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Figure 1. Graphs showing changes in histomorphometric parameters of the duodenal and the cecal
mucosa from hatchery to phases I and II: (A) number of villi in the duodenum was significantly
increased in phase I in the FDA-supplemented group (treatment); (B) height of villi in the duodenum
was significantly increased in the hatchery in the FDA-supplemented group (treatment); (C) depth of
crypts in the duodenum was significantly increased in the hatchery in the FDA-supplemented group
(treatment); (D) number of crypts in the cecum: no significant differences were observed between
the control and treatment group; (E) depth of crypts in the cecum was significantly increased in the
hatchery and phase I in the FDA-supplemented group (treatment).

2.2. Production Performance

The effects of FDA on production performance of laying hens are shown in Table 2. Hen production
percentages, total eggs (in terms of number and weight) and feed consumption improved with FDA
supplementation; however, the differences observed between the two groups was not significant
(p > 0.05). Mortality rate was higher in the treatment group; however, the differences observed between
the two groups were not significant (p > 0.05). The economic impact of the difference in production
performance between the two groups was a 1.7% increase in egg sale profits and a 1.5% decrease in
feed costs for the treated group. The percentage of cracked or broken eggs eliminated from production
was significantly lower in the treated group (p < 0.05) (Figure 2).
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Table 2. Production performance of control and FDA-supplemented hens.

Productive Parameter Control Group Treatment Group p-Value 1

Mortality (%) 0.15 0.16 0.299
Laying (%) 78.00 79.00 0.970

Feed/hens (g) 115.37 113.37 0.124
Egg weight (g) 62.58 62.59 0.720
Egg mass (g/d) 48.04 49.28 0.730

Extra-large eggs (%) 5.20 5.40 0.989
Large eggs (%) 44.25 43.94 0.467

Medium eggs (%) 39.04 40.39 0.917
Small eggs (%) 5.8 5.4 0.084
Dirty eggs (%) 2.3 2.1 0.424

Broken eggs (%) 3.47 2.83 0.001
Total eggs (number) 21,526,722 21,892,058 0.808

Total eggs (Kg) 1,342,571.52 1,363,916.15 0.931
CI (Conversion Index) 0.37 0.35 -

1 The Mann-Whitney test was used to assess significant differences (p < 0.05) between supplemented (n = 43) and
control animals (n = 47).

Figure 2. According to the Mann-Whitney U test, there is a statistically significant difference based
on the p-value (Asymptotic Significance (two-sided test) = 0.001). The FDA-supplemented group
(Mean Rank of 57.00) reported a lower number of broken eggs compared to control group (Mean Rank
of 80.00).

2.3. Metagenomics

Bacteroidetes, Firmicutes, Actinobacteria and Proteobacteria were the main bacterial phyla
identified in all samples (Figure 3). The other phyla detected at lower levels were grouped together and
classified as “Rest”. The relative abundance (RA) of Bacteroidetes (43.72 versus 43.42% in treated versus
control, respectively), Actinobacteria (10.72 versus 6.82%) and Proteobacteria (4.30 versus 2.58%) were
higher in the treated group, while the relative abundance of Firmicutes was higher in the control group
(38.67 versus 43.67%). Hens at the hatchery stage showed a higher relative abundance of Actinobacteria
(28.39 versus 14.31%), Firmicutes (45.92 versus 39%) and Proteobacteria (8.29 versus 1.64%) in the
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treated group compared to the control one, whereas the relative abundance of Bacteroidetes was
higher in the latter (17.37 versus 44.60%). In phase-I hens, only Actinobacteria (5.72 versus 4.58%)
and Bacteroidetes (50.19 versus 16.86%) were more abundant in the treated group. In phase-II hens,
Bacteroidetes (55.29 versus 49.47%) was still more abundant in the treated compared to control group,
as was Proteobacteria (2.25 versus 1.98%).

Figure 3. Metagenomic results. Phyla distribution by groups over time. Hens showed a higher
relative abundance (RA) of Actinobacteria, Firmicutes and Proteobacteria in FDA-supplemented group
(treatment) compared to control in hatchery. In phase I, the RA of Actinobacteria and Bacteroidetes
was higher in the FDA group. In phase II, the RA of Bacteroidetes and Proteobacteria was higher in the
treated group.

3. Discussion

Olive oil industry wastes have emerged as highly valuable products due to their potential
beneficial properties such as being antimicrobial and anti-inflammatory [7]. One modified by-product,
the fermented defatted alperujo (FDA), contains molecules like polyphenols, which make it interesting
as a potential supplement in animal feed [8], as demonstrated by the capacity of polyphenols-containing
olive oil by-products to modulate gene expression in vivo [19]. FDA supplementation has not been
previously used for animal feed, although alperujo supplementation has been tested in several species
with the objective of improving performance or exploiting the product’s antioxidant capacity [28].
Iannaccone et al. [19] demonstrated that olive oil pomace supplementation in laying hens affects gene
expression and thus enhance oxidative status and improves inflammatory response, which suggests
that alperujo may contribute to hens welfare and health. However, the effects of this natural compound
on intestinal health have not been studied extensively, at least in laying hens.

Nutrient absorption and innate immune response depend on the mucosal structure of the
intestine. Therefore, we performed a histomorphometric analysis to evaluate the effects of FDA on the
morphology of the intestinal mucosa. Although no previous studies have focused on the impact of
olive oil by-products on the intestinal morphology of laying hens, several have assessed the effects
of other plant-derived compounds, whose fiber and bioactive compounds content has shown to
improve intestinal morphology in broilers, particularly after oligosaccharides supplementation [29].
Therefore, the high fiber, high-quality fat and phenolic content of FDA may enhance intestinal health
in supplemented hens.

The majority of these studies focused on the small intestine, mainly the jejunum mucosa, with only
a few evaluating the duodenum [30–37], despite its very high absorption potential [38]. In one case,
supplementation with bamboo vinegar or polyunsaturated fatty acid from an extruded flax product
resulted in a significant increase in duodenal villi height in aged hens, suggesting that diet composition
affects the duodenal mucosal structure [29,36]. In another study, an increase in duodenal crypt depth
was observed in 33-week-old hens supplemented with rapeseed expeller cake [34]. In these studies,
changes induced by different substances on the intestinal mucosa were evaluated during the productive
phase. In contrast, in our study, the impact of FDA was assessed during the production cycle of laying
hens, from hatchery to late phases. The significant increase in duodenal villi height that we observed
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in supplemented pullets supposes a concomitant increase in absorptive area, as has been proposed by
other authors [36], which, in turn, leads to increased productivity. Changes in intestinal morphology
during the initial phases, which are thought to influence digestion and performance, are critical for
later intestinal functions during the productive phase [39].

The large intestine, particularly the cecum, has been rarely assessed in intestinal morphometric
studies. In a recent study on the effects of essential oils and organic acids, no significant differences
were reported in these segments [31]. In our study, however, cecal crypt depth proved to be a relevant
parameter in our assessment of the impact of FDA on mucosal morphology. The increase in cecal crypt
depth in pullets and aged hens appears to not only improve nutrient absorption but also influence a
non-specific immune response by better responding to potential superficial epithelial damage. Due to
the function of intestinal crypts in epithelial renewal [38,40], an increase in crypt depth could favor
fermentation, digestion and water absorption capacity, prevent the emergence of disease in pullets and
extend productive life in aged hens.

The goals of livestock feed supplementation are species-dependent. However, for all species,
production performance must be maintained at an acceptable level [12], and egg production is not an
exception. Our analysis of production performance indicates that FDA-supplemented hens performed
better than control-fed hens. Feed is one of the most important costs in animal production [25];
therefore, the increase in profit from the sale of eggs from the supplemented group may be, in part,
attributed to a decrease in feed consumption. To our knowledge, shell hardness has not been previously
correlated with any olive oil by-product feed supplement. The intestine has a central role on calcium
absorption, and thus, influences calcium metabolism [41]. The increase of villi height and crypt depth
in the intestine increases duodenal and cecal absorption capacity, and therefore, the positive impact on
eggshell hardness observed here may be in relation to the augmented mineral and absorption in the
intestine as previously suggested [30,42]. In addition, other authors have shown that oligosaccharides
present in dietary fiber may increase mineral uptake, and thus, the high fiber content of FDA may be in
relation with an improvement of calcium absorption in the intestine [29]. The smaller percentage of
broken eggs observed in the supplemented group may have also contributed to the economic increase.
However, further studies are needed to determine whether FDA directly or indirectly improves
shell hardness.

It is important to study the molecular and metabolic mechanisms behind the productive parameters
in order to correctly manage animal feed [19]. In poultry, as in other species, the intestinal microbiota
collectively acts as a metabolic organ, facilitating nutrient absorption and the immune response against
pathogens [31,43]. Microbiota is determined by host genes and the environment, with diet being one
of the most important factors. Modifications in dietary composition may, therefore, induce changes in
microbiota [31]. Microbiota composition in poultry, especially in laying hens, has become an important
area of research in veterinary medicine [27]. Although some studies have focused on microbiota
variation in laying hens at different phases [44–47] and under diverse production systems [47,48],
analyses of microbiota in laying hens fed with plant-derived supplements is limited [49,50]. Given the
main role of microbiota in fermentation and digestive processes in laying hens [47], we focused on its
composition in the cecum in our analyses.

According to the literature, cecal microbiota variations in laying hens are expected during
the production cycle [44,47]. Consistent with this, we observed phyla fluctuations in our analyses.
The metagenomics results showed the predominance of Bacteroidetes and Firmicutes, as has been
previously reported in other studies [27,40,44,46,47]. In addition, our results suggest a decrease in
bacterial diversity over time in both groups. For instance, we observed a progressive and proportional
increase in Bacteroidetes compared to the other phyla in treated adult laying hens. Similar results have
been reported by other studies [44,46]. Decreased microbial diversity has been related to a reduction
in the production of short chain fatty acids, which leads to reduced intestinal barrier function [48].
According to some studies and in contrast to adult hens, Firmicutes abundance in pullets is expected
to be higher than that of Bacteroidetes [44,46]. Our results are in agreement with these previous
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studies. Moreover, we observed that the relative abundance of Firmicutes was higher than that of
Bacteroidetes in treated animals at the early hatchery phase, suggesting greater bacterial diversity in
animals supplemented with FDA. Finally, we observed that Actinobacteria comprised a significant
proportion of the microbiota at the hatchery stage but progressively decrease over time. Our results
contrast with other studies in which Actinobacteria was considered a minority phylum, accounting for
less than 1% of the total bacterial community [44,49]. In our study, the proportion of Actinobacteria
was higher in treated animals, up to 25 weeks-old, compared with the control group. Similarly,
the abundance of Proteobacteria, which progressively decreased over time, was present at higher
levels in the treated group during the first post-hatching weeks. Although the relative abundance of
Proteobacteria was higher in pullets, it was far from the 50% reported in the cecum of one-week-old
laying hens [44].

4. Materials and Methods

4.1. Ethical Approval

This project has been carried out in accordance with animal welfare standards for the species
with ethical approval from the Complutense University of Madrid and the Community of Madrid
(PROEX 152/19).

4.2. Animals and Rearing Conditions

The study was performed in a commercial farm using a whole batch of Hy-Line 2015 laying hens
(122,250 animals in total). The animals were randomly divided into two groups, control and treated,
and raised from the hatchery stage to the end of the production cycle. The hens were kept in an
intensive housing system in the same place and under the same controlled environmental conditions
(24–32 ◦C, depending on the phase, and 50–70% humidity). Feed and water were supplied ad libitum.

4.3. Experimental Diets

Both groups were fed the same commercial formulation, according to the production phase,
as routinely used at the farm. Feed of the treated group was supplemented with fermented defatted
alperujo (FDA), which had first undergone a controlled anaerobic bacterial fermentation and was then
defatted with chemical solvents (fat hydrolysis). Finally, it was desiccated at 80 ◦C in a low oxygen
content atmosphere and then suffered a grinding process. FDA composition was determined by
Labocor S.L. (Colmenar Viejo, Spain) (Table 3).

Table 3. Fermented defatted alperujo (FDA) composition.

Determination Results

Moisture 103◦ (%w.w.) 12.2
Crude protein (Kjeldahl) (%w.w.) 6.4

Brute fat (%w.w.) 3.0
Ash content (%w.w.) 7.7

Lignin (%w.w.) 23.3
Acid detergent fiber (%w.w.) 39.2

Neutral detergent fiber (%w.w.) 49.3
Tannins (%w.w.) 0.06

Oleic acidity index (%w.w.) 46.1
Peroxide value (%w.w.) 7.9

Total polyphenols (meq/kg) 0.89
Crude fiber (%w.w.) 27.7
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4.4. Production Performance

Productive parameters were registered for all production phases using the business management
enterprise resource planning software Navision from Microsoft. The conversion rate was expressed as
kg of feed consumed in relation to the number of eggs produced. Egg production and mortality were
recorded daily; feed consumption was measured weekly. Eggs were collected over a 24 h period and
weighed for determination of egg weight and grade.

4.5. Samplings and Necropsy

A total of 11 samplings across the three phases of the production cycle were performed during the
study: hatchery (1–16 weeks old, four samplings), phase I (laying hens until peak laying, 16–23 weeks
old, two samplings) and phase II (from 24-weeks old to the end of production, five samplings).

For all samplings, 15 hens of each group were sacrificed by the gas-stunning method. A complete
necropsy was carried out for each animal. During the necropsy, a gross survey was performed,
and duodenal and cecal samples were collected and fixed in a 4% formaldehyde-buffered solution for
48 h (Panreac Química SLU, Barcelona, Spain). In addition, fresh cecal feces were collected from each
animal and preserved at −80 ◦C for the metagenomics analysis.

4.6. Histology

After fixation, intestinal tissues were dehydrated through an ethanol series and xylene substitute
(Citadel 2000 Tissue Processor, Thermo Fisher Scientific, Waltham, MA, USA), then embedded in
synthetic paraffin. After paraffin block formation (Histo Star Embedding Workstation, Thermo Fisher
Scientific), 4-μm sections were cut (Finesse ME+Microtome, Thermo Fisher Scientific), stained with
hematoxylin and eosin (Panreac Química SLU) and mounted and examined under a light microscope
(Leica, Wetzlar, Germany).

A histomorphometric study was performed using an image analyzer (Leica Application Suite,
Leica), which measured different parameters of the duodenum and the cecum in each animal in five
fields at 40×magnification. In each case, the number of duodenal villi and duodenal and cecal crypts
were counted. Duodenal villi height was measured from the top of the villus to the villus–crypt
junction; duodenal and cecal crypt depth was measured from the villus–crypt junction to the muscularis
mucosae. A minimum of seven well-oriented villi and 14 crypts were measured from different sections
of each hen.

4.7. Metagenomics

DNA was isolated from cecal samples using the QIAamp DNA Stool Mini Kit (Qiagen NV,
Hilden, Germany). The next-generation sequencing and bioinformatics analyses of the bacterial 16S
rRNA gene were performed by Stab Vida (Caparica, Portugal) and Era7 Bioinformatics (Granada,
Spain). Regions V3 and V4 of 16S rRNA were sequenced on the Illumina Miseq platform using 300 bp
paired-end sequencing.

4.8. Statistical Analysis

IBM SPSS Statistics Software (IBM; Armonk, NY, USA) was used for statistical analysis. Differences
in production performance and histomorphological parameters between control and treated groups
were assessed using Mann-Whitney test and statistical significance was considered at p < 0.05.

5. Conclusions

Dietary fermented defatted alperujo (FDA) supplementation in laying hens significantly improved
duodenal villi height in pullets, which may enhance intestinal function during their productive life,
as suggested by the significant decrease of broken eggs eliminated from production. Additionally,
the increase of cecal crypt depth in pullets and aged hens appears to improves nutrient absorption.
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It may also influence non-specific immune responses by being able to better respond to potential
harmful events, contributing to the intestinal health of laying hens. Our findings also suggest that diet
composition can modulate intestinal microbiota at early life stages. Specifically, FDA supplementation
seems to increase intestinal bacterial diversity by increasing the relative abundances of Firmicutes
and Proteobacteria. Establishing a diverse microbiota early in life may enhance intestinal health by
providing metabolic substances, improving immune response and competing with pathogenic bacteria,
thus potentially reducing antimicrobial usage.
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Abstract: Short chain fatty acids (SCFAs) are commonly produced by healthy gut microbiota and
they have a protective role against enteric pathogens. SCFAs also have direct antimicrobial activity
against bacterial pathogens by diffusion across the bacterial membrane and reduction of intracellular
pH. Due to this antimicrobial activity, SCFAs have promising applications in human health and
food safety. In this study, the minimum inhibitory concentrations (MICs) of four SCFAs (acetic
acid, butyric acid, propionic acid, and valeric acid) in Salmonella strains isolated from poultry were
determined. The effect of subinhibitory concentrations of SCFAs in Salmonella biofilm formation,
motility, and gene expression was also evaluated. Butyric acid, propionic acid, and valeric acid
showed a MIC of 3750 μg/mL in all strains tested, while the MIC of acetic acid was between 1875 and
3750 μg/mL. Subinhibitory concentrations of SCFAs significantly (p < 0.05) reduced the motility of all
Salmonella strains, especially in the presence of acetic acid. Biofilm formation was also significantly
(p < 0.05) lower in the presence of SCFAs in some of the Salmonella strains. Salmonella strain. Salmonella
Typhimurium T7 showed significant (p < 0.05) upregulation of important virulence genes, such as
invA and hilA, especially in the presence of butyric acid. Therefore, SCFAs are promising substances
for the inhibition of the growth of foodborne pathogens. However, it is important to avoid the use of
subinhibitory concentrations that could increase the virulence of foodborne pathogen Salmonella.

Keywords: Salmonella; short chain fatty acids; antimicrobial activity; biofilm; motility; gene expression

1. Introduction

Short chain fatty acids (SCFAs) are end metabolites produced by microbial fermentation of
undigested carbohydrates and dietary fibers. Butyrate, acetate, and propionate are the main SCFAs,
but others, such as lactate and valerate, are also produced by microbiota [1–3]. SCFAs have important
roles in human gut homeostasis by exerting several effects on the host and its own microbiota. SCFAs are
used as a source of energy by intestinal epithelial cells. They also modulate the absorption of electrolytes
and increase the production of anti-inflammatory cytokines. SCFAs also reduce the production of
molecules that act as pro-inflammatory substances, such as nitrous oxide, interleukins, and tumor
necrosis factor. SCFAs also have a protective effect against bacterial pathogens by maintaining the
integrity of the epithelial barrier [4,5]. In addition, it has been observed that SCFAs induce the
production of antimicrobial peptides by enterocytes [6]. In the same way, it has been observed that
macrophages that differentiate in the presence of butyrate show increased antimicrobial activity even
in the absence of an increased inflammatory cytokine response [6].

In adequate concentrations, SCFAs also have direct antimicrobial activity against pathogenic
bacteria. SCFAs can reduce microbial growth by modifying the intracellular pH and the metabolism.

Antibiotics 2019, 8, 265; doi:10.3390/antibiotics8040265 www.mdpi.com/journal/antibiotics233
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At lower pH, SCFAs are commonly present in nonionized forms that can diffuse across the bacterial
membrane into the bacterial cytoplasm. Once in the cytoplasm, SCFAs dissociate, increasing the anion
and proton concentrations and lowering the intracellular pH [7–9].

The production of adequate and balanced SCFAs by a healthy gut microbiota is an important
factor that prevents infection by common foodborne pathogens [10]. It was found that Bacteriodes spp.
mediates resistance to Salmonella colonization by producing propionate [9]. Diverse studies have
observed total SFCAs concentrations ranging between 60 and 85 mM with levels of acetate between
40 and 50 mM, propionate around 15 mM, and butyrate around 10 mM [11,12]. A dysregulation
of SCFAs levels can facilitate the colonization of intestine by pathogens. In this sense, decreased
concentrations of butyrate cause upregulation of virulence genes in enterohemorrhagic Escherichia coli
(EHEC), and different spatial gradients of SCFAs regulate the expression of virulence and commensal
genes in Campylobacter jejuni [13,14]. Propionate decreases the expression of Salmonella genes located in
Salmonella Pathogenicity Island 1 (SPI-1) [15]. In addition, pre-incubation of Salmonella enteritidis with
propionate and butyrate results in a reduction in host cell invasion [16]. It is noteworthy that SCFA
concentrations similar to those found in the distal ileum cause upregulation of Salmonella virulence
genes, while concentrations similar to those found in the colon have the opposite effect [17]. Therefore,
the protective and antimicrobial effects of SCFAs are concentration dependent.

Understanding the inhibitory effects of SCFAs on enteric pathogens is not only important from a gut
health point-of-view, but this knowledge can also be important from a food safety point-of-view. In the
last years, different researchers have been evaluating alternatives to inhibit the growth of foodborne
pathogens in the food industry as antimicrobial peptides [18,19]. In the same way, SCFAs can be added
to food and feed as preservatives, avoiding the growth of bacterial pathogens. The SCFAs ingested
through can also have positive effects in gut balance with inhibitory effects in enteric pathogens. For this
purpose, the aim of this study was to determine the minimum inhibitory and biocidal concentrations
of four SCFAs (acetic acid, butyric acid, propionic acid, and valeric acid) in Salmonella and to determine
the effect of subinhibitory concentrations of these SCFAs in biofilm formation, motility, and gene
expression. As poultry products are mainly responsible of human salmonellosis [20], the authors
decided to use a total of 12 Salmonella strains isolated from poultry. These Salmonella strains also
belonged to seven different serotypes and two Salmonella subspecies in order to observe if they have a
similar response to the presence of SCFAs.

2. Results and Discussion

2.1. Antimicrobial Activity of Short Chain Fatty Acids

Until now, there have been limited studies evaluating the MIC and minimum biocidal concentration
(MBC) values of SCFAs in food-borne pathogens [21]. In this study, the MICs of the four SCFAs were
determined. Butyric acid, propionic acid, and valeric acid had the same MIC value (3750 μg/mL) in all
Salmonella strains tested in this study. In addition, all strains showed the same MBC (3750 μg/mL) with
all the SFCAs tested. However, in the case of acetic acid, five of the twelve strains had a MIC value of
1875 μg/mL, while the other strains had the same MIC as those with the others SCFAs (3750 μg/mL).
The results observed with acetic acid were similar to those observed in previous work where the MIC50

was 1650 μg/mL and the MIC90 was 3280 μg/mL in 88 multidrug resistant Salmonella isolates [22].
In the same way, another study that evaluated the antimicrobial activity of acetic acid in different
pathogens, such as E. coli, Staphylococcus aureus, or Acinetobacter baumannii, found that the MIC values
were between 0.16% and 0.31% [23]. However, another study that determined the antimicrobial activity
of acetic acid in E. coli and Salmonella sp. strains found MIC values of 1.5% and 1%, respectively [24].
Campylobacter coli strains isolated from pigs had MIC values of 2048 μg/mL in most of the strains tested
in the presence of butyric acid and propionic acid [25], lower than the MIC values observed in this study.
Conversely, in others works with Salmonella Typhimurium ATCC 14028 or Vibrio harveyi, the inhibition
values and propionic acid of butyric acid, respectively, were between 500 and 100 μg/mL [26,27].
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The antimicrobial activity of SCFAs is due to their diffusion across the bacterial membrane into the
bacterial cytoplasm, modifying the intracellular pH and the metabolism [7,8].

2.2. Effect of Short Chain Fatty Acids in Salmonella enterica Motility

Once the MICs were calculated, the effect of SCFAs on Salmonella motility was determined.
For this purpose, the highest subinhibitory concentrations of the SCFAs were used. The motility
was significantly reduced in the presence of SCFAs in comparison to the control semisolid agar in all
strains tested in this study (Table 1). There were also significant differences (p < 0.05) between the
different SCFAs included in the study. The higher reduction in motility was observed in the presence
of acetic acid, while valeric acid caused a lower reduction in motility in comparison to the control agar.
In accordance with this study, a previous study also observed that organic acids, including acetic acid,
decreased the motility of E. coli and Salmonella strains isolated from fresh fruit and vegetables [24].
It was observed that Salmonella Typhimurium ATCC 14,028 motility decreased as the subinhibitory
concentrations of propionic acid increased [27]. Deepening in these effects, it has been observed that
the fermentation products of Clostridium ramosum and SCFAs reduce the motility in enterohemorrhagic
E. coli (EHEC), disturb the flagellar rotation, and the flagella length is lower in comparison to control
conditions [28]. However, the decrease in intracellular pH could be responsible for the slow flagella
motor rotation and the reduced motility [29].
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2.3. Effect of Short Chain Fatty Acids on Biofilm Formation

The presence of subinhibitory concentrations of SCFAs influence biofilm formation in some of
the Salmonella strains included in this study (Figure 1). There were no significant differences in the
reduction of biofilm formation between the different SCFAs tested in eight of the nine strains. However,
in Salmonella Typhimurium T23, the reduction in biofilm formation caused by propionic acid was
significantly lower (p < 0.05) than the reduction caused by acetic acid and butyric acid. It is also worth
noting that the strains in which biofilm formation was not influenced by the SFCAs were Salmonella
strains with a low ability to produce a biofilm at 37 ◦C.

Figure 1. Influence of the four short chain fatty acids tested in this study (acetic acid, propionic acid,
butyric acid, and valeric acid) in the biofilm formation of Salmonella strains at 37 ◦C expressed as
optical density. Results are expressed as the mean of three different experiments (n = 3) and error bars
represent the standard deviation. Different letters in the same Salmonella strain represent statistically
significant differences (p < 0.05) between the different growth media.

Consistent with the above-mentioned, previous studies have also observed a reduction in
biofilm formation by Salmonella strains under the presence of subinhibitory concentrations of acetic
acid [23,24,27]. The presence of acetic acid causes inhibition of extracellular polysaccharides production
in foodborne pathogens such as E. coli or S. Typhimurium, although to a lesser extent in the latter [24].
Acetic acid also showed anti-quorum sensing activity in E. coli and S. Typhimurium [24]. Quorum
sensing is a cell-to-cell communication mechanism that has great importance in biofilm formation,
and inhibition of this mechanism can result in lower biofilm formation [30]. Flagella also have
important roles in the initial adhesion of bacterial cells to a surface in biofilm formation [31]. In this
sense, it has been observed that propionic acid causes changes in type 1 fimbriae, with a brittle and
broken appearance [27]. The authors hypothesize that these effects of SCFAs, in combination with the
short flagella that can be synthetized in the presence of intracellular acid [29], could be responsible for
the lower biofilm formation observed. The results of this study should be considered as preliminary
and only exploratory in nature and might not have external validity. There are some biofilm formation
assays that are more labor-intensive and more accurate than using 96-well microplates in recovering
the sessile cells using sonication or the beads/vortex method [32,33]. Therefore, the preliminary results
of this study should be confirmed in the future by using more accurate assays and including different
surfaces of great importance in the food industry, such as stainless steel.

2.4. Effect of Short Chain Fatty Acids on Salmonella enterica Gene Expression

The results of this and previous studies have demonstrated that SCFAs are able to inhibit the
growth of foodborne pathogens such as Salmonella [9,22,24,27]. However, previous studies also
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observed that subinhibitory concentrations of SCFAs can induce the expression of virulence genes in
E. coli [14], Salmonella [17], and C. jejuni [13]. In this study, the expression of 14 genes related to virulence,
stress response, and carbon storage was determined in two Salmonella strains (S. Typhimurium T7 and
S. Infantis I4).

The expression profiles of the two strains were different. Salmonella Typhimurium T7 showed
overexpression of all genes tested in this study in presence of SCFAs (Figure 2), especially acetic acid
and butyric acid, in comparison to control growth media. Butyric acid caused significant upregulation
of all genes evaluated in this study in comparison to propionic acid and valeric acid. For gene invA,
the upregulation in the presence of butyric acid was also significantly higher than in the presence
of the other three SCFAs. Only the transcription of rpoS was not influenced by SCFAs. Salmonella
Infantis I4 (Figure 3) showed different expression profiles according to the gene and the SFCAs. It is
remarkable that nine genes showed no significant differences in their regulation between the different
SCFAs and in comparison to the control sample. While gene fliC was significantly upregulated in the
presence of valeric acid, gene invA was significantly downregulated in comparison to the other SCFAs.
The expression of hilA and spiA was also significantly upregulated in the presence of acetic acid and
butyric acid.

Salmonella

Figure 2. Fold change normalized to control gene 16s rRNA in the transcription of genes related to
virulence and stress in the presence of short chain fatty acids in comparison to control TSB growth
media in Salmonella Typhimurium T7. Only target genes with different letters between the different
growth media present statistically significant differences after analysis of variance (one-way ANOVA)
and the Tukey’s honestly significant difference test (p < 0.05).
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Previous studies have shown that acetate can be used by Salmonella as a signal for invasion
gene expression by upregulation of genes such as hilA and sirA [17]. On the other side, it has been
observed that propionate downregulates invasion genes located in SPI-1 [15]. The results of this study
showed that upregulation of hilA or spiA genes caused by propionate was lower in the presence of
propionic acid than in the presence of other SCFAs, such as acetic acid or butyric acid. In this regard,
it is worth mentioning that most of the genes tested in this study were significantly upregulated in
S. Typhimurium T7 in the presence of acetic acid and especially butyric acid (Figure 2). In concordance
with these results, it was observed that enterohemorrhagic E. coli increased the expression of virulence
genes in the presence of subinhibitory concentrations of SFCAs and especially in the presence of butyric
acid [14]. Consequently, subinhibitory concentrations of SCFAs can produce an overexpression of
virulence genes in common enteric pathogens, such as Salmonella and E. coli, resulting in increased
virulence of these pathogens.

Salmonella

Figure 3. Fold change normalized to control gene 16s rRNA in the transcription of genes related to
virulence and stress in presence of short chain fatty acids in comparison to control TSB growth media
in Salmonella Infantis I4. Only target genes with different letters between the different growth media
present statistically significant differences after analysis of variance (one-way ANOVA) and the Tukey’s
honestly significant difference test (p < 0.05).

In previous work, organic acids, such as acetic acid, showed anti-quorum sensing activity in
Salmonella and E. coli [24]. Quorum sensing is an important mechanism that regulates the expression
of virulence determinants to effectively colonize the host [34]. In this study, the expression of luxS,
which codifies the Autoinducer-2 (AI-2), was significantly upregulated in S. Typhimurium T7 in the
presence of SCFAs. The authors consider that SCFAs can inhibit the quorum sensing mechanism
by blocking AI-2 instead of downregulating the genes implicated in the production of the signal
molecule. Finally, it is necessary to re-emphasize the different transcriptional profiles observed in
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S. Typhimurium T7 and S. Infantis I4. This is due to the strain variability in the behavior of foodborne
pathogens [35]. It is important to consider that S. Typhimurium is one of the most pathogenic serotypes
of S. enterica [36]. As a consequence, strains of this serotype could have an enhanced virulence response
in the presence of subinhibitory concentrations of SCFAs.

3. Materials and Methods

3.1. Salmonella enterica Strains and Short Chain Fatty Acids

A total of twelve Salmonella strains belonging to seven different serotypes and two Salmonella
subspecies were included in this study (Table 2). All the strains were previously isolated from poultry
houses and chicken meat in our laboratory according to ISO 6579:2003 [37]. The strains were kept at
−20 ◦C in tryptic soy broth (TSB, Oxoid, UK) supplemented with 20% glycerol until use. Salmonella
strains were previously grown in nutrient agar (Applichem Panreac, Barcelona, Spain) and incubated
for 24 h at 37 ◦C before use. The following four different SCFAs were tested in this study: acetic acid
(≥99%, Sigma Aldrich, Schnelldorf, Germany), butyric acid (≥99%, Alfa Aesar, ThermoFisher Scientific,
Massachusetts, Waltham, MA, USA), propionic acid (≥99%, Sigma Aldrich), and valeric acid (≥99%,
Sigma Aldrich).

Table 2. List of Salmonella strains included in this study and its source.

Strain Code Source

S. enterica subsp. arizonae AZ3 Poultry farm
S. enterica subsp. arizonae AZ26 Poultry farm

S. Bredeney BR1 Poultry farm
S. Infantis I18 Poultry farm
S. Infantis I4 Poultry farm
S. Isangi IG1 Poultry farm

S. Montevideo M1 Poultry farm
S. Newport N6 Poultry farm

S. Typhimurium T1 Chicken meat
S. Typhimurium T3 Chicken meat
S. Typhimurium T7 Poultry farm
S. Typhimurium T23 Poultry farm

3.2. Minimum Inhibitory Concentration and Minimum Biocidal Concentration of Short Chain Fatty Acids

Minimum inhibitory concentrations (MICs) of SCFAs were determined according to the
microdilution broth method described by the Clinical and Laboratory Standards Institute (CLSI)
guidelines. An initial concentration of SCFAs at 20% in Mueller–Hinton broth was used to perform
serial dilutions of the tested SCFAs. Salmonella strains were initially grown in nutrient agar for 24 h at
37 ◦C, and isolated colonies were used to prepare a saline suspension with a turbidity equivalent to a
0.5 McFarland standard. Two serial dilutions of the initial inoculum in Mueller–Hinton broth were
performed to obtain a final concentration of 1 × 106 CFU/mL. In a 96-well microtiter plate, 100 μL of
each dilution was mixed with 100 μL of the final inoculum, and microplates were incubated for 24 h
at 37 ◦C. The MIC was defined as the lowest concentration in which no visual bacterial growth was
observed. The liquid of wells with no visual bacterial growth observed was transferred to nutrient
agar plates to determine the minimum bactericidal concentration (MBC). Plates were incubated for
24 h at 37 ◦C.

3.3. Motility Assays

Motility assays were carried out in nutrient semisolid agar plates composed of 8 g/L of nutrient
broth (AppliChem, Panreac, Barcelona, Spain), 4 g/L of agar (Liofilchem, Abruzzi TE, Italy), and 0.05 g/L
of 2,3,5-triphenyltetrazolium chloride (Sigma Aldrich). Five different types of agar were used: a control
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agar and four semisolid agars, each supplemented with one SCFA at the highest subinhibitory
concentration observed in this study. A saline suspension with a turbidity equivalent to 0.5 McFarland
was prepared for each strain from the isolated colonies of nutrient agar plates incubated for 24 h at
37 ◦C. An inoculating loop was immersed in the Salmonella saline suspension, and then the strains
were inoculated in the semisolid agar plates by stabbing. Motility agar plates were incubated at 37 ◦C
for 48 h. After incubation, the ratio between the stabbing point and the end of the growth circle was
measured. The experiments were carried out in triplicate.

3.4. Biofilm Formation on Polystyrene

The effect of SCFAs on the ability to produce a biofilm in polystyrene of Salmonella strains included
in this study was evaluated according to the method described by Stepanović et al. [38]. Five different
growth media were used: control TSB media and four growth media, each supplemented with one of the
SCFAs tested in this study to a final concentration of the highest subinhibitory concentration observed
the MICs evaluation. Polystyrene, 96-well microplates were filled with 200 μL of the corresponding
growth media and then inoculated with 20 μL of saline solution with a Salmonella concentration of
104 CFU/mL. Microplates were incubated for 24 h at 37 ◦C and then washed three times with 250 μL of
distilled water. Salmonella cells that were adhered to the surface of the wells were fixed with 250 μL of
methanol for 15 min. Then, wells were emptied, air dried, and filled with 250 μL of 0.1% crystal violet
solution (Panreac, Barcelona, Spain) for 5 min. Excess crystal violet was removed under tap water,
and the crystal violet that was adhered to the wells was resolubilized with 250 μL of 33% acetic acid
solution. The absorbance of the microplates was read at 630 nm using a plate reader (das, Palombara
Sabina, Italy). The experiments were carried out in triplicate.

3.5. RNA Isolation and RT-qPCR

The transcription of 14 Salmonella genes (Table 3) in the presence of subinhibitory concentrations
of SCFAs was evaluated in two Salmonella strains (S. Typhimurium T7 and S. Infantis I4). A total of
five growth media were used: TSB media that was used as control media and four growth media, each
supplemented with the highest subinhibitory concentrations of one of the SFCAs tested in this study.
Fifteen-milliliter plastic tubes were filled with 10 mL of the corresponding growth media and 100 μL of
a saline solution with a concentration of 104 CFU/mL of the corresponding Salmonella strains. The tubes
were incubated for 12 h at 37 ◦C and then centrifuged at 2000× g for 10 min. The supernatant was
discarded, and the pellet was resuspended in 1 mL of NZYol (nzytech, Lisboa, Portugal), and the RNA
was isolated according to the manufacturer’s recommendations. Immediately, RNA was quantified
using a fluorometer (Qubit, Invitrogen, Carlsbad, CA, USA, Thermofisher Scientific) and reversed
transcribed using the NZY First-Strand cDNA Synthesis kit (nzytech) following the manufacturer’s
protocol. The cDNA was stored at −20 ◦C until use.

The 10 μL RT-qPCR reactions, composed of 5 μL of NZYSpeedy qPCR green master mix 2× ROX
(nzytech), 0.4 μL of each primer, 1 μL of the sample, and 3.2 μL of RNase-free water, were carried out
in a QuantStudio 12 k Flex real-time PCR system (Applied Biosystems, ThermoFisher Scientific, Foster,
CA, USA). The conditions were as follows: initial denaturation at 95 ◦C for 20 s, followed by 40 cycles
of denaturation at 95 ◦C for 1 s, annealing at 60 ◦C for 20 s, and a final melting curve program of 15 s at
95 ◦C, 60 s at 60 ◦C, and followed by a dissociation step for 15 s at 95 ◦C. The expression of target genes
in comparison to the control gene 16 s rRNA was evaluated using the 2ΔΔCt method, where ΔΔCt =

(Cttarget genes − Ct16s rRNA)treatment − (Cttarget genes − Ct16s rRNA)control.
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Table 3. Primers sequences of genes tested in this study.

Target Genes Sequence (5′–3′) Reference

16s rRNA F: AGGCCTTCGGGTTGTAAAGT
R: GTTAGCCGGTGCTTCTTCTG [39]

luxS F: ATGCCATTATTAGATAGCTT
R: GAGATGGTCGCGCATAAAGCCAGC [40]

hilA F: AATGGTCACAGGCTGAGGTG
R: ACATCGTCGCGACTTGTGAA [41]

invA F: CGCGCTTGATGAGCTTTACC
R: CTCGTAATTCGCCGCCATTG [41]

rpoS F: CAAGGGGAAATCCGTAAACCC
R: GCCAATGGTGCCGAGTATC [42]

csrA F: CTGGACTGCTGGGATTTTTC
R: CATGATTGGCGATGAGGTC [43]

fliC F: CTCGGCTACTGGTCTTGGTG
R: CCGTAACGGTAACTTTGGCG [44]

ssrA F: CGGCTGGTATTCTTGTAAGGGT
R: AAGCAGACACAAATTCGCAAG [45]

stn F: CAACCAGATAGTAAAGACCG
R: ATTAGCGTAGAGGCAAAAGA [46]

fadA F: ATCTCTCCGCCCACTTAATGCGTA
R: AGCCTTGCTCCAGCGTTTGTTGTA [42]

sirA F: CCAGCTACTTTCGCAGCAA
R: AACACGTTGTAACGCGGTTG [41]

spiA F: AGGCGCTTGATATGTGC
R: GCAGGCTCCGGAATTTTAGG [46]

cpx F: CATTTAACGACCGCGAGCTG
R: ACCCGGATTAAGGCTTAGCG [44]

rpoE F: CACCTTACGGGAGCTGGATG
R: GAAGATACGTGAACGCACCG [44]

flijB F: ATGGTACTACACTGGATGTATCG
R: GTAAAGCCACCAATAGTAAC [44]

3.6. Statistical Analysis

GraphPad Prism 8 (GraphPad, CA, USA) was used for the statistical analyses. Analysis of
variance (one-way ANOVA) and the Tukey’s honestly significant difference test (p < 0.05) were used to
determine the influence of SCFAs on Salmonella motility, biofilm formation, and transcription profiles.

4. Conclusions

The results of this study showed that SCFAs are promising antimicrobial substances that can be
potentially used for human health and food safety purposes. A SCFA concentration of 3750 μg/mL is
enough to inhibit the growth of Salmonella strains. In addition, subinhibitory concentrations of SCFAs
caused a reduction in motility and biofilm formation in Salmonella strains. This study demonstrated
that subinhibitory concentrations of SCFAs can enhance the expression of virulence genes in Salmonella
strains, resulting in a higher virulence of strains. Thus, for future applications in human health and
food safety, it is important to assess the appropriate concentrations of the SCFAs used.
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Abstract: Fungal contaminations with Candida species are commonly responsible for several infections,
especially when associated to bacteria. The therapeutic approach commonly used is being compromised
due to microbial resistances of these microorganisms to antimicrobial agents, especially in biofilm.
The use of honey as an antimicrobial agent has been emerging as a valuable solution and proving its
potential in planktonic and in biofilm cells. This work aims to assess the effect of different honeys
on biofilms of Candida tropicalis and Pseudomonas aeruginosa. The effect of Portuguese heather (PH)
and manuka honeys on planktonic growth of Candida was initially evaluated by determination of
the minimum inhibitory concentrations (MIC). Then, the same effect was evaluated in mixed biofilms,
by colony-forming units numeration and fluorescence microscopy. The combinations of honey plus
fluconazole and gentamicin were also tested. The results showed that the honeys tested enabled a great
reduction of C. tropicalis, both in planktonic (12.5% and 25% of MIC for PH and manuka) and in biofilm.
In polymicrobial biofilms, the use of PH and manuka honeys was revealed to be a promising choice
and an alternative treatment, since they were able to reduce cells from both species. No synergistic
effect was observed in antimicrobial combinations assays against polymicrobial biofilms.

Keywords: Candida tropicalis; Pseudomonas aeruginosa; biofilms; honey therapy; antifungal agents

1. Introduction

Fungal infections are widely recognized as one of the main causes of morbidity and mortality,
particularly those infections caused by opportunistic pathogenic fungi, such as the Candida species [1].
The incidence of Candida infections (Candidosis) has increased remarkably in the last years [1].

On human pathology, Candida species have an important role as colonizers of the mucosal
membranes of the oral cavity and gastrointestinal tract, as well as normal components of the skin
and vaginal flora; so, in normal conditions, Candida are non-pathogenic commensal microorganisms in
humans [2,3]. However, modifications in human host defenses may lead to a disproportional growth of
Candida and consequently to a pathogenic colonization by these species [4,5]. In general, transition from
commensal to pathogen in Candida is facilitated by a series of virulence factors, such as hemolytic activity,
secretion of extracellular hydrolytic enzymes (coagulase, phospholipase, and proteases), and producing
specific adhesins (for example, fibrinogen and fibronectin), which appear to play an important role
in adhesion, penetration, invasion, and destruction of human tissues. Also, the ability of Candida to
adhere to medical devices or host tissues with the formation of more resistant structures (biofilms)
is a particularly important virulence factor [6,7]. In normal environments, biofilm formation represents
the most predominant type of microbial growth and is frequently associated to persistent clinical
infections [8,9]. While each Candida species possesses unique features, biofilms in nature are formed
by more than one microbial species, both bacteria and fungi, which confers an even higher resistant
phenotype to the biofilm [10]. Although the study of the structure and properties of single-species
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biofilms is an important step for understanding infectious diseases, the elucidation of communal
behavior of microorganisms in biofilms composed of different species may have a high impact for
understanding infectious diseases and to develop new therapeutic strategies [10]. Indeed, Candida
species and Pseudomonas aeruginosa microorganisms tend to form polymicrobial biofilms and, as such,
they are often responsible for nosocomial infections in immunocompromised individuals [11,12].

Candida albicans remains as the most prevalent species of these infections, but a clear rise in
the proportion of non-Candida albicans Candida (NCAC) species has been noted [6,7,13]. According to
some epidemiological studies, Candida tropicalis stands out in the NCAC species group and is correlated
with other forms of Candida mortality [14–16]. For example, a predominance of NCACs species
was observed in the south of America, where C. albicans accounted for 40.9% of cases, followed by
C. tropicalis (20.9%), C. parapsilosis (20.5%), and C. glabrata (4.9%) [7,17,18]. A study by Kontoyiannis et al.
has shown that C. tropicalis is more persistent, leading this process to situations of uselessness in cases of
infection [14]. This may imply increased virulence and resistance to antifungals compared to C. albicans,
for example, particularly in the oral cavity [19]. As a consequence of the lack of knowledge on NCAC
species virulence, namely in C. tropicalis, the rising levels of resistance to the traditional antifungal
therapies, and the association of Candidosis to high levels of mortality, there is an urgent need to develop
new strategies to fight these infections [1]. In this sense, an alternative approach for the treatment of
Candidosis is the use of natural compounds as antifungal agents, among which is honey. Honey is
a natural product which has been known for its biological and pharmacological properties for centuries.
It has been extensively used in traditional medicine and also complementary medicine because of its
antibacterial, antifungal, antimycobacterial, and antiviral activities [20]. These antimicrobial activities
may be caused by honey’s acidity (low pH), osmotic effect, high sugar concentration, presence of
bacteriostatic and bactericidal factors, increase in cytokine release, as well as immune modulating
and anti-inflammatory properties [21,22]. Besides that, one of the most important factors is the presence
of hydrogen peroxide (H2O2), the primary antimicrobial component in most honeys, produced by
the enzyme glucose oxidase, and its action consists in the destruction of the essential components
of the cells [21,23]. Some types of honey contain additional antimicrobial activity by methylglyoxal
(MGO), bee defensin-1, and other bee-derived compounds, such as phenolic compounds of floral
origin and lysozyme, among other compounds [23].

The present work aims to evaluate the antimicrobial effect of two different honeys
(Portuguese Heather (PH) and manuka) alone, or in combination with a commercial antimicrobial
agent, in mixed biofilms of C. tropicalis with P. aeruginosa.

2. Results

2.1. Susceptibility Testing of Planktonic Populations of C. tropicalis

The minimum inhibitory concentrations (MIC) and minimum fungicidal concentrations (MFC)
of PH and manuka honey against planktonic populations of C. tropicalis were determined. A lower
MIC was observed for PH (12.5% (w/v)), in comparison to manuka honey (25% (w/v)). Similarly,
the MFC recorded for the PH was lower (50% (w/v)) than for manuka honey (>50% (w/v)).

2.2. Effect of Honey in C. tropicalis and P. aeruginosa Biofilms

The therapeutic effect of PH and manuka honey (25% (w/v), 50% (w/v), and 75% (w/v)) was assessed
on 24 h-old C. tropicalis and P. aeruginosa single (Figure 1A,B, respectively) and dual-species (Figure 1C,D,
respectively) biofilms, by determining biofilm viable cells. The effect of both honeys was monitored
at 24 h (Figure 1). The range of honey concentrations tested is in accordance with the results obtained
previously for MIC and MFC.
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Figure 1. Therapeutic effect of manuka honey and Portuguese heather (PH) on 24 h-old (A,B) single-
and (C,D) dual-species biofilms formed by (A,C) C. tropicalis and (B,D) P. aeruginosa after 24 h. * p < 0.1,
** p < 0.01, *** p < 0.001, **** p < 0.0001 indicates a statistically different reduction in comparison with
the respective control. Fluorescence microscopy images of 24 h-old C. tropicalis biofilms treated with 0%
honey (I), 50% manuka honey (II), 75% manuka honey (III), 50% PH (IV), and 75% PH (V), and images
of dual-species (C. tropicalis and P. aeruginosa) biofilms treated with 0% honey (VI), 50% manuka (VII),
75% manuka (VIII), 50% PH (IX), and 75% PH (X). Live cells were green-stained and dead cells were
red-stained. The bar represents 10 μm.

Analyzing the results for 24 h C. tropicalis biofilms, a reduction of about 1.5 Log (CFU/cm2) relative
to the control was observed with both honeys at 50% (w/v). Manuka honey caused the highest cell
reduction of about 2 Log (CFU/cm2) when used at 75% (w/v) (Figure 1A). For a better understanding
of the changes that occurred in these biofilms, after application of honey, they were observed under
a fluorescent microscope. By comparing the untreated biofilm image (Figure 1I) with the images after
honey administration, an increase in the number of damaged cells (stained in red) is evident. In fact,
in the control (Figure 1I), cells were mostly viable (stained in green) and in the yeast form. Comparatively,
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after the action of both honeys, at 50% (w/v) (Figure 1II,IV) and 75% (w/v) (Figure 1III,V), the cells became
clearly damaged, which could be interpreted as a positive action of honey in the infection treatment.

After treatment, it was observed that 75% (w/v) manuka honey had a similar effect of 2 Log
(CFU/cm2) reduction in C. tropicalis, regarding single (Figure 1A) and mixed (Figure 1C) biofilms
(p < 0.0001). For PH, similar results were obtained with concentrations of 50% (w/v) and 75% (w/v),
with a significantly higher reduction in single species biofilms (1 Log (CFU/cm2)) (p< 0.0001) (Figure 1A)
than in mixed biofilms (p < 0.01) (Figure 1C).

In relation to P. aeruginosa, significant viable cell reductions were also observed after the action
of both honeys; nevertheless, the higher reduction (p < 0.001) was obtained with manuka honey:
4 and 3 Log (CFU/cm2) at 50% (w/v) and 75% (w/v), respectively, in single (Figure 1B) and mixed
(Figure 1D) biofilms.

After observation of the mixed biofilms under a fluorescence microscope, it was found that
the untreated biofilms had already damaged cells of C. tropicalis (Figure 1VI). However, P. aeruginosa
cells remained viable. It was also found that with 50% (w/v) manuka (Figure 1VII) or PH (Figure 1IX)
honeys, the Candida cells began to form hyphae. In the treatment with 75% (w/v) manuka (Figure 1VIII)
or PH (Figure 1X) honeys, the biofilm was highly damaged in both species.

2.3. Effect of Antimicrobial Combinations Against C. tropicalis and P. aeruginosa Biofilms

The antimicrobial effect of the combination of the different honeys (manuka or PH) at different
concentrations (25% (w/v) and 50% (w/v)) with a commercial antifungal agent (100 mg·L−1 of fluconazole
(FLU)) on single and dual-species 24 h-old biofilms (C. tropicalis and P. aeruginosa) was monitored
at 24 h (Figure 2). Since P. aeruginosa has been demonstrated to be susceptible to honey after 6 h of
treatment, those concentrations were selected in order to reduce the higher concentrations of honey
and the conventional concentrations of FLU. The control assay of 24 h-old single species biofilms is
presented in Figure 2A (C. tropicalis) and Figure 2B (P. aeruginosa).

Regarding the results of Figure 2, it was noted that honey combined with FLU caused higher cell
reductions comparatively to treatment with honey at 25% (w/v) (1 Log reduction for manuka honey,
p < 0.0001; 0.5 Log for PH, p < 0.1). Nevertheless, while the combination of 50% (w/v) honey with FLU
had no advantage over honey treatment alone, an increased reduction was observed when compared
to the effect of FLU alone (p < 0.0001 for manuka honey and p < 0.01 for heather honey).

Regarding C. tropicalis in mixed biofilms (Figure 2C), and similar to results observed for single
biofilms (Figure 2A), less viable cells were recovered after 24 h of combined therapy comparatively to
the treatment with manuka honey alone, at 25% (w/v) (p < 0.1). Similar results were also observed for
P. aeruginosa, in single (Figure 2B) and mixed (Figure 2D) biofilms, i.e., when FLU was added, honey
substantially increased the number of viable cells in mixed biofilms compared with treatment with
honey alone.

The efficacy of the honey–antifungal–antibacterial combination was further inspected in preformed
dual-species biofilms of C. tropicalis (Figure 3A) and P. aeruginosa (Figure 3B). The therapeutic effect of
the combined action of both honeys at 50% (w/v) with a commercial antifungal (100 mg L−1 of FLU)
and with a commercial antibiotic (20 mg·L−1 of gentamicine (GEN)) was assessed.

Considering the results obtained with a third antimicrobial agent added (GEN), it is possible to
verify more viable cells in biofilms compared to treatment with honey alone, for all conditions tested
(Figure 3).
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Figure 2. Therapeutic effect of manuka or PH honeys combined with 100 mg L−1 of FLU on 24 h-old
(A,B) single- and (C,D) dual-species biofilms formed by (A,C) C. tropicalis and (B,D) P. aeruginosa
at 24 h. * p < 0.1, ** p < 0.01, *** p < 0.001, **** p < 0.0001 indicates a statistically different reduction in
comparison with the respective control.

Figure 3. Therapeutic effect of manuka or PH honeys combined with 100 mg L−1 of FLU and 20 mg
L−1 of GEN on 24 h-old dual-species biofilms formed by C. tropicalis (A) and P. aeruginosa (B) at 24 h.
* p < 0.1, ** p < 0.01, *** p < 0.001, **** p < 0.0001 indicates a statistically different reduction in comparison
with the FLU.
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3. Discussion

Analyzing the MIC and MFC values of the two honeys under study for C. tropicalis, it was verified
that this strain is susceptible to both honeys, especially the PH. Similar results were obtained by
Khosravi et al. for C. tropicalis (MIC of 38.5% and MFC of 43.7%) [24].

The antimicrobial effect of PH and manuka honeys in 24 h biofilms of C. tropicalis and P. aeruginosa
was determined through quantification of viable cells (CFU) per unit of area (cm2) (Figure 1). Regarding
C. tropicalis single biofilms, after 24 h of treatment, none of the honeys at 25% (w/v) caused cell reduction
(Figure 1A). This may be a consequence of the fungal cells taking advantage of the lower sugar
concentration present in honey at 25% to promote their own growth. Still, significant reductions
were obtained with both honeys at 50% (w/v) (about 1.5 Log-reduction (CFU/cm2)) and with manuka
honey at 75% (w/v) (p < 0.0001) (about 2 Log (CFU/cm2) (Figure 1A)). A significant reduction was only
observed with 75% (w/v) PH (p < 0.01). Some properties of honey may be involved in the antimicrobial
effect, particularly in the antifungal effect [21,22], such as the presence of metilglioxal (MGO) [25].
an effective antimicrobial agent against planktonic and biofilm cells [26]. The presence of aromatic
acids or special proteins with antifungal activity, such as flavonoids, polyphenois, and defensin-1 [25],
and the production of H2O2 by the enzyme glucose oxidase [26]. Indeed, in a previous study, the authors
have explored the analysis of these different characteristics of honeys, and the results showed that
PH honey was one of the most interesting values indicating the possible high antimicrobial potential
(data not shown).

In C. tropicalis single and mixed biofilms, after 24 h of treatment, 75% (w/v) manuka honey
significantly reduced viable cells in 2 Log (CFU/cm2) (p < 0.0001) (Figure 1A,C). For PH, similar results
were obtained with 50% (w/v) and 75% (w/v) honey, with a significant reduction of 1 Log (CFU/cm2)
(p < 0.0001) (Figure 1A–C). These data suggest that, after 24 h of treatment, manuka honey exerts
an antifungal effect both in the presence and absence of P. aeruginosa, while PH exerts a slightly higher
effect in single species biofilms of C. tropicalis.

The images obtained by fluorescence microscopy (Figure 1I–X), which are only representative of
the cell form and structure, revealed a direct relationship between the presence of honey or P. aeruginosa
and the hyphae. In Candida species, the morphological transition involving the formation of hyphae
is an important virulence factor, which is associated with cell stress, which could be caused by
the presence of P. aeruginosa or the several compounds of honey (such as H2O2 and defensin-1) [27].
Also, from the microscopy images (Figure 1I–X), it was observed that, curiously, the untreated mixed
biofilm presented several damaged cells of C. tropicalis (Figure 1VI), compared to single biofilms
(Figure 1I). This is supported by the experiments carried out by Bandara et al. that investigated
the interactions between Candida species and P. aeruginosa, showing a reduction of 88% (w/v) of C. tropicalis
after a 24 h-incubation [10]. It was confirmed in the same study that, in general, Candida species
and P. aeruginosa have mutually suppressive effects at all stages of biofilm formation. However, most
of the previous studies on interactions between Candida species and bacteria in mixed biofilms are
concentrated in C. albicans and only a few are related to NCAC [10].

Regarding the results obtained for P. aeruginosa in single and mixed biofilms, significant reductions
could be observed after 6 h of treatment for both honeys at all concentrations tested. In this period
of time, the manuka honey allowed for a reduction of the single biofilm to half of the viable cells
(p < 0.0001) and the PH managed to reduce in average 2–3 Log (CFU/cm2). In mixed biofilms,
there was also a significant reduction, but it was not as pronounced as in single biofilms (p < 0.001).
With the results obtained, it can be observed that the honey has a faster and superior antibacterial effect
compared to the results obtained for C. tropicalis. Comparing the two honeys tested, it was observed
that the highest reductions were obtained with manuka honey: 4 and 3 Log (CFU/cm2) with 50% (w/v)
and 75% (w/v) (p < 0.001) in single (Figure 1B) and mixed (Figure 1D) biofilms, respectively. However,
the reduction occurred from 25% (w/v) of manuka honey, both in single (p < 0.1) (Figure 1B) and in
mixed biofilms (p < 0.01) (Figure 1D). The effect of lower concentrations of manuka on P. aeruginosa was
already reported by Cooper and Molan [28]. According to the literature, honey has broad-spectrum
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antibacterial activity. Regarding the effect of manuka honey on bacteria, a study by Roberts, Moddocks,
and Cooper found that honey acts by inhibiting the flogging of bacteria, which limits their mobility
and prevents the formation of biofilms [29]. In summary, after 24 h of treatment, honey promoted
cell reduction in biofilms of both species simultaneously, suggesting honey as a promising agent for
the treatment of polymicrobial infections of C. tropicalis and P. aeruginosa. Very few treatments were
reported as being able to reduce more than one species in a mixed biofilm.

The effect of the combination of honey (PH or manuka honeys at 25% (w/v) and 50% (w/v))
with FLU (100 mg L−1) was then evaluated in single and mixed biofilms (Figure 2). For C. tropicalis,
the cell reduction obtained with the combination (honey and FLU) was higher than with only honey
at 25% (w/v) (1 Log reduction for manuka honey, p < 0.0001; 0.5 Log for PH, p < 0.1) (Figure 2A).
Conversely, combinations of honey at 50% (w/v) and FLU had no advantage over honey treatment
alone; nevertheless, an improved reduction was observed when compared to the effect of FLU alone
(p < 0.0001 for manuka honey and p < 0.01 for heather honey). Comparing results obtained for honey
combined with an antifungal agent, it was observed that it had advantages over single honey or
antifungal treatment. The combined treatments allowed for a 50% reduction of the dosage of antifungal
typically required in clinical settings, i.e., 200 mg L−1.

In mixed biofilms, a slight reduction in biofilm was observed after 12 h compared to the individual
treatment with either honey or FLU. After 24 h of combinational therapy, a significant reduction was
only obtained in comparison to treatment with manuka honey alone at 25% (w/v) (p < 0.1) (Figure 2C),
similar to what was observed for single biofilms (Figure 2A). This demonstrates that the combination
of C. tropicalis and P. aeruginosa is indifferent to treatment with honey and FLU, and that C. tropicalis
remains less tolerant to FLU. Furthermore, adding FLU to honey substantially increased the number of
P. aeruginosa viable cells in mixed biofilms (Figure 2D) compared with treatment with only honey.

In summary, honey by itself allows for a superior reduction in comparison with the combination
of honey and FLU in all conditions tested in mixed and single biofilms, with the exception of 25%
(w/v) honey. C. tropicalis remains highly resistant to FLU, even when combined with honey, both in
single and mixed biofilms. This is in accordance with several studies stating that resistance to FLU is
increasing in clinical isolates of this species [29].

Considering the results previously obtained, a third antimicrobial agent was added (GEN)
to the combinations tested. So, combinational therapy was evaluated using honey 50% (w/v),
FLU 100 mg L−1, and GEN 20 mg L−1. However, this resulted in an increased number of viable cells
in biofilms compared to treatment with honey alone, for all conditions tested (Figure 3). Indeed,
the combination of these three elements had no advantage over treatment with honey alone, both for
the fungal and bacterial species. The interaction between FLU and GEN was investigated by
Thomas et al. as a treatment of pre-formed biofilms of 4, 8, and 12 h of C. albicans, where synergism
was observed only against pre-formed biofilms of 4 and 8 h, with no synergism observed at 24 h [30].

4. Material and Methods

4.1. Microorganisms and Culture Conditions

C. tropicalis ATCC 750 and P. aeruginosa DSM 22644 were stored at –80 ± 2 ◦C in broth medium
with 20% (v/v) glycerol. Prior to each assay, C. tropicalis and P. aeruginosa strains were subcultured
from the frozen stock preparations onto Sabouraud Dextrose Agar (SDA) and Tryptic Soy Agar
(TSA) plates, respectively. SDA and TSA were prepared from Sabouraud Dextrose Broth (SDB;
Liofilchem, Roseto degli Abruzzi, Italy) or Tryptic Soy Broth (TSB; Liofilchem, Roseto degli Abruzz,
Italy), supplemented with 2% (w/v) agar (Liofilchem, Roseto degli Abruzzi, Italy). The plates were
then incubated aerobically at 37 ◦C for 18–24 h.

Pure liquid cultures (pre-inocula) of C. tropicalis were maintained in SDB, whereas P. aeruginosa
was grown overnight in TSB. For planktonic and biofilm assays, 0.22 μm filter-sterilized Roswell Park
Memorial Institute (RPMI) 1640 medium (Gibco® by Life Technologies TM, Grand Island, NY, USA)
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at pH 7.0 was used. Unless otherwise stated, all rinse steps were performed either by using 0.9% (w/v)
saline solution (NaCl; J.T. Baker, Deventer, The Netherlands) or ultrapure (UP) sterile water.

4.2. Antimicrobial Agents

Stock solutions of two commercial antimicrobial agents, Fluconazole (FLU, Sigma-Aldrich,
St. Louis, MO, USA) and Gentamicin sulfate (GEN, Sigma-Aldrich, St. Louis, MO, USA) were prepared
and stored according to the manufacturer’s instructions. Also, two different honeys, Portuguese
heather honey (raw dark amber honey whose main plant nectar is heather (30%, APISMaia company
(Porto Portugal)) collected by a beekeeper in the North of Portugal) and manuka (commercial
Medihoney®) were stored at 4 ◦C, and the dilutions were prepared with RPMI 6420 medium.
All the concentrations of different antimicrobial agents (natural and commercial) tested in this work
are presented in Table 1.

Table 1. Tested concentrations of honey (Portuguese heather (PH) and manuka), commercial antifungal
agent (FLU) and commercial antibiotic agent (GEN).

Antimicrobial Agents Concentration

Honeys
Manuka

PH

6% (w/v)
12.5% (w/v)
25% (w/v)
50% (w/v)
75% (w/v)

FLU 100 mg L−1 *

GEN 20 mg L−1 *

* Values of concentrations selected in a previous study [31].

4.3. Planktonic Antimicrobial Susceptibilities

Susceptibilities of C. tropicalis planktonic-cell cultures were evaluated by determining the minimum
inhibitory concentration (MIC) and the minimum fungicidal concentration (MFC). The MIC values
were determined according to standard European Committee on Antimicrobial Susceptibility Testing
(EUCAST), through the broth microdilution method [32]. Briefly, the initial cell concentration for both
microorganisms was adjusted for 1 × 106 CFU/mL and dispensed into 96-well plates in a proportion of
1:2 (the final inoculum concentration was 5 × 105 CFU/mL) with the working antimicrobial solutions
(previously diluted in RPMI 1640 broth with double of the desired final concentration). Wells containing
only broth medium (antimicrobial-free medium) were used as negative controls and wells containing
C. tropicalis culture without antimicrobial agent were used as positive controls. Plates were incubated
overnight at 37 ◦C. MIC was obtained by visual observation of the turbidity gradient. The minimum
concentration where growth inhibition occurs is equivalent to the MIC value.

For the determination of MFC values, 10 μL was removed from each well of the microdilution
trays, after incubation, and plated onto SDA plates and incubated at 37 ◦C. The lowest antimicrobial
concentration that yielded no colony growth after 12–24 h was considered as the MFC.

4.4. Biofilms Antimicrobial Susceptibilities

Biofilms were developed according to the modified microtiter plate test proposed by
Stepanović et al., with some modifications [33]. Briefly, different cultures were centrifuged twice
(3000 g, 4 ◦C, 10 min) and the pellet was resuspended in RPMI 1640, until reaching 1 × 107 cells/mL.
Yeast cells (C. tropicalis) were enumerated by microscopy using a Neubauer counting chamber.
Bacteria (P. aeruginosa) concentration was adjusted to 0.13 (corresponding between 2–3 × 10−8

CFU·mL−1), using an ELISA microtiter plate reader with a wavelength of 640 nm (Sunrise-Basic
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Tecan, Männedorf, Switzerland). For mixed-species cultures, a combination of 50% of the suspended
inoculum of each species was used.

The cellular suspensions were transferred, under aseptic conditions, to 96-well flat tissue culture
plates (polystyrene, Orange Scientific, Braine-L’Alleud, Belgium) (200 μL per well). To promote biofilm
formation, microtiter plates were incubated aerobically for 24 h on a horizontal shaker at 120 rpm
and 37 ◦C.

The effect of each honey (PH or manuka) alone was evaluated in single and mixed-species biofilms
of C. tropicalis and P. aeruginosa. For this, 24 h-old biofilms were exposed to increasing concentrations
of each agent (25% (w/v), 50% (w/v), and 75% (w/v)). Briefly, after biofilm formation, 200 μL of cell
suspension were replaced by the antimicrobial solutions prepared at 2-fold the desired concentration.
Plates were then incubated aerobically at 37 ◦C for 24 h. After 6, 12, and 24 h, the treated biofilms were
removed to assess biofilm-cells cultivability through CFU enumeration.

After biofilm formation, the wells were washed twice with saline solution after discarding
the planktonic fraction. In order to estimate the number of cultivable biofilm-entrapped cells in single-
and mixed-species, the microdrop technique was used. Briefly, 200 μL of fresh saline solution was
added to each well and the biofilms were scraped. The resulting biofilm-cells suspensions were then
serially diluted in saline solution and plated onto non-selective agar (SDA for C. tropicalis and TSA for
P. aeruginosa pure cultures) plates. Selective agar was also used for colony-forming units (CFU)
determination of Candida species (SDA supplemented with 20 mg L−1 gentamycin (GEN), to suppress
the growth of P. aeruginosa) and P. aeruginosa (Pseudomonas Isolation Agar, (PIA)). Agar plates were
incubated aerobically at 37 ◦C for 24 h for cultivable cell counting. Values of cultivable sessile cells were
expressed as Log CFU per area (cm2). All negative (wells containing only broth medium) and positive
(wells containing C. tropicalis, P. aeruginosa, C. tropicalis, and P. aeruginosa cultures without antimicrobial
agents) controls were performed.

4.5. Combinatorial Effect of Antimicrobial Agents (Honey and Commercial Agents) on Biofilms

The combinatorial effect of honeys (25% (w/v) and 50% (w/v) of PH or manuka honey with 100 mg
L−1 FLU was assessed against 24 h-old C. tropicalis biofilms, following a procedure similar to
the individual application of the antimicrobials, and against 24 h-old dual-species (C. tropicalis
and P. aeruginosa) biofilms. Also, the triple combinatorial effect of antimicrobial agent (100 mg L−1

FLU and 20 mg L−1 GEN) and 50% (w/v) of honey (PH or manuka) was assessed against 24 h-old
dual-species (C. tropicalis and P. aeruginosa) biofilms. Biofilm cells were removed after 6, 12, and 24 h to
assess biofilm-cells cultivability through CFU enumeration. Also, all negative (wells containing only
broth medium) and positive (wells containing C. tropicalis, P. aeruginosa, C. tropicalis, and P. aeruginosa
cultures without antimicrobial agents) controls were performed.

4.6. Cell Viability Assessment of Biofilm-Embedded Cells

In order to evaluate the cell morphology and viability of polymicrobial biofilms after treatment
in a qualitative way, the Live/Dead® BacLight™ Bacterial Viability Kit (Molecular Probes, Leiden,
The Netherlands) was employed. Basically, biofilms were formed on polystyrene coupons, as described
above, and were then stained for 15 min in the dark with a mixture of the SYTO 9 and Propidium
Iodide, both prepared at 3 μL/mL in saline solution. For microscopic observation, an Olympus BX51
microscope fitted with fluorescence illumination was used. The optical filter combination consisted
of 470 to 490 nm in combination with 530 to 550 nm excitation filters.

4.7. Statistical Analysis

Data were analyzed using the Prism software package (GraphPad Software version 6.01
for Macintosh). One-way analysis of variance (ANOVA) tests were performed, and means were
compared by applying Tukey’s multiple comparison test. The statistical analyses performed were
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considered significant when p < 0.1. For all assays, at least three independent experiments were carried
out in triplicate.

5. Conclusions

The increasing incidence of Candida-associated infections requires the discovery of more efficient
new antifungal therapies, with less adverse effects. In this scope, honey emerges as a potential
antifungal agent. Here, the antifungal effect of different concentrations of PH and manuka honeys was
evaluated in C. tropicalis. A reduction of C. tropicalis cell growth in both planktonic and biofilm state
was observed with honey treatment. Comparing both honeys tested, for biofilm culture, manuka had
a higher effect than PH.

However, understanding the behavior of Candida species in polymicrobial biofilms is an important
step in the clinical context and for the selection of the most efficient treatment. Because of this, the effect
of both honeys was assessed on mixed biofilms of C. tropicalis and P. aeruginosa. The honeys were able
to reduce both species in the mixed biofilm and were demonstrated to be a promising alternative for
the treatment of infections caused by mixed species biofilms. The combinations, honey–antifungal
and honey–antifungal–antibiotic, were also tested but without positive results. Other antifungal
and antimicrobial agents need to be tested to understand the feasibility of using these combinations
in therapy.

Overall, the results obtained here highlight the potential of honey as an alternative therapy for
controlling infections induced by C. tropicalis, especially when associated to bacteria. The use of
a natural product such as PH honey may be used in clinical practice, especially in skin applications,
to prevent or even treat C. tropicalis and P. aeruginosa infections.
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20. Küçük, M.; Kolayli, S.; Karaoğlu, S.; Ulusoy, E.; Baltacı, C.; Candanc, F. Biological activities and chemical
composition of three honeys of different types from Anatolia. Food Chem. 2007, 100, 526–534.

21. Irish, J.; Carter, D.A.; Shokohi, T.; Blair, S.E. Honey has an antifungal effect against Candida species. Med. Mycol.
2006, 44, 289–291. [CrossRef] [PubMed]

22. Moussa, A.; Noureddine, D.; Saad, A.; Abdelmelek, M.; Abdelkader, B. Antifungal activity of four honeys of
different types from Algeria against pathogenic yeast: Candida albicans and Rhodotorula sp. Asian Pac. J. Trop
Biomed. 2012, 2, 554–557. [CrossRef]

23. Chen, C.; Campbell, L.T.; Blair, S.E.; Carter, D.A. The effect of standard heat and filtration processing
procedures on antimicrobial activity and hydrogen peroxide levels in honey. Front. Microbiol. 2012, 3, 265.
[CrossRef] [PubMed]

24. Khosravi, A.R.; Shokri, H.; Katiraee, F.; Ziglari, T.; Forsi, M. Fungicidal potential of different Iranian honeys
against some pathogenic Candida species. J. Apic. Res. 2008, 47, 256–260. [CrossRef]

25. Atrott, J.; Henle, T. Methylglyoxal in manuka honey—Correlation with antibacterial properties. Czech J.
Food Sci. 2009, 27, S163–S165. [CrossRef]

26. Nassar, H.M.; Li, M.; Gregory, R.L. Effect of honey on Streptococcus mutans growth and biofilm formation.
Appl. Environ. Microbiol. 2012, 78, 536–540. [CrossRef]

27. Haynes, K. Virulence in Candida species. Trends Microbiol. 2001, 9, 591–596. [CrossRef]
28. Cooper, R.; Molan, P. The use of honey as an antiseptic in managing Pseudomonas infection. J Wound Care

1999, 8, 161–164. [CrossRef]
29. Roberts, A.E.L.; Maddocks, S.E.; Cooper, R.A. Manuka honey reduces the motility of Pseudomonas aeruginosa

by suppression of flagella-associated genes. J. Antimicrob. Chemother. 2015, 70, 716–725. [CrossRef]
30. Thomas, L.; Maillard, J.Y.; Lambert, R.J.W.; Russell, A.D. Development of resistance to chlorhexidine diacetate

in Pseudomonas aeruginosa and the effect of a “residual” concentration. J. Hosp. Infect. 2000, 46, 297–303.
[CrossRef]

257



Antibiotics 2020, 9, 43

31. Fernandes, L. Estratégias Alternativas Para Combater Biofilmes de Candida. Master’s Thesis, University of
Minho, Braga, Portugal, 2017.

32. Rodrigues, M.E.; Lopes, S.P.; Pereira, C.R.; Azevedo, N.F.; Lourenço, A.; Henriques, M.; Pereira, M.O.
Polymicrobial ventilator-associated pneumonia: Fighting in vitro Candida albicans-pseudomonas aeruginosa
biofilms with antifungal-antibacterial combination therapy. PLoS ONE 2017, 12, e0170433. [CrossRef]
[PubMed]
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Abstract: Two natural mixtures, Allium sativum fermented extract (BGE) and cannabinol oil extract
(CBD), were assessed for their ability to inhibit and remove Pseudomonas aeruginosa biofilms on soft
contact lenses in comparison to a multipurpose Soft Contact Lens-care solution present on the Italian
market. Pseudomonas aeruginosa (ATCC 9027 strain) and Pseudomonas aeruginosa clinical strains isolated
from ocular swabs were tested. Quantification of the biofilm was done using the microtiter plate
assay and the fractional inhibitory concentration index was calculated. Both forms of Pseudomonas
aeruginosa generated biofilms. BGE at minimal inhibitory concentration (MIC) showed inhibition
percentages higher than 55% for both strains, and CBD inhibited biofilm formation by about 70%. The
care solution at MIC inhibited biofilm formation by about 50% for both strains tested. The effect of
BGE on the eradication of the microbial biofilm on soft contact lenses at MIC was 45% eradication for
P. aeruginosa ATCC 9027 and 36% for P. aeruginosa clinical strain. For CBD, we observed 24% biofilm
eradication for both strains. For the care solution, the eradication MICs were 43% eradication for
P. aeruginosa ATCC 9027 and 41% for P. aeruginosa clinical strain. It was observed that both the test
soft contact lenses solution/BGE (fractional inhibitory concentration index: 0.450) and the test soft
contact lenses solution/CBD (fractional inhibitory concentration index: 0.153) combinations exhibited
synergistic antibiofilm activity against most of the studied bacteria. The study showed that BGE and
CBD have good effect on inhibition of biofilm formation and removal of preformed biofilms, which
makes them promising agents that could be exploited to develop more effective care solutions.

Keywords: biofilm; soft contact lens; Pseudomonas aeruginosa; Allium sativum fermented extract;
cannabinol oil extract

1. Introduction

Diseases related to the eye are frequently observed in clinical practice. Soft Contact lenses have a
great impact on improving vision, but their use can often be associated with a risk of infections [1].
Eye infections related to the use of soft contact lenses are linked to various risk factors such as falling
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asleep with contact lenses, wetting the lenses with water, not replacing soft contact lenses periodically
and reusing the disinfectant solution [2].

Several studies have reported that adolescent and young adult soft contact lens wearers present
greater risks of contracting eye infections compared to adult or elderly wearers likely because the
former have incorrect hygienic practices for maintenance of their soft contact lenses [3,4].

The Center for Disease Control and Prevention established that there were about 41 million soft
contact lens wearers aged ≥18 years in the United States in 2015, and most of them behaved in a manner
that put them at risk of contracting eye infections. In 2016, in the United States, it was estimated that
one in seven adolescent and one in six adult soft contact lens wearers stated that they had at least
one risky episode of eye infection. They reported falling asleep with soft contact lenses, swimming
with soft contact lenses, and replacing the containers and storage solution at intervals longer than
recommended [5].

Common ocular pathogens include Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia coli,
and other organisms [6]. Previous epidemiological studies identified Pseudomonas aeruginosa as the
primary causative agent in soft contact lens-related corneal infection [7].

The solutions must be able to inhibit the growth of pathogens to protect users from infections [8]
and thus to decrease the risk of soft contact lens-related infections [9]. Furthermore, because the
formation of bacterial biofilms on soft contact lenses increases infectious eye diseases likelihood, and
as biofilms are highly resistant to antibiotics, it is necessary for soft contact lens care solutions to have
the ability to reduce or prevent biofilm formation [10,11].

Bacterial cells that colonize a surface within a biofilm show greater resistance to antimicrobial
substances than free cells. This phenomenon is attributed to both the lower speed of diffusion of
biocides through the biofilm matrix, and the lower levels of oxygen and nutrients that the cells receive
compared to the planktonic ones. This results in a lower growth rate, but also less sensitivity to
antibiotics and disinfectants [12].

Preventing, reducing or eliminating microbial biofilms from soft contact lenses is now a necessity
for improving eye health. Therefore, anti-biofilm coatings and development of anti-biofilm therapies
are the most promising goals for reducing the risk of eye infections associated with biofilms [13].

The inherent biofilm resistance to common disinfectants makes the use of natural compounds
as “anti-biofilm agents” challenging. Many natural compounds have been used to kill infectious
pathogens, and others have been used for eye remedies [14]. Since ancient times, garlic (Allium sativum)
and onion (Allium cepa), have represented important components of typical recipes and traditional
healing systems [15]. Mohsenipour and Hassanshahian studied the effects of Allium sativum extracts
on biofilm formation and activities on six pathogenic bacteria. The abilities of A. sativum alcoholic
extracts in inhibition of biofilm formation of S. pneumoniae, P. aeruginosa and K. pneumoniae were more
than their ability to destroy the biofilm of these bacteria. This study confirmed the ability of garlic
extracts to inhibit the attachment of Staphylococcus spp., and therefore, their ability to inhibit the biofilm
formation of these bacteria. According to the results of this research and other studies performed on
extracts and essential oils of A. sativum, the antimicrobial potential of this plant was confirmed and the
extracts of this plant were shown to be suitable choices against pathogenic microorganisms [16].

Recently, the antibacterial activity of Cannabis sativa was also studied. Several researchers noted
its activity against various microorganisms and its anti-biofilm ability [17].

To reduce the risk of eye infections associated with biofilms, several studies have been devoted to
the development of anti-biofilm coatings and therapies [13].

In the current study, two natural compounds, Allium sativum fermented extract (BGE) and
cannabinol oil extract (CBD), Cannabis sativa metabolite, were assessed for their activity on inhibition
and removal of P. aeruginosa biofilms on soft contact lenses in comparison to a multi-purpose Soft
Contact Lens-care solution found in the Italian market.
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2. Results

2.1. Assessment of Biofilm Formation

Two strains were tested for biofilm production, P. aeruginosa (P. aeruginosa; ATCC 9027 strain) and
Pseudomonas aeruginosa clinical strain. Figure 1 shows the total biomass of microbial biofilms on soft
contact lenses. The graph highlights that both microbes are capable of forming biofilms on the surface
of soft contact lenses and they are classified as strongly biofilm-forming (4.ODc < OD).

 

λ

Figure 1. Total biomass of microbial biofilms on soft contact lenses. Negative (OD ≤ ODc), weak (ODc
≤ OD ≤ 2.ODc), moderate (2.ODc < OD ≤ 4.ODc), and strong biofilm production (4.ODc < OD).
OD = optical density; P1 = P. aeruginosa ATCC 9027; P2 = P. aeruginosa clinical strain.

2.2. Effectiveness of Disinfectant Solution and Natural Compounds on the Inhibition of Biofilms

The MIC for Soft Contact Lens-care solution was (50%) of the original concentration. While the
MIC for BGE and CBD were 20% and 2%, respectively (Table 1).

Table 1. Minimum inhibitory concentration (MIC) of BGE, CBD and soft CL-care solutions against
tested stains (S.D. = Standard deviation).

Tested Substances
P. aeruginosa
ATCC 9027

S.D.
P. aeruginosa

Clinical Strain
S.D.

BGE 4% 0.13 4% 0.38
CBD 2% 0.31 >2% -

CL-care solutions 50% 0.16 50% 0.23

2.3. Prevention of Biofilm Formation

The MIC and sub-MIC of disinfectant solutions were tested for biofilm inhibition capacity.
For both Allium sativum fermented and CBD, 3

4 , 1
2 and 1

4 MIC were tested on biofilm-forming
Pseudomonas aeruginosa (P. aeruginosa; ATCC 9027 strain) and P. aeruginosa clinical strains, while for the
care solution, 4

5 (40%) and 3
5 (30%) MIC were tested (Figure 2).
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Figure 2. Effect of Allium sativum fermented, CBD and Soft CL-care solution on the inhibition of
microbial biofilms on soft contact lenses; data with different letters (A–D) are significantly different
(p < 0.05, T- Test). P1 = P. aeruginosa ATCC 9027; P2 = P. aeruginosa clinical strain.

Allium sativum extracts at a concentration of 20% (MIC) showed an inhibition percentage higher
than 55%, while at a concentration of 10% ( 1

2 MIC), they inhibited biofilm formation by about 35%, for
both strains tested.

CBD at a concentration of 2% (MIC) inhibited biofilm formation by about 70%, while at a
concentration of 1% ( 1

2 MIC), it inhibited biofilm formation by about 50%, for both strains tested.
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Soft Contact Lens-care solution at a concentration of 1
2 (50%) of the original concentration inhibited

biofilm formation by about 50%, while at a concentration of 4
5 (40%) and 3

5 (30%) MIC, it inhibited
biofilm formation by about 20% and less than 10%, respectively, for both strains tested.

2.4. Eradication of Biofilm Formation

Different concentrations of each compound were tested for their biofilm removal effect.
The effect of Allium sativum fermented on the eradication of microbial biofilms on soft contact

lenses at MIC was 45% eradication for P. aeruginosa ATCC 9027 and 36% for P. aeruginosa clinical
strain. At a concentration of 3

4 MIC, it was 17% eradication for P. aeruginosa ATCC 9027 and 10% for
P. aeruginosa clinical strain (Figure 3).

  

Figure 3. Effect of Allium sativum fermented, CBD and Soft CL-care solution on the eradication of
microbial biofilms on soft contact lenses; data with different letters (A–B) are significantly different
(p < 0.05, T-Test). P1 = P. aeruginosa ATCC 9027; P2 = P. aeruginosa clinical strain.
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For CBD, 24% eradication of biofilm formed by both strains was observed at MIC, while at a
concentration of 3

4 MIC, there was 13% eradication for P. aeruginosa ATCC 9027 and 18% for P. aeruginosa
clinical strain (Figure 3).

The effect of care solution on the eradication of microbial biofilms on soft contact lenses at MIC
concentration was 43% eradication for P. aeruginosa ATCC 9027 and 41% for P. aeruginosa clinical
strain. At a concentration of 4/5 MIC, it was 15% eradication for P. aeruginosa ATCC 9027 and 12% for
P. aeruginosa clinical strain (Figure 3).

2.5. Determination of Fractional Inhibitory Concentration Index

Table 2 shows the fractional inhibitory concentration index values of test soft contact lenses
solution/BGE and test soft contact lenses solution/CBD combinations on biofilms formed by the
studied bacteria. It was observed that both test soft contact lenses solution/BGE (fractional inhibitory
concentration index: 0.450) and test soft contact lenses solution/CBD (fractional inhibitory concentration
index: 0.153) combinations exhibited synergistic antibiofilm activity against the two strains studied.

Table 2. Fractional inhibitory concentration values (FICI) of test soft contact lenses solution in
combination with Allium sativum fermented extract (BGE) and cannabinol oil extract (CBD) against
Pseudomonas aeruginosa (P. aeruginosa; ATCC 9027) and Pseudomonas aeruginosa clinical strain biofilms.

Microorganism.

Combinations

Soft Contact Lenses Solution + BGE (CLS+B) Soft Contact Lenses Solution + CBD (CLCS+C)

FIC FICI FIC FICI

P. aeruginosa
ATCC 9027

0.250 (CLS)
0.450 Synergistic 0.150 (CLCS)

0.153 Synergistic
0.200 (B) 0.030 (C)

P. aeruginosa
clinical strain

0.250 (CLS)
0.450 Synergistic 0.150 (CLCS)

0.153 Synergistic
0.200 (B) 0.030 (C)

3. Discussion

Soft contact lens wearers are exposed to an increased risk of developing eye infections on a daily
basis, especially when their lenses are not cleaned properly. Soft contact lenses, particularly the soft
variety, can provide the ideal reproduction conditions for different pathogens; thus, it is essential
that disinfectant solutions are effective against contaminating pathogens to ensure the health of the
patient’s eyes [18].

In vivo and in vitro studies have suggested that persistent microbial contaminations of soft contact
lenses may be associated with biofilm formation and microbial resistance. A bacterial biofilm can be
defined as a structured community of bacterial cells [19]. It is possible that during lens insertion and
removal, bacteria may be transferred into the lens storage cases via fingers.

Bacterial biofilms forming in soft contact lens storage cases has been well documented [20].
Although soft contact lens multipurpose solutions meet the international ISO 14729 and FDA

510(k) standard for adequate antimicrobial efficacy, they are only subjected to assessment against
selected reference strains of planktonic bacteria and fungi. Antimicrobial activity against attenuated
laboratory strains does not ensure efficacy against clinical strains. In addition, commercially available
disinfecting solutions may be ineffective against biofilms [21].

The effectiveness of disinfection systems was experimentally tested by Wilson and collaborators.
The most effective system for biofilm prevention was 3% hydrogen peroxide. The chlorhexidine
base systems were shown to be less effective than peroxide but more effective than some quaternary
ammonium derivatives or polyamine polypropylene biguanide [20].

In another study, the effectiveness of disinfectants was tested on the prevention of biofilm
formation for long and continuous storage times (6 weeks). The results showed that the contamination
rate on the walls of the container is 40% if the storage takes place in solution with polyhexamethylene
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biguanide, 45% if storage is solution with polyquad, 0% with hydrogen peroxide storage, and 3% if
neutralized with a metal catalyst [22].

However, in other studies, the use of hydrogen peroxide was instead associated with a higher
degree of container contamination [23,24].

The current study aimed to screen for the biofilm forming from P. aeruginosa (P. aeruginosa; ATCC
9027 strain) and P. aeruginosa clinical strain, and to evaluate the anti-biofilm activity of some natural
compounds in comparison to CL-care solution.

Our results showed that the disinfectant solution on the market has moderate activity in inhibiting
biofilm formation at MIC concentration (about 50%) without the rubbing step (recommended by the
manufacturer but not complied with by some consumers). At the considered sub-minimal inhibitory
concentrations, the percentage of inhibition dropped drastically, never exceeding 21%.

We also evaluated the ability of the solution to eradicate the biofilm. The results show a
percentage of about 40% for both strains with MIC, but already a percentage lower than 15% at the first
tested sub-MIC.

On the contrary, a previous study attributed great efficacy against planktonic bacterial growth to
all the solutions tested for the care of soft contact lenses, but a poor activity against bacterial biofilms
in vitro [19].

The tested organisms were also exposed to minimal inhibitory concentrations and sub-minimal
inhibitory concentrations of two natural compounds to evaluate their ability to inhibit and remove
biofilms: Allium sativum fermented extract and cannabinol oil extract, Cannabis sativa metabolite.

Several studies showed the antimicrobial activity of garlic [16,25] and of Cannabis sativa [26].
CBD showed the highest activity in inhibiting biofilm formation. Inhibition rates were above 50%,

even at sub-minimal inhibitory concentrations.
Instead, Allium sativum fermented extract showed higher eradication rates to MICs, while the

results are superimposable for sub-minimal inhibitory concentrations.
In the ophthalmological field, Allium sativum extracts seem to give good results in solving eye

problems and are well tolerated by the eye [27].
There has been a resurgence in interest and use of the cannabis plant for medical purposes. The

use of cannabis for therapeutic purposes was increasingly limited up to the prohibition of its use
with the Single Convention on Narcotic Drugs of 1961. Only several decades later, cannabis has
been readmitted as a pharmacological active drug and “medical cannabis” is used and legalized for
therapeutic purposes in many countries [28].

Different possibilities of medical use of cannabis have been reported in the literature and, among
these, are antitumor effects and treatment of glaucoma [29].

Recently, synergistic combinations of antimicrobials have been proposed to eradicate infections
due to multi-resistant pathogens. Some studies indicate the choice of synergistic combination therapy
as a preferential treatment in biofilm-associated infections [30]. To evaluate the type of antibiofilm
interactions (synergistic, additive or antagonistic), fractional inhibitory concentration index values
of test antimicrobials were determined. From the fractional inhibitory concentration index values
(Table 2), it was observed that the test soft contact lenses solution/BGE combination showed synergistic
antibiofilm efficacy against 69% of test bacterial isolates, whereas this value for test soft contact lenses
solution/CBD combination was 75% (data not shown).

Possible mechanisms behind the synergistic interactions of test soft contact lenses solution in
combination with BGE and CBD is not clear right now. Studies have shown that two different
anti-biofilm mechanisms are able to modulate biofilm formation: inhibition of bacterial surface
attachment and interruption of quorum sensing [31].

Such scientific evidence led us to test these two natural compounds against biofilms.
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4. Materials and Methods

4.1. Bacterial Culture

Pseudomonas aeruginosa (P. aeruginosa; ATCC 9027) and Pseudomonas aeruginosa clinical strain
isolated from ocular swabs were maintained in glycerol stock cultures at −80 ◦C prior to use and
cultured onto Tryptone soy agar (TSA) (Becton Dickinson and Company). Single colonies of bacteria
from the overnight cultures were inoculated into tryptone soy broth (TSB) (Becton Dickinson and
Company) and incubated in a shaking incubator at 37 ◦C.

4.2. Screened Compounds

One care solution available in the Italian market was tested. It is a sterile isotonic solution,
containing polyhexamethylene biguanide at 0.00005% as a preservative active ingredient. Two natural
compounds were also tested: BGE (stock solution 175 mg/mL) and CBD (stock solution 3%), Cannabis
sativa metabolite.

BGE was prepared in the Food Engineering Lab of the Department of Chemical, Material and
Production Engineering, University of Naples Federico II. Fresh garlic, bought locally, was fermented
for 7 days at a high temperature and high relative humidity (90 ◦C and RH 70%). The fermented garlic
was then pulverized and mixed with distilled water in a 1:1 ratio. Subsequently the aqueous fraction
of this mix, the BGE, was separated by a patented extraction process using gaseous norflurane in
subcritical condition as a solvent [32]. Cannabinol oil extract (CBD) was purchased from Enecta B.V.
(Amsterdam, Holland) (300 mg, 3% CBD).

4.3. Biofilm Production

Overnight cultures of isolates from TSA were inoculated in 5 mL TSB and incubated for 24 h at
37 ◦C. The suspension was diluted 1:100 in TSB to obtain a density of 106 cells/mL. Then, 100 μL of the
suspension was added into individual wells, containing silicone hydrogel contact lens (Soft15 energy
by Salmoiraghi and Viganò), of polystyrene 24-well plates and incubated at 37 ◦C for 24 h to allow the
develop of the biofilm; media alone was the negative control included.

The total biomass of the biofilm was analyzed using the crystal violet (CV) staining method [33],
as described elsewhere [34]. The content of each well was aspirated and then washed three times with
phosphate buffered saline to remove any non-adherent bacteria. The soft contact lens were placed in
new 24-well plates at 44 ◦C for 60 min to allow fixation.

Then, 150 μL of CV (0.2% p/v) was added to each well and incubated for 15 min. After washing
the wells with deionized water, excess stain was gently rinsed off by tap water. Crystal violet bound to
the biofilm was detached using 150 μL of 30% v/v acetic acid for 30 min at room temperature, and the
absorbance at 570 nm was detected with a spectrophotometer (DR5000, HACH). The test was done in
duplicates. Based on the measured optical density, Pseudomonas aeruginosa (P. aeruginosa; ATCC 9027)
and Pseudomonas aeruginosa clinical strain were classified into four categories; non-adherent, weakly
adherent, moderately adherent, and strongly adherent [35].

4.4. Determination of Minimum Inhibitory Concentration of Screened Compounds

Minimum inhibitory concentrations of screened compounds were determined with a microbroth
dilution technique as described by the Clinical and Laboratory Standards Institute (CLSI, 2006 M7-A6)
with some modifications, using tryptone soy broth [36].

Two fold serial dilutions of each disinfectant agent were prepared using microtiter plates; 100 μL
of each dilution were placed in adjacent wells. Then, 100 μL of prepared inoculum was added to each
dilution, control wells were included and experiments were made in triplicate. Plates were incubated at
37 ◦C for 24 h and examined. Wells without the test molecule served as control. The minimum inhibitory
concentration was defined as the lowest concentration of compound that completely inhibited visible
growth analyzed at 590 nm using a microplate reader (Synergy H4 BioTek) [37].
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4.5. Effectiveness of Screened Compounds on Inhibition and Eradication of Biofilm Formation

Strains were grown overnight at 37 ◦C in tryptone soy broth, washed twice in phosphate buffered
saline, and suspended to obtain a suspension equivalent to 1 × 105 cells/ml (OD600). Then, 100 μl of
each inoculum was dispensed into wells of 24-well microtiter plates.

To prevent cell adherence at the intermediate stage (24 h biofilms) (MBIC), the plates were
incubated at 37 ◦C for 24 h with the soft contact lens solution at 50%, 40% and 30% of its original
concentration; with BGE at concentrations of 40 mg/mL, 30 mg/mL, 20 mg/mL, and 10 mg/mL, and
with CBD at concentrations of 20 mg/mL (2%), 15 mg/mL (1.5%), 10 mg/mL (1%), and 5 mg/mL (0.5%).

To eradicate preformed biofilm at the maturation stage (48 h biofilms) (MBEC), the plates were
incubated for 48 h, the medium was renewed after 24 h, and disinfectants at the same concentrations
were added at the last 24 h. Biofilms formed by bacteria that did not undergo any treatment were used
as controls for comparison with the means of the treatments.

The effect of disinfectants on biofilm inhibition and eradication was quantified by using the XTT
assay that analyzed the density of the adhered cells, measuring the relative metabolic activity using the
XTT (2,3-bis (2-methoxy-4-nitro-5-sulfo phenyl)-5-(phenylamino) carbonyl)-2H-tetrazolium hydroxide)
colorimetric assay kit (Sigma) following manufacturer’s instructions as described elsewhere [38].

Continuous variables were compared using the Student t-test.

4.6. Determination of Fractional Inhibitory Concentration Index

The synergistic activity of the test care solution and the two natural compounds was evaluated by
calculation of the fractional inhibitory concentration index (FICI) using the method of Ramage et al. [39].

Biofilm formation of the test bacterial strains was achieved following the same protocol as
described above. After biofilm formation, the medium was aspirated gently and non-adherent cells
were removed by washing the biofilms three times with sterile phosphate buffered saline. Then,
100 μL of 2-fold serial dilutions (1/32×minimum inhibitory concentration to 4×minimum inhibitory
concentration) of the test care solution and natural compounds were added to each biofilm. The two
antimicrobial agents and the test care solution were mixed in the plate crosswise in such a way that
the resulting checkerboard contained each combination of the substances in eight doubly increasing
concentrations, with wells containing the highest concentration of each substance at opposite corners.

The MBEC of compound combinations, defined as the lowest concentration of substance required
to eradicate the biofilm was determined by the XTT reduction assay following the method of
Ramage et al. [39].

Fractional inhibitory concentration indices were calculated using the formula: fractional inhibitory
concentration index = (minimum biofilm eradication concentration of natural compound in the
presence of test care solution/minimum biofilm eradication concentration of natural compound
alone) + (minimum biofilm eradication concentration of test care solution in the presence of natural
compound/minimum biofilm eradication concentration of test care solution alone). The results were
interpreted according to fractional inhibitory concentration indices as follows: ‘synergy’ (fractional
inhibitory concentration index ≤ 0.5), ‘additive’ (fractional inhibitory concentration index > 0.5–4)
and ‘antagonism’ (fractional inhibitory concentration index > 4) [40]. All the experiments were
repeated twice.

5. Conclusions

The results of this study are supported by previous studies according to which natural compounds
could be used as substances that prevented eye infections, especially those caused by the reckless use
of soft contact lenses. The current study is the first to assess the anti-biofilm activity of both BGE and
CBD on soft contact lens. It showed that BGE and CBD have an excellent effect on inhibition of biofilm
formation and removal of preformed biofilms, which make them promising agents that could be added
to new more effective care solutions.
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The results provide evidence that the test soft contact lenses solution alone and in combination
with BGE and CBD may serve as a potential source for treatment of biofilm-associated soft contact lens,
hoping for less negative effects on eye health and less problems related to drug resistance.
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Abstract: Fresh sausages are highly perishable, and the preservatives allowed in these types of meat
preparations are limited. Balkan-style fresh sausages were prepared in triplicate without antimicrobials
(Control), with an aqueous hops extract (30 mL/kg), with Zataria multiflora Boiss essential oil (1 mL/kg),
or a combination of both (15 and 0.5 mL/kg, respectively), and refrigerator-stored under a 20% CO2

and 80% N2 atmosphere. The spoilage microbial growth, i.e., lactic acid bacteria (LAB), Brochothrix
thermosphacta, Enterobacteriaceae, Micrococcaceae, molds and yeasts, the pH value, and the production of
biogenic amines in the sausages were monitored weekly and compared with a control sausage during
a 35-day storage period. Furthermore, 349 colonies of presumptive LAB (isolated from the De Mann,
Rogose-Sharpe agar plates) were identified using a MALDI-TOF-based method. Growth levels to
≈ 9 Log colony forming units (CFU) per g were reached by LAB, with a predominance of Lactobacillus
sakei. Enterobacteriaceae and B. thermosphacta also showed significant growth (up to 6 Log CFU/g).
Biogenic amine levels increased, and tyramine values overcame 250 mg/kg. The study could not
demonstrate a significant effect of antimicrobial source treatments in any of the characteristics studied,
and thus, the shelf-life of sausages.

Keywords: lamb sausage; lactic acid bacteria; shelf-life; natural antimicrobials; meat preparations;
modified atmosphere packaging

1. Introduction

Fresh sausages are produced with comminuted meat, salt, species, and condiments and a limited
number of allowed additives. Their formulation, preparation, and dimensions strongly depend
on local preparation. Fresh sausages must be refrigerator-stored and cooked before consumption.
They are considered to be highly perishable, with pH values >5.5 and water activity (aw) ≥0.97 [1].
To retard microbial growth, fresh sausages are commonly stored at low temperatures under anaerobic

Antibiotics 2019, 8, 227; doi:10.3390/antibiotics8040227 www.mdpi.com/journal/antibiotics271
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CO2-containing modified atmosphere packaging (MAP). The spoilage microbiota of fresh sausages
on these conditions consists of facultative anaerobic microorganisms such as lactic acid bacteria
(LAB), Brochothrix thermosphacta, and Enterobacteriaceae, with LAB being observed as the predominant
group [2,3]. The shelf-life of fresh sausages refrigerator-stored under anaerobiosis depends on the
hygienic quality of raw materials, pH, aw, storage temperature, atmosphere, etc. [4]. Some authors,
based on the appearance of off-odors and discoloration, have found a shelf-life for these sausages
slightly longer than 10 days [3] and others of more than 20 days [5–7].

During refrigerated storage of fresh sausages under vacuum or anaerobic MAP, and most probably
due to the growth of LAB and Enterobacteriaceae, a significant production of biogenic amines (BA) such
as tyramine, putrescine, and cadaverine occurs [4,8]. In a previous study [2], levels of tyramine higher
than 100 mg/kg were found in a Mexican fresh sausage stored in anaerobic MAP for more than two
weeks, which represents a health risk and corroborates the need to control the production of BA in
fresh sausages.

A current approach to extend the shelf-life of fresh sausages is the use of natural antimicrobials [9].
Hops, the strobiles (female flowers) of the Humulus lupulus L. plant, which are commonly used in
brewery and have found application in other foods [10], appear to be a potentially suitable ingredient for
this purpose. Hops contains antimicrobial compounds, such as prenylated acylphloroglucinols, bitter
acids or xanthohumol, among others, which have been probed to inhibit Gram-positive bacteria [11,12].
The Food Safety and Inspection Service from the USA has approved the use of hops α-acids as
antimicrobials for cooked meat and casings [13]. Moreover, Kramer et al. [11] found hops extract to
inhibit total aerobic microbial growth in marinated pork. However, the effect of hops in fresh sausages
packaged under anaerobic conditions seems to have been rarely studied. Hops could interfere in
the growth of Gram-positive spoilage microorganisms such as LAB or Brochothrix thermosphacta, thus
extending the sausage shelf-life.

Plant-derived essential oils (EO) obtained from aromatic and medical plant materials have proved
wide antimicrobial spectra against bacteria, yeasts, and molds [14]. Nonetheless, among bacteria,
the Gram-positive are more susceptible than the Gram-negative [15]. The effectiveness of EO at levels
up to 2% in extending the lag phase or reducing the final population of spoilage microbiota in minced
meat and meat products during refrigerated storage has been reported [16,17]. EO has been claimed to
be one of the best alternatives to synthetic preservatives in meat and meat products [17]. However,
the use of EO in meat as well as in other foods as natural preservatives present relevant limitations
regarding deleterious effects in sensory quality due to their strong flavor, loss of antimicrobial activity
due to interactions with food components, and regulatory or safety issues [18]. In this context, the use
of EO combined with other synergistic or complementary natural antimicrobials has been suggested as
a viable approach to using lower amounts of EO, thus not affecting the sensory acceptation, while
achieving a significant antimicrobial effect.

Among the EO, that obtained from Zataria multiflora Boiss (ZM), which contains carvacrol and
thymol as its main components, has shown a significant antimicrobial effect, this effect being greater on
Gram-negative bacteria [19–21]. Zataria multiflora Boiss, belonging to the Laminaceae family, is cultivated
in warm parts of the Middle East, where it is popularly used in traditional medicine and as food
flavoring and preservative [22]. Regarding processed meat, it has been reported that the addition of
ZM’s EO at levels up to 0.1% reduced the growth of total viable microbiota, Pseudomonas spp., and LAB in
buffalo burgers during aerobic storage [23,24]. Moreover, a chitosan film containing this EO (5–10 g/kg)
also reduced the counts of total viable microbiota at the surface of mortadella-type slices packaged in
oxygen permeable polyethylene bags during refrigerated storage [25]. The above-mentioned studies
were carried out using aerobic storage; however, no study has been found in the literature addressing
the antimicrobial effect of ZM’s EO on meat or meat products stored under anaerobic MAP.

This study has aimed to evaluate the growth of spoilage microorganisms and BA production in a
typical fresh sausage during refrigerated storage under CO2 plus N2 MAP, and to assess the effect
of two natural antimicrobials: hops and ZM’s EO, alone or combined. The study focused on LAB
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population considering them as the predominant spoilage microorganisms in fresh sausages packaged
under this type of atmosphere and responsible for the BA formation.

2. Results and Discussion

2.1. Water Activity, pH, Microbial Contents, and Biogenic Amine Production

The mean (standard deviation) aw and pH values of the sausages from the three batches at day 0
were 0.987 (±0.004) and 6.01 (±0.02), respectively. During storage, the pH values decreased steadily
(P < 0.05) from day 7 to day 28 for all the treatments, with the effect of either treatment or treatment x
storage time interaction being non-significant. The mean values of pH in sausages (the four treatments)
at days 7, 14, 28, and 35 were 6.05 (±0.01), 5.89 (±0.01), 5.66 (±0.02) and 5.61 (±0.03), respectively (data
not shown in tables for brevity).

As is shown in Figure 1, the counts of LAB, B. thermosphacta, Enterobacteriaceae, and Micrococcaceae
were not significantly affected by antimicrobial treatment. The mean counts of the Gram-positive LAB
and B. thermosphacta tended to be higher in control (C) sausages, although the P values from the analysis
of variance (ANOVA) were not significant, i.e., 0.263 and 0.397, respectively (not shown in figures).
ZM’s EO contains high amounts of antimicrobial molecules, i.e., thymol, carvacrol, α-terpinene, and a
contrasted antimicrobial effect in in vitro experiments [19,21]. In this study, the lack of effect of ZM’s
EO on microbial growth in the fresh sausages could be explained by a loss of inhibitory efficacy due to
interactions between the antimicrobials and sausage matrix compounds such as fat or specific proteins,
which could be influenced by the sausage pH and aw [15,18].

 
Figure 1. Effect of the addition of different natural antimicrobial sources on lactic acid bacteria:
Brochothrix thermosphacta, Enterobacteriaceae, and Micrococcaceae counts (mean values, n = 3, and standard
deviation, vertical bars) in fresh lamb sausages packaged under modified atmosphere (80% N2,
20% CO2) during refrigerated storage (4 ◦C). CFU: Colony forming units. RSME: Root square mean
error. C: Control sausages; H: hops; EO essential oil (Zataria multiflora Boiss); HEO: hops and essential
oil. abcd: Total means (n = 12) with different superscripts time-related indicate statistical differences
(Tukey test, P < 0.05).
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In contrast with our results, the addition of different EO, i.e., bay leaf, cassia, clove, holy basil,
lemon, thyme, or sage, to fresh sausages at levels between 0.01% and 0.25% has shown significant
reducing effects on the growth of spoilage microflora during refrigerated storage of fresh sausages
packaged under aerobic atmosphere [26–29]. Moreover, the ZM’s EO at levels up to 0.1% also
significantly decreased the growth of total viable microbiota, Pseudomonas spp. and LAB in burgers
during aerobic refrigerated storage [23,24]. Nevertheless, a clear difference between those studies and
this one is that in the formers, the atmosphere was aerobic and in this study it was anaerobic. This
suggests that the antimicrobial effect of EO in fresh comminuted meat products might be higher on the
microbiota growing in fresh minced meat products with O2 than in that growing when the presence of
O2 is restricted.

Hops extracts have been demonstrated to be useful as antimicrobials in casings, cooked ready-to-eat
meat, and marinated meat products [11,13]. However, no study has been found investigating their
antimicrobial effect in fresh comminuted meat products. In this study, hops extract given alone or
combined with ZM’s EO did not reduce the growth of spoilage bacteria. Again, chemical interactions
between the hops antimicrobials and the food matrix would be the reasons for the lack of significant
antimicrobial activity. In order to achieve a positive antimicrobial effect due to the use of hops
extracts in fresh sausages stored under anaerobiosis, it is suggested to use a higher amount of hops
antimicrobials or reduce the sausage pH, due to the reported higher effect of hops in food matrix with
pH close to 5 [11].

Regarding the changes on microbial growth (Figure 1), LAB became the dominant microbial
group from day 7 onwards, reaching final values slightly higher than 8 Log colony forming units (CFU)
per g at day 21, which can be considered as the onset of the stationary growth phase. Psychrotrophic
LAB have been found to become the major microorganisms in fresh sausages refrigerator-stored
under anaerobic CO2-containing MAP over the third week of storage [3,30], with the maximum LAB
levels being comparable to those from this study. Lactic acid bacteria are considered as the principal
spoilage-specific microorganisms in meat and fresh sausages stored under vacuum or CO2-containing
anaerobic MAP [31]. Thus, the appearance of off-flavors, i.e., sour or putrid, in fresh pork sausage has
been related to LAB counts over 7–8 Log CFU/g [5,32].

Both B. thermosphacta and Enterobacteriaceae showed similar growth patterns between them, i.e.,
starting with counts near to 4 Log CFU/g at day 0 and reaching the stationary phase at day 14 with
counts of 5–6 Log CFU/g (Figure 1). In both cases, the growth phase was slower and shorter than that
for LAB, which suggests a competitive effect of LAB, probably due to a higher ability of LAB for the
consumption of limiting nutrients under the anaerobic MAP fresh sausage conditions [33].

Other studies also described how B. thermosphacta steadily increases its levels in fresh meats
during refrigerated storage under vacuum and anaerobic MAP, becoming one of the dominant spoilage
species and originating cheesy, buttery, or sour odors [34]. According to Samelis [35], the levels of
B. thermosphacta associated to fresh meat spoilage are around 7 Log CFU/g.

The control of Enterobacteriaceae in fresh sausages seems to be desirable since levels of 4–5 Log
CFU/g [36] have been associated with meat spoilage—counts higher than this level were overcome
in this study at day 14. The growth pattern of Enterobacteriaceae in fresh sausages stored under
CO2- and N2-containing MAP has shown variability among studies. In agreement with our results,
Benson et al. [32] reported an exponential growth of Enterobacteriaceae during the first two weeks of
storage of a fresh pork sausage, reaching counts around 6 Log CFU/g; however, Ruíz-Capillas and
Jiménez Colmenero [3] found the levels of Enterobacteriaceae in fresh pork sausages to decrease after
10 days of refrigerated storage. These differences might be explained by variations among studies in
spice mixtures, sausage pH, or bacterial communities and their competence.
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Micrococcaceae counts were stable up to day 21 of storage and then decreased slightly until day 35
(Figure 1). A decrease after some weeks of storage has been described in other studies on fresh sausages
during anaerobic refrigerated storage [37,38], and attributed to both pH decrease and low O2 and
nutrients availability. No differences were found due either to treatment nor storage time in the molds
and yeast counts (the mean values considering all the treatments and days were 2.99 ± 0.17 Log CFU/g;
n = 24; data not shown in tables for brevity), which is probably due to their low growing ability under
diminishing O2 levels [38].

Changes in BA production in sausages are shown in Table 1. The levels of BA were not affected
by antimicrobial treatment except for spermine (P = 0.037), with slightly higher amounts in the hops
extract and essential oil (HEO) sausages than in the C sausages. Mono and diamines in fresh sausages
are presumably produced from microbial enzymatic decarboxylation of free amino acids. In ripened
sausages, this is mainly carried out by LAB and Enterococci, this ability being strain-dependent [39].
Enterobacteriaceae and B. thermosphacta can also contribute to the production of BA in LAB-fermented
meats, with the first being more active in cadaverine and putrescine formation and the latter in
histamine and tyramine [40–42]. The lack of effect of treatment on BA in the fresh sausage is thus
coherent with the absence of a significant effect on microbial growth. However, the levels of tryptamine,
putrescine, and histamine were significantly different between the experimental batches (data not
shown in tables). Thus, the levels of putrescine and histamine in the second batch were respectively
more than 5 times and 20 times higher than in the other two batches, which would corroborate the
dependence of BA production on microbial strains.

In contrast with our results, Lu et al. [43] reported a reduction in biogenic mono and diamine
production in Chinese smoked sausages as a result of the addition of a mixture of essential oils
(from cinnamon, cloves, ginger, and anise; 0.12% in total) and tea polyphenols (0.19%) to the sausage
mix. The discrepancy between both studies could be attributed to differences in the antimicrobial
source used, the making process, and storage conditions (i.e., 50 ◦C smoking, 20–22 ◦C fermentation and
10–12 ◦C ripening-drying steps versus continuous refrigerated storage under CO2-containing MAP).

Storage time affected the amounts of all mono and diamines in the fresh sausage, which increased
steadily, indicating a continuous formation of those BA by the active microbiota during storage.
However, time did not affect the content of polyamines originated from de novo synthesis in animal
tissues [44]. Overall, the time-related changes in the content of BA in this study have been observed in
other studies on fresh sausages stored under anaerobic MAP [2,8]. Biogenic monoamines can produce
toxic effects on the consumers resulting in migraine, hypertensive crisis, or allergy [45]. Among them,
histamine and tyramine present the highest health concern [46]. The maximum recommended levels
for both amines in fermented sausages are over 100 mg/kg—although their toxicity depends not only
on their levels in food but also on dietary factors and consumers’ susceptibility [47]. Tyramine content
in the fresh sausages from this study exceeded that limit (100 mg/kg) at day 14. On the other hand,
although the diamines putrescine and cadaverine are not considered toxic per se, they can enhance the
toxic effect of histamine and tyramine [48].
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2.2. Identification of Lactic Acid Bacteria

Only eight out of the 346 isolates from the DeMan-Rogosa-Sharpe (MRS) agar plates were not
positively identified. Among the identified isolates, 90% corresponded to LAB (70% of isolates were
identified as LAB at day 0 and ≥90% at the other sampling days). Among the non-LAB bacteria,
the genus identified in order of abundance were Staphylococcus spp., Enterobacter spp., Serratia spp.,
Filifactor spp., Escherichia spp., and Macrococcus spp. (not shown in tables). Table 2 shows the frequency
(%) of the LAB species identified at different storage days considering the isolates in sausages from
the four antimicrobial treatments. The genus Lactobacillus was the most abundant (84% of the LAB
isolates) regardless of the storage time. Lactobacillus sakei was the predominant LAB, with its frequency
overcoming 50% from day 7 onwards—when LAB counts showed significant growth (counts higher
than 7 Log CFU/g; Figure 1). Among the isolates identified as Lb. sakei, 59% were identified as Lb. sakei
subsp. carnosus (not shown in tables) and the others were identified as Lb. sakei (only species level).
On the other hand, approximately 40% of the isolates ascribed to the Lactobacillus genus were not
positively identified at species level (provided as Lactobacillus spp. in Table 2). Comparing between
the first weeks (especially day 0) and the last weeks of storage, the diversity (number) of LAB species
showed a tendency to decrease. On days 28 and 35, there was a clear dominance of Lactobacillus, and
among them, Lb. sakei (<90% and ≤70% of total LAB, respectively).

Table 2. Lactic acid bacteria (LAB) species in the sausages # at the different storage days (expressed in
% of total isolates identified as LAB).

Species
0

(n = 33)
7

(n = 50)
14

(n = 63)
21

(n = 52)
28

(n = 56)
35

(n = 53)

Aerococcus viridans 12 - - - - -
Carnobacterium maltraromaticum - - 5 2 - 4

Lactobacillus casei 3 - - - - -
Lactobacillus curvatus - 2 2 - - 2

Lactobacillus sakei 33 62 51 56 70 72
Lactobacillus spp. 12 14 38 37 30 23
Lactococcus lactis 24 2 - - - -

Leuconostoc mesenteroides 12 14 3 6 - -
Enterococcus faecalis - 6 2 - - -

Streptococcus salivarius 3 - - - - -

n = number of isolates identified as lactic acid bacteria; # Results on each day include the isolates from the four
antimicrobial treatments.

Figure 2 depicts the frequency of LAB species or genus, as identified by the matrix-assisted laser
desorption/ionization-time of flight (MALDI-TOF) analysis, obtained for each of the experimental
treatments from day 7 to 35. Lb. sakei was predominant for each of the treatment-day combinations
except for H-day 14 (ranging from 40% to 85%). The contingency chi-square test showed no significant
effect of treatment either on the frequency of Lb. sakei or on Lactobacillus spp. (P = 0.419 and
P = 0.729, respectively).
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Figure 2. Relative abundance (%) and growth curve (mean and standard deviation, vertical bars;
n = 3) of the isolates identified as lactic acid bacteria in fresh lamb sausages packaged under modified
atmosphere (80% N2, 20 %CO2) during refrigerated storage (4 ◦C). CFU: Colony forming unit.
C: Control sausages; H: hops; EO essential oil (Zataria multiflora Boiss); HEO: hops and essential oil.
Lactobacillus sakei ( ), Lactobacillus spp. ( ), Leuconostoc mesenteroides ( ), Enterococcus faecalis ( ),
Carnobacterium maltromaticum ( ), Lactobacillus curvatus ( ), Lactococcus lactis ( ).

Most of the studies on the succession of microbial population in fresh sausages during
refrigerated storage have been carried out with the sausages stored under aerobic normal or modified
atmosphere [1,4,6,32]. In these studies, LAB species have been one of the major microorganisms
detected together with species belonging to Enterobacteriaceae, Micrococcaceae, Pseudomonas spp., and
B. thermosphacta. However, LAB (Lb. sakei, Lb. curvatus/graminis) and B. thermosphacta tended to be
the most predominant groups at the end of storage. The degree of abundance of LAB would directly
depend not only on storage time but also on the reduction degree of redox potential during storage [49].
On the other hand, in the study by Fougy et al. [7], the sausages were packaged under vacuum
and anaerobic 50% CO2-containing atmosphere. The authors, in agreement with the results of the
present study, found, using metagenetic 16S rRNA pyrosequencing, Lb. sakei to be the most abundant
species in spoiled sausages (after 21 days of storage). Moreover, they also reported the presence of
Lactococcus piscium, Carnobacterium divergens, Carnobacterium maltaromaticum, Serratia proteamaculans,
and B. thermosphacta.

Lb. sakei together with Lb. curvatus appears to be the dominant LAB species in fermented sausages
produced by spontaneous fermentation, and Lb. sakei is the most used LAB species as a starter culture
for these sausages [50]. This species has been demonstrated to have an effective metabolic adaptation
to the meat environment, and to cold temperature and high NaCl concentration. These abilities explain
its growth in refrigerator-stored fresh sausages. This LAB have been demonstrated to be resistant to
the presence of the antimicrobials tested in the present study at the levels used.

In contrast with traditional fermented sausages, fresh sausages became spoiled after fermentation,
which would be due to differences in the LAB metabolism in a meat environment with higher aw and
the concomitant activity of other spoilage microorganisms, i.e., B. thermosphacta and Enterobacteriaceae.

278



Antibiotics 2019, 8, 227

3. Materials and Methods

3.1. Experimental Plan

Three batches of ćevapi, a Bosnian-style fresh sausage, were prepared using lamb lean meat at the
pilot plant at the Faculty of Veterinary Medicine, University of León (Spain). Each batch was composed
of four treatments: control (C), with no antimicrobial additives in the formulation; hops extract (H),
including an aqueous hops extract; essential oil (EO), with ZM’s EO, and with both hops extract and
essential oil (HEO). Sausages were packaged in bags under a modified atmosphere (20% of CO2 and
80% N2) and then stored under refrigeration at 2 ◦C for 35 days. Water activity (aw) was determined
at the day of packaging (day 0), and pH, the presence of relevant microbial groups, i.e., lactic acid
bacteria (LAB), Enterobacteriaceae, Brochothrix thermosphacta, Micrococcaceae and yeast and mold, and the
concentration BA were analyzed weekly (storage days 0, 7, 14, 21, 28, and 35). Moreover, 346 colonies
(4–5 per batch, day, and treatment) were picked from De Man Rogosa agar plates used for LAB counts
and identified by MALDI-TOF mass spectrometry.

3.2. Lamb Meat, Hops Extract, and Essential Oil

Lamb meat came from the legs of six male Assaf lambs reared at the Instituto de Ganadería
de Montaña (CSIC; Grulleros, León, Spain). The lambs were weaned with 14 ± 2 kg of weight and
fattened to 50 ± 4 kg of weight ad libitum on a pelleted complete diet based on straw (150 g/kg), cereals
(barley, corn and soybean meal; 810 g/kg), molasses (10 g/kg), a mineral-vitamin premix (25 g/kg), and
sodium bicarbonate (5 g/kg). The animals were then slaughtered in a local abattoir, and their legs were
separated from the right-hand carcasses after 24 h post-mortem and then deboned. The meat was then
cut into approximately 3 cm cubes, which were trimmed of visible fat. The lean meat from each leg
was packaged under vacuum and frozen (−20 ◦C) until being used (up to 3 months).

The aqueous hops extract used in the study was obtained from recently cropped Nugget variety
hop, with α-acid, β-acid, and co-humulone composition of 4.8–5.3%, 12–16%, and 22–28%, respectively.
The hops was provided by a local producer (Orbigo Valley S.L., Madrid, Spain). An amount of 50 g
of hops was boiled into 1 L of water for 30 min and the final volume was filled up to 1 L, which was
filtered through a Whatman number 1 filter paper (GE Healthcare Europe, Barcelona, Spain) and
frozen at −18 ◦C until further use. ZM’s EO was obtained from the Faculty of Agriculture, University
of Tehran, Iran. Crushed dried leaves of ZM plant were transferred to an all-glass Clevenger-type
apparatus and steam distilled for 2.5 h. The essential oil was then dried over anhydrous Na2SO4 and
stored in opaque glass bottles until further use.

3.3. Sausage Manufacture

Three batches of sausages were produced on different days using the meat from the legs of 2
among the 6 lambs for each of the batches. The sausage-making process was based on a Balkans-style
ćevapi recipe. Lamb meat was thawed at 5 ◦C for 24 h and minced using a butcher’s mincer equipped
with a 5 mm diameter sieve. A total of 3.8 kg of minced meat was mixed with salt (80 g) for 10 min
and placed into a bowl covered with cling film and stored at 4 ◦C until the next day (24 h). A mixture
of finely cut fresh garlic and pepper was boiled in water for 2 min. The mixture (spices solution)
was cooled, filtered, and then stored (4 ◦C) until the next day. The salted minced meat was divided
into four parts of 950 g each, one for each of the four above-mentioned treatments (C, H, EO, and
HEO) using the ingredients provided in Table 3. All the portions were mixed (for 5 min) with the
spice solution (20 mL/kg) and 3 g/kg of sodium bicarbonate. C, EO, and HEO were also mixed with
an amount of water, H and HEO treatment with hops extract, and EO and HEO with essential oil
(see Table 3). The amount of hops extract added to the H sausage was equivalent to 1.5 g of hops
per kg of sausage (i.e., 30 mL of the solution obtained from boiling 50 g of hops per L), which is that
commonly used in brewery. The amount of ZM’s EO used (1 mL/kg) was within the concentration
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ranges reported for antimicrobial activity of EOs in food [16], i.e., around 0.5–20 mL of EO per kg.
When both antimicrobial sources were added, their amounts were halved.

Table 3. Ingredients and amounts (expressed in g or mL, solid or liquids, respectively) used in the
sausage preparation for the experimental treatments.

Ingredients
Treatments

C H EO HEO

Lamb meat 980 980 980 980
Salt 20 20 20 20

Sodium bicarbonate 3 3 3 3
Spice infusion a 20 20 20 20

Water 30 - 30 15
Hops extract - 30 - 15
Essential oil - - 1 0.5

C: Control sausages; H: hops; EO essential oil (Zataria multiflora Boiss); HEO: hops and essential oil. a: Filtered
solution obtained by boiling garlic and pepper in water.

The sausage mixtures were stuffed into lamb casings (20/22 cm diameter) and drained for 3 h
at 12 ◦C. The sausages were then cut into 100 g portions, which were individually packaged in bags
(150 μm plastic film, oxygen permeability of 30 cm3/(m2 × bar × 24 h) at 23 ◦C and 0% relative humidity)
under a 20% CO2 and 80% N2 atmosphere at 750 mbars, and refrigerator-stored (2 ◦C). One C portion
was used for analysis at day 0 and one packaged portion for each of the treatments was sampled after
7, 14, 21, 28, and 35 days of storage for subsequent analysis.

3.4. Analysis of Water Activity, pH, Microbial Content, and Biogenic Amine Production

Water activity (aw) was determined in duplicate at 25 ◦C using a CX-2 hygrometer (Decagon
Devices Inc., Pullman, WA, USA) following the manufacturer’s instructions, and pH using a pHmeter
(Model 507; Crison, Barcelona, Spain) according to the International Organization for Standardization
(ISO) guideline 2917 [51]. For microbiological analysis, samples of 25 ± 0.1 g of sausages were
homogenized with 225 mL of peptone water (0.1% peptone) for 2 min in sterile bags using a
Stomacher-400 circulator (Seward, West Sussex, UK). Serial decimal dilutions were prepared, and
aliquots of the appropriate dilutions were cultured in duplicate on the corresponding media and
incubated, according to the procedure described by the culture media manufacturer, as follows: 1 mL
on the De Man-Rogosa-Sharpe agar (Oxoid) with double agar layer at 30 ◦C for 72 h for LAB; 1 mL in
Mannitol Salt Agar (Oxoid) at 35 ◦C for 48 h for Micrococcaceae; 1 mL in Violet Red Bile Glucose Agar
(VRBGA; Oxoid) with double agar layer at 35 ◦C for 48 h for Enterobacteriaceae; 1 mL in Oxytetracycline
Glucose Yeast extract agar (Oxoid) at 22 ◦C for 5 days for molds and yeast, and 0.1 mL onto the surface
of STAA Agar Base (CM 0881; Oxoid) plates containing STA Selective Supplement (0.4 mL/100 mL) and
sterilized glycerol (1.5 g/100 mL), at 22 ◦C for 48 h (only the straw colored oxidase-negative colonies
were considered).

Biogenic amine contents were analyzed following the Eerola, Hinkkanen, Lindfors, and Hirvi [52]
procedure using a high performance liquid chromatograph (HPLC) Alliance (Waters 2695) equipped
with a double wavelength detector (Waters 2996, Waters Corporation, Milford, MA, USA) and a
Spherisorb ODS2 column (125 × 4 mm ID; 5 μm; Waters). The standards used for detection and
quantification were tryptamine cadaverine dihydrochloride, histamine dihydrochloride, putrescine
dihydrochloride, spermidine, spermine, tryptamine hydrochloride, and tyramine hydrochloride
(Sigma-Aldrich Química, Madrid, Spain).

3.5. Identification of Lactic Acid Bacteria

From the growth in the MRS plates, 4–5 colonies were picked for each experimental treatment (4),
sampling day (7) and batch (3), giving 346 colonies in total. These isolates were then grown in Tryptone
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Soy Broth (TSB; Bacto, Mt Printchard, Australia) with 0.5% (w/v) of yeast extract (YE; Difco, Leeuwarden,
The Netherlands) (TSB-YE) at 37 ◦C for 24 h. One mL aliquot was centrifuged (12,000 rpm, 3 min) in
Eppendorf tubes (Eppendorf Ibérica, San Sebastián de los Reyes, Madrid). The supernatants were
discarded, and the pellets were suspended in 1 mL of MRS broth with 50% (v/v) of glycerol. The isolates
were maintained at −40 ◦C for storage purposes. Isolates were recovered for their identification as
follows: they were grown at 30 ◦C on MRS broth (Oxoid) with 0.5% (w/v) of YE (Difco) at 37 ◦C for
24 h, and then a loopful of bacteria was sub-cultured in MRS agar (Oxoid).

The analysis was carried out at the Laboratory for Instrumental Analysis, University of Valladolid
(Valladolid, Spain). For the analysis, one colony from the MRS plate was picked using a sterilized
toothpick and smeared gently onto a MALDI-TOF target plate (Bruker Daltonik GmbH, Leipzig,
Germany). After air-drying, 1 μL of formic acid was added. The dried sample was overlaid with
1 μL matrix solution containing 10 mg/mL α-cyano-4-hydroxycinnamic acid (HCCA) in a mixture of
acetonitrile, deionized water, and trifluoracetic acid (50/47.5/2.5, v/v/v). The target plate with samples
were introduce in the MALDI-TOF equipment for analysis. Not all the bacteria were amenable to
analysis: approximately 30% of the isolates were not accurately identified, i.e., identification score at
genus level <1.7. For these isolates, the analysis was repeated including an ethanol extraction tube
protocol before analysis to extract ribosomal proteins according to the manufacturer’s instructions
(Bruker Daltonik). Briefly, one colony from MRS plates was sub-cultured in TSB + 0.5% (w/v) of yeast
extract at 35 ◦C overnight. One mL aliquot of the isolate was transferred into an Eppendorf tube
and centrifuged at 12,000 rpm for 2 min. The supernatant was discarded, and the pellet was mixed
thoroughly with 1 mL of deionized water and centrifuged at the same speed and time. This stage was
performed twice. Afterward, 900 μL of absolute ethanol and 300 μL deionized water were added,
mixed for 2 min, and the tube was centrifuged at 15,000 rpm for 5 min. The supernatant was discarded,
and the pellet was air-dried for a minimum of 30 min until dryness. The pellet was re-suspended
with 15 μL of formic acid (70%) and mixed thoroughly. Moreover, the mix was kept for 5 min at room
temperature and then 15 μL of acetonitrile was added and mixed. The mixture was centrifuged at
15,000 rpm for 3 min and subsequently, 1 mL of the supernatant was spotted onto a MALDI-TOF target
plate. After being air-dried, the sample was overlaid with 1 μL of matrix solution (HCCA).

For identification, each series of measurements was preceded by a calibration step with a bacterial
test standard (BTS 155 255343; Bruker Daltonik) to validate the run. Mass spectra were generated
by a Flex Analysis MALDI-TOF mass spectrometer (Bruker Daltonik) equipped with a nitrogen
laser (l1⁄4337 nm) operating in linear positive ion detection mode under the Bruker Flex Control
software (Bruker Daltonik). The Autoflex LT Speed was periodically calibrated by using the Bruker
Daltonik Escherichia coli bacterial test standard DH5. Automated analysis of the raw spectral data was
performed by the MALDI BioTyper automation (version 3.1) software (Bruker Daltonik) using a library
of 5627 main spectra (MSPs; database update of 7/15/2015). Identifications at species or genus level
were considered if scores were above 2.0 and 1.7 respectively, according to the report generated by
Bruker Compass [53,54].

3.6. Statistical Analysis

Data on microbial counts and BA levels were analyzed by two-way analysis of variance (ANOVA)
with treatment and storage day as fixed factors. When the fixed factors or their interaction showed
significant differences (P < 0.05), the ANOVA was followed by the Tukey’s post-hoc test. For the
results of the LAB identification, a contingency table (4 by 2; treatment by positive or negative)
chi-square analysis was used to test the eventual dependence between treatment and the frequency of
the presence in the sausages of the main genus or species identified, considering the entire storage
period. The statistical analysis was performed using the SPSS Statistics software (version 24; IBM,
Somers, NY, USA).
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4. Conclusions

The results from this study demonstrate that Balkan-style fresh sausages stored under anaerobic
atmosphere are already fermented in the first week of storage and the predominant responsible species
are Lactobacillus spp., specifically Lb. sakei. The fermentation was compatible with a controlled growth
of B. thermosphacta and Enterobacteriaceae and resulted in BA production to a concerning level, thus
suggesting that the contents of BA in anaerobic MAP fresh sausages should be controlled. The use
of Zataria multiflora Boiss EO, hops extract, or the combination of both at the levels used did not
significantly affect the microbial development in the sausages. More studies using higher amounts
of these antimicrobial sources, different combinations with other antimicrobials, extracts with higher
concentrations of active compounds, or previous encapsulation, would be needed to achieve their
effectiveness in fresh sausage preservation.
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Abstract: Grapevine trunk diseases (GTDs) are a major threat to the wine and grape industry. The aim
of the study was to investigate the antifungal activity against Neofusicoccum parvum, Diplodia seriata,
and Botryosphaeria dothidea of ε-polylysine, chitosan oligomers, their conjugates, Streptomyces rochei
and S. lavendofoliae culture filtrates, and their binary mixtures with chitosan oligomers. In vitro
mycelial growth inhibition tests suggest that the efficacy of these treatments, in particular those
based on ε-polylysine and ε-polylysine:chitosan oligomers 1:1 w/w conjugate, against the three
Botryosphaeriaceae species would be comparable to or higher than that of conventional synthetic
fungicides. In the case of ε-polylysine, EC90 values as low as 227, 26.9, and 22.5 μg·mL−1 were
obtained for N. parvum, D. seriata, and B. dothidea, respectively. Although the efficacy of the conjugate
was slightly lower, with EC90 values of 507.5, 580.2, and 497.4 μg·mL−1, respectively, it may represent
a more cost-effective option to the utilization of pure ε-polylysine. The proposed treatments may
offer a viable and sustainable alternative for controlling GTDs.

Keywords: Botryosphaeria dothidea; conjugate complexes; Diplodia seriata; grapevine trunk diseases;
Neofusicoccum parvum

1. Introduction

Grapevine trunk diseases (GTDs) have been reported in most grapevine producing regions
worldwide, causing a serious decline and loss of productivity. These diseases include black dead arm,
caused by Botryosphaeria dothidea; esca, which includes vascular symptoms and internal white rot in the
trunk; eutypiosis, caused by Eutypa lata; Petri disease; black foot; and Phomopsis dieback, being the
esca complex the most frequent and increasing syndrome in almost all European countries [1]. A recent
International Organization of Vine and Wine (OIV) publication reported that incidence of GTDs was
10% in Spain, 13% in France, and between 8% and 19% in Italy, and that the losses in California were at
least 260 M$ per year [2].
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A thorough and up-to-date panorama of the state-of-the-art of chemicals (including synthetic
organic compounds, inorganic compounds, natural compounds, and plant-defense stimulating
compounds) and biocontrol agents that have been tested towards GTDs can be found in the recent
review paper by Mondello et al. [2].

Unfortunately, chemical fungicides traditionally used to control aforementioned fungal crop
infections, such as sodium arsenite, carbendazim, or tecobunazole, have several drawbacks in terms
of toxicity and efficacy, and, in recent years, public pressure to reduce their use has increased.
In fact, concerns have been raised about both their environmental impact and the potential associated
health risks. In this context, the use of natural antifungals as a feasible alternative is receiving
increasing attention.

Among the tested natural compounds, Nascimento et al. [3] reported the antifungal effect of
chitosan on several fungal species involved in grapevine decline. Greenhouse experiments using
foliar sprays of chitosan on potted grapevine plants growing in a substrate artificially infected with
Phaeomoniella chlamydospora or Ilyonectria liriodendri demonstrated that chitosan significantly improved
plant growth and decreased disease incidence. More recently, Cobos et al. [4] reported that chitosan
oligosaccharides, garlic extract, and vanillin were able to significantly reduce infection in pruning
wounds by Diplodia seriata. Galarneau et al. [5] also examined the potential role of antimicrobial
phenolic compounds on Neofusicoccum parvum and D. seriata, two causal fungi of Botryospheria dieback.

ε-polylysine (EPL), a natural antimicrobial produced from aerobic bacterial fermentation by
Streptomyces albulus, widely used in Japan and USA as an antimicrobial agent in food products, could
also be a promising antifungal agent [6]. Although it has been reported to have a strong activity against
Escherichia coli, Staphylococcus aureus, and Bacillus subtilis [7], either alone or in chitosan conjugate
compounds, its efficacy has not been assayed against GTDs.

In a similar fashion, even though beneficial bacteria inhabiting the rhizosphere and/or the
endosphere of plants and their secondary metabolites have been put forward by some authors
to reduce grapevine pathogen diseases [6], information reported in the literature is limited [8–12].
These biocontrol agents, such as Streptomyces spp., would affect pathogen performance by antibiosis,
competition for niches and nutrients, interference with pathogen signaling, or by stimulation of host
plant defenses.

The aim of the study presented herein has been to assess the in vitro antifungal activity of
EPL, EPL:chitosan oligomers (EPL:COS) conjugates, and secondary metabolites from two beneficial
actinobacteria (Streptomyces rochei and S. lavendofoliae) to control N. parvum, D. seriata, and B. dothidea,
three of the most frequently isolated fungal pathogens in GTDs.

2. Results

2.1. Vibrational Analysis of the ε-polylysine: Chitosan Conjugates

The vibrational spectra of conjugates prepared with six different EPL:COS mass ratios were
examined in order to confirm their secondary structure and to determine the most suitable proportion
(Figure 1).

The absorption bands at 1150 cm−1 and 1018 cm−1 were assigned to asymmetric stretching of the
C−O−C bridge and to the skeletal vibration of C−O stretching, respectively [13–15]. The absorption
band at 895 cm−1 could be assigned to the β-D-configuration. There was a shift of amide/amino
bands in the reaction products, indicating the progress of Maillard reaction: the absorption peaks
at 1659 cm−1 and 1597 cm−1 (associated with amino groups characteristic of chitosan oligomers)
disappeared, and new bands at 1665 cm−1 and 1565 cm−1 were observed. The appearance of these
bands suggest that a Schiff base (C=N bond) was formed between the reducing end of chitosan and the
amino groups [16]. Thus, the Fourier-Transform Infrared (FTIR) results showed that ε-polylysine had
actually attached to chitosan.
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An interesting feature was that the absorbance of the bands associated with Schiff base formation
were stronger in the 1:1 EPL:COS conjugate than in the spectra of conjugates prepared with other
EPL:COS ratios. Thus, the Schiff base for the 1:1 conjugate seems to feature the desired balance of
components to undergo the Amadori rearrangement with formation of ketosamines, but avoiding their
subsequent decomposition observed in more COS-rich conjugates. This result was in good agreement
with the findings of Liang et al. [7] for EPL:chitosan, who concluded that the conjugate with EPL and
chitosan ratio of 1:1 exhibited the strongest antibacterial and antifungal activity. Consequently, the 1:1
EPL:COS conjugate was chosen for the mycelial growth inhibition tests in this study.
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Figure 1. Comparison of the attenuated total reflection (ATR)-Fourier-Transform Infrared (FTIR) spectra
of ε-polylysine:chitosan oligomers conjugates prepared with different ε-polylysine:chitosan oligomers
mass ratios. Only the fingerprint region is shown.

2.2. Mycelial Growth Inhibition Tests

The in vitro radial growth inhibition attained by each of the treatments against N. parvum is
depicted in Figure 2, showing only for one replicate per treatment and dose. Those attained against
D. seriata and B. dothidea are depicted in Figures S1 and S2, respectively. The values across the three
replicates for the three Botryosphaeriaceae species are summarized in Figure 3.

 
Figure 2. N. parvum mycelial growth inhibition assays for: (a) chitosan oligomers; (b) ε-polylysine;
(c) S. rochei secondary metabolites; (d) S. lavendofoliae secondary metabolites; (e) ε-polylysine:chitosan
(1:1 w/w) conjugates; (f) S. rochei secondary metabolites+ chitosan oligomers (1:1 w/w); and (g) S. lavendofoliae
secondary metabolites + chitosan oligomers (1:1 w/w). The concentration of the treatments decreases from
top to bottom (doses for each treatment are indicated in Table 3). The petri dish in the bottom right corner
shows the PDA control. Only one replicate per each treatment and dose is shown.
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Figure 3. Radial growth values of (a) N. parvum; (b) D. seriata; and (c) B. dothidea in the presence of the
different treatments under study at different concentrations (in μg·mL−1). COS, EPL, MR, ML and C
stand for chitosan oligomers, ε-polylysine, S. rochei secondary metabolites, S. lavendofoliae secondary
metabolites and control, respectively. For MR and ML only one column is shown, since no inhibition
was detected at any concentration in the 250–1500 μg·mL−1 range. Concentrations labelled with the
same uppercase letters are not significantly different at p < 0.05 by Tukey’s test. All values are presented
as the average of three repetitions. Error bars represent the standard deviation across three replicates.

The increase in the treatment doses resulted in a reduction in the radial growth of the mycelium
in all cases, with statistically significant differences amongst the various concentrations (Figure 3),
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except for the S. rochei and S. lavendofoliae secondary metabolites-only based treatments (MR and ML,
respectively), for which no inhibition was observed.

Doses in the 1000–1500 μg·mL−1 range were required to attain full inhibition of the three
Botryosphaeriaceae species for the COS, EPL, and EPL:COS conjugate treatments. As regards the
activity of MR+COS and ML+COS treatments, differences were observed as a function of the fungal
pathogen species. Full inhibition of D. seriata was attained for both treatments at a dose of 1200
μg·mL−1, whereas it was only observed for ML+COS in the case of B. dothidea. MR+COS treatment led
to 89% inhibition at the same dose for this latter pathogen. In the case of N. parvum, the highest doses
of MR+COS and ML+COS led to 83% and 89% inhibition, respectively.

The sensitivity tests results may also be expressed in terms of effective concentrations EC50 and
EC90, that is, the concentrations that reduce mycelial growth by 50% and 90%, respectively (Table 1).
Goodness-of-fit analyses revealed good r2 and low sum of standard errors, showing that parameter
fits of sigmoid curves to the dose-response data were significant. In view of the obtained theoretical
values, the activity of the treatments—in general terms—would follow the sequence EPL > EPL:COS >
ML+COS > COS >MR+COS.

Table 1. Effective concentrations that inhibited mycelial growth by 50% and 90% (EC50 and
EC90, respectively).

Pathogen
Concentration

(μg·mL−1)

Treatment

COS EPL EPL:COS MR + COS ML + COS

N. parvum EC50 60.7 16.0 11.2 67.2 46.7
EC90 1270.0 227.0 507.5 2074.2 1101.7

D. seriata
EC50 94.3 0.3 11.6 45.1 30.7
EC90 1120.7 26.9 580.2 906.9 498.2

B. dothidea
EC50 1.8 0.4 4.2 15.8 10.7
EC90 689.5 22.5 497.4 1019.0 490.3

3. Discussion

3.1. Efficacy of the Treatments

In relation to the efficacy of the composites, although the review paper by Mondello et al. [2]
provides a qualitative comparison of different treatment against GTDs, specific inhibition rates with their
associated concentrations or effective concentrations were not provided. A survey of such values against
the three Botryosphaeriaceae species under study is summarized in Table 2 for comparison purposes.

It may be observed that the EC50 values for the treatments presented herein (Table 1), in particular
those of EPL and EPL:COS conjugate, were comparable to or better than those of popular synthetic
organic compounds used to control GTDs, and only slightly lower than the excellent activities reported
for AgNPs.

The results presented for COS were in excellent agreement with those reported by
Nascimento et al. [3] and Cobos et al. [4]. However, with regard to this latter study, it should
be noted that while the use of polyphenols, such as vanillin or those found in garlic extract, may be
suitable against D. seriata and other Botryosphaeriaceae strains [17], it may not be advisable against
N. parvum. Galarneau et al. [5] recently found that N. parvum was either uninhibited or promoted by
phenolic compounds such as gallic acid, epicatechin, rutin, or piceid. In fact, the authors explained that
the ability of N. parvum to tolerate these phenolics or utilize them as carbon sources would contribute
to its greater virulence compared to D. seriata.
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Table 2. Concentration values and associated inhibition rates, or EC50 values, reported in the literature
for other active compounds against the three Botryosphaeriaceae species under study.

Fungicide Fungal Species
Concentration

(μg·mL−1)

Inhibition
rate (%)

EC50(μg·mL−1) Ref.

Tebuconazole
N. parvum 90

[18]
D. seriata 150

Pyraclostrobin N. parvum 100
D. seriata 250

Carbendazim, tebuconazole, iprodione,
fludioxonil, fluazinam, flusilazole, penconazole,
procymidone, myclobutanil, pyraclostrobin

N. parvum 360–440 *
[19]D. seriata 530–620 *

B. dothidea 450 *

Carbendazim
N. parvum

40
[20]Tebuconazole 130

Iprodione 750

Tecobunazole D. seriata 300 [21]

Fe NPs (FeNPs + neem leaf extract) D. seriata 100 (FeNPs /
FeNPs+neem 1:1)

79/80.3 [22]
B. dothidea 83/82.5

AgNPs N. parvum 40 84 [23]
AgNPs 30 81 [24]

Lemon essential oil (limonene, neral, β-pinene,
and γ-terpinene) in DMSO B. dothidea 2500 48.1 [25]

Chitosan oligosaccharin (mol. wt. <3 kDa) Botryosphaeria sp. 1.56 [3]

Chitosan oligosaccharides
D. seriata

1000 100
[4]Vanillin 1000 89.8

Garlic extract 40000 75.3

* Data pooled across fungicides to provide mean EC50 values for isolate sensitivity in the original study.

The Streptomyces spp. secondary metabolites-based treatments showed an unexpected lack of
activity when used alone. In fact, the percentage of inhibition of radial growth (PIRG) values, shown
in Tables S1–S3, were negative, i.e., the growth of the pathogens was promoted. This was not a case of
hormetic response, provided that increasing the concentration did not result in inhibition. The observed
mycelial growth promotion may be tentatively ascribed to the presence of molasses and yeast extract
in the culture filtrates, together with a poor absorption and bioavailability of the active ingredients in
the water-based culture filtrates, resulting from their insolubility or very poor solubility in water.

In relation to one of the active compounds present in the culture filtrates under test, lankacidin,
Harada et al. [26] stated that lankacidin-group antibiotics are scarcely soluble in water and that the parts
that dissolved are rapidly decomposed to compounds with no antimicrobial activity. To overcome this
problem, they prepared inclusion compounds with cyclodextrins. In this study, this solubility problem
was solved by forming polyelectrolyte complexes (PECs) with a polycationic polymer, i.e., chitosan
oligomers. These chitosan-based PECs have been reported to exhibit favorable physicochemical
properties and to preserve chitosan’s biocompatible characteristics [27], which has made this approach
very popular in the drug delivery fields [28,29]. In fact, Zhang et al. [30] previously reported that
chitosan behaves as an efficient carrier to deliver streptomycin.

3.2. Mechanism of Action

Concerning the mechanism of action (MOA) of the proposed treatments, although the antimicrobial
activity of EPL is well documented, its MOA has only been vaguely described. Hyldgaard et al. [31]
hypothesized that EPL destabilizes membranes in a carpet-like mechanism by interacting with
negatively charged phospholipid head groups, which displace divalent cations and enforce a negative
curvature folding on membranes that leads to formation of vesicles/micelles. According to Ye et al. [32],
the antimicrobial mechanism of EPL may be attributed not only to disturbances on membrane integrity,
but also to oxidative stress by ROS, and to its effects on various gene expressions.

It is worth noting that the fungicidal activity would likely benefit from the substitution of lysine with
arginine residues, provided that previous works have demonstrated the superior cell permeability by
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arginine polymers over lysine-containing ones [33,34]. Mechanistic evidences indicate that arginine can
enhance the activity of both translocating and membrane permeabilizing peptides [35,36]. This would
be a potential direction for future studies.

Regarding the inhibition mode of chitosan oligomers, Ing et al. [37] proposed several MOAs.
The interaction of chitosan’s positive charge with negatively charged phospholipid components would
result in an increased permeability and in leakage of cellular contents. Its chelating action would
deprive fungi of trace elements essential for their normal growth. Moreover, its binding to fungal DNA
would inhibit mRNA synthesis and affect proteins and enzymes production.

Consequently, the activity of EPL:COS conjugates, as noted by Liang et al. [7], should be
referred to an enhanced disruption of their cell membranes, leading to damages of structure, function,
and permeability, leakage of intracellular components and the ultimate lysis of the cell.

3.3. Applicability to GTDs in vivo

As regards the applicability of the proposed treatments to GTDs in vivo, although it was not
covered in this preliminary study, several systems may be envisaged [38]. To reduce symptoms in the
field, once the wood is already infected, an approach to be explored would be to apply the products to
the soil (injector pole) or to the trunk (trunk injections), mimicking the mechanism activated by winter
spraying of sodium arsenite [39]. However, it would be expensive and time-consuming if applied on
a large scale [40], and would only be cost-effective when applied in high-value vineyards [41,42].

The proposed antifungal agents may also be administrated by foliar pulverization with minor
changes to the formulations (e.g., adding a surfactant as Tween-80). This would be the most practical
approach considering the experience of winegrowers. According to Roblin et al. [43], the compounds
sprayed on the leaf blades would be able to migrate to the fungal target in the trunk or to trigger the
plant defense reaction in distal parts of the plant. In fact, successful use of foliar sprays of chitosan on
grapevine plants artificially infested with Phaeomoniella chlamydospora or Neonectria liriodendri have
been reported in the literature [3]. However, this application method has the major drawback that the
treatments may be easily washed off by rainfall [44]. If this approach was to be chosen, sprays after
the period of vintage should be useful since, at this period, the phloem sap begins to be directed in
a descending flow towards the roots, assuring the transport of the compounds towards the fungi [43].

Alternatively, as a preventive measure, the active ingredients may also be used to protect pruning
wounds to avoid grapevine infection and to limit fungal expansion in the plant, either as painted pastes
or as liquid formulations. This application method was evaluated against D. seriata and P. chlamydospora
in field trials by Cobos et al. [4], using chitosan oligosaccharides, vanillin, and garlic extract, and resulted
in a significant decrease in plant mortality and in the infection rate. Nonetheless, to improve the
adherence of the treatments, thickener agents would need to be added to the formulations: e.g., starches,
vegetable gums, pectin, or clays such as halloysite.

3.4. Significance of the Reported Findings

Although follow-up studies involving in vivo assays and field tests would be necessary to draw
firm conclusions on the effectiveness of the application of the proposed treatments, the fact that they
reached higher mycelial growth inhibition than that of commercial fungicides makes them promising
candidates for the effective control of botryosphaeriaceous diseases.

It is also worth noting that the three fungal species tested in the present study are not only
pathogens of grapevine, but also of other commercially important woody plants. For instance, D. seriata
and B. dothidea are phytopathogens of apple [22], N. parvum causes dieback in avocado [45], B. dothidea
causes branch dieback of olive [46], and the three of them are associated with branch cankers on almond
trees [47]. Consequently, the results of this study may also find application in other pathosystems,
resulting in an even higher ecological and economic impact.

293



Antibiotics 2019, 8, 99

4. Materials and Methods

4.1. Reagents, Bacteria and Fungi

High molecular weight chitosan (CAS 9012-76-4; 310000-375000 Da) was purchased from Hangzhou
Simit Chemical Technology Co., Ltd. (Hangzhou, China). ε-polylysine (CAS 25104-18-1), phosphate
buffer (for microbiology, APHA, pH 7.2), ethyl acetate (CAS 141-78-6; ≥99.5%), and citric acid
(CAS 77-92-9; ≥99.5%) were supplied by Sigma-Aldrich Química S.A. (Madrid, Spain). Neutrase®

0.8L enzyme was supplied by Novozymes (Bagsvaerd, Denmark). Potato dextrose agar (PDA), yeast
extract, and BactoTM Peptone were purchased from Becton, Dickinson and Company (Franklin Lakes,
NJ, USA). Starch casein agar (SCA), Mueller Hinton agar, and malt extract agar (MEA) came from
Oxoid Ltd. (Hampshire, UK). Molasses were supplied by ACOR, Sociedad Cooperativa General
Agropecuaria (Castilla y León, España).

The three fungal isolates under study, viz. Diplodia seriata (ITACYL_F079), Neofusicoccum parvum
(ITACYL_F111), and Botryosphaeria dothidea (ITACYL_F141), were supplied by ITACYL, Instituto
Tecnológico Agrario de Castilla y León (Castilla y León, España).

The two Streptomyces spp. strains from which secondary metabolites were produced, Streptomyces
lavendofoliae (DSM 40217) and Streptomyces rochei (DSM 41729) were purchased from DSMZ (Deutsche
Sammlung von Mikroorganismen und Zellkulturen; Braunschweig, Germany).

4.2. Equipment

A probe-type UIP1000hdT ultrasonicator (Hielscher, Teltow, Germany; 1000 W, 20 kHz) was used
for solutions sonication.

To incubate the flasks, controlling the temperature and the stirring speed, an ECOLAN 60 (Labolan;
Esparza de Galar, Navarra, Spain) orbital stirrer incubator was used.

Functional groups were identified by Fourier-Transform Infrared spectroscopy with a Nicolet
iS50 (Thermo Scientific, Waltham, MA, USA) apparatus equipped with a diamond attenuated total
reflection (ATR) module. The spectra were collected in the 400–4000 cm−1 region with a 1 cm−1 spectral
resolution; 64 scans were co-added and the resulting interferogram was averaged. The ATR-FTIR
spectra were corrected using the advanced ATR correction algorithm [47] available in OMNICTM

software suite.

4.3. Preparation of Chitosan Oligomers

Chitosan oligomers were obtained according to the enzymatic procedure described by
Santos-Moriano et al. [48], with slight modifications. 20 g of high molecular weight chitosan were
dissolved in 1000 mL of Milli-Q water by adding citric acid under constant stirring at 60 ◦C. Once
dissolved, Neutrase® 0.8 L (1.67 g·L−1) was added in order to degrade the polymer chains. The mixture
was sonicated for 3 min in cycles of 1 min with sonication and 1 min without sonication to keep the
temperature in the 30–60 ◦C range [14]. At the end of the process, a solution with a pH in the four to
six interval with oligomers of molecular weight < 2000 Da was obtained.

4.4. ε-polylysine Treatment

For the preparation of the ε-polylysine treatment, 2 g of EPL were dissolved in 1000 mL of Milli-Q
water. The mixture was sonicated for 3 min in cycles of 1 min with sonication and 1 min without
sonication so that the temperature remained in the 30–60 ◦C range.

4.5. Synthesis of ε-polylysine: Chitosan Oligomers Conjugates

Conjugated complexes of ε-polylysine and chitosan oligomers were prepared at different mass
ratios, namely 1:1, 1:3, 1:5 1:8, 1:10, and 1:12.5 w/w, respectively. The appropriate amounts of each
component were dissolved in Milli-Q water using sonication (5 cycles of 5 min/cycle, taking care
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not to exceed 60 ◦C). The resulting solutions were lyophilized, and then heated at 60 ◦C under 60%
relative humidity for 24 h. This synthesis procedure was analogous to other procedures described in
the literature for the preparation of EPL:COS conjugates through Maillard reaction [7,49,50]. Only the
conjugate with the highest expected activity was assayed in the mycelial growth inhibition tests.

4.6. Secondary Metabolites Production from Streptomyces spp. Strains

Two strains of the genus Streptomyces, viz. Streptomyces lavendofoliae DSM 40217 and Streptomyces
rochei DSM 41729 were seeded on starch casein agar medium plates at 28 ◦C for 10 days. The plates
were stored at 4 ◦C. For long-term storage, lyophilizates from both strains were used.

In order to obtain the secondary metabolites, the method described by Sadigh-Eteghad et al. [51]
was followed. Once the fermentation was complete, each final solution of the cultures of both strains
was treated with 50 mL of phosphate buffer (pH 6.4) and was sonicated for 5 min. The solutions were
then filtered through sterile muslin cloth twice. These solutions (culture filtrates) were used for the
mycelial growth inhibition tests.

In order to determine the concentration of bioactive compounds in aforementioned solutions
(and the doses used in the inhibition tests), the filtrates were centrifuged, and the supernatant
was extracted with 100 mL of ethyl acetate. The solvent with the crude bioactive compounds was
concentrated under reduced pressure and then lyophilized. The culture filtrates had a concentration
of approx. 2000 μg·mL−1 (1958 μg·mL−1 for S. lavendofoliae secondary metabolites and 1877 μg·mL−1

for S. rochei secondary metabolites), in agreement with Pazhanimurugan et al. [52]. The bioactive
compounds in the secondary metabolites of S. lavendofoliae and S. rochei are summarized in Table S4.

4.7. Synthesis of Chitosan Oligomers-secondary Metabolites Inclusion Compounds

Secondary metabolites, either from S. lavendofoliae or from S. rochei, and chitosan oligomers
mixtures were prepared by mixing in 1:1 (w/w) ratio of their respective solutions (2000 μg·mL−1 of
bioactive compounds + 2000 μg·mL−1 COS), followed by sonication. The resulting solutions (ML+COS
and MR+COS) were assayed at different concentrations in the inhibition tests.

4.8. In vitro Mycelial Growth Inhibition Tests

The biological activity of the treatments under study was determined by the agar dilution method:
aliquots of the original solutions of the various treatments, obtained by dilution of the respective
“mother” solutions, were incorporated into the PDA medium to obtain the final concentrations indicated
in Table 3. It should be clarified that the tested concentrations were not the same all treatments due to
difficulties associated with the estimation of the molecular weights of the polymeric reagents from
their viscosities. Petri dishes containing only PDA culture medium (20 mL) were used as the control.

The mycelial discs of pathogen (5 mm in diameter) were removed from the margins of 7-day-old
PDA cultures and transferred to the petri dishes (in triplicate). Plates were incubated at 25 ◦C.
The measurements of fungal growth for D. seriata and N. parvum were taken two, four and five days
after inoculation. In contrast, for B. dothidea, measurements were carried out two, four and six days
after inoculation, provided that mycelial growth was slower for this later fungus in the control plates.

The inhibition of mycelial growth, or the efficacy of the compound analyzed, for each treatment
and concentration, was calculated by the formula:

Percentage inhibition of radial mycelium growth (%) = ((R1 − R2)/R1) × 100 (1)

where R1 and R2 correspond to the average radial growth of the fungal mycelium in the control
medium (pure PDA) and in the fungicide-amended medium, respectively.

The results were also expressed as the effective concentrations that reduced mycelial growth by
50% and 90% (EC50 and EC90, respectively), which were determined by the regression of the radial
growth inhibition values (%) against the log10 values of the concentrations of antifungal compounds
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using PROBIT in IBM SPSS Statistics v.25 software. This regression procedure fits the dose-response
curve to a sigmoid and calculates the values, with 95% CI, of the dose variable that correspond to
a series of probabilities.

Table 3. Concentrations assayed for each of the treatments in the mycelial growth inhibition tests.
COS, PL, MR and ML stand for chitosan oligomers, ε-polylysine, S. rochei secondary metabolites,
and S. lavendofoliae secondary metabolites, respectively.

Treatment
Concentrations Assayed in the Mycelial

Growth Inhibition Tests (μg·mL−1)

COS 62.5, 125, 250, 500, 750, 1000, 1250, 1500
EPL 25, 50, 100, 200, 400, 600, 800, 1000
MR 250, 500, 750, 1000, 1250, 1500
ML 250, 500, 750, 1000, 1250, 1500

EPL:COS 250, 500, 750, 1000, 1250, 1500
MR+COS 200, 400, 600, 800, 1000, 1200
ML+COS 200, 400, 600, 800, 1000, 1200

4.9. Statistical Analyses

Data were subjected to analysis of variance (ANOVA) in IBM SPSS Statistics v.25 software. Tukey’s
HSD test at 0.05 probability level (p < 0.05) was used for the post hoc comparison of means.

5. Conclusions

The efficacy of ε-polylysine, chitosan oligomers, ε-polylysine:chitosan oligomers conjugates,
two Streptomyces spp. secondary metabolites, and the combinations of the latter two with chitosan
oligomers were examined in vitro against N. parvum, D. seriata and B. dothidea. On the basis of vibrational
spectroscopy data, a 1:1 w/w mass ratio was chosen for the EPL:COS conjugate, for which an optimum
Schiff base was formed. From the mycelial growth inhibition tests it was found that, in spite of the
remarkable contents in bioactive compounds in the culture filtrates, the secondary metabolites of
S. rochei and S. lavendofoliae did not inhibit any of the GTD-related fungi, probably due to hydrophobicity
reasons. In contrast, upon formation of polyelectrolyte complexes with chitosan oligomers, inhibitions
above 80% were attained. In view of the calculated effective concentration values, the antifungal
activity of the treatments would follow the sequence EPL > EPL:COS >ML+COS > COS >MR+COS.
EC50 values below 100 μg·mL−1 were obtained for all the assayed treatments, suggesting that they
could be a viable alternative to conventional synthetic fungicides. In particular, ε-polylysine and
ε-polylysine:chitosan oligomers may be put forward as the most promising options, due to the high
efficacy of the former and the trade-off between efficacy and cost associated with the latter. In the
current context in which the use of synthetic chemical pesticides is more and more restricted, this work
constitutes a necessary step for developing efficient treatments that take into account the importance
of environmental protection within the scope of sustainable development.
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Figure S1: D. seriata mycelial growth inhibition assays, Figure S2: B. dothidea mycelial growth inhibition assays,
Table S1: Radial growth of mycelium (RG) and percentage of inhibition of radial growth (PIRG) of the different
treatments against N. parvum two, four and five days after inoculation, Table S2: Radial growth of mycelium (RG)
and percentage of inhibition of radial growth (PIRG) of the different treatments against D. seriata two, four and five
days after inoculation, Table S3: Radial growth of mycelium (RG) and percentage of inhibition of radial growth
(PIRG) of the different treatments against B. dothidea two, four and six days after inoculation, Table S4: Bioactive
secondary metabolites produced by S. lavendofoliae and S. rochei.
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Abstract: We previously showed that berberine attenuates MexXY efflux-dependent aminoglycoside
resistance in Pseudomonas aeruginosa. Here, we aimed to synthesize berberine derivatives with higher
MexXY inhibitory activities. We synthesized 11 berberine derivatives, of which 13-(2-methylbenzyl)
berberine (13-o-MBB) but not its regiomers showed the most promising MexXY inhibitory activity.
13-o-MBB reduced the minimum inhibitory concentrations (MICs) of various aminoglycosides 4- to 128
fold for a highly multidrug resistant P. aeruginosa strain. Moreover, 13-o-MBB significantly reduced the
MICs of gentamicin and amikacin in Achromobacter xylosoxidans and Burkholderia cepacia. The fractional
inhibitory concentration indices indicated that 13-o-MBB acted synergistically with aminoglycosides
in only MexXY-positive P. aeruginosa strains. Time-kill curves showed that 13-o-MBB or higher
concentrations of berberine increased the bactericidal activity of gentamicin by inhibiting MexXY in
P. aeruginosa. Our findings indicate that 13-o-MBB inhibits MexXY-dependent aminoglycoside drug
resistance more strongly than berberine and that 13-o-MBB is a useful inhibitor of aminoglycoside
drug resistance due to MexXY.

Keywords: Pseudomonas aeruginosa; efflux; MexXY; aminoglycoside resistance; berberine

1. Introduction

Pseudomonas aeruginosa is a major cause of nosocomial infections. Treatment of P. aeruginosa
infections with antimicrobial concentrations insufficient to inhibit P. aeruginosa growth results in the
emergence of new multidrug resistant P. aeruginosa strains [1] that are difficult to eradicate and may
increase mortality [2].

Drug efflux is a major mechanism leading to antimicrobial resistance in P. aeruginosa [3].
Four resistance-nodulation-division (RND)-type multidrug efflux pumps (MexAB-OprM [4],
MexCD-OprJ [5], MexEF-OprN [6] and MexXY-OprM/OprA [7,8]) have been reported as drug
efflux systems involved in the drug resistance of P. aeruginosa. Of these, only MexXY contributes to
aminoglycoside drug resistance [8,9]. The MexXY-OprM system comprises a cytoplasmic membrane
antibiotic-proton antiporter (MexY), an outer membrane porin (OprM), and a periplasmic membrane
fusion protein (MexX) [10]. MexXY has multiple functions, including the expulsion of antibiotics.
Wild-type P. aeruginosa expresses low MexXY levels but elevated MexXY has been detected in
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aminoglycoside-resistant P. aeruginosa strains [11,12]. Therefore, the development of MexXY inhibitors
would allow the use of lower concentrations of aminoglycoside drugs that can cause severe side effects
such as kidney damage [13].

There have been various reports of inhibitors of RND-type multidrug efflux pumps, but no clinical
applications have been published to date [14]. Phenyl-arginine-β-naphthylamide (PAβN, MC-207,110),
a well-known efflux pump inhibitor, does not inhibit aminoglycoside resistance due to MexXY [15].
We previously reported that berberine attenuates MexXY-dependent aminoglycoside resistance in
P. aeruginosa [15], consistent with a recent report that berberine has high affinity to a MexXY model
protein in silico [16].

Berberine is an isoquinoline quaternary alkaloid isolated from many kinds of medicinal plants
such as Coptis chinensis, Coptis rhizome, Coptis japonica and Phellondendron amurense [17] and has weak
antibacterial activity against Gram-negative bacteria such as P. aeruginosa [18]. Various derivatives of
berberine have been developed and studied for their anti-hyperglycemic, anti-cancer, anti-inflammatory,
anti-Alzheimer’s disease and anti-microbial activities [19]. Derivatives with multidrug resistance
pump inhibitory activity against Staphylococcus aureus [20] and that reduce fluconazole resistance
against Candida albicans [21] have been reported. In addition, quaternary ammonium compounds
inhibit the biofilm formation in P. aeruginosa and C. albicans have been reported [22].

The optimum concentration of berberine to inhibit MexXY in P. aeruginosa cells is more than
512 μg/mL [15], which is too high for clinical application. In this study, we aimed to synthesize
berberine derivatives with higher MexXY inhibitory activities.

2. Results

2.1. Antibacterial Activity of Berberine Derivatives toward P. aeruginosa

We first measured the minimum inhibitory concentrations (MICs) of 11 berberine derivatives
(Figure 1) synthesized against P. aeruginosa mutants PAGUg1927, which expresses MexXY, and
PAGUg1931, which does not express MexXY. A difference in the activity of a derivative toward
the two strains indicates that the MexXY activity is not masked by the other four pumps (MexAB,
MexCD, MexEF and MexVW) [15]. The MIC values of the berberine derivatives were lower in
both strains compared to berberine (Table 1), suggesting that these berberine derivatives had higher
anti-pseudomonas activity compared with berberine. These berberine derivatives showed similar MIC
values that differed no more than, 4-fold. Their MIC values against PAGUg1927 were 2-fold greater
than against PAGUg1931, indicating that the derivatives are MexXY substrates.

Figure 1. Structure of berberine derivatives.
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Table 1. Antibacterial activities of berberine derivatives against PAGUg1931 and PAGUg1927.

Compound -R
MIC of (μg/mL)

PAGUg1927 PAGUg1931

GM2 - 1024 8
Ber3 - >512 >512

1 -H 256 128
2 o-Br 256 128
3 p-Br 128 64
4 o-F 512 256
5 o-Cl 256 128
6 p-Cl 256 128
7 o-CH3 512 256
8 m-CH3 256 128
9 p-CH3 256 128
10 o-NO2 512 256
11 2,6-Cl 128 64

Note: R, side chain of the benzyl group of 13-benzylberberine derivatives; GM, gentamicin; Ber, berberine.

2.2. Inhibition of Drug Resistance in P. aeruginosa Using Combined Berberine Derivatives

We investigated the MexXY inhibitory activities of the berberine derivatives by measuring the
MICs of gentamicin in the presence of the derivatives against P. aeruginosa mutants PAGUg1927 and
PAGUg1931 (Table 2). The concentrations of the berberine derivatives were 1/2, 1/4, or 1/8 that of the
MICs for PAGUg1931.

The MIC of gentamicin for PAGUg1927 in the presence of 256 μg/mL berberine was 128 μg/mL
(Table 2), which is one-eighth that of gentamicin alone (Table 1). Compounds 1–5 and 7 exhibited
apparently increased MexXY inhibitory activity, with compound 7 reducing the MIC of gentamicin
64-fold. Compound 7 was named 13-o-MBB. Compounds 8 and 9, which are regioisomers of 13-o-MBB,
increased sensitivity to gentamicin by up to 4-fold and were the weakest MexXY inhibitors.

Table 2. Increase in sensitivity to gentamicin by combination with berberine derivatives.

Concomitant
Compound

-R

GM MIC with Berberine Derivative (μg/mL)

PAGUg1927 PAGUg1931

256 * 128 64 32 16 8 256 128 64 32 16 8

Ber − 128 256 256 512 - − 8 8 8 8 − −
1 -H − − 32 64 128 − − − 8 8 8 −
2 o−Br − − 32 64 64 − − − 4 8 8 −
3 p−Br − − − 128 256 512 − − − 4 8 8
4 o−F − 32 64 128 − − − 4 8 8 − −
5 o−Cl − − 32 64 128 − − − 4 8 8 −
6 p−Cl − − 256 256 256 − − − 4 8 8 −
7 o−CH3 − 16 32 64 − − − 4 8 8 − −
8 m−CH3 − − 256 256 512 − − − 4 8 8 −
9 p−CH3 − − 256 256 512 − − − 4 8 8 −
10 o−NO2 − 128 128 256 − − − 8 8 8 − −
11 2,6−Cl − − − 128 256 512 − − − 4 8 8

Note: R, side chain of the benzyl group of 13−benzyl−berberine derivatives; GM, gentamicin; Ber, berberine, *;
combined concentration (μg/mL).

We also examined changes in sensitivity to drugs other than gentamicin by combination
with the berberine derivatives (Table 3). The combined use of 13-o-MBB 128 μg/mL reduced
the MIC values of various substrate drugs (amikacin, tobramycin, kanamycin, gentamicin,
spectinomycin, norfloxacin, ciprofloxacin, erythromycin, carbenicillin, ethidium bromide, tetracycline,
chloramphenicol, azithromycin and cefepime) targeting MexXY by 2-fold to 16-fold (Table 3).
The regiosomer 13-(3-methylbenzyl) berberine bromide (13-m-MBB) increased the spectinomycin
sensitivity of PAGUg1927 8-fold and that of cefepime 4-fold at 64 μg/mL, whereas the other derivatives
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did not change the sensitivity to spectinomycin more than 2-fold. In addition, the combined use
of 64 μg/mL of 13-(4-methyl-benzyl)-berberine bromide (13-p-MBB) increased sensitivity t cefepime
4-fold for PAGUg1927. Moreover, the sensitizing action of 13-(3-methyl-benzyl)-berberine bromide
and 13-(4-methyl-benzyl)-berberine bromide did not exceed that of 13-o-MBB for PAGUg1927. Taken
together, these results suggest that the o-methyl group of 13-o-MBB increases antimicrobial sensitivity
in a MexXY-dependent manner.

Table 3. Increase in sensitivity to antibiotic resistance due to 13−o−MBB and its regioisomers.

Drug
MIC in the Presence of Berberine Derivative (μg/mL)

PAGUg1927 PAGUg1931

Ber 13−o−MBB 13−m−MBB 13−p−MBB − Ber 13−o−MBB 13−m−MBB 13−p−MBB −
AMK 4 2 4 4 8 1 0.5 0.5 0.5 1
TOB 0.25 0.5 0.5 0.5 0.5 0.25 0.25 0.5 0.125 0.25
KM 128 64 256 256 512 64 32 32 64 64

SPCM 256 64 128 128 1024 64 8 8 32 64
NLFX 0.25 0.0625 1 1 1 0.015625 0.015625 0.015625 0.015625 0.015625

EM 128 64 512 256 512 16 16 16 8 16
CBPC 1 1 1 1 1 1 1 1 1 1
EtBr 512 128 256 256 256 64 8 8 16 64
Tc 2 1 8 8 16 0.125 0.125 0.125 0.125 0.25
Cp 4 2 8 8 8 2 2 2 1 2

AZM 64 64 256 256 512 8 8 8 4 8
CEF 1 0.25 0.125 2 8 0.0625 0.125 0.125 0.125 0.125

Note: Ber, combined berberine 256 μg/mL; 13−o−MBB, combined 13−o−MBB 128 μg/mL; 13−m−MBB, combined
13−m−MBB 64 μg/mL; 13−p−MBB, combined 13−p−MBB 64 μg/mL; AMK, amikacin; TOB, tobramycin; KM,
kanamycin; SPCM, spectinomycin; NLFX, norfloxacin; EM, erythromycin; CBPC, carbenicillin; EtBr, ethidium
bromide; Tc, tetracycline; Cp, chloramphenicol; AZM, azithromycin; CEF, cefepime.

We investigated whether the inhibitory action of 13-o-MBB against MexXY-dependent drug
resistance can be observed in PAGU 1606, a multidrug resistant P. aeruginosa clinical strain, and its
MexXY-deficient strain PAGUg1659 (Table 4). The MIC of amikacin alone against PAGU 1606 was
256 μg/mL and 64 μg/mL when combined with berberine. In contrast, the combined use of 13-o-MBB
and amikacin decreased the MIC to 16 μg/mL. Thus, 13-o-MBB inhibits amikacin resistance 4-fold more
effectively than berberine in a MexXY-dependent drug resistant strain. Another aminoglycoside drug,
13-o-MBB, inhibited drug resistance two to four times stronger than berberine but had no greater effect
on the drug resistance of PAGU 1606 than the other aminoglycosides. However, the MICs of norfloxacin,
erythromycin and azithromycin were increased towards PAGUg1659, a pump-deficient strain.

Table 4. Inhibited resistance to aminoglycoside-based drugs by 13-o-MBB in PAGU 1606

Drug

MIC (μg/mL)

PAGU 1606 PAGUg1659

-
Ber

(256) 1
Ber

(128)
Ber
(64)

13-o-
MBB
(256)

13-o-
MBB
(128)

13-o-
MBB
(64)

-
Ber

(256)
Ber

(128)
Ber
(64)

13-o-
MBB
(256)

13-o-
MBB
(128)

13-o-
MBB
(64)

AMK 256 64 128 128 16 32 32 16 8 8 8 8 8 8
TOB 256 64 128 128 16 32 32 8 8 8 8 8 8 8
KM >2048 1024 1024 2048 256 512 1024 256 256 256 256 256 256 256
GM 64 4 8 16 2 4 4 0.5 0.25 0.25 0.5 0.25 0.25 0.5

SPCM >2048 >2048 >2048 >2048 2048 >2048 >2048 2048 2048 2048 2048 1024 2048 2048
NLFX 256 256 256 256 256 256 256 64 256 256 256 128 128 128
CPFX 64 64 64 64 32 32 32 64 64 64 64 32 32 32
EM 256 128 256 256 128 256 256 128 256 256 256 256 256 256

CBPC >512 >512 >512 >512 >512 >512 >512 >512 >512 >512 >512 >512 >512 >512
EtBr >512 >512 >512 >512 >512 >512 >512 >512 >512 >512 >512 >512 >512 >512
Tc 32 16 16 16 16 16 16 16 16 16 16 16 16 16
Cp 128 64 128 128 64 64 64 128 128 128 128 128 128 128

AZM 256 64 64 128 64 64 128 32 256 256 256 128 128 128
CEF 512 512 512 512 512 512 512 512 512 512 512 512 512 512

Note: 1, values in parentheses are combined concentrations (μg/mL); Ber, berberine; AMK, amikacin; TOB,
tobramycin; KM, kanamycin; GM, gentamicin; SPCM, spectinomycin; NLFX, norfloxacin; CPFX, ciprofloxacin;
EM, erythromycin; CBPC, carbenicillin; EtBr, ethidium bromide; Tc, tetracycline; Cp, chloramphenicol; AZM,
azithromycin; CEF, cefepime.
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The sensitizing action of 13-o-MBB for various aminoglycosides was compared with that of
berberine at the same concentrations as tested against P. aeruginosa clinical strains but using Burkholderia
cepacia PAGU 0013 and Achromobacter xylosoxidans PAGU 0002 (Table 5). The two non-P. aeruginosa
strains are naturally resistant to aminoglycosides due to the presence of MexXY orthologs [7,23].
13-o-MBB at the same concentration as berberine increased the sensitivity to the aminoglycosides more
than 4-fold over that of berberine. In addition, comparison of the MICs of the aminoglycosides in
combination with 13-o-MBB towards a clinical strain of P. aeruginosa and its mexXY-deficient strain
provided similar MIC values. 13-o-MBB greatly increased the sensitivity to aminoglycoside drugs for
P. aeruginosa, B. cepacia, and A. xylosoxidans, increasing the sensitivity to amikacin more than 128-fold
and to gentamycin more than 512-fold for A. xylosoxidans.

Table 5. Inhibition by 13−o−MBB of aminoglycoside resistance in P. aeruginosa clinical strains.

Strain

MIC of Aminoglycoside (μg/mL)

AMK GM TOB KM SPEC

− Ber
13-o-
MBB

− Ber
13-o-
MBB

− Ber
13-o-
MBB

− Ber
13-o-
MBB

− Ber
13-o-
MBB

PAGU 0974 4 1 0.5 4 0.5 0.25 0.5 0.125 0.125 128 32 32 512 128 32

PAGUg 0975 1 0.5 0.5 0.25 0.125 0.25 0.25 0.25 0.125 64 32 32 32 32 32

PAGU 1498 32 8 1 1024 128 8 256 32 8 >2048 512 256 512 128 32

PAGUg1565 2 1 1 8 8 8 8 8 8 512 256 256 32 32 32

PAGU 1569 256 64 32 256 32 8 16 8 4 >2048 >2048 1024 512 256 128

PAGUg1627 32 32 32 8 8 8 8 8 4 1024 512 1024 128 128 128

*PAGU 0013 128 32 4 128 32 4 64 8 1 64 8 2 1024 128 16

PAGU 0002 >2048 256 16 >2048 32 4 512 16 4 >2048 2048 256 >2048 512 64

2.3. Interaction between 13-o-MBB and Aminoglycoside Drugs

The fractional inhibitory concentration (FIC) values were determined using 13-o-MBB or berberine
and gentamicin or amikacin in combination with P. aeruginosa strains PAGU 1606 and PAGUg1927 and
their MexXY-defective mutants PAGUg1659 and PAGUg 1931 (Table 6). The combination of 13-o-MBB
and amikacin or gentamicin showed a synergistic effect in the MexXY-expressing strain, showing
that the MexXY-dependent aminoglycoside resistance inhibitory action of 13-o-MBB is synergistic. In
addition, the MICs of 13-o-MBB and berberine were reduced only in combination with amikacin or
gentamicin and only in the MexXY-expressing strain, showing that the combination of amikacin or
gentamicin in the presence of MexXY increases the accumulation of 13-o-MBB and berberine in the cell.

Table 6. Antibacterial activities of berberine derivatives against P. aeruginosa.

Strain

MIC (μg/mL) for AMK in
the Presence of:

MIC (μg/mL) for 13-o-MBB
in the Presence of: FIC

Mode of
Interaction

− 13-o-MBB − AMK

PAGUg1931 1 1 256 256 2.0 Indifferent
PAGUg1927 8 2 512 128 0.5 Synergy
PAGUg1659 16 8 >512 >512 >1.5 Indifferent
PAGU 1606 256 16 >512 64 <0.5 Synergy
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Table 6. Cont.

Strain

MIC (μg/mL) for AMK in
the Presence of:

MIC (μg/mL) for Berberne
in the Presence of: FIC

Mode of
Interaction

− Berberine − AMK

PAGUg1931 1 1 >512 >512 >2.0 Indifferent
PAGUg1927 8 4 >512 512 <1.0 Synergy or Addition
PAGUg1659 16 8 >512 >512 1.5 Indifferent
PAGU 1606 256 64 >512 512 <0.75 Synergy or Addition

Strain

MIC (μg/mL) for GM in the
Presence of:

MIC (μg/mL) for 13-o-MBB
in the Presence of: FIC

Mode of
Interaction

− 13-o-MBB − GM

PAGUg1931 8 8 256 256 2.0 Indifferent
PAGUg1927 1024 32 512 4 0.04 Synergy
PAGUg1659 0.5 0.5 >512 >512 >1.0 Indifferent
PAGU 1606 64 2 >512 8 <0.5 Synergy

Strain

MIC (μg/mL) for GM in the
Presence of:

MIC(μg/mL) for Berberine
in the Presence of: FIC

Mode of
Interaction

− Berberine − GM

PAGUg1931 8 8 >512 >512 >1.0 Indifferent
PAGUg1927 1024 128 >512 8 <0.5 Synergy
PAGUg1659 0.5 0.5 >512 >512 >1.0 Indifferent
PAGU 1606 64 8 >512 256 <0.5 Synergy

Note: GM, gentamicin; AMK, amikacin; FIC, fractional inhibitory concentration index.

2.4. Time-Killing Assay

The bactericidal activity of gentamicin together with berberine and 13-o-MBB against P. aeruginosa
was investigated using PAGUg1933 and PAGUg1929. PAGUg1933 was killed after 4 h treatment with
gentamicin at 2 μg/mL whereas the growth of PAGUg1929 was suppressed but no bactericidal action
was observed (Figure 2). Treatment of PAGUg1929 for 4 h with 2 μg/mL gentamicin in combination
with 256 μg/mL berberine reduced the number of colonies about 100-fold. In addition, treatment
of PAGUg1929 with a combination of 2 μg/mL gentamicin and 64 μg/mL 13-o-MBB enhanced the
bactericidal action of gentamicin more than 10-fold over that of 256 μg/mL berberine.

 
(a) 

Figure 2. Cont.
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(b) 

Figure 2. (a) Time-kill curves by the combination of gentamicin with berberine or 13-o-MBB against
PAGUg1933, closed squares, control; closed triangles, berberine 256 μg/mL; closed diamonds, 13-o-MBB
64 μg/mL; open squares, gentamicin 2 μg/mL; open triangles, gentamicin 2 μg/mL with berberine
256 μg/mL; open diamonds, gentamicin 2 μg/mL with 13-o-MBB 64 μg/mL; (b) Time-kill curves by the
combination of gentamicin with berberine or 13-o-MBB against PAGUg1929, closed squares, control;
closed triangles, berberine 256 μg/mL; closed diamonds, 13-o-MBB 64 μg/mL; open squares, gentamicin
2 μg/mL; open triangles, gentamicin 2 μg/mL with berberine 256 μg/mL; open diamonds, gentamicin
2 μg/mL with 13-o-MBB 64 μg/mL.

3. Discussion

The addition of 128 μg/mL 13-o-MBB increased the sensitivity to aminoglycosides by 2-fold to
8-fold in comparison with 256 μg/mL berberine in the MexXY-positive P. aeruginosa strain PAGUg1927
(Tables 2 and 3). The antimicrobial activity of 13-o-MBB was not significantly different from that of the
13-o-MBB regioisomers 13-(3-methylbenzyl) berberine bromide and 13-(4-methylbenzyl) berberine
bromide, although the drug resistance inhibitory action of 13-o-MBB on the MexXY system is greater
than that of these two regioisomers. This indicates that 13-o-MBB has greater inhibitory action against
MexXY-dependent drug resistance than berberine and the other berberine derivatives we synthesized.

The deletion of mexXY from PAGU 1606 strain generated the PAGUg1659 strain. The addition
of 13-o-MBB increased PAGUg1659 resistance towards norfloxacin, erythromycin and azithromycin
2-fold to 4-fold. Norfloxacin, erythromycin and azithromycin are substrates for MexCD-OprM and
increased resistance towards norfloxacin, erythromycin and azithromycin may be due to the induction
of MexCD-OprJ [24].

The addition of 13-o-MBB 256 μg/mL increased the efficacies of azithromycin and gentamicin to a
Clinical and Laboratory Standards Institute (CLSI) breakpoint (amikacin is 64 μg/mL, gentamycin is
16 μg/mL) in a clinical strain of P. aeruginosa highly resistant to aminoglycosides. Amino acid residue
Y613 within the loop of the drug binding pocket of MexY is directly involved in the recognition of
aminoglycoside drugs, based on a decrease in sensitivity to aminoglycoside drugs upon mutation of
Y613 have been reported [25]. Tobramycin and berberine have been reported to compete for Y613 on
the docking simulations of tobramycin or berberine on MexY [16]. Furthermore, they claimed that the
results of a combined berberine/tobramycin assay on different clinical isolates of P. aeruginosa were
consistent with the in silico findings [16]. The results of our combination assay using berberine and
13-o-MBB with aminoglycosides are consistent with this report [16] and substantiate that the main
mechanism of action of berberine and 13-o-MBB is competition for MexY inhibition. Another possible
mechanism is suppression of MexY expression. However, Berberine decreased MexY mRNA only 0.8
to 0.9-fold have been reported [26]. Another reported that the MIC of amikacin and gentamicin was
increased only up to 4-fold even in a strain P. aeruginosa that expresses 10–21 times more MexY mRNA
than the PAO1 strain [12]. Our study of inhibited resistance by berberine showed that the gentamicin
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MIC for PAGU1606 was reduced 4-fold to 16-fold by berberine (Table 4), suggesting that the inhibition
of MexY expression is not the main mechanism of action of berberine and 13-o-MBB.

13-o-MBB showed cytotoxicity against Caco-2 cells, a human epithelial colorectal adenocarcinoma
cell line, at 30 μg/mL (data not shown). Thus, a concentration of 256 μg/mL 13-o-MBB could be toxic to
human cells. There is thus a need to synthesize a compound that exhibits inhibitory action against
MexXY system-dependent drug resistance at a lower concentration than 13-o-MBB and that is non-toxic
to human cells.

4. Materials and Methods

4.1. Bacterial Strains and Growth Conditions

The bacterial strains used in this study are described in Table 7. Bacterial cells were grown in
Luria (L) broth and on L agar (1.5%) under aerobic conditions at 37 ◦C, as previously described [27].

Table 7. Bacterial strains and gene properties.

Strain Name Relevant Characteristics Reference

Pseudomonas aeruginosa

PAGU 0974 PAO1 (K. Poole Lab), wild type [28]
PAGUg0975 PAGU 0974ΔmexXY [29]
PAGU 1498 PA7 Non-respiratory clinical isolate [8]
PAGUg1565 PA7ΔmexXY-oprA [8]
PAGU 1569 K2162 Pan-aminoglycoside-resistant clinical isolate [30]
PAGU 1606 NCGM2. S1 Multidrug-resistant clinical isolate [31]
PAGUg1627 K2162ΔmexXY [30]
PAGUg1659 PAGU 1606ΔmexXY [8]
PAGUg1927 YM34 ΔmexZ, mexVW:: gfp-aacC1 [15]
PAGUg1929 YM34 ΔmexZ, mexVW [15]
PAGUg1931 PAGUg1927::ΔmexXY [15]
PAGUg1933 PAGUg1929::ΔmexXY [15]

Others

PAGU 0002 ATCC 27061 Achromobacter xylosoxidans subsp. xylosoxidans [32]
PAGU 0013 ATCC 25416 Burkholderia cepacia [33]

4.2. Antibiotic Susceptibility Assay

MICs were assessed in cation-adjusted Mueller–Hinton (MH) broth after about 18–22 h of
incubation at 37 ◦C (for P. aeruginosa) or after about 20–24 h of incubation at 35 ◦C (for A. xylosoxidans
and B. cepacia) using the two-fold serial micro-titer broth dilution method described previously [15].
The categorization as susceptible, intermediate, and resistant was performed according to the
interpretive standards of the CLSI.

The FIC index was calculated as described previously [15]. The effects of the drugs were interpreted
to be indicative of synergy when the index was ≤0.5.

4.3. Time-Killing Assay

We examined the bactericidal activity of gentamicin monotherapy or combination therapy with
berberine or berberine derivatives towards PAGUg1929 and PAGUg1933. Each measurement was
started by inoculating between 5 × 106 to 2 × 107 CFU/mL in cation-adjusted MH broth and incubating
at 150 rpm at 37 ◦C on a shaker. Samples were withdrawn to measure the survival counts on MH agar
plates at 0, 1, 2, 3 and 4 h. The MH agar plates were incubated at 37 ◦C for 16–18 h. The concentrations
of drugs tested were gentamicin 2 μg/mL, berberine 256 μg/mL, and 13-o-MBB 64 μg/mL. The fraction
surviving vs. the control for each sample was determined by taking the average CFU/mL values of the
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treated samples and dividing by the value for the same sample at 0 h. Each experiment was repeated
at least three times, and a representative experiment is shown.

4.4. Synthesis

4.4.1. General Synthesis Information

Melting points were measured on a Yanagimoto micro melting point hot-stage apparatus (MP-S3)
and are reported as uncorrected values. 1H-NMR (TMS: δ: 0.00 ppm as an internal standard) and
13C-NMR (CDCl3: δ: 77.00 or DMSO-d6: 39.52 ppm as an internal standard) spectra were recorded
on JEOL JNM-AL400 (400 MHz and 100 MHz) spectrometers in CDCl3 or DMSO-d6. Mass spectra
were obtained on a JEOL JMP-DX300 instrument (70 eV, 300 mA). Chromatographic separations were
accomplished using silica gel 60N (Kanto Chemical Co., Inc., Tokyo, Japan) or aluminum oxide 90
standardized (Merck KGaA., Inc., Darmstadt, Germany). Thin-layer chromatography (TLC) was
performed using silica gel 60F254 and aluminum oxide 60F254 neutral (Merck KGaA, Inc., Darmstadt,
Germany). All reagents were purchased from Wako Pure Chemical Industry, Osaka, Japan. Kanto
Chemical Co., Inc., Tokyo, Japan. Tokyo Chemical Industry Co., Ltd., Tokyo, Japan. Kishida Chemical
Co., Ltd., Osaka Japan and Sigma-Aldrich Co., LLC. St. Louis, MO, USA. Dihydroberberine was
synthesized by the reduction of berberine according to the reported procedure [21].

4.4.2. 13-Benzylberberine Derivatives; General Procedure

Each benzyl bromide (1.0 mmol) was added in a dropwise manner to a stirred solution of KI
(310 mg, 1.86 mmol, 1.86 equiv) and dihydroberberine (337 mg, 1.0 mmol, 1 equiv) in CH3CN (40 mL),
and the resulting mixture was held at reflux for 4 h. The reaction mixture was then filtered, and
the filtrate was collected and evaporated to dryness in vacuo to give the crude residue. The residue
was purified by column chromatography over neutral alumina using CHCl3/CH3OH (50:1 to 20:1)
as eluent and recrystallization to give the final compounds 1–11. Compounds 1–10 were known
compounds and their characterisation data were identical to those given in the literature. Their
melting points (m.p.) were as follows: Compound 1; m.p. 198–200 ◦C [21], Compound 2; m.p.
179–180 ◦C [21], Compound 3; m.p. 235–240 ◦C [21], Compound 4; m.p. 214–216 ◦C [21], Compound 5;
m.p. 210–211 ◦C [34], Compound 6; m.p. 218–220 ◦C [35], Compound 7; m.p. 216–220 ◦C [36],
Compound 8; m.p. 222–225 ◦C [21], Compound 9; m.p. 204–207 ◦C [36] and Compound 10; m.p.
22–230 ◦C [21].

4.4.3. Characterisation Data of 13-(2,6-Dichlorobenzyl)berberine Bromide (11)

Compound 11 is a yellow solid. Yield: 41%. 1H-NMR (DMSO-d6) δ: 9.95 (1H, s), 8.11 (1H, d,
J = 9.3 Hz), 7.84 (1H, d, J = 9.3 Hz), 7.56 (1H, s), 7.37 (2H, d, J = 7.8 Hz), 7.23 (1H, t, J = 8.3 Hz), 7.15 (1H,
s), 6.18 (2H, s), 5.16 (2H, s), 4.84 (2H, br), 4.09 (3H, s), 4.01 (3H, s), 3.08 (2H, br). 13C-NMR (DMSO-d6) δ:
150.0 (s), 149.3 (s), 146.5 (s), 144.2 (d), 144.1 (s), 138.2 (s), 134.9 (s), 134.7 (s), 133.6 (s), 131.9 (s), 131.3 (s),
129.5 (d), 129.2 (d), 125.8 (d), 121.0 (s), 120.5 (d), 120.4 (s), 110.9 (d), 108.1 (d), 102.0 (t), 62.0 (q), 56.9 (q),
56.7 (t), 32.9 (t), 27.4 (t). MS m/z: 494 (M–Br)+, 119, 85. m.p. 228–231 ◦C.

5. Conclusions

Eleven berberine derivatives were synthesized and tested for MexXY-dependent inhibition of
gentamicin resistance using a Pseudomonas aeruginosa positive-MexXY strain and a negative-MexXY
strain. 13-o-MBB showed the greatest inhibitory effect on MexXY-dependent gentamicin resistance.
Regioisomers of 13-o-MBB exhibited no greater MexXY-dependent inhibition of gentamicin resistance
than berberine. 13-o-MBB inhibited resistance to aminoglycosides 4-fold to 16-fold compared with
berberine against the four tested P. aeruginosa clinical strains, and Achromobacter xylosoxidans and
Burkholderia cepacia. These results indicate that 13-o-MBB inhibits the resistance to aminoglycosides
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in a MexXY-dependent manner more strongly than berberine. 13-o-MBB is thus a useful inhibitor of
aminoglycoside drug resistance due to MexXY.
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