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The metabolic profiles of seeds from the transgenic maize variety 33P67 and of the corresponding

traditional variety were investigated using one- and two-dimensional NMR techniques. The trans-

genic variety carries a functional Cry1A(b) gene, which confers to the plant the ability to produce Bt

insect toxin. About 40 water-soluble metabolites in the maize seed extracts were identified, providing

a more complete 1H and 13C NMR assignment with respect to the assignment reported in the

literature. In particular ethanol, lactic acid, citric acid, lysine, arginine, glycine-betaine, raffinose,

trehalose, R-galactose, and adenine were identified for the first time in the 1H NMR spectrum of

maize seeds extracts. The 1H spectra of transgenic and nontransgenic seed maize samples turned

out to be conservative, showing the same signals and therefore the same metabolites. However, a

higher concentration of ethanol, citric acid, glycine-betaine, trehalose, as well as of another

compound not yet completely identified, was observed in the transgenic extracts than in nontrans-

genic samples. So, it was possible to discriminate between transgenic and nontransgenic metabolic

profilings through the use of an appropriate statistical analysis.
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INTRODUCTION

The introduction of exogenous DNA sequences into the plant
genome to confer new properties and abilities to the plant is an
active research field. The transcriptional products of the intro-
duced gene(s), and possibly the modified biochemical pathways
based on them, may interact with the regulation of other genes or
biochemical pathways. A major concern is the possible occur-
rence of unintended effects caused, for instance, by the site of
transgene integration (e.g., interruption of important open read-
ing frames or regulatory sequences), which could result in a
modified metabolism (1, 2).

The safety testing of geneticallymodified organisms (GMOs) is
a high priority for regulatory authorities, and there is a need for
techniques capable of detecting any unintended effect following a
genetic modification (3).

Different complementary approaches can be used to investi-
gate transgenic systems. In particular, genomic, proteomic, and
metabolomic profiles are useful as complementary tools for the
safety assessment of GM crops (2), each technique giving a
specific contribution to the overall understanding of the system.
The NMR-based approach, used for the identification and
quantification of intracellular and extracellular metabolites, gives
a direct metabolic fingerprint of the system under investiga-
tion (4). It allows the simultaneous detection ofmany compounds
in amounts comparable to those detected using standard bio-
chemical assays (5) and it does not require extraction procedures

specific to each class of compounds. Using NMR, in vivo and in
vitro, metabolic alterations have been discovered in biological
systems that are of primary importance (6, 7) and these include
transgenic foodstuffs such as transgenic tomatoes (3, 8) and
transgenic lettuce (9).NMRapproachhas been also used together
with a multivariate statistical analysis to study La73-Bt maize
seeds (10-12).

The GM maize seed metabolic profile is of particular interest
because maize products are an important source of nutrients and,
therefore, an essential part of the human diet (both through direct
consumption and animal feeds). Commercial GM and non-GM
maize seeds have already been studied using a proteomic-based
methodology as well as a metabolomic-based approach to iden-
tify intended and unintended changes caused by genetic engineer-
ing (13) and to identify potential marker metabolites using mass
spectrometry (14).

In this paper, the aqueous extracts of seeds from the transgenic
maize variety 33P67 together with the corresponding isogenic
control of the maize line 33P66 were investigated bymeans of 1D
and 2DNMR techniques. The basic aims were to study in details
the metabolic profilings of the seed extracts and to investigate
their variations associatedwith geneticmodifications in themaize
seeds.

MATERIALS AND METHODS

Seed Collection and Plant Growth. Maize seed samples were
derived from the transgenic commercial Bt hybrid line 33P67 (event
MON810 from Pioneer Hi-Bred International, Inc., Johnston, IA) and
the respective control isoline 33P66. Maize seeds were grown side-by-side
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in environmentally controlled growth chambers, adjacent but separated to
prevent any cross pollination and to obtain control and transgenic lines in
the same environmental conditions. Plants were grown at 25 �Cwith 70%
relative humidity and 14 h of light with a light regime of about 100 μmol
m-2 s-1). The phenotypes of transgenics and control samples were
identical. GM and non-GM samples were harvested simultaneously; the
earswere harvested after physiologicalmaturity, dried at 30 �C, and stored
in sealed plastic bags at 4 �C. Seeds derived from the central portion of a
single ear were used for the analysis.

The stability of the genome was guaranteed by the producer company
through multiple generations of crossing. Maize seeds were genetically
modified using the particle bombardment technique, which involves the
randombombardmentof cellswithmetal particles carrying the transgene (15).

Extraction Procedure. Each maize seed was weighed (∼200 mg) and
then frozen in a stainless steel mortar using liquid N2. It was then
pulverized to a fine powder with a pestle previously chilled in liquid N2.
Samples were extracted according to the Bligh-Dyer procedure (16),
modified to avoid artifacts arising from the breakdown ofmacromolecular
structures (17). Pellets were mixed with 4 mL of cold CH3OH:CHCl3 (2:2)
followed by 1 mL of cold H2O and centrifuged at 10000g for 20 min at
4 �C. The resulting upper hydro-alcoholic and lower chloroformic phases
were separated. The extraction procedure was performed twice on the
pellet in order to obtain a quantitative extraction. After the second
extraction, the two hydro-alcoholic phases were pooled and dried under
N2 flow and stored at -80 �C. The same procedure was performed to
obtain 10 extracts of transgenic and 10 of control.

1H NMR Analysis. Dry samples were dissolved in a D2O phosphate
buffer (100mM, pH7.2) containing trimethylsilylpropionate (TSP, 1mM)
as internal standard.

Figure 1. 1H NMR spectrum (600.13 MHz) at 300 K of (A) GM maize
aqueous extract and (B) non-GM maize aqueous extract. The vertical
expansion of 5.90-9.60 ppm spectral region is reported as inset. (/) TSP
signal used as internal standard.

Table 1. Metabolites Identified in the 600 MHz 1H Spectrum of the Aqueous
Extract of Maize 33P67 at pH 7.2 (Phosphate Buffer)a

compd assignment 1H (ppm) multiplicity 13C (ppm)

Carbohydrates

sucrose (Suc) CH-1 (Glc) 5.42 d 93.20

CH-2 3.57 dd 72.10

CH-3 3.77 t 73.60

CH-4 3.48 t 69.95

CH-5 3.85

CH2-6 3.83

CH2-1
0 (Fru) 3.68 s 62.03

CH-20 104.6

CH-30 4.22 d 77.59

CH-40 4.06 75.00

CH-5 3.89 m 82.30

CH2-6 3.83 62.99

β-glucose (β-Glc) CH-1 4.64 d 96.37

CH-2 3.24 t 75.20

CH-3 3.51 t 76.86

CH-4 3.40 dd 70.65

CH-5 3.48 dd 77.05

CH2-6,6 3.72, 3.90 dd 61.35

R-glucose (R-Glc) CH-1 5.24 d 93.10

CH-2 3.54 dd 72.50

CH-3 3.73 dd 73.80

CH-4 3.42 t 70.10

CH-5 3.84 72.50

CH2-6,6 3.77, 3.84 61.70

raffinose Gal1H 5.00 d 99.30

Gal2H 3.83

Gal3H 3.90

Gal4H 4.00

Gal5H 3.97

Gal6H 3.76

G1H (Glc) 5.44 93.20

G2H 3.57

G3H 3.77 73.60

G4H 3.53

G5H 4.06

G6H 4.01

F1H (Fru) 3.66

F2H

F3H 4.23 77.20

F4H 4.06 75.00

F5H 3.90 82.30

F6H 3.77

D-trehalose C1H 5.20 d 94.30

C2H 3.65

C3H 3.86

C4H 3.44

C5H, C6H 3.78

R-galactose (Gal) C1H 5.27 d 93.13

C2H 3.77

β-galactose (Gal) C1H 4.60 d 97.44

C2H 3.50

Organic Acids

isobutyric acid (IA) CH3 1.14 d 18.00

acetic acid (AA) R-CH3 1.91 s 24.10

lactic acid (LA) β-CH3 1.33 d 20.60

R-CH 4.13 q 69.10

malic acid (MA) R-CH 4.32 dd

β-CH 2.68 dd

β,β0-CH2 2.38 dd

citric acid (CA) Rγ-CH 2.54 d 45.80

R0γ0-CH 2.68 d 45.80
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Table 1. Continued

compd assignment 1H (ppm) multiplicity 13C (ppm)

pyruvic acid (PA) β-CH3 2.37 s

succinic acid (SA) R β-CH2 2.40 s 34.90

fumaric acid (FA) R,β-CHdCH 6.53 s

formic acid HCOOH 8.46 s

Amino Acids

valine (Val) R-CH 3.61 d

β-CH 2.27 m

γ-CH3 0.99 d

γ0-CH3 1.04 d 18.60

isoleucine (Ile) R-CH 3.65 m

β-CH 1.96 m

γ-CH3 1.02 d

γ-CH 1.25 m

γ0-CH 1.45 m

δ-CH3 0.93 t

leucine (Leu) R-CH 3.69 t

γ-CH 1.69 m

δ-CH3 0.96 d 22.70

δ0-CH3 0.94 d 21.50

lysine (Lys) R-CH 3.74 t

β-CH2 1.89 m

γ-CH2 1.45 m

δ-CH2 1.69 m 24.80

ε-CH2 3.01 t 40.10

alanine (Ala) R-CH 3.77 q 51.10

β-CH3 1.48 d 16.75

threonine (Thr) R-CH 3.58 d

β-CH 4.25 m

γ-CH3 1.32 d 20.00

arginine (Arg) β-CH2 1.65; 1.72 m 26.60

γ-CH2 1.92 m 30.20

δ-CH2 3.23 t

asparagine (Asn) R-CH 4.00 dd

β-CH 2.86 dd 35.10

β0-CH 2.95 dd 35.10

aspartate (Asp) R-CH 3.89 dd

β-CH 2.68 dd 37.20

β0-CH 2.79 dd

γ-aminobutyrate (GABA) R-CH2 2.28 t 35.00

β-CH2 1.88 quintet

γ-CH2 3.01 t 40.10

glutamate (Glu) R-CH 3.75 t 55.20

β-CH 2.09 dt 27.69

β0-CH
γ-CH2 2.34 t 34.10

glutamine (Gln) R-CH 3.77 t

β-CH2 2.15 m 27.13

γ-CH2 2.45 m 31.40

proline (Pro) R-CH 4.14 t

β-CH 2.36 m 29.61

β0-CH 2.08 m 24.30

γ-CH2 2.01 m

δ-CH 3.40 t

δ0-CH 3.33 t

tyrosine (Tyr) R-CH 3.93 dd

β-CH 3.17 dd

β0-CH 3.05 dd

C2,6H ring 7.18 d

C3,5H ring 6.88 d 116.05

Table 1. Continued

compd assignment 1H (ppm) multiplicity 13C (ppm)

histidine (His) C2H ring 7.05 s 116.53

C4H ring 7.78 s

phenylalanine (Phe) CH-2,6 7.31 m

CH-3,5 7.44 m

tryptophan (Trp) C5H ring 7.20 t

C6H ring 7.28 t

C7H ring 7.54 d

dimethylamine (DMA) CH3 2.73 s 35.97

trimethylamine CH3 2.91 s 37.86

Osmolytes

Trigonelline N-CH3 4.05 s

HB, HC 8.06 127.92

HB, HC 8.84 d 71.10

HA 9.13 s

glycine-betaine (GB) N-CH3 3.27 s 54.00

R-CH2 3.91 s 66.50

V23 (U) N-CH3 3.23 s 54.96

Sugar Alcohols

V21 (U) N-CH3 3.11 s 47.00

choline N(CH3)3
þ 3.21 s 54.70

R-CH2 68.30

V24 (U) N-CH3 3.23 s 54.75

74.87

V25 (U) N-CH3 3.25 s 41.20

Alcohols

ethanol (EtOH) CH3 1.18 t 17.57

CH 3.66 q 66.70
Phenols

V39 (U) 7.16 d

1H, H-2 7.10 d

1H, H-8 6.24 d

V46 (U) 7.26 d

7.10 d

7.34

AA0XX0 6.88 d 116.52

7.00

7.31

6.92 d 115.98

7.54

7.60

V42 (U) 6.42 d

6.60 d 116.00

7.40
Nucleotides

UDP-glucose C1H (Glc) 5.56 d 93.50

C2H 3.56

C3H 3.76

UMP C10H ribose 5.99 d

C6 ring 8.11 d 127.90

V38 (U) 6.00 d

V51 adenine 8.27 s 122.70

V54 adenine 8.61 s

V52 (U) 8.34 s

a1H and 13C chemical shifts are referred to a 1 mM TSP as internal standard.
Abbreviations are reported. Chemical shifts are referred to TSP signal (δ =
0.00 ppm) and to anomeric 13C signal of alanine at 16.75 ppm, respectively; s,
singlet; d, doublet; dd, double of doublets; t, triplet; q, quartet; m, multiplet; AA0XX0
corresponding to spin systems unidentified; U, unknown.
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1H NMR spectra of maize seed extracts were performed at 300 K on a
Bruker Avance ASQ600 spectrometer operating at a proton frequency of
600.13 MHz (B0=14.3 T). One-dimensional spectra were acquired by
pulse-acquire sequence using the following parameters: 6000 Hz spectral
width, 64 K data points, relaxation time 4 s, acquisition time 4.5 s, 256
transients, and 90� flip angle. Water suppression was obtained by
presaturation sequence present in the routine experiments.

Two-dimensional (2D) NMR experiments, that is, 1H-1H COSY,
1H-1H TOCSY, 1H-13C HSQC, 1H-13C HMBC, and DOSY (18) were
performed using the same experimental conditions previously re-
ported (19): the delay for the evolution of long-range couplings in
1H-13C HMBC was 80 ms, and the mixing time for 1H-1H TOCSY
was 80 ms.

Pulsed field gradient spin echo (PGSE) experiments were performed
with a pulsed field gradient unit producing a magnetic field gradient in the
z-direction with a strength of 55.4 G cm-1. The stimulated echo pulse

sequence using bipolar gradients with a longitudinal eddy current delay
was used. The strength of the sine-shaped gradient pulse with a duration of
1.4 mswas logarithmically incremented in 32 steps, from 2%up to 95%of
the maximum gradient strength, with a diffusion time of 130 ms and a
longitudinal eddy current delay of 5 ms.

The NMR data were processed using the TOPSPIN software (Bruker).
The quantification of compounds in themaize extracts was obtained by

measuring the intensity of selected signals with respect to the intensity of
the trimethylsilylpropionate (TSP) signal at 0.00 ppm normalized to 100.

Statistical Analysis. The statistical elaboration of theNMRdatawas
performed using the software package STATISTICA for Windows (ver-
sion 6.0; 1997). The intensity of the variables was mean-centered and
standardized, i.e., divided by standard deviation before performing the
(ANOVA) and principal component analysis (PCA).

The ANOVA allows the variables with the highest discriminating
power to be selected according to their p-level and F values. The p-level

Figure 2. (A) Two-dimensional DOSY map of maize seed 33P67 extract in D2O phosphate buffer at 300 K. The 1H spectrum of the aqueous extract is also
reported as horizontal projection. (B) Expansion of 4.60-5.45 ppm spectral region in order to highlight the raffinose signal.
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represents a decreasing index of the reliability of a result and gives the
probability of error involved in accepting a result as valid. A p level<0.05
(5%probability of error)was treated as a borderline acceptable error level.
In particular, the F value is defined as the ratio of the “between-groups
variability” and “within-group variability”. The larger the ratio, the larger
the discriminating power of the corresponding variable.

PCAwas performed on the variables selected byANOVA. PCA results
are shown reporting the scores of the principal components and also as a
plot of the variable loadings. The percentage of variance for each specific
principal component is also reported.

RESULTS AND DISCUSSION

1H NMR Spectral Assignment. In Figure 1A, the 1H NMR
spectrum of a GMmaize seed extract in D2O phosphate buffer is
reported. The assignment of the 1H spectrum was obtained using
literature NMR data (4, 9, 20-23) and 2D experiments. Data
obtained previously by CE-TOF-MS on the same transgenic
line (14), seeTable 1, were also used to confirm some assignments.

Some signals were assigned to the following compounds not
previously detected in the 1H NMR spectrum of maize seed
extracts (10-12): ethanol, lactic acid, citric acid, lysine, arginine,
glycine-betaine, raffinose, trehalose, R-galactose, and adenine.

Ethanol was identified by means of the diagnostic triplet at
1.18 ppm,which correlates with a signal at 3.66 ppm in the COSY
map. The corresponding 13C chemical shifts at 17.57 and
66.70 ppm confirmed the assignment. Lactic acid was identified
by the doublet at 1.33 ppm,which correlateswith a quartet at 4.13
ppm in theCOSYmap and by the corresponding carbons at 20.60
and 69.10 ppm. Lysine was identified by its characteristic spin
system, in the TOCSY map, consisting of a triplet at 3.01 ppm,
three multiplets at 1.69, 1.45, and 1.89 ppm, and a triplet at
3.74 ppm as well as by the corresponding carbons. Arginine
shows a spin system consisting of three multiplets at 1.65 and
1.72 ppm, 1.92 ppm and a triplet at 3.23 in the TOCSYmap. The
corresponding carbons in the 1H-13C map confirmed the struc-
ture. Citric acid was identified by the doublet at 2.54 ppm, which
correlates with a doublet at 2.68 ppm and by the corresponding
carbons, see Table 1.

Glycine-betaine, which is an important osmolyte, shows reso-
nances at 3.27 and at 3.91 ppm and the corresponding carbons at
54.00 ppm and 66.50 ppm, respectively.

The 1H spectrum shows also the presence of raffinose, a
trisaccharide consisting of galactose, glucose, and fructose units.
At 5.00 ppm, the 1H spectrum reveals a diagnostic doublet typical
of the R anomeric proton of galactose linked to position 6 of
another unit. To establish the nature of the linked unit, a DOSY
experiment was performed (24). This experiment is a particularly
convenient way of displaying themolecular self-diffusion informa-
tion in a bidimensional array, with the NMR spectrum in one
dimension and the self-diffusion coefficient in the other one.
DOSY has been successfully used for the analysis of mixtures (25)
and for the study of intermolecular interactions (26, 27). Here, we
report theDOSYmap of the hydro-alcholic extract, see Figure 2A,
B. Signals with different diffusion coefficients due to different
metabolites and signal with the same diffusion coefficient can be
observed. Using DOSY information and 2D experiments, it was
possible to identify the raffinose resonances, see Table 1. The
DOSY map shows that the anomeric proton of galactose has the
same diffusion coefficient of a signal at 5.44 ppm partially over-
lapped to the sucrose doublet. The signal at 5.44 ppm can be
attributed to theRglucose linked tobothgalactose and fructose (4).
Note that, as aspected, the diffusion coefficient of raffinose, a
trisaccharide, is lower than the diffusion coefficient of the glucose,
a monosaccharide, and of sucrose, a disaccharide. The presence of
raffinose, not previously identified in the seed maize extracts, was

also confirmed by the addition of a standard compound in the
samples. Raffinose family oligosaccharides have different roles in
plants, being used for the transport and storage of carbon and as
compatible solutes for protection against abiotic stress (28-30).
They are almost ubiquitous in seeds and have been hypothesized to
constitute an important energy source during germination (31).

In seed extracts from another maize variety, La73-Bt (10), the
signal at 5.00 ppmhas been attributed tomelibiose, a disaccharide
consisting of galactose and glucose units.

In addition, a signal reported as V21 was not yet fully assigned
due to its extremely low concentration. The V21 singlet at 3.11
ppm with corresponding carbon at 47.00 ppm in the HSQCmap
is due to the methyl signal of the N-CH3 group of a compound
similar to choline.

The 1H spectrum shows also the presence of trehalose, a
nonreducing disaccharide sugar composed of two glucose units
joined by an R, R-1, 1 linkage. It was assigned by means of the
doublet signal at 5.20 ppmwith a coupling constant of 3.9 Hz, by
the corresponding carbon at 94.30 ppm, and by the spin system
identified in the TOCSY map, see Table 1.

In Figure 1A, the low-field region, from 5.90 to 9.60 ppm, is
also reported. This low-field spectral region shows many signals.

Table 2. ANOVA Applied to 39 Metabolites to Discriminate between GM and
Non-GM Maize Seeds Hydro-alcoholic Fractionsa

F (Fisher) p-level order

V16 CA 3.06157 0.0472 t > c

V25 (U) 4.591874 0.0460

V17 DMA 4.951564 0.0391

V41 FA 5.054791 0.0373

V24 (U) 5.887674 0.0260

V37 UMP 6.301190 0.0218

V30 (U) 6.414180 0.0208

V38 (U) 6.450670 0.0205

V26 Suc 6.586361 0.0194

V50 (U) 6.750600 0.0181

V32 β-Glc 6.811604 0.0177

V44 Tyr 8.288630 0.0099

V58 GB 8.777572 0.0083 t > c

V5 EtOH 9.528544 0.0064 t > c

V52 (U) 10.44380 0.0046

V13 PA 10.65512 0.0043

V51 adenine 10.80720 0.0041

V12 Glu 13.63309 0.0016

V21 (U) 15.45155 0.00098 t > c

V34 R-Glc 19.09433 0.00036

V39 (U) 20.12644 0.00028

V48 Trp 20.91203 0.00023

V59 D-trehalose 22.50214 0.00016 t > c

V54 adenine 24.91015 9.47�10-5

V14 SA 28.10306 4.86�10-5

V56 LA 30.01585 3.33�10-5

V11 GABA 41.36352 4.71�10-6

V42 (U) 43.15032 3.59�10-6

V9 Pro 45.77859 2.44�10-6

V33 raffinose 46.97719 2.06�10-6

V8 AA 50.72701 1.23�10-6

V47 Phe 51.50064 1.11�10-6

V2 Ile 55.04748 7.04�10-7

V57 Thr 60.13772 3.81�10-7

V7 Ala 79.52399 5.05�10-8

V23 (U) 81.11446 4.36�10-8

V3 Val 90.84033 1.86�10-8

V1 Leu 102.4051 7.44�10-9

V4 IA 143.1754 5.29�10-10

aVariables with p-levels less than 0.05 are reported. Abbreviations: see list in
Table 1, U, unknown; c, control; t, transgenic.
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Some aromatic compounds such as tyrosine, phenylalanine,
tryptophan, adenine, pyrimidine nucleoside, phenolic acids, for-
mic acid, and trigonelline (a product from the metabolism of
vitamin B3) were identified.

The presence of adenine, not previously identified in the 1H
spectrum but observed in the mass electropherograms, (14) was
suggested by the diagnostic singlets at 8.27 ppmwith correspond-
ing carbon at 122.7 ppm and the signal at 8.61 ppm.

Several compounds present in extremely low concentrations
were not completely assigned, but some structural information
can be given. For instance, the presence of a chemical structure
similar to the caffeoyl systemwas suggested by the presence in the
TOCSYmap of a spin system consisting of a doublet at 7.16 ppm,
a doublet at 7.10 ppm, and a doublet at 6.24 ppm (32) with a
coupling constant of 15.75Hz. TwoAA0XX0 systems with signals

at 6.88, 7.00, and 7.31 ppm and 6.92, 7.60, and 7.54 ppm,
respectively, matched well with a tyrosine structure. Finally, a
group of signals at 6.42, 7.40, and 6.60 ppm in the TOCSY-COSY
experiments, with a correlation between 6.60 and 116 ppm in
HSQC, were observed.

It is important to underline that the NMR and CE-TOF-MS
techniques provide different and complementary information.
For example, among the 10 compounds identified for the first
time in the 1H NMR spectrum of maize seed extracts, only
adenine and arginine were also identified by CE-TOF-MS (14).

GM and Non-GM Sample Discrimination. The 1H spectra of
GM and non-GM seed extracts, see Figure 1A,B, are con-
servative because all of the signals are maintained in both
genotypes, suggesting that transgenic organisms did not pro-
duce novel metabolites. Conservative 1H spectra were also

Figure 3. (A-E) Histograms relative to the intensity of selected metabolites (arbitrary units); see list of abbreviations in Table 1. Mean values and standard
errors for GM and non-GM maize seed samples are reported. White and black bars refer to non-GM and GM maize seed samples, respectively.
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observed in the case of transgenic tomato and transgenic
lettuce extracts (8, 9) as well as in Zea mays seed (10). In the
grains of “Zea mays”, it has previously been shown using
metabolomic techniques (10, 14) that genetic modification,
obtained through Cry1A(b) gene insertion, induces unex-
pected metabolomic variations in pathways affecting osmo-
lyte and branched amino acid concentrations.

In our study, to investigatewhether it is possible todifferentiate
between GM and non-GM on the basis of differing metabolite
concentrations, the NMR data were analyzed using the mixed
metabolic profiling-metabolomics approach previously re-
ported (22). In fact, although a complete assignment of the 1H
spectra was performed, we prefer not to define metabolomics as
our analytical approach because some metabolites present in
extremely low concentrations could not be revealed due to the
intrinsic sensitivity limit of the NMR technique. The detection
limit of a given metabolite, analyzed in a 5 mm tube using one-
dimensional 1H NMR spectroscopy at high field (11-16 T), is in
the ∼10-100 μM (4) range. Therefore, the intensity of 53 1H
signals was measured in GM and non-GM samples and sub-
mitted to ANOVA to select variables with the highest discrimi-
native power; 39 variables were selected according to their F
values and p-levels, see Table 2.

The mean values and standard errors of the intensity of these
39 variables were reported as histograms in Figure 3A-E. It is

worth noting that the concentration of amino acids is always
lower in the transgenic samples than in non-GM samples. The
organic acids, i.e., isobutyric, lactic, acetic, pyruvic, succinic, and
fumaric acids, are present in lower amounts in the transgenic
samples compared with the nontransgenic ones. Only citric acid
shows a higher concentration inGMsamples than in the non-GM
samples. All the sugars, except trehalose, are present at a lower
concentration in the transgenic samples than innon-GMsamples.
It is important to underline that different results have been
reported for seeds of variety La73-Bt (10), where the concentra-
tions ofGABA, glutamine, succinic acid, and some sugars such as
R glucose,β glucose,melibiose, and sucrose have been found tobe
higher in GM samples than in the non-GM maize samples. This
result confirms that different lines can give rise to a different
metabolic profile.

The intensity of the 39 variables selected by ANOVA was
submitted to PCA, see Figure 4A. This map clearly shows two
distinct groups of samples, namely on the left side, one group
consisting of non-GM samples and, on the right side, a group of
only GM samples.

PC1 and PC2 account for 72.3% of the total variance, with
PC1 responsible for 63.9%. The plot of variable loadings,
reported in Figure 4B, gives important information about the
discriminative power of the variables. Variable 58 (glycine-
betaine), variable 59 (trehalose), variable 16 (citric acid), and

Figure 4. (A) PCA performed on the intensity of 39 metabolites measured in GM and non-GM samples. (B) PCA plot of loadings.
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variable 5 (ethanol) are compounds present in higher amounts in
transgenic samples as well as variable 21, which has not yet been
completely assigned. At the same time, the other variables
correspond to compounds present in a greater amount in non-
GM extracts.

It is important to discuss in more detail those variables that
increased in transgenic maize 33P67 extracts. GB (glycine-be-
taine) is synthesized either by oxidation (or dehydrogenation) of
choline or by theN-methylation of glycine. It accumulates in the
chloroplasts and plastids ofmanyhalotolerant plants, resulting in
resistance to this abiotic stress. Studying salt tolerance of glyci-
nebetaine-deficient and -containing maize lines, it has been also
reported (33) that a single gene, conferring glycine-betaine accu-
mulation (and/or a tightly linked locus), plays a key role in
osmotic adjustment in maize leaves.

Trehalose is another osmolyte present in a wide variety of
organisms (including yeast, fungi, insects, lower and higher
plants) (34) and functions protecting plants from stress and
storing carbohydrates (35). The biosynthesis of trehalose has
been best studied inEscherichia coli andSaccharomyces cerevisiae
and involves a two-step process catalyzed by trehalose-6-phos-
phate synthase and trehalose-6-phosphate-phosphatase. Treha-
lose-6-phosphate is formed from glucose-6-phosphate and
uridine-5-diphosphoglucose by trehalose-6-phosphate synthase
and is then dephosphorylated to trehalose by trehalose-6-phos-
phate-phosphatase (36, 37). It is an essential component of the
mechanisms that coordinate metabolism during plant growth
adaptation and development. Trehalose is known to accumulate
in high concentrations to cope with complete dehydration in
anhydrobiotic organisms (38), preserving membranes during
drought periods (39). This property makes trehalose an interest-
ing candidate for genetic engineering in order to create highly
stress-resistant plants (40). Ethanol increase in GM samples can
be attributed to an alteration of the glycolytic pathway (trans-
formation of pyruvate into ethanol) and of the Krebs’s cycle. The
alteration of the Krebs’s cycle in the transgenic samples is also
suggested by the decrement of succinic and fumaric acid content
and by the increase of citric acid. The same trend was observed in
the case of the organic acids present in transgenic and nontrans-
genic lettuce (9).

The high production of osmolytes “glycine-betaine and threa-
lose” revealed in this line was not detected previously in another
maize line (10). Osmolytes such as L-carnitine and L-proline-
betaine (stachydrine) have been identified in the maize line
33P67 (14) using the CE-TOF-MS approach in order to screen
transgenic maize metabolome.

The alterations in the concentration of some metabolites,
revealed in the present study, could take origin from several
factors. Among these factors, genetic mutations could be in-
volved as a consequence of particle bombardment technique. This
is a random process, which can lead to the physical disruption of
the genome or alteration in gene regulation, with a potential
inactivation of endogenous genes (15). Upon transformation
event, somaclonal mutations could take place; this term indicates
the generation of spontaneous and heritable genetic changes in in
vitro cultures (41). This is particularly true if one ormoreheritable
mutations were closely linked to the transgene or to genes
controlling other critical traits, a situation which would limit
the value of the genetic engineering approach. The net involve-
ment of this factor in the alteration of metabolic profile, which
has not been elucidated in the present paper, will be an interesting
starting point for further deepenings.

Other factors potentially responsible for the metabolic altera-
tion could be pleiotropic effects: in fact, the introduction of an
external sequence can influence not only the proximal region of

insertion, where modifications are due to reshuffling of genetic
sequences to include the new genetic fragment, but also in distal
regions of the genome, affecting the whole equilibrium of path-
ways (15). Pleiotropic effects cannot be excluded, although no
novel compounds appeared in the transgenic line .

ABBREVIATIONS USED

NMR, nuclear magnetic resonance; COSY, correlated spec-
troscopy; TOCSY, total correlation spectroscopy; HMBC, het-
eronuclear multiple-bond correlation; HSQC heteronuclear
single quantum coherence; DOSY, diffusion ordered spectrosco-
py; CE-TOF-MS, capillary electrophoresis time-of-flight mass
spectrometry; GM, genetically modified; ANOVA, analysis of
variance; PCA principal component analysis.
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