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Editorial on the Research Topic
Insights in antimicrobials, resistance, and chemotherapy: 2021

Antimicrobial resistance (AMR) is a problem, which has emerged during the past
several decades, and which is now familiar to many (Aminov, 2010). AMR infections
require more expensive treatments and result in extended hospital stays and, most
importantly, these infections claim human lives. Thus, there are continuous research and
development efforts to counteract the current AMR crisis. The aim of this Research Topic
was to gather some recent insights in this important area of research.

The vast majority of AMs in the current use target bacterial cell wall biosynthesis,
bacterial membranes and replication, transcription, and translation machineries.
Metabolomic approach opened new prospects in identification of novel bacterial
targets for antimicrobials (AMs; Aminov, 2022). In this Research Topic, Khan et al.
analyzed metabolic pathways of Streptococcus pneumoniae strains via the computational
subtractive genomics approach to identify potential drug targets. In total, 47 potential
drug targets were identified, with two of them, 4-oxalocrotonate tautomerase and sensor
histidine kinase, being of particular interest, because they are unique to S. pneumoniae,
and thus drugs targeting these proteins could be very specific.

Antimicrobial peptides (AMPs) are produced by many organisms from all three
domains of life (Hao et al., 2022). In eukaryotes such as animals, AMPs comprise a part
of their immune system in the form of innate immunity, while in bacteria and archaea
as well as in lower eukaryotes they presumably protect their own ecological niches from
invasion by other organisms. AMPs have attracted a considerable attention due to their
AM potential. In particular, as noted by Martinenghi and Leisner, bacteriocins from lactic
acid bacteria have been extensively studied during the past 35 years. While there has
been, undoubtedly, a great progress in understanding the basic science of bacteriocins,
applications of these findings, with the exception of food preservation, have been limited.
The drawbacks of bacteriocins are in narrow target spectrum, target resistance, protease
sensitivity, poor yields, and also in economic and regulatory hurdles. Potentials of AMPs
in clinical or veterinary medicine have not been evaluated in large-scale clinical trials.
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With the diminishing arsenal and efficiency of the current
antimicrobials, however, AMPs have a potential to assist to
at least some of the deficiencies of antimicrobial therapy. For
example, AMs are less efficient against the biofilms that are
formed by the majority of microbial infections. Bose et al.
developed machine learning models for identification of AMPs
with antibiofilm actives from a variety of sources. This in silico
approach may help to identify new antibiofilm AMP leads and
predict their antibiofilm efficacy.

It is a well-known fact that the vast majority of globally
produced antimicrobials are used in agriculture (Van Boeckel
etal, 2019). There is also a link, well-established within the One
Health framework, between the antimicrobial use in agriculture
and the rise of human AMR pathogens (Woolhouse et al,
2015). Thus, replacement of AMs in agriculture may have a
considerable impact on reducing the rate of emergence and
dissemination of AMR. Rodrigues et al. extensively reviewed
potentials of AMs replacement by AMPs in agriculture.
Presently, however, the use of AMPs in agriculture is limited
due to low in vivo efficacy, inadequate stability, and production
costs. These deficiencies can be addressed via engineering of
AMPs, association of AMPs with nanoparticles, and production
optimization to reduce the cost.

Phage therapy has recently received a renewed attention
as one of the possible antimicrobial alternatives (Abedon
et al.,, 2017). Especially promising are the lytic components of
bacteriophages that are potentially easier for accommodation
under the current pharmacological regulations compared to
native phage particles. One of these phage components
are depolymerizes that degrade capsular polysaccharides,
lipopolysaccharides and exopolysaccharides of the host bacteria
thus making them more susceptible to antimicrobials and the
immune system. Chen et al. investigated Dpo71 depolymerize
from a lytic bacteriophage vB_AbaM-IME-AB2 that infects
Acinetobacter baumannii. Dpo71 sensitized the multidrug-
resistant (MDR) A. baumannii strains to the host immunity and
increased their susceptibility to antimicrobials such as colistin.
The downside of Dpo71, however, was in its narrow range, with
the lack of activity against the phage-resistant A. baumannii
strains. This limitation can be addressed using of cocktails of
phage depolymerases or by engineering Dpo71 to broaden its
host range and enhance its activity.

Similarly to any other drug, preclinical investigation of
antimicrobial candidates in animal models is one of the
prerequisites during the antimicrobial drug development.
Animal models most frequently used during this stage are
rodents, in particular mice. Two articles in this Research
Topic discussed the role of murine models of lung infection
in evaluation of AM efficiency. Review by Arrazuria et al.
revealed pronounced variations in the experimental design of
the murine pneumonia models. Importantly, differences in the
immune status of animals, their age, infection routes, and sample
processing had strong impact on the effect of AMs. Thus,
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preclinical models of disease need to be standardized to generate
consistent and comparable results during the evaluation of AM
candidates. Arrazuria et al. also came up with recommendations
for a standardized design of preclinical murine pneumonia
models that could help to harmonize the results obtained during
the evaluation of novel AMs in different laboratories.

Antiseptics such as chlorhexidine digluconate (CHX)
and cetylpyridinium chloride (CPC) are widely used in
oral care products. Mao et al. revealed rather unexpected
effects of these antiseptics, with CHX selecting for caries-
associated saccharolytic taxa and CPC—for gingivitis-associated
proteolytic taxa in oral biofilms. Antiseptic-resistant isolates
were also resistant to various antibiotics. Thus, antiseptics in
dental care products may have undesirable effects on oral
microbiota, which warrant further investigations.

Selective Decontamination of the Digestive tract (SDD) is
aimed at prevention of nosocomial infections by eliminating
potentially pathogenic microbiota from the gastrointestinal
tract (GIT). Buitinck et al. evaluated the SDD protocol with
tobramycin, polymyxin B, and amphotericin B in patients
colonized by at least one facultative aerobic Gram-negative
bacterium on admission. SDD successfully eradicated the vast
majority of susceptible and resistant bacteria from the upper and
lower GIT. Eradication of AMR bacteria from the lower GIT,
however, required a longer time period compared to patients
colonized by susceptible bacteria.

Combination AM therapy is used to treat MDR infections.
The fungal infections caused by Candida species become
increasingly resistant toward the first-line anti-fungal drugs such
as azoles that obstruct ergosterol biosynthesis by inhibiting
the enzyme 14-alpha-demethylase. Liu et al. explored another
target in Candida, heat shock proteins 90 (Hsp90). For
this, they used a synthetic variant of geldanamycin, 17-
Allylamino-17-demethoxygeldamycin (17-AAG), which belong
to the benzoquinone ansamycins family of drugs, inhibiting
ATPase activity of Hsp90. Although 17-AAG alone exerted a
limited antifungal activity, its combination with azoles displayed
synergistic effects.

Although the majority of AMR mechanisms are acquired
horizontally, there is still a sizeable proportion of AMR
due to chromosomal mutations. Li et al. investigated the
daptomycin resistance mechanism in a clinical isolate of
Enterococcus faecium. They established that the resistance
is conferred by mutations in the chromosomal cis gene,
which encodes cardiolipin synthase. These mutations led to
the redistribution of lipids and to the decrease of surface
negative charges in the cell membrane. In another study
with daptomycin, Sulaiman et al. generated tolerance and
resistance toward it in methicillin-resistant Staphylococcus
aureus in vitro. Proteomic analyses of mutants suggested that
daptomycin resistance was due to peptidoglycan changes, with
a more positive surface charge to repel the antibiotic. But
the tolerant phenotype displayed different cell wall changes,
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not involving peptidoglycan or surface charge alterations.
Quinolone resistance emergence in Escherichia coli in vitro
was evaluated by Perault et al. Repeated selection by a high
ciprofloxacin concentration led to the emergence of gyrB
mutants with a hyperpersistent phenotype but not a significant
MIC increase. Interestingly, mutations were located outside of
the canonical GyrB QRDR. Attention should be paid to the
tolerant/persister variants since they are frequently the cause of
therapeutic failure.
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vs. susceptible facultative aerobic gram-negative bacteria (AGNB)
treated with SDD.

in patients

Methods: This observational and retrospective study included patients admitted to the
ICU between January 2001 and August 2017. Patients were included when treated
with SDD (tobramycin, polymyxin B, and amphotericin B) and colonized in the upper
or lower gastro-intestinal (Gl) tract with at least one AGNB present on admission.
Decontamination was determined after the first negative set of cultures (rectal and
throat). An additional analysis was performed of two consecutive negative cultures.

Results: Of the 281 susceptible AGNB in the throat and 1,087 in the rectum on
admission, 97.9 and 93.7%, respectively, of these microorganisms were successfully
eradicated. In the upper Gl-tract no differences in eradication rates were found
between susceptible and resistant microorganisms. However, the median duration
until eradication was significantly longer for aminoglycosides resistant vs. susceptible
microorganisms (5 vs. 4 days, p < 0.01). In the lower Gl-tract, differences in eradication
rates between susceptible and resistant microorganisms were found for cephalosporins
(90.0 vs. 95.6%), aminoglycosides (84.4 vs. 95.5%) and ciprofloxacin (90.0 vs. 95.2%).
Differences in median duration until eradication between susceptible and resistant
microorganisms were found for aminoglycosides and ciprofloxacin (both 5 days vs.
6 days, p = 0.001). Decontamination defined as two negative cultures was achieved
in a lower rate (77-98% for the upper Gl tract and 64-77% for the lower Gl tract) and a
median of 1 day later.
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Buitinck et al.

Eradication of Microorganisms by SDD

Conclusion: The vast majority of both susceptible and resistant microorganisms
are effectively eradicated from the upper and lower Gl tract. In the lower Gl tract
decontamination rates of susceptible microorganisms are significantly higher and
achieved in a shorter time period compared to resistant strains.

Keywords: selective digestive tract decontamination, SDD, resistance, decontamination, critically ill, ICU

INTRODUCTION

Selective Digestive Decontamination (SDD) aims to prevent
secondary infection by eradication of potentially pathogenic
micro-organisms (PPM’s) from the respiratory and digestive tract
(van Saene et al., 2003). This intervention has been studied in
more than 70 RCTs and has been proven to be effective in
infection prevention and mortality reduction (Silvestri et al,
2007; Silvestri and van Saene, 2012; Plantinga et al., 2018).
Despite these results, SDD is still debated. The main concern is
the emergence or selection of resistant micro-organisms when
applying SDD (Cuthbertson et al., 2013).

In a systematic review of 35 studies on SDD and selective
oral decontamination (SOD) the emergence of resistant strains
was studied (Daneman et al., 2013). No association between
the use of SDD and colonization or infection with resistant
micro-organisms in ICU-patients was found. Some studies
reported even a decline in the prevalence and incidence
of antimicrobial resistant micro-organisms in respiratory and
digestive tract cultures when applying SDD (Ochoa-Ardila et al,,
2011; Smet et al., 2011; Houben et al., 2014; Wittekamp et al,,
2015; Sanchez-Ramirez et al., 2018). The longest follow-up of
21 years continuous use of SDD confirmed that the fear for
increased development of resistance could not be confirmed
(Buitinck et al., 2019).

Moreover, in some studies application of SDD was initiated to
eradicate resistant microorganisms from the gut. Oostdijk et al.
(2012) studied the eradication rates of cephalosporin-resistant
and cephalosporin-susceptible enterobacteriaceae and found
that 73% of patients colonized with cephalosporin-resistant
enterobacteriaceae were successful eradicated before ICU-
discharge. In patients colonized with cephalosporin- susceptible
enterobacteriaceae successful decolonization was reached in
80% (p = 0.17) (Oostdijk et al., 2012). For aminoglycoside-
resistance, this percentage was 62% in resistant bacteria and
81% in susceptible bacteria, respectively (P < 0.01). Already
in 1987, Stoutenbeek et al. (1987) reported that in almost
all patients colonized with cefotaxime-resistant Gram-negative
bacilli successful decolonization was accomplished within 1 week.

Despite these reports, the evidence on the eradication of
resistant bacteria with the administration of SDD is scarce and
its efficacy is not yet clear. The objective of this observational
retrospective cohort is therefore to compare the rate and
timing of successful decolonization for susceptible and resistant
potentially pathogenic aerobic gram-negative bacteria (AGNB)

Abbreviations: ACWO, Advies Commissie Wetenschappelijk Onderzoek; AGNB,
Aerobic Gram Negative Bacteria; GI, gastro-intestinal; ICU, Intensive Care Unit;
Lv., intravenous; PPM, Potential Pathogenic Microorganism; RCT, Randomized
Controlled Trial; SDD, Selective Digestive Tract Decontamination.

from both upper and lower digestive tract in ICU-patients
treated with SDD.

MATERIALS AND METHODS
Study Design

This is a retrospective cohort analysis of microbiology data from
all consecutive ICU patients admitted between January 2001 and
August 2017. This study is conducted in a Dutch 20-bed adult
mixed medical, surgical and cardiac surgery tertiary intensive
care unit in an inner-city teaching hospital in Amsterdam. In
this ICU, SDD is implemented in 1986 and has been used
consistently, unchanged and without interruption. The local
medical ethical review board (ACWO OLVG) approved the
study and waived informed consent due to its retrospective
and observational design in accordance to Dutch and European
legislation (study no. WO 18.017).

Patients

Patients were eligible for analysis when they had a primary carrier
state with one or more potentially pathogenic Enterobacteriaceae
(Citrobacter sp., Enterobacter sp., E coli, Klebsiella sp., Morganella
sp., Proteus sp., Serratia sp.) or gram-negative non-fermenters
(Acinetobacter sp., Pseudomonas sp.) in the upper or lower
gastro-intestinal tract in the first surveillance cultures in the ICU
irrespective of the number of colony-forming units. In addition,
at least two follow up surveillance cultures taken during ICU-
admission (cultures drawn on two different days) should be
available and patients must have been treated with SDD during
ICU-admission. Data on baseline characteristics of all included
patients were prospectively recorded in the ICU database and
extracted for this analysis. This data includes sex, age, APACHE
IV predicted mortality, length of stay, patient category, date
of admission, ICU-mortality, and antimicrobial treatment, both
intravenously and topically applied. The general policy in this
ICU is to promote defecation with laxatives from the second day
of ICU admission onward to achieve defecation within 4 days.

Cultures

Data on surveillance cultures taken during ICU-admission
were extracted from the hospital database. Cultures of the
throat were performed to determine carrier state in the upper
gastro-intestinal tract. For the lower tract rectal cultures were
performed. Routinely, cultures from throat and rectum were
taken twice a week and tracheal aspirate 3 times a week for
surveillance in patients treated with SDD. All culture samples
taken in the context of SDD surveillance were plated on an
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unselective blood agar and four specific agars selecting for gram-
positive bacteria, gram-negative bacteria, yeast and vancomycin
resistant enterococci. AGNB’s were tested for antimicrobial
susceptibility using agar disk-diffusion. These microorganisms
were only included for further analysis if susceptibility testing
to aminoglycosides (tobramycin or gentamicin), third generation
cephalosporins, polymyxin and ciprofloxacin was performed.
Strains were defined as resistant when they were tested
intermediate or resistant, for at least one of the before mentioned
groups. The cut off values for resistance were set following the
guidelines of the “clinical and laboratory standards institute”
(CLSI) until July 2011 and “the European committee on
antimicrobial susceptibility testing” (EUCAST) from July 2011
until 2017 (Wayne, 2010; European Committee on Antimicrobial
Susceptibility Testing (Eu-Cast), 2021). Susceptibility tests of
cephalosporins were reported as measured, irrespective of
potential presence of beta-lactamases such as AmpC beta-
lactamase.

Antimicrobial Treatment 2001-2017

Patients were treated with SDD when the expected ICU stay
was more than 24 h, irrespective of the need for mechanical
ventilation. This decision whether or not to start SDD was
left to the discretion of the attending physician. According to
the original SDD formulation, the SDD regimen consists of
four times daily Orabase®, a sticky oral paste enriched with
2% polymyxin B, amphotericin B and tobramycin. In addition,
10 ml of a suspension containing 500 mg amphotericin B,
100 mg polymyxin B and 80 mg tobramycin is administered
four times daily in the gastric tube or swallowed in patients

without gastric tube. An i.v. course of cefotaxime is administered
to all patients for 4 days but is prolonged in case of active
infection with susceptible microorganisms or replaced by another
antimicrobial agent in case of infection with a cefotaxime
resistant microorganism. The choice for polymyxin B instead of
polymyxin E might imply a more effective therapy when given in
the same dose (Evans et al., 1999).

To the discretion of the attending physician, empirical
antimicrobial treatment on admission is extended with
ciprofloxacin iv. or tobramycin iv. In case of peritonitis
metronidazole is added as well. Other iv. antimicrobials can
be given when previous culture results necessitate another
choice. Penicillins are carefully avoided whenever possible
due to their negative effects on the indigenous aerobic
and anaerobic intestinal flora which could lead to a loss of
the protective effect to invading pathogens (colonization
resistance) (Vollaard, 1991). When the surveillance cultures
showed Enterobacteriaceae with a combined polymyxin and
tobramycin resistance, co-trimoxazole 2% was added in the oral
paste and twice daily 960 mg in the enteral suspension until
decontamination was obtained.

Data-Analysis and Statistics

The microorganisms cultured on admission were categorized in
resistant and susceptible microorganisms per agent. Analysis was
performed for all unique strains of AGNB found in the upper or
lower GI tract. We analyzed the anti-microbial agents separately:
third generation cephalosporins, aminoglycosides, polymyxin
B/E and ciprofloxacin (Figure 1). Depending on whether
susceptibility testing for the different agents was performed,

Inclusion of patients with primary colonization

Analysis of individual microorganisms present on admission

4 R ' )
Patients with >=1 SDD cultures Unique AGNB strains
taken during ICU admission N=1406
between jan 2006 and july 2017.

N=9783 Upper Gl-tract N=288
\_ ) Lower Gl-tract N=1118
4 \

Patients with primary colonization - .
with >=1 AGNB PPM Susceptibilty testing per

N=4152 colonized microorganism
(. J
4 N

i Susceptibility testing performed for
Treat;f;;;t: SbD Aminoglycosides, Cephalosporins,
. PolymyxinB/PolymyxinE or Ciprofloxacin.
- ~/ N= 1368
4 N\
>=3 surveillance cultures taken third generation Aminoglycosides Polymyxin B/ Ciprofloxacin
during ICU-admission cephalosporins N-gf;zz polymyxin E N=1308

N=893 N=1317 N=1215

A 4
uge ngn "Ry ugn nRH ngn uRH ugn
N=412 N=905 N=189 N=1133 N=315 N=900 N=250 N=1058

FIGURE 1 | Flowchart of patients and study procedures.
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TABLE 1 | Mean and median duration until decontamination in days.

Cephalosporins

Aminoglycosides

Colistin/Polymyxin B Ciprofloxacin

Resistant Susceptible Resistant Susceptible Resistant Susceptible Resistant Susceptible
Upper Gl-tract
Mean duration until eradication 5.1 4.2 5.9 4.5 4.9 4.5 5.3 4.5
Median duration until eradication 4.0 4.0 5.0 4.0 4.0 4.0 4.0 4.0
Standard error 0.19 0.15 0.45 0.12 0.20 0.16 0.40 0.12
P=0.14 p=0.03 p =0.21 p=0.63
Lower Gl-tract
Mean duration until eradication 6.6 5.9 7.7 5.7 5.6 6.1 5.7 7.4
Median duration until eradication 5.0 5.0 6.0 5.0 5.0 5.0 6.0 5.0
Standard error 0.21 0.11 0.42 0.10 0.19 0.12 0.27 0.10
p =0.001 p =0.001 P =0.015 P =0.001
microorganisms were included for each particular analysis. This ~ TABLE 2| Baseline characteristics.
implicates that most cultured microorganisms were included in ,
X Number of patients 867
more than one analysis. included
The primary outcome was successful decontamination.
Decontamination rates are reported as the percentage of AGNBs ~ Number of 893
present on admission that are successfully decontaminated from adm'.ss'ons
either the upper- or lower gastrointestinal tract. We have (Asg;’) 1 years, mean 69 (19)
performed two analyses: (1) Qecontamlnatlon is achle.ved. A es N 573 (64.29)/320 (35.8%)
soon as one follow-up culture is negative. (2) decontamination  (o)/Females v (%)
is achieved when two consecutive follow-up cultures are | ongin of ICU stay 12 (6.5-17.5)
negative. Patients with one negative culture followed by indays, median
ICU discharge were in this analysis considered as not- (QR)
decontaminated. Differences in decontamination rates between APACHE IV 0.42 (0.18-0.67)
susceptible and resistant micro-organisms are tested using Chi- ~ Predicted mortality
square test. Readmission, N (%) 66 (11.8%)
The secondary outcomes of this study are the time to achijeve ~ Patient category Cardiothoracic 198 (22.2%)
successful decontamination and the rate of decontamination in surgery, N (%),
. . . . Internal medicine, N 170 (19.0%)
case of co-resistance. Time to successful decontamination was (%)
given in days. Time to decontamination between susceptible Surgery, N (%) 233 (26.1%)
and resistant strains was tested with the Mann-Whitney Cardiology, N (%) 125 (14.0%)
U-test (Table 1). The distributions of time to successful Pulmonology, N (%) 119 (13.3%)
decontamination was estimated using the Kaplan Meier analysis Neurology, N (%) o8 (3.1%)
and tested with the log-rank test. other, N (%) 20 2.2%)
Mechanically 706 (81.4%)
ventilated (N, %)
RESU LTS ICU mortality, N (%) 175 (19.6%)
Number of days 12 (6.5-17.5)
Patients and Cultures o iom
A total of 867 patients with a primary carrier state with one  spp started on day 874 (97.8%)

or more aerobic Gram-negative microorganisms and treated
with SDD were included. This accounts for 893 admissions (re-
admissions included). In Table 2 baseline characteristics of the
included admissions are summarized and shows that it is a mixed
medical and surgical group of ICU patients with high APACHE
scores. SDD was started on admission day 1 or 2 in 97.8%
of patients. Patients included in the study were colonized with
288 unique AGNB’s in the upper gastro-intestinal tract (throat
culture) of which 281 had antimicrobial sensitivity tested. In
the lower gastro-intestinal tract (rectal culture) 1,118 unique
AGNB’s were found of which 1,087 had susceptibility tested.

1 orday 2, N (%)

The microorganisms cultured on admission in the upper gastro-
intestinal tract were: Acinetobacter sp. (N = 21), Citrobacter sp.
(N = 10), Enterobacter sp. (N = 23), E. coli (N = 39), Klebsiella
sp. (N = 22), Morganella sp. (N = 9), Proteus sp. (N = 31),
Pseudomonas sp. (N = 84) and Serratia sp. (N = 49). Unique
strains of aerobic Gram-negative microorganisms in the lower
GI-tract were: Acinetobacter sp. (N = 10), Citrobacter sp. (N = 36),
Enterobacter sp. (N =50), E. coli (N = 446), Klebsiella sp. (N = 70),
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TABLE 3 | Rates of successful decontamination according to location and
antimicrobial agent, for resistant and sensitive strains.

TABLE 4 | Decontamination rates for antimicrobial agents with co-resistance in
the upper and lower gastrointestinal (Gl tract.

Antimicrobial Total number of Successful % Successful
agent tested colonization on de- de-
admission with colonization, contamination
susceptibility N
testing.

Upper Gl-tract

Cephalosporins R 121 116 95.9% p=0.07
S 150 149 99.3%

Aminoglycosides R 35 33 94.3% p=017
S 242 238 98.3%

Colistin R 93 90 96.8% p=0.07
S 163 160 98.2%

Ciprofloxacin R 40 38 95.0% p =021
S 233 229 98.3%

Lower Gl-tract

Cephalosporins R 291 262 90.0% p < 0.01
S 755 722 95.6%

Aminoglycosides R 154 130 84.4% p < 0.01
S 891 851 95.5%

Colistin R 222 211 95.0% p=0.35
S 737 693 94.0%

Ciprofloxacin R 210 189 90.0% p < 0.01
S 825 785 95.2%

Morganella sp. (n = 44), Proteus sp. (N = 161), Pseudomonas sp.
(N = 283), and Serratia sp. (N = 18). Susceptibility testing was
performed for third generation cephalosporins in 1,317 cases and
for aminoglycosides in 1,322; for colistin in 1,215 cases and for
ciprofloxacin in 1,308 cases respectively.

Decontamination Defined as One
Follow-Up Culture Negative for Aerobic

Gram-Negative Bacteria

Successful ~ decontamination of aerobic ~Gram-negative
microorganisms cultured on admission in the upper GI-
tract was achieved for 275 out of 281 unique (susceptibility
tested) strains (97.9%) before discharge. In the lower GI-tract the
number of successfully decontaminated strains was 1,019 out of
1,087 unique strains (93.7%). Table 3 shows the success rates for
decontamination in resistant and susceptible microorganisms
for primary carrier state of the upper GI-tract and lower GI-tract
separately. Decontamination appears to be achieved in over 90%
for all cases except for aminoglycosides resistant strains in the
lower GI tract (84%). The upper GI tract did not show significant
differences in decontamination rates between susceptible strains
and strains resistant for a specific antibiotic. Decontamination
of the lower GI tract was significantly less successful in strains
resistant to cephalosporins, aminoglycosides and ciprofloxacin
compared to susceptible strains.

Table 4 show the decontamination rates for micro-organisms
with co-resistance for two or more antimicrobial agents for the
upper and lower GI tract, respectively. These rates are 95% or
higher in both resistant and sensitive strains in the upper GI

N Successful % p- value
decolonization N

Upper Gl-tract
Co-resistance for at Yes 75 71 94.7% 0.04
least two agents

No 206 204 99.0%
Co-resistance for Yes 24 22 91.7% 0.08
tobramycin and
cefalosporins

No 257 253 98.4%
Co-resistance for Yes 43 41 95.3% 0.23
tobramycin and colistin

No 238 234 98.3%
Co-resistance for Yes 7 7 100.0% 1.00
tobramycin, colistin and
cefalosporins.

No 274 268 97.8%
Lower Gl tract
Co-resistance for at Yes 219 189 86.3%  <0.01
least two agents

No 868 830 95.6%
Co-resistance for Yes 93 75 80.6%  <0.01
tobramycin and
cefalosporins

No 994 944 95.0%
Co-resistance for Yes 56 48 85.7% 0.02
tobramycin and colistin

No 1,031 971 94.2%
Co-resistance for Yes 12 8 66.7%  <0.01
tobramycin, colistin and
cefalosporins

No 1,075 1,011 94.0%

tract. In the lower GI tract co-resistant strains are significantly
less often decontaminated when co-resistance is present.

The decontamination rates for specific microorganisms are
summarized in Supplementary Table 1 and shows successful
decontamination in more than 90% for all species except for
Morganella (79%).

The analysis of the time to decontamination was performed
for colonization of the upper and lower Gl-tract separately.
Figure 2 shows the Kaplan-Meyer curves for the different
antimicrobial agents tested in the upper GI tract. The same
information in shown in Figure 3 for the lower GI-tract.

The time to successful decontamination appears to be
significantly longer for resistant microorganisms compared to
sensitive microorganisms (Table 1).

Decontamination Defined as Two
Consecutive Follow-Up Cultures
Negative for Aerobic Gram-Negative

Bacteria

We also analyzed decontamination defined as two negative
follow-up cultures before ICU discharge. For susceptible
strains the rates were between 91.4 and 98.0% in the
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FIGURE 2 | Cumulative decontamination over time for susceptible and resistant microorganisms for the upper gastrointestinal (Gl) tract.

upper gastrointestinal tract and between 73.7 and 76.6%
in the lower gastrointestinal tract. For resistant strains the
decontamination rates were between 77.1 and 90.3% in the
upper gastrointestinal tract and between 61.7 and 76.6% for
resistant strains in the lower gastrointestinal tract (Table 5).
The median time to decontamination of the upper GI tract
was 4 days for susceptible strains and 5 days for resistant
strains except for colistin it was 4 days in both susceptible
and resistant groups. The median time to decontamination of
the lower GI tract was 5 days for susceptible and 8 days for
ciprofloxacin resistant strains, 6 vs. 8 days for aminoglycosides
resistant strains, 6 days for both cephalosporins susceptible and

resistant strains and 4 days for both colistin susceptible and
resistant strains.

The cumulative proportion of decontamination and Kaplan-
Meier curves for susceptible and resistant strains are shown in
Supplementary Figures 1, 2.

DISCUSSION

We have shown that high rates of decontamination in both
susceptible and resistant microorganisms are achieved. SDD
resulted in an overall level of decontamination in the upper
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FIGURE 3 | Cumulative decontamination over time for susceptible and resistant microorganisms for the lower gastrointestinal (Gl) tract.

GI tract of 97.9, and 93.7% in the lower GI tract before
discharge from the ICU. We found significant differences in
decontamination rates of the lower GI tract between susceptible
and resistant micro-organisms for all antimicrobial agents, except
for colistin, probably because of the high concentrations in the
gut lumen. These findings demonstrate that many susceptible
and resistant microorganisms can be decontaminated from the
gut with SDD. The decontamination rate was lower when
co-resistance was present. This finding was significant for
microorganisms present in the lower GI-tract. Nonetheless,

decontamination of the lower GI-tract was successful in
80.6% of microorganisms with co-resistance to tobramycin and
cefalosporins, 85.7% of microorganisms with co-resistance to
tobramycin and colistin; and 66.7% of microorganisms with
combined resistant to tobramycin, colistin and cefalosporins.
Decontamination rates in the presence of co-resistance was
even higher in microorganisms found in the upper GI-
tract. So, despite of co-resistance, decontamination was still
possible in the majority of these microorganisms. It should
be emphasized that successful decontamination is important
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TABLE 5 | Decontamination rates when decontamination is defined as two
consecutive negative cultures.

Antimicrobial Total number of  Successful Successful p-value
agent tested colonization on de- de-
admission with  colonization, contamination
susceptibility N %
testing.

Upper Gl-tract

Cephalosporins R 121 108 85.1% p < 0.01
S 150 147 98.0%

Aminoglycosides R 35 27 771% p < 0.01
S 242 227 93.8%

Colistin R 93 84 90.3% p =047
S 163 149 91.4%

Ciprofloxacin R 40 31 77.5% p < 0.01
S 233 220 94.4%

Lower Gl-tract

Cephalosporins R 291 196 67.4% p < 0.01
S 755 576 76.3%

Aminoglycosides R 154 95 61.7% p < 0.01
S 891 677 76.0%

Colistin R 222 170 76.6% p=0.39
S 737 543 73.7%

Ciprofloxacin R 210 135 64.3% p < 0.01
S 825 632 76.6%

to achieve the goals of SDD, the prevention of secondary
bacterial infections in particular pneumonia and bacteremia.
When decontamination is not achieved, the successful prevention
of these infections will diminish.

In this study, when resistance to third generation
cephalosporins, aminoglycosides or ciprofloxacin was present the
duration until successful decontamination was longer compared
to susceptible microorganisms. The Kaplan- Meier curves show
that most of the micro-organisms are decontaminated in the
first 6 days, both for resistant and susceptible micro-organisms.
After day 8-10 after admission, much less cases were successfully
decontaminated. We hypothesize that this may be due to the
high concentrations of tobramycin and polymyxin, which exceed
high MIC values, resulting in high elimination rates of (co)
resistant and susceptible microorganisms (Vollaard, 1991). New
resistant microorganisms during SDD treatment rarely appear,
as was shown by our group previously (Buitinck et al., 2019).

The few studies on decontamination of Gram-negative
microorganisms that have been performed show similar
decontamination rates. Oostdijk et al. (2012) found
decontamination rates of 62-81% with the lowest rates for
aminoglycoside resistant Enterobacteriaceae. They defined
decontamination as two consecutive negative cultures. Our
decontamination rates with two consecutive negative cultures
are reported as well and figures and tables as Supplementary
Material. Table 5 shows similar or higher rates as Oostdijk et al.
(2012). This is, however, an underreporting as patients with only
one negative follow-up culture and subsequent ICU discharge
are considered not-decontaminated while a prolonged stay in the
ICU might show a second negative culture and thus successful

decontamination. Therefore, our primary outcome measure
was one negative culture. The one-negative culture rates are
slightly overestimating as occasionally a patient is tested positive
again in the next culture. Stoutenbeek et al. (1987) reported
in cephalosporin resistant enterobacteriaceae an elimination
rate of 82%. In contrast, Abecasis et al. (2011) in pediatric
patients showed a much lower rate of 54% in ESBL-producing
AGNB’. In this study AGNB-ESBL susceptible for tobramycin
and AGNB-ESBL resistant to tobramycin were also analyzed
separately. In the tobramycin susceptible group, no failures of
clearance were reported, whereas in the tobramycin resistant
group a failure rate of 39% was reported.

The fact that not all patients are successfully decontaminated
stresses the importance of surveillance cultures and a pro-
active approach when decontamination is not reached a week
after admission. The reasons for decontamination failure may
be a slow transit time or ileus that prevents the substances
to reach the rectal cavity. In our unit we have a general
policy to achieve defecation within 4 days by using laxatives.
This may be an explanation, next to the definition of one
instead of two cultures, for the relatively fast decontamination
time in comparison with other studies. Our analysis for
two consecutive cultures also shows a faster decontamination
than other studies (Supplementary Figures 1, 2). When the
throat is not successfully decontaminated, foreign bodies, e.g.,
a nasogastric tube that is in place for more than a week,
may maintain pathological colonization (Van Der Voort et al.,
2019). In addition, modification of the components of SDD,
e.g., the addition of co-trimoxazole or amikacin, could lead to
decontamination in specific cases (Nahar et al., 2019; Van Der
Voort et al., 2019).

The present study has several strengths and limitations. First,
in this cohort study the protocol of SDD is consequently applied
in patients with expected ICU stay of more than 24 h irrespective
of the need for mechanical ventilation over the complete 10-year
study period. SDD was started in 97.8% of patients on admission
day 1 or admission day 2. Second, surveillance cultures were
consistently taken twice weekly. Third, only surveillance cultures
were used for the determination of successful decontamination
instead of organ site cultures. SDD surveillance cultures have
been shown in previous research to have a greater sensitivity for
culturing potentially pathogenic microorganisms than organ sites
(Viviani et al., 2010).

This study has several limitations too. The observational
design limits the possibility for correction of confounders.
A previously determined factor in studies that influences the rate
of decontamination is ileus and gastroparesis. These situations
limit the propulsion of enteral antimicrobial agents through the
gut and therefore limit the success rate of decontamination. We
could not reliably determine from our database which patients
suffered from ileus or gastroparesis and who did not. On the other
hand, our study describes the real-life situation and daily practice.

In practice, successful decontamination is usually determined
after two negative cultures. In this study we analyzed one
and also two consecutive negative cultures as a definition of
decontamination. Two negative cultures give a fair amount of
underreporting as quite a number of patients are discharged
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after one negative culture and are, in that case, counted as not-
decontaminated. We have shown (Table 5 and Supplementary
Figures 1, 2) that the rectal cultures show lower decontamination
rates when defined as two negative cultures and also a slower
decontamination compared to the results of one negative culture
(median 5 days for the upper GI tract vs. 4 days, and 6 days for
the lower GI tract vs. 5 days). It is emphasized that a first negative
culture implies a great reduction in the number of AGNB
in this patient, which will probably reduce both transmission
and secondary infection. In addition, this approach was chosen
to include more patients as most patients were discharged
within a week, the time needed to have three consecutive
cultures. Defining decontamination as one negative culture leads
to somewhat higher decontamination rates compared to the
decontamination rates for two consecutive negative cultures
which might be a slight overestimation of the decontamination
rate in case a follow-up culture becomes positive again.

A statistical limitation is in the Kaplan-Meier survival analysis
as one of the assumptions for this analysis is that the event
is precisely measured. In practice, surveillance cultures are
taken on admission and twice weekly. The exact date of
decontamination could not be determined because of the 3-
4-day interval between cultures. Interval censoring may lead
to false positive results (Rucker and Messerer, 1988). Also,
due to differences in censoring patterns, the result of log-rank
testing could be partly the effect of differences in censoring
than differences in probability distributions. However, when
looking at the Kaplan Meier curves, not only a difference in
censoring, but also a difference in time to decontamination can
be seen. We used the Kaplan Meier curves more as a tool to
show the dynamics in decontamination than as a tool to proof
differences between groups.

The interval between the cultures might also have caused
an underestimation of the rate of successful decontamination.
Patients who were discharged some days after a positive culture
may have been decontaminated at the time of discharge without
being recognized as such because of the absence of new cultures
at discharge. Last, it is unknown whether rebound colonization
occurs after ICU discharge.

This study shows that in most, but not all patients, aerobic
Gram-negative microorganisms are eliminated from the gut in
critically ill patients during SDD treatment. Moreover, when
decontamination is not achieved but the growth density in the
cultures is decreased than the risk for secondary infection and
cross-contamination is probably reduced as infection usually
occurs after a state of overgrowth (van Saene et al, 2003).
Future research might focus on the reasons why some patients
experience prolonged and abnormal carrier state. In addition, the
use of alternative antimicrobials can be studied to their efficacy
to decontaminate.
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A majority of microbial infections are associated with biofilms. Targeting biofims
is considered an effective strategy to limit microbial virulence while minimizing the
development of antibiotic resistance. Toward this need, antibiofilm peptides are an
attractive arsenal since they are bestowed with properties orthogonal to small molecule
drugs. In this work, we developed machine learning models to identify the distinguishing
characteristics of known antibiofim peptides, and to mine peptide databases from
diverse habitats to classify new peptides with potential antibiofilm activities. Additionally,
we used the reported minimum inhibitory/eradication concentration (MBIC/MBEC) of
the antibiofilm peptides to create a regression model on top of the classification
model to predict the effectiveness of new antibiofilm peptides. We used a positive
dataset containing 242 antibiofilm peptides, and a negative dataset which, unlike
previous datasets, contains peptides that are likely to promote biofilm formation. Our
model achieved a classification accuracy greater than 98% and harmonic mean of
precision-recall (F1) and Matthews correlation coefficient (MCC) scores greater than
0.90; the regression model achieved an MCC score greater than 0.81. We utilized our
classification-regression pipeline to evaluate 135,015 peptides from diverse sources for
potential antibiofilm activity, and we identified 185 candidates that are likely to be effective
against preformed biofilms at micromolar concentrations. Structural analysis of the top 37
hits revealed a larger distribution of helices and coils than sheets, and common functional
motifs. Sequence alignment of these hits with known antibiofilm peptides revealed that,
while some of the hits showed relatively high sequence similarity with known peptides,
some others did not indicate the presence of antibiofilm activity in novel sources or
sequences. Further, some of the hits had previously recognized therapeutic properties or
host defense traits suggestive of drug repurposing applications. Taken together, this work
demonstrates a new in silico approach to predicting antibiofiim efficacy, and identifies
promising new candidates for biofilm eradication.

Keywords: antimicrobial, antibiofilm, machine learning, MBEC, MBIC, drug discovery
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Novel Antibiofilm Peptide Prediction

1. INTRODUCTION

Many microbes in their natural habitats are found not
as free-floating (planktonic) organisms, but as three
dimensional aggregates encased in a polymeric matrix called
biofilms (Costerton et al., 1987). Biofilms are responsible for
65-80% of recalcitrant infections in humans. Once established,
biofilms have the potential to initiate or prolong infections by
providing a safe sanctuary from which organisms can invade
local tissue, seed new infection sites and resist eradication efforts.
Both bacteria and fungi form biofilms on abiotic (e.g., catheters
and implants) or biotic (e.g., skin, wounds) surfaces (Torres et al.,
2018; Ramasubramanian and Lopez-Ribot, 2019). Cells within
the biofilms display high levels of resistance against clinically-
administered antibiotics, which often leads to morbidity and
mortality (Srinivasan et al, 2017). Therefore, there is an
urgent need to develop agents that are effective against biofilm
infections (de la Fuente-Nurez et al., 2013; Pierce et al., 2015).

The traditional antibiotic screening paradigm first established
during the “golden era” of antibiotics (1940-1960), which has
continued until very recently, was heavily biased toward the
discovery of “magic bullets” that have either bacteriostatic or
bactericidal properties but elicited waves of antibiotic resistance.
This approach has had little success against multidrug resistant
(MDR) highly virulent Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter spp (ESKAPE)
pathogens (De Oliveira et al, 2020). Antimicrobial peptides
(AMP) have emerged as a promising alternative or complement
to chemical compounds in treating microbial infections (Margit
et al., 2016). More than 4,700 such peptides have been identified
in all forms of life, and are deposited in the Antimicrobial peptide
database (APD) (Wang et al., 2015). Compared to chemical
antibiotics, AMPs are particularly attractive for several reasons:
(i) AMPs appear to have a lower rate of inducing bacterial
resistance and they continue to be developed clinically (Spohn
etal,, 2019); (i) AMPs appear to be the last resort for recalcitrant
infections as exemplified by Polymyxin B, colistin, daptomycin
against the MDR ESKAPE pathogens (Zavascki et al., 2007); (iii)
AMPs can work synergistically with antibiotics (Sheard et al.,
2019).

In the recent past, several Machine Learning (ML)-based
approaches have been developed for the characterization
and prediction of novel AMPs including AntiBP - for
predicting antibacterial peptides (Lata et al, 2007), iAMP-
2L-for identifying antimicrobial peptides (Xiao et al., 2013),
iAMPred-for predicting antimicrobial peptides by using physico-
chemical and structural properties (Meher et al., 2017), AmPEP-
for sequence based prediction of antimicrobial peptides (Bhadra
et al, 2018). These studies have clearly demonstrated that
pattern-based computational approaches to establish structure-
function relationships are a powerful alternative or augmentation
to experimental biochemical assays, which are inherently lower
throughput, and expensive. More importantly, ML approaches
have been used to discover new AMP sequences (Lee et al., 2016),
predict unknown peptides from known ones (Fjell et al., 2008),
identify peptides with multiple functions (Haney et al., 2018),

and to discover previously unknown interrelationships between
existing peptides (Lee et al., 2016).

While a vast majority of work has focused on AMPs
effective against microbial infections in general, relatively fewer
experimental or computational efforts have been invested on
discovering peptides that are effective against biofilm infections.
These peptides, called Antibiofilm peptides (ABP) are a subset
of AMPs that inhibit biofilm formation or eradicate previously
formed biofilms. Nearly 200-300 peptides have been identified
to be effective against biofilms and are listed in the antibiofilm
peptide database, BaAMPs (Luca et al, 2015). ABPs can
be particularly attractive as a strategy to limit microbial
virulence without necessarily killing the organisms, or risking
the development of antibiotic resistance. ABPs can be used as
an alternative to antibiotics in microbial infections (Pletzer and
Hancock, 2016).

Previous ML approaches have focused on establishing patterns
from existing antibiofilm peptides that enable the classification
of candidate peptides for potential antibiofilm activity (Gupta
et al., 2016; Sharma et al., 2016; Fallah Atanaki et al., 2020).
Gupta et al. developed sequence-based support vector machine
(SVM) and random forest (RF) models to predict antibiofilm
activity using the peptides listed in the BaAMP database.
Their model achieved reasonable success with a Matthews’s
correlation coefficient (MCC) score of 0.84 (Gupta et al., 2016).
Sharma et al. developed SVM- and Weka-based models using
BaAMP data as their positive dataset, and quorum-sensing
peptides as their negative set. They achieved an MCC of
0.91 (Sharma et al., 2016). Another web-based model, BIPEP,
was developed by Fallah Atanaki et al. (2020) wherein peptides
from the APD and BaAMP databases were used as the positive
set, along with a negative dataset consisting fewer quorum
sensing peptides that in the positive set. Their SVM model
achieved an MCC value of 0.89. While these studies developed
important quantitative structure and activity relationships in
ABPs, they suffered from some drawbacks which may affect
the model performance. The model of Atankai et al. did not
account for the lower abundance of ABPs in nature. The
model of Gupta et al. might have used the pattern recognition
sequences (“motifs”) as a privileged information prior in the
classification model, while the model of Sharma et al. considered
a smaller negative set compared to their positive data set.
Most importantly, these models can only classify ABPs but do
not provide any insights into the efficacy of these peptides
against biofilms.

The objectives of this work are 3-fold: first, we seek to
improve the classification algorithm for ABPs by using a more
realistic, curated negative dataset with mostly biofilm-favoring
peptides which is 10-fold larger than the positive dataset; our
model identifies the most useful amino-acid composition features
and short-repeating patterns (“motifs”) indicative of antibiofilm
activity; second, we seek to develop a regression model using
the minimum biofilm inhibitory concentration (MBIC) and
minimum biofilm eradication concentration (MBEC) of ABPs
to predict the effectiveness of the novel peptides classified
as antibiofilm candidates; third, we seek to understand the
putative mechanisms of action of the peptide hits using their

Frontiers in Microbiology | www.frontiersin.org

19

February 2022 | Volume 12 | Article 783284


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Bose et al.

Novel Antibiofilm Peptide Prediction

previously known properties, secondary structure, and similarity
with known antibiofilm peptides.

2. METHODS

2.1. Dataset Preparation

In this work, we collected data with the aim to improve the
performance of antibiofilm prediction models. Since biofilm
eradication is a well-defined physiological phenomenon, any
peptide will have less than a random 50% chance to be
active against preformed biofilms. Therefore, instead of using
a balanced dataset consisting of equal amounts of ABP and
non-ABP, we used an imbalanced, operationally tractable dataset
consisting of ten times more non-ABP peptides in the negative
dataset compared to ABP peptides in the positive dataset. We
chose to work with real peptides instead of randomly generated
peptides so that a more realistic performance may be obtained
from our classifier models. Therefore, we collected peptides
which directly or indirectly could play a role in biofilm formation
as elaborated in section 2.1.1. For establishing the efficacy,
we performed an extensive literature search to obtain peptides
with minimum biofilm inhibitory concentration (MBIC), and
minimum biofilm eradication concentration (MBEC).

2.1.1. Dataset 1
We extracted ABPs from the Antimicrobial Peptide
Database (APD), and the Biofilm-active Antimicrobial
Peptide database (BaAMP). After removing duplicates, we
obtained 242 ABPs, which served as our positive dataset
(Supplementary Tables S14-S18 in Supplementary Note 6).
For the negative dataset, we curated peptides from different
databases such as UniProt (Consortium, 2020), Quorum Sensing
Peptide Prediction Server (QSPProd) (Rajput et al., 2015) and
NCBI protein database (Coordinators, 2016). The peptides
from the UniProt database were screened for their direct or
indirect contribution to biofilm formation, including regulation,
association with biofilm matrix polysaccharide or proteins, and
association with the cells themselves. For example, we added
protein Q59U10, which is a biofilm and cell wall regulator in
Candida albicans. We also screened the proteomic profiles of
different biofilm-forming bacteria like Staphylococcus aureus
and Escherichia coli, and included peptides from the NCBI
and UniProt databases that promote biofilm formation. For
example, we included fibronectin-binding protein B, which
promotes the accumulation and surface attachment of biofilm
by Staphylococcus aureus. We also included quorum sensing
peptides, which promote biofilm formation, from QSPProd in
our negative dataset. To have a sequence length distribution in
the negative dataset that is similar to the positive dataset, we
considered either only the signal peptide length of the original
protein, or we divided the whole sequence into several sequences
of length 70-75, depending on the protein length. One caveat
with this approach is that fragments from a biofilm-promoting
protein may not retain the property of the parent protein. The
negative dataset has peptides of length 4-75.

Eighty percent of the positive and negative datasets were used
for training and 10-fold cross-validation while the remaining

20% was kept aside as a test/validation set. The performances
of different machine learning algorithms were evaluated on this
out-of-scope test dataset.

2.1.2. Dataset 2
We curated the minimum biofilm inhibitory concentration
(MBIC), and the minimum biofilm eradication concentration
(MBEC) for our positive dataset against different gram-positive
and gram-negative bacteria from the source publications. In cases
where these values were not listed in the source publication,
the approximate values were obtained from images or graphs
in the respective articles. For example, for LL-37, we consider
the case where P. aeruginosa biofilm were grown previously and
then peptides were added in various concentration (Nagant et al.,
2012). The bacteria was tagged with green fluorescent protein
and the killed biofilm appeared as red in the result. We analyzed
the figures, which indicate that the killing starts at 20 uM
concentration. Therefore, we considered 20 uM as the MBEC
value of LL-37 against P. aeruginosa. Likewise we did the search of
all the ABPs from our positive dataset. Of the 242 peptides in our
positive dataset, we obtained MBIC and MBEC values for 178 and
57 peptides (Supplementary Tables S19, S20 in Supplementary
Note 4), respectively.

We did not consider the peptides which showed
inhibition/eradication against fungal pathogens like Candida
and others.

2.1.3. Candidate Dataset

In addition to the labeled dataset we used to train and
evaluate the performance of our computational antibiofilm
prediction models, we constructed a large candidate dataset
from various sources, including 74 anticancer, 220 antiviral,
and more than 4,770 antimicrobial peptides from the Data
Repository of AntiMicrobial peptides (DRAM) (Kang et al.,
2019). Additionally, we collected all 202,716 peptides from
UniProt of sequence length 11-20. After removing duplicates,
our candidate dataset contains 109,807 unique UniProt peptides.
We also included peptides from the Swiss-Prot section of
UniProt (Duvaud et al., 2021) with sequence length 4-10 and 20-
80. In total, we tested our model against 135,015 unique peptides
from different data sources.

2.2. Feature Extraction

We used the “propy3” (Cao, 2020) and the “protParam” (Cock
et al., 2009) software packages to extract different peptide
features, which are numerical representations of the peptide
sequence, structure, and physicochemical properties as
described below.

2.2.1. Amino Acid Composition

The Amino Acid Composition (AAC) features represent the
percentage of each amino acid present in the peptide sequence.
The biopython package returns a 20-element vector of the
naturally occurring amino acids. Equation 1 provides the formula
for computing the AAC of a given amino acid i

# amino acids of type (i)

AAC(3) = x 100 (1)

# amino acids
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2.2.2. Dipeptide Composition

Dipeptide Composition (DPC) represents the percentage of the
dipeptides present in the peptide sequence. The DPC feature
returns 400 named vectors with a non-zero value for any amino
acid pair (dipeptide) present in the peptide.

# dipeptide (i and j)
# possible dipeptides

DPC(i,j) = )

2.2.3. Composition, Transition, Distribution

The Composition, Transition, Distribution (CTD) descriptor
is a 147-element vector representing different physio-chemical
properties of the peptides (Xiao et al., 2015). The properties
of peptides that are part of the CTD descriptor include
“hydrophobicity,;” “normalized van der Waals volume,
“polarity,” “polarizability,” “charge” “secondary structure,
and “solvent accessibility.” The amino acids are divided into
three groups depending on their property and functionality. The
“composition” features represent the percentage of each group
of amino acids in the peptide. The “transition” features represent
the relative frequencies of a given amino acid from one group
being followed by an amino acid from a different group. Finally,
the “distribution” features represent the percentage residue of
each attribute present in the peptide in their first, 25%, 50%, 75%,
and 100% of residues, respectively.

2.2.4. Motif

“Motifs” are maximal length amino acid sequences present in
peptides which may represent a unique biological or chemical
function. We used the “MERCI” software (Vens et al., 2011) to
identify distinct patterns in ABPs that are not present in non
ABPs (non-antibiofilm peptides). The MERCI software provides
two scripts to extract motifs. One script can essentially find all the
motifs that are present in the positive dataset and absent in the
negative dataset, which was used to discover and store, in each
experiment, motifs found in our training dataset. We then used
the second script to identify which of those training set motifs
were present in the test samples. Finally, we used the number
of identified motifs found in a given peptide as the motif-based
single-variate feature.

2.2.5. Other Features

We extracted other critical, global features, such as sequence
length, molecular weight, aromaticity, and isoelectric point, using
the “ProteinAnalysis” module of the “protParam” software.

2.3. Machine Learning Models

We developed our prediction model using several machine
learning algorithms, including Support Vector Machines (SVM),
Random Forest (RF), and Extreme Gradient Boosting (XGBoost)
classifiers. Our goal was to select the algorithm that provides
the best predictive performance for antibiofilm activity on out-
of-sample data. We used the “Scikit-learn” (Pedregosa, 2011)
package to train and test models for our work.

2.3.1. Support Vector Machine
Support Vector Machine (SVM) is one of the most commonly
used classifiers for peptide prediction (Ng et al., 2015). SVM

works particularly well for binary classification problems. The
model works by separating samples in different classes using a
hyperplane, which can be expressed in a high dimensional space
through kernel transformations. Since our dataset is not relatively
large, we used a nonparametric method that SVM supports and
a radial basis function (RBF) kernel. SVM is a robust model
that can be used for both classification and regression. Literature
shows that SVM has performed exceptionally well in predicting
peptide function (Gupta et al., 2013).

2.3.2. Support Vector Regressor

The Support Vector Regressor (SVR) model uses the same
principle as SVM, but for regression problems. Instead of
separating samples into different classes using a hyperplane,
the hyperplane is used to create a best fit line that has the
maximum number of points between the decision boundaries.
Like the classifications models, we used a radial basis function
(RBF) kernel to create a nonlinear hyperplane. The SVR
was used to predict minimum biofilm eradication/inhibitory
concentration (MBEC/MBIC).

2.3.3. Random Forest

The Random Forest (RF) model is an ensemble prediction model,
which also supports both regression and classification. RF has
been used to classify peptides and to solve other biological
problems (Manavalan et al.,, 2018). Although RF may not be
the best choice as a classifier for an imbalanced dataset, we
used this algorithm to compare the performance with other
classification algorithms.

2.3.4. Extreme Gradient Boosting

The Extreme Gradient Boosting (XGBoost) model is
comparatively a new prediction method used in machine
learning, which can also be used for both classification and
regression problems. In our work we used the XGBClassifier.
The XGBoost algorithm has regularization parameters that can
be tuned to reduce overfitting in an imbalanced dataset. This
algorithm is also used in prior work for the prediction of peptides
with an accuracy greater than 98% (Wang et al., 2020).

2.4. Cross-Validation and Stratified
Sampling

To address potential overfitting problems, we performed 10-fold
cross-validation of our training dataset, wherein one part of the
dataset, called the validation set, was used for testing, and the
other nine were used for training. This process was iterated over
ten times, using, in turn, each of the ten parts as the validation
set. Since our dataset is imbalanced, having ten negative peptides
for every positive one, we used stratified sampling to ensure that
each fold receives an equal percentage of positive and negative
peptides while doing cross-validation. Additionally, we used
stratified sampling to ensure that the out-of-sample test dataset
also has precisely 20% of the positive data, i.e., 48 peptides, and
20% of the negative data, i.e., 485 peptides. The details of the
distribution of dataset is available in Supplementary Table S1 in
Supplementary Note 1.
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2.5. Performance Evaluation

We used several standard metrics to evaluate our models”
performance, including sensitivity (Sen), specificity (Spec),
accuracy (Acc), Matthews’s correlation coefficient (MCC), and
harmonic mean of the precision-recall (F1) Score. The metrics
are defined as,

TN

Specificity = ——— 3
pecifiity = mp N ®)
Sensitivity = L (4)
ensitivity = — TN
TP TN
Accuracy = + (5)

TP + FP + TN + EN

Fl = _w (6)
- FP + FN
TP + 5

_ (TP)(TN) — (FP)(FN)
= (TPt FP) (TP + FN) (IN + FP) (IN + FN)

where, TP = True Positive, TN = True Negative, FP = False
Positive, and FN = False Negative. For each model we tested, we
used 10-fold cross-validation to tune meta-parameters and find
the best model performance on the training set. We report the
effectiveness of that model on the out-of-sample test set in the
following section.

MCC

(7)

2.6. Principal Component Analysis (PCA)
During feature selection, the samples were transformed into
a lower dimensional space via Principal Component Analysis
(PCA). Several hyperparameters were tuned, namely the
regularization parameter (C) and kernel coeflicient (y) for the
SVM/SVR models, and the number of principal components
for the dimensionality reduction. We employed 5-fold stratified
cross validation for classification and 5-fold cross validation for
regression to ensure we trained a generic enough model that
would not overfit the training set.

2.7. Sequence Alignment and Structure
Prediction

Sequence alignment of peptides was performed to identify
structural similarities between peptides using Clustal Omega, and
visualized using Jalview (Madeira et al., 2019). The BLOSUM62
raw scores were used to confirm pairwise homology. To obtain
consensus sequences from multiple sequence alignments, the first
phylogenetic relationship was established based on BLOSUM62
scores. Then, from peptides in closely related trees, same or
highly similar residues were extracted. To obtain the degree of
disorder, the DisEMBL algorithm was used, and sequences with
a threshold value greater than 0.55 were classified as “hotloops”
or highly disordered regions. The 2D and 3D structures of the
peptides were predicted using the PEP2D (Singh et al., 2019) and
PEP-FOLD3 (Lamiable et al., 2016) servers, respectively.

3. RESULTS AND DISCUSSION

Our pipeline to predict peptides active against biofilms may
be grouped into four key steps: identification of positive and
negative datasets; development of a robust machine learning
algorithm for classification of ABPs; collection of candidate
potential ABPs from diverse habitats; and prediction of the
efficacy of the novel peptides using our antibiofilm peptide
classification model and a regression model based on known
MBEC data. In the following, we will describe each of these tasks,
which are also portrayed in Figure 1.

3.1. Characteristics of Peptides in the

Positive Dataset

3.1.1. Sequence Length

The number of amino acids in our positive dataset varies between
4-70 (Figure 2A). Almost all the peptides have a sequence length
less than 50. Only 2 peptides have a sequence length between 50—
60 and 2 peptides have a sequence length between 60-70. Most
of the ABPs were relatively short, i.e., two-thirds of the peptides
contain less 20 amino acids with half of the peptides containing
between 11-20 amino acids.

3.1.2. Amino Acid Composition

We compared the distribution of 20 amino acids in the peptides
in the positive and negative datasets (Figure 2B). We observed
that, compared to the negative dataset, the ABPs contained
a significantly higher percentage of lysine (K), arginine (R),
tryptophan (W), and a significantly lower percentage of aspartic
acid (D), glutamic acid (E), threonine (T) serine (S), asparagine
(N), and methionine (M). This clearly indicates that the ABPs
are positively charged, and contain a lower fraction of polar but
uncharged side chains. The higher percentage of W indicates a
higher hydrophobic nature of ABPs. This is further exemplified
when the distribution of amino acids in the positive dataset were
grouped by sequence length: K, R, and W make up 50% of the
amino acid composition in the short peptides (<20 amino acids),
which make up two-thirds of the positive dataset (Figure 2C).
We also observed that peptides contain non-polar amino acids
isoleucine (I), leucine (L), glycine (G), and alanine (A), which
provide an amphipathic character to the ABPs.

3.1.3. Dipeptide Composition

Figure 2D and Supplementary Figure S1 in Supplementary
Note 2 show the most commonly encountered dipeptides in
our positive and negative datasets, respectively. In our analysis,
we focused on the top 3 dipeptide components in different
sequence ranges. With the higher prevalence of K, R, and W
in the ABPs, all the top candidates for dipeptides contained
these amino acids. When arranged by sequence length, it
can be seen that the majority of the peptides (>80%, with
lengths in the range 4-30) contained “WR/RW,” “RI/IR;” “KK;
and “RR” as the most commonly encountered dipeptides. In
contrast, the non-ABPs have non-polar aliphatic amino acid
leucine (L) and alanine (A) in the top 5 dipeptide candidates.
The dipeptide components most prominent in the positive
and negative datasets clearly indicate the presence of a higher
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FIGURE 1 | Process flow for the classification of potential antibiofilm peptides and prediction of antibiofilm activity. The process consists of two distinct, sequential
steps. In the first step, a binary classification model was trained using a dataset with 242 peptides with reported antibiofim activity and 2420 peptides with no known
or suspected antibiofilm activity. In the second step, two regression models were trained using a subset of the peptides with known minimum biofilm eradication
concentration (MBEC) and minimum biofim inhibitory concentration (MBIC) values. Candidate peptides will be first evaluated for potential antibiofilm activity using the
classification model, and then their effectiveness will be predicted using the regression model.

percentage of cationic and hydrophobic amino acids, and charge-  3.1.4. Motifs

hydrophobicity as a recurring theme in the antibiofilm (positive) =~ Motifs represent short sequences that are commonly found in
dataset. It is this recurring presence of the charge-hydrophobicity ~ the datasets. We observed that the motifs “RIRV;” “RIVQRIK,”
combination exemplified by the dipeptide composition that and “IGKEFKR” appeared more frequently in the positive
underscores the amphipathic characteristic typically attributed to  dataset (Figure 2E), indicating a combination of polar and non-
the action of ABPs. polar amino acids as one of the main reasons of amphipathicity.
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Comparison of amino acid distribution in the positive and negative datasets. Statistical significance (o < 0.001) was established using Mann-Whitney U-test; Amino
acids marked in “red” on the x-axis of the figure are not statistically significant; (C) Distribution of K, R, and W, grouped based on the peptide length; (D) Dipeptide
composition analysis shows IR, RI, WR, RW, and KK are the most common dipeptide sequences present in the antibiofilm peptide database (AA, LL, AL, or LA are
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In contrast, the most prevalent motifs in non-ABPs were
“SE” “ET, and “VD,” mainly consisting of acidic amino acids,
i.e, aspartic acids and glutamic acids. This analysis shows
that certain motifs, although present in a relatively smaller
fraction, can be effective in conferring antibiofilm properties. For
instance, human cathelicidin LL-37 prevents biofilm formation
of P.aeruginosa at a concentration lower than its MIC value by
probably blocking the growth of the extracellular matrix (Nagant
et al., 2012). While the truncated LL19-37 did not affect biofilm
growth, the addition of “IGKEFK” (LL13-37) inhibited biofilm
formation at 50 uM. “IGKEFK” is one of the motifs we
found in high numbers in our positive dataset during motif
analysis. As stated in Nagant et al. (2012) LL-19 has no activity
against bacterial membrane permeability, but adding a motif of
“IVQRIK” increases permeability in LL-25. “IVQRIK” is another
motif that we found in our positive dataset.

3.1.5. Secondary Structure Analysis

We observed that ABPs of any sequence length are more likely to
form o-helix structures (Figure 2F). In smaller length peptides,
we noticed a prevalence of «a-helix structures. As the peptide
length increases, we noticed a greater percentage of coils in the
peptides. The presence of positively charged and hydrophobic
amino acids, together with the propensity to form «-helices
suggests that the predominant mechanism of antibiofilm activity
consists of positively charged, amphipathic helical peptides.

3.1.6. Physicochemical Properties

We also compared different physicochemical properties, namely,
polarity, hydrophobicity, and solvent accessibility between the
positive and negative datasets (Figure 3). First, as expected
from the AAC, the ABPs, compared to the negative dataset,
contained a significantly larger fraction of charged polar residues
but a smaller fraction of uncharged polar residues. Second,
the comparison of hydrophobic properties between ABPs and
non-ABPs showed that ABPs in our dataset consisted of
a much lower number of hydropathically neutral peptides
but significantly higher number of hydrophobic or charged
residues. The hydrophobic portion of ABPs leads to insertion
of the peptides into the less polar bacterial membrane and to
destabilizing membrane barriers (Schmidt and Wong, 2013).
The higher percentage of alanine, valine, leucine, isoleucine,
and phenylalanine could be a potential reason for the ABP’s
hydrophobic nature. Third, ABPs, compared to the negative
dataset, had a significantly lower percentage of compounds
that were neutral in their interactions with solvent water but
contained more residues that will be buried or exposed when
exposed to water. This compositional analysis shows that the
ABPs are composed of amino acids with strongly polar and
hydrophobic tendencies which together provide an amphipathic
nature rather than neutral amino acids.

3.2. Performance of Machine Learning
Models

3.2.1. Classifier Performance

Having characterized the antibiofilm peptide dataset, we used
primary and secondary structure information of the peptides to

develop machine learning models to identify and understand
features that may be unique to ABPs. We used a total of 572
features obtained from AAC, DPC, and CTD analysis, and
motifs, in various combinations, to describe our peptide samples
numerically and train our machine learning models. For the SVM
model, we used a linear kernel with and without recursive feature
elimination, and a RBF kernel. Recursive feature elimination is
a heuristic method used to select a subset of the features that
may lead to superior performance compared to using all initial
features; it works by iteratively eliminating the feature whose
elimination produces the most improvement in performance,
until no such performance improvement can be achieved. The
linear kernel in SVM did not perform well and only achieved
an MCC score less than 0.75. Additionally, recursive feature
elimination did not lead to improvements in our classification
model performance. Using the radial bias kernel provided the
highest model performance. For the XGBoost and Random
Forest models, the model parameters, number of estimators and
maximum depth, were tuned. The performance of the models
are presented in Figure 4 and Supplementary Tables $2-S4 in
Supplementary Note 3. The accuracy for all the models was more
than 95% while the model specificity varies between 98 and 100%.
Since our model is a binary classifier and our dataset is not
balanced, we used F1 score and MCC as the two key metrics
to evaluate the performance of these machine learning models
(Figure 4).

We observed that using either AAC, DPC, or CTD alone
resulted in an F1-score between 0.80 and 0.85 in all our models. In
contrast, using a combination of two of the three sets of features
significantly improved the model performance with Fl-scores
between 0.82 and 0.88 in all our models. Using a combination
of all three sets of features further, though modestly, improved
model performance. We also observed that the addition of motifs
as a feature improved the performance of our classifier model
with SVM (Figure 4A). Similar observations have been noticed
with MCC scores. While only considering DPC gave an MCC as
low as 0.79, adding the remaining features lead to an MCC score
of 0.9 (Figure 4B).

To adequately compare the performance of our model with
that of previously published models on ABPs, we applied our
best-performing model to the dataset used by Gupta et al. (2016).
It is important to mention here that the performance obtained
by one model vs. another on the same task cannot be directly
compared unless experiments were conducted using the same
dataset and evaluation metrics. Our best performing model is
SVM with a radial bias kernel that utilizes AAC, DPC, CTD,
and motif as features. Our model outperformed the previously
reported results by a significant margin as seen by the increase in
MCC from the published value of 0.84 in Gupta et al. (2016) to
0.90 (Supplementary Table S5 in Supplementary Note 3).

3.2.2. Distinguishing Characteristics of Antibiofilm
Peptides Predicted by the SVM Model

Next, we ranked features that are distinct in the positive dataset
compared to the negative dataset, so that we may be able to
ferret out higher level information that may be unique about
the ABPs. To this end, the features were ranked in the order of
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FIGURE 4 | Evaluation of classification models and features. F1 scores (A) and MCC (B) were estimated for three different machine learning algorithms, SVM,
RandomForest and XGBoost, incorporating features that contain combinations of amino acid composition (AAC), dipeptide composition (DPC),
composition-transition-distribution parameters (CTD), and motifs. SVM performed best when run against all features, including motif.

increasing importance, as determined by the SVM with radial
RBF kernel model.

There is no available API in the scikit learn RBF kernel
SVM package to get the top feature. Therefore, we used a
forward selection method to choose the top features. This is
a computationally intensive iterative process where we start
with zero features and iteratively add each feature that leads to
the most performance improvement, until all 572 features are
exhausted. In essence, it is the opposite of the recursive feature
elimination method. With each iteration, the algorithm identifies
the next best performing feature. The performance score was
measured using the MCC score.

We observed that the first feature generated an MCC score
of 0.61, and the first four features generated an MCC score of
0.79. The addition of the next four and eight features generated
an MCC score of 0.81, and 0.82, respectively; the inclusion of

all 572 features generated an MCC score of 0.91 (Figure 5A).
The first four features that contributed most to the MCC
score were all associated with the physicochemical properties
of the peptides, namely, number of transitions from apolar to
polar amino acids, fraction of polar amino acids, fraction of
amino acids that are buried and least accessible to solvent, and
distribution of solvent accessibility for amino acids that are
buried from first residue to 25% residue. The distributions of
these parameters in the positive and negative datasets reveal
non-overlapping distributions, which further explains their
performance impact in the classification task (Figure 5B). This
analysis confirmed the importance of the alternation between
charge and hydrophobicity. The most discerning feature from
the forward selection process, “polarity-transition-group-1-3, is
the transition from polar group 1, i.e., from non-polar sequences
like Gly, Ala, Val, Leu, Ilu, Pro to group 3, ie., charged-polar
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and solvent accessibility are sufficient to account for nearly all the differences between the positive and negative datasets; (B) Distribution of top features between the
positive and negative datasets. Polarity Transition means transition from group1 (non-charged) to group3 (highly charged) amino acids; Polarity Composition means
composition of highly charged amino acids; Solvent Accessibility Composition means composition of buried amino acids; Solvent Accessibility Distribution means the
fraction of first 25% of residues in the sequence are buried amino acids. Statistical significance (p < 0.001) was established using the Mann-Whitney U-test from
python package.

amino acids like His, Lys, and Arg. The other discerning features
consist of “polarity-composition-group-3” or composition of
highly charged amino acids like His, Lys and Arg, “Solvent-
Accessibility-composition-group-1” or composition of buried
amino acids, and “Solvent-Accessibility-Distribution-group1” or
distribution of amino acids like Ala, Leu, etc.

3.2.3. Prediction of Antibiofilm Efficacy Using
Regression Models

The effectiveness of ABPs are evaluated based on their minimum
biofilm inhibitory concentration (MBIC) and minimum biofilm
eradication concentration (MBEC) levels. The MBIC represents
the concentration of the peptide that will prevent biofilm
formation, while MBEC represents the concentration of the
peptide that can remove preformed biofilms. datasets containing
both concentrations were modeled and evaluated for efficacy,
with the goal of predicting these values for antibiofilm
peptide hits.

3.2.3.1. Models for the Prediction of Minimum Biofilm
Inhibitory Concentration

The positive peptide dataset for the classification model contains
242 anti-biofilm peptides, 178 of which we were able to obtain
MBIC values for. Although MBIC spanned from 0 to 640 M,
the data was largely skewed with approximately 80% of the values
less than 64 uM and 52% of the values less than 20 uM. Given
this imbalance, we trained an SVM to classify peptides above or
below 64 M, and a separate Support Vector Regression (SVR)

model to predict the MBIC value of a peptide. Both models used
an RBF kernel and a dataset consisting of only those peptides
with MBIC values less than or equal to 64 M. Each peptide
consisted of 571 features and, due to this large dimensionality,
feature selection was implemented using the forward selection
algorithm to choose the most effective features. While iterating
through forward selection, Root Mean Square Error (RMSE) for
the training set peptides was minimized in the case of SVR and
MCC was maximized in the case of SVM. Forward selection
was halted upon 5 consecutive iterations where RMSE had
not decreased or MCC increased. During feature selection, the
samples were transformed into a lower dimensional space via
Principal Component Analysis (PCA). Several hyperparameters
were tuned, namely the regularization parameter (C) and kernel
coefficient (y) for the SVM/SVR models, and the number of
principal components for the dimensionality reduction. We
employed 5-fold stratified cross validation for classification and
5-fold cross validation for regression to ensure we trained a
generic enough model that would not overfit the training set. For
both models, a grid search between 0.001 to 1000 was used for
both C and y and the number of principal components spanned
from 1 to the number of forward selection features. The best
SVM model we found contained 9 features and was trained with
parameters C = 10, y = 950, and 6 principal components. The
best SVR model contained 9 features as well and used parameters
C = 45, y = 40, and 8 principal components. The final model
was able to achieve an MCC of 0.81 and an RMSE of 8.51 on
the out-of-sample test sets. Figure 6A shows several ranges of
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3.2.3.2. Models for the Prediction of Minimum Biofilm
Eradication Concentration
We further evaluated the peptides and found only 57 from
literature where the MBEC values have been reported. The
analysis of peptides showed almost 85% of peptides having a
sequence length < 30. These peptides showed a high percentage
of positively charged amino acids like arginine and lysine as well
as aromatic amino acids like tryptophan. Additionally, secondary
structure analysis showed a high percentage of helices present
in those peptides (figures in Supplementary Note 4). After
eliminating peptides with MBEC values greater than 64 M, our
dataset consisted of 42 peptides for further regression analysis.
A Support Vector Regression (SVR) model built with an RBF
kernel was found to be the most effective model to predict
MBEC values given the limited training dataset. The same
dimensionality reduction methodology was used as in the MBIC
models in addition to the same hyperparameter grid search. The
best SVR model contained 12 features and used hyperparameters
C = 900, y = 20, and 7 principal components. It was trained
using 5-fold cross-validation and the best performing model had
an RMSE of 8.41. When ground truth MBEC values were plotted
against the regression predictions, we found the R-squared value
to be 0.832 (Figure 6B).

3.3. Classification of Novel Antibiofilm
Peptides

We used our best machine learning models to predict peptides
with potential for antibiofilm activity from diverse sources.
We queried various peptide databases to identify peptides with
antibiofilm activity. We searched 4,700 antimicrobial peptides,
74 anticancer peptides, and 212 antiviral peptides in the DRAMP
database. We also considered more than 131,298 unique peptides
from UniProt which have a sequence length of 4-80. After

removing duplicates, we ran our classification model on 135,015
unique peptides from these varied sources, and selected 5468
unique peptides which were predicted as positive or hits by
our model. The overall hit rate for this initial set of predicted
peptides is 4.04% while the hit rate only from DRAMP database is
30.49%. This higher value is due to the inclusion of peptides with
established antimicrobial activity in the antimicrobial databases,
which is likely to be skewed for high antibiofilm activity.

Due to the relatively large number of peptides selected by
our classification model, we used the decision function of each
of the peptides to narrow down the hits. The decision function
estimates the sample position with respect to the discriminating
hyperplane of the model. While training our model, we noticed
that the peptides with decision function values higher than 0.99
were ABPs, whereas those with a negative decision function were
non-ABPs (Figure 7A). More importantly, we noticed a clear
discontinuity in the decision function as we transition from the
positive to the negative dataset, which further showcases the
effectiveness of our computational prediction model. Therefore,
we used this confidence value as a filtering criteria to narrow
down our list of peptides in the candidate set which were initially
predicted as antibiofilm by our classification model and set a cut-
off threshold of 0.99. As a result, we chose candidate peptides
with decision function values higher than 0.99 as more likely
to have antibiofilm activity, which further narrowed down the
hits to 296 peptides or a hit rate less than 0.2% overall. A vast
majority of these peptides have lengths between 6 and 21 amino
acids (Figure 7B).

3.4. Prediction of Activity in Novel
Antibiofilm Peptides

Having classified potential ABPs, we used the regression models
to predict the MBIC and MBEC values of the 296 peptides.
Since we are interested in peptides that are efficacious against
preformed biofilms, we used an operational cut-off of decision
function > 0.99, and MBEC < 64 uM. We obtained 185 peptides
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(Supplementary Tables S6-S12 in Supplementary Note 5) of
interest (Figure 8A). Among these peptides, 40 showed high
effectiveness (MBEC between 1.0-8.0 uM) and another 48
peptides had comparatively lower effectiveness (MBEC more
than 32 uM) (Figure 8B). We noticed that most of the peptides
(67 peptides) had moderate predicted effectiveness between
16.0 and 24.0 M. When we evaluated the source of the
peptides, most of them were synthetic (116), and the naturally
occurring peptides were from expected sources such as plants,
amphibians, insects, and mammals (Figure 8C). We grouped the
hits into those with known antimicrobial activity as archived
in the DRAMP database (Supplementary Tables S6-S10 in
Supplementary Note 5), and those that are not archived in the
DRAMP database that were obtained from the UniProt database
(Supplementary Tables S11-S13 in Supplementary Note 5). Of
the 185 hits, 131 peptides were from the DRAMP database,
and 54 were from the UniProt database. We also grouped the
peptide hits based on their function. As expected, most of the
peptides have some previously reported antibacterial properties.
The hits also contained 19 peptides with anti-tumor/cancer
activity, 26 peptides with antifungal properties, and 1 peptide
with antiplasmoidal activity, suggesting potentially useful dual
function therapeutics (Figure 8D).

Some of these peptide hits have already shown promise
as antimicrobial agents (but not as antibiofilm agents) (Sahoo
et al., 2021). The two anticancer peptides DRAMPO03575 and
DRAMP03829 are reported to exhibit an MIC of 16 ©M and 10
1M, respectively, against Escherichia coli (Kang et al., 2019). The
sperm protamine peptides from catshark and bat showed activity
against 12 pathogens at a concentration of 0.01-20 mg/mL (Kim
et al,, 2015). Mastoparan-1 has an MIC value between 2 and
32 mg/L against Staphylococcus aureus, and is known to have
antibacterial and antibiofilm properties (Memariani et al., 2018).
Ponericins, peptides from the Ponerine ant, have structural

similarity with well-known antimicrobial and antibiofilm peptide
cecropins (Orivel et al., 2001). While no known antimicrobial
activity has been listed for the histamine releasing peptide from
the oriental hornet, studies are ongoing for alpha-conotoxin
obtained from cone snails, mainly used in pain management,
to establish its antimicrobial activity (Ebou et al., 2021). An
analog, w-conotoxin MVIIA shows the peptide is effective against
Candida kefyr and Candida tropicalis with moderate MIC values
between 28 and 40 uM but it was not effective against any
bacterial assay up to 500 uM (Hemu and Tam, 2017).

3.5. Prediction of Secondary Structure of
Novel Antibiofilm Peptide Hits

We sought to understand the possible mechanisms of action
of newly found potential antibiofilm hits in the top quadrant
of (Figure 8A). Since we were interested in peptides with
previously unreported antimicrobial activities, and therefore
novel, we focused on the 54 peptides from the UniProt database.
Even amongst these 54 peptides, 14 peptides have been reported
to have antimicrobial activities as per the UniProt annotation
although they were not listed in any of the antimicrobial
databases. For instance, the peptides POCF03, P82420, and
COHK43 have been reported to have antimicrobial properties
as well non-hemolytic properties, and anticancer properties
(COHK43) suggesting that these peptides may serve as good
antibiofilm candidates. Other peptides such as P30259, P0C424,
COHLM?2, Q9USMY, A0OA1C8YA26, P85874, and Q16228 are
not reported to have any antimicrobial/antibacterial activity as
per their UniProt annotation. Of the 40 peptides that do not
have any annotations or references to antimicrobial activity, we
found 5 peptides from the mastoparan group, 3 peptides from
the poneritoxin group, 2 peptides each from the conotoxin,
lasioglossin and protamine groups, and 17 uncharacterized
peptides that are mostly derived from plant sources. Of note,
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our positive dataset did not contain any peptides from the  Specifically, the mastoparan, poneritoxin, and lasioglossin
mastoparan, poneritoxin, conotoxin, lasioglossin or protamine  peptides show helical structure, while the conotoxin peptides
groups indicating that these are indeed novel hits. Since the  have a purely coil structure (Supplementary Figure S3 in
function of peptides from the mastoparan, ponericin, and  Supplementary Note 5). The peptides not belonging to any
conotoxin groups is to protect the host organism, they belong  specific class or uncharacterized peptides as per Uniprot
the category of host defense peptides (HDPs). Interestingly,  annotation also showed mostly helical or coil structures with only
we also obtained non-host defense peptide hits which have  one or two peptides folding as sheets (Supplementary Figure S4
varied functions—DNA intercalation (protamine), intemediate  in Supplementary Note 5). Using the DisEMBL predictor
filaments in neurons (peripherin), and metabolic enzymes from JalView, we also observed that three hits (AOAOD3HK27,
(alcohol dehydrogenase, beta-amylase). AO0A2P2N8A3, E9I8P2) are likely to be highly mobile and not fold
We chose the 37 novel peptides for further analysis, and  to a stable structure.
their decision function and predicted MBEC values are listed
in Tablel. In this Table, the first 16 peptides have been
characterized previously, and the next 21 peptides have not . .
been characterized (i.e.,}Iisted as uncharacterized in the Uniprot 3.6. Alignment of Sequences to Identify
database). Next, we predicted the secondary structures of these Consensus Patterns
peptides using the PEP2D server (Singh et al., 2019) and PEP-  To characterize the unique sequences or common functional
FOLD3 server (Lamiable et al., 2016). Figures 9, 10 show the  motifs among the 37 peptide hits, we performed multiple
predicted 3D structures, and Supplementary Figures $3, S4  sequence alignment and generated the phylogenetic relationship
in Supplementary Note 5 show the predicted 2D structures  between the hits. Based on these results, the peptide hits were
of previously characterized and uncharacterized peptides,  classified into subgroups to obtain consensus sequences. The
respectively. Most peptides show helical or coil structures.  results are shown in Figure1l. We found that previously
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TABLE 1 | Antibiofim peptide hits.

Name Type Sequence Decision function Predicted MBEC (xM)
P17238 Mastoparan INLKAIAALVKKVL 1.142 22.669
P85874 Mastoparan-like-peptide PMM2  INWKKIASIGKEVLKAL 1.109 22.679
P69036 Mastoparan INWLKLGKAVIDAL 1.065 22.679
P69034 Mastoparan INWLKLGKKVSAIL 1.011 22.679
P82420 U1-poneritoxin-Ng3g GLVDVLGKVGGLIKKLLPG 1.326 27.710
P82419 M-poneritoxin-Ng3f GLVDVLGKVGGLIKKLLP 1.299 28.502
POCFO3 U1-poneritoxin-Da2a FLGGLIGPLMSLIPGLLK 1.001 19.722
COHLM2 Alpha-conotoxin SGCCKHPACGKNRC 1.729 39.130
POC424 Conotoxin CCAPSACRLGCRPCCR 1.348 2.967
COHK43 Lasioglossin VNWKKILGKIIKVAK 1.252 3.071
COHK42 Lasioglossin VNWKKVLGKIIKVAK 1.169 3.071
P30259 Protamine GCKKRKARKRPKCKKARKRP-KCKRRKVAKKKC 1.278 4.289
Q8WMD3 Protamine MARYRRCRSRSRCRRRRRRCH- 1.043 21.567
RRRRRCCRRRRRRRACCRRYRCRRR

Q16228 Peripherin WRWRRACRRPGRPFWRV 1.533 61.163
Q9UBM9 Alcohol dehydrogenase AGLGGIGLDTNREIVKSGPK 1.079 20.531
AOA1C8YA26 beta-amylase FLGCRVQLAIKISGI 1.072 22.358
AOAOA9FN30  Uncharacterized MFRSLRKELKSKLL 1.062 22.845
AOAOAOM1Q7  Uncharacterized MGRKFKWKLWT 1.448 14.309
AOAOA9U210  Uncharacterized MTRIRRRRRHLLLLR 1.066 22.612
AOAOD3HK27  Uncharacterized MFGGSGPLKLL 1.027 22.008
AOAOE9SZ0O0  Uncharacterized MCTRWRVLLTCVRRR 1.299 28.711
AOAOKINWA40  Uncharacterized KAIALALGKSGCK 1.226 22.678
AOA2P2NBA3  Uncharacterized MGGKSDFRFCHVKKKVL 1.082 11.138
AOA2P2Q2Y8  Uncharacterized MLKLWLRIKLLRKAL 1.225 35.601
AOA3D5SU75  Uncharacterized PCPCGSGKKYKHCHGKLS 1.040 1.854
AOA3Q7GQZ6  Uncharacterized GLAYRLVNLHFCKTKR 1.073 22.656
AOA5KOUXG7  Uncharacterized ALLKSKPKLLRSGL 1.662 22.694
AOA5K1B3VO  Uncharacterized VIRIGCKWKRTA 1.416 6.260
AOA5K1BNO5  Uncharacterized LGCGHGLPGIFACLK 1.080 3.071
AOASK1DIT8  Uncharacterized AKALGKRLRIKGRFQS 0.999 61.036
AOASK1DCQ4  Uncharacterized LGCGHGLPGIYACLK 1.233 3.071
AOASK1F988  Uncharacterized EKFKIHKSGKRWM 1.062 46.811
AOASKIFWLY  Uncharacterized FRARLLRTAFR 1.115 22,722
E4Z311 Uncharacterized IKGILLRKIIKVR 1.138 35.514
EQIgP2 Uncharacterized MLKKFLGKSGRRILR 1173 8.156
E9JAR4 Uncharacterized KLVLRRILALCIIAVCK 1.259 22.923
S7IKV4 Uncharacterized SGLFCKGCSKL 1.030 60.153

characterized peptides grouped into four subgroups: Subgroup-
1, -2, -3 and —4, consisting of mastoparan and lassioglossin,
poneritoxin, conotoxin, and protamine peptides, respectively.

The previously uncharacterized peptides were grouped in
Subgroups-5 through -9. The remaining hits that did show
significant alignment with any other hit were placed in
Subgroup-10. Some of the uncharacterized peptides aligned well
with previously characterized peptides: E9I8P2 aligned with
the poneritoxin group, and AOAOE9Z00 and AOA2P2N8A3
aligned with the protamine group. The common functional
motifs were diverse but do not contain any anionic residues,
and most commonly contain R, K, L, I, and G. We
found sequences that were either R- or K-rich (Subgroup-1,

—2, —4, =5, and —7), C-rich (Subgroup-3), I- or L-rich
(Subgroup-1, —2, —5, —8 and —9). Interestingly, some
of the common functional motifs, such as those from
Subgroup-3, and —9, are unlike what is typically observed
in AMPs.

Using helical wheel diagrams, we visualized helical peptides
and their hydrophobic moment in Supplementary Figure S5
in Supplementary Note 5. The helical wheel diagrams show
that the mastoparan and lassioglossin peptides (Subgroup-
1) and AO0A2P2Q2Y8 (Subgroup-5) form a nearly perfect
amphipathic helix with hydrophilic and hydrophobic amino
acids on either side of the helix. Other peptides such as
A0A0A9210, AOA3Q7GQZ6, and E9JAR4 form helices but do

Frontiers in Microbiology | www.frontiersin.org

31

February 2022 | Volume 12 | Article 783284


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Bose et al. Novel Antibiofilm Peptide Prediction

LR A A

P17238 P85874 P69036 P69034 COHK43 COHK42
P82420 P82419 POC424 COHLM2 P30259 Q8WMD3
AOA1C8YA26 POCF03 Q16228 QUMY
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FIGURE 10 | 3D structures of previously uncharacterized potential antibiofilm peptides. The 3D structures were predicted using the PEP-FOLD 3 server. All structures
are depicted with N-terminal at the top, and C-terminal at the bottom.

not show amphipathic character as indicated by the lower value ~ well established antibiofilm activity with known mechanisms
of hydrophobic moment. of action (Supplementary Tables S19, S20 in Supplementary

To obtain insights into the mechanisms of action of these =~ Note 6). We performed sequence alignment of the 37 peptide
peptide hits, we sought to compare the sequences of these  hits (16 characterized peptides and 21 uncharacterized peptides)
peptides with those in the positive dataset with known low  with these 5 antibiofilm peptides using Clustal Omega, and the
MBEC values (<64 uM). Upon sifting through the positive  pairwise alignment score is shown in Table 2. As representative
dataset, we identified 5 peptides (LL-37, coprisin, melittin,  examples, the sequence alignments for the peptide pairs
RT2 and 1018) that have unique sequences and also have  with the highest pairwise alignment scores are presented
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10 20

AOA5K1IF988 ----EKFH--THKSGKRWM=- - - - - -

AOAOA9U210  ----- MTR--1RRRRRHLLLLR---

Q16228 - --WRWRR[-ACRRPGRPFWRV - - - -

]iO E9JAR4 ---KLVLRRILALCI IAVCK-----

AOAOD3HK27 EEEE - SEREK - - - - - I - AOAOA9FN30 - ---- MFR-SLRKELKSKLL-----

POCFO3 FLGGL IGPLMSLIPGLLK AOAOAIMIQ7  ----- MGCR - KFKWKLWT - - - - - - - -

AOA5K1B3VO - ---- VIR--1G-CKWKRTA-----

Consensus Q9U8SM9 ---AGLGG--1GLDTNREIVKSGPK

A0A3Q7GQZ6 GLAYRLVN--LHFCKTKR-------

++GGL+GPL+SLIPGLLK S7IKV4 ---SGLFC--KG-CSKL---=-=---=

FIGURE 11 | Multiple sequence alignment of peptide hits. The peptide hits listed in Table 1 were placed in Subgroups based on their BLOSUM®62 neighbor in the
phylogenetic tree, and Multiple Sequence Alignment with ClustalW was performed. The most conserved sequences for the Subgroups are: (1) INWKKI—V-VL; (2)
L—LGK-G—KRLL; (3) CC—AC-G—C; (4) C-R-R-R-C-RR—RR; (5) LR-KLLR-L; (6) GCGHGLPGIFACLK; (7) GKRLR—GKL; (8) I-LAL-SG; (9) GG—GPL—LL. The
default color scheme used as per ClustalX. Colorcode—blue: residue A, I, L, M, F, W, V, C; red: residue K, R; green: residue N, Q, S, T, magenta: E, D; yellow: residue P.

Subgroup 10

in Supplementary Figure S6 in Supplementary Note 5. The
alignment scores are relative. The scores depend on both the
length of the sequences and the number of identical or similar
amino acids in those sequences. For instance, the self-alignment
scores for the 37-amino acid long LL-37 is 1850, while the same
score for alignment with the first five amino acids of LL-37 is 260.

Of the previously characterized peptides, the hits which have a
helical structure encompassing the mastoparan, poneritoxin, and
lasioglossin groups showed significant sequence similarity with
the melittin and LL-37 peptides. Conotoxin peptides with coiled
structure share sequence similarity with coprisin. Interestingly,

peripherin shared relatively high sequence similarity with
LL-37, 1018 and RT2, demonstrating the highest pairwise
alignment score with RT2 amongst all the peptides tested in
this work. On the other hand, we notice that a few of the
peptide hits (Q8MWD3 and P30259-protamines, Q9U8M9-
alcohol dehydrogenase) showed low sequence similarity to the
five known antibiofilm peptide sequences. These three peptides
have an acceptable MBEC predicted to be less than 20 ©M.

Of the uncharacterized peptides (Table 3), a majority of the
peptides shared sequences similar to either melittin or LL-
37. Among others, AOAOKINW40 and E9JAR4 showed higher
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TABLE 2 | Pairwise alignment scores of known vs. previously characterized
potential antibiofilm peptides along with predicted secondary structure.

TABLE 3 | Pairwise alignment scores of known vs. previously uncharacterized
potential antibiofiim peptides along with predicted secondary structure.

Peptide Name Melittin LL-37 Coprisin RT2 1018 Secondary
structure
Q16228 160 helix-coil
P69034 helix-coil
P82420 helix-coil-helix
POCF03 coil-helix
P69036 helix
COHK43 helix
COHK42 helix
COHLM2 coil
POC424 coil
P85874 140 90  helix-coil-helix
P82419 150 180 helix-coi-helix
P17238 130 80  helix
AOA1C8YA26 130 130 100 80 col
P30259 110 | 50 g0 N rcix-coiheix
Q8WMDS3 so [0 e 60 90 helix
QoUBM9 90 70 |50 60 Il o heix

High-low scores are denoted in blue-white-red scale; Most match with known peptide
is highlighted in bold; Secondary structure predicted using the PEP-FOLD 3 as shown
in Figure 9.

sequence similarity to coprisin, AOAOAIM1Q7 and AOA5K1F988
showed higher sequence similarity to RT2, and E4Z311 showed
similarity to the 1018 peptide. A few peptides (AOA5K1FWL9,
AO0AS5K1DI9TS, S71KV4, AOA2P2N8A3) showed poor alignment
with any of the five known antibiofilm peptides. Of these five
peptides, AOA2P2N8A3 and AOASK1FWL9 are predicted to have
low MBEC values. AOA2P2N8A3 is rich in lysine and hydrophilic
residues while AOA5K1FWL9 is rich in arginine and hydrophobic
residues, indicating the diversity in the sequences of the hits.
The results from secondary structure prediction and sequence
alignment analysis provide insights into the possible mechanisms
of action of the novel antibiofilm peptides. Although poorly
understood, the antibiofilm peptides work through a variety
of mechanisms including membrane disruption, inhibition of
motility, disruption of essential proteins, and interruption of
genetic elements (Raheem and Straus, 2019). The interaction
with cell membrane is naturally favored by the amphipathic
helices which is commonly found in most antimicrobial peptides,
and in antibiofilm peptides (Zeng et al., 2021). Therefore, we
expect that peptides from Subgroup-1 and Subgroup-5 including
mastoparan and poneritoxin peptides may show membrane
disrupting activity similar to the AMP. The Subgroup-4 peptides
with high overall positive charge may interact favorably with
negatively charged membrane. The coiled peptides (conotoxin,
peripherin and protamine) may elicit antibiofilm action through
mechanisms different from membrane interactions, possibly by
interfering with vital cellular processes through specific binding
interactions. For instance, the 1018 peptide is believed to interact
with the signaling molecule ppGpp, and LL-37 by interfering
with several pathways including quorum sensing (Overhage et al.,
2008; Wieczorek et al., 2010). Lastly, the biofilm environment

Peptide name Melittin LL-37 Coprisin RT2 1018 Secondary
structure
E9I8P2 coil
AOAOAOM1Q7 coil
AOAOK1NW40 helix
AOA5K1F988 sheet
E4Z311 helix
AOA5K1DCQ4 coil
AOA5K1BNO5 coil-helix
AOAO0A9U210 helix
AOA2P2Q2Y8 helix
AOAOE9SZ00 coil-helix
AOAOD3HK27 coil
AOA5KOUXG7 coil-helix
AOA5K1B3V0 coil
E9JAR4 helix
AOA3Q7GQZ6 helix
AOA3D5SU75 coil-helix
AOAOA9FN30 helix
AOA5K1D9T8 coil
S7IKV4 coil
AOA2P2N8A3 coil
AOA5K1FWL9 helix

High-low scores are denoted in blue-white-red scale; Most match with known peptide
is highlighted in bold; Secondary structure predicted using the PEP-FOLD 3 as shown
in Figure 10.

is generally acidic with pH 5-6, which may promote a
change in secondary structure depending upon the pI of the
amino acids (Xiong et al., 2017). Therefore, while this work
provides some insights into novel peptide sequences and their
mechanisms, detailed genetic and molecular biofilm inhibition
assays are necessary to confirm the proposed mechanisms or
delineate the mechanisms of action of novel peptides identified
in this study.

3.7. Significance and Limitations of the
Models

Unlike many other machine learning applications for
antimicrobial peptides, we focused on the smaller subset
of antibiofilm peptides instead of the much larger set of
antimicrobial peptides because most recalcitrant infections
are due to biofilms. Therefore, the drug development strategy
should focus on efficacy against the biofilm mode of growth
rather than the planktonic mode. Our approach differs from
the previous models of antibiofilm peptide discovery in many
significant ways. First, our negative dataset was curated as
peptides which are likely to directly or indirectly promote
biofilm formation rather than randomly generated sequences.
Second, our model is built on the idea that the antibiofilm
peptides are rarer to find in nature than biofilm-inhibiting
peptides. To mimic that concept, we used ten times more
peptides in the negative dataset than in the positive dataset. We
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considered stratified sampling and ten-fold cross-validation to
eliminate the overfitting problem due to an imbalanced dataset.
Third, we used motifs that are unique to the antibiofilm peptides
not as privileged information but as a discovered entity while
cross-validating the training dataset. This unbiased approach not
only improved the performance of the model but also enabled
the identification of truly discerning motifs, which changed the
performance compared to the “without motif” model. Fourth,
we developed SVR-based regression models for the prediction of
the efficacy, i.e., the MBIC and MBEC values of novel peptides
that were classified as ABPs by our classification model. Fifth, we
used sequence alignment and secondary structure predictions to
predict putative mechanisms of action of antibiofilm hits. Lastly,
our work identified two broad classes of peptides: those peptides
that have previously known bioactivity but not antibiofilm
activity, i.e., those that may be considered for drug re-purposing;
and those peptides without any previously reported bioactivity,
i.e., those that may be considered as novel drug candidates.

One important limitation of using MBIC/MBEC values from
the literature is that the peptides were not all tested against a
single organism or using a single experimental technique but
against a wide range of microorganisms (gram positive and
gram negative bacteria, fungi), and using both dilution, plate-
based or other techniques. This key limitation notwithstanding,
the regression model performed very well, with an RMSE of
10-25% of the mean MBIC/MBEC values, for most peptides
in the training set. We expect the effectiveness of our model
to increase given more adequate MBIC/MBEC measurements
on a wide range of ABPs. As an independent validation of
our regression model, the predicted MBIC of these peptides
matched well with experimentally determined antimicrobial
activity (MIC). For instance, the peptide COHK43 is active against
gram-negative bacteria at concentrations of 1-14 ;1M as reported
in the DRAMP database (MIC 1.4 uM against E. coli, MIC
14.1 uM against P. aeruginosa) while our model predicted an
MBIC/MBEC value between 1 and 8 wM. The identification
of a number of host defense peptides, which are considered to
be a physiologically relevant response to biofilms, through a
mechanism-agnostic sequence search further bolsters confidence
in our approach (Hancock et al., 2021). Despite these limitations,
our work has clearly demonstrated not only the feasibility of
our sequence-based and mechanism-agnostic machine learning
pipeline to predict efficacious antibiofilm peptides, but has also
unearthed the vast diversity in sequences that have the potential
to eradicate biofilms. Our platform may also be easily expanded
to incorporate features such as the various post-translational
modifications which may enhance the antibiofilm activity of the
peptide backbone (Wang, 2012).

4. CONCLUSIONS

In this work, we have developed a machine learning pipeline
for the classification of antibiofilm peptides followed by the
determination of their efficacy. Using this pipeline, we identified
a small set of novel antibiofilm peptides by mining diverse
peptide libraries, and evaluated the efficacy of the hits. The

peptide hits comprised of both novel peptides and peptides with
other reported functions. Classical bioinformatics approaches of
sequence alignment showed that some of the peptide hits may
act through known mechanisms of antibiofilm activity while
some others may follow less understood mechanisms to confer
antibiofilm activity.

The two-tiered model enabled the classification and
prediction of antibiofilm activity. Our SVM-based model
with 572 features performed exceptionally well with an MCC
of 0.91, which is significantly higher than current models. The
higher performance is due to considering the physicochemical
properties and motifs along with the compositions of peptides.
Consistent with previously published studies, our model showed
that the ABPs are characterized by the abundance of positively
charged amino acids K and R, and higher hydrophobicity due
to W and I. Our SVR-based model predicted the efficacy of
ABPs with high confidence. To our knowledge, no previous
studies have attempted to predict peptide efficacy using machine
learning approaches. To this end, we built a regression model
using the MBIC and MBEC values curated from the literature
that have experimentally determined these values. In this work,
we were careful to distinguish the biological significance of
MBIC and MBEC values, as the former represents efficacy
against biofilm formation, and the latter represents efficacy
against pre-formed biofilms. An antibiofilm peptide with a lower
MBIC but high MBEC may not effectively eradicate pre-formed
biofilm. For instance, Dermaseptin-AC is useful in the inhibition
of biofilm (MBIC 32 uM) formed by Staphylococcus aureus but
is not effective in eradicating preformed biofilm (MBEC 256
uM) (Gong et al., 2020). Therefore, in this work, we developed
models to predict both MBIC and MBEC for ABPs. In vitro
biofilm inhibition and in vivo virulence assays beyond the
scope of this work are warranted to confirm the validity and
translational potential of the peptide hits.
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Streptococcus pneumoniae is a notorious pathogen that affects ~450 million people
worldwide and causes up to four million deaths per annum. Despite availability of
antibiotics (i.e., penicillin, doxycycline, or clarithromycin) and conjugate vaccines (e.g.,
PCVs), it is still challenging to treat because of its drug resistance ability. The rise of
antibiotic resistance in S. pneumoniae is a major source of concern across the world.
Computational subtractive genomics is one of the most applied techniques in which the
whole proteome of the bacterial pathogen is gradually reduced to a limited number of
potential therapeutic targets. Whole-genome sequencing has greatly reduced the time
required and provides more opportunities for drug target identification. The goal of this
work is to evaluate and analyze metabolic pathways in serotype 14 of S. pneumonia
to identify potential drug targets. In the present study, 47 potent drug targets were
identified against S. pneumonia by employing the computational subtractive genomics
approach. Among these, two proteins are prioritized (i.e., 4-oxalocrotonate tautomerase
and Sensor histidine kinase uniquely present in S. pneumonia) as novel drug targets
and selected for further structure-based studies. The identified proteins may provide a
platform for the discovery of a lead drug candidate that may be capable of inhibiting
these proteins and, therefore, could be helpful in minimizing the associated risk related
to the drug-resistant S. pneumoniae. Finally, these enzymatic proteins could be of prime
interest against S. pneumoniae to design rational targeted therapy.

Keywords: Streptococcus pneumoniae, subtractive genomics,
4-oxalocrotonate tautomerase and sensor histidine kinase

serotype 14, metabolic pathways,

INTRODUCTION

Streptococcus pneumoniae is a gram-positive, spherical, alpha-beta hemolytic, and facultatively
anaerobic bacterium. It is classified primarily as one of the major pathogenic species resulting in
high mortality and morbidity rate. It is responsible for causing meningitis, otitis media, septicemia,
bacteremia, and community-acquired pneumonia, otherwise called Invasive Pneumococcal
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Disease (IPD) (Lo et al, 2019). Nearly ~600,000 children,
~200,000 elders, and immuno-compromised individuals die due
to pneumococcal diseases caused by streptococci annually (Watt
etal., 2009). Surprisingly, in 2019, >600,000 deaths were reported
due to pneumonia as well as > 385,000 deaths during the COVID-
19 pandemic (Elflein, 2021). Antibiotics are used as the most
common anti-infection therapy (e.g., beta-lactam antibiotics)
for the treatment of pneumonia. Unfortunately, the increasing
resistance against common antibiotics as well as the emergence
of Multiple Drug Resistant strains (MDRs) worldwide makes the
management and treatment of pneumococcal infections highly
difficult (Hakenbeck et al., 2012). Surveillance of serotypes and
prevalence of drug-resistant strains in the general population is
critical to create appropriate prevention and treatment protocol
for S. pneumoniae (Ediriweera et al., 2016).

Evidently, the serotype 14 is most frequently responsible
for Invasive Pneumococcal Disease (IPD) (Geno et al., 2015)
among the 101 defined S. pneumoniae serotypes. The conjugated
pneumococcal vaccines are developed against S. pneumoniae
infections based on the polysaccharide capsular serotypes
(Chiba et al., 2014). Specifically, Polysaccharide Pneumococcal
Vaccine (PPV) 23-valent was developed for serotype 14 to
cure IPD. Unfortunately, PPSV23 led to poor immunogenicity
for pneumococci (Cilloniz et al, 2016). Currently, there
is Pneumococcal Polysaccharide Vaccine (PPSV23), 10-
valent Pneumococcal Conjugate Vaccine (PCV10), 7-valent
Pneumococcal Conjugate Vaccine (PCV7), and 13-valent
Pneumococcal Conjugate Vaccine (PCV13) in use. Even after
the distribution of multi-valent Pneumococcal Conjugate
Vaccine (PCV7), the percentage of serotype 14 infection has
increased over time due to the increase in drug resistance
(Bouskraoui et al., 2011).

Experimentally, molecular serotyping such as MultiLocus
Sequence Typing (MLST) and Pulse-Field Gel Electrophoresis
(PFGE) are the gold standard methods used to study the
outbreaks and identification of pneumococcal isolates (Enright
and Spratt, 1998), but with high associated cost. Thus, accurate
determination of the serotypes remained a challenge (Hu et al,,
2014). Tt is therefore imperative that s novel therapeutic drug
target is identified against S. pneumoniae. The discovery of a
new drug target may lead to better therapeutics (Lodha et al.,
2013). Fortunately, the arrival of the post-genomic era and
whole-genome sequencing of the pathogens opened up new
avenues, such as comparative subtractive genomics, to design new
drugs and vaccine candidates. Computational approaches make it
possible to identify potential drug targets against such pathogens
(Fair and Tor, 2014).

Certain gaps from previous studies against S. pneumoniae,
such as metabolic pathways coverage, consideration of hub
nodes, and conserved drug targets of bacterial pneumonia
(Henriques et al, 2000), are covered in this study. The
current study includes comparative and subtractive genomics
analysis, subcellular localization, Protein-Protein Interaction
(PPI) network analysis, essentiality and druggability of the target
proteins, and metabolic pathway analysis. Furthermore, the study
proposed that antibacterial lead compounds could be developed
against the shortlisted potential drug targets.

MATERIALS AND METHODS

The drug target prioritization and identification against
S. pneumoniae was performed by employing a subtractive
genomics approach along with the analysis of the metabolic
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pathways. Various databases and tools, as illustrated in the flow
chart (Figure 1), were used for the determination of therapeutic
targets against S. pneumoniae.

Data Collection of Proteome and

Metabolic Pathways

The Kyoto Encyclopedia of Genes and Genomes (KEGG)
database (Kanehisa and Goto, 2000) was used for the metabolic
pathways retrieval of the pathogen (S. pneumoniae, ie.,
spw01100) and host (Homo sapiens, i.e., hsa01100). The human
and S. pneumoniae proteomes were retrieved from the Universal
Protein Resource (UniProt) database (Apweiler et al., 2021)
with accession numbers UP000005640 and UP000001682 (strain

CGSP14), respectively. The Database of Essential Genes (DEG
database) (Luo et al., 2021) was used to investigate the essentiality
of the drug targets and the DrugBank database (Wishart et al.,
2018) was used to assess the druggability of the shortlisted targets.

Subtractive Genomics Approach

In the current study, a “Subtractive Genomic Approach,” which is
one of the most commonly applied methodologies, was applied.
Subtractive Genomics is a powerful approach that applies the
sequence subtraction between the host, the pathogen proteomes,
and metabolic pathways. It provides necessary information on a
set of proteins essential for the microorganism that do not exist
in the respective host. Subtractive Genomics plays a role of great
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FIGURE 1 | Flow chart: A general sketch of the current study integrated with the use of various computational approaches and tools to identify potential drug targets

candidates.
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importance in potential drug target identification that is unique
and essential to the pathogen survival without altering the host’s
(human) systematic metabolic pathways (Fenoll et al., 2009).

Host and Pathogen Metabolic Pathway
Analysis

As mentioned above, the KEGG database (Kanehisa and Goto,
2000) was used for the genome-wide pathways analysis of
S. pneumoniae and human. A standalone comparison was
performed between the host and pathogen to identify unique
and commonly found metabolic pathways. Unique pathways
are classified as those pathways that are present only in the
pathogen, while common pathways are those pathways that are
present in both organisms (i.e., pathogen and host) (Linares et al.,
2010). In the present study, the common metabolic pathways
proteins were discarded while the protein sequences of unique
metabolic pathways were retrieved from the UniProt for further
downstream study.

Non-homologous Protein Identification
Accordingly, the protein sequences retrieved from the unique
metabolic pathways were subjected to BLASTp (with E-value
10-3) against Homo sapiens. The BLASTp resulted in “Hits”
(Homologous sequences between host and pathogen) and “No-
Hits” (Non-homologous sequences). For further analysis, the
non-homologous sequences that showed no similarity with the
human host were selected.

Essential Non-homologous Genes

Identification

Proteins that play a major role in cellular metabolism are said to
be essential for any organism’s survival (Deng et al., 2011). Thus,
to shortlist proteins essential to pathogen’s survival, BLASTp
of non-homolog S. pneumoniae proteins was performed against
DEG with cut-off parameters of E value 107°. Consequently,
the obtained Hits protein sequences (homologous proteins) were
used for further analysis while “No-Hits” (non-homologous
proteins) protein sequences were discarded.

Druggability of Essential Protein

Furthermore, the essential non-homologous proteins were
assessed through BLASTp with an E value 1072 against the
DrugBank database to determine the drug-target-like ability
of shortlisted proteins to finally identify novel drug targets
against S. pneumoniae. Similarly, the identified Hits protein
sequences were retrieved and analyzed for the prioritization
of a potent drug target while obtained “No-Hits” proteins
sequences were discarded.

Sub-Cellular Location Prediction

The subcellular location of final shortlisted drug-like protein
targets was determined by using PSORTb v.3.0. tool (Yu et al,,
2010). The PSORTbD predicts results based on the sub-cellular
localization, i.e., cytoplasmic membrane, cell wall, cytoplasmic,
extracellular, and unknown.

Protein Structure Prediction, Validation,

and Conservancy Analysis

The structures from the proteins shortlisted from the above
approach were searched for in PDB. The suitable template for
the protein structure modeling was found through BLASTp
against the PDB. It resulted in the shortlisting of various proteins
with different query coverage and percent identity that can be
further filtered to select a suitable template for protein structure
modeling. Eventually, the 3D structures of shortlisted drug
targets were then modeled by using the Homology modeler tool.
Based on DOPE score, the best optimized structure from five
modeled structures was selected. In order to perform the docking
experiment against shortlisted proteins, PSIPRED (Buchan and
Jones, 2019), ProSA-web (Wiederstein and Sippl, 2007), and
PROCHECK (Laskowski et al., 2006) were applied for the model
structure evaluation based on secondary structure analysis, error
in 3D model identification, and tertiary structure stereochemistry
analysis, respectively.

The shortlisted proteins were further analyzed to investigate
the conservancy of these proteins in the S. pneumoniae strains.
Therefore, BLASTp of shortlisted proteins was performed and
resultant matched sequences were retrieved. These sequences
were further aligned through Clustal Omega tool to study
conservation among these proteins from other serotypes of
S. pneumoniae.

Active Site Prediction

As the structure was modeled, there is a need to find the
active site where a ligand could bind to alter its function. The
DogSite Scorer' was used to find the possible binding sites of
the modeled protein. The DogSite Scorer identifies active site
pockets based on the physico-chemical properties of the protein
residues. These active sites can be selected to dock ligand against
respective proteins.

Network Topology Studies

Furthermore, to identify whether these proteins can be a hub
protein and validate their functional interactions, the PPIs
network of pathogen proteins as potential drug targets were
generated through the STRING database (Szklarczyk et al.,
2021). The STRING is a database of experimentally known
and predicted PPIs, including direct (physical) and indirect
(functional) network. Node degrees and clustering coefficient are
used to classify these PPIs as hub proteins.

Ligand Prediction

As the protein structure was not available, the ligand information
was also missing. The ProBis server (Konc et al., 2015) was used
to find the probable ligands and also used for the assessment of
the fundamental interaction between the ligand and drug targets.
The ProBis predicts the best possible ligand for proteins through
molecular simulation based on a theoretical approach. On the
basis of the proposed ligand, one may design new drugs in further
drug discovery stages.

'https://proteins.plus/
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Molecular Docking Studies

In molecular docking, the most effective ligand shows the
minimal score of docking for its target proteins. The proteins
with the modeled structure were used as target proteins while
identified ligands were docked. The ligand was docked following
the standard docking parameters of 250 times Lamarckian GA
settings resulting in 27,000 generations (Tanchuk et al., 2016).
The MOE software was used to investigate the docked ligand-
protein interactions, and to visualize the hydrogen bond and
hydrophobic interactions of the ligand with docked protein
within the range of 5 A.

RESULTS

Identification of Metabolic Pathways in

Streptococcus pneumoniae

Currently, the KEGG database has 115 metabolic pathways
for S. pneumoniae serotype 14 and 375 for human, as shown
in Table 1. Unique and common metabolic pathways among
pathogen and host (human) were identified through standalone
BLASTp. Consequently, 25 unique pathways are identified
for the pathogen that are crucial for the persistence of
S. pneumoniae (Table 2) with 90 pathways commonly present in
both organisms (Table 3).

Metabolic Pathway Analysis

Furthermore, BLASTp of proteins that are uniquely present in
the shortlisted unique metabolic pathways was performed against
the human proteome to encounter further cross-reactivity of
drug-like compounds with the host protein. Metabolic pathway
analysis through KEGG showed 318 proteins present in the
unique metabolic pathways in which the shortlisted proteins are
playing significant roles, as shown in Table 2.

Non-homologous Proteins Identification
As described above, a total of 318 proteins were retrieved
from the unique metabolic pathways. These 318 proteins were

TABLE 1 | Steps involved in the current study: Subtractive filtering of proteins and
metabolic pathways against S. pneumoniae.

S.no Steps involved in the current study Streptococcus
pneumoniae

1 Complete pathways of the pathogen from KEGG 115
(spw)

2 Complete pathways of the human from KEGG (hsa) 375

3 Common metabolic pathways 90

4 Unigue metabolic pathways 25

5 Number of proteins presents in unique metabolic 318
pathways

6 Removal of redundant KEGG IDs 207

7 BLASTp of unique metabolic proteins against 150
human host proteome (£ value 10~3)

8 BLASTp of unique metabolic proteins against DEG 105
(E value 1079)

9 BLASTp of unique metabolic proteins against DBD 47
(E value 1079)

TABLE 2 | Unique metabolic pathways: List of all unique metabolic pathways and
uniquely present proteins in these metabolic pathways present in S. pneumoniae.

S. no Metabolic pathways Pathway Ids Proteins in
the pathway
1 Aminobenzoate degradation spw00627 2
2 Antimicrobial resistance genes spw01504 17
3 Bacterial secretion system spw03070 13
4 Benzoate degradation spw00362 2
5 C5-Branched dibasic acid spw00660 5
metabolism
6 Carbapenem biosynthesis spw00332 2
7 Cationic antimicrobial peptide spw01503 6
(CAMP) resistance
8 Chloroalkane and chloroalkene spw00625 2
degradation
9 Cyanoamino acid metabolism spw00460 4
10 D-Alanine metabolism spw00473
11 Lysine biosynthesis spw00300 12
12 Methane metabolism spw00680
13 Monobactam biosynthesis spw00261
14 Naphthalene degradation spw00626 2
15 Peptidoglycan biosynthesis spw00550 25
16 Peptidoglycan biosynthesis and spw01011 24
degradation protein
17 Phosphotransferase system spw02060 45
18 Photosynthesis proteins spw00194 8
19 Quorum sensing spw02024 52
20 Streptomycin biosynthesis spw00521 3
21 Two-component system spw02022 37
22 Two-component system spw02020 16
23 Vancomycin resistance spw01502 6
24 Xylene degradation spw00622 2
25 beta-Lactam resistance spw01501 16

subjected to BLASTp to determine the non-homologous protein
sequences against the host proteome. The BLASTp revealed 150
proteins classified as non-homologous proteins that are present
only in the pathogen. These proteins are further analyzed in
subsequent steps.

Identification of Essential Proteins

The essentiality of all non-homologous proteins was determined
by using BLASTp from the DEG database with the E value
of 107>, About 105 non-homolog proteins were classified as
essential proteins required for the survival of S. pneumoniae and
could be proposed as the potential drug targets (Supplementary
Table 1). These non-homologous essential proteins can be safely
recommended as possible therapeutic targets for pathogens.
Theoretically, bacteria may survive but expected to be less
virulent if such proteins are targeted, or numerous important
processes could be inhibited, resulting in pathogenicity being
eradicated. The DEG database is being updated periodically,
however, it is limited to the studies of S. pneumoniae survival
in rich growth medium only. Despite the DEG’s limitation it is
a well cited database and provided reliable results for known
organisms. The essentiality of S. pneumoniae proteins can be
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TABLE 3 | Common metabolic pathways: List of all common metabolic pathways,

commonly shared by both organisms (S. pneumoniae and Human).

S.no Metabolic pathways Pathway ids Protein in
pathways
1 ABC transporters pw02010 97
2 Alanine, aspartate, and glutamate spw00250 17
metabolism
3 Amino acid related enzymes spw01007 27
4 Amino sugar and nucleotide sugar spw00520 35
metabolism
5 Aminoacyl-tRNA biosynthesis spw00970 84
6 Arachidonic acid metabolism spw00590 1
7 Arginine and proline metabolism spw00330 7
8 Arginine biosynthesis spw00220 7
9 Ascorbate and aldarate metabolism spw00053 11
10 Bacterial toxins spw02042 4
11 Base excision repair spw03410 9
12 Biotin metabolism spw00780 5
13 Butanoate metabolism spw00650 7
14 CD molecules spw04090 1
15 Chaperones and folding catalysts spw03110 18
16 Chloroalkane and chloroalkene spw00625 2
degradation
17 Chromosome and associated proteins spw03036 29
18 Citrate cycle (TCA cycle) spw00020 4
19 Cysteine and methionine metabolism spw00270 21
20 Cytoskeleton proteins spw04812 3
21 D-Glutamine and D-glutamate spw00471 3
metabolism
22 DNA repair and recombination proteins spw03400 67
23 DNA replication spw03030 15
24 DNA replication proteins spw03032 25
25 Enzymes spw01000 1
26 Exosome spw04147 26
27 Fatty acid biosynthesis spw00061 15
28 Folate biosynthesis spw00790 9
29 Fructose and mannose metabolism spw00051 20
30 Galactose metabolism spw00052 27
31 Glutathione metabolism spw00480 8
32 Glycerolipid metabolism spw00052 10
33 Glycerophospholipid metabolism spw00564 8
34 Glycine, serine, and threonine spw00260 16
metabolism
35 Glycolysis/Gluconeogenesis spw00010 26
36 Glycosyltransferases spw01003 6
37 Glyoxylate and dicarboxylate spw00630 7
metabolism
38 Homologous recombination spw03440 21
39 Inositol phosphate metabolism spw00562 4
40 lon channels spw04040 1
41 Lipid biosynthesis proteins spw01004 12
42 Lysine degradation spw00310 2
43 Membrane trafficking spw04131 5
44 Messenger RNA biogenesis spw03019 14
45 Mismatch repair spw03430 18
46 Mitochondrial biogenesis spw03029 27
47 Nicotinate and nicotinamide metabolism ~ spw00760 8
48 Nitrogen metabolism spw00910 4
49 Non-coding RNAs spw03100 74
50 Nucleotide excision repair spw03420 8
(Continued)

TABLE 3 | (Continued)

S.no Metabolic pathways Pathway ids Protein in
pathways
51 One carbon pool by folate spw00670 10
52 Other glycan degradation spw00511 10
53 Oxidative phosphorylation spw00190 18
54 Pantothenate and CoA biosynthesis spw00770 1
55 Pentose and glucuronate spw00040 9
interconversions
56 Pentose phosphate pathway spw00030 19
57 Peptidases and inhibitors spw01002 38
58 Phenylalanine, tyrosine, and tryptophan spw00400 18
biosynthesis
59 Porphyrin and chlorophyll metabolism spw00860 1
60 Prenyltransferases spw01006 3
61 Prokaryotic defense system spw02048 25
62 Propanoate metabolism spw00640 12
63 Protein export spw03060 14
64 Protein kinases spw01001 10
65 Protein phosphatases and associated spw01009 3
proteins
66 Purine metabolism spw00230 36
67 Pyrimidine metabolism spw00240 30
68 Pyruvate metabolism spw00620 22
69 RNA degradation spw03018 10
70 RNA polymerase spw03020 6
71 Riboflavin metabolism spw00740 6
72 Ribosome spw03011 63
73 Ribosome biogenesis spw03009 52
74 Secretion system spw02044 13
75 Selenocompound metabolism spw00450 7
76 Sphingolipid metabolism spw00600 6
77 Starch and sucrose metabolism spw00500 40
78 Sulfur metabolism spw00920 5
79 Sulfur relay system spw04122 5
80 Taurine and hypotaurine metabolism spw00430
81 Terpenoid backbone biosynthesis spw00900
82 Thiamine metabolism spw00730 13
83 Transcription factors spw03000 41
84 Transcription machinery spw03021 11
85 Transfer RNA biogenesis spw03016 52
86 Translation factors spw03012 14
87 Transporters spw02000 264
88 Valine, leucine, and isoleucine spw00290 1
biosynthesis
89 Valine, leucine, and isoleucine spw00280 3
degradation
90 Vitamin B6 metabolism spw00750 4

further evaluated through experimental studies for the survival
of pathogen in environmental or other biological conditions such
as saliva (van Opijnen et al., 2009; Liu et al., 2017, 2021).

Druggability of Therapeutic Targets

Eventually, the non-homologous essential 105 proteins were
BLASTp-ed against the DrugBank database and any sequence
similarities with the drug target proteins in the DrugBank were
found. Only proteins with significant sequence similarity to FDA-
approved therapeutic targets were chosen, while the remaining
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were eliminated from the database. As a result, only 47 proteins
were identified as being essential, non-homologous, and drug
target-like against S. pneumoniae. These 47 proteins showed
significant similarities with the FDA approved drug targets found
in DrugBank and, therefore, subsequently followed up in the
next step. On the other hand, the excluded 58 proteins at this
stage have not shown any significant similarity to the drug targets
found in DrugBank. Although those 58 proteins were excluded
they still may be studied as potential drug targets by the scientific
community owing to their essentiality and non-homologous
nature. The list of these 47 drug target-like proteins are provided
in Supplementary Table 2.

Subcellular Localization Prediction

Protein localization is important to understand throughout the
drug development process because it influences the design of
novel drugs and vaccines. Cell membrane proteins, for example,
are frequently employed as vaccine targets, while cytoplasmic
proteins are frequently used as therapeutic targets. Among these
47 essential proteins, 30 were found to be cytoplasmic proteins,
11 were cytoplasmic membrane proteins, three were cell wall
proteins, and one was identified as an extracellular protein, as
shown in Table 4. Figure 2 showed the location distribution of
all essential proteins in S. pneumoniae. The step-wise filtering of
the proteins during the current study is shown in Table 1.

Novel Drug Targets Prediction and

Significance of Selected Proteins

The literature is full of examples of cytoplasmic proteins
as proven therapeutic targets because of easy reach by the
drugs (Anis Ahamed et al, 2021). Additionally, ~70% FDA
approved drugs are reported as enzymatic proteins because of
their significant role in multiple pathways. Finally, among 47
potential drug targets, two proteins were shortlisted as essential,
non-homologous, druggable targets against S. pneumoniae i.e.,
4-oxalocrotonate tautomerase (B2IPH4) and sensor histidine
kinase CiaH (B2INS3). Based on their cytoplasmic subcellular
localization, length > 100 amino acids, their enzymatic
nature, and involvement in essential metabolic pathways, these
identified proteins were subjected to further structure-based
studies. Figure 3 showed the comprehensive outcome of
the current study.

4-Oxalocrotonate Tautomerase
4-oxalocrotonate tautomerase enzyme (EC 5.3.2.-4-OT) belongs
to a family of isomerases that readily convert hydroxymuconate

TABLE 4 | Subcellular localization: Distribution of essential non-homologous
proteins in a different area of cell.

S.no PSORTD results No. of proteins
1 Cell wall 3

2 Cytoplasmic 30

3 Cytoplasmic Membrane 11

4 Extracellular 1

5 Unknown 2

to the af-unsaturated ketone (van Diemen et al., 2017). It
is involved in benzonate degradation and xylene degradation
pathways uniquely found in S. pneumoniae.

. 4-0T
Aromatic compound — «, f — unsaturated ketone

Through this enzyme, bacteria utilize aromatic compounds
and amino acids to essential hydrocarbons which are the
sole source of carbon and energy that is further used in the
citric acid cycle.

Sensor Histidine Kinase CiaH

Sensor histidine kinase CiaH (EC:2.7.13.3) is an ATP binding
signal transduction protein involved in the Two-component
system of S. pneumoniae (Singh et al., 2011). These sensor
histidine kinases sense the changes in the environment (in stress
or presence of drug) surrounding the pathogen and provide
such signals that alter the inside mechanism of bacterial cells,
preparing it to utilize these changes. It has been reported that
the changes in these sensor kinases showed resistance to many
antibacterial drugs such as cefotaxime (Moglich, 2019). The
protein helps in the catalysis of reactions such as,

ATP + protein L-histidine 25 ADP + protein
N — phospho — L — histidine

Environmental variables influence the synthesis of virulence
proteins, and two-component regulatory mechanisms are
involved in detecting these influences. Tatsuno et al. (2014)
reported the effected regulation of Streptococcus and significant
growth reduction in knockout CiaH strains. Additionally, CiaH
is highly conserved in S. pneumoniae, and deletion of the
gene encoding its cognate response regulator (ciaRpn) made
pneumococcal strains more susceptible to oxidative stress (Kaiser
et al, 2020). Furthermore, it has been widely studied for its
mutations resulting in the beta-lactamase resistance (Schweizer
etal,, 2017; Peters et al., 2021). It is used as a drug target to inhibit
ESKAPE pathogens (Velikova et al., 2016), Staphylococcus aureus
(Xie et al., 2020), and Corynebacterium diphtheriae (Khalid et al.,
2018). However, CiaH protein has never been studied as drug
target against S. pneumoniae and thus in the current study it is
proposed as a potential drug target.

Conservancy Analysis of Shortlisted
Proteins

Furthermore, the conservancy analysis was performed for 4-
oxalocrotonate tautomerase and sensor histidine kinase CiaH
proteins. The BLASTp of 4-oxalocrotonate tautomerase resulted
in the local alignment of XylH with P67530 S. pneumoniae
(serotype 4), P67531 (strain ATCC BAA-255/R6), A5MAV1
(strain SP14-BS69), and JOV2K5 (from strain 2070335). The
alignments of these identified proteins were further analyzed
through multiple sequence alignment using Clustal Omega. The
percent matric analysis showed that these proteins are 100-98%
conserved among them (Supplementary Figure 1). Additionally,
the BLASTp of sensor histidine kinase CiaH showed similarities
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SUB-CELLULAR LOCALIZATION OF NON- HOMOLOGOUS
ESSENTIAL PROTEINS THROUGH PSORTB
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Cytoplasmic
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FIGURE 2 | Subcellular localization: PSORTDb results showing the subcellular distribution of essential proteins occur in S. pneumoniae.

* Complete pathways of the pathogen from KEGG (spw) 115

¢ Complete pathways of the human from KEGG (hsa) 35

¢ Common metabolic pathways 90

¢ Unique metabolic pathways 25

* Number of proteins presents in unique metabolic pathways 318
* BLASTp of unique metabolic proteins against human host proteome (E value 103) 150
* BLASTp of unique metabolic proteins against DEG (E value 10°°) 105
* BLASTp of unique metabolic proteins against DBD (E value 10°3) 47

* Proteins Structure Modelling
* Modelled Structure Validation
* Molecular Docking

FIGURE 3 | Current study summary for target protein identification: Stepwise analysis of subtractive genomic approach for drug targets identification in
S. pneumoniae.

with POA4I6 (strain ATCC BAA-255/R6), POA4I5 (serotype (SP14-BS69), and A5M9S2 (strain SP14-BS69), respectively.
4 strain ATCC BAA-334/TIGR4), AOAOH2ZQ10 (serotype 2  These proteins showed conservancy of 100-93% when analyzed
strain D39/NCTC 7466), J1DIP7 (strain 2070335), A5M9S1  through MSA (Supplementary Figure 2).
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Comparative Structure Prediction and

Evaluation

The 3D structures of shortlisted proteins were not yet available
in the PDB. Therefore, its homology modeling was performed
by taking the FASTA sequence of the protein from the UniProt
database with the accession numbers B2IPH4 and B2INS3 as
mentioned in the database. Structural and functional studies
of 4-oxalocrotonate tautomerase and sensor histidine kinase
CiaH, were further evaluated by performing BLASTp against the
PDB database to find a possible template. For 4-oxalocrotonate
tautomerase, the template PDB ID: 6FPS was identified with
41% sequence similarity (Figure 4A). Likewise, for sensor
histidine kinase CiaH, template PDB ID: 4I5S with a 40%
sequence similarity was selected (Figure 4B). Using these
identified template proteins, the 3D structure of 4-oxalocrotonate
tautomerase and sensor histidine kinase CiaH was modeled.
Structures with high DOPE score (i.e., modeled structure 4) were
further evaluated for ligand screening.

Validation of the Modeled Structure

Different tools were used to verify the modeled protein structure.
In the following, the structure verification procedure is discussed.

Confirmation of Proteins Through PSIPRED

The PSIPRED resulted in the prediction of a higher number
of alpha helices than beta sheets formation as shown in
Supplementary Figure 3 for both XylH and CiaH. The PSIPRED

FIGURE 4 | Modeled structure of proteins (drug targets): Structure modeled
through Homology modeler for 4-oxalocrotonate tautomerase (A) and sensor
histidine kinases (B) using the respective template.

results verified the protein on the basis of their sequence
for the alpha helices and beta sheets formation as modeled
through modeler tool.

PROCHECK Validation of Proteins

The PROCHECK was used to generate a Ramachandran plot for
the modeled protein structures. For XylH, the Ramachandran
plot showed about 93.8% residues in the favorable region and
four residues in additionally allowed regions (6.2%). While in
the case of CiaH, validation showed about 84.4% residues in the
favorable region, with seven residues in the disallowed region
and 51 and 7 residues in the additionally allowed and generously
allowed regions responsible for about 12.2 and 1.7%, respectively,
as shown in Supplementary Figure 4.

Structure Validation Through ProSA

Additionally, the cross validation of modeled structure through
ProSA tool predicted a Z-score value of -2.66 for XylH
and -4.62 for CiaH, indicating the model falls within the
range of NMR/X-ray crystallography derived structures
(Supplementary Figure 5).

Network Topology for Protein-Protein

Interactions

Many functional and physical interactions between various types
of proteins develop, and these interactions are critical for many
biological processes involving cellular machinery. Filtering and
analyzing functional genomic data for annotating functional,
structural, and evolutionary information of proteins may be
performed using this information. Investigating the predicted
PPIs might open up new avenues for experimental research and
computer-assisted drug discovery in the future (Schwartz et al.,
2009). The PPI and functional annotation of selected proteins
(XylH and CiaH) were determined using the STRING server.
The STRING results showed different nodes and edges of each
protein and showed that the prioritized target proteins may
act as hub protein inter-acting with more than ten proteins.
Therefore, targeting such proteins may affect the activity of all
interactor proteins.

The interaction of XylH protein with other proteins in
S. pneumoniae was identified using the STRING database,
which was submitted with the protein sequence of XylH. It
resulted in 16 PPI networks for 4-oxalocrotonate tautomerase
(Figure 5A) represented as (XylH in red node) with neighbor
proteins as SPD_0131 (Conserved hypothetical protein),
SPD_0182 (Conserved hypothetical protein), SPD_0072
(Catechol  2,3-dioxygenase), = SPD_1834  (Acetaldehyde
dehydrogenase), TrmE (Trna modification gtpase trme),
glyA (Glycine hydroxymethyltransferase), PolA (In addition
to polymerase activity), prfA (Peptide chain release factor
1), tdk (Thymidine kinase), SPD_0905 (Acetyltransferase),
SPD_0908 (L-threonylcarbamoyladenylate synthase), SPD_0911
(Uncharacterized protein), PvaA (Pneumococcal vaccine antigen
A), and HemK (Release factor glutamine methyltransferase).
The XylH protein has a total number of edges of 62, expected
number of edges of 23, number of nodes of 16, and an average
nodes degree of 7.75, according to the results. The enrichment
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FIGURE 5 | Protein-protein interactions: Schematic PPI network generated through the STRING database for XylH (A) and CiaH (B).

p-value for Protein-Protein Interactions is 7.79e-12, with an
average local clustering coefficient of 0.908. These proteins are

the XylH protein may result in the loss of function of the other
involved in a variety of critical functions. As a result, targeting

associated proteins. As a result, we can suggest this protein as a
therapeutic target.
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Similarly, the CiaH protein sequence was uploaded to the
STRING database. The STRING resulted in 28 PPI networks for
sensor histidine kinase CiaH, verifying that the selected proteins
are hub proteins (Figure 5B). The CiaH was represented by a
red node having interactions with CiaR (DNA-binding response
regulator ciaR), SPD_2068 (DNA-binding response regulator),
SPD_0574 (DNA-binding response regulator), ArgF (Ornithine
carbamoyltransferase), SPD_1908  (Response  regulator),
SPD_0081 (Response regulator), VncS (Histidine kinase), VncR
(DNA-binding response regulator VncR), SPD_1446 (DNA-
binding response regulator), SPD_2020 (DNA-binding response
regulator protein), SPD_0344 (DNA-binding response regulator),
SPD _1085 (response regulator saer), SPD_0574 (DNA-binding
response regulator), ComD (sensor histidine kinase comd),
ComC1 (Competence stimulating peptide precursor 1), PtsH
(phosphocsrrier protein), SPD_0698 (Uncharacterized protein),
SPD_0695 (Oxidoreductase), SPD_0699 (Uncharacterized
protein), SPD_0694 (Uncharacterized protein), SPD_0697
(Acetyltransferase), PepN (Aminopeptidase), mapZ (Conserved
hypothetical protein), SPD_1429 (Uncharacterized protein),
CppA (Cs-degrading proteinase), SPD_0585 (Uncharacterized
protein), SPD_1522 (Replication initiation and membrane
attachment protein), and FtsL (Cell division protein ftsl). It has a
total of 28 number of nodes, 90 edges, 6.43 average node degree,
average clustering coeflicient as 0.824, expected number of edges
as 38, and PPI enrichment p-value of 6.97e-13.

Active Site Prediction

Accordingly, as the protein structures were modeled, there is a
need to find an interactive interface for the binding of the ligand.
For that purpose, the DogSite Scorer tool was used to identify
such binding sites. It predicted only one binding pocket for XylH
protein with a drug score of 0.82 as shown in Supplementary
Figure 6A. Table 5 showed the residues present in the selected
binding pocket. As for CiaH, it predicted 16 binding pockets.
Among these pockets, the binding site with a high drug score
0.81 was selected, as shown in Supplementary Figure 6B. Table 5
showed the residues present in the selected binding pocket.

Protein-Ligand Interactions Study
Through Docking

The protein-ligand interactions were analyzed through
AutoDock Vina.

Ligand Identification

The identification of protein binding site and their

corresponding ligands have an important role in drug target
identification and drug research. The protein binding sites
are structurally and functionally important regions on the
protein surface on which different type of drugs interact
to perform a desired action (Konc and Janezi¢, 2017). The
ProBis server was used for the ligand identification. For
4-oxalocrotonate tautomerase, DPM commonly named as
DIPYRROMETHANE COFACTOR with IUPAC name:
3-[5-[[3-(2-carboxyethyl)-4-(carboxymethyl)-5-methyl-
1H-pyrrol-2-yl]Jmethyl]-4-(carboxymethyl)-1H-pyrrol-3-yl]
propanoic acid was used. The ligand was identified from

TABLE 5 | Active site: Residues present in the Active site of XylH and CiaH protein.

XylH protein active site residues CiaH protein active site residues

S.no Chain Position Residue Chain Position Residue
1 A 1 Met A 211 Leu
2 A 2 Val A 212 Glu
3 A 3 Lys A 218 Gln
4 A 4 Trp A 219 Ser
5 A 5 Lys A 223 Asn
6 A 6 Lys A 226 His
7 A 7 Ser A 227 Glu
8 A 8 Lys A 228 Leu
9 A 9 Leu A 229 Arg
10 A 10 Val A 230 Thr
11 A 1 Glu A 231 Pro
12 A 12 Glu A 233 Ala
13 A 13 Ala A 234 Val
14 A 14 lle A 235 Leu
15 A 15 Met A 236 Gin
16 A 16 Pro A 237 Asn
17 A 17 Phe A 238 Arg
18 A 28 Leu A 256 Ser
19 A 31 Lys A 259 Ser
20 A 32 Lys A 260 Ser
21 A 35 Ala A 262 Glu
22 A 36 Lys A 263 Glu
23 A 39 Thr A 266 Asn
24 A 48 Ala A 267 Met
25 A 49 Pro A 269 Phe
26 A 50 Gin A 270 Leu
27 A 51 Ser A 273 Ser
28 A 52 Ala A 274 Leu
29 A 53 Val A 280 Arg
30 A 54 His A 281 Asp
31 A 56 Val A 282 Asp
32 A 284 lle
33 A 289 Ala
34 A 290 Glu
35 A 294 Ser
36 A 295 Phe
37 A 298 Thr
38 A 301 Thr
39 A 332 Lys
40 A 351 Glu
41 A 385 Arg
42 A 402 Leu
43 A 407 Ala
44 A 410 lle
45 A 413 Ala

a template protein PDB ID: 3EQl (from Human) and for
sensor histidine kinase CiaH, XAM commonly named as
Amycolamicin antibiotic, IUPAC name (1R,4aS,5S,6S,8aR)-5-
{[(5S)-1-(3-O-acetyl-4-O-carbamoyl-6-deoxy-2-O-methyl-alpha
-L-talopyranosyl)-4-hydroxy-2-oxo-5-(propan-2-yl)-2,5-
dihydro-1H-pyrrol-3-yl]carbonyl}-6-methyl-4-methylidene-1,2,
3,4,4a,5,6,8a-octahydronaphthalen-1-yl-2,6-dideoxy-3-C-[(1S)-
1-{[(3,4-dichloro-5-methyl-1H-pyrrol-2-yl)carbonyl]Jamino}
ethyl]-beta-D-ribo-hexopyranosideligand was identified from
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a template PDB ID: 4URL (from Escherichia coli BL21)
(Supplementary Figure 7).

Molecular Docking With AutoDock

Molecular docking analysis was performed with the identified
ligand from ProBis server and modeled structure of CiaH
and XylH protein through the AutoDock 4.2 tool. The XAM
compound resulted in the binding score of —5.09 kcal/mol while
DPM showed more potency toward XylH i.e., -7.59 kcal/mol.
Furthermore, the post-docking analysis was performed to study
the interaction of protein compounds complex. The analysis
showed that XAM mediates five hydrogen bonds with Glu377,
Lys424, and Arg393 whereas DPM mediates one hydrogen bond
through its side chain oxygen with Val55 residue, as shown in
Figure 6. The detailed interaction analysis of XAM and DPM is
highlighted in Table 6.

DISCUSSION

Streptococcus pneumoniae is the most common cause of
pneumonia in children and the number of antimicrobial-resistant

cases of S. pneumoniae has increased globally. The situation
tends to the worst due to limited medication for acute and
chronic illnesses (Yang et al., 2019). Recently, computational
methods gained more attention for the development of numerous
alternative approaches for treating the resistant pathogens
(Boeckmann et al.,, 2003). The subtractive genomics has been
widely applied on various pathogens for the prediction and
identification of therapeutic targets. Despite the methodological
advancements, the high throughput experimental results are
yet not available for the majority of pathogens. As a result,
the efforts to find essential drug targets now mostly rely on
bioinformatics based predictions (Uddin and Rafi, 2017). In silico
based subtractive genomic analysis has been widely applied for
strain-specific drug target identifications, particularly for the
resistant pathogens (Uddin et al., 2019).

In the current study, a subtractive genomics based metabolic
pathways analysis was applied for the prediction of drug targets
against the clinically relevant S. pneumoniae serotype 14. In
the present study, metabolic pathway analysis of S. pneumoniae
against human host was performed that resulted in the prediction
of 25 metabolic pathways uniquely present in S. pneumoniae.
The proteins involved in these pathways were retrieved and

FIGURE 6 | Docking of ligands with their respective drug targets. (A) 3D and 2D interaction of DPM with Ciah protein, and (B) XAM ligand for XylH protein.
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TABLE 6 | Post-docking interactional analysis of XAM and DPM with XylH and CiaH protein.

Compounds Ligand Receptor Interaction Distance E (kcal/mol) Binding affinity (kcal/mol)
XAM C41 OE2 GLU377 H-donor 3.21 -0.7 —7.59
NAV 20 O LYyS424 H-donor 2.98 —4.5
NCA 115 OE2 GLU377 H-donor 3.09 -5.0
OAQ 24 CB LYS424 H-acceptor 3.54 -0.7
OBY 120 NH2 ARG393 H-acceptor 3.45 -0.6
DPM OBl 88 N VAL55 H-acceptor 3.11 -2.6 -5.09

further studied for homologous proteins identification and
also to identify proteins that are only found in pathogens.
The computational subtractive genomics is a powerful tool
to prioritize those proteins that are essential and play a role
in the pathogenicity. However, the unique pathways found
exclusively in bacteria may still share the common proteins that
are found in the bacterial pathogens as well as in human host.
Similarly, there are common pathways between the pathogen
and human host that may also have unique proteins and those
unique proteins may also act as drug targets. That common
proteins may still be looked for and studied to find the
drug targets since the mere similarity among proteins is not
the only criterion to exclude them from the search of drug
targets. There are many examples of successful drugs which
target common proteins of the pathogens that are shared by
the human host. One such drug target is a bacterial enzyme
known as Pantothenate synthetase that has a homolog present
in human host, however, with low similarity (~40%) and
it is safely considered as a drug target for numerous other
bacterial pathogens including M. tuberculosis (Suresh et al.,
2020; Rahman et al, 2021). It is the matter of focus of
the current study that we considered the unique and non-
homologous proteins only from the bacterial pathogen to
proceed in our work pipeline. This could be considered as a
limitation of the current applied protocol. However, one may
explore the unique pathways for common proteins and also the
common pathways for the unique proteins depending upon the
similarity thresholds.

Furthermore, the filtration for essential proteins/genes were
performed by the DEG database. The essential genes from the
DEG database are identified by in vitro rich medium for the
growth of the bacteria, therefore, it may result in identifying
those proteins which may not be essential during the in vivo
(i.e., in the host) infection phase. This is the major limitation of
working with the DEG. Even with this limitation the DEG has
been well studied in literature examples and produced the reliable
results that led to the identification of novel in vivo drug targets
(Umland et al., 2012).

In the next step, the drug target-like proteins were searched
with the help of DrugBank database. Consequently, a total of
47 essential druggable and unique proteins were prioritized
as potential drug targets against S. pneumoniae serotype 14.
Finally, only two enzymes out of the 47 shortlisted proteins
were selected for further ligand discovery as potential drug
candidates against S. pneumonia. The selected two proteins are 4-
oxalocrotonate tautomerase and sensor histidine kinases. These

two proteins were selected because of their role in benzoate
degradation and two-component system as both are critical
for the growth and survival of the bacteria (Gupta et al,
2020). Though the focus of the current study is on the above
mentioned two proteins, the other proteins can also be equally
considered for further study to characterize them as potential
drug targets against which lead compounds can be developed
as potent drugs.

The 4-oxalocrotonate tautomerase enzyme is involved in
benzonate and xylene degradation pathways which is unique to
S. pneumonia. The benzonate and xylene degradation pathways
degrade the aromatic compounds and amino acids into essential
hydrocarbons to fulfill its carbon and energy requirements
(Medellin et al., 2020; Baas et al., 2021). On the other hand,
the sensor histidine kinase is involved in the Two-Component
System (TCS) of S. pneumonia and regulates certain physiological
conditions. The TCS is a basic signaling mechanism that
allows bacteria to detect environmental signals and develop
an appropriate stress response by expressing genes that allow
for environmental adaptability. The function of these proteins
elaborate their importance and hence can be considered as
potential drug targets (Rosales-Hurtado et al., 2020). The
shortlisted proteins were modeled through modeler and validated
through PROCHECK, PSIPRED, and ProSA. Furthermore, the
inhibitors, ie., XAM (against CiaH) and DPM (for XylH),
were predicted against through probis server and were screened
using AutoDock tool. Subsequently, the interaction analysis
was performed through MOE tool. These compounds showed
favorable potency against each respective protein with the
estimated binding affinities of —5.09 kcal/mol for XAM against
CiaH and -7.59 kcal/mol of DPM against XylH. The results we
achieved in the current study are presented here and are open
for the experimental validation of compounds against respective
drug targets in future by the scientific community.

The above study predicted the essential proteins that
may most likely act as potential drug targets due to their
involvement in essential pathways of S. pneumoniae (Lo et al.,
2019). Additionally, the metabolic pathways associated with
the cytoplasmic proteins may be used to formulate the drug
targets, whereas the membrane-associated proteins may be used
to formulate peptide vaccines (Masomian et al., 2020). All of
the remaining non-homologous essential proteins, on the other
hand, might be good therapeutic targets. The vaccines and
therapies that target the activities of these proteins may eventually
lead to the destruction and eradication of pathogen from
the respective hosts. The current study covered all important
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and potent pharmacological targets in S. pneumoniae that will
certainly aid future researchers in developing effective treatment
or vaccine candidates. Therefore, various other computational
approaches along with this approach in collaboration with
experimental researchers could be used in the future to produce
potential therapeutic strategy not only against S. pneumoniae but
for other pathogens too.

CONCLUSION

The analysis of the genome and proteome of many pathogens
has aided the prediction of drug targets. In the current study, a
subtractive genomic-based metabolic pathway analysis approach
was applied to predict non-homologous essential druggable
proteins against S. pneumoniae participating in the unique
metabolic pathway. However, all the non-homologous essential
proteins may also act as promising drug targets. Targeting these
protein’s functions through novel drug candidates may lead
to the destruction and the eradication of pathogen from the
respective host. The analysis and results of the study covered
all essential, potent drug targets in S. pneumoniae and thus
it may facilitate future researchers to develop effective drug
compounds and vaccines against strain-specific S. pneumoniae
serotype 14.
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Bacteriophage-encoded depolymerases are responsible for degrading capsular
polysaccharides (CPS), lipopolysaccharides (LPS), and exopolysaccharides (EPS) of
the host bacteria during phage invasion. They have been considered as promising
antivirulence agents in controlling bacterial infections, including those caused by
multidrug-resistant (MDR) bacteria. This feature inspires hope of utilizing these enzymes
to disarm the polysaccharide capsules of the bacterial cells, which then strengthens the
action of antibiotics. Here we have identified, cloned, and expressed a depolymerase
Dpo71 from a bacteriophage specific for the gram-negative bacterium Acinetobacter
baumannii in a heterologous host Escherichia coli. Dpo71 sensitizes the MDR
A. baumannii to the host immune attack, and also acts as an adjuvant to assist or boost
the action of antibiotics, for example colistin. Specifically, Dpo71 at 10 wg/ml enables
a complete bacterial eradication by human serum at 50% volume ratio. A mechanistic
study shows that the enhanced bactericidal effect of colistin is attributed to the improved
outer membrane destabilization capacity and binding rate to bacteria after stripping off
the bacterial capsule by Dpo71. Dpo71 inhibits biofilm formation and disrupts the pre-
formed biofilm. Combination of Dpo71 could significantly enhance the antibiofilm activity
of colistin and improve the survival rate of A. baumannii infected Galleria mellonella.
Dpo71 retains the strain-specificity of the parent phage from which Dpo71 is derived: the
phage-sensitive A. baumannii strains respond to Dpo71 treatment, whereas the phage-
insensitive strains do not. In summary, our work demonstrates the feasibility of using
recombinant depolymerases as an antibiotic adjuvant to supplement the development
of new antibacterials and to battle against MDR pathogens.

Keywords: depolymerase, exopolysaccharide degrading enzymes, antibiotic adjuvant, serum killing, biofilm
prevention and degradation

INTRODUCTION

Carbapenem-resistant Acinetobacter baumannii was identified as the number one priority
pathogen by World Health Organization [WHO] (2017) and Centers for Disease Control and
Prevention [CDC] (2019). A. baumannii infection is associated with frequent and hard-to-treat
infections, such as pneumonia, bacteremia, urinary tract infections, meningitis, and wound
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infections (Peleg et al., 2008). In the past decades, outbreaks
of A. baumannii resistant to the last-resort antibiotics, such as
colistin, are increasingly reported (Pendleton et al., 2013; Fair
and Tor, 2014). Alarmingly, the development of novel antibiotics
have experienced significant setbacks in recent years (World
Health Organization [WHO], 2019), and thereby the field is
urgently calling for novel antibacterial agents to address the
clinical challenges of A. baumannii associated infections.

Bacteriophages (phages), natural co-evolving bacteria killers,
are being revitalized to combat multidrug-resistant (MDR)
bacteria (Hampton et al, 2020). Although regarded as a
promising alternative to conventional antibiotics, phage therapy
faces challenges as very few completed clinical trials confirmed
the efficacy (Pirnay and Kutter, 2020). The narrow host range
and the development of phage-resistance could be the major
factors for such failures. The viral nature of phage may also
be unacceptable to most clinicians and the general public
(Verbeken et al, 2014ab, 2016). Alternatively, researchers
explore the potential of phage-encoded enzymes, including the
peptidoglycan hydrolases, polysaccharide depolymerases, and
holins, as novel antibacterial agents, drawing inspiration from the
life cycle of phage. In contrast to phage, phage-encoded enzymes,
as therapeutic proteins without replicating capability are more
manageable and acceptable (Pires et al., 2016; Latka et al., 2017;
Knecht et al., 2020; Lai et al., 2020).

Phage-encoded depolymerases are polysaccharide hydrolases
or lyases responsible for stripping bacterial polysaccharides,
including exopolysaccharides (EPS), capsular polysaccharides
(CPS), and lipopolysaccharide (LPS), to facilitate the parent
phage to inject its DNA materials into the bacterial host
(Pires et al., 2016; Knecht et al., 2020). Distinct from other
phage-encoded enzymes, depolymerases do not lyse bacterial
cells directly. Instead, they disintegrate the CPS of bacteria to
make them susceptible to host immune attack and antibacterial
treatments (Majkowska-Skrobek et al, 2018). Recombinant
depolymerases have been shown to protect mice from fatal
systemic bacterial infections (Lin et al., 2014; Chen et al., 2020)
and to disrupt biofilms for enhanced antimicrobial activity
(Hughes et al., 1998; Gutiérrez et al., 2015; Hernandez-Morales
et al., 2018; Mi et al., 2019; Topka-Bielecka et al., 2021).

Combined administration of depolymerases and antibiotics
will produce superior antibacterial efficacy - expected but not
yet well-supported by experiments. Bansal et al. (2014) were
the first to report the adjuvant effect of a depolymerase derived
from Aeromonas punctata (a facultative anaerobic gram-negative
bacterium) with gentamicin in treating mice infected with non-
lethal dose of K. pneumoniae. Intranasal administration and
intravenous administration of the combination for lung infection
and systemic infection, respectively, both reduced bacterial
counts significantly more than the single-agent treatments.
They attributed the improved bacterial killing efficiency to the
enhanced bacterial susceptibility toward gentamicin after the
bacteria were decapsulated by the depolymerase. Depolymerases
also effectively dispersed the EPS matrix in K. pneumoniae
biofilms to facilitate the penetration of gentamicin (Bansal et al.,
2015). A similar synergy was also observed in the treatment
of K. pneumoniae biofilms using the Dep42 depolymerase

and polymyxin B (Wu et al, 2019). On the contrary,
Latka and Drulis-Kawa (2020) showed that the KP34p57
depolymerase had no impact on the activity of ciprofloxacin
but could significantly enhance the antibiofilm efliciency of
non-depolymerase-producing phages. Depolymerase could also
enhance the antibiofilm efficacy of a phage-encoded antibacterial
enzyme endolysin (Olsen et al., 2018).

Currently, a few A. baumannii depolymerases have been
identified (Hernandez-Morales et al., 2018; Liu et al., 2019a;
Oliveira et al., 2019a,b; Wang et al., 2020; Shahed-Al-Mahmud
et al., 2021). Whether they would work with antibiotics in
controlling biofilm-associated infections, like those observed for
K. pneumoniae, remains questionable. In the present study, the
combinational effects of a depolymerase Dpo71 encoded by a lytic
A. baumannii phage, vB_AbaM-IME-AB2 (IME-AB2 in short)
(Peng et al., 2014; Liu et al,, 2016), with serum or colistin in
targeting MDR A. baumannii are evaluated.

MATERIALS AND METHODS

Bacterial Strains, Culture Condition and
Materials

All bacterial strains used in this study are listed in Supplementary
Table 1. The multidrug-resistant A. baumannii strain MDR-AB2,
isolated from the sputum samples of a patient with pneumonia
at PLA Hospital 307 was supplied by the Beijing Institute
of Microbiology and Epidemiology (Peng et al., 2014). The
antibiotic susceptibility profile of this strain was determined,
which confirmed its resistance to most of the commonly used
antibiotics (Peng et al., 2014). All the bacterial strains were
grown in Nutrient Broth (NB) medium at 37°C. Colistin was
bought from J&K Scientific (Beijing, China) (Cat No. 437689,
>19,000 IU/mg).

Plasmid Construction

The plasmid was constructed using standard cloning methods.
Genes encoded Dpo71 (Protein id: YP_009592222.1) was
synthesized by BGI (Shenzhen, China) and cloned into
the pET28a plasmid using BamHI and Xhol site and the
protein sequence was listed in supporting information
(Supplementary Table 2).

Recombinant Proteins Expression and

Purification

The constructed plasmid was transformed into Escherichia coli
BL21 (DE3) cells and colonies were grown overnight at 37°C
in LB media supplemented with 50 pug/ml kanamycin. The start
culture was grown overnight, and then was used to inoculate
LB media supplemented with antibiotics at 1:100 ratio. The cell
culture was grown at 37°C to reach ODggp ~0.6 before 0.25 mM
IPTG was added to induce protein expression. After grown at
16°C overnight, cells were harvested for protein purification. The
enzyme was purified by nickel affinity chromatography using
HisTrap™ HP column (GE Healthcare, Chicago, United States).
Briefly, harvested cells were re-suspended in lysis buffer
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containing 10 mM imidazole, 50 mM phosphate/300 mM sodium
chloride (pH 8.0). The cell suspension was lysed by sonication
and centrifuged. The supernatant was collected, filtered, and
loaded into the column. The bound protein was eluted by
imidazole gradient from 10 to 500 mM. Pure protein fractions
eluted with imidazole gradient were collected and exchanged
with PBS (pH 7.4). After purification, all proteins were flash
frozen under liquid nitrogen and stored at —80°C. Protein
concentration was determined using NanoDrop (Thermo Fisher
Scientific, Massachusetts, United States).

Size Exclusion Chromatography Analysis
Purified depolymerase Dpo71 as well as two gel filtration
markers with molecular weight of 150 and 200 kDa (MWGF200,
Sigma-Aldrich, Missouri, United States) were used for analysis,
performed on an AKTA FPLC instrument installed with a
Superose 6 Increase prepacked column (GE Healthcare, Illinois,
United States). Proteins were filtered with 0.2 um membrane and
injected into the FPLC system equilibrated with PBS.

Circular Dichroism Spectroscopy

Far-UV CD spectroscopy is commonly used to analyze the
secondary structures of proteins with a Jasco J810 CD
spectrometer (Oliveira et al., 2020). The spectrum measurement
was performed with the Dpo71 of 0.30 mg/ml in PBS buffer (pH
7.4) using a wavelength range from 190 to 260 nm. Thermal
denaturation with 1°C/min increments was also employed to
measure the secondary structure unfolding at 215 nm, from
20 to 90°C. The melting curves were fitted into a Boltzmann
sigmoidal function.

Spot Test Assay

The depolymerase activity of Dpo71 was qualitatively assayed
by a modified single-spot assay. In brief, 100 pl of MDR-AB2
overnight bacterial culture was added to 5 ml of molten soft
nutrient agar (0.7%) and incubated at 37°C for 3 h to form a
bacterial lawn in plates. The purified enzyme was serially diluted,
then 5 1 of each dilution (from 0.001 to 10 jug) was dropped onto
the MDR-AB2 bacterial lawn for incubation at 37°C overnight.
The plates were monitored for the formation of semi-clear spots
as a confirmation of the depolymerase activity.

Extraction of Bacterial Surface

Polysaccharides

The bacterial polysaccharide extracts (containing both CPS and
LPS) were purified, via a modified hot water-phenol method as
described previously (Liu et al., 2020). Briefly, A. baumannii were
cultured overnight in LB with 0.25% glucose. A volume of 1 ml
culture was centrifuged (10,000 rpm, 5 min) and resuspended in
200 pl of double distilled water (ddH,0O). An equal volume of
water-saturated phenol (pH 6.6; Thermo Fisher Scientific) was
added to the bacterial suspension. The mixture was vortexed and
incubated at 65°C for 20 min, centrifuged at 10,000 rpm for
10 min. Then the supernatant was extracted with chloroform to
remove bacterial debris. The obtained bacterial CPS/LPS were
lyophilized and stored at —20°C before use.

Quantification of Depolymerase Activity

The enzymatic activity of Dpo71 degrading the bacterial
polysaccharides was determined as described in Liu et al. (2020)
with minor modifications. The extracted CPS/LPS powder of
A. baumannii was resuspended in ddH20O (1 mg/ml) and mixed
with Dpo71 (30 pg/ml) or deactivated Dpo71 (by heating at
90°C for 15 min) to a final reaction volume of 200 l. The
extracted CPS/LPS or enzyme alone served as the controls. After
2 h incubation at 37°C, cetylpyridinium chloride (CPC, Sigma-
Aldrich, Missouri, United States) was added to the mixture
at the final concentration of 5 mg/ml, which was further
incubated at room temperature for 5 min. Absorbance was
measured at 600 nm using a microplate reader (Multiskan Sky,
Thermo Fisher Scientific, Massachusetts, United States). The
experiment was performed in triplicate and repeated at least in
two independent experiments.

Influence of pH and Storage Time on the
Depolymerase Activity

The extracted CPS/LPS powder was dissolved in 100 mM citric
acid-Na,HPO4 buffer (pH 3.0-8.0) or 100 mM Glycine-NaOH
buffer (pH 9.0-10.0) to a final concentration of 1 mg/ml. The
CPS/LPS solutions of A. baumannii were mixed with Dpo71
(30 pg/ml) to a final reaction volume of 200 pl, respectively.
After 2 h incubation at 37°C, the turbidity of residual CPS/LPS
in various pH buffers was determined as described above. The
effect of pH on the enzymatic activity was determined by this
method. The storage stability of Dpo71 at 4°C was determined
by measuring the CPS/LPS degradation activity after 1, 3, and
6 months storage. All assays were performed in triplicate and
repeated at least in two independent experiments.

Serum Killing Assay

The serum killing assay was performed as previously described
(Oliveira et al., 2020). Log phase bacteria were prepared by
inoculating overnight culture at 1:100 ratio in NB medium and
shaking 180 rpm for 3-4 h at 37°C. Then the cells of each
culture (AB#1, AB#2, AB#3, and AB#4) were harvested via
centrifugation, washed, and resuspended in PBS, then adjusted
to ODgyp = 0.6. Human serum (Sigma-Aldrich, Missouri,
United States) was mixed with (i) only bacteria or (ii) bacteria
and Dpo71 mixture. The Dpo71 was fixed at final concentration
of 10 pg/ml and the volume ratio of human serum was set at 50%.
Experiments with heat-inactivated serum (at 56°C for 30 min)
were served as controls. The mixtures were then incubated at
37°C for 4 h for viable bacterial counting. Time-killing assays
were also performed for the two sensitive strains (AB#1, AB#2)
with the volume ratio of human serum varied from 1 to 50% and
at 100 pg/ml Dpo71. Samples were withdrawn at 1, 3, 5,and 24 h
for bacterial counting. All assays were performed in triplicate and
repeated at least in two independent experiments.

Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) was conducted as
described previously (Oliveira et al., 2019a). Log phase
A. baumannii bacteria were washed twice with PBS and
resuspended in PBS buffer at ODgpp = 0.6. Then approximately

Frontiers in Microbiology | www.frontiersin.org

March 2022 | Volume 13 | Article 845500


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Chen et al.

Depolymerase as an Antibiotic Adjuvant

108 cells were incubated at 37°C with PBS or Dpo71 for 3 h.
Cells were then fixed with 2.5% (v/v) glutaraldehyde at 4°C
overnight. Thereafter, the fixed cells were washed twice with
PBS and dehydrated with a graded ethanol series (15, 30, 50, 70,
85, and 100% for twice). The bacterial suspensions were then
spotted on glass and dried with vacuum. Finally, the samples
were coated with gold and observed with Quanta 400F SEM (FEI,
Oregon, United States).

Outer Membrane Permeability to
1-N-Phenylnaphthylamine Assay

For the investigation of outer membrane permeability, 1-
N-phenylnaphthylamine (NPN) uptake assay was performed
(Helander and Mattila-Sandholm, 2000; Chen et al., 2021).
A. baumannii cells were grown to mid-log phase (ODggp = 0.6-
0.8), centrifuged, and resuspended in PBS. Then PBS (control),
Dpo71 (10 pg/ml), colistin (1 pg/ml) or their combination
(Dpo71 + colistin) were incubated with 107 CFU/ml cells in
the presence of 10 wM NPN for 5 min. The fluorescence
intensities were recorded using a microplate reader (CLARIOstar,
BMG Labtech, Ortenberg, Germany) with 350 &+ 7.5 nm for
excitation and 420 £ 10 nm for emission. All experiments were
performed in three biological replicates and repeated at least in
two independent times.

Assessment of Colistin Binding

The assay described by Campos et al. (2004) was done with
minor modifications. Briefly, cells grown as described above
were resuspended in PBS buffer about 10! CFU/ml. Then, the
bacteria were first treated with Dpo71 or PBS at 37°C for 2 h.
Then 50 pg/ml colistin was added, after 5 min of incubation,
the cells with the bound colistin were sedimented (12,000 g,
10 min), the supernatant was centrifuged two more times
under the same conditions. Finally, the unbound colistin was
quantified with HPLC. The integrated areas were recorded and
the concentrations of the unbound colistin were calculated from
the standard curve of colistin (16-500 jg/ml). All experiments
were performed in three biological replicates and repeated at least
in two independent times.

Biofilm Inhibition Assay

A. baumannii were grown in NB medium overnight at 37°C
with continuous shaking 180 rpm. The overnight bacterial culture
was diluted with fresh NB medium to a final density of 10°
CFU/ml. Then the diluted bacteria cultures were treated with
PBS (control), Dpo71 (1, 10, or 40 pg/ml), colistin (1 pg/ml)
or their combination (Dpo71 + colistin) with a final volume of
150 pl/well at 37°C for 24 h with gentle shaking (100 rpm). At
the end of the incubation time, all media were removed and the
wells were stained with 200 pl 0.1% (w/v) crystal violet for 1 h.
After staining, the crystal violet solution was removed and the
wells were washed with 200 1 PBS for three times. Then, 200 1
of 70% ethanol was added to dissolve the crystal violet and 100 1
solution was transferred to a new plate for quantification of the
residual biofilm biomass using a microplate reader (CLARIOstar,
BMG Labtech, Ortenberg, Germany) at 570 nm. All experiments
were performed in three biological replicates and repeated at least
in two independent times.

Biofilm Removal Assay

A. baumannii were grown in NB medium overnight at 37°C with
continuous shaking 100 rpm. The overnight bacterial culture was
diluted with fresh NB medium to a final density of ODggp = 0.2.
To initiate the biofilm growth, diluted culture was aliquoted into
a 96-well plate at 100 pl/well (Costar, Corning Incorporated,
New York, United States) and incubated at 37°C for 24 h
at 100 rpm. Biofilm was washed twice with PBS and treated
with PBS (control), Dpo71 (10 pg/ml), colistin (4 pg/ml) or
their combination (Dpo71 + colistin) with a final volume of
150 pl/well at 37°C for 24 h with gentle shaking (100 rpm). At the
end of the incubation time, the residual biomass was quantified
using crystal violet as described in the inhibition assay above. The
antibiofilm activity was also evaluated by the counting the viable
bacteria in the biofilm (Wilson et al., 2017). Briefly, the biofilm
was grown and treated as above, then the wells were washed three
times with PBS. Then the biofilm-containing wells were mixed
fully with a pipetting device, making the biofilm cells become
planktonic cells. Each sample was serially diluted and plated for
bacterial counting. All experiments were performed in triplicate
and repeated at least in two independent times.

Confocal Laser Scanning Microscopy on

Biofilm Removal

Confocal dish (NEST, Wuxi NEST Biotechnology, Jiangsu,
China) was used instead of the 96-well plate for the antibiofilm
study described above. Before microimaging, the biofilms were
stained by LIVE/DEAD™ BacLight™ Bacterial Viability Kit
(Thermo Fisher Scientific, Massachusetts, United States) for
60 min following the manufacturer’s instructions. Then the
biofilms were washed three times with PBS before the confocal
laser scanning microscopy (Nikon, C2+ confocal, Tokyo, Japan)
study. The excitation maximum and emission maximum of
SYTO 9 is at 483 and 503 nm, respectively. The excitation
maximum and emission maximum of propidium iodide is at 493
and 636 nm, respectively.

Hemolysis Assay

The effect of Dpo71 on the hemolysis of human red blood
cells was performed using previously described methods with
minor modifications (Liu et al., 2019a). The human blood sample
from a healthy donor was centrifuged at 1,000 rpm for 10 min
to remove the serum. The red blood cell pellets were washed
with PBS (pH = 7.4) at least three times and then diluted to
a concentration of 5% (volume ratio) with PBS. The Dpo71
(10, 100, and 500 jg/ml, final concentration) was added to the
red blood cells and incubated at 37°C for 1 h, followed by
centrifugation at 1,000 rpm for 10 min. Then 100 pl supernatant
was transferred to a 96-well microplate and topped up with
another 100 pl of PBS to get a final volume of 200 pl. The
erythrocytes in PBS and 0.1% Triton X-100 were served as
negative and positive controls, respectively. The hemoglobin
in supernatant was determined by measuring absorbance at
540 nm using a microplate reader (Multiskan Sky, Thermo Fisher
Scientific, Massachusetts, United States). All experiments were
performed in three biological replicates and repeated at least in
two independent times.
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Cytotoxicity of Dpo71 Against BEAS-2B

Cell

BEAS-2B (Human Normal Lung Epithelial Cells) cells were
cultured in DMEM (GIBCO, New York, United States)
containing 10% FBS (GIBCO, New York, United States) under
standard conditions in a humidified incubator with 5% CO,
at 37°C. The cytotoxic effect of the Dpo71 on BEAS-2B cells
was measured by Cell Counting Kit-8. The BEAS-2B cells were
seeded at density of 10* cells/well in a 96-well plate containing
200 wl of culture medium and incubated at 37°C for 24 h.
Next, the cells were incubated with Dpo71 for 12 h followed by
incubating with 10 pl of WST-8 solution (Beyotime, Shanghai,
China) for another 2 h at 37°C. Absorbance was measured at
a wavelength of 450 nm using a microplate reader (Multiskan
Sky, Thermo Fisher Scientific, Massachusetts, United States). The
PBS group was served as a negative control. All experiments were
performed in three biological replicates and repeated at least in
two independent times.

Galleria mellonella Infection Model

The G. mellonella model was conducted following the procedures
described by Peleg et al. (2009) with some minor modifications,
and referring in other G. mellonella studies (Yang et al., 2015;
Blasco et al., 2020). The G. mellonella larvae were acquired
from WAGA company in Hong Kong and the injection was
performed with a 10 pl SGE syringe (Sigma-Aldrich, Missouri,
United States). To infect the G. mellonella, the larvae were first
injected with 10° CFU A. baumannii (MDR-AB2 strain) into
the last left proleg. Then the PBS buffer (control group) or 5 pg
Dpo71; 1 pg colistin; or 1 pug colistin + 5 pg Dpo71 (treatment
group), were injected into the last right proleg within 30 min.
The G. mellonella were then incubated at 37°C and observed
at 24 h intervals over 4 days. The G. mellonella which did not
respond to physical stimuli were considered dead. Each group
included nine G. mellonella with individual experiments repeated
two times (n = 18).

Statistics

All experimental data are presented as means =+ standard
deviation (SD), and significance was determined using
independent Student’s ¢ tests and the one-way analysis of variance
(ANOVA), assuming equal variance at a significance level of
0.05. Comparison of the survival rates of G. mellonella between
groups was determined by Kaplan-Meier survival analysis with
a log-rank test. All statistical analysis was performed using
GraphPad Prism software.

RESULTS

Identification and Characterization

Depolymerase Dpo71

The IME-AB2 phage exhibits plaque surrounded by a halo-zone,
suggesting the presence of a depolymerase protein. Bioinformatic
analysis reveals that gp71 is a tail fiber protein (Peng et al,
2014) with 43% sequence similarity as the depolymerase encoded

by another Acinetobacter phage vB_AbaP_AS12 (Protein Data
Bank number 6EU4) (Figure 1A). Expression of the ORF71
sequence in E. coli. yields a protein with more than 95%
purity and a molecular mass of about 80 kDa (Figure 1B),
matching the calculated value of 80.2 kDa. Size exclusion
chromatography shows that the purified Dpo71 elutes as a single
peak at a molecular weight larger than 200 kDa (Figure 1C).
This corresponds to a trimer, consistent with the expected
oligomeric form of phage tail fiber protein which is believed
to endure extreme conditions for phage infection and survival
(Oliveira et al., 2019a, 2020). Circular dichroism (CD) reveals
that the Dpo71 protein adopts a well-folded conformation rich
in B-sheet structures with a negative dichroic minimum at 215-
nm and a positive maximum around 195-nm characteristic peaks
(Figure 1D). The melting curves following the CD signal at
215 nm show a melting temperature (Tm) of 58.5°C (Figure 1E).
Spot tests were performed next to confirm the ability of Dpo71
in degrading bacterial capsules of the host bacteria MDR-AB2
of the parent phage. Semi-clear spot formation was observed
on the bacterial lawn with the spot sizes increasing with the
dose of depolymerase from 0.001 to 10 pg range (Figure 1F).
The bacterial CPS/LPS degradation activity of Dpo71 was
also confirmed by the reduced CPS/LPS concentration and
Alcian blue staining (Supplementary Figure 1) using protocols
documented in previous studies (Liu et al., 2020).

Robustness of Dpo71 Upon

Administration and Storage

To evaluate the therapeutic applicability of Dpo71, the enzymatic
activity of Dpo71 at various pH values was evaluated by
monitoring the turbidity of the residual polysaccharide extracts
(CPS/LPS). Figure 2A shows that the enzyme remained active
in the range of pH 4-8, covering most of the physiological
conditions. Then we measured the toxicity of Dpo71 to
mammalian cells, human red blood cells and lung bronchial
epithelial cell line (BEAS-2B cells). No hemolytic activity was
detected even at a high dose of 500 jLg/ml (Figure 2B). Figure 2C
also shows Dpo71 has no cytotoxicity against BEAS-2B cells.
The result suggests that Dpo71 may be a safe treatment, likely
for systemic or pulmonary infections. As stability upon storage
is critical for the development of commercially viable protein
therapeutics, the storage stability of Dpo71 at 4°C has been
evaluated. Results show that Dpo71 is stable for at least 6 months
without noticeable activity loss (Figure 2D).

Sensitizing Bacteria to Serum Killing and
Antibiotic

As depolymerase can disintegrate bacterial capsules and thus
sensitize bacteria to be killed by host immune system (Yoshida
et al., 2000; Spinosa et al., 2007; Oliveira et al., 2020), we first
measured whether serum could kill the Dpo71-treated bacterial
cells. Two A. baumannii strains (AB#1 and AB#2), belonging
to ST208 sequence type (Liu et al,, 2019a), sensitive to the
parent IME-AB2 phage and two insensitive strains (AB#3 and
AB#4) were chosen for the serum killing assays. The four
tested strains were resistant to serum killing and continue to
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FIGURE 1 | Identification and characterization of Dpo71 depolymerase. (A) Bioinformatic analysis indicates the gp71 gene of the IME-AB2 phage. (B) SDS gel
electrophoresis analysis of purified Dpo71 and a standard molecular mass marker (Lane M). (C) Size exclusion chromatography of purified depolymerase protein.
(D) Circular dichroism analysis of Dpo71 measured in the far-UV (190-260 nm). (E) The melting curve of Dpo71 acquired at 215 nm from 20 to 90°C. (F) Spot test

assay of Dpo71 against A. baumannii lawn (0.001-10 p.g).

a remarkable bacterial reduction (8 log) was noted for the two
sensitive strains (AB#1 and AB#2), but not for the insensitive
ones (AB#3 and AB#4) when the bacteria were treated with

grow in human serum without the presence of depolymerase.
Bacteria treated with 10 pg/ml Dpo71 and inactivated serum
also showed no antibacterial effect (Figure 3A). On the contrary,
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active human serum (with a volume ratio of 50%) and Dpo71
(Figure 3A). Furthermore, the time-killing assay on the two
sensitive strains was performed with a serum ratio of 1-50%.
Complete bacterial eradication was observed after a 5-h treatment
at 50% human serum for both AB#1 and AB#2 (Figure 3B and
Supplementary Figure 2). It is noteworthy that a 5% serum was
sufficient to achieve around 4-log bacterial reduction after 5 h
and with minor regrowth after 24 h. This efficacy is significantly
higher as compared with previous reports, in which at least 25%
human serum is needed to achieve the same killing efficiency
(Majkowska-Skrobek et al., 2018; Liu et al., 2019a, 2020; Mi et al,,
2019; Oliveira et al., 2020).

We next examined the antibiotic adjuvant effect of Dpo71
against MDR-AB2. Colistin was chosen because it was the only
tested antibiotic that the MDR-AB2 strain was susceptible to with
a minimum inhibition concentration (MIC) of 2 pg/ml (Peng
et al., 2014; Supplementary Table 3). The colistin concentration
was set at 1 pg/ml, half of the MIC value. Figure 3C shows
that 1 pg/ml colistin alone or colistin with 5% serum had no
antibacterial effect against the inoculation of 108 CFU/ml. Dpo71
combined with 5% serum could achieve around 4-log bacterial
reduction and the antibacterial effect was further enhanced to

nearly complete eradiation (residual viable bacteria reduced from
44 £+ 0.2 log to 0.7 &+ 1.1 log) when Dpo71 was used in
combination with 1 pwg/ml colistin in the presence of 5% serum
(Figure 3C). This boosting effect was consistent with a modified
checkerboard assay examining the synergy between Dpo71 and
colistin that the MIC of colistin dropped from 2 to 0.5 pg/ml
with the addition of 5% serum (Data not shown). Notably, these
results indicated that Dpo71 could act as an adjuvant to boost the
antibacterial activity of colistin in low serum condition.

Mechanisms for the Adjuvant Effect of

Depolymerase on Colistin

Although the combined administration of depolymerase and
antibiotics was superior to the individual treatments, the
underlying mechanisms responsible for the adjuvant effect of
Dpo71 have not been fully investigated (Bansal et al., 2014, 2015;
Olsen et al., 2018; Wu et al., 2019; Latka and Drulis-Kawa, 2020).
We first confirmed that Dpo71 could strip the bacterial capsule
using scanning electron microscopy (SEM). Figure 4A shows
clearly the morphological changes of the bacterial surface after
Dpo71 treatment. The bacterial surface of untreated bacteria
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FIGURE 3 | Dpo71 enhanced the serum sensitivity and colistin activity against A. baumannii. (A) Bacterial susceptibility to the treatment with Dpo71 concentration of
10 pg/ml and 50% serum volume ratio. A. baumannii clinical strains sensitive (AB#1 and AB#2) and insensitive (AB#3 and AB#4) to the phage IME-AB2 were tested.
(B) Time-killing curve of Dpo71 (10 png/ml) against MDR-AB2 (AB#2 strain) in the presence of 1-50% human serum. (C) Dpo71 and colistin activity against

A. baumannii in the presence/absence of 5% human serum. Data are expressed as means + SD (n = 3). *** indicates P < 0.001, Student’s t-test.
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possessed a complex polysaccharide capsule with pilus-shaped
protrusions, while the surface of the Dpo71-treated group
showed the absence of these pilus-shaped protrusions, suggesting
the loss of the capsule. Then we evaluated the impact of the
capsule on the outer membrane (OM) destabilization capacity of
colistin using the 1-N-phenylnaphthylamine (NPN) uptake assay.
The fluorescence intensity of NPN for the Dpo71-alone group
was comparable with the control group and that of the Dpo71-
colistin treated bacteria (decapsulated) was significantly higher
than the colistin-alone groups (Figure 4B). These results indicate
that Dpo71 depolymerase only acted on bacterial capsules and
the removal of the capsule could significantly enhance the OM
destabilization capability of colistin. The binding efficiency of
colistin with native and decapsulated bacteria was estimated.
The Dpo71 treated bacteria had a lower level of free colistin in

the supernatant compared with the untreated group, indicating
that more colistin binds onto the capsule-stripped bacteria
(Figure 4C). These results all suggested that depolymerase can
function as an antibiotic adjuvant by disintegrating the bacteria
capsule to promote interaction between antibiotics and the
bacteria, and hence their entry to the bacterial host.

Anti-biofilm Activity

We next measured the inhibition effect of Dpo71 on biofilm
formation (Wilson et al., 2017). Figure 5A shows Dpo71 inhibits
biofilm formation in a dose-dependent manner. At 1 pg/ml
Dpo71, the residual biomass was 80% as compared with the PBS-
treated control. The residual biomass was further reduced to
60.0 £ 7.2% at 10 pg/ml Dpo71 and 58.2 &+ 7.0% at 40 pg/ml.
Therefore, 10 wg/ml Dpo71 was chosen for the evaluation of
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adjuvant effects with 1 pg/ml colistin (1/2 MIC) in inhibiting
biofilm formation. Colistin alone brought down the biomass
to 43.5 £ 4.9%, and further reduced it to 28.9 £ 3.1% when
used in combination with Dpo71 (Figure 5B). The biofilm was
visualized by the LIVE/DEAD staining, in which live cells were
stained with green fluorescence and dead cells with damaged
membrane were stained red (Figure 5C). Consistent with the
results from the CV staining assay, confocal imaging showed
Dpo71 alone and colistin alone could prevent the biofilm
formation to a certain extent compared with the PBS-treated

sample, but the combination of Dpo71 and colistin yielded
the most effective biofilm inhibition. Our results confirmed the
capability of both Dpo71-alone and co-treatment with colistin in
preventing A. baumannii biofilm formation.

We next assessed whether Dpo71 or its combination with
colistin can remove pre-formed biofilm (Wilson et al., 2017).
According to the CV staining assay, the biomass could be
disrupted by a single treatment of Dpo71 (10 pg/ml) or colistin
(4 pg/ml, 2x MIC) to around 60% residual biomass of the
PBS control (Figure 6A). The combined treatment could further
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reduce the residual biomass to 41.5 & 6.6%. We reached the
same conclusion when we compared the number of viable
bacterial cells in the dispersed biofilms (Figure 6B). In the
absence of Dpo71, colistin was inefficient in killing bacteria
embedded in the biofilm (<0.5 log reduction), whereas with
the help of Dpo71, more than 90% of the bacterial cells in
biofilm were killed (from 7.3 £ 0.1 to 6.2 & 0.2 in log scale). In
the LIVE/DEAD viability assay, the pre-formed biofilm network
was dismantled by Dpo71 (Figure 6C). These results show that
Dpo71 can efliciently disrupt per-formed biofilm. For biofilms
treated with the combination of Dpo71 and colistin, both 2D
and 3D confocal images showed only weak fluorescence signals,
confirming that the biofilm was effectively removed (Figure 6C).

These data indicate that Dpo71 could boost the antibiofilm
activity of colistin.

Antibacterial Activity in a Galleria

mellonella Infection Model

We next evaluated the in vivo efficacy of Dpo71 and colistin in
combating bacterial infections in a Galleria mellonella infection
model (Figure 7A). In the control group, approximately 70%
of the G. mellonella died within 18 h and the death rate
increased to 90% at 48 h (Figure 7B). The survival rate of
the colistin-treated group increased to 50% after 24 h post-
infection, and around 30% endured to the end of the monitoring

Frontiers in Microbiology | www.frontiersin.org

March 2022 | Volume 13 | Article 845500


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Chen et al.

Depolymerase as an Antibiotic Adjuvant

A Treatment at
l 30min post-injection

| |

/%%D @

Time post injection(H)

48 72 hours
A. baumanni \ . )
(1.0 x 108 c.f.u.) .
Survival rate
B -'= PBS
100"""-_|—|_' * DpoT71
2 80+ : + Colistin
2 i -
7 60+ ‘o * % =+ Dpo71+Colistin
€ ' * %
[ - ' | \
3 40 —, . .
)
& 20 e - = -
| ------ .
0 ] ] T ] ] ]

FIGURE 7 | Antivirulent activity in the Galleria mellonella infection model. (A) Scheme of the experimental protocol for the G. mellonella. (B) Survival curves for
G. mellonella infected with 108 CFU A. baumannii then followed by the injection of PBS buffer (control group); 5 g Dpo71; 1 pg colistin; or 1 g colistin + 5 g
Dpo71 (treatment group) (n = 18, **p < 0.01, **p < 0.001, Kaplan-Meier survival analysis with log-rank test).

period (72 h post-infection). Although depolymerase itself is not
bactericidal, the Dpo71-alone treatment was found to be effective
in rescuing the infected worms with 40% of the G. mellonella
surviving for 72 h. The combination treatment increased the
survival rate of the infected worms to 80% till the end of the
monitoring period, significantly higher than the monotherapy
groups (**p < 0.01, log-rank test).

DISCUSSION

A. baumannii, one of the most alarming nosocomial gram-
negative pathogens, has drawn significant attention in clinical
settings due to its exceptional ability to acquire resistance
to the commonly used antibiotics (Wieland et al., 2018).
Although the knowledge on the mechanisms involved in the
pathogenicity of A. baumannii is still limited, the production
of bacterial capsular polysaccharides has been regarded as an
important virulence factor, conferring its intrinsic resistance to
peptide antibiotics and protecting it from host immune attack
(Wilson et al,, 2002; Geisinger and Isberg, 2015; Pettis and
Mukerji, 2020). A. baumannii has previously shown a much
higher biofilm formation rate (80~91%) compared with other
species (5-24%) (Marti et al., 2011). Its excellent capability of
forming biofilms also contributes to the bacterial pathogenicity
and resistance toward antibiotics. As CPS and EPS (a major
component of the biofilms) are the substrates of phage-encoded
depolymerases, the application of recombinant depolymerases
has received compelling interest as novel antivirulence agents to
control multidrug-resistant infections (Pires et al., 2016; Knecht
et al,, 2020). A few depolymerases encoded by A. baumannii

phage have been identified in recent years with demonstrated
in vivo efficacy (Lin et al,, 2017; Liu et al, 2019b; Oliveira
et al., 2019b; Wang et al., 2020; Shahed-Al-Mahmud et al,
2021). However, the adjuvant effect of depolymerases on SOC
antibiotics in controlling infections caused by A. baumannii has
never been attempted.

In this study, depolymerase Dpo71, derived from an
A. baumannii phage, IME-AB2 was found to remain active at a
pH range of 4-8 and have a Tm of 58.5°C, suggesting it can be
used under most physiological conditions. These properties of
Dpo71 were consistent with that of other depolymerases (Oliveira
et al., 2019a, 2020). Importantly, this study demonstrated the
excellent storage stability of a depolymerase with no noticeable
activity loss for at least 6 months storing at 4°C. This would offer
great advantages in developing depolymerases as commercially
viable antibacterial agents. Depolymerases are known to be
highly specific to the capsular type of the bacteria (Whitfield,
2006; Schmid et al., 2015; Singh et al., 2018, 2019). Dpo71 was
sensitive to AB#1 and AB#2 but insensitive to AB#3 and AB#4.
The reason for this discrepancy is rooted in the mechanism of
action of Dpo71, which still remains elusive. The remarkable
diversity of bacterial capsules and the narrow host-spectrum
of phage and phage-derived enzymes might raise a concern
about the general applicability of phage therapy and therapies
based on phage-derived enzymes, although in some scenarios
this narrow spectrum can be harnessed to eradicate pathogens
while leaving beneficial bacterial strains in the flora unharmed.
Furthermore, the recombinant Dpo71 effectively decapsulates
the host bacteria of its parent phage (AB#1 and AB#2) and
re-sensitizes them to serum killing in a serum ratio-dependent
manner (Figure 3B). The depolymerase treatment was largely
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limited for systemic infections because bacterial killing required
the aid from the host immune attack such as complement-
mediate killing. In the present study, the Dpo71 treated bacteria
were significantly reduced in the presence of 5% serum (4 logs of
killing from a density of 108 CFU/ml), representing the possibility
of applying this depolymerase beyond systemic infection to
environments with a low serum level, like lung infections. When
the serum ratio increased to 50%, complete bacterial eradication
was achieved with Dpo71. This was significantly higher than
that reported in previous studies (Lin et al., 2017; Majkowska-
Skrobek et al., 2018; Liu et al., 2019a, 2020; Mi et al., 2019;
Oliveira et al., 2020), in which a 50% serum (complement) ratio
could only kill 2-5 log of the depolymerase treated bacteria and
no further killing was noted when the serum (complement)
ratio increased to 75%. Liu et al. (2019a) postulated that
the incomplete bacteria-killing was due to the emergence of
resistant phenotypes. Therefore, resistance development toward
the depolymerase treatment was assessed and compared with
the parent phage treatment. While the bacteria developed phage
resistance after 24-h co-incubation, they remained sensitive to the
Dpo71 depolymerase (Supplementary Table 4). The sensitivity
of the bacteria incubating with Dpo71 and 5% serum was also
examined. Dpo71 could still yield a clear halo spot on the
treated bacteria lawn (Supplementary Figure 3), suggesting they
were still sensitive to the depolymerase. It is mainly because
depolymerases do not directly kill the bacteria during the
antibacterial treatment, reducing the impetus for bacteria to
evolve mechanisms against the depolymerases.

While the Dpo71 treatment could effectively remove the
bacterial capsules and promoted their interactions with colistin
(Figure 4), no enhanced antibacterial effect was noted for the
mixture of Dpo71 and colistin in the absence of serum. However,
the addition of a small amount of serum (5% volume ratio)
significantly boosted the bacterial killing efficiency (Figure 3C).
These results suggested that serum was also essential for the
combination treatments. Colistin first binds to the LPS at the
cell surface followed by displacing the divalent cations (Ca*>* and
Mg?*) to disturb the integrity of the outer membrane, resulting
in bacterial cell death. Previous reports showed that the MIC
values in serum was lower than those in other culture media
(Loose et al., 2020). Therefore, the enhanced antibacterial effect
in the presence of serum is likely attributed to the combination
effect of colistin and depolymerase on the bacterial cell surface
facilitating the host immune attack.

Biofilm formation is one of the major contributors for
the chronicity of A. baumannii infections and their increased
antibiotic resistance (Marti et al., 2011). As the EPS can
account for 80-90% of the biofilm matrix, the ability of phage
in eradicating biofilms was reported to be accounted for the
action of their tailspike depolymerases degrading the EPS,
facilitating their diffusion through the dispersed biofilms to
get access to the underneath bacteria (Dunsing et al.,, 2019).
The effectiveness of recombinant depolymerases in preventing
biofilm formation and disrupting the established biofilms has
also been studied. The susceptibility of biofilms to phage
depolymerase treatments varied, depending on the bacterial
strains and the activity of depolymerases. In most reported

antibiofilm studies, depolymerases were able to cause a 10-
40% biofilm reduction compared with the untreated controls in
a dose-dependent manner (Gutiérrez et al., 2015; Hernandez-
Morales et al., 2018; Wu et al., 2019; Shahed-Al-Mahmud et al,,
2021; Topka-Bielecka et al., 2021). However, there were also
reports showing depolymerases were ineffective in dispersing the
biofilms, though they were capable of decapsulating bacterial
CPS (Latka and Drulis-Kawa, 2020). Overall, the depolymerase
treatment were unable to completely inhibit or remove biofilms
and the number of viable bacterial counts in the biofilms
were similar to the untreated controls (Gutiérrez et al., 2015;
Hernandez-Morales et al., 2018; Wu et al., 2019; Topka-Bielecka
et al, 2021), with a few exceptions (Bansal et al, 2015;
Shahed-Al-Mahmud et al., 2021). These suggested that using
depolymerases as a stand-alone treatment might not be sufficient
in controlling infections associated with biofilms. Impairing
drug diffusion (subdiffusion) within the biofilm matrix is a
major contributor to the sub-optimal treatment to biofilm-related
infections (Sweeney et al., 2020). Improving the penetration of
antibiotics into the biofilm matrix may hold the key to better
clinical outcomes. In the present study, Dpo71 demonstrated
moderate biofilm inhibition and removal capacities, both around
40% reduction compared with the PBS control, at an optimal
concentration of 10 pg/ml (Figures 5, 6). Consistent with
most previous studies, Dpo71 could effectively disperse the
biofilms but failed to reduce the viable bacterial counts in the
biofilms and this was also visually reflected in the LIVE/DEAD
confocal images. Combination treatment with colistin, which is
the only antibiotic that the MDR-AB2 strain is susceptible to,
was studied. The residual biomass and the number of viable
bacterial counts within the biofilms were both significantly
reduced compared with the depolymerase-alone and colistin-
alone treatments, confirming the positive effect of depolymerase-
antibiotic combination treatment noted in other bacterial species
(Bansal et al., 2014, 2015; Wu et al,, 2019). Previously, Dunsing
et al. (2019) have proved that treating established Pantoea
stewartii biofilms with phage tailspike proteins could rapidly
restore unhindered diffusion of nanoparticles. Therefore, the
improved antibiofilm ability with the combined Dpo71 and
colistin treatment noted here was likely attributed to the
improved colistin penetration within the biofilm matrix after the
EPS depolymerization by the Dpo71. Overall, our data support
the depolymerase and antibiotic combination as a promising
alternative treatment strategy in managing biofilm-associated
infections caused by A. baumannii.

The G. mellonella infection model was first developed to study
the bacterial pathogenicity by Peleg et al. (2009) and has emerged
as a valuable inset model to evaluate the effectiveness of novel
antibacterial reagents (Yang et al., 2015; Blasco et al., 2020).
Several reasons make it a popular model: the larvae (1) can
survive at 37°C to mimic the physiological condition of humans;
(2) have fast reproduction time to allow high-throughput of
experiments compared with mammalian systems; (3) have a
semi-complex cellular and humoral innate immunity, which
shares remarkable similarities with mammals, but no adaptive
immune response to interfere with the therapeutic outcome (Kay
et al, 2019). Importantly, the G. mellonella model does not
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require ethical approval to provide informed data in reducing the
number of mammals used for further identification/confirmation
of the potential lead compounds. Liu et al. (2019b) first evaluated
the in vivo efficacy of Dpo48 identified from an A. baumannii
phage (IME200) using a G. mellonella infection model. They
showed that the Dpo48 treated G. mellonella had a higher
survival rate (10-30%) than the untreated group at all the
time points throughout the study period (72 h). Although
the Dpo48 treatment outcome was not particularly profound
in the G. mellonella infection model, they showed that the
Dpo48 could significantly reduce the bacterial load 6 h post-
treatment and rescue 100% of the infected mice (both normal
and immunocompromised) from fatal sepsis. They attributed
the difference in the insect and mammal infection models to
the simpler innate immune response of insects. Nonetheless,
their results confirmed that the G. mellonella infection model is
sufficient to predict the antivirulence capacity of depolymerase
and their ability to control A. baumannii infections in mammals.
As shown in Figure 7B, the survival rate of infected G. mellonella
treated by Dpo71 or colistin monotherapy was around 40%,
but the survival rate of those treated by the combination of
Dpo71 and colistin could be significantly enhanced to 80%.
The results confirmed that Dpo71 was effective in reducing
the virulence level of MDR-AB2 in vivo and prolonged the
survival time of the infected worms as demonstrated in Liu et al.
(2019b). Moreover, the adjuvant effect of depolymerase to colistin
was demonstrated in vivo, consistent with the in vitro biofilm
experiments. These results warrant further studies on assessing
the potential of the combination in treating biofilm-associated
infections in mammals.

While promising effects on the use of depolymerase as
antivirulence agents have been demonstrated in vivo, knowledge
on the exact mechanisms of A. baumannii CPS cleavage by phage
depolymerases are still largely missing (Popova et al., 2020). In
addition, depolymerases also present high specificity toward a
narrow range of target polysaccharides (specific capsular type
of the bacteria) (Blundell-Hunter et al., 2021). In some cases,
depolymerases might only be active against a subset of bacteria
of their parent phage which are already specific to a small set of
bacteria strains (Liu et al., 2020; Topka-Bielecka et al., 2021). Such
narrow host spectrum would greatly limit the wider therapeutic
application of depolymerases. To address this limitation, the use
of cocktails of depolymerases, an approach widely adopted for
phage therapy in human use, may be a feasible solution. Further
work on elucidating mechanisms of action of depolymerases
would allow protein engineering to extend their host range and
activity (Latka et al., 2021), facilitating their application as a
stand-alone treatment or as an adjuvant with SOC antibiotics.

CONCLUSION

In summary, phage tail fiber proteins with depolymerase activity
are promising antivirulence agents to re-sensitize A. baumannii,
even the drug-resistant strains, to host immune attack. The
identified Dpo71 depolymerase was found to effectively degrade
bacterial capsules with excellent stability at various pH and upon

storage. In addition, Dop71 alone can be utilized to prevent
and remove A. baumannii biofilms. The combination of Dpo71
and colistin was further demonstrated to significantly enhance
the antibiofilm activity compared with the monotherapies.
Furthermore, this depolymerase was able to enhance the
colistin antibacterial activity in vivo, markedly improving
the survival rate of infected G. mellonella. As carbapenem-
resistant A. baumannii has been ranked as the number one
priority pathogen by the WHO and there are no antibiotics
which have reached the advanced stage in the development
pipeline to target this superbug, depolymerases as a stand-
alone treatment or adjuvant to antibiotics may represent
promising treatment strategies in controlling multidrug-resistant
A. baumannii infections.
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In the last few decades, antimicrobial resistance (AMR) has been a worldwide concern.
The excessive use of antibiotics affects animal and human health. In the last few
years, livestock production has used antibiotics as food supplementation. This massive
use can be considered a principal factor in the accelerated development of genetic
modifications in bacteria. These modifications are responsible for AMR and can be
widespread to pathogenic and commensal bacteria. In addition, these antibiotic residues
can be dispersed by water and sewer water systems, the contamination of soil and,
water and plants, in addition, can be stocked in tissues such as muscle, milk, eggs, fat,
and others. These residues can be spread to humans by the consumption of water or
contaminated food. In addition, studies have demonstrated that antimicrobial resistance
may be developed by vertical and horizontal gene transfer, producing a risk to public
health. Hence, the World Health Organization in 2000 forbid the use of antibiotics for feed
supplementation in livestock. In this context, to obtain safe food production, one of the
potential substitutes for traditional antibiotics is the use of antimicrobial peptides (AMPs).
In general, AMPs present anti-infective activity, and in some cases immune response. A
limited number of AMP-based drugs are now available for use in animals and humans.
This use is still not widespread due to a few problems like in-vivo effectiveness, stability,
and high cost of production. This review will elucidate the different AMPs applications in
animal diets, in an effort to generate safe food and control AMR.

Keywords: antimicrobial resistance, growth promoters, antimicrobial peptides, livestock, feed supplementation

INTRODUCTION

In the last decades, antimicrobial resistance (AMR) has been a worldwide concern. The
indiscriminate use of such drugs for a long time led to the formation of significant reservoirs of
microorganisms with AMR genes in human and animal production (World Health Organization.,
2014; Sharma et al., 2018).

The use of antimicrobials in animal feedstuff as therapeutic, metaphylactic, prophylactic, and
growth promoter agents started in the year 1950, to boost food production (Krishnasamy et al.,
2015; Woolhouse et al., 2015; Lagha et al., 2017; Magouras et al., 2017). The indiscriminate use
of such drugs for a long time led to the formation of significant reservoirs of microorganisms
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with  AMR genes in livestock production (World Health
Organization., 2014; Sharma et al., 2018). Moreover, drug-
resistant bacteria can disseminate in two ways: through direct
contact with animals and humans or indirectly through the food
chain, and contaminated environment (Soucy et al., 2015; Lagha
et al., 2017; Magouras et al., 2017; Vidovic and Vidovic, 2020).
In 2014, the World Health Organization (WHO), emphasized
the abusive use of antibiotics in the treatment of infectious
diseases can result in bacteria with genes resistant to these
drugs (Brown et al., 2017) (Table 1). Hence, in 2000, the WHO
Advisory Group on Integrated Surveillance of Antimicrobial
Resistance (AGISAR) (2011) classified AMR as a global public
health concern, recommending the eradication of the use of
antibiotics for feed supplementation in livestock.

In this sense, the use of alternative treatments such as phages
therapy (Ferriol-Gonzalez and Domingo-Calap, 2021; Loponte
et al., 2021) and antimicrobial peptides treatment (Vieco-Saiz
et al., 2019; Silveira et al., 2021) are considered to combat the
advance of resistant microorganisms. In this review, we described
information about antimicrobial peptides treatment.

Thus, the use of antimicrobial peptides (AMPs) suggests a
possible alternative to traditional antibiotics, given their several
modes of action, facility for degradation in nature, avoiding
the accumulation, low resistance frequency, host immunity
enhancement, and ability to neutralize the activity of many
microbes (Jenssen et al., 2006; Zhao et al., 2016; Li et al,
2018). AMPs can be found in all organisms and demonstrated
activity against several microorganisms even cancer cells (Saido-
Sakanaka et al, 2004; Brogden, 2005; Hwang et al, 2011;
Rodrigues G. et al., 2019; Rodrigues G. R. et al., 2019; Spohn et al.,
2019; Vilas et al., 2019; Cardoso et al., 2020). Likewise, AMPs have
sequences with variable structures, and mechanisms of action
(Gomes et al., 2018; Spohn et al., 2019; Cardoso et al., 2020).
Due to their cationic characteristics, AMPs may be capable of set
electrostatic interactions with the external bacterial membrane,
which is generally present negatively charged phospholipids
(Hancock and Chapple, 1999; Shai, 2002). AMPs have the
capacity to connect the outer membrane and act in the disturbed.
In addition, they can also be translocated across the membrane
and also react to internal targets (Hancock and Sahl, 2006).
Furthermore, these peptides present the ability to stimulate the
host’s immune system indirectly (Hancock, 2001; Ward et al,
2013; Wang et al., 2016; Ageitos et al., 2017).

Therefore, this review will examine the different applications
of AMPs supplemented in ruminants and non-ruminant feed, in
an attempt to increase food production safety and control AMR.

ANTIMICROBIAL RESISTANCE AND
ENVIRONMENTAL PROBLEMS

The discovery of penicillin represented an unprecedented
milestone for modern medicine, transforming human history
(Swann, 1983). Penicillin over the years has been collaborated
to a massive reduction in mortality and caused an increase in
life expectancy, besides offering essential support for invasive
surgeries, and chemotherapy treatments (Blair and Piddock,

2009). Likewise, antibiotics also brought benefits to animal health
when used as feed supplementation improving the growth and
rentability of animal production (Cheng et al., 2014; Lhermie
etal., 2017).

However, the antimicrobials used for animal food
supplementation are the same as those administered as
medicine for humans (World Health Organization., 2014;
Sharma et al., 2018; Wu et al., 2018; Medina et al., 2020). The
abusive use of antibiotics is the major factor in developing
genetic modifications in bacteria. That is the main cause of
antimicrobial resistance (AMR), which can be widespread in
pathogenic and commensal bacteria (Thomas and Nielsen, 2005;
Founou et al,, 2016; Aslam et al., 2018; Li et al., 2018; Innes
etal., 2020). AMR can be diffused into the food chain, by animal
contact, or by environmental routes (Li et al., 2018; Scott et al.,
2019) (Figure 1). Additionally, most of these drugs are not
totally degraded in the body of animals and humans, and those
residues are eliminated by excreted urine and feces, which then
accumulate in soils, wastewater, manure causing profound, and
complex impacts (Lim et al., 2013; Wu et al, 2014; Thanner
etal., 2016; Li et al., 2018). Contact with or ingestion of antibiotic
residues can give rise to several health problems, such as
allergic hypersensitivity reactions, hepatotoxicity, nephropathy,
mutagenicity, carcinogenicity, and antibiotic resistance (Mensah
etal, 2014).

Presently, 700,000 annual worldwide death are associated with
AMR, and the number of deaths in 2050 is estimated to reach
10 million (Aria and Murray, 2009; Munita and Arias, 2016;
World-Health-Organisation [WHO], 2018; Ghosh et al., 2019).
Considering all this information, the WHO recommended the
suspension or elimination of the use of antimicrobial agents in
animal feed supplementation. Following the recommendations
of the WHO Advisory Group on Integrated Surveillance of
Antimicrobial Resistance (AGISAR) (2011), countries of the
European Union forbade feed supplementation with antibiotics
in livestock production in 2006 (Magouras et al, 2017). In
an attempt to standardize the measures to be taken and the
information generated, surveillance and monitoring programs
were created, advised by the WHO the OIE (OIE World
Organisation for Animal Health., 2012), and the Food and
Agriculture Organization (FAO) (FAO et al., 2018).

ANTIMICROBIAL PEPTIDES AS AN
ALTERNATIVE FOR LIVESTOCK
TREATMENT

Livestock production is a sector that has expanded immensely, in
an attempt to keep up with meat consumption. According to the
FAO, cattle (including meat and dairy), pigs, and poultry together
represent approximately 80% of the meat production (FAO, 2016,
2018). Current meat production is 200 million tons, and in
2050, this production will need to expand to 470 million tons,
under current rates and predictions (Clifford et al., 2018). This
rise causes concern regarding the quality of the meat produced
(Vieco-Saiz et al., 2019), as accelerated production on large
farms can cause health problems like weight loss, mastitis, and

Frontiers in Microbiology | www.frontiersin.org

n

May 2022 | Volume 13 | Article 874153


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Rodrigues et al.

AMPs in Animal Production

TABLE 1 | Antimicrobial agents used in animals and humans.

Antimicrobial class Antibiotics Animal use Activity References
human
Aminoglycosides Gentamicin B Therapeutic use for poultry and swine Yes Heuer et al. (2009)
Lasalocid AGP* No Heuer et al. (2009)
Neomycin Therapeutic use and AGP in cattle, swine, poultry and Yes Jones and Ricke (2003)
aquiculture
Streptomycin B Feed supplementation for aquiculture Yes National Research Council.
(1999)
Amphenicols Florfenicol Therapeutic use in cattle and swine No Dibner and Richards (2005)
Carbomycin B Feed supplementation for aquiculture Yes Bywater (2005)
Aminocoumarins Novobiocin Therapeutic use in bovine mastitis Yes Katsunuma et al. (2007)
Aminopenicillins Amoxicillin, B ampicillin B Therapeutic use in cattle, mastitis, swine, poultry and Yes
aquiculture Aarestrup et al, 2007
Arsenicals Roxarsone AGP for poultry, swine and therapeutic use in swine No Witte (2000)
Beta-lactams Procaine penicillin AGP in poultry and swine Yes Witte (2000)
Cyclopolypeptides Colistin Feed supplementation for cattle, swine and broiler Yes Witte (2000)
Diaminopyrimidines Ormetoprim AGP and therapeutic use for poultry No Andleeb et al. (2020)
Elfamycins Efrotomycin AGP for swine No Bywater (2005)
Fluoroquinolones Enrofloxacin B Therapeutic use for cattle, swine No Bywater (2005)
Flumequin B Therapeutic use in aquaculture No Dibner and Richards (2005)
Glycopeptides Ardacin AGP for broilers No Arestrup et al. (2001)
Avoparcin B AGP No Arestrup et al. (2001)
lonophores Narasin Feed supplementation and therapeutic use for poultry No Katsunuma et al. (2007)
and AGP for cattle
Maduramycin Feed supplementation for poultry No Jones and Ricke (2003)
Monensin AGP in cattle and poultry No Jones and Ricke (2003)
Salinomycin AGP and therapeutic use for swine No Witte (2000)
Lincosamides Lincomycin Therapeutic use for poultry and swine Rare Heuer et al. (2009)
Macrolides Macrolides Therapeutic use for poultry No Bywater (2005)
Tylosin B AGP for swine and therapeutic use for mastitis No McEwen and Fedorka-Cray
(2002)
Oleandomycin B AGP for swine and poultry Yes Andleeb et al. (2020)
Erythromycinb AGP in cattle, poultry, swine and therapeutic use in Yes Dibner and Richards (2005)
aquaculture
Spiramycin B AGP for swine and therapeutic use in bovine mastitis Yes Witte (2000)
Nitrofurans Furazolidone Therapeutic use in aquaculture Yes Dibner and Richards (2005)
Orthosomysins Avilamycin AGP for broilers No Arestrup et al. (2001)
Phosphoglycolipids Bambermycin AGP No Butaye et al. (2003)
Pleuromutilins Tiamulin Therapeutic use and AGP for swine No McEwen and Fedorka-Cray
(2002)
Polypeptides Bacitracin/zinc bacitracin AGP and therapeutic use in several livestock infections Yes Butaye et al. (2003)
Quinolones Oxolinic acid B Feed supplementation for aquiculture No Andleeb et al. (2020)
Quinoxalines Carbadox Therapeutic use in swine No Butaye et al. (2003)
Olaquindox AGP an therapeutic use in swine No Katsunuma et al. (2007)
Streptogramins Pristinamycin AGP Yes Andleeb et al. (2020)
Virginiamycin AGP for broilers Yes McEwen and Fedorka-Cray
(2002)
Streptothricins Nourseothricin AGP for swine No Katsunuma et al. (2007)
Sulfonamides Sulfonamides Therapeutic use in aquiculture, and AGP in poultry and Yes National Research Council.
swine (1999)
Tetracylines Tetracyclines (oxy- and AGP in cattle, poultry, swine and therapeutic use for Yes National Research Council.

chlor-) B

livestock infection

(1999)

*Antimicrobial growth promoters.
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FIGURE 1 | Representation of antibiotic-resistant bacteria in different
ecosystems: antimicrobial usage may select the genes encoding resistance.
Drug-resistant bacteria can spread when domestic animals receive antibiotics
and develop antibiotic-resistant bacteria in their gastrointestinal tracts (GIT).
This contamination can occur through humans, among vulnerable patients in
hospitals or with contact with contaminated surfaces. These bacteria can be
propagated in humans either through the food supply chain (meat and dairy
products) or by direct animal contact. In addition, they can spread via water
containing animal feces used for animal crops, or drug-resistant bacteria can
remain on crops and be eaten. In this way, bacteria can remain in human and
animal guts and spread in the community.

other infectious diseases (Krehbiel, 2013; Li et al., 2018; Sharma
etal., 2018). Furthermore, farmers have been using antibiotics in
their livestock production in an effort to prevent animal health
problems, but the broad use of antimicrobials is one of the causes
of the development of resistant microorganisms (World Health
Organization., 2014; Sharma et al., 2018).

As described above AMPs, in general, demonstrated efficient
activity against antimicrobial infection, due to the rapid action
against pathogens, non-specific action, these result in a low
resistance rate (Wimley and Hristova, 2011; Maria-Neto et al.,
2015; Ageitos et al., 2017; Li et al, 2018). According to this,
the overexposure of AMPs to the pathogens can generate the
development of AMP-resistant strains.

Antimicrobial Peptides Issues

AMPs demonstrated an efficient result acting as antimicrobial
and immunomodulation activity. Despite this, AMPs may
present some issues like bacterial resistance (Fry, 2018). This
mechanism is unclear, but studies described that bacterial AMPs
resistance cause alterations in membranes, cell walls, and cellular
metabolism. In the case of membrane modification, bacteria
can switch the AMP target, decreasing AMPs interactions with

membrane components (Huhand and Kwon, 2011; Zucca et al.,
2011). Also, these modifications can affect the permeability and
fluidity of the membrane (Li et al., 2007; Otto, 2009).

Other resistance mechanisms result in a modification of
bacterial ionic cell wall potential in specific interaction spots
that can reduce the binding of antibiotic peptides (Henderson
et al., 2014). In addition, AMPs activities against the bacteria
could generate high metabolic stress levels like the production
of proteases, modification of surface structures, and biofilm
(Yeaman and Yount, 2003). Furthermore, AMPs also present
problems related to high production costs compared with
antibiotics, susceptible to enzymatic and pH degradation. AMPs
that act in the gastrointestinal tract (GIT) occur in intestinal
absorption, bioavailability, distribution, renal clearance, and
peptide elimination (Fry, 2018; Meade et al., 2020).

In general, these issues can be avoided using computational
strategies to overcome challenges associated with the high cost
of production, the potency of AMPs, and reduce the rate of
resistance, degradation, toxicity, and instability (Cardoso et al.,
2020; Dijksteel et al., 2021). Another option is the use of multi-
omics (including genomics, transcriptomics, and proteomics)
which allows identifying a novel sequence of AMPs (Chen et al.,
2019; Burgos-Toro et al., 2021).

Problems related above are responsible for the low number
of peptides approved in a clinical trial because the efficiency
of the results in vitro does not always the same as in vivo.
Nevertheless, AMPs remain a great option to control microbial
infections. Table 2 summarized some AMPs recently approved
or in advanced clinical trials (Dijksteel et al., 2021).

AMP to Control Microbiota in Livestock

Production

The microbiota profile relates to the growth performance of
animals since the presence of specific groups of microorganisms
promotes the absorption of nutrients inside the gastrointestinal
tract (Yadav and Jha, 2019). The modulation of microbiota may
also lead to the reduction of pathogenic species, decreasing the
frequency and lethality of some diseases (Cheema et al., 2011;
Wang et al., 2015b; Yadav and Jha, 2019).

Despite that, several diseases affected the livestock production
causing intestinal mucosa inflammation, and diarrhea associated
with morphological changes in the intestinal epithelium. These
pathologies are caused by toxins produced by bacteria (Xiao
et al, 2015). For decades, all diseases were treated using
antibiotics which boosted the increase of antibiotic-resistant
microorganisms. This increase in resistant bacteria in the animal
microbiota has been demonstrated in resistome studies (Wang
et al., 2021). Resitsome studies described the existence of a
broad spectrum of antimicrobial resistance genes (ARGs) in the
digestive tract of food-producing animals. The presence of ARGs
is not necessarily associated with the direct use of antibiotics but
can occur with the administration through feed or water or by
injectable antimicrobials (Ma et al., 2021).

In this context, the uses of AMPs utilization have
demonstrated their ability to recover and maintain the GIT
of animals by epithelial barrier integrity stabilization and
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TABLE 2 | AMPs recently tested and approved by FDA.

Peptide

Description

Target

Phase

Clinical Trial ID

Mechanism

References

PXLO1

Wap-8294A2
(Lotilibcin)

Novexatin (NP213)

Melamine

Mel4

D2A21

Delmitide (RDP58)
XOMA-629
(XMP-629)

PL-5

LTX-109

Analog of
Lactoferrin

Produced by
Lysobacter
species

Cyclic Cationic
peptide
Chimeric peptide

Derivative of
melamine
Synthetic peptide
Derivative of HLA
Derivative of BPI
Synthetic peptide

Synthetic
tripeptide

Postsurgical
adhesions

Gram-positive
bacteria

Fungal nail
infection

Contact lenses
microbials

Contact lenses
microbials

Burn wound
infections

Inflammatory
bowel disease

Impetigo/acne
rosacea

Skin infections

MRSA/impetigo

Al

Al

Al

/11

NCT01022242

NCT02933879

ACTRN1261500072556

NCT01803035;
NCT01158235

Immunomodulation

Membrane disruption

Membrane disruption

Membrane disruption

Membrane disruption

Membrane disruption

Immunomodulation

Immunomodulation

Membrane disruption

Membrane disruption

Edsfeldt et al.,
2017

Itoh et al., 2018

Mercer et al., 2020

Yasir et al., 2019

Yasir et al., 2020

Muchintala et al.,
2020

Travis et al., 2005

Easton et al., 2009

Miyake et al., 2004

Isaksson et al.,
2011; Sivertsen
etal., 2014

hLF1-11

EA-230

DPK-060

Friulimicin

Murepavadin
(POL7080)
IDR-1

Ghrelin

PMX-30063
(Brilacidin)

Fragment of
human lactoferrin

Oligopeptide
Derivative of
Kininogen

Cyclic lipopeptide
Analog of
Protegrin

Bactenecin

Endogenous
peptide
Defensin mimetic

Bacterial/fungal
infections

Sepsis

Acute external
otitis

MRSA/pneumonia

P, aeruginosa, K.
pneumoniae

Infection
prevention

Chronic respiratory
infection

Acute bacterial
skin infection

/11

NCT00430469

NCT03145220

NCT01447017

NCT00492271

EUCTR2017-

NCT00763477

NCT01211470;
NCT02052388

Membrane
disruption/immunomodulation

Immunomodulation

Membrane
disruption/immunomodulation

Membrane disruption

Binding to LptD

Immunomodulation

Immunomodulation

Membrane
disruption/immunomodulation

Brouwer et al.,
2018

van Groenendael,
2018

Hékansson et al.,
2019

Schneider et al.,
2009

Srinivas et al.,
2010

Yu et al., 2009

Guialillo et al., 2003

Mensa et al., 2014

Ramoplanin
(NTI-851)

SGX942
(Dusquetide)

GSK1322322
(Lanopepden)

NVB-302

Nisin bacteria

Glycolipodepsipeptide

Analog of IDR-1

Synthetic

hydrazide

Lantibiotic

Polycyclic
lantibiotic

C. difficile

Oral mucositis

Bacterial skin

infection

C. difficile

Gram-positive

NCT03237325

NCT01209078

ISRCTN40071144

NCT02928042;
NCT02467972

Inhibition of cell wall
synthesis

Immunomodulation

Peptide deformylase

inhibitor

Inhibition of cell wall
synthesis

Depolarization of cell
membrane

Fulco and Wenzel,
2006

Kudrimoti et al.,
2016

Peyrusson et al.,
2015

Crowther et al.,
2013

Prince et al., 2016
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FIGURE 2 | Antimicrobial peptides (AMPs) affects intestinal mucosa and rumen: AMP as growth promoters in poultry and swine intestinal can act altering the
composition of the microbiota to reduce competition for nutrients, reduce pathogen, and control mucus. In rumen the AMPs as growth promoters acting reducing the
methanogen bacteria and substrates. In addition, decrease the rate of methane (CHy4) production and release.

by boosting intestinal epithelium colonization susceptibility =~ (Bang et al.,, 2012). This modulation can occur as an influence
(Murphy et al., 1993; Gallo et al., 1994; Podolsky, 2000; Tollin  on electron flow, acting as the hydrogen acceptor to effectively
et al., 2003; Xiao et al, 2015) (Figure 2). Furthermore, some  compete with rumen methane production, or killing some
AMPs can act by inhibiting LPS-induced pro-inflammatory  nitrate-reducing Gram-positive bacteria (Bang et al., 2012; Shen
cytokine production, behaving as chemokines, or modulating the et al., 2016, 2017; Varnava et al., 2017). Besides, some peptides
dendritic cell and T cell response (Mookherjee et al., 2006; Xiao ~ use rumen microbiota to reduce amino acid deamination and
etal, 2015). methanogenesis, without having a negative impact on dry matter
Likewise, antibiotics have been used in ruminants with  digestibility or volatile fatty acid production (Varnava et al,
the goal to control the ruminal microbiota reducing losses  2017). Additionally, the sheep feed supplemented with peptides
during the enteric fermentation process. Moreover, ruminants  showed a decrease in methane emission of 10% (Callaway et al.,
are relevant sources of greenhouse gas (GHG) emissions (Eisler ~ 1997; Shen et al., 2016). Thus, the use of AMPs in livestock can
et al., 2014; Reisinger and Clark, 2018). The CHy liberated for  be an alternative method to solve problems with digestibility and
enteric fermentation suggests that 90% GHG is present in the  microbiota, improving the sustainability of livestock production
atmosphere (Lan and Yang, 2019; Leahy et al,, 2019). Other  (Santoso et al., 2004; Sar et al., 2005, Wang et al., 2015a,b;
problems related to CHy are the conversion to ammonia by  Vieco-Saiz et al.,, 2019).
rumen fermentation and its further excretion as urea in the urine
can accumulate in the soil, and also cause groundwater pollution ~ AMPs Used as Growth Promoters
(Firkins et al., 2007) (Figure 2). AMPs in feed supplementation have been extensively evaluated
In this context, AMPs are used as a sustainable alternative  in several studies, and some characteristics are listed in Table 3.
to the rising production and mitigated contaminants. Peptides ~ The peptide microcin J25 (MccJ25), a bacterial RNA polymerase
like LL32, Lpep 19-2.5, and NK2 derivatives of porcine NK-  inhibitor, increases the broilers’ growth and attenuates the
lysin have demonstrated activity against methanogenic archaeal ~ injuries to the intestine morphology caused by microbial
strains and also observed in the control of rumen fermentation  infection. The application of Mcc]J25 in a range from 0.5 to
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TABLE 3 | AMPs using livestock production.

AMP Source Activity Target bacteria Animal References
Microcin J25 E. coli Immune Regulation, Escherichia coli, Broiler Wang et al. (2020) and
and Intestinal Salmonella CVCC519 Iseppi et al. (2021)
Microbiota
Pediocin A Pediococcus Dietary Clostridium perfringens Broilers Grilli et al. (2009) and
pentosaceus supplementation Hernandez-Gonzélez et al.
(2021)
Gallinacin-6 Gallus gallus Antimicrobial Campylobacter jejuni, Broilers van Dijk et al. (2007)
domesticus Salmonella enterica,
Clostridium
perfringens, E. coli
Plectasin Pseudoplectania Dietary Broilers Ma et al. (2019)
nigrella supplementation
RSRP Oryctolagus Dietary Reducing the viable Broilers Liu et al. (2008)
cuniculus —sacculus supplementation counts of E. coli
rotundus Intestinal mucosal
immune responses
Lactoferrin (bLf) Bos taurus Dietary Reducing the total Broilers Tang et al. (2008),
supplementation viable counts of E. coli Messaoudi et al. (2012),
Intestinal mucosal and Salmonella Aguirre et al. (2015)
SMXD51 Lactobacillus salivarius Intestinal Microbiota Campylobacter jejuni Poultry Cao et al. (2007),
Ceotto-Vigoder et al. (2016)
BT Brevibacillus Dietary Salmonella enterica Neonatal Kogut et al. (2013)
texasporus supplementation serovar Enteritidis. poultry
Intestinal mucosal
Nissin* Lactococcus sp. Food preservation; E. coli, Staphylococcus Cattle Santoso et al. (2004), Sar
Streptococcus sp. Antimicrobial aureus, Streptococcus et al. (2005), Cao et al.
agalactiae, S. (2007), Ceotto-Vigoder et al.
dysagalactiae, S. uberis (2016), Shen et al. (2016,
S. aureus biofilm 2017), Shin et al. (2016),
Hernandez-Gonzélez et al.
(2021)
Lysostaphin Staphylococcus sp. Antimicrobial S. aureus biofilm Cattle Ceotto-Vigoder et al. (2016)
AP-CECT712 Enterococcus faecalis Antimicrobia S. aureus, S. Cattle Sparo et al. (2009)
dysgalactiae, S. uberis,
S. agalactia
Colicin E. coli Antimicrobial E. coli Swine Stahl et al. (2004), Cutler
et al. (2007)
Porcine Porcine blood Antimicrobial, immune Bordetella pertussis Newborn Elahi et al. (2006)
(pBD-1) responses Piglets
Cathelicidin-BF Bungarus fascia Intestinal immune Weanling Wang et al. (2008), Yi et al.
(C-BF) responses piglets (2015)

*Commercial use—FDA liberation.

1.0mgkg~! was able to reduce body weight loss by up to
70%, in comparison to 54.6% with antibiotic treatment (Wang
et al., 2020). The recombinant cecropin A-D-Asn is formed by a
chimeric peptide, from cecropin A, and cecropin D C-termini.
Moreover, asparagine residue was added and amidated in C-
terminus. The inclusion of 6 mg/kg~! of the peptide to the basal
feed of broilers boosts by 20% the weight when compared with
feed without peptide addition (Wen and He, 2012).

Pediocin A was administrated in poultry food and
demonstrated efficient results as a growth promoter (Daeschel
and Klaenhammer, 1985). A similar result with a gain of body
weight was described using the combination of bacteriocins

(divercin AS7 and nisin) as a food additive for broilers (Jozefiak
et al., 2013; Herndndez-Gonzalez et al., 2021). In vivo studies
have shown AMPs also improve growth performance and
digestive capacity in poultry and pigs (Wang et al., 2016). The
use of AMP-A3 and AMP-P5 (both derived from the amino acid
substitution of the Helicobacter pylori HP and the cecropin-
magainin2 fusion, respectively), can raise the F:G ratio of
weanling pigs and broilers, with additional benefits concerning
nutrient uptake and intestinal morphology. The AMP-A3
(90 mg.kg~!) and AMP-P5 (60 mgkg~V, display effective results
showing elevated weight gain and reduced intestinal damage
(Yoon et al., 2012, 2013, 2014; Choi et al., 2013a,b).
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Ren et al. (2019) demonstrated the use of the recombinant
swine defensin PBD-mI with a molecular mass of 5.4 kDa, and
LUC-n with a molecular mass of 21.18 kDa, in 18 4-month-
old Chuanzhong black goats. The animals were split into three
groups (basal diet; basal diet + 2g AMP/goat/day; basal diet +
3g AMP/goat/day), and rumen fluid was collected and analyzed.
Dietary supplementation with both AMPs demonstrated that the
goats enhanced rumen microbiota diversity, updated ruminal
fermentation, improved efficiency of food usage, and boosted
growth performance. Although studies demonstrated positive
results of AMPs in feed supplementation for poultry and pigs,
the same is not observed for ruminants.

Use of AMPs to Control Infectious Disease
AMPs present an important role in controlling infection
disease and the immunity system of non-ruminants maintaining
(Hernandez-Gonzailez et al., 2021). Daneshmand et al. (2019),
demonstrated that the use of a lactoferrin-derived peptide, cLF36
utilization can diminish infection by modulating the expression
of cytokines IL-2 and IL-6 and mucine in broilers challenged with
enterotoxigenic Escherichia coli. Adding 20 mgkg~! of cLF36 in
feed reduced the population of E. coli and Clostridium spp. by
25% and 20%, respectively. Besides, the number of beneficial
Lactobacillus spp. and Bifidobacterium spp. increased by up to
36%. Moreover, sublacin, a peptide obtained from Bacillus, may
decrease harmful bacteria without causing any change in the
Lactobacillus community. The peptide was supplemented with
water (5.76 mg. L (Wang et al., 2015a,b).

Another host defense peptide, f3-defensin-1 (pDB-1), has
potential veterinary application. This peptide has shown its
expression in the respiratory tract of old pigs, and demonstrated
to be resistant against the infection of the respiratory pathogen
Bordetella pertussis. Otherwise, newborn piglets do not seem
to have pDB-1, and are susceptible to the disease. Thus, the
application of 500 g of tpDB-1 to the respiratory tract of these
piglets was able to totally inhibit clinical symptoms (Elahi et al.,
2006).

Furthermore, the peptide C-BE which originates from
Bungarus fasciatus venom, also demonstrated beneficial results
in controlling bacterial disease in animal production (Elahi
et al., 2006). C-BF used 0.5 mg.kg~! in piglets via intraperitoneal
application, and the peptide minimized the inflammatory
molecules TNF-a and IL-6. The level of cell apoptosis and
intestinal barrier damage caused by bacterial lipopolysaccharide
also decreased (Zhang et al., 2017). SI00A8 and S100A9 showed
beneficial results against ruminant infections. These peptides
reduced uterine inflammation (which appears after calving in
association with bacterial contamination) and modulated the
early endometrial response against infection in Holstein—Friesian
cows (Swangchan-Uthai et al., 2013).

Another application for AMPs is in aquaculture, a sector
which dedicated to producing aquatic plants and animals, with
a recent growth rate higher than any other land-based livestock
(Gyan et al., 2020; Leon et al., 2020). In vitro study demonstrated
high efficacy of synthetic peptides (frog caerinl.l, European
sea bass dicentracin (Dic) and NK-lysin peptides (NKLPs) and
tongue sole NKLP27) against viral fish pathogens, such as

nodavirus (NNV), viral septicemia hemorrhagic virus (VHSV),
infectious pancreatic necrosis virus (IPNV) and spring viremia
carp virus (SVCV) (Leon et al., 2020).

In addition, Table2 summarized many AMPs used in
veterinary treatment with an efficient result.

APPLICATION OF AMPs IN DIFFERENT
SECTORS

AMPs presented beneficial results in the control of microbial
infections and in food supplementation. However, peptides have
different functions in the food industry (Bemena et al., 2014; Rai
et al., 2016), and artificial breeding in livestock (Schulze et al.,
2014, 2020; Speck et al., 2014; Shaoyong et al., 2019).

The food industry normally uses nitrites and sulfur dioxide
(chemical preservatives), which can cause negative effects on
human health and the nutritional level of food (Bemena et al.,
2014). Recently, AMPs have been used instead, to maintain the
properties of the food without modifying quality, besides not
being harmful (Wang et al., 2016). The lactic acid bacteria are a
good example because they are recognized as safe by the Food
and Drug Administration, and are extensively used in human
and animal food as a preservative, and to control pathogenic and
spoilage bacteria (Rai et al., 2016; Venegas-Ortega et al., 2019;
Iseppi et al., 2021).

AMPs are also being studied and applied to semen
preservation in the artificial breeding process. A recent study
used two synthetics cyclic hexapeptides, c-WFW and c-WWW,
and magainin II (MK5E). These peptides were tested for boar
semen preservation, indicating that cyclic hexapeptides can be
promising candidates, due to proteolytic stability, capacity to
control bacterial proliferation, and synergistic interaction with
conventional antibiotics. The peptide e-PL also showed effective
results at a low concentration (0.16g. L™!), suggesting that it
could be a possible substitute for gentamicin to enhance sperm
quality parameters, sperm capacitation, and in vitro fertilization
by reducing bacterial concentrations (Shaoyong et al., 2019).

CONCLUDING REMARKS AND
PROSPECTS

The excessive use of antibiotics as a growth promoter in livestock
causes microbial resistance, which is associated with increased
consumption of animal protein, while production has difficulties
in keeping up with this demand (Eisler et al., 2014).

Hence, various countries prohibited antibiotics in animal
supplementation, thus stimulating the expansion of research
to sustainable approaches (Wang et al., 2016; Li et al., 2018;
Leahy et al.,, 2019). Besides that, livestock products have faced
challenges such as reduced productivity, loss of biodiversity,
rising GHG emissions, sick animals, and diseases that can cause
human illness (Grace et al., 2012; Michalk et al., 2019). Thus,
sustainable animal production is the next step to increasing
healthy livestock production and at the same time reducing
environmental impacts (Kemp and Michalk, 2011; Godfray and
Garnett, 2015; Vidovic and Vidovic, 2020).
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Herein, we demonstrated positive results in the use of AMPs,
which have shown to be promising in controlling microbial
infection (Stahl et al., 2004; Ceotto-Vigoder et al., 2016), and
methane gas emissions (Santoso et al., 2004; Sar et al., 2005),
while also providing in-feed supplementation (Wang et al., 2008,
2016; Ren et al., 2019).

In this context, synthetic biology (SB) is an approach
responsible for improving or completely creating systems and
organisms, providing novel diagnostic tools, and enabling the
economic production of new therapeutics drugs (Weber and
Fussenegger, 2012; Takano and Breitling, 2014). SB has the skills
to produce antibiotic drug advances, using different approaches
like synthetic gene circuits (Weber et al., 2008) and protein
engineering (King et al., 2016). It can foster the development
of new drugs using faster and more efficient protocols, allowing
the development of more accessible medicines that demonstrate
greater precision (Noel, 2010; Jakobus et al., 2012). The rational
design seeks to improve AMP sequence optimization and
enhance biological activities, aiming to develop new drugs with
high specificity against microorganisms and a reduction in
adverse effects (Porto et al., 2012; Cardoso et al., 2020). In this
context, computational tools like quantitative structure-activity
relationship (QSAR), de novo, linguistic, pattern insertion, and
evolutionary/genetic algorithms are very useful in designing
AMP variants (Chen and Bahar, 2004; Loose et al., 2006; Hiss
et al., 2010; Mitchell, 2014; Torres and De La Fuente-Nunez,
2019). In addition, these computational tools can be used
separately or in association to construct novel peptide-based drug
candidates (Cardoso et al., 2020).

In addition, AMPs can be used associated with nanoparticles
(NPs) (Sharma et al., 2018). They could have several shapes and
formulations (e.g., nitric oxide-releasing nanoparticles, chitosan-
containing, and metal-containing nanoparticles) (Huhand and
Kwon, 2011; Pelgrift and Friedman, 2013), and delivery systems,
such as microencapsulation (Ganesh and Hettiarachchy, 2016;
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Repeated Exposure of Escherichia coli
to High Ciprofloxacin Concentrations
Selects gyrB Mutants That Show
Fluoroquinolone-Specific
Hyperpersistence

Aurore Perault’, Catherine Turlan? Nathalie Eynard? Quentin Vallé’,
Alain Bousquet-Mélou' and Etienne Giraud™

TINTHERES, Université de Toulouse, INRAE, ENVT, Toulouse, France, *Service d’Ingénierie Génétique du LMGM
(SIG-LMGM-CBI), CNRS, Toulouse, France

Recent studies have shown that not only resistance, but also tolerance/persistence levels
can evolve rapidly in bacteria exposed to repeated antibiotic treatments. We used in vitro
evolution to assess whether tolerant/hyperpersistent Escherichia coli ATCC25922 mutants
could be selected under repeated exposure to a high ciprofloxacin concentration. Among
two out of three independent evolution lines, we observed the emergence of gyrB mutants
showing an hyperpersistence phenotype specific to fluoroquinolones, but no significant
MIC increase. The identified mutation gives rise to a L422P substitution in GyrB, that is,
outside of the canonical GyrB QRDR. Our results indicate that mutations in overlooked
regions of quinolone target genes may impair the efficacy of treatments via an increase
of persistence rather than resistance level, and support the idea that, in addition to
resistance, phenotypes of tolerance/persistence of infectious bacterial strains should
receive considerations in the choice of antibiotic therapies.

Keywords: experimental evolution, DNA gyrase, tolerance, persisters, quinolones

INTRODUCTION

Since the discovery of the antibacterial activity of penicillin (Fleming, 1929), antibiotics have
been used to treat bacterial infections. However, their overuse and misuse over the decades
have contributed to the development in many bacterial pathogens of strategies allowing them
to overcome antibiotic treatments. In addition to antibiotic resistance, which has been extensively
studied, tolerance and persistence mechanisms are now increasingly looked at as important
factors of antibiotic treatments failures (Windels et al., 2019, 2020).

Resistance is the inherited ability of bacteria to grow in the presence of therapeutic
concentrations of antibiotics, regardless of the duration of treatment (Brauner et al., 2016).
Resistance levels can be quantified by several in vitro methods, one of them being the
determination of the Minimum Inhibitory Concentration (MIC; Balaban et al., 2019), that is,
the minimal antibiotic concentration that prevents growth of a bacterial population for a
specific antibiotic. MICs are routinely determined in clinical settings and are crucial for antibiotic,
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dosing, and regimen selection. However, resistance is not the
only strategy used by bacteria to survive antibiotic treatments.

Tolerance is defined as the ability of a bacterial population
to transiently survive high antibiotic concentrations without
an increase in the MIC (Balaban et al., 2019). Experimental
in vitro studies of bacterial evolution have shown the existence
of tolerance mutations resulting in a slower killing of the whole
bacterial population (Balaban et al., 2019). Tolerance has long
been considered as a simple phenotypic adaptation allowing
bacteria to prevent total eradication under stress conditions.
However it has been highlighted that increased tolerance levels
can be conferred by chromosomal mutations in genes involved
in global metabolism or stress regulation (Van den Bergh et al.,
2017; Chebotar’ et al., 2021). For example, mutations have been
identified in genes involved in activation of the stringent response
and thus in the inhibition of bacterial growth, such as genes
encoding the hipAB toxin-antitoxin module (Korch et al., 2003)
or the methionine-tRNA ligase in Escherichia coli (Girgis et al.,
2012; Levin-Reisman et al., 2017). Importantly, these mutations
subsequently promote the secondary selection of resistance
mutations (Van den Bergh et al., 2016; Levin-Reisman et al., 2017).

Another phenomenon called persistence has been defined
in a recent consensus statement, as the ability of a subset of
bacteria, called persisters, to survive a transient exposure to a
bactericidal antibiotic concentration (Balaban et al, 2019).
Persisters are stochastically produced drug-tolerant cells. They
are phenotypic variants that do not grow and are killed much
more slowly than the major antibiotic-susceptible bacterial
population, which typically results in biphasic killing curves
when performing time-kill assays (Brauner et al., 2016; Balaban
et al, 2019). The dormancy state of persisters cells is considered
to be responsible for their high tolerance to antibiotics. Upon
removal of antibiotics, persisters can resume growth. This makes
them a recognized cause of recalcitrance of bacterial infections
to antibiotic treatments. Bacterial strains that produce increased
persisters subpopulations are termed high persistence or
hyperpersistent strains. Experimental in vitro studies of bacterial
evolution have shown the existence of high persistence mutations
that increase the persisters fraction (Khare and Tavazoie, 2020;
Sulaiman and Lam, 2020). Recent laboratory evolution
experiments have shown that repeated exposure of an E. coli
strain to high antibiotic concentrations including fluoroquinolones
can select hyperpersistent mutants with mutations in translation-
related genes (Khare and Tavazoie, 2020; Sulaiman and Lam, 2020).

Tolerance and persistence phenomena can be evidenced by
time-kill measurements and quantified by MDK (“Minimum
Duration for Killing”), which is the minimum time required to
kill a certain percentage of the bacterial population. For example,
MDKy, and MDKy,4, are the minimum duration to kill 99 and
99.99% of the bacterial population, respectively (Brauner et al., 2016).

In this context, we wondered whether tolerance or
hyperpersistence mutations could be selected by repeated
exposure of a wild-type susceptible E. coli strain to clinically
relevant concentrations of ciprofloxacin, an antibiotic which
targets type II topoisomerases, and primarily DNA gyrase
(Vance-Bryan et al., 1990). An Adaptative Laboratory Evolution
(ALE) experiment was therefore conducted and evolved clones

showing an increased survival during antibiotic treatment or
resistance were phenotypically and genotypically analyzed. A
summary diagram is presented at Supplementary Figure S1.
Our results showed that gyrB mutations conferring a
fluoroquinolone-specific hyperpersistent phenotype, rather than
a classical resistance phenotype, could be selected under repeated
exposition to clinically relevant ciprofloxacin concentrations.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions
We used E. coli ATCC25922-GFP-Amp®, named HI thereafter
as the parental strain in our evolution experiments. All strains
were grown in Mueller-Hinton Broth (MHB) at 37°C, except
during site-directed mutagenesis experiments, where Luria-
Bertani Broth (LB) was used. Three different strains of E. coli
(E. coli ATCC25922, E. coli BL21, and E. coli MG1655) were
used in site-directed mutagenesis. For bacterial counts in
persistence assays, we used tryptic soy agar supplemented with
magnesium heptahydrate sulfate and activated charcoal.

Adaptative Laboratory Evolution
Experiment

Three independent evolution lines (named I, II, and III thereafter)
were conducted in parallel, starting from overnight cultures
of the parental E. coli ATCC25922-GFP-Amp® strain in MHB
supplemented with 50 pg/ml ampicillin. A total of 10 selection
cycles were performed for each line (Figures 1A,B) as follows.
At each cycle, 1ml of overnight cultures grown from the
previous cycle were transferred to 29 ml of MHB (1:30 dilution)
in Erlenmeyer flasks. Bacteria were enumerated and, ciprofloxacin
was then added at a final concentration of 1pg/ml. Cultures
were then incubated for 5h at 37°C with agitation at 180 rpm.
This ciprofloxacin concentration far above the MIC of the
parental strain (0.008 pg/ml) was used to prevent the probability
of selecting resistant bacteria and rather promote the selection
of tolerant or hyperpersistent mutants. Cells from the treated
cultures were collected by centrifugation, washed to remove
ciprofloxacin, and resuspended in 10ml of MHB. Ten-fold
serial dilutions were prepared to enumerate surviving bacteria.
Cultures were then incubated overnight at 37°C with ampicillin
at 50 pg/ml, and newly grown bacteria were used for the next
selection cycle. Samples of bacterial populations from all
overnight cultures were conserved at —80°C.

Selection of a Resistant gyrB Mutant

A spontaneous resistant mutant “R” was selected by plating cultures
of the E. coli ATCC25922-GFP-Amp*® strain on MH agar medium
supplemented with ciprofloxacin at 4-fold the parental MIC.

Susceptibility Testing

Minimum Inhibitory Concentration determinations were
performed on evolving bacterial populations and on isolated
clones according to the microdilution method (Andrews, 2001).
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FIGURE 1 | Repeated exposures to ciprofloxacin lead to the emergence of hyperpersistence and resistance phenotypes. (A) Chronological set up of the different
antibiotic treatments and bacterial population samples evolved from the H1 parental strain. (B) Set up of the evolutionary experience with repeated ciprofloxacin
treatments. Bacteria were exposed to 10 ciprofloxacin treatments as follows: bacteria were grown overnight, stationary phase cultures were sampled and diluted by
a factor of 1:30 before addition of ciprofloxacin at 1 ug/ml for 5h. After antibiotic removal by centrifugation and washing, all bacteria were grown again overnight in
fresh medium for the next cycle. (C) Time-kill assays performed on bacterial populations obtained after 10 ciprofloxacin treatments. (D) Evolution of ciprofloxacin
MIC of bacterial populations along treatments. (E) Evolved bacteria from the three evolution lines showed increased MDKg.
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The MIC was determined as the lowest antibiotic concentration
where no bacterial growth occurred. Results were validated
by comparison with reference values provided by EUCAST
for the E. coli ATCC25922 strain (The European Committee
on Antimicrobial Susceptibility Testing, 2022).

Persistence Assays

Overnight cultures were first diluted 1:6 or 1:600 in fresh
MHB for 10’-10° CFU/ml inocula and 10°-10° CFU/ml inocula,
respectively. Initial CFU counts were determined by serial
dilution and plating as described above. To overcome resistance
phenotypes, time-kill assays were performed at antibiotic
concentrations much higher than the MICs (128- or 256-fold
higher) for each strain. Antibiotic used were ciprofloxacin,
enrofloxacin, norfloxacin, nalidixic acid, flumequine, tetracycline,
and gentamicin (Sigma and Fluka). The survival fraction was
calculated as the ratio of bacterial numeration at a given time
of the treatment versus the bacterial numeration before treatment.

Whole-Genome Sequencing and
Identification of Mutations

Genomic DNA was extracted using the DNEasy Blood and
Tissue kit (QIAGEN). A whole-genome sequencing (WGS) was

performed using IonTorrent technology at the GeT-PlaGe
Genotoul Platform, Toulouse, France. Sequence assembly was
performed, and mutations were identified by comparison with
the E. coli ATCC25922 reference genome (GenBank accession
number: CP009072).

Strain Reconstruction by Site-Directed
Mutagenesis

Mutagenesis was based on the one-step inactivation of
chromosomal gene strategy (Datsenko and Wanner, 2000). The
different recombination substrates were obtained by PCR
amplification and assembly. Primers used for this directed
mutagenesis are described in Supplementary Table S1. The
plasmid pKD3 was used as template to amplify the FRT-flanked
chloramphenicol resistance (cat) gene, antibiotic that will be used
later for the selection of recombinant clones. PCR reaction
was performed using the PrimeSTAR® Max DNA Polymerase
(Takara). DNA fragments isolated from agarose gels were
purified using the GFX PCR DNA and gel band purification
kit (Sigma Aldrich). For this mutagenesis, we used plasmids
pKD46 and pE-FLP containing an ampicillin resistance gene
and a heat-sensitive replication origin, and from which ARed
proteins or FLP are constitutively produced.
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Fifty microliters of electrocompetent cells were mixed with
500ng of recombinant substrates or 50ng of plasmid and
incubated for 20 min in ice. Electroporation was performed at
2.5kV, 25pF 2009 during 4.5ms into a chilled 2mm cuvette
1ml of SOC has been added, and cells recovery was done at
30°C or 37°C for 2h. Cells were plated on LB Ampicillin or
LB Chloramphenicol and incubated at 30°C or 37°C.

To verify the introduction of the gyrB gene mutations, PCR
sequencing was performed from an overnight culture diluted
at 1:13 and preincubated at 95°C 5min, using the PrimerSTAR®
Max DNA Polymerase (Takara) with the RecF5 and RecF6
primers (Supplementary Table S1). This amplification produced
a 1,070bp fragment which was then sequenced.

To eliminate the chloramphenicol resistance gene, Cm"®
mutants were transformed with pE-FLP plasmid, as previously
described (Datsenko and Wanner, 2000) and ampicillin-resistant
transformants were selected at 30°C. Transformant clones were
streaked and incubated at 42°C on non-selective media and
then tested for chloramphenicol sensitivity. Excision of the cat
gene was verified by PCR using the Taqg DNA polymerase
(MP Biomedical) with the RecF5 and RecF14 primers
(Supplementary Table S1) and sequencing from RecF13.

Statistical Analysis

All statistical analyses were performed using data from
independent biological replicates. Differences between groups
of quantitative variables were assessed using the Kruskal-Wallis
test. Differences were considered significant when p-values
were <0.05.

RESULTS

After 10 Days of Ciprofloxacin Treatment,
Altered Bactericidal Activity Is Observed
With Increased Persisters Fraction and
MDK Levels

An experimental evolution experiment was set up in order to
select tolerant or hyperpersistent bacteria from a susceptible
parental strain (Figure 1A). The fully quinolone-susceptible
E. coli ATCC25922-GFP strain, which was used as the parental
strain H1, was repeatedly exposed to 1pg/ml ciprofloxacin, a
concentration 128-fold higher than its MIC (0.008 pg/ml). Ten
selection cycles were performed along 15days, each cycle
consisting in the ciprofloxacin treatment of a stationary phase
culture obtained from growth of bacteria that had survived
the previous treatment. Three independent evolution lines were
conducted in parallel (Figures 1A,B). To evaluate how resistance
and tolerance evolved in the three lines, samples of bacterial
populations were collected at each cycle and their ciprofloxacin
MICs and survival fractions under ciprofloxacin treatment
were determined.

For unevolved population directly grown from the parental
strain (H1), the ciprofloxacin MIC was 0.008 pg/ml and the survival
fraction after a 5-h exposure to 1pg/ml ciprofloxacin was in the
5.107°-10° range (Figure 1C). In lines I and III, the ciprofloxacin

MIC of bacterial populations increased 2-fold after two treatments
but did not change thereafter (Figure 1D). In contrast, the
ciprofloxacin MIC of the bacterial population of line II increased
16-fold along the 10 treatments, to reach the value of 0.125pg/ml.

Time-kill assays were performed on bacterial populations
evolved along 10 treatments (H11-I, H11-II, and HI1-III;
Figure 1C), and MDK,, values were deduced from killing
curves. Bacterial populations from all three evolutionary lines
showed similarly altered killing, with a 100-fold increased
persisters fraction after a 5-h ciprofloxacin treatment, compared
to the parental strain they derive from.

MDK,, values of evolved bacterial populations increased
5- to 10-fold for all three lines (Figure 1E). For H11-I and
HI11-1II (ie., evolved populations from lines I and III,
respectively), the increase in survival fraction and MDKy, was
associated with a ciprofloxacin MIC similar (only 2-fold higher)
to that of the parental strain, indicating that the altered killing
was due to a tolerance or hyperpersistence mechanism. In
contrast, increased survival and MDKy, observed for population
H11-1I was associated to a significantly increased ciprofloxacin
MIC (16-fold higher than the MIC of the H1 parental strain),
indicating that the killing in bacteria evolved in this line was
altered probably due to a higher level of resistance.

In summary, it appeared that increased survival observed
for the bacterial populations of the three evolutions lines after
10 treatments were due to a tolerant or hyperpersistent phenotype
in line I and III, but rather to a resistance mechanism in line
II. This was confirmed by analysis of individual clones isolated
from populations of the three evolution lines. Table 1 shows
resistance and persistence characteristics of representative clones.

The GyrB L422P Substitution Is Associated
to an Hyperpersistence Phenotype

To identify the mutations responsible for the previously identified
hyperpersistence and resistance phenotypes, whole-genome
sequencing was performed on clones isolated from the different
lines. In addition, for comparison purpose, a spontaneous
resistant mutant (named R) obtained by plating a culture of
the parental strain on a ciprofloxacin-supplemented solid medium,
was also sequenced. Interestingly, all spontaneous and evolved
mutants had a mutation on one of the two subunits of the
DNA gyrase, which is the enzyme primarily targeted by
quinolones (Table 1).

The R mutant (ciprofloxacin MIC: 0.062pg/ml) showed a
mutation on the gyrB gene giving rise to the S464Y amino
acid change. Mutations at this position are known to confer
a quinolone resistance phenotype. This substitution has already
been described in other Gram-negative species, such as Salmonella
spp. (Correia et al., 2017), Pseudomonas aeruginosa (Mouneimné
et al., 1999), and Proteus mirabilis (Weigel et al., 2002).

Clone H11-II4 isolated from evolution line II, showing a
resistance phenotype, carried a mutation on the gyrA gene
giving rise to the D87G amino acid substitution. This substitution
is frequent in fluoroquinolone-resistant gram-negative bacteria
and particularly in enterobacterales (Conrad et al., 1996; Correia
et al.,, 2017).
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TABLE 1 | Mutations identified in resistant and hyperpersistent mutants and their phenotypic characteristics in the presence of ciprofloxacin.

. e . Ciprofloxacin Ciprofloxacin Ciprofloxacin Survival
Strain Identified mutations Gene MICs (ug/mi) MDK,s (h) MDKo5.0 (h) fraction at 24h
H1 / / 0.008 0.4 4.2 25x107
Resistant R S464Y (TCT — TAT) gyrB 0.062 2.1 7.6 3.6 x107
H11-11 L422P (CTG-TTG) gyrB 0.016 16 >24 3.8x107°
H11-112 L422P (CTG-TTG) gyrB 0.016 1.6 9.5 2.6 x10°

T insertion at nucleotide position 2093745 MFS family
H11-114 D87G (GAC — GGC) gyrA 0.125 1.6 6.6 1.1 x10°

Survival fraction was determined after exposing bacteria for 24 h to a ciprofloxacin concentration of 256 times their MIC. The survival fraction was calculated by dividing the number
of surviving bacteria by the number of live bacteria that were present before the antibiotic treatment. The nucleotide position refers to the Escherichia coli ATCC25922 genome

(GenBank accession number CP009072).

More interestingly, three sequenced clones from line I (H11-11,
H11-13, and H11-I5) and clone H11-II12 from line III carried
the same mutation of the gyrB gene giving rise to the amino
acid change L422P. In clone H11-II12, an additional mutation
consisting in a single nucleotide insertion was also identified
in a major facilitator superfamily (MFS) gene (Table 1). This
frameshift mutation probably causes a loss of function of the
corresponding MFS protein.

The L422P substitution was associated in our isolates with
a small (2-fold) increase of ciprofloxacin MIC, but with a
high persistence level. From there, we focused our investigations
on isolate H11-I1, as representative of the hyperpersistence-
associated genotype. This isolate displays a MDKy, increased
40-fold and a survival fraction after a 24-h treatment increased
more than 10*-fold, compared to its parental strain.

The Hyperpersistent Phenotype
Associated With the Mutation L422P Is
Specific to Fluoroquinolones

Identification of mutations in the DNA gyrase genes suggested
that the phenotypes selected in our experiments were specific
to quinolones. Therefore, we investigated whether experimental
selections for tolerance/persistence and resistance to ciprofloxacin
also resulted in persistence and resistance to other quinolone
antibiotics.

The MIC of three fluoroquinolones (ciprofloxacin, enrofloxacin,
norfloxacin) and of two quinolones (flumequine, nalidixic acid)
were measured for the susceptible (H1), hyperpersistent (H11-11)
and resistant (R) strains (Figure 2A). The susceptibility level
of the hyperpersistent strain for these five antibiotics was similar
(unchanged or only doubled MICs) to that of the parental H1
strain. In contrast, the MICs of the resistant strain showed an
8-fold increase for ciprofloxacin, norfloxacin, enrofloxacin, and
nalidixic acid and 4-fold for flumequine.

Tolerance and persistence levels were also measured for the
five antibiotics (Figures 2B-F). All killing curves showed the
same biphasic profile characteristic of a persistence phenotype,
that is, presence in bacterial populations of persisters tolerant
to the tested antibiotics. The bactericidal activity of ciprofloxacin,
norfloxacin, and enrofloxacin against the hyperpersistent H11-11
strain was significantly decreased compared to that observed
against the H1 parental and the resistant strains (Figures 2B-D).

This resulted in increased MDKgy, MDKyo9o and 24-h survival
rates (Supplementary Table S2). Interestingly, results were
different for flumequine and nalidixic acid, which are not
fluoroquinolones. For these two older generation quinolones,
bactericidal profiles observed for resistant and tolerant mutant
were not significantly different from those obtained for the
susceptible parental strain (Figures 2E,F).

Effect of the inoculum size was also analyzed, since many
studies have shown that it can influence killing profiles during
treatments with fluoroquinolones (Li et al., 2017). An inoculum
of 10° bacteria was therefore exposed to the same concentrations
of ciprofloxacin as in previously described killing assays. As
with the large size inoculum, a bimodal killing pattern was
observed with a significantly higher persisters rate for the
H11-11 strain compared to its parental strain (H1; Supplementary
Figure S2). This shows that the hyperpersistent phenotype of
this mutant is not dependent on inoculum size.

These results show that the hyperpersistent mutant H11-11,
despite displaying no significant increase in resistance, is killed
much less efficiently by fluoroquinolones than its susceptible
parental strain and than a resistant mutant. This hyperpersistence
phenotype appears to be specific to fluoroquinolones since it
is not observed for flumequine and nalidixic acid.

In a second step, we addressed whether experimental selections
of tolerance and resistance to ciprofloxacin also resulted in
cross-persistence and cross-resistance to antibiotic of other families.

For the three strains studied, parental (H1), hyperpersistent
(H11-11), and resistant (R), MICs of tetracycline and of
gentamicin (aminoglycoside family) were measured. Susceptibility
levels of the hyperpersistent and resistant mutant strains to
these two antibiotics appeared identical to that of the parental
H1 strain (Supplementary Figure S3A).

Tolerance/persistence levels of the susceptible, hyperpersistent,
and resistant strains were then measured for the two antibiotics.
No significant difference in the bactericidal activity of gentamicin
and tetracycline against the resistant and hyperpersistent strains
was observed compared to the susceptible strain (Supplementary
Figures S3B,C). No difference in MDKy and MDKyggy was
observed between the three strains when treated with gentamicin.
Nevertheless, the MDKy, of the H11-I1 mutant was increased
about 2-fold during tetracycline treatment compared to those
of the parental and resistant strains (Supplementary Figure S3D).
In summary, the hyperpersistence phenotype of the HI1-I1
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FIGURE 2 | The L422P substitution in GyrB is associated with an hyperpersistence phenotype specific to fluoroquinolones. (A) MICs of the parental strain (H1), of
the H11-11 mutant clone from line | and of a spontaneous resistant mutant (R) were determined for three fluoroquinolones (ciprofloxacin, norfloxacin, and
enrofloxacin) and two older generation quinolones (nalidixic acid and flumequine). (B-D) Bactericidal assays in the presence of fluoroquinolones at 256-fold the MIC
of each strain (ciprofloxacin, enrofloxacin, and norfloxacin) showed an altered bactericidal effect for the H11-11 mutant, with a fraction of persisters increased by a
factor 100 to 1,000. (E,F) Bactericidal essays in the presence of old generation quinolones (nalidixic acid and flumequine) showed no significant alteration of
bactericidal effect for the H11-11 mutant. Significant p-values compared with the H1 strain are noted (*0 <0.01).

mutant seems to be associated with fluoroquinolones only and
no cross-persistence is observed.

Induction of the Hyperpersistence
Phenotype in the Presence of the GyrB
Mutation L422P Is Strain-Dependent
In order to confirm that the GyrB L422P substitution was
causal to the hyperpersistence phenotype of H11-I1 mutant
and test the influence of the genetic background, the mutation
was introduced by directed mutagenesis in 3 E. coli strains
(E. coli ATCC25922, MG1655, and BL21). As a control, the
resistance mutation identified in the R mutant was also
reconstructed in the three genetic backgrounds. All strains were
then submitted to MIC determinations and time-kill assays.
In the reconstructed strains, introduction of the GyrB L422P
and S464Y substitutions resulted in ciprofloxacin MICs increases
similar to those observed in the mutants selected during the
experimental evolution, that is, a 2-fold increase for the L422P
substitution and a 8- to 16-fold increase for the S464Y substitution
(Figure 3A).

As expected, the survival fraction at 24h of the E. coli
ATCC25922 (L422P) reconstructed mutant was increased 100-fold,
confirming the causality of L422P substitution to the phenotype
of hyperpersistent to ciprofloxacin (Figure 3B). Killing assays
also conducted on E. coli ATCC25922 (L422P) with other
fluoroquinolones, older quinolones, an aminoglycoside, and
tetracycline gave results similar to those observed with the
strains selected during ALE experiments. These results confirmed
that L422P substitution conferred an hyperpersistent phenotype
specific to fluoroquinolones (Supplementary Figure S4).

In contrast, no alteration of bacterial killing was observed
when bacteria were treated with fluoroquinolones after introduction
of the L422P substitution in E. coli MG1655 and BL21 strains
(Figures 3C,D). This indicates that expression of hyperpersistence
phenotype associated to GyrB L422P substitution does not occur
in all genetic backgrounds but is actually strain-dependent.

DISCUSSION

Antibiotic tolerance and hyperpersistence have been associated
to chronic and recurrent infections (Lewis, 2010, 2019;
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FIGURE 3 | The hyperpersistent phenotype associated with the GyrB L422P substitution is strain-dependent. (A) Levels of resistance to ciprofloxacin of
reconstructed mutants of Escherichia coli ATCC25922, BL21, and MG1655 carrying the GyrB L422P or S464Y substitutions. SCAR strains are susceptible controls
with no introduced mutation in gyrB, but containing the scar left by removal of the chloramphenicol resistance gene used for selection of recombinant clones. For
each mutation, when possible, two independent recombinant clones were analyzed and then named (1) and (2). MICs of the three strains of E. coli with the L422P
substitution were similar to those of the susceptible strains (SCAR) with only a 2-fold factor difference. (B) Bactericidal assays performed on the reconstructed E. coli
ATCC25922 strains showed an alteration in bactericidal activity in the presence of ciprofloxacin for E. coli ATCC25922 (L422P) clones. (C,D) Bactericidal assays
conducted on strains E. coli MG1655 and BL21 (L422P), (S464Y), and (SCAR) showed no alteration in bactericidal activity in the presence of ciprofloxacin.
Significant p-values compared to SCAR1 and SCAR2 control clones are noted (*p <0.01).

Van den Bergh et al, 2017). In particular, tolerance and
hyperpersistence mechanisms are suspected to be involved in
the recurrency of Urinary Track Infections (UTT; Murray et al.,
2021). As these infections are often caused by E. coli and may
be treated with ciprofloxacin, we designed this study to address
whether repeated in vitro exposure of an E. coli strain to high
concentrations of ciprofloxacin could select tolerant or
hyperpersistent clones. Study of such phenotypes is important
since previous studies have shown that selection of antibiotic
resistance, which is the main cause of recalcitrance to antibiotic
therapy, is more likely to occur in tolerant or hyperpersistent
strains (Levin-Reisman et al., 2017).

Starting from a susceptible E. coli strain, we observed the
selection of bacterial clones displaying a significantly higher
persistence rate in time-kill assays carried out with ciprofloxacin,
but a resistance similar to their parental strain. Interestingly,
we discovered that this hyperpersistence phenotype was associated
with a mutation in the gyrB gene coding for the B subunit of
DNA gyrase, which is the main target enzyme of quinolones.
This result was unexpected since mutations in quinolone target
genes usually confer increased resistance to antibiotics of this
family (Hooper and Jacoby, 2015). In contrast, tolerance/persistence
mechanisms are generally associated with mutations located
outside the antibiotic target genes, in global metabolism or stress

regulation genes (Van den Bergh et al, 2017; Chebotar’ et al,
2021). Quinolone resistance mutations appear at specific codons
of regions called QRDR (Quinolone Resistance Determining
Region). They are more frequent in the gyrA QRDR (spanning
codons 64-106) than in the gyrB QRDR (codons 426-464;
Bhatnagar and Wong, 2019). The mutation identified in our
hyperpersistent mutant, which gives rise to the L422P amino
acid substitution, is therefore outside but close to the E. coli
gyrB QRDR. Interestingly, the 422 amino acid position is located
into the TOPRIM domain which is the catalytic domain involved
in DNA strand breakage and rejoining (Bhatnagar and Wong,
2019). The presence of this mutation in a quinolone target gene
suggested that the hyperpersistence phenotype could be specific
to these antibiotics. Indeed, our mutant did not show increased
persistence when exposed to antibiotics of the tetracycline and
aminoglycoside family. Furthermore, increased persistence of our
gyrB mutant was also observed with fluoroquinolones others
than ciprofloxacin, but not with older quinolones, such as nalidixic
acid and flumequine. This indicates that the hyperpersistence
phenotype we selected by repeated exposure to ciprofloxacin is
likely specific of compounds that are structurally close to this
fluoroquinolone. Sulaiman and Lam (2020) obtained similar
results in E. coli by demonstrating that tolerance could be specific
to the type of antibiotic used during evolution experiment. In
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summary, our study shows that a gyrB mutation, even located
outside of the QRDR and conferring a barely significant resistance
level, can significantly increase persistence against ciprofloxacin.
To our knowledge, it is the first study to report a mutation in
a quinolone target gene which confers an hyperpersistence
phenotype rather than an increased resistance level. In a recent
study, it was also shown that low level quinolone resistance
mechanisms mediated by type II topoisomerase modifications
increased tolerance and persistence against ciprofloxacin (Ortiz-
Padilla et al., 2020). The mechanism involved in this apparently
fluoroquinolone-specific hyperpersistence occurring in our mutant
remains unknown.

Reconstruction of this gyrB mutation in E. coli ATCC25922
proved that it was responsible for the hyperpersistent phenotype
in this genetic background. However, when reconstructed in
two other E. coli genetic backgrounds (K12 and B type), this
mutation did not confer any hyperpersistence phenotype. This
indicates that phenotypic expression of the gyrB mutation
depends on genetic background and is possibly restricted to
a narrow panel of strains. To our knowledge, the GyrB L422P
amino acid substitution has not been reported in any E. coli
clinical or laboratory isolate, or at an equivalent position in
another bacterial species. We cannot exclude that its selection
was influenced by our in vitro experimental design and that
its selection would be unlikely in vivo. However, it should
be noticed that strains bearing such a hyperpersistence-
conferring mutation would probably not be remarked in a
clinical setting, where antibiotic resistance is the only bacterial
phenotype that is measured and considered to make antibiotic
therapy decisions. Our study shows that a mutation located
outside of the QRDRs of target genes can lead to strong
alterations of the bactericidal effect of fluoroquinolones without
increasing significantly the resistance level. In a more general
manner, it is possible that some mutations detected in antibiotic
target genes and which are overlooked because they are not
associated with a resistance phenotype, actually confer a
tolerance or hyperpersistence phenotype that can compromise
treatments.

Knowing the role played by tolerant and persistent bacteria
during therapeutic failure, it now seems essential to take
these phenotypes into consideration when choosing an antibiotic
treatment. Currently, analyses carried out in clinical settings
(antibiograms, MIC determinations) allow measurement
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The antimicrobial activity of bacteriocins from lactic acid bacteria has constituted a very
active research field within the last 35 years. Here, we report the results of a questionnaire
survey with assessments of progress within this field during the two decades of the 1990s
and the 2000s by 48 scientists active at that time. The scientists had research positions
at the time ranging from the levels of Master’s and Ph.D. students to principal investigators
in 19 Asian, European, Oceanian and North American countries. This time period was
evaluated by the respondents to have resulted in valuable progress regarding the basic
science of bacteriocins, whereas this was not achieved to the same degree with regard
to their applications. For the most important area of application, food biopreservation,
there were some success stories, but overall the objectives had not been entirely met
due to a number of issues, such as limited target spectrum, target resistance, poor yield
as well as economic and regulatory challenges. Other applications of bacteriocins such
as enhancers of the effects of probiotics or serving as antimicrobials in human clinical or
veterinary microbiology, were not evaluated as having been implemented successfully to
any large extent at the time. However, developments in genomic and chemical
methodologies illustrate, together with an interest in combining bacteriocins with other
antimicrobials, the current progress of the field regarding potential applications in human
clinical microbiology and food biopreservation. In conclusion, this study illuminates
parameters of importance not only for R&D of bacteriocins, but also for the broader field
of antimicrobial research.

Keywords: antibiotic, antimicrobial, biopreservation, lantibiotic, nisin, pediocin, bacteriocin, lactic acid bacteria

INTRODUCTION

The antimicrobial activity of lactic acid bacterial (LAB) bacteriocins—especially class I (containing
lanthionine and B-methyllanthionine) and class II (small, heat-stable) peptides (1990s classifications
applied)—has constituted a very active research field within the last 35years. Their application
as food biopreservatives has been an important objective; as a partially purified compound
(nisin), a component in fermentates (pediocin PA-1) or by in situ production by an added
culture (Holzapfel et al., 1995; Stiles, 1996; Ennahar et al., 2000; Cleveland et al., 2001; Twomey
et al., 2002; Cotter et al., 2005; Drider et al., 2006; O’Connor et al., 2020). Bacteriocins have
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also been examined for applications in veterinary microbiology
and human clinical microbiology (Twomey et al., 2002; Servin,
2004; Drider et al, 2006; Hassan et al., 2012; Cotter et al,,
2013; Yang et al,, 2014; Alvarez-Sieiro et al., 2016; Chikindas
et al., 2018; O’Connor et al., 2020; Soltani et al., 2021).

Investigations of bacteriocin structures and biosynthesis,
mode of action, secretion, and genetic regulation, e.g., by
quorum sensing, have constituted important parts of this field
(Nes et al, 1996; Kleerebezem et al., 1997; Kuipers et al,
1998; Sahl and Bierbaum, 1998; Ennahar et al., 2000; Cintas
et al., 2001; Kleerebezem and Quadri, 2001; Eijsink et al., 2002;
Garneau et al.,, 2002; Héchard and Sahl, 2002; Fimland et al.,
2005; Nissen-Meyer et al, 2009). On the other hand, the
ecological functions of LAB bacteriocins have only attracted
relatively limited attention, although their role appears to differ
from colicins that constitute an established model for our
understanding of the ecology of bacterial antimicrobial peptides
(Dykes and Hastings, 1997; Eijsink et al., 2002; Leisner and
Haaber, 2012; Snyder and Worobo, 2013).

Historically, research on LAB bacteriocins began with empirical
screenings of antimicrobial activity by producer cultures, typically
originating from foods, starting in earnest in the late 1980s
and the early 1990s. This research typically focused on GRAS
species among the bacteriocinogenic LAB but also on other
potential bacteriocin producers within the Firmicutes and other
phyla (Héchard and Sahl, 2002; Arnison et al., 2013; Acedo
et al., 2018). During the 1990s and 2000s, it became apparent
that resistance by target organisms was a common phenomenon
(Montville et al., 1995; Gravesen et al., 2002; Cotter et al.,
2005, 2013; Drider et al., 2006; Naghmouchi et al., 2007). This
situation, combined with the fact that the antimicrobial spectra
of many bacteriocins are relatively narrow, promoted research
into synergy effects by combining them, also with other
antimicrobial compounds or even phages (Liders et al., 2003;
Mathur et al., 2017; Rendueles et al., 2022). Research has also
been devoted to synthetic or bioengineered bacteriocins (Ennahar
et al., 2000; Ongey and Neubauer, 2016; Soltani et al., 2021).

Here, we present the accounts of scientists involved in
research on bacteriocins from 1990 to 2010 in the form of
their responses to a questionnaire probing their choices of
producer and target organisms, types of bacteriocins, studies
of the mode of action and underlying genetics, intended
applications, and their opinion then and now on whether
research objectives were met, both in relation to their own
studies and to the field as such. This study serves as an informal
supplement to a large number of reviews and opinions that
have been published on LAB bacteriocins over the last 30 years.

MATERIALS AND METHODS

Bibliometric Analyses

A topic search was done using Web of Science (WoS) with
the key terms “Lactic acid bacteria AND bacteriocin(s)” for
1990-2010. The search returned 1,504 hits with information
on numbers of articles, reviews, letters, and proceedings papers
and information on WoS$ categories, authors, and institutions.

The search also resulted in a full record for all 1,504 publications
as well as citations for the individual publications. Citation
windows (10 years) were manually extracted and number of
patents were extracted from Scopus (Elsevier).

Questionnaire

Respondents were contacted by e-mails containing individual
links to the online questionnaire hosted by Userneeds
(Copenhagen, Denmark), which supplies web-based questionnaire
surveys. Individual answers were kept anonymously according
to existing GDPR rules.

Potential participants were selected by a combination of personal
knowledge of the field at the time by one of us (JJL) and by
identifying individual research groups from the bibliometric search
using the terms “lactic acid bacteria” AND “bacteriocin(s)” for
publications from 1990 to 2010. Respondents were then found
among the 20 institutions with the most publications, including
researchers with high or low amounts of publications on the
topic. In addition, a number of respondents was selected from
additional institutions. In general, the selection contained a range
of researchers with variations in research outputs for bacteriocins.
Among the 30 researchers with the highest output from 1990
to 2010, 22 were contacted and 12 completed the questionnaire.
Overall, 94 researchers were contacted, with 54 responding and
48 completing the questionnaire.

The questionnaire (Supplementary Datasheet 1) was
organized into four sections: profiles (eight questions), details
on respondents, research on bacteriocins (22 questions),
respondents’ memories of their opinions during the 1990s and
2000s on the research (11 questions), and current opinions
of respondents on whether research objectives were reached
at the time (seven questions), in total 48 questions (question
9 was divided into two; see Supplementary Datasheet 1 for
questionnaire text). In the first two sections, most questions
were open, but in a few cases, we used a five-point scale for
answers. In the last two sections, we employed a seven-point
scale for answers including the following terms: completely
agree, strongly agree, agree, neither agree/disagree, somewhat
disagree, strongly disagree, and completely disagree. Re-analysis
of results pooling the responses into three categories—agree,
neither agree nor disagree, and disagree—gave similar results.
It was possible to add comments to nearly all questions. A
total of 29 out of 48 respondents used this possibility, with
10 respondents (all associated with different institutions) adding
at least four comments each. Comments are listed in
Supplementary Datasheet 2.

RESULTS

Profile of Respondents and Details on
Their Research on Bacteriocins

The respondents represented a broad spectrum of researchers
in the field from 1990 to 2010, as reflected by their information
on age, years of research in the field, and job positions, ranging
from Master students to PT’s [Question (Q) 1-8]; Supplementary
Table 1. The number of active researchers among the respondents
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was higher in the 1990s (40) than in the 2000s (34). The
numbers of PhD. students and post-docs were highest in the
1990s (17 and 10 compared to 3 and 6, respectively in the
2000s), whereas the numbers of PI’s, Professors, and Associate
Professors were higher in the 2000s (results not shown). The
data gave the impression of a cohort and input from respondents
at Ph.D. and post-doc levels in the latter decade were
therefore underrepresented.

Among the respondents, 19 (26.8%) were among 71 researchers
with at least 10 publications in the 1990s and 2000s found using
the search term “Lactic acid bacteria AND bacteriocin(s).” Two
respondents were among the top five regarding publication output.
An additional 15 respondents had between five and nine publications,
whereas the remaining 14 had below five publications. Individual
searches revealed higher numbers of publications on bacteriocins
for some respondents as the search term applied would not cover
all research aspects.

Respondents were associated with laboratories in 19 countries,
including Brazil, Canada, Japan, Malaysia, New Zealand,
South Africa, the United States, and 12 European countries
(Q8; Supplementary Table 2). Countries with the most
respondents included Canada, France, Ireland, Netherlands,
Norway, and the United States.

The researchers had worked with a wide range of LAB
bacteriocin  producers, including especially the genera
Carnobacterium, Enterococcus, and Lactobacillus (including some
of the new genera created after a recent taxonomic revision;
Zheng et al, 2020), Lactococcus and Pediococcus (Q16;
Supplementary Table 3). In addition, a number of bacteriocin
producers other than LAB had also been examined by some
researchers, especially species belonging to Bacillus or Staphylococcus
(Q17; Supplementary Table 4). The number of respondents who
had worked on probiotics amounted to 18 out of 48 (37.5%; Q21).

A number of different non-pathogenic LAB target strains
were included in research on antimicrobial spectra (Q9a;
Supplementary Table 5). Among the Gram-positive foodborne
pathogens, especially Listeria monocytogenes followed by
Staphylococcus aureus, Enterococcus spp., Bacillus spp., and
Clostridium spp. were used as targets (Q9b; Supplementary Table 6).
Gram-negative foodborne pathogens were also included by many
respondents as target strains, but it is safe to assume, that they
under most conditions, were not sensitive toward the majority
of bacteriocins (Q10; Supplementary Table 6). A selection of
Gram-positive foodborne spoilage organisms were examined by
some respondents (Q11; Supplementary Table 6). The majority
of applied research on bacteriocins was devoted to biopreservation
of foods, especially (in the following order) meat, milk/dairy,
and seafood (Q18; Supplementary Table 7).

Regarding Gram-positive and Gram-negative human clinical
species as target strains, some were also listed under foodborne
pathogens by a number of respondents [e.g., Escherichia coli,
Salmonella, S. aureus, and Streptococcus pyogenes (but see Falkenhorst
et al, 2008); Q12, 13]. A minority of respondents mentioned
some additional pathogens: Cutibacterium acnes, Clostridium (now
Clostridiodes) difficile, Streptococcus agalactiae, Streptococcus mutans,
Streptococcus pneumoniae, Streptococcus pyogenes (all Gram-positive;
10 respondents), Acinetobacter baumannii, Helicobacter pylori,

Klebsiella  pneumoniae, Legionella pneumophila, Pseudomonas
aeruginosa (five respondents), and antibiotic-resistant variants of
pathogenic bacteria (MRSA: Methicillin Resistant Staphylococcus
aureus; ESKAPE: Enterococcus faecium, Staphylococcus aureus,
Klebsiella  pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter spp.; VRE: Vancomycin Resistant
Enterococci; four respondents; Q12, 13). A minority of respondents
also worked with target strains from species important in veterinary
microbiology, including Enterococcus faecium, Enterococcus faecalis,
Lactococcus garvieae (fish pathogen), Listeria ivanovii, Listeria
monocytogenes, Staphylococcus aureus (mastitis research),
Streptococcus spp. (mastitis research) including Streptococcus uberis,
Streptococcus dysgalactiae (all Gram-positive; 14 respondents), and
Aeromonas spp. including Aeromonas salmonicida (fish pathogen),
Tenacibaculum spp. (fish pathogen), Vibrio spp., and Yersinia spp.
(all Gram-negative; 11 respondents) in addition to Mycobacterium
avium subsp. paratuberculosis (one respondent; Q14, 15).

The respondents obtained bacteriocin producers and target
strains from many sources, but external (public) and internal
collections constituted a higher proportion of sources for target
strains (Q22-24; Figure 1). It might be speculated that the
variety among target strains from culture collections was relatively
low but further research is needed to clarify this issue.

Empirical screenings, mode of action, and genetic
characterization of expression all constituted relatively high
degrees of research activities among the respondents (Q25,
26, and 28; Figure 2). Further, for both studies of mode of
action and genetic characterization, obtaining basic knowledge
was the most important objective, followed by examining
applicability, whereas the issue of obtaining patents was not
perceived as important (Q27 and 29; Figure 3).

The research focused on class I and class II bacteriocins,
mostly as purified or partially purified compounds, whereas
class III bacteriocins (all classes as defined in the 1990s)
attracted less attention (Q19 and 20; Figure 4). Overall, the
respondents had worked with a broad range of both LAB and
non-LAB bacteriocins (comments 1-17 and 18-35, respectively).

Details on Opinion on the Field of
Research and Research Objectives
The respondents were asked about their opinion on the number
of research groups with LAB bacteriocins as one of the primary
topics in the 1990s and the 2000s. These were difficult questions
to answer and only a few respondents suggested numbers that
varied widely; average values were around 60 and 55 research
groups for the 1990s and 2000s, respectively (Q30, 31; comments
65-73). The bibliometric data showed that relatively few institutions
and researchers had significant higher publication outputs for
“Lactic acid bacteria AND bacteriocin(s)” with Norwegian University
of Life Sciences (four of the top 20 researchers with highest
publication outputs within the topic), Stellenbosch University (two
researchers), National Research Institute for Agriculture, Food and
Environment (INRAE), Vrije Universiteit Brussel (two researchers),
and University of Alberta (two researchers) in the top five.
Questions Q32-40 were concerning respondents’ memories
of opinions about the different aspects of the bacteriocin research
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FIGURE 2 | Average degrees of research activities in the 1990s and 2000s involving empirical screenings (ES), studies of mode of action (MA), and genetic

field back in the 1990s and/or the 2000s. On average, the
researchers agreed or strongly agreed that the chances of finding
new bacteriocins were high, especially in the 1990s (Q32;
Figure 5; but see the variations in answers provided by comments
46-48, 50-51, 152, 154, and 159). The chances of finding new
bacteriocins  with  potential practical —applications for
biopreservation of foods were perceived positively (Q33;
Figure 5), although some comments did not support this
(86-87). Further, the researchers did not agree to the same
extent that the chances were high of finding bacteriocins for
practical applications for the treatment of infections by human
clinical pathogens or veterinary pathogens in the 1990s (Q34

and 35; Figure 5; comments 111-115 and 122-124). A similar
pattern was observed for the evaluation of whether the chances
were high for finding new practical applicable antimicrobial
peptides from other organisms than lactic acid bacteria, including
eukaryotic organisms (animals, plants, and/or fungi) for treatment
of infections by human clinical pathogens (Q36; Figure 5). It
should be noted that the degree of variation in responses was
higher for Q34-36 than for Q32 and Q33. One factor that
weighs in regarding the evaluation of chances for application
of bacteriocins was the issue of target resistance, which the
researchers to some extent agreed was a cause for concern
(Q37; Figure 5; comments 62-64).

Frontiers in Microbiology | www.frontiersin.org

96

June 2022 | Volume 13 | Article 908336


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Martinenghi and Leisner

Assessment of Bacteriocin Research

Very high extent —

High extent —

Some extent—----

Little extent =

No extent
Applicability

Patents

A
40 34 40 34 40 34
=== 1990s
) = 2000s
Very high extent =
High extent =
Some extent= - - -
Little extent =
No extent =
Applicability Patents Knowledge
B
36 32 36 32 36 32
mmm  1990s
mmm 2000s

Knowledge

FIGURE 3 | Objectives for research on mode of action (A) and genetic characterization (B; Q27 and 29).

Regarding inspiration, the researchers neither agreed nor
disagreed that previous research on antibiotics and colicins
provided such a source (Q38, 39, Figure 5, comment 74-76).
The same outcome was noted regarding inspiration from
contemporary screening studies in the related field of new animal,
plant, and/or fungal antimicrobial peptides (Q40, Figure 5).

Questions Q41-46 were concerning current opinions by
respondents on whether bacteriocin research reached the
objectives in the 1990s and/or the 2000s. The researchers, on
average, agreed that bacteriocin research met the personal
objectives set by the individual researcher from 1990 to 2010,
including that the field presented an important training ground
for researchers early on in their careers (Q41; Figure 6;
comments 77-81). This positive outcome was even more
pronounced regarding opinions on whether the overall field
of research on lactic acid bacterial bacteriocins met the
objectives in terms of contributing to basic knowledge on
bacteria antagonism (Q42; Figure 6; comment 82 but see
comments 83-84).

However, there was, on average, some skepticism about
whether the bacteriocin research had met the objectives from
1990 to 2010 in the applied aspects (Q43-46; Figure 6). The
best outcome was perceived for food biopreservation (Figure 6,
comments 88-97). Views on probiotic applications were
relatively similar to what were perceived for biopreservation,
whereas applications for veterinary microbiology and
human clinical microbiology were viewed somewhat less
favorable (Figure 6; see comments 98-110 for probiotics;
116-119 for human clinical microbiology and 125 for
veterinary microbiology).

An additional question (Q47) inquired whether the
bacteriocin research field has benefitted from developments
in sequence-based methodology and associated bioinformatics.
These developments were generally perceived very positively
(comments 126-162), although it was noted that additional
research was required to illuminate functional and applied
aspects (comments 129, 137, 141-142, 149, 151, 152, 154,
156, and 159).
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At the end of the questionnaire, the respondents were DISCUSSION
encouraged to add any additional comment/memory/insight
in relation to their bacteriocin research. Those comments Examples of lactic acid bacterial bacteriocins have been known
were allocated to the specific questions they addressed. since the 1960s (nisin since the late 1920s/early 1930s), but
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they first became an active area of research from the late
1980s and onwards (Figure 7; De Klerk and Coetzee, 1961;
Brock et al., 1963; Delves-Broughton et al., 1996), the period
of time covered by this questionnaire study. Some respondents
indicated an increase in research groups in the 1990s but
stagnation or even a decrease in the 2000s (Comments 65-73).
The total research output increased during both decades, but
the number of citations leveled during the latter part of the
2000s (Figure 7). Interestingly, the number of patents shows
another trend with relatively few granted in the 1990s followed
by a sharp increase in the first half of the 2000s, although
this issue was not an important motivator for research (Figures 3,
7). The increase in patents over time agrees with the findings
by Lopez-Cuellar et al. (2016), although their overall number
of patents were substantially lower.

Two classes of bacteriocins, class I—lantibiotics, containing
lanthionine and P-methyllanthionine residues and sometimes
other unusual residues due to post-translational modifications
and class II—small, heat-stable peptides, were the focuses for
research. In contrast, larger antimicrobial class III proteins received
less attention. It should be noted that the classification of bacteriocins
has been a focus for revision with subsequent more elaborate
classification systems and transfer between classes as a result.
Thus, cyclic peptides were characterized as class II bacteriocins
before 2010 but are now considered as posttranslational modified
bacteriocins (Franz et al, 2007; Zouhir et al., 2010; Martin-
Visscher et al., 2011; Rea et al,, 2011; Cotter et al.,, 2013; Snyder
and Worobo, 2013; Gabrielsen et al., 2014; Alvarez-Sieiro et al.,
2016; Acedo et al., 2018; Chikindas et al., 2018).

The respondents were generally not inspired by earlier
screening efforts for colicins or natural product antibiotics

during the 1940s and 1950s (Figure 5, comments 74-76).
However, that earlier epoch gave some potential important
lessons regarding obstacles in antibiotic screening programs
worth re-considering in the context of bacteriocins, including
the risk of rediscovery, resistance among target organisms and
potential toxicity (Peldez, 2006; Silver, 2011; Lewis, 2013;
Genilloud, 2014; Wright, 2014; Katz and Baltz, 2016; Aminov,
2017; Abouelhassan et al., 2019; Leisner, 2020). Further, there
is some similarity with some antibiotics in routes of activities
(comment 54).

The underlying motivation for detailed investigation of
antibacterial systems may frequently be found in a desire to
explore fundamental aspects as much or even more than
examining their potential application. The mode of action of
colicins constitutes an early example of this issue as they
provided an insight into the functionality of membranes and
membrane proteins as described by Luria (1984), one of the
pioneers in that field. Overall, the responses in this study
agree with the importance of basic science as a major motivator
for bacteriocin research (Figures 5, 6).

Fundamental aspects of the research involved initial screenings
for bacteriocinogenic cultures and subsequent investigations
of promising bacteriocinogenic systems, including their
antimicrobial spectra, structure and biosynthesis, mode of action,
regulation of expression and secretion (Nes et al., 1996; Ennahar
et al, 2000; Cintas et al., 2001; Eijsink et al., 2002; Garneau
et al, 2002; Héchard and Sahl, 2002; Fimland et al., 2005;
Nissen-Meyer et al., 2009; Snyder and Worobo, 2013; Ongey
and Neubauer, 2016). In addition, genetic characterization of
expressions of bacteriocins also gave insights in relation to
the field of bacterial quorum sensing (Kleerebezem et al., 1997;
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Kuipers et al., 1998; Kleerebezem and Quadri, 2001). Overall,
these fundamental studies were evaluated as having obtained
a relatively high degree of success in the 1990s and 2000s
(Figures 5, 6). However, some respondents expressed doubts
regarding how much natural variation exists among bacteriocins
and whether that had a negative impact on the discovery of
novel compounds already in the 2000s (comments 48, 50, 51,
152, 154, and 159).

One fundamental area that, to some extent, was overlooked
concerns the ecology of class I and II bacteriocins, as they do
not readily fit into the ecological functionality described for
colicins (Dykes and Hastings, 1997; Eijsink et al., 2002; Kirkup
and Riley, 2004; Leisner and Haaber, 2012; Snyder and Worobo,
2013; comment 83). Their utilization as signals have been proposed,
a function that mirrors previous suggestions for antibiotics (Linares
et al,, 2006; Snyder and Worobo, 2013; Chikindas et al., 2018).
Among other possibilities can be mentioned that bacteriocins
may mediate a supply of nutrients from lysed target cells (Leisner
and Haaber, 2012) or facilitate the transfer of DNA via
transformation (Snyder and Worobo, 2013). Further research
would be relevant for the broader area of microbial interactions
and may support application of bacteriocins in food systems
(Gélvez et al,, 2007; Ramia et al., 2020).

Class I and II bacteriocins were perceived early on to have
potential for application as “natural” food preservatives, either
by addition of bacteriocinogenic cultures or bacteriocins, e.g.,
in the form of encapsulation (Holzapfel et al, 1995; Stiles,
1996; Cleveland et al.,, 2001; Cotter et al., 2005; Drider et al,
2006; Boualem et al., 2013; Chikindas et al., 2018; O’Connor
et al, 2020). In addition, bacteriocinogenic cultures were
potentially useful in food technological applications such as
for acceleration of cheese ripening (Oumer et al., 2001). Cooked
or fermented meat products, dairy products, and (lightly
preserved) fish products constituted the main food categories
among the respondents for potential application of
biopreservation (Supplementary Table 7). Foods served as the
obvious choice for isolating potential bacteriocinogenic cultures

for this purpose (Hastings and Stiles, 1991; Lewus et al., 1991;
Garver and Muriana, 1993; Ruiz-Barba et al., 1994; Jones et al.,
2008). Biopreservation was evaluated by respondents as having
obtained a moderate degree of success in the 1990s and 2000s,
although narrow target spectra, resistance, sensitivity to proteases,
low level of production and legislation all presented challenges,
as detailed below (Figures 6, 7; comments 86-94, 96-97,
and 153).

In addition, bacteriocins were of interest as enhancers of
probiotic actions, including fish probiotics in aquaculture (Ringo
and Gatesoupe, 1998; Desriac et al., 2010; O’Connor et al., 2020).
Further, they were considered as potential antimicrobial compounds
in relation to veterinary and human clinical bacteriology—
especially targeting antibiotic-resistant pathogens—but also in
virology in addition to serving as potential anti-cancer agents
(Wachsman et al., 2003; Servin, 2004; Drider et al., 2006;
Montalban-Lopez et al., 2011; Hassan et al.,, 2012; Yang et al,
2014; Alvarez-Sieiro et al.,, 2016; Chikindas et al., 2018; Soltani
et al, 2021). The bacteriocinogenic cultures were sometimes
isolated from the same source for which they were intended
for (veterinary) application (comment 38). The degree of success
of these applications in the 1990s and 2000s was a subject of
critical evaluation by some of the respondents in this study due
to, e.g., the issue of toxicity in relation to systemic applications
(Figures 5, 6; comments 16, 98-119, and 122-125). Biomedical
applications against biofilms present another possible application
(Bower et al., 2001; Mathur et al, 2017). This topic was not
mentioned in the questionnaire and it was not commented upon
by respondents. Further, bacteriocins found relatively few
applications in a veterinary context except for topical applications
such as mastitis (Ross et al.,, 1999; comments 122-125). Finally,
a few comments mention the application of bacteriocins as feed
additives, which are of interest in the light of controversies
concerning the use of antibiotics for this purpose (Kirchhelle,
2018; Silveira et al., 2021; comments 120-121).

The relatively narrow antimicrobial spectra for many
bacteriocins might be desirable in a human therapeutic context
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to minimize damage to the commensal human microbiota
(Cotter et al., 2013). However, this would not be the case for
many biopreservative applications. Combinations of bacteriocins
with food-grade antimicrobials/stressors is a potential solution
in that context (Gdlvez et al., 2007; Mathur et al, 2017).
Bacteriocins typically only inhibit related taxons (Eijsink et al.,
1998, comment 84) and then frequently only some strains
within a given species (Rasch and Knechel, 1998; Carl et al,
2004), an issue that requires careful selection of a wider panoply
of target strains in screening scenarios. The respondents informed
on a higher usage of external and internal culture collections
as a source for target strains compared with producer strains.
With a bit of caution, this might be interpreted as perhaps
involving a relatively narrow common range of target strains,
making it more difficult to accurately estimate the frequency
of resistance within a given target species (Figure 1).

In addition, as revealed by a few comments by the
questionnaire respondents, resistance development among target
organisms represented a challenge that was addressed by some
research groups in the 1990s and onwards (Gravesen et al,
2002; Cotter et al., 2005; Naghmouchi et al.,, 2007, comments
62-64). Resistance had, however, a potential positive element
in an explorative context, somewhat similar to dereplication
screening efforts in searches for antibiotics (Leisner, 2020).
Thus, target resistance to known bacteriocins was employed
as a selection method to find new bacteriocins (comment 61).

Overall, a limited number of bacteriocins were introduced
for applications from 1990 to 2010. Partially purified nisin
and pediocin PA-1 (in the form of an added fermentate) were
two commonly applied bacteriocins for food biopreservation
at the time. They were, however, both discovered, and in the
case of nisin, applied before the 1990s (Frazer et al, 1962;
Bhunia et al., 1988; Delves-Broughton et al., 1996; Stiles, 1996;
Rodriguez et al., 2002; Cotter et al, 2005; O’Connor et al.,
2020). Thus, some of the few low-hanging fruits were found
early on, and it was difficult to find new compounds with
enhanced desired properties relative to the initial compounds
(comments 48, 51, 152, 154, and 159). In this context, the
phenomenon of rediscoveries of well-known bacteriocins
represented an additional challenge (comment 46). This situation
was not too different from the outcome of screening of natural
product antibiotics in the 1940s and 1950s (Greenwood, 2008;
Silver, 2011; Lewis, 2013; Wright, 2014; Leisner, 2020).

One additional important obstacle to the application of
bacteriocins, both in relation to food biopreservation as well
as in relation to medical and veterinary applications, is presented
in the form of legislative demands such as bacteriocins should
be safe to consume, and bacteriocinogenic cultures should also
not contain genes encoding virulence factors or antibiotic
resistance (Montville et al., 1995; Stiles, 1996; O’Connor et al.,
2020). This made the use of enterococci for biopreservation
a topic for discussion already in the 1990s (Jett et al., 1994;
Franz et al., 1999; for a more positive account, see also Moreno
et al, 2006). Finally, although the antimicrobial activity of
bacteriocinogenic cultures might be improved by, e.g., combining
the genetic systems for different bacteriocins in one organism
or construction of strains that can produce the compounds

in a heterologous manner (Hanlin et al., 1993; Ennahar et al.,
2000; O’Sullivan et al., 2003), genetically modified LAB is still
a controversial issue that meets regulatory demands (Plavec
and Berlec, 2020).

Another obstacle at the time was represented by the difficulties
in obtaining funding for searching for new bacteriocins
(comments 85, 93-94, and 138). This might partially have
been due to the lack of enthusiasm by some of the players
in the food industry (comment 96, 97).

Overall, the objectives for research into bacteriocin applications
in the 1990s and 2000s were only met to a partial degree, even
within the area of food biopreservation, which constituted the
single most important objective. The research did, however, provide
important fundamental insights useful for the next ongoing phase
that in addition to food biopreservation or probiotics focuses
on potential medical applications of a wider range of antimicrobial
peptides. These include, among others, post-translationally modified
LAB and non-LAB peptides (RiPPs, among them class
I bacteriocins), e.g., in combination with other antimicrobials
(Arnison et al, 2013, Cotter et al., 2013; Yang et al., 2014;
Alvarez-Sieiro et al., 2016; Mathur et al., 2017; Perez et al., 2018;
OConnor et al., 2020; Chen et al., 2021; Soltani et al., 2021).
The introduction of genomics, including bioinformatics software
already during the 2000s, such as BAGEL and antiSMASH
(comments 146 and 149) has been important (de Jong et al,
2006, 2010; Medema et al, 2011; Nes, 2011; van Heel et al,
2013; several of the comments 126-162). This approach serves
as a mean for dereplication in screenings (comment 149). There
were, however, some notes of caution among respondents, as
functional and applied aspects are not always easy to decipher
from obtained sequences (Eijsink et al., 2002; comments 129,
137, 141-142, 151, 152, 154, 156, and 159) and could
be supplemented with other approaches such as mass-spectrometry
to characterize modification patterns of RiPPs (comment 149).

An important aspect not covered in the questionnaire concerns
the chemical approach by targeted engineering of new peptides.
This is an area that has attracted research from the 1990s and
up to now but has been met with some challenges (Fimland
et al,, 1996, Ongey and Neubauer, 2016; comments 138, 149,
150, and 152). However, this scenario, if implemented, to some
degree resembles the shift in antibiotics R&D during the 1960s
from large screenings of natural compounds to the construction
of semisynthetic variants (Leisner, 2020).

In conclusion, this questionnaire survey illuminates the formative
years of research on class I, II, and III bacteriocins from lactic
acid bacteria and other sources. The research was evaluated by
respondents to have resulted in valuable progress regarding the
basic science of bacteriocins, and there were some success stories
within the area of food biopreservation (see e.g., Chikindas et al.,
2018). However, issues such as limited target spectrum, target
resistance, sensitivity to proteases, poor yield, and economic and
regulatory challenges limited the overall success of this approach.
Applications also met difficulties in relation to human clinical
and veterinary microbiology. The findings in this study highlight
how progress in the studies of bacteriocins depended on a number
of parameters, some of which are also of interest in the broader
field of antimicrobial research.
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Daptomycin (DAP), a last-resort antibiotic for treating Gram-positive bacterial infection,
has been widely used in the treatment of vancomycin-resistant enterococci (VRE).
Resistance to both daptomycin and vancomycin leads to difficulties in controlling infections
of enterococci. A clinical multidrug-resistant Enterococcus faecium EF332 strain that
shows resistance to both daptomycin and vancomycin was identified, for which resistance
mechanisms were investigated in this work. Whole-genome sequencing and comparative
genomic analysis were performed by third-generation PacBio sequencing, showing that
E. faecium EF332 contains four plasmids, including a new multidrug-resistant pEF332-2
plasmid. Two vancomycin resistance-conferring gene clusters vanA and vanM were found
on this plasmid, making it the second reported vancomycin-resistant plasmid containing
both clusters. New mutations in chromosomal genes cls and gdpD that, respectively,
encode cardiolipin synthase and glycerophosphoryl diester phosphodiesterase were
identified. Their potential roles in leading to daptomycin resistance were further investigated.
Through molecular cloning and phenotypic screening, two-dimensional thin-layer
chromatography, fluorescence surface charge test, and analysis of cardiolipin distribution
patterns, we found that mutations in cls decrease surface negative charges of the cell
membrane (CM) and led to redistribution of lipids of CM. Both events contribute to the
DAP resistance of E. faecium EF332. Mutation in gapD leads to changes in CM phospholipid
compositions, but cannot confer DAP resistance. Neither mutation could result in changes
in cellular septa. Therefore, we conclude that the daptomycin resistance of E. faecium
EF332 is conferred by new cl/s mutations. This work reports the genetic basis for
vancomycin and daptomycin resistance of a multidrug-resistant E. faecium strain, with
the finding of new mutations of cls that leads to daptomycin resistance.

Keywords: vancomycin-resistant enterococci, Enterococcus faecium, daptomycin resistance, vancomycin
resistance, membrane surface charge, gdpD, cls
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cls Mutation and Daptomycin Resistance

INTRODUCTION

Enterococcus faecium, a Gram-positive coccus, is an important
nosocomial pathogen that can cause fatal bacteremia and
myocarditis (Arias and Murray, 2012). The emergence of
multidrug-resistant (MDR) E. faecium, particularly vancomycin-
resistant enterococci (VRE), led to high morbidity and mortality
in hospitalized patients (Tran et al., 2013a, 2015; Herc et al,,
2017; Lebreton et al, 2018). To make matters worse, the
horizontal transfer of antibiotic resistance genes (ARGs) directly
led to the rapid increase in VRE. In recent decades, VRE was
gradually recognized as a major cause of MDR hospital infection
in many countries (Uttley et al., 1988; Cattoir and Giard, 2014).
A rapid increase of VRE undoubtedly brings more difficulties
for the treatment of E. faecium infections (Depardieu et al.,
2007; Lebreton et al., 2018). Initially, linezolid and quinupristin-
dalfopristin were used to treat VRE infections, but their use
was hampered by their strong adverse drug effects (Carver
et al., 2003; Hogan et al, 2010; Matsumoto et al., 2010). By
contrast, daptomycin (DAP) was generally considered to be a
safer antimicrobial agent and gradually became the front-line
drug for the patients who have VRE infections (Chow et al.,
2016; Gonzalez-Ruiz et al., 2016; Herc et al., 2017; Suleyman
et al., 2017).

Daptomycin is a cyclic lipopeptide antibiotic produced by
Streptomyces roseosporus (Heidary et al., 2018), which has a
special mechanism that binds to Ca** and inserts into the cell
membrane (CM) causing leakage of intracellular ions and ATP,
thus killing bacteria (LaPlante and Rybak, 2004; Heidary et al.,
2018). Unfortunately, the widespread use of daptomycin resulted
in the emergence of daptomycin non-susceptible VRE (DNVRE),
which undoubtedly further reduced the option of treatment
for VRE infections (Munoz-Price et al., 2005; Lellek et al.,
2015; Chow et al, 2016; Hussain et al., 2016; Herc et al,
2017). Multiple studies suggested that the mechanism of
daptomycin resistance is mainly related to mutations in
chromosomal genes, including mprF, gdpD, yycG, rpoB, rpoC,
pgsA, cls, liaFSR, etc. (Fischer et al.,, 2011; Tran et al., 2013a,b;
Heidary et al., 2018). With the increase of reports on DNVRE,
a series of investigations were carried out to try to find the
resistance mechanisms of daptomycin and effective applications
of DAP (Munoz-Price et al., 2005; Lellek et al., 2015; Chow
et al, 2016; Hussain et al, 2016; Suleyman et al, 2017).
However, the mechanism of DAP resistance has not been fully
elucidated: One view is that DAP is diverted from effective
targets at the septum by redistribution of anionic phospholipids;
another view is that resistant bacteria achieve electrostatic
repulsion to DAP by reducing the negative surface charge of
CM (Heidary et al, 2018). In summary, the reports on DAP
resistance mainly focus on the interaction between CM and
DAP-Ca** complex.

In view of this, in the present study, a clinical multidrug-
resistant E. faecium from a hospital showing daptomycin
resistance and high-level vancomycin resistance was identified.
Whole-genome sequencing and subsequent mechanistic
investigations were performed, hoping to find the answers to
the following questions: (1) the genetic basis of the multidrug

resistance; (2) the risk of multiple resistance transmission; and
(3) the mechanism of daptomycin resistance.

MATERIALS AND METHODS

Strains

Enterococcus faecium EF332 strain used in this study was isolated
in the Laboratory Medicine Center of the Second Hospital of
Shandong University. The laboratory maintains an opportunistic
pathogen library isolated from patient samples and routinely
screens them for possible new findings. The strain was identified
by the analysis of 16S rDNA sequence.

Antibiotic Susceptibility Tests

Antibiotic susceptibility tests were conducted according to CLSI/
EUCAST guidelines (EUCAST, 2017; CLSI, 2018). The tested
antibiotics include: penicillin (PEN), ampicillin (AMP),
ciprofloxacin (CIP), gatifloxacin (GAT), chloramphenicol (CHL),
tetracycline (TET), tigecycline (TGC), fosfomycin (FOF),
erythromycin  (ERY), linezolid (LZD), rifampicin (RIF),
vancomycin (VAN), and daptomycin (DAP). K-B Disk diffusion
assays were performed as previously documented (Vading et al.,
2011). Agar dilution method (for FOF) and broth microdilution
method (for the rest antibiotics) were adopted to determine
MICs of antibiotics. Staphylococcus aureus ATCC 25923 and
Enterococcus faecalis ATCC 29212 were used as control strains
for disk diffusion and dilution method, respectively, according
to CLSI and EUCAST standards (EUCAST, 2017; CLSI, 2018).

Extraction and Sequencing of Genomic DNA
The genomic DNA of E. faecium EF332 and constructed strains
(29212-pDL278, EFDO-cls, EF332-cls) was extracted following
previous reported protocol (Qian and Zhao, 2014), and the
purity and integrity of the DNA were confirmed by agarose
gel electrophoresis. DNA samples of E. faecium EF332 were
constructed into a 10-kb SMRTbell DNA library, and PacBio
single-molecule sequencing was used to obtain at least 50x
of sequencing data. In addition, a 350-bp small fragment library
was constructed, and Illumina NovaSeq PE150 platform was
used for paired-end sequencing to obtain at least 100x clean
data for auxiliary assembly. DNA samples of constructed strains
were used as templates for quantitative polymerase chain reaction
(qPCR) to detect the relative copy number of plasmids.

Conjugation and Transformation of
Plasmid

To verify the transferability of plasmid pEF332-2, we conducted
conjugation and transformation experiments. A chloramphenicol-
resistant and vancomycin-sensitive E. faecalis 3-147 strain was
used as the recipient for conjugations, and vancomycin-sensitive
E. faecalis ATCC 29212 was used as recipient for transformation.
Transconjugants were identified on the plates containing 32 pg/ml
of vancomycin and 50pg/ml of chloramphenicol, and
transformants were identified on the plates containing 32 pg/ml
of vancomycin.
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Acquisition, Cloning, and Transformation
of Presumed DAP Resistance Genes
Genomic DNA of E. faecium EF332 strain was used as template
to amplify the presumed DAP resistance genes cls and gdpD
by PCR using Phanta super-fidelity DNA polymerase (Vazyme
Biotech Co. Ltd. Nanjing, China). All the PCR products were
analyzed by 1% agarose gel electrophoresis and purified by
DNA clean-up kit (TIANGEN, Beijing, China).

All primer sequences are shown in Supplementary Table 1,
in which the cleavage sites of BamHI and Sall were added
to the 5" ends for the next step of cloning. The shuttle plasmid
pDL278 with spectinomycin resistance was used for molecular
cloning (Genbank accession number AF216802.1). The cls, gdpD
fragments and pDL278 vector, were digested by BamHI and
Sall endonuclease, respectively, and then, the gene fragments
were ligated to pDL278 vector by T4 DNA ligase to generate
recombinant shuttle plasmids (pDL278-cls, pDL278-gdpD). These
recombinant plasmids were transferred into Escherichia coli
DH5a chemically competent cells, respectively, according to
the manufacturer’s protocols, and Luria-Bertani (LB) agar plates
with 500mg/L spectinomycin were used to select for positive
transformants. The plasmids of the positive clones were extracted
and transformed into the electroporation competent cells of
E. faecalis ATCC 29212, and tryptic soy broth (TSB) agar
plates with 1,000mg/L spectinomycin were used to select for
positive transformants. The successfully transferred gene
fragments were validated by Sanger sequencing using primer
M13 (as shown in Supplementary Table 1). Finally, we obtained
the EF332-cls and EF332-gdpD strains for downstream analysis.
A summary of constructed strains is shown in Table 1 for
easier comparison.

Site-Directed Mutagenesis
In order to further confirm the role of mutations in cls and
gdpD genes, site-directed mutagenesis was performed using
overlap extension PCR (SOE-PCR; Ho et al, 1989). The cls
gene was divided into four fragments at three mutated sites,
and gdpD gene was divided into two fragments at one mutated
site. The primers used are shown in Supplementary Table 1.
The SOE-PCR process consisted of two consecutive reactions.
First-round PCR: Genomic DNA of E. faecium EF332 was

TABLE 1 | Constructed strains in this study.

Strain Description

EF332-cls Enterococcus faecalis ATCC 29212 harboring plasmid pDL278
that carries cls gene originated from E. faecium EF332

EFDO-cls Enterococcus faecalis ATCC 29212 harboring plasmid pDL278
that carries site-directed mutated cls gene originated from E.
faecium DO

EF332-gapD Enterococcus faecalis ATCC 29212 harboring plasmid pDL278
that carries gdpD gene originated from E. faecium EF332

EFDO-gdpD Enterococcus faecalis ATCC 29212 harboring plasmid pDL278
that carries site-directed mutated gdpD gene originated from E.
faecium DO

29,212-pDL278 Enterococcus faecalis ATCC 29212 harboring shuttle plasmid
pDL278

used as a template to obtain the corresponding gene fragments.
PCR products obtained were purified using the DNA purification
kit (TIANGEN, Beijing, China). Second-round PCR: The purified
PCR products obtained from the previous step were used as
templates, and corresponding primers were added to the reaction
system for amplification.

These point mutations led to the amino acid substitutions
T2691, V2031, T298S in Cls, and S201P in GdpD. Plasmids
carrying these mutated gene fragments were transformed to obtain
EFDO-cls and EFDO-gdpD strains by the method described above.

Analysis of Membrane Surface Charge

Poly-, -lysine conjugated to fluorescein isothiocyanate (PLL:FITC)
was used to assay cell surface charges according to previous
studies (Prater et al, 2021). In brief, the strains grew until
ODygy reached 0.5 in TSB. Cells were then washed three times
with sterilized HEPES buffer (20mM, pH 7.0) and diluted to
ODygy of 0.1. Cells were incubated with 50 pg/ml PLL:FITC
(final concentration) at room temperature with shaking for
10min and were then washed once using HEPES buffer to
remove unbound PLL:FITC. Treated cells were spread on poly-
i-lysine-treated glass slides, followed by the addition of 20pl
fluorescent anti-quenching agent. Fluorescence images were
observed under NIKON Ti-E inverted fluorescence microscope
(Nikon Instruments Co., LTD, Japan) and quantified by Image],
with duplicates per strain.

Observation of Cardiolipin Distribution on
CM

The fluorescent probe 10-N-nonyl acridine orange (NAO)
specifically binds to cardiolipin, and the change of cardiolipin
distribution caused by cls mutation can be determined by
observing the NAO fluorescence distribution on the membrane
(Mileykovskaya et al., 2001). NAO fluorescence assay was
performed according to previous studies (Tran et al., 2013b).
In brief, the bacteria were activated in TSB overnight and
transferred to new TSB to grow to exponential phase (ODgg
of ~0.5), after which NAO was added to the medium at a
final concentration of 2.5pM. The sample was oscillated at
100rpm and 37°C for 4h under dark conditions. The cells
were washed three times (5,000 rpm, 3 min) with sterilized 0.9%
saline and immediately mixed with 2x volume of fluorescent
anti-quenching agent and fixed on the poly-;-lysine-treated
glass slides. Fluorescence observation was performed using a
laser scanning confocal microscope with 100x objective and
airyscan detector (LSM880, ZEISIS, Germany).

CM Lipid Analysis

Membrane lipids were extracted using previous methods
(Komagata and Suzuki, 1988). The lipid components of tested
strains were separated by two-dimensional thin-layer
chromatography (2D-TLC, Silica 60 F254 TLC plates; Merck)
and stained with phosphomolybdic acid (blue for all lipids)
and ninhydrin (red for lipids with amino groups), respectively,
with three replicates for each strain. The first dimension was
developed with chloroform/methanol/water (65:25:4, by volume),
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and the second dimension was developed with chloroform/
acetic acid/methanol/water (80:15:12:4, by volume). The dried
TLC plates were heated for 15min in a 110°C oven to find
phospholipid composition.

Transmission Electron Microscopy

Bacteria were inoculated in 30-ml TSB and grew to exponential
phase by shaking at 160rpm and 37°C. The cultures were
centrifuged at 5,000rpm for 3min to pellet cells. Cells were
fixed at 4°C for 1h with 500pl 2.5% glutaraldehyde, washed
with PBS (pH 7.2, 0.01 M) for five times (20 min each), fixed
with 1% osmium acid at 4°C for 1h, and washed with PBS
(pH 7.2, 0.01 M) for three times, 15min each. The samples
were sequentially dehydrated with 30, 50, 70, 90, and 100%
ethanol (twice) and replaced twice by acetone, 15min each
time. Different proportions of embedding agent (EPON812:
acetone =1:3,1:1,3:1) were used to penetrate for 1h successively,
and then, pure embedding agent (100% EPONS812) was used
for penetration overnight. The samples were embedded in
EPONS812 and then subjected to temperature-programmed
curing for 48h before ultra-thin section. The sections were
stained with 2% uranium acetate solution for 20 min (in dark),
washed with ddH,O three times for 5min each, stained with
1% lead citrate solution for 10min, and then washed with
ddH,O three times for 5min each. The prepared samples were
observed by Focused Ion Beam-Scanning Transmission Electron
Microscope (Crossbeam 550, ZEISIS, Germany).

Quantitative Polymerase Chain Reactions
qPCRs were used to assay the copy numbers of pDL278 vector
and variants in E. faecium strains (29212-pDL278, EFDO-cls,
EF332-cls) to verify the stability of this vector. Plasmid levels
were calculated using the 2744 method. 16S rDNA was used
as the housekeeping gene. The primers used are listed in
Supplementary Table 1. The qPCR system (20pl) contains
the following: 10pl of 2x SYBR green premix pro taq HS
premix (Accurate Biotechnology Co., Ltd., China), 7.8pl dd
H,0, 0.4 pl of forward and reverse primers each (10 pM), 0.4 pl
of ROX reference dye (20pM, Accurate Biotechnology Co.,
Ltd., China), and 1pl template DNA (100ng/pl). The qPCRs
were performed with the following programs: denaturation at
95°C for 30s, followed by 40 cycles of denaturation at 95°C
for 5s, annealing at 60°C for 30s. Three biological replicates
were performed for each sample, and each qPCR was conducted
in triplicate using the ABI StepOnePlus system (Applied
Biosystems Inc., Waltham, MA, United States).

Survival Assay

Survival analysis was performed according to the previously
published method to compare the survival of different strains
under daptomycin stress (Grein et al., 2020). After the bacteria
grew to exponential phase (ODg=0.5) in 5ml Miiller Hinton
broth containing 0.05g/L Ca’>* (CAMHB), 100 pl of the cultures
were diluted 10°-fold. One hundred microliters of the diluted
bacterial solution was inoculated on TSB agar plates (three
replications) for CFU calculation. The remaining cultures were

incubated with 32pg/ml (4 xMIC) daptomycin (final
concentration) at 37°C with shaking at 180 rpm for 1 h. During
incubation, 100ul cultures were taken every 15min, diluted,
and counted as described above. In order to avoid the influence
of the change of bacterial solution volume during incubation,
an equal volume of CAMHB was added after 100pl bacterial
solution was taken each time. Colony counts at different time
points were recorded after overnight incubation at 37°C, and
survival rate was calculated as the percentage of colony counts
to those without treatment of daptomycin.

Bioinformatics

Whole-genome sequencing reads were assembled into a
preliminary genome using SMRT Link v5.1.0 software (Ardui
et al, 2018), and arrow software was used to optimize the
assembly results. The optimized assembly results were analyzed
and compared with original data to discriminate chromosomes
and plasmid sequences. Final circular genomes were obtained,
followed by gene prediction using GeneMarkS v4.17 software
(Besemer et al., 2001). Genomic Islands (GIs) were predicted
using IslandPath-DIOMB v0.12 software (Hsiao et al, 2003).
Prophage prediction was completed by online prediction server
PHASTER (Zhou et al., 2011; Arndt et al., 2016). Functional
annotation of coding genes was performed using GO (Ashburner
et al., 2000), COG (Galperin et al., 2014), NR (Li et al.,, 2002),
Pfam (Punta et al, 2011), TCDB (Saier et al, 2013), and
SWISS-PROT (Bairoch and Apweiler, 2000) databases. ARG
annotation used Resistance Gene Identifier (RGI) v5.1.0 software
provided by CARD database (Jia et al, 2016). Multilocus
sequence typing (MLST) and plasmid classification of E. faecium
EF332 were performed using MLST' and PlasmidFinder
databases,” respectively, provided by Center for Genomic
Epidemiology. AlphaFold 2 software was used to construct Cls
structure model (Jumper et al., 2021). Pfam database was used
to predict Cls protein domain structure (Mistry et al., 2021),
and DOG 2.0 software was used to draw the protein domain
structure map (Ren et al, 2009). The relative intensity of
fluorescence was quantified by Image] 1.52a, resulting in the
mean of two biological duplicates, and the significance level
was analyzed by Students -test. The ggplot2 package in R
Studio 1.3.929 software (based on R 3.6.3) was used to draw
the box charts of fluorescence intensity, and the gggenes and
ggplot2 packages were used to generate the gene structure
diagrams.

RESULTS

Isolation and Identification of a
Vancomycin- and Daptomycin-Resistant
Enterococcus faecium EF332 Strain
Enterococcus faecium EF332 strain used in this study was isolated
in the Laboratory Medicine Center of the Second Hospital of

'https://cge.food.dtu.dk/services/MLST/
*https://cge.food.dtu.dk/services/PlasmidFinder/
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TABLE 2 | Antibiotic susceptibility of Enterococcus faecium EF332.

Antibiotics class Antibiotic  Inhibition zone (mm) MIC (ug/ml)
Ansamycins RIF 11 R) 4 (R)
Macrolides ERY 0 (R) >256 (R)
Fluoroquinolones CIP [oN(2)] 32 (R)
GAT 0 (R) 2 (R)
Phenicols CHL 21 (S) 4 S)
Tetracyclines TET 10 (R) 32 (R)
TGC 22 (S) 0.0375 ()
Glycopeptides VAN [oN(2)] 128 R)
B-lactams PEN 0(R) >256 (R)
AMP 0 (R) >256 (R)
Lipopeptides DAP n.a. 8 (R)
Fosfomycins FOF 34 (S) 64 (S)
Oxazolidinones LzD 23 (S) 1(S)

n.a.: K-B disk diffusion method is unavailable in both CLSI and EUCAST standards. RIF
rifampicin; ERY, erythromycin; CIR, ciprofloxacin; GAT, gatifloxacin; CHL, chloramphenicol;
TET, tetracycline; TGC, tigecycline; VAN, vancomycin; PEN, penicillin; AME ampicillin;
DAR, daptomycin; FOF, fosfomycin; LZD, linezolid; R, resistant; S, sensitive.

Shandong University during routine screening of pathogens.
Antimicrobial susceptibility tests were performed for this strain
using 13 antibiotics in 10 classes by both Kirby-Bauer disk diffusion
method and determination of minimum inhibitory concentration
(MIC) levels. It was shown that E. faecium EF332 was resistant
to most antibiotics (Table 2), suggesting that it is multidrug-
resistant. A striking observation is that E. faecium EF332 is resistant
to both last-line antibiotics against enterococcal infections:
vancomycin and daptomycin (Bender et al,, 2018). This unusual
phenomenon drove us to further investigate the mechanisms
underlying multidrug resistance of this strain, particularly for the
two last-resort antibiotics vancomycin and daptomycin.

Multidrug-Resistant Determinants of
Enterococcus faecium EF332 Revealed by
Whole-Genome Sequencing

To fully understand the genetic basis of multidrug resistance in
E. faecium EF332, whole-genome sequences were obtained
with third-generation PacBio sequencing accompanied by
second-generation Illumina sequencing (The sequencing data
were deposited in GenBank with accession numbers
CP058891-CP058895). Full sequences for a circular chromosome
and four plasmids were obtained. The size of the chromosome
is 2,755,510bp, similarly to previously sequenced E. faecium
strains. The four plasmids, pEF332-1, pEF332-2, pEF332-3, and
pEF332-4, are, respectively, 12,341, 87,675p, 28,308, and 203,652bp
long (Supplementary Figure 1; Supplementary Table 2).
Multilocus sequence typing (MLST) result showed that E. faecium
EF332 belongs to ST192, one type of the CC17 clone complex
(clade Al), which is believed to have evolved in infections of
hospital environment (Freitas et al., 2010).

With accurate gene prediction algorithms, a total of 3,121
genes were predicted to be encoded by E. faecium EF332, of
which 2,735 are chromosome-borne and 386 are plasmid-borne
(Supplementary Table 2). Annotation with Comprehensive
Antibiotic Resistance Database (CARD) showed that 9, 0, 12,
0, and 2 ARGs were encoded on the chromosome, pEF332-1,

TABLE 3 | Predicted antimicrobial resistance determinants in Enterococcus
faecium EF332 with CARD.

Antibiotics class Chromosome pEF332-2 pEF332-4

Fluoroquinolones gyrA mutation

gyrB mutation

Elfamycins/kirromycins  EF-Tu mutation
Lipopeptides cls mutation®
9adpD mutation*
Peptide/ansamycins rpoB
antibiotics
Diaminopyrimidines dafrE
Tetracyclines tetM
Aminoglycosides AAC(6)-i APH(3)-llla  AAC(6)-le-APH(2")-la1
AAC(6')-le-APH(27)-1a2

Macrolides/ ermB
lincosamides/
streptogramins
Glycopeptides vanM

vanHM

vanYM

vanSM

vanRM

vanA

vanSA

vanHA

vanXA

vanRA
Total 9 12 2

*Genes associated with DAP resistance.

pEF332-2, pEF332-3, and pEF332-4, respectively (Table 3;
Supplementary Table 2). Determinants for all antibiotics were
found, most of which are chromosome-borne. Only pEF332-2
and pEF332-4 are antibiotic-resistant plasmids. While pEF332-4
only carries ARGs for aminoglycosides and was previously
found in E. faecium VRE1 (Sun et al, 2020), pEF332-2 is a
new plasmid that carries both vanA and vanM gene clusters.
To the best of our knowledge, plasmids carrying both vanA
and vanM genes are very rare, and only one such plasmid
(pELF1) has been found so far in Japan, which is associated
with high vancomycin resistance and high risk of transmission
(Hashimoto et al., 2019). pEF332-2 is therefore the second
plasmid that bears both vanA and vanM clusters identified so
far. This is also in consistency with the high level of vancomycin
resistance (128 pg/ml) observed with E. faecium EF332. In
addition, vanA gene clusters are encoded on a genomic island
GIs011 that is also part of a multidrug-resistant prophage
(Figure 1; Supplementary Table 3). This is a strong implication
that these ARGs are acquired by horizontal gene transfer.
Therefore, this new pEF332-2 plasmid is a strong vancomycin-
resistant plasmid that also has a strong implication for ARG
mobility. Further phylogenetic analysis of E. faecium EF332
plasmids and 55 other plasmids, along with subtyping of
pEF332-2 with PlasmidFinder, suggests pEF332-2 belongs to
type rep2 (Figure 2). Previous report suggested type rep2
plasmids originate from a variety of sources, including hospitals,
poultry, and foods (Schwarz et al., 2001; Sletvold et al., 2007;
Sun et al, 2020), suggesting that these plasmids may spread
between multiple environments. Nevertheless, attempts to transfer
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pEF332-2 from the host E. faecium EF332 strain to another
bacterium via conjugation or transformation were unsuccessful,
showing the limited efficiency of horizontal gene transfer.

While comparing the genomic sequences of E. faecium EF332
and daptomycin-sensitive E. faecium DO strain, mutations were
found on cIs and gdpD that, respectively, encode cardiolipin
synthase and glycerophosphoryl diester phosphodiesterase
(Table 4). It was previously reported that mutations in these
genes can lead to daptomycin resistance (Humphries et al.,
2012; Davlieva et al., 2013; Kelesidis et al.,, 2013; Lellek et al.,
2015; Prater et al, 2019). However, known mutations that
confer DAP resistance on these genes were not present in
E. faecium EF332, leading to the hypothesis that new mutations
of the two genes could lead to daptomycin resistance.

New c/s Mutations Lead to Daptomycin
Resistance in Enterococcus faecium
EF332

In order to find out which mutations on cls and/or gdpD lead
to daptomycin resistance in E. faecium EF332 strains, a series
of clones were constructed using daptomycin-sensitive E. faecalis
ATCC 29212 as the parent strain: the EF332-cls strain that
harbors cls from E. faecium EF332; the EFDO-cls strain that
harbors cls from E. faecium EF332 with identified mutations
(V03> Tagor Thog) reverted to Ly, Lo, and S,e; the EF332-gdpD

strain that harbors gdpD from E. faecium EF332; and the
EFDO-gdpD strain that harbors gdpD from E. faecium EF332
with identified mutation S, reverted to P,y; the 29212-pDL278
strain that harbors pDL278 empty vector as control for
constructed strains (Table 1). It is shown that the DAP MIC
of E. faecalis ATCC 29212 increased from 1 to 8 with the
introduction of pDL278 vector (Supplementary Table 4). A
twofold increase in MIC values for daptomycin was found for
EF332-cls strain (16 pg/ml) over the EFDO-cls strain (8pg/
ml), whereas no change of MIC values for daptomycin was
found for EF332-gdpD strain (8pg/ml) over the EFDO-gdpD
strain (8 pg/ml; Supplementary Table 4). These results suggest
that mutations in cls can lead to daptomycin resistance, while
mutations in gdpD cannot.

Further susceptibility tests including K-B disk diffusion
assays and survival assays support this finding. The inhibition
zones of daptomycin with the EF332-cls strain are significantly
smaller than the EFDO-cIs strain (p= 2.09 x 10~°, Figure 3),
while no significant difference was found between EFDO-cls
strain and 29212-pDL278. Similarly, in survival assays, a
significantly higher daptomycin resistance strength was found
for EF332-cls in comparison with EFDO-cls, while EFDO-cls
and 29212-pDL278 respond to daptomycin stress similarly
(Figure 4). Additional analysis of plasmid copy numbers
confirmed that introducing variants of c¢Is did not lead to
plasmid copy number fluctuation (Figure 5). It is further
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FIGURE 2 | Phylogenetic analysis of rep genes of Enterococcus faecium
EF332 plasmids. The bootstrap values are displayed on the branches with
1,000 times of replications. Bar, evolutionary distance.

interesting to find that in both liquid-media-based analyses,
aka the MIC determination and survival analysis, pDL278

TABLE 4 | Mutations in cls and gdpD that are associated with DAP resistance.

Genes Mutations References

cls N13l, H215R, R218Q, +MPL110-112 Arias et al., 2011

cls N13T, K&9T Kelesidis et al., 2013
cls H215R, R218Q Davlieva et al., 2013
cls H215R Humphries et al., 2012
cls A20D, D27N, R218Q, R267H Lellek et al., 2015

cls 1203V, 1269T, S298T This study

gdpD? H29R Prater et al., 2019
gapD P201S This study

@This mutation was found in DAP-resistant Enterococcus faecium but has not been
shown to confer DAP resistance.

introduction increased daptomycin resistance (Figure 4),
while in the plate-based K-B disk diffusion assay, pDL278
introduction led to little difference in daptomycin resistance
(Figure 3). This prompted us to hypothesize that maybe
pDL278 can result in growth status-specific response to
daptomycin, but without further evidence we cannot suggest
the specific mechanism behind this phenomenon. Despite
this difference, in all scenarios and in all assays, introducing
cls from E. faecium EF332 leads to significantly stronger
daptomycin resistance than introducing cIs from E. faecium
DO, confirming the above suggestion that mutations in cls
found in E. faecium EF332 lead to daptomycin resistance.

Impact of cls and gdpD Mutations on
Membrane Properties

Both cls and gdpD genes are related to phospholipid metabolism
in CM: The cIs gene encodes cardiolipin synthase, and gdpD
gene encodes glycerophosphoryl diester phosphodiesterase (Arias
et al,, 2011). We therefore hypothesized that mutations in these
two genes alter membrane properties, which in turn leads to
alteration in membrane-daptomycin interactions. To confirm
this, two-dimensional thin-layer chromatography (2D-TLC) was
performed to analyze the changes of membrane lipids components
caused by mutations. As shown in Figure 6, mutation in gdpD
altered the aminolipid composition of CM, while mutations
in cls did not significantly alter the lipid composition of CM. This
finding suggests a putative role of gdpD in the biosynthesis
of relatively poorly characterized aminolipid. Furthermore,
membrane surface charges were quantified using positively
charged fluorescence dye poly-;-lysine conjugated to fluorescein
isothiocyanate (PLL: FITC). A significant reduction of binding
to PLL: FITC was found between EF332-cls and E. faecalis
ATCC 29212 (p=6.27x10"%), as well as between EF332-cls
and EFDO-cls (p=2.20x 107'"; Figure 7). This significant change
suggests that a reduction of membrane negative charges followed
cls mutations, which can lead to weakened binding of positively
charged DAP-Ca** to the membrane, the target for the bactericidal
effect of daptomycin. This finding suggests that cls mutations
lead to daptomycin resistance by reduction of membrane negative
charges. Only minor changes of membrane negative potentials
were found for gdpD mutation strain (Figure 7), in consistent
with the finding that gdpD mutation did not lead to increase
of daptomycin resistance.
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FIGURE 6 | Two-dimensional thin-layer chromatography of phospholipids in Enterococcus faecium EF332 strains. Panels (A-D) are results of phosphomolybdic
acid staining, and all lipids are dyed blue; Panels (E-H) are results of ninhydrin staining, and aminolipids are dyed red. Panels (A,E) EFDO-cls; Panels (B,F)
EF332-cls; Panels (C,G) EFDO-gdpD; Panels (D,H) EF332-gapD. DPG: diphosphatidyl glycerol (cardiolipin); AL, aminolipids; L1-L5, lipids.
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FIGURE 7 | Cell surface charge measured with PLL: FITC fluorescence. 29212, Enterococcus faecalis ATCC 29212, ***p<0.001.

We further sought to investigate whether cls mutations also
alter the distribution of cardiolipin produced by cls-encoded
cardiolipin synthase. A specific cardiolipin binding fluorescent
probe, 10-N-nonyl acridine orange (NAO), was used to observe
the distribution of cardiolipins in CM. A redistribution of
cardiolipin in CM was found (Figure 8). In E. faecalis ATCC
29212 (Figures 8A,D) and EFDO-cls (Figures 8B,E), the
cardiolipin-rich regions were mainly located at the cell septum
or at both poles, while in the cls-mutant strain EF332-cls, the
cardiolipin-rich regions were scattered all over the cell, leading
to a more even distribution and reduced abundance at septa
(Figures 8C,F). This is in agreement with previous suggestion
that daptomycin resistance may be resulted from redistribution
of phospholipids and diverting DAP from effective targets at
the septum (Heidary et al., 2018).

Structure Predictions Suggest That Cls
Mutations May Affect Phospholipase
Activity

Pfam was used to predict Cls domain structures, leading to
the finding that the identified 1269T mutation in this work is
located in one of phospholipase D-like domains (Figure 9). As
a three-dimensional structure of Cls is not available, we predicted
its three-dimensional structure by AlphaFold 2 (Figure 10).
Interestingly, T269 of the Cls mutant is located at the bottom
of a pocket that could potentially bind substrate for catalysis
(Figure 10B). This is in agreement with domain structure

binding, which leads to the suggestion that mutations of Cls
may affect the phospholipase activity of this cardiolipin synthase.

Mutations in c/s Did Not Lead to Changes
in Cell Ultrastructure

Using transmission electron microscopy, we were able to compare
whether cIs mutations caused changes in cell envelope and
septa between cIs mutant and parent strains. As shown in
Figure 11, for parent strain E. faecalis ATCC 29212 and mutant
strain EF332-cls, the cell surfaces and septum of both strains
were smooth, and both single-septum (red arrows) and multiple-
septum morphology (blue arrows) were observed and their
morphology were similar. This result suggests that cls mutations
does not change the structure of cell envelope.

DISCUSSION

As VRE has spread extensively and treatment options have
become increasingly limited, DAP is considered to be one of
last resort antibiotics for VRE. Assessing DAP resistance,
particularly in a vancomycin-resistant strain, is therefore of
particular interest. In this work, a DAP-resistant VRE (E. faecium
EF332) was identified and investigated to understand its
mechanism for DAP resistance. Based on whole-genome
sequencing and genome comparison, new mutations of two
genes associated with phospholipid metabolism, cls and gdpD,
were identified and suspected to be involved in DAP resistance.
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FIGURE 8 | Cardiolipin redistribution caused by cls mutations. Panels (A,D) Enterococcus faecalis ATCC 29212; Panels (B,E) EFDO-c/s; Panels (C,F) EF332-cs.
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FIGURE 9 | Domain structure prediction of Cls with Pfam.
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Mutations in the two genes were shown to be necessary for
DAP resistance in previous studies (Arias et al., 2011). Therefore,
investigations of the identified new mutations were carried
out to verify their relationship with DAP resistance.

Results of this work suggest that mutations in cIs alone
can confer DAP resistance. The cls gene encodes a cardiolipin
synthase, which catalyzes the production of cardiolipin from
two molecules of phosphatidylglycerol. Previous studies have
suggested that an increase in the concentration of cardiolipin
in CM can divert more DAP from its target septum to other
sites, thereby improving DAP resistance (Zhang et al, 2014;
Tran et al, 2015). Some bacteria can change the membrane
anionic microdomain to resist DAP by reducing the negatively
charged membrane phospholipid composition (Mishra et al.,

2017). While analysis of phospholipid composition by 2D-TLC
showed that the cls mutations did not change the phospholipid
composition of CM (including cardiolipin levels; Figure 6),
the cls mutations led to decrease in negative charges on the
cell surface (Figure 7) and may lead to a reduced adhesion
to DAP. It has been reported that membrane lipids are
asymmetrically distributed in the inner and outer leaflet of
CM (Tannert et al, 2003). We therefore postulated that cls
mutations do not change the level of cardiolipin synthesized
but change the distribution of cardiolipin in CM, leading to
reduction of cardiolipin in the outer leaflet of CM, thereby
reducing membrane surface negative charges and the adhesion
of DAP (Mukhopadhyay et al., 2007). It was previously suggested
that DAP resistance can also be caused by redistribution of
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anionic phospholipids and diverting from effective targets at
the septum (Tran et al, 2013b; Heidary et al., 2018). In this
work, mutations of cls led to a more evenly distributed cardiolipins
and reduction in septa (Figure 8C), in agreement with this
theory. Therefore, we suspect the resistance to DAP found in
this work is also attributable to the redistribution of cardiolipin
away from the cell septa. Both events, reduction of cellular
negative charge and redistribution of phospholipids, may work
together or even synergistically to complete the development
of DAP resistance in E. faecium. We also found that cIs mutations
did not lead to changes in cell ultrastructure, which is inconsistent
with the previously reported results observed in S613 (DAP
susceptible) and R712 (DAP-resistant, deletion of Lys at position

FIGURE 10 | Three-dimensional structure prediction of Cls 1269T mutant.
Panel (A), cartoon presentation; Panel (B), surface presentation. Red color
indicates T269 residue.

61) strains (Arias et al., 2011). This may be due to different
effects of different mutated sites on the cell envelope and septum.

Out of the three mutations in cls, both 1203V and S298T
are mutations to similar amino acids, while 1269T is a
mutation from hydrophobic residue to polar residue.
We therefore speculate that 1269T is the effective mutation
conferring DAP resistance. This is further supported by
predictions of domain structure (Figure 9) and three-
dimensional structure (Figure 10), which suggests that 1269T
mutation may alter the catalytic activity of cardiolipin synthase.
Another DAP-resistant strain of E. faecium found by our
research team also showed the same 1269T mutation (data
not shown), which also supports our prediction.

Although the MIC of DAP on E. faecium EF332 is not
high (8 pg/ml), it has a high potential transmission risk. MLST
analysis revealed that the sequence type of E. faecium EF332
is ST192, belonging to epidemic hospital strains (clade Al),
which included polyclonal complex 17 (CC17; Lebreton et al,,
2013, 2018). Enterococcus faecium of CC17 is high-risk clonal
lineages, which is often associated with nosocomial VRE outbreak
and leads to severe morbidity and mortality (Lee et al., 2019).
Worryingly, plasmid pEF332-2 in this study carried two high-
risk gene clusters vanA and vanM. VanA gene clusters were
also found on genomic islands GIs011 and prophage (Figure 1).
This means that vancomycin resistance of this strain could
easily disseminate, leading to higher levels of prevalence. One
more thing to note is vanM gene has only been previously
reported in Shanghai, Chengdu, Hangzhou, and Beijing in
China (Chen et al.,, 2014, 2015; Sun et al., 2019a,b). Enterococcus
faecium EF332 carrying vanM genes in this study was found
in Jinan of China, suggesting that vanM gene may have already
spread nationwide.

and the blue arrow marks multiple-septum structures.

FIGURE 11 | Ultrastructure of cls parent and mutant strains. Panels (A-D) Enterococcus faecalis ATCC 29212; Panels (E-H) EF332-cls. Image magnifications for
Panels (A,E), Panels (B,F), Panels (C,G), and Panels (D,H) are 5,000, 20,000, 50,000, and 50,000, respectively. The red arrow marks a single-septum structure,
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CONCLUSION

In this study, a clinical DAP-resistant VRE was identified. Whole-
genome sequencing revealed the genetic background for multidrug
resistance. A new plasmid pEF332-2 was found to carry two
vancomycin resistance clusters, a rare phenomenon reported only
twice so far. The genetic basis for daptomycin was investigated,
suggesting new mutations in cls gene confer DAP resistance. The
mechanisms of DAP resistance were further investigated, showing
that cls mutations lead to significant decrease of membrane surface
negative charges and the redistribution of cardiolipin in CM,
both of which contribute to DAP resistance. This work reports
the genetic basis of multidrug resistance of a daptomycin- and
vancomycin-resistant E. faecium, and new mutations of cIs that
leads to resistance of daptomycin, a key last-resort antibiotic.
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of Dermatology, University Hospital Regensburg, Regensburg, Germany, * Department of Operative Dentistry

and Periodontology, Center for Dental Medicine, University of Freiburg, Freiburg im Breisgau, Germany

Antiseptics are widely used in dental practice and included in numerous over-the-
counter oral care products. However, the effects of routine antiseptic use on microbial
composition of oral biofims and on the emergence of resistant phenotypes remain
unclear. Microcosm biofilms were inoculated from saliva samples of four donors and
cultured in the Amsterdam Active Attachment biofilm model for 3 days. Then, they
were treated two times daily with chlorhexidine digluconate (CHX) or cetylpyridinium
chloride (CPC) for a period of 7 days. Ecological changes upon these multiple antiseptic
treatments were evaluated by semiconductor-based sequencing of bacterial 16S rRNA
genes and identification of amplicon sequence variants (ASVs). Furthermore, culture-
based approaches were used for colony-forming units (CFU) assay, identification of
antiseptic-resistant phenotypes using an agar dilution method, and evaluation of their
antibiotic susceptibilities. Both CHX and CPC showed only slight effects on CFU and
could not inhibit biofilm growth despite the two times daily treatment for 7 days.
Both antiseptics showed significant ecological effects on the microbial compositions
of the surviving microbiota, whereby CHX led to enrichment of rather caries-associated
saccharolytic taxa and CPC led to enrichment of rather gingivitis-associated proteolytic
taxa. Antiseptic-resistant phenotypes were isolated on antiseptic-containing agar plates,
which also exhibited phenotypic resistance to various antibiotics. Our results highlight
the need for further research into potential detrimental effects of antiseptics on the
microbial composition of oral biofilms and on the spread of antimicrobial resistance in
the context of their frequent use in oral healthcare.
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INTRODUCTION

At present, a wide variety of antiseptics are available as over-the-
counter consumer products for daily use in oral care (van der
Weijden et al., 2015; Figuero et al., 2019). The use of antiseptic
mouthwashes as adjunct to mechanical removal of biofilm and
use of fluorides has been recommended for certain high-risk
patient populations, such as patients with intellectual disabilities
(Waldron et al., 2019), patients following surgical procedures,
such as periodontal or implant surgery (Solderer et al., 2019),
with fixed orthodontic appliances (Pithon et al., 2015), or elderly
persons who are restricted in performing tooth-brushing or other
oral hygiene procedures themselves (Gronbeck Lindén et al.,
2017). More recently, since the COVID-19 pandemic, antiseptic
mouthwashes are also applied as preprocedural mouthrinses for
potentially reducing the viral load and infectivity of SARS-CoV-
2 in the oral cavity and dental aerosols (Gottsauner et al., 2020;
Carrouel et al., 2021; Meister et al., 2022).

Chlorhexidine digluconate (CHX), a symmetric bis-biguanide
molecule carrying two positive charges, and cetylpyridinium
chloride (CPC), a monocationic quaternary ammonium
compound (QAC), can be regarded as the most common
antiseptics for dental professional use and as ingredients in
oral care products (Jones, 1997; Haps et al., 2008; Sanz et al,
2013; van der Weijden et al., 2015; Cieplik et al.,, 2019a; Mao
et al,, 2020). While both CHX and CPC are highly effective
against planktonic bacteria (Cieplik et al., 2019a; So Yeon
and Si Young, 2019; Mao et al., 2020), it is well known that
eradicating bacterial cells in biofilms is much more difficult than
killing planktonic bacteria and usually requires the antiseptic
concentrations of about 100-1,000 times higher than those
required to eliminate planktonic bacteria (Ceri et al, 1999
Shani et al., 2000). Accordingly, in a classic study, Zaura-Arite
et al. (2001) showed that treatment with 0.2% CHX for a
clinically relevant treatment period of 1 min had some effects
on the outer layers of biofilms formed in situ for 48 h, but
did not affect their inner layers. Likewise, a previous study by
our group showed that a single treatment with CHX (0.1 or
0.2%) or CPC (0.05 or 0.1%) on 72 h saliva-grown microcosm
biofilms resulted in colony-forming unit (CFU) reductions of
only less than 1 logjo step (Schwarz et al., 2021). The biofilm
matrix may be the main cause for this low antibacterial efficacy
acting as a diffusion barrier for positively charged antiseptics
such as CHX or CPC (Jakubovics et al., 2021). Therefore, it
seems reasonable that bacteria in deeper layers of biofilms will
be exposed to subinhibitory antiseptic concentrations upon
application of antiseptic-containing mouthwash (Cieplik et al.,
2019a; Mao et al,, 2020; Schwarz et al.,, 2021; Muehler et al,,
2022). Previous studies have shown that repeated exposure
to subinhibitory concentrations of CHX or CPC in vitro may
lead to phenotypic adaptation of bacteria to these antiseptics
(Kitagawa et al., 2016; Cieplik et al., 2019a; Verspecht et al,
2019; Mao et al., 2020; Schwarz et al., 2021; Auer et al.,
2022). Furthermore, selection pressure due to antiseptic
treatment may lead to selection of antibiotic-resistant strains
(Wand et al.,, 2017; Verspecht et al,, 2019). Accordingly, we
recently analyzed the transcriptomic stress response following

sublethal treatment of Streptococcus mutans with CHX by
RNA-sequencing and found considerable numbers of genes and
pathways significantly upregulated or downregulated (Muchler
et al., 2022). Particularly, upregulation of pathways related to
stress response, increased biofilm formation, and regulation
of membrane-transporters such as ATP-binding cassettes
(ABC) may be linked to development of (cross-)resistances
(Muehler et al., 2022).

Despite those concerns about limited antibacterial efficacy
and potential risks of resistance, it is also not entirely
understood which ecological changes in microbial composition
of oral biofilms are induced by the routine use of antiseptic
mouthwashes (Al-Kamel et al., 2019; Bescos et al., 2020a;
Chatzigiannidou et al., 2020; Brookes et al., 2021; Zayed et al.,
2022). Two recent studies have shown that antiseptic treatment
of in vitro biofilms affected their microbial composition and
may potentially result in ecological shifts toward increased
abundance of pathobionts (Chatzigiannidou et al., 2020;
Zayed et al., 2022).

Therefore, the aim for this study was first, to investigate
ecological changes in mature saliva-grown microcosm biofilms
upon two times daily application of CHX and CPC for a period
of 7 days, and second, to evaluate, whether suchlike multiple
application of CHX or CPC selects for resistant phenotypes.

MATERIALS AND METHODS

Test Substances

Chlorhexidine digluconate (CHX; Sigma (C9394) and
cetylpyridinium chloride (CPC; Merck 6,002,006; both: Merck,
Darmstadt, Germany) were used as antiseptics in the present
study. CHX and CPC were both dissolved in dH,O and diluted
to the respective treatment concentrations (0.1% and 0.2% for
CHX, 0.05% and 0.1% for CPC).

Saliva Collection

Four healthy volunteers (age range: 30-32 years) with no
untreated dental caries, periodontitis, or other oral diseases, and
no intake of antibiotics within the past 3 months volunteered
for collection of saliva. Written informed consents were obtained
after a detailed description of the study outline. The study
protocol had been approved by the internal review board of the
University of Regensburg (ref. 17-782_1-101).

The sampling was performed as described earlier (Schwarz
et al,, 2021). Unstimulated saliva was collected using the spitting
method (Navazesh and Christensen, 1982) with the volunteers
not having consumed anything except water on the respective
day. The volunteers were asked to let saliva gather on the bottom
of their mouth and spit into a tube every 30 s for a total period of
10 min. For separating aggregated bacteria, the collected saliva
was vortexed (REAX top, Heidolph Instruments, Schwabach,
Germany) for 10 s, placed in an ultrasonic water-bath chamber
(Sonorex Super RK 102 H, Bandelin, Berlin, Germany; 35 kHz)
for 2 min, and vortexed again for 10 s. Afterwards, saliva was
divided into two aliquots, i.e., 2 ml was used for immediate
biofilm inoculation and 50 pl was used as a baseline sample for
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16S rRNA sequencing. For baseline samples, microbial nucleic
acids were immediately stabilized by mixing 50 1 of the saliva 1:2
with magic PBI microbiome preservation buffer (microBIOMix
GmbH, Regensburg, Germany). Stabilized samples were stored
at -80°C until further processing.

Inoculation and Culture of Saliva-Derived

Microcosm Biofilms

Biofilms were cultured using the so-called Amsterdam Active
Attachment (AAA) biofilm model, which is based on active
attachment of the bacteria to a substrate. The AAA model consists
of a custom-made stainless-steel lid with 24 clamps, which
contain the respective substrates, and fits on top of a 24-well
polystyrene microtiter plate, thus allowing 24 individual biofilms
to form (Exterkate et al., 2010; Cieplik et al., 2019b; Schwarz
et al., 2021). For the present study, hydroxyapatite (HAP) disks
(9.5 mm diameter, 2 mm thickness; Clarkson Chromatography
Products, South Williamsport, PA, United States) were used
as a substrate in the AAA model. As a basal nutrient broth,
the complete saliva broth as described by Pratten et al. (1998)
was modified by adding sucrose (final concentration: 0.1%) for
mimicking caries-associated conditions (caries broth; CB), as
described earlier (Schwarz et al., 2021). For inoculation of the
biofilms, 800 wl of the collected saliva was mixed with 40 ml
CB and vigorously vortexed. Subsequently, 1.5 ml was added per
each well of a 24-well plate (Corning® Costar®, Corning, NY,
United States). The steel lids containing HAP disks were placed
upon, and the AAA models were incubated anaerobically (80%
N,, 10% CO;,, 10% H;) at 37°C in a microincubator (MI23NK,
SCHOLZEN Microbiology Systems, St. Margrethen, Switzerland)
for 8 h thus allowing initial attachment to the HAP disks. After
this initial attachment period, the lids containing the HAP disks
were carefully moved up and down to remove loosely bound
bacteria and transferred to 24-well plates containing fresh CB.
Medium was refreshed again in the same way after 24 and
48 h of culture.

Two Times Daily Treatment of

Saliva-Grown Microcosm Biofilms

After 72 h of culture, the biofilms were treated by placing
the steel lid containing the HAP disks in a new 24-well plate
containing either 0.1% CHX, 0.05% CPC, or 0.9% NaCl as a
negative control for a treatment period of 5 min. Subsequently,
the steel lid was placed in a new 24-well plate containing 0.9%
NaCl to carefully wash the biofilms. This washing procedure was
performed two times. Then, the steel lid was finally placed back
onto a new 24-well plate containing fresh CB and incubated again
anaerobically at 37°C. The biofilms were treated daily at 8 am
and 4 pm for a period of 7 days resulting in 14 treatments. For
each of the four donors, eight biofilms formed on separate HAP
disks were used for treatment with 0.1% CHX, 0.05% CPC, or
0.9% NaCl each.

Harvesting of the Biofilms
After 7 days of treatment with CHX, CPC, or NaCl two times
daily, all biofilms were harvested by carefully removing the HAP

disks from the lids using sterile forceps and transferring them
to 5 ml Eppendorf tubes containing 1 ml of phosphate-buffered
saline (PBS; Biochrom, Berlin, Germany). Biofilm dispersal was
ensured by vortexing for 10 s, placing in an ultrasonic water-
bath chamber (35 kHz) for 10 min, and vortexing again for
10 s, and confirmed visually. From those harvested samples,
50 pl was immediately stabilized by mixing with 250 pl magic
PBI microbiome preservation buffer and stored at -80°C until
further processing. The remaining 750 pl was immediately
used for culture-based analysis.

Extraction of Nucleic Acids and
Semiconductor-Based Sequencing of
Bacterial 16S rRNA Genes

Extraction of nucleic acids and semiconductor-based sequencing
of bacterial 16S rRNA genes was performed, as described
previously (Schwarz et al., 2021). First, pre-lysis of microbial
cells was performed by mechanical cell disruption using
repeated bead beating. Therefore, the total volumes of 150 pl
(inoculum samples) or 300 pl (biofilm samples) stabilized
sample material, respectively, were added into lysing matrix
Y tubes (MP Biomedicals, Eschwege, Germany) and further
processed in the TissueLyser II instrument (Qiagen, Hilden,
Germany) at 60 Hz for 3 x 1 min. Nucleic acids were
purified from total crude cell extracts using the MagNA
Pure 96 instrument (Roche Diagnostics, Mannheim, Germany).
Quantification of total nucleic acids was carried out by means
of the NanoDrop™ 1000 spectrophotometer (Thermo Fisher
Scientific, Darmstadt, Germany).

Copy numbers of bacterial 16S rRNA genes were quantified
in nucleic acid extracts by qRT-PCR, as described earlier
(Hiergeist et al., 2016). Subsequently, V1-V3 hypervariable
regions of bacterial 16S rRNA genes were amplified from
a total of le + 7 bacterial 16S rDNA copies for each
sample using primer S-D-Bact-0008-c-S-20 containing a 10-bp
barcode sequence and IonTorrent-specific sequencing adaptor
A, and S-D-Bact-0517-a-A-18 containing a 3’-P1 adapter
sequence using the Platinum II Taq Hot-Start DNA Polymerase
(Thermo Fisher Scientific). After 30 PCR cycles, amplicons
were purified two times with a 0.8 bead to DNA ratio
using MagSi-NGSPREP Plus beads (Steinbrenner Laborsysteme,
Wiesenbach, Germany). Copy numbers of amplicons containing
sequencing-adaptors were determined using the KAPA Library
Quantification IonTorrent Kit (Roche Diagnostics) and pooled
to equimolar amplicon concentrations of each sample. A total
of 120 attomol of the final library pool was subjected
to isothermal amplification with the IonChef instrument
before running 1350 flow cycles during high-throughput
sequencing on an Ion Torrent™ 85 Plus machine (Thermo
Fisher Scientific).

Sequence Processing and Identification

of Amplicon Sequence Variants

First, amplification primer and adapter sequences and low-
quality bases were removed using cutadapt 3.5 and Trimmomatic
0.39. Cutadapt was also used for demultiplexing of filtered reads

Frontiers in Microbiology | www.frontiersin.org

June 2022 | Volume 13 | Article 934525


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Mao et al.

Antiseptics Effect Biofim-Ecology and Resistance

allowing no errors. All subsequent analyses were conducted with
R 4.1.2. Here, the resulting reads (19,573 % 7,048) were subjected
to denoising sequencing data and generation of Amplicon
Sequence Variants (ASVs) using dada2 (version 1.16). An
unrooted phylogenetic tree was calculated with FastTree 2.1 after
sequence alignment with DECIPHER 2.20 for later calculation
of UniFrac distances with the phyloseq package. The IDTAXA
algorithm and the All-Species Living Tree Project (LTP) reference
database 12.2021 release was used for taxonomic classification
of ASVs. Significantly altered taxa between groups were assessed
with the linear discriminant analysis (LDA) effect size (LEfSe)
method which is included within the microbiomeMarker R
package (Cao, 2021). All plots were generated using the ggpubr
0.4 package.

Colony-Forming Units Assay,

Identification of Antiseptic-Resistant
Phenotypes, and Evaluation of Antibiotic
Susceptibility

Immediately after harvesting the biofilms, 10-fold serial dilutions
(107! to 10~7) were prepared in PBS and aliquots (180 1) were
plated on Schaedler blood agar plates for determination of total
CFU following the two times daily treatment with CHX, CPC, or
NaCl over 7 days, and incubated anaerobically at 37°C for 72 h.
Afterward, CFU were evaluated.

Furthermore, aliquots (180 pl) from the lowest dilution
steps (107! to 10~%) were plated on Schaedler blood agar
plates containing 0.1 or 0.2% CHX for CHX-treated and NaCl-
treated biofilms or containing 0.05 or 0.1% CPC for CPC-
treated and NaCl-treated biofilms in order to investigate for
antiseptic-resistant phenotypes. After anaerobic incubation at
37°C for 72 h, the plates were evaluated for growth of antiseptic-
resistant phenotypes. Those colonies were first discriminated
according to their respective colony morphology and separated
by sub-culturing on fresh agar plates. These colonies were
identified at the species level by means of matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS) employing a Microflex mass spectrometer
and BioTyper analysis software (both from Bruker, Billerica, MA,
United States), as described earlier (Cieplik et al., 2020).

The antiseptic-resistant isolates (despite Enterobacteriaceae)
were analyzed for their antibiotic susceptibilities by means
of the ETEST® method (bioMérieux, Marcy I'Etoile, France).
In brief, suspensions (McFarland 1.0) of Capnocytophaga,
Fusobacterium, and Veillonella spp. were inoculated on Brucella
blood agar (bioMérieux), Campylobacter spp. on Mueller-Hinton
(MH) agar with horse blood (Oxoid, Wesel, Germany), and
Neisseria spp. on MH blood agar (Oxoid), and the ETEST®
strips were placed on the agar plates. Results were evaluated
following incubation for 48 h at 37°C under microaerophilic
(Campylobacter ~ spp.) or anaerobic  (Capnocytophaga,
Fusobacterium, Veillonella, and Neisseria spp.) conditions. Using
ETEST®, the following antibiotics were investigated: penicillin G,
ampicillin, amoxicillin/clavulanic acid, piperacillin/tazobactam,
imipenem, ceftriaxone/cefotaxime, ceftazidime, ciprofloxacin,
erythromycin, clindamycin, tetracycline, and metronidazole.

Antibiotic  susceptibilities of Enterobacteriaceae were
tested using the BD Phoenix NMIC panel (Becton
Dickinson, Sparks, MD, United States) according to

the instructions of the manufacturer for the following

antibiotics: ~ ampicillin/amoxicillin, ~ amoxicillin/clavulanic
acid,  piperacillin,  piperacillin/tazobactam,  imipenem,
meropenem, ertapenem, aztreonam, cefuroxime, cefoxitin,

ceftriaxone/cefotaxime, ceftazidime, cefepime, ciprofloxacin,
levofloxacin, gentamicin, amikacin, tobramycin, fosfomycin,
and trimethoprim/sulfamethoxazole. Interpretation of the
results of both methods was done according to the EUCAST
(European Committee on  Antimicrobial  Susceptibility
Testing) 12.0 guidelines, and susceptibility was determined
as susceptible (S), intermediate (I), or resistant (R), whereby
non-species related breakpoints were used if no species-specific
breakpoints were available.

RESULTS

Microbial Composition of Saliva-Grown
Microcosm Biofilms and Ecological
Effects of Daily Treatment With
Chlorhexidine Digluconate or

Cetylpyridinium Chloride

A total of 4,036 (mean 294 + 115 per sample) amplicon
sequence variants (ASVs) were detected by high-throughput
sequencing of V1-V3 variable regions of bacterial 16S rRNA
genes. Alpha-diversity represented by the number of detected
ASVs (Figure 1A) and the Effective Shannon Index (Figure 1B)
was significantly lower in CHX-treated biofilms (mean 203 &+ 72
ASVs; mean 19 &£ 11 Shannon) as compared to NaCl-treated
(mean 344 + 84 ASVs; mean 63 & 16 Shannon) or CPC-treated
biofilms (mean 335 + 125 ASVs; mean 59 + 25 Shannon) with
no significant differences between the latter.

Figure 2 depicts a heatmap of ASV abundance on genus
level for NaCl-treated, CHX-treated, and CPC-treated biofilms
from all four donors. The biofilms show a diverse microbial
composition with Streptococcus, Veillonella, Fusobacterium,
Haemophilus, and Granulicatella spp. being the most abundant.
The heatmap clearly depicts the differences in microbial
composition between the biofilms from different donors as
well depending on the respective treatment. Accordingly, beta-
diversity based on weighted UniFrac distances showed clear
clustering depending on the donor (Figure 3A; Adonis R? = 0.25,
p.adj = 0.001) and also regarding their respective treatment
(Figure 3B; Adonis R? = 0.41, p.adj = 0.001).

Several ASVs were found to be discriminatory between
the biofilms treated by CHX, CPC, or NaCl, as revealed by
LefSE (Figure 4). Accordingly, the CHX-treated biofilms were
characterized by the enrichment of several ASVs within the
orders Lactobacillales (mainly Streptococcus and Granulicatella
spp.), Neisseriales (mainly Neisseria spp.), and Actinomycetales
(mainly Schaalia spp.). In contrast, CPC-treated biofilms were
enriched by several ASVs within the orders Fusobacteriales
(mainly Fusobacterium and Leptotrichia spp.), Selenomonadales
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(mainly Selenomonas spp.), Pasteurellales (mainly Haemophilus
spp.), and Campylobacterales, as well as Oribacterium and
Prevotella loescheii. Furthermore, both CHX- and CPC-treated
biofilms were characterized by a loss of several Prevotella,
Catonella, and Parvimonas spp. as compared to the NaCl-
treated biofilms.

Colony-Forming Units Assay and
Identification of Antiseptic-Resistant

Phenotypes

Figure 5 shows the CFU assay results. Biofilms treated with NaCl
exhibited median CFU numbers of 9.3 x 10”7 CFU, while CHX-
or CPC-treated biofilms showed 3.3 x 10® or 2.5 x 107 CFU,
respectively, resulting in CFU-reductions of 1.5 logio steps for
CHX and 0.6 logjo steps for CPC as compared to the biofilms
treated with NaCl.

Table 1 summarizes the antiseptic-resistant phenotypes
as identified by MALDI-TOF MS along with their respective
antibiotic susceptibilities as tested using ETEST® or by means
of the BD Phoenix NMIC panel. In each donor, at least
one taxon could be isolated that was able to grow on the
antiseptic-containing agar plates. In donor 1, Capnocytophaga
sputigena was found on the CHX-containing agar plate from
the NaCl-treated biofilm and was susceptible to all tested
antibiotics, while Campylobacter showae, which was isolated
on the CPC-containing agar plate from both NaCl- and CPC-
treated biofilms presented resistance to ciprofloxacin and
piperacillin/tazobactam. Moreover, Campylobacter showae,
which was isolated on the CPC-containing agar plate from
CPC-treated biofilms, showed additional resistance to Penicillin
G. In donor 2, only taxa identified as Klebsiella oxytoca or
Raoultella sp. were isolated on both CHX- and CPC-containing
agar from the corresponding antiseptic-treated biofilms.

Both Klebsiella oxytoca and Raoultella sp. isolates showed
resistance to ampicillin/amoxicillin, piperacillin, and fosfomycin.
The highest number of antiseptic-resistant phenotypes was
isolated from donor 3. Capnocytophaga sputigena (susceptible
to all tested antibiotics) and Capnocytophaga gingivalis
(susceptible to all tested antibiotics) were isolated on the
CHX-containing agar plate from the NaCl-treated biofilms,
while Fusobacterium sp. (resistant to penicillin G, ampicillin
and ciprofloxacin), Veillonella rogosae (resistant to clindamycin
and intermediate resistant to ceftazidime), and Campylobacter
curvus (intermediate resistant to ciprofloxacin) were isolated
on the CPC-containing agar plate from the NaCl-treated
biofilm. Additionally, Neisseria perflava (resistant to penicillin
G, ampicillin and ceftriaxone/cefotaxime) was isolated from
the CHX-treated biofilm and Veillonella rogosae (resistant
to clindamycin) was isolated from the CPC-treated biofilm.
In donor 4, two strains identified as Klebsiella oxytoca or
Raoultella sp. were collected from NaCl- or CPC-treated
biofilms and isolated from CHX- or CPC-containing agar. Both
showed resistance to ampicillin/amoxicillin, piperacillin,
and fosfomycin. One taxon identified to be from the
Enterobacter cloacae-complex was isolated on the CHX-
containing agar originating from the CHX-treated biofilms
growing and exhibited resistance to ampicillin/amoxicillin,
amoxicillin/clavulanic acid, piperacillin, piperacillin/tazobactam,
and cefazolin.

DISCUSSION

Antiseptics are in widespread use in dental practice and also
included in numerous over-the-counter oral care products (Haps
etal., 2008; Sanz et al., 2013; van der Weijden et al., 2015), but the
effects of routine antiseptic use on microbial composition of oral
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biofilms (Chatzigiannidou et al., 2020; Zayed et al., 2022) and on
the emergence of resistant phenotypes are still unclear (Cieplik
et al., 2019a; Mao et al.,, 2020). Therefore, this study aimed to
investigate the ecological effects of daily treatment with CHX or
CPC on mature saliva-grown biofilms and whether a suchlike
treatment selects for resistant phenotypes.

For this purpose, microcosm biofilms were cultured from
human saliva employing the so-called Amsterdam Active
Attachment (AAA) biofilm model, as described previously
(Schwarz et al., 2021). Sampling was performed from healthy
donors, and a basal nutrient broth mimicking human saliva was
modified by adding sucrose (Pratten et al.,, 1998; Cieplik et al.,
2013; Schwarz et al., 2021) to provide environmental conditions
leading to biofilms that resemble microbial communities in rather
early stage of dysbiosis dominated by early colonizers of dental
plaque (Schwarz et al., 2021). While the biofilms in this previous
study showed rather low alpha-diversity and mostly growth of
Streptococcus and Veillonella spp., a considerably higher alpha-
diversity was found for the biofilms in the present study. This
may be attributed to several factors: Once, HAP disks were
used as a substrate for biofilm culture instead of glass disks as
used previously (Schwarz et al.,, 2021). These HAP disks may
better mimic dental hard tissues and might improve bacterial
attachment toward the substrate (Hannig and Hannig, 2009),
which is particularly crucial for the AAA model used in the
present study, as it relies on the active attachment of bacteria
(Exterkate et al., 2010; Cieplik et al., 2019b). Furthermore,
another important aspect may be the different period for culture
of the biofilms. While the biofilms were cultured only for 3 days
in the previous study (Schwarz et al., 2021), here, the biofilms
were cultured for 10 days in total (3 days of biofilm formation
followed by 7 days of treatment with NaCl, CHX, or CPC),
which may have given the more fastidious bacteria more time to
establish themselves in the biofilms (Edlund et al., 2013; Kistler
et al., 2015; Cieplik et al., 2019b). The microbial compositions

of the biofilms were found dependent on the respective donor
source, which is in line with the results from a previous
study, where we found a much stronger clustering of microbial
compositions of biofilms per each donor than per niche of each
donor even after up to 28 days of in vitro culture, indicating a
strong donor-driven “fingerprint” (Cieplik et al., 2019b). Similar
results were reported by Chatzigiannidou et al. (2020) who
also observed a strong donor-dependency regarding microbial
composition of their tongue-swab-derived microcosm biofilms.
Notably, here, the biofilms from one donor (donor 1) clustered
particularly different from the other three donors. This may
be explained by the different ethnicity of this donor (Asian,
while the other three donors were Caucasian), as also shown
in previous studies (Mason et al., 2013; Premaraj et al., 2020).
For instance, microbial communities in saliva and subgingival
biofilms were found to have distinct ethnicity profiles, and
based on these results, it was even possible to identify the
ethnicity of individuals from subgingival microbial signatures
using a machine learning classifier (Mason et al, 2013).
Furthermore, a recent metagenome-wide association study found
that human genetics account for at least 10% of oral microbiome
compositions between different individuals, which may also
explain the stable microbial composition within one single
individual over time (Liu et al., 2021).

After undisturbed culture of the biofilms for 3 days, a
mouthwash was simulated two times daily using either of the
tested compounds for 5 min each. The AAA biofilm model
facilitates controlling treatment periods as opposed to other
biofilms models, which are based on bacterial sedimentation
rather than active bacterial attachment (Exterkate et al., 2010).
Due to the well-known high substantivity of CHX and CPC
(Elworthy et al., 1996), biofilms were washed after the 5 min
treatment period to dilute potentially remaining CHX or CPC
and limit potential prolonged effects of both antiseptics. The
two times daily treatment with CHX or CPC reduced CFU in
the biofilms only by 1.5 logjo or 0.6 log;o steps as compared to
the NaCl group. These results clearly show that both antiseptics
exhibited only temporary effects and could not inhibit bacterial
regrowth, in line with several other studies indicating that
antiseptic mouthwashes are not able to effectively limit microbial
numbers, particularly when applied to mature biofilms (Cieplik
et al., 2019a; Chatzigiannidou et al., 2020; Brookes et al., 2021;
Schwarz et al, 2021). Therefore, it is crucial to investigate
the ecological effects on the microbial composition of the
surviving microbiota, which is still discussed controversially for
CHX and has not been investigated so far for CPC (Al-Kamel
et al.,, 2019; Bescos et al., 2020a; Chatzigiannidou et al., 2020;
Brookes et al., 2021).

We found that treatment with CHX significantly reduced
alpha-diversity in the biofilms as compared to treatment with
CPC or NaCl (with no significant difference between the
latter), in accordance with several other studies evaluating
the effects of CHX on microbial communities in vitro and
in vivo (Fernandez et al., 2017; Tribble et al., 2019; Brookes
et al.,, 2020, 2021; Chatzigiannidou et al., 2020). Furthermore,
beta-diversity showed a strong and significant ecological shift
following treatment with CHX, resulting in enrichment of
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TABLE 1 | Antiseptic-resistant phenotypes isolated from the biofilms and evaluation of antibiotic susceptibilities.

A. Antiseptic-resistant phenotypes and evaluation of their antibiotic susceptibilities by means of ETEST®
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sputigena S S S S S S S S - - - -
1 NaCl 0.01% CPC  Campylobacter 2 0.032 0.032 24 0.094 0.064 0.125 > 32 4 0.25 0.19 > 256
showae S S S R S S S R S - - -
1 CPC 0.01% CPC  Campylobacter 4 0.094 0.082 48 0.125 0.094 0.25 >32 4 0.75 0.75 >256
showae R S S R S S S R S - - -
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TABLE 1 | (Continued)

B. Antiseptic-resistant phenotypes and evaluation of their antibiotic susceptibilities by means of the BD Phoenix NMIC panel.
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2 CHX 0.01% Klebsiella >8 <2/2 8 <4/4 0.5 <0.125 <025 <1 <2 <4 <05 <05 <1 <0.25 <0.5 <1 <4 <1 >128 <1/19
CHX oxytoca/ R S R S S S S S | S S S S S S R S
Raoultella sp.
2 CPC 0.05% Klebsiella >8 <22 8 <4/4 05 <0125 <025 <1 <2 <4 <05 <05 <1 <025 <05 <1 <4 <1 > 128 < 1/19
CPC oxytoca/ R S R S S S S S | S S S S S S S S S R S
Raoultella sp.
4 NaCl 0.01% Klebsiella >8 <2/2 <4 <4/4 0.5 <0.125 <0.25 <1 <2 <4 <0.5 <05 <1 <0.25 <0.5 <1 <4 <1 <16 <1/19
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4 CHX 0.05% Enterobacter >8 <32/2 16 <16/4 <025 <0.125 <025 <1 N >16 <05 1 <1 <0.25 <0.5 <1 <4 <1 <16 <1/19
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Raoultella sp.

(A) The first line shows the respective ETEST® result [l.g/mL], while the second line gives the interpretation according to EUCAST 12.0 (S, susceptible; I, intermediate; R, resistant; -, no breakpoint given).
N, not tested.

(B) The first line shows the respective MIC [ing/mL], while the second line gives the interpretation according to EUCAST 12.0 (S, susceptible; |, intermediate; R, resistant).

N, not tested.
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rather caries-associated taxa such as Streptococcus, Neisseria,
Schaalia [genus recently created by subdivision from Actinomyces
(Nouioui et al., 2018)], and Granulicatella spp. For instance, the
significantly enriched species Streptococcus oralis subsp. oralis
and Schaalia odontolytica (formerly classified as Actinomyces
odontolyticus) have been associated with dental caries (ElSalhy
et al., 2016; Da Costa Rosa et al.,, 2021). Bescos et al. (2020a)
investigated the effects of 7-day use of a CHX mouthwash
on the salivary microbiota in 36 healthy individuals. They
observed an increase in the abundance of taxa from the genera
Streptococcus, Neisseria, and Granulicatella, but a decrease of
Actinomyces (Bescos et al,, 2020a), and a significantly lower
salivary pH and buffer capacity after using the CHX mouthwash
for 7 days, concluding that CHX may have a significant impact
on the oral microbiota, potentially favoring dental caries (Bescos
et al., 2020a). Likewise, Chatzigiannidou et al. (2020) found
an ecological shift toward a streptococci-dominated microbial
community and increased lactate production after treating
in vitro 14-species biofilms with CHX over 3 days for 5 min
each, while they observed a contrary trend with increase in
Granulicatella and Fusobacterium spp. after treating microcosm
biofilms inoculated from tongue scrapings.

Interestingly, treatment with CPC had a different effect on
the biofilms. Alpha-diversity was not significantly affected as
compared to the NaCl-treated biofilms, but beta-diversity also
revealed a significant ecological shift, resulting in enrichment
of proteolytic and Gram-negative taxa such as Fusobacterium,
Leptotrichia, and Selemonas spp. as well as Oribacterium, which
are mainly associated with gingivitis (Diaz et al., 2016; Bryan
etal., 2017; Nowicki et al., 2018).

Both antiseptic treatments led to a loss of Prevotella spp.,
which are known nitrite producers and associated with high
nitrate-reduction capacity (Hyde et al., 2014; Rosier et al,
2022). Accordingly, clinical studies have shown that the use
of CHX mouthwashes led to lower nitrite concentrations in
saliva and plasma followed by slight increases in systolic blood
pressure (Tribble et al., 2019; Bescos et al., 2020a). Although the
oral microbiota is known to be highly resilient, particularly as
compared to the intestinal microbiota (Wade, 2021), clinicians
should be aware of potential detrimental effects of long-term
use of antiseptic mouthwashes with regard to oral microbial
ecology (Bescos et al., 2020b), which may potentially further
perturb the commensal microbiota rather than shifting to a
health-associated state (Chatzigiannidou et al., 2020). However,
it needs to be considered that here the effects of “pure” antiseptics
were investigated, whereas the effects of antiseptic mouthwashes
seem to be strongly dependent on their respective compositions
and formulations, as recently shown (Zayed et al., 2022). Also,
a commercially available mouthwash comprising both CHX and
CPC showed capability to even improve the microbial ecology
of a 14-species biofilm in vitro reducing the level of pathobionts
to less than 10% (Zayed et al., 2022), whereas in our study,
CHX led to enrichment of rather caries-associated saccharolytic
taxa and CPC led to enrichment of rather gingivitis-associated
proteolytic taxa.

Despite analyzing effects on biofilm ecology, we also sought
to investigate whether antiseptic treatment selects for resistant
phenotypes. For this purpose, an agar dilution technique was

employed, and the biofilms were plated on Schaedler agar plates
containing 0.01 or 0.05% CHX or CPC, respectively. Although
this method is in line with the guidelines of the Clinical
Laboratory Standards Institute (CLSI) (CLSI, 2018a,b) and has
also been used in earlier studies investigating antiseptics (Eick
et al, 2011; Akca et al.,, 2016), it should be considered that
the biologically available concentrations on the surface of the
plates may not necessarily reflect the rather high concentrations
mixed into the agar plates, due to potential interactions of the
cationic antiseptics and constituents of the solid growth media
(Akca et al,, 2016). Thus, only qualitative, but no quantitative
results (i.e., CFU numbers) are reported in this study. We
found antiseptic-resistant phenotypes in biofilms from each
donor, which also showed resistance to various antibiotics. As
some of them were isolated from the NaCl-treated biofilms,
these isolates originate from the inoculum source and could
establish in the biofilms even without selection pressure due
to the two times daily antiseptic treatment, supporting recent
studies, which highlight the oral microbiota as a reservoir
of antimicrobial resistance (AMR) genes (Jiang et al., 2018;
Arredondo et al., 2020).

The isolated antiseptic-resistant phenotypes were found to
be highly donor-dependent: In the biofilms from two donors
(1 and 3), typical oral taxa could be isolated from the
antiseptic-containing agar plates. Capnocytophaga spp. could
be isolated from CHX-containing agar, in line with older
studies reporting that Capnocytophaga spp. exhibited minimum
inhibitory concentrations (MICs) for CHX of up to 250 pg/ml
(0.025%) and were the least susceptible among all oral bacteria
included in these experiments (Stanley et al., 1989; Wade and
Addy, 1989). Furthermore, the earliest study probably reporting
isolation of this genus was from a group of dental students
following use of a 0.2% CHX mouthwash for 22 days (Davies
et al,, 1972; Leadbetter et al., 1979). Two V. rogosae strains,
which were both isolated from CPC-containing agar, showed
high-level resistance to clindamycin, which was also found in
55% of Veillonella isolates in a previous study (Teng et al,
2002). N. perflava isolated from CHX-treated biofilms on CHX-
containing agar was found resistant to penicillin G, ampicillin,
and ceftriaxone/cefotaxime, which is in line with a recent
systematic review stating that antimicrobial susceptibilities in
commensal as well as pathogenic Neisseria spp. have been
increasing considerably following decades of antibiotic exposure
(Vanbaelen et al., 2022). Remarkably, the MIC of 6 pg/ml
found here for penicillin G is higher than all reported for
commensal Neisseria spp. in this systematic review (Vanbaelen
et al., 2022). Campylobacter spp. could be isolated from CPC-
containing agar. The two C. showae isolates showed high-level
resistance to ciprofloxacin and piperacillin/tazobactam, while
they were sensitive to amoxicillin/clavulanic acid. Resistance to
piperacillin has previously been described in poultry isolates of
Campylobacter spp., although MICs of piperacillin/tazobactam
were 16- to 32-fold lower than for piperacillin alone, they still
were found quite high (around 32 pg/ml) (Griggs et al., 2009), in
line with the MICs found here. In Campylobacter spp., resistance
to fluoroquinolones like ciprofloxacin is mainly due to single
point mutation(s) in the gyrA gene (Wieczorek and Osek, 2013;
Sproston et al., 2018). An isolate of the genus Fusobacterium,
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which was obtained from CPC-containing agar, exhibited high-
level resistance to penicillin G and ampicillin, which was also
found previously and attributed to be due to expression of a class
D beta-lactamase (Al-Haroni et al., 2008).

Apart from these typical oral taxa, Enterobacteriaceae
could be isolated from the biofilms from donors 2 and 4.
Although members of Enterobacteriaceae are usually considered
as transient components of the oral microbiota, they have
consistently been detected at low numbers in subgingival
biofilm samples (Espindola et al, 2022; Jepsen et al., 2022)
and also on toothbrushes (Zinn et al., 2020). For instance,
Jepsen et al. (2022) recently analyzed biofilm samples collected
between 2008 and 2015 from deep periodontal pockets in
16,612 German adults diagnosed with periodontitis and found
mean annual prevalence rates of 3.6% for K. oxytoca and
2.5% for E. cloacae. The fosfomycin resistance detected in
two K. oxytoca/Raoultella sp. isolates may be attributable to
the chromosomal fosA gene, which is present in the majority
of genomes in Klebsiella spp. (Ito et al., 2017). Likewise, the
resistance of all Enterobacteriaceae isolated in the present
study to aminopenicillins such as ampicillin, amoxicillin, and
piperacillin and, in part, to second-generation cephalosporins
like cefuroxime or cefoxitin may be mainly attributed to
their production of AmpC-type beta-lactamases (Meini et al.,
2019). Thus, adjunctive prescription of amoxicillin, e.g., in
the course of periodontal treatment, may pose the risk of
overgrowth of such taxa in oral biofilms (Jepsen et al., 2022).
Accordingly, Baker at al. (2019) reported recently that K. oxytoca,
K. pneumoniae, and Providencia alcalifaciens were the only taxa
found to be transcriptionally active and recoverable after long-
term starvation of a saliva-derived microbial community over
100 days in vitro, which may explain that hospital surfaces
contaminated with saliva can serve as source of outbreaks
of drug-resistant Enterobacteriaceae. Although such long-term
starvation does not reflect the environmental conditions in
the oral cavity (Baker et al., 2019), it may be similar to
long-term selective pressure due to extensive use of antiseptic
mouthwashes (Cieplik et al., 2019a; Mao et al., 2020). Besides
selection of intrinsically less susceptible phenotypes, adaptation
to antiseptics such as CHX may also occur, which was recently
linked to development of antibiotic cross-resistance to colistin in
K. pneumoniae (Wand et al., 2017).

CONCLUSION

This study shows that both CHX and CPC exhibited significant
ecological effects on the microbial compositions of microcosm
biofilms upon two times daily treatment for a period of
7 days. CHX led to enrichment of rather caries-associated
saccharolytic taxa as compared to NaCl-treated biofilms, while
CPC led to enrichment of rather gingivitis-associated proteolytic
taxa. Antiseptic-resistant phenotypes could be isolated from
all biofilms regardless which treatment group they belonged
to. These isolates exhibited resistance to various antibiotics.
Therefore, further studies are needed to elucidate implications

of the widespread use of antiseptics in oral healthcare with
regard to their ecological effects on oral biofilms as well as
on the spread of antimicrobial resistance. Clinicians should be
aware of the potential risks associated with the widespread and
indiscriminate use of antiseptics and apply or prescribe them
only for appropriate indications and preferably only for short
periods of time.
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Invasive candidiasis is the primary reason for the increased cases of mortality in a medical
environment. The resistance spectra of Candida species to antifungal drugs have gradually
expanded. Particularly, the resistance spectra of Candida auris are the most prominent.
Hsp90 plays a protective role in the stress response of fungi and facilitates their virulence.
In contrast, HspQ90 inhibitors can improve the resistance of fungi to antifungal drugs by
regulating the heat resistance of Hsp90, which destroys the integrity of the fungal cell
walls. Hsp90 inhibitors thus offer a great potential to reduce or address fungal drug
resistance. The drugs tested for the resistance include itraconazole, voriconazole,
posaconazole, fluconazole, and 17-AAG. A total of 20 clinical strains of Candida were
investigated. The broth microdilution checkerboard technique, as adapted from the CLSI
M27-A4 method, was applied in this study. We found that 17-AAG alone exerted limited
antifungal activity against all tested strains. The MIC range of 17-AAG was 8 to >32 ug/
ml. A synergy was observed among 17-AAG and itraconazole, voriconazole, and
posaconazole against 10 (50%), 7 (35%), and 13 (65%) of all isolates, respectively.
Moreover, the synergy between 17-AAG and fluconazole was observed against 5 (50%)
strains of azole-resistant Candida. However, no antagonism was recorded overall. Our
result adequately verifies the influence of 17-AAG on the formation of Candida spp. biofilm.
Moreover, we determined that with the use of rhodamine 6G to detect drug efflux and
that of dihydrorhodamine-123 to detect intracellular reactive oxygen species (ROS),
treatment with 17-AAG combined with azole drugs could inhibit the efflux pump of fungi
and promote the accumulation of ROS in the fungal cells, thereby inducing fungal cell
apoptosis. Thus, the mechanism of 17-AAG combined with azoles can kill fungi. Our
results thus provide a new idea to further explore drugs against drug-resistant Candida spp.
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Synergy Between 17-AAG and Azoles

INTRODUCTION

Candida is a symbiont of the normal skin and intestinal
microbiota, inhabiting 30-70% of healthy individuals without
causing any disease (Pappas et al., 2018). Invasive candidiasis
(IC) is caused by increased fungal load and the rupture of
the skin and mucosal membrane, which promotes fungal
translocation or transmission into the bloodstream or cause
damage to the host immune function. The mortality rate after
Candida infection can be as high as 30-60% (Bugli et al.,
2013; Arendrup and Patterson, 2017). In recent years, in parallel
with the increasing use of endovascular prosthesis devices for
heart diseases, the number of Candida patients with endocarditis
prosthesis valve has also increased. The implantation of prosthetic
valves and the subsequent biofilm formation in these patients
has led to the development of resistance to antifungal drugs
in them (Venditti, 2009). Clinical and in vitro resistance of
Candida to commonly used azoles has significantly increased
at present, especially that of Candida auris (Pristov and
Ghannoum, 2019). As a type of iatrogenic pathogen, C. auris
is widely distributed and considered highly contagious worldwide
(Gonzalez-Lara and Ostrosky-Zeichner, 2020). In 2009, C. auris
was isolated from the external auditory canal of a woman in
a Tokyo hospital. However, as early as 1996, a Korean girl
was reported to be infected with it (ElBaradei, 2020). Since
then, C. auris infection has been reported throughout the
world, excluding Antarctica (ElBaradei, 2020). Across the
historical timeline, several outbreaks of C. auris infection have
been reported across different parts of the world (ElBaradei,
2020). In addition, C. auris has reportedly demonstrated strong
multi-drug resistance (MDR) and extensive drug resistance
(XDR; Arendrup and Patterson, 2017). Several reports have
provided evidence that most isolates (93%) are resistant to
FLU, 35% to amphotericin B (AMB), and 7% to echinocandin.
Echinocandins and AMB can be used as a drug for infection
by C. auris (Bugli et al., 2013; Arendrup and Patterson, 2017;
Pappas et al., 2018; Aruanno et al., 2019; ElBaradei, 2020);
however, the cost of echinocandin and AMB substitutes is
relatively higher. Specifically, in countries with limited resources,
it is not easily available. Moreover, AMB has proven side-effects
(Bugli et al., 2013; Arendrup and Patterson, 2017; Pappas et al,,
2018; Aruanno et al., 2019; ElBaradei, 2020). Presently, there
are only limited options of antifungal agents that can be used
for the treatment of this infection. Cases of fungal resistance
is increasing in parallel with the cost of developing new
antifungal agents, especially in the past decades. Hence, there
is an urgent need for establishing new combination therapy
in this direction.

Heat shock proteins 90 (Hsp90), a group of highly conserved
chaperones, stabilizes several proteins involved in basic metabolic
reactions, accounting for 1-2% of all cytosolic proteins (McClellan
et al., 2007; Scieglinska et al., 2019; Crunden and Diezmann,
2021). In the fungal stress response, Hsp90 protects fungi by
activating important signaling pathways; this mechanism is
considered beneficial for fungi to fungal volatilization (Mellatyar
et al., 2018). Adenosine triphosphate is the main functional
region of Hsp90 (Lamoth et al., 2012; Mellatyar et al., 2018;

Aruanno et al.,, 2019), as has been confirmed with the use of
internal and external models of C. albicans and Cryptococcus
(McClellan et al., 2007; Refos et al., 2017; Aruanno et al.,
2019). For instance, in C. albicans models, Hsp90 also controls
temperature-dependent morphogenesis (Kim et al., 2019), while
Hsp90 inhibitors can reduce drug resistance of fungi by destroying
the integrity of fungal cell walls, inhibiting the transformation
of yeast morphology to sporephore, and inhibiting the activity
of ATPase at different temperatures (Lamoth et al, 2012;
Aruanno et al, 2019; Li et al., 2020b). Therefore, the use of
Hsp90 inhibitors combined with the existing antifungal agents
for the treatment of fungal infection has broad prospects.

Geldanamycin—a member of the natural benzoquinone
ansamycins family—is currently the most widely used Hsp90
inhibitor (Mellatyar et al., 2018). A synthetic variant of
geldanamycin, 17-Allylamino-17-demethoxygeldamycin
(17-AAG), exhibits similar biological activity and can
competitively bind the ATP/ADP binding sites on Hsp90,
thereby inhibiting its inherent ATPase activity (Lamoth et al,,
2016; Li et al, 2020b) and reducing the resistance of fungi.
Currently, it was applied at clinical stages I or III in multiple
human tumor treatments and demonstrated satisfactory outcomes
(McClellan et al., 2007). In the present study, we investigated
the anti-Candida activity of 17-AAG, an Hsp90 inhibitor, alone
or in combination with azoles under in vitro settings.

MATERIALS AND METHODS

Fungal Isolates

A total of 20 clinical isolates of Candida spp., including 10
strains of C. auris and 10 strains of drug-resistant Candida
were included in this study. All these strains were clinical
isolates, and their identity was confirmed based on their
microscopic morphology and molecular sequencing results (Tan
et al,, 2021). C. auris strains were obtained from the CDC
and FDA Antibiotic Resistance Isolate Bank. Candida parapsilosis
(ATCC22019) and Candida krusei (ATCC00279) was included
in the study to ensure quality control.

Antifungal Agents

All tested azoles, including ITR (No. S2476), VOR (No. S1442),
POS (No. S1257), FLU (No. S1131), and 17-AAG (No. S1141),
were bought in the powder form from Selleck Chemicals
(China) and prepared in accordance with the Clinical and
Laboratory Standards Institute’s (CLSI) broth microdilution
method M27-A4 (Blum et al., 2013) The working concentration
range of 17-AAG was 0.25-32 pg/ml, while those of ITR, VOR,
and POS were 0.125-16 pg/ml for C. auris. For drug-resistant
Candida spp., the working concentration ranges of ITR, VOR,
POS, and FLU were 0.06-8 ug/ml, 0.06-8 pg/ml, 0.03-4 pg/ml,
and 0.25-32pg/ml.

Inoculum Preparation
Conidia were freshly collected in sterile distilled water from
cultures grown for 2days on Sabouraud’s dextrose agar (SDA)
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and then diluted to the right concentration of 1-5x10°cfu/
ml. Then, the suspensions were further diluted 1,000 times in
the RPMI-1640 medium to achieve the desired density or
approximately 1-5x10°cfu/ml concentration.

Testing the in vitro Synergy of 17-AAG and

Azoles

The combination groups with 17-AAG and azoles against all test
strains were estimated through broth microdilution checkerboard
technique, which was performed in accordance with the CLSI
M27-A4 standards. Briefly, 50pl of serially diluted 17-AAG and
another 50l of serially diluted azoles were inoculated on a 96-well
plate in the horizontal and vertical directions, separately. Finally,
the prepared plates were inoculated with 100pl of the prepared
fungal suspension and incubated for 24h at 35°C, followed by
the interpretation of the observation. The minimum inhibitory
concentrations (MICs) were visually determined by the inhibition
of 50% in the control group, as established by the standardized
endpoint (Blum et al., 2013). The fractional inhibitory concentration
index (FICI) was applied to analyze the interactions between
17-AAG and azoles (Odds, 2003), which was calculated by the
following formula: FICI=d1/(D1)p+d2/(D2)p, where d1 and d2
are the doses of tested agents in combination, while (D1)p and
(D2)p are the doses of two respective compounds alone. If an
interaction was scored as FICI of <0.5, synergy; as FICI of >0.5
to <4, indifference and as FICI of >4, antagonism (Van Dijck
et al., 2018). All experiments were conducted in triplicate.

Evacuation of in vivo Drug Sensitivity of
17-AAG Alone and in Combination With
Azoles

Further to the abovementioned results, we selected the sixth
instar (300 mg; Sichuan, China) to evaluate the in vivo interaction
between 17-AAG and azoles referred in our previous study (Tan
et al., 2021). Accordingly, C. auris AR 382, C. abicans R2, and
C. glabrata 05448 were tested. Before the experiment, fresh spore
suspension was prepared at the concentration of 1x10®cfu/ml
Then, 17-AAG was diluted with azoles. The solution in the
monotherapy group was diluted to 200 mg/ml with normal saline,
while that in the combination group was mixed in advance and
diluted to 200 mg/ml with normal saline. The larvae were randomly
categorized into 11 groups, as follows: untreated, normal saline,
Conidal, POS, ITR, VOR, FLU, 17-AAG+POS, 17-AAG+ITR,
17-AAG+VOR, and 17-AAG+FLU groups. Then, 10pl of the
corresponding spore suspension was injected using a Hamilton
syringe (25 gauge, 50pl) from the last left foot of each set of
larvae, 5pl (1 pg/worm) was injected at 2-h apart, and the larvae
were cultured at 37°C, within 120h of injection. The survival
of the larvae was monitored every 24h. The larval survival curve
was evaluated by Kaplan-Meier method and log-rank (Mantel-Cox)
test, with p<0.05 set as a significance threshold.

Biofilm Drug Sensitivity Testing

Sabouraud dextrose broth (SAB; 2ml) was added to each
well of a 24-well plate, to which fresh suspension of C. auris
AR 382 was added at the final concentration of 1x10°cfu/

ml. Then, a predetermined concentration of the drug was
added. The concentration of the drug was based on the
experimental results of the broth microdilution checkerboard
technique (Table 1). We divided the experiment into 8 groups,
as follows: No drug,17-AAG (16 pg/ml), ITR (0.5 pg/ml), VOR
(0.5pg/ml), POS (1pg/ml), 17-AAG+ITR (0.25pg/
ml+0.125 pug/ml), 17-AAG + VOR (8 pg/ml +0.125 pg/ml), and
17-AAG+POS (4pg/ml+0.125pug/ml) groups. Finally, after
incubation at 121°C for 30 min, autoclaved round slices were
added to a 24-well plate, followed by their incubation at
37°C for 24-48h. Two experimental subgroups were created
for each group. At the time point of 24h and 48h, the
round slices was removed with tweezers and placed on the
slide. A drop of fluorescent staining solution Calcofluor White
stain (Sigma 18,909) and another drop of 10% KOH were
added to the slide, followed by the observation of biofilm
under fluorescence microscope. In order to further evaluate
the effect of different antifungal agents on C. auris AR 382,
the spores above the round slices were re-suspended after
observation of the biofilm at 24h and 48h. The CFU were
counted for different groups and evaluated by paired T test.
The experiment was repeated thrice.

Testing the Extracellular Rhodamine 6G
Fresh bacterial suspension of C. auris AR 382 (1x10°cfu/ml)
was added to 6ml of the 1x PBS solution. After twice
centrifugation at 4,000 rpm, the solution was re-suspended with
PBS and cultured for 2h in a shaker. After centrifugation at
4,000rpm, the intracellular energy was exhausted and the
solution was re-suspended with 10pm of PBS R6G (Sigma
10pm) liquor, mixed uniformly, and placed at 37°C shaking
at 200rpm for 50min, followed by incubation on an ice bath
for 10min and twice centrifugation at 4,000 rpm. Next, 6ml
of the PBS solution was added to the control without adding
any drugs. In the sugar-free and drug-free control groups,
only 6 ml of the PBS solution was added without any additional
sugar, and the remaining drugs with predetermined concentration
were added to each tube (Table 1) as follows: no drug, no
glucose, 17-AAG (16 pg/ml), ITR (0.5 pg/ml), VOR (0.5 pg/ml),
POS (lpg/ml), 17-AAG+ITR (0.25pg/ml+0.125pg/ml),
17-AAG+VOR (8 pg/ml+0.125 pg/ml), and 17-AAG +POS (4 pg/
ml+0.125pg/ml). The samples were assayed at Omin, and
glucose was added after 10min. After each sampling, the
supernatant was centrifuged and added to a 96-well plate. A
spectrophotometer (Beijing Perlong DNM-9602; excitation light
527 nm) was used to measure the fluorescence in the supernatant
due to efflux, once every 10min, for 1h. The experiment was
repeated thrice on different days to evaluate the induction
effect of drugs on the fungal efflux pump.

Testing the Intracellular ROS

The fresh suspension of C. auris AR 382 was added to 10ml
of SAB at the final concentration of 3-5x10°cfu/ml. Germs
were treated with the azoles of predetermined concentration
{No drug, 17-AAG (16 pg/ml), ITR (0.5pg/ml), VOR (0.5pg/
ml), POS (1pg/ml), 17-AAG+ITR (0.25 pg/ml+0.125 pg/ml),
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TABLE 1 | MICs and FICls results with the combinations of 17-AAG and azoles against azole-resistant Candida spp.

MIC' (ug/m) for

Strains Species Agent alone Combination?

17-AAG ITR VOR POS 17-AAG/ITR 17-AAG/VOR 17-AAG/POS
AR381 C. auris >32 0.5 0.125 0.125 2/0.25(0.53) 0.5/0.125(1.01) 0.5/0.125(1.01)
AR382 16 0.5 0.5 1 0.5/0.125(0.28)  8/0.125(0.75) 4/0.125(0.38)
AR383 >32 0.25 2 0.5 1/0.125(0.52) 0.5/0.125(0.07)  2/0.125(0.28)
AR384 >32 1 0.5 0.25 0.5/1(1.01) 0.5/0.5(1.01) 0.5/0.125(0.51)
AR385 >32 0.5 16 1 0.5/0.5(1.01) 16/8(0.75) 0.5/0.125(0.13)
AR386 16 0.5 16 0.5 0.5/0.125(0.28) 16/16(2) 2/0.125(0.38)
AR387 16 0.25 1 1 0.5/0.25(1.03) 0.5/0.125(0.16) 0.5/0.125(0.16)
AR388 >32 1 2 0.125 0.5/1(1.01) 0.5/1(0.51) 0.5/0.125(1.01)
AR389 8 0.25 4 0.25 0.5/0.125(0.56) 0.5/2(0.56) 1/0.25(1.13)
AR390 >32 1 4 0.5 1/0.125(0.14) 1/1(0.27) 1/0.125(0.27)
64,550 C. albicans >32 2 0.25 2 32/0.25(0.63) 0.5/0.125(0.51)  16/0.25(0.38)
5,310 16 2 0.125 0.06 0.5/0.125(0.09) 0.5/0.125(1.03)  2/0.03(0.63)
R2 16 1 0.5 0.06 4/0.125(0.38) 0.5/0.125(0.28) 0.5/0.03(0.53)
R9 16 16 16 8 2/0.125(0.13) 0.5/0.125(0.04)  1/0.03(0.07)
R14 16 4 8 1 1/0.125(0.09) 0.5/4(0.53) 8/0.5(1.00)
R15 32 1 1 1 1/0.125(0.16) 0.5/0.125(0.14)  4/0.03(0.16)
5,448 C. glabrata >32 8 2 2 2/2(0.28) 4/2(1.06) 1/0.5(0.27)
5,150 C. tropicalis >32 0.5 0.125 0.25 0.5/0.125(0.26) 0.5/0.125(1.01)  2/0.06(0.27)
ATCC22019 C. parapsilosis >32 0.5 0.125 0.125 1/0.25(0.52) 0.5/0.125(1.01) 0.5/0.125(1.01)
ATCCO00279 C. krusei >32 0.25 1 1 0.5/0.125(0.51)  1/0.25(0.27) 8/0.25(0.38)

"The MIC is the concentration resulting in 50% growth inhibition.

2Fractional inhibitory concentration index (FICI) results are shown in parentheses. Synergy (FICI<0.5); no interaction (indifference, 0.5 <FICI<4).

TABLE 2 | MICs and FICIs results with the combinations of 17-AAG and FLU
against azole-resistant Candida.

MIC (ug/ml)’ for

Strains Species Agent alone Combination?
17-AAG FLU 17-AAG/FLU
5310 C. albicans 16 0.5 0.25/0.5(1.02)
64550 >32 16 16/4(0.50)
R2 16 2 4/0.5(0.50)
R9 16 64 2/0.5(0.13)
R14 16 16 8/8 (1.00)
R15 32 16 4/1(0.19)
5448 C. glabrata >32 64 0.5/64(1.01)
5150 C. tropicalis >32 2 2/0.5(0.28)
ATCC22019 C. parapsilosis >32 4 4/4(1.06)
ATCC00279  C. krusei >32 64 2/32(0.53)

"The MIC is the concentration resulting in 50% growth inhibition.
2Fractional inhibitory concentration index (FICI) results are shown in parentheses.
Synergy (FICI<0.5); no interaction (indifference, 0.5 <FICI<4).

17-AAG+VOR (8pg/ml+0.125pg/ml), and 17-AAG+POS
(4pg/ml+0.125pg/ml)} and dihydrorhodamine-123 (Sigma
DHR-123 5pg/ml), followed by incubation at 37°C for 1h.
After centrifugation and resuspension, the germlings were
harvested and detected by flow cytometry (Beckman Coulter
DxFLEX) at an excitation wavelength of 488-505nm and an
emission wavelength of 515-575nm. The experiment was repeated
thrice on different days, and p values were calculated using
unpaired T test.

RESULTS

17-AAG and Azoles Interactions in vitro

The MICs ranges of each drug against all Candida isolates
were 8 to >32pg/ml for 17-AAG, 0.25-1pg/ml for ITR,
0.125-4 pug/ml for VOR, 0.06-2 pg/ml for POS, and 0.5-64 pg/
ml for FLU, respectively (Tables 1, 2). Moreover, 17-AAG alone
exhibited only a slight antifungal activity against all tested
strains. However, when 17-AAG was combined with ITR, VOR,
or POS, synergistic anti-Candida effects were detected in 10
(50.0%), 7 (35.0%), and 13 (65.0%) isolates, while, in combination
with FLU, the corresponding effect was observed in 5 (50%)
isolates of drug-resistant Candida spp. The concentrations of
17-AAG in the synergistic combinations were effective within
the range of 0.5-32 pg/ml (Tables 1, 2; Figure 1). No antagonism
was recorded in the two combination groups.

Evacuation of in vivo Drug Sensitivity of
17-AAG Alone and in Combination With
Azoles

In this experiment, we used the caterpillar mellonella for the in
vivo test, while the growth and survival rate of each group of
larvae are shown in Figure 2. The survival rates of C. abicans
R2, C. auris AR 382, and C. glabrate 05448 were significantly
prolonged when 17-AAG combined with POS and 17-AAG combined
with ITR. Especially when 17-AAG was used in combination with
POS, the survival rate of C. abicans R2 was significantly improved
(p<0.05). When 17-AAG was used in combination with VOR,
only C. auris AR 382 had significantly longer survival (p<0.05).
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FIGURE 1 | Chromatic scale diagram of synergistic effects of partial drug sensitivity results. Several drug sensitivity diagrams with obvious synergistic effect are
listed in accordance with the in vitro drug sensitivity test and checkerboard method, (A) C. auris AR 382 17-AAG +ITR; (B) C. auris AR 382 17-AAG +POS;

(C) 5,150 17-AAG +POS; (D) R9 ITR; (E) R2 FLU; and (F) 5,150 FLU. From black to blue, indicating that the fungus growth gradually decreased, A represents 17-
AAG, | represents ITR, V represents VOR, P represents POS, and the number after the letter represents concentration (pg/mi).

The 17-AAG+FLU combination can significantly prolong the
survival time of larvae, especially C. abicans R2 (p<0.05).

Biofilm Drug Sensitivity Testing

In this experiment, we performed Calcofluor White staining
of the test fungus, followed by observation under a fluorescence
microscope. As shown in Figure 3, at 24h, the C. auris AR
382 biofilm was significantly reduced in the monotherapy group
compared with that in the drug-free group, while the biofilm
reduction was more obvious in the combination group. At
48h, the difference was more prominent, and the biofilms in
the three drug combination groups were significantly reduced
(Figure 3). After measuring the CFU value of different groups
by paired T test, we achieved consistent results (Table 3).
We noted that 17-AAG could play an antifungal role by
inhibiting the production of fungal biofilms when used in
combination with azole drugs.

Extracellular R6G Testing

In our experiment, the fluorescent dye R6G was used, which is
known to be transported in and out of several multi-drug resistant
yeast cells to mammalian cells. Therefore, for the detection purpose,
a spectrophotometer was used to analyze R6G for C. auris AR
382 under different drug treatments, followed by comparative
analyses. When the cells in all groups were cultured in glucose-
free PBS, the content of extracellular R6G did not increase. After
the addition of glucose at 10min, the extracellular OD value of
each group began to increase to varying degrees. When all groups
were compared with the sugar-free and drug-free groups, the
following results were obtained: 1: in the sugar-free group, no
intracellular energy was present to drive the efflux pump, which

resulted in extremely low extracellular R6G content. 2: In the
drug-free treatment group, significant efflux of R6G occurred when
glucose was added to drive the efflux pump. The effluence of
R6G in 17-AAG and azoles alone groups was less than that in
the control group. However, the combination of 17-AAG with
azoles drugs resulted in obviously decreased eftlux of R6G (Figure 4).
Thus, our results confirmed that 17-AAG when used in combination
with an antifungal drug, possibly by inhibiting the efflux pump,
decreasing the antifungal drug efflux, drug accumulation in the
cells, as well as the subsequent reaction to fungal cell death.

Intracellular ROS Testing

In this study, we used the stain DHR-123—an uncharged and
fluorescent-free intracellular ROS detection agent—that could
actively penetrate the cell membranes. It can be oxidized to
rodamine-123 by intracellular ROS that emit bright green
fluorescence, which can be quantitatively detected by flow cytometry.
Three repeated measurements revealed that the ROS production
in C. auris AR 382 was higher when monotherapy was performed
relative to that in the drug-free control group. However, when
17-AAG was used in combination with azole, the proportion of
ROS-producing cells was significantly increased when compared
with that of the control cells (p<0.05; Figure 5). These results
suggest that, when drugs accumulate in fungal cells, the subsequent
accumulation of ROS induces the apoptosis of fungal cells.

DISCUSSION

Some past researches have demonstrated that 17-AAG combined
with azoles or echinosporins exhibit effective synergistic antifungal
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FIGURE 2 | Galleria mellonella survival curves following infection with Candida spp. (A) C. auris AR 382; (B) C. glabrate 05448; and (C) C. abicans R2. Untreated
group, wild-type uninfected larvae; Saline group, wild-type larvae injected with saline; Conidial group, larvae infected with Candida without any treatment;
itraconazole (ITC) group, Candida-infected larvae treated with ITC alone; voriconazole (VOR) group, Candida-infected larvae treated with VOR alone; posaconazole
(POS) group, Candida-infected larvae treated with POS alone; fluconazole (FLU) group, Candida-infected larvae treated with FLU alone; 17-AAG +ITC group,
Candida-infected larvae treated with 17-AAG combined with ITC; 17-AAG+VOR group, Candida-infected larvae treated with 17-AAG combined with VOR; 17-
AAG +POS group, Candida-infected larvae treated with 17-AAG combined with POS. 17-AAG +FLU group, Candida-infected larvae treated with 17-AAG combined
with FLU; *p<0.05.
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FIGURE 3 | Effects of 17-AAG and azole monotherapy and in combination on biofilm formation by C. auris AR 382. (A) No drug; (B) 17-AAG; (C) ITR;
(D) 17-AAG +ITR; (E) VOR; (F) 17-AAG +VOR; (G) POS; and (H) 17-AAG + POS.

TABLE 3 | Concentration of spores in C. auris AR 382 biofilms.

Spore concentration (CFU/mI)

Group
24h 48h

No drug 3.40x 108 5.98x 100
17-AAG 3.22x10° 9.35x 10°
ITR 1.48x10° 5.53 x 105
17-AAG+ITR 1.30x10° 6.57 x 10%%*
VOR 7.43x10° 1.11x 108
17-AAG+VOR 7.10x 10%* 8.20x 10%*
POS 1.15x 10%* 6.53 x 10%%*
17-AAG +POS 3.67 x 10%* 2.80x 10

*The CFU values of the group without antifungal drugs and the antifungal drugs group
were statistically significant (p <0.05).

activity against Aspergillus fumigatus, Aspergillus terreus, Candida
rubra, and Candida albicans under both in vitro and in vivo
conditions (Blum et al., 2013; Jacob et al, 2015; Chatterjee and
Tatu, 2017; Refos et al., 2017). In addition, some previous studies
have reported that 17-AAG can significantly reduce the ATPase
activity in the in vitro cryptococcus infection model at 37°C,
which changes the effectiveness of azole drugs range from ineffective
to highly effective. However, information about the effect of
C. auris and some azole-resistant Candida is limited in the literature.

Therefore, the application of 17-AAG combined with anti-fungal
agents in the treatment of fungal infection has significant potential.

Although 17-AAG alone demonstrated non-activity against
some azole-resistant Candida spp., for azole-resistant Candida
spp., it demonstrated a synergistic effect with ITR, VOR, and
POS, especially with POS in combination with azoles under
in vitro conditions. For FLU-resistant Candida sp., it demonstrated
a synergistic effect with FLU. The effective working range of
17-AAG was found to be 0.5-32pg/ml. Our results provide
strong evidence for the potential value of 17-AAG in the
treatment of fungal infections caused by C. auris and some
azole-resistance Candida.

We used the caterpillar mellonella as a model in our in
vivo experiments because these larvae demonstrate similar
reactions to those of mammals, making them ideal for use
in our in vivo experiments (Tan et al.,, 2021). Our in vivo test
results were nearly the same as those of our in vitro test
results. In other words, 17-AAG demonstrated better fungicidal
effect when combined with azole drugs. However, in order to
validate our in vitro test results, further experiments with mice
need to be conducted.

Some past studies have proved that 17-AAG can reduce
the ATPase activity by competitively binding to the ADP/ATP
site with Hsp90. For instance, the IC 50 of 37°C was lower
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than that of 25°C in a model of Cryptococcus infection in
vitro (Chatterjee and Tatu, 2017). Lv has demonstrated that
17-AAG could competitively bind to the ADP/ATP site of
Hsp90 in order to prevent the formation of the Hsp90 chaperone
complex, which then leads to the development of unfolded
substrate and further degradation (Lv et al, 2020). Further
study revealed that the synergistic action target of 17-AAG
and azole in anti-azole drug-resistant fungi may inhibit the
drug efflux pump on fungal cell membranes, possibly caused
by the inhibition of the activity of ATPase inherent in fungal
cells by 17-AAG. These drugs accumulate in fungal cells. As
17-AAG stimulates the production of Ca** and endoplasmic
reticulum kinase-dependent ROS in the human body (Mitchell
et al,, 2007), the combination of 17-AAG and azole in this
study induced ROS accumulation in the fungal cells, which
is consistent with the results of human experiments. Aon

confirmed that ROS may exert harmful effects in either a low
or a high proportion of cells. When excessive ROS accumulates
in cells, the cells cannot be regulated (Aon et al., 2012). ROS
has been confirmed to play the main role in the regulation
of the cell cycle progression (Verbon et al, 2012), and the
cells mediated by ROS over a long time are known to undergo
pathological death (Zorov et al., 2014). In addition, ROS can
further induce the accumulation of intracellular hydroxyl
radicals, which is the key factor of cell apoptosis (Haruna
et al., 2002). Therefore, when 17-AAG was used in combination
with azole, the fungal cell apoptosis was negatively correlated
with the drug efflux and positively correlated with the
accumulation of intracellular ROS, which in turn reduced the
resistance of fungi. Our study provides meaningful clues toward
the elucidation of the mechanism of 17-AAG-specific
antifungal activities.
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When compared with geldanamycin, 17-AAG exhibited
a higher stability, better bioavailability, and greater water
solubility (Li et al., 2020b), which allows its wider distribution
across animal tissues, thereby signifying its greater potential
in clinical applications. Recent studies have demonstrated
that low concentration of 17-AAG can inhibit the growth
of breast cancer cells, induce apoptosis (Esgandari et al,
2021), and prevent myocardial dysfunction after myocardial
infarction in rats (Marunouchi et al., 2021). HSP90 is a
host-dependent factor of human coronaviruses MERS-CoV
SARS-COV and SARS-COV-2, while HSP90 inhibitors can
be used as an effective broad-spectrum antiviral agent against
human coronaviruses (Li et al., 2020a). In addition, a Chinese
group verified, for the first time, that the synthesis of a
new 17-AAG glucoside by UDP glycosyltransferase in vitro
can improve its water solubility and anti-tumor efficacy,
thereby proving that it can be applied to clinical development
through the prodrug method (Woo et al,, 2017; Li et al,
2020b). Although there are more optimistic improvement
programs available, the number of supporting clinical and
experimental data is scarce. Presently, we need to invest
more efforts toward the prevention and treatment of this
type of fungal infection.

CONCLUSION

17-AAG offers great potential to reduce azoles resistance
in fungi under in vitro conditions, which suggests that the
use of Hsp90 inhibitors in combination with the existing

agents for Candida infection is a potential therapy.
Nevertheless, further investigations are warranted to clarify
its potential clinical application.
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Methicillin-resistant Staphylococcus aureus (MRSA) is a highly dangerous
pathogen, and daptomycin has been increasingly used to treat its infections in
clinics. Recently, several groups have shown that tolerance and resistance of
microbes can evolve rapidly under cyclic antibiotic exposure. We have previously
shown that the same tolerance and resistance development occurs in MRSA
treated with daptomycin in an adaptive laboratory evolution (ALE) experiment. In
the present study, we performed proteomic analysis to compare six daptomycin-
tolerant and resistant MRSA strains that were evolved from the same ancestral
strain. The strain with a higher tolerance level than the others had the most
different proteome and response to antibiotic treatment, resembling those
observed in persister cells, which are small subpopulations of bacteria that survive
lethal antibiotics treatment. By comparing the proteome changes across strains
with similar phenotypes, we identified the key proteins that play important roles
in daptomycin tolerance and resistance in MRSA. We selected two candidates
to be confirmed by gene overexpression analysis. Overexpression of EcsAl
and FabG, which were up-regulated in all of the tolerant evolved strains, led to
increased daptomycin tolerance in wild-type MRSA. The proteomics data also
suggested that cell wall modulations were implicated in both resistance and
tolerance, but in different ways. While the resistant strains had peptidoglycan
changes and a more positive surface charge to directly repel daptomycin, the
tolerant strains possessed different cell wall changes that do not involve the
peptidoglycan nor alterations of the surface charge. Overall, our study showed
the differential proteome profiles among multiple tolerant and resistant strains,
pinpointed the key proteins for the two phenotypes and revealed the differences
in cell wall modulations between the daptomycin-tolerant/resistant strains.
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Introduction

In the past 20years, Staphylococcus aureus infections have
become more dangerous and expensive to treat owing to the
increased prevalence of antimicrobial resistance (Neyra et al.
2014). Methicillin-resistant S. aureus (MRSA) is one of the most
dangerous pathogens to date, causing infections in both high-risk
patients in hospitals (hospital-associated MRSA) and in healthy,
non-hospitalized individuals without risk factors (community-
associated MRSA). Since 2001, the increase in MRSA exposures
and infections in the United States was largely attributed to the
community-associated strains because they cannot be controlled
solely based on measures implemented within the health care
settings (Como-Sabetti et al., 2009; Stefani et al., 2012). Several
studies have reported that MRSA was the most common cause of
skin and soft tissue infections in hospitals (King et al., 2006;
Moran et al,, 2006). In Europe, approximately 20% of S. aureus
isolates were methicillin-resistant, whereas in the United States,
the prevalence of MRSA was more than 50% (System, 2004).
MRSA infections are harder to treat than ordinary S. aureus
infections because they are resistant to many types of antibiotics.
Two of the most frequently used last-resort antibiotics to treat
MRSA infections are vancomycin and daptomycin, with the
former being the first choice. However, due to the excessive use of
vancomycin, there have been multiple reports of MRSA isolates
with increased vancomycin minimum inhibitory concentration
(MIC), hence making daptomycin a more attractive treatment
option (Murray et al., 2013).

Bacterial populations can adapt to stresses and a wide range
of treatment conditions, including antibiotic therapy. Through in
vitro laboratory evolution, several groups have shown that
tolerance and resistance evolved rapidly under frequent, cyclic
antibiotic treatment (Fridman et al., 2014; Mechler et al., 2015;
Van den Bergh et al., 2016; Khare and Tavazoie, 2020; Sulaiman
and Lam, 2020a,b, 2021b; Sulaiman et al., 2021). More recently,
Liu et al. showed that this development of tolerance and resistance
also occurs in patients with MRSA infection receiving drug
combinations of daptomycin and rifampin (Liu et al., 2020).
Resistance and tolerance are two different bacterial adaptation
strategies against antibiotics. While resistance allows bacteria to
grow at an elevated antibiotic concentration, tolerance describes
the ability of a population to survive, but not grow, under lethal
antibiotic concentrations for an extended period. Recently, it was
suggested that tolerance facilitates the development of resistance
(Levin-Reisman et al., 2017, 2019; Santi et al., 2021; Sulaiman and
Lam, 2021a). Therefore, combatting tolerance is key to stopping
the development of resistance (Windels et al., 2019), and a more
in-depth investigation of the key players and pathways responsible
for various tolerance phenotypes (the “tolerome”) is necessary
(Brauner et al., 2016; Sulaiman and Lam, 2021a). Unlike resistance
that directly counteracts the action mechanism of the antibiotic,
tolerance is thought to arise from a perturbed biological network
of multiple pathways. Thus, proteomics is the most suitable tool to
inspect the mechanisms of tolerance and to highlight the key
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players responsible for the phenotype (Sulaiman and Lam, 2019;
Zhang et al., 2020). Proteomics has been proven to be useful in
revealing the key players in E. coli persistence and tolerance to
various antibiotics (Hu et al., 2015; Sulaiman et al., 2018; Sulaiman
and Lam, 2020a,b), and has also been used to investigate
persistence and tolerance phenotypes in S. aureus (Chatterjee
etal.,, 2009; Overton et al., 2011; Conlon et al., 2013; Conlon et al.,
2016; Zalis et al., 2019; Huemer et al., 2021; Sulaiman et al., 2021,
2022). Persistence is a phenotype similar to tolerance, but unlike
tolerance where most of the cells within the population are
tolerant to the drug, persistence describes a situation where the
tolerant cells only occur in a small subpopulation, called
“persisters” (Sulaiman and Lam, 2021a, 2022).

Recently, our group performed adaptive laboratory
evolution (ALE) experiments on MRSA using daptomycin and
generated strains with distinct tolerance and resistance
phenotypes (Sulaiman and Lam, 2021b). All of the daptomycin-
resistant mutants have a single point mutation in the mprF gene
but in different locations. Various mutations in the mprF gene,
as well as in the walKR and dlt operon genes, have been
frequently observed in clinical isolates of MRSA and extensively
studied (Tran et al, 2015). Mainly, small nucleotide
polymorphisms (SNPs) in the mprF gene were thought to
increase either the LysPG synthase activity, the flippase activity,
or both, leading to an increased level of LysPG in the outer
membrane leaflet, which could increase the electrostatic
repulsion of daptomycin and other cationic antimicrobial
peptides (CAMPs; Ernst and Peschel, 2011; Bayer et al., 2013).
Ernst et al. have recently reviewed the current knowledge of
MprF-mediated daptomycin resistance in S. aureus (Ernst and
Peschel, 2019). In contrast, the newly discovered tolerant
mutants bear single point mutations in genes unrelated to
resistance and have not been previously reported to cause
decreased susceptibility to antibiotics. Interestingly, these
mutations led to different levels of tolerance toward daptomycin,
with one strain (TOL6) exhibiting a much higher survival than
the other strains (over 100-fold increase in survival after 3h of
daptomycin treatment). In the present study, we compared the
proteomes of multiple daptomycin-tolerant and resistant MRSA
strains that were evolved from the same ancestral strain and
thus bearing minimal changes in the genotype. Using this
strategy, we searched for any commonalities in terms of
up-regulated and down-regulated processes or pathways
between multiple resistant and tolerant strains. Then, we verified
the importance of two DEPs common in the tolerant strains
through gene overexpression analysis. Moreover, through
various assays that assess cell wall properties, we revealed that
the tolerant and resistant strains had distinct modifications in
their cell wall. Although it was known that daptomycin did not
directly inhibit cell wall synthesis, our study showed that
changes in the cell wall properties were commonly observed in
daptomycin-tolerant and resistant strains, and provided
evidence that such changes may affect S. aureus susceptibility
toward daptomycin (Gray and Wenzel, 2020).
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Materials and methods
Bacterial strains and growth conditions

Bacterial strains used in this study are methicillin-resistant
S. aureus (MRSA) ATCC 43300 and daptomycin-tolerant (TOL2,
TOLS5, TOL6) and resistant (RES1, RES2, RES3) MRSA strains.
For our experiments, exponential phase cultures were prepared by
incubating a 1:200 diluted overnight culture in cation-adjusted
Mueller-Hinton (MH) broth until ODy, reached ~0.1 at 37°C
with shaking. MH broth used in this study is supplemented with
Ca™ to a final concentration of 50 mg/1 to mimic the physiological
levels of calcium ions, which is important for the concentration-
dependent bactericidal activity of daptomycin (Silverman et al.,
2003; Safdar et al., 2004; Steenbergen et al., 2005). MH agar was
used for colony counts.

The tolerant and resistant MRSA strains were obtained from
a recent adaptive laboratory evolution (ALE) experiment using
daptomycin antibiotic (Sulaiman and Lam, 2021b). Briefly, to
generate the evolved strains, MRSA ATCC 43300 is used as the
ancestral strain for the evolution experiment. Either exponential
or stationary phase culture was exposed to 10 mg/l daptomycin
(Lh for the exponential phase culture and 3 h for the stationary
phase culture), and the antibiotic-containing medium was
removed by washing three times in MH broth. Finally, the
cells were resuspended in 1 ml fresh MH and grown overnight
at 37°C. The next day, 3pl of the overnight culture was
resuspended in 1ml fresh MH and grown to either exponential
or stationary phase, and the antibiotic treatment was repeated.
The evolved strains (TOL2, TOL5, TOL6, RES1, RES2, and RES3)
were isolates collected from different lineages at different
time points during the evolution experiments. The list of single
point mutations in the evolved strains is summarized in
Supplementary Table S1. Whole-genome sequence data of the
evolved strains is available in the BioProject database (NCBI)
under the accession number PRJNA724993.

Tolerance and resistance assay

To measure the tolerance level of the different strains,
we measured the time-kill curve under daptomycin treatment
(10mg/l). For susceptibility assay toward vancomycin, the
concentration used for treatment is 30 mg/1. To assess cell viability
after antibiotic treatment, the number of survivors were counted
by serially diluting cultures in MH broth, plating 100 pl on MH
agar and spread plates.

The MICs of the population were recorded by the broth
macrodilution method (Wiegand et al., 2008). The MIC was
determined by incubating ~ 5 -10° exponential phase culture in
MH medium for 16 h with various concentrations of antibiotics
(daptomycin or vancomycin), and inhibition of growth was
observed based on the lack of turbidity. The MIC value was
determined as the lowest concentration without growth, according
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to EUCAST guidelines. Experiments were performed with three
independent cultures.

Lysostaphin lysis assay

Lysostaphin lysis assay was performed following protocols
described in literature with a slight modification (Griindling et al.,
2006; Barros et al., 2019). Cells were grown to an ODgy~ 0.6 and
harvested by centrifugation. Cells were washed with water and
resuspended in PBS supplemented with 5mg/l lysostaphin (Sigma
Aldrich). Cells were then incubated at 37°C and the decrease in
ODg, was monitored over time.

Cytochrome C binding assay

The relative positive surface charge of S. aureus strains was
determined by quantifying the association of the positively
charged cytochrome c (Sigma) to the staphylococcal surface (Berti
et al., 2015). The cytochrome ¢ binding assay was performed
following protocols from previous literature (Mehta et al., 2012;
Gasch etal., 2013). Briefly, 1:1000 of overnight cultures was grown
in fresh medium to logarithmic phase. Cells were harvested,
washed twice with MOPS (morpholinepropanesulfonic acid)
buffer (20mM, pH 7.0), and the bacterial suspension was adjusted
to an ODyg of ~1. Aliquots of 1 ml were centrifuged, and the cell
pellets were resuspended in 200 pl MOPS buffer and 50 pl of
cytochrome ¢ solution was added (equine heart, 2.5mg/ml in
MOPS buffer; Sigma). Samples were incubated for 10 min at room
temperature, separated by centrifugation, and the supernatants
were recovered. The amount of cytochrome ¢ remaining in the
supernatant after a 10-min binding interaction with S. aureus cells
was quantified spectrophotometrically at an optical density at
530nm (ODs3). The more unbound cytochrome c is detected in
the supernatant suggest that the surface charge is more positive.

Sample preparation for proteomics

For proteomics analysis, exponential phase ancestral strain,
tolerant (TOL2, TOL5, TOL6) and resistant strains (RES1, RES2,
RES3) were treated with sub-MIC doses of daptomycin (0.25mg/1)
for 1h, which should enable the populations to elicit an antibiotic
response (Liu et al., 2014, 2016; Sulaiman et al., 2021). Exponential
phase cells before antibiotic treatment were also collected. Similar to
our previous work (Sulaiman et al.,, 2021), two different strategies are
used for the proteomics analysis: (i) First, the proteome profile of the
evolved strains was compared to the ancestral strain as a control to
reveal the effect of the point mutations on the phenotype of the
tolerant/resistant strains. (ii) Next, we compared the proteome
profile of each strain before and after antibiotic treatment to obtain
strain-specific antibiotic response toward sub-inhibitory daptomycin
exposure. For all proteomics experiments, three biological replicates
were performed for each sample including the control sample.
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The cell pellet was suspended in 300 pl of lysis bufter (8 M Urea,
50mM Tris-HCl pH 8.0), frozen in liquid nitrogen, and sonicated
for 10min. The sample was centrifuged (16,000 x g for 10 min) to
remove cell debris and insoluble materials. An aliquot of the sample
was taken for BCA protein assay (Pierce™ BCA Protein Assay Kit).
After protein quantification, the sample was reduced by
dithiothreitol (DTT; 0.1 M final concentration) at 37°C for 1 h. For
shotgun proteomics, 150 pug of proteins were mixed with up to 250 pl
of the exchange buffer (6 M Urea, 50 mM Tris-HCI pH 8.0, 600 mM
guanidine HCI), transferred to Amicon® filter device (Millipore,
Darmstadt, Germany), and centrifuged (14,000 x g for 20 min). The
proteins in the filter device were alkylated with iodoacetamide
(IAA, 50mM in exchange buffer) in dark for 20min, and then
centrifuged (14,000xg for 20min). To reduce the urea
concentration, 250 pl of 50 mM ammonium bicarbonate was added
to the filter device and centrifuged (14,000 x g for 20 min). This step
was repeated once. Proteins were digested by sequencing-grade
modified trypsin (1:50 w/w, Promega, Madison, WI) for 12h at
37°C. Then, the sample was acidified with 10% formic acid to a final
concentration of 0.1% (v/v) and centrifuged for 16,000 x g for 5 min.
Finally, the samples were desalted by C18 reverse-phase ZipTip
(Millipore, Darmstadt, Germany) and dried with SpeedVac
(Eppendorf, Hamburg, Germany) for 30 min.

Liquid chromatography

The samples were reconstituted in 25 pl water/acetonitrile/
formic acid in a 97.9:2:0.1 ratio (v/v/v), and processed through
Bruker nanoElute Ultra-High-Performance Liquid
Chromatography (UHPLC; Bruker Daltonics, Bremen, Germany)
coupled to a hybrid trapped ion mobility-quadrupole time-of-
flight mass spectrometer (TimsTOF Pro, Bruker Daltonics,
Bremen, Germany) via a nano-electrospray ion source (Captive
Spray, Bruker Daltonics). A volume of 1pl (approximately 200 ng
of the protein digest) was injected into the UHPLC system and
separated on an IonOpticks 25cm Aurora Series Emitter column
with Captive Spray Insert (250mmx75pm internal diameter,
120 A pore size, 1.6 pum particle size C18) at a flow rate of 0.3 ul/
min. The mobile phase composition is 0.1% formic acid in water
for solvent A, and 0.1% formic acid in acetonitrile for solvent
B. The gradient was applied from 2 to 5% of solvent B for 0.5 min,
from 5 to 30% of solvent B for 26.5min, and then from 30 to 95%
of solvent B for 0.5 min. In the end, the mobile phase was kept at
95% of solvent B for 0.5 min, and then decreased to 2% of solvent
B for 0.1 min. 2 min equilibration with 2% of solvent B was applied

before the next injection.
Mass spectrometry

A detailed description of the Bruker TimsTOF Pro mass
spectrometer used in this work can be found in the literature
(Meier et al., 2015, 2018). We set the accumulation and ramp time
to 100 ms each and recorded mass spectra in the range from m/z
100-1700 using the positive electrospray mode. The ion mobility
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was scanned from 0.85 to 1.30 Vs/cm®. The quadrupole isolation
width was set to 2 Th for m/z< 700 and 3 Th for m/z>700, and the
collision energy was linearly increased from 27eV to 45eV as a
function of increasing ion mobility. The overall acquisition cycle of
0.53s comprised one full TIMS-MS scan and four Parallel
Accumulation-Serial Fragmentation (PASEF) MS/ MS scans.
Low-abundance precursor ions with an intensity above a threshold
of 2,500 counts but below a target value of 20,000 counts were
repeatedly scheduled and otherwise dynamically excluded for
0.4 min. The TIMS dimension was calibrated linearly using three
selected ions from the Agilent ESI LC/MS tuning mix [m/z, 1/KO0:
(622.0289, 0.9848 Vs cm™), (922.0097, 1.1895 Vs cm™),
(1221,9906, 1.3820 Vs cm™)] in positive mode.

Sequence database searching of
proteomics data

The raw data were converted to mgf files by Bruker Compass
DataAnalysis (version 5.2), and subsequently converted to mzML
files by msconvert of the ProteoWizard (version 3.0.20229 64-bit;
Kessner et al., 2008). The mzML files were searched using Comet
(version 2016.01 rev.2; Eng et al., 2013) with a custom database.
Briefly, the genome sequence of S. aureus ATCC 43300 was
converted into a protein database using the gene prediction tool
GeneMark (version 3.25; Lukashin and Borodovsky, 1998). The
proteins were then annotated using BLASTp (version 2.7.1) from
NCBI using S. aureus NCTC 8325 as the protein database. The
sequences of common contaminants, such as trypsin and human
keratins, and decoy sequences generated by shuffling amino acid
sequences between tryptic cleavage sites were added to the database.
The decoy sequences in the database are used for the false discovery
rate (FDR) estimation of the identified peptides. The search
parameters criteria were set as follows: 40ppm peptide mass
tolerance, monoisotopic mass type, fully digested enzyme termini,
0.05amu fragment bin tolerance, 0amu fragment bin offset,
carbamidomethylated cysteine, and oxidated methionine as the
fixed and variable modifications, respectively. The search results
from Comet were processed by PeptideProphet (Keller et al., 2002),
iProphet, and ProteinProphet of the Trans-Proteomics Pipeline
(TPP; Deutsch et al,, 2010) in the decoy-assisted non-parametric
mode. Every mzML run was analyzed independently. Protein
identifications were filtered at a false discovery rate of 0.01 as
predicted by ProteinProphet. The mass spectrometry proteomics
data have been deposited to ProteomeXchange via the PRIDE
repository with the dataset identifier PXD026741.

Label-free quantification of proteomics
data by spectral counting

The proteins identified in at least two out of three biological
replicates were used for label-free quantification by spectral
counting. The quantification of proteins was given by the
normalized spectral abundance factor (NSAF; Paoletti et al,
2006), where the number of peptide-spectrum matches (PSMs)
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for each protein divided by the length of the corresponding
protein is normalized to the total number of PSMs divided by the
lengths of protein for all identified proteins. The differentially
expressed proteins were filtered by the following cutoff: average
spectral counts of at least three, the p value for Student’s t-test on
the NSAF values were lower than 0.05, and the fold changes were
higher or lower than +1.5-folds.

Bioinformatics analysis

We visualize our proteomic data using principal component
analysis (PCA) of the log NSAF values using the PCA function
from the sklearn package with centering and scaling in python.
We added 95% confidence intervals by calculating correlation
matrices for the three replicates of each sample and then adding
these intervals to our plot using the matplotlib package in python.
To compare the protein expression profiles between different
populations, we generated a heat map of fold changes of the
differentially expressed proteins identified across the ancestral
strain and evolved strains using the in-house scripts. To highlight
potentially important proteins among the differentially expressed
proteins, STRING version 11.0 (Szklarczyk et al., 2016) was used
to predict the protein—protein interactions and to visualize the
interactions. DAVID (Database for Annotation, Visualization and
Integrated Discovery) version 6.8 (Sherman and Lempicki, 2009)
was used for gene ontology (GO) and pathway analysis.

Gene overexpression of the differentially
expressed proteins

Gene overexpression was accomplished using a tetracycline-
inducible expression vector pPRMC2. The bacterial strains, plasmids,
and primers used in this study are listed in Supplementary Table S6.
The plasmid pRMC2 was obtained from Tim Foster (Corrigan and
Foster, 2009; Addgene plasmid #68940' 68,940).

Briefly, competent cells were first prepared as previously
described and stored at —80°C (Chen et al., 2017). Then, the
constructed plasmid was electroporated into the wild-type MRSA
ATCC 43300 strain by thawing 50 pl of competent cells on ice for
10 min, mixing it with 1-2 pg of the plasmid, and transferring
them into a 1 mm electroporation cuvette (Bio-Rad, Hercules,
CA, USA). Cells were pulsed at 2.5kV, 100 €2, and 25 pF, incubated
in 1 ml of tryptic soy broth (TSB) at 30°C for 1h, and followed by
plating on a TSB agar plate containing 7.5 pg/ml chloramphenicol
for screening. Mutant strains were then subjected to relevant
tolerance and resistance assays.

Real-time quantitative PCR

Real-time Quantitative PCR (RT-qPCR) was performed to
confirm the overexpression of the selected genes. The primers for
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real-time PCR are listed in Supplementary Table S6. Briefly, a 3ml
overnight culture of mutant MRSA strains (with the addition of
0.2 pg/ml anhydrotetracycline) was harvested, stabilized with
RNAprotect Bacteria Reagent (Qiagen, Hilden, German), and
total RNA was extracted with RNeasy PowerBiofilm Kit (Qiagen,
Hilden, German) according to the manufacturer’s instruction. The
RNA was first reverse transcribed to cDNA with RevertAid H
Minus First-Strand ¢cDNA Synthesis Kit after the removal of
genomic DNA using DNase I (Thermo Fisher Scientific Inc.,
Waltham, MA, USA), followed by quantification on a Roche
Diagnostics GmbH LightCycler 480 Instrument IT Realtime PCR
System using SYBR Green RT-PCR Reagents Kit (Applied
Biosystems) with the following procedures: (i) polymerase
activation at 95°C for 10 min, and (ii) annealing and extension at
53°C for 1 min with a total of 40 cycles. The specificity of primer
pairs for the PCR amplification was checked by the melting curve
analysis which was performed immediately after amplification.
Two biological replicates and two technical replicates were
performed for each sample, and the relative gene expression level
was calculated based on the 2724 method using gyrA as the
internal-reference gene (Livak and Schmittgen, 2001). The
RT-qPCR validation results is shown in Supplementary Figure S3.

Results and discussion

Proteome profiling of MRSA with distinct
daptomycin tolerance and resistance
phenotypes

The daptomycin-tolerant and resistant strains used in this
study were generated from a recent adaptive laboratory evolution
(ALE) experiment that mimics clinical conditions (Sulaiman and
Lam, 2021b). The tolerant strains were TOL2, TOL5, and TOL6,
which have increased survival upon prolonged daptomycin
treatment without a change in the MIC, while the resistant strains
were RES1, RES2, and RES3, which have elevated MIC toward
daptomycin by 3-to 4-fold. Each of these evolved strains bears
that their phenotypes
(Supplementary Table S1). While the tolerant strains have

single point mutations govern
mutations in different genes conferring different levels of tolerance
toward daptomycin (TOL2 and TOL5 have a mild-tolerance
phenotype with ~5-fold increase in survival % after 3h of
treatment, and TOL6 has a high-tolerance phenotype with an over
100-fold increase in survival % after 3h of treatment), the three
resistant strains (RES1, RES2, and RES3) have a single point
mutation in the same gene, mprF, but in different locations.
Figure 1A shows the time-kill curves of the tolerant and
resistant strains.

To reveal the alterations in terms of protein expression owing
to the single point mutations in the tolerant/resistant strains,
we compared the proteome profile of the evolved strains to that of
the ancestral strain (the control) in normal growth conditions,
without any treatment. Combining all replicates, 1,646, 1,499,
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1,451, 1,544, 1,587, 1,489, and 1,302 distinct proteins were
identified for ancestral, RES1, RES2, RES3, TOL2, TOL5, and
TOLS strain, respectively (Figure 1B), covering around 60% of the
total ~2,600 proteins in the proteome of common S. aureus
strains. Using the protein expression data, we performed a
principal component analysis (PCA) to determine possible
features that distinguish the ancestral and the tolerant/resistant
strains. We observed that all strains except TOL6 were positioned
closely, with the 95% confidence interval (CI) ellipse overlapping
each other (Figure 1C). TOL6 was positioned uniquely and was
separated from the other six strains, indicating that it has the most
distinct proteome profile from the rest. Figure 1D shows the
volcano plots of fold changes against p values (two-tailed t-test),
highlighting the proteins with different expression levels between
the evolved strains and the ancestral strain. The list of DEPs is
available in Supplementary Table S2. From the number of DEPs,
we observed that the high-tolerance strain TOL6 had the most
different protein expression profile from the ancestral strain (354
DEPs). This was consistent with a previous study that reported
that a daptomycin-tolerant strain bearing a mutation upstream
pgsA gene (with a similar survival level to TOL6, >100-fold
survival % after 3h of daptomycin treatment) had significant
variations in the proteome profile compared to the ancestral strain
(Sulaiman et al., 2021).

The expression level of the mutated
genes in the tolerant and resistant strains

Using the normalized spectral abundance factor (NSAF)
values from our proteomics data, we estimated the relative
expression level of the proteins encoded by the mutated genes in
the evolved strains (Figures 1E,F; Supplementary Table S1). First,
all of the resistant strains (RES1, RES2, and RES3) increased the
expression of phosphatidylglycerol lysyltransferase, which is the
protein encoded by the mprF gene, suggesting that the daptomycin
resistance phenotype is associated with MprF gain-of-function,
consistent with previous reports (Yang et al., 2009; Ernst et al.,
2018). In TOL2, proteins for which the genes were mutated,
ribose-phosphate pyrophosphokinase (Prs) and ATP-dependent
helicase/deoxyribonuclease subunit B (AddB), had significantly
lower expression compared to the ancestral and other strains.
Interestingly, the expression level of AddB was also lower in
another tolerant strain TOLS, indicating that this protein might
play a role in daptomycin tolerance. The expression levels of
protein serine/threonine-protein kinase (PrkC), which was
mutated in TOL5, were similar in all of the strains including
TOLS. Although the mutation did not alter the expression level of
protein, it might alter the protein function. Finally, the expression
level of 30S ribosomal protein S18 (RpsR) was lower in the tolerant
TOL6 strain than in the ancestral strain. Interestingly, the
expression level of RpsR was also lower in the other resistant/
tolerant strains than in the ancestral strain, implying that the
down-regulation of RpsR might be a common trend associated
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with decreased daptomycin susceptibility. The protein of the other
mutated gene in TOL6, ProP, was not detected in all of our
samples, perhaps because of its low abundance. While the
mutations in RES1, RES2, RES3, TOL2, and TOLS5 did not alter
their growth profile, TOL6 had a significantly higher doubling
time than the ancestral strain (Supplementary Figure S1).

The high-tolerance TOL6 strain has the
most alterations in biological processes
among the tolerant/resistant strains

The PCA and volcano plots showed that the high-tolerance
TOL6 strain had the most different proteome and the highest
number of DEPs among the tolerant/resistant strains. Therefore,
we were interested in the affected processes due to the mutations
it possessed. The protein-protein interaction network of the DEPs
in TOLG is visualized in Figure 2A. There was a wide array of
processes that were expressed higher in TOL6 than in the ancestral
strain including protein folding, coenzyme A biosynthesis,
ribosomal proteins, and chromosome condensation. Those that
were expressed lower included DNA recombination, thiamine
biosynthesis, response to oxidative stress, SOS response and DNA
repair, amino acid biosynthesis, glycine cleavage system, purine
and pyrimidine metabolism, and also cell wall organization. The
down-regulation of some anabolic processes might be due to the
slower growth of the mutant strain (Supplementary Figure S1).
For certain processes, such as pathogenesis, response to antibiotic
and the two-component system, lipoteichoic acid and
peptidoglycan biosynthesis, lipid and glucose metabolism,
transmembrane transport, and phosphotransferase system, there
was an equal number of proteins that were expressed higher in
TOL6 than in the ancestral strain.

Similarly, from the gene ontology (GO) analysis and pathway
enrichment study (KEGG) on the DEPs (Figure 2B), we observed
that some of the most notable up-regulated processes were protein
folding and the expression of ribosomal proteins, while the down-
regulated ones were glycine cleavage system, de novo inosine
monophosphate (IMP) metabolic process, protein repair, lipid
metabolism, D-glutamine and D-glutamate metabolism, and
glyoxylate and dicarboxylate metabolism. This shutdown of major
metabolic processes and the increased expression of ribosomal
proteins on TOL6 were not observed in the other tolerant/resistant
strains. Instead, it was previously observed in the proteome of E. coli
(Sulaiman et al., 2018) and S. aureus (Huemer et al., 2021) persisters,
which are slow-growing cells naturally present in bacterial
populations in small quantities and could evade lethal antibiotic
treatments. Indeed, S. aureus knockouts in glutamate dehydrogenase
and other tricarboxylic acid (TCA) cycle enzymes (e.g.,
2-oxoketoglutarate ~dehydrogenase, succinyl coenzyme A
synthetase, and fumarase) were previously shown to cause an
increased proportion of persister cells and tolerance to different
antibiotics (Zalis et al., 2019). More generally, metabolic changes
were linked to the formation of persisters by modulating the
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FIGURE 1

Proteome profile comparison between the tolerant/resistant strains and the ancestral strain. (A) Time-Kkill curve of the ancestral strain, resistant
strains (RES1, RES2, RES3), and tolerant strains (TOL2, TOL5, TOL6) upon daptomycin treatment (10mg/l) for 3h (mean+s.e.m., n=3). (B) Venn
diagrams for proteome comparison of the resistant strains (RES1, RES2, RES3) and tolerant strains (TOL2, TOL5, TOL6) with the ancestral strain.
(C) Principal Component Analysis (PCA) of proteomes of the tolerant/resistant strains and the ancestral strain. Projections of PC1 versus PC2, PC1
versus PC3, and a three-dimensional projection of PC1, PC2, and PC3 are shown. Shaded circles represent 95% confidence intervals based on
correlation matrices of the three replicates of each sample. (D) Volcano plots of the resistant strains (RES1, RES2, RES3) and tolerant strains (TOL2,
TOLS, TOL6) compared to the ancestral strain. Differentially expressed proteins (DEPs) are defined to be those with p values below 0.05, and
absolute fold change greater than 1.5, corresponding to the colored dots. The protein IDs of the most down-regulated and up-regulated proteins
are shown. (E) Summary of single point mutations identified in the resistant and tolerant strains, with the respective gene and amino acid
substitution. Details about the mutations can be found in Supplementary Table S1. (F) The expression level of the genes that are mutated in the
evolved strains. Relative abundance of the proteins phosphatidylglycerol lysyltransferase (MprF), ribose-phosphate pyrophosphokinase (Prs), ATP-
dependent helicase/deoxyribonuclease subunit B (AddB), serine/threonine protein kinase (PrkC), and 30S ribosomal protein S18 (RpsR) among the
ancestral strain and evolved strains, measured by label-free quantitative proteomics using spectral counting, where the y-axis is the normalized
spectral abundance factor (NSAF) values (mean+s.e.m., n=3). Strains that express the mutated proteins were marked with red outlines.

intracellular level of ATP in S. aureus (Conlon et al., 2016). Since
TOLS6 also had a slow-growing phenotype just like the persisters
(Supplementary Figure S1), their similar proteome profile indicated
that they might employ a similar approach in surviving antibiotic
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treatment. Moreover, the higher expression of proteins involved in
protein folding in TOL6 was also observed in filamentous E. coli
persisters from ampicillin treatment (Sulaiman and Lam, 2020b).
Stresses such as antibiotic treatment were known to induce protein
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aggregation. Thus, it was recently postulated that the antibiotic-
tolerant persister state is tightly linked to or even driven by protein
aggregation (Bollen et al., 2021; Dewachter et al., 2021).

Affected processes and pathways in the
tolerant and resistant strains upon
antibiotic treatment

Next, we treated the tolerant/resistant strains with a
sub-inhibitory concentration of daptomycin to see the effect of
antibiotic treatment on the proteomes of the mutant strains. The
numbers of protein identified in the treatment groups were
(~1,600-1,700 proteins;
Supplementary Figure S2a). The number of DEPs in the ancestral

similar to the wuntreated ones
strain was the lowest with 79 DEPs, followed by the other resistant/
tolerant strains (123, 239, 165, 186, and 122 DEPs for TOL2,
TOLS5, RES1, RES2, and RES3, respectively), and the highest one
was TOL6 with 370 DEPs (Supplementary Figure S2b).
Interestingly, the high-tolerance TOL6 strain not only had the
most different base-line proteome profile compared to the
ancestral strain, but it also had the most significant changes in
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terms of antibiotic response toward daptomycin. The list of DEPs
is available in Supplementary Table S3. From the heat map of the
fold changes of all DEPs of the ancestral and evolved strains
(Figure 3A), we observed that the DEPs in the TOL2, TOL5, and
the resistant strains (RES1, RES2, and RES3) were clustered
together, while the DEPs in the ancestral strain and the high-
tolerance TOLG6 strain were different from the other groups. These
suggested that (i) the tolerant/resistant strains have a different
antibiotic response compared to the ancestral strain upon
daptomycin exposure, but they do share some similarities, and (ii)
the high-tolerance TOLG6 strain had a different antibiotic response
from the ancestral strain and the rest of the tolerant/resistant
strains. The latter might also be due to the fact that the proteome
of TOL6 was already very different from the rest of the strains
even without the addition of antibiotics (Figures 1C,D, 2), and
therefore it should adapt differently to antibiotic treatment.
Similarly, principal component analysis (PCA) showed that the
proteome of the antibiotic-treated samples was positioned
similarly, except for TOL6 which was separated from the rest of
the groups, especially along PC2 (Figure 3B).

The affected processes and pathways upon antibiotic
treatment are shown in Figures 3C,D for the tolerant and
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FIGURE 3
Proteomic response of the tolerant/resistant strains and the ancestral strain upon daptomycin treatment. (A) Heatmap of the DEPs across the
ancestral strain, resistant strains (RES1, RES2, RES3), and tolerant strains (TOL2, TOL5, TOL6) upon daptomycin treatment compared to the
untreated populations. The heatmap is clustered using average linkage hierarchical clustering based on Euclidean distances. The y-axis indicates
different strains, and the x-axis represents the DEPs identified across all strains. DEPs that were undetected in specific samples are marked with
gray color. (B) Principal Component Analysis (PCA) of proteomes of the tolerant/resistant strains and the ancestral strain after daptomycin
treatment. Shaded circles represent 95% confidence intervals based on correlation matrices of the three replicates of each sample. (C,D) Gene
Ontology (GO) analysis and pathway enrichment study (KEGG) by DAVID of the DEPs of the tolerant strains (C) and the resistant strains (D) after
daptomycin treatment compared to those before treatment. Fold enrichment is defined as the ratio of the proportion of the input information to
the background information.

resistant strains, respectively. For the tolerant strains, we could Interestingly, all of these processes were expressed lower in
see that TOL6 had significant changes. Up-regulated processes TOLG6 than in the ancestral strain in the absence of antibiotic
include cell redox homeostasis, cell wall organization and (Figure 2). Moreover, we observed that upon antibiotic
peptidoglycan biosynthesis, lipid metabolism, D-glutamine treatment, TOL5 down-regulated several processes, such as cell
and D-glutamate metabolism, and de novo IMP metabolism. adhesion, S. aureus infection, and bacterial invasion of
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epithelial cells, which were related to bacterial virulence and
pathogenesis. Ribosomal proteins and protein translation were
down-regulated not only in the TOL5 and TOL6 upon
antibiotic treatment (Figure 3C), but also in the resistant
strains (Figure 3D). This might be related to the fact that
daptomycin posed a certain degree of inhibition against protein
synthesis (Heidary et al., 2018). In the resistant strain RES3,
one of the most apparent up-regulated processes was the
glycine betaine biosynthesis process. An increased level of
glycine betaine has been shown to be associated with
daptomycin resistance (Song et al., 2013). A study examining
the transcriptome of a daptomycin-resistant MRSA strain
revealed an accumulation of glycine betaine within the cells,
coupled with the up-regulation of choline transporter (cudT),
choline dehydrogenase (betA), glycine betaine aldehyde
dehydrogenase (gbsA), opuD2, and proP genes (Song et al.,
2013). From our proteomics data, choline dehydrogenase was
up-regulated by 2.0-, 2.5-, and 1.7-folds in RES1, RES2, and
RES3, respectively, betaine aldehyde dehydrogenase was
up-regulated by 2.1-and 2.0-folds in RES2 and RES3,
respectively, and probable glycine dehydrogenase subunit 1 was
up-regulated by 1.5-folds in both RES1 and RES3. Moreover,
cell wall and membrane-active antibiotics such as daptomycin
was known to cause oxidative stress and protein aggregation
and misfolding, as revealed by the induction of molecular
chaperones (Utaida et al, 2003; Wilkinson et al., 2005;
Kohanski et al.,, 2008; Sulaiman and Lam, 2021b). Glycine
betaine was reported to promote normal protein folding in
stressed cells, and its accumulation helped bacteria to survive
antibiotic assault (Arakawa and Timasheff, 1991; Record et al.,
1998).
expresses proline/betaine transporter was also mutated in

It is worth noting that the proP gene that

TOLS6, leading to a truncation of 22 amino acids in the
corresponding protein and a reduced sensitivity toward
daptomycin (Supplementary Table S1).

Cross-comparison of multiple mutants
highlighted key proteins that might
be important for their phenotypes

Besides looking at the DEPs in individual strains, we sought
to determine if there were any common DEPs across the
tolerant/resistant strains that may act as the key players of the
tolerance/resistance phenotype. This cross-comparison strategy
of the proteome profile has been previously employed in E. coli
tolerant strains and was proven to be effective in highlighting
the key proteins for tolerance (Sulaiman and Lam, 2020a). By
comparing each of the evolved tolerant/resistant strains to the
ancestral strain, we identified 4 and 26 DEPs that were shared
among the three tolerant strains (TOL2, TOL5, TOL6) and
among the three resistant strains (RESI, RES2, RES3),
respectively (Figures 4A,B). The common DEPs with the
corresponding expression level (in terms of fold changes) are
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shown in Figures 4E,F for the tolerant and resistant strains,
respectively. In the resistant strains, we found that most of the
common DEPs were cell division and cell wall-related proteins.
The up-regulated proteins were: autolysin glycyl-glycine
endopeptidase LytM (known to cleave the polyglycine
interpeptide bridges of the cell wall peptidoglycan), protein
DItD (involved in the D-alanylation of lipoteichoic acid which
influences the net charge of the cell wall), cell division protein
DivIB (involved in stabilizing or promoting the assembly of the
division complex). The down-regulated proteins were: cell
wall-related protein ScdA (involved in the repair of iron-sulfur
clusters damaged by oxidative and nitrosative stress
conditions), ribitol-5-phosphate cytidylyltransferase 2 (TarI),
aminoacyltransferase FemA (FmhA), lipid II isoglutaminyl
synthase subunit GatD, staphylococcal secretory antigen
SsaA2, adenine phosphoribosyltransferase (Apt, involved in
purine metabolism), and proteins PurA, PurK, and PurN
which are all part of the purine biosynthetic pathway. For the
common DEPs among the tolerant strains, all of them had a
higher expression of the ABC transporter domain-containing
protein (EcsAl) and a lower expression of protein RbsD, which
catalyzes the interconversion of beta-pyran and beta-furan
forms of D-ribose.

By comparing each of the antibiotic-treated evolved tolerant/
resistant strains to the untreated cultures of the same strain,
we identified 22 and 19 DEPs that were shared among the three
tolerant strains and among the three resistant strains, respectively
(Figures 4C,D). Figures 4G,H shows the common DEPs with the
corresponding expression level (in terms of fold changes) for the
tolerant and resistant strains, respectively. Several proteins that
we previously observed to have a lower expression in the resistant
strains (Figure 4F right) became up-regulated after antibiotic
treatment, such as lipid IT isoglutaminyl synthase subunit GatD,
CMP/dCMP-type
(TadA2), and putative aluminum resistance protein
(SAOUHSC_01284). In addition, we also observed that mannitol-
specific phosphotransferase enzyme ITA component (MtIE part of

deaminase domain-containing protein

the phosphotransferase system), and oxygen-dependent choline
dehydrogenase (BetA, involved in the biosynthesis of the
osmoprotectant glycine betaine) were commonly up-regulated
among the resistant strains. This reinforced the notion that glycine
betaine is important for resistance against daptomycin stress as
previously discussed. In the tolerant strains, we observed that
another ABC transporter domain-containing protein (EcsA3) was
commonly up-regulated, similar to what we observed from the
tolerant strains compared to the ancestral strain in the absence of
antibiotic (Figure 4E), suggesting that transporters might play a
role in daptomycin tolerance. Other up-regulated proteins include
superoxide dismutase [Mn/Fe] 2 (SodM) that destroys superoxide
anion radicals and maintains cell viability during the late-
exponential and stationary phase, 3-oxoacyl-[acyl-carrier-protein]
reductase (FabG) that catalyzes the first reductive step in the
elongation cycle of fatty acid biosynthesis, ribulose-5-phosphate
reductase 1 (Tar]) which takes part in cell wall biogenesis, and
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Commonly expressed DEPs among the tolerant and resistant strains. (A—D) Venn diagrams of the DEPs in the three tolerant strains compared to
the ancestral strain (A), the three resistant strains compared to the ancestral strain (B), the three tolerant strains compared to the untreated
populations (C), the three resistant strains compared to the untreated populations (D). DEPs shared between all three strains were marked with
asterisks. (E-H) Fold changes in the overlapped DEPs among the three tolerant strains compared to the ancestral strain (E), the three resistant
strains compared to the ancestral strain (F), the three tolerant strains compared to the untreated populations (G), the three resistant strains
compared to the untreated populations (H; mean+s.e.m., n=3). The left figures show up-regulated proteins, and the right figures show down-
regulated proteins. (I) Gene overexpression of the commonly expressed DEPs among the tolerant strains. Mutants of MRSA strain harboring empty
pRMC2 plasmid, pRMC2+ecsAl plasmid, and pRMC2+fabG plasmid were constructed and subjected to tolerance assay. Survival of the
overexpressed mutants under daptomycin treatment (10mg/l) is shown (mean+s.e.m., n=3). Significance of difference from the wild-type bearing
empty pRMC2 plasmid: ns, not significant, **P<0.01, ***P<0.001 (two-tailed t-test with unequal variances). For strains bearing pRMC2 plasmids,
0.2ug/ml anhydrotetracycline was added to induce the expression of overexpressed genes.
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ATP synthase epsilon chain (AtpC) that produces ATP from ADP
in the presence of a proton gradient across the membrane.

For the commonly down-regulated proteins among the tolerant
strains, they were protein translocase subunit SecY (involved in
protein transport), global transcriptional regulator Spx (a master
regulator involved in stress response), redox-sensing transcriptional
regulator Rex (known to modulate transcription in response to
changes in cellular NADH/NAD" redox state), lactamase B domain-
containing protein (SAOUHSC_01644), and immunoglobulin-
binding protein Sbi. Interestingly, the last two proteins were also
down-regulated in two other daptomycin-tolerant strains in our
previous study (one with a high-tolerance level like TOL6 and one
with a mild-tolerance level like TOL2 and TOL5) in the absence and
presence of daptomycin (Sulaiman et al., 2021). Combining our two
studies, we were struck by the finding that these two proteins had

the same trend of lower expression in five different
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daptomycin-tolerant strains bearing completely different point
mutations, and therefore might serve as tolerance markers of
MRSA. Lactamase B domain-containing protein has a homologous
sequence to P-lactamases, enzymes conferring resistance to
f-lactams, whereas Sbi is anchored to the cell envelope by binding
to the lipoteichoic acid (LTA). Since an LTA-defective mutant of
S. aureus reduces Sbi levels (Smith et al., 2012), it is possible that
daptomycin-tolerant strains, in general, have a reduced number of
LTA molecules anchored in the cell wall.

Impact of ecsAl and fabG overexpression
on the daptomycin tolerance phenotype

From the list of commonly expressed DEPs that serve as
potential key players of tolerance (Figure 4), we selected EcsAl
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and FabG for a follow-up study in gene overexpression analysis
using the expression vector pPRMC2. The fold change of EcsAl in
the tolerant strains compared to the ancestral strain are 1.99, 2.13,
and 2.63 for TOL2, TOL5 and TOL6, respectively
(Supplementary Table S2), and the fold change of FabG in the
tolerant strains upon daptomycin treatment compared to the
untreated ones are 1.77, 2.95, and 2.43 for TOL2, TOL5, and
TOLS6, respectively (Supplementary Table S3). Verification of the
gene overexpression was performed using RT-qPCR, as shown in
Supplementary Figure S3.

EcsAl is an ABC transporter domain-containing protein
that was up-regulated in all of our untreated tolerant strains,
whereas FabG (3-oxoacyl-[acyl-carrier-protein] reductase) was
up-regulated in all of the tolerant strains upon treatment with
daptomycin, suggesting that this protein might be important for
the adaptation of the tolerant cells toward daptomycin. Indeed,
overexpression of EcsA1 and FabG led to increased daptomycin
tolerance in MRSA with ~150-and ~ 60-fold increase in survival
after 3 h of treatment compared to the wild-type bearing empty
PRMC2 plasmid (Figure 4I), without any increase in the MIC
(Supplementary Table S4). Although the ABC transporter
system plays a role in transporting toxic compounds such as
toxins, drugs, and detergents (Li et al., 2016), the function of
EcsAl in S. aureus antibiotic tolerance remained largely
uncharacterized and requires further investigation. Certainly,
the significant increase in survival to daptomycin upon the
overexpression of this gene testifies to its importance for the
cells’ tolerance phenotype. On the other hand, up-regulation of
FabG, a key enzyme in fatty acid biosynthesis, is expected to
alter lipid metabolism in the cells, which was also previously
linked to decreased susceptibility toward daptomycin (Hofer,
2016; Hines et al., 2017; Lee et al., 2019). For instance, S. aureus
inactivates daptomycin by releasing membrane phospholipids
into the extracellular space, thereby sequestering daptomycin
and preventing it from inserting into the bacterial membrane
(Pader et al., 2016). Strains with different genetic backgrounds
may exhibit different contributions of phospholipid shedding
and hence have different tolerance levels to daptomycin (Shen
et al., 2021). Indeed, in our previous study, we found that
reduced daptomycin tolerance in MRSA was associated with a
reduced lipid metabolic process (Sulaiman et al., 2021). Besides,
through integrated multi-omics, virtual screening, and
molecular docking analysis, Rahman et al. suggested several
potential drug targets against S. aureus, including several fab
genes which are responsible for fatty acid synthesis, such as
malonyl CoA-acyl carrier protein transacylase FabD, 3-oxoacyl-
[acyl-carrier-protein] synthase 3 FabH, and enoyl-[acyl-carrier-
protein] reductase [NADPH] Fabl.

Overall, we showed that overexpression of ecsAl and fabG
increased daptomycin tolerance by 150-and 60-fold, respectively,
suggesting that ABC transporter system and fatty acid metabolism
play key roles in modulating daptomycin tolerance. These
experiments also demonstrated the utility of our strategy of cross
comparing the proteomes of distinct resistant/tolerant mutants in
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identifying novel gene and protein candidates relevant to
these phenotypes.

The daptomycin-resistant and tolerant
MRSA strains modulate their cell wall
differently

Lastly, we wanted to investigate whether the tolerant and
resistant strains possessed modifications in their cell wall
properties, motivated by our observation that many common
DEPs among the resistant strains were related to the cell wall,
such as LytM, DItD, GatD, DivIB, FmhA, ScdA, and tarl
(Figure 4). In addition, the expression of the MprF protein
which was mutated in the resistant strains (coding for an
enzyme related to cell wall modifications) was also increased
in the resistant strains (Figure 1F). We exposed the resistant
strains to lysostaphin, which is an endopeptidase that cleaves
the cross-linking pentaglycine bridges on the peptidoglycan
layer, and found that all of the resistant strains had higher
survival than the ancestral strain (Figure 5A). This indicated
that the resistant strains had modifications in the cell wall
peptidoglycan. Interestingly, TOLS5, which possessed a
mutation in the prkC gene, also had an increased survival
toward lysostaphin. This was consistent with a previous study
that shows an S. aureus AprkC mutant has cell wall
modifications and increased resistance to Triton-X100 and
fosfomycin (Débarbouillé et al., 2009). Besides, several lines of
indirect evidence have also suggested that prkC contributes to
S. aureus cell wall synthesis. In S. aureus, prkC phosphorylated
the response regulator GraR of the two-component system
GraRS, and the phosphorylated GraR increased the expression
of the dlt operon, thus triggering modifications of cell wall
teichoic acids (Manuse et al., 2016). The other two tolerant
strains, TOL2 and TOL6, had similar survival profiles to the
ancestral strain under lysostaphin treatment.

Next, we tested whether alteration of cell surface charge
played a role in repelling daptomycin by quantifying the
association of the highly cationic cytochrome ¢ molecule to the
cell’s surface (Figure 5B). We observed that all of the resistant
strains had a higher percentage of unbound cytochrome ¢ than the
ancestral strain, suggesting that their surface charge was more
positive. This is likely because the nonsynonymous gain-of-
function mutations in mprF on the resistant strains increased the
production of positively charged lysyl-phosphatidylglycerol
(LysPG), enhanced the net positive surface charge, and ultimately
reduced daptomycin binding (Yang et al., 2009). On the other
hand, the increased tolerance of TOL2, TOL5 and TOL6 was not
linked to surface charge alteration, as no significant difference in
cytochrome ¢ binding was observed for these strains relative to the
ancestral strain.

Besides daptomycin, another commonly used antibiotic in
clinics to treat MRSA is vancomycin, which inhibits cell wall
synthesis by binding to the D-Ala-D-Ala terminal of growing
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peptide chains. We observed that all of the tolerant strains
TOL2, TOL5, and TOL6 had a slight increase in the MIC
toward vancomycin, whereas the resistant strains RES1, RES2,
and RES3 had elevated MICs
(Supplementary Table S5). Under a prolonged treatment with

toward vancomycin

a lethal concentration of vancomycin, all of the evolved strains
except TOL2 had a higher survival after 24h (Figure 5C),
indicating that while the resistant strains had modifications in
their peptidoglycan and a more positive cell surface charge, the
tolerant strains possessed other cell wall changes that might
also reduce the effectiveness of vancomycin, but the
peptidoglycan does not seem to be involved. Also, while TOL5,
RES1, RES2, and RES3 had a mild increase in survival to
vancomycin (3.5-to 14-fold) compared to the ancestral strain,
the survival of the high-tolerance strain TOL6 was 467-fold
higher. This extreme cross-tolerance observed in TOL6 might
also be due to their slower growth (Supplementary Figure S1),
reminiscent of the characteristic of persister cells that evade
antibiotics by inactivating their targets (Lewis, 2007). In this
case, TOL6 had a much lower expression of proteins involved
in cell wall synthesis than the ancestral and other strains
(Figure 2; Supplementary Table S2), which explains why it had
a much higher survival toward vancomycin.

Daptomycin disrupts multiple aspects of the cell membrane
and inhibits DNA, RNA, and protein synthesis, eventually leading
to cell death (Gray and Wenzel, 2020). Although there was
evidence that daptomycin did not directly inhibit cell wall
synthesis, other studies continued to find cell wall-related
phenotypes and induction of cell wall stress stimulons upon
daptomycin treatment. Studies have reported that daptomycin
acted synergistically with beta-lactam antibiotics (Rand and
Houck, 2004; Renzoni et al., 2017; Ye et al., 2019), and proteomics
studies similar to ours have indicated that daptomycin induces cell
wall stress response proteins in S. aureus (Ma et al., 2017) and other
organisms such as B. subtilis (Wecke et al., 2009; Wenzel et al,,
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2012; Miller et al., 2016). Consistent with previous studies, we also
found that the tolerant and resistant strains possessed alterations
in their cell wall properties (Figure 5; Supplementary Table S5),
although it remains unclear how exactly these cell wall phenotypes
led to decreased daptomycin susceptibility.

Conclusion

In conclusion, we performed a deep proteome profiling of
different daptomycin-tolerant and resistant MRSA strains and
compared their protein expression profiles. Overall, we revealed
proteome alterations associated with the specific tolerance/resistant
mutations, showed how the different strains responded to antibiotic
treatment and highlighted the unique processes associated with each
of the phenotypes, and pointed out key proteins for daptomycin
tolerance and resistance in MRSA. Through different cell wall assays,
we showed that the tolerant and resistant strains modulated their cell
wall differently. While the resistant strains have modifications in
their cell wall peptidoglycan and have a more positive surface charge
to repel daptomycin binding, tolerant strains possessed other cell
wall modifications that do not involve peptidoglycan or surface
charge alterations. We believe that our work is a clear step forward
into understanding the different daptomycin tolerance and resistance
phenotypes in MRSA, and the data generated from our proteomics
study would be useful for other researchers in the field.
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The rise in antimicrobial resistance (AMR), and increase in treatment-
refractory AMR infections, generates an urgent need to accelerate the
discovery and development of novel anti-infectives. Preclinical animal
models play a crucial role in assessing the efficacy of novel drugs,
informing human dosing regimens and progressing drug candidates
into the clinic. The Innovative Medicines Initiative-funded “Collaboration
for prevention and treatment of MDR bacterial infections” (COMBINE)
consortium is establishing a validated and globally harmonized preclinical
model to increase reproducibility and more reliably translate results
from animals to humans. Toward this goal, in April 2021, COMBINE
organized the expert workshop “Advancing toward a standardized murine
model to evaluate treatments for AMR lung infections”. This workshop
explored the conduct and interpretation of mouse infection models, with
presentations on PK/PD and efficacy studies of small molecule antibiotics,
combination treatments (B-lactam/B-lactamase inhibitor), bacteriophage
therapy, monoclonal antibodies and iron sequestering molecules, with a
focus on the major Gram-negative AMR respiratory pathogens Pseudomonas
aeruginosa, Klebsiella pneumoniae and Acinetobacter baumannii. Here we
summarize the factors of variability that we identified in murine lung infection
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models used for antimicrobial efficacy testing, as well as the workshop
presentations, panel discussions and the survey results for the harmonization
of key experimental parameters. The resulting recommendations for standard

design parameters are presented in this document and will provide the basis

for the development of a harmonized and bench-marked efficacy studies in
preclinical murine pneumonia model.

murine pneumonia model, antimicrobial, lung infection, Gram-negative, PK/PD,
antimicrobial efficacy studies

Introduction

The loss of antibiotics as an effective tool to treat infections
due to increasing antimicrobial resistance (AMR) is a serious
threat to global health (Shallcross et al, 2015). For many
patients suffering from these resistant infections, the danger of
a post-antibiotic era has already become a devastating reality
(Pourmand et al, 2017; Murray et al, 2022). Hence, there
is a need for the accelerated development of new agents to
treat and prevent infections caused by AMR pathogens (WHO,
2021). Despite increasing interest in the development of new
or alternative therapies, there is a high attrition rate, and new
therapies that often fail to reach the market (Hughes and Karlén,
2014; Bekeredjian-Ding, 2020).

The “Collaboration for prevention and treatment of MDR
bacterial infections” (COMBINE) project is part of the European
Innovative Medicines Initiative (IMI) Antimicrobial Resistance
(AMR) Accelerator. The goal of the Accelerator is to progress
the development of new medicines to treat or even prevent
resistant bacterial infections. Preclinical efficacy models play a
crucial role in the proof-of-concept efficacy investigations and
provide the basis for selection of dosing regimens in clinical
applications (Tangdén et al., 2020; Friberg, 2021). Differences
in the commonly used preclinical models are extensive (Andes
and Craig, 2002; Bulitta et al., 2019; Waack et al., 2020), limiting
the results comparability and reproducibility and possibly
impeding successful translation to the clinic. The pathogenesis
of mouse pneumonia may have characteristics with those
of human pneumonia despite anatomical and physiological
differences (Mizgerd and Skerrett, 2008; Metersky and Waterer,
2020). However, pathogen-specific characteristics of virulence,
infection route, infectious dose, and additional factors such
animal genetic background all play a significant role in the
pathology that is observed in mice (Mizgerd and Skerrett,
2008; Bielen et al.,, 2017; Dietert et al.,, 2017). To facilitate
bench-to-bedside translation, and to accelerate and support
the development of new antibiotics, it is necessary to establish
reliable and globally harmonized preclinical models. Therefore,
one of the scientific aims of COMBINE is the development of a
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standardized, validated murine model for the preclinical efficacy
testing of novel anti-infective candidates.

We organized an expert workshop on April 27th and
28th, 2021 to discuss critical parameters of lung infection
models conducted with the major Gram-negative AMR
pathogens- Pseudomonas aeruginosa, Klebsiella pneumoniae and
Acinetobacter baumannii. On the first day of the workshop, we
shared our findings from a literature review of such models
(accompanying review article: Variability of murine bacterial
pneumonia models used to evaluate antimicrobial agents),
presented a list of key variables and proposed standards to
harmonize. Following discussion of the proposals in an expert
panel forum and a survey of the workshop participants, we
develop recommendations for efficacy studies (Table 1). The
supplementary material contains an overview of the second
day of the workshop, we explored further applications of
murine lung model such us bacteriophage therapy, monoclonal
antibodies and iron sequestering molecules (Supplementary
Figure 1 and Text).

Panel discussion on
standardization of the acute
murine pneumonia model for
PK-PD and efficacy studies of
small molecule antibiotics

A panel discussion with experts from academia, government
and the pharmaceutical industry was held on the first day of
the workshop (Supplementary Figure 1). This was organized
into four different sections: (1) the animal, (2) the inoculum,
(3) the infection procedure, and (4) the treatment and
endpoints (Figure 1). The COMBINE experts presented a
list of previously identified factors of variability and provided
a proposed standard for each variable. This was followed
by an open panel discussion, with the aim of reaching
consensus on the parameters for inclusion in our standardized
preclinical murine pneumonia model for efficacy studies of
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small-molecule antibiotics. The following summarize the panel’s
and participants discussion.

Animal variables

Mouse strain: CD1 outbred mice are commonly used in
PK/PD testing (Bulitta et al., 2019); therefore, this was proposed
as the standard. The three bacterial species of primary interest

10.3389/fmicb.2022.988725

(P. aeruginosa, K. pneumoniae and A. baumannii) have all

been shown to have good infectivity in this mouse strain.

In addition, CD1 mice are outbred and thus less expensive

than many inbred strains. CD1 mice are also the strain of

choice for the thigh infection model and use of the same

mouse strain allows for a better comparison between these

two commonly used murine models. The panel recognized
that the use of inbred mice may be advantageous under
some circumstances, including for bacterial strains that are

TABLE1 Summary of standard variables proposed by COMBINE experts, panel discussion and survey outcome.

Variable

Proposed
parameter

Outcome of the
expert discussion

Survey outcome

Comments and suggestions

Animals
Mouse strain

Sex

Age or weight

Number of animals per treatment

Other

Inoculum

Source of strains

Culture media

Growth stage

Inoculum preparation

Infection Procedure
Immunosuppression

Cyclophosphamide protocol

Anesthesia

Infection route

Infection volume

Inoculum

Treatment and Endpoints
Time to start of treatment
Baseline CFU!

Min. CFU growth in untreated
mice

Length of study

Primary endpoint

Sample processing methods

CD-1 (outbred mice)

Female

6 weeks old

5-6 mice per treatment

group

Include one in vivo
validated strain from an

accessible strain bank

Not standardized

Log. Phase
Not standardized, but

should ensure viability

Yes

150 mg/kg at -4 d and
100 mg/kgat -1.d

Not standardized

IN

50 pL
Not standardized

2hpi.
6.5-7.0 logio CFU
1logo CFU/lung

26hpii.

CFU/lung

Not standardized

CD-1 (outbred mice)

Female

6 weeks old

5-6 mice per treatment
group
Create a best practice

guideline

Include one in vivo
validated strain from an

accessible strain bank

Not standardized

Log. phase

Not standardized

Yes

150 mg/kg at -4 d and
100 mg/kgat -1.d

Not standardized

IN

20-50 pL

Not standardized

2hpi.
6-7 log1o CFU
1logo CFU/lung

26hp.i.

CFU/lung

Not standardized

CD-1 (outbred mice)

Animals of both sexes

6 weeks old

5-6 mice per treatment

group

Include one strain from

an accessible strain bank

Fresh bacterial culture
media

Log. phase

Perform a washing step
and use cold PBS as
vehicle.

Yes

150 mg/kg at -4 d and
100 mg/kgat -1.d

NA

IN

50 pL

Not standardized

2hpi.
6.5-7.0 log1o CFU
1log1o CFU/lung

26 hp.i.

CFU/lung

Not standardized

Confirmation of the results in the other gender

may be necessary

Further agreement in using 6-8 weeks mice at
the start of any intervention

Adjust to the power analysis if necessary

Animals from the same vendor. A minimum
of acclimatization period. Randomization and
blinding

Ensure inoculum viability and growth

consistency

Minimize time between inoculum preparation

and infection procedure

Deep enough to allow the inoculum to settle in
the lungs.

IT route may be considered for less pathogenic
strains in mice

Not standardized considering baseline levels

are standardized

Take several time points including 26 h p.i. if
needed

Handle all samples from a study the same

NA: Not available, d: day, p.i.: post infection, IN: Intranasal, !: Baseline CFU at the start of treatment, Min.: Minimum.
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FIGURE 1
Murine pneumonia model variables addressed in the panel
discussion.

less virulent and show greater consistency in establishing
infection.

Sex: Female mice are predominantly used in murine
pneumonia models, most likely because their behavior is
generally more amenable to group housing (Jennings et al,
1998). Some studies describe sex differences in the susceptibility
to infection, for example with A. baumannii (Pires et al., 2020),
and sex differences have also been described in PK (Soldin
and Mattison, 2009; Madla et al., 2021). Our recommendation
is to use female mice, consistent with the overall preference,
accepting that this may neglect putative sex differences.
A rationale for conducting studies in a single sex of mice
(instead of both males and females) may be needed since
regulatory agencies may encourage studies in both sexes. If
confirmation of results in the other sex is deemed necessary,
the extent of duplicative work should be balanced against the
ethical considerations of using additional animals for preclinical
experimentation. In these cases, only bridging studies should be
considered.

Age: We propose the use of young or juvenile outbred
animals of at least 6 weeks of age at the time of any intervention
start. This is the most common age used based on a literature
analysis. When working with inbred mice, eight weeks of age
or older is preferred due to their slower growth and to ensure
animals display a mature immune system. The experts noted
that a random allocation based on the body weight should be
applied to have consistent groups if smaller- or larger-than-
average animals of the same age are included in the same group.

Group size: The number of animals per group used in
preclinical studies are based on the power analysis for a given
effect size. Acute lung infection models, typically use five to
six animals per group, thus these numbers were proposed
as the standard for 24-h efficacy studies with small molecule
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antibiotics. However, the number of animals may need to be
adjusted based on the results of a statistical power analysis.
Additionally, for survival studies and/or chronic infection
models with high expected variability, no less than 10 mice per
group are usually required.

Further considerations: Additional animal-related variables
may impact the study outcome (vendor, acclimatization,
randomization, enrichment in the cage, microbiota), but their
standardization was not considered feasible due to differences in
the established or approved practices at individual institutions
or the regional location of the facilities. To capture these
important considerations, the creation of a recommended best
practices guideline along with the standard murine pneumonia
protocol was suggested.

Inoculum variables

Bacterial strains

It is well known that dose-response relationships can vary
by bacterial strain, and this should be considered carefully when
designing and conducting antimicrobial efficacy studies. Clinical
strains differ in terms of the source, maintenance, number of
passages, etc. For benchmarking or comparison of the results,
which can be a powerful means of demonstrating the validity
of the data, it was recommended to include at least one in vivo
validated isolate (previously tested in mice and with at least
1 logp growth in lung between 2h to 26 h p.i.), per bacterial
species that is easily and globally accessible. While some labs
routinely passage isolates in animals to boost virulence, this is
not a common practice. Due to the possibility of genetic drift,
we do not advocate clinical strains being passed on to animals.

Culture media

Different solid and liquid culture media may be used to
grow the bacterial inoculum prior to infection of the mice.
Although the majority of the institutions use broth culture, some
groups use agar culture, subculturing the stocks overnight on
agar media and suspending the bacteria in saline for inoculation.
Each institution has their own standard procedures for bacterial
culture; the consensus opinion was that the standardization of
the type of media used was not necessary, as long as the bacteria
are in log-phase growth, bacteria load baseline requirements are
met and there is a consistent growth pattern.

Inoculum preparation

Similar to the culture media, the methods used for inoculum
preparation are well established within each research group
and vary depending on the institution. Standardizing the
preparation of the inoculum was not considered necessary
as long as reproducible bacterial viability is ensured. All
the experts agreed that having consistency in the baseline
count from the animal (discussed in treatment and endpoint
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variables section) is key for model reproducibility. In order to
achieve this, consistent methodology must be used within each
laboratory. However, there is a lack of information whether
the methodology itself could impact the infection outcome or
antibiotic efficacy.

The use of frozen stocks to infect mice is a practice
that has shown, for some labs, more stable CFU counts in
murine pneumonia models. However, this approach is not
recommended when working with Gram-negative bacteria since
they may not tolerate freeze-thaw cycles well.

Infection procedure variables

Immunosuppression

Most studies used immunocompromised mice to test
antimicrobial efficacy of small molecule antibiotics. The use
of the neutropenic model aims to achieve a robust bacterial
infectivity in mice and reflect the bacterial growth or replication
observed in patients (Andes and Lepak, 2017), but it does not
aim to mimic immunocompromised or neutropenic patients.
Although the use of neutropenic versus naive animals could
have an effect on PK/PD target, most clinical dose predictions
have been based on the neutropenic model (Andes and Lepak,
2017).

Induction of neutropenia

The most common protocol to achieve neutropenia in
mice is intraperitoneal administration of cyclophosphamide
(150 mg/kg) four days before the infection and again one
day (100 mg/kg) before the infection. The use of neutropenic
animals, generated with this cyclophosphamide protocol, was
proposed as the standard. Some research groups use a slight
variation in the cyclophosphamide protocol increasing the dose
to 250 mg/kg at day minus four when working with more
difficult pathogens such as A. baumannii; however, other groups
confirmed that the proposed standard cyclophosphamide
protocol allows researchers to achieve consistent and robust
infectivity even when working with these bacteria.

Anaesthesia

Although most of the institutions employ inhalational
anesthetics, it was considered that this variable should not
be standardized because institutions typically already have
their own approved methods for anesthetizing mice. While
standardization of the type of anesthesia was not considered
necessary by the panel, the depth and duration of anesthesia
is an important parameter to consider. The anesthetic plane
should be deep enough to enable full inhalation of the inoculum
without sneezing or ‘bubbling’ on the nares, yet not so deep
that respiration is slow and/or shallow. The proper depth of
anesthesia will enable as much of the inoculum as possible to
reach the lungs. This parameter is also important for the animal’s
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survival. If the anesthesia is too deep, animals may have difficulty
recovering after inoculation.

Infection route

IT and IN are the most commonly used routes of infection.
Considering that the IN route is less invasive and less technically
challenging, it was proposed as the standard. The IT route
requires more skill to master, but it may provide more
reproducible results, particularly if it enables a greater volume
of the inoculum to reach the lungs. Thus, the IT route could be
considered a reasonable alternative when working with strains
of low pathogenicity in mice and when sufficiently skilled
personnel are available.

Infection volume

There is a range of inoculum volume, typically 20-50 pL,
reported in the literature. The initial recommendation from
COMBINE was for a standard of 50 L for inoculation of
mice. However, further discussion among the panelists raised
some important points for consideration. The panel noted that
this volume may be too high for inbred mice of similar age
as they are often considerably smaller, which may lead to lung
inflammation. In addition, some institutions have restrictions
on the volume that can be administered via the IN route. Lower
inoculum volumes, according to some researchers, may cause
the inoculum to concentrate in a single lung lobe rather than
being dispersed throughout the lungs, resulting in a highly
focal infection. To address these concerns, it was decided to
recommend a volume range of 20-50 L rather than a specific
standard volume.

Infection dose

Bacterial pathogenicity studies in mice are necessary prior
to choosing the bacterial strains and infectious dosage. The
infectious dose required for different bacterial strains can vary
widely depending on virulence and growth characteristics for
a given strain. While the inoculum concentration can have a
significant impact on the outcome of the study, standardization
was deemed not necessary since the baseline bacterial levels in
the lung will be standardized instead.

Treatment and endpoint variables

Treatment starting point

In most protocols, antibiotic treatment begins 2 h post
infection (p.i.) Thus, this was the standard proposed by and
agreed upon by the panel experts.

Baseline burden

The number of bacteria present in the infected tissue at the
time treatment starts (2 h p.i.) was seen as an important variable
to standardize. As noted above, bacterial culture and inoculum
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preparation variables do not need to be standardized as long as
the study achieves a consistent and harmonized level of CFU
in the lungs at the start of the treatment. A standard of 6.0-6.5
logio CFU at the start of the treatment was initially proposed.
Several panelists expressed their concern that this range was too
narrow and potentially infeasible to reliably attain, especially for
large bacterial collections. Broadening the range, however, led
to concerns about increased variability in study outcomes. After
further discussion, a consensus was reached to use a standard
range of 6-7 logip CFU as the average for the group at the
start of treatment.

Bacterial growth

This variable is important to consider, as little or no growth
indicates that there is spontaneous bacterial clearance, which
can make a compound appear more efficacious. Although it was
suggested that 1.5-2 log;o CFU growth in untreated mice after
26 h.p.i may be better for efficacy studies, this can be difficult to
obtain with some strains. Overall, a minimum of 1 log;o CFU
growth was considered necessary, and this was proposed as the
standard. If growth in untreated (or vehicle-treated) mice is less
than 1log;o CFU, then results from that study should be flagged
and potentially excluded from the analysis.

Length of study

Most of the studies employing an acute murine pneumonia
model used an endpoint of 26 h p.i., which corresponds to 24 h
post initiation of treatment, and this was agreed as the consensus
standard. The inclusion of more than one time point could be
valuable, but it is not practical to recommend as a standard
practice. When performing longer studies, i.e., over several days,
the panel recommended including 26 h p.i. as one of the time
points in order to be able to compare the results among studies.

Primary endpoint

The primary outcome most commonly used and widely
accepted as an important assessment for efficacy is the bacterial
burden in the lung. Therefore, CFU per lung was proposed as
the standard outcome measure for small molecule antibiotic
efficacy studies. Additional study outcomes such as survival,
immune response, etc. may be relevant for other types of
molecules or experiments; typically, these would be considered
secondary endpoints.

Sample processing methods

There was considerable variability in the methods used for
sample processing. The following was proposed as the standard:
collection of whole lungs without perfusion or weighing,
homogenization in saline via method and volume of choice and
adjustment of readouts to report CFU per lung. The weight of
the lungs does not influence the results if data are normalized.

In the reported studies, a plethora of media were used,
independent of the organism isolated. It was agreed that
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standardizing the lung sample culturing methods was not
necessary, as long as a methodology is consistently applied and
samples within a study are treated the same. Comparison of
growth and antimicrobial resistance patterns pre- and post-
infection was not discussed during the workshop; however it
could help to better characterize bacterial strains.

Workshop survey

At the conclusion of the panel discussion, we conducted
an online survey to collect the participants’ opinions on the
proposed and debated standards for the murine model. The
survey output is given in the Supplementary Document and
summarized in Table 1. Except for the sex of the animals, most of
the participants agreed with all the proposed standard variables.

Conclusion

The use of standard protocols avoids the lengthy process of
in vivo protocol development and reduces the variability of the
results. It therefore complies with the 3R principle, reducing the
number of animals required in the preclinical studies. In this
report we identified variables that may have a significant impact
on the results obtained and recommend harmonized standards
for these variables. A single, standard protocol for conducting
all murine lung infection models is not feasible, as models
should always be adapted to best suit the particular question
being answered. Thus, while the standard protocol proposed
here is suitable for antimicrobial efficacy characterization of
small molecule antibiotics against P. aeruginosa, K. pneumoniae,
and A. baumannii, it may not be suitable for testing other type
of molecules or other bacterial species. However, this standard
protocol can serve as a “starting point” for further modification
to support other types of testing. Having considered all
comments and suggestions received during the workshop, the
COMBINE team is developing a standard murine lung infection
protocol that includes the parameters described in this report.
This protocol will be used within the COMBINE project to
assess preclinical efficacy of small molecule antibiotics. The aim
of this future work is two-fold: 1) determine reproducibility
of results from lab-to-lab using the standard protocol; and 2)
improve preclinical-to-clinical translation by comparing PK/PD
and efficacy results obtained using this standard protocol with
clinical trial data for these benchmark antibiotics.
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Antimicrobial resistance has become one of the greatest threats to human
health, and new antibacterial treatments are urgently needed. As a tool
to develop novel therapies, animal models are essential to bridge the gap
between preclinical and clinical research. However, despite common usage
of in vivo models that mimic clinical infection, translational challenges
remain high. Standardization of in vivo models is deemed necessary to
improve the robustness and reproducibility of preclinical studies and thus
translational research. The European Innovative Medicines Initiative (IMI)-
funded “Collaboration for prevention and treatment of MDR bacterial
infections” (COMBINE) consortium, aims to develop a standardized, quality-
controlled murine pneumonia model for preclinical efficacy testing of novel
anti-infective candidates and to improve tools for the translation of preclinical
data to the clinic. In this review of murine pneumonia model data published
in the last 10 years, we present our findings of considerable variability in
the protocols employed for testing the efficacy of antimicrobial compounds
using this in vivo model. Based on specific inclusion criteria, fifty-three studies
focusing on antimicrobial assessment against Pseudomonas aeruginosa,
Klebsiella pneumoniae and Acinetobacter baumannii were reviewed in detail.
The data revealed marked differences in the experimental design of the murine
pneumonia models employed in the literature. Notably, several differences
were observed in variables that are expected to impact the obtained results,
such as the immune status of the animals, the age, infection route and sample
processing, highlighting the necessity of a standardized model.
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Introduction

Antimicrobial resistance is recognized as one of the greatest
threats to human health (World Health Organization [WHO],
2017; Morehead and Scarbrough, 2018; Murray et al., 2022).
Thus, new antimicrobial therapies are urgently needed, although
few are currently being developed (Hughes and Karlén, 2014;
Bekeredjian-Ding, 2020; Theuretzbacher et al., 2020). Due to
numerous challenges, including long research timelines and
limited financial reward, most large pharmaceutical companies
are no longer investing in research and development of new
antibiotics. To ensure a sustainable pipeline of novel therapies,
improving the efficiency and attractiveness of antibiotic drug
development is crucial.

Animal models are essential to bridge the translational gap
between preclinical and clinical research (Denayer et al., 2014;
Friberg, 2021). They provide an infection environment and
anatomical barriers that are difficult to reproduce in vitro, and
they can be very useful in predicting potentially efficacious
dosing regimens (Bulitta et al., 2019; Tangdén et al, 2020).
Several different mammalian species have been used to model
human pneumonia including piglets (Li Bassi et al., 2014),
rodents (Mizgerd and Skerrett, 2008), non-human primates
(Kraft et al., 2014), sheep (Malachowa et al,, 2019), and rabbits
(Nguyen et al, 2021). Although these models have proven
helpful in studies of disease mechanisms and in antibiotic
testing, murine models have been the preferred choice in
investigational new drug applications for the treatment of
bacterial pneumonia (Waack et al., 2020). Despite anatomical
and physiological differences, the immune system of mice
mimics that of humans and pathology of murine pneumonia
resemble features of human pneumonia (Mizgerd and Skerrett,
2008; Metersky and Waterer, 2020). However, the observed
pathology in mice strongly depends on pathogen-specific
features of virulence, route of infection, infectious dose and
other factors such as animal genetic background (Mizgerd
and Skerrett, 2008; Bielen et al., 2017; Dietert et al., 2017).
The features and measurements of experimental acute lung
injury in animals depend on the experimental question to
be addressed and it has been discussed elsewhere (Matute-
Bello et al, 2011). The advantages of using murine models
include ease of handling and cost effectiveness. Standardization
of the mouse pneumonia model is deemed necessary to
improve the robustness and reproducibility in preclinical
studies and therefore improve translational research (Peers
et al,, 2012; Begley and Toannidis, 2015). In order to improve
the reproducibility of results and to facilitate comparisons
between studies, it is important to report any data that could
potentially influence the outcome. Despite the development of
specific guidelines such as TOP (Transparency and Openness
Promotion; Nosek et al, 2015), ARRIVE (Animal Research:
Reporting of In Vivo Experiments; Kilkenny et al., 2010; Percie
du Sert et al, 2020) or PREPARE (Planning Research and
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Experimental Procedures on Animals: Recommendations for
Excellence; Smith et al., 2018), there are still considerable gaps
and discrepancies in the experimental information reported
in the scientific literature. Establishing a standard method
that includes key information can help researchers to navigate
through essential variables and ensure that described study
protocols are both complete and adequately detailed as well as
reported in a consistent and standardized manner. The use of
standardized animal model avoids the time-consuming process
of developing in vivo protocols and reduces the variability of
the results. Therefore, it adheres to the 3R principle, reducing
the number of animals required in preclinical studies. In
addition, the development of a standardized murine pneumonia
model validated with at least one reference compound will
enable antibiotic benchmarking and serve as a quality control
mechanism of the results obtained between laboratories.

The European Innovative Medicines Initiative (IMI)
Antimicrobial Resistance (AMR) Accelerator was created
with the main goal of advancing the development of new
medicines to treat or prevent resistant bacterial infections
worldwide. Within the AMR Accelerator, the “Collaboration
for prevention and treatment of MDR bacterial infections”
(COMBINE) consortium aims to develop a standardized,
quality-controlled murine pneumonia model for preclinical
efficacy testing of novel anti-infective candidates and to improve
tools for the translation of preclinical data to the clinic. Success
in translational medicine heavily depends on the selected
animal models and the experimental set up of the animal model
(Hooijmans and Ritskes-Hoitinga, 2013; Denayer et al., 2014).
In addition, the success of characterizing pharmacokinetics and
pharmacodynamic (PK/PD) targets in animal models relies
largely on host and microbial study design features and the
ability to control variance (Andes and Craig, 2002; Andes and
Lepak, 2017; Bulitta et al,, 2019). Although recommendations
for in vivo PK/PD studies have been published (Andes and
Lepak, 2017; Bulitta et al., 2019), there is still a need for globally
harmonized preclinical models.

This focused literature review aims to describe the variability
in study methods and experimental protocols for the mouse
lung infection model used to test antimicrobial efficacy. This
is an essential preliminary step to advance the development
of standardized preclinical animal models. Our review focused
on murine lung infection models of the most relevant MDR
Gram-negative pathogens, Pseudomonas aeruginosa, Klebsiella
pneumoniae and Acinetobacter baumannii, used in proof-
of-concept and/or primary pharmacology studies for small
molecule antibiotics. The findings were further shared and
discussed by a panel of experts at an online workshop organized
by the COMBINE consortium. The resulting recommendations
for standard design parameters are presented in the following
joint article: “Expert Workshop Summary: Advancing toward
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a standardized murine model to evaluate treatments for
AMR lung infections” and they will provide the basis for
the development of a harmonized and bench-marked murine
lung PK/PD model.

Literature search strategy, study
selection and publication
characteristics

Established protocols for murine pneumonia models
were collected from industrial, academic, and governmental
institutions. A total of sixteen protocols from ten different
institutions were reviewed and compared to create a list
of parameters that varied between protocols. Furthermore,
a scientific literature search was performed to investigate
the variability of mouse pneumonia model protocols in
published studies. Parameters from the established institutional
protocols were excluded from the data analysis of the
literature findings.

Study selection followed SYstematic Review Center for
Laboratory animal Experimentation (SYRCLE) guidelines
(Leenaars et al, 2012). The search strategy consisted of the
identification and definition of three search components: mouse
model, pneumonia caused by P. aeruginosa, K. pneumoniae
and/or A. baumannii, and drug therapy. A total of 25 Mesh
terms and 13 free text terms limited to the title and abstract
were used for a literature search in PubMed (Supplementary
Table 1). The studies selection process is summarized in
Figure 1. A total of 601 preliminary studies were retrieved,
of which 358 studies were published within the last decade in
the English language. Of these, 192 publications were excluded
following a title and abstract review due to not being primary
studies, the disease of interest (murine pneumonia model),
or not being focused on the desired intervention; thus, 166
publications were considered to be initially relevant. Following
the exclusion of additional studies that focused on interventions
or therapies other than small molecule antibiotics (monoclonal
antibodies, bacteriophages, metal chelators, plant extracts,
Lactobacillus, etc.), 53 studies remained (Lopez-Rojas et al,
2011; Pachdn-Ibédnez et al., 2011; Docobo-Pérez et al., 2012;
Tang et al,, 2012; Wang et al., 2012; Yamada et al,, 2012, 2013a,b;
He et al., 2013; Hirsch et al.,, 2013; Jacqueline et al., 2013; Louie
et al,, 2013, 2015; Harada et al., 2014; Hengzhuang et al., 2014;
Yokoyama et al., 2014; Bowers et al., 2015; Cheah et al., 2015;
Berkhout et al., 2016; Brunetti et al., 2016; Cigana et al., 2016;
Lepak and Andes, 2016; Mardirossian et al., 2016; McCaughey
et al., 2016; Parra Milldn et al., 2016; Thabit et al., 2016; Yang
et al., 2016; Kaku et al., 2017a,b; Li Y. T. et al., 2017, Li Y. et al.,
2017; Lin et al., 2017a,b, 2018; Oshima et al., 2017; Sakoulas
et al,, 2017; Zhou J. et al.,, 2017, Zhou Y. F. et al,, 2017; Avery
et al., 2018; Chen et al., 2018; de Paula et al., 2018; Geller et al.,
2018; Lou et al., 2018; Monogue et al., 2018; Kirby et al., 2019;
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Kuetal., 2019; Nakamura et al., 2019; Ren et al., 2019; Sanderink
et al., 2019; Zhao et al., 2019; Johnson et al., 2020; Tan et al,,
2020; Ma X. L. et al., 2020; Supplementary Table 2). Murine
model variables were extracted from these articles to generate
a data set for further analyses of experimental conditions. The
data set contained studies from 14 different countries published
from 2011 to 2020 (Supplementary Table 2).

Review of key variables in murine
bacterial pneumonia models used
to evaluate antimicrobial agents

Bacterial and intervention-related
variables

Pseudomonas aeruginosa, Klebsiella pneumoniae and
Acinetobacter baumannii are among the most common and
difficult to treat opportunistic pathogens in nosocomial
infections such as ventilator-associated pneumonia in
immunocompromised patients (Ma Y. et al, 2020). We
observed that antibiotic efficacy was most commonly evaluated
against P. aeruginosa with 22 of the 53 studies reviewed
including this pathogen. This pathogen is commonly involved
in pneumonia of cystic fibrosis patients (Oliver et al.,, 2000).
Although antimicrobial agents may be efficacious against
more than one of these Gram-negative pathogens (Paterson
et al, 2020), only a few of the published studies included
the in vivo efficacy against two or three of the pathogens
in separate experiments (termed “combination of bacteria,
Table 1 and Figure 2). Evaluation of antibacterial monotherapy
was the most common study objective in the studies reviewed,
although studies with A. baumannii focused mostly on the
evaluation of a combination of therapies (18.9% of studies).
Despite the increased attention given to drug delivery methods
(Li et al, 2019), few studies have focused on the evaluation
of alternative routes of drug administration (Table 1). This
consisted mainly of aerosolization or liposomes for pulmonary
administration of colistin and polymyxin B (He et al., 2013; Li
Y. et al,, 2017; Lin et al., 2017a,b, 2018). P. aeruginosa was the
pathogen of choice for these investigations (7.5% of all studies,
Table 1).

There are no firm requirements for the number of
bacterial strains to be included in preclinical studies for the
evaluation of novel antimicrobials in vivo. However, regulatory
guidance (European Medicines Agency, 2016) and scientific
recommendations (Bulik et al., 2017; Bulitta et al., 2019) suggest
to include at least four strains of each target pathogen species
for establishing PK/PD targets. Ideally, these should include a
reference strain and be representative of contemporary, relevant
resistance profiles and mechanisms (European Medicines
Agency, 2016; Bulik et al., 2017; Bulitta et al., 2019). We

observed that most of the studies included only one or two
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Pubmed Search
n= 601 results

Publications excluded based on title/abstract
view n=192

No desired intervention (i.e host-pathogen
interactions)

No murine model studies

Not disease of interest

Not primary study

—

Excluded n=243
The last 10 years
Language English

Publications excluded based on title/abstract view
n=113

Other interventions (i.e antibodies, bacteriophages,
metal chelators, plant extracts, TLR agonist,
lactobacillus, etc.)

-

n=53

baumannii.

Inclusion criteria: studies that test antibiotics efficacy in murine
pneumonia model against P.aeruginosa, K.pneumoniae and A.

FIGURE 1
Flow diagram for the study selection process.

bacterial strains, especially those focusing on P. aeruginosa
(35.8% of all studies). Less than one third of the studies tested
three or more strains of the same species (Table 1). The value
of testing several strains is that it accounts for genetic and
biological variation within the target species which may affect
strain fitness and susceptibility and therefore the overall efficacy
assessment of the investigated drug (Andes and Lepak, 2017).

The source of the bacterial strain was reported in 67.9%
of reviewed studies (Table 1). Private clinical isolates were
the most common source of bacteria for A. baumannii
and P. aeruginosa. The lack of globally accessible reference
strains with corresponding in vivo benchmark data may
partially explain why some studies used a strain obtained
from another researcher (Table 1). Therefore, it would be
highly recommended to deposit in vivo pathogenic strains (and
associated data) in biorepositories to make them accessible to
other researchers.

Another variable expected to impact bacterial fitness and
infectivity is the preparation of the bacterial inoculum. However,
the details related to the inoculum preparation procedure
were rarely included. Only 28.3% of studies reported the
bacterial growth stage at the time of infection. Of these,
a fresh bacterial subculture in logarithmic phase of growth
was generally employed for the infection and the use of
frozen stocks was limited (Table 1). Some virulence factors
are differentially expressed between logarithmic and stationary
phase. Their expression often increases in stationary phase,
when the cell density is high and bacteria are subjected to higher
biological stress (Carter et al., 2007; Bravo et al, 2008; Choi
et al, 2011). P. aeruginosa quorum sensing signal increases
at late stationary phase (Choi et al, 2011). In Salmonella
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and Shigella, the production of the lipopolysaccharide long-
chain O-antigen increases in the late exponential and stationary
growth phases, which affects serum resistance (Carter et al,
2007; Bravo et al,, 2008). Despite this, bacteria in logarithmic
phase are overwhelmingly employed for in vivo infection for
a number of reasons. First, the ability of logarithmic phase
bacteria to survive and establish a robust infection in the
lung is consistently reproducible. Second, logarithmic phase
bacteria can be more accurately quantified in the inoculum. It is
technically challenging if not impossible to produce a stationary
phase culture containing no dead cells. The effects, of employing
bacterial cultures in different growth stages or bacteria cultured
on liquid vs solid media is currently unknown. Bacterial growth
stage is rarely reported; and very few studies reported the specific
stage of the log phase (Table 1). However, to be able to increase
the reproducibility of the preclinical studies, it is reccommended
to describe the culture conditions precisely and occasionally to

monitor the expression of virulence factors.

Animal-related variables

The selection of mouse strain is a choice that should be
carefully considered. Outbred mice were used more frequently
than inbred mice. Swiss Webster mice were the most common
outbred stock, followed by ICR mice. With regard to inbred
mice, C57BL/6 and BALB/c mice were used most frequently
(Table 2). The preference for inbred vs. outbred mice varied
depending on the bacterial species under investigation. Studies
performed with P. aeruginosa mainly used outbred mice,
while for A. baumannii inbred mice slightly predominated
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TABLE 1 Bacterial and intervention variables in the reviewed studies.

Number of Percentage

10.3389/fmicb.2022.988728

TABLE1 (Continued)

Number of Percentage

studies (%) studies (%)
Bacteria K. pneumoniae 4 7.5
P. aeruginosa 22 41.5 A. baumannii 1 1.9
K. pneumoniae 12 22.6
A. baumannii 15 28.3 Not reported 17 32.1
Combination of bacteria 4 7.5 Bacteria growth stage
Main objective of the study Frozen log. phase stock 2 3.8
Evaluation of drug monotherapy 25 47.2 Subcultured to log. phase 13 24.5
P. aeruginosa 12 22.6 Early log. phase 4 7.5
K. pneumoniae 6 11.3 Mid-log. phase 1 1.9
A. baumannii 4 7.5 Not reported 8 15.1
Combination of bacteria 3 5.7 Not reported 38 71.7
Evaluation of drug combination therapy 22 415 Percentages over 53 total studies reviewed.
P. aeruginosa 6 11.3
K. pneumoniae 6 11.3 . . . . .
(Figure 2). When working with K. pneumoniae, inbred and
A b ii 10 18.9 . o .
aumani outbred mice were used to a similar extent (Figure 2).
Combinati f bacteri 0 0.0 . . .
ombination of bacterta Outbred mice are generally selected for PK/PD studies in
Evaluati f alternative drug deli 6 11.3 . .
valuation of allernafive Grug delivery murine lung and thigh models (Andes and Lepak, 2017;
P. i 4 7.5 . .
aeruginosa Bulitta et al., 2019). It has been described that Pseudomonas
K i 0 0.0 . . . _ . .
preumoniae infection led to higher mortality in BALB/c mice (classified
A b ii 1 1.9 . .
aumanit as a Th2 responder strain) compared to C3H/HeN mice
Combinati f bacteri 1 1.9 .
ombination of bacteria (Th1 responders; Moser et al., 1997) and C57BL/6 mice are
Number of strai . . . .
mber ot strains more susceptible to Klebsiella infection of the lung than are
1 or 2 strains 38 71.7 . . .
129/Sv mice (Schurr et al., 2005). Inbred mice are presumed
P. ' 19 35.8 . . .
aerugimos to be more uniform (thus decreasing the number of animals
K. i 8 15.1 .
preumoniac needed to detect a specific response) and more repeatable
Ab ii 11 20.8 . .
aumanmit (a result of being genetically defined and less prone to
Combinati f bacteri 0 0.0 . L .
ombination of bacteria genetic change; Festing, 2014). However, to date there is no
3 or 4 strai 11 20.8 . . e . .
or# strams evidence of greater trait stability in inbred mice. This suggests
P. aeruginosa 3 5.7 . .
that the advantages of inbred mice may not be as great as
K i 3 5.7 . N
preumoriae previously supposed and that the use of outbred mice in
A. baumannii 2 3.8 . . . . .
biomedical research may provide an important advantage in
Combination of bacteria 3 5.7 . . . i
reaching conclusions that are generalizable across conditions
More than 5 strai 4 7.5 .
ore fhan > strams and populations (Tuttle et al., 2018).
P. i 0 0.0 . . . .
aerugimnosa The sex of experimental animals is known to impact host-
K. i 1 1.9 . . S
preumoniac pathogen interactions (Garcia-Gomez et al., 2013). We observed
A. baumannii 2 3.8 Lo . . .
that the vast majority of the studies were carried out in female
Combination of bacteri 1 1.9 . . . .
ombination of bacteria mice regardless of the bacteria used for infection (Table 2).
Bacterial . .
aclerial source Interestingly, only one study used both female and male mice
Own clinical isolate 25 47.2 . . . . .
in separate experiments with different readouts (Kirby et al,
P. ' 11 20.8 .
aerugimosa 2019; Table 2). Female C57BL/6] mice have been shown to
K i 4 7.5 . . . . .
preumaniae be more susceptible to A. baumannii lung infection than their
A. baumannii 10 18.9 . .
male counterparts (Pires et al., 2020). However, an increased
Collaborator 5 9.4 T . .
susceptibility of male C3HeB/FeJ mice has been reported in the
P. aeruginosa 3 5.7 o .
oral aspiration pneumonia model (Luna et al., 2019). In humans,
K i 1 1.9 . . . ) . .
preumoniae women with cystic fibrosis and P. aeruginosa infection have
Ab i 1 1.9 .
aumanmit worse outcomes than men (Dembko et al., 1995), which has been
Strains Bank 6 11.3 . 1.
partly attributed to estrogen effects (Vidaillac et al., 2020). In
P. aeruginosa 1 1.9 .. . .
the case of K. pneumoniae infection, female mice have showed
(Continued) higher survival rates than males although exposure to ozone
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FIGURE 2

aerosolization).

Circular dendrogram representing hierarchically structured variables. The area of the nodes represents the number of studies. Hierarchy from
inside to outside: bacteria, mouse strain (Inb.: Inbred, Out.: Outbred), mouse immune status (NT: neutropenic, IC: Immunocompetent), study
main readout (S: mice survival, B: bacterial load) and infection route (IT: intratracheal, IN: intranasal, ORP: oropharyngeal, IB: intrabronchial, AE:

reversed the trend and resulted in female mice surviving less
than males (Mikerov et al.,, 2011). The sex of the test animal
can also have implications in drug PK/PD (Soldin and Mattison,
2009; Madla et al.,, 2021). Therefore, the selection of male or
female mice in an antimicrobial efficacy study is a variable that
should be carefully considered and taken into account when
interpreting the results.

The age of mice used in the study could substantially
affect the immune response and thus the infection outcome
(Cai et al, 2016; Jackson et al, 2017). Older mice have a
more mature immune response. It has been shown in mice
that B-cells have an immature phenotype until 4 weeks of
age (Ghia et al, 1998) and T-cell responses mature around
8 weeks of age (Holladay and Smialowicz, 2000). In addition,
drug metabolism by the liver is affected by the age of mice and
has a critical impact on systemically administered compounds
(Pibiri et al,, 2015). This variable is also related to the weight
of the animal and in some cases this parameter is reported
instead of the age. For data analysis, we transformed the
weight of the mice (if it was the only data provided) to age
in weeks according to the vendor’s growth data provided for
the mouse strain of interest. The age of mice ranged from
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4 to 10 weeks and animals with an average age of 6 weeks
were most common. Outbred mice tended to be younger than
inbred mice, and no inbred mice younger than 6 weeks were
used (Table 2). Although outbred mice grow faster than inbred
mice, their immune system may not be fully developed at
the selected age (Ghia et al., 1998; Holladay and Smialowicz,
2000). This may be less of a problem for studies using outbred
animals, as they are often rendered neutropenic or used at
older ages in immunocompetent models. Several guidelines
such as ARRIVE have strongly encouraged reporting the age
of animals used in an experiment (Kilkenny et al, 2010;
Percie du Sert et al, 2020). However, it is not clear if the
age reported in the studies refers to the age of an animal
upon arrival at the facility (before the acclimatization period),
the age when the experimental infection is performed or the
age when the first intervention in the animals is executed
(i.e., cyclophosphamide treatment). This could lead to even
greater variation in age than immediately apparent. The host
microbiota correlates with animal age and affects host response
and lung infection resistance (McMahan et al., 2022). The mouse
microbiome varies based on a number of factors, including the
animal’s origin, nutrition, housing, bedding, and care during
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TABLE 2 Characteristics of mice in the reviewed studies.

Number of studies Percentage (%)
Mouse strain
Inbred 22 41.5
C3H/HeN 1 1.9
BALB/c 8 15.1
C57BL/6 12 22.6
DBA/2 1 1.9
Outbred 29 54.7
NMRI 2 3.8
Swiss Webster 12 22.6
CD-1 3 5.7
ddy 5 9.4
ICR 6 11.3
Kunming 1 1.9
Not reported 2 3.8
Sex
Female 34 64.2
Male 9 17.0
Female and male 1 1.9
Not reported 9 17.0
Age average
Inbred
4-5 weeks 0 0.0
6-7 weeks 11 21.6
>8 weeks 10 19.6
Not reported 1 2.0
Outbred
4-5 weeks 6 11.8
6-7 weeks 15 294
>8 weeks 6 11.8
Not reported 2 3.9
Number of animals per group
Bacterial load!
2-3 12 23.5
4-6 27 52.9
7-10 9 17.6
11-15 3 5.9
Survival®
2-3 0 0.0
4-6 5 20.8
7-10 12 50.0
11-15 7 29.2

!Number of animals per group employed when bacterial load was the main readout.
2Number of animals per group employed when survival was the main readout.

infancy (Ericsson and Franklin, 2021). Around 6 weeks of
age, the lung’s microbial diversity significantly increases and is
maintained throughout time (Singh et al,, 2017). Researchers
should make an effort to minimize the effects of this factor on
the hosts susceptibility to infection in order to improve the
reproducibility of the studies.
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The number of animals per group should be selected
based on a power analysis considering expected data dispersion
(Festing, 2018; Bulitta et al., 2019). We observed broad variation
in the number of animals included per group. In studies with
bacterial burden as the main endpoint, a range of two to fifteen
animals was used, with four to six animals per group in most
of the studies. In studies with survival as the study endpoint,
the most common group size was 7-10 animals per group,
reflecting that survival data typically present higher variability
than bacterial burden (Table 2).

Infection procedure-related variables

Induced neutropenia is a variable that can have a significant
impact on the study outcomes (Andes and Craig, 2002;
Andes and Lepak, 2017). In general, a higher PK/PD index
magnitude is required in neutropenic animals although it varies
among drug classes and bacterial species (Andes and Craig,
2002; Andes and Lepak, 2017). We observed that neutropenic
mice were used more often than immunocompetent mice
(Table 3). Immunocompetent mice were preferred when
working with inbred mouse strains, while the use of neutropenic
animals prevails when outbred mice were used. This confirms
the results of a previous literature review that evaluated
different animal models for antibiotic efficacy testing, which
found that neutropenic models slightly predominate over
immunocompetent ones (Waack et al, 2020). Our analysis
showed that the immune status of the mice varied by
the study outcome measured. Survival was most frequently
evaluated in immunocompetent animals. P. aeruginosa studies
employed mostly immunocompetent lung models whereas
A. baumannii and K. pneumoniae infections were mostly
conducted in neutropenic models (Figure 2). Neutropenic
animals were found to have increased bacterial growth
over the study period in untreated animals (Table 4).
Despite a common misconception, use of immunocompromised
mice is not generally intended to mimic any particular
patient population (Zhao et al, 2016; Andes and Lepak,
2017). Neutropenia promotes better growth of bacteria in
mice, thus minimizing spontaneous resolution of infection
(which complicates interpretation of treatment effects) and
enabling more strains to be studied in mice than otherwise
might be possible.

Neutropenia can be induced by different methods, including
the use of drugs such as cyclophosphamide or vinblastine
and neutrophil depleting antibodies (Stackowicz et al.,, 2020).
Cyclophosphamide has a relative low cost and produce
depletion of hematopoietic stem cells associated with an almost
complete disappearance of blood neutrophils as early as 3-
4 days after injection (Van’t Wout et al., 1989; Zuluaga et al,
2006). Cyclophosphamide has the greatest effect on neutrophil
numbers, but also markedly reduces numbers of circulating
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TABLE 3 Inoculation and procedural parameters in the reviewed
studies.

Number of Percentage

studies (%)
Immune status
Inbred 22 43.1
Immnunocompetent 16 314
Neutropenic 5 9.8
Immnunocompetent and 1 2.0
neutropenic
Outbred 29 56.9
Immnunocompetent 5 9.8
Neutropenic 24 47.1
Infectious route
Immunocompetent 22 42.3
Aerosolization 1 1.9
Intrabronchial 2 3.8
Intranasal 5 9.6
Intratracheal 14 26.9
Neutropenic 30 57.7
Aerosolization 2 3.8
Intrabronchial 1 1.9
Intranasal 14 26.9
Intratracheal 11 21.2
Oropharyngeal 2 3.8
Infectious volume
10 pl 2 4.3
20 pl 4 8.5
25 ul 9 19.1
30 pl 4 8.5
40 pl 3 6.4
50 pl 23 48.9
70 l 2 43
Infectious dose
<5logig CFU 4 8.3
P. aeruginosa 3 6.3
K. pneumoniae 1 2.1
A. baumannii 0 0.0
5-6 logjo CFU 8 16.7
P. aeruginosa 2 4.2
K. pneumoniae 2 4.2
A. baumannii 4 8.3
6-7logip CFU 16 33.3
P. aeruginosa 9 18.8
K. pneumoniae 4 8.3
A. baumannii 6.3
7-8 logjo CFU 19 39.6
P. aeruginosa 7 14.6
K. pneumoniae 5 10.4
A. baumannii 7 14.6
>8logio CFU 1 2.1
P. aeruginosa 0 0.0
K. pneumoniae 0 0.0
A. baumannii 1 2.1
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monocytes, B and T cells (Van't Wout et al,, 1989; Zuluaga
et al,, 2006). Cyclophosphamide was the only methodology
employed in the reviewed studies to render animals neutropenic.
More than half of the studies with immunocompromised mice
used a protocol of administering cyclophosphamide 4 days
(150 mg/kg) and one day (100 mg/kg) before infection. The
remaining studies used slight variations, such as increasing the
administered dose or varying the days of administration.

The route of infection has been shown to impact host-
pathogen interactions (Martins et al.,, 2013). In the reviewed
studies, intratracheal (IT) and intranasal (IN) routes of
infection were the most common, followed by aerosolization,
the intrabronchial route and oropharyngeal infection route.
Infections with A. baumannii and P. aeruginosa were mostly
achieved through IT bacterial inoculation, while K. pneumoniae
infection protocols mostly used IN bacterial administration
(Figure 2). Moreover, we observed that the selection of the
infection route was related to the immune status of the
animal. IN infection was mostly employed when working with
neutropenic animals, while for immunocompetent animals, IT
infection was most common (Table 3). The predominance of
the IN route when using neutropenic animals and the IT when
employing immunocompetent animals was also observed in a
previous report that summarized studies of antibiotic efficacy
against seven gram-negative and two gram-positive pneumonia-
causing bacterial species (Waack et al., 2020). This variation
may reflect the challenge of establishing lung infections in
immunocompetent mice, where a more direct inoculation
method such as IT route can lead to a greater success. In
our reviewed studies using three gram-negative bacteria, we
observed a higher percentage of immunocompetent animals
infected via IT route than previously reported using a higher
number of pneumonia-producing bacteria (17), suggesting that
the infection with these three selected gram-negative bacteria
may be more difficult to achieve.

The infection volume is closely related to both the employed
route of infection and the infectious dose. The administered
volume ranged from 10 to 70 pl and most of the studies used
a volume of 50 pl (Table 3). The lowest volume of 10 Ll was
only used for IT bacterial delivery (He et al., 2013; Hirsch et al,,
2013).

It has previously been shown in a murine model of tularemia
that intranasal instillation of a volume of 10 1 routinely resulted
in infection of the upper airways but failed to initiate infection
of the pulmonary compartment. For efficient delivery of the
bacteria into the lungs, a dose volume of 50 pl or more was
required (Miller et al, 2012). Similarly, studies with the azo
dye Evans blue have revealed that intranasal administration of
a dye volume of 40-50 pl, in comparison to 10-20 pl, led
to increased dye retention in the lungs (Visweswaraiah et al.,
2002; Smith et al, 2019). These data suggest that infecting
volumes of at least 50 |1 IN are preferred for establishing robust
pulmonary infection.
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Before selecting bacterial strains and infectious dose to
perform antimicrobial efficacy studies, bacterial pathogenicity
studies in mice are required. The infectious inoculum varied
greatly between the reviewed studies. Most indicated that 7-8
logio CFU were administered to initiate the infection (Table 3).
Studies working with P. aeruginosa and K. pneumoniae
used lower infectious dose than the studies working with
A. baumannii (Table 3). Considering that the neutropenic
model already prevails when working with this pathogen
(Figure 2), these data may suggest greater difficulty in
establishing a robust A. baumannii lung infection, requiring
higher infectious dose.

Treatment and readout-related
variables

In antibacterial research, the length of the study varies
between animal species. Murine pneumonia models are mostly
used for short term studies, while larger animals usually employ
later endpoints (Waack et al, 2020). The vast majority of
the studies reviewed here initiated antibiotic therapy at 2 h
post infection (h.p.i.). However, the timing of the experimental
endpoint varied according to the main study readout. Studies
to determine bacterial burden were mostly terminated at 24 or
26 h.p.i., or at multiple time points between 2 and 72 h.p.i.
Survival studies were most commonly terminated after 3-4 days
(Table 4). A previous review of new drug application dossiers
found that an endpoint of 24-29 h.p.i. was most commonly
employed when antibacterial activity against P. aeruginosa,
K. pneumoniae and A. baumannii was investigated. Notably,
these studies followed a bimodal distribution, having 24- or
48-h endpoints (Waack et al., 2020). The endpoint used for
measuring antimicrobial activity could influence the results
(Andes and Craig, 2002; Cigana et al,, 2020); however, the
evaluation of antimicrobial treatments for chronic infection
requires longer experimental time points (Cigana et al., 2020).
Additionally, there might be variations in how researchers
analyze animal care and humane endpoints in survival studies.
Clinical disease severity scoring can be subjective, with various
researchers scoring severity differently.

Unfortunately, the lung bacterial burden at the start of
therapy was only reported in 28.3% of the reviewed studies.
Baseline burdens fluctuated from 4.7 to 8 log;o CFU per lung,
with the majority falling into a range of 6-7 logjo CFU per lung
(Table 4). A lower burden at the start of therapy may reduce
the PK/PD index magnitude, thus reducing the dose required
for treatment effect, although the degree of influence can vary
depending on the bacterial species and the drug class (Andes
and Lepak, 2017). Importantly, the majority of results from
PK/PD animal models that have been correlated with clinical
outcomes reached 6-7 logjp CFU in the target tissue at the
time therapy was initiated (Andes and Lepak, 2017). Baseline
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TABLE 4 Treatment and procedural parameters in the reviewed
studies.

Number of Percentage (%)

studies
Treatment start point (p.i.)
<lh 8 15.1
2h 22 41.5
3-4h 12 22.6
5-6h 3 5.7
>6h 8 15.1
Experimental endpoint (p.i.)
Bacterial load"
12-18h 2 3.8
24-26h 25 48.1
27-30h 5 9.6
>36h 7 13.5
Several time points (between 2 and 72 h) 13 25.0
Survival®
<2d 3 10.7
3-4d 12 42.9
5-6d 5 17.9
7-9d 6 21.4
10-11d 2 7.1
Baseline bacterial burden (CFU per lung)
4.7-6 1 1.89
6-7 9 16.98
7-8 5 9.4
Not reported 38 71.7
Average bacterial growth in lung (CFU per lung)
Neutropenic mice
<1 2 59
1-2 7 20.6
2-3 9 26.5
>3 5 14.7
Immunocompetent mice
<1 6 17.6
1-2 2 59
2-3 3 8.8
>3 0 0.0
Study readouts
Survival 26 49.1
Bacterial load 50 94.3
Blood or spleen or liver CFU 11 20.8
Histopathology 16 30.2
Immune response 11 20.8
Others? 5 9.4

Experimental endpoint in hours (h) when bacterial load was the main readout.
2Experimental endpoint in days (d) when survival was the main readout.

30Other readouts measured: clinical score, body temperature, protein expression and lung
endothelial permeability.

burdens further affect the bacterial growth over the study
period. Bacterial growth was reported in 34 of the 53 studies
reviewed, and an increase of at least 1 log;p CFU/lung over
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the experimental period (ranged from 2 and 72 h.p.i, median
26 h.p.i) was achieved in most of the studies. There were no
marked differences among the three different bacterial species.
However, bacterial growth over the study period was indeed
related to immune status, with neutropenic mice showing
higher bacterial growth than immunocompetent mice (Table 4).
Robust infections are a prerequisite to adequately assess the
antimicrobial effect of drugs. Therefore, bacterial burdens in
untreated animals should not decline over the course of the
study, or it becomes difficult to separate treatment effect
from spontaneous resolution of infection. Depending on the
selected efficacy endpoint, the effect of treatment may also be
overestimated if bacterial growth is poor. The recommended
specific efficacy endpoints range from 0 (stasis) to 2 logio
reductions in CFU calculated relative to the bacterial density
at the start of treatment (Drusano, 2004; European Medicines
Agency, 2016; Bulitta et al., 2019) and there remains some debate
over which should be used. Stasis may be adequate for less severe
infections or those involving concomitant non-drug treatments
(e.g., surgical intervention such as debridement of infected
tissue). For infections involving skin, soft tissue or the urinary
tract, a 1 log;o reduction has been recommended, whereas 2
logo reductions have been recommended for severe and/or high
bacterial burden infections such as pneumonia (Drusano et al.,
2018; Bulitta et al.,, 2019). In the control group (untreated or
vehicle-treated), an increase in bacterial burden of 2-3 logj
CFU over the course of the study has been recommended
(Bulitta et al., 2019). While this may be a feasible target for the
standard neutropenic thigh infection model, studies reviewed
suggest that it may be more difficult to achieve in the lung
model especially with some pathogens (e.g., A. baumannii) or
bacterial strains.

In the studies reviewed, specific information on sample
processing was scarce. The method of lung homogenization was
only reported in 15% of the studies. Stomacher, mini bead beater
and ultra-turrax were the most common methodologies for
processing samples. The media used for lung tissue culture and
CFU count varied widely, with Mueller-Hinton (I and II) as the
preferred media (47.6% of the studies) followed by Luria-Bertani
(LB) agar (14.3%). Agar plates were usually cultured at 37°C,
although several studies reported an incubation temperature of
35°C for P. aeruginosa. It is important to optimize the culture
conditions for inoculation and bacterial recovery from the lung.
Different sample processing techniques and media may have an
impact on the study results, and it is reccommended that all study
samples are processed using the same methodology. Working
with blinded samples is strongly encouraged, as it may reduce
the potential for bias and increase the robustness of the study
(Toannidis, 2012; Bespalov et al., 2020).

Monoparametric models employing a single indicator
of antibiotic efficacy represented 39.6% of the studies
reviewed. Lung bacterial burden was the most common
study readout (Table 4). While some studies reported the
data as CFU/lung, others reported the data as CFU/ml of
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homogenized lung. CFU/ml requires additional data (lung
weight) for normalization and comparison of results between
studies, but lung weight was not generally reported. Regardless
of the reporting units, the reduction of bacterial burden at the
site of infection provides a relatively reproducible measure of
antibiotic action that has been shown to forecast drug efficacy
in patients (Zak and OReilly, 1991; Andes and Lepak, 2017).
Bacterial burden is generally the preferred endpoint because
it is a direct measurement of the drug’s ability to kill or halt
growth of the infecting pathogen. However, mortality can also
be a useful endpoint and, in our review, survival of the mice was
the second most common readout. The relationship between
bacterial burden and survival has been previously noted, and the
magnitude of drug exposure required for bacteriological cure
and survival has been shown in some studies to be similar (Craig
and Dalhoff, 1998; Andes and Craig, 2002). However, it should
be noted that survival studies which monitor the animal’s health
for prolonged periods of time after the end of therapy may
allow organisms that have not been eradicated to regrow and
cause mortality, especially in neutropenic animals. This could
substantially impact the relationship between bacterial counts
and survival (Andes and Craig, 2002). In addition to survival
and bacterial burden in the lungs, other outcomes in the studies
reviewed included lung histopathology, bacterial load in other
tissues (e.g., blood, liver or spleen), assessment of immune
responses (e.g., cytokines) in BAL, serum, or lung homogenate,
clinical scoring based on animal observation, body temperature,
protein expression, and pulmonary endothelial permeability.

Conclusion

Standardization of the murine pneumonia model would
allow better translation to the clinic and reduce animal use
by providing more useful and relevant data. This literature
review revealed marked differences in methodology for the
murine pneumonia model used to test efficacy of small molecule
antibiotics. Several parameters were relatively consistent across
most of the models reviewed. These included animal sex, stage
of bacterial growth for the inoculum, the starting point for
treatment and the primary study outcome. Other variables
differed widely, such as the immune status and age of the
mice, the infection route and sample processing methodologies.
Some variables, such as immune status and infectious dose,
are expected to impact the study outcome more than others
and can affect the PK/PD magnitude measured for a given
endpoint. Although there is little direct evidence to indicate
what effect, if any, a particular variable has on the outcome of a
study, the myriad combinations of variables that any particular
investigator uses is likely to impact the observed results.
This can complicate preclinical-to-clinical translation, makes
it difficult to compare drugs and/or bacterial isolates tested in
different laboratories, and highlights the need for development
of a standardized murine pneumonia model that has been
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benchmarked appropriately. Overall, standardization of animal
infection models is expected to strengthen the reproducibility
and comparability of data generated during the evaluation of
novel antibiotics. Furthermore, the combination of standardized
protocols with quality controls, such as bacterial reference
strains and benchmark control compounds with specified
potency, should increase the robustness of preclinical data and
improve our ability to translate from animals to humans.
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