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In the realm of plant genomics, metabolic profiling has become a valuable tool with which to assess
the effect of genetic and/or environmental factors on plant development. This paper reports the first
application of metabolic profiling on differentiating xylem tissue of loblolly pine. A protocol is presented
for the analysis of loblolly pine xylem tissue. The effects of sample preparation, extraction, and
derivatization on the corresponding metabolite profiles and yields have been investigated and are
reported. Gas chromatography—mass spectroscopy has been used to quantify >60 polar and lipophilic
metabolites from wood-forming tissue. It was possible to assign chemical structures to approximately
half of these compounds. Comparison of six loblolly pine genotypes, three high cellulose (50—52%)
and three medium (45—48%) cellulose, showed distinct metabolic profiles. Principal component
analysis enabled the assignment of metabolic phenotypes using these large data sets. Metabolic
phenotype clustering occurred in which the three high-cellulose genotypes were segregated from
the medium-cellulose genotypes. These results demonstrate the use of metabolic profiling for the
study of wood-forming tissue and as a tool in functional genomics.

KEYWORDS: Metabolic profiling; principal component analysis (PCA); loblolly pine; xylem tissue; lipid
metabolites; polar metabolites

INTRODUCTION instrumental techniques such as gas chromatograptass
spectrometry (GC-MS), liquid chromatographyass spec-
being applied in the plant genomic community (1). It has its trometry (LC-MS), liquid chromatograpkynuclear magnetic
roots in toxicology and blood screenirg<10), where chemists ~ "esonance spectroscopy (LC-NMR), or NMR (14-16).
have long used state-of-the-art chromatography to separate A distinction must be made between screening and profiling
components, followed by mass spectrometry (MS) to identify analyses. In screening, or multiple-metabolite analysis, several
and quantify them3, 11, 12). The main goal of metabolic = compounds are measured, sometimes simultaneously, but in all
profiling at that time was to utilize the characteristic features Situations the amounts of these metabolites are compared to the
of chromatographic profiles to study the differences between reference ranges in which they are normally found. The
normal and disease states (13). To date, when coupled toconcentration of each metabolite is to be considered as a single
genomics, the direct use of metabolic profiling offers a quick Vvariable and used in the diagnosis of disease or the evaluation
way to elucidate the function of novel genes. This circumvents of the state-of-health based on the clinically determined
uncertainties due to regulation at the levels of transcription, relevance of that particular metabolite. In metabolic profiling,
translation, and protein modification. however, the absolute values of particular metabolites are not
Metabolic profiles have been defined as multicomponent @ major concern; rather, the relative relationship of these
analyses that produce patterns for a group of metabolically or metabolites to one another is an equally important consideration
analytically related metabolites. They are a two-dimensional (17). Another major difference between typical multicomponent
cross section of a complex multidimensional physiological state analysis and metabolic profiling is that in the profile, the various
delineated by the sample source, chemical processing, andmetabolites are usually metabolically or chemically related. The
method of analysis. Traditionally defined to be gas chromatog- metabolic profile usually arises from a single analytical proce-
raphy (GC), a profile may be generated by any of a number of dure, which imposes limitations on the chemical types of
metabolites that can be determined in a given analysis. That is,
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as unknown, makes it more able to serve in distinguishing internal standards were addeq, J;ﬂpof ribitol solution (10 mg/mL
metabolic differences as the results of analyses are studied. Hz0) and 10Q.L of nonadecanoic acid methyl ester (10 mg/mL CHICI
An adoption of the technique of metabolic profiling of plant A 109-/4L aliquot of water was ad_ded, the mixture was vo_rtexed, and
tissue using GC-MS was first introduced by Sauter, in which the tissue was extracted by shaking the'mlxture for 30 min #&C70
the profiling technique was used to study the effect of herbicide "¢ Sample was then centrifuged for 3 min at 1400he supernatant

treat t barelv | q R tlv. FEieh t al was removed and diluted with 1.4 mL of,@ in a second centrifuge
reatments on barely leavedd. Recently, Fiehn et al. tube, vortexed, and set aside. The remaining centrifugate was further

developed a protocol to studyrabidopsis thaliandeaf tissue extracted for 10 min at 37C with 2 mL of CHC. The mixture was
(19). The profiling procedure involves a methanol and chloro- centrifuged at 14000ér 3 min, and the supernatant was transferred
form extraction of the plant tissue, followed by phase separation to the methanetwater extract. The combined extracts were vortexed
into polar and nonpolar phases. The corresponding phases waand centrifuged at 4000fgr 15 min.
methoxylated and trimethylsilylated for the analysis of total fatty =~ The polar (upper) phase and the lipid (lower) phase of the combined
acids, fatty alcohols, sterols, and aliphatics, as well as hy- extract were separated into two 7-mL glass vials. Care was taken not
droxyamino acids, amino acids, sugars, sugar alcohols, organicto transfer any of the lipid phase over with the polar phase. Both the
monophosphates, (poly)amines, and aromatic adidls (sing polar and lipid phase solutions were filtered into 7-mL vials using a
GC-MS analysis of the extractsy300 metabolites were 3-mL syringe and a 0.2m syringe filter. Tohe polar phase was dried
quantified, with 15 of them being uncommon to plar2e) in a speed vac concentrator overnight at’es _

Because softwoods deviated from hardwoods and agricultural, "€ dried polar phase was dissolved in 40of methoxyamine

: - hydrochloride (20 mg/mL pyridine) and shaken for 90 min at°80

crop plant species 350 million years ago, methods need to be

lish . he f ) foi | Two hundred microliters of MSTFA was then added, and the solution
established to determine the function of pine genes. As a result, ;a5 shaken for 30 min at 3T and then left standing for 2 h at 25 °C.

metabolic profiles will provide a key link between plants with  the mixture was then diluted with 200 of pyridine, vortexed, and

unusual processing properties and the identification of the directly injected (2uL) onto the GC and/or GC-MS.

specific genes responsible for those properties. Such profiles The lipid phase was transmethylated prior to GC-MS analysis.

from plants can be altered by chemical treatments, environmentalAccordingly, a 700-uL aliquot of the lipid phase was place into a 10-

changes, genetic engineering, and mutations in unknown genesmL round-bottom flask. To the flask was added 9@00f CHCI; and

all of which provide information on the fundamental questions 1 mL of CHOH containing 3% v/v HSOs. The reaction was refluxed

about the biochemistry of wood fiber formation. for 4 h. The reaction was then extracted two times_ with water (4 mL)
In this paper, we present a protocol for the analysis of loblolly &nd centrifuged at 40go promote phase separation, and the water

pine xylem tissue. We discuss the effect of sample preparation,Phase was removed. The remaining Chi@hase was dried over

extraction, and derivatization on the corresponding metabolite anhydrous Ng5Q, and concentrated under reduced pressure-80

. . . S uL. The acidic protons were derivatized with 40 of MSTFA in 10
profiles and yields. Also, a data-mining tool, known as principal uL of pyridine for 30 min at 37°C. After the 30-min derivatization,

component analysis (PCA), is applied to the data to illustrate ihe sample was injected (2.) onto the GC for metabolite quantification

its effectiveness in interpreting the large amounts of data createdand onto the GC-MS for metabolite identification.

by metabolic profiling. The overall goal of PCA is to reduce The GC system consisted of a Hewlett-Packard 6890 GC-FID, which

the dimensionality of the data set and ascertain new “meaningful was controlled by ChemStation. GC analyses were conducted using a

underlying variables” known as principal components (21). 25 m x 0.2 mm J&W Scientific Inc. DB-1 column. The injection
temperature was set to 23C, the interface temperature was set to

MATERIALS AND METHODS ZQOOC, and the io_n source was set to 2%8D. Helium flow was 1 mL
) o min~1. After a 5-min solvent delay at 7T, the oven temperature was
Materials. Methanol (CHOH), chloroform (CHC{), pyridine, increased at 8C min~t to 310°C. The oven was then held isocratic

sulfuric acid (HSQy), ribitol, nonadecanoic acid methyl ester, meth-  for 1 min and cooled to 76C. A threshold cutoff for metabolite analysis
oxyamine hydrochloride\-methyN-(trimethylsilyl) trifluoroacetamide  was set at 2% of the area of the internal standard. The optimized
(MSTFA), and anhydrous sodium sulfate @S&x) were of analytical protocol was repeated five times on the same xylem tissue (number of
reagent grade (Aldrich Chemical Co.) and used as received. repetitions limited due to the available xylem tissue). The standard
Methods. Sampling ProcedureSamples were collected during the  deviation for relative peak areas of various peaks is as follows for the
height of wood formation (between May and June). Xylem tissue was following retention times: 27.95 (0.001461), 29.04 (0.0245324), 31.07
obtained from loblolly pineRinus taedd..) by cutting away a small (0.0280746), and 42.73 (0.068925).
window of bark and phloem, typically 4 inx 8 in., followed by rapid The GC-MS system consisted of a ThermoFinnigan TraceGC and
scraping of the xylem tissue into a prechilled sterile centrifuge tube. poarisQ jon trap mass spectrometer. The system was controlled by
The tissue was then immediately immersed in liquid nitrogen and ycajibyr software (version 1.3). The column and method used for
transferred to a dry ice chest for transport to the laboratory. NOTE: 4nay7ing metabolites on the GC-MS system were the same as
Once the tree bark has been scored, the trees defense mechanisms wilhentioned previously for the GC method. Mass spectra were recorded

be triggered and the metabolites present will begin to change; therefore,som m/z50 to 650 at 0.58 s scahwith an electron ionization of 70
it is imperative that the tissue be collected as quickly as possible and, g/

moreover, that consistent collection times be maintained during the Lipid Metabolites. Propanoic acid, 2-[(trimethylsilyl)oxy]-, tri-

course of repetitive sampling. Generally, the entire process takés methylsilyl ester (1), MW = 234; MSm/z(rel int) 219 (M— 15, 8)
s to collect enough tissue and place the samples in liquid nitrogen once;q; (36), 147 (100)’ 117 (22) 7’3 (64) o

the bark is removed. At the laboratory, the samples were placed in a 1-Tetradecyl trimethylsilyl ether (L6) MW =286: MSm/z(rel int)

—80 °C freezer for storage. -
Metabolite Extraction and Analysiddetabolite analysis of xylem 271 (M =15, 1,00)’ ,103 (20), 75 (55), 73 (25). )
Hexadecanoic acid, methyl est&7§, MW = 270; MSm/z(rel int)

tissue was performed using a modified protocol of Fiehn et1d).(

Specifically, 300+ 30 mg of frozen {80 °C) xylem tissue was ground 270 (M, 30), 227 (51), 199 (41.85), 185 (40), 171 (50), 157 (36), 143

into a fine powder prior to extraction. Three grinding methods were (79), 129 (35), 1_01 (46), 37 @9)' 7.4 (50), 55 (100).

used: a coffee bean grinder (Gloria Jean's Gourmet Coffee’s, model ~ 1,2-Benzenedicarboxylic acid, dibutyl estes}, MW = 278; MS

202), amalgamator (Zenith, model Z14), and a pestle and mortar. M/z(rel int) 278 (M", 1), 223 (6), 205 (7), 149 (100), 121 (4), 79 (3).

Throughout the grinding procedures care was taken to ensure the Hexadecanoic acid, trimethylsilyl estdri(l), MW = 328; MSm/z

samples remained frozen. (rel int) 328 (M, 9), 313 (77), 201 (13), 185 (14), 145 (10), 131 (36),
The ground tissue (30& 30 mg) was mixed with 1.4 mL of 100% 129 (50), 117 (100), 75 (80), 73 (63).

CH3OH and vortexed for 10 s to stop any enzymatic activity. Two 9,12-Octadecadienoic acid, methyl este, (PF) (L13), MW = 294;
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MS m/z(rel int) 294 (M, 4), 262 (14), 164 (15), 150 (11), 135 (20),  Taple 1. Extraction Time Matrix for Polar and Lipid Phase Metabolite

109 (15), 96 (25), 95 (30), 81 (77), 79 (80), 67 (100). Extractions?
9-Octadecenoic acid, methyl ester (L14), M#W296; MSm/z(rel
int) 296 (M*, 8), 264 (29), 222 (17), 180 (20), 138 (21), 123 (20), 111 xylem tissue sample
(27), 97 (45), 95 (55), 81 (60), 67 (68), 55 (100). 1 2 3 2 5 6 7

Hexadecanoic acid, 2-[(trimethylsilyl)oxy]methyl ested ), MW — .
= 358; MSm/z(rel int) 343 (M — 15, 56), 299 (100), 207 (9), 159 po_lar phase extraction time (mln) 5 15 30 60 30 30 30
(18), 111 (32), 103 (30), 97 (61), 89 (45), 73 (81), 69 (32), 57 (31). lipid phase extraction time (min) 5 5 5 5 10 30 60

1-Octadecyl trimethylsilyl ether (L16) MW =342; MSm/z(rel int)
327 (M — 15, 100), 227 (3), 207 (4), 139 (5), 125 (13), 111 (31), 97 2 The initial polar phase extractions were conducted holding the lipid phase
(43), 83 (24), 75 (46), 73 (23), 57 (27). extraction constant (samples 1-4). Once an optimum polar phase extraction time

1-Octadecanoic acid, trimethylsilyl estdrl@), MW = 356; MS of 30 min was achieved, the lipid phase extraction was varied by holding the polar
m/z(rel int) 356 (M", 15), 341 (92), 313 (16), 297 (15), 257 (19), 201  Phase extraction constant (samples 5-7).
(26), 145 (17), 132 (30), 129 (68), 117 (90), 75 (100), 73 (72).

1-Phenanthrenecarboxylic acid, 1,2,3,4,4a,9,10,10a-octahydro-1,4avere used: pestle and mortar, amalgamator, and a coffee bean
dimethyl-7-(1-methylethyl)-, methyl ester2), MW = 314; MSm/z grinder with dry ice. The effect of grinding time (1, 2, 5, and
(1r§|1|r(lg) 314 (M",5), 299 (12), 240 (15), 239 (100), 207 (12), 197 (10), 10 min) on metabolite yield was evaluated using the standard

) o extraction and derivatization protocol.

1-Phenanthrenecarboxylic acid, 1,2,3,4,4a,9,10,10a-octahydro-1,4a- - .
dimethyl-7-(1-methylethyl)-, trimethylsilyl estet23), MW = 372; _For ea_Ch .Of th.e three gr.m.dmg methods, It was note(_:i that 1
MS m/z (rel int) 372 (MF, 5), 357 (7), 255 (9), 240 (20), 239 (100), MIN of grinding did not sufficiently pulverize the xylem tissue,

173 (6), 143 (5), 73 (10). with grinding times of>=2 min being required to produce finely
Bis(2-ethylhexyl) phthalateL8), MW = 390; MSmVz (rel int) 279 ground powders. However, the 1 and 2 min grinding times gave
(M — 111, 11), 167 (52), 149 (100), 71 (5), 57 (7). very similar polar phase metabolite results. This was in stark
Polar Metabolites. Butanedioic acid, [(trimethylsilyl)oxy]-, bis- contrast to the level of metabolites obtained from the lipid phase.
(trimethylsilyl) ester, P1) MW = 350; MSm/z (rel int) 351(M + 1, Two minutes of grinding time produced twice as many
14), 335 (15), 263 (19), 245 (17), 233 (24), 189 (17), 149 (75), 147- metabolites as were obtained from grinding the xylem tissue
(63), 133(15), 73(100), for only 1 min. Grinding the xylem tissue for2 min showed

Butanoic acid, 4-[bis(trimethylsilyl)amino]-, trimethylsilyl esté?2),
MW = 319; MSm/z(rel int) 304 (M — 15, 40), 246 (5), 216 (25), 174
(100), 147 (42), 100 (13), 73 (62).

1-Cyclohexene-4-d-1-carboxylic acid, 3,4,5-tris[(trimethylsilyl)oxy]-

no increase in the number of metabolites for both the polar and
lipid phases. This is likely due to the fact that 2 min of grinding
is sufficient to completely pulverize the tissue and enable the

, trimethy! silyl ester P4), MW = 462; MSm/z(rel int) 462 (M, 3), liberation of both the polar and lipid metabolites. Any increase
372 (7), 357 (8), 282 (17), 254 (19), 204 (100), 189 (17), 147 (25), 73 in the duration of mechanical action may serve only to destroy
(85). sensitive and unstable metabolites and lead to a decrease in
1,2,3-Propanetricarboxylic acid, 2-[(trimethylsilyl)oxy]-, tris(tri- ~metabolite yields. In fact, the tissue ground for 5 and 10 min
methylsilyl) ester P5), MW = 480; MSm/z(rel int) 465 (M — 15, 4), showed a decrease in the number of metabolites seen in the
375 (14), 363 (13), 347 (25), 305 (7), 273 (100), 257 (34), 217 (42), lipid phase, despite the fact that the tissue samples were refrozen
147 (82), 73 (80)- every 20 s to ensure they remained frozen. Moreover, all three

Cyclohexanecarboxylic acid, 1,3,4,5-tetrakis[(trimethylsilyl)oxyl-,  methods exhibited nearly identical results provided that the tissue

trimethylsilyl ester P11), MW = 552; MSm/z(rel int) 553 (M + 1, sam ; ; P
ples remained frozen during the grinding procedure.
12)7 ?2357) (1713)’(223 (8), 345 (100), 334 (6), 255 (66), 204 (9), 191 (11), The results obtained indicate that (i) tissue grinding for 2

b-Fructose-C-d, 1,3,4,5,6-pentakis-O-(trimethylsilyB1¢), MW = min provides the optimal yield in metabolites from xylem tissue
569: MSm/z(rel int) 570 (M+ 1, 14), 480 (14), 364 (10), 307 (20), and (i) the method of tissue grinding does not greatly affect
277 (10), 217 (100), 205 (2), 147 (10), 103 (14), 73 (50). metabolite yield. It must be stressed that although it is important

p-Glucose, 2,3,4,5,6-pentakB@trimethylsilyl)- (P14), MW = 569; to accurately weigh the tissue prior to grinding, if not careful,
MS m/z(rel int) 570 (M+ 1, 32), 480 (27), 319 (100), 229 (12), 217  preweighing the tissue for the amalgamator or pestle and mortar
(32), 205 (11), 157 (43), 147 (21), 129 (53), 73 (80). methods can lead to the tissue thawing out, allowing the

Inositol, 1-O-methyl-2,3,4,5,6-pentakis-O-(trimethylsilyl)- (P16), continuous function of the enzymes within the xylem tissue.
MW = 554; MSm/z(rel inf) 555 (M+ 1, 2), 433 (10), 318 (27), 305 Therefore, the method employing the coffee grinder, which
Egg ;go(l(ggg’ 247 (11), 217 (43), 191 (25), 159 (11), 147 (34), 133 tjjizes dry ice during the grinding process, is preferred. It

B-p-Glucopyranose, 1,2,3,4,6-pentakisérimethylsilyl)- (P17), MW enables not only the grinding of all of the tissue at one time
= 540; MSmiz(rel int) 539 (M— 1, 2), 435 (14), 361 (18), 243 (5), bu'g also the temp'erature. to be easily malntalned—&@. C.

217 (26), 204 (100), 191 (48), 147 (12), 129 (8), 73 (69). This method permits the finely ground xylem to never increase

Inositol, 1,2,3,4,5,6-hexakis-O-(trimethylsilyl)- (P18), MW 612; in temperature and undergo any adverse changes. As needed,
MS m/z (rel int) 613 (M + 1, 4), 507 (8), 432 (12), 318 (56), 305 the xylem powder can be easily and quickly transferred into a
(100), 265 (33), 217 (94), 191 (45), 147 (36), 129 (20), 1013 (13), 73 frozen tarred vial and weighed for the extraction process, and

(100). the remaining tissue can be placed back into-tB€ °C freezer.
Sucrose, octaki®-(trimethylsilyl)- (P19, MW = 918; MSm/z(rel Variation in Extraction Time. The second variable exam-
int) 451 (M — 466, 1), 437 (19), 361 (100), 271 (13), 217 (13), 169 ned in the profiling protocol was the extraction time. As seen
(24), 147 (6), 129 (6), 73 (39). in Table 1, several extraction times for both the polar and lipid

Software. Principal component analysis (PCA) was carried out in

SAS IMP 4.04 phases were examined, and the effect of extraction time on the

appearance/abundance of metabolites was monitored. The polar
phase extraction was analyzed by first holding the lipid phase
RESULTS AND DISCUSSION extraction time constant at 5 min. Results from the polar phase
Variation in Xylem Tissue Grinding Methods and Grind- extractions for the 5-, 15-, and 30-min time periods, found in
ing Times. The grinding of xylem tissue is an important step Figure 1, presented very similar chromatograms, which indicates
in the extraction of metabolites. Three methods of tissue grinding that the same numbers of metabolites were released for these
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Figure 1. GC chromatograms of polar phase metabolites extracted using various extraction times: 5, 15, 30, and 60 min. Included is the internal
standard peak (ribitol) as reference. (All tissues were ground for 2 min at =80 °C prior to extraction.)
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Figure 2. GC chromatograms of lipid phase metabolites extracted using various extraction times: 5, 10, 30, and 60 min. Included is the internal standard
peak (nonadecanoic acid methyl ester) as reference. (Lipid phase extractions were made by holding the polar phase extraction time constant at 30 min.)

Table 2. Relative Concentrations of Random Metabolites for Various

Polar Phase Extraction Times

polar extraction
time (min) AzrgslAis, Azo0dlAis. As1o7lArs, A 7alArs,
5 1.96 457 2.49 4.52
15 1.97 4.70 2.76 4.15
30 3.33 8.02 4.03 7.46
60 a a a

aDue to the presence of apparent decomposition products, the relative
concentrations of these metabolites were not determined.

and new metabolites appeared, thus indicating metabolite
decomposition or instability under these conditions. Thus, from
these results a polar phase extraction time of 30 min appears to
produce a maximum amount of polar metabolites in the shortest
period of time.

The effect of extraction time for the lipid phase was analyzed
by maintaining a constant polar phase extraction time of 30 min.
The lipid phase extraction time was varied over the range of
5—60 min. Analogous to the polar phaségure 2 shows that
the extraction time had a dramatic effect on the levels of
metabolites detected by GC. A 5-min lipid extraction was
enough time to release metabolites; however, compared to the

extraction time periods. From a comparison of the relative 10-min lipid phase extraction there were fewer metabolites

concentrations between metabolite levels in each chromatogramyreleased at lower concentrations. As extraction time was
Table 2 shows a difference among the three extraction times: increased to 30 min, little change in lipid metabolite levels

an increase in extraction time has a direct relationship with the occurred, except for the loss of a major peak present in previous
concentration of metabolites. However, a change in the profile extraction times. Again at 60 min (data not shown), a substantial
of metabolites was observed when the extraction time was decrease in metabolite levels accompanied by an increase in
increased to 60 min. The concentration of metabolites decreasedhe total number of metabolites observed occurred, analogous
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Number Time Number Time
L1 Propanoic acid, 2-[{trimethylsilyl) 7.50 L22 1-Phenanthrenecarboxylic acid, 35.23
oxy]-, trimethylsilyl ester 1,2,3,4.4a,9,10,10a-octahydro-1,4a-
dimethyl-7-(1-methylethyl)-, methyl
ester
L2 Unknown 9.63 L23 1-Phenanthrenecarboxylic acid, 36.16
1,2,3.4.4a,9,10,10a-octahydro-1.4a-
dimethyl-7-(1-methylethyl)-,
trimethylsily] ester
L3 Unknown 10.03 L24 Unknown 36.42
L4 Glycerol 14.35 L25 Unknown 36.57
LS Unknown 24,84 L26 Unknown 36.90
L6 1-Tetradecyl trimethylsilyl ether 25.58 L27 Unknown 37.34
L7 Hexadecanoic acid, methyl ester 28.42 L28 Bis (2-ethylhexyl) phthalate 3848
L8 Benzenedicarboxylic acid, dibutyl ester 28.59 L29 Unknown 39.16
L9 Unknown 2941 L30 Unknown 39.82
L10 Unknown 30.35 L31 Unknown 41.22
L11 Hexadecanoic acid, trimethylsilyl ester 30.85 L32 Unknown 41.49
L12 Unknown 31.08 L33 Unknown 42,54
L13 9,12-Octadecadienoic acid, methyl ester 31.42 L34 Unknown 42.77
L14 9-Octadecenoic acid, methyl ester 31.57 L35 Unknown 44.07
L15 Hexadecanoic acid, 2- 32.31 L36 Unknown 44.42
[(trimethylsilyl)oxy]-methyl ester
L16 1-Octadecyl trimethylsilyl ether 32.92 L37 Unknown 46.02
L17 Internal Standard- nonadecanoic 33.89 L38 Unknown 46.95
acid methyl ester
L18 Unknown 34.17 L39 Unknown 48.06
L19 1-Octadecanoic acid, trimethylsilyl ester 34,27 L40 Unknown 48.24
L.20 Unknown 34.44 L41 Unknown 49.30
L21 Unknown 34.57

Figure 3. Metabolite profile of the lipid phase metabolites obtained from the xylem tissue of wood-forming loblolly pine. Included is a list of identified and
unknown metabolites and the corresponding GC retention times.

to that observed for the polar phasSeheme Isummarizes the
optimal conditions for the isolation of polar and lipid metabo-

the effects of derivatization time, four derivatization times were
chosen and observed for any effects in the number or relative
lites. concentration of polar phase metabolites from the xylem tissue.

Variation in Derivatization Time. Once the appropriate  Also, two model compounds (arabinose and caffeate), metabo-
extraction times were determined, it was decided to look at the lites identified through mass spectra, were taken and run under
length of derivatization time to ensure that the metabolites of identical derivatization conditions to determine the efficacy of
the xylem tissue were being completely derivatized. To study derivatization.
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Peak Compound Name Retention Peak Compound Name Retention
Number Time Number Time
P1 Butanedioic acid, [(trimethylsilyl)oxy]-, 19.77 P11 Cyclohexanecarboxylic acid, 28.41
bis(trimethylsilyl) ester 1,34, 5-tetrakis|(trimethylsilyl)
oxy|-, trimethylsilyl ester
P2 Butanoic acid, 4-[bis(trimethylsilyl) 20.56 P12 D-Fructose- 1,3,4,5,6-pentakis-0- 28.92
amino]-, trimethylsilyl ester (trimethylsilyl)-
P3 Internal Standard- D-Ribitol- 25.66 P13 unknown 29.14
1,2,3,4,5-pentakis-O-(trimethylsilyl)-
P4 1-Cyclohexene-1-carboxylic acid, 3,4.5- 26.98 P14 D-Glucose, 2,3,4,5,6-pentakis-O- 290.38
tris[(trimethylsilyl)oxy]-trimethyl silyl (trimethylsilyl)-
ester
P5 1,2,3-Propanetricarboxylic acid, 2- 27.11 P15 unknown 29.65
[(trimethylsilyljoxy]-.tris{trimethylsilyl}
ester
P6 Unknown 27.40 Pl6 Inositol, 1-O-methyl-2,3.4,5,6- 30.41
pentakis-O-(trimethylsilyl
P7 Unknown 27.56 P17 BD-Glucopyranose, 1,2,3,4,6- 30.95
pentakis-O-(trimethylsilyl)-
P8 Unknown 27.64 P18 Inositol, 1,2,3,4,5,6-hexakis-O- 32.79
(trimethylsilyl)-
P9 Unknown 28.00 P19 Sucrose, octakis-O-(trimethylsilyl)- 41.91
P10 Unknown 28.13

Figure 4. Metabolite profile of the polar phase metabolites obtained from the xylem tissue of wood-forming loblolly pine. Included is a list of identified
and unknown metabolites and the corresponding GC retention times—13 of the 19 polar phase metabolites detected have been identified using GC-MS.

Arabinose and caffeate were derivatized individually, as well obtained from xylem tissue of loblolly pine. It can be seen that
as in a combined mixture to simulate the derivatization process.a large number of metabolites are observed, and although a
Results from the series of tests revealed that a derivatizationmajority of them have been identified, several remain unknown.
time of >2 h was sufficient to achieve quantitative derivatization Identification of these unknown metabolites is currently under-
of the individual metabolites or the mixture of metabolites. way. However, the power of metabolic profiling is not in the
Similar results were found when the polar phase derivatization identification of all metabolites present, but rather in the identi-
was performed on xylem tissue, wherein a maximum in relative fication of only those responsible for an observed phenotypic
concentrations area was observed at between 2.5 and 3.5 h o€hange or difference. We are using metabolic profiling to study
reaction time. genotypic differences in naturally occurring trees with observed

Metabolic Profiling of Loblolly Pine Xylem Tissue. Figures differences in phenotype, for example, cellulose content.

3 and4 show metabolite profiles for the lipid and polar phases  Due to the large amounts of data generated by metabolic
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Figure 5. Metabolic phenotype clustering of the polar metabolites after
PCA. The data set includes 13 samples representing two groups of
separate families. Principal components 1, 2, and 4 contain 74% of the

PC1

“total information content derived from metabolite variances” (17).
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Figure 6. Impact of individual polar metabolites on metabolite clustering.
Metabolites farther away from zero have a greater impact on the linear
combination that is used to calculate the principal component vector. The
labeled metabolites, which are farther from zero, are responsible for the
phenotypic differences seen between the two families of trees: 4 =
shikimic acid; 5 = citric acid; 7 = unknown; 12 and 13 = p-fructose; 18
= ononitol; 19 = glucopyranose.

tight as one might expect; however, this could be due to the
fact that the trees are grown on plots of land in a seed orchard
and not a controlled environment, such as a greenhouse. Due
to this fact microenvironmental variations are introduced: that
is, changes in soil conditions across the plot, temperature
gradients, and slopes on the land, which affect groundwater flow,
can contribute to variation in the presence of metabolites or
metabolite concentration, and which could be responsible for
the larger phenotypic clusters.

Plotting principal component 1 versus principal component
2 in Figure 6 provides the relationship between individual
metabolites and clusters formedrigure 5. This graph shows
how each individual polar metabolite is utilized in the calculation
of the principal component. Metabolites farther away from zero
have a greater influence on the calculation of the principal
component and those closer to zero have less influence on the
calculation. Therefore, the metabolites found farther from the
point of zero for principal component 1 are responsible for the

profiles, it is very difficult to interpret the meaning of the
enormous amount of chromatographic information. However,
PCA is a useful tool that is used to categorize large amounts of
data. To exhibit the utility of PCA with the metabolic profiling

of xylem tissue, this statistical analysis was applied to xylem
tissue collected from 13 trees involved in a breeding program
at North Carolina State University that exhibit extreme pheno-
typic differences in cellulose content. Metabolic profiling in
combination with PCA in this study is used to (1) separate the
samples into metabolic phenotypic clusters as seéiigare 5

and (2) indicate the influence that the metabolites have on the
clustering results, which is shown Figure 6.

Figure 5 illustrates the phenotypic cluster created by PCA
from the SAS JMP 4.04 software. In this statistical representa-
tion, principal components 1, 2, and 4 are used to express 74%
of the information compiled from the polar metabolites of 13
individual trees that have been shown to have different levels
of alpha cellulose content. The clusters presented are not as

phenotypic differences seen between the trees containing high
(50—52%) and medium (45—48%) alpha cellulose contents.
The developed protocol shows that a wide range of metabo-
lites, both polar and lipophilic, can be obtained from wood
specific xylem tissue. Metabolites that play a major role in wood
production have found, for example, shikimic acid, which is a
precursor to the lignin biosynthesis pathway, and citric acid,
which is an intermediate of the citric acid cycle that generates
ATP and also severs as a major source of building blocks for
the biosynthesis of amino acids. When coupled to PCA,
metabolic profiling can be used to display phenotypic differences
as well as the metabolites responsible for those differences.
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