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a b s t r a c t 

An infecting and propagating parasite relies on its innate defense system to evade the host’s immune

response and to survive challenges from commensal bacteria. More so for the nematode Anisakis , a ma- 

rine parasite that during its life cycle encounters both vertebrate and invertebrate hosts and their highly

diverse microbiotas. Although much is still unknown about how the nematode mitigates the effects of

these microbiota, its antimicrobial peptides likely play an important role in its survival. We identified

anisaxins, the first cecropin-like helical antimicrobial peptides originating from a marine parasite, by

mining available genomic and transcriptomic data for Anisakis spp. These peptides are potent bactericidal

agents in vitro , selectively active against Gram-negative bacteria, including multi-drug resistant strains,

at sub-micromolar concentrations. Their interaction with bacterial membranes was confirmed by solid

state NMR (ssNMR) and is highly dependent on the peptide concentration as well as peptide to lipid ra- 

tio, as evidenced by molecular dynamics (MD) simulations. MD results indicated that an initial step in

the membranolytic mode of action involves membrane bulging and lipid extraction; a novel mechanism

which may underline the peptides’ potency. Subsequent steps include membrane permeabilization lead- 

ing to leakage of molecules and eventually cell death, but without visible macroscopic damage, as shown

by atomic force microscopy and flow cytometry. This membranolytic antibacterial activity does not trans- 

late to cytotoxicity towards human peripheral blood mononuclear cells (HPBMCs), which was minimal at

well above bactericidal concentrations, making anisaxins promising candidates for further drug develop- 

ment.

Statement of significance

Witnessing the rapid spread of antibiotic resistance resulting in millions of infected and dozens of thou- 

sands dying worldwide every year, we identified anisaxins, antimicrobial peptides (AMPs) from ma-
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rine parasites, Anisakis spp., with potent bactericidal activity and selectivity towards multi-drug resis- 

tant Gram-negative bacteria. A
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. Introduction

The rapid emergence of multi-drug resistant bacteria con- 

ributes to millions of people being infected each year and thou- 

ands dying worldwide [1] . Drugs discovered during the “golden 

ge” of antibiotics, in the 1960s and 70s and even more recently 

re being overwhelmed by the surge in antimicrobial resistance, 

hich demands the development of new classes with alternative 

illing mechanisms, but in fact faces a reduced interest by the 

harmaceutical industry. The number of promising compounds in 

he developmental pipeline is quite limited [2] , and only a hand- 

ul of these have truly different mechanisms of action. As of 2017, 

he World Health Organization has shortlisted a set of bacterial 

pecies for which potent new drugs are critically required, includ- 

ng carbapenem- and 3rd generation cephalosporin-resistant Acine- 

obacter baumannii, Pseudomonas aeruginosa and Enterobacteriaceae 

3] . 

Antimicrobial peptides (AMPs) are promising candidates to help 

itigate antimicrobial resistance. These multifunctional effector 

olecules are produced as part of the innate immune systems of 

igher organisms and have a direct antimicrobial activity some- 

imes associated with immunomodulatory properties. They gener- 

lly show a broad-spectrum efficacy towards Gram-negative and 

ram-positive bacteria, that includes multidrug-resistant strains 

 4 , 5 ], and their mode-of-action is typically based on non-specific 

nteractions with the bacterial membrane, leading to its disrup- 

ion. This seems to discourage the development of sustained bac- 

erial resistance [6] . However, their use outside of their phys- 

ological context, as externally administered therapeutic agents, 

s hindered by a relatively low stability in vivo , as well as of- 

en unacceptable levels of toxicity towards host cells [7] . This is 

ne of the main reasons that few AMPs have reached the later 

tages of clinical trials, despite of sustained efforts to develop 

hem. 

The many natural AMPs that have been identified rarely have 

iological activities that are already suitable for their use as ther- 

peutic agents, and it seems quite difficult to redesign them to 

btain such properties [7] . This despite the fact that they are 

idespread and effective in nature as endogenous antibiotics, and 

here is a seemingly inexhaustible supply of such peptides. Accord- 

ng to the CAMP R3 database, which includes more than 80 0 0 en- 

ries, the majority of identified AMPs originates in animal species 

8] . However, those from parasitic helminths (Nematoda and An- 

elida [9] ) account for a very small number, unlikely to gain them 

 spotlight in the drug development agenda. Parasitism is con- 

idered by biologists to be a highly successful life strategy, that 

as evolved independently multiple times, and is a driving force 

or generating genetic diversity, making it an underrated source of 

seful pharmacophores [10] . During their evolution, parasitic or- 

anisms have adopted a variety of traits associated with survival, 

ased on effectively evading their host’s immune systems and 

eaching a modus vivendi with the host’s microflora (endo- and/or 

ctosymbiotic archaea, bacteria, viruses, as well as eukaryotic mi- 

robes). Parasite-host interactions are considered to be strongly in- 

uenced by the microbiomes of both the parasite and the host, 
132
nisaxins are membrane-active peptides, whose activity, very sensitive to

volves membrane bulging and lipid extraction, leading to membrane per-

l death. At the same time, their toxicity towards host cells is negligible,

membrane-active AMPs, therefore making them suitable drug candidates.

xtraction are novel concepts that broaden our understanding of peptide

tional structures, essential for future design of such biomaterials.

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

hich has led to the concept of the “holobiont” - a composite of 

ultiple constitutive organisms [11] . 

Given the extraordinary versatility helminths show in adapting 

o a variety of niches during their complex life cycles [12] , which 

romotes their ability to modulate the hosts’ immune response 

13] , parasite-derived AMPs may be a promising source of potential 

rug leads that are effective without being excessively toxic. We 

ocused our attention on Anisakis spp., zoonotic nematodes whose 

ife cycle begins in the gastric chambers of the final host, a toothed 

hale. Eggs expelled into seawater are ingested by intermediate 

osts; crustaceans and small fish, which are then preyed upon by 

arger fish and cephalopods. In these so-called paratenic hosts, the 

arvae moult into the third-stage (L3) and return to the final host, 

hich feeds on the infected paratenic hosts ( Fig. S1 ) [14] . Paratenic

ost larvae remain in an indefinitely dormant state (paratenesis), 

hile the adult stage in the final host causes chronic inflammatory 

ffects, but these are not considered to be life threatening [15] . Hu- 

ans can also become accidentally infected by L3, by consuming 

ncooked seafood, and develop gastric, intestinal, ectopic and gas- 

roallergic reactions. They may remain asymptomatic, but become 

ensitised to parasite allergens [16] . Humans are in any case con- 

idered accidental hosts, as L3 cannot reach adulthood in any ter- 

estrial mammalian species [17] . 

The increasing availability of -omics resources related to ne- 

atodes has prompted us to mine for and characterize AMPs 

rom marine nematodes of the genus Anisakis . Herein we describe 

he characterization of five antimicrobial peptides, we have called 

nisaxins, with respect to their toxicity, stability and in vitro ac- 

ivity against a panel of Gram-negative and Gram-positive bacteria, 

ocusing on their mode of action - especially peptide/membrane 

nteractions, using biochemical, biophysical and in silico methods. 

. Materials and methods

.1. Peptide identification 

The Anisakis simplex sensu lato genome assembly, version 

SM90057681v [18] and raw RNA-sequencing data for A. simplex 

nd A. pegreffii [19] were used for data mining. Sequencing data 

as imported into the CLC Genomics Workbench v.11 environment 

Qiagen, Hilden, Germany) and trimmed to remove Illumina se- 

uencing adapters, low quality regions and ambiguous nucleotides. 

he resulting data was de novo assembled with Trinity v2.8.6 as 

er default parameters. 

Known cecropin-like sequences from Nematoda were retrieved 

rom public databases and used as queries for tBLASTn searches 

gainst the two transcriptomes, setting the e-value threshold for 

etection to 0.05. These included the previously reported cecropins 

rom Ascaris suum, Ascaris lumbricoides and Toxocara canis [20] , as 

ell as those resulting from virtual translations of gene models 

rom the recently released T. canis genome [21] . The retrieved nu- 

leotide sequences from A. simplex and A. pegreffii were quality- 

hecked by assessing that the entire CDS was covered in a uni- 

orm way by RNA-seq reads, virtually-translated and aligned with 

he sequences of the known cecropins listed above ( Fig. S2 ). This, 
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together with the use of SignalP 5.0 [22] , enabled the detection 
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2.3. Peptide synthesis 
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f the signal peptide region, as well as of the mature peptide C- 

erminal cleavage site based on previously reported information by 

ther authors [20] . 

The complete in silico validated cDNA sequences were subse- 

uently used as BLASTn queries against the A. simplex sensu lato 

enome, which allowed the confirmation of two annotated genes 

i.e., ASIM_LOCUS17004 and ASIM_LOCUS10039) and the detection 

f one additional complete gene. The latter was manually anno- 

ated based on the alignment between the cDNA and genomic 

NA sequences, with splicing donor and acceptor sites being re- 

ned with Genie [23] . The expression levels of all the different 

ariants identified in the two species were assessed based on the 

apping of the trimmed RNA-sequencing reads against the refer- 

nce cDNA sequences. This was performed using the CLC Genomics 

orkbench v.11 map reads to reference tool, setting the length frac- 

ion and similarity fraction parameters to 0.75 and 0.98, respec- 

ively. Considering that all the cecropin cDNAs displayed a simi- 

ar length, the comparison between the expression levels of the 

ifferent isoforms was evaluated by calculating Count Per Millions 

CPM). 

.2. A. pegreffii transcriptomics analysis 

A detailed description of the experimental design of Sprague- 

awley rat infections was published in Trumbi ́c et al. [17] . A. pe-

reffii infective third-stage larvae (L3) were collected when perfo- 

ating rat tissues and designated as migrating L3 (successful infec- 

ion), or free in the intestinal lumen/ entrapped within rat feaces 

nd designated as non-migrating L3 (unsuccessful infection). Ex- 

erimental design for European seabass Dicentrarchus labrax infec- 

ion followed the same approach as for rat, except that L3 were 

esignated as non-migrating (same as in rat - unsuccessful in- 

ection), post-migrating (L3 collected while migrating through vis- 

eral cavity in model fish - successful infection) and spiralized (L3 

piralized on visceral organs in model fish - successful infection). 

rior to both experiments, L3 spiralized on visceral organs of wild 

sh ( Micromesistius poutassou ) used as an inoculant for the ex- 

erimental infections, were also collected and designated as pre- 

nfection. 

Extraction of Anisakis RNA, library preparation for Illumina se- 

uencing and RNA-Seq reads pre-processing followed the pipeline 

escribed in Trumbi ́c et al. [17] . Briefly, reads were screened 

or host contaminants by mapping against their respective host 

enomes (rat and seabass) and reads that failed to map were 

oncatenated across all samples into a single set of inputs and 

sed to reconstruct a reference transcriptome using Trinity v2.8.6. 

24] as per default parameters. Trinotate v3.1.1 [25] annotation 

uite was used to annotate the transcriptome across various func- 

ional databases. Paired-end reads of each sample were mapped 

o the reference transcriptome and abundances were estimated us- 

ng RSEM v1.3.1 [26] . Gene level estimated counts were imported 

nto R v3.6.3 [27] and differential analysis of gene expression was 

erformed using DESeq2 package [28] . A generalized linear model 

as fitted for each gene with multi-factor design that included 

tate (migrating vs non-migrating) and host as fixed effects. Dif- 

erentially expressed genes (DEGs) were identified at Benjamini- 

ochberg false discovery rate (FDR) < 0.05. TPM values were cal- 

ulated for each transcript and used to visualize relative contribu- 

ion of anisaxins’ expression in each host. 

Although between-host comparisons should be taken with pre- 

aution as the samples were sequenced on different RNAseq runs, 

 couple of samples from a third run clustered primarily by their 

henotype suggesting much of the captured variance is biologically 

elevant ( Fig. S3 ). 
133 
The mature peptide regions for selected anisaxins were synthe- 

ized by ProteoGenix (Schiltigheim, France), purified to > 98% pu- 

ity by RP-HPLC (LC30 0 0, Beijing Chuangxin Tongheng Science and 

echnology, Beijing, China; 5 μm column, 4.6 × 250 mm) using a 

5–75% acetonitrile/0.1% TFA gradient in 25 min at a 1 ml/min flow 

ate ( Fig. S4 ) and the sequences confirmed by ESI-MS operated in 

ositive mode and with 0.2 mL/min flow (LCMS-2020, Shimadzu, 

yoto, Japan). Peptide stock solutions were prepared by dissolving 

ccurately weighed aliquots of peptide in doubly distilled water, 

nd the concentration further verified by using the extinction coef- 

cients at 214 nm, calculated as described by Kuipers and Gruppen 

29] . 

.4. Circular dichroism 

Peptide conformation and its variation in membrane-like envi- 

onments was assessed from the CD spectra, as obtained on a J-710 

pectropolarimeter (Jasco, Tokyo, Japan). Spectra were the accumu- 

ation of three scans measured in (i) SPB solution (NaH 2 PO 4 × H 2 O 

 Na 2 HPO 4 0.39:0.61, v/v, 10 mM, pH 7), (ii) 50% trifluoroethanol 

TFE) in 10 mM SPB, and (iii) dodecyl sulphate (SDS) micelles 

10 mM SDS in SPB). The helix content was determined as [ θ ] 222 

 [ θ ] α , where [ θ ] 222 was the measured molar residue ellipticity at 

22 nm under any given condition and [ θ ] α is the molar ellipticity 

or a perfectly formed alpha helix of the same length, estimated as 

escribed by Chen et al. [30] . 

.5. Bacterial strains and antibacterial assays 

In vitro antimicrobial testing of anisaxin peptides was carried 

ut on both Gram-negative laboratory strains and multi-drug re- 

istant clinical isolates (c.i.) (for details please see Table S1 in Ron- 

evic at al. [31] and Tables S1 and S2 in Juretic et al. [32] ) includ-

ng Escherichia coli ATCC 25922, Klebsiella pneumoniae ATCC 13883, 

. baumannii ATCC 19606 and P. aeruginosa ATCC 27853. Staphy- 

ococcus aureus ATCC 29213 was used as a representative of Gram- 

ositive bacteria. Minimal inhibitory concentrations (MIC) were as- 

essed using the serial two-fold microdilution method following 

linical and Laboratory Standards Institute protocols [33] . Bacteria 

ere cultured in fresh Mueller Hinton broth (MHB) to the mid ex- 

onential phase, and then added to serial dilutions of anisaxins to 

 final bacterial load of 5 × 10 5 CFU/mL of cells in 100 μL per well,

ncubated at 37 °C for 18 h. MIC values were visually determined 

s the lowest consensus concentration value of the peptide show- 

ng no detectable bacterial growth, for an experiment performed at 

east in triplicate. 

For determination of the minimal bactericidal concentration 

MBC), 4 μL of bacterial suspensions from the wells correspond- 

ng to MIC, 2 × MIC, and 4 × MIC were plated on MH agar plates. 

lates were incubated for 18 h at 37 °C to allow the viable colony 

ounts and the MBC was determined as the peptide concentration 

ausing no visible growth. 

Bacterial viability was additionally assessed on E. coli ATCC 

5922 with the time-killing kinetics assay. Bacteria were grown 

t 37 °C in fresh MHB to the mid-exponential phase (1 × 10 7 - 

 × 10 8 CFU/mL) and peptides added at concentrations corre- 

ponding to ½ × MIC and 2 × MIC. These suspensions were in- 

ubated for 4 h and aliquots were extracted at the specified time 

oints and serially 10-fold diluted in phosphate buffer before plat- 

ng on MH agar overnight at 37 °C, and then carrying out viable 

ell counts. 
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2.6. Solid state NMR (ssNMR) of peptide-membrane interactions 
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Unilamellar vesicles were prepared with zwitterionic 1,2- 

ioleoyl- sn -glycero-3-phosphocholine (DOPC) and anionic 

OPC/DOPG (1,2-dioleoyl- sn -glycero-3-phosphoglycerol) (1:1 

olar ratio) in 20 mM HEPES (pH 7.2) by the extrusion technique 

nd using filters with a 200 nm cut off [34] . Peptides were added 

o the vesicles to a final molar ratio of 1:50 peptide/lipid. The 

esicles were collected by ultracentrifugation and subsequently 

pun down into 3.2 mm NMR (Bruker, Billerica, Massachusetts, 

SA) rotors. Static 31 P ssNMR spectra were acquired at 500 MHz 

agnetic field (11.7 T) and a sample temperature of 280 K. 

PINAL64 proton decoupling [35] was applied with 50 kHz ampli- 

ude. The resulting 31 P powder patterns were apodised with 50 Hz 

xponential line-broadening and baseline corrected. 

.7. Membrane integrity assay 

The integrity of bacterial membranes after exposure to anisaxin 

eptides was assessed as percentage of propidium iodide (PI) pos- 

tive cells, using a Cytomics FC 50 0 0 flow cytometer (Beckman- 

oulter, Inc., Fullerton, CA). Measurements were carried out on E. 

oli ATCC 25922 cultured in MHB to the mid-logarithmic phase. 

fter incubation, propidium iodide (PI) was added to the bac- 

erial suspension (1 × 10 6 CFU/mL) at a final concentration of 

5 μM, whereas the peptides (final concentration 0.125–0.5 μM) 

ere added just before the beginning of the analysis. The measure- 

ents were taken at 15, 30 and 60 min and the cells incubated in

HB without peptides were used as a negative control. The analy- 

is was performed with the FCS Express3 software (De Novo Soft- 

are, Los Angeles, CA, USA) and the data are the average from at 

east three different experiments. 

.8. Atomic force microscopy (AFM) and fluorescence imaging 

To visually discern the effect of peptides on the bacterial mem- 

rane, AFM measurements were carried out using a Nanowizard 

V system (JPK/Bruker, Berlin, Germany) operating in the quantita- 

ive imaging (QI) mode utilizing the MLCT-E probes (Bruker, Biller- 

ca, USA), mounted on an inverted optical fluorescence microscope 

X73 (Olympus, Tokyo, Japan). The extend/retract speed was up to 

00 μm/s while the setpoint was kept between 0.82 nN and 2 nN. 

he pre- and post-treatment AFM data were obtained at the same 

orce setpoint for each data set. Each height image had the resolu- 

ion of 256 × 256 pixels. The AFM data processing was carried out 

sing the JPK data processing software. 

Measurements were carried out on the E. coli reference strain 

ultured in MHB to the mid-logarithmic phase. A 50 μL aliquot 

f bacterial suspension was transferred to Petri dishes (WPI, Sara- 

ota, USA) and coated with the Cell-Tak (Corning, NY, USA) solu- 

ion prepared as previously reported [ 36 , 37 ]. In order to eliminate

on-adhered and loosely adhered cells the culture was thoroughly 

insed with MHB ten minutes post application, ensuring that the 

ample did not dry out while rinsing. All AFM measurements were 

btained in MHB at 37 °C. 

Initially, a group of untreated cells was chosen at the bright 

eld image followed by AFM imaging. The same region was im- 

ged with AFM at least two times to make sure that the chosen 

ells were viable. The AFM measurements of peptide treated cells 

t 4 × MIC concentration would start about 30 min after the treat- 

ent. The post-treatment measurements reported here were taken 

0 min after the treatment. 

The sample preparation for fluorescence imaging was done 

mmediately after the AFM measurements. The growth medium 

as replaced with the physiological saline solution and the cells 

tained using the LIVE/DEAD BacLight Bacterial Viability Kit L7012 
134 
YTO 9 (which dyes all cells) were mixed in the equal volumes and 

 μl of this mixture was added per ml of the cell culture. The flo-

escence data were obtained 3.5 h after the treatment and 30 min 

fter adding the fluorescence dyes. Fluorescence images have been 

btained on the exact same region that was imaged by the bright 

eld and AFM. 

.9. Molecular dynamics (MD) simulations 

Simulations were carried out using Gromacs, version 2021.0 

38] , with the CHARMM36 force field [39] and TIP3P model for 

ater molecules [40] . Anisaxin-2S was used in a closed surround- 

ng consisting of a negatively charged lipid bilayer immersed in 

ater. The membrane bilayer consisted of 1-palmitoyl-2-oleoyl- sn - 

lycero-3-phosphoethanolamine (POPE) and 1-palmitoyl-2-oleoyl- 

n -glycero-3-phospho-(1 ′ - rac -glycerol) (POPG) lipids in a 3:1 mix- 

ng ratio (576:192 lipid molecules) modeled on the E. coli mem- 

rane [41] . The solvated membranes (in the absence of peptides) 

ere equilibrated for 0.6 ns at T = 340 K and p = 1 ATM, and the

hermal stability was verified. The α-helical peptide structure, used 

s the initial input in MD set-ups, was obtained using the QUARK 

erver [42] . The peptides’ charge was defined for pH 7, consider- 

ng a charged N-terminal amine but neutral amidated C-terminus. 

 water layer of 5 nm thickness was added above and below the 

embrane bilayer, which led to ∼100 water molecules per lipid. 

he system was neutralized with addition of Na + ions. The ini- 

ial conformations were prepared by the CHARMM-GUI membrane 

odeler [43] . 

Simulations were performed with six or twelve peptides em- 

edded in the membrane surface, to mimic a high local peptide 

ensity, where peptide molecules are located at a short distance 

rom each other, creating a favorable condition for their assem- 

ly (following Miyazaki et al. [44] ). Simulations were carried out 

or 1 μs. Equilibration was according to CHARMM-GUI recommen- 

ations [45] , consisting of isothermal-isochoric (NVT) dynamics in 

he first two steps, followed by NpT dynamics in next four steps, 

here various restraints were applied at the fixed temperature of 

40 K. The production runs were in the isothermal-isobaric (NpT) 

nsemble conditions, and T = 340 K and p = 1 ATM were im- 

osed using the Nose-Hoover thermostat and Parrinello–Rahman 

arostat, with a 1.0 ps time constant for the temperature and a 

.0 ps time constant for the pressure (compressibility equal to 4.5 

0 −5 bar) [ 46 , 47 ]. The leapfrog integrator time step was fixed at

 fs, and the bonds were handled by the LINCS option [48] . The

article-mesh-Ewald method [49] was used for calculation of the 

lectrostatic interaction with coulomb cut-off set to 1.2 nm and 

he van der Waals cut-off set to 1.2 nm, with the force-switch set 

o 1.0 nm. 

.10. Cyto/genotoxicity assays 

The cyto- and genotoxic effects of anisaxin peptides were eval- 

ated in human peripheral blood cells (HPBCs) obtained from two 

ealthy young male donors by antecubital venipuncture into hep- 

rinized vacutainers under aseptic conditions. Subjects gave in- 

ormed consent to participate in this study that was approved 

y the Ethics Committee of the Institute for Medical Research 

nd Occupational Health, Zagreb, complying to the Declaration of 

elsinki. The whole blood samples were exposed to increasing 

oncentrations of peptides (0, 1.5, 3, 6, 12, 25, 50 and 100 μM) 

or 4 and 24 h periods and human peripheral blood mononuclear 

ells (HPBMCs) for the cytotoxicity assessment were obtained by 

istopaque density gradient centrifugation. Cells were mixed with 

cridine orange (AO) and ethidium bromide (EtBr) (1:1; v/v) and 
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a total of 100 cells per repetition were examined with the epi- 
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uorescence microscope (Olympus BX51, Tokyo, Japan). Quantita- 

ive assessments were made by determining the percentage of live 

green fluorescence of nuclei) and dead cells (red fluorescence of 

uclei) [50] . 

Genotoxicity was determined employing the alkaline comet as- 

ay with minor modifications [ 51 , 52 ] following recommendations 

or describing comet assay procedures and results [53] . After ex- 

osure to peptides as described above, the whole blood (5 μl) 

as mixed with 0.5% low melting point (LMP) agarose and added 

o fully frosted slides pre-coated with 0.6% normal melting point 

NMP) agarose. Cells were lysed overnight (2.5 M NaCl, 100 mM 

DTANa 2 , 10 mM Tris, 1% sodium sarcosinate, 1% Triton X-100, 10% 

MSO, 4 °C, pH 10), placed into alkaline solution to allow DNA 

nwinding (20 min, 300 mM NaOH, 1 mM EDTANa 2 , 4 °C, pH 13)

nd subsequently underwent electrophoresis (20 min, 1 V/cm). Af- 

er neutralizing the alkaline solution (5 min, 0.4 M Tris buffer, 

H 7.5), cells were stained with EtBr (10 μg/ml) and observed at 

50 × magnification on an epifluorescence microscope (Zeiss, Göt- 

ingen, Germany) with a black and white camera. For each slide, 

00 randomly captured comets were examined by an image anal- 

sis system (Comet Assay II; Perceptive Instruments Ltd., Haverhill, 

uffolk, UK) and the percent of tail DNA was used to assess the 

evel of DNA damage. 

.11. Statistical analysis 

The difference in the cell viability between control and treated 

amples was evaluated using the χ2-test. Comet assay results were 

valuated using the Statistica 13.2 software package (Dell Inc., 

SA). In order to normalize the distribution and equalize the vari- 

nces of the comet assay data, a logarithmic transformation was 

pplied. Multiple comparisons between groups were affected by 

NOVA on log-transformed data. Post-hoc analyses of differences 

ere carried out using the Scheffé test. Data were considered sta- 

istically significant at P < 0.05. 

Other methods, described in Supplementary information, in- 

lude DNA-binding analysis, DNA analysis of individual colonies by 

ulsed field gel electrophoresis (PFGE), Transcription/translation assay 

nd Pharmacokinetic assay . 

. Results 

.1. Peptide sequences 

We were inspired by reports that peptides of the cecropin fam- 

ly are present in Nematoda such as Ascaris and Toxocara to screen 

vailable Anisakis spp. genomes and transcriptomes using known 
Table 1 

Sequence and physico-chemical properties of anisaxins and similar pep

a) Hydrophobicity, calculated using the CCS scale [55] . 

b) Hydrophobic moment relative to a perfectly amphipathic helical pep

135
one had yet been identified in zoonotic parasitic nematodes from 

he marine environment. This resulted in the identification of 14 

otentially interesting peptide precursor sequences ( Fig. S2 ), which 

ere filtered and selected for synthesis and further testing based 

n (i ) evidence of expression, to discriminate functional genes from 

ossible pseudogenes; (ii ) a net positive charge, which is a func- 

ionally relevant hallmark of AMPs; (iii ) the largest possible molec- 

lar diversity. This narrowed the set to five cecropin-like peptide 

equences, named anisaxin 1-4, that are identical in A. simplex and 

. pegreffii , with the exception of the orthologous sequences for 

nisaxin-2, with a one-residue difference, so they are respectively 

dentified as anisaxin-2S and -2P ( Table 1 ). Two ansaxin-4 paralogs 

anisaxin-4.1 and anisaxin-4.2) were also identified in A. pegref- 

i and A. simplex ( Fig. S2 ), however, having identical mature se- 

uences we refer to these simply anisaxin-4. 

Sequence comparisons indicate that, for the most part, the ma- 

ure region is quite conserved, with variations mainly limited to 

 positions (see Table 1 ), and this extends also to orthologues 

rom Toxocara [20] . The N-terminal signal peptide region and C- 

erminal pro-peptide region are less conserved (see Fig. S2 ). All 

f the selected peptides showed physico-chemical properties that 

re favorable for potent antimicrobial activity, a net charge was 

 6 (with the exception of anisaxin-3, + 5), and the hydrophobic- 

ty ranging from -1.6 to -2.1, indicating that polar and hydropho- 

ic residues are well balanced ( Table 1 ). The relative hydrophobic 

oment of around 0.3 based on a helical conformation, however, 

ndicates that these helices are only moderately amphipathic, and 

his is confirmed also by helical wheel projections (see Fig. S5 ). 

n this respect, conserved glutamate residues in positions 11 and 

0 are placed in such a manner as to stabilize the helix once it 

orms side-chain salt-bridging being spaced 3 or 4 residues N- or 

-terminal to positively charged ones. 

.2. Anisaxins expression in A. pegreffii 

We have observed that A. pegreffii regulates transcription of 

ight AMPs during accidental (Sprague Dawley rat model) and 

aratenic hosts (seabass model) infection ( Fig. 1 ), which include 

he peptides selected for synthesis and further characterization. 

he peptides’ expression (full cDNA sequence used as a reference) 

as not found to be significantly different between larvae that suc- 

essfully infected a host (migrating, post-migrating or spiralized 

arvae) and faecally-expelled larvae unable to infect a host (non- 

igrating larvae). In contrast, a striking effect on expression was 

elated to the host itself ( Fig. 1 , Table S1 ). Anisaxin-1 to -4.1 seem

o be generally expressed in all three hosts, where anisaxin-1 is 

referentially expressed in seabass, anisaxin-3 in both the experi- 
tides. 

tide of 18 residues. Conserved positions are shaded gray. 

5
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Fig. 1. Relative expression of cecropin homologues identified in transcriptomes of A. pegreffii L3 larvae found in wild fish, blue whiting (BW), or in a rat (R) or seabass 

(S) experimentally infected with L3 sourced from wild fish. Rat is an experimental model of accidental infection otherwise characteristic for humans, and seabass is an 

experimental model of paratenic infection typical for marine fish that serve to transfer L3 to its final host, a marine mammal. For each sample denoted on the x axes (R1-13, 

BW1-5, S1-12), relative expression of each anisaxin in an anisaxin pool is depicted on the y axes as % of normalized counts (TPM, Transcripts Per Million). To outline the 

predominance of transcripts, relative expression profiles are depicted as an area plot. 

mental hosts (paratenic seabass and accidental rat), while anisaxin- 
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 and especially ansiaxin-4.1 predominate in the larvae resting in 

atural paratenic host (blue whiting) ( Fig. 1 ). The other peptides 

rom A. pegreffii (anisaxin-4.2, -6 and -7, see Fig. 1 and Table S1 )

re less expressed under all conditions and only anisaxin-5 is pref- 

rentially expressed in the accidental rat model of infection, but 

ot in paratenic hosts, experimental or natural. 

.3. Secondary structure 

The secondary structure of anisaxin peptides was evaluated 

sing circular dichroism (CD) spectroscopy in different environ- 

ents: (i ) aqueous solution at neutral pH (SPB), (ii ) anisotropic 

olvent conditions (50% TFE in 10 mM SPB) and (iii ) a membrane- 

imicking environment (SDS in 10 mM SPB). The spectra in aque- 

us buffer are typical of disordered conformations for all five pep- 

ides, whereas in the anisotropic environments they clearly sug- 

est a transition to a helical conformation. This is somewhat more 

ronounced in 50% TFE compared to SDS micelles, but in both 

ases the shape of the spectra and in particular a θ208 / θ222 ra- 

io > 1, suggests that the helices under these conditions are not 

tacked ( Fig. 2 ) [56] . The helical wheel projections (see Fig. S5 )

uggest that an amphipathic helix could form in the more cationic 

-terminal part of the peptide. 

Comparing spectra suggests that anisaxin-2S and -3 have the 

ost helical content ( ∼50% in TFE), followed by anisaxin-2P with 

40%. Anisaxin-1 and -4, although having a similar primary struc- 

ure to the other peptides, show the least structuring in all envi- 

onments. This suggests that they have a reduced capacity to in- 

eract with membrane-like environments, or alternatively, that the 

nteraction does not markedly alter their conformation. 

.4. Antibacterial activity 

We tested the activity of anisaxin peptides against a panel of 

eference strains and drug-resistant clinical isolates ( Table 2 ). The 
136 
eemed equally active against reference strains and clinical isolates, 

ith MIC values generally between 0.5 and 1 μM (sometimes as 

ow as 0.25 μM, which is unusual for helical AMPs). This was ob- 

erved in particular against E. coli, K. pneumoniae and A. bauman- 

ii , whereas P. aeruginosa showed the least susceptibility to these 

eptides, although the MIC value range is still appreciable (4 - 

6 μM). Anisaxin-2S and -4, which were most active against the 

eference P. aeruginosa strain (MIC = 4 μM) also showed a better 

ctivity against some drug-resistant clinical isolates (MIC = 2 μM). 

ith respect to S. aureus, a representative of Gram-positive bacte- 

ia, they were less potent, with MIC generally ranging from 16 to 

4 μM or higher. Only anisaxin-2S and -4 showed a good activ- 

ty against the reference S. aureus strain (MIC = 2-4 μM) but were 

nactive against clinical isolates. This could indicate selectivity to- 

ards Gram-positive bacteria. 

The MBC (bactericidal) values against all tested strains, for all 

he tested peptides, were similar to the MIC values, suggesting that 

nisaxins are bactericidal rather than bacteriostatic ( Table 2 ). 

The antimicrobial potency of anisaxin peptides was further 

valuated by determining their effect on bacterial growth kinetics 

sing a time-kill assay at concentration both above and below the 

espective MIC values. They slowed the growth of the E. coli ref- 

rence strain also at sub-MIC values, but the bacteria were even- 

ually able to recover, and growth restarted after approximately 

0 min post exposure ( Fig. 3 ). At twice the MIC, growth inhibition

as more pore permanent, and A-1 and A-2S in particular signif- 

cantly reduced viable bacterial counts. It should be pointed out 

hat, under the conditions required for these assays, the initial in- 

culates have bacterial concentrations three orders of magnitude 

igher than for MIC assays. 

.5. Peptide - membrane interaction 

The ability of anisaxin peptides to interact with bacterial and/or 

odel membranes was evaluated using static 31 P ssNMR, flow cy- 
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Fig. 2. CD spectra of anisaxin peptides in different environments. Spectra are the accumulation of three scans carried out with 20 μM peptide in SPB (sodium phosphate 

buffer), 10 mM SDS (sodium dodecyl sulphate micelles) in SPB or 50% TFE (trifluoroethanol) in SPB. 

Table 2 

Antimicrobial activity of anisaxin peptides in MHB expressed as MIC (μM) and MBC (μM). 

Bacterial strain 

Anisaxin-1 Anisaxin-2S Anisaxin-2P Anisaxin-3 Anisaxin-4 

MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC 

E. coli ATCC 1 1 0.5 0.5 0.5 0.5 0.25 0.25 0.5-1 0.5-1 

E. coli c.i. 1-2 1-2 0.5 0.5 1 1 1 1 1 1 

E. coli c.i. 2 2 2 1 1 1-2 1-2 1 1 1-2 1-2 

K. pneumoniae ATCC 0.5-1 1 0.25 1 0.5-1 0.5-1 0.5-1 0.5-1 0.5 0.5 

K. pneumoniae c.i. 1-2 1-2 0.5 0.5 1 1 1-2 1-2 1 1 

K. pneumoniae c.i. 2 2-4 2-4 1 1 1-2 1-2 2 2-4 1-2 1-2 

A. baumannii ATCC 1 1 0.25-0.5 0.5 0.5 0.5 0.5 0.5 1 1 

A. baumannii c.i. 1 1 0.5 0.5 0.5 0.5 0.25 0.25 0.5-1 0.5-1 

A. baumannii c.i. 2 1 1 0.5 0.5 1 1 0.5 0.5 1-2 1-2 

P. aeruginosa ATCC 8 8-16 4 4-8 16 32 32 32 4 4 

P. aeruginosa c.i. 4 4 1-2 2-4 4 8-16 4 4-8 2 2 

P. aeruginosa c.i. 2 8 8 4-8 4-8 8 8 8 16 4 4 

S. aureus ATCC 16-32 16-32 4 4 32-64 64 > 64 NA 2 2 

S. aureus c.i. > 64 NA > 64 NA > 64 NA > 64 NA > 64 NA 

S. aureus c.i. 2 > 64 NA > 64 NA > 64 NA > 64 NA > 64 NA 

NA not applicable; c.i. clinical isolate. 

tometry, atomic force microscopy (AFM) and fluorescence imaging. 
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1 P ssNMR spectra were measured for peptides in contact with ei- 

her zwitterionic DOPC or negatively charged 1:1 DOPG/DOPC large 

nilamellar vesicles (LUVs). Static 31 P spectra of lipid membranes 

re dominated by chemical shift anisotropy resulting in powder 

atterns that are sensitive to the orientation and mobility of the 

ipid headgroups [57–59] . The comparison of spectra for LUVs in 

he presence and absence of peptide thereby allows to investigate 

he influence of the peptide on the phase, shape and the dynamics 

f the membranes ( Fig. 4 ). Anisaxin-1, -2S, -2P and -4 had virtually

o effect on the DOPC 

31 P spectra, implying little or no binding in- 

eraction. Only anisaxin-3 caused a broadening of the powder pat- 

ern by approximately 8 ppm (1.6 kHz) at 10% peak height, indicat- 
137 
hat zwitterionic lipid membranes are to some extent representa- 

ive of eukaryotic cell membranes, the pronounced interaction of 

nisaxin-3 with DOPC vesicles suggests that it might also interact 

ith animal cell membranes, resulting in a higher toxicity. In stark 

ontrast, anisaxin-1, -2S, -2P and -3 caused considerable change in 

he powder pattern of anionic vesicles, more representative of bac- 

erial membranes, indicating that interactions with the lipid bilay- 

rs are markedly charge-dependent. For all these peptides, we ob- 

erved a clear shift in the center of the DOPG/DOPC powder pat- 

ern, while the overall peak width was unaffected, suggesting they 

ave a similar membrane binding mode. The clear charge depen- 

ence of binding indicates selective interaction of these cationic 
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Fig. 3. Time-kill kinetics curve of E. coli ATCC 25922 after exposure to anisaxin pep- 

tides. Peptides were incubated with bacteria (1 × 10 7 - 1 × 10 8 CFU/mL in MHB) 

for 4 h at ½ × MIC and 2 × MIC. After the first 30 min of exposure to anisaxins 

there is a sudden drop in the number of bacteria, after which bacteria recover (ex- 

cept when treated with A-1 and A-2S at 2 × MIC). Data are the average from three 

independent experiments. 

peptides with anionic bacterial membranes. In this case, the excep- 
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ion was anisaxin-4, for which only marginal broadening was ob- 

erved, suggesting a different mode of action for this peptide that 

oes not seem to correlate clearly with its net charge. 
ig. 4. Static ssNMR 31 P spectra of zwitterionic and anionic vesicles in the absence (blue

cquired at 500 MHz ( 1 H frequency). 

138 
acterial membrane in a manner that facilitates internalization into 

he bacterial cell, and subsequently bind to bacterial DNA, thus af- 

ecting transcription/replication processes [ 60 , 61 ]. Other types of 

MPs, such as the proline-rich bactenecins use transporters to in- 

ernalize and then bind to ribosomes, inhibiting translation [62] . To 

est for these possibilities with anisaxins, tests of DNA binding and 

nterference with the ribosome machinery were performed. How- 

ver, changes to chromosomal DNA during replication or interfer- 

nce with nucleic acids were not observed, up to concentrations 

everal times higher than MIC values ( Figs. S6 and S7 ). Similarly, 

o secondary effects were noticed with respect to protein synthesis 

s suggested by the in vitro transcription/translation assay on E. coli 

ysates ( Fig. S8 ). This suggests that the killing activity of anisaxins 

oes not involve internalization and interference with intracellular 

acterial targets. 

Given the above considerations, and the fact that helical pep- 

ides are most often membranolytic [ 63 , 64 ], we verified the ability

f anisaxin peptides to permeabilize the inner membrane of the 

eference E. coli strain at 0.5, 0.25 and 0.125 μM concentrations. All 

eptides, when tested at 0.5 μM ( ∼MIC), showed substantial per- 

eabilization, resulting in 85–90% propidium iodide (PI)-positive 

ells after 15 min post-exposure ( Fig. 5 ). When treated with 0.25 

nd 0.125 μM (sub-MIC values), a similar behavior was observed 

fter 15 min, however, followed by an apparent drop in % PI- 

ositive cells after 30 and 60 min exposure ( Fig. S9 ). This suggests 

hat bacteria can partly recover from exposure to sublethal concen- 

rations of the peptides, in line with time-killing experiments. 

Finally, the effect on the bacterial membrane of the two most 

otent peptides, anisaxins-2S and -2P, was visualized using flu- 

rescence and AFM imaging at concentrations corresponding to 

 × MIC. For both peptides, AFM data suggest that bacteria pre- 

erved their characteristic morphology on exposure to the pep- 

ide, without evident membrane disruption ( Fig. 6 ), with respect 

o control ( Fig. S10 ). On the other hand, fluorescence images show 

 strong PI signal (cells stained red) confirming the flow cytome- 

ry data, which suggests that while the mode of action is mem- 

ranolytic it does not cause visible alterations to the membrane 

urface (at the used imaging resolution). This type of behavior is 

lso typical for the bee venom-derived peptide, melittin, which has 

een shown to cause strong molecular leakage from both zwitte- 

ionic and anionic lipids, while leaving the cell surface apparently 
 and green) and presence (yellow and red) of anisaxin peptides. All spectra were 

8
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Fig. 5. Evaluation of the effect of anisaxin peptides on E. coli ATCC 25922 mem- 

brane integrity. Peptides were incubated with E. coli ATCC 25922 (1 ×10 6 CFU/mL) 

for 60 min at 0.5 μM (generally a MIC). Increase in the signal indicates membrane 

disruption. Data are expressed as the mean of % PI positive cells ± S.E.M. of three 

independent experiments. 

Fig. 6. Fluorescence, bright field (grey) and AFM images of E. coli cells treated with 

anisaxin-2S (upper panel) and -2P (lower panel) at 4 × MIC. AFM data suggest no 

visible membrane damage. Fluorescence images (PI + , stained in red) confirm mem- 

brane disruption. 

intact [65] . Furthermore it has been reported to cause similar ef- 
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ects on Gram-positive and Gram-negative bacteria, with a strong 

I-induced signal, but minimal or no alternation on the membrane 

urface [ 36 , 66 ]. For confirmation, we performed additional AFM 

maging in ambient conditions of bacteria exposed to all five pep- 

ides (see Roncevic et al. [36] ), and found that although the mem- 

rane surface was left intact, the cell height was considerably re- 

uced (approx. by half) with respect to the control ( Fig. S10 ), in

ine with possible loss of intracellular content. 

.6. Molecular modeling 

Further mechanistic insights, that circumvent experimental con- 

traints, were obtained by molecular dynamics (MD) simulations 

erformed on anisaxin-2S (chosen amongst most potent peptides) 

nteracting with a POPE:POPG anionic bilayer modeling the phos- 

holipid composition of an E. coli membrane. Interaction of the 
139 
nt peptide/lipid (P/L) ratios. Strong membrane deformation was 

bserved during the interaction of 12 peptides (P/L = 1/64), posi- 

ioned in a double star-like manner ( Fig. 7 ) on the membranes sur- 

ace, where the more closely positioned peptides (inner star), pull 

p on the membrane, inducing a surface bulge that is mirrored by 

 concave patch on the inner leaflet ( Fig. 7 ). In this process, some

ipids appear to be partially extracted from the membrane, how- 

ver, since the induced force is not sufficient to completely sepa- 

ate these lipids, the peptides move away from each other, which 

educes surface stress and relaxes the membrane. A few of these 

eformations occur with a decrease in amplitude during a 1 μs 

imulation time. 

On reducing the number of peptides that interact with the 

embrane to 6 (P/L = 1/128) some fluctuations could still be ob- 

erved on the membrane, but no initiation of the lipid extrac- 

ion was observed ( Fig. S11 ). This suggests a certain complexity 

f the molecular mechanism leading to membrane leakage, where 

 key factor inducing adequate stress on the membrane is a high 

ocal surface peptide concentration resulting in a sufficient num- 

er of closely spaced peptides. To our knowledge, the involvement 

f lipid extraction in the mode of action of antimicrobial pep- 

ides [ 67 , 68 ] and/or pore-forming proteins [69] , is a quite novel

echanism, backed by a recent study of the membranolytic bee 

enom peptide melittin performed using coarse-grained simula- 

ions that are, however, less sensitive compared to all-atom sim- 

lations [ 44 , 70 , 71 ]. 

.7. Toxicity and bioavailability 

Dose- and time-dependent cytotoxic activity for all peptides 

ested by differential staining on HPBMCs was only found to be 

tatistically significant in particular cases ( Figs. 8 and S12 ). The ef- 

ect was least pronounced for anisaxin-2S and -2P with > 90% and 

 80% viable cells remaining after 4 h exposure, and > 75% viable 

ells even after 24 h exposure. Treatment with anisaxin-1, -3 and 

4 reduced cell viability respectively to 88 ± 3, 70 ± 8 and 75 ± 8 

 after 4 h exposure to the highest peptides concentration tested 

nd, in this case, reduced to 44 ± 4, 48 ± 6 and 5 7 ± 8% viable 

ells after 24 h of exposure to the highest peptides concentration 

ested. Significantly, the LC 50 value (i.e., the concentration that re- 

uces the viability of treated cells to 50%) for anisaxin-2S, -2P and 

4 was well over 100 μM even for 24 h exposure, and it fell be-

ow this value only for anisaxin-1 and -3 (78 and 21 μM, respec- 

ively). DNA damage to HPBCs was also determined after exposure 

o different anisaxins for 4 or 24 using the alkaline comet assay. 

here was no statistically significant difference in the amount of 

NA strand breaks, compared to the corresponding control sam- 

les, for any of the tested peptides ( Figs. 8 and S12 ). 

Given these indications of a relatively low toxicity of anisaxins 

owards human cells, and particularly the fact that toxicity does 

ot seem to correlate with potency, we tested the pharmacokinet- 

cs of the two peptides with the best selectivity indices (LC 50 /MIC), 

amely anisaxin-2S and -2P, in a mouse model ( Figs. S13 and 

14 ). Both peptides were found to be rather unstable in serum, as 

heir concentrations were below the lower limit of quantification 

t 30 min post-injection. This is most likely due to the action of 

erum proteinases, as is commonly reported for linear AMPs [73] . 

uriously, at 15 min post-injection anisaxin-2P showed a higher 

oncentration compared to -2S, despite there only being a single 

esidue difference ( Table S2 ). 

. Discussion 

Transcriptome and genome screening of A. simplex and A. pegr- 

ffii for cecropin-like sequences led to the identification of 14 such 
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Fig. 7. Simulation of the binding process of twelve anisaxin-2S peptides placed in star-like formation embedded in the polar region of the membrane. The snapshots show 

top and side view at simulation time 0 ns (a, b) and 105 ns (c, d). At 105 ns, prominent local bulging occurs in both leaflets. Few lipids from the upper leaflet, with the 

highest separation tendency are highlighted in cyan. The peptide is shown in ribbon representation (yellow - charged residues; magenta - remaining AAs). Membrane lipids 

are shown in line representation with P atoms shown as beads. Visualization done with VMD [72] . 

Fig. 8. The effect on cell viability determined by differential staining with acridine orange (AO)/ethidium bromide (EtBr) (lower panel) in human peripheral blood mononu- 

clear cells (HPBMCs) and DNA damage assessed using the alkaline comet assay (upper panel) in human peripheral blood cells (HPBCs) after exposure to different concen- 

trations (0, 1.56, 3.13, 6.25, 12.5, 25, 50 and 100 μM) of anisaxin-2S and -2P for 4 and 24 h. Data are presented as % of the corresponding controls or as the mean % DNA 

increase in the comet tail for treated cells, over the background level in control cells. Significance of differences was determined with either χ2-test or Scheffé test ( ∗P < 

0.05). 
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peptides, named anisaxins, where the region corresponding to the 
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ature peptide is well conserved, whereas the N- and C-terminal 

ortions of the precursor sequence is more diverse. This is typical 

f cecropins and is consistent with reports for peptides from two 

ematodes that infect terrestrial animals ( T. canis and A. suum ). 

We found that A. pegreffii differentially regulates eight anisaxin 

eptides in both an accidental host (rat) and a paratenic host 

seabass) models ( Fig. 1 ). This is likely due to excretory/secretory 

roducts from the parasite’s unique excretory gland cell, which is 

mplicated in many biological and physiological processes of the 

ematode [74] . Interestingly, bacilli aggregations near the cuticle 

f Anisakis larvae perforating the gastric mucosa of rats, occur in 

ssociation with a conspicuous activation of the interleukin-17 (IL- 

7) signaling pathway in the rat [75] , suggesting the involvement 

f commensal bacteria in the host’s immune response to migrat- 

ng A. pegreffii . This is consistent with our observation that al- 

hough the expression of anisaxins is similar in migrating (suc- 

essful infection) and faecally-expelled larvae (unsuccessful infec- 

ion), suggesting that anisaxins do not necessarily contribute to lar- 

al pathogenicity, it is markedly different in the control fish from 

hich larvae were sourced for the experiment ( Table S1 ). This sug- 

ests that the parasite may increase anisaxins production when ex- 

osed to an evolutionary distant microbiome (as in the rat infec- 

ion model), perceived as more hostile than that of the gastroin- 

estinal tract of the marine animal with which it has co-evolved. 

It is also striking that there seems to be a differential ex- 

ression of specific transcripts in larvae found in different hosts 

 Fig. 1 ). The differences in the relative expression levels of anisax- 

ns within the three hosts tested suggests that either specific 

echanisms intrinsic to the host contribute to the differential 

ualitative and quantitative use of particular anisaxins ( Table S1 ) 

r that this may be conditioned by the microbiome composition in 

itu . 

Analysis of 14 identified cecropin-like AMP sequences, led to 

he selection of five non-redundant peptides for structural and 

unctional characterization. These show a moderately amphipathic 

mino acid arrangement of the mature sequence ( Fig. S5 ) centered 

n the N-terminal, cationic region of the peptides. The overall rel- 

tive hydrophobic moment (μH 

rel = 0.3–0.35; Table 1 ) is somewhat 

ower than what is normally observed for membranolytic helical 

MPs (0.5–0.6) [76] . However, the peptides have a conserved tryp- 

ophan at position 2 which has been reported to be an important 

eature for broad-spectrum antimicrobial activity [ 63 , 77 , 78 ]. More- 

ver, anisaxins adopt a helical conformation in anisotropic environ- 

ents, a common feature for many potent AMPs of different ori- 

ins [7] , but to varying degrees. Interestingly, although anisaxins 

nd other cecropin-like peptides identified in insects [ 63 , 79 ] share 

ome biophysical properties with a variety of other AMPs [7] (i.e., 

 net positive charge and helical amphipathicity), their primary se- 

uence is quite distinct, suggesting they belong to a discrete struc- 

ural class. 

In any case, all anisaxin peptides tested had a potent antimi- 

robial activity and were selective against Gram-negative bacteria, 

overing both reference strains and multi-drug resistant isolates. 

IC values were in the low micromolar range, sometimes remark- 

bly low (0.25–0.5 μM), and MBCs were similar, suggesting a bac- 

ericidal rather than bacteriostatic activity. Their mode of action 

ppears to involve interaction with bacterial membrane and their 

ubsequent rapid permeabilization (15 min or less), even at con- 

entrations below the MBC. Bacteria appear to have the ability to 

ecover from membrane damage up to this threshold concentration 

t which they are overwhelmed ( Figs. 3 and 5 ). 

No visible membrane damage was not observed by AFM after 

xposure to anisaxins, even at concentrations significantly higher 

han the MIC or MBC. This is unusual but not unheard of for he-

ical amphipathic AMPs, as the potent and highly membranolytic 
141 
f action of melittin [ 70 , 71 ] were observed also in MD simulations

howing membrane deformation due to peptide-induced surface 

tress, suggesting lipid extraction as a possible part of their mech- 

nism of action. Such effects depend on the P/L ratio consistent 

ith surface assembly [44] , suggesting that the cooperative action 

f multiple peptides may be required for the antibacterial mecha- 

ism. Peptides bind strongly to a negatively charged membrane but 

ave a low tendency to aggregate, so that a large number of pep- 

ides are required to produce a sufficiently high local peptide con- 

entration, which induces strong fluctuations in local membrane 

urvature, leading to unequal stress on the two leaflets. This sug- 

ests that the ability of the bacterium to recover from membrane 

amage at sub-MIC values may be related to its capacity to pre- 

ent local accumulation. Otherwise, peptides can lead to lipid ex- 

raction, which creates an asymmetry in the number of lipids in 

he two leaflets. This reduces the free energy barrier for peptide 

ransfer and can lead to transient membrane rupture or peptides 

nsertion and pore formation. 

The membrane effects suggested by molecular modeling obser- 

ations were consistent with an increased permeabilization to PI, 

 rather small dye, and the reduction in cell height as observed 

y AFM ( Fig. S10 ). It leads us to conclude that it is the peptide-

nduced molecular leakage of cellular content eventually results 

n bacterial cell death. The efficient production of membrane le- 

ions that do not result in observable morphological effects repre- 

ents an important aspect of anisaxins’ mode of action, and may 

e related to the ability of bacteria to recover from the lesions at 

ub-MIC concentrations. In fact, unlike some other peptides, such 

s indolicidin, which have a dual mode of action that includes 

embrane disruption and subsequent inhibition of DNA synthe- 

is [ 60 , 61 ], anisaxins seem to act exclusively by non-specific mem- 

rane interactions leading to micro-permeabilization. We did not 

bserve changes to chromosomal DNA during replication or inter- 

erence with nucleic acids or protein synthesis machinery up to 

oncentrations significantly higher than MIC values ( Figs. S6–S8 ). 

In most cases, the potent antimicrobial activity of membra- 

olytic AMPs is accompanied by toxic side effects on host cells 

 54 , 80 ]. While the precise endogenous release at sites of infec- 

ion by the host’s immune system is tolerated, exogenous deliv- 

ry in a therapeutic context leads to unacceptable toxicity. Melit- 

in, a peptide which to some extent has a similar structure and 

ode of action to anisaxins, is toxic at concentrations compara- 

le to its MIC values [81] . This was not the case for the anisaxin

eptides, which showed limited cyto- and genotoxic effect towards 

PBMCs and HPBCs, respectively. This extended also to the more 

otent anisaxin-2S, -2P and -4, for which the particularly low MIC 

alues (often sub-micromolar) contrasted with LC 50 values well 

bove 100 μM. Anisaxin-1 and -3 were found to be somewhat 

ore toxic, although LC 50 values were still at least 20 times higher 

han the bacteriostatic and bactericidal concentrations, for the ma- 

ority of tested strains ( Table 2 and Figs. 8 , S12 ). To our knowledge,

lthough the isolation, structure and antibacterial potency of ce- 

ropins from other Nematoda (e.g. A. suum ) have been reported 

 20 , 82 ], toxicity data for these peptides is lacking. Cecropin and 

ecropin-like AMPs from insects are difficult to compare with, due 

o significantly different primary sequences in relation to anisaxins, 

ut available data suggest that these have a wide array of activities 

gainst animal cells, ranging from inactive to highly toxic so that 

he sequence of parasitic nematode cecropins may have evolved to 

esult in low cytotoxicity towards animal cells [83] . 

Based on these encouraging results we carried out prelimi- 

ary tests on the pharmacokinetics of the two peptides with the 

est selectivity index (LC 50 /MIC), namely anisaxin-2S and -2P, in 

 mouse model ( Figs. S13 and S14 ). Both peptides were unsta- 

le in vivo, likely due to proteolytic degradation, although the fact 
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that a single residue difference in anisaxin-2S and -2P increased 
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hort-term stability ( Table S2 ) with limited detriment to potency 

r toxicity, suggests that stability can be optimized. Proteolytic 

egradation is commonly reported for linear AMPs [73] , but is 

ot necessarily a major obstacle for their successful application. 

otent and non-toxic peptides such as anisaxins might be used 

or topical external application in their current form, encapsulated 

ithin nanocarriers for target-delivery, and/or undergo moderate 

equence modifications to improve their stability. The latter ap- 

roach could be implemented in a number of ways, including the 

onstruction of partially or fully enantiomeric peptides, or peptides 

ncorporating non-proteinogenic side-chains in the sequence, or by 

ther structural changes (e.g. cyclization) to prevent proteolysis 

84] . This however requires a more detailed understanding of the 

eptides’ mode of action in relation to their structure, as too of- 

en quite limited small changes in the primary structure have been 

ound to have profound effects on selectivity. A small effect on se- 

ectivity is indeed observed for anisaxin-2S and -2P (e.g., a signif- 

cantly different activity towards S. aureus ATCC, Table 2 ). In this 

espect, tools are available to guide sequence variations [ 85 , 86 ]. 

The high degree of conservation of cecropin-like peptides from 

arasitic nematodes infecting a wide variety of animal hosts, re- 

ulting in potent and selective anti-infective agents, is definitely 

orth further evaluation. In general, nematodes need to keep the 

ost microbiota in check without harming the host itself, which 

ould explain why they have evolved AMPs with good antibacte- 

ial potency but without concomitant toxicity to host cells. The fact 

hat their sequences changed relatively little when some terrestrial 

osts adopted a purely marine lifestyle suggests adaptability. Un- 

er these conditions the life-cycle of the nematodes evolved to also 

nclude infection of invertebrate marine animals ( Fig. S1 ), which 

rgues for a certain robustness in the antibacterial activity of the 

eptides, capable of dealing with entirely diverse microbiotas and 

nvironmental conditions. 

. Conclusions 

We have identified a group of nematode AMPs from marine 

arasites of genus Anisakis and performed an in-depth charac- 

erization of their structural and functional features, with a fo- 

us on their antimicrobial activity, their mode of action, their 

iostability and toxicity. This class of peptides exhibits a potent 

actericidal activity, often at sub-micromolar concentrations, with 

electivity towards Gram-negative bacteria, including multidrug- 

esistant strains. Anisaxins have a membranolytic mechanism of 

ction leading to permeabilization, molecular leakage and ulti- 

ately cell death, which is rapid. This killing mechanism may be 

ess susceptible to bacterial resistance. As observed by MD simula- 

ions, their mechanism of action is very sensitive to local peptide 

oncentration, and may involve significant membrane deformation, 

uch as membrane bulging and lipid extraction. Subsequent stages 

nclude membrane lesions that however are not massive, as they 

o not lead to evident morphological changes to the bacterial sur- 

ace. There does not seem to be an interaction with intracellular 

argets. The toxicity of these anisaxins towards host cells was un- 

sually low for AMPs with a membranolytic action, suggesting that 

t least some of them may have a realistic therapeutic potential 

or treating human infections, and thus warrant further research. 

n vivo experiments on mice suggest a low stability, making them 

nsuitable for systemic use in their current form. For this reason, 

urther attention will be devoted to sequence modifications to im- 

rove resistance to proteases and to enable successful drug deliv- 

ry, or to formulation for topical uses. In this respect, the fact that 

inimal changes in the sequence result in observable difference in 

he stability, while not greatly affecting activity or toxicity, is en- 

ouraging. 
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