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Abstract

T-DNA transformation is prevalent in Arabidopsis research and has expanded to a broad range of crops and model
plants. While major progress has been made in optimizing the Agrobacterium-mediated transformation process for
various species, a variety of pitfalls associated with the T-DNA insertion may lead to the misinterpretation of T-DNA
mutant analysis. Indeed, secondary mutagenesis either on the integration site or elsewhere in the genome, together
with epigenetic interactions between T-DNA inserts or frequent genomic rearrangements, can be tricky to differen-
tiate from the effect of the knockout of the gene of interest. These are mainly the case for genomic rearrangements
that become balanced in filial generations without consequential phenotypical defects, which may be confusing par-
ticularly for studies that aim to investigate fertility and gametogenesis. As a cautionary note to the plant research
community studying gametogenesis, we here report an overview of the consequences of T-DNA-induced secondary
mutagenesis with emphasis on the genomic imbalance on gametogenesis. Additionally, we present a simple guideline
to evaluate the T-DNA-mutagenized transgenic lines to decrease the risk of faulty analysis with minimal experimental
effort.

Keywords: Arabidopsis, chromosome, chromosome rearrangement, gametophyte, meiosis, reproduction, T-DNA,
translocation.

Introduction

Agrobacterium tumefaciens is a Gram-negative soil bacterium that
transfers DNA sequences (T-DNA) into plants and integrates
it into the plant nuclear genome (Gelvin, 2021). Agrobacterium-
mediated transformation is the most widely used method for
transgenesis in plant research and biotechnological applica-
tions. Large collections of Arabidopsis thaliana T-DNA insertion

lines have been generated to characterize genes in reverse ge-
netics studies as well as in forward genetic screens (Alonso and
Ecker, 2006). Currently, publicly available T-DNA collections
contain ~350 000 T-DNA insertion lines which provide a vast
pool of possible knockout mutants for reverse genetic research
(O’Malley et al., 2015; Pucker et al., 2021). Similar collections
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also exist in crop species, for example in rice (An ef al., 2005).
In addition to these collections, Agrobacterium-mediated
T-DNA insertion is used for the creation of custom-made
stable transgenic lines carrying various types of constructs for
modulation of gene and protein expression or site-directed
mutagenesis including the CRISPR (clustered regularly inter-
spaced palindromic repeats) technology. The mechanism by
which a T-DNA is inserted into the host genomic sequence
remains only partially understood and involves a double strand
break (DSB) as a starting point for T-DNA integration into the
host genome and ligation by the plant DSB repair machinery
(Gelvin, 2021).

A T-DNA line preferentially contains a single, com-
plete T-DNA inserted into the plant genome. However,
Agrobacterium-mediated transformation often leads to multiple
secondary or extraneous mutations (Fig. 1). T-DNA-associated
mutagenesis encompasses various changes, including inser-
tions and/or deletions of the plant DNA or T-DNA segment
at the integration site, as well as more complex integration
of multiple copies of T-DNA at a single or multiple loci in
the genome (Gelvin, 2021; Thomson et al., 2024). Additionally,
genomic changes may also include epigenetic modifications.
T-DNA integration often triggers chromosomal rearrange-
ments such as translocations, inversions, or large segment dele-
tions/duplications (Hu et al.,2017; Thomson et al., 2024). The
incidence of such rearrangements increases with the number
of T-DNA insertions (Clark and Krysan, 2010; O’Malley et al.,
2015).

Reverse genetics, aiming at functional characterization of
genes, involves evaluating the phenotype of T-DNA insertion
lines or CRISPR/Cas9 (CRISPR-associated protein 9) gen-
erated mutants. At the initial stage of characterization, cryptic
mutations or genomic rearrangements may go unnoticed, and
a reduced fertility phenotype may be inadvertently linked with
the disruption of the gene of interest. While there are reports
of cryptic mutations in lines from T-DNA collections, it is less
well documented for CRISPR/Cas9-generated mutations.
Considering the popularity of CRISPR/Cas9 mutagenesis,
the incidence of translocation upon transformation is likely to
be an obstacle as with conventional T"-DNA insertion muta-
genesis. Indeed, Cas9 constructs are usually transformed using
Agrobacterium  transformation whereby the Cas9-mediated
cleavage mechanism intrinsically leads to additional DSBs.
These Cas9-induced DSBs could be specifically used to in-
duce a targeted reciprocal translocation in plant species with
possible applications for chromosome engineering of crops
(Beying et al., 2020).

With this report, we aim to raise awareness among plant sci-
entists and describe the genetic and phenotypic consequences
of T"-DNA-associated mutagenesis, and thoroughly discuss the
most problematic chromosome rearrangements for reproduc-
tion research in T-DNA transgenic lines—translocations. A
simple guideline and brief method description is proposed to

help in avoiding misinterpretation of sterility or other pheno-
types in T-DNA-associated mutagenesis.

Common characteristics of T-DNA-induced
mutagenesis

Structure and detection of a single T-DNA insertion

The T-DNA transferred from Agrobacterium Ti-plasmid into
plant cells is marked at the borders by imperfect direct repeats,
designated the left border (LB) and right border (RB). Between
the LB and RB, a custom DNA sequence can be inserted such
as a selective marker for the isolation of transgenic lines (Nath
Radhamony et al., 2005). T-DNA primers are used to charac-
terize the insertion flanking plant genome sequences. With a
flanking sequence tag (FST), the T-DNA insertion is mapped
onto the genome and located at a specific locus (O’Malley
et al., 2015). In publicly available collections, the T"-DNA in-
sertion lines are indexed using the LB flanking sequences and
their distribution covering the entire genome (Wu et al.,2015).

The success of the Arabidopsis T-DNA insertion libraries
has boosted the development of T-DNA mutant collections of
crops. Also, these T"-DNA mutants are being genotyped using a
pair of locus-specific primers encompassing the insertion site
and T-DNA insertion-specific primers. However, it is common
practice that lines are first screened for a specific phenotype and
only the most promising candidates are then studied in more
detail. Although this approach is time efficient, the presence of
cryptic mutations is potentially overlooked, and insertion lines
with multiple mutations might be selected for further studies.

The problem with mutants carrying additional mutations
is easily avoided when two independent T-DNA lines are
available showing similar phenotypes or by performing ge-
netic complementation tests. However, not every gene is suffi-
ciently covered by the T-DNA libraries, and complementation
tests require time-consuming cloning and transformation.
Regarding CRISPR/Cas9 mutagenesis, the additional muta-
genesis induced by the Cas9 T-DNA should be avoided by
segregating or crossing out the Cas9 and guide RINA (gRINA)
T-DNA from the mutant background before detailed pheno-
type analysis.

Integration site-associated T-DNA-induced
mutagenesis

T-DNA integration has been shown to frequently induce ad-
ditional insertions, deletions, and duplications of the plant ge-
nomic DNA at the site of integration (Fig. 1) (Kleinboelting
et al.,2015;Wu et al., 2015; Schouten ef al., 2017). These dele-
tions are usually smaller than 30 bp, but can span several hun-
dreds of base pairs affecting more than one gene (Kleinboelting
et al.,2015). Apart from the sequence between the LB and RB,
the additionally inserted DNA originates from the Ti-plasmid
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Fig. 1. Overview of the T-DNA-associated mutagenesis. The ideal T-DNA insertion is shown as a simple scheme of two metacentric chromosomes (red
and blue) and T-DNA insertion in one of the chromosomes with complete left border (LB) and right border (RB) sequences. Anything other than the ideal
T-DNA insertion could lead to misinterpretations of the phenotypical changes in the analysed mutant line. The site-associated mutation, here simplified

into a plant genome deletion next to the LB site and truncation of the T-DNA sequence at the RB site, might cause trouble in PCR genotyping. Similarly,
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a tandem insertion, here shown in RB-RB configuration, could lead to a failed PCR. Background mutations, here depicted as splinter DNA and additional
truncated T-DNA in the second chromosome, can lead to a phenotype unrelated to the inspected T-DNA, particularly difficult to detect when the
additional insertion lacks sequences that are used in the initial insertion mapping (LB site). Robust segregation and complementation analysis prevent the
faulty genotype—-phenotype associations. Epigenetic interactions, here shown as the silencing of the T-DNA by RNA-directed DNA methylation (RdDM) or
trans-inactivation by a homologous background T-DNA, can change the epigenetic landscape of the insertion site, including the T-DNA. This could lead
to the loss of the T-DNA selection marker or in phenotype loss in intronic insertions. Frequently occurring chromosome translocations, here shown as the
reciprocal exchange of chromosome arms between the red and blue chromosomes at the insertion site, can lead to severe gametophytic phenotypes
due to a meiotic imbalance. More complex rearrangements, here shown as a translocation combined with deletion and duplication of large genomic
segments, have further potential to complicate the T-DNA analysis. For detailed description of the T-DNA-associated mutagenesis and their detection,

see the respective sections in the main text.

or binary vector backbone, the Agrobacterium chromosome, the
plant genome, or the inserted sequence does not show ho-
mology and is then referred to as ‘filler’ DNA (Wu et al., 2015;
Singer, 2018).The T-DNA fragment is also often incompletely
integrated, with truncated or rearranged borders (Kleinboelting
et al.,2015;Wu et al.,2015; Sun et al., 2019). The most frequent
erroneous insertions consist of two T-DNA copies, commonly
ligated in LB-LB or RB—RB configuration or multiple copies
in adjacent clusters (De Buck er al., 1999; Singer, 2018).

Alterations at the T-DNA target site are usually discovered
rather quickly, as common genotyping focuses on the genomic
locus and the gene of interest. It is good practice, however,
to examine both T-DNA—-genomic junctions of the inserted
T-DNA not only by PCR but also by sequencing the PCR
products for both the LB and RB. Failure to obtain a PCR
product or failure to map the product on the LB or RB might
indicate that the T"DNA insertion site is rearranged, and it is
reasonable to pursue sequencing the genome of the inspected
mutant.

T-DNA-induced mutagenesis outside the inspected
locus

A common phenomenon is the integration of multiple T-DNA
fragments throughout the genome, which is estimated to be
on average 1.5 T-DNA inserts per transgenic Arabidopsis line
(O’Malley et al., 2015). The number of insertions in seed data-
bases may be underestimated because borders are truncated
or the selection marker is missing (Kleinboelting ef al., 2015).
Additionally, the FST prediction may fail in the case of inte-
gration into paralogous or repetitive sequences (Huep et al.,
2014). Furthermore, small inserts, dozens of base pairs long
originating from the T"DNA named ‘splinter’ DNA, have been
reported (Fig. 1) (Schouten et al.,2017). Such cryptic untagged
mutations can be responsible for, or contribute to, the plant
phenotype studied. Additional T-DNA insertions as well as
cryptic mutations can be detected and removed by outcrosses
with wild-type plants, and detailed segregation analysis of the
allele and phenotype can be performed

T-DNA-associated epigenetic changes

In addition to local sequence rearrangements, T-DNA integra-
tion can also influence the epigenetic landscape surrounding

the insertion site (Fig. 1). The loss of chromatin marks and
alteration in levels of euchromatin and heterochromatin his-
tone marks, including de novo H3K27me3, have been reported
(Jupe et al., 2019), and T-DNA sequences can be methylated,
leading to the silencing of the selectable marker (Jupe et al.,
2019). T-DNA insertions can also supress other T-DNA copies
introduced during transformation or after crossing with an-
other T-DNA mutant, so-called trans-inactivation (Daxinger
et al., 2008). The trans-inactivation depends on the sequence
homology between both interacting T-DNAs and can, for in-
stance, be induced by the presence of a cauliflower mosaic virus
(CaMV) 35S promoter present in both insertions (Daxinger
et al., 2008). Additionally, a cryptic untagged T-DNA in the
genome can silence a tagged T"DNA. An intronic T-DNA that
affects the splicing of a gene can lose the initially observed
phenotype upon interaction with another T-DNA, known as
T-DNA suppression (Xue et al., 2012; Gao and Zhao, 2013;
Sandhu et al., 2013; Osabe et al., 2017; Jiang et al., 2019). This
inactivation depends on heterochromatinization of the in-
tronic T-DNA sequences which restores the splicing of the
gene (Osabe ef al.,2017), leading to partial or complete loss of
the phenotype, lasting over several generations even after the
interacting T-DNA is crossed out (Jiang et al., 2019).

The introduction of multiple T-DNAs into a single line should
be carefully designed to minimize the sequence homology be-
tween the inserts, especially in complementation studies. When
studying double mutants, the combination of T-DINA insertions
derived from different libraries (e.g. SALK and SAIL) may help
in avoiding T-DNA frans-inactivation. It is also good practice to
screen the crossed lines using PCR genotyping rather than by
antibiotic selection. The annotation of T-DNA sequences used
in large collections is summarized here (Ulker et al., 2008).

T-DNA-induced genomic rearrangements

T-DNA integration may trigger genomic rearrangements that
include translocations, duplications, deletions, inversions, or
combinations thereof (Fig. 1).While these rearrangements often
lead to gametophytic lethality, a genetic structure may arise in
homozygous T-DNA lines that do not display the lethal pheno-
type (Fig. 2). How these genotypes may emerge is discussed in
the next section. In the description, we use a simple reciprocal
translocation line and its typical phenotypic consequences. This
ideal example might not be what a researcher encounters, given
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Fig. 2. Schematic overview of the simple T-DNA translocation phenotype in Arabidopsis thaliana. The matrix shows comparison of different phenotypical
traits between wild-type plants and plants carrying a T-DNA-induced chromosome translocation in the heterozygous or homozygous state. Typical

PCR genotyping agarose electrophoresis band pattern of the T-DNA insertion is shown, together with chromosome arrangements during the meiotic
prophase; pollen viability analysis by Alexander staining (pink indicates viable pollen, grey indicates unviable pollen). The bottom two lines show the pollen
development arrest stage and the seed set defect with the indicated ovule development arrest stage. The generalized scenario is depicted, where the
defects are observed in ~50% of gametes. However, the severity and penetrance of the gamete defect can vary between translocation lines.

that genomic rearrangements can be complex or in combina-
tion with other types of mutagenesis described earlier, and that
the phenotypical effects might show reduced penetrance.

T-DNA-induced translocations

Introduction of T-DNA in the plant genome can induce the ex-
change of two DNA segments between two non-homologous

chromosomes, a reciprocal translocation (Fig. 1) (Gelvin, 2021),
and has been reported many times in Arabidopsis T-DNA
mutants containing genomic rearrangements (Castle et al.,
1993; Nacry ef al., 1998; Tax and Vernon, 2001; Forsbach ef al.,
2003; Lafleuriel et al., 2004;Yuen et al., 2005; Curtis et al., 2009;
Ruprecht et al., 2014; Schouten et al., 2017; Min et al., 2020;
Alling and Galindo-Trigo, 2023), and in T-DNA mutants of
Solanum lycopersum and Oryza sativa (Ohba et al., 1995; Takano
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et al., 1997). Surprisingly, the frequency of translocations in
Arabidopsis T"-DNA collections varies ~10-20% (Clark and
Krysan, 2010; Pucker et al., 2021), albeit this is likely to be an
underestimation because of limitations in detection (Clark and
Krysan, 2010).

Meiotic imbalance due to reciprocal chromosome
translocation

The consequences of the frequently occurring chromosome
translocation are typically observed in the heterozygous state
of the T-DNA (Fig. 2) (Clark and Krysan, 2010). This is caused
by a set of gametophytic developmental defects that are a re-
sult of unbalanced gametes produced by erratic meiotic divi-
sions (Curtis ef al., 2009). During meiosis, in wild-type plants
and in homozygous translocation lines, regular bivalents are
formed by crossover between homologous regions (Zickler
and Kleckner, 2015). However, in the translocation hetero-
zygotes, translocated segments form crossovers with the ho-
mologous parts present in a non-homologous chromosome,
creating an imbalance in the distribution of the chromosomes
over the gametes (Curtis ef al., 2009). Gametes with chromo-
some imbalance arrest at an early phase of development and
eventually abort. It has been hypothesized that the arrest in
developmental progress is either caused by the loss of essen-
tial genes in the unbalanced gametes (Clark and Krysan, 2010)
or induced by genomic stress and perturbation of pre-mitotic
control mechanisms (Ruprecht ef al., 2014). Balanced gametes
containing the translocation with a full chromosome comple-
ment are viable and capable of passing the translocation to the
next generation.

Gametophytic defects in a translocation line

During male reproduction, microspores are released from tet-
rads whereby the balanced gametes progress to develop into
mature pollen (Hafidh and Honys, 2021), and the unbalanced
gametes arrest before, or shortly after, pollen mitosis I (PMI)
(Curtis ef al., 2009).The arrested microspores collapse and form
a raisin-like structure devoid of nucleus and cytoplasm (Fig.
2) (Clark and Krysan, 2010). The timing of the arrest varies
slightly, being mostly at the unicellular stage (Curtis et al.,
2009) or the early bicellular stage (Min et al., 2020). In trans-
location heterozygotes, the frequency of unbalanced aborted
pollen reaches up to a maximum of 50%.

Female meiosis produces four meiocytes of which three de-
generate and the remaining one develops into a functional em-
bryo sac inside the ovule (Skinner and Sundaresan, 2018). In a
translocation heterozygote, up to 50% of the ovules stop devel-
oping before the first mitotic division, which leads to reduced
seed set and shorter siliques (Fig. 2) (Curtis et al., 2009). As
in male gametogenesis, some gametes undergo recombination
events that do not lead to a loss of essential genetic material
and develop normally (Ray ef al., 1997). Gamete abortion is a
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typical consequence of chromosomal rearrangement. However,
gamete abortion is not fully penetrant in all translocation lines,
and abortion can be caused by T"-DNA disrupting an essential
gene (Clark and Krysan, 2010).

T-DNA characterization in the translocation line

Translocations are present in T-DINA lines obtained from pub-
licly available collections (such as SALK, SAIL, Gabi-Kat, etc.)
as well as in in-house-generated transgenic lines. In T-DNA-
induced translocation lines, the allelic state of the T-DINA in-
sertion allele usually reflects the allelic state of the translocation
as well (Fig. 2). Notably, the translocation can affect the T-DNA
insertion in such a way that the LB and RB are separated on
different chromosomes and segregate independently (Clark
and Krysan, 2010). The absence of a border PCR product may
also occur due to the truncated T-DNA and is hence not suffi-
cient evidence for a translocation event (O’Malley et al., 2015).

T-DNA transmission and non-Mendelian segregation
after crosses

As we described earlier, in a translocation heterozygote about
half of the viable gametes contain the chromosome translo-
cation and pass it on to the next generation. Consequently,
the T-DNA insertion allele is transmitted through pollen and
ovules at the same frequency as the translocation, having no
reduction in the transmission through the male and the fe-
male germline. However, a non-Mendelian segregation can
occur after crossing multiple T"-DNA lines carrying insertions
at different chromosomes (Curtis et al., 2009). In such cases,
a cross of two lines, one being a translocation homozygous
without phenotypical differences, leads to an F; double het-
erozygote now showing the gametophytic phenotype caused
by the translocation. Subsequently, due to the rearranged
chromosomes, the analysis of the selfed F, can lead to a non-
Mendelian segregation of the two traits (Curtis ef al., 2009).

Complex genomic rearrangements

Some T-DNA-induced chromosome rearrangements are com-
plex, and include multiple translocations, duplications, and
inversions (Fig. 1) (Hu et al., 2017). A reported example is line
seb19 that contains a translocation, inversion, and duplication
on chromosomes 4 and 5, producing progeny with two dis-
tinct phenotypes (Hu et al., 2017). seb19-L plants showed the
typical translocation phenotype that includes reduced seed set,
aborted pollen, and regular gametic transmission, while seb19-S
plants showed a delayed sporophytic development and smaller
plant size (Hu et al.,2017). Genome sequencing of Seb19-L re-
vealed that these plants are heterozygous for the genomic rear-
rangement and the Seb19-S plants are homozygous. A 180 kb
deletion in seb19-S was responsible for the vegetative growth
phenotype (Hu et al.,2017).
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When the rearranged genome includes a duplication, it
may contain more than two alleles of the characterized gene
of interest. In such cases, the PCR genotyping does not re-
flect the allelic status of the inspected gene of interest (Tax and
Vernon, 2001). In the example described in Tax and Vernon
(2001), plants that are homozygous for the translocation are
PCR genotyped as heterozygous for the T-DNA insertion, but
do not show the gametophytic phenotype. Also, the T-DNA
allele does not segregate in the next generation of the uniform
population of plants without phenotype. Upon outcrossing to
the wild type, PCR genotyping of the T-DNA identifies a uni-
form population of heterozygous plants as well; however, in
this case, all plants display the gametophytic phenotype. In the
F,, the T"-DNA insertion genotype does not fully link with
the gametophytic phenotype as the PCR genotyping scores
translocation heterozygotes and translocation homozygotes as
T-DNA heterozygotes.

As translocation mutant phenotypes are not always fully
penetrant, the above outcome can be misinterpreted. The
phenotype should be complemented with a functional target
gene. However, in the case of simple or complex transloca-
tion T"-DNA lines, the complementation test can result in the
selection of plants that contain the mutated allele and the
complementing allele, and are homozygous for the transloca-
tion. These plants display no mutant phenotype and hence are
seemingly complemented and could lead to a faulty association
of the phenotype with the T"-DNA locus. In cases where the
inspected allele shows reduced penetrance and the phenotype
resembles the translocation-associated phenotype, the genome
should be sequenced in such a line.

Methodological approach to detecting
chromosome translocations

With every T-DNA line, the possibility of extraneous muta-
tions should be evaluated. Investigating T-DNA lines with or
without a reproductive phenotype should be investigated used
the methods described here. A practical guideline for the de-
tection of and dealing with T-DNA-associated mutagenesis
using methods listed here is presented in Fig. 3.

T-DNA mapping by PCR

Typically, the LB genome—T-DNA junction is used to map the
genomic location of a T-DNA insertion and presented in the
FST database (O’Malley ef al.,2015). The RB is frequently lost
during T-DNA integration; however, the PCR-based geno-
typing using insertion- and locus-specific primers should be
performed on a segregating population to assess both the LB
and RB genome—T-DNA junction position and whether the
junctions segregate together (O’Malley ef al., 2015). In com-
bination with sequencing of the PCR products, it reveals po-
tential mutations proximal to the T-DNA insertion site. When

one of the borders cannot be mapped to the insertion site, a
truncated border, multiple T-DNA inserts, a simple transloca-
tion, or other complex mutations is likely to be present, and
sequencing of the genome is recommended in that case.

Reciprocal backcrosses

Reciprocal crosses between the wild type and the T-DNA line
are used to check for T"DNA transmission bias through the
male and female gametes. T-DNA lines carrying a transloca-
tion causing a gametophytic lethal phenotype do not show a
transmission bias. Outcross analysis can also clear the T-DNA
line of potential multiple insertions or cryptic untagged muta-
tions. Although the presence of the latter cannot formally be
checked in this manner, an outcross analysis is essential to check
co-segregation of the T-DNA with the phenotype of interest.

Genetic complementation

Complementation of the observed phenotype with a construct
carrying the wild-type allele of the mutated locus is a strong
indicator that the phenotype is indeed caused by the intended
T-DNA. However, complementation using T-DNA-mediated
insertion of the complementing gene can cause additional
mutations or trans-silencing of the T"-DNA, requiring the anal-
ysis of multiple independent transformation events.

Gametophytic defects

Typical for translocation mutants is the reduced fertility of
heterozygous lines that commonly correlates with fruit size.
In Arabidopsis, this is readily observed as a decreased silique
length. Dissection of the silique under a stereomicroscope
shows a reduced number of seeds and empty seed slots. In
other plant species, in addition to fruit size, one may also check
the number of seeds per fruit. The stage of the gametophyte ar-
rest can be assessed by clearing in Hoyer’s solution in combina-
tion with differential interference contrast (DIC) microscopy
(Weigel and Glazebrook, 2002).

Pollen grain viability is typically analysed by bright field
microscopy after Alexander’s staining (Alexander, 1969).
Observation of a large number of aborted pollen warrants fur-
ther investigation. Young flower buds are then dissected and
stained with DAPI (Vergne et al., 1987) to assess microspore
development.

A subset of publicly available T-DNA lines (for example
about half of the SAIL lines) are in the quartet (qrf) mutant back-
ground, in which the microspores do not separate post-meiosis
and are released in tetrads. In translocation heterozygotes in the
grt background, the gametophytic defects are manifested with a
pollen abortion distribution corresponding to 4:0, 2:2, and 0:4
(normal:collapsed) in the tetrad (Curtis ef al., 2009).

Inspection ofall genotype classes (heterozygous,homozygous,
and wild-type segregants for the T-DNA) is recommended, as
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Fig. 3. Minimalistic guideline for novel T-DNA insertion lines. The most effective approach to T-DNA lines in reverse genetics is to order and investigate

all available lines with an insertion mapped to the inspected locus. A typical first step is to select for mutants with an observable phenotype. Having such
lines selected, a more detailed analysis of the mutant allele should be routinely performed. Here we present a minimalistic guideline to detect most if not
all -DNA-associated mutations that might lead to a misinterpretation of the phenotype being linked to your gene of interest. When encountering any
results that suggest additional mutations, whole-genome sequencing should be performed to fully characterize the line.

*PCR-genotype multiple individuals grown from the seed stock (good practice is ~20 plants) to assess their zygosity and map the insertion. It is important
to genotype and sequence both junctions from the LB and RB site and confirm that both borders map to your gene. The FST predictions could differ
from your sequencing results. Any additional mutations at the insertion site (truncated T-DNA, plant genome deletion, or filler DNA) can be detected by
this approach. Failure in obtaining a PCR product from the LB or RB junction might hint that there is some additional mutagenesis that needs further
inspection (truncated, tandem duplications, or translocation). Consider testing more genomic or insertion-specific primers when the initial pair fails.
Include PCRs with LB and RB primers and no genomic primer to see if the product is detected, increasing the possibility of tandem insertions. With
continuous trouble, genome sequencing is recommended to fully characterize the locus.

**Perform an outcross of homozygous and/or heterozygous T-DNA mutants with the wild-type (WT) genotype to segregate any background mutations.
Screening the genotype—-phenotype link in the Fy and F, outcross generations should reveal both dominant and recessive mutations. Carefully check
whether there is no segregation of the T-DNA insertion and the phenotype. It is recommended to continue in the downstream analyses with the cleaned
F, outcross lines. Analysing the progeny from a cross between a heterozygous plant and the WT will reveal the allele transmission rates.

***Plants of all zygotic states of the T-DNA (homozygous, heterozygous, and segregating WT) should be checked for gametophytic defects to exclude the
possibility of translocations or other genomic imbalances that can arise in T-DNA lines. It is important to note that gametophytic defects are not exclusive
to translocations and could truly be an effect of the disrupted gene. In that case, the homozygous plants usually display a more severe phenotype than
heterozygous plants; the allele has reduced transmission and/or does not affect both gametophytes (depending, of course, on the nature of the disrupted
gene). However, observing shorter siliques with empty seeds slots (up to 50%) together with a defect in both pollen (early abortion in up to 50%) and
ovules could hint at translocation. The possibility of translocation increases when this phenotypical difference is observed in plants heterozygous but not
homozygous for the T-DNA insertion. Importantly, in translocation lines, the transmission of the T-DNA allele through both the male and female gametes is
not affected. When such a phenotype is observed, a quick check of meiotic spreads with FISH analysis can confirm aberrant chromosome interactions.
****Genetic complementation with a functional construct that rescues the mutant phenotype should confirm that the phenotypical differences were an
effect of the disruption of the gene of interest. Complemented lines should not display the phenotype differences described in the T-DNA mutant line.
Note that complementing a phenotype caused by translocation (translocation heterozygotes) could lead to selection of translocation homozygotes (no
phenotype) that would be falsely interpreted as successfully complemented. Also, introducing the complementing expression cassette (a new T-DNA) in
the mutant background can lead to novel mutagenesis; therefore, it is recommended to screen multiple independent transgenic lines. Additionally, it is
best to avoid using sequences homologous to the T-DNA in the complementation transgene to avoid trans-inactivation.

»*x\With a line where you have excluded all possible T-DNA-associated mutations, you can proceed with further phenotype analysis. It is good

practice to have at least two knockout T-DNA lines analysed per gene of interest. In situations where only one mutant allele is available, whole-genome
sequencing should be done to exclude additional mutagenesis. Be aware of the trans-inactivation of other T-DNAs (mutant collections or custom-made
expression cassettes) that you might plan to introduce into your T-DNA mutant background and try to avoid sequence homology that might cause
unwanted silencing.

202 Joquiagaq 6z U0 1sanb Aq 620829./87ZE/1 LS /2101Me/qx[jwoo"dno-oiwapese/:sdny woly papeojumoq



3256 | Raabe et al.

the defects in translocation lines only occur in heterozygotes.
Around 50% abortion of both male and female gametes, in
T-DNA heterozygous plants only, in combination with an ar-
rest around the first mitosis, hints at a translocation-dependent

phenotype.

Meiotic chromosome spreading

The meiotic recombination abnormalities typical for a translo-
cation event can be observed histologically by means of mei-
otic chromosome spreads (Ross ef al., 1997). During prophase
I of meiosis, homologous chromosomes align and recombine.
At the diakinesis and metaphase I stages, so-called bivalents or
pairs of interacting homologous chromosomes are visualized
by DAPI staining (Mercier et al., 2015; Zickler and Kleckner,
2015). The number of bivalents equals the haploid chromo-
some number of a species (n=5 in the case of Arabidopsis).
The crossovers are crucial to the formation of bivalents and
normally form only between homologous chromosomes. In
translocation lines, the homology between homologous pairs
of chromosomes is disrupted (Fig. 2). In the heterozygous state,
crossovers will form between non-homologous chromosomes.
Histologically this is manifested by the formation of so-called
tetravalents (two interacting bivalents). The frequency at which
tetravalents occur depends on the size of the translocated chro-
mosome region. In the case of a translocation, the ectopic in-
teraction that leads to a tetravalent always occurs between the
same chromosomes. Therefore, it might be informative to assess
chromosome identity by using fluorescent in situ hybridiza-
tion (FISH) probes on top of the meiotic spreads (Curtis ef al.,
2009). In the homozygous state, translocated chromosomes can
form unique pairs, giving rise to only bivalents which will seg-
regate normally.

Genetic mapping and genome sequencing

Although the aforementioned phenotypical analyses point to
the presence of a chromosome translocation, unambiguous
identification of a chromosome rearrangement is obtained
by genetic and sequence analyses. A simple genetic approach
for the mapping of the T-DNA insertion is based on poly-
morphism markers (Clark and Krysan, 2010; Ruprecht ef al.,
2014). Polymorphism markers are identified by PCR in a seg-
regating population using, for example, Arabidopsis accession
Columbia-0 (containing the T"-DNA and the putative translo-
cation) and the outcrossing parent accession Landsberg erecta.
This approach is based on the genetic linkage of the T-DNA
and a set of genetic markers with known genomic location.
In a regular transgenic line, the T-DNA is genetically linked
to a single genomic position, corresponding to the position of
the predicted insertion site. In a translocation line, linkage will
be observed between the T-DNA and the predicted insertion
site and additional markers on a second chromosome close to
the translocation breakpoint. This approach has been shown to

identify a translocation even if it does not confer a phenotype
(Clark and Krysan, 2010). Consequently, finding a translocation
based on genetic mapping in a plant that has a gametophytic
phenotype does not necessarily mean the translocation is causal
for the phenotype, and multiple lines of evidence are needed for
linking the locus to the gametophytic lethal phenotype.

Highly complex translocation lines and sequence-level
mutations induced by T-DNA insertion may require a more
comprehensive investigation that can be achieved using long
read sequencing technologies (Amarasinghe et al., 2020) such
as PacBio (Rhoads and Au, 2015) and Oxford Nanopore
sequencing (ONT) (Wang et al., 2021). This technology has
been used successfully to investigate genomic rearrangements
in T-DNA lines in Arabidopsis (Pucker et al., 2021) and birch
(Gang et al.,2019).

Practical guideline for novel T-DNA
insertion lines

The starting point of the characterization of T-DNA mutants
is to order all available lines with insertions mapped to the
gene of interest. Then a first round of selection is usually to
screen for lines with a phenotype in the inspected traits. For
lines with an interesting phenotype, a more detailed analysis
of the mutant allele should be routinely performed. In Fig. 3
we present a guideline with a minimalistic approach to de-
tect most T-DNA-associated mutagenesis that might lead to
misinterpretations of the phenotype being linked to your gene
of interest. The current best practice to avoid this misinterpre-
tation is to include at least two alleles of the gene of interest
with similar phenotypical differences and/or complement the
mutant. On top of that, with whole-genome ONT sequenc-
ing becoming more affordable, the rising trend is to sequence
all mutant lines of interest and evaluate the genomic assembly.
However, as it might not be an option for all researchers for
various reasons, the minimalistic guidelines should be followed
with all T-DNA lines.

Conclusion

Agrobacterium-mediated transformation of plants is a powerful
tool in plant biotechnology that is used with ease in a wide
range of plant species. However, the erroneous integration of
T-DNA warrants careful examination of every transgenic line
under study. The recent boom in CRISPR/Cas9 mutagenesis
and the fact that the Cas9-mediated cleavage mechanism in-
trinsically involves DSB formation calls for vigilance for the
risk of chromosome rearrangement that can confound the
phenotype—genotype link. Since the relatively high frequency
of T-DNA-induced mutagenesis, including chromosomal rear-
rangements, is often overlooked, this report may help to elim-
inate the futile investigation of such mutants especially in a
context of plant reproduction and gametogenesis studies.
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