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ABSTRACT

Mechanistic studies of many processes in Agrobacterium tumefaciens have been hampered by a lack of genetic tools for charac-
terization of essential genes. In this study, we used a Tn7-based method for inducible control of transcription from an engi-
neered site on the chromosome. We demonstrate that this method enables tighter control of inducible promoters than plasmid-
based systems and can be used for depletion studies. The method enables the construction of depletion strains to characterize
the roles of essential genes in A. tumefaciens. Here, we used the strategy to deplete the alphaproteobacterial master regulator
CtrA and found that depletion of this essential gene results in dramatic rounding of cells, which become nonviable.

IMPORTANCE

Agrobacterium tumefaciens is a bacterial plant pathogen and natural genetic engineer. Thus, studies of essential processes, in-
cluding cell cycle progression, DNA replication and segregation, cell growth, and division, may provide insights for limiting dis-
ease or improving biotechnology applications.

Members of the genus Agrobacterium are common soil-dwell-
ing bacteria. Most are saprophytic and survive primarily by

consuming decaying organic material; but some cause phyto-
pathic diseases, including Agrobacterium rhizogenes (hairy root
disease), Agrobacterium rubi (cane gall disease), Agrobacterium vi-
tis (crown gall of grape) and Agrobacterium tumefaciens (crown
gall disease). During infection, A. tumefaciens transfers a portion
of its DNA (transfer DNA [T-DNA]) to plants, resulting in the
formation of crown galls in susceptible flowering plants. Infected
plants form tumors that limit transport of water and nutrients,
leading to decreased vigor and crop yield (1, 2). Because of the
ubiquity of A. tumefaciens and its ability to evade plant defenses,
crown gall disease continues to be a problem, with documented
economic impact on fruit and nut trees, particularly in nurseries
(2). Thus, A. tumefaciens has become a model for the study of
host-pathogen interactions (3–5) and processes related to patho-
genicity, including type IV secretion (6), quorum sensing (7), and
biofilm formation (8). Finally, mechanistic studies of A. tumefa-
ciens-mediated DNA transfer into host cells have been harnessed
for the genetic engineering of plants, fungi, and mammals (5,
9–11).

While the processes related to phytopathogenicity have been
subject to intense scrutiny, processes essential for A. tumefaciens
survival in the environment, both in the rhizosphere and in asso-
ciation with hosts, are poorly understood. Recent studies have
shown that A. tumefaciens cells exhibit a striking pattern of polar
cell growth (12–14), leading to a vast array of experimental ques-
tions (15). Proper spatial and temporal regulation of the cell cycle
must be required in order to coordinate key processes, such as
chromosome replication and segregation, cell wall biogenesis, and
cell division. Understanding the mechanisms underlying these es-
sential processes will provide key insights into the basic biology of
A. tumefaciens that can be exploited to limit pathogenesis or pro-
mote genetic engineering.

A. tumefaciens is a genetically tractable bacterium, and current

methods exist for the construction of transposon mutants and
deletion of nonessential genes (16). A plasmid-based complemen-
tation system using a reengineered lac promoter is available and
has been shown to provide tight regulation of target genes (17).
Despite rigorous efforts, depletion of predicted essential genes of
A. tumefaciens using these vectors has failed, suggesting that some
proteins are expressed at biologically relevant levels even when
repressed. Thus, a limitation of the molecular approaches cur-
rently available is the inability to construct depletion mutants for
the characterization of essential genes. Here, we report the con-
struction of vectors that integrate into a single engineered site on
the A. tumefaciens chromosome, enabling single-copy gene com-
plementation and depletion studies. Advantages of the chromo-
somal insertion system include bypassing the need for continued
antibiotic selection, tighter regulation, and single-copy comple-
mentation.

Transposon Tn7-based plasmid systems have been described
and used for single-copy integration in many bacterial species
(18–23). The Tn7 transposon integrates at high frequency and
specificity at the attTn7 site downstream of the glmS gene, which
encodes an essential glucosamine-fructose-6-phosphate amino-
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TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristics Reference/source

Plasmids
pTNS3 Apr; helper plasmid encoding the site-specific TnsABCD Tn7

transposition pathway
32

pUC18-mini-Tn7T-GM-LAC Apr Gmr; mini-Tn7 vector containing lacIq and tac promoter 18
pUC18-mini-Tn7T-GM-Plac-HA Apr Gmr; mini-Tn7 vector containing lacIq and lac promoter This study
pUC18-mini-Tn7T-GM-Ptac-HA Apr Gmr; mini-Tn7 vector containing lacIq and tac promoter This study
pUC18-mini-Tn7T-GM-Ptac-sfgfp Apr Gmr; mini-Tn7 vector containing sfGFP under the

control of the tac promoter
This study

pUC18-mini-Tn7T-GM-Plac-sfgfp Apr Gmr; mini-Tn7 vector containing sfGFP under the
control of the lac promoter

This study

pNTPS138/139 Kmr; Suicide vector containing oriT and sacB D. Alley
pMEH0125 Suicide plasmid for allelic exchange of tetRA locus Fuqua laboratory
pNTPS139 �tetRA::a-attTn7 Suicide plasmid for allelic exchange of tetRA locus with

artificial attTn7 site
This study

pSRKKm Kmr; broad-host-range vector containing lacIq and lac
promoter

17

pSRKKm-Plac-HA pSRKKm vector containing lacIq and lac promoter with an
HA tag

This study

pSRKKm-Plac-sfgfp pSRKKm vector containing lacIq and lac promoter with sfGFP This study
pSRKKm-Ptac-sfgfp pSRKKm vector containing lacIq and tac promoter with sfGFP This study
pNTPS138�rem Kmr Sucs; deletion plasmid for rem Fuqua laboratory
pSRKKm-Plac-rem-HA Kmr; complementation vector containing rem-HA under the

control of the lac promoter
This study

pUC18-mini-Tn7T-GM-Plac-rem-HA Apr Gmr; mini-Tn7 vector containing rem-HA under the
control of the lac promoter

This study

pNTPS138�uppX Kmr Sucs; deletion plasmid for uppX Fuqua laboratory
pSRKKm-Plac-uppX-HA Kmr; complementation vector containing uppX-HA under the

control of lac promoter
This study

pUC18-mini-Tn7T-GM-Plac-uppX-HA Apr Gmr; mini-Tn7 vector containing uppX-HA under the
control of the lac promoter

This study

pJEH005 (pNTPS138�ctA) Kmr Sucs; deletion plasmid for ctrA Fuqua laboratory
pUC18-mini-Tn7T-GM-Plac-ctrA Apr Gmr; mini-Tn7 vector containing ctrA under the control

of the lac promoter
This study

pUC18-mini-Tn7T-GM-Ptac-ctrA Apr Gmr; mini-Tn7 vector containing ctrA under the control
of the tac promoter

This study

pKC129 Source of sfGFP Huang laboratory
pRVGFPC-2 Source of multiple-cloning-site fragment 50

E. coli strains
DH5� Cloning strain Life Technologies
S17-1 Smr; RP4-2 Tc::Mu Km-Tn7; for plasmid mobilization 51

A. tumefaciens strains
C58 Nopaline type strain; pTiC58; pAtC58 52
C58 pSRKKm-Plac-HA C58 with empty pSRKKm plasmid This study
C58�tetRA::a-attTn7 Replacement of the tetRA locus with an artificial attTn7 site This study
C58�tetRA::a-attTn7 pSRKKm-Plac-HA C58�tetRA::a-attTn7 with empty pSRKm-Plac-HA plasmid This study
C58�tetRA::a-attTn7 pSRKKm-Plac-sfgfp C58�tetRA::a-attTn7 with pSRKm expressing sfGFP under

the control of the lac promoter
This study

C58�tetRA::a-attTn7 pSRKKm-Ptac-sfgfp C58�tetRA::a-attTn7 with pSRKm expressing sfGFP under
the control of the tac promoter

This study

C58�tetRA::mini-Tn7T-GM-LAC Mini-Tn7T-GM-LAC inserted into a-attTn7 site This study
C58�tetRA::mini-Tn7T-GM-Plac-sfgfp Mini-Tn7T-GM-Plac-sfgfp inserted into a-attTn7 site to

express sfGFP under the lac promoter
This study

C58�tetRA::mini-Tn7T-GM-Ptac-sfgfp Mini-Tn7T-GM-Ptac-sfgfp inserted into a-attTn7 site to
express sfGFP under the tac promoter

This study

C58�tetRA::a-attTn7 �rem �rem This study
C58�tetRA::mini-Tn7T-GM-Plac-rem-HA �rem Chromosome-based complementation of �rem with Rem-HA This study
C58�tetRA::a-attTn7 �rem pSRKKm-Plac-HA Empty pSRKKm-Plac-HA plasmid in �rem This study
C58�tetRA::a-attTn7 �rem pSRKKm-Plac-rem-HA Plasmid-based complementation of �rem with Rem-HA This study
C58�tetRA::a-attTn7 �uppX �uppX This study

(Continued on following page)
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transferase (18, 24). Many bacteria contain a single glmS gene and
therefore a single attTn7 site for insertion of the Tn7 element,
which is presumed to be a neutral site for insertion. We found that
A. tumefaciens has a native attTn7 site; however, the site is not
neutral for insertion. Therefore, we have engineered a strain with
a second, artificial attTn7 site (a-attTn7), and we show that Tn7
insertion is highly biased toward a-attTn7. In this work, we show
that mini-Tn7 vectors can serve as a valuable molecular tool for A.
tumefaciens, enabling single-copy gene complementation of com-
plex phenotypes, such as biofilm formation and motility. The de-
gree of complementation and tightness of regulation can be tuned
using different promoters on the mini-Tn7 vectors. In this work,
we utilize two isopropyl-�-D-1-thiogalactopyranoside (IPTG)-in-
ducible promoters, lac and tac. The lac promoter from Escherichia
coli provides tight regulation and a relatively low level of expres-
sion (17, 25), whereas the hybrid tac promoter (derived from the
lacUV5 and trp promoters) results in approximately 5- to 10-
times-stronger expression (18, 26, 27). We found that the single-
copy expression of green fluorescent protein (GFP) driven from
the lac or tac promoter is dependent on the presence of inducer.
Furthermore, we can rapidly deplete GFP from A. tumefaciens
cells following the removal of the inducer.

Using the mini-Tn7 system in our engineered A. tumefaciens
strain, we depleted an essential gene in A. tumefaciens. Based on
evidence from a saturating transposon mutagenesis screen (28)
and an inability to construct a deletion strain (29), we hypothe-
sized that the master regulator protein CtrA is essential for A.
tumefaciens cell survival. We introduced ctrA under the control of
the tac promoter into the a-attTn7 site and subsequently deleted
the native ctrA locus. In the presence of inducer, the cells produce
CtrA, are viable, and exhibit normal rod-shaped morphology. In
the absence of inducer, the cells are depleted of CtrA, are nonvia-
ble, and have a swollen, round shape. Our work has validated the
utility of the mini-Tn7 system for the construction of A. tumefa-
ciens depletion mutants.

MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. A list of all the bac-
terial strains and plasmids used in this study is provided in Table 1. Agro-
bacterium tumefaciens C58 and derived strains were grown in ATGN
medium (30) without exogenous iron at 28°C with shaking. When appro-
priate, antibiotics were used at the following working concentrations: ka-
namycin, 300 �g/ml, and gentamicin, 200 �g/ml. When indicated, IPTG
was used as an inducer at a concentration of 1 mM.

E. coli DH5� and S17-1 � pir were routinely cultivated in Luria-Ber-
tani (LB) medium at 37°C with shaking. When necessary, antibiotics were
used at the following concentrations: kanamycin, 50 �g/ml, and gentami-
cin, 20 �g/ml.

Construction of an a-attTn7 site in A. tumefaciens. A list of all the
synthesized DNA primers and gene fragments used in this study is pro-
vided in Table 2. All the custom-made DNA was made by Integrated DNA
Technologies, Inc. The artificial attachment site was introduced into the
tetRA locus using allelic replacement as described previously (16). A syn-
thetic double-stranded 373-bp gBlock gene fragment, att miniTn7 tet lo-
cus, was ligated into pMEH0125 with the NdeI and NcoI restriction en-
donuclease sites. The resulting construct, pNTPS139 �tetRA::a-attTn7,
was used to replace the tetRA locus with the a-attTn7 site. PCR amplifica-
tion was used to verify the insertion by using primers Tet locus P5 and P6.

Insertion of mini-Tn7 vectors in A. tumefaciens. Standard electro-
poration protocols (16) were used to introduce mini-Tn7 vectors, along
with the helper plasmid, pTNS3, into A. tumefaciens cells. Briefly, 40 �l of
electrocompetent cells was mixed with 800 ng mini-Tn7 plasmid and 50
ng pTNS3, electroporated at 25 V/cm; after the addition of fresh medium,
the transformed cells were incubated with shaking at 28°C for 4 h and
plated on selective medium. Insertion was verified by colony PCR using
the upstream tetRA locus primer, tet forward, and the right-end Tn7-
specific primer, Tn7R109 (Table 2).

Deletion of target genes in A. tumefaciens. Nonpolar, markerless
deletions of the A. tumefaciens rem (Atu0573), uppX (Atu0480), and ctrA
(Atu2434) genes were generated using the plasmids pNPTS138�rem,
pNPTS138�uppX, and pNPTS138�ctrA and following an established al-
lelic-replacement protocol (16). Primary integrants were made by conju-
gation with E. coli S17-1 cells as the donor strain for pNPTS138/139. The
primers used for PCR verifying deletions were Atu0573 P5/Atu0573 P6,
Atu0480 P5/Atu0480 P6, and CtrA P5/CtrA P6 (Table 2). For the ctrA
depletion, two strains containing a chromosome-based complementation
copy of CtrA with either an inducible lac or tac promoter were used with
a modified protocol adding 1 mM IPTG to the medium at all steps to
maintain expression. Only the strain containing the complementing tac
promoter-driven copy of ctrA was successful in deleting the chromosomal
copy of ctrA.

Construction of complementation plasmids. Complementation
plasmids of the A. tumefaciens rem (Atu0573), uppX (Atu0480), and ctrA
(Atu2434) genes were made by PCR amplification of genomic DNA using
the primers Atu0573 NdeI F/Atu0573 BamHI R, Atu0480 NdeI F/Atu0480
BamHI R, and CtrA NdeI F/CtrA BamHI R (Table 2). Amplified gene
fragments were digested and ligated into plasmids digested with NdeI/
BamHI to make the corresponding plasmids listed for each gene in Table
1. Additional information on plasmid modification can be found in the
supplemental material.

Western blot analysis. For monitoring of cytoplasmic GFP expres-
sion, 40 ml of cells was grown to an optical density at 600 nm (OD600) of
0.6 in the presence of IPTG. A 2-ml aliquot of the culture was removed,
and the pellet was stored to serve as the time zero (plus-IPTG) point. The
remaining 38 ml of culture was washed with ATGN via centrifugation at
4,000 rpm for 10 min three times to remove the IPTG. The washed pellet
was resuspended in 20 ml of fresh ATGN normalized to an OD600 of 0.4.
Aliquots were collected hourly to monitor the levels of GFP expression
during the depletion. The cell pellets were stored at �80°C until further

TABLE 1 (Continued)

Strain or plasmid Relevant characteristics Reference/source

C58�tetRA::mini-Tn7T-GM-Plac-uppX-HA �uppX Chromosome-based complementation of �uppX with
UppX-HA

This study

C58�tetRA::a-attTn7 �uppX pSRKKm-Plac-HA Empty pSRKKm-Plac-HA plasmid in �uppX This study
C58�tetRA::a-attTn7 �uppX pSRKKm-Plac-uppX-HA Plasmid-based complementation of �uppX with UppX-HA This study
C58�tetRA::mini-Tn7T-GM-Plac-ctrA Mini-Tn7T-GM-Ptac-ctrA inserted into a-attTn7 site to

express CtrA under the lac promoter
This study

C58�tetRA::mini-Tn7T-GM-Ptac-ctrA Mini-Tn7T-GM-Ptac-ctrA inserted into a-attTn7 site to
express CtrA under the tac promoter

This study

C58�tetRA::mini-Tn7T-GM-Ptac-ctrA �ctrA Chromosome-based complementation of �ctrA with CtrA This study

Depletion of CtrA in Agrobacterium tumefaciens
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TABLE 2 Synthesized DNA primers and gene fragments used in this study

Synthesized DNA Sequence

Primers
Tet forward 5=-ACATGTTGTATACCGGAAACTGATTGCAC-3=
Tn7R109 5=-CAGCATAACTGGACTGATTTCAG-3=
sfGFP HindIII F 5=-GCAGAGAAGCTTATGGTGAGTAAAGGTGAA-3=
sfGFP NheI R 5=-GCTAGCTAGCCTATTTGTAGAGCTCATCCATGCC-3=
Linker SacIBamHI F 5=-CCGGGATCCGCTGGCTCCGCTGCTGGTTCTGGCA-3=
Linker Hind R 5=-AGCTTGCCAGAACCAGCAGCGGAGCCAGCGGATCCCGGAGCT-3=
HA BamHI 5=-GATCCTACCCATACGATGTTCCAGATTACGCTTAATGAG-3=
HA NheI 5=-CTAGCTCATTAAGCGTAATCTGGAACATCGTATGGGTAG-3=
pTAC BstBI F 5=-GCGATGTTCGAATCACTGCCCGCTTTCCAGTC-3=
pTAC NdeI R 5=-GCGTGCCATATGTTTCCTGTGTGAAATTG-3=
BBMiniTn7 NheI F 5=-GCGTTAGCTAGCTAATGAAGGCCAACCAGATAAGTG-3=
BBMiniTn7 NdeI R 5=-GCGTTACATATGGTGCACTCTCAGTAC-3=
Gm SpeI F 5=-GGCAATACTAGTGCGGCGTTGTGACAATTTAC-3=
Gm SalI R 5=-GGCACTGTCGACTTGACATAAGCCTGTTCGGTT-3=
LacR SalI F 5=-GCTAGTCGACGAATCAGGGGATCTTGAAGTTC-3=
LacR AgeI R 5=-GCTAACCGGTCGTTGACACCATCGAATGG-3=
Atu0573 NdeI F 5=-CGCACGCATATGATCGTAGTGGTTGATGAG-3=
Atu0573 BamHI R 5=-CGCTGGATCCTTGCCAATCAATGCTGTAGCCG-3=
Atu0573 P5 5=-TACCCACTATATATAGATCAAATCGGCA-3=
Atu0573 P6 5=-ACCCATCCTGAACCACGAAGAAACCGTTG-3=
Atu0480 NdeI F 5=-CGCACGCATATGTCCAGCGCTGCCCAGCTC-3=
Atu0480 BamHI R 5=-CGCTGGATCCTTTGGCTGGCGCGAAAACC-3=
Atu0480 P5 5=-GAAGCGCAGTCGTTGTTGGATTTGTC-3=
Atu0480 P6 5=-TATGAGCCGATGTATGAGGCGTTGAAG-3=
CtrA NdeI F 5=-GTCGCTCATATGCGGGTTCTACTGATT-3=
CtrA BamHI R 5=-GTCGCTGGATCCTCAGGCGGTTTCGAG-3=
CtrA P5 5=-GCTGCAACTGGTTAAGCTGCC-3=
CtrA P6 5=-CGAGACGTAGCTGACCAGTGTC-3=
Tet locus P5 5=-CTACGTCGAAATCAGGTGGT-3=
Tet locus P6 5=-CTTCGTTTACCTGATTCTGTCCG-3=

Gene fragments
miniTn7 MCS 5=-CGGATTCATTCGGATATTAATCGGTGTGAAATACCGCACAGATGCGTAAGGAGAAAATACCGCATCAGGCGCCATTC

GCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCTATTACGCCAGCTAGAGGAC
CAGCCGCGTAACCTGGCAAAATCGGTTACGGTTGAGTAATAAATGGATGCCCTGCGTAAGCGGGTGTGGGCG
GACAATAAAGTCTTAAACTGAACAAAATAGATCTAAACTATGACAATAAAGTCTTAAACTAGACAGAATAGT
TGTAAACTGAAATCAGTCCAGTTATGCTGTGAAAAAGCATACTGGACTTTTGTTATGGCTAAAGCAAACTCTT
CATTTTCTGAAGTGCAAATTGCCCGTCGTATTAAAGAGGGGCGTGGGGTTCGAGGACGACGGTATGGATAAG
GTAGCTTAATTAGCTGAGCTTGGACTCCTGTTGATAGATCCAGTAATGACCTCAGAACTCCATCTGGATTTGT
TCAGAACGCTCGGTTGCCGCCGGGCGTTTTTTATTGGTGAGAATCCAAGCTAGACTGCGATGAGTGGCAGGG
CGGGGCGTAATTTTTTTAAGGCAGTTATTGGTGCCCTTAAACGCCTGGGGTAATGACTCTCTAGCTTGAGGCA
TCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTTTATCTGTTGTTTGTCGGTGAACGCTCT
CCTGAGTAGGACAAATCCGCCGCTAGGAGCTTGCGGCCCGGACGATGCGAATTGGGACTAGTTTAG
GTATCCCGGGAATCCTAGGTGTCGACTTGATCGATGGCACCGGCCGCAAAGTATTTGCCGCTGCCTTA
CTGGAGCTATAGCTGGTCGGGTACTTCGAAGGTACAGGGACCGGTCCTAAGCGGCCGCCACTTGGCTAG
CTATCTGATCACGGTGCAACGGC-3=

Lac promoter 5=-GCTCAGCCATCAAGGTGATGCAACATGGATGCATGGGACCGGTCACTAGCTGAGCTTGGACTCCTGTTGATAGATC
CAGTAATGACCTCAGAACTCCATCTGGATTTGTTCAGAACGCTCGGTTGCCGCCGGGCGTTTTTTATTGGTGAG
AATCCAAGCTAGACTGCGATGAGTGGCAGGGCGGGGCGTAATTTTTTTAAGGCAGTTATTGGTGCCCTTAAACG
CCTGGGGTAATGACTCTCTAGCTTGAGGCATCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTT
TTATCTGTTGTTTGTCGGTGAACGCTCTCCTGAGTAGGACAAATCCGCCGCTAGGAGCTTGCGTGTACAGGCCGA
TTCATTAATGCAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAACGCAATTAATGTGAG
TTAGCTCACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGG
ATAACAATTTCACACAGGAAACAGCATATGCCTGCAGGCGCCTTAATTAATATGCATGGTACCTTAAGATCTCG
AGCTCCGGGATCCAATCCGGTATGGGCTAGCGAGTTACTGAGTGGCTTCCATGTC-3=

att miniTn7 tet locus 5=-CGTCGATGCTATGCGGCTAGCCGAGCCGCTGCCGATCCAGCTGCTCGCCTATCACACCGCCGTCTTCATGGGCACG
GATGTGGACCAGCCGCGCAATCTGGCGAAATCGGTGACCGTGGAATGATCATCCGGCCGGAGCGGCAGGGTG
ATGAAGAGGCGATCGCTCGCGTTACGGAAGATGCCTTCCGTAACGTCGAACACCGTAGCGGGACAGAACAAC
TGATCGTCGCGCGGCTGCGGGACGCGAGGCATCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTT
CGTTTTATCTGTTGTTTGTCGGTGAACGCTCTCCTGAGTAGGACAAATCCGCCGCCCATGGATGTTCCGTAGC
GTAGCTGCG-3=
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analysis. The cell pellets were incubated with 100 �l of a master mix
containing 1 ml of BugBuster protein extraction reagent (Novagen) and
supplemented with 1� EDTA-free protease inhibitor cocktail (Sigma), 10
�l of lysonase (Novagen), 2,500 U/ml DNase I (Thermo Scientific), and 1
mM dithiothreitol (DTT) (Thermo Scientific) for 25 min with shaking at
room temperature to lyse the cell pellets. The whole-cell lysates were clar-
ified by centrifugation at 10,000 rpm for 15 min. A final concentration of
1� Laemmli buffer was added to the cleared cell lysates. Samples were
boiled at 100°C for 5 min prior to loading on an SDS-12% PAGE gel. The
separated proteins were electroblotted onto polyvinylidene difluoride
(PVDF) membranes (Bio-Rad) and blocked overnight in 5% nonfat dry
milk powder solubilized in 1% TBST (1� Tris-buffered saline [TBS], 1%
Tween 20). The blocked PVDF membranes were probed with anti-GFP
(1:3,000) monoclonal antibody for 1 h in 2.5% milk-TBST, followed by
incubation with a donkey anti-mouse horseradish peroxidase-conjugated
secondary antibody for 1 h in 2.5% milk-TBST. The secondary antibody
was detected using the ECL Plus HRP substrate (Thermo Scientific
Pierce).

Swim plate assays. Swim plate assays were conducted as described
previously (31). Briefly, 5 �l of cells normalized to an OD600 of 0.6 was
spotted on ATGN plates containing 0.3% agar and incubated in a sealed
humid chamber for 5 days. The diameters of the swim rings were mea-
sured on days 3 and 5. Each strain was tested in triplicate during three
independent experiments.

Biofilm assays. Biofilm assays were conducted as described previously
(31). Bacteria were grown to mid-log phase in ATGN medium and diluted
to an OD600 of 0.05. Three milliliters of diluted bacteria was placed in the
wells of 12-well polystyrene plates containing polyvinyl chloride cover-
slips placed vertically in each well. The plates were incubated at room
temperature for 48 h. After incubation, the coverslips were removed and
rinsed with distilled water (dH2O) to remove planktonic cells. The cover-
slips were stained with 0.1% crystal violet for 5 to 10 min and destained
with 33% acetic acid. The A600 of the solubilized crystal violet and the
OD600 of the cultures from each well were measured. The biofilm score
was calculated as the A600 divided by the OD600 to allow normalization of
strains. Three biological replicates were completed in triplicate for each
experiment.

Growth curve analysis. For the CtrA depletion strain, cells were
grown in ATGN medium in the presence of 1 mM IPTG to an OD600 of
0.4. The cells were washed 3 times by centrifugation in ATGN medium to
remove the inducer and resuspended to an OD600 of 0.05 in ATGN me-
dium with or without IPTG. For each condition, 200 �l of sample was
added in triplicate to a 96-well plate. The OD600 was measured in a BioTek
Synergy H1 Hybrid Reader every 15 min for 48 h at 28°C with 1 min of
shaking before reads.

Cell viability assays. For the CtrA depletion strain, cells were grown in
ATGN medium in the presence of 1 mM IPTG to an OD600 of 0.4. The
cells were washed 3 times by centrifugation in ATGN medium to remove
the inducer and resuspended to an OD600 of 0.05 in ATGN medium with
or without IPTG. Serial dilutions of the cell culture were plated on ATGN
medium containing 1 mM IPTG immediately after washing to determine
the number of CFU at the outset of the experiment. Serial dilutions from
cultures with and without IPTG were plated after 2, 4, 8, and 24 h of
induction or depletion to obtain counts of CFU. Relative cell viability
scores were calculated as the number of CFU at the indicated time point (2
h, 4 h, 8 h, or 24 h) divided by the number of CFU at the outset of the
experiment (0 h). Each condition was tested in duplicate during three
independent experiments.

Fluorescence and time lapse microscopy. A small volume (	0.8 �l)
of cells in exponential phase was applied to a 1% agarose pad as described
previously (12). For time lapse imaging, the cells were imaged every 10
min for the duration of the experiment. Differential interference micros-
copy and epifluorescence microscopy were performed with an inverted
Nikon Eclipse TiE with a QImaging Rolera em-c2 1K electron-multiplying

charge-coupled-device (EMCCD) camera and Nikon Elements imaging
software.

RESULTS AND DISCUSSION
Construction of A. tumefaciens with an a-attTn7 site enables
neutral insertion of mini-Tn7 vectors. We engineered a Tn7-

FIG 1 Construction of an a-attTn7 site in A. tumefaciens. (A) The native att
site (underlined in red) is located at the 3= end of the glmS gene (Atu1786) in A.
tumefaciens. Insertion of Tn7 constructs into the native att site is not neutral,
presumably due to the overlap of the glmS stop codon (red bar) with the start
codon (blue bar) of the downstream gene encoding an AT (Atu1785). (B) The
entire boxed sequence containing the att site in panel A was introduced into a
cryptic tetracycline locus on the A. tumefaciens chromosome. Allelic exchange
was used to replace the cryptic tetracycline locus (tetRA; Atu4205 to Atu4206)
with the a-attTn7 site. The mini-Tn7 cassette contains an antibiotic resistance
gene (AbR), the lacI repressor, and either a strong (Ptac) or weak (Plac) pro-
moter to drive a gene of interest (GOI). The left (Tn7L) and right (Tn7R) ends
of Tn7 are indicated by the striped bars. (C) Replacement of the tetRA locus
with a-attTn7 (dashed line) and subsequent insertion of a mini-Tn7 cassette
(gray line) do not impact cell growth in ATGN compared to the wild-type
parental strain (C58; solid black line).
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based method for inducible control of transcription from an
engineered site on the chromosome of A. tumefaciens (Fig. 1).
Transposon Tn7-based plasmid systems have been described and
used for single-copy gene integration in many bacterial species
(18–23, 32). In most bacterial species, a single neutral site of Tn7
insertion (attTn7) is present in an intergenic region downstream
of the glmS gene (18). We attempted to use the Tn7-based system
in A. tumefaciens; however, the native attTn7 is not neutral (Fig.
1A). In A. tumefaciens, the glmS gene overlaps the adjacent gene
(Fig. 1A), and insertion of a mini-Tn7 vector into this operon
causes reduced transformation efficiency, small colonies, and slow
growth. Therefore, we engineered an a-attTn7 site at a cryptic
tetracycline locus in the A. tumefaciens genome (Fig. 1B) using a
standard allelic-exchange protocol (16). Replacement of the tetRA
locus with a-attTn7 and subsequent integration of a Tn7 cassette
did not impact growth, motility, or biofilm formation of A. tume-
faciens (Fig. 1C; see Fig. S1 in the supplemental material), suggest-
ing that our engineered site is neutral. Indeed, the engineered
strain contains two attTn7 sites, but PCR-based assays for trans-
poson insertion at both sites revealed that insertion is strongly
biased toward the engineered site, with over 97% (72/74) of inte-
gration events detected only at the a-attTn7 site.

Single-copy chromosomal complementation of complex
phenotypes is tighter than plasmid-based complementation.
Single-copy chromosomal complementation provides several ad-
vantages in the complementation of complex phenotypes. First,
genes inserted in the chromosome are stably maintained in the
absence of selection, enabling complementation studies in the ab-
sence of antibiotics, which may slow cell growth. Second, the
genes are present in single copies, reducing the possible gene dos-
age effect that can occur when multicopy plasmids are used. Third,
the degree of leakiness (expression in the absence of inducer)
should be reduced in single copy. Finally, the level of expression
from multicopy plasmids using lac promoter derivatives under
inducing conditions varies in individual cells (33), and chromo-
somal insertion reduces the genetic noise. Here, we compared
single-copy chromosomal complementation and multicopy plas-
mid-based complementation with genes under the control of the
same promoter in the restoration of two complex phenotypes,
motility and biofilm formation.

In the Rhizobiales, a regulatory hierarchy controls the ordered
assembly of the basal body, the hook, and the filament to produce
functional flagella and drive motility (34–37). Rem (regulator of
exponential-growth motility) activates the flagellar genes and is

FIG 2 Chromosomal and plasmid-based complementation of motility in �rem. (A) Schematics of strains used, comparing single-copy chromosomal
complementation (strains 1 to 4) and multiple-copy plasmid complementation (strains 5 to 8). (B) Strains 1 to 4 were assayed for swimming motility on
ATGN soft-agar plates in the presence (black bars) or absence (white bars) of the inducer, IPTG. The data were normalized to the results obtained in the
wild-type strain (strain 1). S.E., standard error of the mean. (C) Strains 5 to 8 were assayed for swimming motility on ATGN soft-agar plates containing
kanamycin to maintain the plasmid in the presence (black bars) or absence (white bars) of the inducer, IPTG. In the absence of the inducer, we repeatedly
observed an increase in the mucoidy at the center of the swim rings. In the �rem strains, which are nonmotile, this increase in mucoidy leads to a slightly
larger swim ring diameter. The data were normalized to the results obtained in the wild-type strain containing an empty vector (strain 5). Swim ring
diameters were measured after 5 days of incubation at room temperature. The data shown are the means of the results of three independent experiments
completed in triplicate.
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required for assembly of the flagella and swimming. In order to
assay for motility, the swim ring diameters of the wild-type, engi-
neered, �rem, and complementation strains were measured after
5 days on ATGN soft agar (0.3%) (Fig. 2). In A. tumefaciens, the
�rem strain retains only 	10% of the motility of the wild-type or
a-attTn7 strain (Fig. 2B). When a single copy of hemagglutinin-
tagged rem (rem-HA) is introduced at the a-attTn7 site under the
control of the lac promoter, partial complementation is observed;
motility is restored to 	30% in the presence of IPTG (Fig. 2B).
Notably, in the absence of inducer, motility is not restored, indi-
cating that the partial complementation requires the presence of
the inducer (Fig. 2B). Plasmid-based complementation of �rem in
the presence of IPTG restores motility to 	75% of that of the
wild-type strain; however, partial complementation to 	40% oc-
curs in the absence of IPTG (Fig. 2C). Taken together, these results
indicate that single-copy complementation of motility on the

chromosome is partial but limits leaky expression. A reduction in
protein expression from the single-copy complementation likely
accounts for the relatively low level of complementation com-
pared to plasmid-based complementation. In addition, since mo-
tility is subject to cell cycle regulation in A. tumefaciens (38), it is
possible that the constitutive expression of Rem from the induc-
ible promoter (in either the chromosomal or plasmid-based com-
plementation) results in partial complementation.

In order to determine if the single-copy chromosomal comple-
mentation generally provides tighter regulation, we assayed the
complementation of a mutant impaired in biofilm formation. In
A. tumefaciens, biofilm formation is dependent, at least in part, on
the ability to extrude a unipolar polysaccharide (UPP) (38, 39).
The UPP plays an essential role in attachment to surfaces and
subsequent biofilm formation (37, 40). Here, we compare the
abilities of chromosome-based and plasmid-based strategies to

FIG 3 Chromosomal and plasmid-based complementation of biofilm formation in �uppX. (A) Schematics of the strains used, comparing single-copy chro-
mosomal complementation (strains 1 to 4) and multiple-copy plasmid complementation (strains 5 to 8). (B) Strains 1 to 4 were assayed for biofilm formation
on vertical plastic coverslips immersed in ATGN medium in the presence (black bars) or absence (white bars) of the inducer, IPTG. The data were normalized
to the results obtained in the wild-type strain (strain 1). (C) Strains 5 to 8 were assayed for biofilm formation in ATGN medium containing kanamycin to
maintain the plasmid in the presence (black bars) or absence (white bars) of IPTG. The data were normalized to the results obtained in the wild-type strain
containing an empty vector (strain 5). For all the strains, the coverslips were removed after 48 h of incubation at room temperature and rinsed to remove any
loosely associated cells. Adherent biomass was determined as the absorbance of solubilized crystal violet (A600), and the optical density of the planktonic culture
(OD600) was measured. Biofilm scores were calculated as the A600/OD600 ratio, and the data were normalized. The data shown are the means of three independent
experiments completed in triplicate. Representative coverslips prior to crystal violet solubilization are shown for each strain.
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complement the biofilm formation of a �uppX mutant, which
fails to produce a UPP. Adherent biofilm formation on plastic
coverslips was measured after 48 h of incubation for the wild-type,
a-attTn7, �uppX, and complementation strains (Fig. 3). We
found that the �uppX mutant retained only 	25% of the biofilm
formation of the wild-type or a-attTn7 strain. When uppX-HA
was introduced in a single copy at the a-attTn7 site under the
control of the lac promoter, IPTG-dependent partial complemen-
tation (	50%) was observed (Fig. 3B). Introduction of uppX-HA
under the control of the lac promoter on a plasmid resulted in a
similar degree of complementation in the presence of inducer
(	50%); however, partial complementation was also observed in
the absence of inducer (	40%) (Fig. 3C). These observations sug-
gest that single-copy chromosomal insertion enables tight regula-
tion of target genes under the control of the lac promoter, poten-
tially enabling the depletion of target genes.

Mini-Tn7 vectors expressing sfGFP in a-attTn7 are tightly
regulated. To assess the ability of the mini-Tn7 system to enable
depletion studies, we introduced the gene encoding superfolder
GFP (sfGFP) (41–43) into the a-attTn7 site under the control of
the lac and tac promoters (Fig. 4A). As expected, we observed that
the tac promoter drives a much higher level of expression than the
lac promoter, as assessed by detection of GFP levels in Western
blots and the relative amount of fluorescence emitted by GFP in
live cells when IPTG was present (Fig. 4B and C). Similarly, we
found that expression of sfgfp under the control of the lac or tac
promoter from the chromosomal integration was much lower
than that from the same promoter introduced on a plasmid (see
Fig. S2 in the supplemental material). These observations suggest
that the tac and lac promoters can drive relatively high or low
levels of expression as needed for specific target genes.

Next, we wanted to determine if sfGFP could be depleted from
cells when the inducer is removed. Cells grown in the presence of
IPTG were washed to remove the inducer, and the depletion of
GFP from the cell populations was monitored by Western blotting
(Fig. 4B; see Fig. S2 in the supplemental material) and fluores-
cence microscopy (Fig. 4C). Chromosomal insertion of sfgfp un-
der the control of the tac and lac promoters enables rapid deple-
tion of sfGFP in the absence of inducer (Fig. 4B; see Fig. S2 in the
supplemental material). Under the control of the tac promoter,
the levels of GFP began to be depleted within 2 to 3 h and were
barely detectable in Western blots or live-cell imaging after 5 h.
Depletion occurred more rapidly (within 2 h) under the lac pro-
moter, presumably due to the reduced level of initial expression.
Together, these data suggest that expression of genes of interest
from the lac or tac promoter should enable depletion of target
proteins following removal of the gene at the native locus.

Depletion of CtrA decreases viability and induces rounding
of A. tumefaciens cells. Coordination of DNA replication and
segregation, cell elongation, and cell division must be properly
regulated during the cell cycle of A. tumefaciens, yet little is known
about the mechanisms of essential processes driving cell cycle pro-
gression in A. tumefaciens due to the limited ability to characterize
essential genes. In many Alphaproteobacteria, the response regula-
tor protein, CtrA, plays an important role as a transcription factor
to mediate proper cell cycle progression (44–49). In A. tumefa-
ciens, CtrA is essential for cell survival (28) and remains unchar-
acterized. Here, we depleted ctrA as a validation of the mini-Tn7
system for depletion of essential genes.

In order to deplete CtrA from A. tumefaciens cells, ctrA was
introduced under the control of the tac promoter at the a-attTn7
site. In the presence of IPTG, ctrA was deleted from the native

FIG 4 GFP driven from Ptac or Plac in the a-att site is rapidly depleted. (A) Schematics of strains used to compare expression of sfgfp from Ptac (top) and Plac

(bottom). (B) Western blots illustrating the depletion of GFP following the removal of the inducer (IPTG) as described in Materials and Methods. Expression of
GFP driven from Ptac (top) is higher than expression of GFP driven from Plac (bottom). (C) Depletion of GFP signal driven from Ptac (top) and Plac (bottom)
following the removal of the inducer (IPTG) was monitored in live cells using fluorescence microscopy.
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location by allelic exchange using a standard protocol (16) (Fig.
5A). Growth curve analysis of the ctrA depletion strain in the pres-
ence of IPTG indicated that growth was comparable to that of the
wild type. In contrast, in the absence of IPTG, the optical density
of cells depleted of CtrA increased for several hours before reach-
ing a plateau (Fig. 5B); however, the observed increase in cell
density is not a result of net population growth, but rather, is due
to the elongation and swelling of individual nonviable cells (Fig.
5C and D). In order to assess the ability of cells depleted of CtrA to
recover, we conducted colony-forming assays after 2, 4, 8, and 24
h of incubation in the presence or absence of IPTG. We found that
the ctrA depletion rapidly resulted in loss of cell viability with no
increase in the number of viable cells (Fig. 5C). In the presence of
IPTG, the ctrA depletion strain is capable of cell elongation and
division, resulting in the formation of a microcolony within 24 h
(Fig. 5D, top row). In contrast, in the absence of IPTG, the deple-
tion of CtrA causes the cells to elongate without dividing (Fig. 5D,
bottom two rows). After 10 h of ctrA depletion, most cells begin to
swell, resulting in a terminal block in cell division (Fig. 5D, bottom
two rows). Between 10 and 24 h of ctrA depletion, although some
cells generate constrictions (Fig. 5D, bottom row), only 11% (17/
149) of individual cells complete cell division. Notably, the rare
cell division events that occur are atypical and often occur at
asymmetric sites, resulting in production of minicells. The cells
continue to swell from the midcell and ultimately lyse. These ob-
servations are consistent with an expected role of CtrA in the
regulation of cell division, as described in the closely related bac-
terium Sinorhizobium meliloti (48).

Conclusions. We have successfully engineered A. tumefaciens
with an artificial attTn7 site at a neutral locus in the chromosome
and constructed a set of mini-Tn7 vectors that allow integration
and inducible expression of target genes from the a-attTn7 site.
This approach allows more precise regulation of target genes than
multicopy plasmids using the same promoters, enabling comple-
mentation studies that require tight regulation of gene expression.
Furthermore, this method enables rapid depletion of target pro-
teins. As proof of concept, we depleted ctrA, an essential gene in A.
tumefaciens, and found that cells failed to divide, underwent dra-
matic changes in morphology, and lost viability. This method pro-
vides a necessary advance in our ability to study essential pro-
cesses, such as cell cycle progression, cell growth, and cell division
in A. tumefaciens.
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