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Abstract 

Mobile genetic elements play an important role in the acquisition of antibiotic and biocide resistance, especially through the formation of re- 
sistance islands in bacterial chromosomes. We analyzed the contribution of Tn7-like transposons to island formation and diversification in the 
nosocomial pathogen Acinetobacter baumannii and identified four separate families that recognize different integration sites. One integration 
site is within the comM gene and coincides with the previously described Tn6022 elements suggested to account for the AbaR resistance island. 
We established Tn6022 in a heterologous E. coli host and confirmed basic features of transposition into the comM at tac hment site and the use 
of a no v el transposition protein. By analyzing population features within Tn6022 elements we identified two potential novel transposon-encoded 
diversification mechanisms with this dynamic genetic island. The activities of these diversification features were confirmed in E. coli . One was 
a no v el natural gain-of-activity allele that could function to broaden transposition t argeting . T he second w as a transposon-encoded h ybrid dif -lik e 
site that parasitizes the host dimer chromosome resolution system to function with its own tyrosine recombinase. T his w ork establishes a highly 
activ e Tn7-lik e transposon that harnesses no v el features allo wing the spread and div ersification of genetic islands in pathogenic bacteria. 
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Introduction 

Transposons are mobile genetic elements capable of mov-
ing between positions in a genome. Tn7 and related trans-
posons are notable for the control they display over target
site selection allowing integration into fixed safe sites in the
chromosome ( 1 ). A type of transposons related to the orig-
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inal Tn7 element, called Tn6022 elements, encode the same 
core Tn7 functional domains and have been suggested to ac- 
count for the important AbaR resistance island in Acineto- 
bacter baumnannii ( 2–4 ). Prototypic Tn7 uses five proteins 
to catalyze transposition into different types of target sites,
TnsA, TnsB, TnsC, TnsD(TniQ) and TnsE ( 1 ). TnsA and TnsB 
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orm the heteromeric transposase that moves the element to
 new site using a cut-and-paste transposition mechanism
 5 ,6 ). Tn7 is activated for high frequency transposition when
 preferred target site sequence is recognized by the protein
nsD, which contains a TniQ domain ( 7 ). TnsC communi-
ates transposition signals between the TnsD(TniQ) protein
nd the TnsA + TnsB transposase. Diverse Tn7-like elements
se the same core domain activities ( 8 ,9 ) but have evolved to
ecognize different types of target sites that maximize the dis-
ersal of the element while minimizing the chance of inactivat-

ng important host genes. The capacity of Tn7-like elements to
ntegrate into conserved positions in bacterial genomes called
ttachment sites ( att sites) allows the formation of genetic is-
ands using a transposition mechanism ( 10 ). In most cases,
 specific DNA sequence within an essential gene is recog-
ized but transposition is directed outside of the coding re-
ion thereby preserving gene functionality. A precise distance
etween the sequence recognized through TniQ-domain pro-
eins and the point of insertion comes from a ring or fila-
ent of a fixed number of TnsC molecules that positions the

ransposase to integrate the element ( 11–13 ). TniQ domain
ontaining proteins have naturally fused to different DNA
inding domains or co-opted CRISPR-Cas systems to recog-
ize different essential genes, such as glmS, ffs, parE, guaC,
smJ and tRNA genes among others ( 9 ,14–17 ). Interestingly,
n6022 elements are found within the coding sequence of the
omM gene. Integration at this position has been noted for
ome time as inactivating the gene and forming the important
baR resistance island in A. baumannii (for A cinetobacter
a umannii R esistance) before the connection to the transpo-
ition mechanism was suggested ( 18 ,19 ). 

Tn7-like elements are also known to be important vehicles
or spreading genes that are beneficial to the host and element
ut are not directly related to transposition called cargo genes
 20 ,21 ). When a transposon inserts into the chromosome,
argo genes under regular selection can persist longer than
he transposon itself. For example, the transposition genes and
nd sequences can become inactivated and degrade, but if the
argo they delivered is under selection, genetic information
an persist to form a fitness, pathogenicity, or resistance is-
and ( 10 ). In these cases, these genetic islands can form by
 transposition-based process but have little or no evidence
f the element that allowed their formation. The diversity of
argo and novel configurations of elements related to Tn6022
as been noted by many groups, but the molecular underpin-
ings of this diversity have remained enigmatic ( 22–24 ). 
We bioinformatically assessed Tn7-like elements in A. bau-
annii genome sequences to understand the role these ele-
ents play in the formation of resistance islands. This analysis

evealed the previously described types of Tn7-like elements
argeting the glmS and comM att sites and two types not de-
cribed previously in A. baumannii targeting parE and nrdB
tt sites. We found that a specific group of near identical ele-
ents within the Tn6022 elements targeting the comM gene
as responsible for almost all the diversity of antibiotic re-

istance in A. baumannii . We established a novel molecular
echanism for Tn7-like transposition involving an accessory
rotein that functions with TniQ. Two additional genetic fea-
ures were discovered: a naturally occurring gain-of-activity
llele and a novel tyrosine recombinase system. Both of these
ystems were tested in heterologous Esc heric hia coli , demon-
trating their ability to generate diversity through novel ge-

etic mechanisms. 

 

Materials and methods 

Identification of TniQ and tyrosine site-specific 

recombinase homologs in A. baumannii genomes 

Annotated nucleotide (19,282) and protein (67,128,995)
FASTA files (Genebank and Refseq) of Acintobacter bau-
mannii genomes (17,469) were downloaded from National
Center for Biotechnology Information (NCBI) FTP site (re-
trieved March 2023). Profile HMMs associated with TniQ
(PF06527) downloaded from the European Bioinformatics
Institute (EMBL-EBI) Pfam database, were used for detect-
ing homologs by using hmmsearch (HMMER3) with de-
fault parameters ( 25 ,26 ). The search generated 2440 hits. A
comprehensive non-redundant TniQ (56 protein) sequences
was generated by using CD-HIT ( https://www.weizhongli-
lab.org/ cd-hit/ ) with sequence identity threshold 0.95 ( 27 ).
These TniQ protein sequences were aligned with the MUSCLE
algorithm by using the Neighbor-joining clustering method
(maximum number of iterations: 500) with Geneious Prime
(v2022.2.1) ( 28 ). The aligned sequences were then used to
build an approximately-maximum-likelihood phylogeny us-
ing RAxML algorithm ( 29 ). The tree was displayed with
iTOL(v5) ( 30 ). 

An iterative jackhmmer search ( n = 5) was per-
formed against all annotated protein (67,128,995) sequences
(Genebank and Refseq) of A. baumannii genomes (17,469)
by using host XerC (ABO13046.2) and XerD (EXS72628.1)
proteins as the query. Following every cycle of this search,
the hit sequences were aligned, and a profile hidden Markov
model (HMM) was built. This profile HMM was then used
as a new query in the next search cycle. This iterative proce-
dure allows identification of distantly related site-specific ty-
rosine recombinase homologues of the original query. The re-
sulting sequences (165,907) were then clustered by using CD-
HIT ( https:// www.weizhongli-lab.org/ cd-hit/ ) with sequence
identity threshold 0.65, and the representatives (232) of the
clusters were aligned as described above. The aligned se-
quences were then used to build an approximately-maximum-
likelihood phylogeny using FastTree algorithm in Geneious
Prime (v2022.2.1) ( 31 ). The tree was displayed with iTOL (v5)
( 30 ). 

To determine the structural similarity of the XerC proteins,
the structures of XerC-like(Tn6022), XerC ( A. baumannii )
and XerC ( E. coli ) were obtained using Alphafold2 ( 32 ). The
structure comparisons and RMSD values were obtained in
ChimeraX using the command Matchmaker ( 33 ). 

Analyzing insertions in closed genomes of A. 
baumannii 

The coordinates for the glmS and comM att sites were ob-
tained through BLAST searches. To determine transposon in-
sertions within comM we computed the distance between two
points (40 bp) that flank the known insertion point for AbaR.
To determine insertions downstream of glmS , we computed
the distance between glmS and the downstream gene murI .
The comM output size of 108 bps or less was considered an
empty comM site, the glmS output size of less than 722 bp was
considered and empty glmS att site ( Supplementary Tables S1
and S2 ). 

To analyze the att sites in A. baumannii the accession of
the genomes and coordinates, corresponding nucleotide se-
quences were extracted from NCBI. A command line software
tool Prokka (v 1.14.5) was used for annotation. Genbank

https://www.weizhongli-lab.org/cd-hit/
https://www.weizhongli-lab.org/cd-hit/
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae129#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae129#supplementary-data
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Table 1. Bacterial strains used in the study 

Strain Genotype Source 

BW25141 F-, Δ(ar aD-ar aB)567, 
ΔlacZ4787(::rrnB-3), 
Δ(phoB-phoR)580, λ-, galU95, 
ΔuidA3::pir+, recA1, 
endA9(del-ins)::FRT, rph-1, 
Δ(rhaD-rhaB)568, hsdR514 

( 72 ) 

BW27783 F −, �(araD-araB)567, 
�lacZ4787(::rrnB-3), λ-, 
�(araH-araF)570(::FRT), 
�araEp-532::FRT, ϕ Pcp8-araE535, 
rph-1, �(rhaD-rhaB)568, hsdR514 

( 73 ) 

CW51 F −, ara −, arg -, �( lac - pro )XIII, nalR , 
rifR , recA56 

( 74 ) 

JY12 BW27783 attTn7::R-tet-oriR6k-dif- 
FR T-L-R-kan-oriR10k-dif-FR T-L 

This work 

AC158 BW27783 attTn7::mini-Tn7 (KanR), F 
�finO - fxsA :: glmS - SpecR 

This work 

AC159 BW27783 attTn7::mini-Tn7 (KanR), F 
�finO - fxsA :: lacZ - SpecR 

This work 

AC199 BW27783 
attTn7::mini-Tn7-mini-Tn6022 (KanR), 
F �finO-fxsA :: 
comM :: mini-Tn6022 ( dhfr )-SpecR 

This work 

AC220 BW27783 
attTn7 ::mini-Tn7::mini-Tn6022(KanR), 
F EMG2 �finO - fxsA :: comM -SpecR 

This work 

 

format files (.gb) generated by Prokka were visualized with
Geneious prime (v2022.2.1) ( 34 ). To assess the relatedness
of the elements the TnsA and TnsB protein sequences were
concatenated and aligned with the MUSCLE algorithm by us-
ing the neighbor-joining clustering method (maximum num-
ber of iterations: 500) with Geneious Prime (v2022.2.1) ( 28 ).
The aligned sequences were used to build an approximately-
maximum-likelihood phylogeny using RAxML algorithm
( 29 ). The tree was displayed with iTOL(v5) ( 30 ). WebLogo
(v2.8.2) was used for displaying the TnsB binding sites ( 35 ). 

The A. baumannii similarity tree for closed genomes was
constructed with 203 genomes based on seven housekeep-
ing genes ( fusA, gltA, groEL, pyrG, recA, rplB, rpoB ). Briefly,
these seven genes were used to search the closed / complete
genomes by BLASTN, and all significant hits were collected.
A customized python code was used to remove the duplicates
(two or more hits per genome), collect the genome records
only with seven genes, and concatenate all sequences for each
genome into a single FASTA file (Code available at https:
// data.mendeley.com/ datasets/ 5nc43tsxg3/ 1 ). The nucleotide
sequences were aligned with the MUSCLE algorithm by us-
ing default parameters ( 28 ). Neighbor-joining algorithm in
Geneious Prime (v2022.2.1) was used to build a similarity tree
and the tree was displayed with iTOL (v5) ( 30 ). 

To compare among Tn6022 elements ( Supplement Figure 
S2 ), TBLASTX was performed to compare genomes having
different elements. The genomic regions were visualized with
EasyFig V2.2.6 and sequence similarities are shown with gra-
dient (grey to black; between 70% and 100%) straight lines
( 36 ). 

Growth conditions 

Esc heric hia coli strains (Table 1 ) were grown in lysogeny
broth (LB) or on solid LB agar supplemented with the fol-
lowing concentrations of antibiotics and supplements where
appropriate unless noted otherwise: 100 μg / ml carbenicillin,
(carb), 100 ug / ml trimethoprim, (tmp),10 μg / ml gentamicin,
(gen), 30 μg / ml chloramphenicol, (cam), 8 μg / ml tetracycline,
(tet), 50 μg / ml kanamycin, (kan), 50 μg / ml spectinomycin,
(spec), 20 μg / ml nalidixic acid, (nal), 100 μg / ml rifampicin,
(rif), 50 μg / ml X-gal, 0.2% glucose, 0.02% rhamnose, 0.02%
arabinose and 0.1mM IPTG. 

Strain and plasmid construction 

Transposition and site-specific recombination tester strains
were all constructed in E. coli strain BW27783 using standard
techniques (Table 1 ) ( 37 ). For monitoring transposition using
a mating-out assay a Tn6022 mini-element was situated in the
E. coli attTn7 site as described ( 38 ). The Tn6022 mini-element
consisted of 149 bp from the left end and 155 bp from the
right end of the Tn6022 element flanking a gene for kan resis-
tance. For monitoring site-specific recombination, Tn7 mini-
elements were produced with genes encoding for kan or tet
resistance flanked by the 144 bp from the left end and 70 bp
from the right end of Tn7. They also contained the frt site
recognized by FLP recombinase and the candidate dif -like site
associated with Tn6022 elements in A. baumannii . The ele-
ments were constructed as tandem insertions into the attTn7
site using lambda red recombination as described previously
( 39 ). 

Candidate transposition or site-specific recombination
genes were cloned into expression vectors using gene frag-
ments that were ordered or cloned from PCR products 
amplified from bacterial strains. Final constructs were se- 
quenced verified. Sequences for all vectors are provided in the 
Supplementary Data Table S1 . A minimal conjugal F plasmid 

was constructed from the original F plasmid in strain EMG2 

(CGSC#4401). The minimal F plasmid with the comM tar- 
get (F-‘ comM’ ) has a 600 bp fragment of comM (‘ comM’ ),
300 bp from each side of the AbaR pathogenicity island. The 
immune F ‘ comM’ was made by recombining an immobile 
mini-Tn6022 element into the exact site normally used in the 
comM gene. This element had the same left and right ends as 
the KanR element but was immobile based on changes at the 
terminal base pairs in the element (TGT / ACA to ACT / TGA) 
( 40 ) and was TmpR because it has the dhfr gene from proto- 
typic Tn7 (WJK06983.1). 

Mating-out transposition assay 

In the assay, movement of a mini-transposon (KanR) from the 
chromosome to a conjugal F plasmid is monitored with dif- 
ferent targets, the comM or glmS att site or lacZ as a con- 
trol ( 15 ). Candidate transposition proteins are expressed from 

plasmid vectors. Following induction of transposition pro- 
teins, the frequency of transposition is determined by mating 
the F plasmids into recipient cells and determining the per- 
centage of cells with and without the transposon marker. In 

the assay a single colony of the appropriate donor strain was 
grown overnight at 37 

◦C in 5 ml of LB with the appropri- 
ate antibiotics to maintain the plasmids and glucose to pre- 
vent expression of the transposition proteins. Overnight cul- 
tures were washed to remove the glucose and sub-cultured 

1:50 in fresh LB supplemented with antibiotics and arabi- 
nose, rhamnose, or IPTG added as noted to induce expres- 
sion of the candidate transposition proteins. During induction 

donor strains were grown with aeration at 37 

◦C to an OD 600 

of 0.6 ( ∼2 h). To assess the amount of transposition that 

https://data.mendeley.com/datasets/5nc43tsxg3/1
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae129#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae129#supplementary-data
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ccurred in the donor strain, F plasmids were mated into mid-
og recipient cells (CW51) at a ratio of 1:10 (donor: recipient)
t 37 

◦C for 1.5 h on a culture wheel turning at the lowest set-
ing. Transconjugants were selected following serial dilution
y plating on solid media with and without kanamycin to de-
ermine the percentage that contained the KanR mini-element
ntegrated into the F plasmid (LB with spec, rif, and nal, with
nd without kan). Where noted, the percentage of transposi-
ion was determined by patching 200 transconjugants from
he LB strep + nal + rif plate to the same media with and with-
ut kan. 

apping insertions 

or insertions verified by Sanger DNA sequencing, isolates
ere obtained for colony PCR from the mating-out assay
lates to check for insertions in comM using a pair of primers
hat flank ‘ comM’ on the F plasmid. After verifying the cor-
ect size, PCR products were purified and sent for Sanger DNA
equencing. For insertions verified by Illumina NGS sequenc-
ng, colonies were washed from the surface of LB kan + spec
ating-out assay plates and resuspended in LB. Total genomic
NA was extracted from the resuspended cells and sent for
aired end Illumina sequencing through SeqCenter, LLC (seq-
enter.com). Tn6022 left and right ends were identified in the
eturned FASTA files and their coordinates were plotted to the
ength of the F plasmid. All analysis of NGS data was done us-
ng custom Python and R scripts (Data and code available at
ttps:// data.mendeley.com/ datasets/ 5nc43tsxg3/ 1 ). 

ite-specific recombination assays 

ompetent JY12 cells were transformed with different com-
inations of pBAD322 (empty vector, pBAD-FLP or pBAD-
erC-like) and pBCKS+ (empty vector or pBCKS-XerD) plas-
ids and plated in LB-agar containing kan (10 ug / ml), tet (8
g / ml), cam (30 g / ml), carb (100 μg / ml) and glucose (0.2%).
vernight cultures of single colonies were grown at 37 

◦C
sing the same selective media. The next day, cells were di-

uted 5000 times into induction media containing LB cam (30
g / ml), carb (100 μg / ml), Arabinose (0.2%) and IPTG (0.1
M) and grown at 37 

◦C for 5 h. To monitor site-specific re-
ombination by loss of the KanR gene, after 5 h of growth, the
ells were diluted 10 

5 –10 

6 times, plated into LB-agar contain-
ng 0.2% Glucose and grown overnight. The next day, 200
ingle colonies from each plate were patched into LB agar
ontaining kan (50 μg / ml). To monitor site-specific recombi-
ation by capture of the resolved circular product, after 5 h
f growth, the cells were collected, and the plasmid DNA ex-
racted. The plasmids were transformed into BW25141 strain
nd plated into LB-agar containing kan (50 μg / ml). 

esults 

ajor types of Tn7-like elements in Acinetobacter 
aumannii 

o analyze the role of Tn7-like elements in generating genetic
iversity in A. baumannii we searched annotated open reading
rames in 17469 A. baumannii genomes from NCBI. Searching
or TniQ-domain containing proteins revealed 2440 unique
mino acid sequences which were compiled into 56 groups
ith proteins showing 95% identity. A similarity tree con-

tructed from representative TniQs established four types of
n7-like elements based on att site usage (Figure 1 A). Di-
rect examination of the other transposition proteins associ-
ated with each TniQ indicated the two major types of Tn7-like
elements previously noted in A. baumannii targeting the glmS
and comM attachment sites ( 9 ) (see below). Among the glmS
targeting elements included the original well-studied proto-
typic Tn7 element (indicated in Figure 1 A) ( 41 ). We also iden-
tified two types of Tn7-like elements that were not previously
described in A. baumannii . One small branch of elements in-
tegrates at an att site downstream of the parE gene encod-
ing one subunit of topoisomerase IV, which was previously
identified as an att site in Acinetobacter ursingii and other
gammaproteobacteria ( 15 ,42 ). In addition to the ∼486 amino
acid TniQ protein that targeted the parE att site, they also
contained a smaller ∼170 amino acid TniQ protein of un-
known targeting specificity (Figure 1 B). The fourth type of
Tn7-like element based on TniQ similarity likely targets the
gene encoding ribonucleotide-diphosphate reductase subunit
beta, nrdB . While the elements in this branch from A. bau-
mannii were typically degraded at their end sequences, ho-
mologs of the TniQ protein in Acinetobacter nosocomialis
strain NCTC 8102 (CP029351) and Guypar k eria sp. SB14A
(SWAW01000013) integrated downstream of the nrdB gene
in these genomes. 

Analysis of Tn7-like elements in closed A. 
baumannii genomes 

To assess the role of Tn7-like elements in genomic diversifica-
tion we obtained 203 closed A. baumannii genomes and con-
structed a similarity tree based on seven housekeeping genes
( fusA, gltA, groEL, pyrG, recA, rplB, rpoB ) (Figures 2 and 3 ).
Having a closed genome, meaning one assembled into a sin-
gle circular DNA molecule, allowed us to understand genome
rearrangements that could be related to Tn7-like integration
events. We then searched the genomes for glmS and comM
targeting elements by screening for insertion events within the
expected att sites ( Supplemental Tables S1 and S2 ). We found
that 54 / 203 (24%) of the genomes contained evidence of a
Tn7-like insertion event downstream of glmS , but less than
half of these 21 / 203 ( ∼9%) are predicted to be functional
transposons based on possessing essential transposition genes
and complete left and right transposon end sequences (Figure
2 ). The majority of complete A. baumannii genomes had ev-
idence for comM inserting elements, 165 / 203 (81%) (Figure
3 ). We note that many of the genomes used in our analysis are
from outbreaks of antibiotic resistant strains that are likely
clonal. It was of interest that strains that had near-identical
housekeeping genes still displayed diverse transposon config-
urations (Figures 2 and 3 ). None of the parE targeting ele-
ments were found in the set of 203 closed genomes. Manual
examination of the elements predicted to target the nrdB site
suggest that all of the A. baumannii genomes have remnants of
an ancestral insertion downstream of nrdB with some main-
taining the tns encoding genes, but the transposons ends were
difficult to recognize preventing a meaningful analysis of the
cargo they originally transported. 

To determine the relationship between the glmS and comM
inserting elements identified in the closed genomes, a sequence
of TnsA and TnsB from each identified element were con-
catenated, aligned, and graphed as a similarity tree using
RAxML ( Supplementary Figure S1 ). Predicted active elements
inserted downstream of glmS all encode TnsABCDE genes re-
lated to prototypic Tn7, forming seven clades of transposons

https://data.mendeley.com/datasets/5nc43tsxg3/1
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae129#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae129#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae129#supplementary-data
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Figure 1. Diverse TniQ proteins in Acinetobacter baumannii genomes recognize different at tac hment sites. ( A ) TniQ (PF06527) was queried against 
17469 Acintobacter baumannii genomes using HMM to identify putative homologs. An approximately-maximum-likelihood similarity tree was built using 
56 non-redundant TniQ protein sequences and displa y ed with iTOL(v6). Four distinct clades were predicted to utilize four major classes of att sites 
( comM , glmS, parE, and nrdB) based on the genomic neighbourhood, which are indicated by color above . Two groups of TniQ proteins are found in the 
genomes which ha v e parE att sites. The accessions numbers colored blue in the tree carry a large TniQ protein ( ∼486aa). ( B ) Four unique types of 
Tn7-like elements were found within Acinetobacter baumannii genomes that use distinct att sites. Core transposition proteins are indicated with the 
genes colored green. Accession numbers of four examples that recognize different att sites are indicated to the left. Transposon ends (small rectangles) 
and the five base pair target site duplication are shown with different colors. The prototypic Tn7 group is indicated (*). 
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Figure 2. Distribution of integration e v ents in the glmS att site in Acinetobacter baumanii genomes. A similarity tree was constructed with 203 closed 
Acintobacter baumannii genomes based on seven housekeeping genes ( fusA, gltA, groEL, pyrG, recA, rplB, rpoB ). The presence of Tn7-like elements 
that are potentially active or inactive is denoted by a pink or red fill respectively. Genomes that harbor at least one active and one inactive Tn7-like 
transposon are denoted with a blue fill. 
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 Supplementary Table S1 ). Some of the antibiotic resistance
enes found with these elements were beta-lactam and amino-
lycoside resistance in the ∼46 kb clade Tn7g elements, an-
uibactin and an annotated multi-drug resistance gene in the
55 kb clade Tn7c elements and an annotated multi-drug re-

istance gene in the 24 kb Tn7f element. Two branches had
enome islands formed by Tn7 elements. One of these had
he 8 kb island and had a more recent insertion of a 42 kb
n7e element ( Supplementary Figure S1 ). Genetic islands var-

ed from 1.9 to 25.2 kb and intact elements from 13 to 58
b ( Supplementary Tables S1 and S2 ). The average size of the
nsertion downstream of glmS was 15.8 kb. 

The comM targeting elements clustered into four clades that
e refer to as Tn6022 elements based on the TnsA(Orf1),
nsB(TniA), TnsC(TniB), TniQ(Orf2), Orf3(TniE or TnsF),
nd TnsE(Orf4) encoding genes ( 3 , 4 , 9 , 20 ) (Figures 1 B and
upplementary Figure S1 ). One subgroup of Tn6022 ele-
ents is predicted to be nonfunctional and degraded based on
nrecognizable ends and interrupted genes. While the three
ther subgroups of Tn6022 elements are likely functional
ased on predicted full-length genes, one subgroup was by
ar more dominant that the others suggesting it had features
hat allow an evolutionary advantage compared to the others
ithin the selected isolates (see below) (Figure 3 ). Thirteen
f the Tn6022 elements gave a calculated size of > 230kb
indicated by asterisk in Figure 3 ), but manual examina-
tion revealed one or more inversions at the element ends
which prevent a straightforward characterization of their sizes
( Supplementary Tables S1 ). Insertion elements are common in
many Tn6022 elements that can provide homology for inver-
sion events scrambling the element. Excluding these elements
showed lengths from 9.3 through 89 kb with and average size
of 28 kb ( Supplementary Tables S1 and S2 ). 

Tn6022 had properties that were different than predicted
from the literature for prototypic Tn7. Prototypic Tn7 pre-
cisely directs transposition into the glmS att site at a spe-
cific distance from the glmS gene ( 11 ). Subsequent insertions
into the site are prevented by a process called target immu-
nity. Target immunity acts on the inability of the transposi-
tion complex to be assembled through TnsC once an inser-
tion is already integrated into the site with a process involv-
ing TnsB and its binding sites across the ends of the element
( 43–45 ). The process of target immunity was shown to oc-
cur with other Tn7-like elements, like the CRISPR-Cas asso-
ciated transposons ( 46–48 ). This was at odds with the finding
that there are multiple examples with Tn6022 in A. bauman-
nii genomes that suggest that target immunity is weak or can
be overwhelmed ( 4 ) (Figure 4 and Supplementary Figure S2 ).

The process of transposition results in certain characteristic
features, like small direct repeats that flank the element called
the target site duplication (TSD). The TSD forms as a conse-
quence of the staggered joining events to the target DNA dur-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae129#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae129#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae129#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae129#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae129#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae129#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae129#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae129#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae129#supplementary-data
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Figure 3. Families of Tn6022 elements in the comM att site in Acinetobacter baumanii genomes. A similarity tree was constructed with 203 closed 
Acintobacter baumannii genomes based on seven housekeeping genes ( fusA, gltA, groEL, pyrG, recA, rplB, rpoB ). Inner ring markings represent the 
presence of one of the four identified clades of Tn6022 elements. The A, B, C and D groups are represented by yellow, dark blue, light blue, and purple, 
respectiv ely. T he outer ring indicates presence or absence of the XerC-lik e tyrosine recombinase and / or TnsC’-‘TnsF (features only f ound in the branch 
indicated in purple). Genomes with a Tn6022 element that has TnsC’-‘TnsF is indicated in magenta. The presence of both TnsC’-‘TnsF and the XerC-like 
tyrosine recombinase is indicated with beige. Yellow indicates an uncharacterized integrase tyrosine recombinase. Asterisk marks indicate genomes that 
contained scrambled elements whose sizes could not be assessed ( Supplemental Table S1 ). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ing transposition that result in flanking single stranded gaps
outside the elements ends (Figure 4 A). When these gaps are
filled by repair a TSD results, which in the case of Tn7 and
Tn7-like elements is five bp long. The sequence of the TSD can
be used to understand which ends of the element integrated at
the same time with the same transposition event. For exam-
ple, insertion of a second element (ACTTG TSD) was found
within another element (ACCGC TSD) (Figure 4 ). Addition-
ally, many of the elements appear to have captured a 6.2 kb
fragment of host DNA sequence using a mechanism akin to
composite transposons that involves transposition proximal
to an existing element (Figure 4 ) ( 4 ,22 ). The TSD from the
original transposition events that captured this fragment can
also be surmised, A T AGT and TT A T A. W e noticed that these
instances of local and internal insertions only occurred across 
one branch of closely related A. baumannii strains in our set 
of closed genomes (In purple in Figure 3 ). While the transpo- 
son end sequences and most of the proteins had the identical 
sequence to other Tn6022 elements within the subgroup, we 
noted genetic features that were unique to this branch (see 
below). 

Tn6022 transposition into comM could be 

established in a heterologous E. coli host 

Transposition with Tn6022 elements has not been analyzed at 
the molecular level. We sought to establish Tn6022 transposi- 
tion in the heterologous E. coli host as described previously 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae129#supplementary-data
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Figure 4. Tn6022 configurations in Acinetobacter baumannii . ( A ) Illustration of cut and paste transposition employed Tn7 and related elements ( B ) 
Multiple transposition and recombination e v ents seemingly account for the diversification of Tn6022 elements inserted within comM . The top example 
illustrates a typically acquired Tn6022c element (shaded pink) through transposition in A. baumannii strain C1 41 5 (Accession #: CP071763.1). In the 
middle is A. baumannii strain ACN21 (Accession #: CP038644) which appears to have a second Tn6022c (shaded light yellow) element with different 
cargo (Red = antibiotic resistance blaOXA and tetR ) genes. Multiple events of transposition and recombination are observed in A. baumannii strain 
1 5A34, whic h encode the TnsC-TnsF fusion (not highlighted), as well as a putative XerC-like tyrosine recombinase (green filled arrow). Multiple insertions 
can be detected by the presence of complementary TSDs (text shown in blue and red) in A. baumannii strain CFSAN093709 (Accession #: CP061517.1). 
The Tn6022c elements (shaded blue) in A. baumannii strain ATCC17978 (Accession #: CP049363.1) appear to be generated through a deletion event 
from CFSAN093709 or 15A34. TnsABC, TniQ and TnsF are shown with blue filled arrows, and TnsE is shown as a purple filled arrow. Cargo genes are 
represented by cyan filled arrows. Unique TSDs are shown with triangles, and element RE are green rectangles and LE are orange rectangles. 

u  

c  

q  

a  

g  

F  

m  

s  

g  

E  

p  

d  

T  

p  

m  

s  

w  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

sing a mating-out assay ( 15 ) (Figure 5 A). A mini-element
ontaining the predicted left and right transposon end se-
uences flanking a kanamycin resistance gene was situated in
 neutral position in the E. coli chromosome. A 600bp re-
ion of the comM gene was cloned into a derivative of the
 plasmid to be used as a target that was capable of self-
obilization via conjugation. The putative Tn6022 transpo-

ition genes from the most active clade integrated into the
enome of A. baumannii strain ATCC17978 were cloned into
. coli expression vectors. Using the mating-out assay, trans-
osition can be monitored following induction of the candi-
ate genes by mating the F plasmid into a new bacterial host.
he frequency of transposition is calculated by enumerating F
lasmids with and without the genetic marker encoded on the
ini-element. We found that unlike other Tn7-like transpo-

on systems, the TnsA, TnsB, TnsC and a TniQ family protein
as not sufficient to establish high frequency transposition
into the comM att site ( 15–17 ,42 ) (Figure 5 B). We noted that
Tn6022 elements within comM universally contained orf3, a
gene encoding a 481 amino acid protein, forming an operon
with tniQ , which was recently renamed tnsF (see discussion).
TnsF showed regions of homology to a XerH-family tyrosine
recombinase, these regions were recently suggested to be re-
purposed for DNA binding and to interact with TniQ ( 49 ).
Expressing TnsF along with TnsABC + TniQ reconstituted
robust transposition in E. coli at essentially 100% at full in-
duction levels (0.02% Arabinose and 0.1mM IPTG) (Figure
5 B). Sanger sequencing confirmed that transposition occurred
with the same target site duplication and in the same orienta-
tion always found in the natural A. baumannii hosts (Figure
5 C). High levels of Tn6022 transposition required the 600bp
sequence from comM as only a low level of transposition was
detected when the mating-out assay was performed with an
F plasmid without this sequence (Figure 6 ). We predict that
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A

B C

D

Figure 5. TnsA, TnsB, TnsC, TniQ and a new open reading frame TnsF are required for comM att targeting in the heterologous E. coli host. ( A ) 
Schematic representing the general steps of the mating-out assay protocol. A mini-Tn6022 element harboring kanamycin resistance is integrated into 
the attTn7 site on the E. coli chromosome in donor cells (y ello w) which also harbor a conjugal plasmid with a 600 bp portion of comM on it. Following a 
period of induction to produce transposition proteins, donor cells are mated with a population of counter-selectable recipient cells (red). Recipient cells 
are plated on selective media to calculate the number of exconjugants that received a conjugal plasmid with an integrated mini-element vs. total 
e x conjugants to determine transposition frequency. (B, C) Percent transposition as measured by the mate-out assay using different combinations of 
Tn6022 transposition proteins in the presence of a conjugal plasmid harboring a 600 bp region of comM (‘comM’ ). (D) Sanger sequencing demonstrates 
precise ‘ comM’ targeting which exactly recapitulates insertions found in nature. A DNA chromatogram demonstrating Sanger sequencing of Tn6022 
insertions within ‘ comM’ obtained from recipient cell colonies that were mated with donors expressing TnsABC + TniQ + TnsF. 10 isolates were 
screened for insertions via PCR using a pair of ‘ comM’ flanking primers before sequencing. In all 10 isolates the transposon ends are clearly 
distinguished interrupting comM along with the hallmark target-site duplication (TSD) which occurs as a result of transposition. All experiments were 
performed with 0.02% arabinose induction to express the full length TniQ + TnsF operon, and 0.1mM IPTG to express the full length TnsABC operon. 
TnsE experiments were performed with 0.0 0 02% arabinose to express TnsE. All experiments were performed in triplicate with error bars representing 
the standard error of the mean. Created with BioRender.com. 
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Figure 6. Transposition with TniQ and TnsF in the absence of ‘ comM’ is se v erely reduced. Percent transposition as measured by the mating-out assay 
using strains expressing TnsABC + TniQ + TnsF in the presence or absence of a conjugal plasmid harboring a 600 bp region of comM . All experiments 
w ere perf ormed in triplicate with er ror bars representing the standard er ror of the mean. F- lacZ sample er ror bars are plotted but not visible. 
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he TnsF protein provides the DNA binding specificity to the
niQ domain protein, similar to how DNA binding specificity

s provided by effector complexes in the RNA guided trans-
osons ( 16 , 17 , 47 , 48 ). 
Transposition with TnsABC alone gave a low but de-

ectable level of transposition above the vector control,
bout four orders of magnitude below the level found with
nsABC + TniQ + TnsF transposition into comM (Fig-
res 5 B). To characterize the targeting specificity of Tns-
BC + TniQ + TnsF directed transposition, 24 isolates from

amples expressing these proteins were screened via PCR
nd the predicted change in size indicated that all occurred
ithin the 600bp sequence from comM in the F plasmid tar-

et. Sanger sequencing of ten examples revealed a 5bp target
ite duplication that is characteristic of transposition and in
ll cases exactly recapitulated the precise targeting found in
enome sequences from clinical A. baumannii samples (Fig-
re 5 C). Isolates expressing only TnsABC had no insertions
ithin comM when 24 isolates were examined by PCR. Se-
uencing by NGS confirmed TnsABC alone were capable of
roducing transposition resulting in a TSD (See below). 
We directly compared the TnsABC + TnsD mediated trans-

osition frequency of prototypic Tn7 into the glmS att site
ith Tn6022 transposition into the comM att site using the
ating-out assay. We reduced the transposition protein ex-
ression time to allow a broader range for comparison and
ound that the Tn6022 transposition frequency was some-
hat higher than the frequency found with prototypic Tn7

Figure 7 ). In both cases checking ten examples showed the
recise targeting found in sequenced genomes. The high effi-
ciency of these systems supports the bioinformatic finding that
these elements are pervasive in A. baumannii . 

Prototypic Tn7 has a pathway of transposition that prefer-
entially targets molecular features associated with DNA pro-
cessing found during plasmid conjugation with the target se-
lecting protein TnsE ( 50 ). TnsABC + TnsE preferentially di-
rects transposition into DNA sequences that are undergoing
plasmid conjugation or DNA repair ( 51–54 ). At one end of
the element distal from the other transposition genes, Tn6022
transposons encode a distant homolog of TnsE found in Tn7
(Figure 1 ) ( 20 ). Initial experiments with TnsABC + TnsE from
this element didn’t indicate transposition (Figure 5 B). How-
ever, monitoring transposition found with overnight induc-
tion revealed TnsE-dependent transposition with the version
found in Tn6022 elements (Figure 5 C). Ilumina sequencing
confirmed bone fide TnsABC + TnsE transposition occurred
into the F plasmid with the Tn6022 system. In the context of
this assay transposition events occurred randomly across the
F plasmid with TnsE-mediated transposition in the Tn7 and
Tn6022 systems ( Supplemental Figure S3 ). 

Tn6022 elements display target immunity, strongly 

discouraging a second insertion from occurring 

into an att site where an insertion already resides 

Our bioinformatics suggested that target immunity may not
be present with Tn6022 because we identified multiple cases
where internal transposition occurs within or proximal to
elements (Figure 4 and Supplementary Figure S2 ). How-
ever, this seemed to only occur in one branch of elements

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae129#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae129#supplementary-data
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Figure 7. Transposition frequency comparison between Tn7 and Tn6022. 
Percent transposition measured and compared by the mating-out assay 
using prototypic Tn7 (TnsABC + TnsD) and Tn6022 transposition proteins 
(TnsABC + TniQ + TnsF) in the presence of a conjugal plasmid harboring 
a region of glmS (Tn7 experiments) or a 600 bp region of comM (Tn6022 
e xperiments). T he percentage of transposition e v ents w as calculated b y 
patching 200 transconjugants to determine the percentage that had the 
transposon genetic marker (KanR). All experiments were performed in 
triplicate with 0.02% arabinose induction and 0.1mM IPTG for 90 min. All 
e xperiments w ere perf ormed in triplicate with error bars representing the 
standard error of the mean. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(Figure 3 ). Our experiments examining Tn6022 transposition
in E. coli suggested target immunity was occurring as only
a single insertion was found in our mating-out experiments,
even in cases where we could show ∼100% transposition. To
directly test for target immunity in Tn6022 elements we con-
structed an immobilized mini-Tn6022 element into our F plas-
mid derivative within the 600 bp ‘ comM’ sequence. This ele-
ment had the TnsB-binding sites normally found with the ele-
ment, but the TGT / ACA terminal base pairs were mutated to
ACT / TGA ( 40 ). We found a drastic decrease in transposition
monitored with the mating-out assay when a mini-Tn6022 el-
ement was already found in the comM att site. Transposition
was reduced from ∼100% with comM to ∼2 × 10 

−5 % when
a mini-Tn6022 element resided in the comM site (Figure 8 ).
The minimal transposition found with TnsABC only was also
sensitive to target immunity, but in this case the reduction was
only about 50-fold (Figure 8 ). 

A natural TnsC’-‘TnsF fusion protein acts as a 

gain-of-function allele altering basic features of 
transposition 

We found that Tn6022 displayed strong target immunity
when tested in E. coli . However, there were multiple exam-
ples in A. baumannii genomes that suggest that target im-
munity can be overwhelmed ( 4 ) (Figure 4 ). Given that these 
examples were with the exact element tested in our exper- 
iments, we looked for other features in these elements that 
might help account for the internal or proximal Tn6022 in- 
sertions. Tn6022 elements in the branch showing the high- 
est amount of rearrangement frequently had a TnsC protein 

that was fused to TnsF, removing the intervening tniQ gene 
(Figure 3 , outer ring). The 212 amino acid TnsC’-‘TnsF fu- 
sion protein maintained the first 167 amino acids from TnsC,
including the AAA+ region of the protein and had only the 
C-terminal 46 amino acids from TnsF (Figure 8 B). Despite 
missing around half of TnsC and almost all of TnsF the 
fusion protein was capable of catalyzing transposition with 

TnsA + TnsB. Transposition with TnsABC’-‘TnsF occurred at 
a frequency about ten-fold higher than found with TnsABC.
However, TnsABC’-‘TnsF transposition was no higher when 

TniQ + TnsF were co-expressed indicating that the TnsC’- 
‘TnsF fusion could no longer interact with the comM tar- 
geting system, the TniQ + TnsF proteins (Figure 8 A). This 
suggests that loss of a region of either TnsC or Orf3 ren- 
ders the TnsC’-‘TnsF fusion incapable of effectively com- 
municating with the target site selection proteins. Transpo- 
sition with TnsABC’-‘TnsF was sensitive to target immunity,
showing about a 200-fold decrease in transposition into the 
comM site that already contained a copy of the element (Fig- 
ure 8 A). Target immunity in the prototypic Tn7 element in- 
volves the ATPase activity of TnsC ( 55–57 ). If the same is 
true for immunity in the Tn6022 elements it would suggest 
that the ATPase function of TnsC’-‘TnsF fusion protein is 
still functional even with only 167 amino acids of the orig- 
inal TnsC protein. In the prototypic Tn7 system the TnsC 

region that interacts with TnsA and TnsB is found at the 
very C-terminus of the protein ( 58 ,59 ). Given that the TnsC’- 
‘TnsF fusion allows transposition in the Tn6022 system indi- 
cates that interaction with the TnsAB transposase must occur 
by a fundamentally different mechanism in this system (See 
Discussion). 

Many of the elements with the TnsC’-‘TnsF fusion allele are 
present in composite elements that have full length versions of 
all the Tn6022 proteins including TniQ and TnsF (Figure 4 ).
We found a low level of transposition with TnsAB and the 
TnsC’-‘TnsF fusion protein (TnsABC’-‘TnsF) in a mating-out 
assay, although transposition with the TnsC fusion occurred 

at about 10-times the level found with TnsC wild type without 
TniQ + TnsF (Figure 8 A). We tested for synergistic effects of 
the TnsC’-‘TnsF fusion proteins with the full-length proteins 
from the comM inserting Tn6022 elements in E. coli to better 
understand the mechanisms forming diverse Tn6022 elements 
found in clinical settings. To assess the capacity of TnsC’- 
‘TnsF to interact with full-length TnsC we designed a mating- 
out assay where full-length TnsC was provided on an in- 
ducible vector and co-expressed in cells with TnsABC’-‘TnsF.
When full-length TnsC was co-expressed with TnsC’-‘TnsF 

without TniQ + TnsF, transposition rates were not different 
than what was observed with either TnsABC or TnsABC’- 
‘TnsF alone (Figure 8 A). However, when TniQ and full-length 

TnsF were also expressed, transposition rates were substan- 
tially boosted to ∼5% transposition in the mating-out as- 
say (Figure 9 A). To understand the interplay between wild 

type TnsC and the TnsC’-‘TnsF fusion and the response to 

TniQ + TnsF we mapped insertions using Illumina sequenc- 
ing (Figure 9 B). As expected based on the results above, the 
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A

B

Figure 8. A naturally occurring TnsC and TnsF fusion is capable of promoting transposition and Tn6022 insertions are repressed by target immunity. ( A ) 
Percent transposition as measured by the mateing-out assay using different combinations of Tn6022 transposition proteins. Samples in green harbor a 
conjugal plasmid with a 600 bp region of comM , and samples in orange ha v e an immobile Tn6022 mini-element inserted into the expected target site 
within ‘ comM’. All experiments were performed in triplicate with error bars representing the standard error of the mean. ( B ) Str uct ures of both TnsC and 
TnsC’-‘TnsF were predicted using AlphaFold2 for comparison. The N-terminal and C-terminal amino acids are shown in blue and red respectively, with 
the core AAA + domain shown in grey. The beginning of sequence from TnsC that is missing from TnsC’-‘TnsF is marked with an arrow in the top panel, 
and the beginning of homology between TnsC’-‘TnsF and TnsF is marked with an arrow in the bottom panel. All experiments were performed with 
0.02% arabinose induction to express the full length TniQ + TnsF operon, and 0.1 mM IPTG to express the full length TnsABC or TnsABC’-‘TnsF operon. 
All experiments were performed in triplicate with error bars representing the standard error of the mean. Created with BioRender.com. 
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Figure 9. TnsC’-‘TnsF fusion produces a dominant negative phenotype when co-expressed with full length TnsC. ( A ) Percent transposition as measured 
by the mating-out assay using strains expressing various combinations of Tn6022 transposition proteins. In all samples TnsA, TnsB and TnsC’-‘TnsF 
were all expressed in their native operon from a lactose inducible promoter. TnsC was separately cloned into a second expression vector under the 
control of a rhamnose inducible promoter. Experiments were performed in triplicate and error bars are reported as the standard error of the mean. ( B ) 
Illumina sequencing was done on total genomic DNA extracted from colonies isolated from mate-out assay recipient cells. Transposon left and right 
ends were identified and the number of reads that corresponded to each identified end were plotted on the x-axis, with bp position of F-‘ comM ’ plotted 
on the y-axis. Negative values represent reverse orientation insertions. All reactions were performed with 0.02% arabinose induction to express the full 
length TniQ + TnsF operon, 0.02% rhamnose to express the TnsC’-‘TnsF fusion, and 0.1mM IPTG to express the full length TnsABC operon. Created 
with BioRender.com. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

gene fragment from comM was not a target with the low
transposition found with TnsABC or with TnsABC’-‘TnsF
(Figure 9 B). There did seem to be a regional preference for in-
sertions around the toxin gene ccdB and the tyrosine recom-
binase gene resD with TnsABC’-‘TnsF insertions (See mag-
nified panels in Figure 9 B). When wild type TnsC, TnsC’-
‘TnsF and TniQ + TnsF were expressed we observed a dif-
ferent pattern of insertions. While there was a strong peak
of reads at the exact base pair position expected for comM
directed insertions, there was also a regional bias that was
found around this site (Figure 9 B). The finding that insertions
shifted with co-expression of TnsC’-‘TnsF and TnsC suggests
that TnsC’-‘TnsF is capable of a functional interaction with
TnsC and disrupts the precise targeting of these elements (see
Discussion). 
A XerC-like protein allows recombination at a 

dif -like site found on mobile elements with A. 
baumannii XerD 

A genetic feature that was commonly associated with the most 
diverse branch of Tn6022 elements was a homolog of the 
XerC protein (we call XerC-like) and a downstream dif -like 
site (Figures 4 and 10 ). The XerC and XerD proteins are tyro- 
sine recombinases that act at a specific dif site they recognize in 

the region where DNA replication terminates in circular chro- 
mosomes. Recombination with XerC and XerD at the dif site 
allows dimer chromosomes to be resolved at the time and lo- 
cation of cell division via an association with the chromosome 
translocation protein FtsK ( 60 ). The dif -like site had a perfect 
match to the half site recognized by XerD in A. baumannii 
(Figure 10 A). We suspected the other half site of the dif -like 
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Figure 10. Evaluation of the site-specific recombination mediated by Tn6022 XerC-like and A. baumannii host XerD at Tn6022 dif -like site in E. coli . ( A ) 
Alignment of the dif sites from three different strains of A. baumannii (SDF, 17978 and TYTH) and the dif -like site found associated with Tn6022. The 
putativ e XerC-lik e binding site is represented in green. ( B ) Comparison of the tridimensional str uct ures of XerC protein from A. baumannii (red) and 
XerC-like protein found in Tn6022 (blue). The str uct ures were obtained with Alphafold2. ( C ) The N- and C-terminal domains are marked. Schematic 
representation of the experimental design used to e v aluate the site-specific recombination at dif -like site mediated by XerC-like protein in partnership 
with A. baumannii XerD. FLP recombinase and its cognate frt site were used as positive control. Two consecutive mini elements containing dif -like and 
frt sites, the origin of replication OriR6K and an antibiotic resistance gene were cloned between glmS and pstS genes in the genome of E. coli strain 
BW27783. The element closer to glmS carries a Tetracycline resistance gene (TetR) while the element closer to pstS gene carries a Kanamycin 
resistance gene (KanR). If the recombination occurs in either dif -like or frt site, a circular product unable to replicate in the BW27783 background is 
e x cised from the genome and the cells will lose KanR. ( D ) Recombination mediated by XerC-like and XerD proteins tested by two different methods. The 
five different conditions schematically represented (empty vectors, FLP only, XerC only, XerD only, XerC + XerD) were used in each method. (DI) After 
inducing protein expression, single colonies were streaked into LB-agar containing Kanamycin. The graph represents the percentage of colonies unable 
to grow in the presence of Kanamycin, which indicates they have lost KanR due to a recombination event in either dif -like or FRT site. Two hundred (200) 
colonies were tested for each condition. (DII) After inducing protein expression, plasmid DNA was extracted, transformed into BW25141 (encoding the π
protein) and plated onto LB-agar containing Kanam y cin. T he graph represents the number of transf ormants that acquired the KanR gene. All 
e xperiments w ere perf ormed in triplicate with er ror bars representing the standard er ror of the mean. Created with BioRender.com. 
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Tree scale: 0.5 XerC(plasmid/Tn6022 element)
XerC
XerD Putative integron intregase

Tn7 integron integrase IntI2
Tn3 resolvase TnpR
Other integron integrase

Figure 11. Tyrosine recombinases in Acinetobacter baumannii genomes. An iterative search was performed against all annotated proteins (67 128 995) 
of Acinetobacter baumannii genomes (17 469). The representative hits (232) were aligned with the MUSCLE algorithm. Aligned sequences were then 
used to build an appro ximately -maximum-lik elihood ph ylogen y using the F astTree algorithm and displa y ed with iTOL(v6). Branch nodes with host XerC 

(light blue highlight) and XerD (light green highlight) are included with the major group of well-studied tyrosine recombinases from mobile genetic 
elements (magenta branches). Others branches of tyrosine recombinases are represented as black. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

site was recognized by the XerC-like protein associated with
the Tn6022 elements (Figure 10 A). The XerC / dif -like sys-
tem was located in a region captured from the host between
two Tn6022 elements (Figures 2 and 4 ) ( 4 ). Host and mo-
bile element-encoded Xer systems have previously been impli-
cated as important in A. baumannii , but to our knowledge this
Xer system has never been described ( 61 ,62 ). A bioinformatic
search for tyrosine recombinases across the 17 469 avail-
able A. baumanni genome sequences found them to be com-
mon and diverse (Figure 11 ). The XerC-like protein associ-
ated with Tn6022 elements branched with the host XerC and
XerD proteins (Figure 11 ) while the alignment of the trans-
poson encoded XerC-like with the host XerC indicated only
37.9% identity (Query coverage 95%). Comparison between
the A. baumannii host XerC and Tn6022 associated XerC-
like proteins with AlphaFold2 predicts the proteins are struc-
turally similar despite differences in amino acid sequence (Fig-
ure 10 B). Alignment of the XerC and XerD proteins in E. coli,
A. baumannii , and Tn6022 shows they all maintain the im-
portant amino acids for resolution ( Supplemental Figure S4 ).
A similarity tree indicates that this protein is more closely
related to Xer proteins that act at the terminus than tyro-
sine recombinases associated with integron cassette systems
(Figure 11 ). 

We tested the functionality of the Xer-like system associ-
ated with Tn6022 elements in E. coli . Presumably such a sys-
tem would facilitate recombination between elements in the
chromosome and on plasmids and between elements in the
chromosome. For example, we find that the same segment
of DNA encoding the XerC-like protein and dif -like site in
Tn6022 elements is also found on a A. baumannii conjugal
virulence plasmid pIOMTU433 without the Tn6022 element 
(Accession AP014650). We were especially interested in test- 
ing if recombination with the site could allow excision be- 
tween adjacent elements to form new variants of the trans- 
poson, a process that would expand diversity generation. We 
assembled miniTn7 elements in the glmS attachment site in 

E. coli with different genetic markers (Figure 10 C). Included 

in the elements were the dif -like site from the transposons and 

plasmids found in A. baumannii . As a positive control we also 

included the frt site recognized by the Flp recombinase when 

expressed in the cell ( 63–65 ). These constructs also contain 

a conditional R6K plasmid origin of replication ( 66 ). Typi- 
cal strains of E. coli used in the laboratory will not replicate 
the R6K plasmid origin, but circular DNAs can be selected 

in strains that encode the π protein on the chromosome (i.e.
BW25141 ( 39 , 67 , 68 )). 

Expressing the Flp recombinase allowed the expected loss 
of the intervening KanR genetic marker at a high efficiency,
∼86% (Figure 10 D). The excised product could be captured,
and sequence confirmed by isolating DNA and transforming 
into a strain expressing the π protein required for replica- 
tion of the circular element with the conditional replicon. We 
were also able to confirm loss of the intervening KanR genetic 
marker when the XerC-like and XerD( A.b.) proteins were ex- 
pressed at the same time (Figure 10 D). Expressing each of 
these components alone did not allow recombination. Con- 
sistent with these findings we could only capture the E. coli 
excised circular product in the permissive host for conditional 
plasmid replication from cells expressing both the XerC-like 
and XerD (Figure 10 D). To confirm that the resolution ac- 
tivity of the XerC-like protein was needed for excision of a 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae129#supplementary-data
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ircular molecule, we repeated the experiment with versions
issing the critical tyrosine residues. The Xer-like(Y275F)

nd XerD(Y279F) mutants were incapable of resolution
Figure 10 D). 

iscussion 

n7 elements display a high level of control over target site se-
ection with targeting pathways recognizing a conserved site
n the chromosome and a second pathway recognizing mo-
ile plasmids. We screened for Tn7-like elements bioinfor-
atically across A. baumannii genomes to understand how

hese elements can contribute to the formation of resistance is-
ands in this nosocomial pathogen that is known to be highly
ntibiotic resistant. Four families of Tn7-like elements were
dentified that target att site at glmS, comM, parE , and nrdB
Figure 1 ). To understand the contribution of Tn7-like el-
ments we examined a subset of A. baumannii sequences
ith closed genomes. While insertions at the glmS and espe-

ially the comM site were common, one specific version of
he Tn6022 element found to insert within comM dominated
mong these isolates (Figures 2 and 3 ). To understand factors
hat contributed to this transposon’s success we tested trans-
oson components in the heterologous E. coli host. Tn6022
ransposition required an extra protein, not used in the pro-
otypic Tn7 system and allowed robust (100%) transposi-
ion recapitulating the exact targeting and orientation con-
rol found in A. baumannii (Figure 5 ). The most dynamic
n6022 elements had candidate systems for boosting diver-
ification which we could confirm in E. coli (Figure 4 and
upplemental Figure S2 ). One was a novel natural gain-of-
ctivity allele that could function alone or with the wild type
ene product to broaden transposition targeting (Figure 9 ).
he second was a transposon-captured hybrid dif -like site that
arasitizes the host dimer chromosome resolution system to
unction with its own tyrosine recombinase (Figure 10 ). 

Prototypic Tn7 has been studied for decades, but over the
ast ten years the widespread nature and diversity of Tn7-like
lements is becoming clearer ( 4 , 9 , 17 , 20 , 49 , 69 , 70 ). In almost
ll cases Tn7-like elements have evolved to recognize a con-
erved integration site in the bacterial chromosome and a sec-
nd pathway that targets features of mobile elements capable
f cell-to-cell transfer, usually conjugal plasmids. Tn6022 pro-
ides the first example of an accessory target site selection pro-
ein, TnsF, like the CRISPR-Cas effector complexes recruited
n multiple occasions. Very recently, another group made the
ame finding calling the Orf3 protein TnsF, a protein also used
o direct other types of mobile elements to integrate into the
omM gene ( 49 ) (Figure 5 B). We have used the TnsF desig-
ation in the current work but note that this is unfortunately
ot the same gene as a TnsF encoding gene in a Tn6230 ele-
ent from a previous publication ( 4 ). Similar to their finding,
e also found targeting to the E. coli comM equivalent gene

t the same exact position ( 49 ). Other Tn7-like elements have
volved to recognize comM and other competency genes as
n integration site using crRNAs indicating that programed
nactivation of natural transformation may be beneficial for
he transposon ( 17 ). 

We identified a natural gain-of-function allele that fuses
nsC to a small section of the element encoded TnsF protein,
emoving half of TnsC. This fusion protein is functional for
ntargeted transposition indicating that the ability to recruit

nsA and TnsB is different in the Tn6022 elements than with  
Tn7 (Figure 8 ). Previous work with TnsC from prototypic Tn7
indicates that it interacts with TnsA and TnsB using features at
the C-terminal end of TnsC ( 58 ) a region missing from TnsC
from Tn6022. The TnsC’-‘TnsF fusion protein is not capable
of being targeted to comM with the TniQ + TnsF proteins in
our assays suggesting these interaction regions reside in the
second half of the TnsC protein (Figure 8 ). We found genetic
evidence for a functional interaction between wild type TnsC
and the TnsC’-‘TnsF fusion protein (Figure 9 ). Co-expression
of wild type TnsC and TnsC’-‘TnsF were found to display an
intermediate frequency of transposition from the rate found
with each protein individually with the rest of the transpo-
sition components. The pattern of transposition events also
differed with co-expression of TnsC and TnsC’-‘TnsF show-
ing a regional bias broadly around the comM sequence (Figure
9 B). Further research will be needed to understand the molec-
ular interactions between TnsC and TnsC’-‘TnsF driving this
novel pattern of integration. The presence of both TnsC and
TnsC’-‘TnsF is associated with examples of internally directed
transposition events that could insertionally inactivate the el-
ement but would also offer the ability to form new transpo-
son combinations (Figures 3 , 4 , and Supplemental Figure S2 ).
As described previously, cycles of addition by transposition
and loss by deletion should allow accelerated diversification
( 4 ). The elements with multiple left and right ends would also
allow various sub-combinations of elements to leave the lo-
cus as a new stable element. For example, diversity could be
generated in this structure, but elements leaving without the
diversity features would again have the attributes of the wild
type system ( Supplementary Figure S2 ). We suggest that this
system is what leads to the success of this Tn6022 element in
A. baumannii . We further suggest that there may be other ex-
amples of a similar process with other mobile elements that
allow an element to sample diversification but ultimately lock
in strict control. 

We identified a XerC-like protein in a captured segment
found in some of the Tn6022 elements (Figures 3 and 4 ).
The XerC-like protein was associated with a dif -like site that
would be recognized by host XerD proteins but was only func-
tional in our assay when the XerD protein from A. baumannii
was co-expressed (Figure 10 ). This suggests that features of
the A. baumannii XerD protein may be important for activat-
ing this system as the native E. coli XerD protein does not
support this activity. This is surprising given it recognizes the
same sequence and that the A. baumannii and E. coli XerD
proteins are structurally similar based on AlphaFold2 predi-
cations (Figure 10 B). The tyrosine recombinase is found asso-
ciated with Tn6022 elements common in clinical strains and
on plasmids with and without Tn6022 elements. Recombi-
nation mediated at the dif -like could allow multiple benefits
for generating diversity between transposons and plasmids. In
the case of multiple local insertion events, recombination at
the mobile element encoded dif -like site would theoretically
also allow diversification by loss of the intervening sequence
or transposition with the circular form of the element that
was removed. XerC + XerD dimer resolution systems acting
at the dif site in the chromosome require an interaction with
the host FtsK protein which helps target its activity specifically
at the point of cell division. Other mobile elements that uti-
lize Xer recombination systems need accessory host proteins
like PepA and ArgR or their own accessory protein like XafT
found in satellite phage TLC � to activate XerCD recombina-
tion independent of FtsK ( 71 ). Future work will be needed to

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae129#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae129#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae129#supplementary-data
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understand the mechanistic underpinnings of the system we
identified here from A. baumannii . 

Tn7 and Tn7-like elements are known for their precise
control over target site selection and target immunity. These
characteristics are expected to help maintain and spread the
element but would also put constrains on generating new
elements with novel cargo. The mechanisms indicated here
would allow diversity to be generated in these elements that
could contribute to the formation of new elements and a
mechanism for capturing new cargo. Segregation away from
the diversity generating systems would allow novel elements
to be borne out of these systems, benefiting from the tempo-
rary diversification but allowed to revert to tight control when
the element returns to the native genetic context of transposi-
tion genes. We expect that new forms of Tn7-like elements and
additional diversification systems will continue to be found
that help explain the outsized role these transposition sys-
tems have in antibiotic and biocide resistance in pathogenic
bacteria. 
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