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Anthraquinones (AQs) are chemical scaffolds that have been used both naturally and synthetically for centuries in the food, pharmaceutical, cosmetic and paint industries. AQs, such as citreorosein and emodin, are common additives in antifouling paints which help prevent the global issue of biofouling. To determine the antifouling potential of a family of structurally related compounds nineteen AQs (1–19), were tested for their microbial growth and biofilm adhesion inhibition activity against three marine biofilm forming bacteria, Vibrio carchariae, Pseudoalteromonas elyakovii and Shewanella putrefaciens. More than three-quarters of the tested AQ compounds exhibited activity against both V. carchariae and P. elyakovii at 10 μg/ml whilst exhibiting low antimicrobial effects. The most active compounds (1, 5, 6, 7, 9, 10, 14, 15, 18, 19) were tested for their minimum inhibitory concentrations (MICs) which highlighted that all the tested compounds were highly effective at inhibiting the biofilm growth of P. elyakovii at a very low concentration of 0.001 μg/ml. The variability in MIC for inhibiting the biofilm growth of V. carchariae was assessed by analysing the structure-activity relationships (SARs) between the AQ compounds, and the key structural features leading to improved biofilm growth inhibition activity are reported. Molecular docking analysis was also performed to assess whether interruption of quorum sensing in V. carchariae could be a possible mode of action for the antifouling activity observed.
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1 INTRODUCTION
Almost 75% of the marketed bioactive compounds are natural products isolated from living organisms or their semi-synthetic derivatives (Locatelli, 2011). Compounds from natural sources often have biological activity, modulating several targets, which may be effective for the development of new pharmaceuticals, agrochemicals and other products. These natural compounds can be extracted from plants, marine organisms, or microorganism fermentation broths. Amongst these, anthraquinones (AQs) are some of the most explored natural products (Locatelli, 2011). AQs are a class of phenolic compounds characterized by a 9,10-anthracenedione (also called 9,10-dioxoanthracene) core structure substituted by three fused benzene rings with two ketone functional groups on the central ring. The first anthraquinone was encountered in 1840 when Laurent oxidized anthracene to synthesize anthraquinone and entitled the chemical “anthracenuse”, whilst independently the same compound was termed “oxanthracen” by Demselben (1840). Interestingly, the presently used name “anthraquinone” was only given by Graebe and Libermann in the year 1868 almost three decades later (Graebe, 1890). In 1873, Fittig proposed the correct diketone structure of AQ (Malik et al., 2021). Because of their myriad of biological properties, anthraquinones are a significant class of bioactive compound (Fouillaud et al., 2016).
In nature, AQs occur either as glycosides (i.e., linked to a sugar moiety) or as their free aglycones (Stompor-Gorący, 2021). AQ analogues are a large group of mostly colourful polyketides, existing in either oxidized (anthraquinones) or reduced forms (anthrones, anthranols), or as dimers (dianthrones). Reduction of AQs results in the formation of unstable anthrahydroquinones and oxyanthrones (Diaz-Muñoz et al., 2018). The bioactivity of AQs depends on their chemical structure and is correlated with the existence of hydroxyl groups at the C-1 to C-8 positions in the aromatic ring, a substituent at C-3 and the number of sugar moieties (Diaz-Muñoz et al., 2018). So far, approximately 700 molecules featuring AQ skeletons have been characterised, out of which nearly 200 have been isolated from plants, while the remaining ones have been isolated from bacteria, lichens, fungi, and sponges or other marine invertebrates (Diaz-Muñoz et al., 2018).
Interest in AQs arises from the fact that these chemical scaffolds that have been reported to have numerous biological activities, such as laxative (Malik and Müller, 2016), antifungal (Wuthi-udomlert et al., 2018), antibacterial (Malmir et al., 2017), antimalarial (Osman and Ismail, 2018), anti-inflammatory (Kshirsagar et al., 2014; Chien et al., 2015), antiarthritic (Kshirsagar et al., 2014), diuretic (Chien et al., 2015), antiplatelet (Wu et al., 2007; Seo et al., 2012), neuroprotective (Jackson et al., 2013), and anticancer activity (Huang et al., 2007; Srinivas et al., 2007; Malik et al., 2015; Fouillaud et al., 2016; Tian et al., 2020). In addition to their bioactivity, many natural and synthetic anthraquinones are used in the textiles, paints, devices and biochips, foods, cosmetics, pharmaceuticals industries and as imaging photocleavable protecting groups (Furuta et al., 2001; Patnaik et al., 2007; Shaw, 2009; Caro et al., 2012; Dufossé, 2014; Malik et al., 2015). Some AQs have also been identified as effective catalysts in many chemical and biogeochemical processes like the degradation of contaminants based on their redox potential (Forti et al., 2007; Uchimiya and Stone, 2009). Additionally, there is research into novel approaches of functionalization of anthraquinones, and integrating co-polymeric nanostructures designed for photodynamic treatments (Amantino et al., 2020). Various AQs have been patented for use in building materials to deter destruction by pests, birds and fungi, highlighting their commercial value (Ballinger, 2015). While AQs in general have not been extensively explored for their antifouling potential, in the patent literature there is ample evidence for their potential suitability for use as additives in antifouling coatings to prevent marine biofouling (Shanghai Min Xuan Steel Structure Work Co Ltd, 2022; No 750 Test Field of China Shipbuilding Industry Corp, 2020). Interestingly, citreorosein and emodin have been reported to show strong antifouling activity against Balanus amphitrite larvae settlement (Bao., 2013). These findings prompted us to further explore analogues of these AQ compounds for their AF potential.
Biofouling refers to an overgrowth of both micro and macro-organisms on subsea surfaces. When this process occurs on oil and gas and offshore renewable energy installations situated in the marine environment, it can lead to structural degradation which results in economic losses for these industries (Li and Ning, 2019). The shipping industry is also negatively affected by biofouling as attachment of organisms to the hulls of ships leads to increased fuel consumption (Schultz et al., 2011) which in turn further contributes to global greenhouse gas emissions. From an ecological perspective, transportation of foreign organisms via ships can lead to an introduction of invasive species into marine ecosystems, causing devastating effects on marine biodiversity in these areas (Molnar et al., 2008).
Biofouling is a rapidly occurring process which begins with the attachment of bacterial and diatomic cells to a submerged surface (Figure 1). These cells accumulate and aggregate over a short period of time to form a marine biofilm. Marine biofilms play an important role in the subsequent attraction of macro-organism larvae which are encouraged to settle on these surfaces via a variety of settlement cues (Dobretsov and Rittschof, 2022) Macro-organisms such as mussels, barnacles, hard corals and macroalgae then grow on the surface and, over time, form a dense accumulation of strongly attached organisms which are persistent and hence very difficult to remove.
[image: Figure 1]FIGURE 1 | Biofouling process and timeline (Gomez-Banderas, 2022).
As a preventative measure, maritime industries coat subsea structures with antifouling paints which are formulated with antifouling-active compounds to help prevent the attachment of these organisms. Recent studies are now showing that these antifouling agents are in fact coastal pollutants and can be harmful to non-target species, rendering them unsuitable for use in marine environments (Gomez-Banderas, 2022). Between August 2014 to May 2020, 182 antifouling-active compounds were isolated from 173 marine organisms (Liu et al., 2020) showing that natural products could be used as inspiration for developing new antifouling agents. Notable success stories include the potent antifouling activity from butenolides isolated from a marine Streptomyces sp. (Xu et al., 2010), halogenated compounds from macroalgae (Piazza et al., 2011; Umezawa et al., 2014; Dahms and Dobretsov, 2017) and bromotyrosine containing compounds from marine sponges (Ortlepp et al., 2007; Hanssen et al., 2014; Tintillier et al., 2020). Most commonly, antifouling activity is conveyed by inhibition of microalgal growth and adhesion, settlement inhibition of invertebrate larvae or algal spores, and inhibition of microbial growth and biofilm adhesion. When testing for bacterial biofilm inhibitory activity, it is important to consider that besides exhibiting a direct antibiotic activity, compounds of interest may also be interrupting the quorum sensing signaling system and hence inhibiting the biofilm growth. Quorum sensing is a communication system used in bacterial communities to allow for synchronized behaviour such as bioluminescence, virulence and the formation of bacterial biofilms (Miller and Bassler, 2001). Although there has been some success in identifying natural products with antifouling activity, many of the known compounds produced by living organisms have not yet been explored for their antifouling potential.
In the present study, we investigate the microbial growth and biofilm adhesion inhibition activity of nineteen structurally diverse anthraquinones when tested against three marine bacterial species which are key players in the marine biofilm formation process. The MIC of the best performing compounds was also determined, and the related structure activity relationships of these compounds are analysed to determine the structural properties which are fundamental in contributing to the biofilm related antifouling activity. Molecular docking analysis was performed in order to obtain an estimate of the strength of binding between the tested compounds and an important protein involved in the quorum sensing signal system.
2 RESULTS
Nineteen structurally diverse AQ compounds (Figure 2), based on the same anthraquinone core structure, were tested for their microbial growth and biofilm adhesion inhibition activity against three marine biofilm forming bacteria: Vibrio carchariae, Pseudoalteromonas elyakovii and Shewanella putrefaciens. Using the DataWarrior software package, a similarity value between the molecules was calculated in a two-step process. Firstly, certain molecule features of all molecules in the dataset were compiled into an abstract molecule description, called descriptor, sometimes are also referred to as fingerprints. In the simplest case the descriptor consists of a binary array of which every bit indicates whether a certain feature is present or not in the molecule. In a second step, these descriptors are converted into the actual similarity value, signifying how much the two compounds have in common, by dividing the number of common features by the number of features being available in any of the two molecules, which is referred to as Tanimoto similarity (Sander et al., 2015). The structural similarity was identified using DataWarrior software where citreorosein was selected as the starting marker and Skelspheres (Sander et al., 2015) were used as molecular descriptor to identify the close similarity between the structures (Supplementary Figures S1, S2).
[image: Figure 2]FIGURE 2 | Chemical structures of anthraquinone derivatives used in the study.
For this current study, we chose the following AQ compounds: phomarin (1), morindone (2), 3-methylalizarin (3), 2-methoxy-3-methylanthraquinone (4), 2-hydroxymethylanthraquinone (5), 4-hydroxydigitolutein (6), 2-hydroxyanthraquinone (7), digitolutein (8), asperthecin (9), aloe-emodin (10), alizarin-2-methylester (11), alizarin (12), alaternin (13), 2-methoxyanthraquinone (14), chrysotalunin (15), anthragallol (16), 1-hydroxy-2 methylanthraquinone (17), averufin (18), and citreorosein (19).
2.1 Initial bioactivity screening
When tested for microbial growth inhibition activity against the three test strains at a concentration of 10 μg/ml, none of the compounds exhibited > 20% inhibition against V. carchariae and only 30% of the compounds inhibited > 20% of the microbial growth of P. elyakovii. In addition, more than 75% of the tested AQ compounds exhibited biofilm adhesion inhibition activity against both V. carchariae and P. elyakovii with many of the compounds inhibiting > 40% of P. elyakovii biofilm growth and > 30% of V. carchariae growth when compared to the untreated controls (Figure 3). Rather surprisingly, in contrast all compounds exhibited microbial growth inhibition and biofilm growth promotion activity when tested against S. putrefaciens, which prompted us to exclude this species from further testing in this study (Supplementary Figure S3).
[image: Figure 3]FIGURE 3 | Microbial growth and biofilm adhesion inhibition activity of 19 anthraquinone compounds (10 μg/ml) against V. carchariae and P. elyakovii.
2.2 Minimum inhibitory concentration testing
Ten of the most active AQs from the initial bioactivity screening were further tested at concentrations of 1 μg/ml, 0.1 μg/ml, 0.01 μg/ml, and 0.001 μg/ml to determine the minimum inhibitory concentration (MIC) in which more than 5% microbial growth inhibition and biofilm adhesion inhibition activity against V. carchariae and P. elyakovii was observed (Table 1). 10 and 19 were tested alongside these compounds as these are common additives in antifouling and antifungal paints and can be used to determine the efficacy of the AQ analogues in the study.
TABLE 1 | Microbial growth and biofilm adhesion inhibition activity of the selected AQ compounds (MIC).
[image: Table 1]All compounds were highly effective at inhibiting the biofilm growth of P. elyakovii at a very low concentration of 0.001 μg/ml, exhibiting a range of biofilm inhibition percentages from 20% to 56%. Additionally, 60% of the compounds have a microbial growth MIC above 10 μg/ml which shows that although the overall growth of the microbes is not affected between 10 μg/ml–0.001 μg/ml, the biofilm adhesion is affected by these compounds. A biofilm adhesion MIC of 0.01 μg/ml was observed for 6, 7, and 15 against V. carchariae, while in general, the compounds tested displayed a larger degree of variation in their activity against this bacterium. 60% of the compounds showed an MIC of 0.01 μg/ml when considering the microbial growth. Interestingly, the commercially applied 10 showed one of the highest microbial growth and biofilm adhesion MICs against V. carchariae of 10 μg/ml.
2.3 Structure-activity relationship analysis
Upon closer observation of the MIC data for the 10 AQs selected, some interesting trends can be derived which connect the exhibited biofilm adhesion inhibition bioactivity against V. carchariae with the structural features of the most structurally similar 8 AQ compounds. Due to the important relationship between biofilm formation and the subsequent attachment of macro-fouler larvae (Dobretsov and Rittschof, 2022), it is important to study possible mechanisms as to how compounds are inhibiting biofilm adhesion. The data demonstrates that the introduction of phenolic hydroxyl (OH) groups at position 2 and 4 position of the AQ skeleton as present in 6 and 7, gives the lowest MIC of 0.01 μg/ml. When the OH groups on positions 2 and 4 are lacking, as in the case of 1, 5, 14 and 19, the bioactivity is reduced (MIC = 0.1 μg/ml). The addition of OH groups at positions 6 and 8, and the presence of other substituents such as methoxy, methyl or hydroxymethyl groups at position 1, 2 and 3 as in 1, 5, 14 and 19, may also be contributing factors to the lower MIC of 0.1 μg/ml witnessed for these compounds. For 9, the presence of multiple OH groups at positions 5, 6 and 8, and the absence of OH groups at positions at the 2 and 4 results in a 10-fold decrease in inhibitory activity (MIC = 0.1 μg/ml) in comparison to 6 and 7. The absence of OH groups at positions 2 and 4 in the case of 10, alongside the presence of an OH group at position 8, resulted in a 100-fold reduction in inhibitory activity (MIC = 10 μg/ml) compared to the best performing AQs.
2.4 Determination of quorum sensing inhibition activity using molecular docking
To explore whether the established biofilm inhibitory activity of the studied AQ compounds may be due to potential inhibition of quorum sensing signaling, instead of antibacterial effects, we undertook a molecular docking study. The quorum sensing systems in V. carchariae are well known and involve many different Lux-type proteins (Henke and Bassler, 2004). To gain an insight into the differences in binding between the compounds and the LuxP protein (Figure 4) in V. carchariae, molecular docking (Rigid Receptor Docking (RRD) was performed as per Rajamanikandan et al. (2017). The LuxP protein is an essential binding protein responsible for the transportation of autoinducers which are signaling compounds within the quorum sensing system. LuxP plays an important role near the beginning of the signaling process and hence interrupting the quorum sensing pathway at the beginning could be a favourable approach.
[image: Figure 4]FIGURE 4 | The binding site (grey-white colour) of LuxP protein in V. carchariae.
The AQs tested in the MIC study were subjected to docking analysis against LuxP and the specifities of their interaction with this target were investigated. Based on binding energies and interacting residues, the best docked complexes were obtained for 1 (−8.4 kcal/mol), 7 (−7.7 kcal/mol), 10 (−7.7 kcal/mol) and 19 (−8.2 kcal/mol). Four other AQs docked well with slightly lower binding energies, specifically 5 (−7.5 kcal/mol), 6 (−6.9 kcal/mol), 9 (−7.3 kcal/mol) and 14 (−7.5 kcal/mol), whereas AQs 15 (−5.8 kcal/mol), and 18 (−5.3 kcal/mol) did not dock well according to the low binding energies calculated.
In all four cases, Asp136, Glu208, Ser207, Gln116 and Arg139 residues of LuxP were found to be involved in hydrogen bonding. 1 interacts with LuxP forming H-bonds at the receptor site interacting region involving residues Asp136, Glu208, Ser207 and Gln116. For Asp136 and Glu208, only one interaction between each residue and the ligand was observed with distances of 3.22 Å and 2.69 Å respectively. For Ser207 and Gln116, two interactions per residue could be observed with distances of, 2.70Å and 2.86 Å for Ser207 and 2.93 Å and 3.27 Å for Gln116. LuxP residues Thr137, Asn110, Arg139, Phe206, Thr134 and Pro74 were involved in hydrophobic interactions (Figure 5). The interaction of 7 with LuxP involves three hydrogen bonds, two with the residue Gln116 at distances of 2.95 Å and 3.28 Å and one with Ser207 at a distance of 2.70 Å. Hydrophobic interactions of this compound were found with LuxP residues Thr134, Pro74, Asn110, Arg139, Thr137, Glu208, Phe206 and Asp136 (Figure 5).The interaction of 10 with LuxP involves six hydrogen bonds, two with the residue Arg139 at distances 2.97 Å and 3.17 Å, one with Ser207 at distances 2.56 Å and three with Gln116 at distances 2.98 Å, 2.75 Å and 3.08 Å. Hydrophobic interactions of this compound were found with LuxP residues Thr137, Asn110, Asp136, Pro74, Phe206, Ile113 and Thr134. (Figure 5). Finally, the interaction of 19 with LuxP involves eight hydrogen bonds, two with the residue Arg139 at distances 3.20 Å and 3.08 Å, two with Ser207 at distances 2.73 Å and 2.87 Å, two with Gln116 at distances 2.91 Å and 3.27 Å, one with Glu208 at distance 2.71 Å and one with Asp136 at distance of 3.25 Å. Hydrophobic interactions of this compound were found with LuxP residues Thr137, Asn110, Pro74, Phe206, and Thr134. (Figure 5).
[image: Figure 5]FIGURE 5 | Ligplots showing interacting residues of LuxP in complex with AQs 1, 7, 10 and 19. Purple lines, AQ ligands; green dotted lines, hydrogen bonds labelled with distances in Å; red dotted lines, hydrophobic interactions; red circles, oxygen atoms; blue circles, nitrogen atoms.
2.5 Pharmacophore evaluation
Using the four best docked AQs 1, 7, 10 and 19, a pharmacophore model was generated. The generated pharmacophore showed three main features: hydrogen bond acceptors (HBAs), hydrogen bond donors (HBDs) and aromatic rings (AR). The representative 3D and 2D pharmacophoric features of each compound are shown in Figure 6. Each compound constitutes individual pharmacophoric features and from these individual characteristic pharmacophores, a merged pharmacophore with common features was generated, as shown in Figure 7. This common feature pharmacophore model with a score of 0.9242 showed certain features: two HBDs, four HBAs and two AR.
[image: Figure 6]FIGURE 6 | 3D and 2D representations of pharmacophoric features of 1, 7, 10 and 19 used in 3D pharmacophore generation. Red, HBAs; green, HBDs; blue, AR.
[image: Figure 7]FIGURE 7 | Common feature pharmacophore. Colour codes analogous to Figure 6. Red, HBAs; green, HBDs; blue, AR.
3 DISCUSSION
Citreorosein (19) and emodin have previously shown antifouling activity against macro-organisms and anthraquinones have been used commercially to deter degradation of building materials by pests, birds and fungi and to prevent biofouling related corrosion in the oil and gas industry. This study explored the bioactivity of seventeen analogues of these commercially used compounds and determined the structural features responsible for the bioactivity. Many of the tested compounds exhibited bioactivity at concentrations as low as 0.01 μg/ml and 0.001 μg/ml against V. carchariae and P. elyakovii biofilm production respectively, indicating that exceptionally low amounts of the compounds would need to be incorporated into antifouling paints to exhibit the desired activity against bacterial biofilms. Antimicrobial activity < 5% was also observed for 42% and 61% of compounds against V. carchariae and P. elyakovii at 10 μg/ml respectively, however, the microbial growth inhibition did not exceed 39% in any cases. At lower concentrations, 60% and 20% of the ten tested compounds showed slight antimicrobial effects against V. carchariae and P. elyakovii respectively, not exceeding 25% in any case. This indicates that the studied compounds are not toxic towards the tested strains which is a crucial factor when considering compounds as antifouling agents. Structurally simple anthraquinone compounds such as 2-hydroxyanthraquinone (7) (MIC = 0.01 and 0.001 μg/ml against V. carchariae and P. elyakovii biofilm production respectively) are easy to produce which is advantageous when considering their use as antifouling agents. Interestingly, 6, 7, and 15 exhibited a lower biofilm adhesion MIC against V. carchariae than commercially used 19. Thus, our results, alongside previous studies regarding larval settlement activity of AQs (Bao et al., 2013), present an enhanced insight into the antifouling potential of AQ compounds.
The subsequent analysis of structure activity relationships of the AQs exhibiting the highest activity demonstrated that the presence of phenolic hydroxyl groups at positions 2 and 4 increased biofilm adhesion inhibition activity, while their absence or the addition of OH groups positions 5, 6 and 8 resulted in a 10-fold–100-fold decline in inhibitory activity. From a structural point of view, compounds 15 and 18 were the least similar with the other compounds investigated in this study, and therefore it is possible that the pronounced activity of 15 (0.01 μg/ml against V. carchariae) may be due to the presence of additional aromatic rings within the structure, whereas the presence of an additional sterically demanding heterocyclic ring system in 18 led to reduced activity (0.1 μg/ml).
When considering the antifouling potential of compounds against marine biofilm-forming bacteria, it can be challenging to pinpoint whether the observed activity is a result of antimicrobial or direct antibiofilm effects. One way to determine the mechanisms behind antifouling active compounds is via exploring whether they interrupt the quorum sensing signaling system associated with the production of biofilms. As quorum sensing has been demonstrated to play an important role in the production of virulence factors, stress responses and biofilm formation in V. carchariae, in the present study, we used Rigid Receptor Docking (RRD) to establish the binding mode of the 10 most potent AQs into the binding pocket of LuxP protein in V. carchariae. Multiple poses were generated and evaluated based on binding conformations and common interacting residues at the binding pocket. 1, 7, 10 and 19 showed the best docking to the receptor site with binding energies ranging between −8.4 kcal/mol and −7.7 kcal/mol.
Interestingly, compound 7 was one of the most active AQs in the MIC study, so indeed this compound’s activity may be based on binding to LuxP. In addition, when tested against P. elyakovii, 7 exhibited a high microbial growth MIC of 10 μg/ml whereas it inhibited biofilm adhesion at 0.001 μg/ml which could suggest that the quorum sensing system in P. elyakovii is also disrupted in the presence of this compound. However, further studies including in vivo testing will be required in order to confirm the proposed QS activity.
4 MATERIALS AND METHODS
4.1 Origin of compounds
Supplementary Figures S4-S21; 1H NMR Compounds 1–18 were obtained in a purified form from the compound library maintained at the Marine Biodiscovery Centre, Department of Chemistry, University of Aberdeen, United Kingdom.
Citreorosein (19) was isolated and identified from an unknown fungal strain following a similar approach as outlined in the literature (Kalidhar, 1989; Bao et al., 2013). Orange amorphous powder. ESI-MS m/z 285.0341 [M–H]–. 1H NMR (400 MHz, DMSO-d6) δH 7.63 (1H, s, H-2), 7.24 (1H, s, H-4), 7.08 (1H, s, H-7), 6.53 (1H, s, H-5), 4.60 (2H, s, H2-15). 13C NMR (150 MHz, DMSO-d6) δC 189.4 (C, C-9), 181.8 (C, C-10), 166.9 (C, C-8), 164.8 (C, C-6), 161.6 (C, C-1), 152.8 (C, C-3), 135.3 (C, C-11), 133.1 (C, C-14), 121.3 (CH, C-2), 117.2 (CH, C-4), 114.5 (C, C-13), 109.7 (CH, C-5), 108.7 (C, C-12), 108.1 (CH, C-7), 62.2 (CH2, C-15).
4.2 Microbial growth inhibition assay
Shewanella putrefaciens, Vibrio carchariae and Pseudoalteromonas elyakovii (NCIMB codes: 540, 12,705 and 13,703 respectively) were obtained from the NCIMB (Aberdeen, United Kingdom). Cultures were prepared in filtered (0.2 μm PVDF, Fisher Scientific) seawater collected from the Ythan estuary, Aberdeen (United Kingdom) enriched with 0.5% peptone (general purpose grade, Fisher Scientific) and grown overnight (28°C, 138 r.p.m, 16 h) to a cell density in the range of 108 CFU/ml. Sample stocks were prepared in DMSO (Acros Organics) and then diluted to the required concentrations using filtered seawater, ensuring that final DMSO concentration in wells did not exceed 0.5% (v/v). Cultures were diluted 1:50 in the previous filtered seawater medium before transferring to the 96-well plate (Costar®, flat bottom, non-treated). Samples and cultures were added to the wells in a 1:1 ratio giving a final volume of 200 μl and all samples were tested in triplicate. The controls were also tested in triplicate and included the 1:50 bacterial cultures with a final concentration of 0.5% DMSO and media control wells. Plates were incubated at 28°C for 48 h and the optical density (OD) of the microbial growth was determine at 620 nm using a microplate reader (Biochrom EZ Read 400). Microbial growth inhibition activity was calculated as follows: 100–(ODsample/ ODcontrol × 100). Experimental errors were expressed as the standard deviation obtained from three replicates.
4.3 Biofilm adhesion inhibition assay
The bioassay method was adapted from the method used by Hanssen et al. (Hanssen et al., 2014). Cultures were prepared as per the microbial growth inhibition assay. Plates were incubated at 28°C for 48 h to allow the biofilms to grow in the presence of the samples. After incubation, liquid contents were removed from the wells and the wells were washed with filtered seawater to remove any planktonic cells. Biofilms were then fixed to the bottom of the wells by drying at 37°C and were then stained using 200 μl of 1% (v/v) crystal violet solution (Pro-Lab Diagnostics). After drying, the biofilms were suspended in 200 μl 70% ethanol [Joseph Mills (Denaturants) Ltd.] and quantified by reading the optical density (OD) at 540 nm using a microplate reader (Biochrom EZ Read 400). Biofilm growth inhibition activity was calculated as follows: 100–(ODsample/ ODcontrol × 100). Experimental errors were expressed as the standard deviation obtained from three replicates.
4.4 Data analysis and visualization
Structure similarity charts showing structure similarity of AQs using SkelSpheres as molecular descriptors were generated using DataWarrior Software (Sander et al., 2015). Structure-activity relationship of AQs were analysed using SAR function in DataWarrior Software to analyse different R-groups at different positions in 8 AQs.
4.5 Molecular docking
Molecular docking analysis was performed using Autodock Vina v.1.2.0 (The Scripps Research Institute, La Jolla, CA, United States) docking software (Trott and Olson, 2010). The receptor site was predicted using MOE Site Finder program (Molecular Operating Environment, 2022.02.09), which uses a geometric approach to calculate putative binding sites in a protein, starting from its tridimensional structure. This method is not based on energy models, but only on alpha spheres, which are a generalization of convex hulls (Edelsbrunner et al., 1995). The x-ray crystal structure of LuxP in complex with AI-2 (PDB: 1JX6) (Chen et al., 2002) was retrieved from the Protein Data Bank and utilized to perform docking simulations. The box centre and size coordinates were −18.2833 × −9.13497 × 22.3052 and 18.4165 × 9.67157 × 39.6987 around the active site. All coordinates used Angstrom units. Default search parameters were used where number of binding modes were 10, exhaustiveness was 8 and maximum energy difference was 3 kcal/mol. Chimera 1.16 (Pettersen et al., 2004) and LigPlot + software (Laskowski and Swindells., 2011) were used for visualization and calculation of protein–ligand interactions.
4.6 3D pharmacophore model generation
LigandScout (Inte: Ligand) Advanced software (Wolber and Langer, 2005) (evaluation licence key: 81809629175371877209) was used to generate a 3D pharmacophore model. Espresso algorithm was used to generate ligand-based pharmacophore. The generated pharmacophore model compatibility with the pharmacophore hypothesis was created using default settings for LigandScout. The best model was selected from the four generated models.
5 CONCLUSION
Biofouling in the marine environment is a huge challenge for the maritime industries due to the associated costs and increased labour required to remove fouling from immersed structured and the hulls of ships. Due to the increase of studies presenting the negative impacts of current antifouling agents on marine environments, it is necessary to find new, non-toxic antifouling active compounds. Natural products, such as anthraquinones citreorosein and emodin, have been previously reported to show antifouling activity against marine invertebrate larvae and have been found to be implemented into some antifouling paints.
In this study, nineteen AQ compounds were tested for their marine bacterial growth and biofilm adhesion inhibition activity, of which ten compounds were further tested to determine their minimum inhibitory concentrations. In particular, compounds 6, 7, and 15 exhibited a very low minimum inhibitory concentration (0.01 μg/ml) when tested for biofilm inhibition activity against V. carchariae. All ten compounds in the MIC study showed an impressively low MIC of 0.001 μg/ml against P. elyakovii. The compounds did not exhibit antimicrobial effects above 39% and were hence not deemed as toxic against the tested strains. When the structural features of the most structurally similar AQs in the study were compared with their associated MIC values for V. carchariae biofilm adhesion, it was found that the presence of phenolic hydroxyl groups at positions 2 and 4 position of the aromatic ring was an important for activity, while the presence of additional aromatic moieties increased the activity when compared with the other compounds. Molecular docking analysis was performed on the ten most effective AQ compounds to determine whether the compounds bind to an important protein in the quorum sensing signaling system in V. carchariae. Compounds 1, 7, 10 and 19 gave binding potentials associated with the possibility of QS inhibition activity indicating that the bioactivity observed for these compounds is likely due to antibiofilm and not antimicrobial effects. From these results, a pharmacophore model was proposed to help guide future studies.
Moving forward, attention should be focused on the least structurally complex anthraquinones which show good bioactivity and are simple, and cost effective, to synthesise. Additionally, the proposed pharmacophore model should be used as a future guide for selecting AQ compounds for antifouling purposes. The results in this current study indicate that AQs can be highly effective against marine biofilm forming bacteria at impressively low concentrations without showing toxicity effects, however, bioactivity testing for larval and algal spore settlement activities of the compounds in this study is required to further confirm their abilities as antifouling agents for the maritime industries.
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