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Summary

By providing the scientific community with uniform
and standardized resources of consistent quality, plas-
mid repositories play an important role in enabling sci-
entific reproducibility. Plasmids containing insertion
sequence elements (IS elements) represent a chal-
lenge from this perspective, as they can change the
plasmid structure and function. In this study, we con-
ducted a systematic analysis of a subset of plasmid
stocks distributed by plasmid repositories (The Arabi-
dopsis Biological Resource Center and Addgene)
which carry unintended integrations of bacterial

mobile genetic elements. The integration of insertion
sequences was most often found in, but not limited to,
pBR322-derived vectors, and did not affect the func-
tion of the specific plasmids. In certain cases, the
entire stock was affected, but themajority of the stocks
tested contained a mixture of the wild-type and the
mutated plasmids, suggesting that the acquisition of
IS elements likely occurred after the plasmids were
acquired by the repositories. However, comparison of
the sequencing results of the original samples
revealed that some plasmids already carried insertion
mutations at the time of donation. While an extensive
BLAST analysis of 47 877 plasmids sequenced from
the Addgene repository uncovered IS elements in only
1.12%, suggesting that IS contamination is not wide-
spread, further tests showed that plasmid integration
of IS elements can propagate in conventional Escheri-
chia coli hosts over a few tens of generations. Use of
IS-free E. coli hosts prevented the emergence of IS
insertions as well as that of small indels, suggesting
that the use of IS-free hosts by donors and repositories
could help limit unexpected and unwanted IS integra-
tions into plasmids.

Introduction

Mobile genetic elements or transposable elements (TEs)
are segments of DNA that can modify their genomic locus
via the process of transposition. The smallest autonomous
TEs, called insertion sequence (IS) elements, are found in
prokaryotic cells, and consist largely of a transposase gene
surrounded by inverted repeats (Mahillon and Chandler,
1998). Bacterial IS elements have a patchy distribution on
the phylogenetic tree, and show dramatic variation in copy
numbers even when comparing closely related strains
(Sawyer et al., 1987; Wagner, 2006). At the upper extreme,
there are examples of bacteria, such asMicrocystis aerugi-
nosa or Sitophilus oryzae primary endosymbiont which
harbour more than 500 ISes within their genomes (Plague
et al., 2008; Lin et al., 2011; Oakeson et al., 2014). A study,
however, comparing 262 genomes originating from
archaea and phylogenetically distant bacteria (represent-
ing Firmicutes, Actinobacteriae, Mollicutes, Spirochaetes,
Cyanobacteriae and all five classes of Proteobacteriae and
Chlamydiae), found the median number to be only 12, with
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a quarter of the sequences carrying none at all (Touchon
and Rocha, 2007).
Despite their simplicity, multiple examples underline the

role of IS elements in the adaptation of bacteria to environ-
mental changes (Reynolds et al., 1981; Hall, 1999; Soto et
al., 2004; Carlson et al., 2009; Kaleta et al., 2010; Zhang et
al., 2017). Their contribution to the rate of mutations falls in
the range 4–98%, depending on the genetic screen used for
measurement (Hall, 1998, 1999; Halliday and Glickman,
1991; Feher et al., 2006). Among the ISes of Escherichia coli,
IS1 seems to be the most active with an overall transposition
rate of 2.79 9 10-5 transposition/element/generation (Sousa
et al., 2013). In addition, various forms of environmental stres-
ses have been shown to induce IS transposition (Eichen-
baum and Livneh, 1998; Drevinek et al., 2010; Pasternak et
al., 2010; Umenhoffer et al., 2010). The fundamental proper-
ties of the IS types found in various strains of E. coli, along
with their copy numbers, can be found in Appendix S1.
In parallel with the spread of gene cloning in molecular

biology came reports describing sporadic IS integrations
in the plasmid-encoded transgenes (Blumenthal et al.,
1985; Rawat et al., 2009). Further attention was gar-
nered by the fact that in certain cases, IS transposition
was found to be the primary mechanism causing inacti-
vation of the cloned gene of interest (Rood et al., 1980;
Nakamura and Inouye, 1981; Muller et al., 1989; Chen
and Yeh, 1997; Valle-Garcia et al., 2014; Rugbjerg et
al., 2018; Fan et al., 2019). IS elements have also been
shown to lead to instability of a cosmid library by inte-
grating into the vector backbone and causing deletions
or other rearrangements (Fernandez et al., 1986).
The following study analyses sequences from plasmids

stored in two research repositories, the Arabidopsis Biolog-
ical Resource Center (ABRC; https://abrc.osu.edu/) at The
Ohio State University and Addgene (https://www.addgene.
org/), the non-profit plasmid repository. Both repositories
rely on depositions from the scientific community, prior to
or after publication of data involving the deposited plas-
mids. Depositing in repositories accelerates science by
enabling timely access to new research material and sup-
ports scientific reproducibility by providing authenticated
and high-quality material. As part of its plasmid authentica-
tion and quality control process, Addgene obtains full plas-
mid sequences and annotates IS insertions detected in the
sequence.
Here, we describe the type and the extent of IS inser-

tions in deposited plasmids and discuss potential solu-
tions to prevent IS integrations into plasmids.

Results

Identification of IS5 elements in ABRC stocks

As part of ABRC’s quality control efforts, we investigated
a number of complaints about incorrect restriction

patterns in plasmids from a series of plant binary vectors
based on the pCambia backbone (plasmids 1–25). Most
researchers reported an incorrect EcoRI restriction digest
pattern reflecting the presence of an extra 1.2 kb of
sequence. ABRC’s quality control process involves anal-
ysis of two or three colonies derived from the ‘distribu-
tion’ glycerol stock from which samples are prepared for
distribution, as well as two or three colonies derived from
an original glycerol stock received from the donor of the
plasmid. Restriction digest with EcoRI of ABRC stocks
with the pCambia backbone confirmed the presence of
the additional EcoRI site in a number of samples and
revealed that single colonies, derived from individual
original and distribution stocks, had different restriction
patterns. In the example shown in Fig. 1A, one colony
has the expected restriction pattern based on the known
sequence of the plasmid, while the other shows the
presence of the unexpected EcoRI fragment. The incor-
rect restriction pattern was identical for all pCambia plas-
mid colonies giving unexpected restriction digest results.
We located the putative insertion in plasmid 8 based on
diagnostic restriction digests and have shown by Sanger
sequencing of the region between the Kanamycin resis-
tance gene and the ColEI origin of replication that it rep-
resents a bacterial insertion element IS5, which provides
the extra EcoRI restriction site appearing in the plasmid
(Fig. 1B). The IS5 insertion is located on the plasmid
backbone outside of the left border and does not transfer
to the plant as part of the T-DNA.

IS element insertion is a widespread phenomenon

To test for the presence of an IS element by PCR, we
designed primers flanking the putative insertion site, and
used them to probe 25 plasmids from the ABRC collec-
tion with the same pCambia backbone. Plasmid prepara-
tions were not derived from a culture inoculated from a
single colony, but PCR amplification using primers IS5-
flank-ColE1-F1 and IS5-flank-KanR-R1 enabled us to
distinguish between plasmid populations with no detect-
able IS element, which were expected to show the pres-
ence of a ~ 200 bp amplicon, and plasmids with an IS
element, with expected amplicon size of ~ 1400 bp in a
single culture. The results presented in Fig. 2A demon-
strate that an IS element was present in half of the cul-
tures of plasmids of the pCambia series, while the other
half was IS free. Given an established PCR bias towards
short amplicons, this result is most likely an underesti-
mate of the representation of the IS element in a plasmid
population and this bias should be taken into account for
all subsequent PCR assay-based results. We also tested
other frequently ordered plasmids with similar vector
backbones and histories of user complaints of incorrect
digest patterns for the presence of IS insertions. We
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found the presence of IS elements in plasmids with
pBIN20 and pFGC5941 vector backbones, although
there were some plasmids that did not show the pres-
ence of an IS element (Fig. 2B). The cultures with IS
element-containing plasmids also contained plasmids
without the IS insertion, indicating that they contained a
mix of plasmids with and without the IS element. pCam-
bia, pBIN20 and pFGC5941 are all derived from
pBR322, which is itself susceptible to the IS transposi-
tion phenomenon (Amster and Zamir, 1986). The
instance of IS element transposition into a position
between Kanamycin resistance and the ColE1 origin of
replication has also been described for the pGreenII vec-
tor and derivative clones (Watson et al., 2016). Given
that pGreenII has no pBR322 ancestry, this finding sug-
gests that the IS insertion occurs more frequently than
recognized within the scientific community.

Certain IS acquisitions occur prior to stock deposition,
others occur afterwards

To test whether the insertion of IS elements occurs
before or after a stock has been donated to the ABRC,
we analysed a group of plant organellar markers in a
pCambia backbone. An identical copy of these clones
has been deposited to the Addgene plasmid repository,
where they were sequenced at the whole genome level.
PCR amplification from 16 different ABRC stocks from
this group, using primers flanking the putative IS inser-
tion site, showed that six of these clones contained an
IS element, while 10 of them were IS free (Fig. 3). The
next-generation sequencing data on Addgene’s stocks
were fully consistent with this result, with IS elements
identified in the same six clones. Sequencing data addi-
tionally identified the insertion as an IS4 element which

Fig. 1. Identification of IS5 in a plant binary vector by restriction digest.
A. Restriction digest of plasmid 8 isolated from two individual colonies derived from an original glycerol stock received from the donor of the
plasmid with five restriction enzymes. EcoRI digestions are marked, showing an additional EcoRI site in colony 1. The centre lane shows the
1 Kb Plus Ladder (Invitrogen) as a marker.
B. Schematic representation of plasmid 8, showing the location of the restriction sites for the enzymes used to digest colonies 1 and 2 as
shown in A. The location of the IS insertion with an additional EcoRI site is shown in colony 1.
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was annotated on the Addgene plasmid pages. While
the sequence of these plasmids was affected, reports
from donors and users suggested that the transposition
of an IS element between the Kanamycin resistance and
the origin of replication did not affect the functionality of
these constructs. Most of the other ABRC plasmids
representing expression vectors and constructs also
showed correct/expected localization or function in
plants, regardless of the IS element presence.
The presence of shared integrated IS elements in

plasmid preparations submitted to multiple plasmid
repositories, however, does not exclude the possibility of
IS acquisition during culturing at the repositories. Upon
arrival of a plasmid preparation at Addgene, it is trans-
formed into an E. coli host, and a single, sequenced

clone is used to amplify the stock which is used to inoc-
ulate and grow distribution stocks. ABRC usually accepts
plasmids as glycerol stocks in E. coli hosts, which are
streaked on plates and several individual colonies are
grown as liquid cultures for plasmid preparation and
analysis (which may include restriction digestion, PCR
and sequencing). If IS transposition did not occur during
the growth of stock cultures, the stab cultures distributed
by the repositories would be homogenous (especially if
they had been transformed), and all cells sent to the
recipient in a stab culture would be either with or without
the insertion. To test whether this is the case, we
obtained four pCambia-derived stab cultures from two
repositories: plasmids 27 and 44 from ABRC, and plas-
mids 45 and 46 from Addgene. Each stab culture was

Fig. 2. IS elements are present in plant binary vectors with different backbones.
A. PCR screening of a pCambia-based binary vector series using primers flanking the putative IS insertion site. (-) Represents negative control
(water); (+) represents positive control (plasmid 1).
B. PCR screening of pFGC5941 (plasmid 26) and pBIN20 (plasmid 27) derivatives using primers flanking the putative IS insertion site. In both
sections A and B, a PCR product of ~1400 bp indicates the presence of an IS insertion (+IS) while a product of ~200 bp indicates the absence
of IS insertion (no IS). A non-specific PCR product is marked with an asterisk.

Fig. 3. IS transposition occurs prior to stock deposition. PCR screening of a pCambia-based binary vector series using primers flanking the
putative IS insertion site. Plasmids isolated from 16 different stocks (P28–P43) were screened to detect the presence of an IS element. A PCR
product of ~ 1400 bp indicates the presence of an IS insertion (+IS) while a product of ~ 200 bp indicates the absence of IS insertion (no IS). A
non-specific PCR product is marked with an asterisk.
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seeded onto LB+Km plates to obtain individual colonies.
Ten colonies from each plating were inoculated and
independently liquid grown to make small-scale plasmid
preparations. Restriction fragment analysis of the plas-
mid preparations revealed a variable restriction pattern
among colonies for both plasmids 27 and 44 (Table 1,
Fig. S1A and B), indicating that the obtained stab cul-
tures were heterogeneous. These could be attributable
either to IS transposition at the repository or the mixed
nature of the glycerol stock submitted by the donors.
Furthermore, all colonies of plasmid 45 carried various
mutated versions of the plasmid (Table 1, Fig. S2A).
Since Addgene inoculates a single transformant to gen-
erate cultures for storage, this is most likely the result of
IS transposition that occurred after the founding of the
seed cultures at the repository. In contrast, plasmid prep-
arations of plasmid 46 were homogeneous and dis-
played only the expected restriction pattern (Table 1,
Fig. S2B). The mixed content of some plasmid prepara-
tions shown on Fig. 2B also suggests the transposition
of IS elements into certain plasmids during their propa-
gation in conventional hosts, either at the repository or
at the donor laboratory.

IS-containing plasmids have selective advantage over
non-IS plasmids

It was previously shown that the IS5 transposition into
pGreenII significantly increased the bacterial growth rate
and that the mutated pGreenII rapidly outcompeted the
original plasmid with no insertion (Watson et al., 2016).
Plasmid instability was proposed to be the result of natu-
ral selection favouring mutations that relieve the host cell
from the burden of propagating the wild-type construct.
To test the stability of an ABRC plasmid stock without
an IS insertion, we cultivated a stock of plasmid 1
derived from a single colony (previously shown by
sequencing to be IS free), over multiple generations, and
tested it using PCR amplification with primers flanking
the putative IS insertion site. While the initial culture
showed that no IS element was present in plasmids

isolated either from donated originals (O1-O2) or their
distribution copies (D1-D2), subsequent subculturing led
to an increase in the proportion of the IS element-
containing plasmids (Fig. 4A). There was a clear differ-
ence in the rate at which the IS element was acquired
when the original stocks were compared with the distri-
bution copies, with the IS element readily detectable in
D1 and D2 after the first subculture (Fig. 4A). This differ-
ence no longer existed after one more round of subcul-
turing. By the third subculture, there were more plasmids
with an IS element than without (Fig. 4A). Similarly, we
observed the emergence of extra restriction bands
caused by IS5 transposition when propagating two fur-
ther pCambia-derived vectors, plasmids 27 and 44 in E.
coli DB3.1 for 70 generations (Fig. 4B Left, Centre). We
screened the resulting plasmids with multiple PCRs
(described in the Experimental Procedures) and found
IS5 insertions in both. Sequencing verified this result: for
plasmid 27, insertion of IS5 was detectable either at
position 7187 or at 6336, which corresponds to the two
regions flanking the KmR gene. No plasmid carried both
insertions. (For a potential hypothesis explaining the
selective advantage of IS5 insertions, see Appendix S2)
Analysis of plasmid 44 verified an insertion of IS5 at
position 10 185, directly downstream of the KmR gene.
IS integration into the pCambia series, however, is not
obligatory: plasmid 46 did not show a detectable change
in its restriction pattern during 70 generations of growth
in DB3.1, despite having a backbone nearly identical to
that of plasmid 44 (Fig. 4B, Right).
These time-series results nevertheless demonstrate

that due to the presence of these elements in the
genomes of most commonly used E. coli strains, even a
stock with no detectable IS-mutated plasmid may even-
tually become a mix of IS-mutated and normal plasmids,
with the proportion of mutant plasmids increasing each
time the stock is subcultured. Our findings are in line
with earlier reports suggesting that insertion of an IS ele-
ment can provide these plasmids a selective advantage
over the wild type (P�osfai et al., 2006; Rugbjerg et al.,
2018). The type of burden caused by the plasmid and
the mechanism of release attained by the insertion, how-
ever, may be case specific.

IS acquisition of plasmids can be avoided with the use
of IS-free hosts

According to our hypothesis, the source of the IS ele-
ments identified in the plasmids above are the elements
residing in the genomes of conventional E. coli hosts
used for plasmid assembly and propagation. The cor-
rectness of newly assembled plasmids is surely verified
by the constructing laboratories in most, if not all cases.
The most commonly used methods of verification,

Table 1. Measuring the purity of plasmids obtained from plasmid
repositories.

Plasmid AbR Size
Rep.
origin

Copy
no.

Ratio of correct
restriction
patterna

Plasmid 27 Km 14.4 kb IncP High 9:10
Plasmid 44 Km 11.3 kb ColE1 High 8:10
Plasmid 45 Km 8.6 kb ColE1 High 0:10
Plasmid 46 Km 6.8 kb ColE1 High 10:10

AbR, antibiotic resistance; Km, Kanamycin.
aRestriction digestion of plasmid preparations made by culturing 10
colonies obtained after plating the respective stab culture.
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restriction digestion and Sanger sequencing, however,
may miss IS-insertion mutants if the fraction of such
mutants is low at the time of testing due to the low inten-
sity of the unexpected bands or peaks on the electro-
phoresis readout of the two methods, respectively. This
can result in the storage of mixed bacterial cultures as
glycerol stocks and the deposition of mixed bacterial
stocks or plasmid preparations. The small fraction of
mutant-carrying cells can expand due to their selective
advantage at any later stage of use that involves bacte-
rial growth. Similarly, at the repository, transposition of
IS elements from the host bacteria can happen at any
subsequent stage of culturing, even in the dividing cells
of the stab culture. This can explain the distribution of
mixed bacterial cultures, despite the availability of veri-
fied original stocks.
Therefore, a straightforward approach to avoid the

emergence of insertion mutants would be to replace

the currently used conventional E. coli hosts with IS-
free E. coli strains. Two such E. coli stains were cho-
sen to test this strategy: MDS42 and BLK16 (P�osfai et
al., 2006; Umenhoffer et al., 2017). They are deriva-
tives of E. coli K12 MG1655 and E. coli BL21 (DE3),
respectively, and have gone through systematic
genome reduction processes which, besides removing
many strain-specific genomic islands, eliminated all
active mobile genetic elements from their chromo-
somes. MDS42 is generally used as a cloning host
due to its elevated transformability, while BLK16 is
recommended for protein overexpression. IS elements
have been completely deleted from the prior strain as
opposed to the latter, where they were mostly inacti-
vated by inserting premature stop codons (P�osfai et
al., 2006; Umenhoffer et al., 2017).
As a starting point, strain MDS42 was transformed

with the correct form (verified by restriction digestion) of

Fig. 4. The presence of IS elements provides selective advantage to certain plasmids in E. coli DB3.1.
A. Time-series PCR screening of plasmid 1 using primers flanking the putative IS insertion site. Single colonies of the ABRC original (O1–O2)
and distribution stocks (D1–D2) were subjected to three rounds of subculturing, with appropriate aliquots taken out and used for the analysis. A
PCR product of ~1400 bp indicates the presence of an IS insertion (+IS) while a product of ~200 bp indicates the absence of IS insertion (no
IS). A non-specific PCR product is marked with an asterisk.
B. Changes in the restriction pattern of various plasmids propagated in E. coli DB3.1. The numbers on top of each gel photo represent the num-
ber of generations the culture had gone through at the time of sampling. Left: plasmid 27, digested with EcoRI + NheI. Expected bands:
9491 bp, 3050 bp and 1862 bp. An extra band appears between 3 kbp and 6 kbp beginning at generation 30, marked by an arrowhead. Cen-
tre: plasmid 44, digested with EcoRI + HindIII. Expected bands: 7823 bp, 1946 bp and 1637 bp. Extra bands appear beginning at generation
40, marked by arrowheads. Right: plasmid 46, digested with EcoRI + EcoRV. Expected bands: 5447 bp and 1399 bp. Only expected bands are
visible in all lanes. M: GeneRuler 1 kbp DNA Ladder (Thermo Scientific).
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two plasmids that were prone to acquire IS integrations:
plasmids 27 and 44. Several colonies of each transfor-
mation were cultured (corresponding to 10 generations)
to make small-scale plasmid preparations and to choose
a starting culture that displays the correct restriction pat-
tern. Then, the respective cell lines were cultured for 60
more generations, making small-scale plasmid prepara-
tions at every 10 generations for restriction analysis.
Importantly, no change of any sort was observable in the
restriction pattern of either plasmid (Fig. 5). Similarly, the
correct restriction pattern was maintained for both plas-
mids when propagated for 70 generations in the IS-free
strain BLK16 (Fig. S3). These data support the notion
that major reorganization of these plasmids, including
the integration of an IS element, can be avoided if an IS-
free host strain is used for their propagation. It was not
apparent at this stage, however, whether other types of
mutations (single nucleotide exchanges, small insertions
or deletions, etc.) had been acquired by the plasmids
during propagation. This was possible considering the
selective advantage of IS-mutated plasmids described
above, possibly relieving the host from some type of bur-
den brought about by the wild-type vectors. If this burden
could be relieved by point mutations or small indels, a
similar selection process would expand the mutant sub-
population within a relatively low number of generations.
To investigate this possibility, we carried out deep

sequencing analysis of plasmid 27 preparations obtained
from MDS42 after 10 and 70 generations of culturing
respectively. Sequence analysis revealed 18 variants in

the 70th generation sample relative to the reference
sequence, listed in Table S2. All but one of these vari-
ants were present in the 10th generation sample as well,
suggesting the majority of these variants are likely to
have been present in the original sample, and did not
arise as novel mutations during propagation in the IS-
free host strain. The exception was a C->A SNP at posi-
tion 6929, scored as a heterozygous site, with read
counts in the 70th generation sample of 4257 and 555
for the reference and variant alleles respectively. (For a
potential hypothesis explaining the selective advantage
of this mutation, which causes premature translation ter-
mination of the KmR gene, see Appendix S2) As
expected, no signs of IS acquisitions were found in the
sequencing reads, apart from the IS1 known to be pre-
sent in the reference plasmid 27 sequence.

The frequency of E. coli ISes in Addgene sequences

We expanded our analysis by examining the type and
frequency of IS elements in the Addgene plasmid collec-
tion. Addgene generated complete sequence data for
47 877 plasmids from their repository. We used these as
part of a local BLAST+ (Camacho et al., 2009) analysis
in which we created a custom BLAST database and
searched this set of > 47 000 plasmids for evidence of
each of 18 IS sequences of interest (Table 2; File S1).
We limited our queries to transposable elements found
in various E. coli strains, for we were interested not in
mobile elements already residing in the insert DNA to be

Fig. 5. Stability of the restriction pattern of plasmids propagated in E. coli MDS42. The numbers on top of each gel photo represent the number
of generations the culture had gone through at the time of sampling.
A. Plasmid 44, digested with HindIII and EcoRI. Expected bands: 7823, 1946 and 1637 bp. Only expected bands are present in all lanes.
B. Plasmid 27, digested with NheI and EcoRI. Expected bands: 9491, 3050 and 1862 bp. All lanes display expected bands only. M: GeneRuler
1 Kbp DNA Ladder (Thermo Scientific).
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cloned into various vectors, but in those elements that
have transposed during plasmid construction or storage,
which is almost exclusively done in E. coli (Lodish et al.,
2000). BLAST hits were filtered to help ensure hits
reflected intact and viable IS sequences, as opposed to
hits to partial IS sequences that might arise as a result
of a valid local alignment (see Methods for filtering cri-
teria). Of the 47 877 plasmids evaluated, 533 contained
a single intact IS element, and an additional 2 each con-
tained 2 unique intact IS elements, meaning that in total
535 (1.12%) of the plasmids contained at least 1 IS
sequence. Within these 535 plasmids, 6 IS types were
identified (Fig. 6). Of these, IS1A was most common
(363 plasmids), followed by IS10R (127 plasmids), IS5
(40 plasmids) and Tn1000, IS2 and IS1F, which were
each represented in five or fewer plasmids. This indi-
cates that the plasmids identified to carry insertions in
our restriction digestion screens described above are not

the only ones found within repositories to harbour IS ele-
ments upon their deposition. In addition, IS5 is not the
only E. coli-derived mobile element to transpose into
plasmids, and is by far neither the most common. A
rapid analysis comparing the composition of the IS-
containing plasmid set to the entire collection revealed
several significant alterations. In brief, the IS-containing
set displayed an enrichment of large plasmids (with
sizes > 10 kbp), of low-copy plasmids and of plasmids
carrying a kanamycin resistance gene alone or in combi-
nation with a chloramphenicol resistance gene. Details
of this analysis are described in Appendix S3.

Discussion

This study was initiated by the observation that certain
plasmids distributed by repositories gave unexpected
restriction patterns. These pattern changes were found
to be caused by the integration of IS elements into the
respective plasmids. The phenomenon of IS transposi-
tion from the host chromosome to a plasmid has been
known for decades, and in certain cases, has been
shown to be the primary mutational mechanism to inacti-
vate the cloned gene of interest (see Introduction). We
nevertheless investigated this process in more detail for
at least three reasons: (i) to explore the timing and the
source of the transposition events, (ii) to measure how
widespread this phenomenon is within a plasmid reposi-
tory and (iii) to offer potential solutions to evade it, if
necessary.
Our analysis revealed that in many cases, the plas-

mids submitted to the repositories already carried the IS
elements. This was especially apparent when the same
insertion mutation was detected in a plasmid that had
been submitted to multiple repositories, and was
sequenced upon arrival. In most cases, however, plas-
mids are only rejected if the insertions are unexpected,
i.e. the ISes are not present in the sequence submitted
by the donors along with the DNA. In addition, not all
repositories apply routine sequencing of deposited plas-
mids, further explaining the entry of IS-bearing plasmids.
In addition, IS elements also enter the plasmids by trans-
posing from the host cell’s chromosome during their stor-
age and handling at the repositories. This is indicated by
the mixed nature of certain distributed stab cultures, con-
sisting of cells harbouring the wild type and cells har-
bouring the insertion mutant plasmids as well. We have
also demonstrated that even when starting with pure cul-
tures carrying wild-type plasmids, insertion mutant forms
can arise and become dominant in a cell culture within a
few tens of generations when using conventional E. coli
hosts for their propagation.
To explore how widespread the presence of IS ele-

ments is in a repository, we ran a BLAST analysis on

Table 2. IS elements used as queries.

IS name Accession No.

IS1A X52534
IS1B X17345
IS1D X52536
IS1F X52538
IS2 M18426
IS3 X02311
IS4 J01733
IS5 J01735
IS5B U95365
IS5D X13668
IS5Y ECK0261a

IS10R J01829
IS30D X62680
IS150 X07037
IS186A M11300
IS186B X03123
IS911 X17613
Tn1000 X60200

The full IS5Y sequence is available in Supp_file_1.fasta of the
Supplement.
aRefers to insH5 transposase.

Fig. 6. The distribution of IS elements found in the Addgene plas-
mid collection.
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the 47,877 plasmids available from and sequenced by
Addgene, using as queries the 18 mobile elements of E.
coli most often observed to transpose into plasmids. We
identified an IS insertion in 1.12% of the plasmids,
mostly resulting from IS1A and IS10R transpositions. We
note, however, that this is likely to be an underestimation
of the phenomenon for two reasons: (i) plasmids carrying
unexpected IS insertions upon their submission are
rejected by repositories that sequence the deposits, and
(ii) plasmids found to be IS free upon their arrival to the
repository may acquire insertions later, if grown in con-
ventional E. coli hosts.
As a result of these observations, it is certainly rele-

vant to ask if this phenomenon can be avoided. Earlier
works have shown that the systematic deletion, inactiva-
tion and silencing of TEs were all capable of increasing
genetic stability of the host at chromosomal and
plasmid-based loci alike (Csorgo et al., 2012; Umenhof-
fer et al., 2017; Geng et al., 2019; Nyerges et al., 2019).
IS-free strains have been engineered for E. coli (P�osfai
et al., 2006; Park et al., 2014), Corynebacterium glutami-
cum (Choi et al., 2015) and Acinetobacter baylyi (Suarez
et al., 2017) in the course of systematic genome reduc-
tion projects. We tested the feasibility of this solution
using two of our IS-free E. coli strains, MDS42 and
BLK16. We showed here that two plasmids, which
acquire IS insertions in a conventional host, maintained
their correct restriction patterns during 70 generations of
culturing in both MDS42 and BLK16. Deep sequencing
of one of these plasmids, plasmid 27 propagated in
MDS42, confirmed its IS-free nature in the 70-generation
sample, albeit an SNP variant appeared as a minor frac-
tion of the plasmid population. This is in line with earlier
observations describing that by limiting the mutational
repertoire of a cell, one can delay (but not completely
avoid) the emergence of mutants that release the growth
burden imposed by transgenes (Csorgo et al., 2012).
Another valid strategy to reduce unwanted IS inser-

tions into plasmids could be to identify the motifs or com-
binations of genetic components often hit by ISes. These
could be prone to insertions by providing an integration
target site, by posing a burden to the host cell that is
most simply relieved by an insertion event or by both of
the above mechanisms. Studies like ours may provide
clues to plasmid engineers in the future on which motifs
or combinations thereof to avoid including in their con-
structs. In our opinion, however, the relatively small num-
ber of hits coming from this single study is not sufficient
to draw conclusions, or should be used cautiously for
this purpose. For example, nearly 100% of plasmids with
a pGWB14 vector backbone carry an IS1, seemingly pin-
pointing a motif with a deterministic IS-acquiring effect.
However, these plasmids all originate from the same
deposit, possibly indicating that an insertion event that

happened in the early stages of vector construction
yielded a series of plasmid derivatives carrying the same
insertion.
As a supplementary output, our BLAST results can

also be used to infer the transposition activities of vari-
ous bacterial mobile genetic elements. We used the ISes
found in various strains of E. coli as queries, for this is
the most commonly used host for plasmid cloning (Lod-
ish et al., 2000). We observed high activities for IS1A
and IS10R, intermediate activities for IS5 and low for
Tn1000, IS1F and IS2. At an earlier stage of our analy-
sis, we also found a case of IS4 inserted into a depos-
ited plasmid, but this was eventually replaced by the
donors. To infer how much the observable activities
depend on the experimental setup, we compared the
detected IS frequencies with the composition of IS trans-
position events reported by other investigators in E. coli.
Our results showed a strong correlation (R = 0.88,
P < 0.0002) with the data of Sousa et al. (2013), a muta-
tion accumulation study that enumerated chromosomal
transposition events detectable by sequencing 50 lines
of E. coli, each cultured for 1610 generations (Fig. S4).
In another analysis focusing on a single target plasmid,
Rugbjerg et al. (2018) reported the fraction of mutants of
plasmid pMVA1 attributable to each IS type (Fig. S8 of
Rugbjerg et al., 2018), which also shows a good correla-
tion with our observations (R = 0.69, P = 0.012) (Fig.
S5). However, in a mutation accumulation experiment
involving 520 lines and totalling to 2.2 million genera-
tions, the observed composition of chromosomal IS
transposition events did not show a significant correla-
tion with our results (R = 0.48; P = 0.11) (Lee et al.,
2016) (Fig. S6). The well-known adaptation experiment
involving the liquid culturing of four E. coli strains for
50,000 generations each also produced IS transposition
events that markedly differed in composition from the rel-
ative IS frequencies detected in the Addgene plasmids
(R = 0.09; P = 0.79) (Consuegra et al., 2021). In the lat-
ter analysis, IS150 transposition caused the greatest
number of new insertions, exceeding those of IS1 more
than threefold (Fig. S7). Overall, the relatively high activ-
ity of IS1 is the only common feature of the five men-
tioned analyses, including ours. Therefore, it seems
likely that the composition of IS transposition events is
highly dependent on the experimental setup used for its
analysis. Some of the major differences among the listed
experiments are the presence or lack of selection (in
directed evolution and mutation accumulation experi-
ments, respectively), the analysis of plasmids or the
entire chromosome as potential targets and the reper-
toire of IS elements present in the starting strain. A
marked example for the latter factor is the lack of IS5
and IS10 elements in E. coli REL606 (Consuegra et al.,
2021) and the lack of IS10 in E. coli PFM2 (Lee et al.,
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2016), which were prominent contributors to the muta-
tional spectrum in the other three studies.
One last question to be addressed by our investigation

is whether the frequency of ISes in the distributed plas-
mids is relevant to the operators and users of these
repositories. Although the frequency is small (1.12% of
plasmids carry at least one IS), the large size of the
repositories yields a relatively high number (> 500) of
plasmids. To date, no deleterious effect of unexpected
IS elements has been reported, the theoretical possibil-
ity, however, cannot be excluded. Even without a com-
plete inactivation, a smaller change in plasmid function
could impair laboratory-to-laboratory reproducibility and
act against the much promoted process of standardiza-
tion in molecular and synthetic biology (Endy, 2005).
The overall transposition rate of IS elements has been
measured to be � 10-4 transpositions/genome/genera-
tion (Sousa et al., 2013; Lee et al., 2016). This value is
comparable to the general mutation rate of bacterial cul-
tures corresponding to population sizes used in molecu-
lar biology experiments (Krasovec et al., 2017),
suggesting that IS transposition will likely contribute to
the mutational repertoire of a cell. Therefore, one can
anticipate a significant improvement in the genetic stabil-
ity of host bacteria by the removal of IS elements. In
addition, both transposons (Hamamoto et al., 2020; Hoo-
ton et al., 2021) and IS elements (Feher et al., 2012)
have been described to transpose from plasmids to the
chromosome. In a specific case, the complete interspe-
cies horizontal gene transfer could be attributable to a
mobile element transposing in and out of a conjugative
plasmid (Hall et al., 2017). The chromosomal acquisition
of mobile elements originating from plasmids trans-
formed into the host cell of the end user is therefore a
realistic scenario, but can nevertheless be avoided by
the use of plasmids derived from IS-free hosts.
In conclusion, we have seen that spontaneous IS

transposition into plasmids during construction in the
depositor laboratories and storage at plasmid reposito-
ries has a measurable frequency, reflecting the activities
of E. coli-derived transposable elements. While our find-
ings indicate that IS element contamination in plasmids
is not widespread (Fig. 6), use of IS-free hosts for both
plasmid construction and propagation could be a viable
solution to avoid this type of mutagenesis, and thereby
delay emergence of plasmid mutants.

Experimental procedures

Molecular biology methods

Plasmid transformation, growth of microbial cultures,
plasmid preparation as well as restriction digestion and
agarose gel electrophoresis of DNA was carried out
according to established protocols (Sambrook et al.,

1987). Antibiotics were used in the following concentra-
tions: chloramphenicol (Cm): 25 lg ml-1, ampicillin (Ap):
100 lg ml-1 and kanamycin (Km): 25 lg ml-1. Chemicals
were obtained from Sigma-Aldrich (St. Louis, MO, USA),
unless otherwise specified. Restriction enzymes were
provided by Thermo Scientific (Waltham, MA, USA).

ABRC stock donation and quality control procedure

Plasmid donations as two identical �80°C stocks are
requested from donors. One copy is stored as the ‘origi-
nal’ and the second as the ‘distribution’ copy of a plas-
mid. Two or three single colonies derived from each
stock are analysed as part of ABRC quality control (QC).
The analysis may include a restriction digest, PCR or
sequencing depending on the type of QC. If it is neces-
sary to generate a new distribution stock of a plasmid,
for example, following a complaint in which a problem
was identified in the existing distribution stock, it is pre-
pared from a single colony derived from the original glyc-
erol stock received from the donor and is analysed as
part of ABRC QC.

Addgene stock donation and quality control procedure

Plasmid donations are accepted in the form of a small-
scale plasmid preparation. These are sequenced by
next-generation sequencing, and the obtained sequence
is aligned with the theoretical sequence provided by the
donor. Upon major discrepancies (e.g. unexpected inser-
tions of transposable elements) or minor discrepancies
at critical loci, the donors are asked to replace the dona-
tion with a correct version. Ultimately, the plasmid is
transformed into a suitable E. coli host, and a single col-
ony is used to grow a culture that is stored as a glycerol
stock at �80°C. For each event of distribution, a stab
culture is generated from the glycerol stock using LB
agar containing the appropriate antibiotic.

PCR analysis of plasmids

To localize IS5 insertions in plasmid 44, ~ 1 ng samples
of plasmid were amplified in a series of PCR reactions
that combinatorially applied IS5-specific primers (IS5ki1
or IS5ki2) paired with vector-specific primers (pf183,
pf2031, pf4045, pf6000 or pf8519) (primers listed in
Table S1). If a PCR product was obtained, it was Sanger
sequenced using the IS5-specific primer to identify the
exact point of insertion. The same approach was used to
localize IS5 insertions in plasmid 27, but the vector-
specific primers were pm78, pm2063, pm4007, pm6020,
pm8017, pm10057 and pm12019. The screening of
pCambia, pBIN20 and pFGC5941-derivative plasmids for
the presence of IS insertions in between the replication
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origin and the Km resistance gene (shown in Figs 2, 3
and 4A) was carried out by PCR amplification using
primers IS5-flank-ColE1-F1 and IS5-flank-KanR-R1
(Table S1). For all PCR reactions, the annealing temper-
ature was 57°C and the elongation time was 90 s. Taq
polymerase and dNTP mix were obtained from Thermo
Scientific.

Bioinformatic methods

Variant analysis. Plasmid 27 was propagated in MDS42
for a total of 70 generations using a serial transfer
culture. Upon each transfer, the culture was diluted
1000-fold, warranting a 1000-fold expansion in the
subsequent growth phase, which corresponds to approx.
10 generations of growth (=log21000). Plasmid samples
were extracted and purified following the 10th and 70th
generations with the GeneJet Plasmid Purification kit
(Thermo Scientific). Barcoded whole-genome sequence
libraries were generated for the gen10 and gen70
samples with the NexteraTm DNA Flex Library Prep kit
(Illumina, San Diego, CA, USA) and sequenced on a
paired end 151 bp Illumina MiSeq run. Sequence quality
was initially assessed based on sequencing metrics from
Illumina BaseSpace.
An initial round of adaptor trimming was included as

part of the MiSeq run, and a subsequent round of trim-
ming was performed with Trimmomatic (Bolger et al.,
2014) to remove any remaining adaptor sequences and
low-quality bases. Trimmomatic was run in paired-end
mode with options LEADING:3, TRAILING:3, SLIDING-
WINDOW:4:15 and MINLEN:50. Adaptor- and quality-
trimmed sequence data were then evaluated with
FastQC (Andrews, 2010).
A reference ‘genome’ was obtained by combining the

genome for plasmid 27 (obtained from the depositor’s
website and converted to FASTA format), the E. coli
MDS42 genome (GenBank accession
GCA_000350185.1) and the 18 Insertion Sequences of
interest, which are available in Table 2 and File S1.
Alignments of adaptor- and quality-trimmed paired-end
reads from each of the two time points were performed
with HiSat2 v2.1.0 (Kim et al., 2019). Duplicate reads
were marked in the sam files with the markDuplicates
function in Picard (Broad-Institute, 2019) after sorting in
SAMtools (Li et al., 2009), and variants with respect to
the reference plasmid 27 sequence were identified using
the HaplotypeCaller function from the GATK v4.1.2.0
(McKenna et al., 2010). Variants were called for each of
the two time points assuming the reads came from a dip-
loid sample. This allows for detection of a potential mix-
ture of haplotypes within each plasmid population, which
is expected after recent mutations arise. Aside from the
designation of ploidy, runs of the GATK were performed
using default values, and were based on duplicate-

marked alignment files. We called variants separately
with the BCFtools (Danecek et al., 2021) workflow
(BCFtools-1.11 functions mpileup and call) to evaluate
the sensitivity of our inferences to the variant calling
approach. Results were broadly consistent between the
two analyses, and only results from the GATK workflow
are presented. Variants associated with the plasmid
were then filtered from the vcf outfiles for analysis.
In order to evaluate whether any IS elements had

been acquired in either of the plasmid samples (gen10
or gen70), the alignment outputs were filtered for
uniquely mapping reads and assessed for hits to each of
the 18 IS elements. The identities of the multiply mapped
reads were also determined. This latter set of reads was
expected to contain hits to IS1, as an IS1 element is
included in both the plasmid 27 genome and the set of
targeted IS elements.
All scripts used for performing the analyses described

above are available at https://github.com/mikesovic/
Brkljacic_etal. Raw sequence data are available from
NCBI’s sequence read archive (SRA) under BioSample
accessions SAMN17496650 and SAMN17496651 asso-
ciated with BioProject PRJNA694110.

BLAST analyses. NCBI BLAST+ (version 2.10.0)
(Camacho et al., 2009) command line applications were
used to identify plasmid sequences containing IS
sequences. First, we used the ‘makeblastdb’ command
to create a custom BLAST database containing 47 877
full, circular plasmid sequences from Addgene’s
collection. Next, the set of 18 IS sequences, provided in
File S1, were used as query sequences for a standard
BLASTN search using default parameters. Each IS
sequence was individually aligned against the custom
database of plasmid sequences. The output from the
BLAST search included the IS name, query alignment
length, query start and end positions, length of the
database element (plasmid sequence), number of
identical nucleotide matches and per cent identity across
the alignment.
The initial set of Blast hits was filtered in R v3.6.1 (R-

Core Team, 2019). First, the IS subclasses (i.e. IS1A,
IS1b, IS1D, etc.) for the hits were binned into their
respective major IS class (i.e. IS1) and unique IS/plas-
mid combinations were identified. For any IS/plasmid
combination that had multiple valid hits, the set of hits
was ordered by the alignment length as a proportion of
IS element length (any values > 100%, corresponding to
alignments containing indels, were rounded down to
100%, as they represent full length alignments). Per cent
identity for the alignments was used as a secondary
sorting factor to break ties, and the top hit (longest/best
alignment) for each IS/plasmid combination was
retained. In order to help ensure that hits represented
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functional IS elements, the data were subsequently fil-
tered to include just the hits in which the alignment cov-
ered at least 95% of the IS sequence length.
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Table S1. Primers used in this study.
Table S2. Variants in the 70th generation detected in the
diploid analysis of plasmid 27 relative to the reference
sequence (n=18).
Fig. S1. Testing the homogeneity of plasmids acquired from
repositories. A: Plasmid preparations of cultures grown from
ten colonies, obtained by plating the stab culture of the
strain carrying plasmid 44, acquired from ABRC. Restriction
digestion was carried out with HindIII and EcoRI enzymes.
Expected bands: 7823 bp, 1946 bp, 1637 bp. Extra bands
are marked by white arrowheads in lanes 7 and 10. B: Plas-
mid preparations of cultures grown from ten colonies,
obtained by plating the stab culture of the strain carrying
plasmid 27, acquired from ABRC. Restriction digestion was
carried out with NheI and EcoRI enzymes. Expected bands:
9491 bp, 3050 bp, 1862 bp. Unexpected bands are marked
by white arrowheads in lane 1. M: GeneRuler 1 kbp DNA
Ladder (Thermo Scientific).
Fig. S2. Testing the homogeneity of plasmids acquired from
repositories. A: Plasmid preparations of cultures grown from
ten colonies, obtained by plating the stab culture of the
strain carrying plasmid 45, acquired from Addgene. PvuII
and SpeI enzymes were used for the restriction digestion.
Expected bands: 5907 bp, 2747 bp. Green arrowheads
mark the positions where bands are expected. Unexpected
bands are visible in all lanes. B: Plasmid preparations of
cultures grown from ten colonies, obtained by plating the
stab culture of the strain carrying plasmid 46, acquired from
Addgene. EcoRI and EcoRV enzymes were used for the

restriction digestion. Expected bands: 5447 bp, 1399 bp.
Only expected bands are visible in all lanes. M: GeneRuler
1 kbp DNA Ladder (Thermo Scientific).
Fig. S3. Stability of the restriction pattern of plasmids propa-
gated in E. coli BLK16. The numbers on top of each gel
photo represent the number of generations the culture had
gone through at time of sampling. (A) plasmid 44, digested
with HinDIII and EcoRI. Expected bands: 7823 bp, 1946 bp,
1637 bp. Only expected bands are visible in all lanes. (B)
plasmid 27, digested with EcoRI + NheI. Expected bands:
9491 bp, 3050 bp, 1862 bp. Only expected bands are visi-
ble in all lanes. M: GeneRuler 1 kbp DNA Ladder (Thermo
Scientific).
Fig. S4. The correlation between the IS transposition activi-
ties measured by Sousa et al. (2013) and the number of
imperfect matches of the respective IS elements found in
Addgene sequencing data. Numbers for IS1A and IS1F
have been combined as IS1. R=0.88, p=.00016.
Fig. S5. The correlation between the IS transposition activi-
ties measured by Rugbjerg et al. (2018) by analysis of
mutant pMVA1 plasmids and the number of imperfect
matches of the respective IS elements found in Addgene
sequencing data. Data for IS1A and IS1F have been com-
bined as IS1. R=0.69, p=.012.
Appendix S1. Introducing the IS elements of Escherichia
coli.
Table S3. The identified copy numbers of IS elements
identified in this study in various E. coli strains.
Appendix S2. Analyzing the mutations of plasmid 27.
Fig. S6. The region of plasmid 27 encoding the N-terminal
of the KmR gene.
Appendix S3. Features of the IS-containing plasmid set.
Fig. S7. Comparing the copy number composition of the
plasmid sets. The fraction of high, low or unknown copy-
number plasmids are shown for the entire Addgene collec-
tion (blue) or the IS-containing subset (orange). Compari-
sons were carried out either considering all IS-containing
plasmids (A) or omitting those with a pGWB14 backbone
(B).
Fig. S8. Comparing the size composition of the plasmid
sets. The fraction of plasmids falling into the size ranges
indicated on the X-axis are shown for the entire Addgene
collection (blue) or the IS-containing subset (orange). Com-
parisons were carried out either considering all IS-contain-
ing plasmids (A) or omitting those with a pGWB14
backbone (B).
Fig. S9. Comparing the antibiotic resistance composition of
the plasmid sets. The fraction of plasmids carrying the indi-
cated resistance gene or genes are shown for the entire
Addgene collection (blue) or the IS-containing subset
(orange). Comparisons were carried out either considering
all IS-containing plasmids (A) or omitting those with a
pGWB14 backbone (B).
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