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The application of essential oils as potential alternatives to antibiotics in swine semen storage is
promising, due to their antioxidant and antibacterial properties. However, detrimental effects on
spermatozoa should be clarified first. The aim of this study was to evaluate 9 essential oils (EOs;
Satureja montana, Pelargonium graveolens, Cymbopogon nardus, Melaleuca leucadendron, Eucaliptus
globulus, Citrus limon, Lavandula angustifolia, Lavandula hybrida, Mentha piperita) and a blend

(GL mix) on key morpho-functional parameters of swine spermatozoa. Test compounds were firstly
chemo-characterized and experimental doses were prepared by suspending a fixed number of
spermatozoa with 3 different concentrations (0.1, 0.5, 1 mg/mL) of EOs. Experimental doses were
stored at 16 °C and sampled after 3 and 120 h for analysis. Overall, S. montana, P. graveolens and L.
angustifolia EOs induced the strongest alterations, with C. nardus and E. globulus EOs being the best
tolerated. Swine spermatozoa represent a good preliminary testing platform to screen toxicity and its
different patterns. The comprehensive overview on the potential mechanisms of action of some of the
most common EOs, despite of the direct aim of the study being swine reproduction, may be exploited
in other fields of research within both veterinary and human medicine.

According to data reported by Lancet and released by WHO (World Health Organization), antimicrobial resist-
ance (AMR) in bacteria caused an estimated 1.27 million deaths in 2019', evidence that this is one of the most
urgent matters in terms of public health. For this reason, the World health Assembly adopted a global action plan
on antimicrobial resistance in 2015 and published a list of priority antibiotic-resistant bacteria in 2017 to identify
the most relevant resistant bacteria at a global level for which there is an urgent need for new treatments® The
European Commission addressed the argument for the first time in 2001, with the first reccommendation on the
prudent use of antimicrobial agents in human medicine. Then, in 2011, proposed an actual action plane against
the rising threats from antimicrobial resistance. In this circumstance, the Commission introduced the concept
of One Health because of the indissoluble link between veterinary medicine, public health, and environmental
sectors: “In order to succeed a holistic approach is needed™. Finally, in the last year, the European Commission
adopted a regulation to establish the criteria for the designation of antimicrobials to be reserved for the treat-
ment of certain infections in humans*.

In animal husbandry, the use of antimicrobials has always been a common and widespread practice, even for
preventive purposes, especially in intensive breeding. Lately, the restrictions imposed by the European Commis-
sion have led to the search for alternative preventative approaches such as vaccination, good biosafety practices,
and high animal welfare conditions®‘. In some cases, finding alternatives has been complicated, as in the case
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of swine breeding and reproduction. In the swine industry, the extensive use of artificial insemination (AI) has
contributed to the improvement of fertility performances, potentially one of the most important achievements in
the livestock sector within the last 30 years’. This contributed to increasing in demand for seminal material from
high pedigree boars so that today more than 93% of sows in pig producing countries are inseminated artificially®.

The most common bacterial populations found in boar semen are Gram-negative belonging to the Enterobac-
teriaceae family *-'!. In general, the incidence and relevance of certain bacteria species is correlated with seasonal
conditions'? and specific sources of contamination: bacteria can come from both animal (E. coli, Enterobacter
spp., and Staphylococcus spp.) and non-animal sources (Pseudomonas, Bacillus, and other species)!!. Contamina-
tion points include boars, semen collection areas, water sources, thermometers, air handling systems and mainly
poor personnel hygiene’.

Boar semen extenders are usually added with antibiotics to limit bacterial growth, capable of altering sper-
matozoa quality, since liquid preservation at 16 °C is still considered the best preservation technique”'*. This is
related to the cold sensitivity of boar spermatozoa rich in unsaturated fat, and low tolerance to the most com-
mon cryopreservation additives'*. Gentamicin, an aminoglycoside antibiotic, represents one of the most used
preservative antimicrobials in porcine semen extenders as of today'>!", but gentamicin-resistant bacteria have
been isolated since 2010 in European Al boar centers'®. Recently, it has been emphasized that certain factors
related to the age and the hygiene-sanitary of boars, as well as the methods used during semen collection, can
significantly impact the presence of aerobic and coliform bacteria in semen'.

So that, a lot could be done with improvements in term of good practice of Al centers along the entire pro-
cess from collection to the filling of AI doses’, as shown by an 8-years retrospective study conducted on 28 Al
Centers in Europe after the identification and introduction of 9 HCCPs (hygienic critical control points) and
the evaluation of hygienic conditions. The analyses show that hygiene management has contributed to reduce
contamination of extended ejaculates; in particular, the bacterial contamination rate decreased by 13.5% between
audit period 1 and 4'. It is important to clarify that most of bacteria detected are considered nonpathogenic,
nevertheless high levels of bacterial contamination can lead to negative consequences’. High bacterial counts
(over 1.4x 10* CFU/mL) lead to decreased sperm motility and changes in pH. In some cases, bacteria can affect
the integrity of sperm membrane which results in reduced viability and damaged acrosomes. Additionally, bac-
terial concentration and storage time can influence the mitochondrial membrane potential of sperm. Lastly, it
was demonstrated that some bacteria can cause agglutination of cells, interfering with motility'2. Several studies
in recent years have focused on the need for finding new strategies to avoid using antibiotics in the extenders.
Out of physical methods, such as ultracentrifugation, and microfiltration of seminal plasma'” that have shown
excellent results but turned out to be really expensive. There are also studies that show that colloid centrifugation
can reduce bacterial contamination of boar semen without the use of antimicrobials'®, and recently there are
some evidences that single-layer centrifugation could enhance chromatin structure in boar semen'. Another
approach is represented by antimicrobial peptides®: substances that can alter the bacterial membrane, potentially
killing pathogens.

Among these different alternatives, there are also Essential Oils (EOs): products of the secondary metabolism
of plants, which are aromatic and volatile substances responsible of the characteristic fragrance of the plant.
Essential oils consist of a mixture of different terpenes, sesquiterpenes and aromatic compounds such as phenols
and phenylpropanes?®!. By using different extraction methods (distillation, mechanical pressure, extraction using
solvent)**? is it possible to obtain EOs in different compositions. A lot of them have proven antifungal, antiviral,
and also antibacterial potentials, as reported by Tariq and colleagues*, with an exhaustive review in which are
listed the mechanisms of action of the most famous compound among the most widely studied.

The aim of the present study was to evaluate 9 EOs (Satureja montana, Pelargonium graveolens, Cymbopogon
nardus, Melaleuca leucadendron, Eucaliptus globulus, Citrus limon, Lavandula angustifolia, Lavandula hybrida,
Mentha piperita) and a blend (GL mix) for short and long term potential toxic effects on porcine spermatozoa
by evaluating main morpho-functional parameters (viability, acrosomal reactions and total motility). The activ-
ity of essential oils on porcine spermatozoa has also been assessed with previous studies in which it has been
already tested the potential use of some officinalis Essential Oils as antimicrobial agents for liquid storage!>?*%.

The outcome of the sequent study may deepen the knowledge around these compounds that can become
interesting new proposals as new alternatives for the liquid short and long storage of seminal porcine doses
contributing towards fight against antimicrobial resistance.

Results
The results of the chemo-characterization of the different EOs used in the present study are reported in the Sup-
plementary Materials (Tables S1-S10).

The effects of both short- (3 h) and long-term (120 h) exposure to the different EOs on porcine spermatozoa
morpho-functional parameters are represented, including the results of the Dunnett’s tests used to compare
EO-treated samples to the control in the following figures. An initial graphical overview of the effects of all test
compounds is reported in the Supplementary Materials (Figure S1). However, to better describe the results, the
different EOs were divided into subgroups according to the different patterns of toxicity exhibited.

Satureja montana, Pelargonium graveolens and Lavandula angustifolia
These EOs statistically altered all morpho-functional parameters, as shown in Fig. 1.

The 2 way-ANOVA showed how treatment with S. montana altered Viability (V; p=0.0001), Acrosome Reac-
tion (AR; p=0.0005), and Sperm Total Motility (TotM; p <0.0001), while storage time only TotM (p =0.0107).
Upon comparison with the control, V (Fig. 1A) was statistically impaired by the middle and the highest con-
centrations at both timepoints: 0.5 mg/mL (3 h: p=0.0257, 120 h: p=0.0190), 1 mg/mL (3 h: p=0.0028; 120 h:
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Figure 1. Effects of S. montana (A-C), P. graveolens (D-F) and L. angustifolia (G-I) EOs on sperm viability
(A, D, G), acrosome reaction (B, E, H) and sperm total motility (C, F, I). Data are expressed as mean + standard
error of the mean. 0=control samples (only emulsifiers). *=p <0.05; **=p <0.01; ***=p <0.001;

ook = p < 0.0001.

p=0.0013). The same applies to TotM (Fig. 1C): 0.5 mg/mL (3 h: p=0.0166; 120 h: p=0.0221), 1 mg/mL (3 h:
p=0.0006; 120 h: p=0.141). On the other hand, AR (Fig. 1B) was only worsened by 1 mg/mL of EO at 120 h
(p=0.0046).

Treatment with P. graveolens EO statistically altered all three parameters (V, AR and TotM: p <0.0001), while
storage time only influenced AR (p=0.0093). The post hoc analysis showed that V (Fig. 1D) was significantly
impaired upon exposure to 0.5 and 1 mg/mL of EO at both timepoints (p <0.0001), just like AR (0.5 mg/mL:
3 h p=0.0467, 120 h p=0.0002; 1 mg/mL: 3 h p=0.0011, 120 h p<0.0001; Fig. 1E) and TotM (0.5 mg/mL: 3 h
p=0.0002, 120 h p=0.0116; 1 mg/mL: 3 h p=0.0002, 120 h p=0.0116; Fig. 1F).

At last, while treatment with L. angustifolia EO influenced all parameters (V and TotM: p <0.0001; AR:
p=0.0037), storage time only affected TotM and AR (respectively: p=0.0078 and p =0.0247). The results of Dun-
nett’s tests, in this case, showed that V (Fig. 1G) was statistically reduced at 3 h only by 1 mg/mL (p=0.0092),
while by both 0.5 (p=0.0265) and 1 mg/mL (p=0.0006) at 120 h. TotM (Fig. 1I) was compromised at both
timepoints upon exposure to 0.5 (3 h: p=0.0004; 120 h: p=0.0002) and 1 mg/mL (3 and 120 h: p=0.0001). On
the other hand, AR (Fig. 1H) was only impaired by the highest concentration, after 120 h of exposure impaired
(p=0.0015).

Lavandula hybrida and Citrus limon
The EOs obtained from L. hybrida and C. limon showed a very similar pattern of actions on spermatozoa, rep-
resented in Fig. 2.

The 2 way-ANOVA showed that treatment with both EOs reduced V (p <0.0001) (Fig. 2A,D) and increased
AR (p=0.0001) (Fig. 2B,E). Acrosomal reactions, in both cases, were statistically increased also by storage time
(L. hybrida EO: p=0.0008; C. limon EO: p=0.0092) and interaction between variables (L. hybrida EO: p=0.0121;
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Figure 2. Effects of L. hybrida (A-C) and C. limon (D-F) EOs on sperm viability (A, D), acrosome reaction (B,
E) and sperm total motility (C, F). Data are expressed as mean * standard error of the mean. 0= control samples
(only emulsifiers). *=p<0.05; **=p<0.01; ***=p<0.001; ***=p<0.0001.

C. limon EO: p=0.0051). Also TotM (Fig. 2C,F) was compromised by the treatments (L. hybrida EO: p <0.0009;
C. limon EO: p=0.0002). The post hoc analysis showed that V was statistically altered at both timepoints upon
exposure to 1 mg/mL (p=0.0001), while AR was only worsened at 120 h for both EOs (p <0.0001). Upon com-
parison with the controls, TotM showed a slightly different trend: 0.5 mg/mL (120 h: L. hybrida EO p=0.0368,
C. limon EO p=0.0303), 1 mg/mL (3 h: L. hybrida EO p=0.0181, C. limon EO p=0.0015; 120 h: L. hybrida EO
p=0.0259, C. limon EO p=0.0032).

Mentha piperita, Melaleuca leucadendron and GL mix
These EOs and the blend only induced statistically relevant alterations when used at the highest concentration
of 1 mg/mL (Fig. 3).

The results of the 2way-ANOVA for the M. piperita EO showed that all three parameters were statistically
affected by the treatment (p=0.0001), but only AR and TotM by storage time (respectively: p=0.0031 and
p=0.0017). The Dunnett’s tests highlighted how, for both timepoints, only the samples treated with the highest
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Figure 3. Effects of M. piperita (A-C) and M. Leucadendron (D-F) EOs and GL Mix (G-I) on sperm viability
(A, D, G), acrosome reaction (B, E, H) and sperm total motility (C, F, I). Data are expressed as mean + standard
error of the mean. 0=control samples (only emulsifiers). *=p <0.05; **=p <0.01; **=p <0.001;

P =p<0.0001.

concentration of EO statistically differed from the control samples: at 3 h p <0.0001 for all three parameters, at
120 h p<0.0001 for V (Fig. 3A) and AR (Fig. 3B), and p =0.0202 for TotM (Fig. 3C).

Treatment with M. leucadendron EO impaired V (p =0.0042; Fig. 3D) and TotM (p =0.0013; Fig. 3F), while
storage time altered AR (p=0.0009; Fig. 3E) and TotM (p=0.0003). The post hoc analysis showed that V was
significantly worsened by 1 mg/mL at the first timepoint (p =0.0206). For the other two parameters, alterations
were only recorded after 120 h, still with the higher concentration (AR: p=0.0492, TotM: p=0.0022).

The 2way-ANOVA showed that treatment with GL mix statistically altered: V (p <0.0001; Fig. 3G), AR
(p=0.0056; Fig. 3H) and TotM (p=0.0001; Fig. 3I). Viability was also influenced by storage time (p=0.0006)
and by the interaction between the variables (p =0.0001); storage time was statistically relevant also on TotM
(p=0.0008). Dunnett’s tests highlighted that samples added with 1 mg/mL of GL mix showed different altera-
tions when compared to the control: at 3 h for V (p=0.0034) and TotM (p=0.0002), at 120 h for all parameters
(V: p<0.0001, TotM: p=0.0424, AR: p=0.0098).

Cymbopogon nardus and Eucaliptus globulus
These EOs showed minimal to no toxic effects on swine spermatozoa both during short- and long-term storage
(Fig. 4).

As for C. nardus EO, the 2way analysis of variance showed that there were no interferences on V (Fig. 4A),
while storage time statistically impaired AR (p =0.0142; Fig. 4B) and TotM (p =0.0049; Fig. 4C). Upon compari-
son with the control, the latter was only statistically worsened by 1 mg/mL of EO at 120 h (p=0.0277).

Similarly, looking at the results for the EO of E. globulus, V was never impaired (Fig. 4D), while AR (Fig. 4E)
and TotM (Fig. 4F) only by storage time (respectively p=0.0019 and p =0.0002).
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Figure 4. Effects of C. nardus (A-C) and E. globulus (D-F) EOs on sperm viability (A), acrosome reaction (B)
and sperm total motility (C). Data are expressed as mean * standard error of the mean. 0=control samples (only
emulsifiers). *=p <0.05; **=p<0.01; ***=p<0.001; ***=p<0.0001.

Discussion

The analyses conducted on boar spermatozoa do provide not only necessary preliminary information regarding
the potential use of EOs in swine Al seminal doses, but also supply general insights into the different mecha-
nisms of action underlying their biological properties. In particular, the chosen parameters provide data on two
key damage mechanisms: membrane disruption (as indicated by viability and percentage of reacted acrosomes)
and mitochondrial activity impairment by means of membrane depolarization, potentially leading to the loss of
motility?’. All of the above support the hypothesis that swine spermatozoa, due to their ease of collection and
low ethical value, may represent a useful preliminary screening platform for natural substances toxicity. The
reason for choosing to evaluate the effects of EOs at two different timepoints (3 and 120 h) is to simulate the
usual short- and long-term storage conditions of swine ejaculates at the standard temperature of 161 °C. The
assessments conducted after 3 h of incubation should provide information regarding the immediate, direct effects
of EOs on spermatozoa, while the ones after 120 h should also provide insights regarding the lasting capabilities
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of the EOs themselves and their interaction with the given environment. As for the tested concentrations, the 3
chosen one should represent a high one, potentially clearly showing detrimental effects, a low one, still regarded
as potentially active against contaminants according to literature but as low as possible, and a middle one.

Overall, it is possible to identify a trend of concentration related effects, that is in according to what was
already reported for previous studies EOs such as R. officinalis and T. capitata®, and M. Alternifolia’>. However,
no evidence of damage was highlighted for all the tested compounds when using the lowest concentration of
0.1 mg/mL, both looking at membranes’ alterations and motility. This consideration is important because the
literature shows different works proving that some of the EOs analysed in this study already have antibacterial
and antifungal effects at very low concentrations, below those considered able to alter morpho-functional sperm
parameters.

It can be stated that the first group of EOs (S. montana, P. graveolens and L. angustifolia) exhibits similari-
ties in very strong impairment of sperm quality starting from the concentrations of 0.5 mg/mL. Additionally, it
seems that the storage period does not significantly influence viability, whereas in other cases, it appears to have
significant effects. The EO obtained from S. montana has proven antibacterial activity at a concentration lower
than that considered toxic for boar spermatozoa. In particular, as reported by literature, S. montana EO reports
a MIC (minimum inhibitory concentration) value of 0.39 mg/mL towards Staphylococcus aureus™, where MIC is
the lowest concentration required by antimicrobials to clearly inhibit the growth of a bacterium after overnight
incubation®’, and MICs far < 0.5 mg/mL also against Pseudomonas aeruginosa, Streptococcus pyogenes, Strepto-
coccus mutans, Streptococcus sanguis, Streptococcus salivarius, Enterococcus faecalis, Lactobacillus acidophilus®.
All of bacteria mentioned above have been isolated from neat boar ejaculates’. Therefore, out of the tested EOs,
S. montana would be a very good candidate for continuing investigating its potential use for swine AI doses.

The second group consisted of L. hybrida and C. limon EOs. Lavandula hybrida is also known as Lavandula x
intermedia, and is a sterile hybrid of true lavender (L. angustifolia) and spike lavender (L. latifolia)*'. Compara-
tive studies between L. x intermedia and L. angustifolia are available: the former possesses similar or stronger
antibacterial and antifungal effects than true lavender oil, in particular against Candida spp. The analysis of
antimicrobial activity against oral pathogenic bacteria showed that lavandin oil has MIC values ranging from
0.002 to 0.512 mg/mL*. Moreover, L. hybrida yields more EOs per kg than L. Angustifolia, making it also a
cheaper alternative to the true lavender oil*. L. hybrida and C. limon EOs were shown together because of the
evident common pattern of alteration. Specifically, viability was only influenced by the highest concentration
tested (1 mg/mL), without being affected by storage time. On the other hand, the number of reacted acrosomes
significantly increased not only due to 1 mg/mL of both EOs, but the storage period played a decisive role in
triggering the capacitation process. Different considerations should be made for motility since, in the case of L.
hybrida, time did not seem to have any effect, while did for C. Limon EO. Overall, this was the only parameter
statistically influenced already at the middle concentration (0.5 mg/mL) in this second group, although only after
120 h in both cases. When comparing these findings with the available literature, it shows that L. hybrida EO has
antifungal activity at very low concentrations and that C. limon EO can successfully inhibit the development of
L. monocytogenes in minced beef meat already at 0.06-0.312 mg/g*.

The EOs reported in the third group (M. piperita, M. leucadendron and GL mix) only show morpho-functional
impairment upon treatment with the highest concentration of 1 mg/mL. In particular, for M. piperita EO, the
concentrations of 0.1 and 0.5 mg/mL seem to be very well tolerated, with time storage being relevant only for
acrosomal reactions and total motility. This EO has been tested against S. aureus, S. pyogenes and S. mutans,
with outcoming MICs of approximately 0.6 mg/mL**. Such values are promising, since they are close to the well
tolerated concentration of 0.5 mg/mL, but further studies increasing the tested concentration>0.5<1 mg/mL
would allow for more accurate applications. Again, Melaleuca Leucadendron EO and GL mix were only capable
of altering spermatozoa upon treatment with 1 mg/mL, but with less intense damages when assessed against
M. piperita. Not a lot of literature is available for M. leucadendron, while GL mix is a patent-pending mixture of
different EOs, therefore to better understand their potential, further studies are needed.

Proceeding towards the last two tested EOs, it is clear that the pattern of toxicity becomes less and less rel-
evant. C. nardus EO seems to be very well tolerated at all tested concentrations, despite a mild reduction in total
motility, but only after 120 h of incubation. The hypothesis, in this case, is that such effect at 1 mg/mL may be
mediated by a mild interaction with mitochondrial function leading to disruption of cellular energy metabo-
lism thus reduced energy production and cellular dysfunction. As for E. globulus EO, the post-hoc tests have
highlighted no differences between treated samples and control ones. In this case, the increase of acrosomal
reactions and the loss of motility detected is only accounted by the storage time. It still has to be acknowledged
that the lack of statistical significance for motility at 120 h upon treatment with 1 mg/mL, potentially due to the
statistical approach used and the sample size, does not imply a lack of biological relevance since, indeed, motility
is almost completely suppressed. Nonetheless, literature shows a good amount of work that proves antibacterial
activity of this EO, both alone and in combination with other agents, even against strains of methicillin-resistant
Staphylococcus aureus (MRSA) bacteria, with MIC values ranging from 0.032 to 10 mg/mL?.

To discuss the overall results of the present work, it is important to state that the exact composition of the
different EOs changes not only from plant to plant, but also within the same plant during the different phases of
its growth cycle. This is why, when investigating and reporting data for EOs, assessing and taking into account
their exact composition is pivotal. The complete chemo-characterization of the test compounds is reported in
the Supplementary Material (Tables S1-S10). As reported by the tables, our EOs are rich in terpenes (also known
as terpenoids or isoprenoids), the largest group of natural compounds, with approximately 25,000 structures
reported’. Terpenes can have a variety of biological activities, such as antibacterial, antifungal, anti-inflam-
matory, antioxidant properties. These potential properties of terpenes are currently the subject of numerous
scientific studies’’ =, but only a limited amount of these consider the possible use in preserving the quality of
semen during storage, thanks to their antimicrobial and antioxidant properties. Nonetheless, a recent work
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has shone a light on the role of carvacrol as a mitigating agent for the reduction of boar semen quality during
storage under cooling conditions: its ability to decrease the production of oxygen reactive species and regulate
mitochondrial activity in porcine sperm makes it a promising antioxidant*'. Carvacrol is a terpene belonging to
the class of monoterpenes, formed by coupling two units of isoprene (C10) and is a component found in vari-
ous plants. As all terpenes, carvacrol also shows concentration-dependent activity, with higher concentrations
leading to harmful effects. Amongst the EOs used in this work, S. montana showed the highest carvacrol content
(52.56%, Table S1), and was indeed one of the test compounds that induced the strongest alterations on morpho-
functional parameters, supporting the predominant biological activity of carvacrol itself. Upon literature search,
it seems understandable why this particular EO also shows the lowest MICs for different bacterial populations.
However, it is important to note that EOs are complex mixtures made up of many molecules, potentially with
both synergic and antagonist effects between each other, thus their proprieties strongly depend on their com-
bination with other compounds, as reported by Bakkali and colleagues*. This peculiarity was demonstrated by
Elmi and colleagues'®, with a comparative study between tea tree oil (Melaleuca alternifolia EO) and its principal
component, terpinen-4-ol, on the morpho-functional parameters of swine spermatozoa. The results showed
how, despite terpinen-4-ol accounted for >40% of the used M. alternifolia EO, the toxicity patterns were very
different and to be ascribable to some synergistic interaction between other constituent compounds. In view of
above, since the concept of synergy seems to be extremely relevant, it is not possible to translate results obtained
by the use of isolated constituents to the whole mixture within the given EO. Unfortunately, despite all the good
potential capabilities, such differences and the need for specific studies and tests on each single batch of EO,
represent the main pitfall of their applications.

As for the comparison of the MICs of the different tested EOs against the most common bacteria found in
porcine ejaculates, the discussion can be challenging as, according to different studies, the populations of con-
taminating bacteria are extremely different and various. In addition, each and every batch of EOs will provide
different results. Dedicated studies would help shining a light on this matter yet, based on the results hereby
presented, it looks like the EO derived from S. montana is the most characterized in terms of specific antibacterial
capabilities and is active against the majority of the most common bacterial population found in boar ejaculates.

In conclusion, the results of the present study provide a comprehensive overview of the potential mechanisms
of action of some of the most common EOs, especially concerning their interaction with porcine male gametes.
The most promising ones will now have to undergo testing, as already done for other EOs such as T. capitata and
R. officinalis®, for their antimicrobial capabilities directly in swine artificial insemination doses. Regardless of
the direct aim of the study being swine reproduction, results may be exploited in other fields of research within
both veterinary and human medicine.

Materials and methods

Natural substances and reagents

Nine pure EOs and one undisclosed blend provided by APA-CT (Forli, Italy) were used for the present study, in
particular: Satureja montana, Pelargonium graveolens, Cymbopogon nardus, Melaleuca leucadendron, Eucalip-
tus globulus, Citrus limon, Lavandula angustifolia, Lavandula hybrida and Mentha piperita EOs, and GL mix.
The GL mix is a patent-pending solution of nine EOs: Eucaliptus globulus, Satureja hortensis, Citrus aurantium
var. dulcis, Thymus vulgaris, Melaleuca alternifolia, Citrus limon, Lavandula hybrida, Melaleuca leucadendron
and Thymus capitatus, dispersed in Glyceryl polyethyleneglycol ricinoleate?”. The natural substances were kept
at 4 °C, in darkened glass bottles to avoid alterations. One aliquot of each substance was used for the chemo-
characterization, while, for the in vitro experiments, they were added with 0.5% dimethylglyoxime (DMSO) and
Tween 80 (0.002%) to grant uniform emulsification®.

Chemo-characterization of EOs

The chemo-characterization of EOs was performed according to previously published protocols®, upon Gas
Chromatography-Mass Detector (GC-MS) analysis and Gas Chromatography-Flame Ionization Detector (GC-
FID). Qualitative analysis was performed using an Agilent Technologies HP-5 MS cross-linked poly-5% diphe-
nyl-95% dimethyl polysiloxane (30 m x 0.25 mm i.d., 0.25 pm film thickness) capillary column on a 7890A gas
chromatograph coupled with a 5975C network mass spectrometer. The semi-quantitative characterization of
EOs was carried out on a HP-5 cross-linked poly-5% diphenyl-95% dimethyl polysiloxane (30 m x0.32 mm
i.d., 0.25 um film thickness) capillary column on a 7890A gas chromatograph with a flame ionization detector
(Agilent Technologies, Waldbronn, DE). Compounds were identified by comparing the retention times of the
chromatographic peaks with those of authentic reference standards run under the same conditions, the fragmen-
tation spectra, and the linear retention indices (LRIs) relative to Cs—C,, n-alkanes obtained on the HP-5 column
under the above-mentioned conditions with the literature reference**.

Porcine spermatozoa collection and evaluations
To estimate cytotoxicity on porcine spermatozoa, the EOs, and GL mix were evaluated as formerly reported in
other works'*%.

Three adult boars (Large White x Duroc), 1-2 years old, with a weight ranging from 220 to 250 kg were
enrolled for this experimental protocol as ejaculate donors, housed in single pens as dictated by the National
law (D.Igs n.122/2011). Semen was collected twice a week by an experienced operator using the hand-gloved
technique in a pre-heated (37 °C) thermos, as previously described **.

Semen collection is considered as a zootechnical routine practice, and does not classify as procedure according
to the Lgs. Decree 26/2014. Therefore, no ethical approval was needed for the present study.
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After the collection, the sperm-rich fraction (SFR) of each ejaculate was immediately diluted 1:1 (v/v) with
an in-house prepared swine fertilization medium (SFM) without any antibiotic'**. The experimental doses
were prepared by suspending a fixed number of spermatozoa (15 x 107 spz) in 5 mL of SFM (final concentra-
tion=3x 107 spz/mL) with 3 different concentrations (1, 0.5 and 0.1 mg/mL) of EOs previously added with
emulsifiers as described above. For each experiment, control samples were realized by only adding the emulsi-
fiers. After preparation, the experimental doses were stored for 120 h in a refrigerated bath (AD28R-30, VWR
International S.r.l., Milano, IT), set at 16 °C (1 °C) and sampled at 3 and 120 h**?’.

Each test compound was tested on three different ejaculates by each boar for key morpho-functional param-
eters following previously published protocols.

Viability (V) was assessed by eosin-nigrosin staining. Briefly, 10 uL of the staining solution were mixed with
10 pL of each dose, and 8 uL were immediately smeared on a glass slide. The percentage of live cells (undyed
spermatozoa/all spermatozoa) was calculated on a minimum of 200 cells?, upon microscopy evaluation (Eclipse
E600, 40x, Nikon, Tokyo, JP).

The percentage of reacted acrosomes (AR) was assessed using modified Coomassie Blue staining: spermatozoa
were fixed using 4% formaldehyde, washed, and suspended in ammonium acetate before being smeared onto a
microscope slide and incubated with Coomassie Blue G250 staining solution (0.22%). The percentage of reacted
acrosomes (undyed acrosomes/all acrosomes) was calculated from a minimum of 200 cells, upon microscopy
evaluation®. All slides (both V and AR) were coded and analyzed by a blinded operator to avoid biases.

Total motility (TotM) was analysed by computer-assisted sperm analysis (CASA; Hamilton Thorne CEROS
II; Animal Motility I, Software Version 1.9, Beverly, MA, USA), using heated dedicated slides (Leja 4 chamber
slides, Leja, IMV technologies, LAigle, FR).

As inclusion criteria, only SRFs with V >85% and TotM >80% were used for the experimental protocol®’.

Statistical analysis

The statistical analyses were performed using the software GraphPad Prism v.8 (GraphPad Software Inc., San
Diego, CA, USA). In order to analyze the results of each parameter and each test compound, 2way-ANOVAs were
performed setting treatment, time storage and their interaction as factors. Post-hoc analyses were performed by
means of Dunnett’s tests, to assess differences between the control samples and the ones treated with different
concentrations of test compounds. Significance was set at p <0.05.

Data availability

The data of this manuscript are available from the corresponding author upon reasonable request.

Received: 26 October 2023; Accepted: 29 December 2023
Published online: 02 January 2024

References

1. Murray, C. J. et al. Global burden of bacterial antimicrobial resistance in 2019: a systematic analysis. The Lancet 399, 629-655
(2022).

2. Tacconelli, E. Global priority list of antibiotic-resistant bacteria to guide research, discovery, and development new antibiotics.

3. Communication-from-the-commission-to-the-european-parliament-and-the-council. doi:https://doi.org/10.1163/2210-7975_
HRD-4679-0058.

4. Gazzetta ufficiale L 353/2021. https://eur-lex.europa.eu/legal-content/IT/TXT/HTML/?uri=0J:L:2021:353:FULL&from=IT.

5. Barton, M. D. Impact of antibiotic use in the swine industry. Curr. Opin. Microbiol. 19, 9-15 (2014).

6. Diana, A. et al. Removing prophylactic antibiotics from pig feed: How does it affect their performance and health?. BMC Vet. Res.
15, 67 (2019).

7. Schulze, M., Nitsche-Melkus, E., Hensel, B., Jung, M. & Jakop, U. Antibiotics and their alternatives in Artificial Breeding in livestock.
Anim. Reprod. Sci. 220, 106284 (2020).

8. Schulze, M., Nitsche-Melkus, E., Jakop, U., Jung, M. & Waberski, D. New trends in production management in European pig Al
centers. Theriogenology 137, 88-92 (2019).

9. Althouse, G. C. & Lu, K. G. Bacteriospermia in extended porcine semen. Theriogenology 63, 573-584 (2005).

10. Ubeda, J. L. et al. Adverse effects of members of the Enterobacteriaceae family on boar sperm quality. Theriogenology 80, 565-570
(2013).

11. Gaczarzewicz, D., Udala, J., Piasecka, M., Blaszczyk, B. & Stankiewicz, T. Bacterial contamination of boar semen and its relation-
ship to sperm quality preserved in commercial extender containing gentamicin sulfate. Pol. J. Vet. Sci. 19, 451-459 (2016).

12. Contreras, M. J. et al. Bacteria and boar semen storage: Progress and challenges. Antibiotics 11, 1796 (2022).

13. Elmi, A. et al. In vitro effects of tea tree oil (Melaleuca alternifolia essential oil) and its principal component terpinen-4-ol on swine
spermatozoa. Molecules 24, 1071 (2019).

14. Johnson, L. A., Weitze, K. E, Fiser, P. & Maxwell, W. M. C. Storage of boar semen. Anim. Reprod. Sci. 62, 143-172 (2000).

15. Nitsche-Melkus, E., Bortfeldt, R., Jung, M. & Schulze, M. Impact of hygiene on bacterial contamination in extended boar semen:
An 8-years retrospective study of 28 European Al centers. Theriogenology 146, 133-139 (2020).

16. Schulze, M., Dathe, M., Waberski, D. & Miiller, K. Liquid storage of boar semen: Current and future perspectives on the use of
cationic antimicrobial peptides to replace antibiotics in semen extenders. Theriogenology 85, 39-46 (2016).

17. Barone, E, Ventrella, D., Zannoni, A., Forni, M. & Bacci, M. Can microfiltered seminal plasma preserve the morphofunctional
characteristics of porcine spermatozoa in the absence of antibiotics?. A Preliminary Study. Reprod. Domest. Anim. 51, 604-610
(2016).

18. Morrell, J. M. et al. Removal of bacteria from boar semen using a low-density colloid. Theriogenology 126, 272-278 (2019).

19. Lacalle, E. et al. Single layer centrifugation (SLC) for bacterial removal with Porcicoll positively modifies chromatin structure in
boar spermatozoa. Theriogenology 201, 95-105 (2023).

20. Shaoyong, W. et al. Evaluation of e-polylysine as antimicrobial alternative for liquid-stored boar semen. Theriogenology 130,
146-156 (2019).

21. Hoffmann, K. H. Essential oils. Z. Naturforschung C 75, 177-177 (2020).

22. Stratakos, A. C. & Koidis, A. Methods for extracting essential oils. In Essential Oils in Food Preservation 31-38 (Flavor and Safety
Elsevier, 2016).

Scientific Reports |

(2024) 14:285 | https://doi.org/10.1038/s41598-023-51030-2 nature portfolio


https://doi.org/10.1163/2210-7975_HRD-4679-0058
https://doi.org/10.1163/2210-7975_HRD-4679-0058
https://eur-lex.europa.eu/legal-content/IT/TXT/HTML/?uri=OJ:L:2021:353:FULL&from=IT

www.nature.com/scientificreports/

23. Kant, R. & Kumar, A. Review on essential oil extraction from aromatic and medicinal plants: Techniques, performance and eco-
nomic analysis. Sustain. Chem. Pharm. 30, 100829 (2022).

24. Tarig, S. et al. A comprehensive review of the antibacterial, antifungal and antiviral potential of essential oils and their chemical
constituents against drug-resistant microbial pathogens. Microb. Pathog. 134, 103580 (2019).

25. Elmi, A. et al. Antimicrobial capabilities of non-spermicidal concentrations of tea tree (Melaleuca alternifolia) and rosemary
(Rosmarinus officinalis) essential oils on the liquid phase of refrigerated swine seminal doses. Res. Vet. Sci. 127, 76-81 (2019).

26. Elmi, A. et al. Thymbra capitata L. Cav. and Rosmarinus officinalis L. essential oils: In vitro effects and toxicity on swine spermatozoa.
Molecules 22,21 (2017).

27. Mariotti, M. et al. Potential applications of essential oils for environmental sanitization and antimicrobial treatment of intensive
livestock infections. Microorganisms 10, 822 (2022).

28. Vitanza, L. et al. Satureja montana L. essential oil and its antimicrobial activity alone or in combination with gentamicin. Microb.
Pathog. 126, 323-331 (2019).

29. Andrews, ]. M. Determination of minimum inhibitory concentrations. J. Antimicrob. Chemother. 48, 5-16 (2001).

30. Chouhan, S., Sharma, K. & Guleria, S. Antimicrobial activity of some essential oils—Present status and future perspectives. Medi-
cines 4, 58 (2017).

31. Pokajewicz, K., Czarniecka-Wiera, M., Krajewska, A., Maciejczyk, E. & Wieczorek, P. P. Lavandula x intermedia—A Bastard
lavender or a plant of many values? Part I. Biology and chemical composition of lavandin. Molecules 28, 2943 (2023).

32. Pokajewicz, K., Czarniecka-Wiera, M., Krajewska, A., Maciejczyk, E. & Wieczorek, P. P. Lavandula x intermedia—A bastard
lavender or a plant of many values? Part II. Biological activities and applications of lavandin. Molecules 28, 2986 (2023).

33. Ben Hsouna, A., Ben Halima, N., Smaoui, S. & Hamdji, N. Citrus lemon essential oil: Chemical composition, antioxidant and
antimicrobial activities with its preservative effect against Listeria monocytogenes inoculated in minced beef meat. Lipids Health
Dis. 16, 146 (2017).

34. Nikoli¢, M. et al. Chemical composition, antimicrobial, and cytotoxic properties of five Lamiaceae essential oils. Ind. Crops Prod.
61,225-232 (2014).

35. Elangovan, S. & Mudgil, P. Antibacterial properties of Eucalyptus globulus essential oil against MRSA: A systematic review. Anti-
biotics 12,474 (2023).

36. Gershenzon, ]. & Dudareva, N. The function of terpene natural products in the natural world. Nat. Chem. Biol. 3, 408-414 (2007).

37. Lei, Y., Fu, P, Jun, X. & Cheng, P. Pharmacological properties of geraniol — A review. Planta Med. 85, 48-55 (2019).

38. Ahmad, N. et al. Antimicrobial efficacy of Mentha piperata-derived biogenic zinc oxide nanoparticles against UTI-resistant patho-
gens. Sci. Rep. 13, 14972 (2023).

39. Cai, Z.-M. et al. 1,8-Cineole: A review of source, biological activities, and application. J. Asian Nat. Prod. Res. 23, 938-954 (2021).

40. Karpinski, T. M. Essential oils of Lamiaceae family plants as antifungals. Biomolecules 10, 103 (2020).

41. Restrepo, G., Zapata, K., Colorado, P. & Rojano, B. Cooling of porcine semen in an extender supplemented with carvacrol. Reprod.
Domest. Anim. 58, 860-866 (2023).

42. Bakkali, E, Averbeck, S., Averbeck, D. & Idaomar, M. Biological effects of essential oils — A review. Food Chem. Toxicol. 46, 446-475
(2008).

43. Bag, A. & Chattopadhyay, R. R. Evaluation of synergistic antibacterial and antioxidant efficacy of essential oils of spices and herbs
in combination. PloS One 10, €0131321 (2015).

44. Adams, R. P. Identification of Essential Oil Components by Gas Chromatography/Mass Spectrometry (Allured Pub Corp, 2007).

45. Fantinati, P. et al. Evaluation of swine fertilisation medium (SFM) efficiency in preserving spermatozoa quality during long-term
storage in comparison to four commercial swine extenders. Animal 3, 269-274 (2009).

Acknowledgements
APA-CT kindly provided the test compounds but played no role in designing the study nor in results interpreta-
tion and discussion.

Author contributions

M.L.B., M..S. and A.E. conceptualized the work. E.T. and S.B. chemo-characterized the test compounds. M.B.,,
A.E. and D.V. performed the in vitro tests. I.T. and D.V. performed the formal data anlyses. M.D.V. and P.M. sup-
ported data interpretation. M.L.B., A.E. and M.S. provided senior support to the study and supported funding.
L. T. wrote the manuscript. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-023-51030-2.

Correspondence and requests for materials should be addressed to D.V.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:285 | https://doi.org/10.1038/s41598-023-51030-2 nature portfolio


https://doi.org/10.1038/s41598-023-51030-2
https://doi.org/10.1038/s41598-023-51030-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Short- and long-term effects of essential oils on swine spermatozoa during liquid phase refrigeration
	Results
	Satureja montana, Pelargonium graveolens and Lavandula angustifolia
	Lavandula hybrida and Citrus limon
	Mentha piperita, Melaleuca leucadendron and GL mix
	Cymbopogon nardus and Eucaliptus globulus

	Discussion
	Materials and methods
	Natural substances and reagents
	Chemo-characterization of EOs
	Porcine spermatozoa collection and evaluations
	Statistical analysis

	References
	Acknowledgements


