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Joint submission on Application A1139 

 

Introduction 

GE Free New Zealand in Food and Environment and the Soil & Health Association of New Zealand 

(“we” and “the submitters”) welcome the opportunity to comment on the application A1139 Food 

derived from Potato Lines F10, J3, W8, X17 & Y8 (“Application”).  

GE Free New Zealand in Food and Environment (“GE Free NZ”) is an Incorporated Society.  It is a non-

Governmental Organisation governed by a Board and has a nationwide membership base. It 

represents its members when making submissions and helps with gathering and disseminating 

information concerning genetically modified organisms (“GMO”) to its members and the wider 

public through regular newsletters and its website (www.gefree.org.nz). 

http://www.gefree.org.nz/
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The Soil & Health Association of New Zealand Inc. (“Soil & Health”) is a charitable society registered 

under the Incorporated Societies Act 1908. It is the largest membership organization supporting 

organic food and farming in New Zealand and is one of the oldest organic organisations in the world, 

established in 1941. Soil & Health’s objectives are to promote sustainable organic agricultural 

practices and the principles of good health based on sound nutrition and the maxim: “Healthy soil, 

healthy food, healthy people”. Its membership is chiefly composed of home gardeners and 

consumers, organic farmers and growers, secondary producers, retailers and restaurateurs. Soil & 

Health publishes the bi-monthly ‘Organic NZ’ magazine – New Zealand’s leading organics magazine. 

We recommend that FSANZ decline the Application. We submit FSANZ cannot approve the potato 

lines in the Application without a serious breach of its duty of care as well as the principles of its own 

mission statement. 

We note that there are insufficient data on both the sprays and novel proteins detailed in the 

Application.  

We note that FSANZ’s legal requirements as stated in its mission statement are:  

To protect, in collaboration with others, the health and safety of people in Australia 

and New Zealand through the maintenance of a safe food supply.  

FSANZ Values are: 

x To be impartial, open and accountable;  

x To use the best available sciences and evidence to guide decision-making; and 

x To seek, respect and be responsive to the issues raised by others. 

FSANZ Responsibilities are: 

x Provide information to consumers to enable better consumer choice;  

x Undertake dietary exposure modeling and scientific risk assessments; and  

x Provide risk assessment advice on imported food. 



3 
 

We have read the assessments for this Application and consider that FSANZ have led stake holders 

and consumers astray. We outline our concerns below. 

Detailed submission 

It is illegal to import viable GE plants or plant parts into New Zealand. Potato plants can readily 

regenerate from even small parts of raw tubers, therefore making any raw imported GE potatoes 

equivalent to live GE plant material. This will endanger the biosecurity status of New Zealand. It 

would be illegal to approve the entry of these GE potatoes/potato pieces into the country.  

Not labeling GE-containing foods at the point of sale is a breach of consumer rights. The lack of 

labeling of GE potatoes sold in any form by restaurants is deceptive, as consumers will be unaware of 

this.  FSANZ should support rather than oppose the enforcement and monitoring of compliance 

around GE food labeling.  

No independent food safety experiments have been carried out on these GE potato lines. Instead 

FSANZ has relied on data from within the GE industry, i.e., the applicant data.  This shows that FSANZ 

has not been impartial, open or accountable to the public. FSANZ has not required that any 

independent experimental food safety assessments be undertaken on these potatoes.  It can 

therefore not provide advice on the safety of these imported potato lines, such advice being its core 

responsibility. 

The executive summary of the FSANZ evaluation reads:  

The changes to levels of free amino acids and reducing sugars are not nutritionally 

consequential as they do not affect the levels of essential amino acids or other key nutrients 

important to potato.  

This statement assumes that any changes in the amino acids, free or otherwise, do not affect the 

levels of all other compounds present in the GE potatoes. The amino acid glutamine, for example,  

plays an important role in maintaining a healthy immune system, digestive tract and muscle cells.  

Any changes to amino acid balance may cause alterations to the assimilation of other amino acids.  

Studies have shown glutamine to reduce morbidity and mortality in periods of critical illness. 1  This 

demonstrates that any changes to endogenous amino acid levels should not be ignored. 

Statement on Compositional analyses: 

                                                 
1 Lacey, J., & Wilmore, D. (2009). Is Glutamine a Conditionally Essential Amino Acid?. Nutrition Reviews, 
48(8), 297-309.  
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A detailed compositional analysis was performed on W8, X17, Y9, F10 and J3 to establish the 

nutritional adequacy of tubers produced from these lines and to characterise any unintended 

compositional change. Analyses were done of proximates, fibre, vitamins, minerals, total 

amino acids, free amino acids, sucrose, reducing sugars (fructose and glucose), and anti-

nutrients (glycoalkaloids). These showed that, even with the intended changes to sucrose, 

reducing sugars and asparagine, the levels of all analytes fell within the natural variation 

found across the range of conventional potato lines used for human consumption. No 

conclusion could be reached in relation to line E56 as no compositional data was provided. 

(iii) 

The changes in concentrations of glutamine and asparagine in the GE potato lines may be of some 

concern.  Altered levels of asparagine can result in complications in fetal development, causing brain 

and neurological problems.2 

There are concerns over the meaning of “biological relevant differences” as stated in the summary 

document: 

Analysis of the events W8, X17, and Y9 have not revealed any biologically relevant differences 

compared to the conventional varieties, except for the intended late blight protection, low free 

asparagine, low reducing sugars, and low polyphenol oxidase activity. 

Assuming “biologically relevant differences” translates as food safety, there are no feeding studies to 

back up this statement, so such assumptions are unable to be made.  

Published research on GE potatoes has shown unexpected harmful effects on animals fed with these 

crops.  A 1999 study (Ewen and Puzstai) conducted on rats fed with  transgenic potatoes found that 

abnormalities occurred in the gastrointestinal tract (small intestine and caecum) within a short time.3 

This study found that the GE potatoes caused gut abnormalities with or without (an ‘empty 

construct’) the lectin gene.  Lectin is a harmless insecticidal compound produced by a number of 

plants. The authors concluded that: 

“(b)ecause caecal thickness was similar in rats given boiled parent potatoes in the presence 

or absence of spiked GNA (a harmless lectin from the plant species Galanthus nivalis), we 

                                                 
2 Ruzzo,E., Capo-Chichi, J., Ben-Zeev., Chitayat, D., Mao, H., & Pappas,A. et al. (2013). Deficiency 
Asparagine Synthetase Causes Congenital Microcephaly and a Progressive Form of Encephalopathy. Neuron, 
80(2), 429-441.   
3 Ewen, S., & Pusztai, A. (1999). Effect of diets containing genetically modified potatoes expressing Galanthus 
nivalis lectin on rat small intestine. The Lancet, 354(9187), 1353-1354.  
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suggest that the decrease in caecal mucosal thickness seen in rats fed boiled GM-potato 

diets was the consequence of the transfer of the GNA gene into the potato.” 

These GE potatoes were not subsequently commercialised.   

Similar results were obtained in feeding experiments using GE potatoes by Fares et al.4 , who found 

that there were changes to the mucosal lining and other cells of the ileum of mice. They called for 

comprehensive feeding tests to avoid any potential risks: 

“Although transgenic crop plants used in food and feed production carry different beneficial 

transgenes… before releasing for marketing thorough tests and all possible consequences 

of these new types of heredity and new genetic structures must be evaluated to avoid any 

potential risks” 

A 2007 study showed that the consumption of GE potatoes has been observed to cause an increase 

in immunoglobulin (Ig) levels in human participants.5 

This is cause for concern, as antibody levels may well have increased as a result of novel proteins 

present in the GE food. 

These afore-mentioned studies are but three of many published studies on the harmful effects of GE 

foods.  Please refer to the submission of the Physicians and Scientists for Global Responsibility 

(PSGR) for a more comprehensive list of publications on the harmful effects of GE crops, as observed 

in feeding experiments.  

The obligation of FSANZ is to make themselves aware of such studies and treat all GE foods as 

potentially harmful.  It would be completely irresponsible to allow these potatoes onto the market. 

Feeding studies need to be conducted on the GE potato lines in this application before the potatoes 

are released. This will determine whether these lines have negative health impacts, or even life 

threatening responses, such as an allergic reaction.  

Changes in Metabolites 

Cellini et al. (2004) reported widespread changes to metabolite levels, both expected and 

unexpected in GE potato lines.  They recommended that data analysis tools need to be used.6 

                                                 
4 Fares, N., & El-Sayed, A. (1998). Fine Structural Changes in the Ileum of Mice Fed on δ-Endotoxin-Treated 
Potatoes and Transgenic Potatoes. Natural Toxins, 6(6), 219-233. 
5 Tacket, C. O. (2007). Plant-Based Vaccines Against Diarrheal Diseases. Transactions of the American Clinical 
and Climatological Association, 118, 79–87 
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A study of potato metabolite production has found that field-grown vs laboratory-grown potato 

tubers showed a tenfold and greater differences across a range of compounds.7 The potatoes with 

modified sucrose metabolism or inhibited starch synthesis revealed unexpected disaccharides 

(trehalose, maltose and isomaltose).8 Such changes in metabolites cannot be overlooked, when 

assessing this application.   

A particular cause for concern is that FSANZ has deemed the six GE potato lines  in this application as 

“safe”,  when there is no compositional data on one line E56. 

Applicant data to APHIS9 

We have outlined the comments from the data provided to APHIS about the potatoes. 

7.3 Soft root testing with tubers  

Of the events in that trial (E12, E24, F10, J3, J55, and J78), the only significant difference was 

that event F10 was more resistant  to this disease than the control. (APHIS p.46) 

Late blight foliage testing 

Considering both studies, we conclude that the events have similar susceptibility to bacterial 

soft rot as the controls. (APHIS, p.46) 

7.4 Reducing Sugars.  

 Tubers of the events G11, H37, and H50 contain the same amount of reducing sugars as tubers of 

their untransformed (non-GE) counterparts. The inability of the silencing construct to limit 

glucose/fructose formation in H37 and H50 may be due to the fact that the H variety is naturally low 

in glucose and fructose. Thus, we concluded that silencing of the promoters associated with the 

PhL/R1 genes effectively lowered reducing sugars near the time of harvest in most events but these 

differences were not sustained throughout storage for 2-5 months”. (APHIS,p. 47) 

Disease susceptibility – Appendix 8 
                                                                                                                                                        
6 Cellini, F., Chesson, A., Colquhoun, I., Constable, A., Davies, H., & Engel, K. et al. (2004). Unintended effects 
and their detection in genetically modified crops. Food And Chemical Toxicology, 42(7), 1089-1125. 
7 Roessner, U., Wagner, C., Kopka, J., Tretheway, N., Willmitzer, L., 2000. Simultaneous analysis of metabolites 
in potato tubers by gas chromatography-mass spectrometry. Plant Journal 23, 131–142. 
8 Acrylamide Potential and Reduced Black Spot Bruise: Events E12 and E24 (Russet Burbank); F10 and F37 
(Ranger Russet); J3, J55, and J78 (Atlantic); G11 (G); H37and H50 (H)  – 2013  
https://www.aphis.usda.gov/brs/aphisdocs/13_02201p.pdf 
9 www.isaa.org/kc/cropbiotechupdate/article/default.asp?ID=7422 
 

http://www.isaa.org/kc/cropbiotechupdate/article/default.asp?ID=7422
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Thus, independent lines of two chipping varieties and two French fry varieties with low Ppo 

expression in tubers were shown to have similar susceptibility to bacterial soft rot to the 

corresponding untransformed control for each variety.  

Considerations 

 The APHIS document on the GE potatoes details some significant differences in the  compositions 

between the GE lines and non-GE controls.  These GE potatoes are of no nutritional benefit to 

consumers and could contain higher levels of anti-nutrients.  

FSANZ has overlooked three fundamental issues, when allowing this application to proceed: 

1. There are currently non-GE potato varieties available that are ideal for chipping and processing . 

In section 2.4.3 of the application it states that the applicant has indicated that reduced blackspot 

bruising of these GE potato lines can reduce wastage during storage and processing, and that the 

potatoes are resistant to the fungal disease known as foliar late blight.  There are already several 

non-GE varieties of blight-resistant potatoes (including ‘Waneta’ and  ‘Lamoka’), which have been 

released by plant breeders from the University of Cornell (US). These varieties are ideal for chips, 

because they store very well and produce a good colour when cut 9. The Cornell breeding 

programme develops chipping and tabletop varieties, focussing on colour, size, shape, texture and 

disease- and pest-resistance. 

2. New Zealand has a range of  excellent climates and soils in which to grow these non-GE varieties of 

potatoes. This would support NZ growers and potato processing plants.  Furthermore, the 

importation of potato products from the other side of the world, is an unnecessary source of carbon 

emissions that will contribute to what is already a major world problem. 

3. Acrylamide production can be reduced by the use of sensible cooking methods. There is much 

information available on this topic. 

Conclusions 

We ask that FSANZ decline approval of A1139. 

x An adequate risk assessment and evaluation of the effect/s of novel genes/proteins and 

subsequent changes in the A1139 potato lines has not been carried out.  
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x No independent feeding test risk assessments have been undertaken or evaluated by 

FSANZ. 

x The Applicant information provided on safety is insufficient and lacking up to date 

metabolic profiling using proteomic testing for entry into the food chain. 

x The lack of information does not allow the consumer to make informed decisions and 

removes consumer choice 

x  By not allowing for labeling of A1139, FSANZ has not provided information to consumers 

that will enable better consumer choice.   

x The assessment has no information about any novel protein/s, which may have been 

produced during the GE process.  

x There is a lack of scientific data necessary to protect and maintain a safe food supply for 

the health and safety of people in Australia and New Zealand.  

 The best available science has not been used to properly guide decision-making. 

x The reliance on applicant’s data has not shown impartiality, openness and accountability.  

 

 Sincerely

Jon Muller
Secretary GE Free NZ

Mischa Davis
Soil and Health 
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CONCISE COMMUNICATION

Human Immune Responses to a Novel Norwalk Virus Vaccine Delivered
in Transgenic Potatoes

Carol O. Tacket,1 Hugh S. Mason,3

Genevieve Losonsky,1 Mary K. Estes,2

Myron M. Levine,1 and Charles J. Arntzen3

1Center for Vaccine Development, University of Maryland School
of Medicine, Baltimore; 2Baylor College of Medicine, Division

of Molecular Virology, Houston, Texas; 3Boyce Thompson
Institute for Plant Research, Ithaca, New York

A new approach for delivering vaccine antigens is the use of inexpensive, plentiful, plant-
based oral vaccines. Norwalk virus capsid protein (NVCP), assembled into virus-like particles,
was used as a test antigen, to determine whether immune responses could be generated in
volunteers who ingested transgenic potatoes. Twenty-four healthy adult volunteers received
2 or 3 doses of transgenic potato ( ) or 3 doses of wild-type potato ( ). Each dosen = 20 n = 4
consisted of 150 g of raw, peeled, diced potato that contained 215–751 mg of NVCP. Nineteen
(95%) of 20 volunteers who ingested transgenic potatoes developed significant increases in the
numbers of specific IgA antibody–secreting cells. Four (20%) of 20 volunteers developed
specific serum IgG, and 6 (30%) of 20 volunteers developed specific stool IgA. Overall, 19 of
20 volunteers developed an immune response of some kind, although the level of serum
antibody increases was modest.

One new strategy for mucosal vaccine development is the
use of oral vaccines delivered in transgenic plants [1–4]. Such
a plant delivery system would be inexpensive and plentiful, and
the delivery of vaccine antigen in plant cells may protect the
antigen as it passes through the acidic environment of the stom-
ach. In a recent proof-of-principle study, volunteers who ate a
transgenic potato that expressed the nontoxic B subunit of en-
terotoxigenic Escherichia coli enterotoxin developed serum and/
or mucosal immune responses [5]. The B subunit of E. coli
enterotoxin is a potent stimulator of mucosal immune re-
sponses, in part because of its ganglioside-binding activity,
which allows targeting to epithelial cells. It is not known
whether the principle of vaccine delivery by an edible plant can
be generalized to other antigens, such as viruses. In this study,
the Norwalk virus (NV) capsid protein (NVCP) expressed in
the potato was used as a test antigen.

NV, a member of the family Caliciviridae, causes acute gas-

Received 7 February 2000; revised 30 March 2000; electronically pub-
lished 6 July 2000.

Informed consent was obtained from volunteers, and the human experi-
mentation guidelines of the US Department of Health and Human Services
and the University of Maryland, Baltimore, were followed in the conduct
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None of the authors has an intellectual property agreement or other as-
sociation that might pose a conflict of interest with any commercial company
related to plant-based edible vaccines.
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Reprints or correspondence: Dr. Carol O. Tacket, Center for Vaccine

Development, 685 West Baltimore St., Baltimore, MD 21201 (ctacket@
medicine.umaryland.edu).

The Journal of Infectious Diseases 2000;182:302–5
q 2000 by the Infectious Diseases Society of America. All rights reserved.
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troenteritis and has been a recent target for vaccine develop-
ment. NV is the major cause of nonbacterial epidemic gastro-
enteritis and is spread via food and water and from person to
person. Recent studies using new diagnostic assays developed
with recombinant NV (rNV) particles or using reverse tran-
scription–polymerase chain reaction have shown that the epi-
demiologic significance of NV infections has been greatly un-
derestimated [6–9].

The successful cloning, sequencing, and expression of the
single capsid protein of NV in insect cells, by using baculovirus
recombinants, led to the discovery that the capsid protein as-
sembles spontaneously into virus-like particles (VLPs) that lack
nucleic acid [10]. Such rNV particles are produced in high con-
centrations in vitro (20 mg of purified particles per 82 3 10
infected cells), and these particles have desirable properties for
use as a subunit vaccine. Purified Norwalk VLPs are safe and
immunogenic when given to volunteers [11].

The capsid protein of NV can be expressed in plants and
causes an immune response when given orally to mice [12]. In
our study, we fed transgenic potato expressing rNV capsid pro-
tein to adult volunteers, to determine whether similar immune
responses could be generated in humans.

Methods

Construction of NV-transgenic potato. Transgenic potato line
NV140-13 was created by the transformation of potato (Solanum
tuberosum L. cv. “Frito Lay” 1607) with pNV140, a binary vector
that contains expression cassettes for NVCP and kanamycin resis-
tance [12]. Potato line NV140-13 contains 4 copies of pNV140 T-
DNA stably integrated into nuclear chromosomal DNA, as deter-
mined by genomic Southern blot (data not shown). The control
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wild-type potato was S. tuberosum L. cv. “Frito Lay” 1607 without
any genetic manipulation.

Tissue culture plantlets of transgenic potato line NV140-13 were
clonally propagated and transplanted into soil in 11.35-liter plastic
pots. Potted plants were maintained under greenhouse conditions,
fertilized, and grown for at least 15 weeks. Tubers were harvested,
and tubers from each pot were kept separate from each other. Each
plant produced 720–1224 g of tubers. One tuber per pot was evalu-
ated by ELISA for NVCP as described [12], with the following
modifications. The tuber tissue was ground to a fine powder with
a mortar and pestle under liquid N2. Each gram of powder was
thawed and extracted with 4 mL of buffer that contained 50 mM
sodium phosphate, pH 6.6, 110 mM NaCl, 50 mM sodium ascor-
bate, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, and 0.1%
Triton X-100. Aliquots were transferred to microcentrifuge tubes
and were centrifuged at 16,000 g at 47C for 3 min, and the super-
natants were diluted for ELISA as described [12]. Data were re-
corded as micrograms of NVCP per gram of peeled potato tuber.

Assay for VLP assembly. NVCP assembled as VLP in potato
tuber was assayed by sucrose gradient sedimentation. Fresh, un-
frozen tubers were peeled and homogenized using a Ten-Broek
(Wheaton Industries, Millville, NJ) ground glass homogenizer
(clearance 0.15 mm) in 2 mL per gram ice-cold buffer (containing
25 mM sodium phosphate, pH 6.6, 50 mM NaCl, 50 mM sodium
ascorbate, 1 mM EDTA, and 1 mM phenylmethylsulfonyl fluo-
ride). The homogenate was clarified by centrifugation at 16,000 g
at 47C for 3 min, and 0.5 mL was layered on a discontinuous sucrose
gradient constructed by layering 2.1 mL each of 50%, 40%, 30%
20%, and 10% sucrose/PBS into a Beckman SW41 Ti tube (Beck-
man Coulter, Fullerton, CA). Gradients were centrifuged in a rotor
(SW41 Ti; Beckman Coulter) at 41,000 rpm at 47C for 3 h and
were fractionated by using a density gradient fractionator (model
640; ISCO, Lincoln, NE). Fractions were assayed for NVCP by
ELISA as described [12]. VLP standard produced in insect cells
(provided by M. Estes) was sedimented in a similar gradient and
was analyzed by ELISA to identify the VLP fraction. The pro-
portion of the total ELISA-positive NVCP material in the potato
tuber gradient that co-sedimented with the VLP standard was cal-
culated to obtain the percentage of VLPs.

Clinical study design. Twenty-four healthy adult volunteers
were randomized in a double-blind manner to receive 1 of 3 dif-
ferent regimens: (1) 3 doses of transgenic potato on days 0, 7, and
21 ( ); (2) 2 doses of transgenic potato on days 0 and 21 andn = 10
1 dose of wild-type potato on day 7 ( ); or (3) 3 doses of wild-n = 10
type potato on days 0, 7, and 21 ( ).n = 4

Preparation of potato vaccine. The potatoes were peeled before
being ingested, to remove the skin, which contains solanine, an
alkaloid that is present in all raw potatoes and can cause abdominal
discomfort or nausea and may have a bitter taste. On the morning
of dosing, transgenic and wild-type potatoes were peeled and cut
into uniform 1-cm cubes. Transgenic and wild-type potato cubes
were pooled into separate bowls, to minimize differences in dose
due to variable NVCP expression in transgenic tubers. The cubes
were mixed and stored in separate bowls of cold water (to prevent
their turning brown) until ready for dosing. Potatoes were drained
on a paper towel. Doses of 150 g of raw potato cubes were weighed
on a scale and immediately ingested. Volunteers ingested nothing
for 90 min before and after ingesting potato. A representative ali-

quot of potato cubes from each bowl was stored at 2707C and
assayed for NVCP by ELISA to document the dose of rNV
ingested.

Clinical follow-up and immunologic response measurements.
Volunteers kept a diary for 3 days after ingesting each dose of
potato. Any symptoms, such as nausea, vomiting, cramps, diar-
rhea, and fever, were recorded.

Blood was obtained for serum antibody responses to recombi-
nant NVCP on day 0 and on days 7, 14, 21, 28, and 61 after the
first dose of potato. The IgG and IgM antibody responses to NVCP
were measured by ELISA in a blinded fashion by using coded
specimens [11]. Whole blood was collected for IgA antibody–
secreting cell (ASC) assays on days 0, 7, 14, 16, 21, 28, and 30
after the first dose of potato. ASCs that produced antibody against
NVCP were measured by ELISPOT assays in a blinded fashion
[5]. In this assay, microtiter plates were coated with NVCP at a
concentration of 1 mg/mL and held overnight at 47C. Peripheral
blood mononuclear cells (PBMC) were added so that each of 4
wells contained 250,000 cells per well, and the assay was done as
described elsewhere [5].

Whole stool was collected on days 0, 7, 14, 21, 28, and 61. Coded
stool samples were processed to measure total fecal IgA and specific
IgA antibodies against NVCP. In brief, stool was suspended in a
10% solution (wt/vol) of supplemented PBS and centrifuged, and
the supernatant was assayed for total IgA antibody. The calculation
of specific antibody against NVCP was standardized to 20 mg%
of total IgA to correct for variability in the amount of total IgA
in stool and to allow for comparisons among individuals.

Definitions. Fever was defined as an oral temperature 137.87C.
Diarrhea was defined as the passage of 3 liquid stools within 24
h. A response for each immunologic end point was defined as a 4-
fold rise in stool or serum antibodies after immunization. A sig-
nificant rise in ASCs after immunization was defined as the mean
of the number of ASCs in the pre-immunization specimens 13 SD.

Statistical analysis. Two-tailed Fisher’s exact test was used to
compare the rates of occurrence of symptoms.

Results

NVCP content of transgenic potatoes and assembly into
VLPs. At the end of each of the 3 vaccination days, well-
mixed aliquots of peeled, diced transgenic potatoes were
shipped on dry ice to Boyce Thompson Institute and assayed
for NVCP content. From the first vaccination day, 2 aliquots
of potatoes from 2 batches of diced, mixed potatoes contained
∼215 and 542 mg of NVCP per 150-g dose, respectively; from
the second vaccination day, 1 aliquot from the single batch
used that day contained ∼378 mg of NVCP per 150-g dose;
from the third vaccination day, 2 aliquots of potatoes from 2
batches of diced, mixed potatoes contained ∼538 and 751 mg
of NVCP per 150-g dose, respectively. No NVCP was detected
in any aliquot of peeled, diced wild-type potatoes.

Assay for VLP assembly. The proportion of NVCP that
was assembled as VLPs was estimated by sucrose gradient sedi-
mentation, by using a VLP standard produced in insect cells.
We determined that the standard extraction procedure used for
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Table 1. Immune responses to transgenic potatoes that express Norwalk virus capsid protein
(NVCP) and to wild-type potatoes.

Immunoassay

Transgenic potatoes Wild-type
potatoes,
3 doses
(n = 4)

3 doses
( n = 10)

2 doses
(n = 10)

Total
(n = 20)

IgA ASC anti-NVCP response rate 9/10 (90%) 10/10 (100%) 19/20 (95%) 0/4
Geometric mean peak ASCs per 106 PBMCa 32 26 28 —
Range IgA ASCs per 10 6 PBMCa 6–245 6–280 6–280 —

IgG ASC anti-NVCP response rate 2/10 (20%) 4/10 (40%) 6/20 (30%) 0/4
Geometric mean peak ASCs per 106 PBMCa 103 34 49 0
Range IgG ASCs per 10 6 PBMCa 92–115 25–62 25–115 0

Serum IgG anti-NVCP response rate 3/10 (30%) 1/10 (10%) 4/20 (20%) 0/4
IgG peak geometric mean titera 1:468 1:3200 1:757 —
Mean peak fold risea 13.3 8 12 —

Serum IgM anti-NVCP response rate 4/10 (40%) 0/10 (0%) 4/20 (20%) 0/4
IgM peak geometric mean titera 1:100 — 1:100 —
Mean peak fold risea 7 — 7 —

Stool IgA response rate 4/10 (40%) 2/10 (20%) 6/20 (30%) 0/4
Stool IgA peak geometric mean titera 1:48 1:38 1:45 —
Mean peak fold risea 17.8 16.6 17.4 —

NOTE. ASC, antibody-secreting cell; PBMC, peripheral blood mononuclear cells.
a Among responders.

ELISA, in which frozen tubers were powdered and extracted
in buffer that contained Triton X-100, caused substantial dis-
sociation of VLPs to yield mostly free subunits. We thus ex-
tracted fresh tuber material in buffer that lacked Triton X-100
for VLP estimation. By calculating the proportion of the total
ELISA-positive material that co-sedimented with the VLP stan-
dard, we found that the percentage of VLPs in different tubers
of potato line NV140-13 varied between 25% and 50%.

Safety. There were no differences in the incidence rates of
nausea, vomiting, mild cramps, fever, or diarrhea among vol-
unteers who ingested transgenic or wild-type potatoes in the 3
days after ingesting the first dose of potatoes. The most com-
mon symptoms were nausea, which occurred in 4 (20%) of 20
of those who ingested transgenic potatoes and 1 (25%) of 4
who ingested wild-type potatoes, and cramps, which occurred
in 5 (25%) of 20 who ingested transgenic potatoes and 2 (50%)
of 4 who ingested wild-type potatoes.

Immunogenicity. Nineteen (95%) of 20 volunteers who in-
gested 2 or 3 doses of transgenic potatoes developed significant
increases in the numbers of IgA ASCs (range, 6–280/106 PBMC)
(table 1). The recipients of wild-type potato had a geometric
mean of 2 IgA ASCs/106 PBMC after 3 doses. Thirteen of the
19 IgA ASC responses occurred after the first dose of transgenic
potato. Six (30%) of 20 volunteers developed significant in-
creases in IgG ASCs (range, 25–115/106 PBMC). These circu-
lating cells that secrete specific antibodies reflect immunologic
priming of the gut mucosal immune system.

The prevaccination serum IgG antibody titers varied from
!1:50 to 1:6400 among these adult volunteers; this variance is
expected in an unselected population of adults. The mean pre-
vaccination titer did not differ between vaccinees and control
volunteers ( , 2-tailed t test). Four (20%) of 20 volunteersP = .28
developed serum IgG anti-NVCP, and 4 (20%) of 20 volunteers
(3 of whom did not develop IgG responses) developed serum

IgM anti-NVCP after ingesting transgenic potatoes (table 1).
The geometric mean titer of serum IgG anti-NVCP was 1:67
before immunization and 1:757 after immunization among re-
sponders. This corresponds to a mean fold rise of 12 in IgG
titer among responders. The mean titer of serum IgM was !1:
15 before immunization and 1:100 after immunization among
responders. This represents a mean fold rise of 7 in IgM titer
among responders. Stool IgA anti-NVCP was detected in 6
(30%) of 20 volunteers who ingested transgenic potatoes (geo-
metric mean titer of 1:45 or a mean fold rise of 17 in titer
among responders) (table 1).

The serum responses occurred after the second dose in 6 of
the 8 IgG and IgM seroconversions, and the stool antibody
responses occurred after the second dose in 4 of the 6 respond-
ers. The rise in IgG titers persisted at day 61, the latest time
point measured, but the IgM titers had decreased to baseline
at day 28. Immune responses were not clearly related to the
amount of NVCP ingested in each dose, which varied from 215
to 751 mg per dose. Recipients of wild-type potatoes had no
immune responses to NVCP.

Discussion

In an earlier study, 100% of 15 volunteers who ingested 2
doses of purified Norwalk VLPs (250 mg/dose) with bicarbonate
buffer developed increases in serum IgG antibody [11]. In the
current study, 7 (35%) of 20 volunteers developed serum IgG
or IgM responses after a similar dose of Norwalk protein de-
livered without buffer in potatoes. Only a portion of the NVCP
was assembled into VLPs in the potato cell. Assembly into a
particle may be crucial to obtain maximal mucosal immuno-
genicity of this protein. Immunogenicity probably is enhanced
by the uptake and processing of the virus particle, and little or
no response would be expected to the soluble NVCP in the
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potato cell cytoplasm or even to soluble protein released in the
intestine. In addition, the lack of a linear dose-response between
the amount of NVCP ingested and the immune response may
be related to differences in the degree to which NVCP was
assembled into VLPs in the different batches of potatoes in-
gested by volunteers. The variability in responses among vol-
unteers also could be related to differences in genetics or history
of NV infection in these individuals.

The type of immune response required to induce protection
against Norwalk-like virus infection and the role of specific
antibody are not known [13, 14]. This study has demonstrated
that foreign proteins, other than the B subunit of E. coli heat-
labile toxin, can be immunogenic when presented to the mu-
cosal immune system via an orally delivered transgenic potato.
Although 19 of our 20 volunteers developed an immune re-
sponse of some kind, the rate and titers of serum antibody
increases were modest, possibly because of the high prevalence
of pre-existing serum antibody to NVCP.

Immune responses to wild-type NV challenge provide a
benchmark for potential immune responses to NVCP after ex-
perimental infection. In a study in which volunteers were chal-
lenged with wild-type NV, the geometric mean IgG anti-NVCP
after challenge was 1:62,414, with a mean prechallenge titer
similar to that in our volunteers [11]. The immunogenicity of
NVCP presented in potatoes may be improved if larger doses
of recombinant protein are given and if a larger proportion of
the NVCP is assembled into VLPs. Strong plant promoters and
tissue-specific promoters should be chosen to efficiently drive
the transcription of the vaccine protein gene. Immune responses
also could be improved by using a mucosal adjuvant. Although
the NVCP assembled into VLPs is immunogenic without ad-
juvant, mucosal adjuvants have been shown to enhance the
immune responses of other particles given by the oral or in-
tranasal route in preclinical studies [15]. Nontoxic derivatives
of heat-labile enterotoxin of E. coli (LT) or cholera toxin (CT)
are potent mucosal adjuvants, and simultaneous administration
of vaccine protein and a mutant LT or CT (both delivered in
a transgenic food) might greatly enhance the immune responses
to the vaccine protein.

Plant-based vaccines have tremendous potential as a means
to produce or safely deliver vaccine antigens. A number of
plant-base vaccines against human diseases, such as rabies and
hepatitis B [1, 2], have been tested in animals, and clinical
studies will continue to evaluate this creative approach to mu-
cosal immunization.
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Addendum. To determine whether ingestion of the transgenic potato vaccine affected the response to a potato antigen, we
measured serum IgG antibodies to potatin, the major protein contained in potatoes, by ELISA by using serum from volunteers
who received a potato treated with the Norwalk virus capsid protein or those who received a potato treated with the B subunit
of Escherichia coli heat labile enterotoxin in a previous study [5]. None of 38 such volunteers had a change in serum anti-potatin
IgG after ingesting a transgenic potato vaccine.
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ABSTRACT

Every year 1.6 million deaths occur due to diarrhea related to unsafe
water and inadequate sanitation—the vast majority in children under 5
years old. Safe and effective vaccines against enteric infections could
contribute to control of these diseases. However, purification of protective
antigens for inclusion in vaccines using traditional expression systems is
expensive and unattractive to vaccine manufacturers who see the vaccine
market as economically uninviting. Cost is one of the persistent barriers to
deployment of new vaccines to populations that need them most urgently.

Transgenic plant-derived vaccines offer a new strategy for development
of safe, inexpensive vaccines against diarrheal diseases. In phase 1 clinical
studies, these vaccines have been safe and immunogenic without the need
for a buffer or vehicle other than the plant cell. This paper describes early
clinical studies evaluating oral transgenic plant vaccines against enteric
infections such as enterotoxigenic E. coli infection and norovirus.

Introduction

Transgenic plants have been proposed as a strategy for producing
and delivering oral vaccine antigens to protect against a variety of
infectious diseases (1–4). An oral plant-based delivery system would be
especially useful to prevent diarrheal diseases for which mucosal im-
mune responses at the site of colonization are likely to be protective.
Transgenic plant-derived vaccines would be inexpensive to produce,
free of pathogenic animal viruses, and scaleable for mass production.

Two important diarrheal pathogens have been targets of vaccine
development in recent years—enterotoxigenic E. coli (ETEC) and no-
rovirus (NV). ETEC diarrhea is mediated by its heat labile enterotoxin,
designated LT. The B subunit of the ETEC toxin (LT-B) binds epithe-
lial cell GM1 gangliosides and is a potent stimulator of mucosal im-
mune responses when given orally, but is not itself diarrheagenic.
Norovirus is a Calicivirus with a single capsid protein that can assem-
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ble spontaneously into virus-like particles (VLP) and stimulate immune
responses (5). Both LT-B and the capsid protein of norovirus were suc-
cessfully expressed in plants and induced immune responses in mice
after ingestion of transgenic plant material (6,7). This paper describes
clinical studies in which transgenic potato or transgenic corn expressing
LT-B or NV capsid protein were fed to adult volunteers to determine
whether similar immune responses could be generated in humans.

Materials and Methods

Transgenic potato expressing LT-B. A transgenic line of pota-
toes, designated #TH110-51 derived from Frito Lay variety 1607, was
selected for production of potatoes for clinical studies based on a
comparatively high level of LT-B expression. Potato tubers were
planted in soil, grown to maturity, harvested, and stored at 4°C (8).

Transgenic corn expressing LT-B. Transgenic corn grain was
grown and processed using standard commercial techniques. The grain
was fractionated and the germ, or embryo, fraction was further treated
to remove oil and fat and ground to a small particle size. Isolation of
the germ fraction had the effect of concentrating the LT-B molecule.
The grinding of the defatted germ resulted in a uniform small particle
size, and thus ensured the homogeneity of LT-B in the sample (9).

Transgenic potato expressing NV capsid protein. Transgenic
potato line NV140-13 was created by transformation of potato (Frito
Lay 1607) with a vector containing an expression cassette for norovirus
capsid protein (10). These potatoes were grown and harvested in a
manner similar to the transgenic potatoes expressing LT-B.

Clinical studies. Three separate clinical studies were done to eval-
uate the safety and immunogenicity of (i) transgenic potato expressing
LT-B, (ii) transgenic corn expressing LT-B, and (iii) transgenic potato
expressing NV capsid protein. All three protocols were reviewed and
approved by the University of Maryland Human Institutional Review
Board. Volunteers were counseled about research participation and
gave informed, written consent.

In the first study, 14 healthy adult volunteers ingested either (i) 100
gm of transgenic potato expressing LT-B (n � 6), (ii) 50 gm of trans-
genic potato expressing LT-B (n � 5), or (iii) 50 gm of wild-type potato
(n � 3) after having been randomized in a double-blind fashion (8). A
second and third dose were given on days 7 and 21. Each transgenic
potato contained from 3.7 to 15.7 �g/gm of LT-B. This variability may
have been due to the tissue specificity of the promoter so that the
cloned gene was expressed unevenly in the different tissues of the
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potato. The actual amount of LT-B ingested per 50 or 100 gm dose
ranged from approximately 0.4 mg/dose to 1.1 mg/dose (mean 0.75
mg/dose). The potatoes were peeled and diced before ingested raw.

In the second study, 13 volunteers were randomized in a double-
blind manner to receive either (i) 2.1 gm of defatted LT-B corn germ
meal made from transgenic corn containing 1 mg of LT-B (n � 9) or (ii)
2.1 gm of control defatted corn germ meal (n � 4) (9). Additional doses
of transgenic or wild-type defatted corn germ meal were given on days
7 and 21. Each 2.1 gm dose of corn germ meal was suspended in 5
ounces of tap water and the suspension ingested.

In the third study, 24 healthy adult volunteers were randomized in
a double-blind manner to receive one of three different regimens of
transgenic potato expressing NV capsid protein: (i) three doses of
transgenic potato on days 0, 7, and 21 (n � 11); (ii) two doses
of transgenic potato on days 0 and 21 and a dose of wild-type potato on
day 7 (n � 10); or (iii) three doses of wild-type potato on days 0, 7, and
21 (n � 4) (10). These potatoes were also peeled and diced and ingested
raw on the day of vaccination.

The volunteers in all 3 studies completed a diary each day for 7 days
after ingesting each dose of the transgenic potato or corn germ meal to
record the occurrence of nausea, vomiting, cramps, diarrhea, or other
symptoms. Blood was collected before and at 7, 14, 21, 28, and 60 days
after the first dose of transgenic plant for measurement of serum
antibodies to LT or NV capsid protein. Whole blood was collected for
antibody secreting cell (ASC) assays on day 0, 7, 14, 21, and 28.

Results

Tolerability. The transgenic potatoes and corn germ meal vaccines
were generally well tolerated. There were no differences in the rates of
nausea, vomiting, mild cramps, fever, or diarrhea among volunteers
who ingested raw transgenic or wild-type potatoes or corn germ meal
in the 3 days after ingesting each dose.

Antibody secreting cell responses to LT delivered in potatoes
or corn germ meal. Gut-derived antibody secreting cells (ASC) are
peripheral blood mononuclear cells (PBMC) that secrete specific anti-
bodies and appear in the circulation about 7 days after mucosal im-
munization. ASC are no longer detectable in the peripheral blood after
about 14 days because they have migrated to a mucosal tissue site. The
presence of these cells at 7–10 days after immunization reflects immu-
nologic priming of the gut mucosal immune system.

Before ingestion of potato- or corn-based vaccines, such antigen-
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specific cells could not be detected in the peripheral blood of volunteers
(Figure 1). At day 7 after ingesting a single dose of transgenic potato
expressing LT-B, antibody secreting cells (geometric mean of 18.4 IgA
anti-LT antibody secreting cells per 106 PBMC; median 41) were de-
tected (Figure 1). At 7 days after the second dose, cells were still
detectable, although fewer in number (geometric mean of 6.6 IgA
anti-LT ASC per 106 PBMC; median 6; range 0–60). On day 28, seven
days after the third dose, the number of cells increased (geometric
mean of 19.1 IgA anti-LT ASC per 106 PBMC; median 20).

A similar magnitude of ASC responses were seen among those who
ingested transgenic corn germ meal expressing LT-B, although the
kinetics were different in that two doses were needed to see the most
striking response (Figure 1). It is important to keep in mind that direct
comparison of the ASC immunogenicity of the potato-based and corn-
based vaccines is not entirely appropriate since the volunteers were
not randomized to receive potato or corn nor were these assays per-
formed in the laboratory on the same day.

Serologic responses to LT delivered in potatoes or corn germ
meal. Serologic responses were also detected in volunteers who in-
gested either potato- and corn-based LT-B vaccines. Ten (91%) of 11
volunteers who ingested transgenic potato and none of those who
ingested wild-type potato developed 4-fold rises in IgG anti-LT at some
point after immunization. Six (55%) of 11 volunteers who ingested
transgenic potato developed 4-fold rises in IgA anti-LT. The IgG anti-
bodies in all responders remained elevated when measured 59 days
after ingestion of the first dose. To test the function of the serum
antibodies after transgenic potato ingestion, LT neutralization assays

FIG. 1. IgA anti-LT antibody secreting cell responses (ASC) among volunteers who
ingested transgenic potato or transgenic corn expressing E. coli LT-B in two different
clinical studies. Vaccine was administered on days 0, 7, and 21.
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were performed in Y-1 adrenal cells. Eight (73%) of 11 volunteers who
ingested the transgenic potatoes developed neutralization titers �1:
100 at some point after immunization. The peak geometric mean titer
(1:267) among transgenic potato eaters was measured on day 28, one
week after the third dose (Figure 2).

Seven (78%) of 9 vaccinees who ingested transgenic corn expressing
LT-B developed at least 4-fold rises in serum IgG anti-LT after vacci-
nation, as measured by ELISA, usually after the second or third dose
of transgenic corn germ meal vaccine. The geometric mean IgG titer
peaked at day 56 (1:1165 among responders) (Figure 3). Four (44%) of
9 developed 4-fold rises in serum IgA anti-LT; the IgA titer peaked at
day 14 (1:4237 among responders) (Figure 3).

ASC responses to NV capsid protein delivered in potatoes
(Figure 4). Among those who ingested 2 or 3 doses of transgenic
potatoes expressing NV capsid protein, 19 (95%) of 20 volunteers
developed significant rises in the numbers of IgA ASC (range 6–280/
106 peripheral blood mononuclear cells, PBMC). Thirteen of the 19 IgA
ASC responses occurred after the first dose of transgenic potato.

Serologic responses to NV capsid protein delivered in pota-
toes. The pre-vaccination serum IgG antibody titers varied among
these adult volunteers from �1:50 to 1:6400, as expected in an un-
selected population of adults. The mean pre-vaccination titer did not
differ between vaccinees and control volunteers (p � 0.28, 2-tailed t
test). Four (20%) of 20 volunteers developed serum IgG anti-NVCP,
and 4 (20%) of 20 volunteers (3 of whom did not develop IgG responses)
developed serum IgM anti-NVCP after ingesting transgenic potatoes.
The geometric mean titer of serum IgG anti-NVCP before immuniza-
tion was 1:67 and after immunization, 1:757 among responders. For
serum IgM, the mean titer before immunization was �1:15, and after

FIG. 2. Geometric mean titer of LT neutralizing antibodies after ingesting transgenic
potatoes expressing LT-B. Arrows indicate vaccination days.
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immunization, 1:100 among responders. Immune responses were not
clearly related to the amount of NVCP ingested in each dose, which
varied from 215–751 �g per dose. Recipients of wild-type potatoes had
no immune responses to NVCP.

Discussion

In this series of three independent studies, two vaccine antigens, E.
coli LT-B and Norwalk virus capsid protein, delivered by an edible

FIG. 3. Geometric mean serum ELISA antibody titers after ingesting transgenic corn
germ meal expressing LT-B. Vaccine was administered on days 0, 7, and 21.

FIG. 4. IgA antibody secreting cell responses to transgenic potatoes expressing NV
capsid protein. Vaccine was administered on days 0, 7, and 21.
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transgenic plant were processed by the human immune system in a
way that resulted in mucosal and systemic immune responses. The
ASC responses after ingestion of transgenic potatoes expressing LT-B
were not unlike those measured when volunteers were challenged with
109 virulent enterotoxigenic E. coli organisms given with 2 gm of
sodium bicarbonate in a previous study (11). It is remarkable that
LT-B delivered in a potato cell, without buffering, induced a roughly
similar degree of mucosal B-cell priming as occurs after experimental
enterotoxigenic E. coli challenge.

These results support a new strategy for production of safe and
inexpensive vaccine antigens against diseases for which a protective
antigen has been defined, such as tetanus, diphtheria, and hepatitis
B. However, ingestion of whole vegetable vaccines, such as trans-
genic potatoes, is not likely to be a useful way to provide mass
vaccinations for several reasons, including: concerns about geneti-
cally modified foods in general in some parts of the world, concerns
about segregating transgenic food plants from the food supply, and
questions about consistency of antigen concentration in different lots
of transgenic food. Nevertheless, transgenic plants represent an
efficient means of producing purified or partially purified antigens
for oral delivery in large amounts and at low cost. For example, gene
expression in corn is sufficient to allow commercialization of trypsin
and other proteins from corn grain (12), and a number of plants have
been used to produce potentially therapeutic monoclonal antibodies
(13). The novel vaccines of the future directed against childhood
diseases and against newly recognized emerging diseases may in-
clude antigens derived from transgenic plant expression systems.
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DISCUSSION
DuPont, Houston: Very nice, Carol. There are new approaches in vaccine develop-

ment that are being taken. The use of transgenic plants is one area. Transcutaneous
patch vaccines are also being used and evaluated in the field. Where do we stand with
this vaccine technology? You’ve been working on it for more than 10 years. Is a company
getting into this to develop it commercially? I don’t get the feeling that it has moved into
clinical trials. I just wonder how far along it has moved. The beauty of this is the cost
difference and whereas diarrhea inconveniences people in the United States, it kills
infants in developing countries and they don’t have much money to be able to afford
vaccines. Transgenic plant vaccines may be affordable if they can be developed.

Tacket, Baltimore: Any enteric vaccine that is directed at childhood diarrhea in
developing countries, where the vaccines are most desperately needed, is confronted
with the problem that there is not a commercial market to drive the development,
beyond the travelers’ and potentially the military markets. That’s been one of the
problems with using transgenic plant vaccines as well as live attenuated vaccines for
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enteric infections. The edible plant strategy, where a whole vegetable or pieces of a
vegetable are consumed, is not logistically feasible because of the reasons that I men-
tioned, namely, concerns about regulatory issues related to separation of transgenic
plants from the food chain and how to be sure that the lot-to-lot consistency require-
ments are met. But a second strategy, using transgenic plants to produce large amounts
of inexpensive purified antigen, is something that could be commercially developed.

Blaser, New York: Carol, that has been very exciting work. I want to go back to your
first of the two alternatives—the development of edible vaccines. It seems to me that the
big problem is the platform and because Agrobacterium is a pathogen of plants, it causes
what you showed were small potatoes and lot-to-lot inconsistencies. So if one could
develop a particular line that is adapted so that everything is well understood and
controlled, then you could have a generic platform for any number of products.

Tacket: The Agrobacterium plasmid inserts the foreign gene randomly into the plant
chromosome. So expression is variable depending on the site of insertion. Expression
may also be different in the different tissues within the potato. So, your points are very
well taken. The best application of this technology may be in using transgenic plants as
an expression system to inexpensively produce antigen. It’s a new vaccine development
strategy and should be explored more fully.
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Glutamineyasparagine (QyN)-rich domains have a high propensity
to form self-propagating amyloid fibrils. This phenomenon under-
lies both prion-based inheritance in yeast and aggregation of a
number of proteins involved in human neurodegenerative dis-
eases. To examine the prevalence of this phenomenon, complete
proteomic sequences of 31 organisms and several incomplete
proteomic sequences were examined for QyN-rich regions. We
found that QyN-rich regions are essentially absent from the ther-
mophilic bacterial and archaeal proteomes. Moreover, the average
QyN content of the proteins in these organisms is markedly lower
than in mesophilic bacteria and eukaryotes. Mesophilic bacterial
proteomes contain a small number (0–4) of proteins with QyN-rich
regions. Remarkably, QyN-rich domains are found in a much larger
number of eukaryotic proteins (107–472 per proteome) with di-
verse biochemical functions. Analyses of these regions argue they
have been evolutionarily selected perhaps as modular ‘‘polar
zipper’’ protein–protein interaction domains. These data also pro-
vide a large pool of potential novel prion-forming proteins, two of
which have recently been shown to behave as prions in yeast, thus
suggesting that aggregation or prion-like regulation of protein
function may be a normal regulatory process for many eukaryotic
proteins with a wide variety of functions.

Amyloids are self-propagating, b-sheet-rich, fibrillar protein
aggregates associated with a number of diseases (1). A variety

of proteins with no apparent sequence similarities can form amy-
loids or related b-sheet-rich aggregates. For an important subset,
however, aggregation is mediated by the presence of a glutaminey
asparagine (QyN)-rich domain. These aggregation-prone QyN-rich
sequences have been observed in two distinct contexts. First,
expanded pure glutamine repeats are found in several proteins that
cause neurodegenerative diseases (2, 3). Second, QyN-rich domains
are found in two Saccharomyces cerevisiae proteins, Sup35p and
Ure2p, that are responsible for the prion-like inheritance of the
yeast non-Mendelian factors [PSI1] and [URE3], respectively (4–6).
In both of these phenomena, an altered conformation of a protein
results in the loss of its normal function and the acquisition of the
ability to convert the normally functioning form of the protein to
the abnormal (prion) form.

In the case of several neurodegenerative diseases involving the
deposition of protein aggregates, abnormally long pure glutamine
repeats result from the unstable expansion of CAG codons at the
DNA level. In all of these diseases, which include Huntington’s and
Kennedy’s diseases and several spinocerebellar ataxias, expanded
glutamine repeats in the affected proteins form intranuclear neu-
ronal inclusions (2, 3). Codon expansion beyond a threshold repeat
length, typically 37 uninterrupted glutamines, causes aggregation
and the onset of disease, both repeat length and disease severity
often increasing with successive generations (7, 8).

In contrast to the codon expansion-related neurodegenerative
diseases, the QyN-rich regions of Sup35p and Ure2p are highly
interspersed with other amino acids. Several lines of evidence
suggest a causative relationship between QyN content and the
formation of prion aggregates. First, these QyN-rich sequences

form the minimal domains required to cause self-propagating
aggregation and prion-like inheritance in both of these proteins,
although they bear no other sequence similarity (5, 9–12). These
QyN-rich regions drive prion formation by causing self-
propagating aggregation and loss of function of the normally
soluble forms of these proteins. Second, QyN content is highly
conserved across Sup35p sequences from a number of distantly
related yeasts and, as with the S. cerevisiae protein, these domains
are necessary and sufficient for prion-based inheritance (13–15).
Finally, mutations of many glutamines and asparagines in S.
cerevisiae Sup35p, most often to charged residues, lead to prion
curing and protein solubilization (4).

A number of observations from structural studies have led to
a model that explains why QyN-rich regions have such a high
propensity to aggregate andyor form fibrils. X-ray diffraction
studies of oligoglutamine fibrils have demonstrated that they,
like other unrelated amyloids, appear to consist of a cross-b-helix
formed with b strands radiating from the helical axis (16, 17).
Although no high-resolution data are available for any amyloid
fibrils, Perutz and coworkers have created a sterically reasonable
model of polar side-chain interactions with main-chain amides in
the context of antiparallel b-sheet structures (16).

High QyN content can be sufficient to cause protein aggregation,
and a subset of these QyN-rich aggregating proteins is capable of
stably propagating in a prion-like manner. Therefore, it should be
possible to predict novel prion- andyor aggregate-forming proteins
on the basis of their QyN content. In this study, an algorithm that
identifies proteins with QyN-rich regions was devised. By using this
algorithm, all of the translated ORFs containing QyN-rich regions
across the available completed proteomic sequences were identi-
fied. These data have provided evidence for a conserved function
of QyN-rich domains in eukaryotes, perhaps as a mediator of
specific protein–protein interactions. Furthermore, they provide a
pool of potential yeast prions andyor amyloid-forming proteins, a
few of which have already been tested and shown to act as prions
andyor aggregates (13, 18).

Methods
Sequences and Homology Identification. The complete proteomic
sequences and the GENPEPT nonredundant protein sequence
database for all of the organisms examined in this study were
obtained as FASTA format files from either the National Center
for Biotechnology Information (NCBI) or the European Bioin-
formatics Institute. The incomplete proteomic sequences were
obtained from SwissProt. Homologies were identified by using
PSI-BLAST at the NCBI web site by using the default settings (19).
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Because of the high QyN content of the proteins being studied,
a filter for low-complexity regions was always used, thereby
reducing the probability of predicting false homologues.

Biochemical functions for the yeast proteins identified were
assigned on the basis of their classifications at the Yeast Protein
Databank (YPD). When none was listed at YPD, putative
functions were assigned on the basis of homologies determined
by PSI-BLAST by using full-length proteins as query sequences.

Identification of QyN-Rich Regions. The program DIANA moves
through each ORF by single amino acid steps by using a window
of arbitrary size determined by the user, returning the sequence
of the most QyN-rich region along with a number of statistics
including its amino acid composition, the ORF title, size, and the
amino acid composition of the full length protein. These records
are then imported into a database for further sorting. When
multiple regions occur within a protein that are equally QyN
rich, the algorithm returns the last one. Although high QyN
content was the target of the search described here, DIANA can
be modified to identify regions rich in any amino acid or
combination of amino acids. The code for DIANA can be obtained
at http:yyitsa.ucsf.eduyzmmichelyDIANA. DIANA was written
in PERL 5 and executed on an SGI Octane IRIX6 workstation.

Probability of Occurrence of QyN Repeats and QyN-Rich Regions. The
probability of random occurrence of a QyN-rich region was
calculated by using the Poisson distribution:

f~i! 5
e2mmi

i!
,

where f(i) is the probability of an event happening i times, and
m is the mean percent occurrence of glutamine plus asparagine
per predicted ORF in the yeast proteome. The value of i used is
30, the definition of a QyN-rich region in this study. The value
of m is 7.68, the average QyN content per 80 mer. The resulting
value of f(i) implies that one in every 6.336 3 1010 80 mers will
have a QyN content of at least 30. f(i) was then multiplied by n 5
2.4477283 3 106, the number of consecutive 80 mers in yeast
moving in single amino acid increments through each predicted
ORF. The resulting value implies that the probability of a
QyN-rich domain occurring randomly given the QyN content of
S. cerevisiae is one in every 13,629 proteomes.

Results and Discussion
The Frequency of QyN-Rich Regions in Eukaryotic, Archaeal, and
Bacterial Proteomes. To predict candidates for novel prions or
amyloidogenic proteins, an algorithm named DIANA (Defined In-
terval Amino acid Numerating Algorithm) was designed to identify
proteins containing regions of consecutive amino acids with excep-
tionally high QyN content. DIANA moves a window of arbitrary size
through each translated ORF of a proteome by single amino acid
steps. At each step, the total QyN content within the window is
determined. A database is then created containing the sequence of
the most QyN-rich region per protein, its amino acid composition,
and the size and amino acid composition of the full length protein.

We used DIANA to examine the predicted translated ORFs for the
three eukaryotic, six thermophilic archaeal, two thermophilic bac-
terial, and 20 mesophilic bacterial genomes available at the National
Center for Biotechnology Information at the time of analysis (Fig.
1). In addition, the incomplete proteomic sequences from humans,
mice, the plant Arabidopsis thaliana, and the GENPEPT nonredun-
dant protein sequence database were examined. The sequences in
these incomplete databases are biased toward commonly studied
classes of proteins, and therefore they are not included in the
following analyses unless specifically stated.

For the purpose of the present analyses, ‘‘QyN-rich regions’’ are
defined as 80 consecutive residues containing at least 30 glutamines

andyor asparagines. We chose a window length of 80 amino acids
because it is somewhat smaller than the known prion-forming
domain of Sup35p (9–12), comparable to the size of prion-forming
domain of Ure2p (5) and about twice the size of the minimum
glutamine expansion needed to cause disease (2, 3). Therefore, long
nonrepeating sequences rich in glutamine and asparagine can be
identified without biasing the search against more concentrated and
compact pure glutamine or asparagine repeats. For a region to be
considered ‘‘QyN-rich,’’ we required that it have a minimum QyN
content of 30. This value was chosen because it is only one less than
that of the most QyN-rich 80 mer of the Pichia pastoris Sup35p
homologue (13). Furthermore, this value lies beyond the expected
distribution of QyN content for the most QyN-rich 80 mers for all
of the organisms examined (Fig. 2 a–d; see below). This conser-
vative definition of a QyN-rich region allows us to focus on only the
most promising candidates for proteins capable of forming prions
andyor amyloids.

Even with these relatively stringent criteria, a surprisingly
large number of proteins with QyN-rich regions were identified
in eukaryotes (Figs. 1 and 2a). In S. cerevisiae, 107 polypeptides
with QyN-rich regions (1.69% of all ORFs) were identified, 143
were found in Caenorhabditis elegans (1.00% of all ORFs), and
472 were found in Drosophila melanogaster (3.47% of all ORFs).

A number of the eukaryotic sequences examined contained
sequences with exceptionally high QyN content. The region
identified with the greatest total QyN content was found in an
adenylyl cyclase from Dictyostelium discoideum, with a total QyN
content of 72. This region also contains the highest glutamine
content, with 71 glutamines and the longest uninterrupted
glutamine repeat with 45 tandem glutamines. The proteins with
the most asparagine-rich region and the longest asparagine
repeat are also found in Dictyostelium. A prespore-specific
protein-containing QyN-rich region with 68 asparagines is the
most asparagine-rich domain identified; the longest uninter-
rupted asparagine repeat consisted of 49 tandem asparagines
and is found in a protein–tyrosine phosphatase.

All of the eukaryotic proteomes examined contained a subset
of sequences with relatively pure glutamine or asparagine re-
peats reminiscent of the codon repeat disorders. Interestingly,
none of these regions can be attributed solely to trinucleotide
expansion, as all exhibit substantial codon variation. However,
roughly three-fourths of the QyN-rich sequences have a com-

Fig. 1. Many eukaryotic proteins contain QyN-rich regions. The percent of
ORFs with a region of 80 consecutive amino acids containing a QyN content of
at least 30 was determined for the indicated proteomes.
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position more similar to the yeast prion-forming domains in that
they are interspersed with other amino acids.

In eleven of twenty of the mesophilic bacterial proteomes que-
ried, QyN-rich regions were present in a small number of proteins
(one to four) (Figs. 1 and 2b). The other nine proteomes contain
no QyN-rich regions. In contrast to the eukaryotic QyN-rich
proteins that are predominantly cytoplasmic, a number of bacterial
outer-membrane proteins were identified. None of these bacterial
proteins contain long uninterrupted glutamine or asparagine re-
peats. Interestingly, over half of the bacterial QyN-rich regions
contain imperfect repeats of glutamine andyor asparagine in com-
bination with other amino acids. Imperfectly repeating sequences
have been suggested to promote and stabilize prion formation in the
yeast protein Sup35p, although at present there is no evidence for
prion-like behavior in bacteria (20).

In marked contrast to the eukaryotes and mesophilic bacteria,
QyN-rich regions are nearly absent from the proteomes of all of
the thermophilic organisms tested, including all six archaea and
both thermophilic bacteria (Figs. 1 and 2 c and d). Among these
eight proteomes, only one predicted protein sequence was found
that contained a QyN-rich region. Furthermore, short tandem
repeats of glutamine or asparagine residues rarely occur in
thermophiles. The longest glutamine or asparagine repeat in
three of the complete thermophilic proteomes examined was
four residues long and only three residues long in the other five
proteomes, whereas the longest consecutive glutamine or aspar-
agine repeat is thirty-seven residues long and seven across all of

the complete eukaryotic and mesophilic bacterial proteomes,
respectively. These observations suggest that tandem QyN re-
peats may be specifically selected against in thermophiles,
whereas there is a strong positive selection for both QyN-rich
regions and tandem repeats in eukaryotes (see below).

Glutamine and Asparagine Are Less Abundant in Proteins from Ther-
mophiles. One possible explanation for the lack of QyN-rich
domains in thermophiles might be that these amino acids are
underrepresented in these organisms. Indeed, Haney and co-
workers have noted that a set of proteins from thermophilic
Methanococcus species tend to have fewer polar residues (serine,
threonine, glutamine, and asparagine) and more charged resi-
dues (especially glutamate, aspartate, and lysine) than homolo-
gous proteins from mesophilic Methanococcus species (20).
However, studies comparing the relative amino acid frequencies
in proteins across entire proteomes of thermophiles and meso-
philes have not previously been reported.

We determined the relative abundance of the different amino
acids for all of the completely sequenced proteomes to determine
whether the difference in the number of QyN-rich domains found
in thermophiles and mesophiles could simply result from differ-
ences in overall amino acid compositions (Figs. 2 and 3). Interest-
ingly, the amino acid that differs the most in abundance between
mesophiles and thermophiles is glutamine, with its relative fre-
quency in thermophilic archaea and bacteria being less than half of
that of the mesophilic bacteria and eukaryotes (1.85% vs. 4.31%).
Asparagine is also on average less abundant in thermophiles,
although the asparagine content shows greater variability in the
archaea. By contrast, in thermophiles, glutamate is significantly
enriched and valine is modestly enriched, 1.5- and 1.3-fold, respec-
tively. There were no systematic differences in the relative abun-
dance of the other amino acids (data not shown). Thus, although
QyN-rich regions would not have been expected to occur at random
in either thermophilic or mesophilic organism, their chance occur-
rence in thermophiles is even less likely (Fig. 2 a–d and see below).

Why would thermophiles have evolved to have lower QyN
content than mesophiles? One possibility is chemical lability. Glu-
tamineyasparagine deamination and glutamateyaspartate succi-
namide formation occur readily in peptides at 100°C (22). However,

Fig. 2. Expected and observed distributions of QyN content of the best 80 mers
across mesophilic and thermophilic proteomes. A comparison of the expected
and observed distributions of QyN contents across the most QyN-rich regions of
(a) eukaryotes, (b) mesophilic bacteria, (c) thermophilic bacteria, and (d) archaea.
Arrows indicate the minimum QyN content required for a domain to be consid-
ered QyN rich. (a Inset) Magnification of the observed and expected distributions
of QyN-rich regions. Expected values were calculated on the basis of the average
QyN content per best 80 mer for each of the four types of organisms.

Fig. 3. Thermophiles
have a lower QyN content
and higher glutamate and
valine content than meso-
philes. The average per-
cent amino acid content
per ORF per proteome was
determined for the com-
pleted proteomes. Shown
are glutamine (Q), aspara-
gine (N), glutamate (E),
and valine (V). The other
amino acids showed little
variation. Error bars indi-
cate the observed variance
among the indicated class.
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there is evidence that these modifications rarely occur in well-
ordered proteins. Thus, chemical instability should be cited as a
reason for reduced QyN content only if considered in the context
of structure. Because QyN-rich regions tend to form relatively
unstructured loops in unliganded native proteins, they would be
expected to be particularly susceptible to deamination (23). In
addition to promoting chemical stability at high temperatures, the
lower QyN content could promote fold stability. Thermophilic
proteins have been shown to have fewer loops than their mesophilic
counterparts, presumably to attain a more compact structure to
achieve greater thermostability (24). Finally, lower QyN content
might reduce protein aggregation. Although QyN-rich regions are
aggregation prone at lower temperatures as well, this property is
likely to be exacerbated in thermophiles. In contrast, the presence
of charged residues such as glutamate has been shown to reduce or
prevent the aggregation of QyN-rich regions (4).

Amino Acid Conservation with Codon Variation Suggests a Conserved
Function for QyN-Rich Regions. Although there are several plausible
reasons why QyN-rich regions and even short tandem repeats
would be disfavored in thermophiles, the question remains whether
there is appreciable selection for QyN-rich regions in proteins from
mesophilic organisms. The Poisson distribution function is used to
predict the frequencies with which independent events will occur
given a known mean frequency of occurrence. Deviation from this
expected distribution is an indicator of nonrandom distribution
(25). Poisson distributions were calculated for the eukaryotes,
archaea, and mesophilic and thermophilic bacteria by using the
average QyN content of the best 80 mer from each protein within
the proteomes as the expected mean. The distributions predicted
from the Poisson function were then compared with the actual
distribution of the QyN contents of the best 80 mers across all of
the proteomes examined (Fig. 2). In every case, the bulk of the
distribution closely follows the expected distribution. However, for
the mesophilic organisms, especially the eukaryotes, there are
exceptionally long tails extending far beyond the expected values.
Given the average QyN content of S. cerevisiae, a consecutive 80
amino acid regions with a QyN content of 30 would randomly occur
only once in every 13,629 proteomes of the same size. Furthermore,
the probability of a region having a QyN content of 66 like the
QyN-rich region of Snf5p is vanishingly small (1 in 5.64 3 1032

proteomes). The probabilities of these very QyN-rich regions
occurring are so miniscule that it is extraordinarily unlikely that the
presence of these domains is merely because of chance.

An alternative explanation for the presence of these domains is
that they are the result of codon expansion rather than functional
selection at the protein level. However, few of the polypeptides
identified in this study contain long uninterrupted tracts of poly-
glutamine or polyasparagine. Moreover, the small number of repeat
sequences that are present have codon variation. For example, the
37 consecutive glutamines of Snf5p are encoded by interspersed
CAA and CAG codons with no more than eight consecutive CAGs
and nine consecutive CAAs. This observation suggests that they are
conserved sequences and are not merely trinucleotide expansions
resulting from aberrant DNA metabolism. Finally, the presence of
a large number of QyN-rich regions that are enriched in both
glutamine and asparagine suggests there is positive evolutionary
selection for the chemical nature of their amido side chains.

Have these QyN-rich regions been conserved because they
play a common role in a particular class of proteins? The known
or predicted biochemical functions of all of the proteins con-
taining QyN-rich regions in S. cerevisiae are listed in Table 1. (see
supplementary material at www.pnas.org for a complete list of
the ORFs identified.) Interestingly, proteins with a broad range
of biochemical functions were found to contain QyN-rich do-
mains, although the identified proteins can be placed in func-
tional clusters including transcription and translation factors,
nucleoporins, DNA- and RNA-binding proteins, and proteins

involved in vesicular trafficking. These observations indicate that
the function of QyN-rich domains is not specific to any single
class of protein, but that their presence has been conserved
across several of the diverse protein classes in which they occur.

The extreme improbability of these QyN-rich regions occur-
ring randomly, the lack of evidence for codon expansion, and the
observation that their occurrence is conserved in a broad
spectrum of proteins strongly support the conclusion that the
QyN content of these regions is because of positive evolutionary
selection. Furthermore, because these regions are compact and
can be found fused internally or at either terminus to a variety
of different unrelated proteins, they are likely to behave as
functionally conserved modular domains.

Identification of Potential Prion- and Amyloid-Forming Proteins. The
two extensively characterized yeast prion phenomena were not
discovered in directed screens for novel prions; rather, their
existence was deduced only after decades of careful observation
of their non-Mendelian inheritance (26, 27). Given the past lack
of methodology for systematically identifying prions and the
large pool of candidate QyN-rich regions, it seems probable that
significantly more prions remain to be identified.

It is likely that many of the proteins containing QyN-rich
regions will aggregate when overexpressed. Which of these will
propagate stably, thus allowing prion-based inheritance, is less
clear and needs be established experimentally on a case-by-case
basis. Recently, Santoso and coworkers and, independently,
Sondheimer and Lindquist described two similar genetic systems
that should now allow the rapid testing of QyN-rich domains for
the ability to support stable prion-like inheritance (13, 18).

In our laboratory, two of the S. cerevisiae proteins identified
by DIANA were tested for their ability to behave as prions andyor
aggregates. The first protein examined, New1p, was previously
uncharacterized but contains a QyN-rich region with very similar
imperfect repeats to those in the prion-forming domain of
Sup35p, including the identical pattern YQQGGYXYN. The
second protein tested, Pan1p, is involved in actin cytoskeletal
organization that, apart from its QyN richness, bears no simi-
larity to either known yeast prion (28). Both were found to
aggregate when overexpressed in S. cerevisiae, but with the
experimental system used, only New1p was observed to behave
as a prion (13) (L. Z. Osherovich and J.S.W., unpublished data).

DIANA also identified other sequences with strong similarities
beyond high QyN content to the prion-forming domain of the
Sup35 protein. These proteins include YBR016, YDR210W, and
Rnq1p. Indeed, while this study was being completed, Sondheimer
and Lindquist demonstrated that a chimera consisting of the
QyN-rich domain of Rnq1p fused to the nonprion-forming domain
of Sup35p is capable of exhibiting prion-like behavior (18). More-
over, the endogenous protein acts as a prion. In addition, they
showed that a number of proteins with sequence similarities to
Sup35p are capable of causing the aggregation of GFP in vivo.
There are also many promising candidates whose QyN-rich do-
mains strongly resemble the QyN-rich domain of Ure2p, including
YIL130 and YLR278. Most of these domains contain long stretches
of asparagine interspersed with other amino acids, particularly
serine.

Although proteins with statistically significant similarities to
Sup35p or Ure2p are especially promising candidates, it is likely
that a wide array of QyN-rich sequences can behave as prions,
because Ure2p and Sup35p are not homologous to each other,
and their prion-forming domains have very dissimilar amino acid
compositions. For example, YOR197 is a predicted ORF of
unknown function whose QyN-rich region contains imperfect
repeats of QQYG. These repeats are reminiscent of the imper-
fect PQGGYQQYN repeats present in Sup35p that have been
shown to promote conversion to the prion state (20). In addition
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to the presence of repeats, YOR197 is intriguing because, as in
huntingtin, a proline-rich domain follows its QyN-rich domain.

It will also be interesting to study the function and aggregation
properties of some proteins independently of whether they also
prove to be novel prions. For example, YGL066 is an uncharac-
terized protein with significant sequence homology (E 5 2 3 1026)
to human ataxin-7, a protein that causes a human spinocerebellar
ataxia in its mutant glutamine-expanded form (29). This homology
is external to the QyN-rich region, suggesting a true conserved
biochemical function rather than a mere reflection of similar amino
acid content in their QyN-rich regions. Studying the function of this
protein in yeast could help elucidate the currently unknown func-
tion of its disease-causing human counterpart.

The growing number of known yeast prions together with the
large pool of QyN-rich candidates raises the possibility that the
formation of prion-like aggregates is a conserved and beneficial

Table 1. Continued

Cluster Protein QyN

EPL1 32

TBS1 31

YLR373 30

Translation

VAR1 40

SUP35 38

NEW1, YPL226 32

TIF4632 30

Vessicular trafficingysecretory pathway

ENT2 48

SEC61 45

YAP1801 39

PAN1 38

SLA2 38

ENT1 36

SCD5 36

FAB1 32

ANP1 31

YKL054 53

Outer membrane proteins

YDR213 44

YPR022 42

PSP1 31

YLR177 30

Other

RNQ1 42

CDC27 35

MAD1 34

GRR1 32

JSN1 31

SLF1 30

VAC7 30

YKR096 38

YGL066 37

YKL088 32

Unknown

MSS11 52

HOT1 33

YBR016 41

YBL081 38

YIL105 36

YBR238 33

YBL029 31

YOR197 30

YML053 30

S. cerevisiae proteins containing QyN-rich regions were placed into func-
tional groups on the basis of either known biochemical function or sequence
homology to proteins of known function (indicated by italics).

Table 1. Proteins containing QyN-rich regions in S. cerevisiae fall
into a broad spectrum of functional clusters

Cluster Protein QyN

Nonkinase signaling proteins

GPR1 55

RPI1 35

PHO81 34

Kinases

NPR1, ARP1 52

CBK1 49

YCK1 40

YCK2 36

HRR25 36

APG13 36

YAK1 33

SKY1 32

KSP1 32

SCH9 31

SKS1 31

YBR059 38

DNAyRNA binding

MPT5, HTR1 31

YPR042 51

YBR180 34

YGL014 34

YLL013 33

RNA processing

NAB1 48

LSM4 38

PCF11 37

NAB3 34

PUB1 33

RNA15 30

PSP2 33

NGR1 31

YBL051 30

Nucleoporins

NUP116 36

NUP100 32

NUP57 31

NUP49 30

Transcription

SNF5 66

CYC8 54

MCM1 49

IXR1, ORD1 49

MED2 48

GAL11 47

SWI11 43

TAF61 43

PDR1 38

URE2 38

DAL81 38

MOT3, HMS1 38

RLM1 36

SNF2, GAM1 36

SWI4 35

AZF1 35

CCR4 34

CRZ1 32

PDC2 32

DAT1 31

SFP1 30

SPT20 30

CDC39 30

YIL130 55

YEL007 46

YDR409 37

POP2 37

YMR263 35
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cellular process that occurs in a broad range of proteins. Consistent
with this proposal, recent studies reveal that the ability of Sup35p
to support prion-based inheritance is strongly conserved across
diverse species of budding yeast (13–15). In addition to the estab-
lished role of [PSI1] in regulating translation termination (6), Tuite
and coworkers recently showed that in some strains, [PSI1] yeast
show an increased tolerance to thermal stress and high ethanol
concentrations compared with isogenic strains lacking the [PSI1]
prion (30). Moreover, the [Het-s] prion phenomenon has a well-
characterized role in regulating heterokaryon incompatibility in the
fungus Podospora anserina (31).

Why might prion-based inheritance be advantageous to an
organism? Prion formation provides a mechanism for a protein
to inhibit its own activity by specifically self aggregating in
response to overexpression or to other changes in the environ-
ment (30, 32). Potentially, a major advantage of prion-based
functional inhibition would be that, unlike protein inactivation
caused by DNA mutations, the inhibited prion-like state can be
propagated indefinitely while retaining the ability to revert to the
original functional state. Finally, because prion-forming domains
and other QyN-rich domains occur in proteins with a variety of
functions, it is possible that a broad range of proteins can be
regulated by the aggregation of QyN-rich domains. In this
regard, it is significant that prion-like aggregate formation is
highly self specific, thereby allowing multiple different prion-
states to propagate independently within a single cell (13).

The challenge now is to determine experimentally which of
these QyN-rich domains can behave as prions andyor aggregates.
This information should help both in refining prion prediction
algorithms and in understanding the physiologic role for prions
andyor other self-specific protein aggregates.

QyN-Rich Domains as Modulators of Specific Protein–Protein Interac-
tions? It is clear that there has been a positive selective pressure
for certain proteins to contain QyN-rich domains. What function
besides prion-based inheritance do these domains impart that
would make their presence advantageous?

Perutz has suggested that QyN-rich regions (and possibly regions
rich in other polar residues) might behave as modular mediators of
protein–protein interactions termed ‘‘polar zippers’’ because of the
capacity of their side chains to form hydrogen bond networks (16).
Supporting this hypothesis, there have been several recent exper-
imental reports of domains containing QyN-rich regions mediating
specific protein–protein interactions. First, the glutamine-rich re-
gion in transcription factor Sp1 was shown by functional mapping
in vivo to bind the dTAFII110 component of the Drosophila TFIID
complex (33). Second, Pan1p and Sla1p, two proteins that act in
complex to promote cytoskeletal organization in yeast, were shown
by coimmunoprecipitation and two-hybrid analysis to interact via

their domains containing QyN-rich regions (28). Finally, The Sla1p
QyN-rich domain and Sup35p prion-forming domains interact in
two-hybrid studies (34). Moreover, this interaction appears to
influence the rate of conversion to the prion state by Sup35p. It will
be important to directly demonstrate the role of glutamine and
asparagine residues in stabilizing these interactions.

The roles of QyN-rich domains in mediating both protein inter-
actions and in promoting aggregation could be different manifes-
tations of the same modular functionality. Indeed, it is possible that
prion andyor aggregate formation is a conserved function of certain
QyN-rich regions that results from their ability to mediate protein–
protein interactions in a self-propagating manner. By empirically
examining the roles of the QyN-rich domains identified in this
study, the possible intersection of their functions as mediators of
protein–protein interactions and the formation of both prion and
nonprion aggregates can be elucidated.

Summary
By identifying all of the QyN-rich regions across a number of
completely sequenced proteomes, we have revealed that QyN-rich
domains are ubiquitous and modular, are associated with a variety
of types of proteins, and have been evolutionarily conserved in a
number of these proteins. This conservation suggests an indepen-
dent functional role for these domains. Growing evidence suggests
that QyN-rich domains function as mediators of specific protein–
protein interactions. We argue that their conserved ability to form
self-specific prion and nonprion aggregates might be simply an
extension of their ability to act as interaction domains by forming
extensive, self-propagating, hydrogen-bonding networks.

In addition to providing evidence for conserved modular func-
tions for QyN-rich regions, the identification of QyN-rich domains
in eukaryotes has proven useful for identifying two novel prions and
a nonprion-aggregating protein (13, 18) (L. Z. Osherovich and
J.S.W., unpublished data). By using a new genetic system and
biochemical methods, additional prions and amyloidogenic pro-
teins can now be rapidly identified, enabling refinement of the
criteria used to predict prion-like or amyloidogenic behavior. This
information will facilitate the analysis of prion-based inheritance in
normal cellular physiology. Finally, as the Human Genome Project
is completed, the algorithm described here in combination with
other experimental observations may be useful for identifying new
proteins prone to forming disease-causing aggregates.
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An integrated multi-omics analysis 
of the NK603 Roundup-tolerant 
GM maize reveals metabolism 
disturbances caused by the 
transformation process
Robin Mesnage1,*, Sarah Z. Agapito-Tenfen2,*, Vinicius Vilperte3, George Renney4, 
Malcolm Ward4, Gilles-Eric Séralini5, Rubens O. Nodari3 & Michael N. Antoniou1

Glyphosate tolerant genetically modified (GM) maize NK603 was assessed as ‘substantially equivalent’ 
to its isogenic counterpart by a nutrient composition analysis in order to be granted market approval. 
We have applied contemporary in depth molecular profiling methods of NK603 maize kernels (sprayed 
or unsprayed with Roundup) and the isogenic corn to reassess its substantial equivalence status. 
Proteome profiles of the maize kernels revealed alterations in the levels of enzymes of glycolysis 
and TCA cycle pathways, which were reflective of an imbalance in energy metabolism. Changes in 
proteins and metabolites of glutathione metabolism were indicative of increased oxidative stress. 
The most pronounced metabolome differences between NK603 and its isogenic counterpart consisted 
of an increase in polyamines including N-acetyl-cadaverine (2.9-fold), N-acetylputrescine (1.8-fold), 
putrescine (2.7-fold) and cadaverine (28-fold), which depending on context can be either protective 
or a cause of toxicity. Our molecular profiling results show that NK603 and its isogenic control are not 
substantially equivalent.

The application of genetic engineering (GE) to modify edible crops is often advocated as one of the most impor-
tant scientific advances to improve farming systems and feed the world in a more sustainable manner1. GE has 
been used to create crops adapted to abiotic stress, resistant to pathogens, with a longer shelf life, or with enhanced 
nutritional properties. However, commercialization of these traits is currently minor. Agricultural genetically 
modified (GM) crops are dominated by plants engineered to tolerate application of a herbicide or/and to produce 
their own insecticides2. A total of 180 million hectares of GM crops are currently cultivated worldwide on around 
1.5 billion hectares constituting approximately 10% of global arable land3. Approximately 80% of GM crops have 
been modified to tolerate application of and thus accumulate glyphosate-based herbicide residues without dying 
in order to facilitate weed management.

Regulations for the release of genetically modified organisms (GMOs) of any kind in a country are covered 
by the national biosafety regulations of that nation. Guidance on risk assessment (RA) aim at identifying and 
avoiding adverse effects by early detection and proper evaluation of intended and potential unintended changes 
in a GMO. These should be detected and identified at early stages of RA, often referred to as “hazard identifi-
cation”. Hazard identification is essential to the RA process as it sets the foundation of what is considered or 
observed in later steps in the risk assessment process4. In the US, the Food and Drug Administration considers 
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GM technology as an extension of conventional breeding and GMO crops are deregulated once nutritional and 
compositional “substantial equivalence” is demonstrated5. The set of parameters and analyses necessary to declare 
a GMO as substantially equivalent to its conventional counterpart is still vague and focuses on a restricted set of 
compositional variables, such as the amounts of protein, carbohydrate, vitamins and minerals. GMOs are then 
declared substantially equivalent when sufficient similarities appear for those selected variables6. Remarkably, 
while a majority of GMO crops have been modified to withstand and thus accumulate a herbicide without dying, 
analysis for residues for such pesticides are neglected in compositional assessment7.

Recent technologies used to ascertain the molecular compositional profile of a system, such as transcriptom-
ics, proteomics, metabolomics, epigenomics and mirnomics, collectively referred to as “omics technologies”, are 
used extensively in basic and applied science8. Comparative omics analyses have been performed comparing 
GMO crops and their isogenic counterpart. A number of them have shown metabolic disturbances from potential 
unintended effects of the GM transformation process in Bt maize9–12, glyphosate-tolerant soybean13–15, potato16, 
cotton17 and rice18. However, these studies do not report consistent or coherent results, which can be explained 
by the use of a variety of genetic backgrounds and/or different growth conditions, as well as variations in the 
technologies and threshold levels applied19. Indeed, the majority of authors of these types of studies conclude 
that the statistically significant changes observed between the conventional and the GM varieties are not bio-
logically significant because they fall into the range of variations obtained in the comparisons between different 
conventionally-bred varieties, and under different environmental conditions11. However, other authors conclude 
that observed differences could reflect biologically significant, GM transformation process induced changes in 
protein profiles12 or metabolism20 when appropriate near-isogenic controls were applied and test crops grown at 
the same time and location to avoid differences brought about by variable environmental conditions20. Currently, 
no regulatory authority requires mandatory untargeted molecular profiling omics analysis to be performed but 
some acknowledge their potential relevance for food and feed derived from GM plants with specific metabolic 
pathways modified, or in situations where a suitable comparator is not available4,21.

Despite being declared to be ‘substantially equivalent’, off target effects have been observed in non-target 
species for Bt toxin-producing GMO crops22–24. Additionally, laboratory animal feeding trials performed with 
some GM plants in comparison to the non-GM counterpart have been proposed to provide evidence of ill-health 
effects. Several laboratory studies consisting of 90-day feeding trials in rodents have been conducted to evaluate 
the safety of GMO crop consumption25,26. These investigations have frequently resulted in statistically significant 
differences in parameters reflective of disturbances in various organ systems and in particular liver and kidney 
biochemistry, but with interpretation of their biological significance, especially with respect to health implica-
tions, being controversial27–29. Such differences in outcome in such laboratory animal feeding studies could have 
multiple sources including the presence of GMO-associated pesticide residues30,31.

In an effort to provide insight into the substantial equivalence classification of a Roundup tolerant NK603 
GM maize, we have performed proteomics and metabolomics analyses of NK603 (sprayed or unsprayed with 
Roundup) and isogenic maize kernels (Fig. 1). We used a TMT10plex™  isobaric mass tag labelling method and 
quantified proteins by Liquid chromatography-tandem mass spectrometry (LC-MS/MS). The metabolome profile 
was determined by ultrahigh performance liquid chromatography-tandem mass spectroscopy (UPLC-MS/MS). 
Altogether, our integrative analysis shows that the GM transformation process used to generate NK603 maize 
caused deep alterations in the proteome and metabolome profiles of this crop and results in marked metabolic 
changes. We conclude that NK603 maize is not compositionally equivalent to its non-GM isogenic counterpart 
as previously claimed.

Results
The objective of this investigation was to obtain a deeper understanding of the biology of the NK603 GM maize 
by molecular profiling (proteomics and metabolomics) in order to gain insight into its substantial equivalence 
classification. We began by undertaking an unsupervised exploratory analysis of variance structure. We integrated 
metabolome and proteome profiles of the NK603, cultivated either with or without Roundup, and its isogenic 
counterpart, into a two-step multiple co-inertia analysis (MCIA) process. First, a one-table ordination method 
transforms each multidimensional dataset (hyperspaces) separately into comparable lower dimensional spaces 
by finding axes maximizing the sum of the variances of the variables. The resulting variance structure can be 
described by a PCA (Additional file 3). The results show a clear separation of each feed type (NK603, NK603+ 
Roundup and control) in both platforms. Control samples had the most distinct proteome and metabolome pro-
files as observed in PCA plots.

In a second step, the variance structure analyses from metabolome and proteome profiles were combined into 
a single analysis (Fig. 2). This aims to find new axes on which the two hyperspaces are projected by maximizing 
the square covariance. Figure 2A shows the projection of metabolome and proteome profiles onto the first two 
principal components of MCIA. Absolute eigenvalues of these components are given by a bar plot (Fig. 2B). The 
transgenic feed samples NK603 and NK603+ Roundup are separated from the non-transgenic control (Isogenic) 
along the first component (horizontal axis). This clustering accounts for most of the variation (percentage of 
explained variance of 56.7%). The NK603 maize sprayed with Roundup separates from the unsprayed NK603 
maize on the second component (vertical axis, percentage of explained variance of 16.6%). The lines connecting 
the different dots are proportional to the divergence between the different variables of the dataset. A relatively 
high correlation is depicted by the short edges. It shows similar trends in metabolome and proteome profiles, and 
also between the two cultivations, indicating that the most variant sources of biological information were similar. 
The projection of individual protein or metabolites on a 2-dimensional space (Fig. 2C) showed a mix pattern 
indicating that no particular subsets of variables are driving the clustering of groups. Finally, Fig. 2D shows the 
pseudo-eigenvalues space. The proteome samples (blue and green dots) are highly weighted on the horizontal 
axis indicating that this dataset is the highest contributor of the clustering of the transgenic feed samples from the 
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control. By contrast, the differences between the NK603 maize sprayed with Roundup and the unsprayed NK603 
maize are mostly due to the composition of the metabolome since the latest has a high weight on the vertical axis 
(red and black dots) of the pseudo-eigenvalues space. The fold changes observed in the comparisons of the NK603 
maize sprayed with Roundup, the unsprayed NK603 maize and the isogenic control corn were highly correlated 
between the two cultivations performed during two different growing seasons (Additional file 4). Overall, the 
MCIA shows that the GM transformation process was the major contributor to variation in the protein and 
metabolite profiles rather than environmental factors such as the spraying of a pesticide or the growing season.

We next conducted a statistical evaluation of the biological differences resulting from the GM transformation 
process, as well as from the spraying of Roundup, by pairwise comparisons in order to identify proteins and 
metabolites associated with possible metabolic alterations. The list of proteins and metabolites having their levels 
significantly disturbed is given in Additional files 5 and 6, respectively. Figure 3 shows the statistical significance 
of differential protein/metabolite levels by volcano plots along with respective fold changes. While only one pro-
tein is newly produced as a result of the transgene insertion, a total of 117 proteins and 91 metabolites have been 
altered in maize by the genetic transformation process and insertion of the EPSPS-CP4 cassette (Isogenic vs 
NK603 panel, Fig. 3). One protein (B4G0K5) and 31 metabolites had their expression significantly altered by the 
spraying of the Roundup pesticide (NK603 vs NK603+ Roundup (R) panel, Fig. 3).

The NK603 maize has been engineered to express a modified version of the Agrobacterium tumefaciens 
strain EPSPS-CP432. Two peptides (lAGGEDVADLR and gLGNASGAAVATHLDHR) from EPSPS-CP433 were 
detected and quantified by undertaking a specific targeted data analysis (Fig. 4). Their location on EPSPS-CP4 
is shown by Fig. 4C. Reporter ion intensities for EPSPS-CP4 peptides in the NK603+ Roundup and the NK603 

Figure 1. Flowchart of the experimental procedure. Harvested grains from NK603 GM maize cultivations, 
sprayed (NK603 +  R) or not (NK603) with Roundup, were compared to their nearest isogenic non-transgenic 
control (Isogenic) grown under similar normal conditions. Two biological replicates were obtained by 
performing two cultivations at the same location in different years. Maize grains were analyzed by different mass 
spectrometry methods to determine proteome and metabolome profiles in 3 technical replicates.
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were on average respectively 7 and 10 times higher than in the isogenic control. The observed signal for the 
non-transgenic corn probably represents non-specific background noise since it does not contain the EPSPS-CP4 
gene. This would be caused by the co-isolation of other peptides in the corresponding MS/MS experiment, which 
gives rise to low intensity reporter ions in the control channels.

We analysed the biological information contained in proteome profiles from the NK603 and its isogenic coun-
terpart to see if they bear a signature representative of metabolic disturbances caused by the insertion of the 
transgene cassette and/or the expression of bacterial EPSPS-CP4. Among different pathway enrichment analysis 
software tested, String was chosen due to its in-house predictions and homology transfers, as well as its con-
nection to many fine external database resources, and thus its ability to identify a larger number of proteins. 
Nevertheless, our interpretation remained limited by the quality of protein annotation in such databases. A total 
of 42.7% (50/117) and 35% (55/156) of the proteins respectively disturbed in the comparison to the unsprayed or 
the sprayed NK603 maize were uncharacterized or not annotated in the databases (Additional file 5).

Pathway enrichment analysis of differentially expressed proteins in NK603 and NK603+ Roundup feed 
samples was mainly assigned to carbohydrate and energy metabolism (Table 1). Most of the proteins, including 
enzymes, associated with these pathways were overexpressed in GM samples (Additional file 5). An increased 
expression of some proteins involved in glycolysis (FDR adjusted p-value =  4.2e-7), and in particular in the syn-
thesis of pyruvate from D-glyceraldehyde 3-phosphate can be indicative of an increased demand for energy. 
Among them, pyruvate kinase (B4F9G8), enolase (ENO1), and three glyceraldehyde-3-phosphate dehydroge-
nases (GAPC1, GAPC2, GAPC3) had their levels increased in NK603 maize. Interestingly, gene ontology terms 
related to metabolic responses to stress were enriched (FDR adjusted p-value =  1.5e-6) and some heat shock 
proteins (e.g., HSP82) have been overexpressed.

The comparison between Roundup-sprayed NK603 and control samples revealed a similar pattern to that 
observed in unsprayed samples. However, glutathione metabolism (KEGG ID 480) showed a significant alteration 
in sprayed NK603. The proteins assigned to that pathway, glutathione S-transferase 1 and 6-phosphogluconate 

Figure 2. Integration of metabolome and proteome profiles of the NK603 maize and its near-isogenic 
counterpart into a multiple co-inertia analysis projection plot. (A) The first two axes of MCIA represent 
metabolome and proteomic datasets. Different shapes represent the different variables which are connected 
by lines, the length of these lines is proportional to the divergence between the data. Lines for each sample are 
joined at a common point at which the covariance derived from the MCIA analysis is maximal. (B) Pseudo-
eigenvalue space showing the percentage of variance explained by each of the MCIA component. Each barplot 
represents the absolute eigenvalues. (C) Protein or metabolites (colored dots) are projected on a 2-dimensional 
space. In this panel, a protein or a metabolite that is particularly highly expressed in a maize variety will be 
located on the direction of this variety. (D) Pseudo-eigenvalues space of all datasets, indicating how much 
variance of an eigenvalue is contributed by the proteome or the metabolome for cultivations 1 and 2.
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dehydrogenase (P12653 and B4FSV6 respectively) were more abundant in sprayed samples while another glu-
tathione transferase isoform GST-5 (A0A0B4J3E6) was less abundant. Additionally, the 1-Cys peroxiredoxin 
PER and the peroxidase were overexpressed. Although only one protein was statistically significantly altered in a 
pairwise comparison between NK603+ Roundup and NK603 as the effect of Roundup herbicide spray alone, the 
protein B4G0K5 that has an identified conserved domain of Ricin-type β -trefoil lectin. The Ricin-type β -trefoil 
is a carbohydrate-binding domain found in a variety of molecules serving diverse functions such as enzymatic 
activity, inhibitory toxicity and signal transduction34.

The composition of the metabolome is shown in Additional file 6. The most pronounced differences between 
the NK603 GM maize and its isogenic counterpart mostly consisted of an increase in the amounts of numerous 
polyamines. The levels of N-acetyl-cadaverine (2.9-fold), N-acetylputrescine (1.8-fold), putrescine (2.7-fold) and 
cadaverine (28-fold) were increased in NK603. The metabolome profile also highlighted an impairment of energy 
metabolism. While metabolites from the first part of the TCA cycle had their levels increased (α -ketoglutarate 
by 1.65-fold and citrate by 1.49-fold), metabolites from the second part of the TCA cycle had their levels 
decreased (malate by 0.59-fold, fumarate by 0.60-fold, succinate by 0.80-fold). Additionally, while proteins asso-
ciated with glycolysis were overexpressed, carbohydrate metabolism is depleted in several metabolites (glucu-
ronate by 0.63-fold, glucose 1-phosphate by 0.56-fold, maltohexaose by 0.28-fold, maltopentaose by 0.51-fold). 
Differences due to the pesticide spray were subtle: phenylpropanoid such as 4-hydroxycinnamate (0.63-fold), 
ferulate (0.59-fold) and sinapate (2.9-fold) were significantly changed. While alterations of the shikimate pathway 
were not detected, intermediates from aromatic amino acid metabolism (PEP derived) had their level increased 
(phenyllactate by 1.60-fold, phenylpyruvate by 2.71-fold, N-acetylphenylalanine by 2.24-fold and xanthurenate 
by 1.82-fold). These changes could be indicative of an increase in amino acid catabolism. However, of note is that 
PEP itself was not detected in the analysis.

Table 2 provides pathway enrichment analysis of metabolites that were found to be statistically significantly 
altered in the pairwise comparisons. For the metabolome pathways analysis, the profile of NK603 and NK603+ R 
showed a distinct pattern compared to the profiles observed in the proteome analysis. From the 10 most altered 
pathways, these two samples shared only five altered pathways and these suggest an alteration due to the GM 
transformation process. These pathways revealed an alteration in aspartate, pyruvate and phenylalanine amino 
acid downstream processes. The NK603 metabolome profile seems to differ from sprayed samples by fatty acid 

Figure 3. Volcano plots of the maize proteome and metabolome profiles. Volcano plots show the log 2 fold 
changes and the − log10 adjusted p-values in protein or metabolite level induced by the GM transformation 
process (isogenic vs NK603, isogenic vs NK603 +  R) or by the pesticide spraying (NK603 vs NK603 +  R). Data 
were selected at the cut off values adj-p <  0.05 and fold change > 1.5. Red dots represent protein or metabolites 
having their level significantly altered in the different samples.
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related pathways and choline, nicotinate and nicotinamide metabolism while sprayed samples showed alterations 
in serine metabolism and other sugar related metabolism.

The STITCH tool was used to provide a visualisation of predicted interactions of chemicals and proteins that 
might have a link to the transgene-associated EPSPS-CP4 pathway. The interaction network reveals that some 
proteins or metabolites altered in the NK603 maize are interacting with EPSPS (Fig. 5). The network formed by 
these proteins/metabolites is centred on some TCA cycle intermediates, among them, the α -ketoglutarate. One 
should note that EPSPS is using an energy metabolism intermediate (phosphenolpyruvate) as substrate. Overall, 
our data shows that the expression of a heterologous EPSPS in the NK603 maize is causing a deep alteration in the 
proteome and metabolome profiles of feed samples and thus resulting in a metabolic imbalance.

Discussion
In this report we present the first multi-omics analysis of GM NK603 maize compared to a near isogenic non-GM 
counterpart. Based on analysis conducted by the developer Monsanto Company, NK603 maize was scored as 
‘substantially equivalent’ to its isogenic control, which was a major contributor to this product being granted 
market approval for animal and human consumption in the European Union, United States, Brazil and several 
other nations. Although NK603 had comparable nutritional and compositional profiles when originally accessed 
by the developer company upon registration of their product, our analysis at a detailed, in-depth molecular pro-
filing level shows that NK603 grains, with or without Roundup spraying during cultivation, are not equivalent to 
isogenic non-transgenic control samples (Fig. 2).

The concept of substantial equivalence has long being used in safety testing of GMO crops, but the term and 
the concept has no clear definition35. In 1993 the Organization for Economic Co-operation and Development 
(OECD) stated that the “concept of substantial equivalence embodies the idea that existing organisms used as food, 
or as a source of food, can be used as the basis for comparison when assessing the safety of human consumption of a 
food or food component that has been modified or is new”36. The vagueness of this term generates conflict among 
stakeholders to determine which compositional differences are sufficient to declare a GMO as non-substantially 
equivalent. However, the Codex Alimentarius Commission37 makes it clear that a safety assessment of a new 
food based on the concept of substantial equivalence “does not imply absolute safety of the new product; rather, 
it focuses on assessing the safety of any identified differences so that the safety of the new product can be considered 
relative to its conventional counterpart.” Thus, the concept of substantial equivalence should not be used as a proof 
of safety. However, it could be used as a first tier in risk assessment to detect any unintended effects of the GM 
transformation process. Unintended effects can be understood as the effects that go beyond the primary expected 

Figure 4. Mass spectrometric detection of CP4 EPSPS in the NK603 genetically modified maize. Two 
different peptides from Agrobacterium sp. 3-phosphoshikimate 1-carboxyvinyltransferase have been detected 
(gLGNASGAAVATHLDHR and lAGGEDVADLR) in all different samples allowing semi-quantitation (A) 
Reporter intensity ion values pertaining for CP4 EPSPS in the different samples of the two cultivations. 
(B) Localization of the peptides on the CP4 EPSPS (in grey) (C) Spectrum from the detection of the 
lAGGEDVADLR pertaining to Agrobacterium CP4 EPSPS (cultivation 1 of NK603).
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effects of the genetic modification, and represent statistically significant differences in the GMO compared with 
an appropriate control38. Unintended effects during transgenesis include rearrangements, insertion, or deletions 
during the genetic transformation or during the tissue culture stages of GMO development39,40. A comprehensive 
characterization of the GM plant at the molecular level could facilitate identification of unintended effects in 
GMO crops and could be used as a complementary analytical tool to existing safety assessment procedures41–44.

Term description n p-adj

Isogenic × NK603

KEGG ID

 1110 Biosynthesis of secondary metabolites 12 6.2E-11

 1200 Carbon metabolism 8 1.6E-10

 1120 Microbial metabolism in diverse environments 8 5.8E-10

 1100 Metabolic pathways 13 1.3E-09

 1230 Biosynthesis of amino acids 7 5.7E-09

 710 Carbon fixation in photosynthetic organisms 5 3.6E-08

 10 Glycolysis/Gluconeogenesis 5 4.2E-07

 51 Fructose and mannose metabolism 3 9.4E-05

 30 Pentose phosphate pathway 3 9.4E-05

 520 Amino sugar and nucleotide sugar metabolism 3 6.6E-04

GO ID

 GO:0008150 Biological process 16 1.3E-18

 GO:0008152 Metabolic process 13 5.0E-15

 GO:0005975 Carbohydrate metabolic process 8 1.9E-14

 GO:0016052 Carbohydrate catabolic process 6 4.0E-14

 GO:0009987 Cellular process 12 6.1E-14

 GO:0044699 Single-organism process 11 8.4E-14

 GO:1901135 Carbohydrate derivative metabolic process 7 5.3E-13

 GO:1901575 Organic substance catabolic process 6 5.9E-13

 GO:0044238 Primary metabolic process 10 2.8E-12

 GO:0071704 Organic substance metabolic process 10 5.9E-12

Isogenic × NK603 + R

KEGG ID

 1110 Biosynthesis of secondary metabolites 14 2.3E-12

 1200 Carbon metabolism 9 1.6E-11

 710 Carbon fixation in photosynthetic organisms 7 1.6E-11

 1120 Microbial metabolism in diverse environments 9 6.7E-11

 1100 Metabolic pathways 15 1.3E-10

 1230 Biosynthesis of amino acids 8 5.4E-10

 10 Glycolysis/Gluconeogenesis 6 2.1E-08

 51 Fructose and mannose metabolism 3 1.9E-04

 30 Pentose phosphate pathway 3 1.9E-04

 480 Glutathione metabolism 3 1.0E-03

GO ID

 GO:0008150 Biological process 21 2.3E-25

 GO:0008152 Metabolic process 16 1.2E-18

 GO:0009987 Cellular process 15 2.1E-17

 GO:0016052 Carbohydrate catabolic process 7 1.3E-16

 GO:0005975 Carbohydrate metabolic process 9 3.3E-16

 GO:0044699 Single-organism process 13 4.3E-16

 GO:0044723 Single-organism carbohydrate metabolic process 8 3.0E-15

 GO:1901575 Organic substance catabolic process 7 3.0E-15

 GO:0006757 ATP generation from ADP 6 3.0E-15

 GO:0072524 Pyridine-containing compound metabolic process 6 3.0E-15

Table 1.  Pathway enrichment analysis in proteome profiles of the maize samples. Among different 
analytical software, String was chosen as it recognized a maximum number of proteins. The maize genome 
was used as a background list to calculate the p-values of each term. The 10 most enriched GO biological 
process terms and KEGG pathways (ranked by p-values) are presented. N, number of protein disturbed in each 
pathway; p-adj, fdr adjusted p-value.
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In general, our study design further highlights the importance of restricting comparison to the GMO crop and 
non-GMO isogenic comparator and cultivation of the two at the same location and season when the objective 
is to evaluate the effect of the GM transformation process. This is obligatory in order to reduce effects on plant 
metabolism arising from differing environmental conditions, which can make it difficult to attribute differences 
that are observed to the procedure of transgenesis. However, even though our experimental design takes into 
account the effect of the growing season, further experiments made under different environmental conditions 
would be needed to determine the full range of effects of the GM transformation process on NK603 phenotype. 
Indeed, virtually all traits are influenced by genotype–environment interactions. Neither genetic differences nor 
environmental variations alone can account for the production of a particular phenotypic variation. For example, 
a study of the expression of the transgene encoding a Bt toxin in the MON810 GM maize under different environ-
mental conditions, has shown that the phenotype resulting from the GM transformation process is influenced by 
stressful environmental conditions45.

The increasing literature reporting application of omics methods to assess proteome, metabolome and 
transcriptome profiles in GMO crops shows strong evidence of distinct grain proteomes in other GM maize 
events, such as MON810 Bt insecticide producing maize11,12,46. Although the majority of studies have focused on 
insect-resistant maize (e.g., MON810 event) and most likely because this was the first GM maize to enter the food 
and feed market, there has also been one previous metabolomics study investigating NK603. Metabolite profiling 
of NK603 maize kernels were analyzed and approximately 3% of the metabolites detected showed statistically sig-
nificant differences compared to the respective isogenic lines47. Two metabolites (γ -tocopherol and myo-inositol) 

n/N ES p-value

Iso vs NK603 pathways

 Amines and polyamines 3/4 2.6 0.0370

 Nicotinate and nicotinamide metabolism 3/4 2.6 0.0370

 Fatty acid, Dicarboxylate 4/8 1.7 0.0797

 Aspartate family (OAA derived) 10/27 1.3 0.0908

 TCA cycle 3/6 1.7 0.1300

 Dipeptide 1/17 0.2 0.1359

 Free fatty acid 7/19 1.3 0.1557

 Branched Chain Amino Acids (pyruvate derived) 5/13 1.3 0.1780

 Phenylpropanoids 3/7 1.5 0.1914

 Photorespiration 2/4 1.7 0.2192

Iso vs NK603 +  R pathways

 Amino sugar and nucleotide sugar 7/8 2.3 0.0007

 Serine family (phosphoglycerate derived) 7/10 1.8 0.0062

 Dipeptide 10/17 1.5 0.0096

 TCA cycle 4/6 1.7 0.0532

 Branched Chain Amino Acids (pyruvate derived) 7/13 1.4 0.0536

 Aspartate family (OAA derived) 12/27 1.2 0.0730

 Benzenoids 2/2 2.6 0.0769

 Phenylpropanoids 4/7 1.5 0.0978

 Glycolysis 3/5 1.6 0.1342

 Inositol metabolism 2/3 1.7 0.1885

NK603 vs NK603 +  R pathways

 Phenylpropanoids 3/7 4.3 0.0180

 Amino sugar and nucleotide sugar 3/8 3.8 0.0271

 Fatty acid conjugate 1/1 10.1 0.0899

 Branched Chain Amino Acids (pyruvate derived) 3/13 2.3 0.1012

 Choline metabolism 1/2 5.1 0.1719

 gamma-glutamyl 2/10 2.0 0.2238

 Serine family (phosphoglycerate derived) 2/10 2.0 0.2238

 Fatty acid amide 1/3 3.4 0.2467

 Nicotinate and nicotinamide metabolism 1/4 2.5 0.3150

 Glycolysis 1/5 2.0 0.3773

Table 2.  Pathway enrichment analysis in metabolome profiles of the maize samples. The 10 most altered 
pathways (ranked by p-values) are presented. The number of metabolites disturbed in each pathway (n) is 
compared to the total number of metabolites measured for the given pathway (N). Enrichment scores (ES) 
for each pathway are calculated as follow: ES =  (number of significant metabolites in pathway/total number 
of detected metabolites in pathway)/(total number of significant metabolites/total number of detected 
metabolites). The p-values were calculated according to a one sided Fisher exact test.
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were less abundant in NK60347. Interestingly, γ -tocotrienol and myo-inositol levels were also found to be signif-
icantly reduced in our study, and thus attributable to the genetic transformation. This suggests that some meta-
bolic alterations are consistently reported despite a strong background triggered by environmental influence. In 
a study of two common MON810/non-GM variety pairs subjected to two farming practices (conventional and 
low-nitrogen fertilization), it was found that up to 37.4% of the variation was dependent upon the variety, 31.9% 
were the result of the fertilization treatment, and 9.7% was attributable to the GM character48.

Alterations can also be found in other plant tissues. For example, analysis of leaves of Brazilian varieties of 
MON810 Bt maize revealed a total of 32 differentially expressed proteins between GM and non-GM samples that 
were identified and assigned to carbohydrate and energy metabolism, genetic information processing and stress 
response9.

Our study revealed significant metabolome profile differences between NK603 that was either sprayed or not 
with Roundup during cultivation (Fig. 2). This was surprising since the single application of this herbicide was 
prior to development of the maize cobs. In addition, we did not detect glyphosate or AMPA residues in the test 
maize kernel samples (Additional File 1). This indicates that metabolic differences provoked by an early applica-
tion of Roundup persisted throughout the life of the maize even in the absence of herbicide residues. At present 
we can only speculate as to the mechanisms that may explain these effects but they may have their basis in epige-
netic programming of gene expression patterns with consequent longer term effects. The spraying of Roundup 
could have acted as a signal causing an alteration in gene expression patterns in the growing maize. A recent study 
that demonstrated marked epigenetic (DNA methylation) changes in A thaliana in response to treatment with 
carbendazim supports this possibility49. In addition, it has been demonstrated that epigenetic (DNA methyla-
tion and post-translational histone modification) patterns acquired in one cultivation can be transgenerationally 
inherited in an A thaliana model system50. However, further research would be needed to determine if epigenetic 
alterations provoked by pesticide exposure can hamper plant phenotypes across generations.

The maize kernels analysed in this study were previously used to feed laboratory animals that formed 
part of a chronic (2 year) study looking at potential toxic effects arising from the consumption of this NK603 
Roundup-tolerant GM maize. A dry feed was formulated to contain 11%, 22%, or 33% of NK603 maize, culti-
vated either with or without Roundup application, or 33% of the near isogenic variety. Sprague Dawley rats fed 

Figure 5. Interaction network of the metabolic effects resulting from the GM transformation process. The 
STITCH (‘Search Tool for Interacting Chemicals’) tool was used to provide a visualisation of the consequence 
of EPSPS insertion. The proteins and the metabolites which were found commonly deregulated in the 
two comparisons of NK603 and NK603 +  R to its isogenic counterpart were used as input list. The top ten 
interaction partners with the highest scores as well as the maize EPSPS were included to reveal interactions.



www.nature.com/scientificreports/

1 0Scientific RepoRts | 6:37855 | DOI: 10.1038/srep37855

for two years on these diets presented blood/urine biochemical changes indicative of an increased incidence of 
liver and kidney structure and functional pathology in the NK603-containing diet groups compared to non-GM 
controls51. Standard biochemical compositional analysis revealed no particular differences between the different 
maize types tested51. Metabolic disturbances observed in our study may help to understand the negative health 
effects suggested after the chronic consumption of this GM maize. Alterations in concentrations of metabolites 
in grains might be directly related to pathogenic effects due to some active compounds that are known to be 
toxic52. For instance, a soybean glycoprotein allergen (Gly m Bd 28 K fragment) was also found overexpressed 
in a proteomic study of Roundup Ready GM soybean seeds (MSOY 7575 RR event)13. In our study, cadaverin 
levels were significantly increased (Log2FC 4.81 for NK603 and 5.31 for NK603+ Roundup). Cadaverin plays 
important roles in lysine biosynthesis53 and also glutathione metabolism54. Other similar biogenic amines, such as 
N-acetyl-cadaverine, N-acetylputrescine and putrescine were also found to be present at higher levels in NK603 
in our investigation. Different polyamines have been reported to have different effects, which depend on various 
factors such as age, tissue or disease status55. In certain contexts some of these polyamines have been found to 
be protective whereas in other situations they can be a cause of toxicity. On the one hand, toxicological effects 
such as nausea, headaches, rashes and changes in blood pressure are provoked by the consumption of foods with 
high concentrations of polyamines56. Putrescine and cadaverine have been reported as potentiators of the effects 
of histamine, and both have been implicated in the formation of carcinogenic nitrosamines with nitrite in meat 
products57. On the other hand, certain polyamines can also have beneficial anti-inflammatory effects and have 
been found to be beneficial during aging in some rodent model systems58. Noticeably, these polyamines were 
not measured in the first compositional analysis of NK603 maize performed for regulatory purposes32. Overall, 
whether the increased levels of cadaverine and putrescine found in the NK603 maize samples can account for the 
signs of potential negative health effects upon its consumption by rats, as implied by the blood/urine biochemical 
analysis33, needs to be further analyzed in experiments using more quantitative methods.

Our results suggest that expression of the EPSPS-CP4 transgene alters the oxidative environment in cells, and 
the increased levels of antioxidant enzymes are likely to be a response to oxidative burst by reactive oxygen species 
(ROS) in order to maintain proper physiological function. Glutathione metabolism was significantly altered in 
the NK603 when Roundup was sprayed during cultivation. Glutathione is known to be an important antioxidant 
in most living organisms, preventing damage to important cellular components caused by several environmental 
pollutants, including agrochemicals59. Plant glutathione S-transferases (GSTs) are also widely known for their 
role in herbicide detoxification60. Enzymes involved in combating reactive oxygen species, ascorbate peroxidase, 
glutathione reductase, and catalase are expressed at a higher level in transgenic soybean seeds14. Levels of ROS 
and other free radicals in GM food and feed would have to be monitored and quantified by further experiments in 
order to conclude on their potential impact on the agronomic performances of the plant. Additionally, it is known 
that polyamines are typically elevated in plants under abiotic stress conditions61. Typically, when cellular polyam-
ine content increases, the levels of hydrogen peroxide also increases, activating antioxidant systems. Unintended 
effects of the inserted EPSPS-CP4 transgene was linked to energy metabolism disturbances in other studies13–15. 
It can be hypothesized that the plant is searching for a new equilibrium to maintain heterologous EPSPS-CP4 
metabolism within levels that can be tolerated by the plant.

Glyphosate, the active ingredient of Roundup herbicide, inhibits the enzyme 5-enolpyruvylshikimate-3-phosphate 
synthase (EPSPS), which is the sixth enzyme of the shikimate pathway, and plays an essential role in the biosynthesis 
of aromatic amino acids and other aromatic compounds in plants62. The EPSPS has a binding site for phosphe-
nolpyruvate (PEP) and it could be hypothesized that an overexpression of a heterologous EPSPS could provoke a 
metabolic imbalance by altering the metabolism of PEP. Alterations in intermediate metabolism are corroborated 
in our experiment by the fact that the network formed by altered proteins/metabolites is centred on some TCA 
cycle intermediates (Fig. 5) such as α -ketoglutarate. In fact, it is also known that EPSPS inhibition by glyphosate 
impairs carbon metabolism, in particular by inducing alternative respiration and aerobic fermentation63. In this 
latest study, the metabolic switch was explained by an accumulation of pyruvate. Thus, if EPSPS inhibition is able to 
alter intermediate metabolism, a comparable change in the opposite direction could be expected as a result of EPSPS 
overexpression.

This study is the first and most detailed multi-omics characterization of a widely commercialized GMO crop 
and its isogenic counterpart. In conclusion, our integrative statistical and bioinformatics analysis allowed us to 
suggest a mechanistic link between the proteome and metabolome alterations observed and the insertion of a par-
ticular transgene. The transformation process and the resulting expression of a transgenic protein cause a general 
disturbance in the GM plant and it is clear that NK603 maize is markedly different from its non-GM isogenic line 
at the proteome and metabolome levels. In addition, our data correlates with previous studies, which observed 
higher amounts of ROS that act as free-radicals promoting oxidative stress in those transgenic plant materials. We 
also confirm a metabolic imbalance in energy and carbohydrate metabolism. Although a clear mechanistic link 
between alterations in the GM feed and the possible health effects following long-term consumption of this prod-
uct remains to be established, the evidence we present clearly shows that NK603 and non-GM isogenic maize are 
not substantially equivalent and the nutritional quality of GM feed might be hampered by metabolic imbalances 
related to plant energy and stress metabolism.

Materials and Method
Maize cultivation. The varieties of maize used in this study were DKC 2678 Roundup-tolerant NK603 
(Monsanto Corp., USA), and its nearest isogenic non-transgenic control DKC 2675. These two types of maize 
were grown under similar normal conditions, in the same location and season, spaced at a sufficient distance to 
avoid cross-contamination. The site of cultivation consisted of an imperfectly drained field with a coarse loam sur-
face texture and fine loam subsoil. A typical soil compositional analysis is provided in Additional File 1. The maize 
cultivation rows were spaced 75 cm apart, with approximately 30 cm between planted seeds (78,000 seeds/ha).  
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One pass of the seeder included 4 rows of corn. To avoid edge effects in the field, 2 passes (8 rows) of DKC 2575 
(isogenic) were planted as a buffer zone. DKC 2678 (NK603) and DKC 2575 (isogenic) were planted ~85 m apart. 
Half of the DKC 2678 received the treatment with Roundup WeatherMax.

Fertilization was performed with 26 T/ha liquid dairy manure, 100 kg/ha of 30-0-10 fertilizer was broadcast 
at planting, and 150 kg/ha of 18-46-0 fertilizer banded with the seed. The corn was harvested when the moisture 
content was less than 30%. All corn varieties were hand harvested by collecting ears in large tote bags to avoid 
cross contamination. The corn pickers were instructed to pick every ear of corn so as to avoid any risk of quality 
differentiation. Each corn variety was shelled (kernels removed from the cob) using a small threshing machine 
designed for this purpose. Each variety was dried in separate bulk drying bins to avoid any risk of cross contam-
ination. The corn was dried at a low temperature (< 30 °C) to avoid drying too rapidly and affecting feed quality. 
The corn was dried to < 14% moisture before bagging.

The genetic nature, as well as the purity of the NK603 maize seeds and harvested material, was confirmed 
by quantitative PCR analysis of DNA samples. One field of NK603 was sprayed once with Roundup at 3 L ha−1 
(WeatherMAX, 540 g/L of glyphosate, EPA Reg. 524–537) whilst another field of NK603 was not treated with 
Roundup. Test samples were produced by two cultivation cycles performed over two growing seasons. All maize 
samples were analysed for a total of 423 pesticide residues by SGS Institut Fresenius GmbH (Berlin, Germany), 
including glyphosate and its metabolite AMPA. No pesticide contaminants were detected in any of the samples 
(Additional file 2). All samples were maintained at − 80 °C until processing for analysis. A schematic overview of 
our experimental design, sampling strategy and analytical approach is provided in Fig. 1.

Proteome analysis. Sample preparation. Ground maize kernel samples were lysed in 8M lysis buffer (urea, 
NaCl, Tri-HCl, phosphatase and protease inhibitor) and their protein concentration calculated using a Nanodrop 
protein assay. Samples in triplicate were run through an SDS-PAGE 4–20% polyacrylamide gradient gel at 150 V. 
Excised gel bands were reduced with dithiothreitol (Sigma-Aldrich Ltd, Gillingham, Dorset, UK), alkylated 
with Iodoacetamide (Sigma-Aldrich Ltd) and digested with bovine sequencing grade trypsin (Roche, Penzberg, 
Germany; ref. 11418475001) at 37 °C for 18 hours. Subsequently extracted peptides were labelled with 60 mM 
TMT10plex Isobaric Label Reagents (ThermoFisher Scientific, Waltham, MA, USA; ref 90406) and the respective 
samples combined. Labelled peptides were then purified and extracted using Waters Sep-Pak Vac 3cc 200 mg 
tC18 cartridges, before being separated into 10 fractions by strong cation exchange (SCX) across an increasing 
salt concentration. The eluted peptide fractions were purified and extracted once again before being lyophilised 
for direct analysis by liquid chromatography-tandem mass spectrometry (LC-MS/MS).

Liquid chromatography-tandem mass spectrometry. Fractionated samples were resuspended in 100 μ l of 50 mM 
ammonium bicarbonate and 10 μ l of each of the 10 fractions was loaded onto a 50 cm EASY-spray column 
(ThermoFisher Scientific). Quantitative analysis was performed using the Orbitrap Velos-Pro mass spectrometer 
(ThermoFisher Scientific) in positive ion mode. The peptides were separated by gradient elution, from 5–80% 
0.1% trifluoroacetic acid in acetonitrile (5–40% from 0–100 minutes, 40–80% from 100–110 minutes), at a flow 
rate of 300 nl/min. Mass spectra (m/z) ranging from 400–1600 Daltons was acquired at a resolution of 60,000 and 
the 10 most intense ions were subjected to MS/MS by HCD fragmentation with 35% collision energy.

Data processing. Protein identification was performed with Proteome Discoverer 1.4. Raw files were imported 
and searched against the UniProtKB/Swiss-Prot Database using Sequest for Proteome Discoverer. Raw files for 
all fractions were merged together in a single file search for each of the two TMT10plex sets. Precursor mass 
tolerance for the searches was set at 20ppm and fragment mass tolerance at 0.8ppm. The taxonomy selected was 
Zea mays and three enzymatic mis-cleavages were allowed. Dynamic modifications selected on the search were 
Oxidation/+ 15.995 Da (M) and Deamidated/+ 0.984 (N, Q) and static modifications were Carbamidomethyl/+ 
57.021 Da (C), TMT10plex/229.163 Da (K), TMT10plex/229.163 Da (Any N-terminus). Only peptides with TMT 
reporter ion signal intensities for all ten samples were used for further bioinformatics analysis.

Metabolome analysis. The metabolome analysis was performed by Metabolon Inc. (Durham, NC, USA) as pre-
viously described64. Ground maize kernel samples were prepared using the automated MicroLab STAR®  system 
from Hamilton Company (Reno, NV, USA). Several recovery standards were added prior to the first step in the 
extraction process for QC purposes. In order to remove protein, dissociate small molecules bound to protein or 
trapped in the precipitated protein matrix, and to recover chemically diverse metabolites, proteins were precip-
itated with methanol under vigorous shaking for 2 min (Glen Mills GenoGrinder 2000) followed by centrifuga-
tion. The resulting extract was divided into five fractions: two for analysis by two separate reverse phase (RP)/
UPLC-MS/MS methods with positive ion mode electrospray ionization (ESI), one for analysis by RP/UPLC-MS/
MS with negative ion mode ESI, one for analysis by HILIC/UPLC-MS/MS with negative ion mode ESI, and one 
sample was reserved for backup. Samples were placed briefly on a TurboVap®  (SOTAX Corp, Westborough, MA, 
USA) to remove the organic solvent. The sample extracts were stored overnight under nitrogen before prepara-
tion for analysis.

Ultrahigh Performance Liquid Chromatography-Tandem Mass Spectroscopy (UPLC-MS/MS) for metabolome analysis.  
All methods utilized a Waters ACQUITY ultra-performance liquid chromatography (Waters Corp, Milford, MA, 
USA) and a ThermoFisher Scientific Q-Exactive high resolution/accurate mass spectrometer interfaced with a 
heated electrospray ionization (HESI-II) source and Orbitrap mass analyser operated at 35,000 mass resolution. 
The sample extract was dried then reconstituted in solvents compatible to each of the four methods. Each recon-
stitution solvent contained a series of standards at fixed concentrations to ensure injection and chromatographic 
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consistency. One aliquot was analyzed using acidic positive ion conditions, chromatographically optimized for 
more hydrophilic compounds. In this method, the extract was gradient eluted from a C18 column (Waters UPLC 
BEH C18-2.1 ×  100 mm, 1.7 μ m) using water and methanol, containing 0.05% perfluoropentanoic acid (PFPA) 
and 0.1% formic acid (FA). Another aliquot was also analysed using acidic positive ion conditions, however it 
was chromatographically optimized for more hydrophobic compounds. In this method, the extract was gradient 
eluted from the same afore mentioned C18 column using methanol, acetonitrile, water, 0.05% PFPA and 0.01% 
FA and was operated at an overall higher organic content. Another aliquot was analysed using basic negative 
ion optimized conditions using a separate dedicated C18 column. The basic extracts were gradient eluted from 
the column using methanol and water, however with 6.5 mM ammonium bicarbonate at pH 8. The fourth ali-
quot was analysed via negative ionization following elution from a HILIC column (Waters UPLC BEH Amide 
2.1 ×  150 mm, 1.7 μ m) using a gradient consisting of water and acetonitrile with 10 mM ammonium formate, pH 
10.8. The MS analysis alternated between MS and data-dependent MSn scans using dynamic exclusion. The scan 
range varied slighted between methods but covered 70–1000 m/z.

Metabolome data processing. A quality control value assessment was undertaken to determine instrument 
variability by calculating the median relative standard deviation (RSD) for the internal standards that were 
pre-mixed into each sample prior to injection into the mass spectrometer. This yielded a value of 3% for instru-
ment variability. Overall process variability as determined by calculating the median RSD for all endogenous 
metabolites (that is, non-instrument standards) present in 100% of the samples gave a value of 7%. Raw data was 
extracted, peak-identified and QC processed using Metabolon’s hardware and software as previously described65. 
Metabolites were identified by automated comparison and curated by visual inspection for quality control using 
software developed at Metabolon66. Peaks were quantified using area-under-the-curve.

Integrative bioinformatics analysis. For plotting of results, a Principal Component Analysis (PCA) was first per-
formed. The language and statistical environment R67 together with the ade4 package68 method was employed 
in order to explore the relationship between GM and non-GM varieties. Second, we performed a Multiple 
Co-Inertia Analysis (MCIA), using the language and statistical environment R together with the omicade4 pack-
age69, in order to integrate multiple omics datasets where the same tissue have been assayed multiple times (in this 
case, proteomics and metabolomics).

Pairwise Welch’s t-tests were performed, for bothproteomics and metabolomics datasets, for Isogenic vs 
NK603, Isogenic vs NK603+ Roundup and NK603 vs NK603+ Roundup comparisons. The resulting p-values 
were adjusted by the Benjamini-Hochberg multi-test adjustment method for the high number of comparisons. 
Volcano plots were also constructed in order to visualize the differences in metabolite and protein expression for 
each of the comparisons. The aforementioned tests and plots were performed using in-house R scripts. Pathway 
enrichment analysis of the proteomics dataset was conducted using the web tool STRING v10.070. For the metab-
olomics data, due to a lack of well-annotated metabolome databases for maize, the pathway enrichment analysis 
was conducted as follows. First, enrichment scores (ES) for each pathways were determined using the following 
formula: ES =  (k/m)/(n/N) where (# of significant metabolites in pathway(k)/total # of detected metabolites in 
pathway(m) )/(total # of significant metabolites(n)/total # of detected metabolites(N)). Then, the statistical signif-
icance was assessed using a Fisher one-sided exact test. The STITCH v5.0 beta web tool71 was used to investigate 
metabolite-protein interactions on maize endogenous pathways. The list of disturbed proteins and metabolites, 
including the protein EPSPS, was uploaded and the metabolic networks was studied using STITCH v5.0 initial 
parameters.
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