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Abstract
Agrobacterium-mediated transformation is a primary method for gene transfer in plants and a crucial
tool in plant biotechnology, generally leading to the integration of the entire T-DNA region into the plant
genome. However, numerous plant species have documented undesirable T-DNA truncation during this
integration. To address this, we investigated the sequence specificity of the truncation region using
“Princettia,” an interspecific hybrid of poinsettia that exhibits this truncation at a high rate. Examination
of 114 “Princettia” transformants revealed T-DNA truncation in 65 cases. These truncations occurred
throughout the T-DNA, with certain regions showing higher frequencies. In a few lines, internal T-DNA
sequences were missing, indicating multiple truncation events within a single T-DNA. Sequence analysis
frequently identified inverted repeat (IR) sequences immediately flanking the T-DNA breakpoints. The
highest truncation frequency was observed at a 113-bp IR sequence, suggesting that long IR sequences
facilitate truncation, particularly those exceeding 100 bp. Additionally, partial insertions of inverted T-
DNA regions were often found directly after the truncation sites, implying DNA polymerase involvement
at these locations. Based on these observations, we propose a novel model where the binding of these
IR sequences triggers truncation and the addition of extra sequences in their vicinity.

Introduction
Agrobacterium-mediated transformation is a major method of gene transfer in plants and an essential
tool in plant biotechnology. While T-DNA is typically integrated completely from the right border (RB) to
the left border (LB), truncation, leading to the deletion of portions of the T-DNA, has been documented
during the steps from infection to integration. This phenomenon has been observed in various plant
species, including tobacco, barley, and aspen (De Buck et al. 2000; Stahl et al. 2002; Kumar and Fladung
2002). Furthermore, large-scale truncations of several hundred or thousand base pairs have been
reported in rice, grapes, and potatoes (Kim et al. 2003; Gambino et al. 2009; Yasumoto et al. 2020).
Remarkably, truncations have also been observed during Arabidopsis transformation using the floral dip
method, which bypasses tissue culture procedures like callus formation (Wei et al. 2015). These
undesirable truncations reduce transformation efficiency, yet research on this issue is still limited, and
the underlying causes and mechanisms are not well understood.

Agrobacterium-mediated gene transfer involves the excision of the T-DNA region, flanked by the RB and
LB sequences and carrying the target gene, by VirD1/D2 proteins, and its subsequent introduction into
the plant cell (De Vos and Zambryski 1989; Filichkin and Gelvin 1993; Scheiffele et al. 1995; Tzfira et al.
2004a). VirD2 protein is covalently linked to the RB of T-DNA, while VirE2 binds elsewhere on the T-DNA.
Both play roles in directing the T-DNA to the nucleus and protecting it from nuclease degradation (Ward
and Barnse 1988; Christie et al. 1988). Upon entering the nucleus, VirE2 dissociates from the T-DNA,
whereas VirD2 remains attached to the RB until shortly before T-DNA integration into the plant genome
(Dürrenberger et al. 1989; Tinland et al. 1995; Tzfira et al. 2004b). The widely accepted mechanism
posits that T-DNA preferentially migrates to double-strand breaks (DSBs) in the plant genome, where it is
integrated via the host’s DSB repair pathways (Citovsky et al. 2007). Two integration pathways have been
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identified: direct integration of double-stranded T-DNA and integration of single-stranded T-DNA followed
by its conversion to a double-stranded form (Lacroix and Citovsky 2019; Thomson et al. 2023).

It has been interestingly observed that the frequency of truncation significantly rises in tobacco
transformed with T-DNA containing a 200–450 bp inverted repeat (IR) sequence (Sunitha et al. 2012).
While this suggested a potential IR-specific truncation mechanism, detailed sequence analysis was not
conducted. We proposed using “Princettia” (Euphorbia pulcherrima × Euphorbia cornastra) to investigate
this further. This interspecific hybrid, in which we recently established a transformation system, shows
exceptionally high T-DNA truncation rates. Therefore, we examined the sequence specificity of the
truncation region in 114 “Princettia” transformants. Inverse PCR-based sequence analysis was employed
to precisely determine truncation sites and analyze surrounding sequences. Based on our findings, we
propose a novel model explaining the truncation mechanism. Additionally, this study reports
advancements in the efficiency of poinsettia tissue culture and transformation systems.

Materials and methods
Plant materials

“Princettia” (Euphorbia pulcherrima × Euphorbia cornastra) experimental lines #7801 and #7155 were
provided by Suntory Global Innovation Center Limited (Kyoto, Japan) (Supplementary Fig. S1a, b, c).
Aseptic plant cultures were maintained at 25°C under a 16 h light/8 h dark cycle of LED fluorescent light
(40 µmol m⁻² s⁻¹) on a modified Murashige and Skoog (MS) medium containing MS salts, 3% sucrose,
0.4% agar, 0.2% gellan gum, 0.1 mg l− 1 BA, 1 g l− 1 casein acid hydrolysate, 4.9 µM CuSO₄, and 0.2%
PPM™ (Plant Cell Technology, Washington D.C., USA), which was adjusted to pH 5.8. Plants were
subcultured and maintained by cuttings every 60 days.

Plasmid vectors

Dr. Nobutaka Mitsuda from the Bioproduction Research Institute, National Institute of Advanced
Industrial Science and Technology (AIST), Japan, generously provided the pBCKH-35S::AtEIN3-SRDX and
pBCKH-35S::AtPAP1-SRDX constructs illustrated in Fig. 1a, b. These vectors were constructed using the
binary vector pBCKH (Oshima et al. 2011).

“Princettia” transformation

Electroporation was used to introduce the vectors into Agrobacterium tumefaciens strains EHA105
and/or AGL0. The transformed Agrobacterium suspension was adjusted to an OD₆₀₀ of 0.2 in MS liquid
medium (MS with 2% sucrose) supplemented with 200 µM acetosyringone and 5 µM CuSO₄, and
subsequently used for plant infection. “Princettia” #7801 was infected using the EHA105 strain
harboring pBCKH-35S::AtEIN3-SRDX, while both EHA105 and AGL0 strains carrying pBCKH-35S::AtPAP1-
SRDX were used to infect lines #7801 and #7155. Stems from plants subcultured for 30 days, especially
those exhibiting red stems developed in the culture medium, were selected for infection. These stems
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were cut into 2 mm thick segments with a diameter of 3–4 mm and then immersed in the infection
solution for 15–20 min with gentle shaking. Following immersion, excess infection solution was blotted
off using sterilized paper towels (Cresia Kimtowel, Nippon Paper, Tokyo, Japan), and the stem segments
were co-cultured on callus induction medium (CIM) containing MS basal with 3% sucrose, 0.5% agar,
0.05 mg l− 1 BA, 0.1 mg l− 1 NAA, 2 g l− 1 myo-inositol, and 5 µM CuSO₄, with Qualitative Filter Paper
(ADVANTEC, Tokyo, Japan) for 3 days at 25°C in the dark. After co-cultivation, the segments were
transferred to CIM containing 5 mg l− 1 hygromycin for selection and either 300 mg l− 1 timentin or 500

mg l− 1 carbenicillin to eliminate Agrobacterium. The culture medium was refreshed every two weeks.
Regenerated shoots that grew to the top of the culture vessel were excised from the callus and
transferred to M-225 bottles (Hakuyo Glass, Tokyo, Japan) containing shoot-inducing medium (MS, 3%
sucrose, 0.5% agar, 0.05 mg l− 1 BA, 5 µM CuSO₄) supplemented with 5 mg l− 1 hygromycin.

Genomic PCR

Upper leaves (approximately 0.1 g) were detached from the transformed plants, immediately frozen in
liquid nitrogen, and homogenized using a Cell Destroyer PS2000 (Bio Medical Science, Tokyo, Japan).
DNA extraction was then performed using ISOPLANT � (Nippon Gene, Tokyo, Japan) according to the
manufacturer’s protocol. Genomic PCR was carried out using Blend Taq® -Plus- (Toyobo, Osaka, Japan)
with the primers used detailed in Supplementary Table S1. A 5 µl volume of the resulting PCR product
was mixed with 1 µl of 6× Loading Buffer (Takara Bio, Shiga, Japan) and subjected to electrophoresis on
a 1.0% agarose gel stained with Midori Green Advance (Nippon Genetics, Tokyo, Japan).

Inverse PCR

Genomic DNA (gDNA) from lines with confirmed T-DNA truncation (via genomic PCR) was subjected to
restriction enzyme digestion. For lines exhibiting truncation in the NOS region, we used ApaI, AscI, SpeI,
HindIII, EcoRI, and XhoI, enzymes that do not cut between the RB and NOS regions. For lines with
truncations elsewhere, we used NcoI, HindIII, SphI, and PstI, which target the 35S region. The digested
DNA was then purified using the FastGene Gel/PCR Extraction Kit (Nippon Genetics) and eluted in 20 µl
of the supplied elution buffer. Circularization of the resulting DNA fragments was performed with T4
DNA Ligase (New England Biolabs, Ipswich, MA, USA). The ligated DNA was precipitated with ethanol
and dissolved in 10 µl of TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0). Inverse PCR was subsequently
performed using TaKaRa Ex Premier™ DNA Polymerase (Takara Bio). Nested PCR was also carried out
using the products of the inverse PCR. The primers used for this step are detailed in Supplementary
Table S1. If a single band was obtained after agarose gel electrophoresis of the nested PCR products, it
was purified and sequenced directly. However, if two bands were present, the PCR products were cloned
into the pCRTM™-Blunt II-TOPO™ vector (Zero Blunt™ TOPO™ PCR Cloning Kit for Sequencing, Thermo
Fisher Scientific, Waltham, MA, USA) following the manufacturer’s protocol. The plasmids were
subsequently extracted using the FastGene™ PlasmidMini Kit (Nippon Genetics) and subjected to
sequence analysis.
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In lines lacking an internal T-DNA region, genomic PCR was conducted using gDNA and primers
designed to flank the deletion. The resulting PCR products were purified and finally sent for sequence
analysis.

Sequence analysis

Sanger sequencing of the purified DNA samples was conducted by AZENTA, yielding approximately
1,000 bp per sample. The resulting sequences were then analyzed using DNA Dynamo (Blue Tractor
Software Ltd.), a dedicated DNA sequence analysis software, to determine the precise truncation
position and examine the adjacent sequences. In addition, Unipro UGENE software (Unipro LLC.) was
utilized to detect the presence of IR sequences within the T-DNA.

Results

Confirmation of T-DNA integration
Genomic PCR was used to confirm T-DNA integration in 77 transgenic “Princettia” #7801 lines carrying
pBCKH-35S::AtEIN3-SRDX (EIN3-SRDX lines) and 37 lines of #7801 or #7155 carrying pBCKH-
35S::AtPAP1-SRDX (PAP1-SRDX lines). PCR amplification ranges are detailed in Fig. 1a, b. The T-DNA in
pBCKH-35S::AtEIN3-SRDX was divided into seven regions (Hygr, NOS, 35S, EIN3-a, EIN3-b, EIN3-c, SRDX-

NOSTer), whereas the T-DNA in pBCKH-35S::AtPAP1-SRDX was divided into five regions (Hygr, NOS, 35S,
PAP1, SRDX-NOSTer) (Fig. 1a, b). Our initial screening involved checking for the Hygr and EIN3-c regions
in EIN3-SRDX lines, and the Hygr and PAP1 regions in PAP1-SRDX lines, to verify integration of both the
selectable marker and the chimeric repressor gene. If EIN3-c or PAP1 were absent, we then examined the
integration of the NOS and 35S regions. For EIN3-SRDX lines, we also checked for the EIN3-a and EIN3-b
regions. Detection of EIN3-c or PAP1 led to further examination for the SRDX-NOSTer region to confirm
the presence of the full gene construct.

Genomic PCR analysis revealed the presence of the Hygr region in all 114 lines. However, EIN3-c was
absent in 46 of the 77 EIN3-SRDX lines, and PAP1 was also absent in 9 of the 37 PAP1-SRDX lines
(Table 1; Table 2). These results suggest a high occurrence of T-DNA truncations of the LB side in these
transgenic “Princettia” lines. A detailed examination of the truncated regions in these 55 lines showed
that approximately half of the deletions extended to the NOS promoter region, while the other half were
distributed toward the LB side, encompassing the SRDX-NOSTer region (Table 1; Table 2; see
Supplementary Tables S2 and S3 for further details). To summarize, T-DNA truncation was observed in
65 of the 114 “Princettia” lines transformed with pBCKH-based vectors, primarily initiating from the LB
side, with frequent termination points in NOS, EIN3-a, EIN3-c, and SRDX-NOSTer. Several lines showing
truncation were selected for inverse PCR and subsequent sequence analysis. Furthermore, the #1[EIN3]
line was included in the analysis due to the absence of the NOS region between the detected Hygr and
35S regions (Supplementary Table S2).
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Identification of truncation positions and analysis of flanking
sequences
We conducted sequence analysis on lines showing truncation within the NOS, EIN3-a, EIN3-c, and SRDX-
NOSTer regions, areas where truncation ends were frequently observed, with the aim of determining the
precise truncation sites and the features of the adjacent sequences. Supplementary Table S4 lists the
lines used in this analysis.

Our initial analysis focused on seven lines with truncation in the NOS region: #58[EIN3], #61[EIN3],
#72[EIN3], #76[EIN3], #7[PAP1], #31[PAP1], and #34[PAP1]. Inverse PCR and subsequent sequencing
revealed a common truncation site in all seven lines (Fig. 2, top; Fig. 3a, b), with line #58[EIN3] also
exhibiting a second distinct site (#58[EIN3]-2) (Fig. 3c). Sequence analysis of the region surrounding the
truncation point identified a 113-bp IR immediately upstream of the breakpoint and near the Gene7
terminator (Fig. 2, bottom). Remarkably, the 40-bp sequence adjacent to the IR on the T-DNA’s RB side
was also inserted, in an inverted orientation, outside the truncation site and directly next to the IR on the
LB side. This feature was shared by #61[EIN3], #76[EIN3], #7[PAP1], #31[PAP1], and #34[PAP1], where
the plant genome followed the end of this inverted 40-bp sequence (Fig. 3a). Conversely, in #58[EIN3],
#72[EIN3], and #58[EIN3]-2, a portion of the T-DNA sequence from the RB side was duplicated outside
the truncation position (Fig. 3b, c). For these three lines, we infer that truncation also extended up to the
NOS region within the duplicated T-DNA.

We then analyzed #28[EIN3] and #62[EIN3] (truncated in EIN3-a), and #68[EIN3] and #74[EIN3]
(truncated in EIN3-c) (Fig. 4a). The truncation in #28[EIN3] was directly followed by the plant genome
(Fig. 4b). Conversely, #62[EIN3], #68[EIN3], and #74[EIN3] showed a segment of T-DNA inserted in
reverse orientation immediately after the truncation point (Fig. 4c, d, e). Furthermore, 8–10 bp IR
sequences were present immediately upstream of the truncation sites in #28[EIN3], #62[EIN3], and
#74[EIN3] (Fig. 5; Supplementary Fig. S2a, b). Interestingly, in #62[EIN3], a sequence adjacent to the
paired IR sequence was found immediately downstream of the truncation, in an inverted orientation
(Fig. 5), a pattern also observed in #61[EIN3], #76[EIN3], #7[PAP1], #31[PAP1], and #34[PAP1] (Fig. 3a).
In contrast, #68[EIN3] lacked any IR sequence longer than 7 bp in the vicinity of the truncation.

Subsequently, we analyzed #44[EIN3], #48[EIN3], #71[EIN3], #12[PAP1], #20[PAP1], #27[PAP1], and
#29[PAP1], all exhibiting truncations in the SRDX-NOSTer region. The precise truncation sites differed
across these lines (Fig. 6a, b). At the truncation junctions, #48[EIN3], #12[PAP1], #20[PAP1], #27[PAP1],
and #29[PAP1] showed plant genome-derived sequences (Fig. 6c), whereas #44[EIN3] and #71[EIN3]
showed vector-derived sequences (Fig. 6d, e). #44[EIN3] contained an inverted sequence near the Hygr

region (Fig. 6d), and #71[EIN3] had a vector backbone sequence that was originally located 1,597 bp
downstream of the truncation point (Fig. 6e). Additionally, 7-bp IR sequences were identified immediately
upstream of the truncation in four lines: #44[EIN3], #71[EIN3], #12[PAP1], and #27[PAP1]. Although
#29[PAP1] lacked IR sequences longer than 7 bp immediately upstream, an 8-bp IR sequence was
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originally present on the T-DNA directly downstream of the truncation (Fig. 7). In #48[EIN3] and
#20[PAP1], no IR sequence longer than 7 bp was found in the vicinity of the truncation.

Lastly, we analyzed #1[EIN3], in which the NOS region between the Hygr and 35S was absent. This
analysis revealed a 375 bp deletion immediately downstream of the 113-bp IR sequence within the NOS
region (Supplementary Fig. S3). Furthermore, an 88-bp inverted sequence originating from the SRDX-
NOSTer region, which included a 2 bp insertion, was found following the IR sequence.

To summarize, IR sequences were often found directly preceding or following the truncation positions,
with the majority of truncations occurring after the longest IR sequence, which was 113 bp. Moreover,
partial insertions of inverted T-DNA regions were frequently observed immediately downstream of the
truncation sites.

Discussion
Our sequence analysis showed that IR sequences exceeding 7 bp are frequently found immediately
flanking the truncation points. Remarkably, in the seven lines with NOS region truncations, all
breakpoints coincided with the location of the 113-bp IR sequence (Fig. 2; Fig. 3a, b). These results
indicate a role for IR sequences in T-DNA truncation, with a higher likelihood of truncation associated
with longer IRs. The observation by Sunitha et al. (2012) of increased truncation with IR sequences
longer than 200 bp supports our findings. Moreover, we often observed partial insertions of inverted T-
DNA regions directly downstream of the truncation sites (Fig. 3; Fig. 4; Fig. 6). For example, in lines
#61[EIN3], #76[EIN3], #7[PAP1], #31[PAP1], and #34[PAP1], the 40-bp sequence that is normally present
only on the RB side was inserted in the reverse orientation after the truncation (Fig. 3a). Similarly, a
portion of the inverted Hygr sequence was inserted immediately after the truncation in #62[EIN3]
(Fig. 4c), while the Hygr sequence on the RB side retained its full length (Supplementary Table S2). The
presence of inverted T-DNA regions immediately after the truncation points suggest these were newly
synthesized sequences, potentially added by DNA polymerase at the truncation site. Given that DNA
polymerase typically functions during T-DNA conversion to double-stranded DNA (Gelvin 2017), this also
implies that truncation occurs before the complete integration of T-DNA into the plant genome.
Furthermore, in all truncated lines, the LB side was deleted from within the T-DNA (Table 1; Table 2). This
bias toward LB side truncation is likely due to the selection process favoring lines with an intact Hygr

region on the RB side of the T-DNA. Supporting this, transformation and selection in Chlamydomonas
reinhardtii using T-DNA with the selectable marker on the LB side resulted in 1 kbp or larger deletions on
the RB side in all nine lines (Quach et al. 2023). These results collectively suggest that when T-DNA
truncation occurs, only one of the regions—either the RB or LB side—is typically integrated into the plant
genome.

We propose a new model for T-DNA truncation based on our findings (Fig. 8, top; Supplementary Fig. S4).
This model posits that upon entry of single-stranded (ss) T-DNA into the plant nucleus and the
subsequent detachment of VirE2, the T-DNA forms a stem-loop structure through the annealing of IR
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sequences. At the base of this stem-loop, factors such as DNA nucleases can trigger T-DNA truncation
or degradation. Subsequently, the ssT-DNA is converted to its double-stranded (ds) form and integrated
into the plant genome. We hypothesize that the addition of sequences like the 40-bp fragment and Hygr

at the truncation site occurs after the truncation event, mediated by DNA polymerase using the flanking
sequence outside the IR as a template (Fig. 8, bottom). Considering that DNA polymerase θ (Pol θ) is
known to convert ssT-DNA to dsT-DNA (van Kregten et al. 2016), we suggest that this enzyme may be
active at the truncation point. It is established that IR sequences in single-stranded nucleic acids can
form stem-loop structures through intra-strand annealing (Holkers et al. 2012), which can enhance their
stability (Svoboda and Di Cara 2006). Moreover, the integration of Agrobacterium chromosomal DNA,
which lacks the border sequences necessary for T-DNA excision from binary vectors, into plant genomes
has been reported (Ülker et al. 2008). This observation supports our findings that T-DNA lacking border
sequences can still be integrated into the plant genome, indicating that these sequences are not strictly
required for the integration process itself.

While no specific nucleases targeting foreign single-stranded DNA in plant nuclei have been reported, the
enzyme responsible for T-DNA truncation might be related to DSB repair pathways, such as non-
homologous end joining (NHEJ) and alternative non-homologous end joining (Alt–EJ), which are known
to mediate T-DNA integration (Gelvin 2017; Lacroix and Citovsky 2019). For instance, MRE11 possesses
nuclease activity against hairpin structures and is implicated in DNA repair in diverse eukaryotes (Trujillo
and Sung 2001). Recent research also indicates that Arabidopsis MRE11 may be involved in the removal
of VirD2 bound to the RB of T-DNA (Kralemann et al. 2022). Therefore, DNA repair proteins with nuclease
activity, such as MRE11, are potential candidates for mediating T-DNA truncation. Additionally, Liang and
Tzfira (2013) suggested that exo/endonucleases involved in plant DNA processing might degrade the
unconverted 3' end of T-DNA. Considering the roles of SNM1 and COM1 in DNA end processing and
NHEJ in Arabidopsis and rice (Johnson et al. 2011; Xu et al. 2020; Shen and Li 2022), these proteins
could also be involved in T-DNA truncation.

A vector backbone sequence was found directly after the truncation point in #71[EIN3] (Fig. 6e).
Integration of vector backbone sequences alongside RB or LB into plant genomes is a known
phenomenon (Krizkova and Hrouda 1998; Wu et al. 2006), often attributed to errors in border sequence
recognition during T-DNA excision from binary vectors (Kononov et al. 1997; De Buck et al. 2000).
However, in #71[EIN3], the LB was absent, and the backbone sequence, originally located 1,597 bp
downstream of the truncation, was found immediately adjacent to it. Furthermore, a 7-bp IR sequence
was detected immediately upstream of the truncation. These findings suggest that the T-DNA was
initially excised with the backbone sequence attached, followed by a 1,597 bp deletion encompassing
the LB within the plant nucleus. In #1[EIN3], which exhibited a 375 bp deletion, the 113-bp IR sequence
was located immediately upstream of the deleted region (Supplementary Fig. S3). It is probable that
these deletions arose from truncation events occurring at multiple sites within the T-DNA, possibly
facilitated by IR sequences, with subsequent recombination of the resulting fragments into a non-original
arrangement.
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Our analysis using Unipro UGENE revealed 946 and 612 IR sequences of 7–10 bp within the T-DNAs of
pBCKH-35S::AtEIN3-SRDX and pBCKH-35S::AtPAP1-SRDX, respectively, with approximately 75% (706 and
451) being 7-bp IRs. This abundance of short IR sequences suggests that those found near truncation
sites might be random occurrences and not necessarily causative. In fact, some lines lacked detectable
IR sequences near their truncation points. These observations imply that T-DNA might undergo further
excision after an initial IR-mediated truncation, or that a different mechanism than the one we proposed
could be responsible. For instance, T-DNA integration can be mediated by 1–25 bp microhomologies
with the plant genome (Gheysen et al. 1991; Fu et al. 2006; Kleinboelting et al. 2015). Furthermore, a 7.3
kbp deletion of T-DNA in tobacco showed significant homology between the T-DNA breakpoint and the
plant genome integration site (Matsumoto et al. 1990), suggesting that truncation could also occur at
homologous T-DNA/plant genome junctions. Meza et al. (2002) proposed an alternative model in which
deletions occur due to T-DNA loopback through own homologous sequences. Therefore, T-DNA
truncation may involve multiple pathways. A more detailed understanding necessitates considering
various factors beyond IR sequences.

The pBCKH vector employed in this study was designed for the CRES-T method, a technique for
repressing transcription factor activity (Oshima et al. 2011), and has been used for transformation
across diverse plant species (Ishiwata et al. 2013; Kishi-Kaboshi et al. 2017; Huang et al. 2019). The 113-
bp IR sequence, which may play a role in truncation, is present in the pBCKH vector and is commonly
inherited by derived constructs. However, transformation of Torenia fournieri with pBCKH-35S::AtPAP1-
SRDX rarely resulted in T-DNA truncation (Supplementary Fig. S5a, b, c), and a similar tendency was
observed in Eustoma grandiflorum transformed with pBCKH-35S::AtEIN3-SRDX (data not shown).
Moreover, to our knowledge, frequent T-DNA truncation has not been reported in plants transformed with
pBCKH-based vectors. These findings suggest that the truncation observed in “Princettia” is unlikely to
be attributable solely to the structure of the pBCKH vector or to a general tendency toward small-scale
deletions. Rather, “Princettia” appears to have a unique predisposition to T-DNA truncation. Furthermore,
we have empirically noted that frequent truncation also occurs in Euphorbia cornastra, the pollen parent
of “Princettia”. Future research will be needed to identify the factors underlying the high frequency of T-
DNA truncation in specific plant species.
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RB, right border of T-DNA; LB, left border of T-DNA; IR, inverted repeat; Hygr, hygromycin
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Tables
Table 1 Summary of T-DNA integration results in the EIN3-SRDX lines

  EIN3-SRDX

lines

Hygr NOS 35S EIN3-a EIN3-b EIN3-c SRDX-NOSTer

No. of

integrated lines

77 77 52 49 a 43 39 31 26

No. of

truncated lines

― 0 24 a 4 6 4 8 5

a: Line #1[EIN3] showed integration of the Hygr and 35S regions, but not the NOS region or downstream
sequences of 35S. This indicates truncation within the EIN3-a region. Overall, 77 lines displayed Hygr

integration, and 52 lines displayed NOS integration. When #1[EIN3] is excluded, 24 lines exhibited NOS
truncation. Additionally, 52 lines showed NOS integration, four lines 35S truncation, and 49 lines 35S
integration (including #1[EIN3])

Table 2 Summary of T-DNA integration results in the PAP1-SRDX lines

PAP1-SRDX

lines

Hygr NOS 35S PAP1 SRDX-NOSTer

No. of

integrated lines

37 37 31 30 28 23

No. of

truncated lines

― 0 6 1 2 5
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Figure 1

Schematic representation of the constructs employed in this study. Legend: RB, right border of T-DNA;
Gene7Ter, octopine-type Ti plasmid gene 7 terminator; Hygr, hygromycin phosphotransferase
(resistance); NOSPro, nopaline synthase promoter; 35SPro, Cauliflower mosaic virus 35S promoter;
NOSTer, nopaline synthase terminator; LB, left border of T-DNA; AtEIN3-SRDX and AtPAP1-SRDX, chimeric
repressor genes designed to convert Arabidopsis EIN3 and PAP1 into functional transcriptional
repressors. Double-headed arrows indicate the regions amplified and presented in Tables 1 and 2. (a)
pBCKH-35S::AtEIN3-SRDX. (b) pBCKH-35S::AtPAP1-SRDX
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Figure 2

Schematic representation of truncation sites and surrounding sequences in seven NOS region-truncated
lines: #58[EIN3], #61[EIN3], #72[EIN3], #76[EIN3], #7[PAP1], #31[PAP1], and #34[PAP1]. The top panel
shows the truncation point and the immediate 5' and 3' sequences for each line. The blue-boxed region
indicates a conserved 40-bp sequence immediately 3' of the truncation across all lines. The bottom
panel provides a detailed view from the RB to the truncation site, highlighting a 113-bp IR sequence (red
arrow) immediately 5' ofthe truncation and near the Gene7 terminator. Two identical 40-bp sequences
(yellow arrows) are also shown: one immediately 3' of the truncation and another adjacent to the IR
sequence on the RB side, oriented in opposite directions to denote their inverted relationship
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Figure 3

Sequence analysis results revealing features of NOS region truncations in seven lines: #58[EIN3],
#61[EIN3], #72[EIN3], #76[EIN3], #7[PAP1], #31[PAP1], and #34[PAP1]. The primers used for sequencing
were “NOS_NeF” and “NOS_NeR.” (a) In #61[EIN3], #76[EIN3], #7[PAP1], #31[PAP1], and #34[PAP1],
sequence analysis showed plant genomic DNA inserted immediately 3' of the 40-bp sequence. (b) In
#58[EIN3] and #72[EIN3], a segment of the T-DNA fromthe RB side was duplicated and inserted outside
the 40 bp. (c) In #58[EIN3]-2, a segmentof the T-DNA fromthe RB side was duplicated and inserted
outside the truncation position
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Figure 4

Sequence analysis revealing insertions at truncation sites in lines #28[EIN3], #62[EIN3], #68[EIN3], and
#74[EIN3] (EIN3-a or EIN3-c region truncations). (a) Overview of truncation positions and the SphI, HindIII,
and NcoI restriction sites used for digestion. (b) In #28[EIN3], the plant genome sequence was inserted
immediately after the truncation. (c) In #62[EIN3], an inverted Hygr sequence was inserted immediately
after the truncation. (d) In #68[EIN3], an inverted 516-bp sequence around the Gene7 terminator was
inserted immediately after the truncation, followed by the plant genome. (e) In #74[EIN3], an inverted 72-
bp fragment of AtEIN3-SRDX, originally 32 bp downstream, was inserted immediately after the truncation,
followed by the plant genome
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Figure 5

Schematic representation of the IR and inserted sequence identified in #62[EIN3]. An 8-bp IR sequence,
TTGCAAGA, was located immediately 5' of the truncation site. A homologous IR sequence was present
within the Hygr gene, and the sequence flanking this Hygr IR was inserted immediately 3' of the
truncation site in an inverted orientation
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Figure 6

Sequence analysis revealing insertions at truncation sites in seven lines with SRDX-NOSTer region
truncations: #44[EIN3], #48[EIN3], #71[EIN3], #12[PAP1], #20[PAP1], #27[PAP1], and #29[PAP1]. (a)
Overview of truncation positions for #44[EIN3], #48[EIN3], and #71[EIN3], and the SphI, HindIII, and NcoI
restriction sites used for digestion. (b) Overview of truncation positions for #12[PAP1], #20[PAP1],
#27[PAP1], and #29[PAP1], and the PstI, SphI, and HindIII restriction sites used for digestion. (c) In
#48[EIN3], the plant genome sequence was inserted immediately after the truncation. (d) In #44[EIN3],
an inverted sequence around the Hygr region was inserted immediately after the truncation. (e) In
#71[EIN3], a vector backbone sequence (originally 1,597 bp downstream) was inserted immediately after
the truncation
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Figure 7

IR sequence in #29[PAP1]. An 8-bp IR sequence (TCACTGGC) was originally located directly after the
truncation point in the T-DNA. A matching IR sequence was present within the Hygr

Figure 8
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 Model of T-DNA truncation proposed to be mediated by IR sequences. Once inside the plant nucleus,
single-stranded T-DNA (ssT-DNA) folds into a stem-loop structure through the binding of its IR
sequences. At the loop junction, factors like DNA nucleases can cause T-DNA truncation or degradation.
Following this, the ssT-DNA (either the RB or LB strand) is converted to double-stranded DNA and
integrated into the plant genome. If, after truncation, DNA polymerase uses the sequence outside the IR
as a template to synthesize a complementary strand, an inverted sequence will be added directly after
the truncation point
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