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Abstract
Thermal asymmetric interlaced-polymerase chain reaction-based and whole-genome sequencing-based T-DNA localization approaches 
have been developed for the recovery of T-DNA integration sites (TISs). Nevertheless, a low-cost and high-throughput technique for the 
detection of TISs, which would facilitate the identification of genetically engineered plants, is in high demand for rapid crop breeding and 
plant synthetic biology. Here, we present Tn5 transposase-based T-DNA integration site localization (TTLOC), a Tn5-based approach for 
TIS localization. TTLOC employs specialized adaptor-assembled Tn5 transposases for genomic DNA tagmentation. TTLOC library 
construction is straightforward, involving only six steps that requires two and a half hours to complete. The resulting pooled library is 
compatible with next-generation sequencing, which enables high-throughput determination. We demonstrate the ability of TTLOC to 
recover 95 non-redundant TISs from 65 transgenic Arabidopsis (Arabidopsis thaliana) lines, and 37 non-redundant TISs from the 
genomes of transgenic rice (Oryza sativa), soybean (Glycine max), tomato (Solanum lycopersicum), potato (Solanum tuberosum), and from 
the large hexaploid wheat (Triticum aestivum) genome. TTLOC is a cost-effective method, as 1 to 2 Gb of raw data for each multiplexing 
library are sufficient for efficient TIS calling, independent of the genome size. Our results establish TTLOC as a promising strategy for 
evaluation of genome engineered plants and for selecting genome safe harbors for trait stacking in crop breeding and plant synthetic 
biology.
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Introduction
Plant genetic engineering, including transgenic and genome editing, 
for the rapid generation of engineered crops is promising to acceler
ate and broaden breeding programs (Chen and Liu 2023). Important 
targets of these technologies beyond herbicide and pesticide toler
ance include high environmental resilience, increase of productivity, 
improvement of crop nutritional quality, and resistance to disease 
(Schauer et al. 2006; Mao et al. 2007; Chen et al. 2021). The efficient 
generation of transgenic or gene-edited plants relies on transforma
tion and regeneration. Most frequently used plant transformation 
strategies include Agrobacterium-mediated transformation, biolis
tic particle bombardment, and gene delivery based on various 
nanoparticles and virus-based RNA delivery systems (de Groot 
et al. 1998; Mäenpää et al. 1999; Sigoillot et al. 2012), in which 
Agrobacterium-mediated transformation is a cost-effective and effi
cient gene delivery system, which can transfer large fragments of 
DNA into plant chromosomes, remains the leading choice for plant 
transformation (Azizi-Dargahlou and Pouresmaeil 2024). Moreover, 
T-DNA transfer and stable transformation are also important for 
the delivery of the CRISPR-Cas system for efficient genome-editing 
in plants (Liu et al. 2023). While bringing immense opportunities 
for sustainable agriculture, the application of genetically modified 

organisms (GMOs) is associated with regulatory and intellectual 

property challenges to the environment (Kay and Van den Eede 

2001; Lang et al. 2007; Weimer 2015; Egelie et al. 2016), which raises 
the importance of safe assessment of genetically engineered plants.

Besides the safety assessment of GMOs to the environment, the 
GMOs generated by Agrobacterium-mediated transformation also 
need safety assessment to the plant itself. Following 

Agrobacterium inoculation, a single-strand form of T-DNA 

(T-strands) likely forms complexes with virulence effector and 

plant proteins that traffic through the cytoplasm to enter the nu

cleus (Gelvin 2017). T-strands will be randomly integrated into 

plant chromosomes facilitating transgenic expression, a process 
known as stable transformation. T-DNA integration is rarely a 

clean event, it usually causes genomic changes at TISs, including 

deletion, duplication, filler DNA sequences, binary vector back

bone sequences, and chromosomal rearrangement, leading to dis

ruption of the stable expression of internal genes (van Kregten 

et al. 2016; Nishizawa-Yokoi et al. 2021). Moreover, the configura

tion and genomic position of integrated T-DNA molecules can af
fect expression of the transgene. An ideal integration is that the 

single-copy T-DNA between left border (LB) or right border (RB) 

is inserted into the plant genome with accurate repair (van 
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Kregten et al. 2016). However, it usually occurs with multiple cop
ies of T-DNAs in tandem or inverted repeats and the concatena
tion of multiple ideal or truncated partial T-DNAs. Thus, the 
determination of T-DNA copies, T-DNA integration sites, and se
quence changes of flanking regions is important for stable expres
sion of genes and safety assessment of genetically engineered 
plants from the lab to the field.

Polymerase chain reaction (PCR)-based technologies (e.g. ther
mal asymmetric interlaced PCR [TAIL-PCR], Adapter-PCR, inverse 
PCR [iPCR]) were developed, optimized, and widely used for iden
tification of T-DNA integration sites (Liu and Whittier 1995; Liu 
and Chen 2007; O’Malley et al. 2007; Kim et al. 2011; Tan et al. 
2019). However, its procedure is relatively complicated due to 
the design of primers and the time-consuming multiple rounds 
of PCR operation. Other method involves the hybridization and 
capture of sequences containing T-DNA borders using biotiny
lated oligos and subjected to Illumina-Miseq (Reynoso et al. 
2018). In comparison, whole-genome sequencing (WGS)-based 
procedures including TDNAscan (Chen et al. 2022) and T-LOC (Li 
et al. 2022) are straightforward for T-DNA integration sites (TISs) 
analysis. A diversified pattern of T-DNA integration was estab
lished by WGS-based T-LOC procedure for transgenic rice 
(Li et al. 2022). However, to obtain the required coverage (30×) of 
sequencing depth, the cost for WGS for each sample will dramat
ically increase, especially for large polyploid genomes such as cot
ton and wheat. Thus, advancing approaches that efficiently 
recover TISs for transgenic plants with large genome is of high im
portance to plant researchers and molecular breeders.

In this study, we aimed to establish a concise method for TIS re
covery in transgenic plants with low cost and high performance. 
Tn5 transposase assembles with adaptors which contain 
Illumina adapter sequences and a 19 bp recognition site mosaic 
end (ME) sequences has the ability to cut double-stranded DNA 
in vitro and paste adaptor sequences to both 5′ end of DNA frag
ments for the following next-generation sequencing (NGS) library 
construction (Picelli et al. 2014). Mechanistically, by capitalizing 
on this “cut-and-paste” activity of Tn5 transposase, the DNA frag
ments containing T-DNA and their flanking genomic sequences 
can be tagged with adaptor sequences following Tn5 tagmenta
tion, which facilitates the development of a high-throughput ap
proach for retrieving TISs. Here, we developed a Tn5-based 
T-DNA integration site localization (TTLOC) approach for deter
mination of TISs. We first introduced the working principle and 
procedure for TTLOC and its subsequent bioinformatic ap
proaches for TISs recovery. We then showed successful applica
tions of TTLOC to determine the TISs in 65 independent 
transgenic Arabidopsis (A. thaliana) lines and in 22 lines of other 
plant species including rice (O. sativa), soybean (G. max), tomato 
(S. lycopersicum), potato (S. tuberosum), and wheat (T. aestivum). 
Finally, we compared TTLOC, TAIL-PCR, and the WGS-based 
T-LOC approaches regarding their procedure, cost, and perform
ance. We conclude that TTLOC is an important tool for TISs recov
ery, representing a substantial contribution to screening and 
identification of GMOs.

Results
TTLOC is a Tn5 tagmentation and NGS-based 
procedure for the recovery of TISs
The workflow of TTLOC is summarized in Fig. 1, including Tn5 
assembly, tagmentation, PCR amplification, library pooling 
and NGS, data analysis, and PCR validation. TTLOC uses a 

hyperactive Tn5 transposase assembled with customized 
Illumina-compatible adapter mix (ME/ME-rev:ME-A/ME-rev =1:1, 
50 µM, Supplementary Table S1), in which ME and ME-rev are 
the 19 bp Tn5 ME transposon sequence and its reverse & comple
mentary sequence, respectively, while ME-A is ME sequence with 
a 14 bp 5′ bridge sequence compatible with P5 barcoding primer 
(N50X) for Illumina paired-end sequencing. Thus, the customized 
adapter mix has P5 bridge sequence but without P7 bridge se
quence. Accordingly, the assembled Tn5 transposase did tagmen
tation of the genomic DNA of transgenic plants, resulting in DNA 
products with a P5 bridge sequence at one end but without P7 
bridge sequences at the other end (Fig. 1). Subsequently, two sep
arate PCR amplifications were conducted to retrieve the left TIS 
and right TIS, respectively. In each PCR, there are three primers, 
two of which are the shared P5 and P7 barcoding primers while 
the other one is the region-specific bridge primer for either LB or 
RB that has the P7 bridge sequences at its 5′ end, resulting as 
the amplification of the DNA fragments containing T-DNA and 
their flanking genomic sequences (Fig. 1, Supplementary Fig. S1, 
Supplementary Table S1). An example of indexing strategy for 
one pooled library was indicated, for each six independent sam
ples, use the same P5 barcoding primer (e.g. N501) for all six sam
ples and different P7 barcoding primer (e.g. N701 to N706, 
respectively for each sample; Fig. 1, refer to Methods part for de
tails). PCR products of each six samples with barcode identifiers 
were pooled together as a multiplexing library for paired-end 
Illumina sequencing to obtain 1 to 2 G of raw data. NGS reads 
were then subjected to bioinformatic analysis (refer to Methods 
for details) using an in-house script (https://github.com/ 
ShouliFeng2020/TTLOC) and further validation by PCR and 
Sanger sequencing (Fig. 1).

TTLOC generates three types of reads (Fig. 2): (1) invalid read 
pairs, which solely map to either the plant genome or the 
T-DNA sequences and offer no valuable information regarding 
the TISs; (2) valid read pairs with split-mapping, they are 
sequence-through reads that span across the junction connecting 
the plant genome and the integrated T-DNA, thereby precisely 
pinpointing the TISs; (3) valid read pairs with discordant mapping. 
Although they connect the plant genome and the integrated 
T-DNA, they do not sequence-through due to the limited sequenc
ing length of NGS PE150 platform. Nevertheless, they furnish sup
plementary evidence to corroborate the TISs. A workflow for NGS 
data analysis is presented (Supplementary Fig. S2A); generated 
output files mainly include: (1) a summary output file entitled 
“sample.tDNA.summary” with the information of predicted TISs 
including sample name (“Sample”), insertion sites (“Ref: 
Breakpoint”), insertion type (“RefSide”, “tDNA” and “Direction”), 
number of supported split-mapped reads (“Split_supportN”) and 
discordantly-mapped reads (“Discort_supportN”) (Fig. 2); (2) a fas
ta file with detailed sequences of all supported reads; (3) BLAST re
sults of all supported reads; and (4) 2,000 bp flanking genomic 
sequences of the predicted TISs, which supports primer design 
for the further PCR confirmation.

TTLOC efficiently recovers TISs from transgenic 
Arabidopsis plants
We first generated transgenic Arabidopsis (A. thaliana, Col-0) 
plants by expressing the exogenous DsRed2 gene (Nishizawa 
et al. 2006) using Agrobacterium-mediated floral dip transforma
tion. Then, TTLOC approach was applied to identify TISs in T1 
transgenic Arabidopsis plants. A full TIS is composed of 2 inser
tion types: split reads supported the left and right TISs with the 
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coordinates of the plant genome and the binary vector as well as 
mapping direction of T-DNA insertion type (“RefSide”, “tDNA” and 
“Direction” information in “sample.tDNA.summary” output file). 
In this study, we defined the upper strand between LB and RB re
peat sequences as forward strand (+) (Fig. 3A). If the left and right 
TIS were considered separately, 8 possible insertion types were il
lustrated in a diagram (Fig. 3B), with a strategy for design of PCR 
validation primers shown, for each insertion type, a shared primer 
specific to the LB or RB region, and another upstream or down
stream (∼500 bp) primer specific to flanking genome were recom
mended as primer pairs in PCR amplifications (Fig. 3B). The PCR 
products were Sanger-sequenced and the TISs were confirmed 

by blastn against the Arabidopsis genome sequences 
(Supplementary Fig. S2B).

TTLOC recovered TISs from 65 of 74 independent transgenic 
lines. In total, we recovered 149 TISs that supported 108 non- 
redundant insertions from 65 independent Arabidopsis lines, of 
which 90.6% (135 TISs supported 95 non-redundant insertions) 
were successfully confirmed by PCR and Sanger sequencing 
(Fig. 4, A to D, Supplementary Table S2). We summarize the differ
ent types of TISs, in which the “Right&LB&Reverse” and 
“Left&LB&Forward” patterns accounted for 85.4% of the total 
PCR-validated TISs (Fig. 4C). The number of recovered non- 
redundant TISs in each independent Arabidopsis line was 

Figure 1. Workflow for TTLOC. Procedures of Tn5 transposase assembly, tagmentation, PCR amplification, library pooling, NGS sequencing, data 
analysis, and PCR validation were indicated. The corresponding step-to-step protocol is provided in the Supplementary Methods. Adaptor mix (ME/ 
ME-rev:ME-A/ME-rev = 1:1)-assembled Tn5 was applied for tagmentation to generate DNA fragments tagged with adaptor sequences. After 
tagmentation, two separate PCRs were conducted to amplify flanking sequences of T-DNA left border (LB) or right border (RB) region. Three primers 
were added in each PCR, 2 of which are the shared P5 (N50X) and P7 (N70X) barcoding primers while the other one is the region-specific bridge primer for 
either LB (e.g. 103LB2) or RB (e.g. 103LB2) that has the P7 bridge sequences at its 5′ end. An example of indexing strategy for one pooled library was 
provided. PCR products of 6 independent lines with distinguishable barcodes/indexes were pooled together as one multiplexing library to obtain 1 to 2 G 
next-generation sequencing (NGS) raw data. The sequencing reads were analyzed using an in-house script (refer to Methods for details), and the T-DNA 
integration sites (TISs) were validated by PCR and Sanger sequencing. Refer to Supplementary Table S1 for oligos used for Tn5 assembly and PCR.
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summarized, with single or multiple recovered TISs up to 7 
(Fig. 4D). Thirty-seven out of 95 (∼39%) non-redundant TISs 
were recovered as full T-DNAs (i.e. with information of both 
left and right insertion border), in which 24 out of 37 
(∼65%) TISs were a combination of “Left&LB&Forward” and 
“Right&LB&Reverse” (Fig. 4E).

We further performed the annotation of validated TISs in 65 
transgenic Arabidopsis lines and found that TISs are randomly 
distributed in each chromosome and are less likely inserted into 
the pericentromeric region, which has the lower gene density 
(Fig. 5A). We also predicted genome safer harbors (GSHs) using 
the criteria previously described (Aznauryan et al. 2022; Sun 
et al. 2024). We identified 70 candidate GSH regions in the 
Arabidopsis genome spanning a total of 602 kb (Supplementary 
Table S3), most of which were distributed in pericentromeric re
gion (Fig. 5A), indicating that the TISs are unlikely overlapped 
with the predicted GSHs. We also conducted gene-level 

annotation of TISs, which indicated that 33 (34.7%), 12 (12.6%), 6 
(6.3%), 11 (11.6%), 21 (22.1%), and 2 (2.1%) TISs were inserted at 
promoter (≤1 kb), promoter (1 to 2 kb), promoter (2 to 3 kb), intron, 
exon, downstream (≤300 bp) of the nearest gene, respectively. 
Moreover, 10 (10.5%) TISs were distal intergenic (>3 kb) inserted 
(Fig. 5B), resulting in varied expression levels of the exogenous 
DsRed2 gene (Fig. 5C).

TTLOC recovery of TISs is genome independent 
and applicable to large and complex plant 
genomes
We further verified the feasibility of TTLOC in complex polyploid 
crop genomes after the successful application of TTLOC in the 
model plant of Arabidopsis, which has a much smaller genome 
compared with many plant genomes (The Arabidopsis Genome 
Initiative 2000; The Potato Genome Sequencing Consortium 

Figure 2. Procedure for bioinformatic analysis of TTLOC dataset. The next-generation sequencing (NGS) data after quality control was subjected to bwa 
software for alignment against reference sequences (merged file of T-DNA and plant genome sequences). According to the mapping results, invalid 
reads only mapped to plant genome or T-DNA; the valid reads include split-mapped and discordant-mapped reads supported the TISs. Split-mapped 
reads: sequence-through reads that span across the junction between the plant genome and the integrated T-DNA; Discordant-mapped reads: 
paired-end reads that connect the plant genome and the integrated T-DNA but do not sequence-through. The alignment results were processed with an 
in-house script available at https://github.com/ShouliFeng2020/TTLOC, resulting in output file 1 with summary information including sample name 
(“Sample”), break side of the genome (“Ref:Breakpoint”), insertion type (“RefSide”, “tDNA” and “Direction”), number of supported split- and discordant- 
reads (“Split_supportN”, “Discort_supportN”); output file 2 with blastn results of supported reads, and output file 3 with sequences of supported reads in 
fasta format. All the predicted TISs can be manually checked referring to the 3 major output files.
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2011; Walkowiak et al. 2020). We applied TTLOC to recover more 
T-DNA-transformed plants, including independent transgenic 
lines of monocots: wheat (T. aestivum, 11 lines), rice (O. sativa, 10 
lines), and maize (Zea mays, 2 lines), as well as eudicots: tomato 
(S. lycopersicum, 5 lines), soybean (G. max, 2 lines), and potato (S. tu
berosum, 1 line). These transgenic plants have multiple T-DNA 
backbone vectors, mainly over-expression vectors based on the 
“pEarleyGate” (Earley et al. 2006) and “pCambia” (Hajdukiewicz 
et al. 1994) vectors in plants and pCambia backbone-derived ge
nome editing vector pBUE411 (Xing et al. 2014; Fig. 6). 
Accordingly, the bridge primers with LB or RB region 
specific sequences for each backbone vector were designed 
(Supplementary Table S1). We determined the TISs in multiple ge
nomes according to the same TTLOC approach as in Arabidopsis 
and successfully recovered 21 non-redundant TISs in multiple 
plants of rice, tomato, soybean, maize, and potato (Fig. 6, 
Supplementary Table S2), covering 92% of the detected plant 
lines.

We used hexaploid bread wheat (IWGSC 2018; 15.5 Gb genome 
compared with 0.386 Gb rice genome and 0.125 Gb Arabidopsis ge
nome) to test the efficiency of the TTLOC approach on complex & 
large genomes (Fig. 6). We successfully recovered 16 non- 
redundant TISs from 11 independent transgenic wheat lines 
(Fig. 6), covering 100% of the tested lines (Supplementary 
Table S2). We showed the recovered TISs from three representa
tive transgenic lines with supported split or discordant reads 
(Fig. 7, A to C), in which the lines Ta_28 has the ideal T-DNA 
insertion pattern between LB and RB repeat sequences 
(Left&LB&Forward; Right&RB&Forward; Fig. 7A), while the line 
Ta_10 has the T-DNA insertion pattern between 2 RBs 
(Left&RB&Reverse; Right&RB&Forward; Fig. 7B), and the line 
Ta_13 has the T-DNA insertion pattern between two LBs 
(Left&&LB&Forward; Right&LB&Reverse; Fig. 7C). The analysis 
of TTLOC data for complex and large polyploid plant genomes 
may be challenging as the genomes with high sequence similarity 
between subgenomes and abundance of repetitive elements 

A

B

Figure 3. Primer design strategies for TIS confirmation by regular PCR. A) Schematic diagram showed the sequences of left border (LB) and right border 
(RB) repeat of T-DNA, we defined the upper strand indicated as the forward strand (+). The bridge adaptors (e.g. 103LB2, 103RB2 for T-DNA backbone 
pEarleyGate 103) for TTLOC library construction and its related common primers (e.g. 103LBpcr_As2, 103LBpcr_S2, 103RBpcr_As2, 103RBpcr_S2) for PCR 
confirmation were indicated. B) Schematic diagram showed the arrangement of different integration patterns with information of break side 
(“RefSide”), type of T-DNA (“tDNA”), and its direction (“Direction”). The primer pairs for PCR validation were recommended. As indicated, one 
site-specific primer combined with one common primer to LB or RB was used in each reaction. Line_S: upstream sense primer specific to flanking 
genome sequences of each TIS, Line_As: downstream antisense primer. Refer to Supplementary Table S1 for detailed sequences of primers used for PCR 
validation. Refer to Supplementary Table S2 for the primer pairs used for PCR validation of each T-DNA integration sites (TISs) in this study.
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(Walkowiak et al. 2020). For example, we have identified the sup
ported split and discordant reads that were 100% mapped to 4 
different genome sites for line Ta_13 (chr6A:561496741, 
chr7B:510767368, chr1B:308385483, chr4B:623836685), with 94% 
sequence identity at the flanking 740 bp region of the insertion 

site (Supplementary Fig. S3). We then designed PCR primers spe
cific to each genome site to confirm that the TISs of Ta_13 is at 
chr6A (Fig. 7C, Supplementary Fig. S3, Supplementary Table S1). 
Summary of the insertion pattern of T-DNA LB or RB region dem
onstrated that “Left&LB&Forward”, “Left&RB&Reverse” and 

A

B

D

E

C

Figure 4. TTLOC efficiently recovered TISs in transgenic Arabidopsis plants. A) Representative multiple non-redundant split-mapped reads supported 
the integration site of left border (LB) region from T-DNA. The sequences of the genome part (marked in purple background) and the LB region (marked 
in blue background) were indicated. B) Graphic summary of recovered TISs by TTLOC from 65 transgenic Arabidopsis lines. Number of totally predicted 
and PCR-validated T-DNA integration sites (TISs) were indicated. C) Summary of insertion patterns for the total predicted 149 TISs. D) Number of 
non-redundant TISs in each line. Number of predicted TISs and PCR-validated ones were indicated. E) A graphical overview showed organization of 3 
major full T-DNA insertion pattern recovered from transgenic Arabidopsis plants and their occurrence.
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“Right&RB&Forward” account for 83.3% of the insertion pattern 
(Fig. 7D), and 1 to 3 non-redundant TISs are successfully recovered 
for each wheat line (Fig. 7E, Supplementary Table S2). Thus, the 
TTLOC approach combined with PCR-Sanger sequencing confir
mation can recover TISs efficiently from complex genomes of 
transgenic plants.

Comparison of the general characters of 
TAIL-PCR, WGS-based T-LOC and TTLOC
Finally, we conducted a comprehensive comparison for tradition
al TAIL-PCR, WGS-based T-LOC and TTLOC (Table 1). In terms of 
experimental procedure, time, and operation, the traditional 
TAIL-PCR requires 7 to 8 h for 3 rounds of specialized PCR and 
product purification for Sanger sequencing. While WGS-based 
T-LOC takes advantage of the NGS for TISs identification, with a 

straightforward procedure including library construction, NGS, 
and data analysis. The whole process takes 4 to 5 h for library con
struction and varied time for data processing depend on the size of 
plant genomes. In comparison, our TTLOC method has only 4 con
cise steps: tagmentation of genomic DNA by Tn5 (15 min), 1 round 
of PCR (1.5 h), product purification and library pooling (30 min), 
which only takes 2.5 h for library construction. Considering the 
molecular characters of T-DNA results, TAIL-PCR and TTLOC ap
proaches resulted as copies, integration sites, flanking sequence 
of T-DNA, while the WGS-based T-LOC approach can predict 
more detailed information including the complete integrated se
quences of T-DNA, detailed sequence changes (repetitions, dele
tions, inversions) of the flanking genomic sequences. The 
predicted TISs from both WGS-based T-LOC and TTLOC can be 
confirmed by PCR and Sanger sequencing.

A

B

C

Figure 5. Analysis of TISs and expression of exogenous DsRed2 gene. A) A graphical overview of insertion events mediated by Agrobacterium 
transformation (n = 95) and the candidate genomic safe harbors (GSHs) in Arabidopsis plants. The x axis represents chromosome size; the y axis 
represents chromosome number; orange triangles represent Agrobacterium-mediated insertions; green circles represent candidate GSHs according to 
the criteria for GSHs prediction (Aznauryan et al. 2022; Sun et al. 2024); and the color in the chromosome indicates density of coding genes. Blue: low 
gene density; Red: high gene density. B) Graphic summary of gene-based annotation of total 95 T-DNA integration sites (TISs) and the summary of TISs 
in each transgenic Arabidopsis line. C) Relative expression of Dsred2 mRNA by RT-qPCR. Assay was performed in triplicates for each sample. Data were 
presented as mean ± standard deviation (mean ± SD).
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The cost of TAIL-PCR is mainly for the primers, DNA polymer
ase enzymes, and Sanger sequencing, which has an estimated 
cost of $5 per sample. WGS-based T-LOC costs $51 per sample 
for rice with 0.386 Gb in genome size to obtain the required > 
30× sequencing depth for effective TISs analysis (Li et al. 2022; 
Sun et al. 2024), and the cost increased depends on the genome 
size of plants. For example, the cost increases by 23.2-fold 
($1,184) for a large crop genome such as 15.5 Gb hexaploid wheat 
genome (IWGSC 2018). In contrast, the cost of TTLOC is $9/sample 
if using home-made Tn5 transposase and $14/sample when using 
commercially available Tn5 (Supplementary Table S4). For each 
pooled TTLOC library, 1 to 2 Gb of raw data were adequate for ef
fective TISs prediction. Thus, the cost of the TTLOC is comparable 
to TAIL-PCR, but it can recover TISs in high-throughput like 
WGS-based T-LOC did. In summary, TTLOC is a concise, high- 
throughput and cost-effective approach for TIS recovery for trans
genic plants.

Discussion
Our data established TTLOC as a concise, powerful, and low-cost 
approach for TISs identification, especially benefiting crop with 
large genomes. According to the working principle (Fig. 1), 
TTLOC is theoretically applicable to any species with known infor
mation of T-DNA backbone and reference genome. We have 
tested the feasibility of TTLOC in genomes of Arabidopsis, rice, to
mato, soybean, maize, potato, and wheat transformed with multi
ple commonly used vector backbones (Fig. 6). Our results showed 
that when we use the same transgenic backbone vector 
pEarleyGate 103 in Arabidopsis, soybean, and tomato, the same 
bridge primer can efficiently recover the TISs for different ge
nomes (Fig. 6, Supplementary Table S2), indicating TTLOC recov
ery of TISs is genome independent. Hexaploid bread wheat has a 
large genome (15.5 Gb), the high sequence similarity between sub
genomes and abundance of repetitive elements (about 85% of the 

Figure 6. Summary of non-redundant T-DNA integration sites (TISs) recovered from multiple plant genomes using TTLOC. Refer to Supplementary 
Table S1 for detailed primer sequences for library construction and PCR confirmation. Refer to Supplementary Table S2 for information of TISs in each 
sample and the PCR validation results.
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genome) hampered TIS recovery. Our TTLOC approach success
fully recovered 16 non-redundant TISs from 11 independent 
transgenic wheat lines, covering 100% of the tested lines (Fig. 6, 
Supplementary Table S2), indicating TTLOC is applicable to large 
and complex plant genomes. TTLOC requires NGS, but it 

constructs a NGS library based on known information of the 
T-DNA backbone that is genome size-independent. According to 
the known sequences of LB and RB regions in the T-DNA back
bones used in plant transformation (Hajdukiewicz et al. 1994; 
Earley et al. 2006; Xing et al. 2014), shared bridge primers can be 

A

B

D

E

C

Figure 7. TTLOC efficiently recovered T-DNA integration sites (TISs) in transgenic wheat plants. A–C) Representative recovered TISs from transgenic 
wheat showed multiple insertion pattern. Non-redundant paired reads supporting the insertion patterns were indicated. R1: Read 1 started with 
genome sequences; R2: Read 2 started with T-DNA left border (LB) or right border (RB) sequences. The red triangle indicated the position and direction of 
partial LB or RB repeat sequences after T-DNA integration. The black arrow indicated the position and direction of bridge adaptor primer (P) in TTLOC 
library construction. A) TIS (chr4B: 408235032) recovered from Ta_28 line with insertion pattern of “Left&LB&Forward” and “Right&RB&Forward”. B) TIS 
(chr6B: 494346052) recovered from Ta_10 with insertion pattern of “Left&RB&Reverse” and “Right&RB&Forward”. C) TIS (chr6A:561496741) recovered 
from Ta_13 with insertion pattern of “Left&RB&Reverse” and “Right&RB&Forward”. D and E) Graphic summary of insertion patterns for the total 
recovered TISs D) and the number of non-redundant TISs in each line E).
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applied in TTLOC. However, bridge primer specific to LB or RB re
gion may have non-specific amplifications in different genome, 
further assays are required to test more vector backbone in differ
ent species to obtain more optimized bridge primers for TTLOC. 
Moreover, an ideal TIS prediction consists of both left and right 
flanking information; however, in some cases, the truncated LB 
or RB regions which lacking the PCR bridge primer sequences 
lead to the missing of TTLOC prediction, and resulted as only 
the left or right half of the TIS information (Supplementary 
Table S2). Manual prediction and PCR confirmation based on the 
known half TIS is an alternative method; otherwise, re-design 
the bridge primer for another TTLOC PCR is recommended.

Since the development of plant transformation 
using Ti plasmid-derived vector (Herrera-Estrella et al. 1983; 
Herrera-Estrella et al. 1984), Agrobacterium-mediated stable 
transformation has been widely applied to create transgenic or ge
nome editing plants for crop breeding. As a result, T-DNA inser
tion can cause genomic changes and affect the expression of 
neighbor coding or non-coding genes at TISs, which may affect 
the yield and nutrition of crops. Besides, the TISs with different 
chromatin epigenetic status usually affects the expression of 
T-DNA transferred exogenous genes. Also, multi-copies of TISs 
usually lead to post-transcriptional gene silencing (Tang et al. 
2007). Considering these issues caused by random insertion of 
T-DNA, TISs recovery is of great importance for safety assessment 
of transgenic plants. Using a modified high-efficiency thermal 
asymmetric interlaced PCR (mhi-TAIL-PCR), the flanking sequen
ces of TISs of transgenic rice lines from the genetic engineering 
“Purple Endosperm Rice” (Zhu et al. 2017) and “Astaxanthin 
Rice” (Zhu et al. 2018) were efficiently recovered. Using 
WGS-based T-LOC, 75 full TISs was evaluated from 48 transgenic 
rice that provide real and unbiased resources of T-DNA integra
tion patterns (Li et al. 2022). In this study, TTLOC recovered 122 
non-redundant TISs from multiple plant genomes including 
Arabidopsis, rice, soybean, tomato, potato, and wheat. All these 
3 approaches can recover TISs efficiently with different characters 
as described in Table 1, we would suggest chose the appropriate 
method according to the purpose of the assay. When large-scale 
number of transgenic samples need to be verified, it is better to 
use TTLOC for high-throughput screening and then WGS-based 
T-LOC for further genome-wide confirmation for selected lines.

Genome engineering for plant synthetic biology and plant 
breeding have raised an urgent demand for the precise and effi
cient manipulation of large segments of DNA (Klompe et al. 
2019; Sun et al. 2024; Zhang et al. 2025). As one of the 7 science 
technologies to watch in 2024 according to Nature, precise 

integration of large DNA sequences in genomes offers hope for en
dowing food crops with disease resistance and improved nutrition 
(Eisenstein 2024). Genomic safe harbors (GSHs) sites are charac
terized as those positions within the genome that can accommo
date the integration of new genetic materials in such a way that 
guarantees the newly inserted genetic elements that can function 
in a predictable manner without alterations of the host genome 
that pose risks to the host cell or organism (Papapetrou and 
Schambach 2016). Plant GSHs site-specific integration of exoge
nous DNA allows the efficient and stable expression of genes 
that are of great significance for the creation of transgenic-free 
plants for crop genetic improvement. In theory, GSH sites should 
be located 5 kb away from protein-coding genes to avoid disrupt
ing functional regions associated with gene expression (Sun et al. 
2024). However, our data on the distribution of TISs in the 
Arabidopsis genome revealed that ∼90% of TISs were inserted 
within 2 kb near protein-coding genes (Fig. 5B). These TISs did 
not overlap with the predicted GSHs in Arabidopsis, which is con
sistent with the results in rice (Sun et al. 2024). Such contradic
tions pose more challenges for the selection of GSHs for 
site-specific integration of large segment of DNA, requiring new 
solutions for GSHs selection for crops. We found the insertion sites 
and copies of T-DNA lead to varied expression levels of the gene 
(Fig. 5, B and C), and multiple transgenic lines with relative higher 
expression of gene had TISs inserted into Arabidopsis genome 
sites near protein-coding genes (<2 kb). Thus, TTLOC approach 
might provide an alternative way for GSH selection: 
T-DNA-mediated transformation generate abundant random in
sertion sites as GSHs candidates, then the application of TTLOC 
recovered TISs in high-throughput, the following analysis of loca
tion characteristics, gene expression and plant phenotype can 
provide direct experimental evidence for GSH sites selection. 
Therefore, TTLOC is a promising strategy, which benefits basic 
plant science research, crop breeding for sustainable increase of 
yield and quality, and also benefit for selection of GSHs for trait 
stacking based plant synthetic biology.

Materials and methods
Assembly of Tn5 transposase
Assembly of Tn5 transposase was performed as described (Tao 
et al. 2023a, 2023b) except that the adaptor mix assembled with 
Tn5 transposase was different. Sequences of primers for generat
ing adaptors are provided (Supplementary Table S1). ME-A, ME, 
and ME-rev was diluted in annealing buffer (10 mM Tris pH 8.0, 

Table 1. Comparison of the 3 different approaches for TIS analysis

Method TAIL-PCR WGS-based T-LOC TTLOC

Primer design 3 special primers; 1 arbitrary 
degenerate primer

PCR confirmation primers 2 bridge primers; PCR confirmation 
primers

Procedure 3 rounds of specialized PCR, 
purification, Sanger sequencing, 
sequence analysis

DNA fragment, end repair, adaptor ligation, 
PCR, purification, pooling and NGS; data 
analysis

Tn5 Tagmentation, PCR, purification, 
pooling and NGS, data analysis

Time of assay 7 to 8 h to PCR products 4 to 5 h to NGS library 2.5 h to NGS library
Sequencing depth N/A 30× depth 1 to 2 G
Data processing Blastn T-LOC pipeline TTLOC pipeline
Throughput Low High High
Molecular 

characters of 
T-DNA

copies, integration sites, flanking 
sequence

copies, integration sites, detailed sequence 
changes of flanking regions, full sequence of 
T-DNA

copies, integration sites, flanking 
sequence

Cost per sample low ($5) High ($51 to 1,184) depending on genome size Low ($9 or 14), genome size 
independent
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50 mM NaCl, 1 mM EDTA) to make a concentration of 100 μM. In 2 
PCR tubes, set up the following reactions by mixing 10 μL ME with 
10 μL ME-rev (tube 1 for adaptor ME/ME-rev), and 10 μL ME-A with 
10 μL ME-rev (tube 1 for adaptor ME-A/ME-rev); The adaptors were 
generated using the program in the PCR machine (heat lid, 75 °C 
for 15 min, 60 °C for 10 min, 50 °C for 10 min, 40 °C for 10 min, 
25 °C for 30 min). The adaptor ME/ME-rev and adaptor ME-A/ 
ME-rev were mixed at 1:1 ratio, designated as “adaptor mix” 
(50 μM). Five microliters of commercially available Tn5 (10 pmol/ 
μL, Novoprotein, Catalog no. M045) was complexed with 1.2 μL 
adaptor mix buffer at 37 °C for 60 min to assemble the Tn5 trans
posase (final concentration ∼8 pmol/μL).

DNA isolation
Plant genomic DNA was isolated as previously described (Tao 
et al. 2020), briefly, 50 to 100 mg of the ground plant leaves were 
placed in a 1.5-mL centrifuge tube and 500 μL of DNA extraction 
buffer added as previously reported (Paterson et al. 1993). The 
tube was placed in a 65 °C water bath for 30 min for lysis. Then, 
600 μL phenol:chloroform:isoamyl alcohol was added to each 
tube before shaking, and the tube was centrifuged for 10 min at 
13,000 × g at 4 °C to collect the supernatant (∼500 μL). Five hun
dred microliters of chloroform was added to each tube, and the ex
traction repeated to collect the supernatant (∼500 μL). One 
milliliter of 100% ethanol and 50 μL NaAc (3 M, pH5.2) was added 
to the supernatant and was put on ice for 10 min, DNA was col
lected by centrifugation for 10 min at 13,000 × g at 4 °C. The DNA 
was washed using 75% ethanol, air dried, and dissolved in 50 to 
100 μL ddH2O, adjusted to 200 to 400 ng/μL in concentration for 
TTLOC analysis. Genomic DNA of wild-type plants was isolated 
for control sample in the TTLOC library construction.

Criteria for TTLOC bridge primer design
Three primers were used for TTLOC library construction, includ
ing P5 primer (N50X), P7 primer (N70X), and a bridge primer. 
Sequences of 8 P5 primers and 12 P7 primers for generating adap
tors are provided (Supplementary Table S1). The bridge primer 
consists of P7 bridge sequence at 5′ end, ME sequence at middle, 
and LB/RB region specific sequence at 3′ end (Supplementary 
Table S1). Each LB and RB bridge primer was designed according 
to the sequence of LB and RB region in T-DNA backbone 
(Supplementary Table S5), generally 150 to 200 bp away from 
T-DNA LB repeat and RB repeat (Fig. 3A, Supplementary Table S1).

TTLOC library construction
A step-by-step protocol is available in the Supplementary 
Methods. TTLOC protocol was mainly the tagmentation, PCR am
plification, purification, and pooling. For Tn5 tagmentation reac
tion, set up the following tagment reaction (20 μL): 4 μL 5× Tn5 
buffer (50 μL Tris +20 μL MgCl2 + 925 μLH2O), 11.1 μL H2O, 3.2 μL 
50% PEG8000, 0.5 μLTn5 (4 pmoL), 0.2 μL ATP, for each sample, 
1 μL (200 ng) genomic DNA of transgenic plants was added. In par
allel, genomic DNA of wild-type plants was set up as a control 
sample. The tagmentation reaction was performed at 55 °C for 
15 min in the PCR machine, after that, 1 μL1% SDS was added 
and keep the tube at 72 °C for 10 min to stop the reaction. For 
TTLOC library, set up the following PCR (25 μL): 5 μL tagmentation 
products from above reaction, 2 μL N50X (10 μM), 2 μL N70X 
(10 μM), 2 μL LB/RB bridge primer (1 μM), 12.5 μL of 2× PCR mix 
with high-fidelity DNA polymerase enzyme (TransGen Biotech, 
Catalog no. AS231), add H2O to a final volume of 25 μL. For each 
6 samples, use the same P5 barcoding primer (N50X, e.g. N501 

for all 6 samples) and different P7 barcoding primers (N70X, e.g. 
N701 to N706 for each sample, respectively) for library pooling. 
We provided 8 N50X and 12 N70X primers with different index se
quences for more samples, refer to Supplementary Table S1 for 
the detailed sequences. The reaction was performed using the 
program in the PCR machine (heat lid, 72 °C for 10 min; 95 °C for 
3 min; 95 °C for 30 s, 55 °C for 30 s, 72 °C for 30 s, repeat for 28 to 
30 cycles; 72 °C for 5 min; 16 °C for 5 min). After reaction, PCR 
products are purified using 25 μL (1/2 volume) SPRI-based DNA 
clean beads. Pooled PCR products together as a multiplex library 
for each 6 samples described above and subjected to NGS to obtain 
2 G raw data for large wheat genome and 1 G raw data for other 
plant genomes.

Data processing
In principle, NGS data of TTLOC libraries are compatible with pre
vious reported software/pipeline such as TDNAscan (Sun et al. 
2019) and T-LOC (Li et al. 2022). A TTLOC pipeline was provided in 
this study (https://github.com/ShouliFeng2020/TTLOC). Briefly, 
fastp was used to convert raw data to clean data with default param
eters (Chen et al. 2018). Genome sequences of Arabidopsis, rice, 
soybean, corn, tomato, and potato are from Phytozome 
(A. thaliana TAIR10, O. sativa v7.0, G. max Wm82.a4.v1, Zea mays 
Zm-B73-REFERENCE-NAM-5.0.55, S. lycopersicum ITAG5.0, S. tubero
sum v6.1), the wheat genome sequence download from https:// 
shigen.nig.ac.jp/wheat/komugi/genome/download.jsp (Ouyang 
et al. 2007; Lamesch et al. 2012; Pham et al. 2020; Hufford et al. 
2021; Sato et al. 2021; Zhou et al. 2022). The fasta files of plant ge
nome sequence and the full T-DNA sequence (the region between 
LB and RB repeats with a sequence title of “tDNA”) were merged 
into a new reference genome fasta file. The clean data were aligned 
to the reference genome using the bwa-mem (https://anaconda.org/ 
bioconda/bwa) with default parameters (Li 2013). The split reads and 
discordant reads were extracted using the samblaster (https:// 
anaconda.org/bioconda/samblaster) with the following parame
ters”–addMateTags –maxSplitCount 2 -s split.sam -o samblaster.
sam –minNonOverlap 20 -d discord.sam” (Faust and Hall 2014). 
Afterward, an in-house Perl script was employed to parse and ex
tract information of valid reads from the resulting split.sam and dis
cord.sam files (https://github.com/ShouliFeng2020/TTLOC) to 
generate output files.

PCR confirmation of TTLOC results
Regular PCR primers were designed using Primer Premier software 
as Fig. 3B described, one primer is specific to plant genomic DNA 
sequences upstream or downstream of the T-DNA integration 
sites, another primer is specific to LB or RB region of T-DNA. The 
PCR products (generally 350 to 700 bp in size) were confirmed by 
Sanger sequencing, and the T-DNA integration sites were further 
confirmed by BLAST analysis using Sanger sequencing results as 
query and plant genome as reference.

RT-qPCR
RT-qPCR was performed as described (Tao et al. 2023a, 2023b). The 
Arabidopsis housekeeping gene ACTIN 2 (AT3G18780) was used as 
reference gene for data normalization in the data analysis (Lilay 
et al. 2021). RT-qPCR was performed in triplicates for each sample.

Bioinformatic prediction of genomic safe harbors 
(GSHs) in Arabidopsis
GSHs in Arabidopsis genome were predicted according to the cri
teria as described (Aznauryan et al. 2022). Annotations of 
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Arabidopsis genome and coding genes are from Phytozome 
(A. thaliana TAIR10; Lamesch et al. 2012). Annotation of tRNA re
gions were annotated by tRNAscan-SE with default parameters 
and miRNA regions were annotated using cmscan align the 
Rfam database (Chan and Lowe 2019; Kalvari et al. 2021). 
LncRNAs were annotated according to described pipeline 
(Feng et al. 2023) using data from Bioproject PRJEB32665 and 
PRJNA494179. The centromeric regions were annotated by 
quarTeT CentroMiner (Lin et al. 2023). Lastly, GSHs were predicted 
using the criteria including 10 kb away from centromeres, 20 kb 
away from lncRNAs, 10 kb away from gene-encoding regions, 
30 kb away from miRNAs, 20 kb away from tRNAs.

Accession numbers
The TTLOC NGS data generated from this article can be found in 
the NCBI (National Center for Biotechnology Information) 
Sequence Read Archive (SRA) database under accession number 
PRJNA1121050.

Acknowledgments
We thank Dr. Ye-Tong Qi, Dr. Jian Wang, and Dr. Sheng-min An for 
providing the transgenic plants of rice, soybean, tomato, potato, 
and wheat. We thank Li-Zhi Xu, Rui Lin, and Tong Li for the 
DNA extraction and PCR confirmation of TISs.

Author contributions
S.-C.X. and X.-Y.T. conceived the project and designed the experi
ments. X.-Y.T. performed most of the research and drafted the 
manuscript. S.-L.F. did the bioinformatic analysis of TTLOC 
data. X.-J.L. generated home-made Tn5 transposase. Y.-J.L. and 
W.W. generated transgenic rice and wheat plants. X.-Y.T., 
Z.-H.C., M.G., and S.-C.X. wrote the manuscript with contribution 
from all authors. All authors read and approved of its content.

Supplementary data
The following materials are available in the online version of this 
article.

Supplementary Figure S1. Characteristics of the TTLOC 
library.

Supplementary Figure S2. Workflow/strategies for TTLOC data 
processing and PCR confirmation of predicted TISs.

Supplementary Figure S3. PCR confirmation of TIS in the 
transgenic wheat line Ta_13 with reads that have multiple 
alignments.

Supplementary Table S1. Oligos used in this study.
Supplementary Table S2. Summary of T-DNA integration sites 

in this study.
Supplementary Table S3. Predicted GSH regions in 

Arabidopsis.
Supplementary Table S4. A cost estimation for Tn5-mediated 

T-LOC, TAIL-PCR and WGS-based T-LOC.
Supplementary Table S5. Sequences of the LB and RB regions 

in the T-DNA backbones used in this study.
Supplementary Methods. A step-by-step TTLOC protocol.

Funding
This work was financially supported in part by grants from the Key 
Research and Development Program of Zhejiang (2024SSYS0099), 
the Central Government guided Local Science and Technology 

Development Funds (2023ZY1016), and the Project of Xianghu 
Laboratory (2023C1S02001). Z.-H.C is funded by Australian 
Research Council (FT210100366).

Conflict of interest statement. None declared.

Data availability
In-house Perl script was developed for prediction of TISs from NGS 
data, available at https://github.com/ShouliFeng2020/TTLOC

References
Azizi-Dargahlou S, Pouresmaeil M. Agrobacterium tumefaciens- 

mediated plant transformation: a review. Mol Biotechnol. 

2024:66(7):1563–1580. https://doi.org/10.1007/s12033-023-00788-x
Aznauryan E, Yermanos A, Kinzina E, Devaux A, Kapetanovic E, 

Milanova D, Church GM, Reddy ST. Discovery and validation of 
human genomic safe harbor sites for gene and cell therapies. 
Cell Rep Methods. 2022:2(1):100154. https://doi.org/10.1016/j. 
crmeth.2021.100154

Chan PP, Lowe TM. tRNAscan-SE: searching for tRNA genes in ge
nomic sequences. Methods Mol Biol. 2019:1962:1–14. https://doi. 
org/10.1007/978-1-4939-9173-0_1

Chen F, Dong G, Wang F, Shi Y, Zhu J, Zhang Y, Ruan B, Wu Y, Feng X, 
Zhao C, et al. A β-ketoacyl carrier protein reductase confers heat 

tolerance via the regulation of fatty acid biosynthesis and stress 
signaling in rice. New Phytol. 2021:232(2):655–672. https://doi. 
org/10.1111/nph.17619

Chen PJ, Liu DR. Prime editing for precise and highly versatile ge
nome manipulation. Nat Rev Genet. 2023:24(3):161–177. https:// 
doi.org/10.1038/s41576-022-00541-1

Chen S, Zhou Y, Chen Y, Gu J. fastp: an ultra-fast all-in-one FASTQ 
preprocessor. Bioinformatics. 2018:34(17):i884–i890. https://doi. 
org/10.1093/bioinformatics/bty560

Chen Z, Debernardi JM, Dubcovsky J, Gallavotti A. Recent advances in 

crop transformation technologies. Nat Plants. 2022:8(12): 
1343–1351. https://doi.org/10.1038/s41477-022-01295-8

de Groot MJ, Bundock P, Hooykaas PJ, Beijersbergen AG. 
Agrobacterium tumefaciens-mediated transformation of filamen
tous fungi. Nat Biotechnol. 1998:16(9):839–842. https://doi.org/10. 
1038/nbt0998-839

Earley KW, Haag JR, Pontes O, Opper K, Juehne T, Song K, Pikaard CS. 
Gateway-compatible vectors for plant functional genomics and 
proteomics. Plant J. 2006:45(4):616–629. https://doi.org/10.1111/j. 
1365-313X.2005.02617.x

Egelie KJ, Graff GD, Strand SP, Johansen B. The emerging patent land

scape of CRISPR-Cas gene editing technology. Nat Biotechnol. 
2016:34(10):1025–1031. https://doi.org/10.1038/nbt.3692

Eisenstein M. Seven technologies to watch in 2024. Nature. 
2024:625(7996):844–848. https://doi.org/10.1038/d41586-024- 
00173-x

Faust GG, Hall IM. SAMBLASTER: fast duplicate marking 
and structural variant read extraction. Bioinformatics. 
2014:30(17):2503–2505. https://doi.org/10.1093/bioinformatics/ 
btu314

Feng S, Long X, Gao M, Zhao Y, Guan X. Global identification of nat
ural antisense transcripts in Gossypium hirsutum and Gossypium 

barbadense under chilling stress. iScience. 2023:26(8):107362. 
https://doi.org/10.1016/j.isci.2023.107362

Gelvin SB. Integration of agrobacterium T-DNA into the plant ge
nome. Annu Rev Genet. 2017:51(1):195–217. https://doi.org/10. 
1146/annurev-genet-120215-035320

12 | Plant Physiology, 2025, Vol. 197, No. 4

http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf102#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf102#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf102#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf102#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf102#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf102#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf102#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf102#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiaf102#supplementary-data
https://github.com/ShouliFeng2020/TTLOC
https://doi.org/10.1007/s12033-023-00788-x
https://doi.org/10.1016/j.crmeth.2021.100154
https://doi.org/10.1016/j.crmeth.2021.100154
https://doi.org/10.1007/978-1-4939-9173-0_1
https://doi.org/10.1007/978-1-4939-9173-0_1
https://doi.org/10.1111/nph.17619
https://doi.org/10.1111/nph.17619
https://doi.org/10.1038/s41576-022-00541-1
https://doi.org/10.1038/s41576-022-00541-1
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1038/s41477-022-01295-8
https://doi.org/10.1038/nbt0998-839
https://doi.org/10.1038/nbt0998-839
https://doi.org/10.1111/j.1365-313X.2005.02617.x
https://doi.org/10.1111/j.1365-313X.2005.02617.x
https://doi.org/10.1038/nbt.3692
https://doi.org/10.1038/d41586-024-00173-x
https://doi.org/10.1038/d41586-024-00173-x
https://doi.org/10.1093/bioinformatics/btu314
https://doi.org/10.1093/bioinformatics/btu314
https://doi.org/10.1016/j.isci.2023.107362
https://doi.org/10.1146/annurev-genet-120215-035320
https://doi.org/10.1146/annurev-genet-120215-035320


Hajdukiewicz P, Svab Z, Maliga P. The small, versatilepPZP family of 

agrobacterium binary vectors for plant transformation. Plant Mol 

Biol. 1994:25(6):989–994. https://doi.org/10.1007/BF00014672
Herrera-Estrella L, Depicker A, Van Montagu M, Schell J. Expression of 

chimaeric genes transferred into plant cells using a Ti-plasmid- 

derived vector. Nature. 1983:303:209–213. https://doi.org/10.1038/ 

303209a0
Herrera-Estrella L, Van den Broeck G, Maenhaut R, Van Montagu M, 

Schell J, Timko M, Cashmore A. Light-inducible and 

chloroplast-associated expression of a chimaeric gene intro

duced into Nicotiana tabacum using a Ti plasmid vector. Nature. 

1984:310(5973):115–120. https://doi.org/10.1038/310115a0
Hufford MB, Seetharam AS, Woodhouse MR, Chougule KM, Ou S, Liu 

J, Ricci WA, Guo T, Olson A, Qiu Y, et al. De novo assembly, anno

tation, and comparative analysis of 26 diverse maize genomes. 

Science. 2021:373(6555):655–662. https://doi.org/10.1126/science. 

abg5289
Kalvari I, Nawrocki EP, Ontiveros-Palacios N, Argasinska J, 

Lamkiewicz K, Marz M, Griffiths-Jones S, Toffano-Nioche C, 

Gautheret D, Weinberg Z, et al. Rfam 14: expanded coverage of 

metagenomic, viral and microRNA families. Nucleic Acids Res. 

2021:49(D1):D192–D200. https://doi.org/10.1093/nar/gkaa1047
Kay S, Van den Eede G. The limits of GMO detection. Nat Biotechnol. 

2001:19(5):405. https://doi.org/10.1038/88049
Kim S-R, Jeon J-S, An G. Development of an efficient inverse PCR 

method for isolating gene tags from T-DNA insertional mutants 

in rice. Methods Mol Biol. 2011:678:139–146. https://doi.org/10. 

1007/978-1-60761-682-5_11
Klompe SE, Vo PLH, Halpin-Healy TS, Sternberg SH. 

Transposon-encoded CRISPR-Cas systems direct RNA-guided 

DNA integration. Nature. 2019:571(7764):219–225. https://doi. 

org/10.1038/s41586-019-1323-z
Lamesch P, Berardini TZ, Li D, Swarbreck D, Wilks C, Sasidharan R, 

Muller R, Dreher K, Alexander DL, Garcia-Hernandez M, et al. 

The Arabidopsis Information Resource (TAIR): improved gene an

notation and new tools. Nucleic Acids Res. 2012:40(D1): 

D1202–D1210. https://doi.org/10.1093/nar/gkr1090
Lang A, Lauber E, Darvas B. Early-tier tests insufficient for GMO risk 

assessment. Nat Biotechnol. 2007:25(1):35–36; author reply 36-37. 

https://doi.org/10.1038/nbt0107-35
Li H. 2013. Aligning sequence reads, clone sequences and assembly 

contigs with BWA-MEM, arXiv, arXiv:1303.3997v2, preprint: not 

peer reviewed.
Li S, Wang C, You C, Zhou X, Zhou H. T-LOC: a comprehensive tool to 

localize and characterize T-DNA integration sites. Plant Physiol. 

2022:190(3):1628–1639. https://doi.org/10.1093/plphys/kiac225
Lilay GH, Persson DP, Castro PH, Liao F, Alexander RD, Aarts MGM, 

Assunção AGL. Arabidopsis bZIP19 and bZIP23 act as zinc sensors 

to control plant zinc status. Nat Plants. 2021:7(2):137–143. https:// 

doi.org/10.1038/s41477-021-00856-7
Lin Y, Ye C, Li X, Chen Q, Wu Y, Zhang F, Pan R, Zhang S, Chen S, 

Wang X, et al. Quartet: a telomere-to-telomere toolkit for gap-free 

genome assembly and centromeric repeat identification. Hortic 

Res. 2023:10(8):uhad127. https://doi.org/10.1093/hr/uhad127
Liu T, Zhang X, Li K, Yao Q, Zhong D, Deng Q, Lu Y. Large-scale ge

nome editing in plants: approaches, applications, and future per

spectives. Curr Opin Biotechnol. 2023:79:102875. https://doi.org/10. 

1016/j.copbio.2022.102875
Liu Y-G, Chen Y. High-efficiency thermal asymmetric interlaced PCR 

for amplification of unknown flanking sequences. Biotechniques. 

2007:43(5):649–650; 652, 654 passim. https://doi.org/10.2144/ 

000112601

Liu Y-G, Whittier RF. Thermal asymmetric interlaced PCR: automat
able amplification and sequencing of insert end fragments from 
P1 and YAC clones for chromosome walking. Genomics. 
1995:25(3):674–681. https://doi.org/10.1016/0888-7543(95)80010-J

Mäenpää P, Gonzalez EB, Ahlandsberg S, Jansson C. Transformation 
of nuclear and plastomic plant genomes by biolistic particle bom

bardment. Mol Biotechnol. 1999:13(1):67–72. https://doi.org/10. 
1385/MB:13:1:67

Mao Y-B, Cai W-J, Wang J-W, Hong G-J, Tao X-Y, Wang L-J, Huang Y-P, 
Chen X-Y. Silencing a cotton bollworm P450 monooxygenase 
gene by plant-mediated RNAi impairs larval tolerance of gossy
pol. Nat Biotechnol. 2007:25(11):1307–1313. https://doi.org/10. 

1038/nbt1352
Nishizawa-Yokoi A, Saika H, Hara N, Lee L-Y, Toki S, Gelvin SB. 

Agrobacterium T-DNA integration in somatic cells does not re
quire the activity of DNA polymerase θ. New Phytol. 2021:229(5): 
2859–2872. https://doi.org/10.1111/nph.17032

Nishizawa K, Kita Y, Kitayama M, Ishimoto M. A red fluorescent pro
tein, DsRed2, as a visual reporter for transient expression and sta
ble transformation in soybean. Plant Cell Rep. 2006:25(12): 

1355–1361. https://doi.org/10.1007/s00299-006-0210-x
O’Malley RC, Alonso JM, Kim CJ, Leisse TJ, Ecker JR. An adapter 

ligation-mediated PCR method for high-throughput mapping of 
T-DNA inserts in the Arabidopsis genome. Nat Protoc. 2007:2(11): 
2910–2917. https://doi.org/10.1038/nprot.2007.425

Ouyang S, Zhu W, Hamilton J, Lin H, Campbell M, Childs K, 
Thibaud-Nissen F, Malek RL, Lee Y, Zheng L, et al. The TIGR rice 

genome annotation resource: improvements and new features. 
Nucleic Acids Res. 2007:35(Database):D883–D887. https://doi.org/ 
10.1093/nar/gkl976

Papapetrou EP, Schambach A. Gene insertion into genomic safe har
bors for human gene therapy. Mol Ther. 2016:24(4):678–684. 
https://doi.org/10.1038/mt.2016.38

Paterson AH, Brubaker CL, Wendel JF. A rapid method for extraction 

of cotton (Gossypium spp.) genomic DNA suitable for RFLP or PCR 
analysis. Plant Mol Biol Report. 1993:11(2):122–127. https://doi.org/ 
10.1007/BF02670470

Pham GM, Hamilton JP, Wood JC, Burke JT, Zhao H, Vaillancourt B, 
Ou S, Jiang J, Buell CR. Construction of a chromosome-scale long- 
read reference genome assembly for potato. Gigascience. 

2020:9(9):giaa100. https://doi.org/10.1093/gigascience/giaa100
Picelli S, Bjorklund AK, Reinius B, Sagasser S, Winberg G, Sandberg R. 

Tn5 transposase and tagmentation procedures for massively 
scaled sequencing projects. Genome Res. 2014:24(12):2033–2040. 
https://doi.org/10.1101/gr.177881.114

Reynoso MA, Pauluzzi GC, Kajala K, Cabanlit S, Velasco J, Bazin J, 
Deal R, Sinha NR, Brady SM, Bailey-Serres J. Nuclear transcrip

tomes at high resolution using retooled INTACT. Plant Physiol. 
2018:176(1):270–281. https://doi.org/10.1104/pp.17.00688

Sato K, Abe F, Mascher M, Haberer G, Gundlach H, Spannagl M, 
Shirasawa K, Isobe S. Chromosome-scale genome assembly of 
the transformation-amenable common wheat cultivar ‘fielder’. 
DNA Res. 2021:28(3):dsab008. https://doi.org/10.1093/dnares/ 

dsab008
Schauer N, Semel Y, Roessner U, Gur A, Balbo I, Carrari F, Pleban T, 

Perez-Melis A, Bruedigam C, Kopka J, et al. Comprehensive meta
bolic profiling and phenotyping of interspecific introgression 
lines for tomato improvement. Nat Biotechnol. 2006:24(4): 
447–454. https://doi.org/10.1038/nbt1192

Sigoillot FD, Lyman S, Huckins JF, Adamson B, Chung E, Quattrochi B, 

King RW. A bioinformatics method identifies prominent off- 
targeted transcripts in RNAi screens. Nat Methods. 2012:9(4): 
363–366. https://doi.org/10.1038/nmeth.1898

Tn5-based T-DNA localization | 13

https://doi.org/10.1007/BF00014672
https://doi.org/10.1038/303209a0
https://doi.org/10.1038/303209a0
https://doi.org/10.1038/310115a0
https://doi.org/10.1126/science.abg5289
https://doi.org/10.1126/science.abg5289
https://doi.org/10.1093/nar/gkaa1047
https://doi.org/10.1038/88049
https://doi.org/10.1007/978-1-60761-682-5_11
https://doi.org/10.1007/978-1-60761-682-5_11
https://doi.org/10.1038/s41586-019-1323-z
https://doi.org/10.1038/s41586-019-1323-z
https://doi.org/10.1093/nar/gkr1090
https://doi.org/10.1038/nbt0107-35
https://doi.org/10.1093/plphys/kiac225
https://doi.org/10.1038/s41477-021-00856-7
https://doi.org/10.1038/s41477-021-00856-7
https://doi.org/10.1093/hr/uhad127
https://doi.org/10.1016/j.copbio.2022.102875
https://doi.org/10.1016/j.copbio.2022.102875
https://doi.org/10.2144/000112601
https://doi.org/10.2144/000112601
https://doi.org/10.1016/0888-7543(95)80010-J
https://doi.org/10.1385/MB:13:1:67
https://doi.org/10.1385/MB:13:1:67
https://doi.org/10.1038/nbt1352
https://doi.org/10.1038/nbt1352
https://doi.org/10.1111/nph.17032
https://doi.org/10.1007/s00299-006-0210-x
https://doi.org/10.1038/nprot.2007.425
https://doi.org/10.1093/nar/gkl976
https://doi.org/10.1093/nar/gkl976
https://doi.org/10.1038/mt.2016.38
https://doi.org/10.1007/BF02670470
https://doi.org/10.1007/BF02670470
https://doi.org/10.1093/gigascience/giaa100
https://doi.org/10.1101/gr.177881.114
https://doi.org/10.1104/pp.17.00688
https://doi.org/10.1093/dnares/dsab008
https://doi.org/10.1093/dnares/dsab008
https://doi.org/10.1038/nbt1192
https://doi.org/10.1038/nmeth.1898


Sun C, Lei Y, Li B, Gao Q, Li Y, Cao W, Yang C, Li H, Wang Z, Li Y, et al. 

Precise integration of large DNA sequences in plant genomes us

ing PrimeRoot editors. Nat Biotechnol. 2024:42(2):316–327. https:// 

doi.org/10.1038/s41587-023-01769-w
Sun L, Ge Y, Sparks JA, Robinson ZT, Cheng X, Wen J, Blancaflor EB. 

TDNAscan: a software to identify complete and truncated 

T-DNA insertions. Front Genet. 2019:10:685. https://doi.org/10. 

3389/fgene.2019.00685
The International Wheat Genome Sequencing Consortium (IWGSC). 

Shifting the limits in wheat research and breeding using a fully 

annotated reference genome. Science. 2018:361(6403):eaar7191. 

https://doi.org/10.1126/science.aar7191
Tan J, Gong Q, Yu S, Hou Y, Zeng D, Zhu Q, Liu Y-G. A modified high- 

efficiency thermal asymmetric interlaced PCR method for ampli

fying long unknown flanking sequences. J Genet Genomics. 

2019:46(7):363–366. https://doi.org/10.1016/j.jgg.2019.05.002
Tang W, Newton RJ, Weidner DA. Genetic transformation and gene 

silencing mediated by multiple copies of a transgene in eastern 

white pine. J Exp Bot. 2007:58(3):545–554. https://doi.org/10.1093/ 

jxb/erl228
Tao X, Feng S, Li S, Chen G, Wang J, Xu L, Fu X, Yu J, Xu S. A novel strand- 

specific RNA-sequencing protocol using dU-adaptor-assembled 

Tn5. J Exp Bot. 2023a:74(6):1806–1820. https://doi.org/10.1093/jxb/ 

erac515
Tao X, Feng S, Zhao T, Guan X. Efficient chromatin profiling of 

H3K4me3 modification in cotton using CUT&Tag. Plant Methods. 

2020:16:120. https://doi.org/10.1186/s13007-020-00664-8
Tao X-Y, Guan X-Y, Hong G-J, He Y-Q, Li S-J, Feng S-L, Wang J, Chen G, 

Xu F, Wang J-W, et al. Biotinylated Tn5 transposase-mediated 

CUT&Tag efficiently profiles transcription factor-DNA interac

tions in plants. Plant Biotechnol J. 2023b:21:1191–1205. https://doi. 

org/10.1111/pbi.14029
The Arabidopsis Genome Initiative. Analysis of the genome se

quence of the flowering plant Arabidopsis thaliana. Nature. 

2000:408(6814):796–815. https://doi.org/10.1038/35048692

The Potato Genome Sequencing Consortium. Genome sequence and 
analysis of the tuber crop potato. Nature. 2011:475(7355):189–195. 
https://doi.org/10.1038/nature10158

van Kregten M, de Pater S, Romeijn R, van Schendel R, Hooykaas PJJ, 
Tijsterman M. T-DNA integration in plants results from 
polymerase-θ-mediated DNA repair. Nat Plants. 2016:2(11): 
16164. https://doi.org/10.1038/nplants.2016.164

Walkowiak S, Gao L, Monat C, Haberer G, Kassa MT, Brinton J, 
Ramirez-Gonzalez RH, Kolodziej MC, Delorean E, Thambugala 
D, et al. Multiple wheat genomes reveal global variation in mod
ern breeding. Nature. 2020:588(7837):277–283. https://doi.org/10. 
1038/s41586-020-2961-x

Weimer M. Risk regulation and deliberation in EU administrative 
governance—GMO regulation and its reform. Eur Law J. 
2015:21(5):622–640. https://doi.org/10.1111/eulj.12140

Xing H-L, Dong L, Wang Z-P, Zhang H-Y, Han C-Y, Liu B, Wang X-C, 
Chen Q-J. A CRISPR/Cas9 toolkit for multiplex genome editing 
in plants. BMC Plant Biol. 2014:14(1):327. https://doi.org/10.1186/ 
s12870-014-0327-y

Zhang X, Van Treeck B, Horton CA, McIntyre JJR, Palm SM, Shumate 
JL, Collins K. Harnessing eukaryotic retroelement proteins for 
transgene insertion into human safe-harbor loci. Nat Biotechnol. 
2025:43(1):42–51. https://doi.org/10.1038/s41587-024-02137-y

Zhou Y, Zhang Z, Bao Z, Li H, Lyu Y, Zan Y, Wu Y, Cheng L, Fang Y, 
Wu K, et al. Graph pangenome captures missing heritability and 
empowers tomato breeding. Nature. 2022:606(7914):527–534. 
https://doi.org/10.1038/s41586-022-04808-9

Zhu Q, Yu S, Zeng D, Liu H, Wang H, Yang Z, Xie X, Shen R, Tan J, Li H, 
et al. Development of “purple endosperm rice” by engineering an
thocyanin biosynthesis in the endosperm with a high-efficiency 

transgene stacking system. Mol Plant. 2017:10(7):918–929. 
https://doi.org/10.1016/j.molp.2017.05.008

Zhu Q, Zeng D, Yu S, Cui C, Li J, Li H, Chen J, Zhang R, Zhao X, Chen L, 
et al. From golden rice to aSTARice: bioengineering astaxanthin 
biosynthesis in rice endosperm. Mol Plant. 2018:11(12): 
1440–1448. https://doi.org/10.1016/j.molp.2018.09.007

14 | Plant Physiology, 2025, Vol. 197, No. 4

https://doi.org/10.1038/s41587-023-01769-w
https://doi.org/10.1038/s41587-023-01769-w
https://doi.org/10.3389/fgene.2019.00685
https://doi.org/10.3389/fgene.2019.00685
https://doi.org/10.1126/science.aar7191
https://doi.org/10.1016/j.jgg.2019.05.002
https://doi.org/10.1093/jxb/erl228
https://doi.org/10.1093/jxb/erl228
https://doi.org/10.1093/jxb/erac515
https://doi.org/10.1093/jxb/erac515
https://doi.org/10.1186/s13007-020-00664-8
https://doi.org/10.1111/pbi.14029
https://doi.org/10.1111/pbi.14029
https://doi.org/10.1038/35048692
https://doi.org/10.1038/nature10158
https://doi.org/10.1038/nplants.2016.164
https://doi.org/10.1038/s41586-020-2961-x
https://doi.org/10.1038/s41586-020-2961-x
https://doi.org/10.1111/eulj.12140
https://doi.org/10.1186/s12870-014-0327-y
https://doi.org/10.1186/s12870-014-0327-y
https://doi.org/10.1038/s41587-024-02137-y
https://doi.org/10.1038/s41586-022-04808-9
https://doi.org/10.1016/j.molp.2017.05.008
https://doi.org/10.1016/j.molp.2018.09.007

	TTLOC: A Tn5 transposase-based approach to localize T-DNA integration sites
	Introduction
	Results
	TTLOC is a Tn5 tagmentation and NGS-based procedure for the recovery of TISs
	TTLOC efficiently recovers TISs from transgenic Arabidopsis plants
	TTLOC recovery of TISs is genome independent and applicable to large and complex plant genomes
	Comparison of the general characters of TAIL-PCR, WGS-based T-LOC and TTLOC

	Discussion
	Materials and methods
	Assembly of Tn5 transposase
	DNA isolation
	Criteria for TTLOC bridge primer design
	TTLOC library construction
	Data processing
	PCR confirmation of TTLOC results
	RT-qPCR
	Bioinformatic prediction of genomic safe harbors (GSHs) in Arabidopsis
	Accession numbers

	Acknowledgments
	Author contributions
	Supplementary data
	Funding
	Data availability
	References




