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ABSTRACT: In plants, long-distance transport of chemicals from source to
sink takes place through the transfer of sap inside complex traﬃcking systems.
Access to this information provides insight into the physiological responses
that result from the interactions between the organism and its environment.
In vivo analysis oﬀers minimal perturbation to the physiology of the
organism, thus providing information that represents the native physiological
state more accurately. Here we describe capillary microsampling with
electrospray ionization mass spectrometry (ESI-MS) for the in vivo analysis
of xylem sap directly from plants. Initially, fast MS proﬁling was performed by
ESI from the whole sap exuding from wounds of living plants in their native
environment. This sap, however, originated from the xylem and phloem and
included the cytosol of damaged cells. Combining capillary microsampling
with ESI-MS enabled targeted sampling of the xylem sap and single
parenchymal cells in the pith, thereby diﬀerentiating their chemical
compositions. With this method we analyzed soybean plants infected by nitrogen-ﬁxing bacteria and uninfected plants to
investigate the eﬀects of symbiosis on chemical transport through the sap. Infected plants exhibited higher abundances for certain
nitrogen-containing metabolites in their sap, namely allantoin, allantoic acid, hydroxymethylglutamate, and methylene glutamate,
compared to uninfected plants. Using capillary microsampling, we localized these compounds to the xylem, which indicated their
transport from the roots to the upper parts of the plant. Diﬀerences between metabolite levels in sap from the infected and
uninfected plants indicated that the transport of nitrogen-containing and other metabolites is regulated depending on the source of
nitrogen supply.

I

information on plant physiology, especially in the context of its
interaction with the environment.
Traditional methods employed for sap analysis usually
involve taking the plant out of its original milieu and
performing sample preparation that can alter the biochemical
composition of the sap. For example, several studies used
pressure chambers to collect sap from plants and measure the
concentration for speciﬁc metabolites.10,11 This approach
involves cutting the plant stem or root and putting the
fragment inside a pressurized chamber, where higher than
ambient pressure is used to force the sap out of the cut
surface.10,11 Collected sap is then processed depending on the
targeted molecules. As the conditions during sap collection
diﬀer signiﬁcantly from the optimal conditions for plant

n vivo analysis enables the monitoring of biochemical
responses to intrinsic and extrinsic stimuli by minimizing
the eﬀects of experimental factors that could alter the
physiology of the organism.1 Most in vivo studies by mass
spectrometry have been focused on animal subjects, with
relatively less attention given to plants.2−4 In particular, the
transport of metabolites in the sap through the plant
vasculature would beneﬁt from in vivo studies for understanding plant growth and survival.5,6
Of the crops that have been studied, there is particular
interest in legumes, such as soybean (Glycine max), due to
their ability to assimilate nitrogen through engaging in
symbiosis with nitrogen-ﬁxing bacteria.7 In this interaction,
nitrogen-ﬁxing bacteria (e.g., Bradyrhizobium japonicum) infect
the roots, resulting in the formation of specialized organs,
called root nodules, where B. japonicum supplies nitrogencontaining raw material to the host that, in return, provides
other nutrients to the bacteria. The nitrogenous assimilates are
then transported in the sap to other parts of the plant through
the vasculature.8,9 Thus, in vivo sap analysis can provide
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requires sensitive and selective (high spatial resolution)
ambient analytical sampling methods, e.g., single-cell MS
techniques. Current ambient single-cell MS techniques include
ﬁber-based LAESI (f-LAESI),30,31 atmospheric pressure
MALDI (AP-MALDI),32 nanospray-DESI,33 capillary microsampling ESI-MS,34,35 and other related techniques.36,37
Capillary microsampling ESI-MS is a probe sampling
technique that utilizes a capillary with a tapered tip and a
micromanipulator to extract cellular content. The capillary
containing cellular extract is then used as a nanospray emitter
to generate ions. Reported capillary tip diameters that were
used for single-cell MS were ∼1 μm,35 in comparison with
reported ﬁber tip diameters of ∼15 μm in f-LAESI,30 and
spatial resolution of ∼1 μm in single-cell AP-MALDI.32
Here we describe two methods for in vivo analysis of sap
from plants, direct and capillary microsampling38 electrospray
ionization mass spectrometry (ESI-MS). The ﬁrst method
enabled fast analysis of whole sap (i.e., sap from the xylem,
phloem, and other cells in the pith) exudate spontaneously
formed by natural upward ﬂow of sap through the plant
vasculature after cutting the stem. Plants analyzed by this
method remained in their pots during the analysis to minimize
external perturbations to their native environment and
remained viable after the analysis. Capillary microsampling
provided higher selectivity for sampling sap native to speciﬁc
parts of the plant stem. Using these two methods, certain
physiological responses in G. max to infection by the
microsymbiont, B. japonicum, were investigated. Speciﬁcally,
we observed that sap from infected G. max exhibited higher
abundances for certain nitrogen-containing metabolites,
namely allantoin, allantoic acid, hydroxymethylglutamate, and
methylene glutamate, compared to uninfected plants. Using
capillary microsampling, we localized these compounds to the
xylem, which indicated their transport from the roots to the
upper parts of the plant. Collectively, these diﬀerences in
metabolite levels between sap of infected and uninfected plants
indicated that the transport of nitrogen and other metabolites
is regulated depending on the nitrogen source. The metabolite
compositions for other parts of the plant’s vasculature, i.e.,
parenchymal cells in the pith, were also proﬁled using capillary
microsampling.

growth, and because the collected sap is processed before
analysis, the information that can be obtained under this
method might not accurately reﬂect the physiology of the
plant. In addition, these analytical approaches do not preserve
spatial information that can be critical for understanding the
biochemical processes behind the biosynthesis and transport of
compounds.
In pursuit of achieving minimally invasive phenotypic and
chemical analysis of plants, various imaging techniques have
been applied, including hyperspectral imaging, ﬂuorescence
imaging, magnetic resonance imaging (MRI), and positron
emission tomography (PET).12 These methods can be
characterized by their sensitivity, speciﬁcity, and molecular
coverage. For example, positron emission tomography (PET)
has been applied to study and image the transport of material
in intact plants.6,13−15 The advantages of this technique
include the ability to obtain in vivo and real time dynamic
information and map out locations with diﬀerent metabolic
activities. One inherent limitation, however, is its inability to
chemically speciate the diﬀerent labeled molecules. For
example, by using 11CO2, the spatial fate of 11C-labeled
photoassimilates was monitored throughout plants.16 These
measurements, however, did not provide information on the
chemical transformations that took place downstream of 11CO2
incorporation by the plant. In an eﬀort to gain synergistic
beneﬁts from the combination of two imaging modalities, for
example, MRI and PET have also been explored.17
Mass spectrometry (MS) is widely used for the analysis and
imaging of a broad range of molecules in plants owing to its
high sensitivity and speciﬁcity, its wide molecular coverage,
and its ability to provide structural information.18,19 Among
the ionization methods used in MS, vacuum-based ionization
sources, such as matrix-assisted laser desorption ionization
(MALDI20,21) and matrix-free laser desorption ionization, e.g.,
from silicon nanopost arrays,22 require the sample to be placed
under high vacuum, a condition that interferes with the
viability of the organism. However, newly emerging ambient
ionization platforms can be operated under conditions that are
suitable for in vivo analysis. Some of the ambient ionization
methods that have been successfully employed for in vivo
analysis include desorption electrospray ionization (DESI),23
laser ablation electrospray ionization (LAESI),24,25 direct
analysis in real time (DART),26 leaf spray,27 and related
techniques.28,29
Although minimizing perturbation of the organism is an
essential part of in vivo analysis, the plant may still be
subjected to some degree of sample preparation. For example,
some parts, such as the leaf epidermis, are more easily
accessible for ambient MS analysis than other parts, e.g., sap,
that require certain invasive procedures for analysis. For
example, in leaf-spray MS, a small incision is made on the leaf
to facilitate spray formation from the plant sap.27 Despite the
applied invasive action necessary for making certain parts of
the organism accessible to the analytical technique, the analysis
can still be classiﬁed as in vivo as long as the organism remains
viable and the induced perturbation has minimal eﬀect on the
measured properties.
In vascular plants, transport of materials takes place in
diﬀerent parts of the vasculature, e.g., xylem and phloem,
depending on the ﬂow direction of the compounds in demand.
Additionally, cells that neighbor these conduits in the
vasculature have diﬀerent biological functions. Probing the
chemical compositions of these diﬀerent cell types in vivo

■

EXPERIMENTAL SECTION
B. japonicum Cultures. Culturing of wild-type B.
japonicum strain USDA110 was described in previous
publications.39,40 Brieﬂy, cultures of B. japonicum USDA110
were incubated, with shaking, for 3 days at 30 °C in HM salts
medium containing 25 mg/L of tetracycline and 100 mg/L of
spectinomycin.41 To estimate the bacterial cell counts in the
cultures, the optical density at a wavelength of 600 nm was
measured (DeNovix DS-C, DeNovix Inc., Wilmington, DE).
When the optical density reached 0.8 (or 108 cells/mL), the
culture tubes were removed from the incubator, centrifuged at
3000 rpm for 10 min, and washed three times with sterile
deionized water. Finally, sterile deionized water was added to
the rhizobia pellet and vortexed to form a homogeneous
solution that was used later for inoculating soybean seeds.
G. max Growth and Inoculation with B. japonicum. G.
max seeds of “Williams 82” were surface sterilized with 20%
(v/v) bleach for 10 min and rinsed ﬁve times with sterile water.
The sterile seeds were planted into pots containing a mixture
of sterilized 3:1 vermiculite:perlite. For inoculation, 500 μL of
the solution containing B. japonicum were added to each
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the shoot apical meristem, resulting in the formation of a sap
droplet (volume ∼1 μL) (Figure S1d and Figure 1). The
freshly cut surface of the plant stem was positioned to form a
sap bridge with the rear end of the microloader tip, causing sap
to ﬂow through the microloader tip and mix with the
electrospray solution by capillary action. To generate an
electrospray, high voltage (3.4 kV and −2.4 kV for positive and
negative ion mode, respectively) was applied to the microelectrode by a power supply (PS350, Stanford Research
Systems, Inc., Sunnyvale, CA). A schematic representation and
photographic images of the experimental setup for direct ESIMS are shown in Figure 1.
After the analysis was completed, the plant was placed back
in the growth chamber and visual signs of growth, such as
lateral shoot development and plant height, were monitored
daily, up to 14 days postanalysis.
Capillary Microsampling ESI-MS. The experimental
procedures for capillary microsampling ESI-MS were detailed
in a previous publication.43 Brieﬂy, a thin-wall glass capillary
pulled as described above and backﬁlled with electrospray
solution (same composition as mentioned above) was held by
a capillary holder (IM-H1, Narishige, Tokyo, Japan) that was
mounted on a motorized micromanipulator (TransferMan
NK2, Eppendorf, Hauppauge, NY). To visualize the sampling
of sap from selected parts of the vasculature, the micromanipulator was mounted on an upright microscope (BX43,
Olympus, Tokyo, Japan). A ∼2 cm long segment was excised
from the plant stem ∼5 mm below the apical meristem and
held on a glass microscope slide using double-sided adhesive
tape. The capillary holder with the pulled capillary was
mounted on the micromanipulator at 60° relative to the
surface of the cut stem. During transverse cutting of the plant
shoot, it is possible that sap from diﬀerent parts of the stem can
mix and cover the cut surface, which could skew the
composition obtained by local sap sampling when the capillary
tip makes contact with the surface. Thus, to minimize sampling
of whole sap, the cut surface was left to air-dry for ∼1 min. A
schematic representation of the capillary microsampling setup
is shown in Figure 2. During sampling, the capillary was
carefully lowered until it was immersed into the selected part
of the stem. To withdraw sap, negative pressure was applied
using a syringe that was connected to the capillary holder,
which resulted in sampling ∼1 pL of sap. The capillary was
then removed from the holder and placed on a quick release
cylindrical device mount (HFF001, Thorlabs Inc., Newton,
NJ) to position the capillary tip ∼5 mm away from the MS
oriﬁce. A high voltage was applied to the solution through a
platinum wire inserted from the back as described above.
Comparative Multivariate Statistical Analysis. Raw
mass spectra acquired from sap of infected and uninfected
plants were processed using the mMass software (http://www.
mmass.org/) for deisotoping, peak picking (for peaks with S/N
≥ 3), and subtraction of background spectra from the
electrospray solution. The resulting peak lists and ion
intensities were imported into MetaboAnalyst 4.0 (https://
www.metaboanalyst.ca/), wherein the peak intensities were
normalized by sum, and Pareto scaling was performed,
followed by comparative multivariate statistical analysis that
was represented by PCA scores plot, volcano plot, and boxand-whisker plots. Statistical signiﬁcance represented by pvalues was determined using the t-test.

sterilized soybean seed. After covering the seeds with potting
material, the pots were placed in a growth chamber (Percival
E36HO, Percival Scientiﬁc, Perry, IA) at 30 °C with a 16-h
light/8-h dark cycle. The plants were supplied with B & D
medium,42 a solution containing essential minerals for legumes
inoculated with nitrogen-ﬁxing bacteria. Uninfected plants
were grown similarly without inoculation with B. japonicum
and were supplied with B & D medium containing 5 mM of
KNO3. After 21 days of growth, the plants were taken out of
the chamber and analyzed within 1 min (Figure S1).
Direct ESI-MS. Thin-wall glass capillaries (TW100F-3,
World Precision Instruments, Sarasota, FL) were pulled using
a micropipette puller (P-1000, Sutter Instrument, Novato, CA)
with a box ﬁlament (FB255B, Sutter Instrument, Novato, CA).
The following pulling settings were used: heat = 486, pull = 10,
velocity = 30, delay = 250, and pressure = 500. Capillaries with
∼3 μm tip diameter were produced. The pulled capillary was
backﬁlled with 5 μL of electrospray solution (1:1:1
acetonitrile:methanol:water with 0.1% acetic acid (v/v), and
2:1 methanol:chloroform for analysis in positive and negative
ion mode, respectively) and mounted on a quick-release
cylindrical device mount (HFF001, Thorlabs Inc., Newton,
NJ).
A microloader pipet tip (cat. no. 930001007, Eppendorf,
Hauppauge, NY) was cut to ∼2.5 cm in length and was
inserted into the pulled glass capillary with one of its ends
protruding out of the blunt side of the capillary (Figure 1). A

Figure 1. Schematic representation and photographic images of the
experimental setup for direct ESI-MS of sap exudate produced
spontaneously by cutting a plant stem. A microloader is inserted into a
pulled capillary backﬁlled with electrospray solution. Sap ﬂows
through the microloader tip by capillary action and mixes with the
electrospray solution, and the mixture is ionized by applying high
voltage to a platinum wire that is in contact with the mixture.

platinum wire (Alfa Aesar, Ward Hill, MA) of 100 μm in
diameter and ∼5 cm in length, held by a microelectrode holder
(MEW-F10A, Warner Instruments, Hamden, CT, USA), was
inserted into the capillary from the back until it came in
contact with the solution. Alternatively, a pulled glass capillary
(tip diameter ∼1 μm) coated with a conductive material
(Glasskit-10-CE, New Objective, Woburn, MA) was used, and
the platinum wire was ﬁxed in position to make contact with
the outer conductive surface of the capillary. Either way, the
capillary tip was positioned at ∼5−10 mm away from the
oriﬁce of a quadrupole time-of-ﬂight (TOF) mass spectrometer equipped with a traveling wave ion mobility separation
(IMS) system (Synapt G2-S, Waters Co., Milford, MA).
A plant was taken out of the growth chamber and kept in its
pot. The plant stem was cut with a sterile scalpel ∼5 mm below
7301
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Figure 3. Representative (a) negative and (b) positive ion mode mass
spectra produced from whole sap by direct ESI-MS. Soybean plants
were studied 21 days postinoculation with B. japonicum. PHMF:
pentahydroxymethoxyﬂavanone.
Figure 2. Capillary microsampling of xylem sap and single
parenchymal cells in the pith. A stem segment is cut from a plant
and held on a glass slide by double-sided adhesive tape, and the cut
surface is visualized under an upright microscope. A pulled capillary
held by the micromanipulator is inserted into the xylem (black arrow)
or into a parenchymal cell from the pith (yellow arrow), and the sap is
drawn into the capillary by a syringe.

signal dropped to zero, a mass of probably undissolved solutes
appeared to have clogged the capillary tip, while a volume of
water−methanol solution was still present inside the capillary
(Figure S2b). The capillary tips were not clogged when 1:1:1
mixture of water:methanol:acetonitrile was used. This may be
due to the relatively poor solubility of phenolic compounds
from the sample in water/methanol solvents, such as ﬂavones
and their derivatives that dominated the spectra from whole
sap. By reducing the percentage of water in the electrospray
solution and adding acetonitrile, the solubility of whole sap
may have been enhanced, and thus the capillary tip remained
unclogged during the analysis.
Direct ESI-MS of Whole Sap from Infected and
Uninfected Plants. To investigate the eﬀects of infection
on the transport of material through the plant’s vasculature,
whole sap from infected (n = 10) and uninfected (n = 7)
soybean plants was analyzed by direct ESI-MS. Principal
component analysis (PCA) was used to evaluate the
diﬀerences between spectra from both types of sap (Figure
4a). The PCA 2D scores plot indicated good separation
between the two sample types for the ﬁrst two principal
components, PC1 and PC2, where PC1 captured 62.2% of the
model prediction and PC2 captured 15.0% (Figure 4a).
To identify the compounds that were diﬀerentially transported by sap in the two plant groups, spectral features were
compared using t tests, and the results are illustrated in a
volcano plot (Figure 4b). Fold change (FC), which is deﬁned
here as the ratio of metabolite intensities in the two sample
types, of FC ≥ 2 and FC ≤ 0.5, and p-values of p ≤ 0.05 were
used to identify metabolites that were signiﬁcantly up- and
downregulated in sap from the two plant groups; 61 and 15
metabolite ions were signiﬁcantly more and less abundant,
respectively, in mass spectra from sap of infected plants (Figure
4b).
As the ﬁxation of atmospheric nitrogen is a critical
component of the symbiosis, we explored the transport and
regulation of nitrogen-containing compounds in the sap of

■

RESULTS AND DISCUSSION
Direct ESI-MS of Whole Sap from Living Plants. Mass
spectra produced by direct ESI-MS of whole sap exuded from
soybean plants contained peaks that corresponded to diverse
types of endogenous compounds. Sugars, amino acids,
ﬂavonoids, glycosides, vitamins, plant hormones, and lipids
were all detected by direct ESI-MS (Figure 3 and Table S1).
These chemical species may originate from diﬀerent parts of
the stem, as whole sap is a mixture of compounds from the
xylem, phloem, and cells in other parts, such as the pith.
The ion signal duration from a sap droplet typically lasted
between ∼2 to 4 min (Figure S2a). This enabled the selection
of several ions of interest per sample for fragmentation by
collision-induced dissociation (CID). The ion signal intensity
diminished as the electrospray solution inside the capillary ran
out, even if the sap exudate has not been completely used up.
Capillary action of sap by itself did not generate an
electrospray from the glass capillary tip when no electrospray
solution was preloaded inside the capillary. This suggested that
mixing between sap entering the capillary tip through the
microloader and the preloaded electrospray solution was
necessary for analysis by direct ESI.
Additionally, the ion signal duration was dependent on the
chemical composition of the electrospray solution. Acidiﬁed
1:1 water:methanol yielded signiﬁcantly shorter signal
durations than an equal volume of a 1:1:1 mixture of
water:methanol:acetonitrile (other experimental conditions,
such as applied voltage and capillary tip diameter, were not
changed during comparisons) (Figure S2). Upon inspection of
the glass capillary tip by bright-ﬁeld microscopy after the ion
7302
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Figure 4. Multivariate statistical analysis of whole sap from infected and uninfected soybean plants. (a) PCA 2D scores plot of spectra from whole
sap of infected (n = 10) and uninfected (n = 7) plants. (b) Volcano plot comparing major diﬀerences between species detected in whole sap from
each group. (c) Relative abundances for three nitrogen-containing metabolites. Hydroxymethylglu: hydroxymethylglutamate.

nodules. Thus, the higher abundance of disaccharide in sap
from infected plants provides evidence for the interdependence
of the two species during the symbiosis.
Postanalysis, the plants were placed back inside the growth
chamber and visual signs of growth were monitored for 14
days. The plants continued to show normal signs of growth
indicated by height increase and new leaf development. Shoot
development continued to take place laterally just below the
cut surface.
Capillary Microsampling ESI-MS of Sap from the
Xylem and Single Parenchymal Cells. Diﬀerent parts of
the stem, such as the pith and the vascular bundles, composed
of the xylem and phloem, have diﬀerent chemical compositions
reﬂecting their biological functions. The xylem is known to
provide a conduit for transporting nutrients and water from the
roots to upper parts of the plant. The phloem creates a
transport channel for photoassimilates from the sites of
photosynthesis to other parts of the plant. The pith is
composed of parenchymal cells that store and transport
metabolites. To gain additional insight into the observed
spectral diﬀerences between whole sap from infected and
uninfected soybean plants, we analyzed and compared sap
from the xylem and parenchymal cells by capillary microsampling ESI-MS (Figure 2). Due to their morphology, it was
diﬃcult to conﬁdently identify phloem tubes without additional sample processing, e.g., staining, and to analyze their
content in vivo by capillary microsampling ESI-MS.
Unlike in direct ESI-MS of the whole sap, where spatial
information was not provided, capillary microsampling enabled
local analysis on the micrometer scale, thus making it possible
to unveil the spatial distribution of metabolites. However, the
sap layer that forms on the surface due to transverse cutting

infected plants. Ions derived from two ureides, [allantoin +
Na]+ (m/z 181.038) and [allantoic acid + K]+ (m/z 215.011),
ﬁve protein amino acids, [asparagine + H]+ (m/z 133.056),
[glutamic acid − H]− (m/z 146.041), [glutamine + H]+ (m/z
147.077) and [lysine + K]+ (m/z 185.065), and two
nonprotein amino acids, [hydroxymethylglutamic acid + H]+
(m/z 178.071), and [methyleneglutamic acid + H]+ (m/z
160.060), were detected in whole sap by direct ESI MS/MS
(Table S1). The two ureides have been shown to play a major
role in nitrogen transport from the sites of nitrogen ﬁxation to
the upper parts of soybean plants.8,9,44 In addition, amino
acids, in particular asparagine and glutamine, are used for
nitrogen transport through the xylem and phloem in many
plants.45,46 Glutamic acid is a central molecule in amino acid
metabolism in plants, and the two nitrogen-transport amino
acids, arginine and proline, are both synthesized from glutamic
acid.47 Of these nitrogen-containing metabolites, the ureides,
lysine, aspartic acid, and the nonprotein amino acids were
signiﬁcantly more abundant in whole sap from infected plants,
whereas tryptophan was downregulated (Figure 4c and Table
S2). These results suggest that nitrogen transport in legumes is
regulated diﬀerently, depending on the source of nitrogen
supply. Although whole sap analysis does not provide
information on the sources of these diﬀerences in the stem,
it shows that the chemical composition of the shoot is aﬀected
by root infection.
Additionally, we observed a signiﬁcant upregulation of
disaccharide in sap from infected plants (Table S2). As the
plant hosts its microsymbionts, it needs to provide them with
energy molecules in exchange for the ﬁxed nitrogen.
Disaccharides are photoassimilates that are provided by the
host and transported to the respiring bacteroids in the root
7303
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absence of cross-contamination of the xylem sap by the whole
sap.
In addition, peaks corresponding to ions unique to each part
of the stem were observed (Table S1). For example, several
lipid classes, mainly phosphatidic acids (PAs) and phosphatidylglycerols (PGs), were not detected in the xylem. Such
glycerolipids are known to be major constituents of the plasma
membrane in plant cells.49 Additionally, the two ureides,
allantoin and allantoic acid, were signiﬁcantly upregulated in
xylem sap and parenchymal cells of infected plants. This is
consistent with the notion that ureides are used for upward
nitrogen transport in the sap of infected soybean plants. The
presence of ureides in the neighboring parenchymal cells could
be due to their transport from the xylem into these cells, where
they can be metabolized into other compounds.
The presence of unique m/z peaks exclusively in mass
spectra obtained from diﬀerent parts of the stem, i.e., the xylem
and parenchymal cells (see Table S1), minimizes the chances
of potential cross-contamination. As it is possible for some
compounds that originate from speciﬁc locations to have
spread and dried over the surfaces of other parts, the apparent
diﬀerences in the mass spectra of parenchymal cells (see Figure
5a), xylem sap (see Figure 5b), and whole sap (see Figure 3)
indicate the absence of cross-contamination between the
diﬀerent parts of the stem.
To further understand diﬀerences between the abundances
of compounds in the xylem of infected and uninfected plants,
xylem sap from the two plant groups was analyzed by capillary
microsampling ESI-MS. The two groups exhibited several
diﬀerences in levels of N-containing compounds. Similar to
what was observed in whole sap analysis, xylem sap from the
infected plants exhibited higher levels of allantoin, allantoic
acid, hydroxymethylglutamic acid, and methyleneglutamic acid.
Counterintuitive results, revealed only by capillary microsampling ESI-MS, indicated signiﬁcantly higher abundances for
two nitrogen-containing metabolites, [methylglutamine − H2O
+ H]+ (m/z 143.080) and [valine + K]+ (m/z 156.047), in the
xylem sap of uninfected plants (see Figure S4). Infected plants
assimilate nitrogen in the root nodules through biological
nitrogen ﬁxation by the bacteroids. On the other hand,
uninfected plants absorb nitrogen-containing ions from
minerals, such as nitrate, through their roots. Diﬀerences
between levels of speciﬁc nitrogen-containing metabolites in
the sap of infected and uninfected plants suggest that the
biosynthesis of compounds for nitrogen transport is regulated
diﬀerently depending on the source of nitrogen uptake by the
plant.
The ability to detect certain ions by microsampling only may
have been due to the lower complexity of the sample compared
to direct ESI-MS of the sap, where whole sap was analyzed. As
whole sap is a complex mixture of compounds that originate
from diﬀerent parts of the stem, ionization processes for
certain chemical species, especially those that are present in
low concentrations, can be more prone to ion suppression
eﬀects that manifests in their masking.50 In microsampling,
however, the sampling of speciﬁc parts of the stem reduces the
complexity of the mixture resulting in reduced suppression of
native low concentration compounds and less dilution of the
related signal.
In addition to nitrogen-containing compounds, diﬀerences
in the abundances for other metabolites in the xylem of
infected and uninfected plants were explored. A total of 19 and
6 metabolite ions exhibited higher and lower intensities,

can lead to cross-contamination between diﬀerent parts of the
stem, thus potentially altering the native spatial distribution of
metabolites. This sap layer may inadvertently contaminate the
capillary tip during sampling. Thus, to determine if the top sap
layer contaminated the content of the capillary during
sampling, a capillary tip preloaded with electrospray solution
was lowered until it made contact with a freshly cut surface (no
negative pressure was applied), and the content of the capillary
was analyzed by ESI-MS. Indeed, the produced spectrum
(positive ion mode) contained peaks that corresponded to
compounds endogenous to the plant (Figure S3a). To mitigate
this issue, a stem was cut, and the surface was left to air-dry for
∼1 min to minimize the top sap layer that covers the cut
surface. Then a capillary tip preloaded with electrospray
solution was lowered until it made contact with the dry surface,
and the content was analyzed. The resulting spectrum did not
contain peaks that corresponded to plant related ions (Figure
S3b).
To sample sap from the xylem and content from single
parenchymal cells in the pith separately, the capillary tip was
immersed into either part after the surface was left to air-dry
(∼1 min). Longer drying times caused the xylem to collapse
and parenchymal cells to become ﬂaccid. After negative
pressure was applied, sample was collected from the xylem and
single parenchymal cells and analyzed by ESI-MS. The
produced spectra contained several common peaks (Figure 5

Figure 5. Capillary microsampling ESI-MS of xylem sap and
parenchymal cells. Representative positive ion mode mass spectra
from (a) a single parenchymal cell in the pith and (b) xylem sap of a
soybean plant 21 days postinoculation with B. japonicum. FG:
ﬂavanone glucoside; Mal-DHIF-gluc: malonyldihydroxyisoﬂavone
glucoside; Mal-glyc-oxy-isoﬂavone: malonylglycosyloxyisoﬂavone.

and Table S1). Many of these corresponded to primary
metabolites such as sugars and amino acids. The presence of
disaccharides in the xylem sap raises the possibility of crosscontamination due to transverse cutting of the stem, as
transport of sugars is mostly associated with the phloem. There
are, however, reports in the literature indicating the presence of
disaccharides and hexoses in the xylem sap.48 Importantly,
many of the peaks present in the whole sap spectra were absent
in the spectra from xylem sap. This observation indicates the
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respectively, in mass spectra from xylem sap of infected plants.
Aliphatic organic acids, such as [hydroxybutanedioic acid − H
− H2O]− (m/z = 115.003), [propanedioic acid − H]− (m/z =
103.003), and [hydroxypropanetricarboxylic acid − H −
H2O]− (m/z = 173.008), and aromatic organic acids, such as
[phenyllactic acid − H]− (m/z = 165.056), constituted a large
proportion of the upregulated metabolites in the xylem sap of
infected plants. Table S3 lists assigned up- and downregulated
metabolite ions in the xylem sap of infected plants.
Parenchymal cells of infected and uninfected plants were
also analyzed by capillary microsampling, and their metabolic
compositions were compared. Cells from the infected plants
exhibited higher and lower abundances for 29 and 7 metabolite
ions, respectively. Sugars, such as mono- and disaccharides,
their derivatives, such as hexose phosphate, and sugar-linked
compounds, such as [hydroxymethylﬂavanone hexoside + K]+
(m/z = 439.119), were upregulated in the parenchymal cells of
infected plants. Additionally, nitrogen-containing compounds
that were upregulated in these cells included [ornithine + K]+
(m/z = 171.051), [oxoproline + H]+ (m/z = 130.049), and
[lysine + K]+ (m/z = 185.065). The fold change values for
these compounds and others in the parenchymal cells of
infected plants relative to the uninfected ones are shown in
Table S4.
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CONCLUSIONS
Direct ESI-MS enabled fast and simple in vivo analysis of sap
from plants in their native environment. This enabled the
analysis of living plants grown under diﬀerent conditions of
nitrogen supply and, thus, provided insight into their eﬀects on
the transport of nitrogen and other metabolites through the
plant’s vasculature. When combined with capillary microsampling, spatial information was unveiled, which provided
insight into the metabolites transported by the xylem and the
composition of parenchymal cells.
Recent results on plant transport systems have shown that
they perform complex traﬃcking of signaling molecules and
developmental regulators, enabling plants to adapt to their
environment.51−53 With the continuous improvement in the
sensitivity of mass spectrometers, and with a short analysis
time that spans less than 1 min, in vivo analysis by direct ESIMS holds promise for real-time monitoring of fast physiological responses in plants to external stimuli, thus potentially
elucidating mechanisms of long-distance signal transduction.
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S1

Figure S1. Photographic images of soybean plants analyzed by direct and capillary
microsampling ESI-MS. (a) Soybean plant 21 days after inoculation by wt B. japonicum.
(b) An infected soybean plant taken out of the soil. (c) Root nodule (red arrow), the organ
where atmospheric nitrogen fixation takes place, 21 days post inoculation. (d) Sap exudate
(yellow arrow) formed spontaneously after cutting the stem ~5 mm below the shoot apical
meristem.

S2

Figure S2. Effect of spray solution composition on ion signal duration in direct ESI-MS. Typical
ion chromatograms for disaccharide (m/z 381.084) obtained by direct ESI-MS of whole sap from
a soybean plant using (a) 1:1:1 acidified water:methanol:acetonitrile and (b) 1:1 acidified
water:methanol as electrospray solutions. The microscope image in the inset shows a glass
capillary tip preloaded with 1:1 acidified water:methanol and clogged by a precipitate (red
arrow) from whole sap. The image was taken after the ion signal dropped to zero.

S3

Figure S3. Contamination of capillary tip by exudate on freshly cut stem surface. (a) Positiveion mode mass spectrum produced by touching the wet surface of a freshly cut stem with the
capillary tip (no negative pressure applied). Ions corresponding to endogenous compounds from
the plant can be seen in the spectrum (labeled in red). (b) After waiting for the surface to air-dry
(~1 min), analysis of the capillary content after touching the surface with the capillary tip
produced exclusively electrospray background peaks (positive ion mode). Methylgluc:
methylglucoside; Salicylate gluc: salicylate glucoside; THC gluc: trihydroxychalcone
glucoside; Hydroxymethylglu: hydroxymethylglutamate.

S4

Figure S4. Downregulation of two nitrogen-containing metabolites in xylem sap of infected
soybean plants revealed exclusively by capillary microsampling ESI-MS.

S5

Table S1. Metabolite assignments from whole sap, xylem sap, and parenchymal cells of the pith.
Compound
Adenine

Ion type
[M+H-2H2O]+

Glyceraldehyde

[M+Na]+

Cyanoalanine

[M+H]+

Fumarate

[M+H]+

Succinate

[M+H]+

Hydroxymalonate

[M+H]+

Salicylaldehyde

[M+H]+

Hydroxybutanoate

[M+Na]+

Oxoproline

[M+H]+

Asparagine

[M+H]+

Aspartate

[M+H]+

Malate

[M+H]+

Adenine

[M+H]+

Methylbutanoate

[M+K]+

Threonine

[M+Na]+

Methylglutamine
Cysteine

[M+H-H2O]+
[M+Na]+

Glutamic acid

[M-H]-

Coumarin

[M+H]+

Glutamine

[M+H]+

Valine

[M+K]+

Hydroxyisovalerate

[M+K]+

Allantoin

[M+H]+

Methyleneglutamate

[M+H]+

Salicylate

[M+Na]+

Ornithine

[M+K]+

Pentose

[M+Na]+

Arginine

[M+H]+

Hydroxymethylglutamate

[M+H]+

Allantoin

[M+Na]+

Methylglutamate

[M+Na]+

Glutamine

[M+K]+

Lysine

[M+K]+

Dihydrocoumarin

[M+K]+

Dihydroxybenzoate

[M+K]+

Shikimate

[M+Na]+

Hydroxymethylglutarate

[M+K]+

Hexose

[M+Na]+

Measured Calculated Δm
MSI Whole
Xylem
mass
mass
(ppm) levela
sap
100.039
100.042
-30
2


113.009
113.021
-107
3


115.039
115.051
-104
3


117.021
117.019
17
3


119.049
119.060
-92
3


121.017
121.014
25
3


123.042
123.044
-16
2


127.029
127.037
-63
3


130.048
130.050
-15
2


133.064
133.061
23
2


134.035
134.045
-75
2


135.036
135.029
52
2


136.064
136.062
15
2


141.037
141.032
35
3


142.044
142.048
-28
3


143.081
143.082
-7
3


144.021
144.009
83
3


146.041
146.046
-34
2


147.041
147.045
-27
2


147.077
147.076
7
2


156.047
156.043
26
2


157.024
157.027
-19
3


159.049
159.052
-19
1


160.060
160.060
0
2


161.030
161.022
50
2


171.049
171.054
-29
3


173.027
173.042
-87
3


175.135
175.120
86
2


178.071
178.071
0
2


181.038
181.034
22
1


184.046
184.058
-65
2


185.031
185.033
-11
2


185.065
185.069
-22
2


187.017
187.016
5
3


193.001
192.991
52
2


197.035
197.042
-36
3


201.009
201.016
-35
3


203.073
203.053
98
2
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Homocitrate

[M+H]+

207.046

207.050

-19

2

Acetylglutamate

[M+Na]

212.038

212.053

-71

3

Allantoic acid

[M+K]+

215.011

215.018

-33

2

Cyclitol

[M+Na]

Hexose
Mevalonate phosphate
Methylglucoside

+

217.066

217.070

-18

2

[M+K]

+

219.024

219.027

-14

2

[M+H]

+

229.055

229.048

31

3

[M+K]

+

233.041

233.043

-9

3

Sinapate

[M+Na]

247.062

247.058

16

3

Hydroxytryptophan

[M+K]+

259.052

259.068

-62

3

Acetylhexosamine

[M+K]

+

260.060

260.054

23

2

Hexose phosphate

[M+H]

+

261.057

261.038

73

3

Phosphotyrosine

[M+H]

+

262.058

262.048

38

3

Trihydroxyflavone

[M+H]

+

271.045

271.060

-55

3

Methoxyisoflavone

[M+Na]

+

275.058

275.068

-36

3

Methoxyflavanone

[M+Na]

+

277.075

277.084

-32

3

Dihydroxyflavanone

[M+Na]

+

279.075

279.063

43

3

Hexose phosphate

[M+Na]+

282.999

283.019

-71

3

tetrahydroxyisoflavanone

[M+H]

+

289.065

289.071

-21

3

Dihydroxymethoxyflavone

[M+Na]

+

307.067

307.058

29

3

Dihydroxymethoxyisoflavanone

[M+Na]

+

Monomethoxyflavone
Dimethoxyflavone

+

+

309.079

309.074

16

3

[M+H]

+

317.070

317.066

13

3

[M+K]

+

321.046

321.053

-22

3

Methylkaempferol

[M+Na]

+

323.060

323.053

22

3

Trihydroxymethoxyisoflavanone

[M+Na]

+

325.064

325.070

-18

3

Apiofuranosylhexose

[M+Na]+

335.086

335.095

-27

3

Salicylate glucoside

[M+K]

+

339.054

339.048

18

2

Trihydroxyflavanone

[M+K]

+

341.056

341.043

38

3

Rhamnosylhexose

[M+Na]

+

349.103

349.111

-23

3

Pentahydroxymethoxyflavone

[M+Na]

+

355.045

355.043

6

3

Disaccharide

[M+Na]

+

365.108

365.106

5

2

Disaccharide

[M+K]

+

381.082

381.079

8

2

A gibberellin

[M+K]

+

385.092

385.105

-34

3

Sinapaldehyde glucoside

[M+Na]+

393.121

393.116

13

2

Hexahydroxyflavone

[M+Na]+

397.089

397.090

-3

3

Methylguanosine phosphate

[M+Na]

+

401.077

401.071

15

3

Tuberonic acid glucoside

[M+Na]

+

411.154

411.163

-22

2

Trihydroxychalcone glucoside

[M+Na]

+

441.119

441.116

7

3

Kaempferol rhamnoside

[M+Na]

+

455.096

455.095

2

3

Methylflavone glucoside

[M+Na]

+

469.126

469.111

32

3

Trihydroxyflavanone glucoside

[M+Na]

+

487.121

487.122

-2

3

Malonyldihydroxyisoflavone

[M+Na]+

525.109

525.120

-21

3

Malonylglycosyloxyisoflavone

[M+K]

557.208

557.219

-20

3

+
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PA (36:4)

[M+K]+

735.483

735.436

64

2

PA (36:3)

[M+K]

+

737.443

737.451

-11

2

PA (36:2)

[M+K]+

739.458

739.467

-12

2

PE (34:2)

[M+K]

+

754.469

754.478

-12

2

PE (34:1)

[M+K]

+

756.483

756.494

-15

2

PE (36:2)

[M+K]

+

782.483

782.509

-33

2

PG (34:3)

[M-H]

-

743.456

743.487

-42

2

PG (34:2)

[M-H]

-

745.536

745.502

46

2

PG (34:1)

[M-H]-

747.526

747.518

11

2





















Tick marks and crosses refer to detected and not detected compounds, respectively.
a
Metabolomics Standards Initiative (MSI) levels of identification: Level 1 necessitates that 2 or
more orthogonal properties of a chemical standard (here, measured mass of the compound and its
tandem MS) analysed in a laboratory are compared to experimental data acquired in the same
laboratory with the same analytical methods. Level 2 requires that 2 or more orthogonal
properties of a compound (here, also measured mass of the compound and its tandem MS) are
compared with external reported literature values. Level 3 annotation is based on comparison of
the compound's measured m/z with the calculated value.
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Category

Compound

MSI level

log2(FC)a

p-valueb

Iinfected/Iuninfected

Table S2. Relative abundances of metabolites differentially regulated in whole sap from
infected and uninfected soybean plants.
Adenine
Disaccharide
Hydroxylysine
Hydroxymethylglutarate
Coumarin
Allantoin
Hexose
Methylsalicylaldehyde
Sinapyl aldehyde
Methylglutamate
Dihydrocoumarin
Acetylhexoseamine
Phenyllactic acid
Allantoic acid
Ureidohomoserine
Sinapic acid
Deoxyhexose-phosphate
Hydroxybutanoate
Cystine
Methylglucoside
Oxoproline
Aspartic acid
Methyleneglutamate
Ornithine
Hydroxymethylglutamic acid
Lysine
Glycerotetrulose phosphate
An estradiol
Inosine phosphate
Tryptophan
Galloylhexose
Acetylneuraminic acid
Glycosylasparagine
Shikimate phosphate
Trihydroxymethoxyflavanone
Tetrahydroxymethoxyflavanone
Hydroxydimethoxyflavanone

2
2
3
3
2
1
2
2
2
2
3
2
2
2
3
2
3
2
3
3
2
2
2
3
2
2
3
2
3
2
3
3
3
3
3
3
3

1.85
1.88
2.06
2.06
2.17
2.21
2.23
2.24
2.30
2.44
2.49
2.78
2.89
2.96
3.05
3.11
3.14
3.28
3.31
3.46
4.26
4.41
4.51
4.56
5.59
7.94
9.06
-7.42
-7.06
-6.81
-6.55
-6.44
-6.05
-3.70
-2.77
-1.82
-1.42

9.16E-03
3.60E-04
1.78E-05
1.78E-05
5.11E-04
1.57E-02
6.27E-03
9.69E-04
5.10E-05
2.10E-06
2.68E-03
4.55E-06
8.66E-04
5.85E-07
4.50E-02
6.80E-04
3.51E-07
1.18E-02
3.69E-03
6.12E-03
4.20E-05
9.60E-06
4.87E-04
7.71E-09
5.78E-04
8.19E-06
2.71E-06
5.86E-05
1.11E-03
6.46E-03
4.63E-04
3.32E-03
1.20E-03
6.78E-05
2.60E-04
2.30E-03
2.59E-04
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a

Fold change (FC) is the ratio of the intensity of a given compound in one group to the other. The
cutoff value for the fold change is 2.
b
Threshold for the p-value calculated from t-test is 0.05.
Color code for compound names: red, compounds upregulated in whole sap from infected plants;
green, downregulated compounds in whole sap of infected plants.
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Category

Compound

MSI
level

log2(FC)a

p-valueb

Iinfected/Iuninfected

Table S3. Relative abundances of metabolites differentially regulated in xylem sap from
infected and uninfected soybean plants.

Phenyllactic acid
Ureidohomoserine
Butyric acid
Methyleneglutamate
Disaccharide
Allantoin
Allantoic acid
Dimethylbutanedioic acid
Hydroxymethylglutamic acid
Propanedioic acid
Hydroxybutanoate
Hydroxypropane-tricarboxylic acid
Hydroxybutandioic acid
Dimethoxycinnamic acid
Formylsalicylic acid
Methylglutamine
Valine
Inosine phosphate
Acetylneuraminic acid
Propanediolhexopyranoside
Shikimate phosphate

2
3
2
2
2
1
2
3
2
2
2
2
2
3
3
3
3
3
2
3
3

1.18
1.48
1.83
1.87
1.96
2.02
2.12
2.12
2.13
2.51
2.92
3.60
3.69
4.61
5.56
-3.16
-2.44
-1.85
-1.53
-1.21
-1.07

4.04E-02
3.66E-02
4.90E-04
3.75E-02
4.06E-02
5.06E-04
9.20E-04
1.12E-02
1.14E-02
6.71E-03
2.50E-02
2.05E-06
2.14E-02
3.44E-02
1.40E-02
1.46E-03
4.56E-02
3.76E-02
1.10E-03
2.51E-02
4.50E-02

a

Fold change (FC) is the ratio of the intensity of a given compound in one group to the other. The
cutoff value for the fold change is 2.
b
Threshold for the p-value calculated from t-test is 0.05.
Color code for compound names: red, compounds upregulated in xylem sap from infected plants;
green, downregulated compounds in xylem sap of infected plants.
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Category

Compound

Iinfected/Iuninfected

Table S4. Relative abundances of metabolites differentially regulated in parenchymal cells
from infected and uninfected soybean plants.

Allantoin
Hydroxybutanedioic acid
Methylglutamate
Acetylhexosamine
Diethylhydroxybutanedioic acid
Hydroxydimethoxymethylenedioxyflavone
hexoside
Trihydroxydimethylflavone hexoside
Deoxyheptulose phosphate
Hexose phosphate
Disaccharide
Trihydroxydimethoxyflavone hexoside
Aminobutanoic acid
Adenine
Hexose
Phenyllactic acid
Trimethoxyphenyl hexoside
Methylbutenoic acid
Oxoproline
Ornithine
Hydroxymethylflavanone hexoside
Methylbenzoic acid
Lysine
Acetylalanine
Hydroxyproline
Hydroxydimethoxyflavanone
Inosine diphosphate
Trihydroxyflavone
Tryptophan
Trihydroxytrimethoxyisoflavone glucoside
Heptamethoxyflavone

a

MSI
level
1
2
2
2
3

log2(FC)a p-valueb
1.29
1.53
1.75
1.94
2.04

9.16E-03
2.26E-02
3.61E-02
7.59E-03
1.20E-05

3

2.21

1.49E-02

3
3
2
2
2
3
2
2
2
3
2
2
3
2
3
2
3
2
3
3
3
2
3
3

2.31
2.44
2.49
2.58
2.75
2.76
2.84
2.97
3.66
3.73
3.77
3.84
4.08
4.64
4.99
5.52
5.96
6.12
-5.63
-5.35
-4.74
-4.00
-3.86
-2.68

1.48E-04
2.79E-05
2.66E-05
3.95E-03
8.30E-04
5.20E-03
9.69E-05
1.60E-02
3.20E-03
1.68E-03
4.01E-03
2.99E-06
6.65E-07
1.30E-02
5.85E-03
1.60E-04
1.15E-04
1.08E-04
7.12E-05
8.11E-05
1.05E-02
7.10E-10
1.32E-02
8.48E-04

Fold change (FC) is the ratio of the intensity of a given compound in one group to the other. The
cutoff value for the fold change is 2.
b
Threshold for the p-value calculated from t-test is 0.05.
Color code for compound names: red, compounds upregulated in parenchymal from infected
plants; green, downregulated compounds in parenchymal cells of infected plants.
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