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Water soluble selenometabolome of Cardamine
violifolia†

Laurent Ouerdane,a Eszter Borbála Both, b Jiqian Xiang,c Hongqing Yin,c

Yu Kang,c Shuxun Shao, d Katalin Kiszelák,b Zsuzsa Jókaib and
Mihály Dernovics *e

Low molecular weight selenium containing metabolites in the leaves of the selenium hyperaccumulator

Cardamine violifolia (261 mg total Se per kg d.w.) were targeted in this study. One dimensional cation

exchange chromatography coupled to ICP-MS was used for purification and fractionation purposes

prior to LC-Unispray-QTOF-MS analysis. The search for selenium species in full scan spectra was

assisted with an automated mass defect based filtering approach. Besides selenocystathionine,

selenohomocystine and its polyselenide derivative, a total number of 35 water soluble selenium

metabolites other than selenolanthionine were encountered, including 30 previously unreported

compounds. High occurrence of selenium containing hexoses was observed, together with the first

assignment of N-glycoside derivatives of selenolanthionine. Quantification of the most abundant

selenium species, selenolanthionine, was carried out with an ion pairing LC – post column isotope

dilution ICP-MS setup, which revealed that this selenoamino acid accounted for 30% of the total

selenium content of the leaf (78 mg (as Se) per kg d.w.).

Significance to metallomics
A completely novel class of selenium species, namely, N-glycoside derivatives of selenoamino acids are presented in the manuscript on the basis of LC-Unispray-
QTOF-MS datasets. This is the most comprehensive selenometabolome study up to now not only in the genus Cardamine but in the whole Brassicaceae family,
including structure elucidation and a detailed and stepwise method development for software based metabolite filtering.

Introduction

Exploration of the largest possible set of selenium species in
a sample has not been an evident goal for decades. One of the
main driving forces has been to identify one or only a few
selenium species that had been adequately separated with

chromatography from matrix constituents and the intensity of
which had been high enough to be monitored during purifica-
tion and identification. Clearly, such species could be obtained
after following a given sample preparation protocol and a given
(often orthogonal) chromatographic set-up (if there was any),
which might have disclosed different species or might have
undisclosed the same species even from highly similar matrices.
Also, as identification has been mostly based on electrospray mass
spectrometry, spotting the target compound in the spectra has
been a prerequisite that considerably depends on personal
experience and related software features.1–3 Finally, the ultimate
characterization could be mostly achieved in case the structure of
the novel compound was to be elucidated without NMR data, that
is, the obtained MS/MS fragments, accurate mass, elemental
composition and chromatographic information were adequate
to support a presumed molecule.4

Studies on selenised yeast mirror all the options listed
above. For example, selenodiglutathione was detected in
Se-yeast in 2002 as one out of only two, relatively abundant
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selenium species5 and it was re-found as a minor compound
out of dozens6,7 or almost 200 of selenocompounds8 – but it
wasn’t included in the list of 4100 species detected in Se-yeast
by Gilbert-López et al.,9 though water-soluble Se species were
studied in all cases and selenodiglutathione is a common
metabolite in Se metabolism. However, thioredoxin reductases
bypass selenodiglutathione by directly reducing selenite into
selenide, and the activity of these enzymes highly depends on
oxidative stress in yeast (Pinson 2002, Moreno 2012). Therefore,
fermentation parameters indirectly influence the abundance of
selenodiglutathione in Se yeast batches, as demonstrated by
Casal et al.10 by the comparison of selenometabolomes of
Se yeast products of six suppliers: in their study, selenodi-
glutathione was found in two out of seven samples.

Description of selenometabolome of Se yeast has already
covered yeast strains other than Saccharomyces cerevisiae
(e.g., Candida utilis11,12) and has practically reached its quasi-
industrial application through the characterization of dietary
supplements. On the other hand, the actual state-of-the-art
knowledge gained on Se yeast samples offered an almost
ready-to-use instrumental approach and a database of potential
selenium species for plant selenometabolome oriented studies
that had been conducted parallel to yeast analysis. While both
low and high selenium plant samples became addressed13,14

and the list of identified Se species has been still increasing
dramatically, it is to mention that the expansion of this
metabolite list was not always the function of already charac-
terized Se yeast metabolites. Indeed, several compounds
including g-glutamyl-Se-methyl-selenocysteine,15 g-glutamyl-
selenocystathionine16 and selenohomolanthionine17 were first
identified in plants before their observation in yeast samples.
This indicates a kind of interaction that clearly advances both
fields to narrow the ‘‘selenium gap’’, that is, the amount of
undetected and/or unidentified selenium compounds.18

Description of large sets of selenometabolites can help to
reveal new metabolic pathways in plants,19–21 and also calls
attention to the careful selection of sample preparation
protocols22 in order to avoid artefacts that are often formed
in selenium speciation analysis.23–25 Additionally, the more
selenium species are accounted for, the more compounds must
be assigned with adequate chromatographic and mass spectro-
metric resolution. As an example, one-dimensional HPLC
separation is hardly enough for unambiguous identification
in case only ICP-MS is used with retention time matching as a
single tool for compound assignment. This is especially impor-
tant to consider when a sample is described as bearing one
main or only a few characteristic selenium species. Actually,
this has been the case with the first selenium hyperaccumu-
lator plant species of the genus Cardamine, C. violifolia. After
facing controversial studies on its main water soluble seleno-
metabolite, i.e., selenocystine vs. selenolanthionine, it has been
proven that selenocystine cannot account for a considerable
part of its selenium content.26–29

Accordingly, C. violifolia possesses a unique metabolism of
selenium that ends up in the accumulation of selenolanthionine,
the synthesis and metabolic pathway of which haven’t been

elucidated yet. Such missing information might be at least
partially filled up by discovering the surrogating selenium species
that might refer both to the enzymes involved and to important
intermediates that serve as precursors or act as landmarks
towards selenolanthionine accumulation. As an example,
the discovery of Se-methyl-selenomethionine was an important
contribution to explain the formation of dimethyl-selenide in
Brassicaceae plants.30 More recently, in the case of another
selenium hyperaccumulator, monkeypot nut (Lecythis minor), the
appearance of polyselenides could be attributed to the high
abundance of selenohomocysteine and its derivatives,31 which
opened up a novel direction in selenium depletion.

Basic goal of our study was to map the water soluble
selenometabolome of C. violifolia with the help of a cation
exchange liquid chromatography-ICP-MS based purification
protocol and LC-Unispray-MS derived identification. Addition-
ally, as even semi-quantitative determination of the main
selenium species can considerably contribute to the assign-
ment of metabolic pathways,6 post-column species-unspecific
isotope dilution (ID) LC-ICP-MS was also applied. However, this
technique was first optimised for selenium species with
commercially available standards (e.g., for wheat samples by
Huerta et al.32), it is still theoretically the most suited method
to quantify unknown33 or standardless species, including
artefacts, such as oxidised selenomethionine.34

Materials and methods
Plant sample

Leaves of Cardamine violifolia (registered by the Wuhan
Botanical Garden, Chinese Academy of Sciences; Wuhan,
China) were collected in the springtime of 2017 in the natural
seleniferous region Yutangba, Enshi (Hubei Province, China),
cleaned with deionised water, lyophilised and milled (total Se
content: 261 mg Se per kg d.w.).

Reagents and standards

Certified 82Se isotopic abundance solution (10 mg ml�1 82Se
in 5% nitric acid) was bought from Inorganic Ventures
(Christiansburg, VA, USA). Heptafluorobutyric acid (HFBA;
Z99%) and Se-(methyl)selenocysteine hydrochloride (Z95%)
were supplied by the Merck-Sigma group (Schnelldorf,
Germany). Deionised water (18.2 MO cm) was obtained from
a Millipore purification system (Merck-Millipore; Darmstadt,
Germany). Acetonitrile (UPLC-MS grade) and formic acid
(B98% for LC-MS) were supplied by VWR (Radnor, Pennsylvania,
USA), while nitric acid (a.r., 65 Z m/m%) and formic acid (puriss;
98–100%) were purchased from Scharlau (Barcelona, Spain).
Pyridine (99.5%) was obtained from Carlo Elba (Peypin, France),
and methanol (HPLC Gradient Grade) was a Fisher Scientific
product (Loughborough, UK).

Water extraction

0.5 g of the C. violifolia leaf sample was extracted with an
ultrasonic probe (UP100H, Hielscher Ultrasound Technology,
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Teltow, Germany) at ambient temperature with 10.0 ml de-
ionised water for 1 min. Supernatant was recovered by centri-
fugation (10 min at 4000g), filtered (0.45 mm, cellulose acetate
syringe filter) and lyophilised in four aliquots.

LC-ICP-MS setups

Both (strong cation exchange/SCX/and ion-pairing reversed
phase/IP-RP/) chromatographic set-ups were achieved by using
an Agilent 1200 HPLC system (Agilent Technologies, Santa
Clara, CA, USA) connected to an Agilent 7500cs ICP-MS for
the element-specific detection of 76Se, 77Se, 78Se, 79Br, 80Se,
81Br, 82Se and 83Kr. H2 was used as collision/reaction gas in the
flow rate of 2.5 ml min�1. In the case of IP-RP hyphenation,
oxygen (40 ml min�1) was used as optional gas.

SCX-ICP-MS chromatography

A Zorbax 300-SCX column (150 mm � 4.6 mm � 5 mm; Agilent)
equipped with a matching guard column was used. Gradient
elution was done with pyridine formate (pH 2.2; buffer A: 1 mM;
buffer B: 40 mM) delivered at 1.2 ml min�1. The program was as
follows: 0–2 min, 100% A; 2–15 min, up to 30% B; 15–16 min,
up to 100% B; 16–20 min, 100% B; 20–21 min, 100% A. First
aliquot of the lyophilized water extract was dissolved in 2 ml
deionised water, and diluted 15� with eluent buffer. The injection
volume was 5 ml (for mapping purposes) or 10 ml (for fraction
collection). Selected peaks with high selenium abundance were
repeatedly (15�) collected, frozen and lyophilized, then dissolved
in the starting eluent of either the IP-RP-ICP-MS or the
LC-Unispray-QTOF-MS setups for further analyses.

IP-RP-ICP-MS chromatography and post-column isotope
dilution analysis (IDA)

XTerra MS-C18 (250 mm � 4.6 mm � 5 mm; Waters, Milford,
MA, USA) column was used. The mobile phase consisted of
deionised water (eluent A) and methanol (eluent B) both con-
taining 0.05 v/v% HFBA for the analysis of SCX fractions and
0.1 v/v% HFBA in case of IDA. The flow rate was 0.6 ml min�1

and the gradient elution program was: 0–2 min, 5% B;
2–10 min, up to 65% B; 10–15 min, 65% B; 15–16 min, down
to 5% B; 16–19 min 5% B. Injection volume was 40 ml.

For the IDA experiment, the outlet of the RP column was
connected through a T-piece where the 82Se standard solution
was continuously added in the concentration of 20 ng g�1 in
0.1% nitric acid with a flow rate of 0.1 ml min�1 with the help
of a peristaltic pump. Mass bias was determined with
the repeated injections of 20 ml of Se-methylselenocysteine
standard solution (0.5 mg L�1 as Se). Second aliquot of the
lyophilized water extract of C. violifolia leaf sample was dis-
solved in 2 ml deionised water, and diluted 15� with deionised
water containing 0.1 v/v% HFBA. Sample injection volume was
40 ml. IDA calculations were based on the equations published
by Rodrı́guez-González et al. and Koellensperger et al.35,36

LC-Unispray-QTOF-MS set-up

A Vion ion mobility quadrupole time-of-flight mass spectro-
meter (Waters) equipped with a UniSpray (Waters) ion spray

source was applied. Chromatographic elution was provided by
an Acquity UPLC I-Class system (Waters) using a BEH-C18

reversed phase (RP) UPLC column (100 mm � 2.1 mm �
1.7 mm; Waters). Gradient elution with eluent A (deionised
water with 0.1 v/v% formic acid) and eluent B (acetonitrile with
0.1 v/v% formic acid) was carried out at 0.4 ml min�1 as follows:
0–1 min 10% B, 1–4 min up to 80% B, 4–4.5 min 80% B,
4.5–5 min down to 10% B, 5–7 min 10% B. The UniSpray ion
source was used both in positive and negative ionisation modes
either in MSE or MSE - MSMS/DDA/functions. The related
instrumental parameters are described in the ESI† (Table S1).
Data evaluation was carried out with the help of the Unifi
software (version 1.9.4; Waters).

Mass defect based Se species filtering was carried out in the
frame of an iterative approach. Default settings (mass padding:
15 Da; defect padding: 40 mDa; isotope defect: 80Se–78Se;
minimal compound response: 2000 counts) were tested
whether they allowed for the detection of known Se species
(selenolanthionine and selenocystathionine among others)
that had been detected in the fractions by database derived
searching. Afterwards, the list of Se species was step-by-step
completed with newly detected species resulting from the
in-source selenohomocysteine fragment search (m/z 135.9660/
C3H6NSe+/and 181.9715/C4H8O2NSe+/) and from the manual
Se isotopologue pattern search processes; with this, the mass
padding and defect padding settings were recursively tuned to
include the newly introduced species in the result list. After
each tuning step, the updated mass defect based Se species
filtering was run on the LC-QTOFMS data of the four fractions
to look for still undiscovered selenium species that met the
actual search settings. All positive hits were manually checked
and individually validated to remove false positives.

Results and discussion
Characterization of the water extract of C. violifolia with
SCX- and IP-RP-ICP-MS chromatographic set-ups

As the water soluble part (approximately 60% of total selenium
content) is dominated by compounds with cationic properties
at physiological pH, SCX-ICP-MS is the most suited and robust
method for the separation of extracted selenium species of
C. violifolia.26 It has also been proven that the main species is
selenolanthionine, accounting for about 68% of water soluble
selenium content, determined with the help of an in-house
synthesised selenolanthionine standard.27 In Fig. 1a, seleno-
lanthionine elutes at 3.04 min as the most intense peak from
the SCX column, and it is surrounded by several less intense
peaks containing unknown selenium compounds. These peaks
(indicated with Fr1 to Fr4) were fraction-collected for further
characterization.

Generally, an orthogonal chromatographic approach is
addressed when the complexity of a given chromatographic peak
should be assessed.37,38 For cationic compounds, ion pairing
reversed phase (IP-RP) setups used with anionic ion pairing agents,
especially HFBA, have been proven a suitable technique.39,40
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Fig. 1b presents the overlaid IP-RP-ICP-MS chromatograms of
the four fractions. However, the original peaks were slightly
separated on SCX, three fractions out of four (Fr1, 2 and 3)
could not be clearly differentiated by IP-RP and were eluted
in the range of 4.8–6.6 min. These overlaps might be also
explained by the overcharged SCX system that could not
provide adequate (baseline) separation for the first three frac-
tions that were anyway eluted close to the void volume (k o 2).
Only one fraction (Fr4) showed a well retained and distinct peak
at 6.9 min that had no considerable overlap with any of the
other fractions. It is also to note that each fraction consisted of
a few abundant and several less abundant peaks, which indi-
cated that numerous selenium species should be expected/
discovered in the LC-Unispray-MS acquisitions.

In the case of complex mixtures of selenium species three-
dimensional orthogonal chromatographic purification/acquisi-
tion can even be successfully addressed to achieve adequate
analyte purity for mass spectrometry based identification,
mostly by (Q)TOF-MS or Orbitrap MS. Although such an
approach multiplies the number of fractions to be individually
analysed, there is usually a higher chance to assign selenized
species out of the sample matrix. In our case, the most intense
peaks eluting between 4.5–10.5 min in each fraction in the
second dimension (IP-RP) were repeatedly collected, concen-
trated by lyophilisation and subjected to LC-Unispray-QTOF-
MS. Contrary to previous results, no selenium species could be
discovered this case after the two dimensional (SCX + IP-RP)
purification, which might be explained by unstable retention
time parameters on IP-RP (i.e., hampering a precise fraction
collection procedure). Accordingly, LC-Unispray-QTOF-MS
acquisitions were finally carried out from the SCX-ICP-MS
derived four fractions.

Screening for selenium species in the LC-Unispray-QTOF-MS
acquisitions

Localising unprecedented selenium compounds in full scan
mass spectrometric data can be basically achieved by manual
pattern exploration, extracting diagnostic ion source fragments
and matching retention time data through complementary

LC-ICP-MS acquisitions (if available), as summarized by
Németh et al.31 Manufacturer dependent possibility for the
automated data screening of selenium species in LC-ESI-MS
analyses was first presented by Preud’homme et al.7 for the
Mass Frontier software (Thermo Fisher Scientific) on the basis
of isotopic ratio and intra-isotope mass defect. For Waters-Vion
applications, the Unifi software offers the possibility also to
introduce an intra-isotope mass defect based extraction of
compounds containing multi-isotopic elements, e.g., chlorine
or selenium.

As an effective approach, these techniques must complete
the database dependent search, i.e., when previously reported
selenium species are individually extracted within a compro-
mised mass accuracy range (generally up to 20 ppm) to end up
in extracted ion chromatograms (EICs). Finally, each arising
peak in the EICs of all the result lists, that is, those of
diagnostic ion source fragments, automated data screening
and known selenium species, must be individually and manu-
ally checked by verifying at least the selenium specific isoto-
pologue pattern and the mass defect values, in order to avoid
false positive hits.

Table 1 presents the list of all detected selenium compounds
in the four fractions collected from SCX chromatographic runs.
However the first three fractions were evidently co-eluting
during fraction collection, their selenium species could be
assorted on the basis of intensities, therefore they are positioned
into the fraction where they showed the highest abundance.
Although most of the species were localised/discovered by more
than one search methods, the most contributing technique to
provide the first positive hit on the given species is indicated
in Table 1. Clearly, manual pattern exploration was crucial for
discovering the relatively high (m/z 4 370) molecular mass
species, while the other methods could successfully localise the
lower molecular mass species. As full scan spectra under m/z
300 are of relatively high density (‘‘crowded’’), the most visible
mass spectral features of selenium containing molecules
(i.e., characteristic/7–12 isotopologue wide/base, unique isotope
ratio of 80Se and 78Se, high/0.1–0.2 m/z/absolute mass defect
compared to neighbouring ions) can usually be spotted only in

Fig. 1 (a) Strong cation exchange (SCX) – ICP-MS chromatogram of water soluble extract of C. violifolia, recorded on the 82Se isotope. Fractions
labelled #1–#4 were collected for further characterization on LC-Unispray-QTOFMS. ‘‘*’’ denotes to selenolanthionine. (b) Ion-pairing reversed phase
(IP-RP) – ICP-MS chromatograms of the fractions #1–#4 collected from SCX – ICP-MS, recorded on the 77Se isotope.
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the less crowded parts of the spectra. In other words, any method
that helps to localise lower molecular mass selenium species
without time consuming manual pattern exploration is evidently
useful to provide a lower miss ratio of selenium species.

Definitely, the four methods must be harmonized as they
complete and amend each other: as presented for the example
of selenocystathionine in Fig. S1 in the ESI,† one species can
provide several selenium patterns in full scan spectra that
might be detected independently by the different search
methods. Moreover, the individual extraction of all discovered
selenium species and compounds must be carried out: EICs
must be matched for correct in-source fragment/adduct align-
ment (see Fig. S2 in the ESI† for SeHCys in-source fragments)
and the presence of isomers should be carefully verified. Also,
matching an in-source fragment with its hypothetic mother
molecule on the basis of chromatographic data (that is,
through retention time and peak shape matching) must be
always completed with MS/MS acquisition as closely eluting
non-related selenium species might be undiscovered without
correctly assigning which in-source fragment belongs to a given
parent molecule.

Extracting another characteristic (diagnostic) ion source
fragment at m/z 183.9871 (C4H10O2NSe+) did not reveal any
novel hit, which indicates no derivatives of selenohomolanthio-
nine were present in these fractions in high concentration.
Although, any missing hit of a diagnostic ion doesn’t auto-
matically exclude the presence of related selenium species, as
in-source and MSE fragmentation events usually run under
lower fragmentation energy settings compared to directed
MS/MS (DDA) analyses. Indeed, this might be a reason why
the selenocysteinyl moiety (C3H6O2NSe+; m/z 167.9558) could
only be found in MS/MS datasets.

In order to assess the capability of software-based discovery
of selenium species, all the 35 compounds detected in the
C. violifolia water extract were used to optimise the intra-isotope
mass defect filter settings. Any increase in the mass padding or in
the defect padding parameters helps to increase the lists of both
the true positive and the false positive hits, hitherto a trade-off
must be set between high species recovery and the labour need for
selenium pattern/species validation. As presented in Tables S2-S4
in the ESI,† the setting of 200 Da of mass padding and 80 mDa for
defect padding helped to recover 16 selenium species out of
35 involved in the optimization process at the detector response
level of 2000 counts, the intensity which is enough to provide
adequately high signals for MS/MS acquisition. At these settings,
the total number of compounds assigned for pattern validation as
potentially selenium carrying molecules ranged between 206–457,
which represented 4.5–6.3% of the total number of detected
compounds. However these data still seem to indicate too many
high false positive hits with only 6–8 true hits per chromato-
graphic fractions, the practical implementation is reasonable:
indeed, the outcome of some hundreds of compounds (out of
several thousands) can be easily shortlisted on the basis of
absolute mass defect and isotopologue redundancy. Moreover,
as presented in Table S4 (ESI†), the most frequent reason of
species exclusion was low intensity, which anyhow hampers

species identification because of the lack of MS/MS data. Also,
a considerable part of the species detected by mass defect
filtering eluted further from the chromatographic void volume,
where the generally hydrophilic selenium species are less evi-
dently occurring (e.g., m/z 197 and m/z 282), which indicates an
additional benefit of this search method.

Consequently, the mass defect based species filtering can be
regarded as a useful tool for the discovery of previously
unknown selenium compounds. This is especially true when
no hint on retention time parameters is available, e.g., when no
parallel LC-ICP-MS runs can be conducted to decrease the
width of the searching window13 or when HILIC separation is
chosen where selenium species are not usually distributed
close to the void volume as it is observed in unmodified (that
is, non ion-pairing assisted) reversed phase separations.

Although six accurate mass values out of the 35 analytes
matched those of previously detected selenium species, only
four species could be finally marked as known in Table 1. In
two cases, at m/z 254.02899 and m/z 313.02972, the MS/MS
fragments of neither of the formerly reported selenium species
with the same elemental compositions (that is, N-acetyl-Se-methyl-
selenomethionine31 and gamma-Glu-Se-methylselenocysteine41 or
N-acetyl-selenocystathionine,42 respectively) matched the frag-
ments detected in our study. This event calls the attention to
the fact that accurate mass information in itself is a necessary but
not sufficient condition for the unambiguous identification of a
selenium species. Moreover, the detection of two selenium species
bearing the same accurate mass (m/z 241.99261) but possessing
highly different MS/MS spectra also highlights this warning.

No elemental composition could be provided for eleven
analytes, including even abundant species with MS/MS spectra
rich in fragments. Indeed, unravelling the most possible
elemental composition not only requires high mass accuracy
(o2.0 ppm) but the presence of characteristic fragments the
composition of which can help to limit the number and kind of
contributing elements.

Structural elucidation of novel selenium species

A considerable part of the species listed in Table 1 was either
detected in too low abundancy, exposed to isobaric interferences,
or featuring low quality MS/MS spectra, which hampered their
structural elucidation. For example, the species with the elemental
composition of C9H18NO3Se+ (as [M + H]+) showed only one, low
intense selenium containing fragment at m/z 133.00 even at low
collision energy settings (see Fig. S22 in the ESI†).

Out of the 35 selenium species detected in C. violifolia water
extracts, 13 species were proven with MS/MS analysis to contain
the selenohomocysteine moiety. Among these, selenocysta-
thionine43 is a compound that is a subsequent metabolite with
selenohomocysteine in selenium metabolism through the
action of cystathionine beta lyase, while selenohomocystine44

and its polyselenide derivatives31 might be formed due to
oxidation. These three species have been reported to act as
non-proteinaceous storage (deposit) molecules that contribute
to the elimination of selenium beside selenolanthionine, the
most abundant selenium species in C. violifolia. However not
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all the other, previously undetected selenohomocysteine derived
species could be structurally elucidated, five analytes might be at
least tentatively assigned – even if the unambiguous identification
does require more elaborative (NMR based) approaches:

(i) the compound detected in Fraction #3 at the theoretical
m/z 241.99261 possesses a C2H3O2 moiety with one double
bond over the selenohomocysteine fragment. Two –OH groups
in vicinal positions should present a considerable neutral loss
of �18 Da in the MS/MS spectrum, but no fragment is seen at
m/z 224. Accordingly, an end-chain carboxylic group can be
regarded more possible, to propose the structure of Se-
carboxymethyl-selenohomocysteine (Fig. 2 and Fig. S3, ESI†).
This species has already been hypothetically foreseen in a
selenium accumulating plant,45 but it is presented first here
with ESI-MS data.

(ii) the compound detected in Fraction #4 at the theoretical
m/z 254.02899 has got a C4H7O moiety with one double bond
over the selenohomocysteine fragment. The most characteristic
features in the relevant MS/MS spectrum are the high intense
fragments, namely, m/z 132.96 and 134.97, before the m/z 135.97
(selenohomocysteine with a formic acid loss) fragment that
cannot be all assigned as its isotopologues. Accordingly, these

fragments must arrive from the other part of the molecule,
through the loss of an oxygen, which can only happen in case
an –OH group leaves during the neutral loss of 18 Da (H2O). The
different ways of rearrangement (differing in two hydrogen atoms)
of the leftover moiety can be similar to the case of selenohomo-
cysteine (C4H8NO2Se+ vs. C4H10NO2Se+), with the latter one from
the fragmentation of selenohomolanthionine.17 A tentative struc-
ture is therefore presented in Fig. 3 and Fig. S4 (ESI†); definitely,
the position of the –OH group might differ.

(iii) the compound detected in Fraction #4 at the theoretical
m/z 282.06029 belongs to the relatively hydrophobic species.
It shows a C6H11O moiety with one double bond over the
selenohomocysteine fragment and the molecule has got a
characteristic MS/MS fragment at m/z 163.00 that can only be
determined as C6H11Se+. The most feasible way to arrive at a
fragment without any oxygen would presume an –OH group
that might leave during fragmentation in the form of a neutral
loss (18 Da; H2O). Accordingly, one possible structure is
presented in Fig. 4 and Fig. S5 (ESI†).

(iv) in Fraction #4, there was a pair of molecules detected
at the theoretical m/z 284.03956 (C9H18NO4Se+). The MS/MS
spectra of the two molecules differed in the relative intensities

Fig. 2 Full scan spectrum (a), zoomed full scan spectrum (b) and MS/MS spectrum (c) of the compound with the experimental m/z 241.99302 (80Se),
presented and putatively identified as Se-carboxymethyl-selenohomocysteine in the inset.
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Fig. 3 Full scan spectrum (a), zoomed full scan spectrum (b) and MS/MS spectrum (c) of the selenohomocysteine-derived compound with the
experimental m/z 254.02883 (80Se), presented with a putative structure in the inset.

Fig. 4 Full scan spectrum (a), zoomed full scan spectrum (b) and MS/MS spectrum (c) of the selenohomocysteine-derived compound with the
experimental m/z 282.06027 (80Se), presented with a putative structure in the inset.

Metallomics Paper

Pu
bl

is
he

d 
on

 2
8 

O
ct

ob
er

 2
02

0.
 D

ow
nl

oa
de

d 
by

 K
ar

ol
in

sk
a 

In
st

itu
te

t U
ni

ve
rs

ity
 L

ib
ra

ry
 o

n 
12

/1
4/

20
20

 2
:1

8:
03

 A
M

. 
View Article Online

https://doi.org/10.1039/d0mt00216j


Metallomics This journal is©The Royal Society of Chemistry 2020

of the m/z 146.97 and 164.98 fragments and the non-selenised
m/z 102.05 and 124.04 fragments. None of the spectra showed
the sign of a 46 Da loss; this observation might indicate there
might not be an end-chain carboxylic group over the seleno-
homocysteine fragment, therefore this moiety (C5H9O2) contains
either a ketone group or two –OH groups with a double bond.
However, there are no fragments that would refer to a ketone
(serving for a spot of fragmentation). On the other hand, the
fragments m/z 146.97 and 164.98 might arrive from subsequent
neutral losses of H2O, which supports the theory that two
–OH groups take place in these reactions. The origin of the
non-selenised, nitrogen containing fragment at m/z 102.05
(C4H8NO2

+) should be connected to the selenohomocysteine
moiety, and it may denote to the close (non end-chain) position
of the –OH groups which may weaken the C–S–C bonds through
the electrophilicity of oxygens in at least one of the isomers.
Taking into account all these observations, two possible structures
are presented in Fig. 5 and Fig. S6 (ESI†). It must be noted that the
origin of the m/z 124.04 fragment (possibly C6H6NO2

+) can be
explained only with a post-fragmentation rearrangement, as the
abundant intensity of selenohomocysteine derived fragments
excludes the possibility of other options.

(v) in Fraction #4, there was a pair of molecules detected at
the theoretical m/z 312.03447 (C10H18NO5Se+). Apart from the
selenohomocysteine related fragments, the m/z 146.97, 164.98

and 192.97 should be taken into account that all originate from
the other side of the molecule, possessing C6H9O3 elemental
composition. None of the three latter fragments possesses
more than two oxygens which indicates there should be an
–OH group in the structure to give rise a water loss event; also,
two out of the three fragments have only five carbon atoms,
which might refer to a formic acid loss (�46 Da). Accordingly,
an end-chain carboxylic group, a CQC bond and an –OH group
should be featured in the isomer molecules; two possible
structures are drawn in Fig. 6 and Fig. S7 (ESI†).

In case there is no selenohomocysteine (or other established,
selenium containing) moiety in the molecule, the assignment of
species becomes more problematic as the position of the Se atom
cannot be evidently localised in the structure. In such cases,
fragment affiliation should follow an indirect way; clearly,
any proposed structure can only be regarded as one of the
possibilities:

(i) the lowest molecular mass selenized compound was
detected at the theoretical mass of m/z 197.00753 in Fraction #3.
As presented in Fig. 7 and Fig. S8 (ESI†), this molecule was
surrogated by a lower intense +18 Da analyte at m/z 215.01720.
As the fragmentation of the m/z 215 molecule hardly provided
MS/MS fragments, it can be taken as the in-source water adduct
([M + H2O + H]+) of the m/z 197 molecule. The two main MS/MS
fragments of this molecule have the SeCH3 and the SeC2H5

Fig. 5 Full scan spectrum (a), zoomed full scan spectrum (b), MS/MS spectrum of the more hydrophobic isomer (c) and MS/MS spectrum of the less
hydrophobic isomer (d) of the selenohomocysteine-derived compounds with the experimental m/z 284.03997 (80Se), presented with putative structures
in the inset.
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Fig. 6 Full scan spectrum (a), zoomed full scan spectrum (b), and MS/MS spectrum of the less hydrophobic isomer (c) of the selenohomocysteine-
derived compounds with the experimental m/z 312.03454 (80Se), presented with putative structures in the inset. MS/MS spectrum of the more
hydrophobic isomer couldn’t be recorded because of low abundance.

Fig. 7 Full scan spectrum (a), zoomed full scan spectrum (b), low fragmentation energy MS/MS spectrum (c) and high fragmentation energy MS/MS
spectrum (d) of the compound with the experimental m/z 197.00725 (80Se), presented with a putative structure in the inset.
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compositions (m/z 94.94 and 108.95, respectively), which sup-
ports the theory that a ketone borders the SeC2H5 moiety,
providing a spot of fragmentation. Taking into account that
the composition of C6H13O2Se+ allows for only one double
bond, and an ester or ether bound would result in other
fragments too, a structure with an –OH group might be
suggested, as shown in Fig. 7.

(ii) in Fraction #2, there was a pair of molecules detected at
the theoretical m/z 285.05996 (C10H21O4Se+) with similar MS/
MS spectra, differing in fragment ion ratios especially in terms
of the m/z 85.06, 134.97, 164.98, 182.99 and 239.06 fragments
(Fig. 8 and Fig. S9, ESI†). This latter fragment refers to a formic
acid loss, which usually arrives from an end-chain carboxylic
group. The most intense, oxygen free and selenium containing
fragments at m/z 134.97 (C4H7Se+) and m/z 132.96 (C4H5Se+)
might refer to a structure where these fragment can be created
from the end of the molecule, through a formic acid loss. Both
isomers show the m/z 106.94 (C2H3Se+) fragment as well. The
other main selenium containing fragment has got one oxygen
and one double bond in its structure (m/z 164.98; C5H9OSe+),
which practically excludes the presence of a ketone, and limits
the structure to a CQC double bond and an –OH group; the
double bond, in turn, might originate in the neutral loss of a
H2O molecule. This fragment can be affiliated to the fragment
at m/z 85.06 (C5H9O+) after the loss of the Se atom and can be
also linked to the fragment at m/z 182.99 (C5H11O2Se+), which
still contains two oxygen atoms. The fact that the most intense
fragments contain either four or five carbon atoms might
indicate that the Se atom is localised in the middle of the
molecule. The difference in the intensities of the m/z 164.98

fragment can be the result of the different position of two –OH
groups, e.g., vicinal vs. non-vicinal position. Accordingly, two
possible structures are presented in Fig. 8.

Eleven species out of 35 showed the evident characteristic
loss of hexoses (162.05 Da) during MS/MS fragmentation and
three of them could be analogously ([M–H]�) detected in
negative ion mode as well. These molecules, accounting one-
third of all selenium species detected in C. violifolia and
containing highly abundant ones too, are presumed selenium
containing sugars: this group of selenium species in plants was
presented first in 2012.46 One of them (at m/z 407.04510) might
already be considered a ubiquitous selenium species, still
without a structural elucidation, as it has been detected in
several samples including crops and vegetables.46,47

Identification of selenosugars cannot be carried out without
possessing at least mg-sized amount of their purified form for
NMR studies. However, some features can be noted on the basis
of their characteristic MS/MS fragments:

(i) Selenosugars often share the same specific fragments,
creating groups with the assumption of common core struc-
tures; that is, the species with m/z 419 and m/z 581, share the
selenium containing fragments of 167.95, 257.00, 401.04 and
non-selenized fragments of 214.07 and 232.08 as well. The
fragment at m/z 401.04 appears as an ion-source fragment
too. The MS/MS spectra of the two species feature a series of
�18 Da losses that is also characteristic to hexoses. Indeed, the
appearance of the m/z 167.95 fragment in itself is a specific
reference to a selenocysteinyl moiety, which – together with
the m/z 257.00 fragment – indicates these molecules can be
assigned as the mono- or di-N-glycosides of selenolanthionine

Fig. 8 Full scan spectrum (a), zoomed full scan spectrum (b), MS/MS spectrum of the less hydrophobic isomer (c) and MS/MS spectrum of the more
hydrophobic isomer (d) of the compounds with the experimental m/z 285.05998 (80Se), presented with putative structures in the inset.
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(Fig. 9 and Fig. S10, S11, ESI†). Such N-glycosyl conjugates of
(seleno)amino acids and carbohydrates can be formed by their
direct reactions, or at alkaline pH, and through condensation

in the Maillard reaction scheme when exposed to elevated
temperature.48 It is unclear whether these selenium species
were formed ex vivo during the freeze-drying process or

Fig. 9 Putative mono- and di-N-glycosides of selenolanthionine. Full scan spectrum (a), zoomed full scan spectrum with the experimental m/z
581.10958 (80Se) (b), MS/MS spectrum (c) and structure of selenolanthionine-di-N-glycoside (d). Full scan spectrum (e), zoomed full scan spectrum with
the experimental m/z 419.05681 (80Se) (f), MS/MS spectrum (g) and structure of selenolanthionine-N-glycoside (h). Additional MS/MS spectrum of
selenolanthionine-di-N-glycoside can be found in the ESI† (Fig. S10).
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spontaneously in vivo; however, due to the high availability of
non-proteinaceous selenolanthionine, their appearance calls
the attention to this new class of selenium species as other
non-proteinaceous selenoamino acids, especially Se-methly-
selenocysteine, might be involved in such reactions in many
selenium accumulator plants.

(ii) Beside the hexose loss (162.05 Da), the loss of a
deoxyhexose moiety (146.06 Da) is also a characteristic event
in the fragmentation of oligosaccharides. In Table 1, there are
two unknown selenohexoses at m/z 377.07 and m/z 391.09 that
can be linked to a couple of molecules sharing the core
molecules together with an additional +146.06 Da sized moiety
(at m/z 523.13 and m/z 537.15, respectively). Both selenohexoses
and both selenohexose-deoxyhexose molecules were found to
possess several isomers, which also reinforces their affiliation.
However neither the core molecules, nor the aglycones can be
unambiguously assigned, the discovery of selenium-containing
disaccharides opens a new class of molecules that can serve as
selenium depository in the exclusion of excess selenium.

(iii) Additionally, in order to propose elemental composition
data for unknown selenium compounds, all detected species
possessing either selenohomocysteine or selenocysteine moi-
eties (or, in other words, a free primary amine group) were
checked for an N-glycated hexose couple, analogously to
N-glycosyl selenolanthionine. Practically, this process involved
the accurate mass matching between the unassigned selenium
species and the assigned species completed with the C6H10O5

conjugated hexose composition (i.e., C6H12O6–H2O). Finally,
taking into account extra water addition on unsaturated side-
chains, three molecules (indicated with ‘(�)’ in Table 1) could
be selected and presented with a hypothetical elemental
composition (m/z 416/254 + 162/, 434/254 + 18 + 162/and
446/284 + 162/). None of the three species showed the evident
loss of 162.05 Da in their MS/MS spectra, therefore their
selenosugar property can only be presumed. However the
MS/MS fragments of these compounds were of low or medium
abundance, two out of the three species might be featured
with a possible structure according to the hypothetical
N-glycosylation and due to the matching of some of the frag-
ments (Fig. S12–S14, ESI†).

Quantification of selenolanthionine with post-column
IP-RP-IDA-ICP-MS technique

Apart from the main species, selenolanthionine, the water
extract of C. violifolia contained more than 30 selenium species
with highly different intensities and concentration. Facing that
none of the species are available commercially as standards, no
direct quantification with LC-Unispray-QTOF or other (triple
quadrupole) MS setup could be carried out. Also, for LC-ICP-
MS, the baseline separation of all the compounds could not be
done with the available chromatographic methods; moreover,
some of the moderately abundant species showed highly simi-
lar retention characteristics both on SCX and RP columns,
which would have resulted in a biased quantification even
if an isocratic elution method would have been addressed.49

In such cases, dilution helps to clean up the chromatogram

from low(er) intensity selenium species, which finally ends up
in only a few species whose purity can be regarded adequate
for quantification through post-column isotope dilution
analysis (IDA).

Taking into account the dilution steps, the final dilution
ratio of the water extract was 300 ml for 1.0 g lyophilised sample
to achieve adequate resolution on the IP-RP setup (Fig. S15,
ESI†). The first abundant peak was not quantified as peaks
eluting in the void may contain several unresolved species.
Although the peak eluting at 9.4 min was found to contain
mostly selenocystathionine, several SeHCys-derived compounds
were also detected (Fig. S16, ESI†). Therefore, only the seleno-
lanthionine peak eluting at 6.8 min was evaluated. The concen-
tration of this species as Se was 77.6 mg kg�1 that accounts for
approximately 30% of the total selenium content of the leaf. This
value can be slightly biased by minor selenium species that still
remained unresolved/undiscovered in the chromatographic peak.
This contribution from selenolanthionine to total Se content is
10% less than the value determined in a highly selenised27 pooled
(stem + leaves) C. violifolia biomass with the help of an in-house
synthesised selenolanthionine standard, which might indicate
that the relative concentration of this non-proteinaceous selenoa-
mino acid increases by the higher selenium accumulation rate.
This behaviour – together with the higher complexity of selenium
speciation with dozens of selenium species – might indicate that
C. violifolia selenium biotransformation capacity cannot be
exhausted even at high (several grams of Se kg�1 plant biomass,
d.w.) selenium load. The transcriptomical – biochemical back-
ground of this feature is still to be revealed.50

Conclusions

This study focused on a plant sample that accumulated
selenium under natural conditions, without reaching extreme
(41 g Se kg�1 d.w.) selenium concentration, and apart from
possible oxidation, the plant biomass was not exposed to any
sample preparation step (e.g., drying at high temperature,
alkaline extraction, etc.) that would result in considerably
altered speciation. Still, dozens of novel selenium species could
be detected beside the major (selenolanthionine) and pre-
viously described compounds (i.e., selenocystathionine, seleno-
homocystine). The high abundance of hexose and deoxyhexose
containing selenium species reflects this group of selenium
compounds should be moved into the focus of selenium
speciation as they might represent a significant part of total
selenium content in selenised plant biomass.

Definitely, as Cardamine genus is not a highly studied family
in the Brassicaceae family in terms of selenium speciation,
there is hardly enough information to declare whether the
higher reactivity of selenium (compared to sulphur) is solely
responsible for the formation of these species, or there is a
dedicated route in the selenium detoxification pathway, or a
modified scheme (e.g., CX-sulphonate biosynthesis, where X = 3
or higher) contributes to such a complex selenium speciation.
It is however important to highlight that overall and comprehensive
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description of selenium compounds in plant species can be
provided only through the combination of LC-ICP-MS and high
resolution (e.g., TOF- or Orbitrap-based) mass spectrometry set-
ups. Moreover, the list of selenium species to expect in any plant
sample is far from complete, which can be considered a call for
analysts to be prepared for unprecedented species at definitely
non-minor abundancies.
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The relationship of selenium tolerance and speciation in
Lecythidaceae species, Metallomics, 2013, 5, 1663–1673.

32 V. D. Huerta, L. H. Reyes, J. M. Marchante-Gayón, M. L. F.
Sánchez and A. Sanz-Medel, Total determination and
quantitative speciation analysis of selenium in yeast and
wheat flour by isotope dilution analysis ICP-MS, J. Anal. At.
Spectrom., 2003, 18, 1243–1247.
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