11

Transformation-induced Mutations in
Transgenic Plants: Analysis and Biosafety
Implications

ALLISONK WILSON # JONATHAN R.LATHAM! AND
RICARDA A STEINBRECHER®

Bioscicnce Resource Project. PO Box 66, Ledbiry, HRS YAL UK aind - EcoNeva,
PO Box 32792 Brighion, BNT T, UK

Introduction

Plant transfommation has hecome an essential tool for plant molecular Mologists and.
almost simuliancowsty. transgenic plants have become a major focus of many plant
breading programmes, The fiest transgenic celtivar arrived on the market approxi-
nuely I35 vears ago. and some countries have sinee comimercially approved or
dercguiated te.e the United Statesy various commodity crops, with the result that
certain transgenic crop plants. such as herbicide-rexistant canola and soya and pest-
resistant maize, are currently erown on millions of acres.

Advocates for the use of genctic engineering as  plant brecding ool claim its
precision provides a major advantage over other plant breeding technigues. The
presumption s (hat genctic engineering results in (13 only specific and known
genatypic changes (o the engineered plant (he simple insertion of @ defined 1INA
sequence - the transgency. and (23 only knows: and specific phenotypic changes [the
mtended traitts) encoded by the transgene]. This presimption has strongly influenced
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hiosalety reeulation. Regulators typically assume that the plant transformation
mcthods used to introduce waansgene into the plant genome ure mostly mrelevant o
the risk assessment process and that the major seurce af risk in transgenic crop plants
arises from the trumsgene iself The focus of this review s ascientific assessment ot
the preciston of current crop plant transformation technigues,

Aerobacieripim-mediated wansformation and particle bombardment (biolistic trans-
formationt are the two plant transtormagion methods most commonly wsed o produce
transeenie plants For both researeh and commerciad purposes. Forboth A grebacierium-
mediated transformation and particle bombardment the mechantam ol transgene
integration inte the plant genome s still poordy understoed and has been reviewed
clsewhere (Pawlowski and Somers. 10962 Tinkand. 1496: Somers and Mukarevitch,
2004 Tuliva er al.. 20040

I plant transiormation were precise. 20 transpenic plants, dertved from the sanw
parent plant material and carrving the same transgene. woulkd be wdentcal in pheno-
tvpe. Furthermore, they would be identical to the non-transgenic parent plant,
except for the vansgenic tait. This, however. is usually not found i practice.
Phenotypic variation is the norm within popalations of plants lrem the same experi-
ment {Hockema er af . 1989 Conner e ol 1994 Bregitzer e al., 1998 Singh ool
1998 Kaniewski and Thomas, 1999 Sha er of .. 20021,
must corelully screen numerous transformed plants o obtain one or a few plants thai
exhibit only the desived raits (Kumar er el 19980 Dear e af.. 2003 Despite this,
cven plants originally selected as having the appropriaie phenotype are often found.

and breaders and resecarchers

during Jater experiments or commereial use. to have unexpected and unintended
traits (RKuiper ed af. 2000 Flastberger. 2003

One possible cause ol unintended phenotypes in transgenic plants s the prosence
ol transfonmation-induced mutations, The inserion of o transgene into the plam
genome inevitably disrupts the sequence of the endogenous plant DNA and may be
accompanicd by other mutations. A ransgene insettion event, as defined here.
includes both the desired ransgene and any associated insertion-site mutations, In
this review, we define transformation-induced mutations as: (1) the disruption of
plant genomic DNA caused by transgene or superfluous DNA insertion: €2) any
alterations o plant genomic DNAL including base pair changes, duplications. dele-
tions or rearrangements. caused by the mechanism ol transgene insertion or by other
aspects of the plant ranstormation process tsuch as tissue culture or antibiotic use):
and 133 the presence ol superftuous DNA (any non-genomic DNA other thun asingle
intact copy ol the desired transgene) freviewed in Smith ez af.. 2001

In this puper. we review what is known about the effect of the plant transfermation
process on the plant genome. We analyse the extent and lreguency ol transformation-
induced mutations i vansgenic plants ereated by Agrebacierin-mediuted
transformation and particle bombardment. We discuss the potential of such
mutations (o result in unintended harmful phenotypes. and the biosafety and
regulatory implications of these findings. We also ofler recommendations (o
rescarchers and regalators thate i Tollowed. would help prevent or climinaie
transformation-induced mutations in transgenic plants. In this review, we do not
discuss the potential for the transgene itsell o result in unintended phenotypic
CONSCYUSRCLS,

To Tacilitate discussion, we have divided translormation-induced mutations into



Transformaiion-induced mivgarions in transgenic pleants 211

inscrtion-site mutations (those created at the site of transgene insertion, which are
thus an integral component of the “insertion event’) and genome-wide mutations,
those present at other random locations in the plant eenome. but which My never-
theiess be retained in transgenic cultivars.

Insertion into gene sequences

The ideal transgenic plant for most rescarch and hreeding purposes would contain a
singles intact copy of the desired transgene serted into a non-functional region of
the plant genome, withoul further alteration of the host plant DNAL Hlowever, using
current plant transformation technigques. the site of wansgene msertion cannat be
pre-selected (Puchta. 2003), This means that transgenes cannot be larzeted o non-
functuionat regions of the genome and that their senomic location must be determined
after nsertion.

Data accumulated from several large-scale T-DNA tagging cxperiments in both
Arabidopsis ihaliona (A. thalianay and rice suggest that T-DNA insertion info gene
sequences s frequent using Agrobacierinm-mediated transformation, occurring wf
35-58% ol T-DNA inscrtion events (Jeong e af.. 2002 Syabados ef af.. 2002-
Alonso ef ol 20030 Chen e al.. 2003: Sha o af.. 2004). For example, when
rescarchers mapped more than 160G T-DNA flanking scquences in rice. they found
that 58.1% ol the T-DNAs had inserted into genic regions (Chen et al., 2003). [na T-
DNA tagging experiment in A. rhaliana. 47.8% of 973 T-DNA insertions were into
gene coding or known regulatory sequences (Szabados ef af.. 20023, When only
single-copy T-DNA insertions were examined in 112 A, thaliana lines. rescarchers
found simifar numbers: 55.9% of LB sequences and 58.5% of RB were in gene
sequences (Forsbach ¢ al.. 2003}, Experiments in other organisms. such as the
fegume. Medicago truncandea (Scholle er of . 20023, barley (Salvo-Garride ef «f..
2004). and potato and tobacco (Koner or af.. 1989: Lindsey e af.. 1993), also
sugeest that frequent T-DNA insertion into gene sequences is the norm,

A more detailed anatysis of T-DNA insertion cvents in A, thaliana identificd
TOTOT-IDNAs that had Nanking sequences located in or near genes (Qin et al.. 2003),
Based on homologies to known genes, they put these genes into 14 function
categories. The majority coded Tor proteins of unknown function (48.12%). whike
other categonies included metabolism (7.82% ). signal transduction (6.93% ).
transcription (0.04% ), discase/defence (4h.65% ). and intracellular tralTic (0.99% ).
Thus. T-DNA insertion ¢learly has the potential to disrupt or alter the function or
expression of genes involved in alf aspects ol plant biology. The disruption of such
genes may result in transgenic plants with unexpected. and potentially harmiul.
hhenoiypes.

The frequency with which particle bombardment resulis in lransgene insertion
inlo gene sequences is unknown because the necessary experiments have not been
done.

ILis important here (o note that determination of insertion into gene sequences by
analysis of shortstretches of DNA flanking the transgene insert may underestimate the
number of insertion events which disrupt functional plant DNA. This is due to several
factors including: (1} the lack of knowledge of the importance ol higher order gesome
structure. gene order. and long-range regulatory interactions in plants (all of which are

&
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of known importance to gene regulation in otherorganisms: Cacter ef ¢f . 2002 Hurst et
al . 2004 and (2) the possible presence of insertion-site mutations, such as deletions or
rearrangements. which disrupt functional DNA and yetare not revealed by analysis of
shortstretches of flanking DNAL Aceurate characterization of insertion-site mutations
requires sequencing the complete transgene insertion event Gncluding the full DNA
sequence of the ransgene and any superflucus DNA and/or rearranged lanking plant
DNA) and comparison with pre-insertion target seguences from the non-trunsgenic
parent plant. Without this comparison. analysis of flanking DNA sequences alone will
niiss insertion-site mutations such as deletions of chromosomal DNA,

Insertion-site mutations generated by Agrobacterivm-mediated transformation

It is well documented that, in practice. plant transformation docs not result only in
the insertion of intact single transgenes (Kohli ¢ of.. 20033, Southern blol analysis
reveals thate as o orules the mugority of T plants produced by Agrobacierivin-
mediated translformation have cither multiple copics of the T-DINA inseried at one or
more loct, or they have wuncated T-DNAs (Hict or ol 19942 Ishida er al.. 19962
Cheng eral, 1997 Dai er ol 2000 Dong eraf. 2001 Forsbach er el 20030 Kim er
af . 2003 Olhoft er af L 20032 Vain er of.. 2003 This appears e be true for all plant
species studied,

In the following discussion. we Tocus on insertion events identificd by Southern
blot unalysis s carrving a single ntact T-DNAL In general. these are the type of
imsertion events most uselul w researchers analysing gene Tunction, or hreeders
creating transeenic crop plants, and {or which the most diata are available.

FHALER DNACIN T-DNACINSERTION BEVENTS

The end of a T-DNA may be joined directly to plant genomic DNA L or the T-DNA/
esenomic DNA junction may also include sequences called filler DNAL Studies of
single-copy T-DINA Inseris in A, thalione indicate that between 465 and 70% of
T-DNA junctions mclude fitler DNA sequences tWindels er el 2000 Meza er af.,
2007: Forshbach er af.. 2003y, Filler DNA can runge in size from | bp o severad
hundreds of bp (Meza er of L 2002) In one study. 93 et border (LBY and 94 right
horder (RBy junctions were analysed Tor the presence of filler DNAL The authors
found that 30 (33.5% y and 3% (62.8% 1. respectively. had insertions of filler DNAL of
which 31.9% (LB and 45.7% (RBY were between L and 25 bp.and 11.8% (L) and
13.8% (RBY were between 260 and HE bp (Forsbach er oL 20030 I this experiment.
three of the RB filler sequences were greater than 100 bp (Forshach er af.. 2003).

In a separate AL thaliona study. researchers analysed 67 planmt DNA/LE or RB
Junctions and found cach contained between | and 31 bp ol Dller DNAL This study
indicated that filler DNA is usually built up from several non-contiguous stretches of
DNAL which usually orivinate from either plant DNA close 1o the msertion site and/
orsequences from near the T-DNA ends (Windels ¢ ol 20010, However not all filler
DNA ortgimates from nearby plant or T-DNA sequences, The insertion of 12 bp ol
(iler DNA from another chromosome {(Meza e ¢l 2002) has been documented, as
have the presence of filter sequences originating from internal T-DNA sequences
(Windels er af 2001 Meza er ol 20020 Forsbach ez af.. 2003).
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These A thaliona experiments are based on the analysis of Tairly large numbers of
single-copy T-DNA inscrtion events {37 events in Meza ef af.. 2007: 112 events in
Forsbach er al . 2003: and 67 junctions in Windels et al.. 2001). There are few such
analyses in other plant specics, and not all are of single-copy T-DNA insertion
events. Analysis ol 53 RB/plant DNA and 61 LB/plant DNA junctions in rice
showed that 329% and 18% . respectively. had insertions of filler DNA (Kim ef af..
2003). These were mostly 1-22 bp in sive. dlthotwh at least one 102 bp liler
sequence was found (Kim ez ol 2003). Analysis of 10 T-DNA insertion events in
poplar indicated that 6/10 had filler DNA varying in luwl} between 7 and 235 hp
located at the LB and/or RB junctions and which originated from nearby phml or
T-DNA sequences (Kumar and Hadunn 2602 In Medicago truncanda, 3 lines
analysed had fifler sequences of 30 330 38, and 392 bp. The 32 bp liller DNA
corresponded to intermal T-DNA scquence. while the others were of unknown or igin,
Taken together with other anzlyses of ohacco insertion events. these suggaest that
(Her DNA is likely 1o be Tound at T-DNA insertion events in many. if not all. species
(Gheysen or af. 1987 talesias e al.. 1997),

VECTOR SEQUENCES AND T-DNA FRAGMENTS [N T-IBNA INSERTION EVIENTS

When carricd by Agrobacierinm, the T-DNA s focated on the Ti (lumour- inducing)
plasmid. in theory, only DNA within the T-DNA harder sequences shoukd be
translerred o plant genomes. In practice. however. Sowthern blot and PCR analyvses
s ggml that plasmid sequences (rom outside the T-DNA borders (veetor backbone

¢ Tound in 20-80% of plants. Species examined include populations of ransgenic
A thadiana. obacco, rice. soybean. maize. and potato (Ramanathan and Veluthanbi.
[U95: Wenek ¢r al.. I%? de Buck e af.. 20000 Yin and Wang. 2000: I\im ol m’“
2005 Vain er el 20032 Afolabi er al. 2004 Rommens et al.. 2004 Sha o al.. 2004
Show eral.. 2004 i‘ldnux and Spiker. 20053, Vector backbone can he found dd acent
toeither the LB or the RB of T-DNAs integrated into the plant genome. These vector
backbone sequences may contain bacterial genes fe.e. vir genes, antibiotic-
resistance genes) and bacterial ariging of replication (Tintand, 1996 T{fira e af..
2604,

In A thaliana. 6-14% of singic-copy T-DNA insertion events have heen showr,
using PCR and sequence analysis. to contain vector hackbone sequences (Meza o
al .. 20020 Forshach er el 2003 de Buck et al.. 2004) Some of these vector
hackbone insertions are greater than 3000 bp in size (Meza ef ad .. 20023 In one stucdy
of T-DNA insertion in rice. Southern blot analysis indicated dilferences hu\\un
vectors, such that 11% of single-copy T-DNA inscrtion events preduced using
pGreen contained vector hackbone. as compared 0 67% of single-copy T-DNA
insertion events produced using pSoup (Vain e «f.. 2003

Adsoin AL ihalicne. fragments of runcated T-DNA or ;uldilionai T-DNA border
sequences are sometimes integrated adiacent to T-DNAS. even at imserion events
that were onginally idcmiﬁcd by Southern blot analysis as having single-copy
T-DNA insertions (Meza ef al.. 2002: Forshach o7 af.. 2003: Guan o7 af.. 2003: Pilol
efal.. 2004). In one experiment, I/} 2 insertion events had an insertion of 4 770 hp
mternal T-DNA fragment (Forshach ez af.. 20033, while at 37112 (3% yof the insertion
events. partial LB fragments were found adjacent 1o the RB. In another study of
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single-copy T-DNA sertion events in A, thaliona. 337 (8%) inscrtion events
contained additional T-DNA fragments (Meza er of . 2002).

Large-scate PCR and sequencing analyses have been carricd out only in
AL Hrliana: however, it appears that insertions ol additional T-DNA border
ragments and internal T-DNA iragments also occur at apparent single-copy T-DNA
inscrtion events in other plants {Dong ef af 19960 Lglesias er al.. 1997 Yheng eral..
2001. Scholte ¢r of. 2002).

DELETIONS AND REARRANGEMENTS OF PLANT GENOMIC DNA AT T-1NA
INSERTHON EVENTS

PCR and DNA scquence analysis of single-copy T-DNA imsertion cvents in
A thaticna veveals that substantial chromosomal deletion and rearrangements are
[requent (Moeza ef af L 20021 Forshach er af . 2003 de Buck eraf 2004, In one study
of 112 single-copy T-DNA Insertion events, 64 {87.7% ) showed larget site deletions
iForsbach er af.. 20033 Six deletions were from 110 bp. 37 were deletions of
100 bp. and 1 was greater that 100 bp. In addition. 2 (2%) insertion cvents
had chromesomal translocations (of DNA [rom different chromosomesy adjacent
1o the T-DNAL and 22 inseruon events {20%) were thought to have Targe
deletions, insertions, or other rearrangements. The miethods employed in this study
were not sulficient e determine the Tull extent of mutation at these 22 insertion
Cvents.

[n a separate A, dialiona stady. both LB and RB flanking sequences could be
isolated for 22/37 insertion events, When cach insertion event was compared 1o the
original genomic target sequence. all events had deletions of the target sequence.
These ranged from 11537 bp (Meza er af.. 2002). Nine were greater than 50 bp and
4 were greater than 100 bp. Furthermore, a complex pattern was [ound at one
insertion event, which had a 35 bp deletion of the target sequence and a sccond
genomic deletion of 823 bp localed 60 bp distant from the T-DNA inscrt. This
indicates that insertion site deletions may not always be located immediately
adjacent to the T-DNA. For the remaining 15 (4%} insertion events. the presence ol
more extensive deletions or rewrrangements would explain why it was not possible
10 isolate both the LB and RB sequences: however. these events were not analysed
further.

[n one final A, thaliana experiment. of 21 single-copy T-DNA insertion events
analysed, 10 had target site deletions ol LL=317 bp (de Buck e of. 2004). Two of 21
events {L0% ) had T-DNA inserts [Tanked by DNA from different chromosomes. The
presence of trget site detetions in these 2 and i the remaining 9 insertion events
wis nol characterized, presumably again because the large scale ol the mutations
miacde analysis diffeuld

For A, thaliana. itis clear that large-seale mutations are frequently found at single-
copy T-DNA Inscrtion events. While many large-scale mutations were not fully
characterized in the studies described above: there s evidence that chromosomal
detetions and rearrangements at singie-copy T-DNA insertions can be substantial
(Revenkova er af.. 1999). For example. the largest insertion site deletion recorded in
the Hierature is 75.8 kbp. This deletion was predicted to remove 4 genes entirely. as
well as part of another gene (Kaya er af.. 2000). In another case. a 25 kbp deletion at



Transformation-induced mutations in nsgenic planes 215

-

A nsertion event remaoved one gene entirely and the 3 region of a sceond

gene (Fillewr e af. 2000). More complex DNA rearranzements also occur.
Duplications and insertions of greater than 30 kbp ol DNA from ather chromosomes
have been found adjacent w single-copy T-DNA inserts (Tas and Vernon, 2001+ see
also Castle er w1493 Forshach or of.. 2003 de Buck o7 «f.. 2004 Guiensohn of ef..
20041 Single-copy T-DNA inscertion events can also be associated with reciprocil
iranslocations of DNA Guan er af. 2003 Lafleuriel er of. 2004: Pilol o af..
2004y

The dimited data available from other plant species also indicate that deletions
and rearrangements of chromosomal sequences are commaonly found at single-copy
T-1
rescarchers were able o isolate the original genomic trgel sequence frem 8711

A msertien ovents (Ohbaer el 1995), Inan experiment in Medicago truncanda,

msertion events (Scholte er af.. 2002). The defetions detected at these cight insertion
events ranged from 3-404 bp. The remaining three events presumably had larger
defetions and/or rearrangements, which prevented isolation of the origina Lurget
sequences using Hanking sequence information. An anaivsis of Tour inserGon cvents
i Saveniea rice indicated that 2/3 RB junctions analysed had rearranged T-DNA/
plant sequences (Dong ef ol 1996}, In tobacco. o lew inseriion events have been
characterized for deletions and rearrangements. In one study. the insertion event was
shown (o bave a 27 hp deletion. as well as a 138 bp duplication ol piant tarpct
sequences (Gheysen o7 ol TOST 1 while in g separate study. a target site deletion of
32 by owas identificd in one insertion event. while the target site of i second cvent
coukd net be determined from Manking scguence information. presumably due (o the
serambling ol T-DNA and plant sequences (glesias of ol 1997). Inaspen. a study of
) insertion events Tound that 7710 events had deletions of a fow bp o 370 bp. while
Mievents had defetions of O-1 bp (Kumar and Fladung. 2002,

TASAINSERTION EVENTS IN COMMERCIAL CROP PLANTS

IWa satficient number of transgenic plants are generated. it should be possible ©
select insertion events that consist of @ single intact T-DNA inserted into DINA with
no knowa function’ and which are free from deictions. rearrangements. and the
msertion ol superfuous DNAL To our knowledge. there are no complete sequence
anilyses of deregulated Gle. commercially approved) T-IDNA inserlion evenls.
However. we examined the molecuiar data provided o USDA reguiators during the
approval process for thiee dilferent commercial ransgenic crop plants {herbicide-
tolerant L1.Coton237 virus-resistant Newleal™ Plus RBMT22-82 Potato®: and
virus-resistant CZW-3 Squash’y, We found the applicants had provided no SCQUenee
data on the genemic DNA Tanking the T-DNA. and no comparison of Hanking
sequences with the original genomic target site DNA (Wilson of of.. 2004, The
imformation provided in the applications did reveal that all three insertion events
mchuded superfluous DNAL LLCotton25 had saperfiuous poiviinker SCULCTICL.
Newleal” Plus RBMT22-82 Potato had three independent T-DINA insertion evenls
(two of which are presumably superflluous and one of which also inciuded
superfivous plasmid DNA)Y. CZW-3 Squash had a seicetable marker gene. However,
as the appropriate data were not provided to regulators. it is not possible 1o know
whether any of the insertion events present in these commercial crop planis had
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additional small msertions of T-DNA or plismiud sequences, or deletions or
rearrangements ol genomic DNA.

Insertion-site mutations gencerated by particle bombardment

The wgjority ol transgene nsertion events created by parvicle bombardment are
comples. having multiple copies of the transgenic DNA integrated at a single locus
(Register e ol 1994 Wan and Lewaux, 19940 Pawlowski and Somers, 996, [998:
Kohli er ol 1995, 1999, 2003: Magbool and Christou, 19990 Fu ef af.. 2000 Mchlo
et el . 20000 Svitashey ez ¢f .. 20000 Svitashey and Somers. 2001, 2002: Breitler ef af..
2002 Loc et af., 20020 Vain ez gl.0 20020 To tllustrate. a single particle bombard-
ment insertion event can include more that 40 copies of the transgene (and the
superfiuous plasmid DNA used o carry the transgene) (Vn ef af.. 2002 Multiple
transgene copics can be arrayed as concatamers, or interspersed with small or Lurge
segments of plant DNA L and the transgene sequences can be truncated or rearranged
(Svitashey and Somers. 2001 Kohli er ol 2003).

Most particle bombardmient msertion events have been characierized using
Southern blot analysis, a technigue which. on its own. is unable w identify all ol the
mutations created al a transgene insertion event (Jukowitsch er al. 19997 Mchlo o7
ad . 20000 Svitashey and Somers, 20010 Svitashey er af. 2002). Only a few studies
deseribed in the scientific literature use PCR or DNA sequence analysis to
characterize particke bombardment transgene insertion events {Shimizu e af.. 2001:
Windels ez af.. 2001 Svitashey e of.. 2002 Ulker er of.. 2002 Makareviteh ¢f ol
2003y When DNA sequence analysis is used to characterize particle bombardnient
cvents. the results are often surprising. For example. partial sequence analysis of two
independent complex imsertion events tn oal indicated that extreme scrambting of
nan-contiguous transgene and genomic fragments” had occurred at cach event. and
that many of the scrambled Iragments were fess than 200 bp (Svitashev e7 ¢, 20020
Other eehnigues. Tor example. fluorescence in-site hybridization (FISHDY analysis.
can also uneover surprises. When two transgenic fritordenin lines created by particle
bomburdiment were analysed using FISH. three insertion events were identificd and
all three of the insertion events were associated with translocations (Barros er al..
2003).

In addinon te extrame scrambling and extensive rearrangement ol transgene and
plant DNAL partele bombardment insertion events also may include contaminating
DNAL Analysis of the DNA sequences between whead-to-head repeat of the transgene
in a complex insertion event i obacco revealed unidentiftable DNA - fragments
twhich the authors assumed to be tobacco DNAOC as well us a0 260 bp fragment of
chromosomal coding sequence Trom the Fscherichio cofi vl gene (Ulker e af..
2002y This F.ocoli chromosomal DNA was incorporated into the insertion event,
despite the Tact that. prior o bombardment. the transgene-containing plasmid DNA
was purtficd away from contaminating bacterial DNA using standard methods (Uker
eral.. 2002) To our knowledge. there are no other reported cases of chromosomal
Foeofi DNA incorperated into particle bomburdment insertion events. However, so
few particle bombardment events have been analvsed using DNA sequencing that it
i not possible o determine whether insertion events incorporaling contamnxiting
DNA sequences are commonplace or not.
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SINGLE-COPY PARTICLE BOMBARDMENT INSERTION EVENTS

We have found only one study in which rescarchers astempted the complete
sequence analysis of transgene insertion cvents isolated from intact plants
transformed by particle bombardment (Makareviteh e af.. 20033 This study
exanuned three insertion events isolated from two different oat lines. Southern kot
analysis mdicated that these were refatively simple insertion events.

One particle bombardment insertion event. 3830-1. consisted of a slightly farger
than full-length copy of the transgenic plasmid in a head-to-head orientation with o
partial copy of the plasmid (Makarevitch ez «f.. 2003). There were two regions of
extensive scrambling of plant genomic DNA and plasmid DNA [ragments. one
between the two copies of the plasmid and one near the other end of the runcated
copy. The genomic DNA sequences flanking cach side of the total wransgenic
thsertion were also scrambled. A 2182 bp sequence at the 5 end of the inserted
transgenes had partial homology to an unknown rice protein, and a 250 bp sequence
from the 3" {Tanking DNA had homology to a chloroplast rsp7 gene from rice. mai ze.
and wheat. Thux, the 3830-1 inscriion event appczu'ﬁ o have resulied in the
disruption of at least two plant genes. In this study, the researchers were unable to
identify a PCR product from wild-type genomic DNA using primers from different
sides of the transgene insert: thus, they were not able to determine the Tult extent of
inseraon-sile mulagion at event 3830-1. They suggested that large insertions of
scrambled (ilier DNA and/or a large deletion of genomic target sequence could e
responsible Jor their inahility to amplify a product,

A second insertion event. 3830-20 was isolated [rom the same transgenic line
(Makarevitch erad.. 20033, Thiseventconsisted of a 296 bp transgene insert of two non-
contiguous fragments ol transgene DNA. The 296 bp insert was (lanked on hoth the 5
and 3 ends hy serambled non-contiguous fragnients of plant genomic DNA (Makareviteh
eral 20031 APCR product was aimplificd from wild-1ype genomic DNA using priniers
located approxinately 950 bp (rom cach end of the transgene insert. When this wild-
type larget DNA sequence was compared to sequences flanking the 3830-2 insertion
event Jtwas found that the insertion event included an 845 bp deletion of genomic
DNAandaisa [Hler DNA insertions made from lragments of genomic IDINA of unknown
origin, Beyond this liller DNA. the remaining 360 bp of DNA sequence compared
between the insertion event and the wild-type DNA were identical.

The third insertion event. 11929 was a relatively simple insertion event resulting
from co-bombardment of two different plasmids. The inserted DNA consisted of a
truncated copy of each plasmid. interspersed with [iller DNA consisting of six small
serambled [ragments of transgene and genomic DNAL PCR analysis suggested that
the genomic DNA on cither side of the inserted DNA was contiguous and
unscrambled. However. using primers Tocated on cither side of the transgenc
msertion. the researchers were unable to amplify the original tareet sequence Irom
wild-type DNA. They suggested this could be explained by a large deletion ol
aenomic DNA at the insertion event,

PARTICLE BOMBARDMENT INSERTION EVENTS IN COMMERCIAL CROP PLANTS
In order to determine whether insertion-site mutations are present in commercial
transgenic crop plants created by particle bombardment. we analysed the available
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molecular data describing Oive insertion events in the following crops: corm rooiworm-
protected matze MONSO3™ virus-resistunt papayvas 55-1 and 03-170 insect-resistant
Muatze YieldGurd MONSION and herbicide-tolerant soybean Roundup Ready
Sovhean $-3-27

Particle bombardnient inseriion event MoaS63 from maize includes two differen
superliuaus ransgenic gene sequences. the gyl marker vene, fellowed by 1533 bp ol
the Mo vene. integrated adjacent o the desired orv3Bb1 transgene. The npell-ble
DNA cncodes two OREs: the apill coding sequence and 40% of the ble gene. No
experimental duta analysing whether the napili=Hle DNA produces RNA or protein
products in Monseld maze were submitted 1o the USDAL The USDA application
stades that the 5" and 37 juncuiens between (he Mon8063 insert and the genonie
Tanking sequences were analysed by PCR and DNA sequencing, However. all ol (he
DNA sequence data were designated as confidentiud business information (CB1 and
were thus deleted ram the information available o the public. The application did
nol appear o contain a comparison between the fanking sequences and the eriginal
sonomic targel siw.

Papayu cultivars 351 and 63-1 were created by particle bombardment ol papaya
lissue with whole plusmids contaming a transgene. Event 53-1 contains the follow-
ing superfueus tragsgenic DNA in addition o the desired PRY ¢p transgene: the
apill selectable marker gene: the gus reporter gene: and vector backbone sequences
including the Ol bacteriad arigin of replication and part of the tetracyceline-
reststunce gene. Northorn blot analyvsis was used o examine mRNA transceripts
prosentin pupaya cultivar 3531 (Fitch ez e, 1992). This indicated that, in addition (o
the predicted 1.35 kbp transeript two Targer ranseripts (one sized 2.4 kbp and one
sized 4 Kbpywere also present. Neither the presence nor the signilicance of these
trunseripts was mentioned i the USDA apphcanion. Sequence information on the
transgene inserl, the genomite Tanking sequences and the original genomic Largel
site were not provided o the USDAL

Papaya cultivac 63-1 contained the Tollowing superfluous transgenic DNA
sequences in addition o the desired PRY op trunsgene: (he npedl selectable marker
vene. and vector backbone sequences. These included the bacterial gentamycin-
resistance gene. the OtV and On'T bacteriad origins of replication, and at least part ot
the tetracyeline selectable marker gene. Southern biot data presented in both the
USDA application and in a separate paper suggest that (ransgene rearrangements
were presentin 63-1 (Fich er af 0 1992) however, no Turther molecular anadysis was
done and no further explanation was provided. Sequence mlormation on the
transgene insert. the genomic flanking scquences. and the origmal genomic target
site were nol provided 1o the USDA,

Marze YieldGard™ event MONSLO appears to contan only a single truncated
copy ol the desired ervA(b) transgence, as determined by Southern blot analysis.
Sequence information on the transgene insert, the genomic Manking sequences, and
the eriginal genomic target site were not provided in the USDA application, How-
ever. independent rescarchers were unable to amphily the orginal genemic target
seqguences lrom wild-type maize using primer seguencees derived rom the genomic

=

DINA flanking the MONS10 ervA(b) insert (Hernander er af.. 20033 This suggests

that the MONSTO insertion event includes rearrangement or deletion ol genomic

SeUENces.
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The Roundup Ready” Soybean 40-3-2 insertion event was doscribod in the
original USDA application as having only the desired single intact copy of the CP4
EPSPS gene. Sequence infornation on the transgene insert. the genamic (lanking
sequences, and the original genomic target site were not provided in the original
LISDA application. However, the combined data lrom documents submitled 1o the
USDA by Monsanto alter deregulation and from studies done by independent
rescarchers (Windels ¢r af.. 2001 indicate that Soybean event 40-3-2 actually
consists ol the following: (1) the intact CP4 EPSPS gene. followed by a 250 bp CP4
EPSPS fragment that is adjacent o 334 bp of unknown DNA: (23 unidentilicd
deletions and/or rearrangements that prevented target site amplilication from wild-
type plants using prismers made from DNA {Tanking the inserted transgenic sequences:
and (3} & co-segregating 72 bp CP4 EPSPS Iragment that is flanked on both sides by
plant genamic DNA.L

Genome-wide mutations in transgenic plants produced via Agrobacterium-
mediated transformation

In addition (e insertionsite mutations. tansformed plants have heritable unin-
tended genome-wide muetations that are not Hinked to the transgene. There exista fow
studies in which researchers have atempted o guantify the numbers of genome-
wide mutations introduced throughout the transgenic plant genome by plant
transformation (reviewed in Sala e ol 2000). These studies use a combination of
restriction fragment length polymorphism (RFLP) and PCR-based techniques (o
look Tor random DNA differences (nmntations) between ransgenic plants and
non-trapsgenic control plants. These genome-wide mutations are visualized as
DNA poiymorphisms (band differences) between fransgenic and non-transgenic
plants.

Three papers deseribe the analysis of genome-wide mutations in transgenic plants
created via Agrobacierimn-mediated transformation. In two. the tansformation
protocol involved the use of tissue culture (Wang e7 af., 1996 Labra e af.. 2001).
while in onc an in planrg method was used, which avoids the use of tissue culture
(Labra of ol 2004).

The first, of transgenic poplar, examined polymorphisms between 17 fransgenic
P.origra plants (derived (rom 14 independent transTormation events). 4 tissue culture
cantrol 2 nigra piants tregenerated Irom Gssue culture without transformation). and
2eonurols of the origmal P, nigra clone (Wang er al.. 1996}, First, each plant was
scored for the presence or absence of 18 different bands using RFLP analysis. No
band differences were found hetween the 0 untranslormed control plants and 3 of the
4 independent transgenic plants. However, the remaining 11 transeenic plants had
between 1and 8 band differences cach. as compared w the control plants. In (otal, 35
polymorphic bands aut of 198 were found in the 11 plants combined. The RIFLP data
extrapolates to approximately 1000s ol pelymorphic bands {mutations) per diploid
genome. The same plants. and additional peplar clones belonging to dilferent
species. were then examined using random amplified pelymorphic DNA (RAPD)
analysis. Like the RELP analysis, RAPD analysis indicated numerous genomic
dilferences between control plants and transgenic plants. Using RAPD analysis,
there were also polymorphic bands between tissue cultare control plants. Finally,
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the plants were examined (or microsatellite sequence differences. Only swo ol the
ransgenic lines and the two P.oonigie control clones showed no microsatellite
differences. The authors note that all of the transgenie and non-transgenic plangs
regenerated fronin virro culture showed DNA polymorphisims by one or more of the
three techniques used and that. overall, transgenic plants showed greater polymor-
phism thun tssue culture controls. The original 2. adgra control clones did not show
any DNA polymorphisms using any ol the techniques.

The second study examined the fevel of polymorphism in 10 randomly selected
transgenic rice (cv. Tuipei 309) plants as compared o 10 randomly selected seed-
erown rice {ov. Taipei 309) control plants (Labra er ¢f., 2001). RAPD analysis ol the
transgenic plants 1dentilicd 9 polymorphic bands out of 119 bands. Amplilicd
ragment length pelymorphism (AFLP) analysis ol the same 10 transgenic plants
identilied 19 polymorphic bands out of 288 bands. No pelymorphic bands were
found in the control plants, using either RAPD or AFLP analysis. The authors of the
study concluded “the genomic simifarity value was 100% in the case of the control
plants and 96-98% in the case ol the transgenic population”.

The third study was o' AL thafiana plants tansformed with o T-DNA conwining
the green fluorescent protein (GFP) transgene (Labra o ol 20040, Translormation
was done using the floral dip method, which avoids the use of tssue culbture. This
study tooked for polymorphisms in the Tollowing: (1) 80 transgenic T, individuals
(8T, rom cach of 10 independent T plants) sclected for kanamycein resistance: (2)
SO wansgenic T individugls (8T, from cach of 10 independent T, plants) selected
for GFP {luorescence: (3) 80 transformed T, individuals (3 T Trom cach of 10
independent T, plants)y which did not show Tuorescence (e, did not contain the
transgene): () 23 non-transgenic individuals obtained rom the seeds of 5 inde-
pendent control plants: and (23} 18 plants regenerated from independent callus

cultures. AFLEP analysis of these plants found 3/80 plants from transgenic popula-
tion (1) and 3/80 plants from (ransgenic populagion (2) had a total of 3 polymarphic
bands and 7 polymoerphic bands. respectively. Non-transgenic populations {3) and
(43 had a total of 2 and 3 polymorphic bands. respectively. The population with the
most polymorphic bands waus that ol the non-transgenic plants regenerated from
callus colture, which had 31 polymorphic bands in total. Random amplificd
nicrosatellite polymorphism (RAMP) analysis of the lve populations showed no
polymorphic bands, The authors interpreted these results as indicating that the
majority ol polymorphisms in transgenie plants derived from Agrobacierivm-medi-
ated transformation arise from tissue culture procedures. rather than (rom other
aspects of the plant ransformation process, such as Agrofacrerinn nfection (Fibra
ef al.. 2004).

Genome-wide matations in fransgenic plants produced via particle
bombardment

We have found only one siudy examining the numbers of genome-wide mutations
introduced into transgenic plants by particle bombardment (Arencibia e af.. 1998).
[n this study, rice plants were transformed by particle bombardment of nomature
cmbryos. and transgenic T plants were recovered lrom hygromycein-resistant
crubryenic cell clones, Twelve transgenic T plants were analysed from cach of three
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different rice cultivars. Non-transgenic seed-derived control plants and nen-
transgenic control plants regenerated from calli were also analysed. Using RAPD
analysis, no polymorphic bands were found in the 36 transgenic rice genomes. AFLP
analysis identified 12 polymorphic bands out of a total of 1711 bands in the 36
transgenic genomes. RAMP and amplified fragment random polymorphism (AFRP)
analysis identified 10/566 polymorphic bands and 25/2526, respectively, in the 36
transgenic genomes. The callus-derived control plants had polymorphism numbers
similar 10 those of the transgenic plants, while the non-transgenic seed-derived
control plants showed no polymorphic bands. Extrapolation from the combined
AFLP, RAMP. and AFRP data suggest that in this experiment, particle bombardment
resulted in, on average, many 100s of polymorphisms per diploid rice genome. It is
important to note that these are heritable DNA changes, as they were identified in the
T, generation,

Crigin and nature of genome-wide mutations

Many of the genome-wide mutations identificd by polymorphism analysis probably
arise from the use of tissue culture techniques {Arencibia er af., 1998: Labra 7 af.,
2004). Tissue culture has fong been known to be mutagenic and has sometimes been
used intentionally as a mutagen to generate novel traits for piant breeding purposes
(Larkin and Scoweroft, 1981; Jair, 2001). It has been shown o cause DNA changes
ranging from point mutations and methylation differences to transposon induction,
gene amplification. chromosomal aberrations, and ploidy level changes {Phillips et
al., 1994: Brown and Thorpe. 1995; Hirochika ¢r af., 1996; Kaeppler et af., 2000,
Jain, 2001: Bregitzer e al., 2002). Stresses associated with other aspects of plant
transformation, such as the use of antibiotics, may also induce epigenetic and/or
genetic changes (o the plant genome (Bardini er al.. 2003; Madlung and Comai,
20043

Agrobacteriunt infection is also a potential source of genome-wide mutations.
Agrobacteripm-mediated transformation methods that do not involve tissue culture
have been used to create farge popuiations of T-DNA-containing plants (Feldman,
1991; McElver er al., 2001). When such T-DNA tagging populations are screencd
for mutations, a large proportion of the identified mutant phenotypes are not finked
to a T-DNA insertion event (Forsthoefel er al., 1992: McNevin et al., 1993; Negruk
ef al.. 1996, Budziszewski er al., 2001). In one cxperiment, only 1/3 of the mutant
phenotypes identified in the T-DNA tagging popufation co-segregated with a
T-DNA (Budziszewski ef al.. 2001). A few such untagged mutations have been
characterized by DNA sequence analysis. For example, two untagged Cer? mutant
alleles have been isolated from a transformed A. shaliana population and sequenced
(Negruk et af.. 1996). One of the two alleles had a 17 bp deletion and the other had
a 2 bp substitution and a 2 bp insertion. The authors sugsest that such mutations
might be the result of unsuccessfui T-DNA insertions. [t is worth noting that such
small mutations would usually be missed by the polymorphism analysis techniqgues
described above and. therefore, that such genome sampling methods probably
underestimate the numbers of genome-wide mutations in plants transformed by
Agrobacterium-mediated transformation, and possibly alse by particie
bombardment. While particle bembardment is a suspected mutagen (Somers and
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Makarevitch, 2004), the effects of particle bombardment in the absence ol tissue
culture have not been studied.

Agrobacterium-mediated transformation and particle bombardment can both
result in the insertion of small fragments of transgenic DNA at locations unlinked to
the primary transgenc insertion event. For example, when a single intact T-DNA
insertion event was characterized in one plant, an additional T-DNA lelt border
[ragment was identified that mapped to another chromosome (Forsbach ef «f., 2003).
Likewise. a particle bombardment line originally thought to have a single, simple
transgene insertion event was subsequently found to have two addiional “minor’
ingertions at separate genomic Iocations {Makarevitch er al., 2003). Insertions of
small fragments of transgenic DNA during Agrobacrerivm-medialed transformation
and particle bombardment may be common, and are another potential source of
unintended phenotypes: however, they are likely to be missed by standard Southern
blot analysis of transgenic plants (Makarevitch er of., 2003).

The biological and biosafety implications of transformation-induced mutations

Any transformation-induced mutation that affects functional DNA sequences has
the potential 1o result in unexpected phenotypic consequences. This is true for
single base pair changes and for large deletions and rearrangements. Thus, in a
commercial crop plant, every transformation-induced mutation is a potential
hazard.

MUTATIONAL CONSEQUENCES OF PRECISE INSERTION EVENTS

Precise insertion events, those where a T-DNA or transgene inserts into genomic
DNA without further genomic disruption, can create loss-olf-function mutations,
which result in unintended phenotypes. These loss-of-function mutations can result
from transgene insertion into gene coding or regulatory sequences, such as
promoters or enhancers.

Precise insertion events may aiso result in the mis-expression of endogenous
senes by disrupting, for example, a region of a promoter or enhancer that controls
tissue-specilic expression. The presence of strong lransgene promoters, such as the
commonly used cauliflower mosaic virns (CaMV) promoter, may also result in mis-
expression (especially over-expression) of neighbouring endogenous genes. Such
promoters have been shown to alter endogenous gene expression at a distance ol up
to 12 kbp (Wilson et al., 1996; Weigel et af., 2000, Jeong er al., 200Z; [chikawa ef
al., 2003).

Another possible result of precise transgene insertion is the production of aberrant
sense or anti-sense RNAs, This has the potential to result in the silencing of
endogenous genes or in the production of truncated or chimeric proteins. For
example, transcriptional read-through and mRNA processing were shown to occur
when the nios terminator was used in a transgene present in a commerciaily approved
insertion event (Rang ef «l., 2003). In this case. the aberrant transcripis were
processed into variants containing open reading frames (ORFs), which could give
rise to chimeric proteins'.
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REARRANGEMENTS. DELETIONS. AND SUPERFLUOQUS DNA AT TRANSGENE
INSERTION EVENTS

Insertion events associated with deletions and rearrangements of genomic DNA and
the insertion of superfluous DNA may substantially increase the amount of transfor-
malion-induced genomic disruption and thus increase the risk of unintended
phenotypes. These types of insertion-site mutations may result in the juxtaposition
of transgene and genomic fragments or the juxlaposition of non-contiguous frag-
ments of genomic DNA. Such scrambling can often be extensive, particularly al
particle bombardment inscrtion events. For example. DNA sequence analysis of the
simple particle bombardment insertion event 3830-1 from transgenic oal demon-
strated the presence of at least 17 non-contiguous fragments of intermixed genomic
and transferred DNA (Makarevitch er al., 2003).

Lass-of-funciion mutations

Loss-of-function phenotypes, for example, can arise from deietion of endogenous
gene coding or promoter sequences. rather than from T-DINA insertion itself (Filleur
er el 2001). Furthermore, insertion site deletions have been faund that remove more
than one gene. sometimes resulting in complex pleiotropic phenotypes (Revenkova
et al.. 1999; Kaya er af.. 2600).

Altered gene expression

Insertion-site mutations may also resuft in altered patterns of gene expression.
Mutations that delete or rearrange regulatory sequences {such as promoter or
enhancer sequences) or cause other genomic alterations that affect gene expression
{c.g. to gene order or spacing or (o higher order genome structure) could resui( in
increased or decreased gene expression or in the mis-expression of plant genes in
inappropriate cell or tissue types or al inappropriatc developmental times.
Importanily. regulatory mutations may aiso alter a plant’s response Lo external
environmental cues, such as drought or high temperature, for example, by causing
inappropriate genes to be activated.

Aberrant RNAs leading to gene silencing

Scrambling of promoter fragments and coding sequence may also resuit in gene
silencing by the creation of either sense or anti-sense transcripts, since both gene
over-expression and anti-sense RNAs can wrigger silencing mechanisms in plants
(tyer er al.. 2000). Insertions of duplicated fragments of genomic DNA, including
large fragments such as those seen in translocations {Tax and Vernon. 2001) or smal
fragments such as those present in {iller DNA. provide opportunities for creating
anti-sense RNA. If the duplications include gene sequences, transcription into or
through these sequences may generate anti-sense RNAs, resulling in silencing of the
gene from which the duplication originated,

Analysis of a mutation in a non-transgenic rice plant exemplifies how DNA
rearrangement may result in RNA silencing of a gene family ( Kusaba er al., 2003). In
this case. a deletion between two highly similar gene family members formed a tail-
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lo-tail repeat and removed a transcription termination signal. The resuiting tran-
script was thought to produce a double-stranded RNA (via a hairpin loop), which
activated gene silencing of various family members. Thus, the presence ol anti-sense
RNA may also result in silencing of entire gene families.

A further possibility is that inadvertently activated gene silencing may have off-
target effects, ajtering the regulation of unrelated genes (Fackson and Linsley, 2004},

Aberrant RNAs leading 1o truncated or chinieric proteins

Insertion-site mutations increase the probability of creating aberrant RNAs, which
encode truncated or chimeric proteins that bave altered regulation or function,
Deletions, insertions, or duplications could result in proteins that have lost or
gained substrate binding sites, active domains, cellular localization signals, or
regulatory siles, such as phosphorylation sites. The resulting proteins could be
constitutively activated or de-activated. localized to incorrect compartments of the
cell, or have altered functions. For example, a transformation-induced deletion
could remove a part of the coding seguence of a receptor protein. resulting in
production of a non-functional protein that was still able to bind to the other
subunits in a multi-protein complex. The presence of the non-functional subunit
could inactivate the complex.

Insertion-site mutarions and horizontal gene transfer

I[nsertion-site muiations involving the integration of specific types of superfluous
DNA pose ar additional risk. Insertions of superfluous bacterial DNA flanking the
transgene {e.g. vector backbone, marker DNA, and particutarly origins of replica-
tion) have the potential to facilitate horizontal gene transfer of transgenes nto soil
or gut bacteria by providing opporturities for hormologous recombination (de Vries
and Wackernagel. 2002; Prudhomine er af., 2002).

GENOME-WIDE MUTATIONS

To our knowledge, no one has specifically examined the molecular nature of the
genome-wide mutations present in transgenic crop plants. Furthermore, excepl for
the characterization of a few non-tagged mutant alleles isolated from T-DNA tag-
ging lines, no one has ever identified the molecular basis of a genome-wide
mutation in a transgenic plant. As previously discussed, both Agrobacterim-
mediated transformation and particle bombardment can result in the integration,
al sites unlinked to the desired transgene, of small fragments of superfluous DNA,
and tissue culture has been shown to result in base pair changes, transposon move-
ment, methylation changes, chromosomal rearrangements, and ploidy level
changes (Kaeppler er al., 2000). Thus, it is likely that the genome-wide mutations
found in transgenic plants wili result in loss-of-function mutations, altered gene
expression, and altered protein function by mechanisms similar to those described
for insertion-site mutations.

While the molecular mechanisms are unknown, there are, however, exampies of
genome-wide mutations causing unintended phenotypes. In rice. for example,
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genome-wide mutations have been found that decrease grain size (Wu e al.. 2002)
or alter chlorophyll content, plant height, seedling growth, and yield (Shu e af..
2002). These mutations were still present in the T, and later generations of both
the transgenic and non-transgenic progeny of the original T, transgenic plants.
The heritability of such mutations suggests the presence of genome-wide
mulations increases the risk of unintended consequences in transgenic cultivars.

Conclusions

As illustrated in this review. the assumption thal transgenic plant breeding
methods are precise is undermined by the available scientific data.
Transformation-induced mutations are created both at the transgene insertion site
and elsewhere in the genome. Most transgenic plants are likely to have both types
of mutations, whether transformed using Agrobacterinm-mediated methods or
particie bombardiment.

[nsertion-site mutations can inciude small or large deletions and rearrangements
of plant genomic DNA, and multiple insertions of superfluous DNA. al a single
insertion event. Rearrangements may include chromosomal translocations and
extensive scrambling of transgenic and genomic DNA. while superfluous DNA
insertions may include filler DNA, vector backbone. and additional transgene DNA.
Particle bombardment insertion events also may include contaminating bacterial
chromosomal DNA. In addition to insertion-site mutations, most transgenic piants
carry minimally 100s—1000s of genome-wide mulations. unless these have been
removed by out-crossing or back-crossing.

While it is clear that current plant transformation methods are mutagenic, more
data on the frequency and molecular basis of transformation-induced mutations are
still needed. For example, most of the data that describe insertion-sile mutations
created by Agrobacterivm-mediated transformation come from a few large-scale
analyses in A, thaliana. Our knowledge of insertion-sile mutations in other species
(including impartant crop plants) is based on studies of, al most. a few transgenic
individuals, and most insertion events were analysed incompletely.

The fack of scientific data is even greater for particle bombardment. There are 1o
farge-scale studies of insertion-site mutations for any species, as only a handful of
particle bombardment insertion events have been (even partially) characterized
using DNA sequence analysis, Thus, to date. there are no publicly avaiiable data
describing the complete characterization of a functional transgene insertion event
produced via particle bombardment.

Similarly. there are few quantitative molecular analyses of genome-wide muta-
tions in transgenic crop plants, and there are no analyses of their molecular basis. It
is, therefore, unclear whether plant transformation is more mutagenic in some
species than in others.

Genetic damage 1s not limited to experimental transgenic plants. The insertion
events present in transgenic cuitivars are not fully characterized prior to com-
mercialization (Wilson er al.. 2004). and independent analyses of two
commercialized cultivars found uncharacterized and potentially extensive
insertion-site mutations {Windels &7 ¢/., 2001: Hernandez et al.. 2003). This suggests
other commercial cultivars are also likely to have undetected insertion-site
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mutations. Additionally, commercial cultivars almost certainty will have
undetected genome-wide mutations, even i most have been removed by genctic
segregation.

The seriousness ol the risks arising from the presence of transformation-induced
mutations in commercial cubtivars depends on their phenotypic conseguences.
There are three general classes of unintended conseguences that pose particular
risks 1o the publc. The first are alterations te the toxicity or nutritional value of
a transgenic cultivar. This class would include mutations that increased the levels
of allergens or toxins (known or unknown) or altered the levels ol nutrients such
as vitamins or antioxidants'. The second are changes that have ecological
implications. such as mutations that increase out-crossing it lransgenic cultivars
or mutations which adversely affect beneficiai insects {e.g. plant pollinators}), soil
organisms, or other wildlife. The third are changes that have implications for food
security. These include mutations that decrease resistance of transgenic crops to
stresses, such as disease or pest attack. or which decrease drought or heat
tolerance. Under certain environmental conditions, the use of transgenic cultivars
carrying such mutations could result in widespread crop failures. Such crop
failures have occurred in the past, For example, the use of non-transgenic maize
that carricd a mutation conferring both male sterility and susceptibility to a
specific race of corn blight led to widespread failure of the 1970 US corn crop.
The large-scale production and consumption of crops having unintended
mutations that result in one of these three classes of harmful phenotypes couid
thus resull i serious consequences.

In theory, the commerciatization of transgenic cuitivars carrying harmiul
unintended traits could be prevented by extensive pre-market phenotypic testing.
This could include extensive mRNA profiling, metabolic profiling. and specific
analysis of nutrients and plant toxins, as well as extensive greenheuse trials and field
triads!? (Kuoiper er ef., 2001; Freese and Schubert, 2004). However, recent reviews
indicate that the current regulatory practices of both the US and Eurepe arc not
likely to safeguard the public from unexpected biosafety issues, such as those
arising from transformation-induced mutations {Freese and Schubert, 2004, Spok er
al., 2004; Pelletier, 2003). The significance of these points is underlined by the fact
that unexpected traits. including potentially harmlul ones, are frequently found in
transgenic plants (Kuiper er al., 2001; Hasiberger, 2003; Cellini er al., 2004),
including commercialized transgenic cultivars that already have passed through the
regulatory process (Gertz er al., 1999; Lappe et al., 1999 Saxena and Stotzky, 2001:
Ridiey er «l.. 2002).

The inability of current regulatory practice to identify and prevent the
commercializasion of transgenic crop plants with potentiaily harmful unintended
genelypic and phenotypic consequences stems, at least in part, from two factors.
The first is that current genotypic and phenotypic analyses of commercial
transgenic cultivars are insufficient. At the genotypic level. complete analysis of
insertion-site mutations is not required by regulators, and no analysis of genome-
wide mutations is required. At a phenotypic level, lew biochemical analyses are
performed and no metabolic or RNA profiling studics are carried out. Furthermore,
while some field trials are done, many important unintended consequences would
be hard 1o identify, especially those that are conditional, in that deficiencies
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would be apparent only under specific conditions, such as drought or pathogen
attack.

Secondly, even when unexpected molecular or phenotypic differences are found
between commercial transgenic cultivars and control plants, they are ignored by
regulators, both pre- and post-commercialization (CZW-3 Squash''; Windels ef al..
2001; Rang er al.. 2005). This may occur in pari because there are currently no
standardized species-specific guidelines to help regulators determine which differ-
ences are polentially harmful and which are not (Pelletier, 2003). Furthermore. there
are no guidelines to indicate which differences merit further testing. The scientific
data that would enable regulators to formulate adequate guidelines is cugrently
lacking (Pelletier. 2003).

An emerging risk factor is the production of transgenic plants having multiple
transgenes via the introduction of several independent transgene insertion cvents
into a single plant. This could be done either by crossing two independently
transformed transgenic plants or by re-transforming a transgenic plant with
additional transgenes (gene stacking). In either case, plants with multiple insertion
evenls are likely to have more transformation-induced mutations. and thus carry a
greater risk of exhibiling unintended consequences.

Transformation-induced mutations are not the only polential cause of the variable
and unexpected phenotypes arising in transgenic plants. Unexpected funclions of
the transgene and off-target effecis of transgene silencing may also result in
unexpected phenotypes (Schubert. 2002: Jackson and Linsiey. 2004; Wilson er al.,
2004). However, this review makes # clear that the presence of transformation-
induced mutations in commercial crop plants poses a potentially large, and also
unnecessary, biosafety risk. The usc of more precise plant transformation methods,
coupled with improved analysis and selection criteria, and more stringent regulation
of commercial transgenic crop plants, is urgently needed to decrease the
risk of harmful unintended consequences in transgenic crop plants. Specific
recommendations are made in the next section.

PREVENTING COMMERCIALIZATION OF TRANSGENIC CROP PLANTS CARRYING
UMNINTENDED TRANSFORMATION-INDUCED MUTATIONS: RECOMMENDATIONS FOR
REGULATORS AND TRANSGENIC PLANT BREEDERS

Transformation-induced mutations are an unintended by-product of plant transfor-
mation technology and can, in theory, be either prevented or eliminated from
commercial transgenic cultivars.

Preveniing insertion-site mutations

Methods should be sought which decrease the number of insertion-site mutations
created during plant transformation. One simple improvement would be the use of
gene casseltes rather thap whole plasmids for particle bombardment. Until recently,
researchers and breeders mostly used circularized plasimid DNA'. Recent studies
show that linear gene casselles (transgene DINA which has been purified away from
plasmid sequences) can be used to generate particie bombardment insertion cvents
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that may include less superfiuous DNA (Fu er al., 2000; Breitler et af., 2002; Loc ¢/
al., 2002; Popetka er af., 2003}, However, further studies, including DNA sequence
analysis and comparisen with original target sequences, will be needed to determine
whether the use of gene cassettes reduces the number and frequency of genomic
deletions and rearrangements at the insertion event. To our knowledge, such experi-
ments have not yet been described in the scientific literature.

Another strategy that could be explored is the development of new T-DNA vectors
and/or the modification of T-DNA border sequences, with the goal of introducing
fewer mutations during T-DNA insertion.

Changes should be made to transgene regulatory components o minimize Lheir
effects on endogenous sequences. For example. effective transcription termination
signals must be found. and tested experimentally, to replace “leaky’ terminators,
such as the aos terminator, that allow read-through transcription te occur. In
addition, transgene promoter sequences should be analysed to determine their
effects on neighbouring genes. Promoters used in commercial lines should be shown
experimentally o have no effect on neighbouring genes.

Preventing genome-wide nutations

Methods that avoid the use of known or suspected mutagens, such as tissue culture
and antibiotics, could decrease the number of genome-wide mutations in transgenic
plants. i plania Agrobacterivm-mediated transformation methods that do not
require tissue culture have been developed for a few specics, notably A. thaliana
{Clough and Bent, 1998), the legume Medicage truncanda (Trieu et al.. 2000),
petunia (Tjokrokusumo ef al., 2000), and radish (Curtis and Nam, 2001). It is also
possible that the use of methods that aveid dedifferentiation in tissue culiure, such
as those that have been developed lor peanut (Rohini and Rao. 2001), rice (Park ef
al., 1996), and tobacco (Touraev ef al.. 1997; Aziz and Machray, 2003), or those
which use shoot meristematic cultures (Zhang er af., 1999), could alse decrease the
number of genome-wide mutations ntroduced mlo ransgenic plants,

The use of antibiotic selection during plant transformation can be avoided by the
use of PCR-based or protein assays, rather than selectable markers, to identify plants
containing transgenes. This would remove another potential source of genome-wide
mutations. PCR selection has been shown to be feasible (de Vetten ¢r al., 2003) and
would have the added benefit that elimination of marker genes would remove a
common source of superfluous DNA.

It is unlikely that changes to transformation methods can eliminate all genome-
wide mutations, and e¢xlensive out-crossing or back-crossing of transgenic plants
should be required. Various studies show that genome-wide mutations can remain in
later generations, and appropriale methods should be developed to monitor the
effectiveness of back-crossing and out-crossing programmes {Sala et af., 2000; Shu
etal. 2002: Wua er al., 2002).

Analysis of insertion-site mutations

Improved analysis and selection of transgene insertion events is also necessary to
prevent plants having unintended consequences from reaching the market.
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Currently, most transgene insertion events found in commercial cultivars have been
analysed using oniy Southern biot techniques. In addition to Southern blot analysis,
we recomniend the following:

(1) Full sequencing of the transgene insertion event, including the transgene and a
minimum of 50 kbp of flanking DNA on each side.

(2) Isolation and sequencing of the genomic target sequences from the untransformed
parent cultivar and comparison to the insertion event. Together with
Recommendation No. 1, this. and only this, will allow the identification of
insertion-site mutations such as DNA deletions and rearrangements and
superfluous DNA insertion.

{3} Production and screening of sufficient numbers of transgenic iines, such that
only tnsertion events into non-functional sequences and those lacking
insertion-site mutations are chosen for potential commercialization.

Reducing the risks arising from transformation-induced mutations thus requires:
(1) improvements to plant transformation methods: (2) the complete characteriza-
tion of insertion events and the selection of mutation-free cultivars for
commercialization; and (3) thorough pre-market testing of transgenic crop plants
(Ruiper et al., 2001; Pelictier, 2005). These changes Lo current plant transformation
and regulatory practice, coupled with the establishment of robust post-market
monitoring of the agronomic, health, and ecological impacts of {fransgenic cultivars,
are needed to ensure that the biosafety risks arising from the unintended mitagenic
consequences of plant transformation are minimized in commercial lransgenic
cultivars,

Note

To our knowledge. Roundup Ready maize insertion event NK603 is now the first
and only intact transgene insertion event produced via particle bombardment which
has been characterized by DNA sequencing of (a minimal amount of) flanking
sequence and comparison with the non-transgenic insertion site [Heck et al.
published in Crop Science 44, 329-339 (2005)). In addition to a single copy of the
transgene insert, the insertion event included a 217 bp inverted duplication of the
transgene insert and 301 bp of maize plastid DNA., as weil as a 3 bp delection of the
maize insertion sitc DNA.

Endnotes

insertion shouid beinto regions of the genome where there is experimental evidence tosupport
the ciaint of no known function.

USDA application No. 02-042-01p.

* USDA application No. 99-173-01p.

+ USDA application No. 95-352-01p.

in (otal, we examined the available molecalardata describing the insertion events presentin eight
deregulated transgenic crop plants: threc created by Agrobacterium-mediated transformation
and five created by particle bombardment. Most of the data we discuss come from the
applications submitted to regulators. When additional data are avaiiable in papers published in
the scientific fiterature, we note thisand provide areference, The fulllist of commescial Iransgenic
crop plants currently deregulated, or pending dereguiation. in the United States can he obtaimed
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from the following website: hetp:/Awwiv aphis.usda.gov/bbep/bp/petday html. The applica-
tions subntitted to the USDA can be ordered from the Animal and Health Inspection Service
(APHISof the United States Departmentof Agriculture (USD A} by citing the listed application
numbers. Furtherinformation on eachof the eight deregulated insertion events also can be found
in our original report: in Sections 11,7 and 1.2,6; Table 2; and the Appendix. (Wilson er af.,
2004).

o USDA application No. 01-137-01p.

T USA application No. 96-051-01p.

5 USDA Application No, 96-017-Gip.

* USDA application No. 93-238-01p.

Plants carrying the Roundup Ready™ Soybean 40-3-2 insertion event have been shown Lo

transeribe al least §50bp of the superfluous 250 bp CP4 EPSPS [ragment that is inserted adjacent

1o the functional CP4 EPSPS transgene (Rang ef al.. 20035). A read-through product is made

when transceription ofthe functional CP4 EPSPS transgene fails to terminate at the nas promoter.

This read-through product is processed Lo create four different RNA variants. Furthermore.

mRNA processing results in the generation of open reading frames, which code for putative

EPSPS fusion proteins, and these fusion proteins also include 24 amino acids derived from the

genomic DNA adjacent to the EPSPS fragment. As the nos terminator has been used as &

regulatory region in transgenes found inother transgenic commercial cultivars, the formation

of aberrant read-through transceripts way also oceur in other transgenic commercial cultivars.

Such read-through transcripts can oceur al precise insertion events or. us in the case of the

Soybean 40-3-2 msertion event. they can involve insertion-site mutations.

I For example. commercial squash culiivar CZW-3 was found to bave 67.6 times less beta
carotene than the control sguash (USDA Application No. 95-352-01p).

3t is important that all such field trials have saleguards t preveat gene flow.

B Of the five commercial particle bombardment insertion events analysed in this review, only
one, Mon863, was created using purified gene cassette DNA rather than whole plasmid
DNA.
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