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The current procedures to assess the safety of food and feed derived from modern biotechnology
include the investigation of possible unintended effects. To improve the probability of detecting
unintended effects, profiling techniques such as proteomics are currently tested as complementary
analytical tools to the existing safety assessment. An optimized two-dimensional gel electrophoresis
(2DE) method was used as a proteomics approach to investigate insertional and pleiotropic effects
on the proteome due to genetic engineering. Twelve transgenic Arabidopsis thaliana lines were
analyzed by 2DE, and their seed proteomes were compared to that of their parental line as well as
to 12 Arabidopsis ecotype lines. The genetic modification of the Arabidopsis lines, using three different
genes and three different promoters, did not cause unintended changes to the analyzed seed
proteome. Differences in spot quantity between transgenic and nontransgenic lines fell in the range
of values found in the 12 Arabidopsis ecotype lines or were related to the introduced gene.

KEYWORDS: Two-dimensional gel electrophoresis; Arabidopsis thaliana ; seed proteome; unintended
effect; substantial equivalence; GMO

INTRODUCTION regulation of other genes or biochemical pathways. Worldwide,

The assessment of the safety of genetically modified (GM) there has been no vgrifiable uninten'ded. toxic or nutritionglly
crops aims to address both intended and unintended effects abarmful effects resulting from the cultivation and consumption
a result of the genetic modification. Unintended effects can be of products from GM crqpsd( 5) after 10 years of consumption.
the result of secondary or pleiotropic effects of the transgene 1h€ occurrence of unintended effects is not unique to the
expression and insertional effects resulting from transgene @Pplication of recombinant DNA techniques. Itis a phenomenon
integration into plant genomesl€3). The introduction of that occurs frequently in tradltlpnal_breedl_ng, for example, due
exogenous DNA sequences into the plant genome is a randonf© hybridization [potato breeding lines with novel, toxic gly-
process leading to physical disruption in the genome and coalkaloids (6)], natural genetic reqomblnatlpn, ngtural chr.o.-
possible inactivation of endogenous genes. Activation of silent MoSomal rearrangements (translocations and inversions), activity

genes and formation of fusion proteins by transcriptional read- ©f transposable elements in plant genomes, cell fusion, or
through processes are also possitl, @lthough these are ~ chemical and radiation induced mutations T},

routinely minimized during the process of transgenic product ~ To improve the probability of detecting unintended effects,
development by sequencing the insertion site of transgenes androfiling techniques such as proteomics are currently tested as
selecting those that are not in known genes or inserted nearanalytical tools complementary to the existing safety assessment
promoters. In addition, the introduced gene(s), the gene product,(8—10). Profiling technologies allow the simultaneous measure-

or the changed biochemical pathway may interact with the mentand comparison of thousands of plant components without
prior knowledge of their identity. The combination of these

* Corresponding author (e-mail m.ruebelt@gmail.com). nontargeted approaches is considered to facilitate a more
imi%fﬁlsiaggos(t?;g%amérsit comprehensive approach than the targeted methods and, thus,
TTechﬁical University of Mnich. provide additional opportunities to identify unintended effects.
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technologies: RNA, metabolites, and proteins. Because proteinsof Peter's 20:20:20) twice weekly via subirrigation. Seeds were
are direct products of gene transcription and translation, they harvested after complete maturity of all seeds on a plant. To avoid
are ideally suited for the detection of changes in the genome see_d deterior_ati_on, seeds were placed in freezer bags containing
(e.g., insertional mutation), in gene regulation (pleiotropic desiccant (DrlerlFe Anhydrqus Calcium Sulfate) and stored 4.4
effect), or in biochemical pathways (direct or pleiotropic effecty ~ GUS Expression Analysis DNA and RNA were extracted from

of a genetically modified plant. The expected changes in the Arabidopsisleaf tissue using the ABI 6700 nucleotide purification

lant t imilar t turall - tati system per the manufacturer's recommendations (Applied Biosystems,
plant proteome are similar to naturally occurring mutatidr ( Foster City, CA). Copy number of the transgenic insertion in the

and can lead to changes in the net charge (isoelectric point),qenomic DNA was determined using quantitative Tagman PCR. An
the molecular weight, and/or the quantity of the affected protein. assay designed to amplify a region of the E@t8was designed and

To investigate insertional and pleiotropic effects due to validated to known Southern-confirmed controls of one, two, and four
genetic engineering, the seed proteomes of 12 transgenic (TG)copies. The primers used in the reaction were a forward printer, 5
A. thalianalines were analyzed by two-dimensional electro- CAACGTTCGTCAAGTTCAATGC, a reverse primer,-§GCCAT-

phoresis (2DE) according to the method of Ruebelt etlal) ( AATACTCGAACTCAGTAGGA, and the labeled Tagman probé; 5
and compared to the seed proteome of the wild-type line. The 6fam-TCAGTTTCATTGCGCACACACCAGAA-tamra. The sequence

: . : . . . for ctpA2 DNA was used as an endogenous control. The primers used
transgenid\. thalianalines contain an insertggtglucuronidase for ctpA2 gene were a forward primer,-5GGTTGTTGTATAG-

(gus) gene, an insertuthydroxyphenylpyruvate dioxygenase  1cGGTGTAAC, a reverse primer, 5-ATCCACAGAACGCCTCT-
(hppd) gene, or an |n_serte¢-tocopherol-methyltransferase TCATC, and the labeled Tagman probe, vic-CATCCATTGCCAA-
(y-TMT) gene. These lines were chosen because they repre-AGTCGTTTCCGAA-tamra. The multiplex reaction consisted of 100
sent two different strategies: (i) no change to an endogenousnm/100 nM primers/probe for the E9 region and 300 nM/100 nM for
metabolic pathway (gugene) and (ii) change of an endogenous the primers/probe amplifying the ctpA2 control. PCR cycle conditions
biochemical pathway (hppénd y-TMT genes). The data  were 2 min at 50C, 10 min at 95°C, and 40 cycles of 95C, 15 s,
generated from the previous study on natural variability (11) 60 °C, 1 min. ABI Universal PCR Mastermix (Applied Biosystems)
are used to discuss the relevance of potential differences betweet{/as used for the reaction. TheACT method was used to quantify
the transgenic lines and their nontransgenic parental lines. Thisthe PCR-amplified products and calibrate them to the one-copy control
study will address the feasibility of proteomics technology to DNA.

identify unintended or intended changes in the seed proteome Similarly, RNA purified from leaf and seed tissue was used to assess
. . . 9 P expression of the GUS transcript. The same E9 assay reagents used
due to genetic engineering.

for the DNA assay were used in the expression assay. The ribosomal
18S RNA level was used as an endogenous control. The primers used
MATERIALS AND METHODS for 18S control were a forward primer,-EGTCCCTGCCCTTTG-
TACAC, a reverse primer, 5'-CGAACACTTCACCGGATCATT, and
Plant Material. Seeds for six transgenidrabidopsislines (T3 the labeled Tagman probe, vic-CCGCCCGTCGCTCCTACCGAT-
generation) containing an insertgaylucuronidase (gus) gene and their  tamra. The multiplex reaction consisted of 100 nM/100 nM primers/
parental line (WT Col-0) were provided by Monsanto Co., St. Louis, probe for the E9 region and 50 nM/50 nM for the primers/probe

MO. The transgenié\rabidopsisevents were obtained bygrobacte- amplifying the 18S control. PCR cycle conditions were 30 min at 48
rium-mediated transformation with a T-DNA containing {h@lucu- °C, 10 min at 95°C, and 40 cycles of 98C, 15 s, 60°C, 1 min. ABI
ronidase (gus) gene and the neomycin phosphotransferasetll) ( One-step RT Mastermix (Applied Biosystems) was used for the reaction.

gene for antibiotic selection. The GUS construct contains the enhancedAgain, theAACT method was used to calculate a relative expression
35S promoter, derived from cauliflower mosaic virus (E35S), and a value of the PCR-amplified products and calibrate them to a known
transcription terminator sequence (E9). Tigll gene is driven by a  positive controlArabidopsidine expressing the GUS protein previously
nopaline synthase promoter (pNOS) and is followed by the 3 characterized by histochemical analysis.

nontranslated region of the nopaline synthase gene fgrabacterium Phenotypic Analysis and MethodologyFour phenotypic traits, that
tumefacieng3'NOS). The lines have been advanced as single seeds.js, first flowering date (FFD), rosette diameter (RD), seed yield, and
The six transgenic lines were selected because they contain one gengeed protein content, were assayed. The FFD is the number of days
copy, are homozygous for the transgene, and have different transgengrom the date of planting until the opening of the first flower and was

expression rates in leaf tissues. assayed by daily inspection of the plants. The RD is the diameter
Seeds for six tocopherol-enhanced transgAnabidopsidines and (centimeters) of the leaf rosette at the time of first flowering. The seed
their parental line (Col-0) were obtained from Michigan State University vyield is the amount of harvested seeds for one plant. Leaf and stem
(D.D.). The transgenié. thalianalines contain an insertgethydroxy- morphology was visually assessed by the overall shape, length,
phenylpyruvate dioxygenase (hppd) gene, or an insertiedopherol- thickness, and pubescence. The seed protein content was determined

methyltransferasegtmf gene and have been previously descritig] ( using the FlashEA 1112 protein analyzer. The protein content was
14). The expression of the transgemgpdis controlled by a constitutive calculated with Eager 300 software using the protein factor of 6.25.
cauliflower mosaic virus (CaMV) 35S promoter (35S:HPPD-2 and -3) The analysis was performed in replicates of the pooled seed samples,
and by a seed-specific promoter DC3 (DC3:HPPD-3 and -8). The also used for the 2DE analysis. Total tocopherol contents and tocopherol
expression of the transgergtmt is controlled in both TG lines compositions were assayed in seeds from the enhanced tocopherol
(35S:gTMT-18 and -49) by the CaMV 35S promoter. transgenic lines and their control lines (WT and WT-P). The tocopherol
The T3 generation of the 6 transgenic GUS lines was grown side- analysis of the seeds was performed as described iri3efTotal
by-side with the parental line (Col-0) and ¥rabidopsisecotypes tocopherol and composition are represented as the mestandard
(previously discussed in réfl). The 6 tocopherol-enhanced transgenic  deviation (SD) of four measurements of a pooled seed sample of six
Arabidopsislines were grown side-by-side with the parental line plants. A statistically significant difference was evaluated with the
(Col-0) and the interexperimental control line (Col-0). The parental statistical software program JMP v. 5 (SAS Institute Inc., Cary, NC)
line and the interexperimental control line both represent the same using the Tukey Kramer simultaneous pairwise comparison procedure
Arabidopsisecotype, Columbia (Col-0), but originate from two different ~ with a significance level of 5%.
laboratories. Plants were grown in individual 2.5-in. pots (Metro-Mix Sample Preparation. Protein extracts were prepared as described
200 soil; Hummert International, Earth City, MO) in growth chambers in ref 12 In brief, seeds harvested from six to eight plants were pooled
at 20 °C and 70% relative humidity with 16 h of light (15200 and ground with a paint shaker-like device. Proteins were extracted
ueinstein/s/f). For each line, 1612 replicates were planted and  with an extraction buffer containing 7 M urea, 2 M thiourea, 0.75%
randomly distributed in the growth chamber to limit the influence of (w/v) CHAPS, 0.75% (v/v) Triton X-100, 100 mM DTT, 1% (v/v)
environmental factors. The plants were watered and fertilized (100 ppm carrier ampholytes stock, 20% (v/v) 2-propanol, and protease inhibitor
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cocktail Complete (Roche, Mannheim, Germany) for 1 h while shaking Tapje 1. Phenotypic Measurements of the WT Col-0 and the TG Lines
at room temperature. After centrifugation, the supernatants were stored(\jeans + SD)

in aliquots at—80 °C until analysis. Protein concentration was estimated

using the Bio-Rad protein assay with bovine serum albumin (BSA) as FFD2 seed protein®
a standard. name N (days) RD? (cm) yield (mg) (% fwd)
Two—Dimension_aI Gel Electrophoresis2DE .and gel sta_lining were Col-0 3 31+1 74+10 722 £92 247
performed according to the method of . Briefly, protein extracts TG-1 10 31+1 9.1+ 0.8* 711 + 220 23.4
were diluted in rehydration buffer containing 7 M urea, 2 M thiourea,  TG-2 10 31+4 8.4+05 641+ 184 239
0.75% (w/v) CHAPS, 0.75% (v/v) Triton X-100, 100 mM DTT, 0.3% TG-3 12 324 7.7%£08 583 £ 131 24.3
(v/v) carrier ampholytes stock, 10% (v/v) 2-propanol, 12.5% (v/v) water- ~ TG-4 1 31+4 8.7+09 593 + 200 23.2
saturated isobutanol, protease inhibitor cocktail Complete (Roche), and  TG-5 1 31£2 9.1£07* 596 + 136 24.0
a trace of bromophenol blue. Nonlinear immobilized pH gradient gel ~ 16 12 32+5 95+ 14 540 + 184 254
strips (IPG) with nonlinear pH-310 gradients (13 cm, GE Healthcare)
were rehydrated using 230L of diluted sample (15Qug of total @Number of days from the date of planting until the opening of the first flower.
protein). The IEF was carried out using a Bio-Rad PROTEAN IEF bRosette diameter at the time of first flowering. The asterisk indicates significant
cell with a controlled cell temperature of 2C to a total of 35000 Vh. difference (P < 0.05) from Col-0. ¢ Protein content of pooled seed samples of six

The IPG strips were equilibrated first for 10 min in 50 mM Tris-HC|  to eight plants; N = 2. 9Fresh weight.
(pH 8.8), 6 M urea, 30% (w/v) glycerol, 2.3% (w/v) SDS, 1% (w/v)
DTT, and bromophenol blue and then for another 10 min in the same tjmes with 100uL of 50 mM ammonium bicarbonate for 15 min at
solution except DTT was replaced with 4% (w/v) iodoacetamide. The room temperature, dehydrated by the addition of 2ZD®f acetonitrile
second dimension was run in a Bio-Rad Criterion Dodeca cell system [5094 (v/v) final concentration], and incubated for an additional 15 min
in 8—16% Tris-HCl linear gradient Criterion gels. The gels were run  at room temperature. The gel pieces were dried to completion for 1 h
for the first 15 min at 130 V and then at 180 V until the tracking dye in a Speed-vac. Digestion was performed by incubating each gel piece
reached the bottom of the gel. The gels were stained with colloidal i, 30uL of trypsin solution for 16 h with shaking at 3T. The trypsin
Coomassie Brilliant Blue (CBB) solution according to method of solution was prepared by diluting sequencing-grade modified trypsin
Neuhoff et al. {5). The CBB staining solution was prepared fresh by (promega Co., Madison, WI) in 25 mM ammonium bicarbonate to a
mixing 4 parts of 0.1% (w/v) CBB G-250 in 2% (w/v) phosphoric acid  final concentration of 33g/mL. Peptides were extracted at room
and 11% w/v ammonium sulfate with 1 part of methanol. The gels temperature by one change of 5% (v/v) trifluoroacetic acid and three
were incubated in this solution for 3 days at room temperature on an changes of 5% (v/v) trifluoroacetic acid in 50% (v/v) acetonitrile (30
orbital rotator. Imaging of the stained proteins was performed at a scan min for each change) at room temperature and dried down. The mass
resolution of 36.3< 36.3um using the GS-800 calibrated densitometer spectra of the tryptic digests were acquired with a Voyager-DE Pro
(Bio-Rad Laboratories, Hercules, CA). MALDI-TOF mass spectrometer (Applied Biosystems) equipped with
Image Analysis. The scanned images of the 2DE gels were pro- a nitrogen laser(= 337 nm). The samples were reconstituted prl5
cessed and analyzed with PDQuest 2-DE gel analysis software v. 7.1of 0.1% (v/v) trifluoroacetic acid. In some cases, the samples were
(Bio-Rad Laboratories). All images were processed with the following desalted with ZipTip @ (Millipore, Billerica, MA) according to the
software settings for spot detection and background subtraction: instruction manual before the MALDI-TOF MS analysis. Peptides were
sensitivity, 40; size scale, 3; min peak, 400; power mean 3 floater, cocrystallized 1:2 (v/v) with matrices consisting of saturateclyano-
97; speckles filter. Spots detected by the software program were 4-hydroxycinnamic acid prepared in 60% (v/v) acetonitrile/36% (v/v)
manually verified. False-positive spots (e.g., artifacts and multiple spots methanol/4% (v/v) water. The spectra were either internally calibrated
in a cluster) were manually removed; false-negative spots (obviously using known trypsin autocatalytic fragment peaks or externally
missed spots with OD- LOD) were added to the images. A spot was calibrated using a standard peptide mixture. Monoisotopic peptide
considered to be reproducibly present/absent when it was present/absernhasses were assigned and searched against the NCBInr database using
in all three replicate gels of one extraction. To compare spots acrossMS-Fit (17,18) and against the Swiss-Prot/TrEMBL databases using
gels, a match set was created from the images of the gels in anPeptldent {9, 20) to identify the proteins. The search parameters were
experiment. A standard gel (master) was generated of the image withset up as follows: cysteine as carbamidomethyl-cysteine; maximum
the greatest number of spots. Spots reproducibly present in a matchallowed peptide mass error, 0.5 Da; consideration of one incomplete
set member but not present in the image with the most spots were cleavage per peptide; minimum number of matched peptides, 4; and
manually added to the standard gel. The automated matching tool of searching range, within the experimentalyalue + 1 pH unit and
the PDQuest software package was used to match spots across the gelexperimental molecular mass (MM) 20%.
All spots matched by the software program were manually verified.
The spots were quantified by 2D Gaussian modeling. Spot quantities
of all gels were normalized to remove non-expression-related variations

in spot intensity, so the raw quantity of each spot in a gel was divided  gys Lines. The T3 generation of 6 transgenic (T@®)
by the total quantity of all the spots in that gel that have been included thaliana lines was grown side-by-side with the parental line
in the standard. All statistical analyses were performed with the (Col-0) and 12 ecotypesit) under controlled environmental

statistical software packages JMP v. 5 or SAS v. 9 (SAS Institute Inc.). dit Th nirabid . t tai
A one-way analysis of variance (ANOVA) with protected least conditions. The transgenArabidopsisevents contain one copy

significant difference (LSD) was performed for each spot to identify Of the S-glucuronidase (gus) gene. The transgene is driven l?y
significant differences in spot quantities of 2-fold and greater with  the enhanced 35S promoter, derived from cauliflower mosaic

< 0.05. To avoid overestimation of quantitative differences due to virus (E35S), and is followed by a transcription terminator
inaccurate quantification of poorly resolved protein spots, all spots with sequence (E9). Thgus gene is a prokaryotic gene and not
the maximum value and an average spot quantdy) were excluded  normally found in plant tissueg{, 22). A physiological effect
from the data set. In addition, the detected statistically significant of the introduced gene is, therefore, not anticipated.

d'ﬁerenc.e (Z< 0_.f_05) .mustt) ha,\\;le a piwe.r at:jovLe 80%%‘ i The six transgenic lines were selected because they contain
Protein Identification by Matrix-Assisted Laser Desorption one gene copy, are homozygous, and have different transgene

lonization—Time of Flight Mass Spectrometry (MALDI-TOF MS). . . . .
Protein spots were excised from the stained 2DE gels using Bio-Rad’s expression rates in leaf tissudaple 3). The expression rates

spot cutter and placed into siliconized microcentrifuge tubes. Proteins WEe assayed by reverse transcription Polymerase Chain Reac-
were in-gel digested with trypsin according to the published procedure tion (RT-PCR) to determine the amount of E9-mRNA in relation
(16), except that the alkylation step was omitted, having been included t0 the expression rate of a transgenic control line with known
in the 2DE gel procedure. Briefly, the gel pieces were washed three expression rateT@ble 3). The relative levels oEUSexpression

RESULTS AND DISCUSSION
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Table 2. Qualitative Seed Proteome Comparison between WT Line
and TG Lines (Means * SD)

detected reproducible spots matched spots reproducibly
line spots? spots? to WT Col-0 absent¢
Col-0  463%10 429 429 1 (SSP 2814)
TG-1 472 £30 440 420 0
TG-2 465+ 15 434 417 0
TG-3 4729 444 415 1 (SSP 2814)
TG-4 477 £6 447 421 0
TG-5 458 £13 426 416 0
TG-6 470+ 19 442 419 0

2 False-positive spots due to edge effects, focusing problems, or dust were
excluded. Values are means + SD. ? Spot must be detected in all three replicate
gels. ¢ Spot must be absent in all three replicate gels.

Table 3. GUS Expression Measured in Leaf and Seed Tissue of T2
and T3 Generation Plants

Ruebelt et al.

observed in 12Arabidopsisecotypes (11). The number of
detected spots for the Col-0 fell into this range with 4620
resolved spots. The majority of the spots were reproducible
(resolved in all three replicate gels) and varied between 426
spots for TG-5 and 447 spots for TG-4. The protein profiles of
the seven lines were very similar as 93% (TG-3) to 98%
(TG-5) of the reproducible spots of a line were matched to the
parental wild-type Col-0 and 97% (414 spots) of the wild-type
spots were matched to all lines. One spot (SSP 2814) in the
lines TG-1, TG-2, TG-4, TG-5, and TG-6 was consistently
absent in the 2DE gels of the line TG-3 and the WT line Col-0.
Figure 1 shows representative 2DE gels for WT Col-0 and for
the line TG-2 as an example of the comparison. The gel region
indicating the difference between the two lines is enlarged for
both profiles. Protein spot SSP 2814 is absent in the 2DE pattern
of WT Col-0 and present in the 2DE pattern of TG line TG-2.
All other reproducibly present spots of one of the lines were

also present in at least one replicate gel of all other samples,
that is, no additional reproducible qualitative difference was
detected between any of the lines.

GUS expression (E9-mRNA) in GUS protein
T2 generation T3 generation T3 generation T3 generation

. (leaftissue)  (leaftissue)  (seedfissue)  (seed tissue) Protein spot SSP 2814 was excised and digested in-gel with
fine av rel exp? avrel exp® av rel exp® 10D trypsin. The tryptic peptides were subjected to MALDI-TOF
WT Col-0 0.00 0.00 0.00 0 MS analysis. The measured peptide masses were searched

lg% %;g ‘I-gg (1)2% 4132 against the NCBInr database using MS-Bif (18) and against

16-3 5.45 0.28 0.00 0 the Swiss-Prot/TrEMBL databases using Peptld&8tZ0). To

TG-4 2.12 2.58 2.29 1745 consider a protein unambiguously identified, at least five peptide
TG-5 249 30.30 0.61 910 masses need to be matched to the protein and 15% of the protein
TG-6 11.88 34.75 075 3350

sequence needs to be cover&¥)( Twenty-three peptides
matched the theoretical tryptic peptide masses fFajlucu-
ronidase (GUS) ranging from position 26 to 602. When
compared to the full GUS sequence, this covered 36% of the
ranged from 1.8 to 11.9 times the levels in the control line with amino aqd sequence of GUS. The GUS proteln has a theoretical
the highest levels seen in TG-6. Therefore, insertion of a single isoelectric point () of 5.13 and a theoretical molecular mass

gene cassette can result in huge variations in transgene expres(MM) of 70 kDa. The experimentallpand MM of spot SSP

: : . 2814 were found to be 5.1 and 73 kDa, respectively. Hence,
sion. The different levels of transgene expression may be due . . " ;
to differences in the integration site of the introdugeggene the protein spot SSP 2814 was identified as GUS according to
referred to as position effect (23—25) ' its peptide mass fingerprint (PMF) and its isoelectric point and

Phenotypic Comparison.Four phenotypic parameters were molecular mass.
assayed in the transgenic and wild-type (WAdabidopsis As expected, the GUS protein was detected in the 2DE gels
plants (Table 1). The FFD [measured at Boyes'’s growth stage 0f TG-1, TG-2, TG-4, TG-5, and TG-6 but not in WT Col-0
6.00 (26)], seed vyield, and protein content do not show (Figure 2). The line TG-3 had-5-fold expression of the GUS
significant differences (P> 0.05) between Col-0 and the construct but did not have detectable levels of GUS protein.
transgenic lines. A statistically significant differenée< 0.05) The spot quantity of GUS varied among the transgenic lines,
in RD was observed between Col-0 and all transgenic lines Where GUS was reproducibly detected, and increased in the
except TG-2 and TG-3. The leaf rosettes of the transgenic linesfollowing order: TG-1 [<0.01% of total integrated optical
TG-1, TG-4, TG-5, and TG-6 were on average 24% larger than density (I0D)], TG-5 (0.10% of total I0OD), TG-4 (0.18% of
the leaf rosettes of the WT. The line TG-6 had the largest RD total IOD), TG-6 (0.37% of total IOD), and TG-2 (0.44% of
(9.5 cm) compared to WT with a 7.4 cm RD. However, the total I0D). Although the line TG-3 had the second highest
differences in RD are in the range of natural variability expression ogus(E9-mRNA) in leaves of T2 generation plants
(7.4—13.5 cm) observed among A2abidopsisecotypes in a  (Table 3), neither the GUS proteirfrigure 2; Table 3) nor the
previous study 11). All of the transgenic lines demonstrated gustranscript (E9-mRNA) was detected in the seed of the T3
very similar phenotypes compared to the WT Col-0 with respect generation of this line. The 2DE analysis of the progenitor (T2
to their leaf and stem morphology as assessed visually for overallgeneration) seeds confirmed the absence of GUS on the 2DE
shape, length, thickness, and pubescence. gels. Thegus gene is driven by the constitutive CaMV 35S

Comparison of 2DE Patterns.Seeds harvested from eight promoter (28), and GUS expression should occur in both leaf
individual replicate plants were pooled to one representative and seed tissue. A possible explanation for the leaf-specific
genotype sample to minimize the influence of environmental expression in TG-3 is that the insertion site is restricting
and genetic variation within a line. Using an optimized 2DE expression of GUS to the leaves. There is no linear correlation
technique (12), the seed protein profiles of the six transgenic between the GUS mRNA in leaves?(R 0.095,P = 0.50) or
Arabidopsislines were compared to the seed protein profile of seeds (R= 0.381,P = 0.14) and the actual GUS protein in
the parental line Columbia (Col-OY &ble 2). The number of seeds. The poor correlation between mRNA and protein has
detected spots varied from 458 13 protein spots for the line  been demonstrated previousBS( in yeast, ref80—33) and is
TG-5 to 477+ 6 protein spots for the line TG-4, which is a thought to be due to different turnover rates of mRNA and
very narrow range of spot variation in comparison to the range protein, alternative splicing, and post-translational modification.

2Data are expressed as average relative expression of E9-mRNA to a transgenic
control line with known expression rate. ? Integrated optical density.
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Figure 1. Head-to-head comparison between seed protein profiles of WT Col-0 and TG lines. Representative 2DE gels of WT Col-0 and TG line TG-2
are shown with enlargements of the gel regions of interest.
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Figure 2. Differences in GUS expression among the six transgenic lines compared to WT.

Table 4. Quantitative Comparison of the Seed Proteomes of Col-0 Table 5. Quantities of the Significantly Different Spots in the Context
and the Six TG Lines of Natural Variation
spots quantitatively different? SSP  ecotypes (1I) WTCol-0 TG-2 TG-3 TG4 TG5 TG-6
line vs WT-P compared spots 2-fold >3-fold 2406 72-503 324 589
2807 105-743 169 1059 823
TG-1 420 0 0
3210 353-3768 1770 2741
1o e : 5 (4-and e-fold) 3803 41-202 88 35 304
TG-4 421 9 1(3-old) 6409 114-276 180 103 82 76 93 86
1G5 416 1 0 8103 117-2118 578 194 236
TG-6 419 2 2 (4- and 6-fold)

2Values are the mean (N = 3) normalized integrated optical density (IOD) of
the spots.

2 Power of difference must be >80% and mean spot quality >40.

Quantitative Comparison of 2DE Patterns.To investigate different transgenic lines. Eleven of the 13 different spots (from
differences in spot quantities between the wild-type and the Table 4) are not significantly different from the values found
transgenic lines, the spot quantities of the 429 reproducibly in natural variation of the 12 ecotypes using a one-way ANOVA
present spots in Col-0 were compared to the spot quantities ofwith protected LSD P < 0.05). Two of the three significant
the transgenic lines. A statistical significance=02-fold was spots of TG-2 exceeded the range of natural variation. Both
set for quantitative differencesTable 4 summarizes the  spots are located very close to the GUS protein (SSP 2814, p
guantitative comparison of the seed proteomes of Col-0 and= 5.1; MM = 73 kDa) on the 2DE gelHigure 1). The two
the six transgenic lines. In five of the six transgenic lire% protein spots SSP 2807I(p= 5.1; MM = 76 kDa) and SSP
of the spots varied significantlyP( < 0.05) in spot quantity, 3803 (pl= 5.2; MM = 71 kDa) of TG-2 were subjected to
whereas the proteome comparison of TG-1 did not reveal any MALDI-TOF MS analysis. The measured peptide masses of
differences in spot quantity relative to WT. The transgenic line the protein spots were searched against Swiss-Prot databases
TG-6 had, with four spots (0.95%), the highest number of using Peptldentl(9, 20). Two different proteins were identified
significantly different spots. The differences in spot quantity in spot SSP 2807; tharabidopsisendogenous luminal binding
varied between 2- and 6-fold. To evaluate any relevance of thoseprotein (pl= 5.08; MM = 71 kDa) with 13 matched peptides
differences, the spot quantities of these spots were set in contexind 21.2% sequence coverage grglucuronidase (p¥ 5.24;
of natural variation of protein quantities found in Atabidopsis MM = 68 kDa) with 11 matched peptides and a sequence
ecotypes (Table 5). The data from an ecotype comparié@h (  coverage of 18.2%. Spot SSP 3803 also comprised more than
were included in the data set for the significance t€able 5 one proteinS-Glucuronidase (p& 5.24; MM = 68 kDa) was
shows the ranges of spot quantity among the 12 ecotypes, thedentified with nine matched peptides and a sequence coverage
spot quantity of the WT Col-0, and the values of the significantly of 16.7%. Five of the remaining masses match the computed
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B0 | = memmare e Esmar aromatic_ precursor for the biosynthesis of tocopherol and
plastoquinone. The enzym&@MT (EC 2.1.1.95) catalyzes the
4000 methylation ofy- andd-tocopherol to yieldx- ands-tocopherol,
- respectively 84). The six transgenic lines have previously been
© 3900 described 13, 14) and were homozygous for the transgeds) (
2 Table 6 shows the lines and their descriptions. The WT-P
E 2000 line is the parental line of the transgenic lines. The WT line is
5 an interexperimental control line used in the previous experi-
1568 ments with the transgenic GUS lines and in the natural

variability study @1). Both control lines (WT-P and WT) have
the same genetic background, thalianaecotype Col-0, but
Cok0 TG3 TG4 TG5 TG4 TG6 TG2 originate from two different laboratories. Differences between

Figure 3. Correlation between the spot quantities of GUS, spot SSP 2807, these wo lines represent natural variation within the ecotype

and spot SSP 3803, Col0. _ _ _
Phenotypic Comparison. The two wild-type and the six
Table 6. Description of Control and Transgenic Lines transgenicA. thaliana lines were grown side-by-side in an

environmentally controlled growth chamber. Six phenotypic

line description traits (FFD, RD, seed yield, protein seed content, total toco-
wT interexperimental control line, WT Columbia (Col-0) pherol contents, and the tocopherol compositions) were assayed
WT-P parental line of TG lines, WT Columbia (Col-0) (Table 7)
35S:HPPD-2 p-hydroxyphenylpyruvate dioxygenase (hppd) gene driven by )
35S:HPPD-3 CaMV 35S promoter (35S); kanamycin resistant; (14) The RD [measured at Boyes’s growth stage 6 Z§)) seed

DC3HPPD.3 - hydrosyphenylpyruvate dioxygenase (hppd) gene driven by yield, and protein content do not _shc_)w significant differencgs
DC3:HPPD-8 seed-specific DC3 promoter (DC3); hygromycin resistant; (14) (P> 0.05) be'_[W(_een the_ tra_msgenIC_lmes and the paren'_[al line
35S:gTMT-18 -tocopherol-methyltransferase (y TMT) gene driven b WT-P. A statistically significant differenceP( < 0.05) .In .
y-tocop y yTMT) g Y
35S:gTMT-49 CaMV 35S promoter (35S); kanamycin resistant; (13) FFD was observed between WT-P and the transgenic lines
DC3:HPPD-3 and DC3:HPPD-8. Plants of the transgenic lines
DC3:HPPD-3 and DC3:HPPD-8 started to flower, on average,
tryptic peptide masses @rabidopsisendogenous heat shock 2 days later than WT-P. Although this difference is statistically
protein (HSP81) and cover 9.3% of the protein’s sequence. Thesignificant, it is within the range of natural variation of flowering
increase in spot quantity of spot SSP 2807 and SSP 3803 maytime for the ecotype Col-0 as WT plants started to flower 3
be due to fragments of GUS migrating to the same position as days later than WT-P. There were no observed differences in
the endogenous proteins dirabidopsis. To support this leaf and stem morphology, assessed by overall shape, length,
assumption the spot quantities of spot SSP 2807 and spot SSPRhickness, and pubescence. Five of the six transgenic lines
3803 were compared to the spot quantity of the GUS spot demonstrated the expected phenotype regarding total tocopherol
(Figure 3). There is a strong correlation between the GUS level and tocopherol composition as previously descrilied) (
quantity and the quantities of spot SSP 2807 (correlation 14). The seed total tocopherol contents were increased 14% in
coefficient= 0.975,P = 0.0046) and spot SSP 3803 (correlation 35S:HPPD-2, 17% in 35S:HPPD-3, and 9% in DC3:HPPD-8
coefficient=0.973,P = 0.0054), indicating that SSP 2807 and above wild-type (WT-P) levellable 7). The increases of total
SSP 3803 contain GUS fragments. tocopherol in the transgenic lines over the WT-P are due to
Enhanced Tocopherol Lines.In this portion of the study, increases ofy- and J-tocopherol (Table 7). Theo- and
the goal was to investigate changes in the protein pattern S-tocopherol contents of these three transgenic lines were
associated with transgenic lines containing an altered endog-not significantly different P > 0.05) from the values for
enous metabolic pathway. The transgenic lines overexpress onaVT-P. Thea- and -tocopherol levels of the transgenic lines

of two tocopherol biosynthetic pathway enzymes, #Arabi- 35S:gTMT-18 and -49 were increased 36- ard7-fold,
dopsis p-hydroxyphenylpyruvate dioxygenase (hppd) gene orrespectively, at the expense pf and d-tocopherol (Table 7),
the Arabidopsisy-tocopherol-methyltransferasgTMT) gene. whereas the total seed tocopherol levels were not significantly

The enzyme HPPD (EC 1.13.11.27) catalyzes the conversiondifferent (P> 0.05) from the wild-type (WT-P). The observed
of p-hydroxyphenylpyruvate to homogentisic acid (HGA), the changes in the seed tocopherol compositions of th#IT-

Table 7. Phenotypic Measurements of the WT Col-0 and TG Lines (Mean + SD)

seed protein total tocopherol®  a-tocopherol®  3-tocopherol y-tocopherol®  d-tocopherol®
FFD? (days), RD? (cm), yield (mg), (% fwe), (ng/mg pf fw), (ng/mg of fw),  (ng/mgof fw),  (ng/mgof fw),  (ng/mg of fw),
line N=10 N=10 N=10 N=2d N=4d N=4d N=4d N=24d N=4d
WT 39+ 0f 10.8+047  721+1019 22.7 378+ 10 8.98+0.19 <1 350+8 18.5+1.0*
WT-P 361 9010 567 + 194 23.3 370+5 8.86 +0.85 <1 338+4 227+11
35S:HPPD-2 3B+l 85+10  532+194 22.9 420 + 8* 9.38+0.42 <1 383 + 6* 274+ 16*
35S:HPPD-3 361 85+10  581+175 234 432 + 6* 9.12+0.39 <1 394 + 5+ 28.6 £ 2.0*
DC3:HPPD-3 38+ 2¢ 90+1.0 572 £177 235 368+4 8.38 £ 0.43 <1 338+5 222+05
DC3:HPPD-8 38+ 2% 95+10 553 + 208 22.9 404 + 6* 8.77+0.46 <1 370 + 5* 257+1.2*
35S:gTMT-18 37+2 90+15 633 + 242 23.6 371+4 315+ 3* 203+16 33.7+£0.5* 2.0+0.08*
35S:gTMT-49 37+1 10.0+10 562 +264 22.2 367+7 315+ 6* 16.6 £0.3 34.4+0.8* 1.6 +0.04*

@ Number of days from the date of planting until the opening of the first flower. The asterisk indicates significant difference (P < 0.05) from WT-P. ? Rosette leaf diameter
at the time of first flowering. ¢ Fresh weight. ¢ Pooled seed samples of six to eight plants. € The asterisk indicates significant difference (P < 0.05) from WT-P. fN = 29N
=6.
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Table 8. Qualitative Comparison of the Seed Proteomes of WT Lines profiles of the eight lines were very similar, as 99.1% (WT) to
and TG Lines 99.9% (35S:gTMT-49) of the reproducible spots of a line were
matched to the parental wild-type WT-P an87% (686 spots)
) spots spots. of the reproducible spots were matched to all of the lines. One
e dg;eocéid mpgg‘(j)‘t’;;b'e T,am?g rergsg;;‘:"y reproducible spot (SSP 9003) resolved for the WT-P was absent
in the three 2DE replicate gels of the DC3:HPPD-3. However,
M-P ;‘3‘; : 5190 ;gg ;gé g the protein spot was not scored as reproducibly absent because
- it is a very faint spot that is negatively affected by focusing
355HPPD-2 729110 702 700 0 problems of the neighboring, very abundant spot SSP 8017. In
g‘r’csémﬁ%'i ;i;ﬂg ;8421 ;g; 8* addition, the spot was unambiguously resolved in the fourth
DC3:HPPD-8 750 + 27 704 702 0 2DE replicate gel of the TG line DC3:HPPD-3. Therefore, all
35S:gTMT-18 73013 700 699 0 reproducibly present spots of one of the lines were present in
3585:gTMT-49  733+17 705 704 0 at least one replicate gel of all other samples; that is, no

reproducible qualitative difference was detected between any
2 False-positive spots due to edge effects, focusing problems, or dust were of the lines.

excluded. Values are means + SD. ? Spot must be detected in all three replicate
gels. ¢ Spot must be absent in all three replicate gels. *, spot SSP 9003 was absent
in all three replicate gels but present in the fourth (control) replicate gel.

Quantitative Comparison of 2DE Patterns.To investigate
differences in spot quantities between parental and transgenic
lines, the quantities of all spots reproducibly present in at least

Table 9. Quantitative Comparison of Seed Proteomes of the Six TG one line and matched to WT-P were examingal{e 9). About

Lines and Their Parental Line WT-P 708 spots were compared, and fewer than 1% of the spots (6
spots) varied significantlyR< 0.05) by> 2-fold in spot quantity.
spots quantitatively different® The transgenic line 35S:HPPD-2 had, with 6 spots, the highest
line vs WT-P compared spots 2-fold >3-fold number of spots significantly different in spot quantity. The
35S:HPPD-2 708 6 0 differences in spot quantity were3-fold for all significantly
35S:HPPD-3 707 4 0 different spots.
DC3HPPD-3 707 3 0 To evaluate the relevance of those differences, the spot
3D§S3:';TF;/TTD_'188 ;gg 2 8 quantities of these spots were compared first to the spot
35S:gTMT-49 707 ) 0 guantities of the other WT line grown with the WT-P and the

transgenic plants using a one-way ANOVA and then to the spot
apower of difference must be >80% and mean spot quality >40. guantity ranges based on environmental variation (Table 10).
Both wild-type lines, WT and WT-P, represent the same

overexpressing lines were expectedyaandd-tocopherol are  Arabidopsisecotype, Columbia (Col-0), but originate from two
substrates fop-TMT (34). different laboratories. Differences in their proteome represent

The transgenic line DC3:HPPD-3 did not show any Changes natural variation within the eCOtype Col-Dable 10shows the
in total tocophero| or tocophero| Composition Compared to Significantly different SpOt quantities of the transgenic lines in
WT-P. Tsegaye et al.1#) found an increase in tocopherol the context of the spot quantities of the two wild types (WT
content of 28% for the transgenic line DC:HPPD-3 compared and WT-P) as well as the spot quantity ranges spanned by the
to the wild-type line. Variations in plant growth and/or seed 12 Arabidopsisecotypes (11). Sixteen of the 21 significantly
harvesting conditions may be possible explanations. The naturedifferent spots (transgenic lines vs WT-P) are not significantly
of this observation was not further investigated. different from the spot quantities of WT (Col-0) using a one-

Comparison of 2DE Patterns. Using an optimized 2DE ~ Way ANOVA. The other five significantly different spots
technique, the seed protein profiles of the six transgenic (boldface, Table 10) fall in the range of natural variation
Arabidopsislines were compared to the seed protein profiles (ecotypes). Hence, it can be concluded that the differences
of the parental line Columbia (Col-O)Téble 8). The num- between the transgenic lines and the parental wild-type WT-P
ber of detected spots varied from 72910 protein spots for ~ did not exceed the range of natural variation.
35S:HPPD-2 to 75@ 27 protein spots for DC3:HPPD-8. The Contrary to the transgenic protein GUS, which was easily
majority of the spots found in all lines were reproducible spots detected in five of the six transgenic GUS lines, neither HPPD
(resolved in all three replicate gels) and varied between 700 (pl = 5.74; MM = 49 kDa) nor gTMT (p= 5.81; MM = 33
spots for 35S:gTMT-18 and 708 spots for WT. The protein kDa) was detected in the 2DE patterns of the transgenic lines

Table 10. Quantities of the Significantly Different Spots in the Context of Natural Variation?

SSP  ecotypes (11)  WT (Col-0)  WT-P (Col-0)  35S: HPPD-2 ~ 35S: HPPD-3  DC3: HPPD-3  DC3: HPPD-8  35S: gTMT-18  35S: gTMT-49

0204 82-187 171 119 217 217 204
0302 481-799 666 470 889

0308 53-140 122 76 142 141

1106 0-1919 3037 2414 3306

4603 100-208 159 96 169 156 164 160

6104 0-882 489 428 645

8302 0-202 198 237 103 111 110

8414 a 236 330 205

8611 0-2772 408 319 189 210 188
8618 0-1762 183 88 45

8708 0-438 196 232 102

2Values are the mean (N = 3) normalized IOD of the spots. ?No quantitative data are available because of low spot qualities.
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as a significant difference compared to the parental wild type promises to be useful for the analysis of the proteome in other
(WT-P). Possible explanations may be (i) that the transgenic plant species including crop plants. The method could be applied
proteins are not readily distinguishable from endogenous to classification of ecotypes. In the context of safety assessment
proteins in the 2DE protein pattern, (ii) low protein levels, it could be used as a screen for global changes in protein profiles
and/or (iii) low protein extractability. Unlike GUS, which has that could be taken as a signal for further investigation.
not been found in plant species (22), HPPD and gTMT are ~ However, it should be kept in mind that the detection of changes
endogenoudrabidopsisproteins, which were overexpressed in protein profiles does not present a safety issue per se; the
in the transgenic lines. The proteins will most likely comigrate relevance of such changes for food safety would have to be
to the same position in the 2DE gel as the nontransgenic proteinsassessed by subsequent elucidation of the nature of the proteins
and not appear as additional protein spots in the 2DE protein affected. The overwhelming majority of proteins within a species
pattern, such as GUS in the TG GUS lines. Therefore, the are harmless, and many species will lack toxic, antinutritional,
transgenic proteins would not be identified as new proteins or allergenic proteins entirely. It is suspected that profiling
but only as changes in spot quantity. Although Tsegaye et al. methodologies will add modest, if any, incremental benefit to
(14) demonstrated a HPPT protein increase in seeds of 3.5-the evaluation of endogenous toxins, antinutrients, and allergens
fold (35S:HPPD-2) to 17-fold (DC3:HPPD-8) relative to wild for which routinely applied traditional analytical methods are
type by immunoblot analysis, the protein amount of HPPD is available (42). Indeed, nonproteinaceous compounds that arise
probably still below the limit of quantification of the 2DE  through plant breeding may have greater relevance for food
method (staining with colloidal CBB) due to the low abundance toxicology and allergenicity43). At this time the adoption of

of HPPD in plant tissues36). No protein data have been proteomics as a compulsory part of a regulatory assessment
published on gTMT of the transgenic lines used. However, procedure is premature. Future studies are needed before any
unlike the cytosolic HPPD36—38), gTMT is a membrane-  such conclusion can be drawn.

bound protein (3439) and, therefore, most likely not readily
extractable.

None of the marker gene products was detected on the 2DEWe thank Daniel Free for assistance with plant cultivation and
gels. It is presumed that the expression of the marker genes isviargaret A. Nemeth for statistical expertise.
below the limit of detection (LOD) of the developed method.
The same was observed by Corpillo et 4D). They were only
able to detect the product of their marker genetll) with
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