requirements might be necessary if com-
mercialization of these crops is to become
a reality (Miller and Bradford 2010; Mou
and Scorza 2010). In the survey, conducted
between 2005 and 2008, research publi-
cations identified 78 different specialty
crops and more than 250 traits; however,
none of the crops had received complete
regulatory approval or been commercial-
ized (Miller and Bradford 2010).

In Hawaii, papaya has been genetically engineered to resist
ringspot virus: infected plants on (left), virus-resistant (right).

" While the lengthy regula-
tory approval process may ac-
count for some of these delays
and market failures, public
approval and consumer and
export-market acceptance will
remain the ultimate hurdles in
the marketplace success of ge-
netically engineered specialty
crops (Astrid 2009; Huffman
and Rousu 2006; Lusk et al.
2004). The degree of market
acceptance varies, with some
markets being more affected
than others by international
attitudes about genetic engineering.
Transgrafting presents a potential
way to address consumer acceptance
issues and allow the fruit and nut tree
industries to realize some of the possible
benefits of genetic engineering technol-
ogy. To move transgrafting technologies
toward implementation efficiently and
effectively, scientists and legislators must
establish clear lines of communication
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and create supportive regulatory frame-
works. Moreover, industry backing will
be paramount given the long time frames
and costs related to genetic engineering.
Ultimately, however, consumer education
and attitudes toward transgrafting will
be a pivotal aspect. It is important that all
of these factors are addressed if specialty
crops, such as fruit and nut trees, are to
profit from the benefits biotechnology can
provide.
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Regulatory status of transgrafted plants is unclear

by Victor M. Haroldsen, Gabriel Paulino, Cecilia L. Chi-Ham and
Alan B. Bennett

he regulatory implications of using transgrafted plants

are currently unknown. A plant’s vascular system can
selectively transport across graft junctions endogenous ele-
ments such as full-length RNAs, sSRNAs, proteins, hormones,
metabolites and vitamins, and even elicit epigenetic effects,
heritably changing the way genes are expressed without
changing the actual DNA sequence. However, not all of these
elements are transported freely, and they either require spe-
cific molecular signals or cellular transporters to aid in their
movement through a plant’s vascular system.

These transfers are understood to a degree (Haroldsen et
al. 2012), but what is less clear is how the movement of these
elements from transgenic rootstocks to scions might affect
the regulatory approval process for a transgrafted plant — a
product developed using transgenic tools and yet not con-
taining transgenic DNA in the scion product. It cannot be
said with certainty if transgenic RNAs, sSRNAs or proteins
produced in rootstocks may make their way to the nontrans-
genic scion. Furthermore, some of these elements may have
short half-lives, making it difficult to determine by testing
whether the final crop was produced using a transgraft.

There is no precedent within the regulatory framework
coordinated by the U.S. Department of Agriculture, U.S.
Food and Drug Administration and U.S. Environmental
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Protection Agency regarding how a transgrafted, genetically
engineered rootstock and wild-type scion might be regu-
lated. U.S. regulation identifies genetically engineered crops
through a product-based policy; that is, if the final product
contains transgenic material, then it is considered genetically
engineered. However, even if scions are shown to be free of
transgenic DNA, since transgrafted crop products are new to
consumption, it is likely that safety assessments will be re-
quired prior to their market release. They would potentially,
however, be classified as a conventional and not genetically
modified food in the United States.

Conversely, in the European Union, if biotechnology tools
are used in the process of developing a crop, then they fall
under EU legislation for genetically engineered crops. In
this case, regardless of whether the final transgrafted crop
product contains transgenic material (DNA, RNA or proteins)
or not, it would be classified as genetically modified. For ex-
ample, German authorities decided in 2010 that any grapes or
wine produced from transgenic rootstocks must be labeled as
genetically engineered (Heselmans 2011).

This international policy difference will put EU regula-
tors in a difficult situation in the future, when importing
crops harvested from transgrafted plants produced in the
United States. How will they identify a nontransgenic crop
product that has been developed using transgenic tools? How
can they be certain that crops imported from countries such
as the United States are not genetically engineered (by EU
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definitions) when testing may not differentiate between con-
ventionally grown crops and those from transgrafted plants?
While the European Union may elect to implement process
monitoring of new technologies to ensure proper labeling,
documenting every step of the production process and track-
ing the final products of transgrafted crops, it would be diffi-
cult to guarantee the genetically engineered status of imports
from outside the European Union.

To address this difficulty, and assuming tests can be devel-
oped that easily and robustly detect the presence or absence
of transgene elements in the final crop, a threshold limitation
could be established. The EU threshold for allowable levels
of “adventitious mixing” of genetically engineered seed into
conventional seed is 0.9%. The expectation for transgrafted
crops, in particular first-generation transgrafts (see page 67),
is that any transgenic DNA, mRNA, siRNA or protein would
fall below the 0.9% level. While current EU legislation would
likely need to be revised, it is possible that EU regulators
would allow transgrafted fruit or nut products to enter the
European Union, so long as transgenic material was below
the 0.9% threshold. While strictly conjecture, at the least, this
sort of threshold limitation should be included in discussions
of alternatives to current regulatory requirements.

In the United States, transgrafting applications will likely
be dealt with on a case-by-case basis as they are introduced
into the regulatory process (C. Wood, USDA Biotechnology
Regulatory Services, personal communication, September
2010). This would be in line with suggestions by the Dutch
scientific advisory committee on genetically modified organ-
isms (COGEM 2006). In anticipation of regulatory scrutiny,
it will be important for scientists to gather experimental

information determining to what degree transgenic elements
move across the graft junction in different plant species and
different types of coding and noncoding genetic constructs.

Unlike plant model systems, such as Arabidopsis sp., analy-
ses of genetic material from fruit and nut crops tend to be
compounded by high levels of phenolic compounds, polysac-
charides and other secondary metabolites. Nevertheless, labo-
ratory experiments have been carried out in walnut, grape
and tomato regarding the mobility of transgenic elements,
and the results are in the process of being published. This
information should assist regulatory bodies in determining
what portion of the scion, if any, should be regulated.

To illustrate these issues, imagine that a transgrafted or-
ange is developed with transgenic siRNA in the rootstock
that wards off nematodes. Tests on the scion leaf material
do not reveal the presence of siRNA, but when the fruit is
tested transgenic siRNA is detected. However, tests also show
that after the oranges are harvested, the transgenic siRNA
decreases over a short time to nondetectable levels. In the
United States, after regulatory approval the oranges would
not be required to be labeled as genetically engineered. If
these sames oranges were exported to the European Union,
siRNA would be undetectable in tests regardless of the trans-
graft, but under EU legislation they would be classified and
labeled as genetically engineered. So unless the U.S. seller di-
rectly informs the importer that the oranges were grown with
a transgraft, they would have no way of knowing since the
siRNA is undetectable after picking. This example highlights
the difficulties arising from policy differences, which could
hamper the future commercialization of transgrafting tech-
nologies currently in the developmental pipeline.
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