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Abstract

Main conclusion Leaf spray-MS minimizes tissue
manipulation by effectively and quickly assessing in vivo
specialized metabolites from intact plant tissue surfaces,
including trichome metabolites.

Intact leaves of Glycyrrhiza lepidota Pursh. (American
licorice) were analyzed by direct electrospray leaf spray-MS,
an ambient ionization technique. Comparison of metabolites
detected by leaf spray-MS to those from LC-MS of bulk
tissue and trichome enriched extracts showed dramatic dif-
ferences. Leaf spray-MS results suggest that in specific situ-
ations this approach could complement traditional LC-MS
analysis of bulk extracts. Leaf spray-MS as a metabolomics
technique eliminates sample pretreatment and preparation
allowing for rapid sampling in real time of living intact tis-
sues. Specialized metabolites on the surface of tissues such

< Dana M. Freund
dfreund @umn.edu

Amanda C. Martin
corfindings @ gmail.com

Jerry D. Cohen
cohen047 @umn.edu

Adrian D. Hegeman
hegem007 @umn.edu

Department of Horticultural Science, University
of Minnesota, 1970 Folwell Avenue, Saint Paul, MN 55108,
USA

Microbial and Plant Genomics Institute, University
of Minnesota, Saint Paul, MN, USA

Department of Plant and Microbial Biology, University
of Minnesota, Saint Paul, MN, USA

as glandular trichomes metabolites are detected by leaf
spray-MS.

Keywords Leaf spray mass spectrometry - Glycyrrhiza
lepidota - Specialized metabolites - Trichomes

Introduction

Plants synthesize specialized metabolites that have a vari-
ety of biological roles from microbial or insect defense
to pollinator attraction. Many of these compounds have
biological activities that are useful for humans as medi-
cines, dietary supplements, fragrances, etc (Cragg and
Newman 2013). Specialized metabolites vary widely
in physicochemical properties, necessitating a range of
analytical approaches for their study. Mass spectrometry
(MS) paired with extensive chromatographic separation
is a highly selective and sensitive technique for detecting
these compounds, which are often present at a wide range
of concentrations. Typically, natural products research
uses bulk extracts, which often contain multiple tissues
and cell types and are generated from dried or frozen
plant samples (Llewellyn et al. 2011). Bulk extracts vary
in composition because they are highly dependent on
extraction conditions; therefore the resulting metabolic
profiles reflect averages of tissue-specific metabolite
variations (Martin et al. 2014). Alternatively, direct MS
techniques, such as leaf spray-MS ionize metabolites
directly from plant tissue with no sample preparation
and minimal adjustments to the ionization source (Cooks
et al. 2006; Liu et al. 2011; Monge et al. 2013; Jarmusch
and Cooks 2014; Miiller and Cooks 2014; Gemperline
et al. 2016). Previous studies have implemented this tech-
nique to detect pesticides on fruit and vegetables and to
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measure metabolites in various plant species (Chan et al.
2011; Malaj et al. 2012; Snyder et al. 2015; Falcone and
Cooks 2016; Liu et al. 2016). While these studies have
shown the utility of leaf spray-MS, there are few reports
of direct comparisons of leaf spray-MS with traditional
LC-MS methodology or attempts to elucidate the cell
types from which metabolites detected using leaf spray-
MS are derived.

The focus of this study was on Glycyrrhiza lepi-
dota Pursh. (American licorice), a species belonging
to a genus of economically important plants containing
well-documented bioactive compounds. The plant genus
Glycyrrhiza (licorice) includes many closely related spe-
cies, some of which have a long history of medicinal and
industrial use globally (Dalton 2002). Leaf spray-MS
results were compared with more traditional and lengthy
solvent maceration extraction, referred to here as bulk
extracts and trichome-enriched leaf dip extracts, to deter-
mine the degree of compound specificity of leaf spray-
MS. Leaf spray-MS was considered potentially advanta-
geous because it can yield a fairly large amount of data
from fresh unmodified plant material in an extremely
short amount of time.

Materials and methods
Plant collection and propagation

Glycyrrhiza lepidota seedpods were collected from estab-
lished prairies from locations distributed in Minnesota.
Cleaned, scarified, cold-stratified seed was greenhouse
geminated and transplanted into an outdoor field plot on
the Saint Paul field site and maintained without pesticides
or herbicides. Four different populations of G. lepidota
with nearly identical chemotypes were analyzed with each
MS method.

Fig. 1 Direct leaf spray ionization mass spectrometry is a metabolite
profiling technique that eliminates sample pretreatment and prepara-
tion allowing for rapid sampling in real time of living intact tissue. a
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Leaf spray-MS

Leaf spray-MS methods were adapted from methods devel-
oped by (Liu et al. 2011). Aerial parts were harvested and
fresh leaves were selected for immediate analysis. A nano-
electrospray source was modified to administer 4.5 kV via
the clamp and the capillary temperature was 250 °C. An alli-
gator clip was attached at the leaf base with the apex aimed
at the MS inlet (Fig. 1). Methanol (10 uL) was applied twice
during the one min acquisition. MS acquisition with full
scan mass scan range 130-1000 m/z, polarity switching, and
70,000 resolution. A second leaf was used for fragmentation
of the most abundant negative ions using normalized colli-
sion energy (NCE) of 50 and 60 with a resolution of 17,500.
Compound identities were verified by matching accurate
mass and fragment ions to Metlin (Smith et al. 2005) and
Human metabolome databases (Wishart et al. 2013) or in
silico tandem mass spectra.

Bulk extraction

Aerial parts were dried for 3 days at 30 °C with no forced
air then ground in a Thomas Wiley laboratory mill model
4 (Thomas Scientific) with a 6-mm screen. Plant material
(250 mg) was extracted for 4 h with 1.5 mL of aqueous
ethanol (ethanol:water, 70:30 v/v) and agitated at 700 RPM
with a Geno/Grinder® (SPEX Sample Prep). Extracts were
centrifuged at 11,750 X g for 5 min. The supernatant was
diluted 1:10 with 70% ethanol prior to LC-MS analysis.

Leaf dip extraction

Leaves of similar size were harvested by cutting the peti-
oles at the stem. Each fresh leaf was separately dipped in
1 mL methanol for 2 min and solvent was evaporated in a
vacuum centrifuge (Speedvac) then re-suspended in 50 puL.
of 80% acetonitrile:water (v/v) followed by 2 min vortexing.

8

Diagram of leaf spray-MS set-up with 4.5 kV voltage and methanol
applied to plant tissue. b G. lepidota leaf during leaf spray-MS analy-
sis before methanol is placed on the adaxial leaf surface
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Extracts were centrifuged at 2600 X g for 10 min and the
supernatants were used for LC-MS analysis.

LC-MS data acquisition

Metabolic profiles were generated using C,g-reversed-phase
ultra-performance liquid chromatography—electrospray
ionization—hybrid quadrupole—orbitrap mass spectrom-
eter (Ultimate® 3000 HPLC, Q Exactive™, Thermo Sci-
entific). Chromatographic separation was accomplished
on a reversed-phase C;; HSS T; 1.8 um particle size,
2.1 x 100 mm column (waters) with column temperature at
40 °C, flow rate 0.45 mL/min, and 1 pL injected. A 20-min
gradient using mobile phases A: 0.1% formic acid in water
and B: 0.1% formic acid in acetonitrile was run according
to the gradient elution profile: initial 15% B, 1 min 15% B,
2 min 50% B, 15 min 98% B, 16 min 98% B, 16.5 min 15%
B, 20 min 15% B. The MS conditions were used: full scan
mass scan range 130-1000 m/z, resolution 35,000 desolva-
tion temperature 350 °C.

Data analysis and bioinformatics

Xcalibur™ software version 2.1 (Thermo Scientific)
recorded the chromatograms and spectra. Raw files were
converted to mzXML files with msConvert from Proteowiz-
ard (Chambers et al. 2012). The XCMS software package
implemented in R was used for peak picking and align-
ment (Smith et al. 2006). To account for experimental vari-
ability due to differences in leaf size, the intensity of each
metabolite was normalized by the total ion current (TIC).
The scripts used for data processing can be found at https://
github.com/HegemanLab/Leaf-Spray-Code and raw data
files are deposited at http://conservancy.umn.edu/handle/1
1299/1854307?show=full repository.

Results and discussion
Leaf spray-MS analysis

Freshly collected, field grown G. lepidota leaves were ana-
lyzed by leaf spray-MS (Fig. 1). Direct electrospray occurs
by (1) attaching a metal clamp through which 4.5 kV is
applied to a leaf and (2) manually pipetting methanol onto
the adaxial surface of the leaf (Fig. 1a). The lanceolate leaf
shape (Fig. 1b) was particularly well suited to electrospray
ionization resulting in signal that was sustained for approxi-
mately 1 min following the initial application of methanol
and a second application at 30 s to allow signal intensity
to persist. Leaf spray-MS was enhanced dramatically by
coupling ionization to a high-resolution, accurate-mass
(HRAM) mass spectrometer, which made it possible to

resolve multiple slightly differing masses. Leaf spray-MS
produces a mass chronogram and dense mass spectrum after
1 min of acquisition in negative ionization mode (Fig. 2).
The fast scanning capabilities of the Q Exactive™ hybrid
quadrupole-Orbitrap™ Mass Spectrometer (ThermoFisher
Scientific) enable polarity switching, which makes it feasible
to obtain data in both positive and negative ionization modes
nearly simultaneously. Figure 3 is a representative positive
ion mass chronogram and mass spectrum that was concur-
rently acquired with the aforementioned negative ion data. A
total of seven previously characterized bioactive compounds
were detected by leaf spray-MS (Table 1). These compounds
were putatively identified by the exact masses of the depro-
tonated (Fig. 2b) and protonated (Fig. 3b) molecular ions.
Moreover, compound putative identities were verified with
tandem mass spectra (MS/MS) by matching fragments with
those predicted in publically available databases (Fig. 4).
The isoflavone prunetin has been identified in G. glabra aer-
ial tissues (Ammosov and Litvineko 2003). The flavanone
glabranin has been isolated from G. glabra, G. uralensis and
G. lepidota whole plants and shown to possess antimicro-
bial activity (Siracusa et al. 2011; Ammosov and Litvineko
2003). Glepidotin A and B are flavonols, and glepidotin D
is a dihydrostilbene, each with antimicrobial, anti-inflamma-
tory, and anti-HIV1 activity and previously isolated from G.
lepidota leaves (Manfredi et al. 2001; Biondi et al. 2005).
Licocoumarone, a benzofuran, has previously been isolated
from G. uralensis roots and has shown efficacy as an anti-
inflammatory (Hatano et al. 1989; Wu et al. 2017). The [M
— H]™ ion at 339.1238 m/z was identified as originating from
both glepidotin B and licocoumarone since the MS/MS spec-
tra contained diagnostic fragment ions for both compounds.
Isolicoflavonol has previously been detected in G. glabra
and G. uralensis (Da-Yuan et al. 1984; Zhang and Ye 2009).
Leaf spray-MS has the potential for even higher throughput
applications, as data acquisition for only a few seconds was
sufficient to produce adequate signal to detect these bioac-
tive compounds.

Leaf spray-MS and LC-MS method comparison

Metabolite profiles were produced for three different sample
preparation methods: traditional bulk extraction, leaf dip,
and leaf spray-MS. Bulk extraction is a long process with
heating, drying, and/or extended extraction times, which can
alter and degrade endogenous compounds. Alternatively, the
leaf dip method involves a 2-min extraction of a single leaf
and was developed to enrich for trichome metabolites, how-
ever, it also likely extracts metabolites from other surface
cells (Ghosh et al. 2013). Leaf surfaces often have accumu-
lated specialized metabolites that are frequently of inter-
est because of their benefits to plants and potential uses;
bulk extractions can modify and dilute these compounds.
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Fig. 2 Metabolite profiling of G. lepidota by leaf spray-MS with
negative ionization. a Leaf spray-MS TIC mass chronagram b Leaf
spray-MS metabolite profile of G. lepidota mass spectrum. Inset dis-

Comparative chemical profiles were generated using a
20-min LC-MS gradient method for both bulk and leaf
dip extracts. We used this relatively long gradient to col-
lect exhaustive chemical profiles to determine if leaf spray-
MS was robust enough to produce comparable data and to
thoroughly assess the relative concentrations of bioactive
compounds of interest.

Leaf spray-MS is likely extracting metabolites from
glandular trichomes, other epidermal cells, and cuticle
waxes. Plants secrete and store specialized metabolites
in glandular trichomes, which are a type of specialized
epidermal cell (Schilmiller et al. 2008). G. uralensis has
been characterized histochemically and shown to have
glandular trichomes on the adaxial surface (Peng and Hu
2007) containing flavonoids, polysaccharides and lipo-
philic compounds, although flavonoids were observed
only in the mature trichomes. Therefore, the identifica-
tion of flavonoids in leaf spray-MS may be an indication
that the method is preferentially ionizing trichome metabo-
lites and more specifically mature trichomes. Thus, these
data indicate that leaf spray-MS may be a rapid method
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to enrich for glandular trichome metabolites in fresh
tissue. Our current understanding of the distribution of
metabolites in specific plant tissue and cell types is greatly
under-explored. It is not surprising, therefore, that Fig. Sa
indicates differences in the observed chemical profiles for
plant tissues processed with different extraction/analysis
methods. Chemical profiles derived from the leaf spray-
MS method were more similar to those derived from leaf
dip as contrasted to bulk extraction. Both were more rapid
extraction procedures than bulk extraction and we assume
that they are primarily extracting surface metabolites.
From the principal components analysis (PCA) scores plot,
the bulk extracts are separated from the two surface extrac-
tion methods on PC1. The chemical profiles derived from
the two surface extraction methods essentially align on
PCI1. The variation between these two extraction methods
is explained by PC2, which has a total of only 18% of the
detected variation. The PC1 loadings, which demonstrate
the specific m/z and corresponding features that account
for the sample variation, revealed the very abundant [M
— H]™ ions of the detected compounds from leaf spray-MS
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Fig. 3 Metabolite profiling of G. lepidota by leaf spray-MS with pos-
itive ionization. a Leaf spray-MS TIC mass chronogram. b Metabo-
lite profile of G. lepidota mass spectrum. Metabolites detected in
Glycyrrhiza lepidota by leaf spray-MS in positive ionization mode.
The [M + HJ* ions were detected for the following compounds: pru-

Table 1 Metabolites detected in Gycyrrhiza lepidota by leaf spray-MS

netin (a), glabranin (b), glepidotin A (c), glepidotin B and licocou-
marone (d), isolicoflavonol (e), and glepidotin D (f). The mass range
of 280-380 m/z is displayed although data was acquired from 130 to
1000 m/z. Accurate masses reported out to four decimal places with

error < 2 ppm

Compound Class Molecular formula Measured monoisotopic ppm error Fragments

mass m/z [M — H]
Prunetin Isoflavone C6H,,05 283.0614 0.7 149, 211
Glabranin Flavone C,H,,04 323.1291 0.6 65,173,219, 279
Glepidotin A Flavonol CyoH505 337.1085 1.2 281, 293
Glepidotin B Flavonol C,oH,,0s 339.1238 0.0 65,91, 133,203, 219, 321
Licocoumarone Benzofuran CyoH,(O5 339.1238 0.0 65, 91, 265, 293, 321
Isolicoflavonol Flavonol CyoH 506 353.1032 0.3 253,283, 335
Glepidotin D Dihydrostilbene C,,H;3,05 365.2129 1.6 241, 253

mainly contributed to the separation of chemical profiles
derived from leaf spray-MS and leaf dip extracts from
those derived from bulk extracts. These included exact
mass measurements for prunetin, licocoumarone, glepido-
tin A, B, and D, as well as other, unidentified, ions. Pru-
netin, isolicoflavonol, and glepidotin D were completely

undetectable in the LC-MS bulk extracts. Glabranin was
detected exclusively in the leaf spray-MS spectra and the
other six compounds were also present in the leaf dip
method. The similarity observed between the leaf spray-
MS and leaf dip method results suggests that the types of
surface compounds and intensity of ions detected were
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Fig. 4 Leaf spray-MS negative ionization tandem mass spectra from
Glycyrrhiza lepidota. Putative identifications of compounds made
with accurate mass and predicted mass fragmentation for the follow-

more similar according to extraction method rather than
MS analysis method, LC-MS or leaf spray-MS. Therefore,
indicating that leaf spray-MS may be a rapid method to
enrich for glandular trichome metabolites in fresh tissue.
Furthermore, this comparison suggests the added time
required for chromatographic separation was unneces-
sary to detect these known licorice bioactive compounds
and that leaf spray-MS can be a viable technique for rapid
qualitative assessment of bioactive compounds of interest.

@ Springer

272 Planta (2018) 247:267-275
a
283.2640
10
g 10 323.1288
c
S s 89.0032 149.0088 g . 7190660
c .
3 v L 1| 211.0399 g 173.0805 | Ty
olthiwual Ly N (I L . =
< g 0 Aol ...Ill Ll
2 89.0243 ® 10 173.0605
© 2
S = 65.0031
S 642 & 219.0660
2 5 79.0553 279.1386 323.1290
0
1
100 200 300 100 200 . 300 400
c m/z
100 337.1084 1007 339.1235
] 293.1181
g 281.1180 9 5o 233.0817
& 50 I e . 193.0867 265.1232
§ 293.0417 2 ] 650030 | { l
é 0 L LAl ,ll I,,,‘ _§ 1 |..||.|1.J.|h.|.... . AI.LAL 1 l 1[
225.0555 <
2 100 o 1007 203.0713
G 2 - 133.0658
I 281.1182 = . 265.1234
X 5o 203.0459 & 50 193.0868 )
198.0685 337.1085 165.0031 293.1183 3301235
0 7
100 200 300 400 o
m/z 100 200 300 400
m/z
e 0 253.0502 f
2250856 (  §83.0611 1007 253.0870
8 5 335.09265°3-1027 .
(0]
§ 151.0762 8 50 107.0502 2410870 295.1337
© .
é 2 ] l l l M 365.2121
< 2 C_ 1 Ll b b ]l w b N
2 10 225.0556 253.0505 ﬁ 100
T 2 . 253.0868
E © 7
5 133.0657 [ ]
283.0611
/ 335.0930 o 50-] 107.0501 241.0868
353.1025 ] Py
100 200 300 400 0=
100 200 300 400
m/z m/z

ing: prunetin (a), glabranin (b), glepidotin A and B (c), licocoumar-
one (d), isolicoflavonol (e), glepidotin D (f). Top spectra are NCE 50
and bottom spectra are NCE 60, respectively

To comprehensively visualize the differences in chemical
classes detected by the various methods, van Krevelen dia-
grams were generated. These are two dimensional plots of
the ratios of major elements (hydrogen, carbon, and oxygen)
in molecules (Kim et al. 2003). The hydrogen to carbon ratio
(H:C) and the oxygen to carbon (O:C) ratio are based on the
chemical formula calculated from the exact mass. Elemen-
tal compositions were calculated from spectra to facilitate
the determination of elemental ratios. Figure 5b shows the
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Fig. 5 a Principal component analysis (PCA) of G. lepidota metab-
olite profiles obtained from bulk extracts, leaf dip extraction, and
leaf spray-MS. The largest metabolite differences occur along PC1
between the ‘Extracts’ as compared to ‘Leaf spray’ and ‘Leaf dip’.
‘Leaf spray’ and ‘Leaf dip’ profiles are separated along PC2, which
displays a smaller level of variation than PC1. Variation between
biological replicates is relatively small as seen by the tight cluster-
ing within each experimental method. Percentage of variance for
each PC is shown parenthetically. Analysis includes negative ions
only. b Chemical map of known compounds from Biological Mag-
netic Resonance Data Bank database (http://www.bmrb.wisc.edu/). ¢
Negative ions detected from leaf spray-MS (dark red), LC-MS of leaf
dip (white), and LC-MS of bulk extracts (red). The leaf spray-MS
method has a greater density of lipids and terpenoids than the LC—
MS methods (leaf dip and extracts)

areas of highest density produced by grouping features
plotted with H:C and O:C ratios that are within 0.2 of each
other (representing ~ 15% of the total features). Compounds
from the Biological Magnetic Resonance Data Bank were
plotted to generate an empirical chemical map to warrant
comparison of compound classes detected experimentally
(Fig. 5b) (Ulrich et al. 2008). Figure 5c displays the densest
areas of compounds present according to each extraction and
analysis method. All methods detected differences in com-
pound classes including those that are formulaically similar
to polyketides and flavonoids. However, distinct molecular
populations unique to each method were observed. The most
profound difference was the presence of two distinct high-
density zones for leaf spray-MS compared to only one zone
for the bulk and leaf dip extracts. This second zone of high-
density in leaf spray-MS aligned with areas corresponding
to lipids and terpenoids on the chemical map. Both bulk
and leaf dip extracts had overlapping density for these com-
pound classes compared to the chemical map, however, leaf
spray had a much larger area suggesting lipids, terpenoids,
amino acids and peptides were more readily detected via
leaf spray-MS analyses. Leaf spray-MS was conducted at
a fairly high voltage, which may result in the formation of
methanol reactive species resulting in atmospheric pressure
chemical ionization (APCI) (Wang et al. 2010). Therefore,
the additional compounds detected by leaf spray-MS could
be the result of APCI occurring along with ESI. Nonethe-
less, these data suggest leaf spray-MS preferentiality ionizes
compounds from specific chemical classes and because it is
a rapid analysis of fresh tissue it is likely obtaining a more
accurate representation of the in vivo metabolite content.

Conclusions

As analytical technology advances novel plant metabo-
lites continue to be discovered. These discoveries provide
insights into plant metabolism, may lead to the development
of new and useful biologically active compounds, and may
open windows into better understanding the spatial complex-
ity of plant natural products. Novel compounds may be pre-
sent at very low concentrations, enriched in specific tissues
or cells, and modified by traditional extraction techniques.
Therefore, it is desirable to develop low-impact techniques
capable of tissue and even cellular level resolution when
assessing chemical content. Leaf spray-MS minimizes tis-
sue manipulation by effectively and quickly assessing the
in vivo chemical content from intact plant tissue surfaces.
In this study, G. lepidota was used to demonstrate the use-
fulness of this technique for the rapid assessment of bioac-
tive metabolites to complement LC-MS methods. Quanti-
tation of metabolites with leaf spray-MS can benefit from
use of standards in the solvent that is applied to the plant
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tissue (Pereira et al. 2016). Furthermore, the use of stable
isotope labeled standards or metabolically labeled plant tis-
sues would allow for more accurate quantitation (Freund
and Hegeman 2017). Leaf spray-MS can also be coupled to
portable mass spectrometers to allow for on-site screening
of plant metabolites without need to transport material to the
laboratory (Pulliam et al. 2015; Lawton et al. 2017).
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