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ABSTRACT

Administration of essential oils as natural plant products with

antimicrobial activity might be an alternative to antibiotic treat-

ment of bovine respiratory disease. The aim of this study was to

analyse the in vitro antimicrobial activity of 11 essential oils

against Pasteurella multocida isolated from the respiratory tract

of calves using microdilution with determination of minimum

inhibitory and bactericidal concentration aswell as agar disc dif-

fusion. Additionally, antimicrobial activity against Mannheimia

haemolytica and bacteria in theMannheimia clade was assessed

by agar disc diffusion. Seven essential oil mixtures were also

tested against all bacterial isolates. P. multocidawas strongly in-

hibited by cinnamon cassia and lemongrass oil followed by cori-

ander, winter savory, thyme, clove, and peppermint oil in the

microdilution assays. Eucalyptus, wintergreen, spruce, and star

anise oil showed lower activity. Comparison of both methods

revealed an underestimation of cinnamon cassia oil activity by

agar disc diffusion and conflicting results for wintergreen oil in

microdilution, which precipitated in broth. Cinnamon cassia,

thyme, wintergreen, lemongrass, and winter savory oil all

showed strong antimicrobial activity against M. haemolytica.

Bacteria in the Mannheimia clade were mostly inhibited by cin-

namon cassia and thyme oil. Pasteurella isolates were more sus-

ceptible to inhibition by essential oils thanMannheimia isolates.

Essential oil mixtures did not show stronger antibacterial activ-

ity than single essential oils. In conclusion, cinnamon cassia and

lemongrass aswell as coriander,winter savory, and thymeoil are

promising candidates for treatment of P. multocida-associated

bovine respiratory infections.

Screening of Antimicrobial Activity of Essential Oils against Bovine
Respiratory Pathogens – Focusing on Pasteurella multocida

Original Papers

Article published online: 2022-02-18
Introduction
Pasteurella multocida and Mannheimia haemolytica are commen-
sals and also opportunistic pathogens in multifactorial BRD [1,2].
In cattle, BRD is a leading cause of morbidity and mortality [3].
Pathogenesis of BRD depends on multiple factors, such as the
animal host, the environment, and involved pathogens [1,2]. Of
these, P. multocida is an important causative agent in the develop-
ment of BRD [4]. M. haemolytica is a major cause of severe fibrin-
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ous pleuropneumonia [5]. Clinical signs of infection involve respi-
ratory distress, cough, fever, nasal discharge, and inappetence
associated with weight loss [1, 4,6].

Often, antimicrobials are used for metaphylactic or therapeutic
treatment of clinical BRD. A European study observed a still high
susceptibility of P. multocida and M. haemolytica isolated from dis-
eased, antimicrobial non-treated cattle against licensed antibiotics
[7]. However, in North America, the prevalence of non-susceptible
respiratory tract isolates in diseased animals is steadily increasing
et al. Screening of Antimicrobial… Planta Med 2022; 88: 274–281 | © 2022. The author(s).



ABBREVIATIONS

ANOVA analysis of variance

BRD bovine respiratory disease

CAMHB cation-adjusted Mueller-Hinton broth

EO essential oil

IZR inhibition zone radius

MALDI‑TOF MS matrix-assisted laser desorption/ionisation

time-of-flight mass spectrometry

MBC minimum bactericidal concentration

MIC minimum inhibitory concentration
[8]. Several studies analysed the association of antimicrobial treat-
ment and development of bacterial resistances. For example, mul-
tiple antibacterial treatments are associated with a higher proba-
bility of antimicrobial resistances in cattle [9]. Lower respiratory
tract isolates of cattle receiving metaphylactic tulathromycin and
chlortetracycline treatment showed a high macrolide resistance
level [10]. Stanford et al. [11] found an increased antimicrobial re-
sistance for macrolides, higher MICs across antimicrobial classes,
and more resistance-related gene determinants in BRD isolates
from cattle managed with antimicrobials in comparison to non-
treated animals. This emphasises the importance of prudent anti-
microbial use and the necessity of ongoing research on alterna-
tives for prophylaxis, metaphylaxis, and treatment of BRD.

Medicinal plants containing EOs bear great potential for com-
bined or alternative therapy of respiratory conditions in cattle
[12]. EOs like thyme, eucalyptus, tea tree, and ravintsara are al-
ready used by some practicing veterinarians for the treatment of
respiratory infections via oral, topic, or rectal application [13]. The
inhalation of EOs is also recommended [14]. EOs are natural plant
products and complex mixtures of volatile lipophilic compounds
like monoterpenes, sesquiterpenes, and/or phenylpropanoids
[15]. They are mainly produced by water or steam distillation or
mechanical processing of plant material. As an in vitro screening
method for antibacterial activity of EOs, agar disc diffusion can
be used [16], which provides an affordable method for suscepti-
bility testing of EOs in veterinary routine diagnostics. Agar disc
diffusion has disadvantages due to volatility and different solubil-
ity of EO components in the agar. The more elaborate broth dilu-
tion is the preferred method for analyses of EO activity, but hardly
feasible in the daily laboratory routine.

Reports describing in vitro antibacterial activity of EOs against
bacterial bovine respiratory pathogens are scarce [17–19]. Hence,
further knowledge about the potential of EOs as an alternative
treatment of BRD is needed. The aim of this study was (i) to analyse
the in vitro antimicrobial activity of 11 EOs against P. multocida iso-
lates from the respiratory tract of calves by microdilution, deter-
mining both the minimum inhibitory and bactericidal concentra-
tions as well as by agar disc diffusion for comparison purposes. Ad-
ditionally, (ii) to analyse antimicrobial activity of EOs against
M. haemolytica and bacteria in the Mannheimia clade and (iii) anti-
bacterial activity of seven EO mixtures against all bacterial isolates
by agar disc diffusion. Thus, EOs for further research on phytother-
apeutic prophylaxis and treatment of BRD should be identified.
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Results
In microdilution, cinnamon cassia and lemongrass oil showed the
strongest antibacterial activity against P. multocida with median
MICs of 0.0078 and 0.0313%, respectively (▶ Fig. 1a). Coriander,
winter savory, and thyme oil had an MIC of 0.125%, followed by
clove (MIC of 0.1875%), peppermint (MIC of 0.25%), and eucalyp-
tus and wintergreen oil (both: MIC of 0.5%). The weakest EOs were
spruce (MIC of 1.0%) and star anise oil (MIC > 1.0%). It is important
to mention that wintergreen oil immediately precipitated in the
broth at the bottomof thewell. Therefore, the visual determination
of the MIC for wintergreen oil was not distinct. The MBC differed
from the MIC, except for winter savory, thyme, and eucalyptus oil
(▶ Fig. 1a). For several bacterial isolates, the MBC and MIC differed
by one dilution step. This applies for spruce (10% of isolates),
coriander, clove, peppermint oil (20–26% of isolates), lemongrass
(43% of isolates), and cinnamon cassia oil (67% of isolates). For
wintergreen and star anise oil, the MIC and MBC were not always
possible to determine. MICs that did not have bactericidal effects
led to a reduction of bacterial growth on plated agar plates, in
contrast to growth controls. In agar disc diffusion, lemongrass oil
(median IZR: 30.13mm, interquartile range: 7.31) most effectively
inhibited the growth of P. multocida, followed by cinnamon cassia
(22.25mm, 2.38), thyme (18.5mm, 2.38), winter savory
(16.75mm, 0.94), coriander (15.00mm, 2.88), wintergreen
(14.5mm, 1.25), peppermint (13.5mm, 2.38), and clove oil
(11.25mm, 1.88) (▶ Fig. 1b). Comparison of the results of agar
disc diffusion and microdilution of P. multocida (▶ Fig. 2) revealed
twomajor differences in EO activity. Cinnamon cassia oil was much
less effective than expected from themicrodilution results.Winter-
green oil showedbetter activity in agar disc diffusion than expected
from the microdilution results, where precipitation of the EO oc-
curred. The other EOs showed concordant results of bothmethods.
Thyme, winter savory, and coriander oil had similar activity in agar
disc diffusion (IZR of 18.5–15.00mm) and the same MIC (0.125%)
in microdilution. Peppermint and clove oil also showed similar
activity in agar disc diffusion (IZR of 13.5–11.25mm) and micro-
dilution (MIC values of 0.25 and 0.1875%). Star anise, spruce, and
eucalyptus oil had the weakest activity in both agar disc diffusion
(IZR of 7.50–5.00mm) andmicrodilution (MIC of 0.5% – ≥ 1.0%).

Isolates ofM. haemolytica and bacteria in theMannheimia clade
weremost efficiently inhibited by cinnamon cassia and thyme oil in
agar disc diffusion (▶ Fig. 3). M. haemolytica was also inhibited by
wintergreen, lemongrass, winter savory, clove, coriander, pepper-
mint, and star anise oil in descending order. Bacteria in the
Mannheimia clade were also inhibited by winter savory, coriander,
wintergreen, lemongrass, peppermint, clove, and star anise oil.
Eucalyptus and spruce oil only yielded small or no inhibition zones
against all bacterial isolates. A two-way ANOVA was conducted to
examine the effect of bacterial isolates and EOs on the size of the
IZR. There was a statistically significant interaction between the EO
and bacterial isolate (F = 12.37, df = 20, 279, p < 0.001). Predomi-
nantly, P. multocida isolates were more susceptible than Mannhei-
mia isolates, except for star anise and eucalyptus oil (▶ Fig. 3).

Additionally, agar disc diffusion of EO mixtures, composed of
the most potent single EOs, was performed. All EO mixtures
showed antibacterial activity against all bacterial isolates (Fig. 1S,
275thor(s).



▶ Fig. 1 Depicted is (a) the minimum inhibitory and bactericidal concentration (MIC and MBC) in % of EOs and (b) the inhibition zone radius (IZR) in
mm against P. multocida (n = 10). Statistically significant results of comparison of MICs or IZR of EOs are given. Conducted was a Kruskal-Wallis test
(chi square = 100.94, df = 10, p < 0.001) and post hoc Dunn test with Benjamini-Hochberg adjustment for pairwise comparison. P values of statis-
tically significant differences and indicating asterisks (*p value ≤ 0.05, **p value ≤ 0.01, ***p value ≤ 0.001, ‑not significant) are stated within the
figure. (↑) MIC and MBC > 1%
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Supporting Information). A two-way ANOVA was conducted that
examined the effect of bacterial isolates and EO mixtures on the
size of the IZR. There was no interaction between the EO and bac-
terial isolate (F = 1.14, df = 12, 189, p = 0.328), but the bacterial
isolate (F = 266.44, df = 2, 189, p < 0.001) as well as the EO mix-
ture (F = 8.01, df = 6, 189, p < 0.001) had an effect on the size of
the IZR. Multiple comparison of the main effects revealed that
P. multocida was more susceptible against the EO mixtures than
M. haemolytica (p < 0.001) and bacteria in the Mannheimia clade
(p < 0.001). M. haemolytica was also more susceptible than bacte-
ria in the Mannheimia clade (p < 0.001) (Fig. 1S, Supporting Infor-
mation). The EO mixtures did not exceed antibacterial activity of
the single EOs (Fig. 2S, Supporting information).
Discussion
The analysis of antimicrobial activity of EOs is lacking standardised
methods and is demanding due to their complexity, water insolubil-
ity, and volatility [20]. In agar disc diffusion, the size of the inhibition
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zone of bacterial growth depends on the diffusion of the EO compo-
nents into the agar, which could be impaired by their hydrophobicity
and volatility [16]. However, inhibition of bacterial growth proves
antibacterial activity. Broth dilution enables direct contact between
all EO components and the pathogen and allows for the determina-
tion of theMIC and subsequent determination of theMBC. Bacterio-
static activity has been defined as a ratio of MBC to MIC of > 4 [21],
lower ratios indicate a bactericidal activity. For the EOs analysed in
this study, a bactericidal mode of action can be assumed, because
their MBC‑MIC ratio is 1–2. Broth dilution is considered themore re-
liablemethod for analysis of antimicrobial activity of EOs. Neverthe-
less, agar disc diffusion is used in veterinary routine diagnostics to
predict EO activity before therapeutic use (aromatogram). For the
specific EOs analysed in this study, agar disc diffusion is generally val-
id, as shown by the comparison of the results of bothmethods. Two
exceptions are the underestimation of cinnamon cassia oil activity
and the conflicting results for wintergreen oil. Wintergreen oil im-
mediately precipitates in the broth despite the presence of an emul-
sifier. In this case, the microdilution has to be interpreted with cau-
et al. Screening of Antimicrobial… Planta Med 2022; 88: 274–281 | © 2022. The author(s).



▶ Fig. 2 Plotted is the minimum inhibitory concentration (MIC)
and the inhibition zone radius (IZR) of EOs against P. multocida
and the regression line with 0.95 confidence interval of prediction.
Cinnamon cassia oil, which shows largest divergence, is encircled.
tion. The limitations of agar disc diffusion account for Pasteurella and
Mannheimia isolates in the same manner and comparison of differ-
ences in their susceptibility are admissible. Predominantly, P. multo-
cida isolates are more susceptible than Mannheimia isolates, which
was also observed by others [17,19]. Moreover, agar disc diffusion
of seven EOmixtures was performed. The good antimicrobial activ-
ity of all EOmixtures against P. multocidamost likely depends on the
high contentof lemongrass oil (60–70%),which showed stronganti-
microbial activity against P. multocida in agar disc diffusion. For de-
termination of the synergistic effects of EOmixtures, determination
of the fractional inhibitory concentration using checkerboard assays
could be performed in future studies.

Only a few studies investigated the antimicrobial activity of EOs
against BRD pathogens. Two studies analysed the effect of winter
savory and thyme oil against P. multocida [17,19]. Amat et al. [17]
observed good activity of thyme oil (Thymus zygis L.) against one
bovine clinical respiratory tract isolate of P. multocida, with an MIC
of 0.013%. They [17] also found the MIC equalled the MBC for this
Pasteurella isolate, similar to the results obtained in our study. In a
study from Salzmann [19], winter savory and thyme oil (Thymus
vulgaris L.) showed strong antibacterial activity against bovine
P. multocida and M. haemolytica isolates using agar disc diffusion
and microdilution, with MICs of 0.39 and 0.63%, respectively. In
the same study [19], eucalyptus oil had a weak antibacterial effect
against P. multocida in agar disc diffusion and inhibited bacterial
growth in microdilution, with an MIC of 0.23%. Different MICs of
thyme oil obtained in these studies could be explained by different
plant species of the thyme used (T. zygis L. and T. vulgaris L.), but
all belonging to Thymi herba. EOs as natural plant products can
vary in their composition of single chemical compounds due to
the plant parts used, extraction methods, region of growth, or
harvest season [22]. The antimicrobial activity of an EO can differ
depending on its composition [23]. Thus, analysed antimicrobial
activities apply for the specific batch of the tested EO within a
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study. A study by Kissels et al. [24] analysed the antimicrobial
activity of the EO components thymol, carvacrol, and 1,8-cineole
against bovine type strains of P. multocida and M. haemolytica us-
ing microdilution: thymol and carvacrol, which are major compo-
nents of thyme and winter savory oil, exhibited strong antimicro-
bial activity. The monoterpenoid 1,8-cineole, which is a major
component of eucalyptus oil, had no antibacterial effect [24]. This
strong and weak activity of major EO components [24] equates
the antimicrobial activity of their EOs found in our study.

Toxic side effects are not expected, as low MICs obtained for
most EOs implicate a possible low dose application of EOs. EO
preparations could be applied orally or by inhalation, direct nasal,
or rectal application. In vitro and in vivo studies demonstrating EO
safety and clinical efficiency on respiratory symptoms in animals
and humans encourage their future use in veterinary medicine
[17,25–28]. Fararh et al. [26] showed that an orally applied EO
mixture of eucalyptus, lemon, cornment, rosemary, and Echinacea
purpurea (0.015–0.03%) in combination with an injection of tula-
thromycin reduced respiratory manifestation and improved blood
gas values in calves with respiratory disease caused by P. multocida
and Haemophilus spp. Inhalation or direct nasal application of
diluted EO preparations would enable specific targeting of the res-
piratory tract. In the literature, it has been reported [17] that in vi-
tro, no cytotoxic effect against bovine turbinate cells could be de-
tected by the use of diluted thyme or eucalyptus oil in concentra-
tions of ≤ 0.4%. The MIC values for thyme and eucalyptus oil found
in our study are below this value, thus safe application of those EOs
should be possible while still exerting antibacterial activity. Fur-
ther, only minimal or no cytotoxic effect could be observed in vitro
by LeBel et al. [25] for diluted thyme and winter savory oil
(≤ 0.078%) against porcine tracheal epithelial cells. Human studies
showed a short-term beneficial effect of eucalyptus oil inhalation
(final air concentration of 0.056%) [27] or nasal application of an
EO spray mixture (Eucalyptus citriodora and globulus, Mentha
piperita, Origanum syriacim, Rosmarinus officinalis) [28].

Besides antimicrobial activity, other positive effects of EOs
might contribute to the host defence against respiratory tract in-
fections. Wu et al. [29] showed that linalool, a major compound of
coriander and thyme oil (chemotype linalool), activated the Nrf-2
signalling pathway in a human lung cell line and impaired the ex-
pression of pro-inflammatory cytokines of P. multocida. Subcuta-
neous treatment with linalool also led to enhanced clearance of
P. multocida, decreased lung neutrophil accumulation, and im-
proved survival of mice [29]. Additionally, Amat et al. [30] ob-
served only minimal in vitro effects of thyme and eucalyptus oil
on commensal microbiota like Lactobacilli, Bacilli, and Staphylo-
cocci, which might be able to maintain respiratory health by inhi-
bition of pathogen colonisation.

Overall, cinnamon cassia and lemongrass oil showed the best
antimicrobial activity against bovine respiratory tract isolates of
P. multocida, followed by coriander, winter savory, and thyme oil.
Comparison of microdilution and agar disc diffusion of P. multoci-
da isolates showed reliable results obtained in agar disc diffusion
for the specific EOs analysed in this study, except for an under-
estimation of cinnamon cassia oil activity and inconsistent results
of wintergreen oil. Mannheimia isolates were strongly inhibited by
cinnamon cassia and thyme oil in agar disc diffusion. Further re-
277thor(s).



▶ Fig. 3 Depicted is the inhibition zone radius (IZR) in mm of EOs against P. multocida (n = 10), M. haemolytica (n = 10), and Mannheimia clade
(n = 10). Only statistically significant results of comparison of differences in susceptibility of P. multocida vs. M. haemolytica vs. Mannheimia clade
against the same EO are given. Conducted was a two-way ANOVA (interaction between EO and bacterial isolate: F = 12.37, df = 20, 279, p < 0.001)
and a post hoc pairwise comparison with Benjamini-Hochberg adjustment. P values of statistically significant differences and indicating asterisks
(*p value ≤ 0.05, **p value ≤ 0.01, ***p value ≤ 0.001) are stated with the significance bars.
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search is needed to validate the clinical potential, especially of cin-
namon cassia, lemongrass, and thyme oil in BRD treatment.
Material and Methods

Bacterial isolates

Clinical bacterial isolates of P. multocida (n = 10), M. haemolytica
(n = 10), andMannheimia clade (n = 10) were analysed in this study.
All P. multocida, three M. haemolytica, and all Mannheimia clade iso-
lates were derived from deep nasopharyngeal swabs of veal calves,
sampled within the “outdoor veal calf” project [31]. Nasopharynge-
al swabs of the calves were streaked onto Pasteurella selective agar
purchased from Thermo Scientific Oxoid. Plates were incubated at
37°C for 24 h. One single colony per plate was selected for species
identification with MALDI‑TOF MS using Microflex LT from Bruker
Daltonik GmbH. Colonies identified as P. multocida, M. haemolytica,
and bacteria in theMannheimia clade (identification on genus level)
were purified on trypticase soy agar plates containing 5% sheep
blood purchased from Becton Dickinson and incubated at 37°C for
24 h. Identification was confirmed by MALDI‑TOF MS and the
isolates were frozen in 30% glycerol stocks at − 80°C. Seven
M. haemolytica isolates derived from bovine nose swabs which were
sent in for veterinary routine diagnostics to Laboklin GmbH&Co.KG.
Since these isolates originated from routine diagnostic samples, no
further information on the sampled animals was available and iso-
lates were chosen randomly from the diagnostic pool. Isolates were
identified by colony morphology and MALDI‑TOF MSwith Microflex
LT/SHbyBrukerDaltonikGmbH. A confidence scorewasused to rate
agreement between the created spectrum and reference spectra
provided by the Bruker database. Isolates had confidence scores > 2
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allowing for genus and species identification. Bacterial isolates were
stored frozen with the CRYOBANK system fromMast Diagnostica at
− 20°C without additional additives.

Essential oils and essential oil mixtures

The tested EOs (▶ Table 1) and EO mixtures (▶ Table 2) were pro-
vided by SaluVet GmbH. Spruce oil was obtained from two differ-
ent plant types. EO mixtures were composed of EOs that showed
the strongest antibacterial activity tested individually. Lemon-
grass oil, according to results of previously carried out internal
examinations, was expected to have a very strong antibacterial ef-
fect against all tested microorganisms. Therefore, it was chosen as
the main component of all EO mixtures, with a content of at least
60%. Other oils were added in such a concentration that possible
synergistic effects were expected to be detectable, whilst lemon-
grass oil still mainly determined the effect.

Agar disc diffusion

All bacterial isolates [P. multocida (n = 10), M. haemolytica (n = 10),
and Mannheimia clade (n = 10)] were analysed by agar disc diffu-
sion. Cryopreserved bacteria were recovered at 36 °C on Columbia
agar with 5% sheep blood purchased from Becton Dickinson 24 h
before performing agar disc diffusion. Agar disc diffusion of EOs
or EO mixtures was performed on Mueller-Hinton agar with 5%
sheep blood from Becton Dickinson as previously described by us
[32]. Agar plates were inoculated with 100 µL of bacterial suspen-
sion adjusted to 0.5 McFarland in sterile 0.9% NaCl solution. After-
wards, a sterile 6-mm diameter blank filter paper disc purchased
from Becton Dickinson was placed in the middle of the inoculated
agar plate and loaded with 10 µL of the EO or EO mixture to be
analysed. After overnight incubation at 36 °C, the inhibition zones
et al. Screening of Antimicrobial… Planta Med 2022; 88: 274–281 | © 2022. The author(s).



▶ Table 1 The 11 analysed EOs with their common name, scientific name, plant species, used plant part, origin of plants, extraction method, and
chemical composition according to manufacturer or literature.

EO common
name

Scientific name Plant species Plant part Origin of
used plants

Extraction
method

Chemical composition given by the
[A] manufacturer/[B] literature

Cinnamon
cassia

Cinnamomi cassiae
aetheroleum

Cinnamomum
cassia (L.) J.Presl

leaves and
young
branches

China steam
distillation

[A] cinnamaldehyde 77.9%, trans‑2-
methoxycinnamaldehyde 9.1%,
cinnamyl acetate 3.4%, coumarin 2.1%,
eugenol 0.1%

Clove Caryophylli
aetheroleum

Syzygium aromati-
cum (L.) Merr. et
L.M. Perry

leaves Indonesia steam
distillation

[B] eugenol (60–95%) [39]; (75–88%)
[40], α- and β-caryophyllene (5–10%)
[39]; (75–88%) [40], acetyleugenol (2–
27%) [39], (4–15%) [40], < 1%: 2-hepta-
none, ethyl hexanoate, humulenol; ses-
quiterpenes, α-humulene, α-humulene
epoxide, β-humulene, β-caryophyllene
oxide, α-cubebene, α-copaene,
α-cadinene, δ-cadinene, α-ylangene,
calacorene, calamenene [40]

Coriander Coriandri
aetheroleum

Coriandrum
sativum L.

fruits Russia steam
distillation

[A] linalool 71.04%, α-pinene 6.12%,
γ-terpinene 4.91%, camphor 4.53%,
geranyl acetate 3.74%, limonene 2.59%,
geraniol 1.78%, p-cymene 0.65%,
α-terpineole 0.28%

Eucalyptus Eucalypti
aetheroleum

Eucalyptus globu-
lus Labill.

leaves and
branches

China steam
distillation

[B] 1,8-cineole (54–95%), α-pinene
(2.6%), p-cymene (2.7%) [39]

Lemongrass Cymbopogoni
aetheroleum

Cymbopogon
flexuosus Nees
ex Wats.

aerial parts India steam
distillation

[B] citral (75%), geraniol (5.6%) [41]

Peppermint Menthae piperitae
aetheroleum

Mentha x
piperita L.

aerial parts India steam
distillation

[A] menthol 40.32%, menthone 25.22%,
menthyl acetate 5.33%, cineole 4.6%,
isomenthone 4.16%, menthofuran
2.79%, limonene 2.14%, pulegone
1.00%, isopulegol 0.19%, carvone 0.07%

Spruce Piceae aetheroleum Abies sibirica
Ledeb.; Abies alba
Mill.

needles
and
branches

Russia steam
distillation

[B] Abies sibirica: bornylacetate (30–
40%), camphene (ca. 10%), santene,
α- and β-pinene, α-phellandrene, limo-
nene; Abies alba: bornylacetate (37–
49%), camphene (10–17%), α- and
β-pinene [38]

Star anise Anisi stellati
aetheroleum

Illicium verum
Hook. fil.

fruits China steam
distillation

[B] trans-anethole (80–90%), methylcha-
vicol, foeniculin, cis-anethol, anisalde-
hyde, limonene, linalool, α-pinene [38]

Thyme Thymus zygis
aetheroleum

Thymus zygis L. aerial parts Spain steam
distillation

[A] thymol 46.69%, γ-terpinene 9.65%,
p-cymol 19.56%, linalool 4.51%, carva-
crol 3.04%, myrcene 1.87%, α-terpinene
1.72%, α-thujene 1.39%, terpinene-4-ol
1.01%, carvacrol methyl ether 0.34%

Wintergreen Gaultheriae
aetheroleum

Gaultheria
procumbens L.

leaves China steam
distillation

[A] methyl salicylate 98.90%

Winter savory Saturejae monta-
nae aetheroleum

Satureja
montana L.

aerial parts Southern
Europe

steam
distillation

[B] carvacrol (30–60%), p-cymene (10–
20%), γ-terpinene (5–15%), borneole,
carvone, β-caryophyllene [38]
were measured. Growth controls with only sterile blank filter pa-
per discs and negative controls of EOs without bacterial inoculum
were performed. Agar disc diffusion was run in duplicate. Since
the blank filter paper discs had a radius of 3mm, this was the
smallest IZR to be determined.
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Microdilution

Microdilution for determination ofMIC andMBCwas conducted for
all 11 EOs against P. multocida isolates (n = 10) as described by Cer-
melli et al. [33] with broth and inoculum according to CLSI [34].
Cryopreserved bacteria were recovered at 36 °C on Columbia agar
279thor(s).



▶ Table 2 The composition of the seven EO mixtures.

EO mixtures

2 EOs 1 70% lemongrass + 30% cinnamon cassia

2 70% lemongrass + 30% thyme

3 70% lemongrass + 30% wintergreen

4 70% lemongrass + 30% winter savory

3 EOs 5 70% lemongrass + 30% cinnamon cassia
+ 10% thyme

6 65% lemongrass + 20% winter savory
+ 15% cinnamon cassia

4 EOs 7 60% lemongrass + 15% cinnamon cassia
+ 15% winter savory + 10% thyme

Original Papers
with 5% sheep blood 24 h before performingmicrodilution. A two-
fold serial dilution of EOs from 1.0–0.0039% was prepared in 96-
well plates using CAMHB from Becton Dickinson with 0.5% Tween
20 from Merck Millipore as the emulsifier. Bacterial inoculum ad-
justed to 0.5 McFarland in sterile NaCl prediluted in CAMHB broth
with 0.5% Tween 20 was seeded in prepared 96-well plates. Bacte-
rial inoculum had a final dilution of 1 :200 in 100 µL broth per well.
A positive growth control with only CAMHB with 0.5% Tween 20
but no EO, and a negative control of the twofold serial dilution of
EOs without bacterial inoculum was run alongside. The 96-well
plates were sealed with a plastic sheet and incubated at 36 °C for
24 h. The MIC was determined visually as the lowest concentration
of EO inhibiting visible bacterial growth in 96-well plates.

For determination of MBC, 100 µL of suitable wells were plated
on Columbia agar with 5% sheep blood along with the positive
and negative controls. The MBC was determined as the lowest
concentration of EO inhibiting bacterial growth on inoculated
agar plates.

Experimental design

In this study, activity of 11 EOs against P. multocida isolates (n = 10)
was analysed usingmicrodilution for the determination of MIC and
MBC. Microdilution was performed in triplicate and the mean of
each triplicate was used for further statistical analyses. Additional-
ly, the 11 EOs and 7 EOmixtures were screened for their antimicro-
bial activity against bacterial isolates of P. multocida (n = 10),
M. haemolytica (n = 10), and bacteria in the Mannheimia clade
(n = 10). Agar disc diffusion was performed in duplicate, and the
mean of each duplicate was used for further statistical analyses.

Statistical analyses

Analysis was conducted in “R” [35] and figures were produced us-
ing the package ggplot2 [36]. The Shapiro-Wilk test was used to
test for normality. Each group of bacterial isolate-EO combination
was analysed individually for normality. The IZR of P. multocida and
spruce oil [W(9) = 0.830, p = 0.033], star anise oil [W(9) = 0.771,
p = 0.006], and wintergreen oil [W(9) = 0.792, p = 0.012], as well
as M. haemolytica and coriander oil [W (9) = 0.843, p = 0.048],
eucalyptus oil [W(9) = 0.833, p = 0.036], spruce oil [W(9) = 0.366,
p < 0.001], and star anise oil [W(9) = 0.836, p = 0.040] as well as
280 Bismarck D
Mannheimia clade and spruce oil [W(9) = 0.837, p = 0.041] were
not normally distributed.

Differences of EO activity for agar disc diffusion and microdilu-
tion of P. multocida were analysed with the Kruskal-Wallis test for
global comparison of differences, followed by Dunnʼs post hoc
test with Benjamini-Hochberg adjustment for multiple pairwise
comparison. Differences of susceptibility of P. multocida vs.
M. haemolytica vs. Mannheimia clade against the same EO in agar
disc diffusion were analysed with the ARTool of “R” [37] as follows:
after the alignment rank transformation to allow for analyses of
nonparametric data, a two-way ANOVA was performed for global
comparison of differences, followed by a post hoc pairwise com-
parison with ART‑C and Benjamini-Hochberg adjustment.

Supporting information

Supporting Information includes graphics on the EO mixture ac-
tivity against P. multocida, M. haemolytica, and Mannheimia clade
(Fig. 1S) and on the activity of EO mixtures and their single EO
constituents against P. multocida, M. haemolytica, and Mannheimia
clade (Fig. 2S).
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