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Herbs and spices are used globally by most population groups across the world. In sub-Saharan Africa, they
have medicinal significance in addition to their culinary uses. Although herbs and spices are often used in
combination, there are few studies that report on their interactive antimicrobial effect. This study screened
17 culinary herbs and spices (crude extracts and essential oils) for antimicrobial activity, individually, fol-
lowed by 1:1 combinations of the active extracts, to determine the outcome of combining these for antibacte
rial activity. The minimum mhlbltory concentrations (MIC) were determined against six common foodborne
pathogens using the broth microdilution assay. The design of experiments (DOE) approach was subsequently
employed in MODDE 9.1+ software, to optimise the experimental runs so as to identify the best interaction
that would produce the best possible anlimicrobial effect. Phylochemical profiling of the most active extracts
was achieved using ultra-performance liquid chromatography coupled to mass spectrometry (UPLC-MS)
analysis. The results demonstrated that cornbining Rosmarinus ofjicinalis with either Syzygium aromaticum.
or So/via ojlicinalis methanol extracts produced synergistic antimicrobial effects towards B. cereus with
IFIC « 0.25 mg/ml and 0.31 mg/ml. respectively. The DOE predicted that a combination of higher ratios of R.
officinalis {59.5 :1'.). higher ratios of S. officinalis (40 1), and lower ratios of 5. aromatirum (0.5 :t) would produce
the best antimicrobial effect with MIC - 0,17 mg/ml. This was experimentally confirmed and there was a
strong correlation (r-value 0.73) between the predicted and experimental MIC values. leading to the identlfie
cation of an optimal anllm1crobial combination. The combination of R. officinalis (56 :t) and S. officina/is (44 :t)
produced the antimicrobial effect (MICe 0.19 mg/ml) which can be recommended for future studies.

©2023 The Authors. Published by Elsevier B.V. on behalf of SAAB. This is an open access article under the CC

BY-NC-ND license (hllp:/fcrealivecommons.org/licenses/by nc nd/4.0/)

1. Introduction

The inherent antimicrobial nature of most herbs and spices con-
tributes to their use for food preservation, combating pathogenic

The use of herbs and spices is practiced daily by most population
groups globally. In sub-Saharan Africa, herbs and spices not only
form part of the culinary repertoire, but they also have medicinal, as
well as cultural significance (Djiazet et al., 2022). The importance of
herbs and spices in South Africa is highlighted by an ethnobotanical
study undertaken in the Eastern Cape province where 58 plant spe-
cies were reported for use by the Xhosa communities (Asowata-Ayo-
dele et al.. 2016). In this survey, the herbs and spices with high
therapeutic relevance were identified as Uppiajavanica Spreng. (Ver-
benaceae), Mentha aquatica L (Lamiaceae), Mentha longifolia (L) L
(Lamiaceae), Mentha spicata L (Lamiaceae) and Capsicum annuum L
(Solanaceae).
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spoilage bacteria which cause foodborne diseases which are a major
threat to public health. Bacteria such as Bacillus cereus, Escherichia
coli, Salmonella typhimurium, Salmonella enteritidis, Shigella sonnei.
Shigel/a flexnerri, and Shigella dysenteriae are often associated with
foodborne illnesses and gastrointestinal tract infections (Biorsis.
2017). Due to the increasing resistance to different classes of antibiot
ics, infections caused by foodborne pathogens are reported to pro
long hospitalization. as well as increase morbidity and mortality
(Rozman et al., 2021). As a result. studies have focused on identifying
plant-derived antimicrobial alternatives from culinary spices and
herbs, among other natural products. Plant extracts and essential mis
have antimicrobial activity owing to the presence of bioactlve com-
pounds such as phenolic acids, flavonoids, quinones and tannms.
There are numerous studies reporting on the antibacterial actlvitles
of spice and herb extracts, as well as essential oils, towards different
types of micro-organisms, including foodborne pathogens (Scthi
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et al.. 2013: Mith et al., 2014: Sah et al., 2020: Yadav et al., 2022).
Spices such as Allium sativum L (garlic). Cinnamomum zeylanicum
Blume (cinnamon). S. aromaticum (L) Merr. & LM Perry (clove), Thy
mus vu/garis L (thyme), and S. officina/is L (sage) to name a few, have
been reported to possess antibacterial activity against a range of
Gram-positive and Gram-negative bacteria, including pathogens of
the gastrointestinal tract.

In traditional medicine practices such as Ayurveda, African tradi-
tional medicine (ATM) and Traditional Chinese Medicine (TCM),
medicinal plants are usually co-administered as combinations, where
these polyherbal formulations are believed to work in synergy to pro-
duce enhanced biological effects compared to using single herbs ( Par-
asuraman et al., 2014; Ramamoorthy et al., 2019; Mussarat et al.,
2021). This also allows for lower concentrations of individual plants
to be used, which has the potential to reduce toxicity ( Parasuraman
et al.. 2014: Ramamoorthy et al., 2019). Although herbs and spices
are commonly used in combination, few studies have specifically
reported on their interactive effects as antimicrobial agents (Kon and
Rai, 2012: Bag and Chattopadhyay, 2015; Garcia-Diez et al. 2017;
Maharjan et al.. 2019).

To determine the optimum herb combinations which produce the
best antimicrobial effect in a laboratory setting is practically challeng®
ing, time consuming and uneconomical, as various extract combina-
tions are randomly assigned, and many experiments are run with the
hope of a favourable outcome. Furthermore, when experiments are
based on trial and error, without proper experimental design, there is
a possibility of low reproducibility, reliability, and versatility ( Politis
et al 2017; Das and Dewanjee, 2018). One strategy to overcome this
is to use the design of experiments (DOE) in order to perform experi®
ments in a systematic way with a limited number of runs, thus saving
time and resources (Lamberti et al.. 2022). In the present study, the
DoE was used to develop a polyherbal formulation comprising herbs
and spices. at optimum concentrations to produce an enhanced anti-
microbial effect.

2. Materials and methods
2.1. Sourcing and preparation of study macen'a/s

Seventeen commonly used culinary herbs and spices with docu-
mented antibacterial activities were selected for this study (Table I).
Culinary herbs and spices were purchased from Warren Chemical
Specialties (Pty) Ltd Uohannesburg, South Africa). The identification
was based on the supplier product labelling, as the products were
obtained in powder form, and were accompanied by the certificate of
analysis. The plant materials were stored in airtight containers under
room temperature, and away from direct light. Phytochemical analy-
sis using ultra-performance liquid chromatography coupled to mass
spectrometry (UPLC-MS) analysis and fingerprinting were performed
in-house. All plant materials were checked for contamination before
experiments were carried out.

Extracts were prepared for each of the herbs and spices by macer-
ating the powders in solvents of varying polarities (water, methanol
and dichloromethane) at a 1:10 solvent ratio, followed by shaking m
the dark for 24 h. at room temperature using a mechanical shaker.
The mixtures were filtered through Whatman No.1 filter paper and
the filtrates were evaporated to dryness using a rotavapor(H50- 500,
Magna Analytical, Labtech, South Africa). The 17 essential oils used in
this study were purchased from Prana Monde CC (Belgium). All com-
mercial essential oils were accompanied by a certificate of analysis.
The chromatographic profiles were also obtained in-house using gas
chromatography- mass spectrometry (GC-MS) analysis and the
marker compounds identified for each species.

The stock solutions of the extracts (1 mg/ml) were prepared by
dissolving 1 mg of the sample in 1 ml of either methanol, water or
dichloromethane. The solutions were stored at 4 ®C until further use.
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The plants used in the study have been extensively phytochemically
profiled in many previous studies. Therefore, the analytical method
and chemical fingerprinting for R. offidnalis, S. o.f/icina/is and S. aroma-
ticum is only presented as Supplementary material, St.

2.2. Micro-organisms and growth conditions

Six pathogens associated with foodborne diseases and gastroine
testinal tract infections were used in the study to evaluate the antimie
crobial effects of the selected herbs and spices. The strains included S.
aureus ATCC 25923, B. cereus ATCC 11778, S. enterica serovar Typhi
murium. ATCC 1403, S. sonnei ATCC 9290, E.coli ATCC 8739 and Enter-
obacter faeca/is ATCC 29212 ( Davies Diagnostics, South Afiica). Stock
cultures were kept at -20 °c, then subcultured onto Tryptone Soya
agar (TSA) and subsequently in Tryptone Soya broth (TSB) and incu-
bated at 37 *C for 24 h.

2.3. Minimum inhibitory concentration ( MIC) determination

The broth micro-dilution assay was performed to determine the
MICs of extracts and oils against the test organisms (Eloff.1998; Clini®
cal and Laboratory Standards Institute, 2020). Although the herb and
spice selection has been well studied in the past, baseline MIC values
were obtained for all samples before interactive studies, as variability
may exist between present samples in the study and those docu-
mented in the literature. Extracts and oils were diluted to a concen-
tration of32 mg/ml using acetone as a diluent. A volume of 100 pl of
sterile broth was plated out in triplicate in each of the wells of a 96-
well microtiter plate. Extracts and oils were added at a volume of
100 pl, followed by serial dilutions to yield concentrations of 8, 4. 2,
1,0.5,0.25,0.12, 0.06 mg/ml. Microbial cultures were diluted using
sterile TSB at a 1:100 dilution to achieve an approximate concentra-
tion of 1 x 10° colony-fonning units (CFU)/ml. Test cultures were
then added (100 pl) at 0.5 MacFarland's turbidity standard to all the
wells of the microtiter plates. The plates were sealed with a sterile
adhesive sealing film to prevent loss of volatile components and then
incubated at 37 ®Cfor 24 h. After incubation, 40 pl of p-iodonitrote-
trazolium chloride (INT) at a concentration of 0.40 mg/ml was added
to each well. Viable micro-organisms interact with INT resulting in a
colour change from clear to red/purple. The lowest dilution with no
colour change was considered the MIC for that extract or essential
oil. The assays were performed in triplicate and the mean values
recorded. Ciprofloxacin (positive control) and acetone (negative con-
trol) were included.

2.4. Sum of fractional inhibitory concentration index (IFIC)

detennination

The sum of the fractional inhibitory concentration index (IFIC)
was used to measure interactions of various 1:1 combination of
herbs, spices, and essential oils with promising antibacterial effects
based on the MIC results. Samples of two extracts/oils (50 pl each)
were combined in an Eppendorf tube (1:1), mixed and added in each
of the wells of a microtiter plate. The same procedure for determining
the MIC was followed where the cultures were added, the plates
incubated and INT added for colour change. The IFIC for each of the
combinations was calculated using Eq.{1).

IFIC  FIC(i) + FIC(ii)

MIC (a) in combination with (b)

FIC®) MIC (a) independently
.. MIC (b) in combination with (a)
FICG) MIC (b) independently M
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Selected common culinary herbs and spices with documented antimicrobial activities used in this study.

Spice/herb

Extract type

Justification for inclusion in the study

Re[s.

Alliumsalivum

J\nethum graveolens

Apium groveolens

Cinnamomum
Zeylonicum

Coriandrum sotivum

Cymbopogon citratus

taurus nobilis

Melissa officinalis

Membha x piperira

Ocimum basilicum

Origanum maljonma

Pttroselinum
crispum

Rosmarinus officinatis

Salvia officinatis

Syzygjum aromaricum

Thymus vutgaris

lingiber officinolis

Methanol, ethanol, aqueous
Essential oil

Aqueous. acetone

Essential oil

Methanol, ethanol, hexane,
aqueous

Essential oil

Ethanol, methanol

Essential oil

Methanol

Essential oil

Methanol. chloroform.
ethanol

Essenlial oil

Ethanol. aqueous

Essential oil

Aqueous, ethanol

Essential oil

Methanol

Essential oil

Methanol, ethyl acetate,

chlornform
Essential oil

Melhanol, aqueous.
dichloromethane
Essential oil

Methanol
Essential oil

Aqueous, methanol, elhanol,
hexane
Essential oil
Essenlial oil
Ethanol
Aqueous, methanol
Essential oil
Essential oil
Methanol

Methanol. ethanol. aqueous

Essential oil

Inhibited the growth off coli,S. aureus, B. cereus, 5. enrerica serovar Typhimu.
rium. and Shigella species (MIC ranging [rom 0.03 to 20.00 mg/ml)

Inhibited the growtho[S. aureus and E.coli at MIC values 0f0.01 and 0.53 p.L/
ml. respeclively

Demonstrated antibacterial activity against E.foecalis. E. coli.S. aureus and S.
enlerico serovar Typhimurium. at MIC values ranging from 5.00 to 25.00 mg/
ml

Inhibited the growth ors.aureus and f. coliat MIC values 0f0.006 and 0.06 mg/
ml, respectively

Showed antibacterial activity towards E. coli,S. enrerica serovar Typhimurium.
and S.aureus (MIC ranging from 0.12 to L.I 7 p.g/ml) and MIC values ranging
from0.01 to 1.25 mg/ml

Inhibited the growth of 8. cereus, E.coli,£. faecalis, and S. aureus at MIC values
ranging from 5.00 to 40.00 p g/ml

Inhibited the growth of E. cali, S. aureus. and 8.cereus at MICs ranging from
0.63 to 6.25 mg/ml

Inhibited the growth of B. cereus, E.coli, S. aureus, S. enterica serovar Typhimu-
rium.. and E.faecalis (MIC ranging from 0.10 lo 4.80 mg/ml)

Inhibited the growth o[ 8. subtilis, E.coli, S. aureus. and S. enterica serovar Typhi-
murium. (MIC ranging from 50.00 to 500.00 p.g/ml)

Showed antibacterial activity against S. aureus at MIC values ranging from 0.04
t00.25X v/v

Inhibited the growth of B. cereus, E.coli,S. aureus, and S. enterica serovar Typhi
murium. (MIC values ranging from O.Q\ to 2.50 mg/ml)

Inhibited the growth off. coli, E.faecalis, S. aureus,S. enrerica serovar Typhimus
rium., S. dysemeriae, and S. enterica at MJC values ranging from 1.00 to
2.50 /Ig/ml

Inhibited the growth of 8. cereus, E.coli,and 5. aureus at MIC values ranging
from 0.78103.12 mg/ml

Inhibited the growth of 8. cereus. E.coli. S. aureus and S.faecalis at MIC values
ranging from O.Ql to 1.00 mg/ml

Inhibited the growth of B. cereus and S. aureus at MIC values 0[0.78-3.12 mg/
ml, respectively.

Inhibited the growth orf coli, S. aureus, and 8. cereus at MIC values of
0.48-3.00 p.g/ml

Inhibited the growth of 5. aureus. E.coli. and 5. enterica serovar Typhimurium.
(MIJC values ranging from 0.01 to 0.03 mg/ml)

Inhibited the growth of 5. oureus and E.coli ar MJCof0.5 %and 0.7'1.v/v,
respectively

Inhibited the growth of B.cereus, E. coli, 8.sublifis. S. aureus, and 5. enrerica
serovar Typhimurium. with MIC values ranging from 0.06 to0.25 mg/ml

Showed antibacterial activity with MIC values ranging from 0.009 to 23.48 pug/
ml for 8. cereus, E.coli, E.faecadis, S. enrerica serovar Typhimurium.. ;,nd L
monocytogenes

Showed antibacterial activity with MIC values ranging from 0.05 to 1.00 mg/ml
for E.coli .i.nd S. aureus

Inhibited the growth of B.cereus, S. aureus, E.Jaecalis, E.coliand S. enterica
serovar Typhimurium. (MIC values ranging from 0.0810 1.56 mg/ml)

Inhibited the growth of 5. aureus at MIC value of 37 Jtg/ml

Inhibited the growth of B.cereus, S.oureus and E.coli (MIC ranging from 0.04 to
1.00mg/ml)

Inhibited the growth of 8. cereus, f. coli, E.Jaecalis, S. aureus and S. enterica
serovar Typhimurium. with MIC r.i.nging from 0.78 to 3.12 mg/ml

Inhibited the growth of S. aureus and £ coli at MIC values ranging from 0.03 to
0.06:tv/v

Showed antibacterial activities with MIC values m the range ofO.01-0.30 mg/
ml against f. coliand S. aureus

Inhibited the growth B. cereus, E.coliand S. aureus with MICs m the range of
0.02  0.99 mg/ml.

Showed antibacterial .i.ctivities with MIC ranging from 0.31 to 2.31 mg/ml
against S. aureus and £ coli

Showed antibacterial activities with MIC values in the range 0f0.40 0.8 mg/
ml against 8.cereus. E.coli. S. aureus. and 5. enterica serovar Typhimurium.

Inhibited the growth of B. cereus, E.coli, S. aureus, and S. enrerico serovar Typhi-
murium. at MIC values unging from 0.40 10 0.8011g/ml

Inhibited the growth of 8. cereus, E. coli, S. aureus, and S.sonnei at MIC values
ranging from 0.07 to 1.10 mg/ml

Inhibited the growth of 8. cereus, E.coli, and 5. enrerico serovarTyphimurium. at
MIC values ranging from 0.02 to 20.00 p.g/ml

Inhibited the growth off. cofi. S. oureus, S. enterica serovar Typhimurium., and S.
Sonnei and 8. cereus (MIC valuesranging from 0.25 to 1.00 mg/ml)

Nedorostova et .i.1.(2009. Petro-
poulos et al.(2018)

Isopencuand Ferde (2012),
Sharopov et al. (2011 |, Peere
kam et al. (2014)

Baananou er al.(2013 ), Ud O.n
etal.i2015)

Nanasombal and Wimunigosol
(2011),Madihaetal (2017).
Salmaetat (2019)

Casetl1 etal (2012),Jamn ah
(20141

llass.oleet al.(2011 Danlam1
etal. (2011) Zu faet al. (2016)

(C.iputoetal.2017: Tomareta .
2020)

Cryhan et al. 2012). Abdellallf
(2014)

el"

Abdellaur et al.(2014). Smgh
etal.(2015)

Hossamet al.(2010), Beatovlc
etal (2015)

HaJldDUI et al.(2016), Al*FalIm,
{2018)

Alsaiqalietal (2016), Lindeet al.
(2016)
Weerakkody et al.(2010),Cey-

haneta..(20121

Bouaziz et al (2009), Generalit
etal (2012)

Pandey et al (2011, Thle.mann
etal (2019)

Al Magqtart etal. (2011), Ahak-
barlu and Shamel, (2013

1 al. (2017 ), Wang et al.
(2020)
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Where (a) is the MIC of the first extract or essential oil in the com-
bination and (b) is the MIC of the second extract or essential oil. The
IFIC for each combination was interpreted as; synergistic if IFIC is :,;
0.5; additive ifIFIC is> 0.5 but :,;1.0: indifference ifIFIC is> 1.0 but
-,4.0, and antagonism ifIFIC is> 4.0 (van Vuuren and Viljoen 2011
For the antimicrobial assays, both the positive (ciprofloxacin) and
negative (acetone) controls were included. Assays were performed in
triplicate and the mean values recorded.

2.5. Design of experiments (DO¥£) modeling to determine
synergistic antibacterial combinations

The MODDE- software version 9.0 (Umetrics AB. Umea, Sweden)
was used to determine input parameters that would result in the
desired outcomes. The three factors (plant extracts) were input as
fraction units each ranging from Oto 1.The response (MIC) was set to
range from 0.00025 to 8 mg/ml with a target MIC value 0f0.5 mg/ml.
A full factorial design was applied and the models were fitted with
partial least squares (P15) analysis and adjusted by removing non-
significant terms. A total of 12 experimental runs with varying com-
binations were obtained from the design; three runs with individual
extracts, another three runs with two extracts in combination and six
runs with three extracts in combination and three center points. A
mixture design worksheet for the extracts was produced and the
modeling of responses was generated to confirm the best model fit. A
prediction contour plot was generated, which showed the average
prediction (point estimate prediction) for every possible combination
of'the tested extracts. The predicted combinations with low MIC val-
ues were selected and the reliability of the model in predicting those
combinations was confirmed experimentally through determination
of MIC values against the selected pathogens.

3. Results
3.1. Antibacterial activity of crude extracts and essential oils

The antibacterial activity results of crude extracts and essential
oils are presented in T.iblt 2. For the extracts, good antibacterial
activity is considered as MIC < 0.1 mgfml, moderate activity is 0.1 <
MIC < 0.625 mg/ml and weak (activity MIC values > 0.625 mg/ml)
(Kuete, 2010). All the extracts tested exhibited moderate to weak
antimicrobial activity towards the tested bacterial pathogens. Gener-
ally, six plants namely, A sativum, C. zeylanicum, 0. marjorana, R. offi-
dnalis, S. offidnalis and S. aromaticum displayed moderate
antimicrobial activity against the various pathogens tested as indi-
cated In bold in Table 2. All the water extracts displayed poor activity
towards all the tested pathogens (MIC values > t mg/ml). Compared
to all the moderately active plants, S. aromaticum methanol extracts
displayed a broader range of activity inhibiting the growth of four
pathogens (8. cereus. E. coli, E. faeca/is and S. aureus) out of the six,
with MIC values ranging from 0.42 to 0.67 mg/ml. The dichlorome-
thane extract of the same plant was only able to inhibitthe growth of
E. faeca/is and S. aureus with MJCs of 0.46 mg/ml and 0.62 mg/ml,
respectively. Rosmarinus officinalis and S. officinalis methanol extracts
were active towards B. cereus and E. coli, while the dichloromethane
extracts inhibited S. aureus and S. sonnei. In total, each of the two
plants displayed activity against four pathogens. irrespective of the
type of solvent extract tested. Cinnamomum zey/anicum showed
activity against two pathogens (B. cereus and E. faeca/is) where the
methanol extract was active towards £. faecalis (MIC » 0.42 mg/ml)
and the dichloromethane extract showed activity towards B. cereus
(MIC ,. 0.50 mg/ml). The last two moderately active plants were A
sativum and 0. marjorana, where the dichloromethane extracts were
each active against only E.faecalis with MIC values 0f0.46 mg/ml and
0.50 mg/ml, respectively.

94

South Africanjoumal of Botany 164(2024)91-99

With reference to essential oils, good antibacterial activity is
interpreted as MICs 0f0.10-0.50 mg/ml, whilst the oils with MIC val-
ues of 0.50-1.00 mgfml are reported to exhibit moderate activity
and> 1.00 mg/ml show weak activity (Freires et al., 2015). Seven out
of the 17 essential oils displayed strong inhibition towards the
growth of only one pathogen (8. cereus) out of the six tested patho-
gens. These active oils included C. zeylanicum, C. dtratus, L nabilis, M.
officinalis. R. offidnalis, S. aromaticum, and Z. officina/e with MIC values
ranging from 0.25 to 0.50 mg/ml. Moderately active essential oils
(MIC values of 0.50-1.00 mg/ml) towards at least one pathogen
include A sativum, A graveo/ens, C. sativum, M. piperita, 0. marjorana,
P. crispum, S. o.l]idna/ls and T. vulgaris. Two other essential oils (A
graveo/ens and 0. basilicum) exhibited weaker activity (MIC values >
1.00 mg.Jml) against the tested pathogens. The ciprofloxacin control
values for the pathogens were in accordance with the breakpoint val-
ues of the European Committee on Antimicrobial Susceptibility Test-
ing (EUCAST) and the Clinical and Laboratory Standards Institute
(CIS1)(EUCAST, 2020: CISI. 2020).

These results provided the basis for herb/spice selection to use in
the subsequent studies. Extracts that displayed moderate to good
antimicrobial activity when tested individually were selected, and
these included A sativum, C. zeylanicum, 0. marjorana, R. officinalis, S.
officinalis and S. aromaticum. Either the methanol or dich\oromethane
extract was subsequently tested on a specific pathogen depending on
the activity obsetved for that particular extract. Selection of the
essential oils was also based on the set criteria mentioned and seven
essential oils were included in the interactive studies namely, C. zey-
Janicum, C citratus, L nobilis, M. officina/is, R. offidnalis, S. aromaticum
and Z. officinale. A total or 14 extract combinations (t: t) and 21
essential oils combinations ( I: 1) were evaluated for antimicrobial
interaction and the results are presented in Table 3.

3.2. Interactive antibacterial studies

The combinations were classified as either synergistic (IFIC is :::
0.5), antagonistic (IFIC is > 4.0), additive (IFIC is > 0.5 but :::1.0) or
indifferent (IFIC is> 1.0 but:,; 4.0) (van Vuuren and Viljoen. 2011
Out of the 14 extract combinations tested. two displayed synergistic
interactions (L.LRC value of 0.25 and 0.31) and two combinations
were additive (IFIC value of 0.88 and 1.00). The synergistic interac-
tions were observed when R. 0.l]icinalis was combined with either S.
aromaticum (IFIC value of 0.25} or S. o/Jicinalis CL.RC value or 0.31)
and tested against B. cereus. The same combination of R. ojficinalis
and S. aromaticum displayed an additive effect when tested against£.
coli (L.FJC value of 1.00), whilst the R. ojficinalis and S. officinalis had
an additive effect against S. sonnei (IFIC value of 0.88) when
dichloromethane extracts were combined. The remaining extract
combinations were either indifferent or antagonistic. and these two
outcomes were also observed for all the essential oil combinations
tested. Based on these results, the plants extracts that showed a syn-
ergistic interaction ina 1:1 combination namely, R. officinalis, S. aro-
maticum, and S. officinalis, were selected for further analysis in the
DoE, to determine the optimum proportions that would produce the
best possible antimicrobial effect.

3.3. Design of experiments (DOE) optimisation of herbal combinations

The three plants namely, R. officinalis. S. aromaticum, and S. offici-
nalis were combined in various proportions in the MODDE software
and a PIS model was constructed with an R2 value of 0.72 which sig-
nified a high variation in the response (MIC), and a strong fit between
the data and the model. The Q2 value 0f0.18 demonstrated a signifi-
cant predictive power of the model (Qi > 0.10) and the high model
validity (0.84), showed a good model fit (Bhatia et al 2016). The
value obtained for model reproducibility (0.52) exceeded the requi-
site value of0.5, indicating good experimental control and low error.
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Table2

Antibacterial activity of 17 culinary herbsand spices expressed as MICs ( mg/ml).

SouthAfrirmnJoumal of Botany 164 (2024)91 99

Spice/hero Extract B. cereus £. coli £.faecalis S. aureus S.sonnei S.enterica
ATCC 11778 ATCC8739 ATCC 29212 ATCC25923 ATCC9220 seravor Typhimurium.
ATCC 1403
Allium Methanol 6,67 533 4.00 >8.00 3.00 >8.00
sotivum L Water 4.00 6.67 4.00 5.8.00 4.00 3.00
Dichloromethane 2.00 4,00 0.46 333 333 1.27
Essential oil 2.00 4.00 1.00 4.00 4.00 2.00
Anethum graveolens | Methanol 2.00 >8.00 4.00 4.00 2.67 2.67
Water 4.67 4.00 6.00 4.00 4.00 8.00
Dichloromethane 2.00 -.8.00 2.67 333 2.67 2.67
Essential oil 2.00 2.67 2.00 4.00 2.00 2.00
Apium Methanol 2,67 2.67 2.67 4.00 4.00 2.00
graveotens L Water 2.67 6.00 2.67 .8.00 4.00 4.00
Dkhloromethane 533 8.00 S.33 2.67 2.00 2.00
Essential oil 0.67 2.00 4.00 2.67 4.00 2.00
Cmnamomum zeylanicum Blume Methanol 2.67 4.00 0.42 2.67 4.00 >8.00
Water 2.67 4.00 2.67 =>8.00 4,00 2.00
Dichloromethane 0.50 0.67 1.00 1.00 1.67 0.67
Essential oil 0.25 1.00 0.67 1.00 1.00 1.00
Coriandrum sativum (hort. ex DC) Stapf Methanol 6.67 .8.00 8.00 8.00 >8.00 2.00
Water 2.67 4.00 2.67 8.00 >8.00 2.67
Dichloromethane 2.00 2.67 2.67 2.00 2,67 2.00
Essential oil 0.67 1.00 0.83 2.00 2,00 2.00
Cymbopogon cirrarus L Merhanol 4.00 -8.00 -8.00 533 >8.00 267
Water 533 533 2.00 8.00 >8.00 8.00
Dichloromethane 133 2.00 >8.00 1.00 2.00 2.67
Essential oil 0.25 1.00 1.00 -8.00 2.00 2.00
Laurus Methanol ~8.00 533 4.00 8.00 8.00 >8.00
nobilisL ‘Water S.33 8.00 2.67 533 2.67 2.67
Dichloromethane 1.33 533 2.67 2.67 2.67 2.00
Essential oil 0,50 2.00 2.67 4.00 2.67 4.00
Melissa Methanol 2.00 4.00 2.67 533 >8.00 2.67
officmalis | Water 1.67 267 1,67 2.67 2.67 2.67
Dichloromethane 2.00 8.00 2.00 6.67 4.00 8.00
Essential oil a.so 2.00 133 -8.00 2.00 2.00
Mentha Methanol 4.00 2.00 2.00 8.00 233 >8.00
piperita L Water 2.00 4.00 6.67 ~8.00 4.00 2.67
Dichloromethane 2.67 8.00 2.00 2.67 2.67 2.67
Essential oil 1.00 2.00 4.00 2.00 4.00 2.00
Odmum Methanol 2.67 4.00 ,-8.00 6.00 2.67 2.00
basilicum L Water 2,67 6.00 6.67 -8.00 4.00 4.00
Dlchloromethane 2.00 8.00 6.00 2.67 2.00 2.00
Essential 011 1.17 2.00 ,-8.00 4,00 4.00 2.00
Ongonum ma,jorana L Methanol 2.00 8.00 133 4.00 8.00 2.67
Water 2.67 5.33 267 4.00 8.00 2.67
Dichloromethane 6.00 6.67 0.50 2.67 2.00 4.00
Essential oil 0.67 133 4.00 4.00 333 >8.00
Petraselinum crispum L Methanol 2.00 4.00 2.00 4.00 533 >8.00
Water 4.00 533 4.00 4.00 4.00 >8.00
D1lchloromethane 2.00 8.00 267 2.67 4.00 2,00
Essential oil 0.83 2.00 333 4.00 4.00 2.00
Rosmarinus offidnalis L Methanol 0.50 0.50 0.80 1.33 1.00 2.00
Water 2.00 4.00 -8.00 4.00 >8.00 533
Dichloromethane 267 1.33 1.00 0.50 033 4.00
Essenllal 011 0.50 2.00 333 8.00 >8.00 2.00
Salvia Methanol 0.25 042 0.80 2.00 2,67 2.00
offidnalis L Water 6.00 4.00 4.00 2.00 >8.00 2.00
Dichloromethane 1.00 2.67 1.00 0.50 0.25 1.67
Essential 011 100 2.00 200 4.00 333 2.00
Syzygmm aromaocum (L) Methanol 067 0.50 042 0.62 6.67 2.00
Merr. & LM Perry Water 533 1.00 1.67 2.00 2.00 2.67
DIchloromethane 267 1.33 0.46 0.62 2.00 2.00
Essential oil 042 1.00 1.00 2.00 2.00 1.00
Thymus Methanol 2.00 >8.00 2.00 2.67 2.67 2.67
vulgans L Water 533 533 -8.00 4.00 >8.00 2.67
DIchloromethane 200 8.00 1.67 2.00 2.00 2.67
Essenr,al 011 100 1.00 333 2.00 4.00 2.00
Methanol 2.00 4.00 2.00 2.00 2,67 4.00
Zingiber offidna/1s Roscoe Water 267 4.00 2.00 8.00 4.00 2.00
Dichloromethane 133 2.00 133 2.67 2.00 1,67
Essential oil 042 1.00 1.00 4.00 2.00 1.00
Posltlve control Clpronoxacm (1tg/ml) 0.62 031 0.62 0.16 0.62 0.62
Negative control Acetone in water »8.00 >8.00 .8.00 .8.00 >8.00 >8.00

(mg/mll

Values represent mean MICs for experiments performed in Iriplicale (n+ 3 V.iluesin bold indicate extracts with moderate activity and essential oilswith good antibacterial activity
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Table3

Antibacterial interactions or 1:1 combinations or extracts and essential oils against

selected pathogens.
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Table4
The 12 plant combinations setup generated by the PLS model in DOE and the com -
sponding MIC values determined experimentally.

Pathogen

8. ctreus
ATCC 11778

E.coli
ATCC 8739

E.fatcalis
ATCC 29212

S.atllrtl1s
ATC(25923

S.sonnei
ATCC 9290
B.cereus
ATCC 11778

I:1 herb
combinalions

It afficinalis «
S. aromaticum

R. officinalis +
S. officinalis

S. oromolicum +
S. ojdicinalls

R. ojlicinalis +
S. aromalicum
R. officinolis +
S. officinalis

S. aromaricum
S. ojlicinolis
C. zeylanicum +
S.oromalicum
Asolivum+
0. marjorana
Asalivum+

S. aromatJcum
0. maijjoro11a +
S. aromaticum
R.officinalis +
S.oJ]icinaris
R. afficinalls +
S.aromalicum
S. officinalis +
S.aromoricum
R. officinalis +
S. officinalls

C. citratus +
R.ofdictnalos
C.cimitus+

M. officinalis
C. dtralus+
Lnobilis
C.dtrolus +
Z.officinale

[ citralllS +

C zeylanicum
Cecitratus +

S. aromar,cum
R.oflicinolis +
M. olJicinolis
R. oflicinalis +
Lnobilis

R. ofJicmalis +
Z.officina

R. officinalis
C. zeylanicum
R. officinalis *
S. aromoricum
M. officinalis +
L nobiUs

M. o/fidnolis +
Z.officinale

M. officmolis «
C zeylanicum
M. ol)icinalis +
S. oromoricum
Lnobllis +
Z.oJ]icinalt
Lnobilis +

C. zeylanirum
L nobilis+

S. aromaticum
Z.officinale +
C. zeylonirum
Z.officinale +
S.aromatirum
C zeylonirum ¢
S.oromaricum

Type of sample

Methanol
Methanol
Methanol
Meth.wlol
Methanol
Methanol
Methanol
dichtoromerh-
dichloromerhane
dichloromethane
dichloromethane
dichlorornethane
dichloromethane
dichloromethane
essential oils
essential oils
essenlial oils
essential oils
essential oils
essential oils
essential oils
essenti.il oils
essential oils
essential oils
essenl lal oils
essenl lal oils
essentul oils
essential oils
essential oils
essenlial oils
essentul oils
essential oils
essential oils
essential oils

essential olls

£AC

025

031

131

1.00

1.83

2.19

2.50

4.00

2.00

4.00

3.49

1.81

2.40

0.88

6.00

6.00

6.00

6.38

4.00

4.00

438

3.00

3.98

6.43

3.00

438

4.25

7.94

3.19

Interpretation

Sy rgy
Synergy
Indifferent
Additive
Indifferent
Indifferent
Indifferent
Ant.lgonlsm
Ind11Terent
Antagonism
Indifferent
Ind11Tereol
Ind,ITerenl
AddlItlve
Antagonism
Antagonism
Antagonism
Antagonism
Indifferent
Antagonism
Antagonism
Indifferent
Antagonism
Antasonism
Antagonism
Indifferent
Antagonism
Indifferent
Indifferent
Antagonism
Indifferent
Antagonism
Antagonism
Antagonism

Indifferent

96

£xpenment Predicted ration for methanol exlract Actual MIC
No proportions in combmatlon (mg/ml) values
o rrom combmallon
R. afficinalis . aromaticum  S. afficirralis

1 0 0 050

2 0 1 0 1.00

3 0 0 90 025

4 0.67 0.17 0.17 0.37

S 0.17 0.67 0.17 031

6 0.17 0.17 0.67 025

7 0 0.50 0.50 075

8 0.50 0 0.50 0.12

9 0.50 0.50 0 025

10 0.33 0.33 0.33 0.50

11 033 033 033 0.50

12 0.33 0.33 033 0.25

MIC (mg/mL)
1.0 09

08
0-7
0.&
u
0-4
0-3

0-9 0-8 07 , 5 o4 03 02 01
S. Qrometk"""

1!

Fig. 1. Response contour plot showing the exlract combinations and predicted
responses (MIC values).

Table 4 indicates the DOE output of twelve experimental runs
with the different plant combinations that were tested against B.
cereus and the resulting MIC values are also indicated for the combi-
nations. All the 12 combinations showed noteworthy antimicrobial
activity (MIC 1 mg/ml) indicating that selecting any combinations
of the three plants would give a formulation with good antimicrobial
activity. However, to pursue the objective of identifying the optimum
proportions for the best antimicrobial activity, a response contour
plot was constructed based on the data provided in Table 4 and this
is indicated in Fig. I. According to the key, plant combinations with
co ordinates in the blue region of the plot are predicted to give the
lowest MIC values(::: 0.3 mg/ml) which translates to the best antimi-
crobial activity.

The predicted MIC values in the blue region were therefore based
on the combinations with a high proportion of R. oflicinalis, low S.
aromaticum and a varying amount ofS. of./idnalis. The optimizer func-
tion assisted in determining the best ratio at which the extracts
should be combined for optimum synergistic antibacterial effects.
Five combinations In the blue region of the response contour plot
were selected and the MIC assay was performed experimentally
(Table 5), to confirm the predictions of the PLS model. All five combi-
nations displayed noteworthy antimicrobial activity as observed in
Tables. The highest antibacterial activity (Experimental MIC value of
0.19 mg/ml) was achieved with combination 3 comprising of R. oJJid-
na/is (59.5 %), S. oflicinalis (40 %) and S. aromaticum (0.5 %) as well as
combination 2, comprising only of R. officinalis (56 %) and S. officinalis
(44 %). The model contributions plot indicated that the presence ofS.
aromaticum had no significant antimicrobial effect for this combina-
tion. Although experimentally, combination 2 displayed the same
MIC value as combination 3, the PLS model predicts that trace
amounts of S. aromaticum in the mixture is beneficial (predicted
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Combmauon R.offic,nal,s S. aromaticum 5.offecinahs PredicINI Experimental
MIC(mg/ml) MIC(mg/ml)

1 0,78 0..01 0.21 0.30 0.38

2 056 0.00 044 0.19 0.19

3 0.595 0005 0.40 0.17 0.19

4 023 0.23 0.54 0.29 0.25

S 0.04 0.03 0.92 0.25 0.38

MIC= 0.17 mg/ml) compared to no S. aromatrcum at all (predicted
MIC. 0.19 mg/ml). The results of these experiments confirmed the
reliability and fitness of the model because the correlation coefficient
(re 0.73), calculated using Microsoft Excel showed a strong correla
tion between the experimental and the predicted MIC values for all
the combinations (Table 5).

4. Discussion

The findings of this study generally show that the methanol
and dichloromethane extracts of R. officinalis, S. o.fficmahs, and S.
aromattcum were the more effective antibacterial agents towards
all the tested pathogens except S. enterica serovar Typhimurium. A
previous study has reported on the antibacterial activity of the
alcoholic extract of S. officinalis against B. cereus at an MIC value
of 0.23 mg/ml (Generali<:et al.. 2012). which agrees with the cur-
rent study. In addition. some studies also reported on the activity
of S. aromaticum methanol extract against S. aureus (Pandey et al.,
201\; Thielmann et al.. 2019). These results are congruent with
the findings from this study. Generally. the water extracts dis-
played weaker or no antibacterial activity which is a similar
observation to previous studies by Weerakkody et al. (2010) and
Witkowska et al. (2014).

The antibacterial activity of C. zeylanicum essential oil against B.
cereus was reported by other researchers (Unlu et al., 2010; Nana-
sombat and Wimuttigosol, 2011 ). Their findings are congruent with
the current study where an MIC value of 0.56 mg/ml was also
obtained. Linde et al. (2016) reported an MIC value of I mg/ml for P.
crispum oil against B. cereus, which relates to the findings in this
study. Tomar et al. (2020) reported the activity of L nobilis oil against
B. cereus at an MIC value 0f0.75 mg/ml and the results are consistent
with the current findings. The inhibitory effect of M. oJ/icinalis and O.
marjorana essential oils was also reported by other researchers
(Abdellatif et al., 2014; Hajlaoulet al., 2016). Although the 17 extracts
tested in the current study were selected based on documented anti-
microbial activity, it is clear that many more screening studies must
be conducted in order to confirm the effectiveness of these herbs and
spices as antimicrobial agents. It is important to challenge these on a
range of pathogenic strains under different laboratory conditions so
that the highly potent candidates can be identified and investigated
further. This study also confirms high variability in antimicrobial
activity of many spices and herbs which depends on the type of plant,
extraction solvent, test media and pathogens tested. an important
consideration which discourages the use of herbs and spices as a pri-
mary preservative method (Al-Wabel and Far'hi. 2012).

Overal the results of the interactive studies demonstrate that
selected crude extracts of culinary herbs and spices can be combined
to achieve either synergistic. additive. indifferent or antagonistic
interactions. This information is particularly important as the use of
herb combinations is common in many traditional medicine practices
around the globe, with the primary aim of achieving an enhanced
biological effect (synergy) while minimizing undesired effects (Che
et al., 2013). The findings of this study, however, clearly demonstrate
that only a few (three) of the spice extracts were able to achieve syn-
ergistic interactions out of the t7 tested. The R. officinalis combined
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with S. aromaticum or S. officinalis methanol extracts and tested
against B. cereus were synergistic. One previous study reported an
additive effect when the alcoholic extract of Origanum vu/gare (oreg-
ano) was combined with either R. o.fficinalis or S. officinalis and tested
against S. aureus {Witkowska et al.. 2014). which partially supports
the effectiveness of the two plants when used in combination. In the
current study, although a synergistic effect was observed with the
1:1 combination of the three plants, the FIC values for both combina-
tions were still > 0.1 mg/ml which is the maximum value for an
extract to be regarded as displaying good antimicrobial activity Kuere
(2010). The 1:1 combinations can therefore be regarded as moder-
ately active. Whether combining these extracts achieves a significant
effect when compared to the individual extracts is an important fac-
tor to consider when aiming to produce a highly effective polyherbal
formulation. The optimization procedure using DoE is therefore
important to ensure that optimum proportions of the extracts are
combined for the best possible antimicrobial outcome. The current
study illustrates the importance of DoE as the best antimicrobial
effect was observed when the three plants were used in a mixture in
varying proportions compared to the 1:I combination. The most
effective combination comprised of methanol extracts of R. of/icinalis
(59.5 11 S. officinalis (40 %), and S. aromaticum (0.5 %), yielding an
MIC- 0.19 mg/ml, which was the lowest recorded in this study. Com-
bining R. o.fficinalis (561}. S. offidnalis (44 %) alone was able to achieve
the same effect (MICs 0.19 mg/ml). therefore We can infer that the
later combination is more economical and recommend this for fur-
ther studies.

It is also important to highlight that in the current study, none of
the tested essential oil combinations exhibited synergy or additive
effects. However. previous studies have reported an additive activity
when S. aromaticum and R. ofjicinalis oils were combined and tested
against E. coli and S. aureus (Fu et al.. 2007). Bag and Chattopadhyay
(2015) reported synergy when combinmg C. sativum and Cuminum
cyminum L (cumin) essential oils against B. cereus, E. coli. and S.
aureus. with 'FJC values of 0.25 and 0.50. respectively. Bassole and
colleagues, also reported synergism from combining M. piperita and
0. basi/icum essential oils against S. aureus, E. faecalis, L monocyto-
genes, E. coli, and Shigel/a dysenteriae with IFIC values of 0.36, 0.37,
0.27, 0.29, and 0.35, respectively, whilst the combination was additive
against S. enterica serovar Typhimurium with an !FJC value of 0.69.
Combining 0. vulgare with either 0. marjorana, R. ofjicinalis, T. vu/garis
or 0. basi/icum oil yielded additive effects against B. cereus and E. coli
(Bassole and Juhani. 2012). Kon and Rai (20121 evaluated the antibac-
terial activity of T. vulgaris oil in combination with C. zeylanicum. M.
piperita. and M. o/ficinalis oils against E. coli and S. aureus and syner-
gistic interactions were observed when T. vu/garis aod C. zey/anicum
oils were combined and tested against S. aureus (IFIC value of 0.26).
and when T. vulgaris and M. officina/is oils were combined and tested
against E.coli (IFJC value 0f0.34). Gyorgy (20toi reported synergism
from the combination of S. officina/is and T. vu/garis oils against S.
aureus. B. subtilis, and L monocyrogenes. It was also reported that syn-
ergy from the combination of 0. vulgare and 0. basilicum essential
oils against S. aureus was evident (Lv et al., 2011). Additive effects
were observed when T. vulgaris and M. piperita oils were combined
and tested against E. coli and S. aureus with IFIC values of 0.55.
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The findings of this study may contribute to the successful appli-
cation of combined herbs and spices as natural antimicrobials which
can be successfully applied in food preservation.

5. Conclusion

It is evident that the use of selected spice extracts in combination
increases the antibacterial activity due to synergistic interactions.
Synergy was observed by combining R. offidnalis and S. aromacicum
methanol extracts (IFIC value of 0.25) and from combination of R.
officinolis and 5. offidnalis methanol extracts (IFIC value of 0.31)
against 8. cereus. Instead of combining extracts randomly, the DOE
study provided an interesting and promising cost-effective approach
whereby spices and herbs extracts can be combined at optimum pro-
portions for the best biological effect. The DOE therefore created an
innovative opportunity for the future development of the most effec-
tive antimicrobial agents for the pharmaceutical and food industries.
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