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Abstract

As a relatively recent research field, plant metabolomics has gained increasing interest in the past 

few years and has been applied to answer biological questions through large-scale qualitative and 

quantitative analyses of the plant metabolome. The combination of sensitivity and selectivity 

offered by mass spectrometry (MS) for measurement of many metabolites in a single shot makes it 

an indispensable platform in metabolomics. In this regard, Fourier-transform ion cyclotron 

resonance (FTICR) has the unique advantage of delivering high mass resolving power and mass 

accuracy simultaneously, making it ideal for the study of complex mixtures such as plant extracts. 

Here we optimize soybean leaf extraction methods compatible with high-throughput reproducible 

MS-based metabolomics. In addition, matrix-assisted laser desorption ionization (MALDI) and 

direct LDI of soybean leaves are compared for metabolite profiling. The extraction method 

combined with electrospray (ESI)-FTICR is supported by the significant reduction of chlorophyll 

and its related metabolites as the growing season moves from midsummer to the autumn harvest 

day. To our knowledge for the first time, the use of ESI-FTICR MS and MALDI-FTICR MS is 

described in a complementary manner with the aim of metabolic profiling of plant leaves that have 

been collected at different time points during the growing season.
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Metabolomics principally aims to measure and study small molecule metabolites that 

constitute the biological network as a means to better understand the precise biological role 

or function of a biological system at a defined developmental stage or under specific 

environmental factors1 such as pathological states of human diseases like cancer,2 diabetes,3 

autoimmune,4 and coronary diseases.5 Because of the benefit produced on human health of 

various products of plant origin such as pharmaceuticals, food, and industrial raw materials, 

metabolomics is currently being extensively applied in plant research as well as in plant 

breeding and nutrition assessment. Owing to being highly dynamic in time and space and 

showing an immense range of structural variations, no single analytical tool encompassing 

the whole metabolome is currently available. Thus, numerous analytical procedures have 

been developed6 to provide both the needed selectivity and sensitivity for their analysis in 

highly complex mixtures. These include mass spectrometry (MS),7,8 nuclear magnetic 

resonance (NMR),9,10 and vibrational (IR or Raman) spectroscopy11,12 coupled with 

separation techniques, including gas chromatography (GC),13 liquid chromatography 

(LC),14 and capillary electrophoresis (CE).15 In metabolomics research it is often the case 

using various techniques simultaneously to obtain complementary information for the 

identification and/or quantitation of metabolites.

Among the several analytical platforms nuclear magnetic resonance spectroscopy (NMR) 

and mass spectrometry (MS) are considered to be the primary analytical technologies of 

metabolomics, where they have a great potential to complement each other. Inherently high 

sensitivity and selectivity provided by mass spectrometry makes it an increasingly important 

tool for the analysis of biological systems. Thus, in attempts to obtain better metabolite 

identification and quantitation, several hyphenated approaches such as GC/MS, LC/MS, and 

CE/MS, have been developed.16–19 There is no doubt that a significant breakthrough 

achieved in the field of MS-based metabolomics was introduction of novel soft ionization 

methods, namely, electrospray ionization (ESI) and matrix-assisted laser desorption/

ionization (MALDI), for mass spectrometric (MS) analysis of a large variety of biological 

molecules ranging from small metabolites to large proteins were facilitated. In combination 

with ESI and MALDI, mass spectrometry proved to be useful in the investigation of 

biological systems.20–23 Although, the plant tissues had to be extracted by solvents through 

laborious procedures, the decrease in the analysis time due to no requirement of up-front 

separation steps (adding more challenges in data processing due to the run-to-run variability 

of the chromatographic or electrophoretic separations) motivated scientists to investigate the 

primary and secondary plant metabolites by ESI-MS.24–26
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The efforts on identification and absolute quantitation of human plasma metabolites revealed 

that Fourier-transform ion cyclotron resonance mass spectrometry (FTICR MS) has the 

potential to be a powerful new technique for high-throughput metabolomics as this 

technique delivers unmatched mass resolution, mass accuracy, and exceptional detection 

sensitivity.27 Moreover, often it requires no prior wet chemical separation, thereby 

potentially changing the whole approach to dealing with chemical and biological 

complexity.28

Herein we describe a novel analytical protocol, which consists of optimization of plant tissue 

extractions compatible with reproducible, high-throughput MS-based metabolomics and a 

combination of various soft ionization methods with FTICR MS technology for investigation 

of a plant metabolome. As a test material we have chosen soybean leaves. This is because, 

together with rice and corn, soybeans are among the most valuable cash crops in the world. 

Soybeans are used in a variety of products, primarily as protein and oil sources for humans, 

feed for livestock and aquaculture, and as a feedstock in biofuel production. Moreover, some 

of the chemical constituents in soybeans have been suggested to exhibit 

hypocholesterolemic, immunostimulatory, anticarcinogenic, antioxidatative, antidiabetic, 

and hepatoporotective activities, making the high-throughput profiling of soybean 

metabolome extremely important.29–31

EXPERIMENTAL SECTION

Chemicals

Methylene chloride (ACS grade) and methanol (HPLC grade) were from Fisher Scientific. 

Ethanol (200 proof) was from Decon Laboratories, Inc. Acetonitrile (HPLC grade) and 

bilirubin were from Sigma-Aldrich. Ammonium hydroxide and water (LC/MS grade) were 

from J. T. Baker. Alpha-4-cyanohydroxy cinnamic acid (CHCA) was from Fluka. 

Trifluoroacetic acid (TFA) was from Aldrich. Stercobilin hydrochloride was from Frontier 

Scientific (Logan, UT).

Samples Used during the Study

Soybean (Glycine max) leaves were harvested from a farm in Northern Indiana (latitude 

41.588 059, longitude –86.211 358) at the middle and conclusion (harvesting day) of a 

growing season. The harvested leaves were immediately placed in a freezer bag and stored 

on ice and remained frozen until sample processing. For laser desorption and MALDI 

experiments, small whole leaves or leaf sections were mounted onto conductive indium–tin 

oxide (ITO) coated slides (Bruker Daltonics) using Mount Quick (Ted Pella, Inc.) glue; 

curing of the glue was allowed to proceed at room temperature. For MALDI, CHCA was 

applied as the matrix using a Bruker Image Prep system.

Extraction Protocols

For positive ion mode, in an attempt to have an increased coverage of the soybean leaf 

metabolome, ground soybean leaves were extracted with ethanol, dichloromethane, and 

acetonitrile (1 mL), respectively, by maceration for 30 min at room temperature with two 5 

min periods of sonication at the beginning and at the end of the extraction period. The 
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mixtures were diluted to a total volume of 10 mL and filtered with a 0.2 mm syringe filter. 

Subsequently, aliquots of the supernatant were transferred to glass vials for further analysis. 

For negative ion mode, following the pulverization, soybean leaves were extracted with 1 

mL of mixture of ethanol–ammonium hydroxide, dichloromethane–ammonium hydroxide, 

and acetonitrile–ammonium hydroxide in the ratio of 99:1, respectively. That is followed by 

application of exactly the same protocol described above.

Data Collection and Processing

All mass spectra were collected on a Bruker Daltonics 12 T SolariX FTICR mass 

spectrometer equipped with an ESI source and a SmartBeam II frequency-tripled (355 nm) 

Nd:YAG MALDI source. Both positive and negative ion mode analysis was conducted. For 

positive ion mode ESI, the solvent extracts after filtration were directly analyzed; for 

negative ion mode ESI, the sample extracts contained 1% ammonium hydroxide by volume. 

For direct laser desorption, analysis was conducted on leaves mounted on the ITO slides 

without additional treatment. For MALDI, leaves mounted onto ITO slides were coated with 

matrix using the ImagePrep system with saturated CHCA solutions dissolved in 3:7 

acetonitrile/0.1% aqueous TFA. For FTICR, mass spectra were collected as 1 or 2 MWord 

data sets and displayed in magnitude-mode. For peak-picking within the data sets, all peaks 

with signal-to-noise ≥5 were found, producing hundreds of unique m/z peaks in each mass 

spectrum. This complexity is only in part due to the high chemical complexity of the 

soybean leaf extracts; it is also complicated due to the existence of isotopic envelopes for 

each chemical species. To decrease the complexity of isotopic contributions and/or multiple 

charge states (for ESI), the mass spectra were deconvoluted using the resolved-isotope 

deconvolution function in Bruker’s Data Analysis software to produce peak lists for each 

component; ethanol extracts contained far more detected components than dichloromethane 

or acetonitrile extracts, or by direct laser desorption/MALDI analysis of the leaves, so 

ethanolic extracts were further examined for metabolite changes during the growing cycle. 

In the experiments where the quantities of each metabolite relative to an internal standard 

(stercobilin) were performed, five replicates were acquired. Using the online Metaboanalyst 

3.0 Web-based statistical tool,32 peak lists of m/z and absolute intensity were aligned 

(0.0025 m/z window) and normalized relative to stercobilin; fold-change in abundance was 

calculated and heat maps of metabolite differences between the summer and autumn harvest 

leaf extracts were generated in Metaboanalyst.

RESULTS AND DISCUSSION

ESI of Soybean Leaf Extracts

Soybean leaf extracts in ethanol (~330 different ion signals), acetonitrile (134 different ion 

signals, 80 of which were not observed in the ethanol extracts), and methylene chloride (36 

different ion signals, 27 of which were not observed in the ethanol extracts) were performed 

and examined by positive and negative ion ESI-FTICR. Direct infusion ESI was chosen over 

LC-ESI to minimize method development time, storage size requirements of the data, 

analysis time, and cost. Extractions were performed on soybean leaves harvested in the 

middle of the growing season (midsummer) and on the final day of the growing season 

(autumn) immediately prior to harvest. For positive ion ESI, the mass spectra provided 
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strong signal in the absence of any added acid or base. For negative ion ESI, optimal ion 

signal was observed when the extracts were spiked with 2% ammonium hydroxide. 

Extractions of the soybean leaves in ethanol provided significantly more ion signals than the 

extractions in acetonitrile or methylene chloride; a comparison of the ESI-FTICR mass 

spectra from ethanol extracts from summer-harvested leaves and autumn-harvested leaves is 

shown in Figure 1. Supplementary Figure 1 shows positive ion ESI-FTICR mass spectra of 

the other summer leaf extracts while Supplementary Figure 2 shows negative ion ESI-

FTICR mass spectra of these extracts. There are notable differences in the appearance of 

ethanolic summer leaf extracts compared to autumn leaf extracts. The most intense peak 

observed in the ethanolic summer leaf extract in Figure 1a has an exact m/z 871.571. CID of 

this peak (Figure 2a) leads to loss of 278.296 amu, which corresponds to neutral loss of 

C20H38; such a neutral loss is known for chlorophylls including pheophytin a.33–36 Thus, the 

correspondence of exact mass to the (M + H)+ ion (−2.5 ppm) and the MS/MS data indicates 

this species is pheophytin a. The peak at m/z 893.540 corresponds to the (M + H)+ ion of 

chlorophyll a (−2.9 ppm), as confirmed by its CID tandem mass spectrum (Figure 2b); the 

(M + K)+ ion of chlorophyll a was also detected at m/z 931.496. Pheophytin a and 

chlorophyll a are still present in the autumn leaf extracts, but their abundances are 

significantly depleted (discussed in the following section). CID of three other metabolites at 

m/z 996.639, 1022.691, and 1418.098 (Figure 2c–e) indicate that these are closely related to 

chlorophyll a, as each produces a strong fragment ion consistent with chlorophyll a as well 

as a fragment due to loss of the phytyl group at m/z 615.2444. These substances do not 

match any previously identified chlorophyll metabolites, so isolation of these species and 

further NMR characterization to augment the MS/MS data is warranted. Weak intensity 

peaks are also observed for chlorophyll b for its (M + H)+ and (M + K)+ ions at m/z 907.519 

and 945.475, respectively.

Several peaks in the ethanol extracts of soybean leaves are attributed to the species dilauryl 

thiodipropionate with m/z 515.413, 537.394, and 553.368 corresponding to the (M + H)+ 

(+0.3 ppm), (M + Na)+ (−1.5 ppm error), and the (M + K)+ (−1.3 ppm) ions, respectively. 

The (M + 2Na – H)+ and (M + Na + K – H)+, and (2M + K)+ ions for this species are also 

detected, as are (M + H)+ and (2M + Na)+ and (2M + K)+ ions for a species oxidized to the 

sulfoxide derivative. Dilauryl thiodipropanoate is a common antioxidant found in 

plasticizers and cosmetics37 and has been detected as a leachate from polypropylene tubes38 

but is not known to be endogenous to soybeans; therefore, these peaks were excluded in the 

analysis of metabolite changes according to growing season detailed below. Thus, while 

ethanol may effectively extract many components from soybean leaves, it is important for 

future studies to recognize potential contamination from dilauryl thiodipropionate onto leaf 

surfaces if specimens are stored in plastic bags used in food packaging; it may be advisible 

to use glass Petri dishes instead. Nevertheless, Figure 1 readily shows that the molecular 

composition of the extracts changes over the course of the growing season, the quantitative 

nature of which will be discussed in the following section.

Relative Quantitation Differences for Senescence from ESI-FTICR

As discussed above, pheophytin a and chlorophyll a, two key metabolites involved in 

photosynthesis, are prominent in ethanol extracts of summer-harvested leaves but are 
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depleted in the autumn-harvested leaves. Many other m/z were decreased in autumn soy leaf 

extracts, while some m/ z are observed to increase as the season progresses from summer to 

autumn. Over 330 unique m/z were detected in both the summer and autumn extracts. In 

order to quantify the level of analyte change between seasons, 100 μL aliquots of ethanol 

extracts of leaf composites from both summer- and autumn-harvest were spiked with 2 μg of 

stercobilin for normalization. Stercobilin is a tetrapyrrole produced from the metabolism of 

heme in mammals that is additionally processed by microbiota in the colon; stercobilin is 

not known to exist in plants and is not observed in the unspiked ethanol leaf extracts. 

Because both chlorophyll a and stercobilin are structurally related to heme, and because of 

our own knowledge of its fragmentation behavior,39 it seemed an extremely appropriate 

reference for normalization in assessing the effect of seasonal variation in the abundance of 

key soybean leaf metabolites. The peak list generated was used to search the Human 

Metabolome Database (HMDB) for possible matches.40

Figure 3 displays a graphical representation of several m/z and log(fold change in 

normalized abundance) as a function of the time the soybean leaves were harvested; positive 

log(fold change) values therefore show greater abundance in summer, while those with 

negative log(fold change) values show greater abundance in autumn. Chlorophyll a is found 

to be greater by almost 300× in the summer-harvested ethanol leaf extracts in comparison to 

the autumn-harvested leaf extracts, consistent with the observation of substantially decreased 

green coloring of the autumn-harvested leaves. The depletion of pheophytin a is less 

dramatic, as its relative level falls by only 2.65×. Other metabolites we identified as being 

related to chlorophyll a are also more abundant in summer, with the m/z of 996.64 depleted 

270× and m/z 1022.70 depleted 122×; chlorophyll b is depleted 120–132×. A full table of 

the metabolites and their relative fold change in abundance vs the internal standard in going 

from summer to autumn is provided as Supplementary Table 1; possible matches from 

HMDB are indicated in Supplementary Table 1. Other possible metabolites more than an 

order of magnitude more abundant in summer leaf extracts include soyacerebroside, several 

phospholipids, and numerous di- and triacyl glycerols.

Likewise, the (M + Na)+ peak due to C40H56, which is attributed to carotenes, is only 6.1% 

the relative abundance level in summer as in the autumn leaf extracts. This does not 

necessarily mean that carotene content increased as the season progressed; it could be that 

the significant depletion of chlorophylls enabled more efficient ionization of carotene.

The disaccharides with the formula C12H22O11 are detected as (M + Na)+, which increases 

by almost a factor of 50 from summer to autumn, suggesting that the breakdown of complex 

carbohydrates is well under way in the autumn-harvested leaves. A heat map of the 50 most 

important metabolite differences in the summer and autumn leaf extracts generated by 

Metaboanalyst 3.0 is shown in Figure 4. The heat map very nicely demonstrates clear 

distinctions between the metabolite profiles and which metabolites are abundant in summer 

vs those which are abundant in autumn. However, it is important to recognize that the 

complexity of the leaf matrix may suppress ionization of some chemical constitutents; thus, 

even with normalization, caution needs to be exercised when quantitative analysis of leaves 

is performed.

Yilmaz et al. Page 6

Anal Chem. Author manuscript; available in PMC 2017 January 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MALDI-FTICR

Another approach that has shown great promise for differentiation of seasonal variations in 

plant leaf metabolic profiles is leaf spray ionization.36 However, whether using ESI of 

solvent-extracted leaves or leaf spray, the use of solvents biases analysis to only those 

substances that are soluble in them. An approach that would avoid such bias and ionize 

substances directly from the leaf surface is MALDI. Here, MALDI is performed with CHCA 

matrix that is pneumatically deposited onto a soybean leaf affixed onto an ITO glass slide 

with Clear Mount glue (which is allowed to cure under ambient conditions). Seasonal 

variation in the metabolic profile of substances at the surface of soybean leaves is indicated 

in Figure 5; Figure 5a is the MALDI FTICR mass spectrum of a leaf collected on harvest 

day, while Figure 5b is the MALDI FTICR mass spectrum of a leaf collected during 

midsummer. While there are intensity differences between the ions observed, qualitatively 

most of the same m/z values are observed in both cases. Both the autumn- and summer-

harvested leaves show a series of ions differing by an exact mass consistent with C2H4O2, 

for example, the pairs at 831.23/891.25 amu and 849.24/909.26 amu, respectively. Perhaps 

of more interest is that these species are not observed in the ethanol extracts of soybean 

leaves shown in Figure 1, indicating that MALDI can ionize compounds not solubilized in 

extracts amenable to ESI, highlighting the complementary information obtained by the 

MALDI and ESI approaches. Indeed, the ~320 unique signals of the extracts by MALDI, 

about 98% were not detected by ESI. Of these, 53 matched one (or more) candidate 

identifications with the HMDB database.

There are three striking differences between the MALDI mass spectra of the autumn- and 

summer-harvested leaves. First is the presence of a series of ions in Figure 5a differing by a 

mass consistent with C3H6; this series is absent in Figure 5b obtained from the summer-

harvested leaves. In addition, the most prominent ion series in Figure 5b from the summer-

harvested leaves exhibits a mass difference of 162.05 Da, which is consistent with hexose 

groups. This ion series is less prominent (although present) in the autumn-harvested leaves 

(e.g., the triad of peaks at 747.20, 909.26, and 1071.32 amu), especially at higher m/z. 

Likewise, there is a decrease in intensity of the related ion series shifted 60.02 Da lower than 

the hexose series, consistent with a difference in formula of C2H4O2.

LDI Comparison with MALDI

As noted above, MALDI showed differences between the metabolic profile whether 

harvested midsummer or autumn or based on different anatomic features in the leaf itself. 

MALDI expanded the applicability of laser desorption and ionization (LDI) methods by 

greatly increasing the mass range and substantially improving ion signal, even for lower 

molecular weight substances.41 However, it was unclear whether MALDI is absolutely 

necessary for profiling metabolites from soybean leaves. For example, Hölscher et al. 

demonstrated that matrix-free LDI can be performed for direct profiling of plant leaf and 

petal metabolites in imaging mass spectrometry because of the presence of UV-absorbing 

secondary metabolites.42 Thus, we performed direct LDI on the soybean leaf. The mass 

spectra generated by LDI on soybean leaves collected on the day of harvest and midsummer 

are compared in parts a and b of Figure 6, respectively. These mass spectra were collected in 

blade regions between veins. The direct LDI mass spectra are qualitatively very similar, 
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whether the leaf was harvested in autumn or summer. This contrasts with the MALDI mass 

spectra of soybean leaves shown in Figure 5. Of the ~100 unique peaks, approximately 70% 

are unique to LDI, with only 5% overlap with ESI. Of these, only 16 matched one (or more) 

candidate identifications with the HMDB database. In addition, the absolute intensities of 

the detected ions are an order of magnitude smaller for LDI (absolute intensity ~107) vs 

MALDI (absolute intensity ~108). Therefore, it is clear that MALDI is preferable to LDI for 

soybean leaf metabolomics profiling. Supplementary Table 2 and Supplementary Table 3 

provide lists of the monoisotopic m/z values for ions identified after deconvolution for 

MALDI and LDI, respectively.

Since LDI does not use a matrix as MALDI does, there is potential for LDI to have higher 

lateral or spatial resolution for imaging MS. Our SolariX system possesses a camera and an 

ability to specify the area for laser desorption to occur. LDI of a single soybean trichome, a 

leaf hair projecting from the leaf epidermis, from a summer-harvested soybean leaf 

generates the mass spectrum shown in Figure 7. While the LDI mass spectrum of the 

trichome shows most of the same m/z as are found in Figure 6b, a compilation of random 

laser shots across the leaf, a greater number of higher m/z peaks beyond m/z 1300 are 

observed. This at least suggests that it may be possible to differentiate some anatomic 

features of the leaf using LDI imaging MS, similar to our recent report of MALDI imaging 

MS of a soybean leaf using two-dimensional graphene as a matrix,43 and is a subject worthy 

of future investigation.

CONCLUSIONS

Extractions of soybean leaves harvested at two different time points, midsummer and harvest 

day, show clear differences in the metabolite profile as determined by ESI-FTICR mass 

spectrometry. Moreover, when changes in species abundance relative to an internal standard 

are evaluated, a marked decrease in chlorophyll-related metabolites from summer to autumn 

is notable, along with a significant rise in the level of disaccharides. However, solubility 

limitations prevent many soybean metabolites from being detected in extracts. For many of 

these, MALDI or LDI may be used to examine directly the raw plant leaf tissue. MALDI 

generates a higher overall signal intensity than LDI for direct leaf profiling and also benefits 

from greater distinguishing features between autumn- and summer-harvested leaves than 

does LDI. LDI could be employed at different coordinates on the leaf surface, as shown for 

direct analysis of a leaf trichome (hair). Of course, with MALDI there is the potential for 

interference between the matrixes used and many potential low mass metabolites, so high-

resolution mass analyzers would be preferable for MALDI of plant leaves.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Positive ion ESI-FTICR mass spectrum of ethanol extracts of soybean leaves: (a) 

midsummer-harvested and (b) autumn-harvested.
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Figure 2. 
ESI-FTICR MS/MS spectra of metabolites related to chlorophylls using collision induced 

dissociation: (a) pheophytin a, (b) chlorophyll a, (c) chlorophyll-related metabolite at m/z 
996.639, (d) chlorophyll-related metabolite at m/z 1022.691, and (e) chlorophyll-related 

metabolite at m/z 1418.098.
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Figure 3. 
Plot of the log (fold change in relative intensity summer/ autumn) as a function of m/z for 

ethanol extracts of soybean leaves. All peak intensities have been normalized to the intensity 

of the stercobilin internal standard.
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Figure 4. 
Heat map of relative intensity for replicates of ethanol extracts of soybean leaves harvested 

in summer and autumn. The heat map shows quite clearly that many metabolites deplete as 

the growing season progresses while others become much more abundant during the latter 

stages of the growing season.
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Figure 5. 
MALDI-FTICR mass spectra of (a) autumn-harvested and (b) summer-harvested soybean 

leaf.
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Figure 6. 
Direct LDI-FTICR mass spectra of (a) autumn-harvested and (b) summer-harvested soybean 

leaf.
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Figure 7. 
Direct LDI-FTICR mass spectrum of a soybean trichome.
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