylvestris (De Pascale et al. 2007).
Consequently, in pot experiments the same
batch of well mixed soil should be used for
all plants that are compared in an experi-
ment, and pots assigned at random to differ-
ent treatments. In field experiments the soil
should be monitored for the nutrient status.
Fertilizer applications during an experiment
should be considered while interpreting the
results and should be described in enough de-
tail as part of the experimental methods.

Temperature and PAR

Temperature and photosynthetically active
radiation (PAR) can affect the profile and con-
centration of phenolic compounds (Bernal et
al. 2013; Chennupati et al. 2012; Mglmann et
al. 2015; Mori et al. 2007; H. Olsen et al. 2009;
Uleberg et al. 2012; Zandalinas et al. 2017). In
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Figure 7.2: Flavonol aglycone concentrations of kale cv. 'Winterbor’ dependent on the plant’s develop-
mental stage in plants grown at 10°C and 250 pymol/m? s. Different letters indicate significant differ-
ences between plants at different developmental stage for each flavonol aglycone (p < 0.05 by Tukey’s
HSD test). Each value represents the mean of three replicates + SD. Susanne Neugart, unpublished
data.

Figure 7.3: Flavonol aglycone concentrations of 12-week-old kale cv. ‘Winterbor’ dependent on the
leaves’ age in 12 week old plants grown at 10°C and 250 pmolm s~ !. Different letters indicate signi-
ficant differences between leaves of different age for each flavonol aglycone (p < 0.05 by Tukey’s HSD
test). Each value represents the mean of three replicates + SD. Susanne Neugart, unpublished data
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Figure 7.4: Flavonol aglycone concentrations of eight different kale cultivars grown in the field. The
leaf was separated into midrib and leaf blade without midrib. The midrib contained remarkably lower
concentrations of each flavonol aglycone. Susanne Neugart, unpublished data. For the statistical con-
trasts between the cultivars please refer to Schmidt et al. (2010).

several articles on kale, we have shown that
the flavonoid glycoside concentrations are
affected by temperature and photosynthet-
ically active radiation (Neugart et al. 2013;
Neugart, Kliaring, et al. 2012; Neugart et al.
2016). Moreover, after acid hydrolysis, quer-
cetin, kaempferol and isorhamnetin concen-
trations were observed to increase under low
temperature (Fig. 7.6) whereas strong photo-
synthetically active radiation led to higher
quercetin but lower kaempferol concentra-
tions (Fig. 7.7). In more detail, blue and red
light gained strong attention in horticulture
production due to different effects on plant
growth and metabolism (Demotes-Mainard et
al. 2016; Huché-Thélier et al. 2016). While
blue light induces mainly caffeic acid deriv-
atives, quercetin and kaempferol glycosides
as well as anthocyanins (Johkan et al. 2010;
Nascimento et al. 2012; Siipola et al. 2014;
Taulavuori et al. 2016) red light is not dis-
cussed as an inducer of phenolic compounds
(Demotes-Mainard et al. 2016). However, syn-
ergistic effects of blue and red light are found

36

(Johkan et al. 2010). In consequence, dur-
ing sampling, one of the major challenges
is to sample plants that have experienced
the same conditions in temperature and ra-
diation. Thus, one should harvest plants or
plant parts from plants that are either from
the middle of a block to avoid “border ef-
fects”, or from one side of a row, or altern-
atively separately from each side of a row.

UVB Radiaition

Numerous researchers found effects of UVB
radiation on the biosynthesis of phenolic
compounds (Guidi et al. 2016; Jansen 2012;
Lavola et al. 2013; Luis et al. 2007; Luthria et
al. 2006; Z. Lv et al. 2013; Martinez-Liischer
et al. 2013; Morales et al. 2010; Nascimento
et al. 2012; K. M. Olsen et al. 2009; Ryan et
al. 1998; Suzuki et al. 2005; Tegelberg and
Julkunen-Tiitto 2001). In more detail, UVB
radiation is known to enhance the synthesis
of B-Ring polyhydroxylated flavonoids such
as quercetin and its glycosides (Becker et al.
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Figure 7.5: Flavonol aglycone concentrations of kale cv. ‘Winterbor’ dependent on the fertilization with
mineral nitrogen (N) 0 to 0.024 kg/m? and organic manure 3 to 6 kg/m2 (equals 0.006 to 0.008 kg
N/m2). The plants were grown in the field. Different letters indicate significant differences between
leaves of plants from different fertilization treatment for each flavonol aglycone (p < 0.05 by Tukey’s
HSD test). Each value represents the mean of three replicates + SD.

Figure 7.6: Flavonol aglycone concentrations of kale cv. 'Winterbor’ dependent on the temperature

in plants grown at 250 ymol/m2 s. Different letters indicate significant differences between plants
grown at different temperatures for each flavonol aglycone (p < 0.05 by Tukey’s HSD test). Each value
represents the mean of three replicates + SD. Susanne Neugart, unpublished data
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Figure 7.7: Flavonol aglycone concentrations in kale cv. 'Winterbor’ plants grown at 10°C under differ-
ent irradiances of photosynthetically active radiation. Different letters indicate significant differences
in concentration between irradiance treatments, separately for each flavonol aglycone (p < 0.05 by
Tukey’s HSD test). Each value represents the mean of three replicates = SD. Susanne Neugart, unpub-

lished data.

2013; Bilger et al. 2007; Gliszczynska-Swigto
et al. 2007; Jaakola et al. 2004; Klem et al.
2015; Neugart, Zietz, et al. 2012; Tattini et al.
2005). Recently the interaction of UVB and
temperature or water availability gained spe-
cial interest (Bernal et al. 2015; Halac et al.
2014; Neugart et al. 2014). It is therefore ex-
tremely important to harvest plants or plant
organs that have faced the same UVB condi-
tions so either from the same side of the row
in field experiments or of the same distance
to artificial light sources in climate chambers.
In case of UVB the exact measurement and
monitoring of the UVB physiological quantit-
ies and the biological effective doses of UVB
is mandatory for the interpretation of the
data.

Diurnal Changes

Besides the accumulation of phenolic com-
pounds as a response to environmental
changes there is evidence that some plants
exhibit diurnal changes in their flavonoid
profiles and concentrations (reviewed by
Julkunen-Tiitto et al. 2015). Therefore, the

harvest should be as fast as possible and con-
trols for each time point that plants are har-
vested (day or hour) should be taken if more
than one harvest is necessary for the experi-
ment.

Wounding

Sometimes sampling leads to wounding of
the plants or single leaves. In such cases, the
samples should be frozen in liquid nitrogen
immediately to minimize any reaction caused
by wounding even though that might need
hours or even days (Surjadinata and Cisneros-
Zevallos 2012). Sequential sampling of or-
gans from the same individual plants should
be avoided unless done within a very short
length of time, such as a few minutes. One
should also consider whether earlier, even
non-destructive, measurements could have
affected the organ or plant being sampled.
In the case of wounding by herbivores, one
should take into account how this relates to
the objectives of the study, and if appropri-
ate avoid sampling damaged plants, and in
all cases taking note of any abnormal fea-
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tures of individual plants or organs sampled.

In conclusion, the design of a sampling
protocol must take into account the aims
of the study. In climate chamber experi-
ments it is simple to have defined condi-
tions and change exclusively one or two
factors. However, it is much more complic-
ated in field experiments. It is recommen-
ded to sample plants at the same develop-
mental stage and that were grown under the
same conditions regarding exposure to vari-
ous abiotic factors such as temperature and
radiation. If different developmental stages
or abiotic conditions are part of the experi-
ment, these differences should be accurately
measured, e.g. temperature and irradiance as
well as leaf number and size. If plants are
sampled from different growing locations, it
can be useful to have soil samples to also al-
low for the assessment of the plants’ nutri-
tional status. All of the above components
that make up the sampling method affect
what conclusions can be validly drawn from
the measurements. If single plants or leaves
are sampled the biological variability among
them can be directly estimated. If pooled
samples are used, such estimates of variab-
ility need to be estimated indirectly. Rely-
ing on a minimum of 5 samples facilitates
the detection of outliers. From the statistical
point of view, what matters is the number of
true replicates, which usually are neither indi-
vidual plants nor leaves. Pooling of samples
from different plant parts discards informa-
tion but can be used if the mass of individual
samples is too low. A non-random sampling
sequence can be a source of bias. The or-
der in which each plant is sampled should
always be random, within blocks if present
in the design of the experiment. Randomiz-
ation should ensure that the sampling of in-
dividuals from different treatments is inter-
spersed in time. The comparability and re-
producibility of results reported is much im-
proved when authors describe the sampling
protocol in detail.

Drying and Storage

A comprehensive summary of drying meth-
ods and storage conditions is provided by
Julkunen-Tiitto et al. (2015). In general,
samples should be as dry as possible which
is easily achieved by freeze-drying. If the
humidity of the sample is less than 3%,
samples can be stored at room temperature
(Pérez-Gregorio et al. 2010). Additionally, the
samples should be stored in desiccators if
needed e.g. in summer or tropical climate.
Otherwise the samples can be stored at -20°C
to avoid the effect of humidity (Syamaladevi
et al. 2011). This is the same for anthocyan-
ins (Pérez-Gregorio et al. 2010; Syamaladevi
et al. 2011). It is known that, in solution,
quercetin readily photodegrades (Dall’Acqua
et al. 2012), while degrading at a slower
rate in dry samples. Nevertheless, samples
should be analysed as soon as possible to
minimize the effect of degradation on meta-
bolite quantification.

Extraction and Measurement

Currently, there are numerous methods for
extracting phenolic compounds (reviewed by
Julkunen-Tiitto et al. 2015). However, a ma-
jor challenge still remains in the identific-
ation and quantification of phenolic com-
pounds in the plant matrix. In detail, the
end measurement is strongly influenced by
the extraction method, e.g. acid hydrolysis
vs. methanolic extraction. It is important to
always remember that the size of particles
in a sample affects extraction efficiency—the
smaller the size, the better. The second
crucial point that should be taken into ac-
count is that when using a portion of a larger
sample for an extraction, any lack of homo-
geneity in the sample compromises quanti-
fication through decreased accuracy (see sec-
tion Reproducibility on page 50). If samples
are difficult to grind, or inhomogeneous, it
is a good trick-of-the-trade to increase the
sample mass that is extracted to 1 g or more
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and proportionally increase the volume of
the extraction solution. The extraction gen-
erally is more efficient at higher temperat-
ures (up to 40°C) and with longer extrac-
tion time (see section Optimization of the
Extraction on page 49). If a large number
of plants should be compared, it can be of
use to be less specific and measure the total
phenolic content (TPC) or the flavonoid agly-
cones and other phenolic compounds’ agly-
cones. If the response of one plant to a biotic
or abiotic factor is investigated, it can be help-
ful to discuss structure-activity-relationships
based on a very detailed analysis of flavonoid
glycosides and other phenolic compounds’
glycosides.

Below is a summary of extraction methods
and measurement of phenolic compounds
we have previously successfully used for sev-
eral species after optimization for each spe-
cies. Results from our studies on kale are
used to exemplify what kind of data can be
generated and how these can be interpreted.

Total Phenolic Content

This approach is a fast method to quantify
the total phenolic content, or TPC (for more
details on this and other assays see Julkunen-
Tiitto et al. 2015) in plants but was origin-
ally developed to measure proteins (Lowry et
al. 1951). It yields a single measured value
per sample analysed, which is assumed to be-
have as an approximate joint quantifier for
a large group metabolites. The potential in-
teraction with proteins is one of the disad-
vantages of this method. Some researchers
also consider vitamin C and other antioxid-
ants as these compounds can also react with
the Folin-Ciocalteu regent and influence the
results. However, the method has the advant-
age that different plants can be compared
due to the reference gallic acid. Addition-
ally correlations to the antioxidant activity
are often also measured. Plants differ in
their phenolic profiles and this might lead to
over- or underestimation of the real concen-

trations of these phenolic compounds. Con-
sequently, when treatments affect the phen-
olic profile, or when genotypes differ in their
metabolite composition, bias in TPC meas-
urements can be introduced by the use of
this method. One solution is to addition-
ally measure the plant’s main phenolic com-
pound as a standard reference and then to
quantify the TPC based on this. If the an-
tioxidant activity is to be correlated to the
total phenolic content, it is recommended to
measure other antioxidants of relevance in
the plant as well e.g. vitamin C or carotenoids.
Nevertheless, different extraction methods
regarding kind of solvent, volume of solvent,
extraction time, extraction temperature and
other possible influencing factors such as pH
can affect the quantification of the TPC, and
therefore, should be optimised in order to ac-
curately validate the different methods used.
The same is true for other chemical reactions
often used to estimate total flavonoid or an-
thocyanin content. Note that the method for
the extraction and measurement of phenolic
compounds needs to be validated see section
Method Validation on page 46.

In kale, we analysed the TPC using the
following method published in Zietz et al.
(2010). For extraction, 2 g of ground sample
were dissolved in 25ml of 62.5% aqueous
methanol and stirred at 500 rpm for 1 h. The
mixture was then filtered and aliquots were
used for further analysis. The total phen-
olic content TPC of kale extracts was determ-
ined using the Folin-Ciocalteu colourimetric
method. In brief, 400l of a 20-fold dilution
of each extract was mixed with 2.5 ml of dis-
tilled water, 1 ml of Na,CO3 (7.5% w/v) and
100ul of Folin-Ciocalteu reagent. The thor-
oughly mixed solution was incubated at 35°C
for 15 min. After the solution had cooled
to room temperature, the absorbance was
measured at A = 736 nm (SPECORD 40, Ana-
Iytik Jena AG, Jena, Germany). The results
were expressed as millimoles of gallic acid
equivalents per gram of dry matter (mmol
GAE/g dry matter). All extracts were ana-
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lysed in duplicate. In the eight investigated
kale cultivars the gallic acid equivalent con-
centration (GAE) ranged between 0.18 and
0.31 mmol/g dry matter. The genotypic vari-
ation shows that especially the traditional,
old cultivars ‘Altméarker Braunkohl’, ‘Halbho-
her gruner Krauser’ and ‘Lerchenzunge’ as
well as the red hybrid ‘Redbor’ are charac-
terized by relatively high TPC, while the cul-
tivars ‘Winterbor’, ‘Frostara’, ‘Winnetou’ and
‘Arsis’ have lower values. Those genotypes
investigated in our study had higher TPC val-
ues than those found by other researchers,
which ranged from 0.08 to 0.11 mmol GAE/g
dry matter (Hagen et al. 2009; Heimler et al.
2006; H. Olsen et al. 2009). This difference
might result from different extraction effi-
ciency (see section Optimization of the Ex-
traction on page 49).

Flavonoids as Flavonol Aglycones

As several flavonoids present in a given
sample may share the same aglycone, and
differ only in the attached residues, re-
moving these residues decreases the num-
ber of compounds remaining in the ex-
tract. This is achieved through de-acylation
and de-glycosylation of flavonoid glycosides
to flavonoid aglycones. The advantage of
this method is the smaller number of com-
pounds being quantified. Of these aglycones,
many are available as reference standards,
which allows to accurately identify phenolic
aglycones with HPLC by direct comparison
against such reference standards. This iden-
tification can then be verified by mass spec-
trometry (then MS grade solutions for ex-
traction solvents and measurement eluents
are mandatory). Quantification of each peak
compared to a standard reference is possible,
i.e. the samples are measured and the peak
areas under the curve for the aglycones from
both samples and standards are computed.
Calibration curves can then be produced with
a minimum of four known concentrations
of pure aglycones (see section Calibration

Curves on page 51). The peak areas of the cal-
ibration curves should be in the same range
as the peak areas of the samples. With the
help of the calibration curves and the di-
lution factors (during extraction and meas-
urement of the samples), the areas of the
samples can be re-expressed as concentra-
tions. Whether to give the concentrations in
dry matter or fresh matter depends on the
scientific question being addressed. For ex-
ample, if the treatment of the plants or the
general plant development leads to morpho-
logical changes, it is recommended to work
with concentrations in dry matter due to a
different water content expected.

In kale, we analysed the flavonol agly-
cones quercetin, kaempferol and isorham-
netin using the following method published
in (Schmidt et al. 2010a). A lyophilized
kale sample (0.5 g) was hydrolysed with 50%
aqueous methanol and 1.6 M HCI in double
determination experiments. After refluxing
at 90°C for 2 h, the extract was cooled down
to room temperature, adjusted to 100 ml and
then sonicated for 5min. After which, the
extract was filtered through a 0.45um PTFE
filter for HPLC analysis. With this method,
phenolic acids and anthocyanidins can be
measured. However, higher concentrations
of HCl are needed to measure anthocyan-
idin concentrations (Merken et al. 2001). The
extracts were separated on a Prodigy (ODS
3, 150x3.0 mm, 5um, particle size 100A)
column (Phenomenex, Aschaffenburg, Ger-
many) with a security guard C18 (ODS 3,
4 3.0 mm, 5 lm, 100 A), at a temperature
of 25°C using a water/acetonitrile gradient.
Solvent A consisted of 99.5% water and 0.5%
acetic acid; solvent B contained 100% acet-
onitrile. The following gradient was used
for eluent B: 30-35% (0-5 min), 35-39% (5-
17 min), 39-90% (17-21 min), 90% isocratic
(21-26 min), 90-30% (26-29 min), 30% iso-
cratic (29-34 min). Flow was performed us-
ing 0.3 ml min~!, and the measured detector
wavelength was A = 370nm. The standards
dihydroquercetin, kaempferol and isorham-
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netin (Carl Roth GmbH, Karlsruhe, Germany)
were used to obtain an external calibration
curve in the range of 0.01-10 mg/100ml.
The total flavonol concentration was calcu-
lated as the sum of the concentration of
the individual flavonol aglycones quercetin,
kaempferol and isorhamnetin. Quercetin,
kaempferol and isorhamnetin in kale (Fig.
7.8) were identified by comparison to stand-
ards (Fig. 7.9) as deprotonated molecular
ions and characteristic mass fragment ions
by HPLC-DAD-ESI-MS2 with an ion trap mass
spectrometer. The mass optimization was
performed for quercetin [M-H]- m/z 301. The
ESI source potential on capillary was 3.5 kV.
The declustering voltage was -40V and the
focusing voltage was 153 V. The automated
collision energy was 1V (30-200%).

In eight kale cultivars including hybrid
and traditional cultivars, high concentrations
of the flavonol aglycones kaempferol and
quercetin, followed by isorhammetin were
identified and quantified by comparison to
standards. The total concentration of these
flavonol aglycones was between 6.0 and 14.8
mg/g dry matter, which corresponds to 97.4-
298.5mg / 100g fresh matter (Schmidt et
al. 2010a). The genotypic variation revealed
that traditional, old cultivars ‘Altmairker
Braunkohl’, ‘Halbhoher griiner Krauser’ and
‘Lerchenzunge’ are characterized by relat-
ively high flavonoid concentrations, while
lower flavonoid concentrations were found
in the hybrids ‘Arsis’ and ‘Winterbor’, as
well as in the cv. ‘Frostara’. Comparable
concentrations to our results were also de-
termined by (Z. Huang et al. 2007) in curly
kale (Brassica oleracea var. acephala), with
90.5, 31.8 and 23.6mg/100g fm for kaem-
pferol, quercetin and isorhamnetin, respect-
ively. Furthermore, similar quercetin concen-
trations (7.7-24.4mg/100g fm) were detec-
ted in curly kale, but the kaempferol concen-
trations were much lower (21-47mg/100g
fm) compared to our investigated cultivars,
whereas isorhamnetin was not detected in
these kale varieties (Hertog et al. 1992; Zhang

et al. 2003) underlining the effect of strong
photosynthetically active radiation during
plant growth (Zhang et al. 2003) see sec-
tion Temperature and Radiation on page
34. Note that phenolic acids and anthocy-
anindins were not investigated in these kale
samples.

Flavonoids as Flavonol Glycosides

In contrast to methods described in the previ-
ous two sections, here the aim is to quantify
the individual flavonoids as they are in the
plant. With this method, one can investigate
detailed structure-activity relationships and
it is also the most precise approach to identi-
fying phenolic compound profile and concen-
tration. However, the reliable identification
of these compounds is complex and time-
consuming. To start with, an HPLC instru-
ment coupled to a mass spectrometer (MS) as
detector is needed. For precise structural de-
termination other methods (such as nuclear
magnetic resonance, i.e. NMR) are needed, e.g.
to distinguish between isomers differing only
in the position where the same substituent
is bound. Very sophisticated MS methodo-
logy such as ion mobility could be useful for
that purpose as well. Julkunen-Tiitto et al.
(2015) summarize which extraction solvents,
columns, eluents and wavelength as well as
mass spectrometric parameters and NMR ap-
proaches can be used in the identification
and quantification of flavonoids.

Due to the small number of available refer-
ence standards for complex glycosylated and
acylated phenolic compounds, often only a
semi-quantitative quantification based on re-
lated standards is possible. Further, it is not
common to calculate response factors since
reference standards are missing that would
be required to do that. Generally, the quan-
tification works as described for the flavon-
oid aglycones, but with one standard being
used for different glycosides, e.g. quercetin-
3-glucoside for several quercetin glycosides.

In kale, we analysed the flavonol glycosides
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Figure 7.8: Cromatogram of flavonol aglycones in kale cv ‘Winterbor’ after acid hydrolysis at A =

370 nm. Susanne Neugart, unpublished data.

Figure 7.9: Chromatogram of a standard flavonoid glycoside and aglycone mixture at A = 370 nm: 1-
guercetin-3-rutinoside, 2-myricetin, 3-luteolin, 4-quercetin, 5-apigenin, 6-kaempferol, 7-isorhamnetin.

Susanne Neugart, unpublished data.

and hydroxycinnamic acid derivatives using
the following method published in (Schmidt
et al. 2010b). Lyophilized kale (0.5g) was
extracted with 15ml of 60% aqueous meth-
anol on a magnetic stirrer plate for 1.5h in
a double determination approach. The ex-
tract was filtered through a fluted filter and
subsequently evaporated to dryness. The
residue was dissolved in 5ml of distilled
water and then filtered through a cellulose-
mixed ether-membrane (CME) filter for HPLC
analysis.

A modification for smaller volumes has

been recently published in (Neugart et al.
2017). Lyophilized, ground plant material
(0.02g) was extracted with 600ul of 60%
aqueous methanol on a magnetic stirrer plate
for 40 min at 20°C. The extract was cent-
rifuged at 4500 rpm for 10 min at the same
temperature and the supernatant was collec-
ted in a reaction tube. This process was
repeated twice with 300ul of 60% aqueous
methanol for 20 min and 10 min, respectively.
The three corresponding supernatants were
then pooled. The extract was subsequently
evaporated until it was dry and was then sus-
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pended in 200l of 10% aqueous methanol.
The extract was centrifuged at 3000 rpm for
5min at 20°C through a Corning® Costar®
Spin-X® plastic centrifuge tube filter (Sigma
Aldrich Chemical Co., St. Louis, MO, USA)
for HPLC analysis. Each extraction was car-
ried out in duplicate. This method can also
be used for hydroxycinnamic acid derivat-
ives and proanthocynaidins. However, to
date, no method validation for these com-
pounds has been performed. Finally to ex-
tract anthocyanins, acidified methanol (0.1%
v/v formic acid) is commonly used to stabil-
ize the cations (H. Olsen et al. 2010). The
flavonol glycosides were analysed using a
Prodigy (ODS 3, 150 3.0mm, 5lm, 100A )
column (Phenomenex, Aschaffenburg, Ger-
many) with a security guard C18 (ODS 3,
4 3.0mm, 5lm, 100A ) at a temperature
of 25°C using a water/acetonitrile gradient.
Solvent A consisted of 99.5% water and 0.5%
acetic acid; solvent B contained 100% acet-
onitrile. The following gradient was used
for eluent B (100 % acetonitrile) at a temper-
ature of 30°C: 5-7% (0-12 min), 7-9% (12-
25 min), 9-12% (25-45 min), 12-15 % (45-
100 min), 15% isocratic (100-150 min), 15-
50 % (150-155 min), 50 % isocratic (155-
165 min), 50-5% (165-170 min), 5% isocratic
(170-175 min). The flow was performed
using 0.4mlmin~!, and the measured de-
tector wavelength for the quantification was
set at A = 370nm for non-acylated flavonol
glycosides and A = 330nm for acylated
flavonol glycosides. The standards quercetin-
3-0O-glucoside and the corresponding 3-O-
glucosides of kaempferol and isorhamnetin
(Carl Roth GmbH, Karlsruhe, Germany) were
used in a semi-quantitative approach to ob-
tain an external calibration curve in the range
of 0.1-10mg/100ml. Mass optimization for
the ion optics of the mass spectrometer was
performed for quercetin m/z 301 for the low
mass flavonol glycosides. In addition, due to
the lack of standards, arbitrary m/z 1000 was
used as the target mass in auto-mode to in-
clude higher mass fragments for higher mass

flavonol glycosides. The ESI source poten-
tial on capillary was 3.5 kV. The declustering
voltage was -40V and the focusing voltage
was 153V at mass optimization m/z 301
and 200V at mass optimization m/z 1000.
The automated collision energy was 1V (30-
200%). The MSn experiments were performed
in auto- or manual mode up to MS4 in a
scan from m/z200 to 2000. Note that an-
thocyanins were not investigated in these
kale samples. In kale, 71 flavonol glycos-
ides have been tentatively identified by HPLC-
DAD-MSn. Of these, 27 non-acylated, 30
monoacylated and 14 diacylated glycosides
have been found based on the flavonol agly-
cones quercetin, kaempferol and isorham-
netin. Seven of these 71 compounds have
been further identified with NMR in a pre-
vious study (Fiol et al. 2012). The main
flavonol glycosides in kale are non-acylated
and monoacylated quercetin and kaempferol
glucosides, with the majority of flavonol gluc-
osides being acylated with hydroxycinnamic
acids. A presentation of selected quercetin
and kaempferol glycosides is depicted in Fig.
7.10. Of the non-acylated (Fig. 7.10-A) and
monoacylated (Fig. 7.10-B) compounds, the
kaempferol glycosides were in higher concen-
tration in the plants and traditional cultivars
had higher concentrations than the hybrid
cultivars-except for the cultivar ‘Redbor’. In-
terestingly, this is different in the complex
diacylated tetraglycosides (Fig. 7.10-C) which
are in high concentrations only in cultivar
‘Redbor’. Finally, our results on the identi-
fication and quantification of flavonoid glyc-
osides in kale are supported by findings of
other groups (Ferreres, Fernandes, Oliveira,
et al. 2009; Lin and Harnly 2009; H. Olsen et
al. 2009). Of note is that the precision had a
variation coefficient up to 8% and the accur-
acy has a variation coefficient of up to 8% for
the main phenolic compounds and up to 20%
for the minor compounds which is higher
than that for flavonol aglycones in kale see
section Reproducibility (precision and accur-
acy) on page 50.
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Figure 7.10: Structurally different flavonoid glycoside concentrations in kale cv. ‘Winterbor’. A: non-
acylated triglycosides; B: monoacylated triglycosides; C: diacylated tetraglycosides. The plants were
grown in the field. Different letters indicate significant differences between the cultivars for each
flavonol glycoside (p < 0.05 by Tukey’s HSD test). Each value represents the mean of three replicates +
SD. Susanne Neugart, unpublished results.
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Identification of Hydroxycinnamic Acid
Derivatives

The identification of phenolic compounds
is one of the major challenges in analytics
today as there is a number of compounds
and species differ enormously in their pro-
files and concentrations. The following is an
example on the hydroxycinnamic acid deriv-
atives in kale to highlight the process of the
identification of phenolic compounds by (1)
do a general literature research and find gen-
eral fragmentation pattern for phenolics, (2)
interpreting the fragmentation pattern meas-
ured and (3) compare to the literature if these
compounds have been described before for
the same genotype or species. From stud-
ies with HPLC-DAD-ESI-MSn in auto-mode to
MS3, 30 hydroxycinnamic acid derivatives
and a hydroxybenzoic acid glycoside (dipro-
tuchatechuic acid-gentiobioside) were tentat-
ively identified in kale (Fig. 7.11 and Table
7.1). The hydroxycinnamic acid derivatives
can be classified into four aglycones, four
quinic acid esters, four monoacylated hy-
droxycinnamic acid glycosides (mono-, di-
and triglycosides), 12 diacylated hydroxy-
cinnamic acid glycosides (di- and triglycos-
ide) and six triacylated hydroxycinnamic acid
glycosides (di- and triglycosides). For all
identified glycosides, glucose was exclusively
glycosylated - a finding that is also confirmed
in the literature for other Brassica species
(Ferreres, Fernandes, Sousa, et al. 2009; Har-
baum et al. 2007; H. Olsen et al. 2009). In
addition to the cleavage of 324 Da for digluc-
osides, the glycosides did not show the cleav-
age of 180 Da (characteristic of sophoroses).
Thus, the diglucosides can be identified as
gentiobioses, which is the case for kale (Fer-
reres, Fernandes, Sousa, et al. 2009; Lin and
Harnly 2009).

As an example, the identification of hy-
droxycinnamic acid derivatives’ based on
fragmentation patterns is described. In
the case of the triacylated hydroxycinnamic
acid glycosides, three substances have the

same fragmentation pattern. Starting from
the deprotonated molecular ions m/z 929
(H30), m/z 945 (H25) and m/z 959 (H29), a
sinapic acid (224Da) was first cleaved in
MS2 followed by the loss of a second sin-
apic acid or a sinapic acid residue. MS3
is characterized by the fragment ions [MH-
224-224]- and [MH-224-206]-. In addition,
the loss of a ferulic acid by the fragment-
ation [M-H-224-176]- was observed in the
MS3 of substance H30. For all substances,
MS3 showed the deprotonated molecular
ions of hyroxyferulic acid (m/z209) or sin-
apic acid (m/z223). The substances were
identified as disinapoyl-feruloyl gentiobios-
ide (H30), disinapoyl-hydroxyferuloyl gen-
tiobioside (H25) and trisinapoyl gentiobi-
oside (H29). The substances disinapoyl-
feruloyl gentiobioside (H30) and trisina-
poyl gentiobioside (H29) have already been
found in various Brassica oleracea (Ferreres,
Fernandes, Oliveira, et al. 2009; Lin and
Harnly 2009; H. Olsen et al. 2009, 2010)
and Brassica rapa (Harbaum et al. 2007).
The disinapoyl-hydroxyferuloyl gentiobios-
ide (H25) has hitherto only been found
in tronchuda cabbages (Ferreres, Fernandes,
Oliveira, et al. 2009). A further substance
shows in the MS the deprotonated molecu-
lar weight m/z 899. In MS2, the loss of a fer-
ulic acid is characterized by the fragment ion
[M-H-194]-. The MS3 shows both the cleav-
age of a sinapic acid residue ([M-H-194-206]-)
as well as the cleavage of a ferulic acid ([M-
H-194-194]-) and a ferulic acid residue. The
substance is identified as sinapoyl-diferuloyl
gentiobiose and has already been identified
by (Ferreres, Fernandes, Sousa, et al. 2009)
in tronchuda cabbage. For the exact iden-
tification measurements on high resolution
mass spectrometry followed by NMR meas-
urements would be necessary.

Method Validation

Which extraction method or measuring
method is used depends on the scientific
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Figure 7.11: Chromatogram of flavonol glycosides and hydroxycinnamic acid derivatives of kale cv.
‘Winterbor’ at A = 320 nm H1-H31 represent the tentatively identified hydroxycinnamic acid derivatives
and a hydroxybenzoic acid glycoside (diprotuchatechuic acid-gentiobioside). The two lower panels are
enlarged views for the initial 45 min of the run, and remaining of the run, respectively. Scale limits
differ among panels. See Table 7.1 for additional details. Susanne Neugart, unpublished data.
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Table 7.1: Fragmentation patterns of 30 hydroxycinnamic acid derivatives and one hydroxybenzoic
acid derivative in kale. Susanne Neugart, unpublished data

Tentative name MS MS2 MS3 Source

HO1  feruloyl diglucoside 517 353 —

HO02  diprotucatechuic acid gentiobiose 631 315 153 —

HO3  feruloyl triglucoside 517,677 179, 353, 341 —

HO04  chlorogenic acid derivative 353 191 Lin and Harnly 2009; H. Olsen
et al. 2009, 2010

HO5  caffeic acid glucoside 341 179 Harbaum et al. 2007

HO6  hydroxyferulic acid glucoside 371 209 —

HO7  chlorogenic acid derivative 353 191 Lin and Harnly 2009; H. Olsen
et al. 2009, 2010

HO8  caffeic acid 179 Lin and Harnly 2009

HO09  hydroxyferulic acid 209 Lin and Harnly 2009

H10 sinapic acid glucoside 385 223 Ferreres, Fernandes, Sousa, et al.
2009

H11  chlorogenic acid derivative 353 191 Lin and Harnly 2009; H. Olsen
et al. 2009, 2010

H12  ferulic acid 193 Lin and Harnly 2009

H13  disinapoyl gentiobioside 753 529 223

H14  feruloyl quinic acid 367 191 Lin and Harnly 2009

H15  sinapic acid 223 Lin and Harnly 2009

H16 sinapoyl-caffeoyl triglucoside 871 709 485 —

H17  sinapoyl-coumaroyl triglucoside 855 693 469 —

H18  sinapoyl-feruloyl triglucoside 885 723 499 H. Olsen et al. 2009

H19  diferuloyl triglucoside 855 693 499 H. Olsen et al. 2009

H20  sinapoyl-hydroxyferuloyl gentiobios- 739 515 191 —

ide

H21  disinapoyl-feruloyl triglucoside 1091 929 705 H. Olsen et al. 2009

H22  sinapoyl-caffeoyl gentiobioside 709 485 161 —

H23  trisinapoyl triglucoside 1121 959 735 H. Olsen et al. 2009

H24  disinapoyl gentiobioside 753 529 223 Ferreres, Fernandes, Sousa, et al.
2009; Harbaum et al. 2007; Lin
and Harnly 2009; H. Olsen et al.
2009, 2010

H25  disinapoyl-hydroxyferuloyl gentiobios- 945 721 515 —

ide

H26  sinapoyl-coumaroyl gentiobioside 693 469 163 —

H27  sinapoyl-feruloyl gentiobioside 723 499 193 Ferreres, Fernandes, Sousa, et al.
2009; Harbaum et al. 2007; Lin
and Harnly 2009; H. Olsen et al.
2009, 2010

H28  diferuloyl-gentiobiose 693 499 193 Ferreres, Fernandes, Sousa, et al.
2009; Lin and Harnly 2009

H29 trisinapoyl gentiobioside 959 735 529 Ferreres, Fernandes, Sousa, et al.
2009; Harbaum et al. 2007; Lin
and Harnly 2009; H. Olsen et al.
2009, 2010

H30 disinapoyl-feruloyl gentiobioside 929 705 481, 499, 529  Ferreres, Fernandes, Sousa, et al.
2009; Harbaum et al. 2007; Lin
and Harnly 2009; H. Olsen et al.
2009, 2010

H31 sinapoyl-diferuloyl gentiobiose 899 705 499 Ferreres, Fernandes, Sousa, et al.
2009
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question that should be answered. Never-
theless, a method validation is the basis of
reliable results. This includes optimization
of the extraction, selectivity, peak purity,
reproducibility (precision and accuracy),
recovery, detection limit and quantification
limit (if applicable), as well as calibration
curve (linearity) (Bayram et al. 2013; Fucina
et al. 2012; Gouveia and Castilho 2012; Li
et al. 2012; Schoedl et al. 2011). If the quan-
tification of compounds is performed with
a mass spectrometer, other factors, such
as ionization stability and ion suppression
by the matrix, should also be considered.
Importantly, a method validation should be
conducted at the beginning of the establish-
ment of an extraction or measuring method.
To ensure that the established method is
still correct, a double or triple determination
of each sample is recommended and one or
two reference standards should be measured
with each sequence. Most of the parameters
can then be rated in comparison with the
validation conducted at the beginning. A
new validation is necessary when something
changed in the method, e.g. lower amounts
of solutions during extraction, a new column
of the same or other packing material,
changes in the gradient or changes in the
ionization process in the mass spectrometer.

The example shown here is the method val-
idation performed for the flavonol aglycones
in kale in which the compounds were quanti-
fied by HPLC.

Optimization of the Extraction

For the optimization of the extraction there
are several factors to consider dependent
on the extraction method (for different pos-
sible extraction methods please see Julkunen-
Tiitto et al. 2015): extraction solution (in-
cluding mixtures of polar and non-polar solu-
tion), extraction time and number of extrac-
tions, extraction temperature, sample weight,
volumes of the extraction solution, shaking
or mixing of the sample (Table 7.2). Ex-

amplarily for kale the concentrations of HCl
and methanol were not changed for the op-
timization of the kale extracts as these were
established during previous experiments for
broccoli (Krumbein et al. 2007). The investig-
ation of the hydrolysis time (1, 2, 3,4 and 6 h)
on the flavonol aglycones quercetin, kaem-
pferol and isorhamnetin occurring in kale
showed that 2 hours were sufficient for acid
hydrolysis to take place (50% methanol with
1.6M HCI at 100°C).

Selectivity

The selectivity of the method is the sum of
HPLC parameters that are optimized for the
measurement of the phenolic compounds in-
cluding choice of eluents, gradient, oven tem-
perature, and detection wavelength. There-
fore (1) sample extracts of kale (Fig. 7.8) and
(2) standard mixtures of the available flavon-
oid aglycone standards (Fig. 7.9) were used
to validate the separation of peaks and de-
tection wavelength (chosen based on com-
pounds’ absorption spectrum) and the pos-
sible partial overlap of peaks due to elution
times. This led to the selection of the elu-
ents solvent A (99.5% water and 0.5% acetic
acid) and solvent B (100% acetonitrile). The
gradient and oven temperature were optim-
ized. The detection wavelength for quercetin,
kaempferol and isorhamnetin was chosen
nearest to their measured absorption max-
ima and set at A = 370nm. For the method
details, see section Flavonol Aglycones on
page 41.

Peak Purity

The peak purity was verified by DAD (A =
190-600 nm) by comparing peak shapes and
the absorption spectrum at the key locations
of a peak (base, before and after the peak;
turning point, in the increasing and decreas-
ing slope; and apex). For the relevant peaks
of quercetin, kaempferol and isorhamnetin,
no impurities or co-elutions were detected in
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Table 7.2: Parameters of an extraction and their optimization.

Parameters of extraction

Optimization

solvent/extractant”

length of time and number of
extractions

temperature

sample mass

volume of solvent/extractant

shaking or mixing

highly depends on the polarity of the target compounds,
generally 50-70% methanol or ethanol are sufficient for the
extraction of a wide number of phenolic compounds

the extraction time should be as long as necessary but as
short as possible to avoid oxidation processes, the number
of extractions for one extract can vary from 1 to 5

glycosides are more sensitive to temperature and might be
degraded to aglycones above 40°C

the more sample weight (5-500mg) is used the lower is the
variation coefficient of the reproducibility

should be in relation to the sample weight, but the higher
the volume the less concentration of phenolic compounds
is found per ml so a concentration step for the extracts may
be useful

for the better extraction shaking or mixing is essential dur-

ing the whole extraction process

“Including mixtures of polar and non-polar solvents

kale, the species used here as example.

Reproducibility

To determine reproducibility, the precision
(variation dependent on the HPLC measure-
ment procedure by itself) as well as the ac-
curacy (variation dependent on HPLC meas-
urement procedure plus sample preparation,
after acid hydrolysis) for the flavonol agly-
cones quercetin, kaempferol and isorham-
netin were investigated for kale. To determ-
ine precision, the same hydrolysed extract
was injected 10 times, and average, stand-
ard deviation, as well as variation coefficient
were calculated. Such calculations should
be performed intra-day (within one day) and
inter-day (over several days). To determine
accuracy, 10 times 0.5g of the freeze-dried
kale was hydrolysed with 50% aqueous meth-
anol and 1.6 M HCI as previously described
(see section Flavonol Aglycones on page 41).
The variation coefficient of accuracy was 3%

for quercetin and kaempferol and 10% for
isorhamnetin of which the variation coeffi-
cient of precision was below 1 % for all.

Stability

The stability of solutions is of special in-
terest for polyhydroxylated flavonoids. Espe-
cially aglycones are degraded quickly both as
standards as well as in the samples. For the
standard stability, stock solutions of quer-
cetin, kaempferol and isorhamnetin were
prepared in the concentrations 1 mg/100ml
each. Aliquots of these were stored at 4°C
and measured each day up to five days. The
stability after one day was 96% for quercetin,
99% for kaempferol and 95% for isorham-
netin (Fig. 7.12). After five days, the stability
was 52% for quercetin, 96% for kaempferol
and 53% for isorhamnetin. The comparable
results were observed for the samples of kale
after acid hydrolysis. These highly differing
percentages highlight that samples should be
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Figure 7.12: Stability of quercetin, kaempferol
and isorhamnetin aglycones in kale extracts after
acid hydrolysis.

prepared freshly and measured within one
day after acid hydrolysis.

Flavonoid glycoside and hydrocycinnamic
acid derivative standards (quercetin-3-O-
glucoside, kaempferol-3-O-glucosides and
isorhamnetin-3-O-glucosides, 3-chlorogenic
acid) were stable (= 95%) under the same
conditions for up to three months. Such
stability was also observed for kale samples.
Thus, these samples can be stored for weeks
at 4°C.

Recovery

The recovery serves the review of the method
concerning the quantitative evaluation. The
aim is to increase the areas of the sample’s
flavonoids by 50% by addition of an appro-
priate standard. The recovery rate describes
how much of the known added amount of
standard contained in the measured sample
is detected by the measuring procedure after
extraction. To determine the recovery rate
of the aglycones quercetin, kaempferol and
isorhamnetin, three samples each of 0.5¢g
of freeze-dried kale alone, standards alone
(0.5ml each of quercetin and kaempferol
(concentration 1mg/10ml) as well as 2ml
of isorhamnetin (concentration 15mg/15 ml)
and 0.5 g of freeze-dried kale plus the stated
amounts of standards were hydrolysed with
50% aqueous methanol and 1.6 M HCl as pre-
viously described (see section Flavonol Agly-

cones on page 41). The aglycones were de-
termined quantitatively using the HPLC-DAD
method as previously described (see section
Flavonol Aglycones on page 41). The recov-
ery rate is defined as the ratio of the area of
kale sample plus standards (x%) to the sum of
the areas from the kale sample alone and the
standards alone (100%). The recovery rate
for quercetin (108%), kaempferol (112%) and
isorhamnetin (110%) were higher than 100%
which would lead to an overestimation of the
results. Higher or lower recovery rates are
a result of interactions of the standard com-
pound with the matrix e.g. due to antioxid-
ants in the matrix that stabilizes the stand-
ards. These recovery rates need to be in-
cluded in the quantification to avoid over- or
underestimation of compounds.

Detection Limit and Quantification Limit

The detection limit is the lowest concentra-
tion of detection of a target compound and
was determined for the aglycone isorham-
netin as it occurs at low concentrations in
kale. For this purpose, the signal-to-noise
ratio was used to estimate the detection
limit. The detection limit is reached when the
noise (baseline) detected is exceed by a signal
(peak) by a factor of 3. After acid hydrolysis,
the kale sample was diluted and measured.
The dilution for measuring the smallest sig-
nal was 1:20 and the dilution for measuring
the noise was 1:100 (several others are meas-
ured). The detection limit was 276 ng/g dry
matter with a peak at the dilution 1:20 that
was approximately 3 times higher than the
baseline of the dilution 1:100. The quantifica-
tion limit is calculated based on the detection
limit and should exceed the detection limit by
3 times. Thus, for isorhamnetin, the quanti-
fication limit is 828 ng/g dry matter.

Calibration Curves (linearity)

After the method validation the calibration
curves for the quantification of compounds
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are measured. Therefore, a range of min-
imum 4 known concentrations of reference
standards are measured and the areas are
used to generate a function. The most pre-
cise way is to use isotopic labeled stand-
ards. For quercetin, kaempferol and isorham-
netin for flavonoid analysis in kale the cal-
ibration curves were prepared with avail-
able reference standards. For the quantific-
ation of the aglycones quercetin, kaempferol
and isorhamnetin standards (solved in 50%
aqueous methanol) were measured extern-
ally. The concentrations were adjusted using
pre-experiments with kale and measured in
a range of 0.01-10mg/100ml. For quercetin
(302.2 g/mol), the standard was quercetin di-
hydrate (338.3 g/mol). For the initial weight
of 1 mg of quercetin to 10 ml, 1.12 mg of quer-
cetin dihydrate was used. The equation of
the reference standards were used for the
calculation of the flavonoid concentration in
kale.

Conclusion

The accurate analysis of phenolic compound
profiles and concentrations in plants has
been of interest for many years. However, to
date, a standard procedure does not exist.
This article highlights the effect of abi-
otic factors on flavonoids and recommends
that these should be considered while plan-
ning and conducting experiments. It is of
high importance to equalize the growth con-
ditions for plants under different treatments
with only the factor(s) under study varying
systematically. Proper randomization and
precisely monitoring the experimental con-
ditions helps ensure reproducibility of stud-
ies. We here have taken advantage that we
have conducted a number of experiments on
kale cv. ‘Winterbor’ covering responses to
various abiotic factors. Using data from a
single cultivar makes it easier to demonstrate
the range and complexity of the responses.
In kale, indoor experiments in climate cham-
bers resulted in concentrations of kaemp-

Figure 7.13: Calibration curves for the three
aglycones quercetin, kaempferol and isorham-
netin. The integrated area under the peaks of the
absorbance vs. time curves, plotted against the
known concentration of the standard samples
that were injected. The fitted equations, shown
in the top right corner of each panel, are later
used to convert peak areas from samples of un-
known concentration into actual concentrations
in the extracts.
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ferol, the main aglycone of kale, ranging from
0.7 to 4.0mg/g dry matter while quercetin
varied from 0.6 to 2.1 mg/g dry matter de-
pendent on the factor that was investigated.
In the outdoor experiment on nitrogen fertil-
ization the concentrations were much higher
at 5.0-6.8mg/g dry matter for kaempferol
and 1.0-6.5mg/g dry matter for quercetin.
Of note is that the quercetin to kaempferol
ratio changed dramatically. The observed
pattern was that the quercetin to kaemp-
ferol ratio increased with increasing plant
age, in young leaves, with low nitrogen sup-
ply, with high irradiance (photosynthetically
active and UVB radiation). A ranking of which
of these factors has a stronger impact is dif-
ficult, if not impossible, to establish as this
requires setting a “reference” condition for
each factor. Interactions among factors can
be expected as well. In conclusion, in stud-
ies of mechanisms, controlled environment
experiments should be favored to exclude
uncontrolled variation in biotic and abiotic
factors. Field experiments provide more real-
istic conditions, but are subject to temporal
and spatial variation. This means that con-
tinuous monitoring of environmental condi-
tions must be routinely done and the res-
ulting data reported. For example, daily ir-
radiance during growth up to the harvest
needs to be reported as plants accumulate
phenolic compounds dependent on the accu-
mulated exposure to radiation (Del-Castillo-
Alonso et al. 2016). Furthermore concentra-
tions at the time of metabolite measurement,
also depend on sample storage: i.e. low hu-
midity of the samples is more important than
the temperature during storage in the case of
phenolic metabolites.

Several different methods can be used to
measure profiles and concentrations of phen-
olic compounds. The decision of which
method to use should be related to the sci-
entific question. The total phenolic content
is a fast and cheap method to gain prelim-
inary information about the extracts. How-
ever, specific identification and quantifica-

tion of phenolic compounds is not obtained.
A more detailed analysis of flavonoid agly-
cones and aglycones of other phenolic com-
pounds is useful for a number of questions
related to the beneficial effects of plant phen-
olic compounds in humans and how large
an effect can be expected. However, the
most suitable method to answer questions re-
lated to metabolism and function in plants is
the analysis of flavonoid glycosides and glyc-
osides of other phenolic compounds. This
method is time-consuming, expensive and
needs good analytical skills to be able to
achieve a correct identification and quantific-
ation based on HPLC and mass spectrometric
data. Nevertheless, one should be aware that
structurally different phenolic compounds
might respond differently to biotic and abi-
otic factors. It is not possible to rank the
methods as all of them are useful for dif-
ferent research questions, consequently the
question under study should drive the selec-
tion of the analytical method.

Nevertheless, method validation is the
basis of reliable results and should be per-
formed in advance of the measurement of
samples from experiments so as to estab-
lish the quality of the data to be acquired.
A new validation is required whenever the
plant species, the extraction method and/or
any other significant aspect of the protocol
are changed. As validation is the basis of re-
liable and consistent results, one should take
the time and do a proper valid as frequently
as needed. One of the most important aspect
is reproducibility, which can be monitored by
means of double or triple parallel determin-
ations of each sample or by including one
or two reference standards in each batch of
samples measured in the laboratory.
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