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SUMMARY

Technologies enabling in situ metabolic profiling of living plant systems are invaluable for understanding
physiological processes and could be used for rapid phenotypic screening (e.g., to produce plants with
superior biological nitrogen-fixing ability). The symbiotic interaction between legumes and nitrogen-fixing
soil bacteria results in a specialized plant organ (i.e., root nodule) where the exchange of nutrients between
host and endosymbiont occurs. Laser-ablation electrospray ionization mass spectrometry (LAESI-MS) is a
method that can be performed under ambient conditions requiring minimal sample preparation. Here, we
employed LAESI-MS to explore the well characterized symbiosis between soybean (Glycine max L. Merr.)
and its compatible symbiont, Bradyrhizobium japonicum. The utilization of ion mobility separation (IMS)
improved the molecular coverage, selectivity, and identification of the detected biomolecules. Specifically,
incorporation of IMS resulted in an increase of 153 differentially abundant spectral features in the nodule
samples. The data presented demonstrate the advantages of using LAESI-IMS-MS for the rapid analysis of
intact root nodules, uninfected root segments, and free-living rhizobia. Untargeted pathway analysis
revealed several metabolic processes within the nodule (e.g., zeatin, riboflavin, and purine synthesis). Com-
pounds specific to the uninfected root and bacteria were also detected. Lastly, we performed depth profiling
of intact nodules to reveal the location of metabolites to the cortex and inside the infected region, and lat-
eral profiling of sectioned nodules confirmed these molecular distributions. Our results established the fea-
sibility of LAESI-IMS-MS for the analysis and spatial mapping of plant tissues, with its specific
demonstration to improve our understanding of the soybean-rhizobial symbiosis.

Keywords: nitrogen fixation, root nodules, LAESI, ion mobility separation, metabolites, Glycine max,
Bradyrhizobium japonicum, technical advance.

INTRODUCTION
In order to address global issues concerning agriculture, technologies and approaches are being developed for
biofuel production, and environmental sustainability, new comprehensively analyzing the complex biochemical
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networks within plant systems (Gemperline et al., 2016).
Specifically, the “omics cascade” approach of systems
biology investigates the global changes within the genes,
proteins, and metabolites of an organism (Dettmer et al.,
2007; Pu and Brady, 2010). Significant advancements and
breakthroughs have been established in genomics, tran-
scriptomics, and proteomics, whereas technologies to
monitor the downstream effects (e.g., metabolomics) are
slowly emerging (Weckwerth, 2003; Gemperline et al.,
2016) The majority of metabolomic methods require exten-
sive sample preparation and cannot be performed in situ.
Nevertheless, these approaches have predicted over
200 000 metabolites within the plant kingdom, consisting
of species-independent compounds of primary and sec-
ondary small molecules (Fiehn, 2002; Dixon and Strack,
2003). To date, technologies have been developed for
metabolite profiling for a variety of well-characterized plant
systems that include, but are not limited to, tomato
(Schauer et al., 2006; Oms-Oliu et al., 2011), Arabidopsis
(Fiehn, 2006; Schmidt et al., 2014), Medicago truncatula
(Schliemann et al., 2008; Zhang et al., 2014), and Glycine
max (Benkeblia et al., 2007).

Technologies that can metabolically profile plant sys-
tems in situ provide a clearer understanding of processes
like growth and development, which are heavily influenced
by the accessibility of nitrogen within the surrounding
environment (Crawford, 1995). Addressing these chal-
lenges can reduce our dependence on nitrogen-based fer-
tilizers for maintaining nutrient availability to improve crop
yields (Sulieman, 2011). Moreover, current practices lead
to excess nitrogen not consumed by the crops, which can
end up as chemical runoff, contaminating nearby water
supplies (Zahran, 1999). Exploring and understanding cer-
tain plant and microbial systems that are known to obtain
nitrogen through biological nitrogen fixation (BNF), such
as sugarcane (Oliveira et al., 2002), specific legumes (Frei-
berg et al., 1997), and blue-green algae (Allen and Arnon,
1955) can result in more sustainable agricultural practices.

In particular, legumes possess the unique ability to
develop symbiotic interactions with nitrogen-fixing soil
bacteria (i.e., rhizobia). This mutualism manifests in the
formation of specialized plant organs referred to as root
nodules (Vanrhijn and Vanderleyden, 1995). Within these
specialized organs, BNF occurs, where the endosymbiont
transforms atmospheric nitrogen into ammonia for the
host, and in return carbon is supplied in the form of photo-
synthates to the rhizobia (Stacey, 2007; White et al., 2007).
Well established proteomic and transcriptomic analyzes
have demonstrated important conclusions in regards to
the nodules and the effects of environmental perturba-
tions. Over 800 genes have been identified to be highly
expressed in the nodules. Among these were approxi-
mately 80 nodule-induced genes that were involved in
sugar and amino acid metabolism (Colebatch et al., 2004).
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Within the single-cell model system of soybean root hairs
infected by Bradyrhizobium japonicum, a total of approxi-
mately 1973 identified genes were differentially expressed
during the host-rhizobia symbiotic interaction (Libault
et al., 2010). A tremendous amount of genomic informa-
tion has been gathered about these legume-rhizobia sym-
bioses. However, in comparison, relatively little is known
about the biochemical transformations, metabolite compo-
sition, and the downstream effects occurring within nod-
ules (Stacey et al., 2006).

Detection of plant metabolites is extremely challenging
as there is no single technique for their total coverage.
Mass spectrometry (MS)-based approaches are most com-
monly utilized in metabolomics (Fiehn et al., 2000). These
methods can provide invaluable insights into the metabolic
cascades of plant-bacterial interactions because of their
ability to measure multiple biomolecules simultaneously
(van der Drift et al., 1998). Plant extracts and exudates have
been investigated using gas chromatography-MS (GC-MS)
(Barsch et al., 2006), high performance liquid chromatogra-
phy-MS (LC-MS) (Wang et al., 2015), and capillary elec-
trophoresis-MS (Harada and Fukusaki, 2009), which are
highly sensitive methods and can provide quantitative
information. However, these bulk analysis methods require
extensive sample preparation, have low-throughput, and
do not retain information on the spatial distribution of
metabolites within plant tissues or organs. Other tech-
niques can elucidate spatial distributions of metabolites
in situ (e.g., matrix assisted laser desorption/ionization),
but often require a vacuum environment and other pertur-
bations to the sample (Ye et al, 2013; Boughton et al.,
2015; Gemperline et al., 2015).

Ambient ionization MS-based platforms, like laser-abla-
tion electrospray ionization (LAESI) and desorption electro-
spray ionization (DESI), require minimal sample
preparation and can provide measurements for biological
samples in their native conditions (Nemes and Vertes,
2007; Mueller et al., 2011). In particular, LAESI-MS has
been a growing technique in the field of plant metabolo-
mics. LAESI-MS utilizes a mid-IR laser tuned to the stron-
gest water absorption band, making it ideal for ablating
water-rich plant samples. As a result, this technology can
be used to investigate intact biological samples in a high-
throughput fashion. A limiting factor for this technology is
not distinguishing isobaric species, which can be mitigated
by employing a separation step (Etalo et al., 2015).

In recent years, ion mobility separation (IMS), a concep-
tually orthogonal technique, has been combined with MS
to enable enhanced distinction of ionic species in the
analysis of complex biological samples. A wide range of
bio-related applications has been reported using IMS-MS
platforms, which include structural characterization of car-
bohydrates, determining the positions of fatty acyl chains
and double bonds in lipids, imaging structural isomers in
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biological tissues, and signal enhancement of low concen-
tration biomolecules (Borsdorf and Eiceman, 2006; Castro-
Perez et al., 2011; Li et al., 2012, 2015; Gaye et al., 2015).
Separation of ions by IMS is based on the differences in
their collision cross-section (CCS) amplitudes, which is
reflected in different drift time (DT) values measured while
being driven through a carrier gas by an electric field
(Kanu et al., 2008; Shvartsburg and Smith, 2008; Wytten-
bach et al., 2014). The time scale of separation in IMS is on
the order of milliseconds, which compares favorably with
the multiple minutes required in liquid chromatography
(LC), and allows for integration into high-throughput untar-
geted workflows (Paglia et al., 2014; May et al., 2015).
Recently, LAESI-MS has been coupled with IMS, where it
produced a significant increase in the molecular coverage
of detected metabolites (Shrestha and Vertes, 2014). It also
aided with the elucidation of lipid species by allowing for
time-aligned parallel fragmentation directly from native
plant and microorganism samples (Stopka et al., 2014,
2016).

Here, we demonstrate the utility of LAESIHIMS-MS to
directly analyze free-living rhizobia, soybean roots, and
root nodules. We also demonstrate a ‘proof of concept’ for
depth profiling intact nodules by controlled ablation
through the cortex and into the infected region to deter-
mine the spatial distributions of metabolites throughout
the anatomical regions. Comparing these results to LAESI-
IMS-MS analysis of free-living bacteria and uninfected root
segments, we were able to correlate spectral features with
the nodule anatomy, and to elucidate the generation of
symbiotically induced metabolites. This approach can
translate into the rapid screening of BNF mutants and
other biological systems. Further, these results

Mirror

demonstrate the feasibility of LAESI-HIMS-MS for untar-
geted metabolite profiling in plant research.

RESULTS

To establish the applicability of LAESI-IMS-MS for plant
metabolite profiling analysis, the well characterized sym-
biosis between soybean [Glycine max (L.) Merr.] and its
compatible symbiont, B. japonicum, was selected because
of the extensive genetic knowledge of both of these sys-
tems. Here, we demonstrated two different analysis
approaches for the rapid profiling of metabolites. First,
free-living rhizobial cell pellets and bulk material from
homogenized root nodules and uninfected roots were ana-
lyzed to obtain the metabolite coverage of rhizobia and
each plant system. Univariate, multivariate, and hierarchi-
cal clustering statistical analysis methods were applied to
these data in the form of volcano plots, partial least
squares discriminant analysis (PLS-DA), and heat maps,
respectively. The second approach involved depth profiling
of intact nodules to maintain spatial information of
metabolite abundance throughout the different anatomical
layers. This analysis involved controlling the laser pulses
as a function of time.

The ambient nature and high-throughput capability of
LAESI-HIMS-MS made it an ideal method for exploring the
plant-rhizobia symbiotic relationship. The incorporation of
IMS provided an additional dimension of separation with-
out sacrificing the rapid analysis of biological liquids, as
well as tissue samples in their native states. Briefly, the
working principles of LAESI-IMS-MS analysis involved
tuning a mid-IR laser to the resonant frequency of the O-H
vibrations of water at 2.94 um. To facilitate laser induced
material ablation from plant tissue, focused nanosecond

lens

DT vs. m/z plot

Figure 1. Schematic of LAESI-IMS-MS analysis.

Drift Time

A mid-IR laser delivered nanosecond pulses directly into an intact nodule or biological sample. The produced ablation plume was intercepted by an orthogonal
ESI spray, which resulted in the production of ions. The ions were then sampled by the mass spectrometer and ion mobility separation was employed for the
enhancement of molecular coverage. Specifically, within the mass spectrometer, ions were first selected by a quadrupole based on their m/z, including isobaric
species indicated as species 1 to 3. A tri-wave-based ion mobility system allowed the ions to pass through the trap cell (T;) into the IMS cell. Here, using N, as
the drift gas, an induced electric field drove and separated the isobaric ions based on their physical structure into the transfer cell (T,). Within T4, collision

induced dissociation was used to elucidate structural information for tandem MS.
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laser pulses where directed into the water-rich samples,
producing an ablation plume of neutrals (Figure 1). The
expanded plume was then captured and ionized by an
electrospray in-axis with the mass spectrometer orifice, in
which ions were sampled in both positive and negative ion
modes. To extend the molecular coverage, IMS was inte-
grated into the LAESI workflow. This provided the ability
to separate isobaric species. The use of CCS values pro-
vided further confidence in metabolite identifications.

Metabolite coverage of biological systems by LAESI-MS

The rapid metabolite profiling by LAESI-MS was per-
formed on free-living rhizobia, along with homogenized
nodules and uninfected root segments (Figure 2). The cor-
responding mass spectra were processed using the open
MS tool mMass software (Strohalm et al., 2008) by the
removal of naturally abundant isotope peaks (so-called
‘deisotoping’). In order to determine the number of unique
spectral features, we also excluded redundant peaks attrib-
uted to sodium and potassium adducts of accounted-for
[M+H1* quasi-molecular ions. After post-processing, a rep-
resentative mass spectrum from free-living B. japonicum
revealed about 456 spectral features, of which 208 and 248
features were detected in negative and positive ion modes,
respectively (Figure 2a,d). A typical uninfected root sample
had a metabolite coverage of approximately 461 spectral
features, where 266 and 143 features were detected in neg-
ative and positive ion modes, respectively (Figure 2b,e).
Lastly, the nodule samples exhibited the largest molecular
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coverage of approximately 797, where negative ion mode
revealed 536 features, while positive ion mode contained
304 features (Figure 2c,f).

Several molecules were tentatively assigned to and cor-
related with specific sample groups (Table S1). For exam-
ple, energy-related species, such as [AMP-H]~, [ADP-H] ",
and [ATP-H]~, at m/z 346.064, 426.026, and 505.991, respec-
tively, were observed in the free-living rhizobia. However,
sugars, glucosides, flavonones, and triterpenes (e.g., [trihy-
oxyflavone glucoside-H]™ at m/z 431.095, [dihydrox-
yflavone+H]* at m/z 255.063, and [soyasaponin Pg+H]" at
m/z 1069.551) were present at high abundance in both
uninfected plant tissue and root nodules. Uninfected plant
tissue molecules were also ascertained. For example,
molecular species detected only in the uninfected root
included [trihydroxy trimethoxyflavone glucuronide-H]™ at
m/z 535.107. Molecules specific to the nodule samples
included an abundance of [heme B]" at m/z 616.179 and
low amounts of [oleic acid-H] at m/z 281.248. These results
are in good agreement with previous studies that show a
significant presence of heme (Nadler and Avissar, 1977)
and oleic acid-based lipids (Gaude et al., 2004) in soybean
nodules. Molecular species detected in all three sample
types included nucleotides (e.g., [guaninetH]® at m/z
152.052 and [adenosine+H]* at my/z 268.104), [disaccha-
ride+Nal* at m/z 365.106, and several other ions.

LAESI-MS is well established as a soft ionization method
for facilitating the characterization of intact molecules,
including intact proteins (Kiss et al., 2014), in contrast to
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Figure 2. Metabolic profiling and comparison of root nodule components and using LAESI-MS.
Representative LAES| mass spectra of (a, d) free-living B. japonicum cell pellets, homogenized (b, e) uninfected soybean roots, and homogenized (c, f) soybean
root nodules in (a—c) negative and (d-f) positive ion mode. [Colour figure can be viewed at wileyonlinelibrary.com].
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other direct laser-ablation-based analytical methods uti-
lized in plant biology (i.e., laser-ablation inductively cou-
pled plasma MS). It has been demonstrated that the
internal energy induced by the mid-IR laser-ablation pro-
cess does not significantly alter molecular survival yields
(i.e., producing minimal molecular fragmentation), and
that ions produced by LAESI are essentially indistinguish-
able from that of stand-alone ESI (Nemes et al., 2012).
However, the in-source fragmentation that does occur
during the LAESI process is primarily due to electrospray
ionization. Xu et al. recently demonstrated the extent of in-
source fragmentation of ESI on yeast metabolites, illustrat-
ing that metabolite misinterpretation is possible using any
ESI based analysis (e.g., LC-MS or DESI). We analyzed
standards of metabolites detected in our soybean samples
with ESI and LAESI-MS to determine the level of in-source
fragmentation of these specific molecules (Figure S1).
Here, we found that the laser-ablation process caused addi-
tional fragmentation of only a few species compared with
ESI alone.

Statistical data analysis reveals unique metabolites

In order to identify unique molecular ions and determine
their significance within each sample group, we employed
a statistical analysis approach. Hierarchical clustering, in
the graphical representation of a heat map, provided visu-
alization of the mass spectral features, as displayed in the
rows, and differences among the free-living rhizobia, root
nodules, and uninfected root samples, as depicted in the
columns. (Figures 3a and S2a show positive and negative
ion mode results, respectively.) The column and row den-
drograms revealed that the root nodule and uninfected
root shared a secondary node, indicating closer spectral
similarity compared to free-living rhizobia.

Visual comparison of a representative mass spectrum
(Figure 2) of each sample group can be used to establish
discriminating spectral features. However, to determine
the spectral features that maximized the covariance
between sample types, we employed PLS-DA, which pro-
vided group-specific metabolites based on a larger sam-
pling population (Figures 3b and S2b, positive and
negative ion mode results, respectively). Both scores plots
showed significant covariance based on mass spectral dif-
ferences, which revealed a large degree of separation in
the three sample groups. In positive ion mode, the most
significant separation, component 1 (x-axis of Figure 3b),
captured 48% of the covariance, which presented variables
that discriminated between the plant-based samples and
the free-living rhizobia. On the other hand, component 2
(y-axis of Figure 3b) captured 19% of the covariance and
illustrated the molecules that differentiated the infected
and uninfected plant tissue. From the loading plots, we
constructed box-and-whisker graphs to determine the
unique molecular makeup of each sample type (Figure 3c).

For example, [PE (16:0/18:1)-H]~ at m/z 716.516 showed the
highest abundance in the free-living rhizobia, whereas
[adenine+H]* at m/z 136.062 was mainly detected in the
root nodule. Several ions were present in all three groups,
but were more abundant in one group compared to the
others. For example, [disaccharide+Na]* at m/z 365.106
was present in the root nodule and the uninfected root, but
was more abundant in the latter. Molecules potentially
related to BNF would be expected to be enriched in the
root nodules relative to, for example, the free-living rhizo-
bia. Here, we found [heme Bl* at m/z 616.179 was detected
in higher abundance within the root nodule samples than
in the free-living rhizobia, and it was not detected in the
uninfected root. This likely reflects the very high abun-
dance of leghemoglobin in the nodule.

Enhanced molecular coverage by IMS

The integration of IMS into the experimental workflow pro-
vided an additional separation dimension, which allowed
for the detection of isobaric compounds and the ability to
elucidate the CCS values based on DT of each molecular
ion. Furthermore, the combination of CCS values with the
accurate mass and tandem MS measurements provided
increased molecular coverage of detected ions and a
greater confidence in their identification. This enhance-
ment was illustrated in the volcano plots (Figure 4) com-
paring the ions detected in the root nodule and uninfected
root samples. Without this separation step, 603 spectral
features were detected in the plant tissue samples (Fig-
ure 4a), of which 257 were significantly more abundant in
the uninfected root tissue (i.e., arbitrary cut-off value was 1
and —1 in the log, scale corresponding to >2 and <0.5-fold
change and significance P-values <0.05), and 108 were sig-
nificantly more abundant in the root nodules. By incorpo-
rating IMS with the MS (Figure 4b), the total number of
spectral features increased by nearly double to 1000. More-
over, 255 features were significantly more abundant in the
uninfected root tissue than in the root nodule, and 263 fea-
tures were vice versa. Overall, the addition of IMS resulted
in a gain of 153 differentially abundant spectral features.
Investigation into these spectral features revealed several
promising BNF candidates that were significantly more
abundant in the root nodule (Figure 4c), including [gluta-
mate-H]™ at m/z 146.049 and [acetyl glutamic acid-H]™ at
my/z 188.058 (with fold changes of 3.9 and 9.9, respectively).
Metabolites that were significantly more intense in the
uninfected root samples included [dihydroxyflavanone-H]~
at m/z 253.052 with a fold changes of —5.8.

The ability to detect isobaric ions was illustrated by
examining the nominal mass at m/z 203.055 + 0.005,
which prior to IMS analysis was not considered signifi-
cantly different in intensities in either the root nodule or in
the uninfected root (Figure S3a). The addition of the IMS
step revealed two peaks were present, one peak with m/z
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Figure 3. Measuring spectral variance within sample replicates and between sample groups.

(a) Heat map illustrating the major spectral difference based on normalized positive ion spectra, where each column is a spectrum and each row is an m/z. The
color for the samples of the heat map represents the relative abundance of metabolites: red is greater relative abundance and blue is lower relative abundance.
(b) Scores plot from PLS-DA of the spectra, which were used to assist in identifying minor species that are significant in each system with a 95% confidence.
The corresponding loadings plots from PLS-DA of the spectra were used to identify peaks of interest.

(c) Relative abundances of four significant species as identified from the loadings plots.

203.053 and another at m/z 203.057, with CCS values of
143 and 139 A% respectively (Figure S3b,c). An in-house
CCS metabolite constructed library consisting of 407
unique small molecules (Mass Spectrometry Metabolite
Library of Standards, IROA Technologies, Bolton, MA,
USA) was used to match potential compounds. The identi-
fication was based on accurate mass, CCS value, and tan-
dem MS by LAESI-IMS-MS using the same instrumental
conditions for both the standards and the biological
tissues. Comparison of these two isobaric ions with our
in-house library suggested that the identifications were
theophylline and a monosaccharide with CCS percent error
rates of 2.1 and 0.7%, respectively. Further, we found theo-
phylline was significantly more abundant in the root nod-
ules, whereas the monosaccharide showed greater
abundance in the uninfected root samples. Overall, IMS
increased the molecular coverage for the detection of bio-
molecules found in the nodule and root groups.

© 2017 The Authors

To visualize the large datasets produced by IMS-MS, we
constructed DT versus m/z plots (Figure 5). These 3D plots
showed an ion’s measured m/z color intensity propor-
tional to relative abundance, as well as its DT values,
which were measured on the order of msec illustrating the
high-throughput analysis. The separation of molecules in
IMS is based on an ion’s physical size and shape, which
affects the time it takes to pass through the drift cell. As
expected, in the lower m/z regions we observed shorter DT
(e.g. [cyclohexylammonium+H]* at m/z 100.114, DT of
1.39 msec and [choline+H]* at m/z 104.110, DT of
1.36 msec). Conversely, larger m/z compounds had longer
DT (e.g., [heme B]* at m/z 616.179, DT of 5.43 msec and
[soyasaponin ag+H]* at m/z 1085.546, DT of 11.88 msec).
These DT values can be converted to the more universally
accepted CCS values, which could be used to classify
groups of molecules (see Figure 4e) by plotting the individ-
ual compound CCS values with their measured m/z values.
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Figure 4. Exploring the benefits of IMS pre-mass analysis, where it increased detected metabolite coverage, provided higher confidence in molecular identifica-
tion of value for exploring active metabolic pathways, and offered insights into the classes of detected unknown molecules.

(a, b) Volcano plots comparing major differences between negative ion mode species detected in the (green) uninfected soybean roots and (red) root nodules
(a) without IMS and (b) with IMS. The addition of IMS increased the number of significant spectral features from 365 to 518.

(c) Highlight of significant molecules from root nodule and uninfected root that have a significance of a least a fold change of two and P-value < 0.05, where
down-regulated in the root nodule is in green and up-regulated is in red. Refer to Table S1 for identification.

(d) To ascertain active metabolic pathways detected within the intact nodule by LAESI-IMS-MS, a network approach was employed. Using the PathwayViewer
installment within the SoyKB web resource, a total of 112 tentatively identified metabolites that exhibited a P-value < 0.05 and a fold change >2 were considered
for analysis. The top 10 impacted pathways revealed significant involvement, several of which could be directly correlated with BNF.

(e) Separation and classification of detected molecules by IMS by comparing CCS and m/z values for the different classes of compounds.

For example, in negative ion mode, the fatty acid CCS val-
ues exhibited a range of 148-179 AZ: flavonones ranged
from 148 to 187 AZ and larger molecules such as triterpe-
nes covered a range of 330-372 A% The CCS values for glu-
cosides ranged between 172 and 223 A2, They showed
some overlap into the flavonone region, but because of
their unique linear trends both groups were resolvable
from one another.

Within these DT versus m/z plots, we found that a typical
root nodule plot contained approximately 667 peaks and
that the uninfected root showed approximately 462 peaks
in positive ion mode (Figure 5a,b). For spectral comparison
of two DT versus m/z plots, we constructed a fusion map
between the root nodule (red) and uninfected root (green)
samples (Figure 5c). A total of approximately 226 differen-
tially abundant peaks was detected, including [heme BJ*
and [adenine+H]* that had previously been identified as
nodule-linked compounds based by our statistical analysis

(noted earlier). An illustrated advantage of this fusion plot
is the ability to elucidate near isobaric ions that would
have otherwise spectrally overlapped. Investigation within
the DT of 5.03 msec from the fusion map revealed [dehy-
drosoyasaponin+Na]® at m/z 963.495 and [triterpene gly-
coside+Nal* at m/z 971.512 localized to the nodule
(Figure 5d). By comparison, within the DT of 9.78 msec,
we observed the triterpene [soyasaponin I+H]" at m/z
943.527 and [soyasaponin [+Nal* at m/z 965.520 in the
uninfected root (Figure 5e). The highlighted zoom-in
region within the fusion map showed these two different
DT ranges and the corresponding m/z range. There were
overlapping spectral features (Figure 5f), but were resolv-
able with IMS.

Lastly, the use of IMS provides an orthogonal analysis
method valuable to the four-level classification system for
metabolite identification developed by the Metabolomics
Standard Initiative (Sumner et al., 2007). This classification
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Figure 5. Visualizing IMS-MS data generated from infected and uninfected root samples.

(a—c) A representative LAESI-IMS-MS drift time (DT) versus m/z plot of (a) root nodule and (b) uninfected root sample in positive ion mode. The two former DT
versus m/z plot where combined into a (c) fusion plot highlighting IMS spectral differences between the (red) root nodule and (green) uninfected root.

(d-f) A highlighted mass spectral view of (d) root nodule (DT = 5.03 msec) and (e) uninfected root (DT = 9.78 msec) of the selected (f) fusion plot covering the
mass region between 935 and 980 m/z, and spanning a DT range of 4-12 msec revealed separation of sample-dependent ions.

system was designed to standardize the reporting of meta-
data in order to provide empirical and biological context to
data, and to facilitate ease in comparing data. We
employed this  metabolomics  community-adopted
approach, and found that of the 107 tentatively assigned
compounds in this study, 21 were identified as level 1, 32
were putatively annotated as level 2, and 54 were puta-
tively characterized as level 3 (Table S1). The criteria for a
level 1 compound classification includes two independent
and orthogonal data streams in the form of accurate mass
and both the measured tandem MS spectra and CCS val-
ues. We compared these data streams with reference stan-
dards analyzed under identical conditions. Compounds
that were putatively assigned as level 2 were based on
accurate mass and tandem MS spectra as compared to
external reference standard databases. Lastly, level 3

© 2017 The Authors

characterization was determined only by matching accu-
rate mass data with reference masses.

Intact soybean nodule depth profiling

We performed depth profiling of intact soybean nodules
by setting the laser to low repetition rates and matching
the laser pulses to the scan rate of the mass spectrometer.
Here, we collected a single mass spectrum at each laser
shot by setting the laser pulsing and MS scanning to 1 Hz.
This procedure provided spatial information about the
molecular composition of the anatomical layers of the soy-
bean root nodules (Figure 6). An average ablation crater of
approximately 150 um in diameter (Figure 6a) was created
by focusing the laser into the meristem side of the root
nodules. Inspection and construction of a z-stack using an
optical microscope revealed that the first 20 shots removed
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approximately 90 um and of 40 shots removed approxi-
mately 163 um, suggesting that each shot removed
approximately 4 um of the dry epidermal layer of the root
nodule. To penetrate the epidermal layer required approxi-
mately 45 individual laser shots, resulting in the removal
of approximately 183 um of material. Continued ablation
past the epidermal layer resulted in sampling the inner
infected zone of the nodule, which contained the bacteroid
cells and is the primary location of BNF.

We localized specific ions to the different layers and
tracked them by observing the ion intensity over the num-
ber of laser shots (Figure 6b). For example, monitoring
[soyasaponin Bg+H]" at m/z 1069.551 revealed high abun-
dance in the first 45 laser shots after the laser was pulsed,
followed by diminished signal that indicated its presence
only in the outer layer of the nodule. Within the same
experimental run, ions localized to the infection zone (e.g.,
[heme BI* at m/z 616.179) increased in ion intensity after
the epidermal layer was ablated away. Overall, approxi-
mately 180 spectral features were present in the outer layer
and approximately 112 features to the infection zone

(Figure 6c,d, respectively). Molecular species tracked to the
outer layer included [soyasaponin Bg+H]" at m/z 1069.551,
[dihydroxy methoxyflavone+H]* at m/z 285.071, and [trihy-
droxyflavone+H]* at m/z 271.063. Within the infection zone
several ions were localized, which included [heme B]* at
m/z 616.179, [adenosine+H]* at m/z 268.104, and [ri-
boflavin+H]* at m/z 377.153. There was an overlap of
approximately 76 ions present in both the outer and inner
layers. For example, [adenine+H]* at m/z 136.062, [choli-
ne+HI" at m/z 104.110, [cyclohexylammonium+H]" at m/z
100.114, [hydroxy methoxyisoflavone+Na]* at m/z 309.039,
and [tetrahydroxyflavone glucoside+Nal* at m/z 471.093
were some of the several ions detected throughout the
entire nodule anatomy.

Lateral profiles of sectioned root nodules

In order to confirm the localization of molecules to the dif-
ferent anatomical layers of the intact root nodules, we
used LAESI-MS to laterally profile 60 um thick nodule sec-
tions. Here, we sampled two regions, the epidermal layer
and the center of the infection-zone of the nodule
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Figure 6. Example of a LAESI-MS depth-profiling analysis of a soybean root nodule in positive ion mode.
(a) Optical image of the soybean nodule after depth profiling. Here, a small ablation crater with a diameter of 150 um can be seen (arrow acts as guide), where

the meristem side of the nodule was depth profiled.

(b) The intensities of m/z=1069.56 (red) and 616.178 (green) over number of laser pulses. The number of laser pulses was indicative of the nodule layer

sampled.

(c, d) (c) Average mass spectrum from the outer layer for 1-45 laser pulses and (d) average mass spectrum from 50 to 90 laser pulses.
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(Figure 7). We targeted three laser shots at a single sam-
pling area to ensure that all material was removed. This
resulted in ablation spots approximately 300 um in diame-
ter. When the outer region was sampled, we confirmed the
presence of several epidermal-related ions, including [soy-
asaponin Bg+H]* at m/z 1069.551 and [trihydrox-
yflavone+H]" at m/z 271.063, as shown in the intact depth
nodule experiments. As for the infection zone, [heme B]" at
m/z 616.179, [adenosine+H]* at m/z 268.104, and [jas-
monoyl aminocyclopropane carboxylate+K]* at m/z 332.121
was confirmed to be localized to the inner anatomy of the
nodules. Several monosaccharides (e.g. [monosaccha-
ride+Na]* at m/z 203.051) and flavonones (e.g. [dihydrox-
yflavone+H*] at m/z 255.063) were detected in both the
outer and inner region.

DISCUSSION

In this contribution, we demonstrated the utility of using
the ambient ionization ability of LAESI coupled with
IMS-MS to explore the symbiotic relationship between
free-living rhizobia and soybean plants and we overcame
the significant restriction of limited spectral separation in
LAESI-MS. This high-throughput technology provided an
in situ analysis method capable of revealing differentially
regulated metabolites linked to each component of the
symbiosis. We were able to detect over 700 species per
sample group and we identified 107 metabolites based on
their measured m/z, tandem MS, and calculated CCS val-
ues (Table S1). These identified molecules included fatty
acids, organic acids, flavonones, glucosides, lipids, sugars,
growth factors, and triterpenes. Furthermore, we detected
well-known metabolites linked to the BNF process within
the soybean nodules (Schubert, 1986). Using statistical
data analysis methods, we determined which of these
compounds were unique to free-living rhizobia, uninfected
roots segments, and the root nodules (i.e., a physiological
transformation based on the combination of the former
two components), all without the need for extensive sam-
ple preparation. Lastly, we were able to spatially locate
analytes within whole-root nodules by depth profiling
these samples.

By including IMS into our analysis workflow, we were
able to distinguish isomers and molecules with very simi-
lar m/z values — ions typically only distinguishable by high
mass resolving power Fourier transform-based MS (Shaw
et al., 2016). Moreover, the statistical significance of these
isobaric ions was revealed between samples, as was noted
in the case of detection a monosaccharide and theo-
phylline, which exhibited higher abundances in the unin-
fected root and root nodule, respectively. Another
advantage of IMS is that it allowed for tentative identifica-
tion of what class an unknown compound belonged to, as
indicated by the CCS range it fell within. These separations
were on the order of msec, overcoming the limitation of

© 2017 The Authors

LAESI-IMS-MS of whole soybean root nodules 349

é 100 (C) Dihydroxyflavone

-'g 80 1 Monosaccharide

c

8 607

=

o 407

2z

B 201

& 0= pul TR Sﬁyaiponinlﬁg

200 400 600 800 1000 1200
m/z

Y

A
=3

F100{

801
60

1arid

40

Heme b
20 o T
2 li.ll]j]n T U | 1

200 400 600 800 1000 1200

Relative intensity (%

o

Figure 7. Lateral profiling of 60 um thick soybean root nodule sections by
LAESI-MS, which were performed in an effort to validate location of specific
analytes.

(a, d) Bright-field images of the nodule section before LAESI-MS analyzes.
(b, f) Corresponding bright-field images after LAESI-MS analysis, respec-
tively.

(c, f) are the corresponding mass spectra from the areas analyzed in (a) and
(e), respectively. Here, MS was performed in positive ion mode for direct
comparison with the data seen in Figure 6. [Colour figure can be viewed at
wileyonlinelibrary.com].

fluid chromatography techniques prior to ionization (e.g.,
GC and LC), which are common bottlenecks of MS-based
methods.

By using LAESI-IMS-MS, we detected a wide range of
compounds with varied polarities and concentrations
within a single experiment. As such, we were able to
detect an array of molecules, in a label-free fashion,
needed to maintain efficient symbiosis. Many of these
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molecules could be associated with important biochemical
processes and their related transformations taking place
within the complex regulatory networks of the uninfected
roots and root nodules. For instance, the large class of car-
bohydrates accounts for numerous roles within plants. In
particular, sugars and polysaccharides have an essential
role in plant metabolism, development, physiology, and
storage. Our analysis revealed a high presence of
monosaccharides, disaccharides, and trisaccharides within
the plant systems (e.g., the uninfected roots and root nod-
ules), as well as in low abundance in the free-living rhizo-
bia. This correlated well with known literature that showed
similar metabolites within plant roots and nodules (Gib-
son, 2000; Lardi et al., 2016). We also detected the 5-car-
bon monosaccharide ribose in the plant systems, and we
detected its products in the form of energy metabolic coen-
zymes in the free-living rhizobia. The health of a cell can
be expressed based on the energy stored within an adeny-
lated system by recording the levels of AMP, ADP, and
ATP. The adenylated energy charge expressed as
AEC = (ATP + 1/2 ADP)/(AMP + ADP + ATP reveals the
health of a cell using a range from 0 to 1 (from less to
more healthy, respectively) (Bomsel and Pradet, 1968).
Within the free-living B. japonicum, we determined the
AEC to be 0.67 + 0.06 (accounting for in-source fragmenta-
tion of ATP). That is in agreement with previous studies
that found similar AEC values for healthy nitrogen-fixing
bacteria (Upchurch and Mortenson, 1980). Previous NMR
efforts were unable to detect these molecules in the free-
living forms (Vauclare et al., 2013).

Flavonoids play an important role in symbiotic plant-rhi-
zobia processes. A signaling cascade starts with the secre-
tion of these compounds from the plant roots recognized
by the rhizobia, leading to the nodule formation (Rolfe,
1988; Subramanian et al., 2007). In our analysis, we were
able to detect these important bioactive molecules in both
the uninfected roots and root nodules. However, taking
into account biological and statistical significance (fold
change >2 and P-value < 0.05, respectively), we observed
that the flavonoids were present at higher abundance in
the uninfected root compared to the root nodule samples.
This was as expected since these molecules act as chemi-
cal-attractant signals, drawing rhizobia to their host roots.

Legumes that undergo BNF synthesize symbiotic leghe-
moglobin proteins, which are essential for nodule develop-
ment and growth. In particular, these nitrogen and oxygen
carrier hemoproteins provide the bacteroid cells with an
adequate supply of oxygen for respiration. In our statistical
analysis of homogenized uninfected root, root nodules,
and free-living rhizobia cell pellets, we detected heme B in
the root nodule samples and the free-living rhizobia. Previ-
ously, it was suggested that free-living rhizobia produce
small amounts of heme (Nadler and Avissar, 1977). This
correlated well with our findings of heme B, which the root

nodule expressed the largest abundance, followed by the
free-living rhizobia. We did not detect heme B in the unin-
fected root samples.

Alternative biomolecules important in BNF play sec-
ondary roles, such as being defensive mechanisms against
pathogenic microbes and herbivores (e.g., triterpenoid
saponins) (Bais et al, 2006; Zhuang et al., 2013). This
diverse group of natural products is widely abundant in
plants (Achnine et al., 2005; Vincken et al., 2007), and is
involved with a wide range of bioactivities, including act-
ing as agronomic and ecological plant defense mecha-
nisms (Sparg et al., 2004; Field and Osbourn, 2008). They
are also involved in commercial applications such as cos-
metics, pharmaceuticals, and industrial biotechnology
areas (Thimmappa et al., 2014). Furthermore, the role of
triterpenoid saponins within the symbiotic interactions of
legumes and rhizobia is largely unknown. The main triter-
penoid saponins detected in soybean plants are a -
amyrin-derived oleanane-type known as soyasaponins,
which are divided into two classes, soyaspogenol A and
soyasapogenol B (Kitagawa et al., 1988). We were able to
detect seven different soyasaponins in both the uninfected
root and root nodules, as well as the abundant soyas-
aponin Aa and soyasaponin Bg in both positive and nega-
tive ion modes.

We also demonstrated that LAESI could be used to spa-
tially elucidate the metabolite composition of different
anatomical regions of the intact root nodules with minimal
sample preparation by depth profiling intact nodules. Our
demonstration did not involve an exhaustive spatial analy-
sis of nodules, but rather a ‘proof of concept’ by lateral
profiling of root nodules sections to confirm the results of
our depth-profiling experiments. This allowed us to estab-
lish that depth profiling of whole-root nodules would pro-
vide location-specific metabolic information without the
need for any sample preparation. From these results, the
role of metabolites could be revealed based on their loca-
tion within the nodule. Specifically, in the epidermal layer
of the root nodule, we detected many molecules that had a
defensive role in the plant physiology (e.g., triterpenoid
saponins). This matched with a previous report that uti-
lized a B-glucuronidase assay of saponin-deficient 1 (Sad7)
promoter that revealed the localization of saponins to the
meristematic and outer regions of indeterminate nodules
in Medicago truncatula (Kemen et al., 2014). In the inner
infection zone, we detected molecules involved in BNF
(e.g., heme B), where leghemoglobin has been associated
with the reddish color of the central infected zone of the
nodules (Brewin, 1991).

Pathway analysis of high-abundant metabolites detected
from the root nodules revealed several important networks
associated with BNF (Figure 4d). Here, we took statistically
significant metabolites detected from the homogenized
nodules and correlated them to their corresponding
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compound name based on KEGG identification numbers to
input within the pathway Viewer analysis tool (SoyKB)
based on KEGG pathways. In total, 112 metabolites met
these parameters and were used for the analysis. However,
we did not include a significant fraction of these metabo-
lites (out of the 112) for analysis as they had no representa-
tive KEGG database ID. Thus, our coverage only included a
small representation. Nevertheless, we still obtained mean-
ingful information with the top-10 pathways containing
approximately 7-21% coverage, with some of these path-
ways related to BNF. For instance, the highest percentage
coverage was the zeatin biosynthesis four of 19 metabo-
lites measured), which includes the cytokinin family as a
class of phytohormones. These molecules play a signifi-
cant role in plant growth and development, as well as in
nodule organogenesis in the root cortex (Murray et al.,
2007; Oldroyd and Downie, 2008). The second highest
pathway coverage was the riboflavin metabolism (two of
10 molecules detected), which is biosynthesized in plants
and bacteria (Bacher et al., 2000) as a direct precursor of
the flavin cofactors (McCormick, 1989). Root-colonizing
bacteria secrete riboflavin as a significant ecological factor
in host-plant root colonization and communication by rhi-
zobia, root respiration and nodulation, and in host-plant
shoot growth (Schwinghamer, 1970; Yang et al., 2002; Yur-
gel et al., 2014). Interestingly, we obtained a pathway cov-
erage of 8% purine metabolism (five of 61 species
observed), which is involved in BNF. Purine de novo
biosynthesis consists of amino acids and nucleotides, like
the molecules we detected (glutamine, adenine, and gua-
nine). These were then converted to monophosphates, fol-
lowed by oxidation to xanthine, and lastly to allantoin, a
ureide (Zrenner et al., 2006). The production of ureides in
soybean from this purine metabolism plays a huge role in
BNF, since ureides provide a nitrogen source that can be
transported from the nodule and consumed in other parts
of the plant (Smith and Atkins, 2002; Baral et al., 2016).
This untargeted approach of metabolite profiling per-
formed by LAESI-IMS-MS demonstrated the ability to
detect these amino acids, nucleotides, and fixed nitrogen
sources from purine metabolism in the nodules in a
high-throughput fashion. Overall, we were able to detect
multiple pathways associated with the BNF process within
soybean nodules. This ambient ionization method can be
translated to other biological model systems for rapid anal-
ysis of metabolites and affected biochemical networks.

In conclusion, our results illustrate the feasibility of
LAESI-IMS-MS as a high-throughput untargeted technique
for the detection of metabolites, lipids, and other small
molecules from intact root soybean nodules. We eluci-
dated the origin of the detected biomolecules from analyz-
ing uninfected root segments and free-living rhizobia.
Further analysis, incorporating internal standards into our
LAESI-IMS-MS  workflow, can provide quantitative
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information about metabolite concentrations between the
different compartments and biological components of the
root nodules. This is done by compensating for known ion
suppression and ionization efficiency issues in MS analysis
(Annesley, 2003; Bilkey et al., 2016). With the incorporation
of IMS, we expanded the coverage of the differentially
abundant metabolites, and ion mobility separation also
assisted in the detection of isomers. Depth profiling of
intact root nodules revealed the location of metabolites in
specific regions of the sample and provided context to
their biological significance. Furthermore, we gained this
spatial information without the need for extensive sample
preparation, which typically requires expensive equipment
(e.g., microtome), multiple time-consuming steps (e.g.,
preservation and embedding), and skilled technicians. The
separation timescale of IMS, in conjunction with the in situ
sampling ability of LAESI, offers a high-throughput screen-
ing method for analyzing native samples. Finally, the
potential applications of this work could lead to rapid phe-
notyping of plant tissues, a topic of considerable recent
interest.

EXPERIMENTAL PROCEDURES
LAESI-IMS-MS instrumentation

A quadrupole time-of-flight mass spectrometer with a traveling
wave IMS system (Synapt G2S; Waters, Milford, MA, USA) was
retrofitted with a homebuilt LAESI source (Shrestha and Vertes,
2014). A mid-IR laser source (IR Opolette HE 2731; Opotek, Carls-
bad, CA, USA), tuned to a wavelength of 2.94 um, delivered
7 nsec laser pulses with repetition rates ranging between 1 and
20 Hz. Using a plano-convex ZnSe lens (Infrared Optical Products;
Farmingdale, NY, USA) with a 75 mm focal length, the laser beam
was focused onto the sample. A Peltier stage was used to main-
tain the sample temperature at approximately 0°C to reduce sam-
ple degradation in the homogenized plant tissue and cell pellet
experiments. Following each laser pulse, an ablation plume was
formed that was intercepted by an electrospray aligned on-axis
with the MS orifice. The spray solution was supplied through a
stainless steel emitter (MT320-50-5-5; New Objective, Woburn,
MA, USA) at a flow rate of 500 nL/min using a syringe pump. For
positive ion mode, the electrospray solution composition was 1:1
(v/v) MeOH:water with 0.1% acetic acid and the voltage on the
emitter was kept at +3300 V. In negative ion mode, the spray solu-
tion was a 2:1 (v/v) mixture of MeOH:CHCI; and —2700 V was
applied to the emitter. For all experiments, IMS was performed
with nitrogen drift gas, supplied at 90 mL/min and 3.35 bar, and
the delay coefficient was set to 1.41 V. The height and velocity of
the traveling wave were set to 40 V and 650 m/sec, respectively.

LAESI-IMS-MS data acquisition

Bradyrhizobium japonicum cell pellets and homogenized
plant tissue. Cell culturing of B. japonicum and growth of
soybean plants (Glycine max Williams 82) are described in
more detail within Experiment Procedures S1. For bulk rhizobia
analysis, post centrifugation and washing, the cell pellets were
resuspended in 20 uL of deionized (DI) water and 10 pL of the
suspension was pipetted onto a microscope glass slide and
analyzed directly. For the homogenized plant tissue analysis,
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approximately 10 mg of the uninfected soybean roots or soy-
bean root nodules were placed into 2 mL vials that contained
40 uL of DI water. The vials were placed on ice and the con-
tents were probe sonicated (QSonica Q125, Newton, CT, USA)
for 30 sec with 1 sec pulse durations, at an amplitude of 30%,
followed by 2 sec idle time. For LAESI-IMS-MS analysis, 10 pL
aliquots of the sonicated material were placed on a glass
microscope slide.

Intact and sectioned soybean root nodules. Frozen intact
nodules were first placed into sterile DI water for approximately
2 sec and blotted dry with a lint-free tissue. Root nodules were
then immobilized onto a standard microscope slide using double-
sided tape. The laser and mass spectrometer were both scanned
at a repetition rate of 1 Hz, providing mass spectra from single
laser pulses as they ablated through the different layers of the
nodules. Sampling was complete when analytes were no longer
detected. Cryosectioning was performed using a cryostat micro-
tome (CM1800; Lecia Microsystems Inc., Nussloch, Germany) set
to —10°C. Whole nodules were immersed in 2.5% carboxymethyl
cellulose (CMC) embedding medium in a mounting tray, and
placed inside the cryostat for 30 min. Once frozen, the excess
CMC around the sample was removed with a scalpel. The sample
block was then affixed on a specimen mount with a few drops of
CMC. Root nodule sections of 60 um thickness were thaw-
mounted onto a microscope slide. Freshly sectioned root nodule
samples were imaged immediately in a microscope (IX71; Olym-
pus, Tokyo, Japan), analyzed by LAESI-IMS-MS, and then reim-
aged in a microscope to confirm the locations of the ablation
craters. Detailed information regarding data and statistical analy-
sis can be found in the supporting Experiment Procedures.
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