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ABSTRACT Colistin is used as the “last resort” to treat infections caused by
multidrug-resistant Acinetobacter baumannii, which is at the top of the World Health
Organization’s list of the most dangerous bacterial species that threaten human
health. Unfortunately, colistin resistance has emerged in A. baumannii. To broaden
the study of the resistance mechanism of colistin in A. baumannii, we obtained
colistin-resistant mutants via two methods: (i) screening and isolation from a
mariner-based A. baumannii ATCC 19606 transposon mutant library; (ii) selection
from challenge of ATCC 19606 with successively increasing concentrations of colis-
tin. A total of 41 mutants with colistin MIC of 4 �g/ml to 64 �g/ml were obtained by
transposon mutant library screening. Five highly resistant mutants with colistin MICs
ranging from 256 �g/ml to 512 �g/ml were selected from successive colistin chal-
lenges. Genotypic complementation and remodeling of the transposon mutants re-
vealed that the genes inactivated by the transposon insertion were not responsible
for resistance. Whole-genome sequence analysis of the colistin-resistant strains re-
vealed that the main causes of the resistance to colistin were mutations in the
pmrA-pmrB genes, including pmrAP102R, pmrBP233S, and pmrBT235N and the novel al-
leles pmrAI13M and pmrBQ270P. Interestingly, we found that miaAI221V mutation of A.
baumannii strain ATCC 19606 (pmrAP102R) resulted in 4-fold increases in the colistin
MIC, which rose from 32 �g/ml to 128 �g/ml. But miaAI221V itself had little effect on
the colistin susceptibility of ATCC 19606. These data broaden knowledge of the
scope of chromosomally encoded mechanisms of resistance to colistin.

IMPORTANCE Acinetobacter baumannii is an important Gram-negative opportunistic
pathogen commonly infecting critically ill patients. It possesses a remarkable ability to
survive in the hospital environment and acquires resistance determinants corresponding
to a wide range of antibacterial agents. Given that the current treatment options for
multidrug resistant A. baumannii are extremely limited, colistin administration has be-
come the treatment of last resort. However, colistin-resistant A. baumannii strains have
recently been reported. The mechanism of resistance to colistin in A. baumannii has
rarely been reported. Here, we found two novel mutations in pmrA (I13M) and pmrB
(Q270P) that caused colistin resistance. It is also first reported here that the presence of
miaA with a I221V mutation enhanced the colistin resistance of pmrAP102R.
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Acinetobacter baumannii is a significant nosocomial pathogen that is also readily
found in soil, water, and animals (1–3). A. baumannii has been implicated in a

variety of nosocomial infections, including respiratory tract infections, urinary tract
infections, secondary meningitis, genitourinary infections, and others (4). Until recently,
A. baumannii showed susceptibility to most commonly used antibacterial drugs. How-
ever, due to the abuse of broad-spectrum antibacterial drugs, its resistance to antimi-
crobials, including sulfonamides, �-lactams, and aminoglycosides (5, 6), has been
significantly enhanced since the late 1970s. Since the first report, in 1991, of
carbapenem-resistant A. baumannii in the United States, this bacterium has become
resistant to most antibiotics used in the clinical setting (7). In 2017, WHO has included
carbapenem-resistant A. baumannii in its priority list of the top 12 pathogens (8).

As an “old” antibiotic, colistin was originally used to treat clinical bacterial infections.
But it was replaced by other drugs due to severe nephrotoxicity and neurotoxicity in
the 1970s (9). Recently, colistin has reemerged as a “choice-of-no-choice” for the
treatment of infections by multidrug-resistant Gram-negative bacilli, especially the
highly resistant species Pseudomonas aeruginosa and A. baumannii, in the Asia-Pacific
region. The reemergence of the “old drug” is considered to represent the last resort for
the treatment of infections by multidrug-resistant Gram-negative bacteria (10).

The mechanism of colistin antibacterial activity is still unclear. The currently recog-
nized mechanism is that colistin binds to lipopolysaccharide (LPS) on the outer mem-
brane of Gram-negative bacteria, causing the outer membrane to swell, which subse-
quently disrupts the phospholipid bilayer via a self-promoted uptake mechanism,
leading to an osmotic imbalance that leads to cell death (11, 12).

Along with the clinical use of colistin for treatment of multidrug-resistant A. bau-
mannii infections, colistin-resistant A. baumannii has emerged. Since colistin-resistant
Acinetobacter spp. were first reported in the Czech Republic, in 1999 (13, 14), the
incidence of resistance reported all over the world has been increasing year by year.
The mechanism of A. baumannii resistance to colistin is mainly that of the modification
of lipid A or the loss of lipopolysaccharide. In 2009, Adams et al. (15) compared the DNA
sequences of the PmrA-PmrB two-component system (TCS) in A. baumannii colistin-
sensitive and colistin-resistant strains and found mutations in pmrA and pmrB (pmrA/
pmrB) in the resistant strains, which leads to the hypothesis that PmrAB regulates the
colistin susceptibility in A. baumannii. Since then, pmrA/pmrB mutations have been
found in a large number of colistin-resistant A. baumannii isolates, and the mutations
were found to constitutively induce the expression of pmrA, thereby self-regulating the
transcription of pmrCAB and transferring phosphoethanolamine (pEtN) to lipid A. These
events enable modification of lipid A in the 4=-phosphate group site (16). Chin et al. (17)
revealed that the PmrA-PmrB two-component system can simultaneously regulate the
transcription of the deacetylase NaxD and the modification of lipid A by deacetylated
�-galactosamine, resulting in the loss of colistin susceptibility. The LpxACD genes are
responsible for coding enzymes involved in the first three steps of lipid A synthesis.
Inactivation of lpxA or lpxC makes colistin unable to exert antibacterial activity and leads
to resistance (18, 19).

In the present work, we obtained a large number of colistin-resistant mutants by
screening a transposition mutant library and enriching mutation and by challenging
bacterial cultures with increasing concentrations of colistin. Through genome sequenc-
ing analysis and genotypic remodeling, we found two novel mutations, pmrAI13M and
pmrBQ270P, that conferred colistin resistance, and report here for the first time that the
miaAI221V mutation was able to enhance the level of pmrAP102R-mediated colistin
resistance.

RESULTS
Isolation of colistin-resistant mutants. The constructed pMarinerAb transposon

plasmid was electroporated into A. baumannii ATCC 19606, and transposon mutagen-
esis was performed on LB agar containing IPTG (isopropyl-�-D-thiogalactopyranoside)
(1 mM) and kanamycin (50 �g/ml). To verify the random insertion of the transposon, 50
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independent transposon insertions were sequenced by reverse PCR (Fig. 1B); among
the 50 insertions, 25 were in the plus orientation and the others were in the minus
orientation, indicating that the transposon had inserted randomly into the genome of
A. baumannii.

A total of 51 colistin-resistant mutants were isolated from the random mutant library
that had been spread on LB agar containing colistin (8 �g/ml). Of the 51 mutants, 40
showed colistin MIC between 4 and 64 �g/ml compared to the MIC of 1 �g/ml for the
ATCC 19606 parental strain.

In order to obtain a highly resistant mutant strain, the wild-type ATCC 19606 strain
was cultured in LB broth and challenged with increasing concentrations of colistin.
When the concentration of colistin reached 32 �g/ml, the growth of the cultures was
very light, and those cultures were then spread on LB agar containing 64 �g/ml colistin.
After incubation for 16 h at 37°C, five highly resistant mutants were isolated that
showed colistin MICs ranging from 256 �g/ml to 512 �g/ml. Thus, highly colistin-
resistant mutants can be obtained by stepwise challenge with increasing concentra-
tions of colistin.

Colistin resistance was not associated with the transposon insertion. In order to
analyze the relationship between the transposon insertions and the colistin resistance
phenotype, we attempted to complement the resistant phenotype conferred by the
colistin-resistant transposon mutants. First, inverse PCR was carried out to identify the
genes which had been interrupted in the colistin-resistant mutants. It appeared that
double or triple insertions were present in these mutants. Double insertion in Clostrid-
ium difficile was also reported previously (20). However, after introduction of the
wild-type gene into the mutant in which the same gene has been mutagenized by
transposon insertion, the colistin MICs were not restored (Table 1).

To rule out a polar effect of the transposon insertion, a gene(s) inactivated by
transposon insertions was knocked out by homologous recombination from wild-type

FIG 1 The transposon plasmid map and genetic map of mariner transposon insertions. (A) pMarinerAb plasmid map. p15A is the replication origin of E. coli.
oriAb is the replicon of A. baumannii from pWH1266. Ptrc is used to control the transposase gene “Himar1 C9” expression derived from Haematobia irritans.
The transposase recognizes the terminal inverted repeats (TIRs) to perform the excision of the transposon DNA body, which is inserted into a TA target site.
TetR is the tetracycline resistance marker for pMarinerAb plasmid-transferred selection. KanR is a transposon of the kanamycin resistance gene used for isolation
of transposon mutants. (B) Transposon insertion sites in A. baumannii mutants. Insertions in the plus orientation are marked on the circle exterior. Insertions
in the minus orientation are marked on the circle interior. Numbers indicate the precise point of insertion according to genome sequence data for A. baumannii
ATCC 19606.
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strain ATCC 19606. With these mutants, the colistin MICs were increased by a maximum
of 4 times compared with the level seen with ATCC 19606, far less than MICs of the
colistin-resistant transposon mutants (Table 2). Even though the MICs were not as high
as those seen with the colistin-resistant transposon mutants, all of them were above the
clinical breakpoint of 2 �g/ml, identifying them all as colistin resistant. Therefore, those
transposon insertion sites were associated with colistin resistance. Since spontaneous
resistant mutants can be selected after A. baumannii is exposed to colistin (16, 21), we
suspected that there might have been another mutation(s), besides the transposon
insertions, that was responsible for the resistant phenotype.

Whole-genome sequence analysis of the colistin resistance mutants. To verify
whether there are other mutations in the colistin-resistant transposon mutants, complete
genome sequencing of 17 colistin-resistant mutants was performed and the resulting
sequences were compared with the sequence of the wild-type parent. Point mutations
were found in 14 different genes (Table 3), including synonymous mutations in
Ab19606_00265 (mgl, encoding L-methionine gamma-lyase), Ab19606_1028 (entC, isocho-
rismate synthase), Ab19606_3396 (murI_2, glutamate racemase), and Ab19606_03754 (rep-
lication C family protein). The amino acid substitution in Ab19606_00697 (pmrA, transcrip-
tional regulatory protein) or Ab19606_00698 (pmrB, sensor protein) appeared in 15
different mutants, with novel amino acid substitutions of pmrAI13M and pmrBQ270P

being reported for the first time. The other eight mutant genes were Ab19606_02965
(encoding a hypothetical protein), Ab19606_01384 (miaA, tRNA dimethylallyltrans-

TABLE 1 Colistin susceptibility in transposon mutants and complemented A. baumannii strains

Strain Inserted mutation Complementing gene
Colistin
MIC (�g/ml)

ATCC 19606 1–2

Ab-1 Ab19606_02033 None 32–64
Ab19606_02033 16–32

Ab-3 Ab19606_03164 None 32–64
Ab19606_03164 32

Ab-4 Ab19606_03163 None 32
Ab19606_03163 16

Ab-6 Ab19606_02571 None 64
Ab19606_02571 16–32

Ab-51 Ab19606_00589 None 4–8
Ab19606_00589 4

Ab-2 Ab19606_01194, Ab19606_03164 None 32
Ab19606_01194, Ab19606_03164 16

Ab-5 Ab19606_02811, Ab19606_02489 None 32–64
Ab19606_02811, Ab19606_02489 32

Ab-12 Ab19606_02311, Ab19606_03288 None 32
Ab19606_02311, Ab19606_03288 16

Ab-15 Ab19606_02311, Ab19606_00589, Ab19606_03288 None 32
Ab19606_02311, Ab19606_00589, Ab19606_03288 8–16

Ab-30 Ab19606_00589, Ab19606_03740 None 4
Ab19606_00589, Ab19606_03740 4

Ab-34 Ab19606_00589, Ab19606_03740 None 16–32
Ab19606_00589, Ab19606_03740 16

Ab-39 Ab19606_00589, Ab19606_00436, Ab19606_00964 None 64
Ab19606_02311, Ab19606_00589, Ab19606_03288 32
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ferase), Ab19606_01260 (betI_2, HTH-type transcriptional regulator), Ab19606_00066
(iclR, transcriptional repressor), Ab19606_01675 (shlB_1, hemolysin transporter protein),
Ab19606_03709 (ptk, tyrosine-protein kinase, Ab19606_00970 (aroP_3, aromatic amino
acid transport protein), and Ab19606_00971 (pstS, phosphate-binding protein). The
MiaA gene encodes the tRNA modification enzyme tRNA dimethylallyl diphosphate
transferase, and MiaA is a posttranscriptional regulator. MiaA mutants lacking the
ms2i6A-37 and i6A-37 tRNA modifications exhibit pleiotropic phenotypes, including
mutator and antimutator effects on spontaneous mutation frequencies (22). It is
essential for the expression of virulence factors in A. tumefaciens and S. flexneri (23), and
it slows the growth rates of Escherichia coli (24) and Yersinia pseudotuberculosis (25)

TABLE 2 Colistin susceptibility in transposon mutants and genotypic remodeling A.
baumannii strains

Strain
Colistin
MIC (�g/ml)

ATCC 19606 1–2
Ab-1 32–64
ATCC 19606 (ΔAb19606_02033) 2
Ab-3 32–64
ATCC 19606 (ΔAb19606_03164) 2–4
Ab-4 32
ATCC 19606 (ΔAb19606_03163) 1–2
Ab-6 64
ATCC 19606 (ΔAb19606_02571) 4
Ab-51 4–8
ATCC 19606 (ΔAb19606_00589) 1–2
Ab-2 32
ATCC 19606 (ΔAb19606_01194, ΔAb19606_03163) 4
Ab-5 32–64
ATCC 19606 (ΔAb19606_02811, ΔAb19606_02489) 2
Ab-12 32
ATCC 19606 (ΔAb19606_02311, ΔAb19606_03288) 4
Ab-15 32
ATCC 19606 (ΔAb19606_02311, ΔAb19606_00589, ΔAb19606_03288) 4
Ab-30 4
ATCC 19606 (ΔAb19606_00589, ΔAb19606_03740) 2–4
Ab-34 16–32
ATCC 19606 (ΔAb19606_00589, ΔAb19606_03740) 4
Ab-39 64
ATCC 19606 (ΔAb19606_02311, ΔAb19606_00589, ΔAb19606_03288) 4

TABLE 3 Amino acid changes in colistin-resistant mutants compared to the parental strain

Strain
MIC
(�g/ml)

Amino acid change in:

pmrA pmrB Ab19606_02965 miaA betI_2 iclR shlB_1 Ptk aroP_3 pstS

ATCC 19606 1–2
Ab256-1 512 P102R D106E
Ab256-2 512 P102R D106E I221V
Ab256-3 512 P102R D106E L147P
Ab256-4 512 P102R D106E
Ab256-5 512 P102R D106E
Ab-1 32–64 Q270P Y49H R403H D569N
Ab-2 32–64 Q270P Y49H R403H D569N
Ab-3 32–64 Q270P Y49H R403H D569N
Ab-4 32 Q270P Y49H R403H D569N
Ab-5 32–64 Q270P Y49H R403H D569N
Ab-6 64 T235N Y49H R403H D569N
Ab-12 32 P233S Y49H R403H D569N
Ab-15 32 P233S Y49H R403H D569N
Ab-30 4 Y49H R403H D569N
Ab-34 16–32 P233S Y49H R403H D569N N137S Y114C
Ab-39 64 I13M Y49H R403H D569N
Ab-51 4 Y49H R403H D569N
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when inactivated. The transcriptional regulators of the IclR family are widely present in
Gram-negative bacteria and play an important role in efflux pumps, carbon source
utilization, and quorum sensing. It was also reported previously that IclR family tran-
scriptional regulator ABUW_1848 is required for A. baumannii AB5075 virulence (26).
Similarly, ptk is also associated with virulence and capsular formation in A. baumannii
(27), while shlB is a virulence-related factor in Serratia marcescens (28). However, no
connection between colistin resistance and these eight genes has been reported.

Reconstruction site-directed mutant strains exhibit different colistin MICs. To
assign the contribution of point mutation to the resistance of A. baumannii to colistin,
we used homologous recombination technology to construct the site-directed mutant
strains in wild-type strain ATCC 19606. The results showed that the only point mutation
of pmrA or pmrB caused an 8� or 32� increase in resistance to colistin, respectively
(Table 4). PmrAI13M mutation increased the colistin MIC to 32 �g/ml, which was almost
the same as the level seen with colistin-resistant transposon mutant Ab-39 containing
the prmAI13M mutation. The colistin MICs resulting from the pmrBP233S, pmrBT235N, and
pmrBQ270P mutations were also the same as those measured for the corresponding
transposon mutants, indicating that pmrA/pmrB mutations alone can lead to resistance.
The MIC seen with the pmrAP102R mutation was 32 �g/ml, which was 16-fold lower
than those measured for Ab256. In the background of the ATCC 19606 (pmrAP102R)
strain, the mutations of Ab19606_02965D106E, miaAI221V, and betI_2L147P were itera-
tively investigated. The results showed that there was no effect on colistin MICs
compared to that seen with the parental ATCC 19606 (pmrAP102R) strain. When
miaAI221V was combined with ATCC 19606 (pmrAP102R), the MIC for colistin increased
from 32 �g/ml to 128 �g/ml, whereas with the miaAI221V mutation alone, the colistin
MIC was 0.5 to 1.0 �g/ml (Table 4). Thus, the miaAI221V mutation has a synergistic/
additive effect on colistin resistance in the context of pmrAP102R mutation.

The aroPN137S mutation, which encoded an aromatic amino acid transport protein,
resulted in the reconstitution of resistance, and the MIC of colistin was 4 to 8 �g/ml. The
mutation was located in the amino acid permease domain. It was reported previously
that deletion of aroP increased the accumulation of extracellular aromatic amino acids
(29). It is possible that expression of the amino acid biosynthesis genes led to produc-
tion of osmolytes that mediated osmotic tolerance through membrane and protein
stabilization (30).

Analysis of pmrCAB transcription in different strains. According to the pheno-
typic results corresponding to the reconstituted resistance, the pmrAB mutation is the
main cause of drug resistance. A colistin-resistant phenotype would be associated with
increased expression of the pmrC gene, which encodes the protein that adds phos-
phoethanolamine to lipid A. We studied the transcription levels of the pmrCAB operon

TABLE 4 Colistin susceptibility in reconstruction site-directed mutant strains

Strain Colistin MIC (�g/ml)

ATCC 19606 1–2
ATCC 19606 (pmrAI13M) 16–32
ATCC 19606 (pmrAP102R) 32
ATCC 19606 (pmrBP233S) 8–16
ATCC 19606 (pmrBT235N) 16
ATCC 19606 (pmrBQ270P) 32
ATCC 19606 (Ab19606_02965D106E) 1
ATCC 19606 (miaAI221V) 0.5–1
ATCC 19606 (betI_2L147P) 0.5–1
ATCC 19606 (iclRY49H) 1–2
ATCC 19606 (shlBR403H) 2
ATCC 19606 (ptkD569N) 2–4
ATCC 19606 (aroPN137S) 4–8
ATCC 19606 (pstSY114C) 2
ATCC 19606 (pmrAP102R, Ab19606_02965D106E) 32
ATCC 19606 (pmrAP102R, miaAI221V) 128
ATCC 19606 (pmrAP102R, betI_2L147P) 32
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in different strains, including Ab-39, Ab256-1, Ab-12, Ab-6, and Ab-1 and the recon-
structed, site-directed mutant strains ATCC 19606 (pmrAI13M), ATCC 19606 (pmrAP102R),
ATCC 19606 (pmrBP233S), ATCC 19606 (pmrBT235N), and ATCC 19606 (pmrBQ270P), in
comparison to its level in ATCC 19606. The results showed that the levels of transcrip-
tion of pmrCAB in the mutant strains were higher than in the parental ATCC 19606
strain, with the transcription of pmrC of Ab256-1 being 78.96-fold higher than the level
seen with ATCC 19606 (Fig. 2). These data indicate that higher transcription level of
pmrC could be responsible for elevating the MIC of colistin.

Lipid A was modified in colistin-resistant strains. To investigate whether lipid A
is modified in colistin-resistant strains, we measured the cytochrome c binding ability
of the sensitive ATCC 19606 strain and the resistant mutants. Cytochrome c is a highly
cationic protein that binds to anionic surfaces in a charge-dependent manner and
exhibits a characteristic level of absorbance. The results showed that mutations in
pmrAP102R, pmrAP102R plus miaAI221V, pmrAI13M, or pmrBQ270P decreased cationic cyto-
chrome c binding to A. baumannii, indicating a lower negative charge of the colistin-
resistant strain than of the parental ATCC 19606 strain (Fig. 3).

Lipid A of the resistant strains and of the sensitive ATCC 19606 strain was analyzed
by mass spectrometry (MS). Analysis of lipid A isolated from ATCC 19606 (Fig. 4) showed
that an abundant [M-H]- ion was at m/z 1,910 and was identified as representing a
singly deprotonated lipid A structure that contains two phosphate groups and seven
acyl chains (i.e., diphosphoryl hepta-acylated lipid A) (31). Of note, ions at m/z 2,033
were absent from this spectra. In contrast, resistant strains ATCC 19606 (pmrAP102R,
miaAI221V), ATCC 19606 (pmrAP102R), ATCC 19606 (pmrAI13M), and ATCC 19606
(pmrBQ270P) (Fig. 4) displayed not only [M-H]- at m/z 1,910 but also ions at m/z 2,033,
which indicates a phosphoethanolamine (pEtN) modification of lipid A.

DISCUSSION

As the last resort for the treatment of multidrug-resistant A. baumannii infection, the
mechanism of action of colistin and control of resistance are important for preserving
and improving efficacy. At present, the number of research samples is very limited and
the samples were collected mainly from clinical practice where exact controls are
difficult to obtain. In order to fully understand the mechanism of A. baumannii

FIG 2 Quantification of relative transcriptional levels of pmrCAB genes in colistin-resistant A. baumannii mutants
versus the ATCC 19606 parental strain. The experiments were performed in triplicate. Bars represent means �
standard deviations. *, 0.01�P � 0.05; **, P � 0.01; ***, P � 0.001; NS, not significant.
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resistance to colistin, we obtained a large number of colistin-resistant mutants from a
random transposon mutant library and from successive challenges using gradually
increased concentrations of colistin. Although the transposon mutant technique is
widely used in bacterial genetics studies, our results indicated that using a transposon
mutant library to screen mutants resistant to colistin is not a good choice, because A.
baumannii spontaneous chromosomal mutations are readily selected and result in
resistant mutants after exposure to colistin.

The pmrAI13M, pmrAP102A, pmrBP233S, pmrBT235N, and pmrBQ270P mutations found in
this study all conferred resistance to colistin, resulting in 8-to-32-times-higher MICs
than wild-type strain ATCC 19606. Two mutations, pmrAI13M and pmrBQ270P, were never
reported previously for colistin resistance. The colistin resistance-related mutations in
pmrA were located in the sulfatase domain, and the mutations in pmrB were in the
histidine kinase domain. Mutations in the PmrA-PmrB two-component system are not
only the main cause of colistin resistance in A. baumannii but are also found in
Pseudomonas aeruginosa, E. coli, and Salmonella (16). Mutations in pmrA-mrB facilitate
phosphorylation of the PmrB receptor kinase, which in turn activates pmrA. The
activated PmrA regulates the expression of the pmrC gene that encodes the phosphoe-
thanolamine transferase. In the present work, the transcription level of pmrC in colistin-
resistant strains was shown to be higher than that in the ATCC 19606 wild-type strain
via real-time quantitative PCR (RT-qPCR), and the lipid A modification was detected by
matrix-assisted laser desorption ionization–time of flight mass spectrometry (MALDI-
TOF MS) analysis in drug-resistant strains.

In addition, our work showed that the miaA mutation synergistically/additively en-
hanced the ability of pmrAP102R to resist colistin, although the increase in the MIC of colistin
conferred by the miaAI221V mutation itself was minimal. MiaA acts as a posttranscriptional
regulator that has been previously reported to affect cell growth and virulence. For
example, Marceau et al. (25) reported that the deletion of miaA in Y. pseudotuberculosis
caused a downregulation of the phoP transcriptional level and that the PhoP-PhoQ
two-component system in Y. pseudotuberculosis is essential for lipid A modification.
PhoP-PhoQ upregulation could increase the synthesis of 4-aminoarabinose to modify
lipid A, which results in colistin resistance. As the PhoP-PhoQ two-component system
is absent in A. baumannii, we speculate that another unknown gene(s) regulated by
miaA might affect colistin resistance. Identification of these genes and elucidation of
their role in colistin resistance warrant further systematic studies as follow-up investi-
gations.

FIG 3 Analysis of cytochrome c binding to different A. baumannii strains, including ATCC 19606, ATCC 19606 (pmrAP102R), ATCC 19606 (miaAI221V), ATCC 19606
(pmrAP102R, miaAI221V), ATCC 19606 (pmrAI13M), and ATCC 19606 (pmrBQ270P). The experiments were performed in triplicate. Bars represent means � standard
deviations. *, 0.01�P � 0.05; **, P � 0.01; ***, P � 0.001; NS, not significant.
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FIG 4 Negative-ion mode MALDI-TOF MS mass spectra of lipid A from colistin-susceptible and colistin-resistant A. baumannii strains
ATCC 19606, ATCC 19606 (pmrAP102R, miaAI221V), ATCC 19606 (pmrAP102R), ATCC 19606 (pmrAI13M), and ATCC 19606 (pmrBQ270P). The
insets show partial enlarged views to display the ions at m/z 2,033.
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In summary, we found that two novel mutations, pmrAI13M and pmrBQ270P, are
involved in A. baumannii colistin resistance and that a miaA mutation further enhanced
pmrAP102R-mediated resistance to colistin. These findings will help expand our knowl-
edge of the mechanism of colistin resistance in A. baumannii.

MATERIALS AND METHODS
Bacterial strains and culture conditions. The strains used in this study are listed in Table 5.

Escherichia coli DH5� was used as the cloning host for plasmid construction. Luria-Bertani (LB) medium
was used to propagate A. baumannii and E. coli. The LB plates contained 1.5 g/liter agar. Kanamycin and
tetracycline were purchased from Amresco, and colistin E was purchased from Apeloa. Colistin E MICs
were measured by the broth microdilution method according to the Clinical and Laboratory Standards
Institute (CLSI) guidelines (32).

Screening of colistin-resistant mutants in vitro. The transposon mutant library was spread on an
LB plate containing colistin (8 �g/ml) and was cultured at 37°C. Colonies were picked for MIC determi-
nations, and a MIC value of �4 �g/ml was used to score colistin-resistant mutants (Ab-) for study
(Table 5).

The exponential phase of a wild-type A. baumannii ATCC 19606 culture was treated with 4 �g/ml
colistin for 24 h. Then, the concentration of colistin was successively increased to 32 �g/ml (e.g., 8, 16,
and 32 �g/ml stepwise in the following round of challenge). The culture was then spread on LB agar
containing colistin (64 �g/ml) and grown at 37°C. Colonies were picked for MIC determination, and a MIC
value of �256 �g/ml was used as the criterion for highly resistant mutants (Ab256-x) for further study
(Table 5).

pMarinerAb plasmid construction. Using the pSU2718 vector as a template and 2718-F/2718-R as
primers, the P2718 fragment containing the p15A replicon fragment was amplified. pWH1266 vector was
used as a template and Tet-F/Tet-R as primers for PCR amplification of the Tet fragment containing a
tetracycline resistance gene. The P2718 and the Tet fragments were ligated using the Gibson assembly
method to generate the pSUTet plasmid. With pWH1266 vector used as the template and AB-F/AB-R as
primers, the AB-Rep fragment containing Acinetobacter baumannii plasmid replication origin was am-
plified by PCR. The AB-Rep fragment was then cloned into the pSUTet plasmid PvuI site by the Gibson
assembly method to generate the pSUTetAB plasmid. The pTrc99a plasmid was used as a template and
trc-F/trc-R as primers for PCR amplification of the Ptrc fragment containing the Ptrc promoter and lacIq.
The Ptrc fragment was cloned into the SmaI site of pSUTetAB using the Gibson assembly method to
generate the pSUTetABtrc plasmid.

The Himar1, Kan, ITR, and SUTETABtrc fragments were PCR amplified, using Himar-F/Himar-R,
Kan-F/Kan-R, ITR-F/ITR-R, and pSU-F/pSU-R as primers and pMTL-SC1, pPIC9k, pMTL-SC1, and
pSUTetABtrc plasmids as the templates, respectively. These four fragments were ligated via the Gibson
assembly method to generate the pMarinerAb plasmid (Fig. 1A).

TABLE 5 Strains and plasmids used in this study

Strain(s) or plasmid Characteristicsa

Source or
reference

Strain(s)
E. coli DH5� General cloning host strain Vazyme
A. baumannii strain 19606 Wild type ATCC
A. baumannii Ab-1, Ab-2, Ab-3, Ab-4, Ab-5, Ab-6,
Ab-12, Ab-15, Ab-30, Ab-39, Ab-51

Colistin-resistant mutants derived from transposon mutant
library of ATCC 19606

This study

A. baumannii Ab256-1, Ab256-2, Ab256-3,
Ab256-4, Ab256-5

Colistin-resistant mutants derived from successive challenges of
ATCC 19606 with increased concentrations of colistin

This study

Plasmid
pWH1266 Acinetobacter-E. coli shuttle vector, Ampr, Tetr 37
pSU2718 p15A, Catr 38
pSUTetAB Acinetobacter-E. coli shuttle vector, Tetr This study
pTrc99a pMB1, aadA, lacIq 39
pSUTetABtrc trc promoter cloned into pSUtetAB, Tetr This study
pMTL-SC1 ColE1 ORI, ermB, pBP1 ORI, traJ, PtcdB, Himar1C9, catP 20
pPIC9k Pichia pastoris expression plasmid, Ampr, Kanr Invitrogen
pMarinerAb Himar1C9- and Kan-resistant fragment cloned into pSUTetABtrc, Tetr This study
pAT03 pMMB67EH with FLP recombinase, Ampr 33
pAT04 pMMB67EH with RecAb system, Tetr 33
pMD19-T simple General cloning vector, Ampr Takara
pKD4 bla FRT-kan-FRT 40
pMDK FRT-kan-FRT cloned into pMD19-T simple This study
pIJ773 Aac(3)IV 41
pAT03-Apr pMMB67EH with FLP recombinase, Aprar This study

aAmpr, ampicillin resistance; Aprar, apramycin resistance; Catr, chloramphenicol resistance; Kanr, kanamycin resistance; Tetr, tetracycline resistance.
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Complementary plasmid construction. The complement gene fragments containing the natural
promoter and the open reading frame of the gene of interest were amplified by PCR using the ATCC
19606 genome as the template and the -CF/-CR series as primers (see Table S1 in the supplemental
material). The fragments were then cloned into the SmaI site of pSUTetAB plasmid via the Gibson
assembly method to generate pSUTetAB series plasmids (Table S2).

Construction of resistance marker curing plasmids. The pAT03 plasmid contains a recombinase
for eliminating a resistance gene on the chromosome. As the ATCC 19606 strain used in this study was
not sensitive to ampicillin, the ampicillin resistance gene of pAT03 needed to be replaced with the
apramycin (Apr) resistance gene. The apramycin resistance gene was derived from the pIJ773 plasmid
and PCR amplified as an Apr fragment using Apr-F/Apr-R primers. The Apr fragment was cloned into the
PvuI site of pAT03 to generate pAT03-Apr plasmid.

Transposon mutant library construction. The mariner pMarinerAb plasmid was transferred into
the wild-type A. baumannii ATCC 19606 strain by electroporation and was grown on LB agar
containing tetracycline (15 �g/ml). ATCC 19606/pMarinerAb was placed into sterile phosphate-
buffered saline (PBS), spread on an LB plate containing kanamycin (50 �g/ml) and IPTG (1 mM), and
cultured at 30°C to induce expression of the Himar1 C9 transposase in pMarinerAb to generate the
transposon mutant library.

Gene knockouts and introduction of amino acid changes by homologous recombination. The
construction was performed as described previously (33). Briefly, the template plasmid was constructed
by combining fragments containing a resistance marker and two 500-bp regions of homologous DNA
sequences that flank upstream and downstream of the targeted gene. A kanamycin resistance marker
was PCR amplified from pKD4 using Kan-F0/Kan-R0 primers and cloned into pMD19-T simple to create
pMDK. Using the ATCC 19606 genome as the template and the -UP-KF/-UP-KR, -DN-KF/-DN-KR series as
primers, the upstream and the downstream homologous fragments, both about 500 bp, were PCR
amplified. Then, the upstream and downstream homologous fragments were cloned into the KpnI/SalI
and SmaI/NotI sites of pMDK, respectively, to generate the gene knockout template plasmid pMDK::
(Gene) series (Table S2). The ATCC 19606 genome was used as the template, and the -UP-MF1/-UP-MR1,
-UP-MF2/-UP-MR2 series were used as primers for PCR amplification of the -UP1M and -UP2M fragments.
The -UP1M and -UP2M fragments were then used as the templates and teh -UP-MF1/-UP-MR2 series as
primers for overlap PCR amplification of the upstream homologous fragments containing the amino acid
mutation(s). Similarly, the downstream homologous fragments were PCR amplified using the ATCC 19606
genome as the template and the -DN-MF/-DN-MR series as primers. The upstream and downstream
homologous fragments were also cloned into the KpnI/SalI and SmaI/NotI sites of pMDK, respectively, to
generate the site-directed mutagenesis template plasmids pMDK-(gene) series (Table S2).

Primers M13F/M13R binding outside the regions of homology were used to PCR amplify the genes
of interest and for insertion of a kanamycin cassette. The PCR products were digested with DpnI, purified
by gel extraction, and concentrated to 5 �g (5 �l) using a speed vacuum concentrator (Xiangyi,
Changsha, Hunan, China) and then electroporated into 100 �l competent cells containing pAT04 in a
2-mm-path-length cuvette at 2.5 kV. The cells were transferred immediately to 900 �l of prewarmed LB
medium, allowed to recover at 37°C with 220 rpm shaking for 1 h, plated on LB agar containing
kanamycin and tetracycline, and incubated for 18 h.

For curing of the kanamycin cassette, pAT03-Apr plasmid was electroporated into the positive-testing
mutant strains obtained as described above, after which expression of the FLP recombinase was induced
with 1 mM IPTG at 37°C on LB agar. Loss of kanamycin marker was observed during differential plating
of colonies on agar containing or lacking kanamycin and was further verified by PCR and DNA
sequencing.

Preparation of competent cells and electroporation. A. baumannii containing pAT04 plasmid was
streaked on LB agar containing tetracycline (15 �g/ml) and cultured at 37°C, and a single colony was
picked and inoculated into LB liquid medium containing tetracycline and cultured overnight at 37°C with
220 rpm shaking. One milliliter of the preculture was inoculated into 50 ml of LB medium containing IPTG
(1 mM) and tetracycline (10 �g/ml) in a shaking flask. The cultures were harvested and made electro-
competent when the optical density at 600 nm (OD600) reached approximately 0.8 to 1.0. The cells were
chilled on ice for 30 min and collected by centrifugation at 2,667 � g at 4°C for 10 min, and then they
were washed three times with 25 ml of cold 10% glycerol. Competent cells were resuspended in 500 �l
of 10% glycerol, and 100-�l aliquots were dispensed into 1.5-ml sterile centrifuge tubes. The competent
cells should be freshly prepared before use.

Before electroporation, 100 �l of competent cells was mixed with 5 �g of DNA on ice and then
transferred into precooled 2-mm-path-length electroporation cuvettes. Electroporation was performed at
2.5 kV for 5 ms. The cells were transferred immediately to 900 �l of LB liquid medium and were recovered
at 37°C with 220 rpm shaking for 1 h. The recovered cells were then spread on LB agar with the
corresponding antibiotic at 37°C until colonies appeared.

Comparative genome sequencing of A. baumannii ATCC 19606 and the colistin-resistant
mutants. Bacterial strains were grown at 37°C in LB broth until the OD600 reached �1.0. Cells were
harvested by centrifugation for 1 min at 12,000 � g, and genomic DNA was isolated using a bacterial
genomic DNA miniprep kit (Axygen, Hangzhou, Zhejiang, China) following the manufacturer’s protocol.
The complete genome sequencing procedure was performed using an Illumina HiSeq 2000 system by
the Shanghai Haoyu Biotechnology Company. Multiple alignments were performed for the wild-type
strain and the derived mutants.

RT-qPCR. A 4-ml volume of the overnight culture was harvested via centrifugation at 13,523 � g for
1 min. Total RNA was extracted with an RNA extraction kit according to the instructions of the
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manufacturer (CoWin Biosciences). RNA (1 �g) was reverse transcribed into cDNA with random primers
with a ReverTra-Plus kit from Toyobo (Shanghai, China). The product was quantified via real-time PCR
using a CFX96 thermal cycler (Bio-Rad). The reaction mixture (20 �l) contained Power SYBR green
PCR master mix (Bio-Rad) and 0.4 �M gene-specific -F(RT)/-R(RT) primer series as shown in Table S1. The
PCR parameters were one cycle of 95°C for 2 min followed by 40 cycles of 95°C for 20 s, 55°C for 20 s,
and 72°C for 15 s. The rpoB housekeeping gene was used as a reference to normalize the relative
amounts of mRNA, and ATCC 19606 was used to normalize the transcriptional level of each strain (34).

Determination of cell surface charge by cytochrome c binding assay. To evaluate the bacterial
surface charge, we used cytochrome c (purchased from Sigma), a highly cationic eukaryotic protein that
binds to anionic surfaces in a charge-dependent manner and exhibits a characteristic level of absorbance.
A. baumannii strains were grown in LB liquid medium to an OD600 of �1.0, determinations were
performed as previously described (35), and the incubation time was adjusted to 35 min.

Lipid A isolation and purification. The hot phenol-water method (36) was used and slightly
modified to extract lipopolysaccharide (LPS). In short, bacteria were grown at 37°C in LB broth until the
OD600 reached approximately 0.8 to 1.0. Bacterial cells were harvested by centrifugation (2,667 � g, 10
min) and were washed three times with 0.9% NaCl. After the final step of centrifugation with washing,
cells were resuspended with 4 volumes of sterile water. The bacterial suspension was subjected to
freeze-and-thaw in a �70°C refrigerator 5 times. After the final thawing step, bacterial cells were broken
by the use of ultrasonic homogenizer (Scientz JY92-IIN; Ningbo, Zhejiang, China) for 2 s with 3 s intervals,
for a total of 20 min, at 325 W power. Thereafter, an equal volume of 90% phenol was added to the cell
lysate. The mixture was incubated in a 68°C water bath for 20 min and then centrifuged at 2,667 � g for
10 min to collect the upper aqueous phase. Then, 10 ml of sterile water was added to the lower phase
followed by incubation in a 68°C water bath for 20 min and centrifugation as described above. The upper
aqueous phase was collected and combined with the first-step aqueous phase and then dialyzed in a
dialysis bag for 3 to 4 days against distilled water that was changed every 5 h. After dialysis, the solution
was concentrated to 5 ml with polyethylene glycol 20000 (Sinopharm).

Purification of lipopolysaccharide and extraction of lipid A were performed as previously reported
(31) with appropriate modifications. The LPS solution was treated with DNase (Yuanye) and RNaseA
(Yuanye) at 50 �g/ml and incubated at 37°C for 4 h in a water bath. Proteinase K (Sangon Biotech) was
added to reach a final concentration of 50 �g/ml, and the reaction mixture was incubated at 56°C for 1 h
in a water bath. Then, the solution was boiled in water for 10 min, cooled to room temperature, and
centrifuged at 2,667 � g for 30 min. Six volumes of absolute ethanol was added to the supernatant,
and the reaction mixture was incubated at 4°C overnight and then centrifuged at 7,254 � g for 20 min.
After the alcohol had evaporated, the pellet was dissolved in sterile water and then frozen and
freeze-dried. The sample was then washed with chloroform/methanol (2:1) 3 times. After chloroform/
methanol evaporation, purified LPS was converted to lipid A by mild-acid hydrolysis with 1% sodium
dodecyl sulfate (SDS) at pH 4.5 followed by boiling in water for 1 h. After being cooled, the sample was
dried at 60°C overnight, washed three times with 100 �l of sterile water and 500 �l of acidified ethanol,
and centrifuged at 2,000 � g for 10 min. The sample was then washed three times with 500 �l of 95%
ethanol and centrifuged at 2,000 � g for 10 min. Finally, the insoluble lipid A content was extracted in
200 �l of a mixture of CHCl3/CH3OH/H2O (3:1:0.25) and then the supernatant was purged with nitrogen
to obtain a solid sample of lipid A.

Analysis of lipid A by mass spectrometry. The MS testing was performed in the Shanghai Jiao Tong
University Analysis and Testing Center. For matrix-assisted laser desorption ionization–time of flight
(MALDI-TOF) MS analysis, a MALDI-7090 instrument (Kratos Analytical Ltd., Shimadzu Corporation,
Manchester, England) was equipped with a solid-state ultrafast UV laser (Nd: YAG 355-nm wavelength).
A total of 200 laser shots were used for each measurement position. External calibration was performed
using peaks from a matrix mix (DHB [2 5-dihydroxybenzoic acid], CHCA [�-cyano-4-hydroxycinnamic
acid], and TOF mix). The parameters were set as follows: laser intensity, 40 to 60 per unit area [u.a.];
repetition rate laser frequency, 200 Hz; mass range, 500 to 5,000 Da; 250 shots accumulated per profile;
laser beam diameter set at 100 �m. MALDI-MS data were viewed and processed using MALDI solution
software. A 0.5-�l volume of sample was spotted, and then 0.5 �l of 20 mg/ml matrix 9-aminoacridine–
ethanol was spotted.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
TABLE S1, DOCX file, 0.02 MB.
TABLE S2, DOCX file, 0.02 MB.

ACKNOWLEDGMENTS
We thank Xilin Zhao for critical comments on the manuscript.
This study was supported by the National Natural Science Foundation of China

(81872775, 21825804, 31921006), the State Key Laboratory of Anti-Infective Drug Develop-
ment (SKLAID201801), and National Mega-project for Innovative Drugs (2018ZX09711002-
019).

Sun et al.

March/April 2020 Volume 5 Issue 2 e00895-19 msphere.asm.org 12

https://msphere.asm.org


REFERENCES
1. Munoz-Price LS, Weinstein RA. 2008. Acinetobacter infection. N Engl J

Med 358:1271–1281. https://doi.org/10.1056/NEJMra070741.
2. Peleg AY, Seifert H, Paterson DL. 2008. Acinetobacter baumannii: emer-

gence of a successful pathogen. Clin Microbiol Rev 21:538 –582. https://
doi.org/10.1128/CMR.00058-07.

3. Towner KJ. 2009. Acinetobacter: an old friend, but a new enemy. J Hosp
Infect 73:355–363. https://doi.org/10.1016/j.jhin.2009.03.032.

4. Bergogne-Bérézin E, Towner KJ. 1996. Acinetobacter spp. as nosocomial
pathogens: microbiological, clinical, and epidemiological features. Clin
Microbiol Rev 9:148 –162. https://doi.org/10.1128/CMR.9.2.148.

5. Morohoshi T, Saito T. 1977. �-Lactamase and �-lactam antibiotics resis-
tance in Acinetobacter anitratum (syn. A. calcoaceticus). J Antibiot (To-
kyo) 30:969 –973. https://doi.org/10.7164/antibiotics.30.969.

6. Falagas ME, Kasiakou SK, Michalopoulos A. 2004. Antimicrobial resis-
tance of Acinetobacter spp. in Europe. Clin Microbiol Infect 10:
1106 –1107. https://doi.org/10.1111/j.1469-0691.2004.01035.x.

7. Lolans K, Rice TW, Munoz-Price LS, Quinn JP. 2006. Multicity outbreak of
carbapenem-resistant Acinetobacter baumannii isolates producing the
carbapenemase OXA-40. Antimicrob Agents Chemother 50:2941–2945.
https://doi.org/10.1128/AAC.00116-06.

8. WHO. 2017. Global priority list of antibiotic-resistant bacteria to guide
research, discovery, and development of new antibiotics. World Health
Organization, Geneva, Switzerland.

9. Reed MD, Stern RC, O’Riordan MA, Blumer JL. 2001. The pharmaco-
kinetics of colistin in patients with cystic fibrosis. J Clin Pharmacol
41:645– 649. https://doi.org/10.1177/00912700122010537.

10. Bialvaei AZ, Samadi Kafil H. 2015. Colistin, mechanisms and prevalence
of resistance. Curr Med Res Opin 31:707–721. https://doi.org/10.1185/
03007995.2015.1018989.

11. Bader MW, Navarre WW, Shiau W, Nikaido H, Frye JG, McClelland M, Fang
FC, Miller SI. 2003. Regulation of Salmonella typhimurium virulence gene
expression by cationic antimicrobial peptides. Mol Microbiol 50:
219 –230. https://doi.org/10.1046/j.1365-2958.2003.03675.x.

12. Zavascki AP, Goldani LZ, Li J, Nation RL. 2007. Polymyxin B for the
treatment of multidrug-resistant pathogens: a critical review. J Antimi-
crob Chemother 60:1206 –1215. https://doi.org/10.1093/jac/dkm357.

13. Hejnar P, Kolár M, Hájek V. 1999. Characteristics of Acinetobacter strains
(phenotype classification, antibiotic susceptibility and production of
beta-lactamases) isolated from haemocultures from patients at the
Teaching Hospital in Olomouc. Acta Univ Palacki Olomuc Fac Med
142:73–77.

14. Cai Y, Chai D, Wang R, Liang B, Bai N. 2012. Colistin resistance of
Acinetobacter baumannii: clinical reports, mechanisms and antimicro-
bial strategies. J Antimicrob Chemother 67:1607–1615. https://doi.org/
10.1093/jac/dks084.

15. Adams MD, Nickel GC, Bajaksouzian S, Lavender H, Murthy AR, Jacobs
MR, Bonomo RA. 2009. Resistance to colistin in Acinetobacter baumannii
associated with mutations in the PmrAB two-component system. Anti-
microb Agents Chemother 53:3628 –3634. https://doi.org/10.1128/AAC
.00284-09.

16. Olaitan AO, Morand S, Rolain JM. 2014. Mechanisms of polymyxin
resistance: acquired and intrinsic resistance in bacteria. Front Microbiol
5:643. https://doi.org/10.3389/fmicb.2014.00643.

17. Chin CY, Gregg KA, Napier BA, Ernst RK, Weiss DS. 2015. A PmrB-
regulated deacetylase required for lipid A modification and polymyxin
resistance in Acinetobacter baumannii. Antimicrob Agents Chemother
59:7911–7914. https://doi.org/10.1128/AAC.00515-15.

18. Moffatt JH, Harper M, Harrison P, Hale JD, Vinogradov E, Seemann T,
Henry R, Crane B, St Michael F, Cox AD, Adler B, Nation RL, Li J, Boyce JD.
2010. Colistin resistance in Acinetobacter baumannii is mediated by
complete loss of lipopolysaccharide production. Antimicrob Agents Che-
mother 54:4971– 4977. https://doi.org/10.1128/AAC.00834-10.

19. Moffatt JH, Harper M, Adler B, Nation RL, Li J, Boyce JD. 2011. Insertion
sequence ISAba11 is involved in colistin resistance and loss of lipopoly-
saccharide in Acinetobacter baumannii. Antimicrob Agents Chemother
55:3022–3024. https://doi.org/10.1128/AAC.01732-10.

20. Cartman ST, Minton NP. 2010. A mariner-based transposon system for in
vivo random mutagenesis of Clostridium difficile. Appl Environ Microbiol
76:1103–1109. https://doi.org/10.1128/AEM.02525-09.

21. Maifiah MH, Cheah SE, Johnson MD, Han ML, Boyce JD, Thamlikitkul
V, Forrest A, Kaye KS, Hertzog P, Purcell AW, Song J, Velkov T, Creek

DJ, Li J. 2016. Global metabolic analyses identify key differences in
metabolite levels between polymyxin-susceptible and polymyxin-
resistant Acinetobacter baumannii. Sci Rep 6:22287. https://doi.org/
10.1038/srep22287.

22. Tsui HC, Feng G, Winkler ME. 1996. Transcription of the mutL repair, miaA
tRNA modification, hfq pleiotropic regulator, and hflA region protease
genes of Escherichia coli K-12 from clustered Esigma32-specific promot-
ers during heat shock. J Bacteriol 178:5719 –5731. https://doi.org/10
.1128/jb.178.19.5719-5731.1996.

23. Okada N, Sasakawa C, Tobe T, Yamada M, Nagai S, Talukder KA, Komatsu
K, Kanegasaki S, Yoshikawa M. 1991. Virulence-associated chromosomal
loci of Shigella flexneri identified by random Tn5 insertion mutagenesis.
Mol Microbiol 5:187–195. https://doi.org/10.1111/j.1365-2958.1991
.tb01839.x.

24. Diaz I, Pedersen S, Kurland CG. 1987. Effects of miaA on translation and
growth rates. Mol Gen Genet 208:373–376. https://doi.org/10.1007/
bf00328126.

25. Marceau M, Sebbane F, Ewann F, Collyn F, Lindner B, Campos MA,
Bengoechea JA, Simonet M. 2004. The pmrF polymyxin-resistance
operon of Yersinia pseudotuberculosis is upregulated by the PhoP-PhoQ
two-component system but not by PmrA-PmrB, and is not required for
virulence. Microbiology 150:3947–3957. https://doi.org/10.1099/mic.0
.27426-0.

26. Fernando DM. 2015. Analysis of resistance nodulation division efflux
pumps in Acinetobacter baumannii. PhD dissertation. University of On-
tario Institute of Technology, Ontario, Canada.

27. Doi Y, Murray GL, Peleg AY. 2015. Acinetobacter baumannii: evolution of
antimicrobial resistance-treatment options. Semin Respir Crit Care Med
36:85–98. https://doi.org/10.1055/s-0034-1398388.

28. Huang YT, Cheng JF, Liu YT, Mao YC, Wu MS, Liu PY. 2018. Genome-
based analysis of virulence determinants of a Serratia marcescens strain
from soft tissues following a snake bite. Future Microbiol 13:331–343.
https://doi.org/10.2217/fmb-2017-0202.

29. Alkasir R, Ma Y, Liu F, Li J, Lv N, Xue Y, Hu Y, Zhu B. 2018. Characterization
and transcriptome analysis of Acinetobacter baumannii persister cells.
Microb Drug Resist 24:1466 –1474. https://doi.org/10.1089/mdr.2017
.0341.

30. Hood MI. 2012. Mechanisms of antibiotic resistance and pathogenesis in
Acinetobacter baumannii. PhD dissertation. Vanderbilt University, Nash-
ville, Tennessee.

31. Pelletier MR, Casella LG, Jones JW, Adams MD, Zurawski DV, Hazlett KRO,
Doi Y, Ernst RK. 2013. Unique structural modifications are present in the
lipopolysaccharide from colistin-resistant strains of Acinetobacter bau-
mannii. Antimicrob Agents Chemother 57:4831– 4840. https://doi.org/10
.1128/AAC.00865-13.

32. CLSI. 2014. Performance standards for antimicrobial susceptibility
testing: 24th informational supplement. CLSI document M100-S24. Clin-
ical and Laboratory Standards Institute, Wayne, PA.

33. Tucker AT, Nowicki EM, Boll JM, Knauf GA, Burdis NC, Trent MS, Davies
BW. 2014. Defining gene-phenotype relationships in Acinetobacter bau-
mannii through one-step chromosomal gene inactivation. mBio
5:e01313-14. https://doi.org/10.1128/mBio.01313-14.

34. Coyne S, Rosenfeld N, Lambert T, Courvalin P, Périchon B. 2010. Over-
expression of resistance-nodulation-cell division pump AdeFGH confers
multidrug resistance in Acinetobacter baumannii. Antimicrob Agents
Chemother 54:4389 – 4393. https://doi.org/10.1128/AAC.00155-10.

35. Cullen TW, Schofield WB, Barry NA, Putnam EE, Rundell EA, Trent MS,
Degnan PH, Booth CJ, Yu H, Goodman AL. 2015. Antimicrobial peptide
resistance mediates resilience of prominent gut commensals during inflam-
mat. Science 347:170–175. https://doi.org/10.1126/science.1260580.

36. Westerman RB, He Y, Keen JE, Littledike ET, Kwang J. 1997. Production
and characterization of monoclonal antibodies specific for the lipopoly-
saccharide of Escherichia coli O157. J Clin Microbiol 35:679 – 684. https://
doi.org/10.1128/JCM.35.3.679-684.1997.

37. Hunger M, Schmucker R, Kishan V, Hillen W. 1990. Analysis and nucle-
otide sequence of an origin of DNA replication in Acinetobacter calcoace-
ticus and its use for Escherichia coli shuttle plasmids. Gene 87:45–51.
https://doi.org/10.1016/0378-1119(90)90494-C.

38. Martinez E, Bartolomé B, de la Cruz F. 1988. pACYC184-derived cloning
vectors containing the multiple cloning site and lacZ alpha reporter

Colistin Resistance in Acinetobacter baumannii

March/April 2020 Volume 5 Issue 2 e00895-19 msphere.asm.org 13

https://doi.org/10.1056/NEJMra070741
https://doi.org/10.1128/CMR.00058-07
https://doi.org/10.1128/CMR.00058-07
https://doi.org/10.1016/j.jhin.2009.03.032
https://doi.org/10.1128/CMR.9.2.148
https://doi.org/10.7164/antibiotics.30.969
https://doi.org/10.1111/j.1469-0691.2004.01035.x
https://doi.org/10.1128/AAC.00116-06
https://doi.org/10.1177/00912700122010537
https://doi.org/10.1185/03007995.2015.1018989
https://doi.org/10.1185/03007995.2015.1018989
https://doi.org/10.1046/j.1365-2958.2003.03675.x
https://doi.org/10.1093/jac/dkm357
https://doi.org/10.1093/jac/dks084
https://doi.org/10.1093/jac/dks084
https://doi.org/10.1128/AAC.00284-09
https://doi.org/10.1128/AAC.00284-09
https://doi.org/10.3389/fmicb.2014.00643
https://doi.org/10.1128/AAC.00515-15
https://doi.org/10.1128/AAC.00834-10
https://doi.org/10.1128/AAC.01732-10
https://doi.org/10.1128/AEM.02525-09
https://doi.org/10.1038/srep22287
https://doi.org/10.1038/srep22287
https://doi.org/10.1128/jb.178.19.5719-5731.1996
https://doi.org/10.1128/jb.178.19.5719-5731.1996
https://doi.org/10.1111/j.1365-2958.1991.tb01839.x
https://doi.org/10.1111/j.1365-2958.1991.tb01839.x
https://doi.org/10.1007/bf00328126
https://doi.org/10.1007/bf00328126
https://doi.org/10.1099/mic.0.27426-0
https://doi.org/10.1099/mic.0.27426-0
https://doi.org/10.1055/s-0034-1398388
https://doi.org/10.2217/fmb-2017-0202
https://doi.org/10.1089/mdr.2017.0341
https://doi.org/10.1089/mdr.2017.0341
https://doi.org/10.1128/AAC.00865-13
https://doi.org/10.1128/AAC.00865-13
https://doi.org/10.1128/mBio.01313-14
https://doi.org/10.1128/AAC.00155-10
https://doi.org/10.1126/science.1260580
https://doi.org/10.1128/JCM.35.3.679-684.1997
https://doi.org/10.1128/JCM.35.3.679-684.1997
https://doi.org/10.1016/0378-1119(90)90494-C
https://msphere.asm.org


gene of pUC8/9 and pUC18/19 plasmids. Gene 68:159 –162. https://doi
.org/10.1016/0378-1119(88)90608-7.

39. Amann E, Ochs B, Abel KJ. 1988. Tightly regulated tac promoter
vectors useful for the expression of unfused and fused proteins in
Escherichia coli. Gene 69:301–315. https://doi.org/10.1016/0378
-1119(88)90440-4.

40. Datsenko KA, Wanner BL. 2000. One-step inactivation of chromosomal

genes in Escherichia coli K-12 using PCR products. Proc Natl Acad Sci
U S A 97:6640 – 6645. https://doi.org/10.1073/pnas.120163297.

41. Gust B, Challis GL, Fowler K, Kieser T, Chater KF. 2003. PCR-targeted
Streptomyces gene replacement identifies a protein domain needed
for biosynthesis of the sesquiterpene soil odor geosmin. Proc Natl
Acad Sci U S A 100:1541–1546. https://doi.org/10.1073/pnas.0337
542100.

Sun et al.

March/April 2020 Volume 5 Issue 2 e00895-19 msphere.asm.org 14

https://doi.org/10.1016/0378-1119(88)90608-7
https://doi.org/10.1016/0378-1119(88)90608-7
https://doi.org/10.1016/0378-1119(88)90440-4
https://doi.org/10.1016/0378-1119(88)90440-4
https://doi.org/10.1073/pnas.120163297
https://doi.org/10.1073/pnas.0337542100
https://doi.org/10.1073/pnas.0337542100
https://msphere.asm.org

	RESULTS
	Isolation of colistin-resistant mutants. 
	Colistin resistance was not associated with the transposon insertion. 
	Whole-genome sequence analysis of the colistin resistance mutants. 
	Reconstruction site-directed mutant strains exhibit different colistin MICs. 
	Analysis of pmrCAB transcription in different strains. 
	Lipid A was modified in colistin-resistant strains. 

	DISCUSSION
	MATERIALS AND METHODS
	Bacterial strains and culture conditions. 
	Screening of colistin-resistant mutants in vitro. 
	pMarinerAb plasmid construction. 
	Complementary plasmid construction. 
	Construction of resistance marker curing plasmids. 
	Transposon mutant library construction. 
	Gene knockouts and introduction of amino acid changes by homologous recombination. 
	Preparation of competent cells and electroporation. 
	Comparative genome sequencing of A. baumannii ATCC 19606 and the colistin-resistant mutants. 
	RT-qPCR. 
	Determination of cell surface charge by cytochrome c binding assay. 
	Lipid A isolation and purification. 
	Analysis of lipid A by mass spectrometry. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

