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Abstract
Main conclusion Agrobacterium-mediated transformation of Nicotiana tabacum, using an intragenic T-DNA region
derived entirely from the N. tabacum genome, results in the equivalence of micro-translocations within genomes.

Abstract Intragenic Agrobacterium-mediated gene transfer was achieved in Nicotiana tabacum using a T-DNA composed
entirely of N. tabacum DNA, including T-DNA borders and the acetohydroxyacid synthase gene conferring resistance to
sulfonylurea herbicides. Genomic analysis of a resulting plant, with single locus inheritance of herbicide resistance, identi-
fied a single insertion of the intragenic T-DNA on chromosome 5. The insertion event was composed of three N. tabacum
DNA fragments from other chromosomes, as assembled on the T-DNA vector. This validates that intragenic transformation
of plants can mimic micro-translocations within genomes, with the absence of foreign DNA.

Keywords Acetohydroxyacid synthase - Herbicide resistance - Intragenic vectors - Micro-translocations - Nicotiana
tabacum

Abbreviations Introduction

AHAS  Acetohydroxyacid synthase

EST Expressed sequence tag The intragenic vector concept involves the identification of
T-DNA Transfer DNA functional vector elements within plant genomes and their
TE Transposable element assembly into vectors for gene transfer to plants (Conner

et al. 2007). For the transfer of genes within the gene pools
available to plant breeders, this allows genetic modifica-
tion without the introduction of foreign DNA (Barrell et al.
2010). It thereby addresses many of the ethical and/or public
concerns raised in the genetic engineering debate (Nielsen
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site on a different chromosome. This example validates that
intragenic transformation of plants can be achieved with the
absence of foreign DNA and can mimic micro-translocations
within genomes.

Materials and methods

Bioinformatic searches for border-like sequences
in Nicotiana tabacum

Using a common 24 bp T-DNA consensus sequence: 5'GRC
AGGATATATNNNNNKGTMAWS3' (where R=G or A,
K=TorG,S=GorC,M=Cor A, W=A or T and N=any
nucleotide) (Conner et al. 2007; Barrell et al. 2010), pub-
lic EST databases were searched for the two motifs, 5GRC
AGGATATAT3’ and 5’KGTMAWS3’, that flank the five-
nucleotide variable region. All possible nucleotide con-
figurations of these two motifs were used to search plant
EST databases using BLAST (Altschul et al. 1997), while
limiting the results to N. tabacum. The search parameters
included expect values of 10,000 for the larger motif or
20,000 for the shorter motif and default settings.

Intragenic vector construction

Following the identification of N. tabacum ESTs that could
be ligated to form a T-DNA-like sequence, a N. tabacum
AHAS (acetohydroxyacid synthase) gene (also known
as acetolactate synthase or ALS) conferring resistance to
chlorsulfuron (Lee et al. 1988) was identified for inclusion
within the N. rabacum-derived T-DNA. The AHAS (SuRB)
gene was selected based on Genbank accession FJ649655
(Townsend et al. 2009) which currently maps to unplaced
scaffold NW_015931609.1 of assembly Ntab-TN9O0 (https://
www.ncbi.nlm.nih.gov/gene/107799742/#reference-seque
nces, downloaded 14 November 2023). A region including 1
kb of the 5' promoter region and 300 bp of the 3’ terminator
was assembled in silico into the N. tabacum-derived T-DNA.
Two point mutations identified in N. tabacum to confer
resistance to sulfonylurea herbicides (Lee et al. 1988) were
incorporated into the design. The entire 3733 bp sequence
(Supplementary Fig. S1) was flanked by Sall sites, and a
synthesized DNA fragment, cloned into the plasmid pUC57,
was obtained from Genscript Corporation (Piscataway, NJ,
USA). Using standard protocols for DNA manipulations
(Sambrook et al. 2001) and following manufacturers’ rec-
ommendations where appropriate, the construct containing
the N. tabacum-derived T-DNA region including the AHAS
gene (Supplementary Fig. S1) was ligated to the 7998 bp
Sall backbone of the binary vector pART27 (Gleave 1992).
The resulting N. tabacum intragenic vector, pPTOBIVAHAS
(Supplementary Fig. S2), was transferred to Agrobacterium
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tumefaciens strain EH105 (Hood et al. 1993) using the
freeze—thaw method (Hofgen and Willmitzer 1988). Align-
ments and the vector map were generated using Geneious
software v10.0.9 (Kearse et al. 2012).

N. tabacum transformation

A. tumefaciens EHA105 harbouring pTOBIVAHAS was
cultured at 28 °C on an orbital shaker in LB broth supple-
mented with 300 mg L~! spectinomycin. N. tabacum (cv.
Petit Havana SR1) transformation essentially followed the
standard leaf-disc transformation protocol (Horsch et al.
1985), except 20 pg L' chlorsulfuron was used to select
for transformed shoots. Regenerated shoots were subcultured
onto MS salts (Murashige and Skoog 1962) with 30 g L™!
sucrose, 0.8% agar (Standard Grade, New Zealand Manuka
Group), 200 mg L~! Timentin and 7.5 pg L™ chlorsulfuron.
All cultures were grown under cool, white fluorescent lights
(30 pmol m~2 s~1; 16-h photoperiod) with temperature con-
trolled at a constant 22 °C.

Inheritance of chlorsulfuron resistance

Plants were transferred from tissue culture into seed raising
mix (Yates, Auckland, New Zealand), and grown in a growth
room under cool, white fluorescent light (30 pmol m= s~/
16-h photoperiod), with temperature controlled at 23 °C
(day) and 18 °C (night). Intragenic plants were self-polli-
nated, and reciprocal backcrosses with wild-type plants were
performed. Flowers used as ovule parents were emasculated
with fine forceps prior to anther dehiscence and immedi-
ately pollinated by brushing dehiscent anthers from other
flowers against receptive stigmas. Seed capsules were har-
vested when their apices had started to turn brown, but well
before capsule dehiscence, approximately 4—5 weeks after
pollination. Seeds were surface sterilized with 96% etha-
nol for 30 s, followed by 0.2% hypochlorite for 5 min, and
then rinsed three times in sterile water. Seeds were plated
onto quarter strength MS salts plus 0.8% agar and 20 pg
L~! chlorsulfuron. N. tabacum seedlings were assessed for
chlorsulfuron resistance seven days after sowing. Resistant
seedlings had upright large cotyledons with first true leaf
appearing and roots penetrating the medium with prominent
root hairs, while susceptible seedlings were collapsed onto
the surface of the medium with small cotyledons and a short,
curled root.

Genomic analysis

Genomic DNA was isolated from the N. tabacum plants
using a NucleoSpin® Plant II (Macherey—Nagel, Diiren,
Germany) kit according to the manufacturer’s instructions.
To determine whether plants contained the plant-derived
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T-DNA, primers were designed to amplify across the
junction between the left border EST and the start of the
AHAS promoter sequence. These were TobF1 and TobR1
(Supplementary Table S1) and had an expected amplifi-
cation product of 422 bp. To determine whether vector
backbone had incorporated into the genome, the primers
BBF1 and BBR1 were used (Supplementary Table S1)
that produce an expected amplification product of 210 bp.
PCRs were performed in 15 pL volumes, with primers at
a final concentration of 0.5 pM, magnesium chloride at
2.0 mM, 1 X PCR buffer, 1 Xx ANTPs (Thermo Scientific,
Waltham, MA, USA) and 0.5 units of Taq polymerase.
PCR amplification conditions comprised 95 °C for 2 min,
then 39 cycles of 95 °C for 30 s, 58 °C for 30 s, followed
by 1.5 min at 72 °C. PCR products were electrophoresed in
1.5% agarose in 1 X TAE buffer and visualized after stain-
ing with ethidium bromide.

Genomic DNA from one chlorsulfuron-resistant seed-
ling from each regenerated line was sent to Novogene
(Hong Kong) for whole genome sequencing. Novogene
constructed whole genome shotgun libraries (350 bp short
insert) using a DNA Library Prep Kit (NEBNext®, NEB,
Ipswich, MA, USA). Read pairs of 150 bp were generated
on a NovaSeq 6000. Adapter sequences were removed by the
sequence provider. Wild-type N. tabacum DNA paired-end
sequences from three genotypes were downloaded from the
Sequence Read Archive (https://www.ncbi.nlm.nih.gov/sra,
downloaded February 2022). The samples were N. tabacum
TN90 (SRR955756), N. tabacum K326 (SRR955771) and
N. tabacum Basma Xanthi (SRR955782).

The short read whole genome sequences from two intra-
genic and the three wild-type samples were analysed using
a programme originally designed to map transposable ele-
ments (TEs), TE Fingerprint (https://github.com/PlantandFo
odResearch/TEFingerprint). TE Fingerprint is a command
line tool for producing TE-based fingerprints from paired-
end reads that allows the easy comparison of different sam-
ples. The outputs from TE Fingerprint are plain text format
files (GFF3 and tabular format).

To determine the intragenic T-DNA insertion sites of
the intragenic plants, TE Fingerprint was used to map the
paired-end reads to sections of the vector used to trans-
form N. tabacum (pTOBIVAHAS, Supplementary Fig. S2)
instead of mapping paired-end reads to a library of TEs. The
fasta files of vector sequence are shown in Supplementary
Fig. S3. TE Fingerprint first isolated paired-end reads where
one end mapped to the intragenic vector, then filtered out
any paired-end reads in which neither or both ends mapped
to the vector sequence. In a second step, the other end of
the paired-end reads was mapped to the N. tabacum refer-
ence genome (Edwards et al. 2017). BAM files and outputs
from TE Fingerprint were then visualized using Integrative
Genomics Viewer (V2.15.2) (Robinson et al. 2011).

DNA sequence analysis across integration sites
of intragenic plants

Primers were designed based on the chromosomal loca-
tion detected using TE Fingerprint. These were Tob-
Chr5_10058233 and TobChr5_10058662 (Supplementary
Table S1). The numerical part of the primer name indicates
where the primer binds on N. tabacum chromosome 5 of the
reference genome (Edwards et al. 2017). The PCR amplifica-
tion conditions were the same as described above and prod-
ucts were excised from the agarose gels and purified using a
Nucleospin Gel and PCR Clean-up kit (Macherey—Nagel).
Approximately 10 ng of purified PCR product and 4 pM of
primer per reaction was sent to the Massey Genome Ser-
vice (Massey University, Palmerston North, New Zealand)
for Sanger sequencing. Sequencing reactions were analysed
using Geneious software v10.0.9 (Kearse et al. 2012).

Results

Four N. tabacum sequences were identified for assembly
of T-DNA border-like sequences. Adjoining part of the
EST sequences FS404630 and FS404609 provided a left
T-DNA border-like sequence, and adjoining part of the ESTs
FS378669 and FS390135 provided a right T-DNA border-
like sequence. Insertion between these two T-DNA borders
of a N. tabacum AHAS (acetohydroxyacid synthase) gene
conferring resistance to chlorsulfuron resulted in a N. taba-
cum intragenic T-DNA (Supplementary Fig. S1). A map of
the entire binary vector is illustrated in Supplementary Fig-
ure S2. Following a single co-cultivation experiment with A.
tumefaciens harbouring pTOBIVAHAS, approximately 60
explants were distributed across five tissue culture plates.
From these explants 11 transformed N. fabacum plants with
high growth on chlorsulfuron-containing medium were
recovered. PCR results indicated that four plants were trans-
formed with the intragenic T-DNA and likely to be vector
backbone free, of which two (021401-1 and 021401-4) sur-
vived to flowering. Inheritance of chlorsulfuron resistance
in both plants was not significantly different from expected
ratios for a single dominant locus following self-pollination
or backcrossing with wild-type plants (Table 1).

DNA sequence results from single chlorsulfuron-resistant
seedlings of PBS 1356 (selfed-seed from plant 021401-1)
and PBS 1391 (selfed-seed of plant 021401-4) resulted in
120 Gb raw data per sample. Using TE Fingerprint (https://
github.com/PlantandFoodResearch/TEFingerprint), the
paired-end sequence reads were mapped to the intragenic
vector sequence. No read pairs mapped to the bacterial
backbone sequence, confirming the PCR results that the two
original plants (021401-1 and 021401-4) were vector back-
bone free. When one read of the paired-end reads mapped
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Table 1 Inheritance of chlorsulfuron resistance in the intragenic Nicotiana tabacum plants

Ovule parent Pollen parent

Number of resist- Number of suscep- Expected ratio of resist-

Chi square value P-value for 1 df

ant progeny tible progeny ant: sensitive progeny

021401-1 021401-1 54 15 3:1 0.39 0.53
021401-4 021401-4 67 18 3:1 0.66 0.41
021401-4 021401-4 74 23 3:1 0.08 0.76
Wild-type 021401-1 28 26 1:1 0.07 0.78
Wild-type 021401-1 60 46 1:1 1.84 0.17
Wild-type 021401-4 40 41 1:1 0.01 0.91
021401-1 Wild-type 39 37 1:1 0.05 0.81
021401-4 Wild-type 42 37 1:1 0.31 0.57
021401-4 Wild-type 58 52 1:1 0.32 0.56
Wild-type Wild-type 0 188 - -

Wild-type Wild-type 0 59 - -

Each row represents data from independent pollination events (single capsules) of intragenic and wild-type plants

to the intragenic vector sequence, the other read was then
mapped to the N. tabacum genome (Edwards et al. 2017).
This found the same potential single insertion event located
within bases 10,058,500-10,058,530 on chromosome 5 of
the N. tabacum genome for both intragenic lines 021401-1
and 021401-4, indicating they likely arose as clones from a
single transformation event (Fig. 1a).

Sequence analysis of PCR-amplified products from chro-
mosome 5 of the transformed intragenic plants (Fig. 1b)
revealed that only the first three bases of the right border
integrated into the N. rabacum genome and that the T-DNA
insert had truncated 7 bp prior to the left border. Further
sequence analysis revealed a small deletion of 20 bp at the
site of integration (Fig. 1b). The insertion site of the N. tab-
acum-derived T-DNA on chromosome 5 involves an inter-
genic region between an uncharacterized ribosomal protein
S2 gene and a Zinc finger gene. Our sequence analysis also
revealed that the intragenic T-DNA is present as a single
intact copy and that no DNA sequence of bacterial origin
was incorporated in the intragenic plants.

Discussion

To construct an intragenic T-DNA region, only short DNA
fragments need to be adjoined for assembly of functional
T-DNA borders. Such short sequences are known to exist
in many species (Conner et al. 2007; Barrell et al. 2010).
The fragments from the N. tabacum genome used to gain
this T-DNA functionality involved much longer sequences
(Supplementary Figs S1, S3) that could only be considered
as being of N. tabacum origin. The assembled intragenic
vector (Supplementary Fig. S2) was highly effective for
Agrobacterium-mediated transformation of N. tabacum and
allowed the recovery of at least one transformed shoot per
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five explants. This approach enables gene transfer without
the introduction of foreign DNA and is widely considered as
being more acceptable than other forms of genetic modifica-
tion (Dayé et al. 2023).

Plant transformation is unpredictable in terms of gene
integration and expression (Conner and Christey 1994). The
nature of integration can occur with complete, truncated or
rearranged insertions at single or multiple genome sites. The
site of insertion can influence position effects associated
with the magnitude, specificity and stability of expression
of the transferred gene. Off-types can result from mutational
events induced by gene insertion into genomes or soma-
clonal variation during the tissue culture phase of transfor-
mation. Consequently, the use of gene transformation in crop
improvement is well recognized as requiring large numbers
of initially transformed plants to find one event that meets
the requirements for further development and release (Con-
ner and Christey 1994). In this context intragenic transfor-
mation is no different to transgenic transformation (Conner
et al. 2007), so we simulated this approach in this study.
We initially imposed stringent selection to identify 11 trans-
formed N. tabacum lines with high phenotypic resistance
to chlorsulfuron. Seven of these were eliminated due to
the integration of vector backbone sequences beyond the
intragenic T-DNA. Two of the remaining lines were poor
growing off-types. The remaining two lines exhibited the
single locus inheritance of chlorsulfuron resistance among
the progeny of these plants (Table 1). This was consistent
with the genomic analysis that identified a single insertion
site of the intragenic T-DNA in the N. tabacum genome
(Fig. 1). The identical genomic analysis for these two lines
established that they arose as clones from a single transfor-
mation event.

Sequence analysis of PCR-amplified products from
across the integration site of the N. tabacum-derived T-DNA
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Fig.1 Analysis of the intragenic T-DNA insertion in the Nicotiana
tabacum genome. a Output from TE Fingerprint visualized with Inte-
grative Genomics Viewer (Robinson et al 2011). The two intragenic
plant samples PBS1356 and PBS1391 have forward reads mapped
in pink and reverse reads mapped in blue. The red bar indicates
the 20 bp deletion at the intragenic insertion site. As expected, TE
Fingerprint did not identify paired-end sequences on chromosome
5 using the wild-type libraries SRR955771 (K326), SRR955782
(Basma Xanthi) and SRR955756 (cultivar TN90). PCR primer bind-
ing sites for confirmation of the intragenic insertion site are indicated

(Fig. 1b) confirmed that the plant-derived border sequences
behaved in an equivalent manner to Agrobacterium-derived
T-DNA border sequences. In the intragenic plants only the
first three bases of the right border integrated into the plant
genome and the T-DNA truncated 7 bp prior to the left bor-
der. This is consistent with Agrobacterium-mediated gene
transfer where a single strand nick between the third and
fourth nucleotides of the right border initiates T-strand syn-
thesis resulting in only three nucleotides of the right border
usually being transferred into plant genomes, with truncation
occurring on or about the left border (Gheysen et al. 1998;
Gelvin 2003). The sequence analysis also revealed a small
20 bp deletion at the integration site (Fig. 1b). Such small
deletions are common at Agrobacterium T-DNA integration

at the bottom of the figure. b Alignment of sequenced PCR products
from chromosome 5 of two N. tabacum intragenic plants (1 and 2)
with the intragenic vector (V) and chromosome 5, as shown in a,
from the N. tabacum reference genome (Nt) (Edwards et al 2017).
PCR amplifications contained one primer specific to chromosome 5
and one specific to the intragenic vector in the region of each border
(Supplementary Table S2). Chromosome 5 is highlighted in blue, the
integration/deletion site in pink, N. tabacum-derived vector in green,
N. tabacum-derived T-DNA borders in orange (right border under-
lined) and N. tabacum AHAS sequence in yellow

sites (van Kregten et al. 2016; Gelvin 2021). Analysis of
thousands of T-DNA insertion sites revealed deletions of up
to 100 bp were observed in 86% of insertions, with a median
of 19 bp (Kleinboelting et al. 2015).

The generation of intragenic plants described in this study
is synonymous with micro-translocations occurring within
genomes (Conner et al. 2007; Barrell et al. 2010). To demon-
strate this, the chromosomal locations of the DNA fragments
that were conjoined to assemble the intragenic T-DNA and
their subsequent integration were used to generate a Circos
plot (Krzywinski et al. 2009) (Fig. 2). This illustrates the
construction of the intragenic T-DNA from DNA fragments
originating from five distinct regions of the N. tabacum
genome, followed by the Agrobacterium-mediated transfer

@ Springer



61 Page6of7

Planta (2024) 259:61

Nt24 UnS  Ntog

|1A|z| AHAS [3]4]

Nt19

g

Q
iy ov-
Ay

Nt1g

Nt13

Fig.2 Nicotiana tabacum genome translocation map. Circos map
(Krzywinski et al. 2009) of N. tabacum genome fragments translo-
cated in the intragenic lines. The N. tabacum chromosomes are num-
bered, with UnS representing the unplaced scaffold NW_015931609
which contains the N. tabacum AHAS gene. The five blue arrows
indicate the chromosome fragments assembled into the N. tabacum
intragenic T-DNA (1, 2, AHAS, 3, 4), whereas the red arrows indi-
cate the intragenic T-DNA region inserted into chromosome 5 by
Agrobacterium-mediated gene transfer

of 3495 bp from three of these conjoined fragments into a
site on chromosome 5. This micro-translocation involved
65 bp from FS404609 of chromosome 4, 3386 bp of the
AHAS gene from an, as yet, unplaced scaffold and 44 bp
from FS378669 of chromosome 19.

Plant-derived T-DNA sequences necessary to construct
binary vectors for Agrobacterium-mediated transformation
have been identified in many species (Baldwin et al. 2006).
These have proved highly effective when used in plant trans-
formation (Conner et al. 2007; Barrell et al. 2010), which is
expected given that the T-DNA border sequences are identi-
cal to authentic Agrobacterium T-DNA borders. Intragenic
plant transformation also requires a plant-derived selectable
marker gene, with a sulfonylurea-resistant form of the N.
tabacum acetohydroxyacid synthase gene used in this study.
Similar sulfonylurea-resistant forms of this gene are avail-
able within the gene pool of many crop species (Murphy and
Tranel 2019; Tranel et al. 2023). If necessary, they can be
derived via seed mutagenesis (Conner et al. 1994) or somatic
cell selection (Barrell et al. 2017). This provides an oppor-
tunity for intragenic vectors to be developed and applied in
diverse crop species for the rapid transfer of genes, including
those conferring disease resistance and quality traits, directly
into elite cultivars.
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Intragenic vectors allow the development of genetically
transformed plants using only DNA from the gene pool
available to plant breeders (Barrell et al. 2010). For well over
a decade, intragenic gene transfer has promised a ‘clean’
DNA delivery system. This study has finally validated that
intragenic transformation can mimic micro-translocations
within genomes, with the absence of foreign DNA in the
derived plants. The resulting plants are equivalent to micro-
translocations in crop genomes that may arise naturally or
through radiation-induced mutation. Biologically, intragenic
vector-derived plants are not ‘transgenic’, although they
are derived using the tools of molecular biology and plant
transformation. The use of intragenic vectors raises several
important implications for the regulation of transgenic crops.
Since the resulting plants contain no foreign DNA, it chal-
lenges the legal definition of genetic modification (Myskja
2006) since identical plants could be theoretically derived
via more conventional and acceptable approaches (Nielsen
2003). Recent advances in gene editing have resulted in
an increasing number of countries exempting plants from
genetic modification status when they contain no foreign
DNA (Buchholzer and Frommer 2023). Intragenic plants
offer the same opportunity and challenge the testing for
genetic modification-free plant material because all DNA
sequences are already present in existing crops.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00425-024-04329-x.

Acknowledgements This work was supported by the New Zea-
land Foundation for Research, Science and Technology (contract
C02X0203). The authors thank Andrew Catanach, Andrew Gleave,
Murray Boase and Ed Morgan for comments on earlier drafts of the
manuscript.

Author contributions PIB, JMEJ and AJC designed the intragenic
concept and wrote the manuscript. PIB and JML conducted the
experiments. TM designed and wrote the software for TE Fingerprint.

Funding Open Access funding enabled and organized by CAUL and
its Member Institutions.

Data availability The authors confirm that all the experimental data
are available and accessible via the main text and/or the supplemental
information.

Declarations

Conflict of interest The authors have no competing interests to declare
that are relevant to the content of this article.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not


https://doi.org/10.1007/s00425-024-04329-x

Planta (2024) 259:61

Page7of 7 61

included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

Altschul SF, Madden TL, Schaffer AA, Zhang JH, Zhang Z, Miller W,
Lipman DJ (1997) Gapped BLAST and PSI-BLAST: a new gen-
eration of protein database search programs. Nucleic Acids Res
25:3389-3402. https://doi.org/10.1093/nar/25.17.3389

Baldwin S, Lokerse A, Erasmuson A, Cooper P, Barrell P, Nap JP,
Jacobs J, Conner A (2006) Intragenic vectors: mining plant EST
databases for T-DNA border-like sequences. In: Mercer C (ed)
Breeding for success: diversity in action. Proceedings of the 13th
Australasian plant breeding conference, Christchurch, New Zea-
land, pp 946-951

Barrell PJ, Jacobs JME, Baldwin SJ, Conner AJ (2010) Intragenic vec-
tors for plant transformation within gene pools. CAB Rev Perspect
Agric Vet Sci Nutr Nat Resour 5:1-18. https://doi.org/10.1079/
PAVSNNR20105010

Barrell PJ, Latimer JM, Baldwin SJ, Thompson ML, Jacobs JME, Con-
ner AJ (2017) Somatic cell selection for chlorsulfuron-resistant
mutants in potato: identification of point mutations in the aceto-
hydroxyacid synthase gene. BMC Biotechnol 17:49. https://doi.
org/10.1186/s12896-017-0371-4

Buchholzer M, Frommer WB (2023) An increasing number of coun-
tries regulate genome editing in crops. New Phytol 237:12-15.
https://doi.org/10.1111/nph.18333

Chaurasia A, Kole C (eds) (2022) Cisgenic crops: potential and pros-
pects. Springer, Berlin

Conner AJ, Christey MC (1994) Plant breeding and seed marketing
options for the introduction of transgenic insect-resistant crops.
Biocontrol Sci Technol 4:463—473

Conner AJ, Abernethy DJ, Dastgheib F, Field RJ (1994) Brassica
napus mutants with increased chlorsulfuron resistance. Proc N
Zeal Plant Protect Conf 47:173-177

Conner AJ, Barrell PJ, Baldwin SJ, Lokerse AS, Cooper PA, Erasmu-
son AK, Nap JP, Jacobs JME (2007) Intragenic vectors for gene
transfer without foreign DNA. Euphytica 154:341-353. https://
doi.org/10.1007/s10681-006-9316-z

Dayé C, Spok A, Allan AC, Yamaguchi T, Sprink T (2023) Social
acceptability of cisgenic plants: public perception, consumer
preferences, and legal regulation. In: Chaurasia A, Kole C (eds)
Cisgenic crops: safety, legal and social issues. Springer, pp 43-75

Dixon R (2005) A two-for-one in tomato nutritional enhancement. Nat
Biotechnol 23:825-826. https://doi.org/10.1038/nbt0705-825

Edwards KD, Fernandez-Pozo N, Drake-Stowe K, Humphry M,
Evans AD, Bombarely A, Allen F, Hurst R, White B, Kernodle
SP, Bromley JR, Sanchez-Tamburrino JP, Lewis RS, Mueller LA
(2017) A reference genome for Nicotiana tabacum enables map-
based cloning of homeologous loci implicated in nitrogen utiliza-
tion efficiency. BMC Genomics 18:448. https://doi.org/10.1186/
s12864-017-3791-6

Gelvin SB (2003) Agrobacterium-mediated plant transformation: the
biology behind the ‘gene jockeying’ tool. Microbiol Mol Biol Rev
67:16-37. https://doi.org/10.1128/mmbr.67.1.16-37.2003

Gelvin SB (2021) Plant DNA repair and Agrobacterium T-DNA inte-
gration. Int J Mol Sci 22:8458. https://doi.org/10.3390/ijms2
2168458

Gheysen G, Angenon G, van Montagu M (1998) Agrobacterium-
mediated plant transformation: a scientifically intriguing story
with significant applications. In: Lindsey K (ed) Transgenic plant
research. Harwood Academic Publishers, New York, pp 1-33

Gleave AP (1992) A versatile binary vector system with a T-DNA
organizational structure conducive to efficient integration of
cloned DNA into the plant genome. Plant Mol Biol 20:1203-1207.
https://doi.org/10.1007/BF00028910

Hofgen R, Willmitzer L (1988) Storage of competent cells for Agrobac-
terium transformation. Nucleic Acids Res 16:9877-9877. https://
doi.org/10.1093/nar/16.20.9877

Hood EE, Gelvin SB, Melchers LS, Hoekema A (1993) New Agrobac-
terium helper plasmids for gene transfer to plants. Transgenic Res
2:208-218. https://doi.org/10.1007/BF01977351

Horsch RB, Fry JE, Hoffman NL, Eichholtz D, Rogers SG, Fraley RT
(1985) A simple and general method for transferring genes into
plants. Science 227:1129-1231. https://doi.org/10.1126/science.
227.4691.1229

Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S,
Buxton S, Cooper A, Markowitz S, Duran C, Thierer T, Ashton B,
Meintjes P, Drummond A (2012) Geneious basic: An integrated
and extendable desktop software platform for the organization and
analysis of sequence data. Bioinformatics 28:1647-1649. https://
doi.org/10.1093/bioinformatics/bts199

Kleinboelting N, Huep G, Appelhagen I, Viehoever P, Li Y, Weisshaar
B (2015) The structural features of thousands of T-DNA insertion
sites are consistent with a double-strand break repair-based inser-
tion mechanism. Mol Plant 8:651-664. https://doi.org/10.1016/].
molp.2015.08.011

Krzywinski MI, Schein JE, Birol I, Connors J, Gascoyne R, Horsman
D, Jones SJ, Marra MA (2009) Circos: an information aesthetic
for comparative genomics. Genome Res 19:1639-1645. https://
doi.org/10.1101/gr.092759.109

Lee KY, Townsend J, Tepperman J, Black M, Chui CF, Mazur B, Dun-
smuir P, Bedbrook J (1988) The molecular basis of sulfonylurea
herbicide resistance in tobacco. EMBO J 7:1241-1248. https://
doi.org/10.1002/j.1460-2075.1988.tb02937.x

Murashige T, Skoog F (1962) A revised medium for rapid growth and
bioassays with tobacco tissue cultures. Physiol Plant 15:473-497.
https://doi.org/10.1111/§.1399-3054.1962.tb08052.x

Murphy BP, Tranel PJ (2019) Target-site mutations conferring herbi-
cide resistance. Plants 8:382. https://doi.org/10.3390/plants8100
382

Myskja BK (2006) The moral difference between intragenic and trans-
genic modification of plants. J Agricult Environ Ethics 19:225-
238. https://doi.org/10.1007/s10806-005-6164-0

Nielsen KM (2003) Transgenic organisms—time for conceptual diver-
sification. Nat Biotechnol 21:227-228. https://doi.org/10.1038/
nbt0303-227

Robinson JT, Thorvaldsdottir H, Winckler W, Guttman M, Lander ES,
Getz G, Mesirov JP (2011) Integrative genomics viewer. Nat Bio-
technol 29:24-26. https://doi.org/10.1038/nbt.1754

Sambrook J, Maniatis T, Russell DW (2001) Molecular cloning: a labo-
ratory manual. Cold Spring Harbor Laboratory Press, New York

Townsend JA, Wright DA, Winfrey RJ, Fu F, Maeder ML, Joung JK,
Voytas DF (2009) High frequency modification of plant genes
using engineered zinc finger nucleases. Nature 459:442-445.
https://doi.org/10.1038/nature07845

Tranel PJ, Wright TR, Heap IM (2023). Mutations in herbicide-resist-
ant weeds to inhibition of acetolactate synthase. https://www.
weedscience.com/Pages/MutationDisplayAll.aspx. Accessed 11
December 2023

van Kregten M, de Pater S, Romeijn R, van Schendel R, Hooykaas PJJ,
Tijsterman M (2016) T-DNA integration in plants results from
polymerase-6-mediated DNA repair. Nat Plants 2:16164. https://
doi.org/10.1038/nplants.2016.164

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/nar/25.17.3389
https://doi.org/10.1079/PAVSNNR20105010
https://doi.org/10.1079/PAVSNNR20105010
https://doi.org/10.1186/s12896-017-0371-4
https://doi.org/10.1186/s12896-017-0371-4
https://doi.org/10.1111/nph.18333
https://doi.org/10.1007/s10681-006-9316-z
https://doi.org/10.1007/s10681-006-9316-z
https://doi.org/10.1038/nbt0705-825
https://doi.org/10.1186/s12864-017-3791-6
https://doi.org/10.1186/s12864-017-3791-6
https://doi.org/10.1128/mmbr.67.1.16-37.2003
https://doi.org/10.3390/ijms22168458
https://doi.org/10.3390/ijms22168458
https://doi.org/10.1007/BF00028910
https://doi.org/10.1093/nar/16.20.9877
https://doi.org/10.1093/nar/16.20.9877
https://doi.org/10.1007/BF01977351
https://doi.org/10.1126/science.227.4691.1229
https://doi.org/10.1126/science.227.4691.1229
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1016/j.molp.2015.08.011
https://doi.org/10.1016/j.molp.2015.08.011
https://doi.org/10.1101/gr.092759.109
https://doi.org/10.1101/gr.092759.109
https://doi.org/10.1002/j.1460-2075.1988.tb02937.x
https://doi.org/10.1002/j.1460-2075.1988.tb02937.x
https://doi.org/10.1111/j.1399-3054.1962.tb08052.x
https://doi.org/10.3390/plants8100382
https://doi.org/10.3390/plants8100382
https://doi.org/10.1007/s10806-005-6164-0
https://doi.org/10.1038/nbt0303-227
https://doi.org/10.1038/nbt0303-227
https://doi.org/10.1038/nbt.1754
https://doi.org/10.1038/nature07845
https://www.weedscience.com/Pages/MutationDisplayAll.aspx
https://www.weedscience.com/Pages/MutationDisplayAll.aspx
https://doi.org/10.1038/nplants.2016.164
https://doi.org/10.1038/nplants.2016.164

	Intragenic Agrobacterium-mediated gene transfer mimics micro-translocations without foreign DNA
	Abstract
	Main conclusion 
	Abstract 

	Introduction
	Materials and methods
	Bioinformatic searches for border-like sequences in Nicotiana tabacum
	Intragenic vector construction
	N. tabacum transformation
	Inheritance of chlorsulfuron resistance
	Genomic analysis
	DNA sequence analysis across integration sites of intragenic plants

	Results
	Discussion
	Acknowledgements 
	References




