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Abstract

27

Germination is a highly complex process by which seeds begin to develop and establish

28

themselves as viable organisms. In this paper, we utilize a combination of GC-MS, LC-

29

fluorescence, and mass spectrometry imaging (MSI) approaches to profile and visualize the

30

metabolic distributions of germinating seeds from two different inbreds of maize seeds, B73 and

31

Mo17. GC and LC analyses demonstrate that the two inbreds are highly differentiated in their

32

metabolite profiles throughout the course of germination, especially with regard to amino acids,

33

sugar alcohols, and small organic acids. Crude dissection of the seed followed by GC-MS

34

analysis of polar metabolites also revealed that many compounds were highly sequestered among

35

the various seed tissue types. To further localize compounds, matrix-assisted laser

36

desorption/ionization MSI is utilized to visualize compounds in fine detail in their native

37

environments over the course of germination. Most notably, the fatty acyl chain-dependent

38

differential localization of phospholipids and TAGs were observed within the embryo and

39

radicle, showing correlation with the heterogeneous distribution of fatty acids. Other interesting

40

observations include unusual localization of ceramides on the endosperm/scutellum boundary,

41

and subcellular localization of ferulate in the aleurone.

42
43
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48

INTRODUCTION

49
50

Plants use seeds as the propagule to ensure reproduction to the next generation, and over

51

the past 10,000 years human civilizations have established agricultural practices to ensure a seed-

52

based food supply (Larson et al., 2014). Therefore, deciphering the processes that enable seeds to

53

perform their biological functions is of importance in understanding how plants are propagated,

54

and is also of practical importance to improve agriculture. Seeds are designed to survive long

55

periods of dormancy in a relatively dry state, and the process of germination is initiated by the

56

imbibition of water. During this germination process, many metabolic changes occur, most of

57

which are associated with the catabolism of seed storage products (proteins, polysaccharides and

58

lipids) into metabolically useable, simpler chemical forms that are either used as precursors to

59

assemble the growing seedling or are oxidized via energy-producing biochemical pathways to

60

thermodynamically support growth (Bewley, 1997, 2001).

61

The specific metabolic processes that support seed germination are somewhat dependent

62

on the taxonomic clade of the plant, which determines seed tissue/organ organization and the

63

nature of the seed storage compounds. Specifically, the seeds of the Poaceae family of monocots

64

are characterized by a starch- and protein-filled endosperm, and their catabolism by digestive

65

enzymes produced in the outermost layer of the endosperm (i.e. the aleurone) provides the

66

carbon-based and nitrogenous precursors for the growth of the embryo, which is comprised of

67

the embryonic axis and the scutellum (Dante et al., 2015). Thus, during seed germination the

68

glycolytic and oxidative pentose phosphate pathways are induced to metabolize the hydrolyzed

69

starch. The smaller quantities of seed storage proteins are also catabolized to provide the amino

70

acid precursors for new protein synthesis in the embryo, or carbon-skeletons for re-assimilation

71

into anabolic processes or further catabolized for energy generation. Finally, lipid in the form of

72

triacylglycerol is stored in a specialized tissue (in maize, the scutellum), and its catabolism via

73

the beta-oxidation of fatty acids can provide the elongating embryo axis an energy source.

74

Alternatively, coupling with the glyoxylate pathway, which is induced during germination,

75

carbon from fatty acids can be used to assemble new metabolic intermediates to support embryo-

76

growth (Firenzuoli et al., 1968; He et al., 2015).

77

Thus, seed germination requires the coordinated induction of a number of processes that

78

are non-uniformly distributed among the tissues and organs of the seed. Many of the metabolic
2
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79

pathways that are induced during the seed germination processes that involve starch, oil, and

80

protein turnover have been studied via molecular, genetic, and biochemical studies (Ingle et al.,

81

1964; Limami et al., 2002; Shu et al., 2008; Zhang et al., 2009). Therefore, techniques that allow

82

for the determination of spatial localization of metabolites in fine detail, specifically mass

83

spectrometry imaging (MSI), should allow for further insight into the mechanisms and actions of

84

the pathways that are integral to seed germination.

85

MSI has become an increasingly powerful technique to provide spatial distribution of

86

biological molecules within tissues (McDonnell and Heeren, 2007). In a typical MSI experiment,

87

a sampling probe is rastered across a tissue sample with mass spectra collected at each raster

88

point. Following data acquisition, the spatial distribution of ions of interest can be visualized

89

based on the x-y coordinates of the collected spectra. Various sampling probes have been

90

adopted for MSI along with accompanying ionization methods (McDonnell and Heeren, 2007;

91

van Hove et al., 2010). Owing to its ease of use, high sensitivity, and ability to ionize a wide

92

variety of molecules, matrix-assisted laser desorption/ionization (MALDI) has been the most

93

widely used MSI technique. MALDI-MSI can obtain high-spatial resolution images of ions,

94

allowing for visualization of fine structures. Spatial resolution of ~20 μm size has become

95

routine in MALDI-MSI, and 2-5 μm spatial resolution has been demonstrated by several groups,

96

with the latter providing a means for locating metabolites within subcellular compartments

97

(Zavalin et al., 2013; Korte et al., 2015).

98

Recently, MALDI-MSI has begun to see increased application in the study of plant

99

biology (see recent comprehensive reviews, (Kaspar et al., 2011; Lee et al., 2012)). Here, we

100

applied MALDI-MSI in combination with GC-MS and HPLC-based analyses of extracts to study

101

the distributions and profiles of metabolites in germinating maize seeds at four different time

102

points after imbibition. Two contrasting maize genotypes (inbreds B73 and Mo17) were

103

compared during germination to explore the metabolic differences arising from the genetic

104

differences between these two inbreds. GC-MS and HPLC-based metabolite profiling of extracts

105

prepared from the physically dissected seeds was used to distinguish between the metabolomes

106

of the two inbreds during early germination, and provide a quantitative validation of the MSI

107

localization data. Three different MALDI matrices were used in either positive or negative ion

108

mode to image the spatial distribution of a wide range of metabolites. This integrated approach

109

provides unprecedented insights into the spatially resolved coordination of metabolic processes
3
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110

that are sequestered among the germinating embryo axis, the lipid rich scutellum, the nutritive

111

endosperm, the digestive aleurone, and outer pericarp cell layers during the early stages of seed

112

germination.

113
114

RESULTS

115

Overview of Experimental Workflow

116

A schematic of the experimental workflow is provided in Fig. 1. Maize seeds were

117

collected from the B73 and Mo17 inbreds at four time points during the early phases of

118

germination (0.2-h, 12-h, 24-h and 36-h post imbibition). At each time point, 9 seeds comprising

119

three biological replicates (3 seeds each) were immediately flash frozen and extracted for whole-

120

seed metabolite profiling. These extracts were analyzed via a GC-MS non-targeted global

121

metabolite analysis platform, and via an LC-fluorescence based targeted analysis platform for

122

amino acids. In addition, at the 12-h and 36-h time points, 9 seeds comprising three biological

123

replicates (3 seeds each) were collected for GC-MS analysis of seeds dissected into component

124

endosperm, embryo, tip-cap and pericarp. In parallel, 3 additional seeds from each of the four

125

time points were flash frozen in liquid nitrogen and were subjected to MSI analysis. These seeds

126

were sectioned with 10 μm thickness (25 sections per seed) and four sections (#s 5, 11, 17, 22)

127

were inspected via optical microscopy. The three sections nearest to the most intact section as

128

determined via optical microscopic inspection were used for MSI analysis. Microscopic analysis

129

revealed detailed morphological features of the seed that include: the pericarp, which is the

130

outermost layer of the seed, the aleurone layer of the endosperm, the endosperm itself, the

131

embryonic axis, the scutellum and the tip-cap. As germination progressed, the radicle also

132

became visible as it protruded from the embryonic axis of the embryo. It is important to note that

133

it can be difficult to distinguish between the multicellular pericarp and the single cell aleurone

134

layer at lower magnification. In the cases where these cell layers cannot be distinguished, we will

135

refer to these as the aleurone and/or pericarp.

136

The analytes that can be characterized through MSI are often significantly limited by the

137

choice of matrix and ion polarity. In this work, MSI analysis was performed on the three tissue

138

sections with one of three different matrices, 1,5-diaminonaphthalene (DAN), 9-aminoacridine

139

(9AA), and 2,5-dihyroxybenzoic acid (DHB), to cover a relatively wide range of analytes. DAN

140

and 9AA were used in negative ion mode (m/z range 50-1000), while DHB was used in positive
4
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141

ion mode (m/z range 50-800, and m/z range 600-1600). In total, 72 seed sections were analyzed

142

by MSI (2 inbred lines x 3 seeds per time point x 4 time points x 3 sections per seed for each of

143

the three matrices).

144

acquisition time in this large-scale experiment, while still providing sufficient spatial resolution

145

to match the morphological features observed in the optical images.

A spatial resolution of 100 μm was used to minimize the total data

146

Over the course of the analyses, hundreds of analytes were observed by both MSI and the

147

GC- and LC-based metabolite profiling platforms. However, due to biological and analytical

148

variation, many low abundance analytes were not reproducibly detected across all data sets. We

149

therefore limit our discussion to the more abundant analytes that were consistently observed

150

across three biological replicates. For simplicity of presentation of the MSI data, all the m/z

151

values and mass tolerances used in producing images are summarized in Table S1, as well as

152

color scales used to produce false color images.

153
154

Analysis of the metabolomes of germinating seeds

155

The non-targeted GC-MS metabolomics analyses of the whole seeds at four germination

156

time points detected 162 analytes, of which 63 were chemically identified. These metabolites

157

include sugars (monosaccharides and disaccharides), sugar acids, organic acids, phenolics,

158

nitrogenous metabolites, polyols, esters, lipids, fatty acids and sterols (Table S2). There are clear

159

differences in the metabolome between the two inbreds, and the metabolite profile is also

160

affected by the germination process. Using the log-ratio plots, we evaluated the degree to which

161

these differential metabolites between the inbreds are differentially affected by the germination

162

process (Fig. 2A). In these comparisons we used the 12-hour time point as the “anchor” for all

163

comparisons among genotypes and the seed germination time line. At this anchor time point,

164

there are 63 metabolites that accumulate at significantly different levels between the inbreds. By

165

comparing such log-ratio data at each of the four time points, one can gain insights of how the

166

germination process affects the metabolome. One readily recognizable class of metabolites that

167

are clearly distinct between the two inbreds is the amino acids, and this platform detected 10 of

168

the proteinogenic amino acids. We therefore confirmed these differences with a second

169

analytical platform, which specifically targeted amine-containing metabolites with LC-

170

fluorescence, and this detected 18 of the proteinogenic amino acids (Table S3), the exceptions

171

being proline and cysteine. In both the targeted LC-amino acid platform (log-ratio plot in Fig.
5
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172

S1) and the non-targeted GC-MS metabolomics platform (Fig. 2A), most amino acids are at

173

significantly higher levels in Mo17 seeds than B73. These data are consistent with previous

174

studies of these inbreds that identified Mo17 mature seeds having a higher amino acid content

175

than B73 (Römisch-Margl et al., 2010). As the germination process proceeds, these differences in

176

amino acid content between the two inbreds is reduced, so that by 36-h post-imbibition the

177

profiles are almost identical except for Lys, Thr, and Arg that are still slightly higher in Mo17

178

and Trp that is now slightly higher in B73 (Fig. S1).

179

More broadly, 64% of the detected metabolome (i.e., 104 metabolites) accumulates to

180

different levels between the two inbreds at least at one time-point during the germination process

181

(p<0.05 in Table S2). Among the 104 metabolites that accumulate differentially among any of

182

the time-points, 21 are differential at all time-points evaluated (Fig. 2B), and 15 are differential

183

among any of three consecutive time-points. Seven of the first group are chemically identified

184

and appear to be intermediates of metabolic processes that would be expected to be hyperactive

185

during seed germination. These are specifically associated with carbohydrate metabolism (i.e.,

186

sorbitol, cellobiose, rhamnose and talose), which may be associated with starch mobilization that

187

is occurring during the breakdown of the endosperm tissue, or possibly cell wall deposition as

188

the new seedling tissues begin to be assembled. Eight of the chemically identified metabolites

189

that are differential among the 3 consecutive time-points are amino acids (i.e., Asp, Glu, Thr) in

190

the 3-early time points, and lipids (i.e., stigmasterol, sitosterol and linoleic acid) that are

191

differential among the 3 latter time points. These profiles are consistent with seed storage

192

protein mobilization, which occurs at the earlier stages of seed germination, and membrane

193

deposition occurring later in the process as the seed radicle begins to grow and emerge. Finally,

194

among these chemically identified differentially expressed metabolites are succinic acid and

195

fumaric acid, which as intermediates of the TCA cycle and these would be associated with high

196

rates of respiration that is needed to support the germination process (Bewley et al., 2012).

197

Collectively these data indicate that these metabolic processes are differential between the two

198

inbreds, which correlates with the phenotypic observation that these two inbreds germinate at

199

different rates.

200

Bearing in mind that a germinating maize seed consists of different tissues, each of which

201

express diverse metabolic processes, we evaluated the distribution of the metabolome among

202

four distinct seed organs that are readily separable by microdissection (i.e., the pericarp and
6
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203

aleurone layers, the embryo, endosperm and tip-cap). The metabolomes of these microdissected

204

organs were evaluated at 12-h and 36-h post-imbibition. Because of the wider range of

205

metabolites that were detected, the GC-MS analysis of the metabolomes of the microdissected

206

seed organs focused on the polar class of metabolites. These analyses revealed the relative

207

abundances of 218 analytes, of which 75 were chemically defined (Table S4). Fig. S2 shows the

208

log-ratio plot for the relative abundances of all analytes between Mo17 and B73, comparing the

209

metabolomes of each dissected organ and the metabolomes of the whole seed.

210

An obvious advantage in the micro-dissected dataset is that it reaches lower abundance

211

metabolites, revealing the relative abundances of an extra 56 analytes (Table S4) that were not

212

detected when whole seeds were analyzed. More significantly, the metabolites that are the most

213

differential between the metabolomes of the whole seed are different when one considers the

214

metabolomes of the separated organs, which is indicative of the different metabolic processes

215

that are being expressed in these individual organs. At both time-points, the endosperm and

216

embryo tissues account for the majority of the differentially expressed metabolites. About half

217

of these are shared among multiple evaluated organs, but about 20% of the metabolome is

218

uniquely differential in either the embryo or endosperm tissues (Fig. 2C and 2D).

219

endosperm specific differential metabolites are primarily amino acids at 12-h post-imbibition,

220

but by 36-h these are a mixture of amino acids, sugars and organic acids. This is consistent with

221

the degradation of the starch and seed storage proteins that are concentrated in the endosperm of

222

maize seeds, and indicate different rates of their catabolism between the two inbreds.

The

223

Therefore, these data indicate that as the seed germination process proceeds, the

224

expressed metabolome changes between inbred lines with larger changes occurring in the

225

embryo, followed by the endosperm and tip-cap. Fewer differentially expressed metabolites

226

occur in the metabolome of the pericarp and aleurone tissues. More refined analyses of the non-

227

uniform distribution of the metabolites in the different tissues of the germinating maize seed was

228

obtained by MS-imaging.

229
230

Heterogeneous distribution of the mobilization of seed storage reserves

231

In the grasses, energy in dormant seeds is predominantly stored as polysaccharide starch

232

granules within the endosperm, which can be mobilized by hydrolytic enzymes (e.g. - and -

233

amylases) released by the aleurone and scutellum of germinating seeds (Zeeman et al., 2007).
7
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234

The images in Figure 3A show large hexose polysaccharides (Hex5-9), presumably degraded

235

from starch, are observed at low abundance levels and are localized in the endosperm.

236

Disaccharides, predominantly sucrose, are also observed and are present at much higher levels

237

and primarily constrained to the germinating embryo. At the later stages of germination, the

238

disaccharide signal appears to be concentrated more extensively in the emerging radicle of the

239

embryonic axis. Disaccharide is also detected within other tissues such as the endosperm and

240

pericarp and/or aleurone, but at lower abundance. These non-homogeneous distributions of the

241

polysaccharides are conserved in both B73 and Mo17 inbreds, and are consistent with the

242

mobilization of sucrose within the scutellum and transport to the embryonic axis, specifically the

243

radicle (Sánchez-Linares et al., 2012).

244

Seed oil energy reserves in maize are localized to the embryo, which is in contrast to

245

other cereal grains (e.g. wheat and oat) that store oil in the endosperm (Leonova et al., 2010).

246

Embryonic localization of four TAG species differing in fatty acyl chain composition is shown in

247

Fig. 3B. At the initial stages of germination (i.e. 0.2 and 12-h), TAGs are homogeneously

248

distributed throughout the embryo, including the embryonic axis and the scutellum. As

249

germination progresses and the radicle of the embryonic axis begins to elongate, TAGs begin to

250

display non-uniform localization patterns, similar to fatty acid and phospholipid molecular

251

species, as will be discussed later.

252

During the germination process, amino acids become available from the breakdown of

253

storage proteins initiated by the hydrolytic activity of protease enzymes synthesized in the

254

protein storage vacuoles (PSV). The reduced nitrogen associated with these amino acids can be

255

used for additional de novo synthesis of amino acids (Bewley et al., 2012). Because of their low

256

ionization efficiency and amphiprotic nature, amino acids are difficult to analyze by MALDI-MS

257

(Toue et al., 2014). Despite this known difficulty, three amino acids were reliably detected in the

258

MSI experiments, these being lysine, arginine, and proline (Fig. 3C). Lysine and arginine are

259

barely detectable in B73 seeds, but are clearly visible in Mo17 seeds. This striking difference in

260

the abundance of lysine and arginine between the two inbreds is consistent with the parallel

261

profiling data of these amino acids generated by LC-fluorescence analysis of o-phthaldialdehyde

262

(OPA)-derivatives conducted on extracts of seeds (Fig. S1); the concentrations of these amino

263

acids are significantly lower in extracts of B73 seeds than Mo17 seeds throughout the

264

germination process. The LC method could not analyze proline levels in these extracts because
8
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265

the OPA-derivatization requires a primary amine group. Rather, proline concentrations were

266

compared from parallel GC-MS analyses of the polar extracts of seeds (Fig. 2A and S2). These

267

data are in agreement with the MALDI-MSI data, with proline levels being similar or slightly

268

higher in B73 seeds than Mo17 seeds. The MSI-data establish that the accumulation of these

269

amino acids (lysine, arginine and proline) is concentrated in the embryonic axis and the

270

scutellum of the seed embryo. Moreover, in later time-points, proline is more prominent in the

271

radicle of the seed, but lysine and arginine appear to be less abundant in the radicle. These MSI-

272

based visualizations of the in situ localization of these amino acids are consistent with the direct

273

quantitative measurement of the levels of these amino acids in extracts of micro-dissected

274

embryo tissues of the maize seeds (Fig. S3).

275
276

Metabolites enriched in pericarp/aleurone layers

277

The pericarp and aleurone layers of the seed are responsible for the protection of the

278

mature seed, as well as the initial uptake of water that begins germination. As germination begins

279

in maize, many of the enzymes needed to break down storage molecules in the seed are released

280

from the aleurone layer of the endosperm (Chrispeels and Varner, 1967; Fincher, 1989; Bernier

281

and Ballance, 1993). In this work, three metabolites are found to be uniquely located at the

282

perimeter of the cross-section and therefore can be surmised to be located either in the pericarp

283

(outermost layer of the kernel) or the aleurone layer, which is the outermost single-cell layer of

284

the endosperm. The three metabolites remained localized to this region of the seed throughout

285

the germination process, and were not detected in the embryo or the endosperm (Fig. 4A). This is

286

in contrast to most other metabolites, such as sucrose (Fig. 3A) or citrate (Fig. 5), that are found

287

in the aleurone and/or pericarp, but also in other tissues. One of these metabolites (m/z 193.051)

288

was identified as ferulate by accurate mass (< 5ppm) and MS/MS (Fig. S4). However, useful

289

MS/MS spectra could not be obtained for the other two ions (m/z 135.046 and m/z 161.025)

290

because of their low abundance. The chemical compositions calculated from the accurate masses,

291

C8H8O2 and C9H6O3, respectively, suggest they may have at least one aromatic ring.

292

The spatial resolution used in this experiment, 100 μm, was not sufficient to determine

293

whether these metabolites are specifically localized to the multiple cell layers of the pericarp or

294

the single-cell layer of the aleurone. To further explore the exact location of these compounds, a

295

high-resolution MSI experiment was performed with 10 μm spatial resolution on a small region
9
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296

of the outer perimeter of B73 maize seeds at 24-h post-imbibition (Fig. 4B, 4C). Because of the

297

limited sensitivity inherent with a much smaller sampling area, only ferulate provided sufficient

298

ion signal to produce a clear image. The ferulate image was compared with that of the

299

phospholipid phosphatidylinositol (PI) 34:2 and malate to better understand the relative

300

localization of these compounds. Comparing these molecular images with the corresponding

301

optical image (Fig. 4B) and overlaying MS images with the optical image (Fig. 4C), ferulate

302

(red) appears to be present exclusively in the aleurone layer, particularly at the boundary

303

between the aluerone and the pericarp, while the phospholipid PI 34:2 (green) is present

304

throughout the aleurone layer, and malate (blue) is localized in the endosperm and the pericarp

305

layer of the seeds.

306
307

Localizations of Respiratory Intermediates - Phosphorylated Metabolites and Organic Acids

308

During the process of seed germination, respiration of seed reserves enables energy

309

generation in the absence of photosynthesis, supporting the development of the seedling until it

310

protrudes from the soil and is able to harness solar energy via photosynthesis. Respiration

311

initiates within minutes of imbibition by the activation of cytosolic enzymes for glycolysis, the

312

oxidative pentose phosphate pathway, and enzymes for the TCA cycle in mitochondria (Bewley

313

et al., 2012). The distributions of two phosphorylated intermediates of respiration, hexose

314

phosphate and glycerol phosphate, and one or possibly two organic acids of the TCA cycle,

315

citrate and/or isocitrate, are shown in Fig. 5. The phosphorylated metabolites are most likely

316

glucose-6-phosphate and glycerol-3-phosphate, respectively, but we cannot distinguish among

317

the possible regio- or stereoisomers by MALDI-MS or MS/MS experiments. Similarly, we are

318

also unable to distinguish between citrate and isocitrate, and the resulting image is likely an

319

integration of the distribution of these two metabolites.

320

In both inbreds, hexose phosphate and glycerol phosphate are localized in the

321

germinating embryo and the aleurone and/or pericarp of the seeds, and this location is unaltered

322

throughout the germination process. Hexose phosphate appears to be slightly less abundant in the

323

radicle, whereas glycerol phosphate is more homogeneously distributed throughout the embyro.

324

The organic acids, citrate/isocitrate, are observed first at 0.2-h post-imbibition, and they are

325

predominantly concentrated in the perimeter (i.e. the aluerone and/or pericarp) of the seed. As

326

germination progresses, citrate/isocitrate also occurs within the radicles and scutella of both
10
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327

inbreds, similar to the hexose phosphate and glycerol phosphate compounds; the former is

328

probably associated with the induction of the glyoxylate pathway or TCA cycle, which is

329

induced during germination to convert lipid-derived carbon to sugars via acetyl-CoA

330

intermediate, while the latter two are an intermediate and side product of glycolysis, respectively

331

(Bewley et al., 2012).

332

Malate is another molecule involved in the TCA cycle and is detected in all replicates at

333

all time points. Unlike citrate, its localization is found only in the endosperm of the seed and

334

radicle of some more fully developed seeds (Fig. S5A). This is not compatible with GC-MS

335

analysis of the micro-dissected seed samples that indicated most of the malic acid is present in

336

the embryo of the seed rather than the endosperm (Fig. S5C). In contrast, citrate is much more

337

abundant in embryos (Fig. 5) matching well with the dissected GC-MS data (Fig. S5D).

338

According to our previous experience on MSI of leaf tissues, malate is often difficult to obtain

339

reproducible results unless the tissues are prepared fresh and analyzed as soon as possible.

340

Hence, we suspect this observation may be an artifact coming from the degradation of malate

341

during tissue storage. To confirm this hypothesis, a separate MSI experiment was conducted on a

342

seed that was analyzed on the same day it was collected. In this experiment, we found the

343

majority of the malic acid in the embryo as expected (Fig. S5B).

344
345

Differential distributions of lipid classes accentuated in the emerging radicle

346

In monocotyledons (i.e. monocots) such as maize, the embryonic axis develops into two

347

main parts: the radicle, which is the primary root and is protected by the coleorhiza, and the

348

plumule, or collection of leaf primordial, which is protected by the coleoptile. The germination

349

process transitions into seedling growth with the protrusion of the radicle from the embryo.

350

These anatomical structures develop with significant cell extension with or without cell division.

351

Radicle growth through cell extension is a turgor-driven process that will involve the assembly

352

of new membranes, requiring lipid biosynthesis (Bewley, 1997, 2001). We therefore applied

353

MALDI-MSI to localize lipids during the germination process. MALDI-MS efficiencies are

354

dramatically different for each lipid class, depending on their chemical functionalities. Three

355

matrices were used in positive and negative ion modes to visualize different classes of lipids.

356

DHB was used in positive ion mode for phosphatidylcholine (PC) and ceramides; 9AA was used
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357

in negative ion mode for fatty acids; and DAN was used in negative ion mode for

358

phosphatidylethanolamine (PE), phosphatidic acid (PA) and phosphatidylinositol (PI).

359

Fig. 6 compares the spatial distribution of four fatty acids, palmitate (16:0), stearate

360

(18:0), oleate (18:1), and linoleate (18:2) between the two inbreds at four germination stages.

361

Over the course of the germination process, palmitate and linoleate occur homogeneously

362

throughout the embryo in both inbreds. In contrast, stearate is partially and oleate is almost

363

completely absent from the radicles of both inbreds. This unprecedented finding is similar to the

364

localization of TAGs (Fig. 3), and phospholipid classes (Fig. 7). However, it is in contrast to the

365

GC-MS metabolomics data, which do not provide any spatial localization information for these

366

fatty acids between the genotypes or changes associated with germination time points (Fig. S6),

367

and do not offer any indication of this unique, non-uniform localization of oleate.

368

The spatial localization of four different classes of phospholipids (PE, PA, PI and PC)

369

was compared in germinating seeds at 36-h post-imbibition (Fig. 7A). These analyses also

370

evaluated the distribution of different phospholipid molecular species arising from different

371

combinations of fatty acyl chains. As may be expected from the fact that new cells are being

372

generated as the embryo is undergoing expansion (in contrast to the endosperm, which is being

373

consumed), all four phospholipids are most highly abundant in the embryo.

374

contrasting localization patterns depending on the phospholipid class and on the molecular

375

species of the phospholipids. With all four phospholipids and in both inbreds, the phospholipids

376

with the most unsaturated acyl chains (36:4) show an even distribution between the radicle and

377

the other embryonic tissues. For PI, PC, and PA, the more saturated phospholipids (i.e., in the

378

order of 36:3, 36:2, and 36:1) are less concentrated in the radicle as compared to other embryonic

379

tissues. In contrast, PE shows a unique localization pattern, with molecules of an even number of

380

double bonds (36:4, 36:2) being homogeneously distributed over the entire embryo, including the

381

radicle, but PEs with an odd-number of double bonds (36:3, 36:1) being less abundant in the

382

developing radicle. These differential localization patterns were also observed at all time points

383

during the germination process (Fig. S7).

There are

384

To further investigate the non-uniform distribution of phospholipids, quantitative

385

comparison was made from two mass spectra averaged over selected pixels from the radicle and

386

scutellum of seeds developed with a radicle. Fig. 7B shows the ratio of each lipid molecular

387

species, comparing signal strength for pixels in the radicle to the signal strength for pixels in the
12
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388

scutellum. This analysis confirms the visual patterns observed from the MS images; namely, the

389

signal strength for the more saturated PA, PI, and PC is lower in the radicle region, whereas the

390

signal strength of PE is lower only for those species with an odd number of double-bonds. The

391

unique localization of PE compared to the other phospholipid molecular species may be related

392

to the unusually high abundance of PE 36:2. Fig. 7C illustrates these abundance differences

393

among the phospholipids in the radicle region. Whereas the most abundant molecular species

394

are 36:4 for PC, PA and PI and the more saturated forms of these phospholipids occur at lower

395

levels, 36:2 is the most abundant PE, followed by PE 36:4. With the exception of PE 36:2, which

396

is slightly, but statistically higher in Mo17 than in B73 (p~0.01) and accordingly lower

397

abundance of PE 36:4 (p~0.03), there are no other significant differences between the genotypes.

398

The differential localization of phospholipids between the radicle and scutellum of the

399

embryo is consistent with the relatively lower abundance of oleate (18:1) in the radicle (Fig. 6).

400

To investigate this possible correlation, we took advantage of the MS/MS capabilities of the

401

MALDI-MS instrument used in this study and performed MS/MS imaging experiments. In

402

MS/MS, a specific precursor ion can be selected and fragmented, and the mass spectra of

403

fragment ions can be interpreted to extract structural information of the precursor ions. In the

404

current MS/MS imaging experiment, a four-step data acquisition pattern (Fig. S8) was used to

405

selectively acquire the MS/MS data for four PA and PE molecular species (PE 36:3, PE 36:2, PA

406

36:3 and PA 36:2). Fig. 8A shows MS/MS spectra obtained from the MS/MS imaging

407

experiment for PA 36:2 and PE 36:2 in the radicle region of a 24-hr Mo17 seed (similar results

408

were seen for B73). For these 36:2 lipid species, there are two fatty acyl chain combinations

409

possible: 18:2/18:0 and 18:1/18:1. The MS/MS spectrum of PA 36:2 has each of the three fatty

410

acyl fragments (18:2, 18:1, and 18:0), indicating the presence of both the 18:2/18:0 and

411

18:1/18:1 combinations. In contrast, MS/MS of PE 36:2 shows only the 18:2 acyl fragment in the

412

radicle of Mo17, indicating it is primarily comprised of the 18:2/18:0 combination. Because

413

MS/MS preferentially induces fragmentation at the sn-2 position for PE and PA species (Hou et

414

al., 2011), the inability to observe the 18:0 acyl fragment could indicate that PE 36:2 has the 18:2

415

fatty acyl chain predominantly located at the sn-2 position. Parallel MS/MS experiments of PA

416

36:3 and PE 36:3 reveals the occurrence of both 18:2 and 18:1 acyl fragments, confirming the

417

occurrence of these two fatty acyl chains in these lipids (Fig. S9).
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418

Relative quantification between 18:2/18:0 and 18:1/18:1 was performed from this dataset

419

for PA and PE species in the radicle and scutellum, as shown in Fig. 8B. Similar to Fig. 7B and

420

7C, in this calculation MS/MS spectra were averaged from pixels in the radicle and the

421

scutellum, and fatty acyl fragments were summed to calculate the proportion of each molecular

422

species. It should be noted, however, that because of the difference in the fragmentation

423

efficiency between sn-2 and sn-1 positions this is not an exact quantification of the four lipids.

424

Regardless, these calculations indicate that PE 36:2 (18:2/18:0) is the predominant PE species

425

both in the radicle and scutellum, matching the homogeneous images of the distribution of PE

426

36:2 (Fig. 7A), and of linoleate (Fig. 6) throughout the embryo. In contrast, PA 36:2 (18:1/18:1)

427

occurs at significantly higher levels in the scutellum than in the radicle, consistent with the

428

heterogeneous distribution of oleate among these two tissue types (Fig. 6).

429

The non-symmetric distribution of 18:2-containing phospholipids between scutellar and

430

radicle tissues suggests that the supply of 18:2-fatty acid maybe differential between these two

431

tissues. We directly tested this hypothesis by assaying the expression of the fatty acid desaturase

432

that converts 18:1 to 18:2. Specifically, we evaluated FAD2 mRNA levels by qRT-PCR using

433

RNA isolated from the dissected scutellar and radicle tissues. Bioinformatic analysis of maize

434

genome data (Sen et al., 2010; Petryszak et al., 2016) identified six putative FAD2 genes based

435

upon sequence homology to the Arabidopsis FAD2 gene (At3g12120); these being annotated as

436

GRMZM2G169240,

437

GRMZM2G161792 and GRMZM2G064701.

438

GRMZM2G056252 and GRMZM2G064701 are expressed at measurable levels in germinating

439

embryonic tissue during the initial 36-hours after imbibition; the expression of the other 4 FAD2-

440

like genes were detectable by RT-PCR, but their levels were too low to obtain robust quantitative

441

expression data. However, later in the germination process (at 48 hours post-imbibition), 2 of

442

these FAD2-like genes were induced (i.e., GRMZM2G169240 and GRMZM2G169261) (Table

443

S5), but this induction was not relevant to testing of the MSI-generated hypothesis.

GRMZM2G169261,

GRMZM2G174766,

GRMZM2G056252,

Initial assays (Table S5) identified that only

444

Fig. 9 shows the expression profile of the GRMZM2G056252 and GRMZM2G064701

445

mRNAs over the seed germination time-period evaluated by MSI and metabolomics analyses.

446

These data indicate that these two FAD2 genes are initially expressed at similar levels between

447

the radicle and scutellar, but expression subsequently increases in the radicle by between 3- to 7-

448

fold. This increased expression in the radicle occurs in both inbreds (B73 and Mo17), reaching
14
Downloaded from on November 9, 2017 - Published by www.plantphysiol.org
Copyright © 2017 American Society of Plant Biologists. All rights reserved.

449

peak expression at 36-hours post-imbibition. These data are consistent with the elevated levels of

450

18:2-containing PE in the radicle.

451

Several ceramide (Cer) molecular species were also observed in both inbreds, and their

452

accumulation is persistent throughout the course of germination. Fig. 10A shows the distribution

453

of Cer d42:1 and Cer t42:0, and the distributions of other Cer species (Cer d42:2, d40:1, t40:0)

454

are shown in Fig. S10. We have previously performed MS/MS of Cer d42:1 in germinated B73

455

maize seed confirming its structure (Feenstra et al., 2015), and we are also confident of the

456

assignment of other ceramides based on the accurate mass determinations of the ions, all within 5

457

ppm mass error; however, MS/MS was not successful for other ceramides due to their low

458

abundances. All ceramides have unique localization patterns that are different from the other

459

lipid classes that were imaged. In both inbreds, and throughout the course of germination, all the

460

detected ceramides are located on the endosperm side of the endosperm-scutellum boundary. Fig.

461

10B shows this contrasting localization, comparing the distribution of Cer d42:1 with the

462

embryo-specific PC 34:2, relative to the endosperm-scutellum boundary.

463
464

Discussion

465

The process of seed germination is a particularly interesting biological process driven by

466

cellular and metabolic coordination among several spatially distinct compartments to

467

successfully establish the seedling. Because of the agricultural importance of cereal grains,

468

previous metabolomics-based work has focused on these processes during the germination of

469

rice (Shu et al., 2008) and the malting process for barley (Frank et al., 2011). However,

470

traditional metabolomics analyses often prove laborious and challenging, with limited spatial

471

information. Conversely, MSI presents a straightforward analytical capability that provides high-

472

resolution spatial distribution data for small metabolites (< 1.5 kDa) but at the cost of limited

473

quantitative information and total number of metabolites detected. In this work, a combination of

474

GC- and LC-based metabolomics analyses were combined with an MALDI-MSI approach to

475

study the quantitative metabolite profile data and spatial distribution of metabolites during the

476

germination of seeds of two maize inbreds, Mo17 and B73. These complementary strategies

477

provided a path to investigate both genotypic and developmental differences that occur during

478

germination, as well as provide quantitative and finely-detailed spatial localization of

479

metabolites.
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480

The genetic diversity within maize is vast, as recently evidenced by rampant structural

481

variation in genic content and copy number variation across maize inbreds (Springer et al., 2009;

482

Lai et al., 2010; Swanson-Wagner et al., 2010; Hirsch et al., 2014). Inbreds B73 and Mo17 were

483

selected in state-sponsored public breeding programs led by Land Grant institutions Iowa State

484

University and University of Missouri, respectively in the early 1900s continuing to today. B73

485

is derived from the Stiff Stalk Synthetic population generated and maintained at Iowa State

486

University and Mo17 was selected from Lancaster Sure Crop material first developed in

487

Lancaster, PA (Troyer, 2004). The B73 and Mo17 inbreds share a rich history in the public

488

sector as key founders of U.S. germplasm (Lu and Bernardo, 2001) and development of

489

agronomically important hybrids, both in the public and private sectors (Troyer, 2009). These

490

important inbreds differ significantly in their genomic structures, both in terms of presence-

491

absence variation in gene content as well as in the prevalence of single nucleotide

492

polymorphisms, occurring on average every ~80 bp (Fu et al., 2006; Vroh Bi et al., 2006) based

493

on comparison of published genome sequence (Schnable et al., 2009). The genetic diversity

494

between B73 and Mo17 translates into metabolic, physiological and phenotypic differences,

495

including differences in germination rates and germination efficiency for inbreds B73 and Mo17

496

that have been observed under different environmental conditions (Munamava et al., 2004). This

497

genetic diversity between the two inbreds has also led to differences in the metabolome, as was

498

observed in our metabolic assessment of early germination of maize seedlings.

499

significant metabolic difference between germinating B73 and Mo17 seeds was in the enhanced

500

accumulation of free amino acids in Mo17.

The most

501

The fact that four of the amino acids (i.e. Arg, Asn, Gln, Lys) showing higher abundance

502

in Mo17 vs. B73 are the carriers of reduced nitrogen may indicate that these metabolic processes

503

are of significance in the interaction between carbon and nitrogen metabolism, as the

504

germinating seeds adjust the physiological needs of the emerging seedling from different starting

505

points in the amino acid profiles available in each inbred. Consistent with this hypothesis is the

506

fact that these amino acid profiles are differentially affected by the germination processes, with

507

threonine, lysine, arginine and asparagine occurring at higher levels in Mo17 than B73 at the

508

earlier stages of germination (12-h and 24-h post-imbibition), and glutamine levels also

509

increasing in abundance in Mo17 at early stages and in B73 by 36-h post-imbibition.

510

Germination efficiency has been shown to be correlated to differential expression of enzymes
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511

involved in aspartate-derived metabolism and, in turn, differential metabolism of specific amino

512

acids (Anzala et al., 2006) as well as nitrogen-derived amino acid metabolism, specifically

513

related to an amino acid-anabolism enzyme, glutamine synthetase (Limami et al., 2002).

514

Moreover, quantitative genetic approaches utilizing B73xMo17 derived germplasm to dissect the

515

genetic basis for germination phenotypes have identified candidate genes involved in amino acid

516

metabolism (Kollipara et al., 2002).

517

A second clear metabolome difference between the two inbreds is in the preferential

518

accumulation of small organic acids in B73 (i.e. malate, pyruvate, fumarate) as compared to

519

Mo17. Interestingly, quantitative genetic analyses of recombinant inbred populations derived

520

from B73 and Mo17 parental inbreds have identified quantitative trait loci associated with

521

germination under both optimal and low temperature conditions. Although numerous candidate

522

genes were identified (> 3000), one encodes a malate dehydrogenase (Hu et al., 2016).

523

Collectively, the observed differences in metabolite accumulation between Mo17 and B73 across

524

early germination provide testable hypotheses regarding their impacts on differential germination

525

efficiency and other germination-related traits that have been shown to differ across maize

526

inbreds.

527

Chromatography-based metabolite profiling generated quantitative data of small

528

molecules, such as sugar monomers, organic acids, amines and amino acids, fatty acids, and

529

sterols, which establish that germinating seeds of the two maize inbreds are readily

530

distinguishable at the level of the expressed metabolome (Fig. 2). While these analyses provided

531

global profiles of the seed metabolomes from which one can generate statistical quantitative

532

correlations among individual metabolite abundances as affected by development and genotype,

533

detailed information on the localization of the metabolites at the cellular level was lost. Further

534

such analyses of seeds micro-dissected to separate different seed organs provided

535

compartmentalization information of the metabolites, and demonstrated that the metabolome of

536

these different organs vary with respect to the developmental program of germination, and is

537

further differentially affected by different genotypes (Fig. 2C and 2D). In general, however,

538

even with the micro-dissected organs, the localization of the metabolites is limited to large,

539

physically separable structures, each of which are made up of a combination of different tissue

540

types with differing metabolic capabilities. Cell-type specific analysis can be done by sorting

541

cells or using laser capture microdissection, but such analysis is not typically applicable for
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542

metabolomic profiling because of the potential metabolite turnover during the laborious sample

543

preparation process. Furthermore, the unknown degree to which these physically separated

544

organs may be cross-contaminated complicates the interpretation of these data. MSI, therefore,

545

offers a convenient means of overcoming the limitations of the chromatography-based

546

metabolite profiling techniques in generating spatially resolved data, with fine-scale localization

547

information in maize seeds at the cellular level.

548

Combining MALDI-MSI data with chromatography-based analyses allows for more

549

comprehensive coverage of the metabolome beyond that obtainable by either one individually.

550

For example, GC-MS revealed the relative abundance of small sugar molecules (tetroses,

551

pentoses, hexoses and disaccharide), and analysis of micro-dissected seed organs indicated that

552

these small sugars are primarily localized to the embryo as compared to the endosperm, and they

553

also occur in the pericarp and/or aleurone tissues. MSI was only able to visualize the

554

disaccharide species, and that data is in agreement with the distribution determined from the

555

chromatographic analysis of micro-dissected organs. However, MSI provided additional

556

information by successfully visualizing the location of large polysaccharides (Hex5 to Hex9), all

557

of which are localized to the starchy endosperm of the seed (Fig. 3A). These results are

558

consistent with the expectation that starch breakdown during germination occurs initially by the

559

action of α- and β-amylase secreted from the scutellum and aleurone. These oligosaccharides are

560

broken down to their constituent glucose units and are transported to and taken up by the

561

scutellum, where they are reassembled into sucrose, the disaccharide likely visualized by MSI

562

(Bewley, 2001; Nonogaki, 2008). The localization of the presumable sucrose disaccharide in the

563

emerging radicle is consistent with the previously reported mobilization of sucrose within the

564

scutellum and subsequent transport to the embryonic axis, specifically to fuel cell elongation in

565

the radicle (Sánchez-Linares et al., 2012).

566

A similar benefit of combining metabolomic and MSI data is observed when one

567

considers the patterns observed for the different fatty acids and lipid molecular species. GC-MS

568

analysis was limited to being able to detect fatty acids primarily of 16 and 18-carbon chain

569

lengths after derivatization to volatile methyl-esters. In contrast, MALDI-MSI can not only

570

detect these fatty acids without derivatization, but also detect larger non-volatile lipid molecules

571

such as phospholipids, ceramides, and triacylglycerols. Both MSI and GC-MS showed similar

572

fatty acid profiles with minor differences in their relative abundances between the two inbreds.
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573

However, MSI revealed differential localization of the fatty acids dependent on the degrees of

574

unsaturation. Homogeneous distributions were observed within the embryo for palmitate and

575

linoleate, but absences were seen in radicles for oleate and partially for stearate (Fig. 6).

576

Similar differential patterns of spatial distribution were observed for phospholipids and

577

TAGs depending on their fatty acyl species, in that oleate contributes to the absence in radicles

578

and linoleate contributes to the homogeneous embryonic distributions. For example, fully

579

unsaturated TAG 54:6 (18:2/18:2/18:2) is highly homogeneous throughout the embryo, but

580

becomes absent in the radicle as the degree of saturation increases (Fig. 3B). Phospholipids of PI,

581

PA, and PC show the same trend as TAGs for their absence in the radicle being correlated with

582

the degree of saturation (Fig. 7). PE shows apparently different localization from other

583

phospholipids by having PE molecular species with even-number of unsaturation (36:4, 36:2)

584

evenly distributed throughout the radicle and embryo. However, MS/MS experiments revealed

585

that this is due to the high radicle content of 18:1/18:1 in other 36:2 phospholipids, while PE

586

36:2 is mostly composed of 18:2/18:0 (Fig. 8B). These results suggest that the heterogeneous

587

distribution of fatty acids dictates the fatty acyl chain dependent differential localization of

588

lipids. Such non-uniform distribution has previously been observed in cotton (Horn et al., 2012)

589

and Camelina seeds (Horn et al., 2013); thus, this is not unique to maize, but apparently a more

590

general phenomenon. However, the specifics of the distribution are unique for each species,

591

likely owing to the different anatomy and biological properties of these seeds.

592

Because plant systems use PC as the substrate for fatty acid desaturation, specifically the

593

FAD2 enzyme that generates 18:2 (Bates et al., 2013; Samuels et al., 2013), we evaluated

594

whether this non-uniform distribution of the unsaturated phospholipids may reflect the

595

distribution of this biosynthetic enzyme. We found that only two of the six FAD2 encoding

596

genes of maize are expressed at this stage of seed germination (namely GRMZM2G056252 and

597

GRMZM2G064701). Moreover, consistent with the hypothesis generated from the MSI data we

598

found that these two FAD2 genes are preferentially expressed in the radicle tissue relative to the

599

scuttelar tissue, providing a potential explanation for the enrichment of the 18:2-containing lipids

600

in the former.

601

Ceramide molecular species detected by MSI showed incredibly unique localizations that

602

were significantly different from any other lipid species detected in this work. By directly

603

comparing to PC molecular species, we found that the ceramides are localized to the endosperm
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604

side of the endosperm/scutellum boundary. Previous work has reported the presence of

605

ceramides in maize (Dietrich et al., 2005), as well as in the bran and endosperm of rice grains

606

(Fujino et al., 1985), supporting our observed localization of ceramides in the endosperm of the

607

maize seeds. Although detailed biochemical understanding of the biological functions that

608

ceramides play in plants is relatively poor in comparison to mammalian and fungal organisms

609

(Kolesnick, 2002; Levy and Futerman, 2010), they are thought to be important for plant growth

610

and defense. Inhibition of their biosynthesis by a mycotoxin (Williams et al., 2007) or mutations

611

in the biosynthesis pathway leads to programmed cell death and disease states in plants (Lynch

612

and Dunn, 2004; Markham et al., 2013), whereas induction of their biosynthesis via

613

overexpression of ceramide synthases leads to impacts in biomass accumulation, growth and

614

mycotoxin resistance (Luttgeharm et al., 2015).

615

In

conclusion,

this

study

successfully

demonstrated

the

combined

use

of

616

chromatography-based metabolite profiling and MALDI-MS based chemical imaging to

617

elucidate the metabolite profile and spatial distribution of metabolites in the complex processes

618

of seed germination in maize. The traditional metabolomics approaches offered comprehensive

619

metabolite coverage of small molecules, which demonstrated that there are significant

620

differences in the metabolite profiles between inbreds during germination, as well as between

621

different seed organ/tissue types of the same inbred. Conversely, MALDI-MSI offers more

622

detailed spatial information on the distribution of the metabolites, especially in terms of unusual

623

localizations of lipids. This study demonstrates the synergy that can be gained by combining

624

these strategies to reveal new insights into complex biological processes that integrate

625

capabilities of different cellular compartments.

626
627

Materials and Methods

628

Seed germination and harvest

629

Seeds of maize (Zea mays L.) inbreds B73 and Mo17 were imbibed and germinated

630

similar to previously described (Liu et al., 2013). Briefly, seeds were placed in deionized water

631

and imbibed while shaking at 300 rpm for 10 minutes. These seeds were then placed embryo side

632

down on moist filter paper in Petri dishes. Plates were incubated in a greenhouse under a diurnal

633

cycle of 15 h light and 9 h dark at 27° C and 24° C, respectively.
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634

Germinating seeds were collected at four time points, 0.2-h, 12-h, 24-h, and 36-h, with

635

the 0.2-h time point corresponding to those taken immediately after 10 minutes of imbibition. At

636

each time point, seeds were collected that appeared similar in terms of their developmental stage.

637

Three seeds chosen for MSI were sectioned longitudinally, and immediately flash frozen in

638

liquid nitrogen and stored at -80° C. From another batch of seeds grown in identical conditions,

639

nine seeds were chosen at each time point for total metabolite and amino acid analysis. Whole

640

seeds were frozen in liquid nitrogen and dried using a vacuum lyophilizer (Labconco Corp.,

641

Kansas City, MO); then, three seeds were combined as one biological replicate and pulverized

642

using a Mixer Mill 301(Retsch GmbH, Germany) in 2 ml Eppendorf tubes for total metabolites

643

analysis. A companion set of germinating seeds of similar shapes were collected at the 12-h and

644

36-h time points, micro-dissected to separate the pericarp and/or aleurone (these two layers could

645

not be separated), tip-cap, embryo and endosperm, and then followed the same

646

lyophilization/pulverization process above for each dissected tissue.

647
648

Cryosectioning

649

Each seed was removed from -80° C storage and quickly placed cut-side down into a

650

plastic cryo-mold (Electron Microscopy Sciences, Hatfield, PA, USA). A warm, 10% w/v gelatin

651

solution was poured into the cryo-mold such that the solution completely covered the seed. The

652

mold was then held over liquid nitrogen until the gelatin became mostly opaque (~1/2 of the

653

gelatin) and then transferred to a -20° C freezer to complete the freezing process.

654

The frozen gelatin block was then removed from the cryo-mold and mounted on a

655

cryostat chuck. The seed was then cut down to the tissue region of interest (for example, the

656

embryo axis containing the radicle, if the radicle was present in the seed) using a Leica CM1520

657

cryostat (Leica Biosystems, Buffalo Grove, IL, USA) until the embryonic tissue was visible,

658

following which consecutive 10 µm tissue sections were collected on adhesive tape windows

659

(Leica Biosystems) to preserve structural integrity of the tissue sections. The adhesive windows

660

were then taped face-up onto chilled glass slides and stored at -80° C. A total of 25 sections

661

were taken from each seed and a subset were subjected to either microscopic imaging or MSI

662

analysis.

663
664

Microscopy and MALDI imaging preparation
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665

Microscope images of four sections (numbers 5, 11, 17, and 22 of the 25 collected) were

666

obtained using an Olympus SAH-10 stereo-microscope (Olympus Scientific Solutions, Waltham,

667

MA) with an AxioCam HRC and Axio Vision software (Carl Zeiss Inc., Thornwood, NY) to

668

provide finely detailed images. From these images, the highest-quality section was selected

669

based on the clear visualization of developmental stage and section integrity. The sections

670

nearest to this section were chosen for mass spectrometry imaging. The sections selected for MSI

671

were placed on a chilled aluminum plate and then allowed to slowly equilibrate to room

672

temperature under vacuum, preventing condensation and water-soluble metabolite delocalization.

673

Matrix application was performed via sublimation-vapor deposition as previously described

674

(Hankin et al., 2007). Briefly, the sample was attached to the bottom of the sublimation flask

675

condenser, 300 mg of matrix was added to the bottom of the flask, and the flask was sealed and

676

evacuated to ~20 mtorr. The condenser was cooled with a dry ice/acetone slurry. After cooling

677

the condenser, the flask was placed into a pre-heated heating mantle and maintained at a constant

678

temperature (140° C for DAN and DHB, 170° C for 9-AA) for 3-6 minutes until matrix

679

deposition was visible on the tissue surface. After matrix application, tape windows were

680

transferred to a MALDI plate and inserted into the mass spectrometer for MS imaging.

681
682

MALDI-MS Imaging

683

MS imaging data was acquired using a MALDI-linear ion trap (LIT)-Orbitrap mass

684

spectrometer (MALDI-LTQ-Orbitrap Discovery; Thermo Finnigan, San Jose, CA) modified to

685

use an external diode-laser pumped frequency-tripled Nd:YAG laser (355 nm, Elforlight, UVFQ

686

series). For DAN and 9AA in negative ion mode, Orbitrap MS data were acquired using a 100

687

μm raster size for the m/z range of 50-1000. For DHB in positive ion mode, each raster step (100

688

μm) is broken down into two spiral steps (50 μm each), and Orbitrap MS scans were performed

689

for m/z 50-800 and m/z 600-1600, respectively. For all imaging runs, the laser spot size was ~40

690

µm estimated from the burn mark on thin DHB film, except the high-spatial resolution

691

experiment in Figure 5 where the laser spot size was ~10 µm adjusted using a beam expander in

692

the optical beam path. Laser pulse energy and number of shots were optimized for each matrix.

693

Data analysis and image generation were performed using ImageQuest and Xcalibur

694

software (Thermo). Image normalization was performed for some images and is noted in the

695

figure caption. Mass values and tolerances used to generate images are summarized in Table S1.
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696

For some metabolites, MS images were generated after normalization to the total ion count (TIC)

697

at each pixel (defined by the raster step) to minimize spot-to-spot variation, and the same color

698

scale is used regardless of genotype or germination time point. For most of the metabolites,

699

however, MS images are produced in absolute ion scales without normalization due to the fact

700

that normalization can distort the images for low abundance ions, and the color scheme was

701

arbitrarily adjusted for each image to obtain an image with the highest contrast to display where

702

the metabolite is localized without accentuating background noise.

703

Separate MS/MS experiments were performed using collision-induced dissociation of the

704

linear ion trap. For m/z 193.051, a collision energy of 100.0 was used with an activation time of

705

30 ms and an isolation mass window of 0.8 Da. For phospholipid MS/MS, a collision energy of

706

45.0 was used with an activation time of 30 ms and isolation mass window of 1.0 Da.

707
708

Total Metabolites Analysis

709

Total metabolite extractions were carried out as described previously (Schmidt et al.,

710

2011). Extracts were prepared from ~20 mg of lyophilized and pulverized whole seeds and

711

dissected seed fractions. Each sample was spiked with two internal standards (25 g of ribitol

712

and 25 µg nonadecanoic acid for polar and non-polar fractions, respectively) and 0.35 ml of hot

713

methanol (60 C) was added and incubated at the same temperature for 10 min, followed by

714

sonication for 10 min at full power. To this slurry, 0.35 ml of chloroform and 0.3 ml of water

715

were added and the mixture was vortexed for 1-3 min. After centrifugation for 5 min at

716

13,000xg, 200 l of the upper phase (polar fraction) and 200 l of the lower phase (non-polar

717

fraction) were separately removed into 2 ml GC-MS vials, and dried in a Speed-Vac concentrator

718

(model SVC 100H, Savant, NY). Both polar and non-polar extracts were analyzed for whole

719

seed samples, and only the polar fractions were analyzed for micro-dissected samples.

720

Double derivatization via methoximation and silyation was performed to protect ketone

721

functional groups and to increase the volatility of the compounds, respectively.

722

methoximation, 50 µl of 20 mg/mL methoxyamine hydrochloride dissolved in dry pyridine was

723

added, and the reaction was conducted at 30 C for 1.5 hours with continuous shaking.

724

Silylation was performed by the addition of 70 L of N,O-Bis(trimethylsilyl)trifluoroacetamide

725

(BSTFA) with 1% trimethylchlorosilane (TMCS) and incubated at 65 C for 30 min. One

726

microliter of the derivatized samples was injected to GC-MS in splitless mode. GC-MS analysis
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For

727

was performed using an Agilent 6890 GC interfaced to an Agilent 5973 quadrupole MS with a

728

HP-5ms column (30 m x 0.25 mm x 0.25 m, Agilent).

729

programmed from 70 to 320° C at 5° C/min with helium flow rate at 1.0 mL/min and inlet

730

temperature at 280o C. EI-MS ionization energy was set to 70 eV and the interface temperature

731

was 280° C.

The temperature gradient was

732
733

Amino acid analysis

734

Amino acids analysis was carried out following a method similar to that previously

735

described by Guan et al. (Guan et al., 2015). About 10 mg of lyophilized maize seed powders

736

were extracted with 1 mL of hot water at 85° C for 30 min, and spiked with 10 µM butylamine

737

internal standard. The samples were briefly centrifuged for 5 min, passed through a syringe filter

738

with 0.2 µm pore size, and subjected to LC-fluorescence amino acid analysis with pre-column

739

derivatization of primary amino acids with o-phthaldialdehyde (OPA).

740

LC-fluorescence analysis was performed using an Agilent 1110 HPLC with a

741

fluorescence detector (FLD) with a Hypersil ODS C18 reverse phase column (250mm x 4mm,

742

5µm; Thermo). Excitation and emission wavelengths for FLD were set at 337 nm and 454 nm,

743

respectively. Solvent system used were buffer A (10% methanol (MeOH) in 10 mM NaH2PO4,

744

pH 7.3), buffer B (80% MeOH in 10 mM NaH2PO4, pH 7.3), and OPA solution (12.25 mg OPA

745

in 312.5 µL MeOH, 6 mL 0.4 M borate buffer and 19.22 µL mercaptoethanol). The pre-column

746

OPA derivatization reaction was achieved using an in-loop-reaction program. Solvent program

747

was a linear gradient from 100% buffer A to 100% buffer B in 46 min at flow rate of 1 ml/min.

748

Amino acid standard mixture included butylamine and 18 of the 20 proteogenic amino acids, at

749

the concentration of 10mM each. Cys and Pro cannot be analyzed by this method and were not

750

included as standards. The amino acid standard mixture was used to calculate the response

751

factors for the detector, and butylamine was used to generate a standard curve.

752
753

Data Analysis

754

Three biological replicates were used for GC or LC analysis of the extracts. Those

755

compounds that were observed in two or three datasets were subjected to statistical analysis and

756

reported here. For those compounds observed only in two data sets, the missing values were

757

replaced by 1/3 of the estimated minimum value. Log2 ratio plots were calculated for each
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758

metabolite as previously described (Quanbeck et al., 2012). The raw data and averages and

759

standard error calculations were determined from three biological replicates and are available in

760

the PMR database and Supplemental Tables (i.e, Table S2, S3 and S4) respectively. Student t-

761

test were used to calculate p-values.

762

The GC/MS data files were deconvoluted and searched against an in-house MS-library

763

and NIST 14 Mass Spectral Library using NIST AMDIS software (Stein, 1999). Total metabolite

764

analysis results obtained with GC-MS and amino acid analysis from LC-fluorescence are

765

publicly available in the PMR database (http://metnetdb.org/PMR/)(Hur et al., 2013). They are

766

available from the site in the name of ‘Seed Germination’ under the species of ‘Zea mays’.

767
768

RNA extraction and quantitative PCR

769

Embryos were micro-dissected from germinating seeds at different times after

770

imbibition, and the scutellar tissue was separated from the radicle. The flash frozen tissues were

771

pulverized, and RNA was extracted (Wang et al., 2012). The isolated RNA preparations were

772

treated with DNase (Ambion), and 8 g of RNA was reverse-transcribed using Double Primed

773

RNA to cDNA EcoDry Premix (Clontech, Mountain View, CA). FAD2 gene sequences were

774

identified using the Gramene (www.gramene.org) and Maize genome (www.maizegdb.org)

775

databases. Primer pairs for qRT-PCR were designed and computationally tested for specificity

776

using Primer-BLAST (Ye et al., 2012).

777

Time PCR System (Applied Biosystems). The PCR reaction mixture contained cDNA template,

778

primer mix and SYBR® Select Master Mix (Applied Biosystems) in a final volume of 20 μl.

779

Annealing temperature in the PCR reaction was 58oC using gene-specific oligonucleotide

780

primers (Table S6). The Ct (2−Ct) method (Livak and Schmittgen, 2001) was used to analyze

781

the comparative expression of each FAD2 mRNA, using the expression of the ubiquitin mRNA

782

(GenBank Accession Number: BT018032) as the internal control.

783
784

Supplemental Materials

785

Figure S1. Log-ratio plots comparing the amino acids of Mo17 and B73 maize inbred seeds.

786

Figure S2. Log-ratio plots comparing the metabolome of different organ tissues of Mo17 and

787

B73 maize inbred seeds.

788

Figure S3. Compartmentalization of total amino acids in maize seeds.

PCR was performed with a StepOnePlus Real-
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789

Figure S4. MS/MS of m/z 193.051.

790

Figure S5. Malic acid images and GC-MS data from micro-dissected seed organs.

791

Figure S6. GC-MS data for palmitic, linoleic, oleic and stearic acids.

792

Figure S7. MS images for PE, PA, PI, and PC species over all four germination time points.

793

Figure S8. Four-step imaging scheme for MS/MS of lipid species

794

Figure S9. MS/MS of PA 36:3 and PE 36:3 from the radicle of a Mo17 seed.

795

Figure S10. Images for three additional ceramide species not shown in Figure 8.

796

Table S1. List of all m/z values and parameters used for image generation in this work.

797

Table S2. Metabolite abundance data detected from whole seed via GC-MS analysis

798

Table S3. Amino acid data detected from whole seed via LC-fluorescence

799

Table S4. Metabolite abundance data detected from micro-dissected seed organs analyzed by

800

GC-MS.

801

Table S5. Normalized expression level of six individual FAD2 encoding mRNAs in radicle

802

tissues relative to scutellar tissues of germinating seeds from inbred B73 and Mo17.

803

Table S6. List of primer sequences used for qRT-PCR analysis

804
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814

Figure Legends

815

Fig. 1. Illustration of experimental workflow. (A) Sample preparation: Seeds were germinated in

816

a petri dish and quenched at the desired time point with liquid nitrogen (LN2). Some samples

817

were selected for metabolite profiling analysis. The remaining samples were cryo-sectioned at 10

818

μm thickness for microscopic and MSI analysis. (B) MSI data acquisition and analysis: The laser

819

was rastered across the tissue sample, collecting a spectrum at every x-y position. Resulting mass

820

spectra were evaluated and MS images were generated for individual ions at selected m/z values.

821

Fig. 2. Log-ratio plot comparison (A) and Venn-diagram representations of the differential

822

metabolomes between Mo17 and B73 maize inbred of whole seeds (B) and micro-dissected

823

organs from seeds at 12-h (C) and 36-h (D) post-imbibition. In the log-ratio plots the x-axis plots

824

log-transformed relative abundance ratio of each metabolite in Mo17 vs B73. The y-axis plots

825

the individual metabolites (162 analytes, 63 chemically defined), and the order of the metabolites

826

on the y-axis is identical and ordered from the lowest to the highest value on the x-axis as

827

determined for the 12-h post-imbibition time point. The arrows identify amino acids or those

828

metabolites also analyzed by MSI. Glyc3P = glycerol 3-phosphate; FA = Fatty acid. The Venn-

829

diagram in panel B represents the distribution of metabolites that are differentially expressed

830

between Mo17 and B73 seeds (p<0.05) among the four post-imbibition time points. The Venn

831

diagrams in panels C and D show metabolites that are differentially expressed between Mo17

832

and B73 seeds (p<0.05) in micro-dissected organs from germinating seeds at 12-h and 36-h post-

833

imbibition. The identity of the inbred and the number of the metabolites that occur at higher

834

levels is represented by the labels “inbred(x)”.

835

Fig. 3. MSI images of (A) hexose polysaccharides, (B) triacylglycerols, and (C) amino acids in

836

germinating seeds. All ions were detected in positive ion mode with DHB as the matrix. Large

837

polysaccharides were detected as potassium adducts of water loss, [M-H2O+K]+, likely due to in-

838

source fragmentation during MALDI-MS data acquisition. Disaccharide and triacylglycerols

839

were detected as potassium adducts, [M+K]+, and amino acids were detected as protonated ions,

840

[M+H]+. Scale bar: 1 mm.

841

Fig. 4. (A) MSI of three compounds uniquely localized to the perimeter of the seed. Images

842

were acquired in negative ion mode with DAN as matrix. No normalization was applied to these

843

images. Scale bar: 1 mm. (B) Optical microscopic (Top) and MS (Bottom) images of the
27
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844

pericarp and aleurone layers of a B73 maize seed with 24-h post-imbibition. Morphological

845

features are labeled on the images. G: gelatin embedding medium. P: pericarp. A: aleurone. E:

846

endosperm. (C) Overlay of optical and MS images in the panel B. MS images were obtained

847

with DAN as the matrix in negative mode. MS images in the panel B and C are ferulate (red),

848

malate (blue), and PI 34:2 (green). All analytes were detected as deprotonated species, [M-H]-.

849

Scale bar: 100 µm.

850

Fig. 5. Distribution of hexose phosphate (Hex6P), glycerol phosphate (GlycP), and

851

citrate/isocitrate. Phosphorylated metabolites are detected as deprotonated water-loss species,

852

[M-H2O-H]-, in negative ion mode with DAN as matrix. Citrate/isocitrate is detected as a

853

deprotonated species, [M-H]-, in negative ion mode with 9AA as matrix. Scale bar: 1 mm.

854

Fig. 6. Distribution of fatty acid species. All ions were detected as the deprotonated species, [M-

855

H]-, in negative ion mode with 9AA as the matrix. Scale bar: 1 mm. Stearate has some

856

contamination from vacuum pump oil.

857

Fig. 7. Distribution and species analysis of various phospholipids. (A) Distribution of 16

858

different phospholipid molecular species in germinating seeds (36-h post imbibition). PE, PA,

859

and PI are observed as deprotonated species, [M-H]-, with DAN as the matrix in negative ion

860

mode. PC is observed as a potassium adduct, [M+K]+, with DHB matrix in positive ion mode. To

861

allow direct comparisons, the optical images of the seeds were obtained from the adjacent cross-

862

sections to those used to generate the MS images. Scale bar: 1 mm. Arrows in the radicle and

863

scutellum regions of the embryo indicate the areas used to generate averaged mass spectra, from

864

which semi-quantitative data of the phospholipids were gathered (see panels B and C). (B)

865

Phospholipid ion signals in the radicle region normalized relative to the signals obtained from the

866

scutellum. (C) Percentage of each molecular species within each phospholipid class in the radicle

867

region.

868

Fig. 8. MS/MS analysis of phospholipid species. (A) MS/MS spectra of PA 36:2 (top) and PE

869

36:2 (bottom) obtained from the radicle of a Mo17 inbred seed (24-hr post-imbibition). (B) Fatty

870

acyl composition of different molecular species of PA 36:2 and PE 36:2, in the scutellum and

871

radicle region of Mo17 and B73 seeds (24-hr post-imbibition).
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872

Fig. 9. Relative FAD2 expression in radicle and scutellar tissues of germinating maize seeds.

873

FAD2 transcript levels encoded by GRMZM2G056252 (■, □) and GRMZM2G064701 (▲,

874

△) were determined in RNA isolated from the radicle and scutellar tissues of germinating seeds

875

from the inbreds B73 (___) and Mo17 (___)12-48-h post-imbibition. The expression of FAD2

876

transcripts was calculated by 2– (ΔΔ CT), using the ubiquitin mRNA (GenBank Accession Number:

877

BT018032) as the internal control. Expression of each FAD2 transcript is normalized relative to

878

the level found in the scutellar tissue.

879

Fig. 10. Distribution of ceramide species. (A) Distributions of two ceramide molecular species

880

(Cer d42:1, Cer t42:0). Both are detected as protonated species, [M+H]+, in positive ion mode

881

with DHB as the matrix. Scale bar: 1 mm. (B) Combined images of PC 34:2 (green) and

882

ceramide d42:1 (red) in a B73 inbred seed at 12-h post-imbibition.

883
884
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