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ABSTRACT

To fight the rising resistance of microorganisms to antibiotics,

a strategy followed by several researchers is to focus on natu-

ral compounds, such as essential oils, as a source of potent

antibacterial compounds. These last decades, hundreds of

original papers have been written about microbiological as-

says that prove the antibacterial activity of essential oils and

their use in the medical field. But can we really compare all

the data available in the literature when the raw material, the

microbiological assays, and/or the strains are different from

one article to another? This review will point out the differ-

ences and the inadequate practices found in published ar-

ticles that tested 2 lesser-studied essential oils–Spanish laven-

der and the ajowan–by the broth dilution method against

Staphylococcus aureus, a human pathogenic bacterium. Many

pitfalls were found in the literature, for example, a variable

chemical composition rarely underlined by the authors, un-

identified strains or clinical strains used without a related anti-

biogram, a lack of quality controls, and the assertion of ques-

tionable positive results. At last, some general guidelines that

should be followed by every scientific researcher will be dis-

cussed.

Proposals for Antimicrobial Testing Guidelines Applied
on Ajowan and Spanish Lavender Essential Oils#
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Introduction
Today, there is significant concern about the rise of bacterial strain
resistance. Governments and organizations have published sev-
eral reports or global action plans to tackle this health problem
[1–3]. One way of fighting the multidrug-resistant strains is to
# Dedicated to Professor Arnold Vlietinck on the occasion of his 80th

birthday.

754 Oliveira Ribeiro S et al. Proposa
find new compounds with antibacterial activity. In the last
20 years, essential oils have been tested against different bacteria,
and their antibacterial activity no longer needs to be proven [4–
6]. Using the terms “antibacterial” and “essential oil” on the data-
base PubMed, we found no less than 2910 results for the period
between 2000 and 2021 [7]. In the research articles, it is usual
* Equally contributing project leaders.
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for the author to compare their results with the results obtained
by other authors. However, can we truly compare results if the es-
sential oils are chemically different, if the methods used have
different parameters, and if the strains tested are different? Most
scientists would say no, but that is what shows up in most of the
literature available on this topic. The criticism of the testing and
evaluation of the antibacterial activity of essential oils according
to some methods is not new. In 1987, Janssen et al. [8] published
a review where they analyzed 4 important aspects of the test
methods: the assay technique, the growth medium, the micro-
organism, and the chemical composition of essential oil. More re-
cently, Cos et al. [9] discussed recommendations for a “proof-of-
concept” for, among other things, the antibacterial activity of nat-
ural products. Specifically for the essential oils, Kalemba et al. [10]
and Orchard et al. [11] have also pointed some variations in fac-
tors that can affect the results and make the comparison difficult:
the chemical composition, the microbial strain collection number,
the temperature and the length of incubation, the inoculum size,
and the solubilizing solvent used. This review is an attempt to
demonstrate briefly the variability and mistakes in some key fac-
tors when testing the antibacterial activity of essential oils by the
broth dilution method. To contribute to the improvement of this
method, some guidelines will be provided as a conclusion. The re-
view will focus on the antimicrobial activity of 2 lesser-known es-
sential oils–Lamiaceae, Lavandula stoechas L. (Spanish lavender)
and the Apiaceae, Trachyspermum ammi (L.) Sprague (ajowan)–
tested by the broth dilution method against the human patho-
genic strain Staphylococcus aureus.
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Experimental Research
The search strategy for this review used the following limitation
criteria: (I) the databases: SciFinder, ScienceDirect, Google
Scholar, and PubMed; (II) the years of publication (from 2000 to
2020); (III) the selected languages (English, French, and Portu-
guese); (IV) the specific search terms: XY/XY essential oil/X essen-
tial oil/Z essential oil/XY essential oil antibacterial/X essential oil
antibacterial. Here XY must be replaced by the scientific name
where X is the genus and Y is the specific name. The letter Z refers
to the English common name. The official synonyms for the 2 es-
sential oils studied in this review, as listed on the website, “The
Plant List” [12], were also searched in combination with the search
terms mentioned above.
The Broth Dilution Method
and the Variability of Its Factors

Broth dilution method: brief description
and variability of the inherent factors

The 2 basic methods used to determine the antimicrobial activity
of natural products are the diffusion and the dilution method. The
first one is not described in this paper because we believe that this
method is not appropriate for the complex volatile hydrophobic
nature of the essential oils [11,13]. The low water solubility co-
efficient of the essential oil in the agar makes the inhibition zone
incomparable with the results obtained by the dilution method [9,
Oliveira Ribeiro S et al. Proposals for Antimicrobial… Planta Med 2021; 87: 754–763 | © 2021. T
13]. For example, Ghabraie et al. [14] used the 2 methods to test
the antibacterial activity of several essential oils, and the activities
against the same strain of S. aureus were different with each
method. With the diffusion method (4 µl applied in a 6-mm diam-
eter cellulose test disc), ajowan was the most active (twice the in-
hibition zone of Chinese cinnamon), while in the dilution method,
the Chinese cinnamon (MIC = 470 ppm) showed antibacterial ac-
tivity at an MIC lower than the ajowan (MIC = 3750 ppm). This is
why we decided to focus on the dilution method, in which we al-
ways used a cosolvent (usually DMSO or Tween) to ensure the
complete dissolution of the compounds contained in the essential
oils. The importance of this cosolvent will be discussed later on.

The Clinical & Laboratory Standards Institute (CLSI) provides
universal guidelines to test products against different pathogens
[15]. Briefly, for bacteria that grow aerobically such as S. aureus,
the broth dilution method consists of a serial dilution of the essen-
tial oil on microplates (microdilution) or in tubes (macrodilution).
The inoculum is then added, and, after an incubation period, the
minimal inhibitory concentration (MIC) is determined. The MIC is
determined by the naked eye and corresponds to the lowest well
or tube where the bacteria growth is totally inhibited [16]. At this
point, 3 factors can already be a source of variability: the medium,
the inoculum, or the incubation period. Nevertheless, the CLSI
standards precisely state the optimal procedure that they use for
pure compounds: Mueller Hinton broth is the reference medium;
the inoculum should be done by the suspension method with col-
onies less than 18–24 h old and with a final density of 5 × 105 CFU/
mL; the tubes or the plates should be incubated at 35 °C ± 2 °C for
16–20 h [15]. The same parameters are also recommended by the
European Committee on Antimicrobial Susceptibility Testing
(EUCAST), which includes references to the International Stan-
dards Organization (ISO) recommendations [17]. These 3 param-
eters should not be open to variability, and the authors should be
aware of these standards and apply them. The standardization of
these parameters will not be discussed further in this paper.

Three major factors will be discussed in this paper: the chemi-
cal composition of the essential oil, the selected strains, and the
controls to perform when testing essential oils by the broth dilu-
tion method. ▶ Table 1 reviews all the variable components dis-
cussed above for L. stoechas L. and Trachyspermum ammi (L.)
Sprague.

Variabilities on the chemical composition of essential oils

Many parameters can influence the variability of the chemical
composition of essential oils, such as the genotype, the climate,
seasonal variations, the soil composition, the plant organ, or the
harvesting period [18]. Since 1968, the term chemotype has been
used to characterize individuals morphologically identical but
with a variation in the secondary metabolism. Due to all the abio-
tic and biotic factors that can influence the chemical profile of an
essential oil, it is very difficult to identify and clearly describe a
chemotype. Among the essential oils, despite the high chemical
variability, not all of them are assigned by defined chemotypes
[19,20].

Three conditions having a major impact on the chemical com-
position of essential oils are the geographical plant origin, the or-
gan, and the extractive method used. A good research practice
755hieme. All rights reserved.
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roposa
would be to always report at least these 3 parameters in all pa-
pers. In the first case, it is usual to record the country of origin,
but some authors forget to indicate this information [21]. How-
ever, some authors, such as Khoury et al. [22], described perfectly
the conditions of the harvested plant (region, district, GPS loca-
tion, altitude, collection date, and voucher number). In their pa-
per, the authors analyzed the antimicrobial activity of 11 Lamia-
ceae species harvested in Lebanon and looked at the chemical
composition of the essential oil while also comparing it to other
papers. Even when commercial extracts are used, the geographi-
cal origin and the used part should be mentioned. Ghabraie et al.
[14] tested 32 commercial essential oils for their antibacterial ac-
tivity, and they specified the origin, the distilled part, and the
chemical composition. The correct botanical identification of the
organ is also important. In the case of the ajowan, the fruit and
the seed refers to the same organ, which is actually generalized
as the fruit of T. ammi. In ▶ Table 1, the term used by the authors
were maintained. Regarding the extraction method, an essential
oil is defined by the European pharmacopeia as “Odorous prod-
uct, usually of complex composition, obtained from a botanically
defined plant raw material by steam distillation, dry distillation, or
a suitable mechanical process without heating. Essential oils are
usually separated from the aqueous phase by a physical process
that does not significantly affect their composition” [23]. Then,
the 3 methods are briefly described. As the extraction method
can significantly change the chemical composition, it should al-
ways be done according to the European Pharmacopeia.

One of the most analytical techniques used to obtain the
chemical content of essential oils is gas chromatography, which
most of the time is coupled with a mass spectrometry detector
[23]. The use of this analytical technique should be mandatory in
all papers and should be correctly performed with a minimum of
3 separate injections. The use of a polar or apolar column should
also be mentioned. The best approach would be to use both.
Some manufacturers of commercial essential oil actually furnish
the chemical analysis and the complete experimental conditions.
This is why, even when a commercial essential oil is used, the
chemical composition should be mentioned in the paper [14].
The usual major compounds of the essential oils are commonly
known, so the best practices would be to test them all if they are
commercially available. For example, Kazemi et al. [24] identified
only 66.92% of all the compounds in T. ammi, but p-cymene which
is known to be one of the major compounds (content of at least
16%), was surprisingly not in the list of the tested compounds.
The accurate writing of the compounds is also important. Paul et
al. [25] identified 2 major compounds, thymol and β-cymene, in
the essential oil obtained after the hydrodistillation of the fruits
of T. ammi harvested in India. According to PubChem [26], β-cym-
ene is a synonym of m-cymene, a non-natural isomer of the p-
cymene [27]. In this case, do Paul et al. [25] confuse β-cymene
with the p-cymene? In their study, this compound (β-cymene) is
present at 16.33%, a concentration similar to the ones reported
by several authors for p-cymene in T. ammi [28–31]. Regarding
the general composition, only Kazemi et al. [24] identified a com-
pletely different composition for T. ammi. In their study, the seeds
were collected in Iran, and the essential oils were extracted by hy-
drodistillation according to the European pharmacopeia. In all the
ls for Antimicrobial… Planta Med 2021; 87: 754–763 | © 2021. Thieme. All rights reserved.



T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.
other papers, thymol and γ-terpinene were reported mostly as the
major compounds (results presented in ▶ Table 1). A second ex-
ample is L. stoechas, an essential oil well-known for its variable
chemical composition depending on many factors such as the
geographic origin, the cultivars, and/or the environmental factors
[32–35]. The data presented by some authors would be more in-
terpretable if they had added the chemical composition [36–38].

Variabilities and incomplete information about the strains

In their review, Cos et al. [9] provide a recommended panel of mi-
croorganisms to be tested including Gram-positive and Gram-
negative. Some authors only test their extracts on a single bacte-
rium, which cannot be considered as a screening. The focus of this
review is the comparison of results, and, to allow comparison, a
standardized strain should always be tested [13]. How can we
manage that when the strain is not issued from a reference collec-
tion and/or the number or the origin is not clearly specified? In-
deed, some papers do not specify whether the tested S. aureus is
a clinical or a reference strain [37,39], and sometimes the refer-
ence number of the strain is unclear. For example, Cherrat et al.
[40] tested L. stoechas essential oil against 5 Gram-positive and
4 Gram-negative. Among the Gram-positive, they mentioned an
STCC 976 from the Spanish Collection of Type Cultures. After a
quick search, it appears that the correct reference for this strain
is CECT 976. Bouyahya et al. [39] also used strains from the STCC
to test the antibacterial activity of L. stoechas essential oil, but
when checking the reference numbers for this review, it appears
that S. aureus CECT 994 refers to Streptococcus uberis and not to
an S. aureus strain.

Another problem is that the clinical strains are many times not
described or characterized by an antibiogram, and comparison is
difficult with such incomplete information. Also, if an antibiogram
is performed, it should be mentioned in the paper. For example,
before showing the MIC of the essential oil of L. stoechas, Chebaibi
et al. [38] presented a table with the sensitivity of all the clinical
strains towards a large panel of antibiotics. Hosseinkhani et al.
[28] also performed an antibiogram on Mueller Hinton agar with
8 different classes of antibiotics for each clinical strain and classi-
fied them as multidrug-resistant when they were resistant to
more than 3 different antibiotics classes. However, all the strains,
including the reference ATCC strain, showed the same MIC
(< 0.02 v/v), which is very odd given the differences observed in
the resistances. The authors did not comment on this unusual re-
sult [28]. Even in the case of a reference strain, it could be inter-
esting to check if its resistance is within the ranges observed for
a reported sensitive or resistant S. aureus. Sometimes mentioning
the resistance of the strains (resistant [MRSA] or sensitive [MSSA]
Staphylococcus aureus) without presenting the results could be ac-
ceptable. Bekka-Hadji et al. [41] did not present the results of an
antibiogram but mentioned that the clinical strain used to test the
essential oil of L. stoechas was identified by PCR as an MRSA, and
they correctly used 2 reference strains (1 MRSA and 1 MSSA) as
controls. Also in a study by Kirmizibekmez et al. [42], a clinical
strain was used and defined as an MRSA, and indeed, when
checked for this review, the 2 positive controls, chloramphenicol
and ampicillin, were in the ranges of resistance according to the
EUCAST breakpoints tables [43].
Oliveira Ribeiro S et al. Proposals for Antimicrobial… Planta Med 2021; 87: 754–763 | © 2021. T
Controls: unheeded and yet so important

The EUCAST advises the use of a growth and nongrowth control
as a basis. These controls are important to verify, respectively, if
the strain is correctly growing and if the medium is sterile. Other
controls are also required to establish a good interpretation of the
results and guarantee a good analysis of the antibacterial activity.

Essential oils are highly hydrophobic and viscous. The use of a
solubilizing agent is necessary to allow the distribution of all the
oil in the medium. The most commonly used are Tween 80 and
DMSO. The role of those emulsifying agents in the antibacterial
activity of essential oil is not quite clear, especially for the Tweens
[10,44,45]. Ideally, the solvent used to dilute the essential oils
should be tested at the same concentrations alone against all the
tested strains. This solvent control is important to check if it pos-
sesses any antibacterial activity (bacteriostatic or bactericidal) by
itself at the tested concentration. Following this good practice,
only some authors specified that the solvent control was per-
formed [14,46]. Sadani et al. [47] tested their solvent control but
used an unusual one, the Arabic gum. Unfortunately, most of the
authors did not check the solvent antibacterial activity [22,25,30,
36,37,40,42, 48–50] or if it was done, it was not mentioned. In
other cases, the use of a solvent is not mentioned at all [24,28,
51–53].

Another important control that should always be done is a pos-
itive control, with either an antibiotic or a compound known to be
active against the selected strain. For example, Hosseinkhani et al.
[28] used thymol as a positive control, but unfortunately, the re-
sults of its MIC against the tested strains are not mentioned. This
is also the case of other authors [47,50]. In our point of view,
readers have to be informed of all mentioned data. An antibiotic
can also be tested as a positive control. Very few authors per-
formed such positive control and presented the results [21,22,
24,30,37,42].

Some authors also mix the controls. The growth control is
often confused with the solvent control [21,31,41] or with the
positive control [14,38]. The nongrowth control should not be
called a negative control [14,29] since, by definition, a negative
control is the use of a compound without activity. Chebaibi et al.
[38] and Sadani et al. [47] wrongly described the solvent control
as a negative control while Gandomi et al. [29] also wrongly de-
scribed it as a positive control, to our point of view.

Disparity in the results and importance
of all the mentioned factors

The numerical data of the results presented in ▶ Table 1 were
kept in their original form. However, it would be appropriate to
use uniform units of concentration. EUCAST favors the expression
of MIC by mg/L or µg/mL [17]. The results of antibiotics break-
points presented by the CLSI standards are also expressed in µg/
mL [54]. Why complicate the comparison of results by expressing
them in non-recommended units? As we can see in ▶ Table 1,
most of the authors do not follow or are not aware of those rec-
ommendation and expressed their results in % v/v [28,38, 39,48,
50], ppm [14,29,49], µl/mL [31,40,41,46,47,51–53], or less
confusing, in mg/mL [21,36]. In the following discussion, the re-
sults were converted to µg/mL to allow comparisons and better
comprehension.
759hieme. All rights reserved.
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Some examples presented in ▶ Table 1, in which the same
plant and strain were tested, are key examples of the importance
of a correct description and careful use of the factors mentioned
before.

Five authors tested the essential oil of T. ammi against the ref-
erence strain ATCC 29213 [14,28,48,51,53]. This provides a
good example of how results are sometimes not comparable.
They used the same strain but the observed MIC varied from less
than 20 µg/mL up to 3750 µg/mL. What could explain such vari-
ability? Hosseinkhani et al. [28] did not mention if a solvent was
used, but the fact that an MIC < 20 µg/mL was found can arise
from the chemical composition of the essential oil, which is com-
posed of 74% of thymol. This compound is known for its antibac-
terial activity [55]. Oppositely, Moein et al. [51] tested an essential
oil with a very low amount of thymol (17.41%) but high γ-terpi-
nene (48.07%) and observed an MIC of 500 µg/mL. The least anti-
bacterial activity was found by Ghabraie et al. [14] with an MIC of
3750 µg/mL. However, Goudarzi et al. [48] tested an essential oil
with comparable chemical composition as the one tested by
Ghabraie et al. [14] and found an MIC of 31 µg/mL. Analyzing all
the factors, the differences between the 2 papers are the geo-
graphical plant origin and the Tween 80 amount used to dilute
the essential oil: India and 5% [14] versus Iran and 0.002% [48],
respectively. As mentioned before, the impact of the Tweens is
not known, but the minor compounds due to the different geo-
graphical origin can impact the antibacterial activity. Different
authors mentioned the possible synergy between several com-
pounds in an essential oil, including the minor ones [56]. Cos et
al. [9] stipulated that an extract should only be considered active
when the concentration is below 100 µg/mL. In this case, only
Hosseinkhani et al. [28] and Goudarzi et al. [48] presented ex-
ploitable results.

In 2011, Goudarzi et al. [48] published a study where the seeds
of ajowan were described to have a MIC of 31 µg/mL against the
strain S. aureus ATCC 29213. Later on, in 2015, Zomorodian et al.
[53] who is also co-author of Goudarzi et al. [48], published re-
sults where the same strain was used and with an essential oil of
ajowan of the same composition regarding the major com-
pounds. He did not specify the part of the plant or if a cosolvent
was used for MIC measurements, but he described a MIC of
1000 µg/mL. The difference in the obtained results can arise from
different parameters in the microbiologic methods chosen by the
authors: the use of a different cosolvent or/and the different
chemical composition due, for example, to inappropriate storage
conditions (if the same was used?), etc. At last, we can only make
suppositions since Zomorodian et al. [53] did not mention the
previous study of Goudarzi et al. [48] and there was no extensive
description on the second work.

The chemical composition is highly variable in essential oils,
and because L. stoechas does not have defined chemotypes, its
variability is indubitable. Just by looking at the results presented
in ▶ Table 1, 5 different chemical profiles can be identified:
(I) high camphor (60.53%) and no fenchone [47]; (II) camphor
and 1,8-cineole as major compounds with low fenchone (9.08%)
[46]; (III) the type fenchone-camphor [22,39,41]; (IV) fenchone
as major compounds with low camphor [42]; (V) and an unusual
profile with no camphor and no fenchone [40]. This demonstrates
760 Oliveira Ribeiro S et al. Proposa
the importance of analyzing the chemical composition. Regarding
the results and according to the active threshold mentioned by
Cos et al. [9] all the samples, independent of the chemical profile,
are not active. The best MICs were obtained by Khoury et al. [22]
with the type fenchone-camphor against a reference strain sensi-
tive to oxacillin (128 µg/ml) and by Kirmizibekmez et al. [42] with
the high fenchone and low camphor type against an MRSA clinical
strain (125 µg/ml). With other clinical strains, Bekka-Hadji et al.
[41] found a MIC of 300 µg/ml, close to the one found by Chebaibi
et al. [38] (250 µg/ml). Despite the use of different strains, these
comparisons are possible because Khoury et al. [22] correctly
specified the number of the reference strain and the other authors
presented the results of the characterization of their clinical
strains. The same is not possible with the results of Bachiri et al.
[36] and Gayatri et al. [37] who presented neither the chemical
composition nor the sensibility of the used strains.

As shown, all the factors to record are important to allow a cor-
rect interpretation and perform comparisons of the results be-
tween studies. If we want to compare the quality of the articles
according to an objective criterion, we can look at the Impact Fac-
tor (IF) of the journal at the year of publication. In ▶ Table 1, in the
last column, the IF of each article at the published year is indicated
(only the IF registered at the Journal of Citations Reports [JCR]
[57] were considered). Among the 24 referred articles, only 9 have
an IF above 1, and 11 articles have no IF available on the JCR. The
highest IF is 4.6 and the lowest is 0.4. Comparing the flaws in the
previously mentioned practices and the IF of the articles, there is
no evident correlation. Even in journals with an IF above 2, there
are mistakes that slipped through the cracks, and, on the con-
trary, articles that are almost complete can be found in journals
with a low or non-existent IF. At last, it will essentially depend on
the authors and reviewers to check if all the parameters are
present and good practices have been followed to allow a good
interpretation of the data.
Conclusions
The literature concerning the antibacterial activity of essential oils
is very difficult to interpret. Besides the high variable chemical
composition of the essential oils that are sensitive to many fac-
tors, intrinsic and/or extrinsic, the method used to test their anti-
bacterial activity is also open to variation in the selected method,
the tested strains and the controls. In this review, the literature
regarding the antibacterial activity of L. stoechas and T. ammi
against the Gram-positive S. aureus by the microdilution method
was analyzed. All these articles presented more or less important
omissions to prevent an appropriate interpretation of their re-
sults. Without the chemical composition of the tested essential
oil or an indication of the resistance of the strain, the results are
pointless. Even when this important information is mentioned, es-
sential oils having a similar chemical profile can present varying
MICs. This may occur from the variable parameters of the method
used. To prevent the risk of misinterpretation, whatever method is
used, every author should follow some essential guidelines/rec-
ommendations:
▪ All parameters that may affect the experimental assay should

be strictly defined in the article.
ls for Antimicrobial… Planta Med 2021; 87: 754–763 | © 2021. Thieme. All rights reserved.
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▪ The rules defined by entities such as CLSI and EUCAST for the
medium, inoculum, and incubation period should be followed.

▪ The information about the plant should be correctly described,
such as the geographical origin of the plant, the organ used,
and the extraction method. Even in the case of commercial es-
sential oil, this data should be included.

▪ The chemical composition of the essential oil should be char-
acterized and compared with the literature.

▪ When using a reference strain, its identification number should
be well specified.

▪ When using a clinical strain, the origin of the sample should be
described, and its resistance to a large panel of antibiotics or at
least the antibiotics used in the study should be characterized.

▪ When using the broth dilution method, at least 2 essential con-
trols are needed: the growth and nongrowth control to check,
respectively, the strain viability and the medium sterility.

▪ As the essential oil is diluted in a solvent, it should be tested
alone at the same concentration against all the strains to at
least confirm that it is not antibacterial by itself.

▪ A positive control, preferably using different classes of anti-
biotics, should also be performed in the case of a reference
strain, but especially in the case of a clinical one, to confirm
the sensitivity or resistance.

▪ At last, all the MIC should be expressed in mg/L or µg/mL to
achieve homogenization of the results available in the litera-
ture.

Those recommendations are applicable for all the essential oils
and other kinds of assays, specifically regarding the composition,
the numbers, and the resistance of the strains. These are simple
steps and procedures that the entire scientific community should
take into account when testing essential oil, including the authors
and the reviewers.
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