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ABSTRACT The Acinetobacter genus includes species of opportunistic pathogens
and harmless saprophytes. The type species, Acinetobacter baumannii, is a nosoco-
mial pathogen renowned for being multidrug resistant (MDR). Despite the clinical
relevance of infections caused by MDR A. baumannii and a few other Acinetobacter
spp., the regulation of their pathogenicity remains elusive due to the scarcity of ade-
quate genetic tools, including vectors for gene expression analysis. Here, we report
the generation and testing of a series of Escherichia coli-Acinetobacter promoter-
probe vectors suitable for gene expression analysis in Acinetobacter spp. These
vectors, named pLPV1Z, pLPV2Z, and pLPV3Z, carry both gentamicin and zeocin re-
sistance markers and contain lux, lacZ, and green fluorescent protein (GFP) reporter
systems downstream of an extended polylinker, respectively. The presence of a
toxin-antitoxin gene system and the high copy number allow pLPV plasmids to be
stably maintained even without antibiotic selection. The pLPV plasmids can easily be
introduced by electroporation into MDR A. baumannii belonging to the major inter-
national lineages as well as into species of the Acinetobacter calcoaceticus-A. bau-
mannii complex. The pLPV vectors have successfully been employed to study the
regulation of stress-responsive A. baumannii promoters, including the DNA damage-
inducible uvrABC promoter, the ethanol-inducible adhP and yahK promoters, and the
iron-repressible promoter of the acinetobactin siderophore biosynthesis gene basA.
A lux-tagged A. baumannii ATCC 196067 strain, carrying the iron-responsive pLPV1Z:
PbasA promoter fusion, allowed in vivo and ex vivo monitoring of the bacterial bur-
den in the Galleria mellonella infection model.

IMPORTANCE The short-term adaptive response to environmental cues greatly con-
tributes to the ecological success of bacteria, and profound alterations in bacterial
gene expression occur in response to physical, chemical, and nutritional stresses.
Bacteria belonging to the Acinetobacter genus are ubiquitous inhabitants of soil and
water though some species, such as Acinetobacter baumannii, are pathogenic and
cause serious concern due to antibiotic resistance. Understanding A. baumannii pathobi-
ology requires adequate genetic tools for gene expression analysis, and to this end we
developed user-friendly shuttle vectors to probe the transcriptional responses to dif-
ferent environmental stresses. Vectors were constructed to overcome the problem of
antibiotic selection in multidrug-resistant strains and were equipped with suitable
reporter systems to facilitate signal detection. By means of these vectors, the tran-
scriptional response of A. baumannii to DNA damage, ethanol exposure, and iron
starvation was investigated both in vitro and in vivo, providing insights into A. bau-
mannii adaptation during stress and infection.
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cinetobacter is a highly diverse bacterial genus including species which are often

implicated in hospital-acquired infections (e.g., Acinetobacter baumannii, Acineto-
bacter dijkshoorniae, Acinetobacter nosocomialis, Acinetobacter pittii, and Acinetobacter
seifertii) as well as species (e.g., Acinetobacter baylyi) which behave as environmental
saprophytes and are rarely or never associated with human diseases (1). A. baumannii
is the most dreaded species, showing an increasing prevalence of multidrug-resistant
(MDR) (2), extensively drug-resistant (XDR) (3-5), and pandrug-resistant (PDR) (6, 7)
strains, especially in health care-associated outbreaks and, occasionally, in community-
acquired infections. The combination of antibiotic resistance and hypervirulent phe-
notypes (8) has become a major public health concern, and the World Health Organi-
zation has urged research to focus on pathogenic MDR Acinetobacter spp. as a top
priority (9). It should be emphasized, however, that most Acinetobacter spp. are widely
distributed in nature and commonly occur in soil and water. Some species are endowed
with biotechnological potential, e.g., bioremediation of inorganic pollutants and hy-
drocarbons, as well as production of biopolymers, biosurfactants, and bioactive com-
pounds (reviewed in reference 10). Despite the medical and biotechnological relevance
of Acinetobacter spp., few tools for gene expression analysis are available for this genus.
Real-time quantitative PCR (RT-qPCR) and comparative transcriptomics (e.g.,, RNA-
sequencing) are in current use but have some limitations mainly related to problematic
and time-consuming sample preparation which complicates time course analysis of
gene expression (11-15). Integrative genetic systems based on mini-Tn7 single-copy
insertion vectors have recently been employed for fluorescent protein tagging in A.
baumannii, but they were not yet developed for chromosomal reporter gene fusions
(16). Two promoter-probe vectors have occasionally been used for gene expression
analysis in Acinetobacter spp., namely, the psychrophilic species-restricted vector pBAP1
(17) and the low-copy-number broad-host-range lacZ-based pMP220 plasmid (18).
Although pMP220 made it possible to investigate iron and ethanol regulation in A.
baumannii (14, 19, 20), it suffers from major limitations due to complexity of manipu-
lation, an inadequate resistance marker (tetA) for selection in MDR Acinetobacter strains,
and poor signal output. A new set of Escherichia coli-Acinetobacter species shuttle
vectors has recently been generated, carrying suitable zeocin (Zeo; ble) and/or genta-
micin (Gm; aacC1) resistance cassettes, and used as gene cloning vehicles in MDR, XDR,
and PDR Acinetobacter spp. (21, 22). When supplied at supraphysiological concentra-
tions, gentamicin can indeed overcome resistance displayed by clinically resistant
strains (22), and zeocin resistance has never been detected in Acinetobacter spp. (21),
thus ensuring in vitro selection of these markers, even upon transformation of PDR
strains.

In this work, we optimized the scaffold of recently developed Escherichia coli-
Acinetobacter species shuttle vectors (22) in order to generate novel promoter-probe
plasmids, called pLPV, suitable for gene expression analysis in MDR, XDR, and PDR
Acinetobacter spp. Luciferase (luxCDABE), B-galactosidase (lacZ), and a fast-turnover
variant of the green fluorescent protein (GFPmut3) (23) were used as reporter systems.
Here, the newly generated pLPV vectors have successfully been employed to investi-
gate the transcriptional response of A. baumannii to physical (UV light), chemical,
(mitomycin C [MMC]; ethanol), or nutritional (iron depletion) stress.

RESULTS

Determination of the minimal self-replicating region of pWH1277. pWH1277 is
a narrow-host-range, cryptic plasmid isolated from Acinetobacter calcoaceticus BD413,
which was previously used as a scaffold for the construction of E. coli-Acinetobacter
species shuttle vectors, in conjunction with a ColE1-like origin of replication (22, 24). A
physical map of pWH1277 with predicted functions of annotated open reading frames
(ORFs) (22) is shown in Fig. 1. To minimize the promoter-probe E. coli-Acinetobacter
species shuttle vectors, the shortest DNA region enabling self-replication and autono-
mous maintenance of pWH1277 in A. baumannii was mapped by deletion analysis.
Overlapping DNA fragments encompassing the putative replication origin of pWH1277
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putative
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Replicationin ~ MobA/MobL protein MobA/MoblL putative
Plasmid Length (bp) A. baumannii protein  antitoxin toxin oriAb (repB) protein nickase
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PWH1277A10 1,223 - l
PWH1277A11 1,236 + [1 [ |
PWH1277 minimum region (1,616 bp) enabling replication and m 1kb
stability in Acinetobacter spp., without antibiotic selection L 1

FIG 1 Deletion analysis of pWH1277 to determine the minimal region required for autonomous plasmid replication in Acinetobacter
spp. Deletion fragments of pWH1277 (24) were generated by PCR amplification with primers listed in Table 1 and blunt cloned at the
Smal site of pBS. The resulting pWH1277 deletion derivatives were introduced in A. baumannii ATCC 19606 to assess replication. The
minimal self-replicating region of pWH1277 (oriAb) is boxed in black. Relevant coding regions are indicated with colors: red and pink,
two putative genes coding MobA/MoblL-like proteins, presumably involved in plasmid mobilization; orange, the PaaA2-like antitoxin
component of the TA system involved in plasmid stability; cobalt, the ParE2-like toxin component of the TA system involved in plasmid
stability; violet, the oriAb origin of replication for Acinetobacter spp., including a palindromic sequence (fluorescent green) and two
A+T-rich regions (yellow); green, the gene coding for a putative RepB-like protein, presumably involved in rolling-circle replication
(RCR); cyan, the gene encoding a putative nickase, likely involved in single-strand DNA nicking for rolling-circle replication. All genes
are reported in scale over the total length of the vector. Images were obtained by the Snapgene software (GSL Biotech).

were generated by PCR with the primer pairs listed in Table 1, and the resulting
amplicons were blunt cloned at the Smal site of pBluescript Il KS (pBS) for transforma-
tion of E. coli DH5a. After sequence verification of cloned inserts, all constructs
(designated pWH1277A1 to pWH1277A11) were individually transferred by electropo-
ration in A. baumannii ATCC 19606 to assess self-replication. Genes encoding putative
MobA/MobL, nickase, RepA, and toxin-antotoxin (TA) functions could be deleted from
pWH1277 without affecting the replication of recombinant constructs in A. baumannii.
Conversely, short deletions affecting a 1,236-nucleotide (nt) region, designated oriAb
(asin pWH1277A3, pWH1277A7, pWH1277A8, and pWH1277A10) (Fig. 1), compromised
plasmid replication in A. baumannii. Interestingly, the oriAb region includes a palin-
dromic sequence, 11 iterons with the AAAAAATAT consensus and two A+T-rich regions
(22, 24) (Fig. 1), which could play a role in plasmid replication (25).

Although the TA system could be deleted without affecting replication in A. bau-
mannii (as in pWH1277A2 and pWH1277A11) (Fig. 1), it was previously demonstrated
that this module is essential for plasmid stability, i.e.,, maintenance without antibiotic
selection (22). Since exposure to elevated antibiotic concentrations, such as those
required for plasmid selection, can have pleiotropic effects on bacterial gene expression
(26, 27), the 1,616-bp DNA fragment encompassing both oriAb and the TA gene system
was regarded as the minimal region enabling plasmid replication and stability in
Acinetobacter (Fig. 1).

Assembly of promoter-probe E. coli-Acinetobacter species shuttle vectors. E.
coli-Acinetobacter species shuttle vectors for gene expression analysis were generated
by a stepwise gene cloning approach, as summarized in Fig. S1 in the supplemental
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Primer RS“ Sequence (5'-3')b Use

Ext_FW GAAAACAGGTTGGTTTAGTGC Deletion of pWH1277-derived portion of pVRL1

AMobA/MobL_FW TGACCAAGAACAGCCTAAGC Deletion of pWH1277-derived portion of pVRL1

AMobA/MobL + TA_FW CATCGCAGGAGTGGTCATG Deletion of pWH1277-derived portion of pVRL1

AMobA/MobL + TA + oriAb A+T GGTACAGATCTTCGATACTGA Deletion of pWH1277-derived portion of pVRL1
region_FW

Anickase + MobA/MobL + RCR + ACCAGAGGGAGGGAGCAG Deletion of pWH1277-derived portion of pVRL1
oriAb A+T region_RV

Anickase + MobA/MobL + RCR + CAAATGGTGAGGTTTTAGAGG Deletion of pWH1277-derived portion of pVRL1

oriAb partial_RV
Anickase + MobA/MobL + RCR_RV
Anickase + MobA/MobL_RV

Anickase_RV

Ext_RV

Scaffold plasmid_FW Nsil
Scaffold plasmid_RV Nsil
oriAb + TA_FW Nsil
oriAb + TA_RV Nsil
Alac_FW

Alac_RV

lux trascr_FW Sacl
lux_RV Ncol
lacZ trascr_FW Notl
lacZ_RV Ncol
GFP trascr_FW Notl
GFP_RV Sacl
Zeo Ncol_FW Ncol
Zeo Ncol_RV Ncol
Zeo Sacl_FW Sacl
Zeo Sacl_RV Sacl
dxs Ab_FW

GTAACGCTAAATTAATTACCCTG
TTTCATAGGCATTAGTAGTTATAA
GTTTATTAACAGCCGCCCCA
ATGGGTTTCTTTTCATCACTTC
CCAATGCATCAGCAGCAACAGCAGCAG

CCAATGCATCAGCAGCAACAGCAGCAG

CCAATGCATACCAAGAACAGCCTAAGCCG

CCAATGCATCAAATGGTGAGG AGAGG

TGGGCGCTCTTCCGCTTC

GCAATTAACCCTCACTAAAGGGAAC

ACCGAGCTCTAAGTAAGTAAAGAGGAGA
AATTAAGCATGACTAAAAAAATTTCATT
CATTATT

CATGCCATGGAGCATTCCACTTACAATTAGGC

ATTAGCGGCCGCTAAGTAAGTAAAGAGGA
GAAATTAAGCATGACCATGATTAC
GGATTCAC

CATGCCATGGAGTTATTTTTGAC
ACCAGACCAA

ATTAGCGGCCGCTAAGTAAGTAATTAAAG
AGGAGAAATTAAGCATG

ACCGAGCTCAAGCTAGCTTGGATTCTCACC
CATGCCATGGTTCTCCTTACGCATCTGTGC
CATGCCATGGTCATTGAGACGAG
CAACAGAG
ACCGAGCTCTTCTCCTTACGCATCTGTGC
ACCGAGCTCTCATTGAGACGAGCAACAGAG

AGTTTGGGATGTGGGACACC

Deletion of pWH1277-derived portion of pVRL1

Deletion of pWH1277-derived portion of pVRL1

Deletion of pWH1277-derived portion of pVRL1

Deletion of pWH1277-derived portion of pVRL1

Amplification of ColE1-like origin, aacC1
cassette, MCS, and lacZa from pVRL1

Amplification of ColE1-like origin, aacC1
cassette, MCS, and lacZa from pVRL1

Amplification of the minimal self-replicating
region (oriAb) and the TA system from pVRL1

Amplification of the minimal self-replicating
region (oriAb) and the TA system from
PVRL1

Deletion of the pAb region encompassing lac
promoter, CAP binding site, and the first
eight codons of lacZa

Deletion of the pAb region encompassing lac
promoter, CAP binding site, and the first
eight codons of lacZa

Amplification of luxCDABE operon from mini-
CTX-lux for pLPV1 plasmid construction; this
oligonucleotide presents stop codons in the
three possible reading frames (5'-TAAGTAAG
TAA-3') and a canonical RBS
(5'-AAAGAGGAGAAA-3")

Amplification of luxCDABE operon from mini-
CTX-lux for pLPV1 plasmid construction

Amplification of lacZ from pVRL2/acZ for pLPV2
plasmid construction; this oligonucleotide
presents stop codons in the three possible
reading frames (5'-TAAGTAAGTAA-3’) and a
canonical RBS (5'-AAAGAGGAGAAA-3')

Amplification of lacZ from pVRL2lacZ for pLPV2
plasmid construction

Amplification of GFP gene from pVRL2gfp for
pLPV3 plasmid construction; this
oligonucleotide presents stop codons in the
three possible reading frames (5'-TAAGTAAG
TAA-3’) and a canonical RBS
(5'-AAAGAGGAGAAA-3')

Amplification of GFP gene from pVRL2gfp for
pLPV3 plasmid construction

Amplification of ble cassette in order to
construct pLPV1Z and pLPV2Z vectors

Amplification of ble cassette in order to
construct pLPV1Z and pLPV2Z vectors

Amplification of ble cassette in order to
construct pLPV3Z vector

Amplification of ble cassette in order to
construct pLPV3Z vector

Determination of pLPV2Z vector copy number
in A. baumannii; amplification from nt
195274 to nt 195387 encompassing an
internal fragment (113 bp) of gene
HMPREF0010_01955
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Primer RS“

Sequence (5'-3')b

Use

dxs Ab_RV

dxs Ec_FW

dxs Ec_RV

aacCl PCN FW

aacC1 PCN RV

PuvrA_FW Pstl
PuvrA_RV Xbal
Petdh_FW Pstl
Petdh_RV Xbal
Padh_FW Pstl
Padh_RV Xbal
PbasA_FW Pstl
PbasA_RV Xbal

CTTCTCTGGCTGGGAAAGCA

CGAGAAACTGGCGATCCTTA

CTTCATCAAGCGGTTTCACA

GATCTATATCTATGATCTCGC

GATCACATAAGCACCAAGCG

AAAACTGCAGAAGGGCATGGGCACTTTGC

CTAGTCTAGAAACATCTCAATTGTG
TATTGATG

AAAACTGCAGTCAGGCTTCAGCCAAGGCC

CTAGTCTAGAGAGTTTGATCATAACGTAAGC

AAAACTGCAGCGGCAGAAGGACA
AACGACA

CTAGTCTAGATTAACTTGAGGTGCA
GCTT

AAAACTGCAGAAGCCCGA GTACCCAC

CTAGTCTAGAGAGTCCCTACCTCAGCATAA

Determination of pLPV2Z vector copy number
in A. baumannii; amplification from nt
195274 to nt 195387 encompassing an
internal fragment (113 bp) of gene
HMPREF0010_01955

Determination of pLPV2Z vector copy number
in E. coli; amplification from nt 436807 to nt
436694 encompassing an internal fragment
(113 bp) of gene G6237

Determination of pLPV2Z vector copy number
in E. coli; amplification from nt 436807 to nt
436694 encompassing an internal fragment
(113 bp) of gene G6237

Determination of pLPV2Z copy number in E.
coli and A. baumannii

Determination of pLPV2Z copy number in E.
coli and A. baumannii

Amplification and cloning of the A. baumannii
DNA damage-inducible promoter region of
the uvrA operon (A1S_3295)

Amplification and cloning of the A. baumannii
DNA damage-inducible promoter region of
the uvrA operon (A1S_3295)

Amplification and cloning of the ethanol-
inducible promoter region of the A.
baumannii gene encoding the ethanol
dehydrogenase enzyme
(HMPREF0010_01803)

Amplification and cloning of the ethanol-
inducible promoter region of the A.
baumannii gene encoding the ethanol
dehydrogenase enzyme
(HMPREF0010_01803)

Amplification and cloning of the ethanol-
inducible promoter region of the A.
baumannii gene encoding the aldehyde
dehydrogenase enzyme
(HMPREF0010_03394)

Amplification and cloning of the ethanol-
inducible promoter region of the A.
baumannii gene encoding the aldehyde
dehydrogenase enzyme
(HMPREF0010_03394)

Amplification and cloning of the A. baumannii
promoter region of the iron-regulated basA
gene (GI27-2634)

Amplification and cloning of the A. baumannii
promoter region of the iron-regulated basA
gene (GI27-2634)

AaRS, restriction site in primer sequence.

bGC clamps are shown in bold; restriction sites are underlined.

material. Primers containing suitable restriction sites and template plasmids employed
for PCR-based construction of the promoter-probe vectors are described in Tables 1
and 2, respectively. Using pVRL1 as the template and Nsil sites provided by the primers,
the 1,634-bp region containing the oriAb and the TA modules was ligated to the
2,643-bp region encompassing the ColE1-like origin of replication, the aacC7 gene, and
the multiple cloning site (MCS) within the lacZa gene fragment, generating pAb (Fig.
S1B). Then, the 249-bp region containing the lac promoter (Plac), the CAP binding site,
and the first 24 codons of lacZa was deleted to generate pAbAlac (Fig. S1C). Deletion
of this region was needed to avoid transcriptional interference by Plac (28) and
formation of chimeric proteins between LacZa and the cloned gene products (29).
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TABLE 2 Bacterial strains and plasmids

Source and/or

Strain or plasmid Relevant characteristic(s)? reference
Strains
A. baumannii
ATCC 19606T Clinical isolate, type strain, antibiotic susceptible 67
ATCC 17978 Clinical isolate, antibiotic susceptible 39
ACICU MDR clinical isolate, prototype of the international clonal lineage Il 68
AYE MDR clinical isolate, prototype of the international clonal lineage | 31
A. baylyi BD413 Naturally transformable strain 69, 70
A. dijkshoorniae 271 Member of the ACB complex Seifert collection (71)
A. nosocomialis UKK_0361 Member of the ACB complex Seifert collection (22)
A. pittii UKK_0145 Member of the ACB complex Seifert collection (22)
A. seifertii HS A23-2 Member of the ACB complex Seifert collection (72)
E. coli
DH5« A~ ¢$80dlacZAM15 A(lacZYA-argF)U169 recAl endA1 hsdR17(re™ my™) 63
SupE44 thi-1 gyrA relA1 Nal
H1717 fhuF::AplacMu aroB araD139 AlacU169 rpsL150 relA1 flbB5301 deoC1 44
ptsF25 rbsR Km"®
Plasmids
pBluescript-Il KS E. coli cloning vector (GenBank accession number X52327.1), Ap* 73
mini-CTX-lux Integration-proficient Pseudomonas aeruginosa vector for chromosomal 30
lux gene fusions, source of lux operon, Tc"
pVRL1 E. coli-Acinetobacter species shuttle cloning vector, source of ColE1-like 22
and oriAb origins of replication, aacC7 and TA cassette, MCS, Gm"
pVRL2lacZ E. coli-Acinetobacter species shuttle plasmid for arabinose-regulated 22
lacZ expression, source of lacZ reporter gene, Gm"
pVRL2gfp E. coli-Acinetobacter species shuttle plasmid for arabinose-regulated 22
GFP expression, source of GFP reporter gene, Gm®
pVRL1Z pVRL1-derived vector carrying the ble gene, source of ble cassette, Zeo" 22
pMP220 Broad-host range, low copy number promoter-probe vector based on 18
the lacZ reporter gene, Tc"
pMP220::PbasA A. baumannii PbasA promoter cloned into pMP220, Tc" 19
pBS::PbasA A. baumannii PbasA promoter cloned into pBluescript-Il KS (pBS), Ap* 19
pWH1277 Full length pWH1277 ligated to pBluescript-Il KS plasmid, Ap" This work
pWH1277-A1 Deletion derivative of pWH1277 cloned into pBluescript-Il KS, Ap* This work
pWH1277-A2 Deletion derivative of pWH1277 cloned into pBluescript-Il KS, Ap" This work
pWH1277-A3 Deletion derivative of pWH1277 cloned into pBluescript-Il KS, Ap" This work
pWH1277-A4 Deletion derivative of pWH1277 cloned into pBluescript-Il KS, Ap® This work
pWH1277-A5 Deletion derivative of pWH1277 cloned into pBluescript-Il KS, Ap* This work
pWH1277-A6 Deletion derivative of pWH1277 cloned into pBluescript-Il KS, Ap* This work
pWH1277-A7 Deletion derivative of pWH1277 cloned into pBluescript-Il KS, Ap" This work
pWH1277-A8 Deletion derivative of pWH1277 cloned into pBluescript-Il KS, Ap" This work
pWH1277-A9 Deletion derivative of pWH1277 cloned into pBluescript-Il KS, Ap" This work
pWH1277-A10 Deletion derivative of pWH1277 cloned into pBluescript-Il KS, Ap" This work
pWH1277-A11 Deletion derivative of pWH1277 cloned into pBluescript-Il KS, Ap* This work
pAb E. coli-Acinetobacter species shuttle plasmid employed as scaffold This work
vector for pLPV promoter-probe plasmid construction, Gm*
pAbAlac pAb plasmid carrying a deletion of CAP binding site, lac promoter This work
(Plac) and the first 24 codons of lacZa, Gm*
pLPV1 lux-based promoter-probe plasmid, Gm* This work
pLPV2 lacZ-based promoter-probe plasmid, Gm" This work
pLPV3 GFP-based promoter-probe plasmid, Gm" This work
pLPV1Z pLPV1-derived vector carrying the ble cassette, Gm" Zeo" This work
pLPV2Z pLPV2-derived vector carrying the ble cassette, Gm" Zeo" This work
pLPV3Z pLPV3-derived vector carrying the ble cassette, Gm" Zeo" This work
pLPV1Z:PuvrA PuvrA promoter cloned in pLPV1Z, Gm" Zeo" This work
pLPV2Z::PuvrA PuvrA promoter cloned in pLPV2Z, Gm" Zeo" This work
pLPV3Z:PuvrA PuvrA promoter cloned in pLPV3Z, Gm® Zeo" This work
pLPV1Z:PadhP PadhP promoter cloned in pLPV1Z, Gm" Zeo’ This work
pLPV1Z:PyahK PyahK promoter cloned in pLPV1Z, Gm" Zeo" This work
pLPV1Z:PbasA PbasA promoter cloned in pLPV1Z, Gm® Zeo" This work
pLPV2Z::PbasA PbasA promoter cloned in pLPV2Z, Gmr Zeor This work
pLPV3Z:PbasA PbasA promoter cloned in pLPV3Z, Gm" Zeo" This work

aNal", nalidixic acid resistant; Km", kanamycin resistant; Ap", ampicillin resistant; Tc" tetracycline resistant; Gm', gentamicin resistant; Zeo", zeocin resistant; ACB,
Acinetobacter calcoaceticus-Acinetobacter baumannii.
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TABLE 3 Transformation efficiency and stability of pLPV plasmids and antibiotic concentrations required for their selection

Selected by:
Strain (plasmid) TE (CFU/ug DNA)® Stability (Na,/No)® Gm (mg/ml) Zeo (png/ml)
E. coli DH5a(pLPV1Z) (1.16 *= 0.38) X 10° 1.07 = 0.09 10 25
E. coli DH5a(pLPV2Z) (1.38 = 0.31) X 10° 1.12 = 0.14 10 25
E. coli DH5a(pLPV3Z) (1.80 = 0.01) X 10° 1.13 = 0.11 10 25
E. coli DH5a(pVRL1) (1.02 £ 0.21) X 10° 1.00 = 0.33 10
A. baumannii ATCC 19606"(pLPV12) (1.56 = 0.06) X 102 0.80 = 0.23 100 250
A. baumannii ATCC 19606"(pLPV2Z) (2.87 £ 0.93) X 102 0.83 = 0.10 100 250
A. baumannii ATCC 19606"(pLPV3Z) (4.57 = 0.29) X 102 0.81 = 0.09 100 250
A. baumannii ATCC 19606"(pVRL1) (6.95 £ 0.21) X 102 0.92 = 0.29 100
A. baumannii ATCC17978(pLPV1Z) (4.37 = 0.07) X 10 0.85 = 0.14 100 250
A. baumannii ATCC17978(pLPV2Z) (5.01 = 5.01) X 10 0.78 = 0.21 100 250
A. baumannii ATCC17978(pLPV3Z) (3.89 £ 0.29) X 10’ 0.75 = 0.17 100 250
A. baumannii ATCC17978(pVRL1) (495 = 0.21) X 10 0.92 = 0.29 100
A. baumannii ACICU(pLPV12) (1.06 £ 0.87) X 102 0.74 = 0.09 200 250
A. baumannii ACICU(pLPV2Z2) (9.12 = 0.74) X 103 0.73 = 0.13 200 250
A. baumannii ACICU(pLPV3Z) (9.49 + 1.25) X 103 0.71 = 0.22 200 250
A. baumannii ACICU(pVRL1) (1.78 £ 0.21) X 103 0.83 = 0.34 200
A. baumannii AYE(pLPV1Z) (1.02 = 1.05) X 103 0.92 = 0.08 NS 250
A. baumannii AYE(pLPV2Z) (1.19 £ 0.98) X 103 1.02 = 0.12 NS 250
A. baumannii AYE(pLPV3Z) (2.84 += 0.64) X 103 0.90 = 0.11 NS 250
A. baumannii AYE(pVRL1Z) (1.02 £ 0.21) X 103 0.95 = 0.01 NT 250
A. pittii UKK_0145(pLPV1Z2) (1.81 = 0.76) X 10* 0.67 = 0.13 50 250
A. pittii UKK_0145(pLPV22) (1.97 = 0.04) X 10 0.77 = 0.20 50 250
A. pittii UKK_0145(pLPV3Z) (2.84 £ 0.64) X 10% 0.87 = 0.17 50 250
A. pittii UKK_0145(pVRL1) (1.55 £ 0.05) X 10* 0.79 = 0.25 50
A. baylyi BD413(pLPV12) (1.16 = 0.03) X 10 0.64 = 0.25 10 25
A. baylyi BD413(pLPV2Z) (1.38 = 0.02) X 10 0.62 = 0.27 10 25
A. baylyi BD413(pLPV32) (1.80 = 0.01) X 10 0.79 = 0.32 10 25
A. baylyi BD413(pVRL1) (9.5 = 0.75) X 103 0.99 = 0.17 10 25

aTE, transformation efficiency. E. coli chemically competent cells were transformed by a heat shock protocol (63); A. baumannii and A. pittii electrocompetent cells
were transformed by electroporation (74); A. baylyi naturally competent cells were transformed as previously reported (64). Data are the means * standard deviations
from three independent experiments.

®In vitro stability in the absence of antibiotic selection is expressed as the ratio between the number of bacterial colonies grown on LB agar supplemented with the
indicated antibiotic concentrations (N,,,,) and the number of bacterial colonies grown on LB agar without antibiotic (N,). Data are the means * standard deviations
from three independent experiments. NS, not selectable (Gm MIC > 512 ug/ml); NT, not tested.

Then, using appropriate primer pairs with terminal restriction sites, three different
reporter gene systems were individually cloned in the distal sites of the pAbAlac MCS,
as follows: (i) the entire luxCDABE operon (abbreviated lux) from miniCTX1-lux (30),
cloned at the Sacl/Ncol sites to generate pLPV1 (Fig. S1D); (ii) the lacZ gene from
pVRL2lacZ (22), cloned at the Notl/Ncol sites to generate pLPV2 (Fig. S1E); (iii) the
GFPmut3 gene from pVRL2gfp (22), cloned at the Notl/Sacl sites to generate pLPV3 (Fig.
ST1F). Of note, forward primers used for the amplification of the three reporter gene
systems contained triplicate stop codons for all reading frames (5'-TAAGTAAGTAA-3')
to prevent possible fusion between products of cloned inserts and reporter proteins.
Moreover, a canonical ribosome binding site (RBS; 5'-AAAGAGGAGAAA-3’) (29) has
been placed 6 nt upstream of the start codon of each reporter gene to maximize
translation efficiency (29).

We have previously reported that plasmid pVRL1, which served as a scaffold for the
generation of all pLPV plasmids, can be selected by supraphysiological Gm concentra-
tions (up to 512 ug/ml) even in A. baumannii isolates which are clinically resistant to
Gm (22). This holds true also for the whole pLPV plasmid series although a few
exceptions exist, e.g., strain AYE (31) which is hyperresistant to Gm (>512 ug/ml) due
to the presence of multiple aminoglycoside-detoxifying mechanisms (Table 3). To
overcome this limitation, the ble cassette from pVRL1Z (22) was cloned in the unique
Ncol or Sacl sites of pLPV vectors to obtain the Zeo-resistant derivatives pLPV1Z,
pLPV2Z, and pLPV3Z (Fig. 2 and Fig. S1). Briefly, convenient features of pLPV promoter-
probe vectors are the possibility of selection even in PDR strains, the relatively small size
(from 5.5 to 10.3 kb, depending on the reporter system), and the presence of an
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FIG 2 Physical and functional map of pLPV1Z (A), pLPV2Z (B), and pLPV3Z (C) promoter-probe vectors. The nucleotide sequence upstream of the reporter gene
is shown for each vector. In all vectors, the ribosome binding site (RBS) is provided by the canonical sequence 5'-AAAGAGGAGAAA-3’, preceded by stop codons
in the three reading frames (red). Unique cutter restriction enzymes are indicated in bold. Nomenclature: ble, Zeo resistance gene; aacC1, Gm resistance gene;
ori ColE1-like, ColE1-derived origin of replication for E. coli; oriAb, origin of replication for Acinetobacter spp. All genes are reported in scale over the total length
of the vector. Images were obtained by Snapgene software (GSL Biotech).

extended polylinker with =10 unique restriction sites flanked by annealing regions for
universal sequencing oligonucleotides (i.e., the T3, pBS KS, and pBS SK primers), as
illustrated in Fig. 2.

Copy number, transformation efficiency, host range, and stability of pLPV
plasmids. The plasmid copy number (PCN) per cell of pLPV2, taken as an example of
the pLPV vector series, was determined by real-time quantitative PCR as outlined in
Materials and Methods (22), using E. coli DH5a and A. baumannii ATCC 19606" as host
strains. The PCNs of pLPV2 were 75 = 10 per E. coli DH5« cell and 57 = 12 per A.
baumannii ATCC 196067 cell and, thus, very similar to the PCN of the ancestor plasmid
pVRL1 (22) (Table S1). Therefore, pLPV vectors can be considered high-copy-number
plasmids according to the conventional classification (32). Accordingly, all pLPV plas-
mids could be extracted with good yields from early-stationary-phase E. coli DH5« and
A. baumannii ATCC 196067 cells, attaining up to 1.65 and 0.45 ug of DNA per milliliter
of culture at an optical density at 600 nm (OD,,) of 1 (Table S1).

The pLPV vectors could be introduced by electroporation in A. baumannii strains
belonging to different lineages, e.g., A. baumannii AYE, ACICU, and ATCC 17978 (33), in
addition to the type strain ATCC 196067, as well as in Acinetobacter baylyi BD413 and
Acinetobacter pittii UKK_0145 (Table 3). However, the transformation efficiencies (TE)
varied greatly between species and strains, ranging from ca. 10> CFU/ug DNA for E. coli
DH5« to ca. 50 CFU/ug DNA for A. baumannii ATCC 17978 (Table 3).

To confirm the stability of pLPV vectors in both E. coli and Acinetobacter spp.,
individual strains carrying the different pLPV constructs were grown for ca. 40 gener-
ations, without antibiotic, before being plated on selective medium supplemented with
the appropriate antibiotic. Plasmid stability was expressed as the N,,../N, ratio, where
Nane and Ny are the numbers of CFU grown with and without antibiotic, respectively.
Elevated segregational stability was observed for all pLPV vectors in all tested species,
with little or no plasmid loss after ca. 40 generations (Table 3).

Transcriptional response of the uvrABC promoter to DNA damage. Uvr-dependent
excision repair is the main system for the correction of UV-induced pyrimidine dimers
and a variety of other forms of DNA damage in E. coli. UvrA, UvrB, and UvrC proteins
act in concert to introduce a nick at the end of a DNA lesion to initiate the repair
process. Expression of the uvrABC operon in E. coli is controlled by RecA and LexA
transcriptional regulators and is inducible by DNA damage following exposure to UV
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light or other DNA-damaging agents, such as mitomycin C (MMC) (34). It was observed
that there is no Uvr-dependent response to DNA lesions in Acinetobacter spp., with
the remarkable exception of A. baumannii and a few other species (15, 35) in which
different genes, including the nucleotide excision repair component uvrA, are upregu-
lated in response to the DNA-damaging agent MMC (15).

For a preliminary proficiency testing of the performances of pLPV vectors, we
investigated the regulation of the DNA damage-inducible uvrABC operon in A. bau-
mannii ATCC 19606". To this purpose, a 572-bp DNA fragment encompassing the
predicted promoter region of the uvrABC operon (PuvrA) was cloned upstream of lux,
lacZ, and GFP genes, yielding pLPV1Z::PuvrA, pLPV2Z:PuvrA, and pLPV3Z:PuvrA, re-
spectively. A. baumannii ATCC 19606" transformants were challenged with different
MMC concentrations, as indicated in Fig. 3. Significant induction of reporter gene
expression was observed for all constructs upon exposure of bacteria to MMC though
different dose-response profiles were observed, depending on the reporter system. The
most sensitive and dose-responsive systems were pLPV1Z:PuvrA and pLPV3Z:PuvrA,
showing significant PuvrA induction even at low MMC concentrations (Fig. 3A and C).
It should be pointed out that the pLPV3Z::PuvrA (GFP-based) fusion had to be tested in
M9 minimal medium supplemented with 20 mM sodium succinate (M9-S medium)
instead of Luria-Bertani (LB) medium due to the high fluorescent background of LB
medium upon excitation at 475 nm. Laser scanning confocal microscopy provided
visual evidence of the dose-dependent increase of GFP expression in A. baumannii
ATCC 19606"(pLPV3Z::PuvrA) exposed to MMC (Fig. 3D). Intriguingly, few GFP-
producing cells were also detected without MMC induction, suggesting that the uvrABC
operon is expressed by a minority of the bacterial population even under noninductive
conditions.

To confirm the uvrA transcriptional response to DNA damage, A. baumannii ATCC
196067 carrying any of the three PuvrA promoter fusions was suspended in M9-S
medium and exposed to increasing doses of UV light (i.e,, 0, 10, 50, and 100 J/m?; A =
300 nm). UV rays are known to cause the formation of pyrimidine dimers which can be
repaired by photolyase reactivation or a Uvr-dependent nucleotide excision repair
mechanism. Notably, the PuvrA promoter showed a dose-dependent response to UV
light induction, even at the lowest dose, in all three pLPV reporter gene fusions (Fig. 3E
to G). These experiments provide new evidence of UV light-dependent activation of
uvrA in A. baumannii.

Transcriptional response of ethanol-inducible promoters. Ethanol has pleiotro-
pic effects on A. baumannii physiology; it stimulates bacterial growth yields and
increases salt tolerance and pathogenicity in different animal models (36-38). More-
over, ethanol affects the expression of several regulatory genes, suggesting that it
could play global regulatory functions (14, 39). Prominent genes which were reported
to be induced by ethanol are those coding for ethanol dehydrogenase (adhP) and
aldehyde dehydrogenase (yahkK), due to their implication in ethanol detoxification (14).
To further validate pLPV vectors, DNA fragments encompassing the predicted promoter
region of the adhP and yahK genes (1,073 bp and 1,080 bp, respectively) were cloned
in pLPV1Z to generate pLPV1Z:PadhP and pLPV1Z:PyahK, respectively, and then
introduced by electroporation in A. baumannii strains ATCC 196067, ATCC 17978, and
AYE. Transformants were challenged with up to 4% ethanol concentrations for quan-
tification of bioluminescent emission at 15 min postexposure. Significant induction of
both PyahK and PadhP promoters was observed at >0.5% ethanol, with a nearly linear
dose-response effect up to 2 to 4% ethanol in A. baumannii ATCC 196067 (Fig. 4A and
B). Ethanol induction of both PyahK and PadhP was also observed in A. baumannii ATCC
17978 and AYE although to a lesser extent (Fig. S2A and B). While differences in the
expression levels of individual promoter fusions were observed between different
strains, pLPV1Z:PyahK invariably produced higher bioluminescence than pLPV1Z:
PadhP (Fig. 4 and Fig. S2). This might correlate with previous evidence that yahK
transcripts are more abundant than adhP transcripts in ethanol-exposed A. baumannii
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FIG 3 Regulation of the uvrABC operon upon exposure of A. baumannii to DNA-damaging agents MMC and UV light.
Overnight cultures of A. baumannii ATCC 19606" carrying any of the three PuvrA fusions (pLPV1Z::PuvrA or pLPV2Z::PuvrA
or pLPV3Z::PuvrA) or the corresponding promoterless vectors were subcultured (1:100 dilution) in LB broth (pLPV1Z::PuvrA
or pLPV2Z::PuvrA) or M9-S medium (pLPV3Z::PuvrA) and incubated at 37°C until the culture reached the mid-exponential
phase (ODg,, of 0.6). Cultures were treated with different MMC concentrations, as indicated, and luminescence (A),
B-galactosidase activity (B), and fluorescence emission (C) were measured after 16 h. GFP-producing cells were also
visualized using a Leica SP5 confocal laser scanning microscope equipped with a 63X oil immersion objective (D).
Representative images of either GFP or GFP and differential interference contrast (DIC)-merged channels are shown. Scale
bar, 10 um. Overnight cultures were also suspended in M9-S medium at an OD, of 1.0, and 5 ml of each suspension was
irradiated with 0, 10, 50, and 100 J/m? UV light at 300 nm. Luminescence (E), B-galactosidase activity (F), and fluorescence
emission (G) were measured after a 2-h rescue at 37°C. Gray and black histograms indicate strains carrying individual PuvrA
fusions and the promoterless vectors, respectively. Data are the means =+ standard deviations from three independent
experiments.

(14). In all the tested strains, the luminescent signal rapidly decreased 15 min after
induction and almost completely disappeared after 1 h (data not shown). There are no
obvious explanations for this observation; it could be due to ethanol toxicity, alcohol
evaporation, decreased reporter protein stability/activity in the presence of ethanol, or
other reasons. Repeated attempts to detect ethanol induction of PyahK and PadhP
using lacZ- or GFP-based fusions failed, probably due to a delayed response of these
reporter systems (data not shown).
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FIG 4 Regulation of the A. baumannii ethanol-inducible adhP (A) and yahK (B) genes. A. baumannii ATCC
196067 carrying either pLPV1Z:PadhP or pLPV1Z::PyahK was cultured overnight in LB broth, diluted at an
ODg,, of 0.1 in LB broth, and challenged with different ethanol concentrations, as indicated. The
luminescence emission was recorded at 15 min postinduction. Gray and black histograms indicate
pLPV1Z::PadhP (A) or pLPV1Z:PyahK (B) fusions and the promoterless pLPV1Z vector, respectively. Data
are the means = standard deviations from three independent experiments.

Iron-regulated gene expression. A. baumannii requires iron for growth, and in
order to acquire iron from the environment, it has evolved multiple iron uptake
strategies (reviewed in references 11, 40, and 41). Iron uptake must be finely tuned to
prevent toxicity due to iron overload, and the Fur repressor protein acts as the global
regulator of iron homeostasis in Gram-negative bacteria. In cells containing sufficient
iron levels, the Fur-Fe2™ complex represses transcription arising from iron-regulated
promoters, which are transcribed only under conditions of iron scarcity (42). The
acinetobactin siderophore-mediated iron uptake system is the best studied among A.
baumannii iron transport systems, and it involves both siderophore synthesis and
uptake functions encoded by bas and bau genes, respectively (reviewed in references.
11, 40, and 41). To assess the usefulness of pLPV vectors as tools to investigate iron
regulation in A. baumannii, the Fur-Fe2"-repressible promoter of the basA gene (PbasA)
(43), implicated in acinetobactin biosynthesis, was cloned in pLPV vectors to obtain
pLPV1Z:PbasA, pLPV2Z::PbasA, and pLPV3Z:PbasA.

Since Fur-dependent regulation of PbasA has previously been demonstrated (19, 20,
43), we initially wondered if pLPV plasmids could directly be employed for the genetic
screening of Fur-repressible promoters by a Fur titration assay (FURTA) (44). For this
purpose, E. coli H1717 carrying either pLPV1Z:PbasA or pLPV3Z::PbasA was grown on
MacConkey agar plates supplemented with increasing Fe?* concentrations, and
B-galactosidase expression directed by the chromosomal fhuA:lacZ fusion was re-
corded after overnight incubation at 37°C (44). Remarkably, both pLPV1Z:PbasA and
pLPV3Z:PbasA showed the same lacZ expression profile as the positive-control pBS:
PbasA (19), indicating that pLPV plasmids have sufficient copy numbers to be directly
used for the genetic screening of Fur-controlled promoters (Fig. S3).

Then, A. baumannii ATCC 19606 carrying any of the three Fur-controlled gene
fusions (pLPV1Z:PbasA or pLPV2Z:PbasA or pLPV3Z:PbasA) was grown in M9-S me-
dium supplemented with increasing concentrations (0 to 100 uM) of either FeCl; or the
iron-chelator 2,2’-dipyridyl (DIP), and reporter gene expression was monitored for up to
6 h (Fig. 5). Of note, induction times were preliminarily set by testing the response of
individual PbasA fusions at 2, 4, and 6 h postinoculation (data not shown). As expected,
downregulation of all three fusions was observed in the presence of exogenously
added FeCl;, as opposed to upregulation with increasing DIP concentrations (Fig. 5).
Although a dose-response effect was evident for all fusions, different levels of respon-
siveness were observed among reporter systems. Considering 100 uM FeCl; as the
baseline (complete PbasA repression), nearly linear responses were observed for the
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FIG 5 Regulation of the basA promoter in response to iron availability. A. baumannii ATCC 19606" carrying any of the three
PbasA fusions, namely pLPV1Z::PbasA (A), pLPV2Z:PbasA (B), or pLPV3Z:PbasA (C), or the corresponding promoterless
vectors was cultured overnight in LB broth, washed in saline, and suspended at an ODg,, of 0.1 in M9-S medium
supplemented with different concentrations of DIP or FeCl,, as indicated on the abscissa. Luminescence (A),
B-galactosidase activity (B), and fluorescence emission (C) were recorded after a 2-h (A and C) or 6-h (B) incubation at 37°C.
Gray and black histograms indicate the PbasA fusions and the corresponding promoterless vectors, respectively. Dotted
lines denote the baseline PbasA activity under maximum repression (100 uM FeCl,). Circles indicate bacterial growth
(ODgy,) values without optical path adjustment; the optical path ratio between A or C and B is 0.30. Data are the means =
standard deviations from three independent experiments.

lacZ fusion in pLPV2Z:PbasA after a 6-h induction (Fig. 5B) and for the GFP fusion in
pLPV3Z::PbasA after a 2-h induction (Fig. 5C), while the lux-based system in pLPV1Z:
PbasA showed a nearly linear response up to 6.25 uM DIP, followed by an exponential
increase at higher DIP concentrations, after a 2-h induction (Fig. 5A). The link between
upregulation of GFP expression and decreased iron availability was confirmed by laser
scanning confocal microscopy analysis of A. baumannii ATCC 19606 (pLPV3Z::PbasA)
cells (Fig. S4). The number of fluorescent cells increased in parallel with the extent of
iron limitation. Intriguingly, fluorescent cells were occasionally detected also in the pres-
ence of exogenously added FeCl,, possibly accounting for the elevated fluorescent back-
ground of the pLPV3Z:PbasA fusion (Fig. 5C).

Probing iron regulation in biological fluids and in vivo. During infection, bacteria
must face a severe nutritional stress imposed by the iron-withholding response of the
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FIG 6 Regulation of the basA promoter in TF-supplemented medium and in HS. A. baumannii ATCC 19606" carrying any
of the three PbasA fusions (pLPV1Z::PbasA or pLPV2Z::PbasA or pLPV3Z::PbasA) or the corresponding promoterless vector
was grown overnight in LB broth, washed with saline, and inoculated (ODg,, of 0.1) in either M9-S medium supplemented
with 2.5 mg/ml TF (TF) or in HS (HS). As a control, 100 uM FeCl; was added to TF (TF + 100 uM Fe) or HS (HS + 100 uM
Fe) to saturate the TF iron binding capacity. Luminescence (A), B-galactosidase activity (B), and fluorescence emission (C)
were recorded after a 4-h (A to C) or 6-h (D to F) incubation at 37°C. Gray and black histograms indicate the PbasA fusions
and the corresponding promoterless vectors, respectively. Data are the means * standard deviations from three
independent experiments.

host (45). The iron binding proteins transferrin (TF) in serum and lactoferrin in mucosal
secretions play a crucial role in the competition for iron with invading pathogens (46).
On this basis, the response of the three PbasA fusions was tested in A. baumannii ATCC
19606 grown in M9-S medium supplemented with 2.5 mg/ml TF or in heat-inactivated
(complement-free) human serum (HS), with or without 100 uM FeCls. In both media,
clear repression of the PbasA promoter carried by any of the three vectors (pLPV1Z:
PbasA, pLPV2Z::PbasA, and pLPV3Z:PbasA) was observed upon addition of 100 uM
FeCl; due to complete saturation of TF iron binding sites in both TF-supplemented
M9-S medium and HS (Fig. 6). These observations indicate that the PbasA-based
transcriptional fusions can be used to monitor the iron starvation response of A.
baumannii under conditions which mimic in vivo growth.

Since the basA gene is upregulated in response to iron starvation, we wondered if
the lux-based pLPV1Z:PbasA transcriptional fusion could emit a detectable signal under
the iron-limited conditions of Galleria mellonella caterpillar hemocoel, with the aim of
real-time monitoring A. baumannii ATCC 19606"(pLPV1Z::PbasA) iron-regulated gene
expression and growth in vivo. G. mellonella caterpillars are a suitable nonmammalian
infection model that has extensively been employed to study host-pathogen interac-
tions in many bacterial species, including A. baumannii (47, 48). The caterpillar hemo-
coel cavity contains a fluid, called hemolymph, which is functionally comparable to
blood (49). Interesting similarities with the human immune system can also be ob-
served for the insect cellular (phagocytic cell-mediated) and humoral immune re-
sponses even if insects lack adaptive immunity (50). Moreover, G. mellonella caterpillars
can be maintained at 37°C, enabling the expression of bacterial virulence factors at the
temperature of the human body.

About 10° viable cells of A. baumannii ATCC 19606"(pLPV1Z::PbasA) were injected in
the second-to-last left proleg of G. mellonella caterpillars and maintained at 37°C for up
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FIG 7 In vivo and ex vivo monitoring of A. baumannii iron-regulated gene expression during G. mellonella infection. Larvae were injected
with ca. 10¢ cells of A. baumannii ATCC 196067 carrying either pLPV1Z:PbasA or the promoterless pLPV1Z vector and monitored daily for
up to 72 h by visual inspection and luminescence imaging of the intact animals (A). Saline injection was used as a control of G. mellonella
viability. Luminescence emission by the larvae is shown below the corresponding caterpillars. The hemolymph was sampled from live or
agonic caterpillars at 24-h intervals, diluted in saline, and used to determine bacterial viability (B) or luminescence emission (C). Gray and
black histograms indicate pLPV1Z:PbasA and the corresponding promoterless pLPV1Z vector, respectively. Data are the means * standard
deviations from 5 larvae. (D) Kaplan-Meier curves of the caterpillar population. A log rank test revealed no statistically significant
differences between survival rates of larvae injected with A. baumannii ATCC 196067 carrying either pLPV1Z::PbasA or the empty vector,
while statistically significant differences were observed between saline- and A. baumannii-injected larvae (****, P < 0.0001).

to 72 h postinfection. A. baumannii CFU counts, luminescent emission by both intact
larvae and hemolymph, and larval survival were daily monitored. It was observed that
the progression of infection was accompanied by an increasing number of melanized
insects (Fig. 7A), indicating that A. baumannii triggers the host innate immune re-
sponse, resulting in the activation of the prophenoloxidase cascade (51). A dramatic
increase of caterpillar-associated bioluminescence became detectable at 24 h postin-
fection (Fig. 7A), concomitant with an increase of bacterial counts (Fig. 7B) and
luminescent emission by the hemolymph (Fig. 7C). While bacterial viability and lumi-
nescence gradually decrease over time, larval killing was delayed with respect to the
maximum bacterial burden, culminating with 80% of dead caterpillars at 72 h postin-
fection (Fig. 7D). Notably, the in vivo stability of pLPV1Z::PbasA in A. baumannii ATCC
19606" cells, calculated at the end of the experiment, was 0.87 £ 0.16. Overall, these
results indicate that A. baumannii is faced with iron scarcity during G. mellonella
infection, paving the way for the use of pLPV-based gene fusions for probing the A.
baumannii transcriptional response to environmental stressors also in vivo.
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DISCUSSION

The availability of user-friendly tools for bacterial gene expression analysis, both in
vitro and in natural environments, has become a fundamental requirement for under-
standing environment-responsive regulatory circuitry. Almost 10% of the A. baumannii
coding capacity consists of putative or confirmed regulatory genes (39, 52, 53), but still
little is known about the regulation of gene expression in this species. Indeed, several
studies have investigated A. baumannii virulence-related traits (reviewed in reference
41), but very few have focused on their regulation (reviewed in references 54 and 55).

Motivated by the need of user-friendly tools for gene expression analysis in Acin-
etobacter spp., we have developed different promoter-probe plasmid vectors which can
be used to generate episomal transcriptional fusions. These vectors can replicate in
both E. coli and Acinetobacter spp. thanks to the presence of ColE1-like and oriAb
replication origins, both derived from the ancestor plasmid pVRL1 (22). To minimize
plasmid size without affecting stability and antibiotic selection, only a small region of
the pVRL1 ancestor was incorporated in pLPV vectors, including the aacC7 and ble
antibiotic resistance cassettes, encoding Gm and Zeo resistance, respectively, for
selection in MDR A. baumannii strains, and the TA system which is essential for plasmid
maintenance in the absence of antibiotic selection (22, 56). Vectors were then equipped
with three alternative reporter systems, namely the lux operon, the lacZ gene, or the
GFP gene, downstream of an extended polylinker.

The pLPV vectors are high-copy-number plasmids, and their host range is limited to
A. baumannii, including MDR isolates, and a few other Acinetobacter spp., e.g., A. baylyi
and A. pittii (Table 3 and data not shown). Despite many attempts to introduce pLPV
vectors in other members of the Acinetobacter calcoaceticus-Acinetobacter baumannii
(ACB) complex, no transformants were obtained for Acinetobacter dijkshoorniae 271,
Acinetobacter nosocomialis UKK_0361, and Acinetobacter seifertii HS A23-2 (data not
shown) while these species could, indeed, be transformed by the ancestor plasmid
pVRL1 (22). Probably, deletion of some ORFs from pVRL1 has narrowed the pLPV host
range. These features, together with the absence of putative mobilization functions,
would prevent undesired spread of Zeo and Gm resistance genes to neighbor species.

A major shortcoming of plasmid-based transcriptional fusions is the need for
antibiotic selection to ensure plasmid maintenance. However, exposure to antibiotics,
even at subinhibitory concentrations, has a profound impact on the bacterial transcrip-
tome and can cause a bias in gene expression analysis (26, 27). Since the three pLPV
vectors proved to be stably maintained in different Acinetobacter species and strains for
up to ca. 40 generations, they could safely be used to analyze gene expression without
the need of antibiotic pressure. Indeed, the duration of our in vitro gene expression
assays never exceeded 16 h (ca. 10 generations), and in vivo assays provided evidence
of elevated pLPV1Z::PbasA stability for up to 72 h during G. mellonella infection.

To test the proficiency of pLPV vectors and to gain insight into the transcriptional
regulation of well-characterized A. baumannii genes in response to major environmen-
tal stressors, transcriptional fusions carrying the promoter regions of DNA damage-,
ethanol-, and iron starvation-inducible genes were generated in the three pLPV plas-
mids. Upon appropriate vector selection, the predicted regulation was confirmed for all
promoter fusions, with a clear difference between inducing and noninducing condi-
tions. For instance, it was possible to demonstrate clear induction of the PuvrA
promoter in response to MMC and UV light exposure. Moreover, thanks to the rapid
response and strong signal of the lux-based pLPV1Z vector, ethanol-inducible expres-
sion of adhP and yahK genes was observed in A. baumannii. Despite strain-dependent
variability in the expression levels of the adhP and yahK genes, clear induction of
ethanol-responsive gene expression was shown for isolates belonging to different
lineages, suggesting that ethanol regulation is a universal feature of A. baumannii.

Then, iron-regulated gene fusions were generated by cloning the promoter region
of the basA gene, implicated in acinetobactin synthesis, in all three pLPV plasmids.
Since basA expression is controlled by the Fur repressor protein, both pLPV1Z::PbasA
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and pLPV3Z::PbasA were directly employed to demonstrate the presence of functional
Fur binding sequences in PbasA, bypassing tedious promoter subcloning into E. coli
high-copy-number vectors, as recommended in the FURTA (44). Accordingly, growth of
A. baumannii under conditions of increasing iron deficiency (M9-S medium supple-
mented with different concentrations of either FeCl; or DIP) showed progressive
upregulation of the PbasA promoter with decreasing iron availability. The lacZ-based
pLPV2Z::PbasA fusion provided a more robust and linear response to iron starvation
than pLPV1Z:PbasA and pLPV3Z:PbasA and overall higher B-galactosidase levels than
with the low-copy-number pMP220::PbasA construct, which was previously employed
by our group to probe the iron starvation response in A. baumannii (19, 20) (see Fig. S5
in the supplemental material). Moreover, all three PbasA fusions provided clear evi-
dence of upregulation under conditions which mimic bacterial growth in vivo, i.e.,
TF-supplemented M9-S medium and HS.

Since in vivo bioluminescence imaging has emerged as a powerful technique to
monitor the progression of bacterial infection in different animal models (57-59),
PbasA:lux-tagged A. baumannii was employed to infect G. mellonella larvae. An increase
of bioluminescence produced by A. baumannii ATCC 19606 (pLPV1Z::PbasA) was ob-
served at 24 h postinfection, followed by a gradual decrease of bioluminescence over
time, which correlated with ex vivo bacterial cell counts, suggesting that pLPV1Z
provides a suitable promoter-probe system for real-time monitoring of gene expression
and growth in vivo. Bioluminescence-based analysis of bacterial burden in vivo is a
simple and rapid method for noninvasive monitoring of A. baumannii infection in intact
animals, with the potential to assess the expression pattern of virulence genes. Coher-
ent with our findings, it has been demonstrated that active iron uptake is essential for
A. baumannii pathogenicity in different animals, including G. mellonella larvae (19, 60).
Furthermore, bioluminescence monitoring positively contributes to the implementa-
tion of two of the three Rs (replacement, reduction, and refinement) of ethical princi-
ples in animal experimentation (61). Refinement and reduction are promoted by the
noninvasive nature of the method, given that photon emission can be used to quantify
bacterial growth and/or gene expression within animal tissues (62). Remarkably, our
findings also demonstrated that lux expression in vivo does not affect A. baumannii
lethality in G. mellonella since nearly identical killing plots were observed for the
basA:lux fusion and the promoterless vector (Fig. 7D).

In conclusion, three promoter-probe vectors for gene expression analysis in MDR
A. baumannii have been developed and proficiency tested. Overall, the lux-based
fusion (pLPV1Z) provided faster detectable signal than lacZ- and gfp-based fusions
and did not require sample processing as it was strictly dependent on intracellular
ATP content. These characteristics make the /ux-based reporter system suitable for
detection of early regulatory responses and for the assessment of spatiotemporal
dynamics of A. baumannii infection in living organisms. On the other hand, the lacZ
reporter-based system (pLPV2Z) was more appropriate under some in vitro condi-
tions, but a reporter gene assay is complex and time-consuming. The GFP-based
reporter system (pLPV3Z) does not need exogenous substrates for signal emission
and is suited for A. baumannii since this species is not intrinsically fluorescent (data
not shown) although the use of this system could be hampered by the autofluo-
rescence of some culture media (e.g., LB medium and HS). Notably, the GFPmut3b
protein used as reporter in pLPV3 is endowed with a short half-life as it is
susceptible to the activity of endogenous proteases, which provides an advantage
for in situ studies of temporal gene expression due to limited GFP intracellular
accumulation (23). The pLPV vectors will be made freely available to the scientific
community with the hope that they will help provide more insights into the
regulation of gene expression in Acinetobacter spp.

MATERIALS AND METHODS

Bacterial strains and culture media. Bacterial strains used in this study are listed in Table 2. All
bacterial strains were routinely grown in Luria-Bertani (LB) broth or on LB agar plates at 37°C. Ampicillin
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(Ap), carbenicillin (Cb), and tetracycline (Tc) were added at the following concentrations: for E. coli,
100 pg/ml Ap and 12.5 pg/ml Tc; for A. baumannii ATCC 19606 T, 250 pg/ml Cb and 50 wg/ml Tc. The
gentamicin (Gm) and zeocin (Zeo) concentrations used are indicated in Table 3. Zeo selection was
performed on low-salt LB agar (10 g/liter tryptone, 0.5 g/liter NaCl, and 5 g/liter yeast extract) to avoid the
inhibition of Zeo activity due to the high ionic strength of LB agar (21). Where specified in the text,
bacteria were grown in M9 minimal medium containing 20 mM sodium succinate as a carbon source
(M9-S medium) (63).

Preparation of Acinetobacter spp. and E. coli competent cells. Electrocompetent cells of Acineto-
bacter spp. were prepared as previously described (22). Briefly, bacteria were grown in LB broth for 18 h
at 37°C. Bacterial cultures were refreshed 1:100 into 50 ml of prewarmed LB broth and incubated for 24 h
at 37°C with vigorous shaking. Cells were harvested by centrifugation (3,000 X g, 15 min), washed twice
with 25 ml of 10% glycerol at room temperature, and suspended in 1.5ml of 10% glycerol. Eighty-
microliter aliquots of competent cells were stored at —80°C. Electroporation was performed using 500 ng
of plasmid in 0.2-cm electroporation cuvettes (Gene Pulser; Bio-Rad). After pulsing (2.5 kV/cm, 200 Ohm,
25 wF), cells were recovered in 1 ml of prewarmed SOC medium (2% tryptone, 0.5% yeast extract, 10 mM
NaCl, 2.5 mM KCI, 10 mM MgCl,, 10 mM MgSO,, 20 mM glucose) and incubated at 37°C for 1h.
Transformants were selected on LB agar or low-salt LB agar with the appropriate antibiotic concentration.
Competent E. coli cells were prepared by the rubidium-calcium chloride method and transformed
according to a heat shock protocol (63).

Plasmid construction. The plasmid construction strategy has been illustrated in Results, accord-
ing to established protocols (63). All plasmids used in this study and their characteristics are listed
in Table 2.

Transformation efficiency, in vitro stability, and plasmid extraction yield. Transformation effi-
ciency (TE) was determined by transformation of 75 ng and 500 ng of plasmid DNA in calcium-competent
E. coli and electrocompetent Acinetobacter species cells, respectively. Naturally competent A. baylyi
BD413 was transformed with 150 ng of plasmid, as reported previously (64). Transformants were plated
on LB agar supplemented with the appropriate concentration of Gm. Bacterial colonies grown on
Gm-supplemented plates were streaked on low-salt LB agar plates containing the appropriate Zeo
concentration. TE was expressed as the ratio between CFU number and amount of plasmid DNA (in
micrograms) used for transformation. Plasmid stability was assessed in E. coli DH5« and Acinetobacter
spp. Bacterial strains were preliminarily grown for 18 h in LB broth with the appropriate antibiotic
concentration and then washed and diluted 1,000-fold in LB broth without antibiotics. Bacterial cultures
were refreshed (1:1,000) every 12 h for 48 h. Bacterial colony counts were determined on LB agar or
low-salt LB agar (N,) and on LB agar or low-salt LB agar supplemented with Gm or Zeo at the appropriate
concentrations (N,,,). Plasmid stability is expressed as the N, /N, ratio (24).

To evaluate the extraction vyield, bacterial cultures were grown for 18h at 37°C in LB broth
supplemented with the appropriate antibiotic concentration. Cultures were diluted to an ODy, of 1, and
plasmids were extracted using a Wizard Plus SV Miniprep DNA purification system (Promega) according
to the manufacturer’s instructions. Plasmid yields were expressed as micrograms of DNA per milliliter of
culture.

Determination of plasmid copy number. The plasmid copy number (PCN) of pLPV plasmids in A.
baumannii ATCC 19606" and E. coli DH5« was determined by real-time quantitative PCR (RT-qPCR), as
previously described (22). All of the following experimental procedures were applied also to determine
the PCN of pVRL1, employed as a reference plasmid in which the PCN has previously been determined
(22). pLPV2Z was chosen as a representative pLPV plasmid for PCN determination because it was
comparable in size to pVRL1 (7,545 bp versus 7,276 bp, respectively). Three primer pairs for the ampli-
fication of the Gm resistance gene (aacCT7) and of the p-1-deoxyxylulose 5-phosphate synthase gene (dxs)
of A. baumannii ATCC 19606 (locus tag HMPREF0010_02600) or E. coli DH5« (EcoCyc database accession
number G6237) were used (Table 1). The aacCT gene is present in single copy in the pLPV and pVRL1
vectors, while it is absent in A. baumannii ATCC 196067 and E. coli DH5«a chromosomes, and dxs is a
single-copy gene in both A. baumannii ATCC 19606 and E. coli DH5«. Therefore, RT-qPCR quantification
of aacC1 and dxs in samples containing both plasmid and A. baumannii ATCC 19606 or E. coli DH5«
chromosomes, relative to samples containing known amounts of plasmid or A. baumannii ATCC 19606
or E. coli DH5a chromosomal DNA alone, makes it possible to extrapolate the PCN of pLPV vectors in
these bacteria. RT-qPCR was performed using an AriaMX real-time PCR system (Agilent) with software
(version 1.1). Reactions were performed in a 20-ul total volume, containing 1X iTaq Universal SYBR Green
Supermix (Bio-Rad), 0.4 uM each 10 uM concentrated primer, and 2 ul of 2-fold-diluted template DNA
(final DNA amount ranging from 0.05 ng to 50 ng per sample). Separate reaction mixtures were prepared
for detection of chromosomal or plasmid-specific amplicons for each template DNA concentration. The
thermal cycling protocol was as follows: initial denaturation of 4 min at 95°C, followed by 40 cycles of
denaturation for 15 s at 95°C and annealing/extension for 45 s at 60°C. Cycle threshold (C;) values were
determined after automatic fine-tuning of the baseline and manual adjustment of the fluorescence
threshold. Standard curves (R?2 = 0.99) from five independent samples containing A. baumannii ATCC
196067 or E. coli DH5« chromosomal DNA (chromosome) or containing plasmid alone were generated,
placing the log value of the amount of template DNA (determined according to dilution) on the x axis
and the average C; value on the y axis. Standard curves were used to extrapolate the copy number of
pLPV vectors in samples containing both chromosomal and plasmid DNA.

DNA manipulations. Genomic DNA was extracted using a QlAamp DNA Mini kit (Qiagen), and
plasmid DNA was purified from bacterial cultures using a Wizard Plus SV Miniprep DNA purification
system (Promega Corporation), according to the manufacturer’s instructions. PCRs were performed using
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Thermo Scientific Phusion high-fidelity DNA polymerase and primers listed in Table 1. FastDigest
restriction enzymes were purchased from Thermo Fisher Scientific. DNA sequencing was performed
using an ABI3730 sequencer (service by Bio-fab Research, Rome, Italy).

Deletion analysis of pWH1277 and generation of promoter fusions. DNA fragments of pWH1277
were amplified by PCR using pVRL1 as the template (22) with the primers listed in Table 1. The amplicons
were blunt cloned into the unique Smal site of the pBS plasmid, and the resulting constructs were
introduced by electroporation in A. baumannii ATCC 19606". Transformants were selected on LB agar
with 250 ug/ml Cb.

The promoter region of the uvrABC operon (PuvrA; locus tag A1S_3295) was amplified by PCR from
A. baumannii ATCC 17978. The promoter regions of the adhP (PadhP; locus tag HMPREF0010_01803) and
yahK (PyahK; locus tag HMPREF0010_03394) genes were amplified from A. baumannii ATCC 19606". The
promoter region of basA (PbasA) was amplified by PCR from A. baumannii ACICU (BioCyc database
accession number ACICU_02587). Primers used to generate the PuvrA (572 bp), PadhP (1,073 bp), PyahK
(1,080 bp), and PbasA (938 bp) amplicons are listed in Table 1. The PCR products were directionally
ligated to the unique Pstl/Xbal sites of pLPV1Z, pLPV2Z, and pLPV3Z.

Analysis of the PuvrA promoter activity. The DNA-damaging agent MMC was used to induce the
transcription of the PuvrA promoter, as previously described (15), with minor modifications. Briefly, A.
baumannii ATCC 196067 strains harboring pLPV1Z::PuvrA, pLPV2Z::PuvrA, pLPV3Z:PuvrA, or the corre-
sponding promoterless vectors were grown overnight in LB broth supplemented with 100 ng/ml Gm,
diluted 1:100 in LB broth, and incubated at 37°C under vigorous shaking. At the mid-exponential phase
(ODgq, Of 0.6), cultures were treated with increasing concentrations of MMC (from 0.1 to 2.0 ug/ml) for
16 h. The OD,,, value and luminescence or fluorescence were recorded using a Tecan Spark 10M
microtiter reader, while B-galactosidase activity was determined as previously described (65). Twenty
microliters of A. baumannii ATCC 196067 cultures carrying the pLPV3Z::PuvrA or pLPV3Z plasmid was also
mounted on a glass slide covered with 0.5% agarose and visualized using a laser scanning confocal
microscope (Leica SP5 mounting a HCX PL APO lambda blue 63X/1.40 immersion oil objective; excitation
A [Ag,] of 488 nm; emission A [Ag,,] of 500 nm to 600 nm).

For UV light induction, A. baumannii ATCC 196067 strains harboring pLPV1Z::PuvrA, pLPV2Z:PuvrA,
pLPV3Z::PuvrA, or the corresponding promoterless vectors were grown overnight in LB broth with the
appropriate antibiotic concentration. Bacterial cultures were washed and suspended in M9-S medium to
an ODg, of 1. Five milliliters of each bacterial suspension was irradiated with 0, 10, 50, and 100 J/m? UV
light at 300 nm by using a UV Transilluminator 2000 (Bio-Rad) equipped with a UV light meter (Sper
Scientific). Irradiated cultures were rescued for 2 h at 37°C before bioluminescence, B-galactosidase
activity, and fluorescence emission were determined.

Analysis of PadhP and PyahK promoter activity. A. baumannii ATCC 196067, ATCC 17978, and AYE
carrying pLPV1Z:PadhP, pLPV1Z:PyahK, or pLPV1Z were grown overnight in LB broth supplemented
with the appropriate antibiotic concentration. Bacterial cultures were washed and diluted to an OD,, of
0.1 in LB broth supplemented with increasing ethanol concentrations (from 0.13% to 4.00%). Biolumi-
nescence and the ODy, value were recorded 15 min after ethanol exposure by using a Tecan Spark 10M
microtiter reader.

Analysis of PbasA promoter activity. A. baumannii ATCC 19606" carrying pLPV1Z::PbasA, pLPV2Z:
PbasA, pLPV3Z::PbasA, pMP220::PbasA, or the corresponding promoterless vectors was grown overnight
in LB broth supplemented with the appropriate antibiotic concentration, washed with M9-S medium, and
diluted to an ODg,, of 0.1 in M9-S medium or in M9-S medium supplemented with increasing
concentrations of 2,2'-dipyridyl (DIP) or FeCl; (from 3.1 uM to 100 uM). The OD,, value and biolumi-
nescence or fluorescence emission were recorded after a 2-h incubation at 37°C using a Tecan Spark 1T0M
microtiter reader. Twenty microliters of the A. baumannii ATCC 19606(pLPV3Z::PbasA) culture was also
mounted on a glass slide covered with 0.5% agarose and visualized using a laser scanning confocal
microscope (Leica SP5 mounting a HCX PL APO lambda blue 63X/1.40 immersion oil objective; A, of
488 nm; A, of 500 nm to 600 nm). B-Galactosidase activity expressed by A. baumannii ATCC 19606"
carrying pLPV2Z:PbasA, pLPV2Z, pMP220::PbasA, and pMP220 vectors was evaluated after 6 h of incu-
bation, as previously described (65).

LB broth-grown overnight cultures of A. baumannii ATCC 196067 carrying pLPV1Z::PbasA, pLPV2Z::
PbasA, pLPV3Z::PbasA, or the corresponding promoterless vectors were diluted to an OD, of 0.1 also in
HS or in M9-S medium supplemented with 2.5 mg/ml TF (Sigma-Aldrich). The mean TF concentration in
healthy human patients is ca. 2.5 mg/ml (66). Where indicated in the text, 100 uM FeCl; was added to
both media. Bioluminescence, B-galactosidase activity, and fluorescence emission were recorded after a
4-h or 6-h incubation at 37°C in cultures grown in M9-S medium supplemented with TF or in HS,
respectively. HS was collected from 30 healthy donors, pooled, filtered, and inactivated (30 min, 56°C), as
previously described (19, 20). Bulk serum chemistry was as follows: total serum proteins, 80 mg/ml; total
iron, 0.70 wg/ml; ferritin, 0.243 wg/ml; TF, 2.63 mg/ml; total iron binding capacity, 4.27 mg/ml (20% TF
saturation).

Fur titration assay. A Fur titration assay (FURTA) was performed as previously described (44). Briefly,
the plasmids pLPV1Z::PbasA and pLPV3Z:PbasA and the corresponding promoterless vectors (pLPV1Z
and pLPV3Z) were individually introduced into E. coli H1717. E. coli H1717(pBSPbasA) and E. coli
H1717(pBS) were employed as controls (19, 20). Briefly, 1-ml bacterial cultures grown overnight at 37°C
in LB broth were washed twice with saline and diluted to obtain ca. 5 X 108 cells/ml. Ten microliters of
the bacterial suspensions was deposited on MacConkey agar plates supplemented with different
concentrations of Fe(NH,),(SO,), (100, 50, 25, 10, 5, and 0 uM). Plates were incubated at 37°C for 24 h
before visual inspection.
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In vivo and ex vivo monitoring of PbasA promoter activity. Overnight cultures of A. baumannii
ATCC 19606™ harboring pLPV1Z:PbasA or pLPV1Z were harvested by centrifugation (5 min at 5,000 X g).
Bacterial cells were washed twice with saline and suspended to an OD, of 1 in sterile saline. A cohort
of 240 larvae was divided into four experimental groups: 90 larvae were injected with A. baumannii ATCC
196067 (pLPV1Z:PbasA), 90 larvae were injected with A. baumannii ATCC 19606T(pLPV1Z), 30 larvae were
injected with sterile saline, and 30 larvae were not injected. In more detail, G. mellonella fifth-instar larvae
were injected with 10 ul of bacterial cultures (corresponding to ~ 6 X 10% CFU) through the second-
to-last left proleg into the hemocoel using a BD Plastipak insulin syringe with a 0.3-mm needle, mounted
on a Tridak stepper pipette. G. mellonella larvae were incubated at 37°C, and their viability and
luminescence were monitored every 24 h for 3 days. The bioluminescent emission by viable or agonic
larvae was recorded with a ChemiDoc XRS+ imaging system (Bio-Rad), with a 30-s exposition time. Five
viable caterpillars injected with bacterial culture were sacrificed at each time point, t (0, 24, 48, and 72 h
postinfection), to extract the hemolymph. The extracted hemolymph was serially diluted 1:10 in saline in
a black, clear-bottom 96-well microplate plate (Greiner), and luminescence was recorded using a Tecan
Spark 10M microtiter reader. Serial dilutions were then plated on LB agar, with or without 100 ug/ml Gm,
and incubated at 37°C for 18 h. CFU counts and light emission were determined in the resulting colonies
to verify in vivo plasmid stability. Viability of A. baumannii ATCC 19606™ was expressed as the number of
CFU per milliliter of hemolymph.

Statistical analysis. Statistical analysis was performed with GraphPad Instat software. G. mellonella
survival curves were generated by the Kaplan-Meier method and analyzed by a log rank test. Differences
having a P value of =0.05 were considered statistically significant.

Data availability. The full-length sequences of pLPV1Z, pLPV2Z, and pLPV3Z plasmids have been
deposited in the GenBank database under accession numbers MK681506, MK681507, and MK681508,
respectively.
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