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Abstract
Antimicrobial peptides are considered to be one of the candidate antimicrobial agents for antibiotic-resistant bacterial infection in
the future. The effects of antimicrobial peptide hBD3-CBD on Pseudomonas aeruginosa PA14 and PA14ΔexsAwere analyzed
by the bactericidal effects, hemolysis assays, pyocyanin pigment productions, and virulence factor expressions (exoU, exoS,
hcnA, and lasB). Pyocyanin production and virulence factor expressions are important features of the type III secretion system in
Pseudomonas aeruginosa. HBD3-CBD killed PA14 and PA14ΔexsAwith similar efficiency; it lowered the hemolysis levels of
PA14 and PA14 ΔexsA and reduced the pyocyanin production, biofilm formation, and exoU, exoS, and lasB expressions in
PA14. Compared with PA14, PA14ΔexsA showed a lower hemolysis effect, pyocyanin production, exoU, and lasB expressions.
The effects of hBD3-CBD on the PA14 toxin secretion were similar to the changes in the type III secretion system mutant isolate
PA14ΔexsA. Our results demonstrated that the type III secretion system was involved in the biological functions on PA 14 from
hBD3-CBD.
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Antimicrobial peptides (AMPs) are polypeptides with broad-
spectrum antimicrobial activity against bacteria, fungi, and
other microorganisms [1]. Their potent activity at low concen-
trations against many pathogenic organisms, including multi-
resistant strains, makes AMPs attractive candidates as antimi-
crobial agents to many inflammatory and infectious diseases
[2]. Human beta-defensin-3 (hBD3) is a multifunctional pep-
tide and widely expressed in oral and other tissues. The anti-
infective effects of this polypeptide have been confirmed by
several studies [3–5].

One of the bactericidal mechanisms of AMPs is their
carbohydrate-binding ability through the carbohydrate-
binding domains (CBDs) (or carbohydrate-binding pro-
teins) in many AMPs. In our previous studies, we have
confirmed better bactericidal levels in hBD3 combined
with a CBD than hBD3 itself [6]. Better antimicrobial
stability and affinity of AMPs combined with CBD or
other domains may be focused on in future studies about
not only infectious diseases and immune diseases but also
tumor treatment [7].

Pseudomonas aeruginosa is one of the most dangerous
opportunistic bacterial pathogens. The virulence and drug re-
sistance of P. aeruginosa is a severe challenge in today’s clin-
ical practice. At the same time, P. aeruginosa can also form a
biofilm, which makes it more difficult to find an effective
treatment [6]. Several studies have confirmed that AMPs have
killing effects on P. aeruginosa and its biofilm, and may assist
in the treatment of antibiotics [8, 9]. We have reported the
bactericidal effects against P. aeruginosa PA14 (PA14) of
hBD3-CBD with in vitro bactericidal test, individual gene
expressions, biofilm formation assays, swimming, twitching,
and swarming activities [7].

Responsible Editor: Tânia A. Tardelli Gomes.

* Ke Dong
kiwidong@126.com

* Qingtian Li
qingtianli@sjtu.edu.cn

1 Department of Laboratory Medicine, Ruijin Hospital, Shanghai Jiao
Tong University School of Medicine, B06, Building 1, 280 South
Chongqing Road, Shanghai 200025, China

2 Department of Immunology and Microbiology, Shanghai Jiao Tong
University School of Medicine, Shanghai 200025, China

https://doi.org/10.1007/s42770-020-00223-2
Brazilian Journal of Microbiology (2020) 51:29–35

/Published online: 13 January 2020

http://crossmark.crossref.org/dialog/?doi=10.1007/s42770-020-00223-2&domain=pdf
http://orcid.org/0000-0003-1170-0806
mailto:kiwidong@126.com
mailto:qingtianli@sjtu.edu.cn


The type 3 secretion system (T3SS) is a macromolecular
protein nano-syringe used by different bacterial pathogens to
inject effectors into host cells [10]. There is a T3SS in
P. aeruginosa, shared with many other Gram-negative bacte-
ria, which transfer effector toxins directly from the bacterium
into the host cell cytosol [11]. P. aeruginosa can repress AMP
expression in both epithelial cells and macrophages by its
T3SS in vitro [12]. ExsA is an essential transcriptional activa-
tor of T3SS in P. aeruginosa. In the current study, an exsA
gene deleted strain P. aeruginosa PA14 ΔexsA (PA14
ΔexsA), and wild strain PA14 were used to evaluate the ef-
fects of peptide hBD3-CBD on T3SS in P. aeruginosa.

Materials and methods

The peptide, bacterial strains, and kits

Peptide hBD3-CBD (China Peptides Corporation Shanghai
China) was produced and used in this study. The peptide se-
q u e n c e i s
GIINTLQKYYCRVRGGRCAVLSCLPKEEQIGKCSTRG-
RKCCRRKKGGGQHDGNFVVY (57 amino acid peptides
composed of 45 amino acids of hBD3, nine amino acids of
CBD, and a GGG linker). P. aeruginosa PA14 and PA14
ΔexsA were generous gifts from the University of Science
and Technology of China. Bacterial RNA extraction, reverse
transcription, and real-time quantitative polymerase chain re-
action (Q-PCR) kits (Tiagen Biological Company, Beijing,
China) and 96-well plates (BD Company, NJ, USA) were
used in this study. Q-PCR reactions were operated on the
ABI 7500 Fast machine (Applied Biosystems Inc., NY, USA).

Peptide hBD3-CBD killing curves

Peptide hBD3-CBD killing curves were generated as de-
scribed in the previous study [7]. In this direct bactericidal
test, hBD3-CBD was in addition to 3 mL phosphate buffer
saline (PBS) of PA14 and PA14 ΔexsA (105 CFU/mL) with
different final concentrations of 0, 4, 8, 16, 32, and 64 μg/mL.
All tubes were incubated at 37 °C for 3 h. The bactericidal
activities were analyzed by plating serial dilutions of the in-
cubationmixture and determined by the CFUs per milliliter on
the following day.

Hemolysis assays of hBD3-CBD, PA14, and PA14
ΔexsA

Hemolytic potentials of peptide hBD3-CBD and bacterial cul-
ture supernatants were measured as previously described [13]
and Rossignol’s study [14]. There were six groups in this test:
control, 32 μg/mL peptide (AMP), PA14, and PA14 ΔexsA
with or without 32 μg/mL peptide. Briefly, sheep erythrocytes

were washed three times in PBS and resuspended to a final
concentration of 2%. After a 3 h peptide hBD3-CBD treat-
ment, bacterial supernatants were collected and sterilized by a
Millipore filter with 0.22 μm pores. Then, 500 μL red blood
cells (RBCs) and 500 μL of supernatants were combined and
incubated for 1 h at 37 °C. Lastly, the suspension was centri-
fuged at 8000 g for 10 min at 4 °C, and hemoglobin release
was assessed by determining the absorbance at 540 nm.

Polypeptide hBD3-CBD’s effects on the pyocyanin
pigment production

PA14 and PA14 ΔexsA were grown under type III inducing
conditions (LB containing 5 mM EGTA) [15]. A low concen-
tration of hBD3-CBD (8 μg/mL) was added to PA14 and
PA14 ΔexsA to evaluate its effect on pyocyanin production.
After 18 h incubation at 37 °C in LB broth, pyocyanin was
extracted from the cell-free filtrate using chloroform and hy-
drochloric acid (HCl) according to the procedure previously
described [16]. Pyocyanin was quantified based on measuring
the absorbance of pyocyanin in the acidic form at 520 nm.

Crystal violet assay for biofilm formation test

P. aeruginosa PA 14 and PA14ΔexsAwere grown overnight
in LB medium at 37 °C. The cultures were subsequently di-
luted with tryptone broth (TB) to an OD600 of approximately
0.02, and 10 μL of the diluted culture was added to 96-well
flat-bottom tissue culture plates containing 200 μL of LB
diluted 1:50. Each strain was added to six wells (blank control
wells contained medium only), with and without 5 μg/mL
hBD3-CBD, the plates were incubated as static cultures at
37 °C for 3 days. The unattached bacteria were removed by
gently washing the plates with phosphate-buffered saline
(PBS), while the remaining bacteria were stained for 20 min
with 0.1% crystal violet. The wells were rinsed with PBS to
remove nonspecific staining. Adherent dye was dissolved in a
solution consisting of 95% ethanol, and the absorbance was
detected at 570 nm.

Peptide hBD3-CBD’s effects on the virulence factor
expressions in PA14 and PA14 ΔexsA

PA14 and PA14 ΔexsA strains were grown overnight in LB
broth. Bacterial cells were collected, and messenger RNAwas
extracted by the use of the RNAprep pure Cell/Bacteria Kit
(Tiagen, Beijing China). T3SS-related virulence factor expres-
sions (exoU, exoS, hcnA, and lasB) were measured by
FastQuant RT SuperMix and SuperReal PreMix Color Kit
(Tiagen, Beijing China). The primers are shown in Table 1.
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Statistical analysis

Bacterial killing, hemolysis response, segment production,
biofilm formation, and gene expression in variable groups
were compared with the control or PA14 group and were
analyzed by Student–Newman–Keuls t test. Data were pre-
sented as means ± SD. Differences at P < 0.05 were consid-
ered significant. The statistical software GraphPad Prism 7.1
was employed in this study.

Results

Peptide hBD3-CBD killing curves

In the direct bactericidal test, the bactericidal effects of hBD3-
CBD on PA14 and PA14 ΔexsA in different concentrations
were identified. There was no significant difference in the
bactericidal activity in vitro on these two isolates. The deletion
of a critical gene exsA in T3SS did nothing on the resistant to
antimicrobial peptide hBD3-CBD in PA14 (Fig. 1).

Hemolysis assays of hBD3-CBD, PA14, and PA14
ΔexsA

We measured the effects on hemolysis activities of hBD3-
CBD with PA14 and PA14 ΔexsA. Compared with the PBS
group, there was no difference in optical density in the hBD3-
CBD group (Fig. 2). Peptide hBD3-CBD significantly re-
duced the hemolysis activities of PA14 and PA14 ΔexsA.
However, we did not find any difference in hemolysis activi-
ties between the PA14 group and PA14 ΔexsA group.

Peptide hBD3-CBD’s effects on pyocyanin pigment
production and biofilm formation

Pyocyanin production is one of the natural features and viru-
lence factors of PA14. Here we used a colorimetry method to
illustrate the segment production of PA14 and PA14 ΔexsA.

Compared with PA14, there were lower pyocyanin secretions
in PA14ΔexsA. Peptide hBD3-CBD also decreased the pyo-
cyanin productions in PA14 (Fig. 3a). However, there was no
difference between the pyocyanin productions in PA14
ΔexsA and hBD3-CBD-treated PA14 ΔexsA group.

We used crystal violet staining to detect the biofilm forma-
tions of PA14, PA14 ΔexsA, and the effects on biofilm for-
mation of hBD3-CBD (Fig. 3b). Peptide hBD3-CBD can de-
crease the biofilm formation in PA14 and PA14ΔexsA group.
Deleted ΔexsA can cut down the biofilm formation in PA14.

Peptide hBD3-CBD’s effects on the virulence factor
expressions of PA14 and PA14 ΔexsA

We detected virulence-associated gene expressions in this
study (Fig. 4). They were exoU, exoS, hcnA, and lasB.
Compared with the PA14 group, exoU, exoS, and lasB were
downregulated in peptide hBD3-CBD–treated PA14 group;
exoU and lasB were decreased and promoted in PA14
ΔexsA group, respectively. When PA14 ΔexsA was treated
with peptide hBD3-CBD, we found the expressions in all four
genes were less than the PA14 ΔexsA group.

Discussion

Antimicrobial peptides are multipurpose effector molecules of
the innate immune system. AMPs are involved in many phys-
iological processes and are most closely related to infection
and immunity. AMPs have a broad antimicrobial spectrum
and lyse microbial cells with very high efficiency. The expres-
sion and function of AMPs can be independent of NF-
kappaB-mediated inflammatory responses [20]. The

Fig. 1 Bactericidal activity in vitro of the peptide against P. aeruginosa
PA14 and PA14ΔexsA. Killing curves at different peptide concentrations
(0, 4, 8, 16, 32, and 64 μg/mL) were performed using PA14 and PA14
ΔexsA. Data are presented as the mean ± standard deviation of three
independent experiments. Statistical analysis comparing groups was
performed by Student–Newman–Keuls t test. Significance was accepted
when the P value was < 0.05. There was no difference between the
bactericidal activities on these two bacteria

Table 1 Primers used in this study

Gene Primers’ sequence Source

exoU GCTAAGGCTTGGCGGAATA
AGATCACACCCAGCGGTAAC-3

[17]

exoS GGAGCTGGATGCGGGACA
GGCCGCCTCTTCGAGAAC

[17]

hcnA CAACGTGCTCAATGCCGTG
CTGGTCGAAGCGGTTGCTTT

This study

lasB CGCAAGACCGAGAATGACA
AGACCAGTTGGGCGATGTT

[18]

16sRNA CGGTCCAGACTCCTACGGGAGGCAGC
A

GCGTGGACTACCAGGGTATCTAATCC

[19]
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mechanism of the bactericidal capabilities of AMPs mainly
includes the destructive effects on bacterial cell walls and
membranes. Besides their direct antimicrobial function on
susceptible bacteria, AMPs have multiple roles as mediators
in the inflammations and other diseases [21]. The expression
and regulation of AMPs and their applications have attracted
much attention [22].

P. aeruginosa is an opportunistic pathogen that causes
chronic infections in individuals suffering from cystic fibrosis
[23]. The epidemiology, virulence and antibiotic susceptibili-
ty, and biofilm formation activity of P. aeruginosa attracted
the most attention these days. ExsA is a critical regulatory
factor in T3SS, the essential secretory system of Gram-
negative bacteria, in PA14 [24].

PA14ΔexsA and its homologous strain PA14 were includ-
ed in this study. There is no difference in the hBD3-CBD
killing curves between PA14 and PA14 ΔexsA. It seems this
gene was not directly engaged in the bactericidal effects of
hBD3-CBD. In the hemolysis test, no difference was detected
between PA14 and PA14 ΔexsA. However, peptide-treated
groups showed significantly lower hemolysis activity than
PBS-treated groups in PA14 and PA14ΔexsA, while peptide
hBD3-CBD itself did not cause hemolysis. Hemolysis testing
is the basis of the practical application of antibacterial agents
and other medical preparations. For hBD3-CBD and other
AMPs, many of them showed perfect performance in hemo-
lysis testing [25]. As we have demonstrated in previous stud-
ies, combined peptides can do much better in bactericidal
performance and stability [7, 13, 26].

Pyocyanin production is a standard test in the exploration
and analysis of T3SS. Many studies illustrated the effects on
bacterial virulence and the antibacterial efficacy of biological
agents with pyocyanin and other T3SS members’ production
[27]. In this study, PA14 ΔexsA showed lower pyocyanin
production than wild PA14. When these bacteria were treated
with hBD3-CBD, pyocyanin was significantly decreased in

Fig. 3 Peptide hBD3-CBD’s effects on the pyocyanin productions (a)
and biofilm formation (b) of P. aeruginosa PA14 and PA14 ΔexsA.
Pyocyanin productions and biofilm formation in type III inducing
conditions were detected by the absorbances at 520 nm and 570 nm,
respectively. Peptide hBD3-CBD decreased the pyocyanin productions
and the biofilm formation in PA14 and PA14ΔexsA. Data are presented
as the mean ± standard deviation of three independent experiments.
Statistical analysis comparing groups was performed by Student–
Newman–Keuls t test. Significance was accepted when the P value was
< 0.05. * means a significant difference to PA14; # means a significant
difference to PA14 ΔexsA

Fig. 2 Peptide hBD3-CBD’s effects on the hemolysis effects of
P. aeruginosa PA14 and PA14 ΔexsA. Sheep erythrocytes were used in
the hemolysis analysis, and the hemoglobin release was assessed by the
absorbances at 540 nm. Peptide hBD3-CBD significantly reduced the
hemolysis activities of PA14 and PA14 ΔexsA. Data are presented as

the mean ± standard deviation of three independent experiments.
Statistical analysis comparing groups was performed by Student–
Newman–Keuls t test. Significance was accepted when the P value was
< 0.05. * means a significant difference to PA14; # means a significant
difference to PA14 ΔexsA
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PA14 rather than in PA14 ΔexsA. Our results illustrated that
peptide hBD3-CBD and exsA deletion can interfere with
pyocyanin’s formation and secretion, but we did not find

any synergism between them. Pyocyanin is a major virulence
factor of P. aeruginosa, and the inhibition of pyocyanin from
hBD3-CBD prompted the potential protective effects of bac-
terial infection in many AMPs.

Biofilm is an important pathogenic factor for many Gram-
negative and Gram-positive bacteria, including klebsiella and
pseudomonas. Biofilm also gives bacteria members the ability
of antibiotic resistance. The destructive effect on biofilm is
one of the important goals in the research and development
of new antimicrobial agents. Here we found hBD3-CBD
could lyse pseudomonas biofilm in both PA14 and PA14
ΔexsA. A combination of multiple antimicrobial agents is
an essential option for future drug resistance and biofilm-
forming bacterial infections.

We selected four virulence genes, exoU, exoS, hcnA, and
lasB, to evaluate hBD3-CBD effects on T3SS in PA14 and
PA14 ΔexsA. ExoU and exoS are important toxins regulated
by T3SS. ExoU is a phospholipase and correlated with acute
cytotoxicity in epithelial cells and macrophages, and contrib-
utes to injury in models systems; exoS is one of the two bi-
functional type III cytotoxins of P. aeruginosa [28]. HcnA
belongs to the transcriptional control of the hydrogen cyanide
biosynthetic genes hcnABC, and lasB is a critical gene in the
quorum-sensing system in P. aeruginosa [29, 30]. Firstly,
exoU, exoS, and lasB were decreased in peptide hBD3-
CBD–treated PA14 group than PA14 group. It suggests that
this peptide is not only killing PA14 directly but also
interrupting its virulence. Secondly, compared with the PA14
group, exoU and lasB were down- and upregulated in PA14
ΔexsA group, respectively. Our results showed that lasB ex-
pressions were improved in PA14 ΔexsA groups than PA14
group, whether hBD3-CBD exist or not. It indicated that the
destruction of pseudomonas biofilm by antimicrobial peptides
is not dependent on the effect of lasB. The role of lasB in the
biofilm formation process is still controversial [31–33].
Thirdly, only the hBD3-CBD-treated PA14 ΔexsA group
showed a lower hcnA expression. HcnA is an electron carrier
and iron-sulfur cluster binding site in PA14, for which we did
not find a homologous change in hBD3-CBD-treated PA14.
Future studies will aim to clarify the role of hcnA in exsA
deletion and hBD3-CBD treatment.

Fig. 4 Gene expressions of peptide-treated P. aeruginosa PA 14 and
PA14 ΔexsA. T3SS-related gene exoU (a), exoS (b), hcnA (c), and lasB
(d) were detected by quantitative real-time PCR. Gene expression levels
were showed as the ratio to the expression in PA14. Peptide hBD3-CBD
treatment can decrease the expressions of exoU, exoS, and lasB in the
PA14 group and all four genes in the PA14ΔexsA group. Gene lasB was
high-regulated in the PA14 ΔexsA group than the PA14 group. Data are
presented as the mean ± standard deviation of three independent experi-
ments. Statistical analysis comparing groups was performed by Student–
Newman–Keuls t test. Significance was acceptedwhen the P value was <
0.05. * means a significant difference to PA14; # means a significant
difference to PA14 ΔexsA

R
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Quorum sensing systems and T3SS are extraordinary viru-
lence and pathogenic mechanisms in bacterial pathogens. As
the primary regulator in T3SS, exsA’s function was explained in
many studies [34, 35]. The role of exsA in AMP application is
worthy of more attention. Moreover, there are difficulties and
challenges in the clinical usage of AMPs, such as high
manufacturing costs, limited stability, loss of activity in physio-
logical conditions, unwanted local or systemic reactions, and
interference with normal flora that may change when using on
peptides as antibacterial agents [36].

Several groups proposed and applied AMPs and other novel
agents to treat and control the infection of P. aeruginosa and
other similar pathogens [25, 37, 38]. More attention should be
paid on the relationship between the bactericidal effects, quorum
sensing system, and T3SS and their functions in bacterial
infection.
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