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Introduction 

Antimicrobial activity may apply to both commercially-
produced antibiotics and to certain bioactive natural
products produced by living organisms found in nature,
whether of plant, microbial or marine origin. Antimicrobial
resistance to conventional antimicrobial agents is increasing
among pathogens. For example, in 2013, approximately
480,000 new cases of multi-drug resistant tuberculosis were
documented in over 100 countries.1 Significant global
increase in drug-resistant infections will potentially result in
10 million preventable deaths worldwide and an enormous
financial cost reaching $100 trillion dollars by 2050.2

The number of compounds that are currently being
developed is still insufficient to control infectious disease
global threats.3

This rise of antimicrobial resistance (AMR), particularly
among significant pathogens, when considered in the light
of few novel replacements over recent decades, suggests an
urgent need to find effective antimicrobials. Only an
estimated 15% of approximately 300,000 higher plant species
have been investigated phytochemically – which suggests
that plant-derived natural products provide potential for
new agents.4 The term 'chemical space' has been defined 
as the set of all possible molecular structures in one
collection.5 Combinatorial compound diversity, chosen by
pharmaceutical companies in recent times as a means to
generate active compounds, has shown considerably less
diversity than have natural product compounds.6 The
structural diversity of natural products inevitably also
surpasses that from synthetic or combinatorial compounds,7

thus suggesting that plant-derived natural products provide
potential for therapeutic agents.
Atanasov et al.8 list all isolated plant natural products

approved for therapeutic use in the last 30 years (1984–
2014), none of them being antimicrobial in nature.
Nevertheless, natural products are a continuing source of
novel drug possibilities to tackle AMR, requiring
interdisciplinary collaborations and vigorous exploration of
all approaches to drug discovery for the effective
development of novel therapeutics.4

Natural products may be utilised in numerous modified

and unmodified forms. Cragg et al.9 have analysed the major
sources of new commercial drugs from 1981–2010, which
may be summarised as follows:
•    unmodified natural (pure) compound
•    modified natural compound
•    semi-synthetic compound
•    synthetic compound with no natural product conception
•    synthetic compound with natural product
pharmacophore.

Secondary metabolites, while widely regarded as being
synonymous with natural products, might be defined as
organic compounds in the correct chiral configuration to
exert bioactivity with no growth, development or
reproductive function in an organism.10 Occurrence of
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molecularly diverse secondary metabolites can be restricted
to particular plant families, genera or single species.11

Bioactive compounds or constituents elicit confirmed
biological effects in human or animal systems. Drug
discovery and development involves the identification of
therapeutically important new chemical entities (NCEs).
Koehn12 describes advanced analytical and spectroscopic
methods that allow the rapid identification and structural
elucidation of complex natural products in crude or pre-
fractionated plant extracts while profiling their bioactivity in
a process coined bioassay-guided-fractionation. Advanced
developments in the field of metabolite analysis have
recently been reviewed by Wolfender et al.13

Methods of evaluating antimicrobial activity of natural
products often involve the modification and adaption of
standard in vitro methods designed for single constituent
compounds, as shown in Figure 1. In this review the
advantages, limitations and comparisons between each
current diffusion, dilution and bioautographic method will
be highlighted with illustration using the anti-
staphylococcal plant Inula helenium L.

Conventional in vitro antimicrobial test
method adaption in natural product 
research: what are the major problems?

Figure 1 depicts the array of antimicrobial assays available to
researchers and since each method is not based on the exact
same principle, the results obtained may be influenced
profoundly by the method selected, inoculum size, choice of
organisms, degree of sample solubility, compound stability,
chemical complexity and stereochemistry.14,7 Currently
available antimicrobial screening methods in natural
product research may be divided into three categories:
•    Diffusion methods (qualitative)
•    Dilution methods (quantitative)
•    Chromatographic-coupled bioautographic methods
(qualitative and quantitative).

Standardised procedures and approved guidelines (through
agencies such as the British Society for Antimicrobial
Chemotherapy, or the US Clinical Laboratory and Standards
Institute) are the accepted practice for the antimicrobial
susceptibility testing of conventional single constituent
chemotherapeutics; however, these regulated methodologies
may be unsuited to the direct investigation of multi-
constituent agents (i.e. crude or fractionated plant extracts).
Standard diffusion and dilution techniques initially
employed for single constituent agents have been modified
consequently.15 The problem with such modification is that
these methods are not universally standardised for natural
products. Incomplete standardisation, redundant and out-
dated methodology16 and inconsideration of all of the
components of the extracts and their physiochemical
properties has led to a plethora of unsubstantiated reporting
of results. This complicates efforts of inter-laboratory
comparison between different plant extracts by authors and
research groups worldwide.16 No single assay or
combination of assays is necessarily optimal given the
diversity of complex multi-constituents present in different
extracts,17 even where methods might possibly be
standardised between laboratories. Furthermore, evaluating

the bioactivity of natural products – whether of plant,
marine or animal origin – requires interdisciplinary
collaboration rooted in both biology and chemistry
specialties. 
Rios et al.,18 back in 1988, were among the first authors to

review the application of standardised conventional
antimicrobial susceptibility testing methods to natural
product research. In addition to the antibacterial assay
selected, many other factors can affect the overall outcome
in natural product research, including environmental and
climatic growing conditions, plant material, extract
preparation, extraction method and choice of solvent,19

thereby adding complication to efforts to standardise
methods for natural product antimicrobial assessment.

Modified AST methods (multiple constituents)

Diffusion methods: disc diffusion
Diffusion methods are among the most widely adopted in
vitro antibacterial screening techniques used today which
provide what is often described as a qualitative (rather than
quantitative) categorical interpretation of the degree of
microbial susceptibility to an antimicrobial agent.20,16 The
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Fig. 1. Natural product sources from plants and categorisation
of widely adopted antimicrobial susceptibility testing methods for
their investigation.

Natural Product Sources from Plant
•Secondary Metabolites
•Organic Compoints
•Phytochemical Constituents
•Bioactive compounds

Fractionated/Isolated Plant Derivatives
•Alkaloids
•Terpenes & Terpenoids
•Flavonoids & Phenolics
•Other (e.g. saponins, coumarins, peptides)

In vitro AST methods:

Modified Diffusion Methods
•Disc/Cylinder/Agar well
•Vapour

Modified Dilution Methods
•Broth macro/microdilution
•Agar dilution

TLC-Bioautography
•Contact
•Immersion 
•Direct



methods are easy to perform, economical and require little
or no specialised instrumentation.21,22 In the case of plant
extract testing for antimicrobial activity, the disk diffusion
procedure is performed similarly to the standard method
using antibiotic impregnated disks. The method involves
loading circular discs with a chosen plant extract which is
then aseptically placed onto the surface of an inoculated
agar medium. Minor variations have been reported in the
literature including the following: 
•    refrigeration of the prepared plates at 4˚C for 1–2 hours
to allow prediffusion of the plant extract into the
inoculated medium prior to incubation23–25

•    extended soaking of the sterilised discs with plant extract
for two hours before placing on the inoculated medium26

•    drying of the impregnated discs under laminar air-flow
overnight.27

Disc-diffusion methods generate qualitative data suitable for
preliminary bioactivity screening of novel extracts and
cannot be manipulated for the generation of quantitative
data including minimum inhibitory concentrations (MICs)
or minimum bactericidal concentrations (MBCs).19 The
compounds diffuse from the disc into the surrounding
medium, any antibacterial activity is visually represented by
the presence of a clear zone which depicts the interrupted
growth of bacteria as a result of encounter with the agents.28

Qualitative results are recorded upon measuring the
difference in circumference from the disc to the surrounding
clear zones. 

Diffusion methods: agar-well (hole plate) 
and cylinder diffusion
The agar-well and cylinder diffusion assays are similar to the
disc-diffusion method, with minor exceptions regarding the
type of reservoir used.19 In the agar-well method, defined
wells of 6–8 mm are aseptically engraved into the agar
forming holes using a sterile cork-borer, allowing at least 
30 mm of space between adjacent wells. For the cylinder
method, aluminium, glass or porcelain reservoirs are

required. Pure plant extracts of defined concentration (i.e.
0.01–10 mg/mL) are introduced into the cylinders or newly-
formed wells.26,29 Valgas et al.14 claim that the agar-well
method is more sensitive when testing plant samples in
comparison to the disc-variant methods – the premise of
which is rooted in the potential constituent adsorption to the
paper discs30 as described in Table 1.

Diffusion methods: vapour diffusion (micro atmosphere-
diffusion method or disc volatilisation method)
Plant volatile oils are naturally-occurring, highly complex
plant compounds characterised by a potent aroma and
which are produced by aromatic plants as secondary plant
metabolites.34 Some earlier studies have documented the
evaluation of plant oils through direct contact (diffusion)
methods or liquid [dilution] methods; however, compound
diffusion and solubility factors largely affect the feasibility of
these methods.35

Vapour diffusion is a modified agar diffusion procedure
developed on the premise that plant oil vapours exert critical
biological activity.15 This method allows for a more uniform
vapour distribution within the Petri dish headspace. 
Each individual constituent has its individual volatility,
therefore when the constituents are introduced into a free,
non-saturated state in a closed environment, the volatile
constituents begin to disperse at differing rates according 
to their degree of volatility until they reach equilibrium.36

At equilibrium the headspace composition is more
homogeneous and may be reproducible, and this has 
led to the development of specifically designed air-tight
acrylic chambers that allow for multiple exposures to plant
oil vapours and the parallel assessment of bioactivity using
multiple Petri dishes.37 Limitations of the method include
vapour loss owing to insufficient sealing, and some authors
have documented the addition of 5 mL agar into the 
inner surface of the dish to help seal and prevent the
adsorption of volatile vapours to the Petri dish material.
These measures prevent interference with the internal
environment.38,36
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Experimental variable                                       Associated limitation

Qualitative screening                                         Diffusion methods cannot generate accurate MICs or distinguish between bactericidal and 
                                                                       bacteriostatic activity.31

Comparability issues                                         It is imperative that zones of inhibition are not assumingly correlated with the strength of 
                                                                       antibacterial activity – a common misconception.16

Solubility issues                                                 Diffusion and dilution-based methods are largely dependent on the availability of the active 
                                                                       principle which is a function of the test compounds’ solubility.19

Varied diffusion rates                                         Variability is introduced with the presence of crude extracts or multi-constituent fractions.19

                                                                       Particle size, shape and volume influence molecule diffusion rates.14

Compound adsorption                                        Cellulose filter paper is frequently used for disc preparation, (i.e. β-(1-4) glucose monomers). 
                                                                       The presence of free hydroxyl groups on each glucose residue renders the disc surface 
                                                                       hydrophilic. Cationic polar plant constituents would therefore be expected to adsorb to the disc 
                                                                       surface thus influencing compound diffusion through the medium.30

Subjective interpretations                                   Greater dependence on the investigator to perform the procedures and interpret the results 
                                                                       correctly is much higher in the absence of approved instrumentation and standardsation.20

Choice of solvent and controls                            Solvents used for both extraction and/or solubilisation of extracts should be non-toxic; ensuring 
                                                                       no interference to the bioassay.19

Factors influencing inhibitory zone diameter         Method sensitivity is influenced by microorganism species, growth medium pH and composition,
                                                                       agar thickness and disc adsorption.32,33

Table 1. Limitations of diffusion methods in plant natural product research.



Dilution methods: agar dilution
This method incorporates different concentrations of the
sterilised sample into an agar medium, followed by
inoculation of the surface of the agar with bacteria, and it has
the same disadvantages as its alternative, the macro/micro-
dilution method (Table 2). In addition it is more laborious
than broth dilutions.39,16

Broth dilution methods: macrodilution and microdilution
Broth macrodilution is an older method than broth
microdilution, and is less frequently used nowadays. It
requires the manual preparation of serial dilutions using
relatively high quantities of reagents and laboratory space.
Disadvantages include the labour-intensive preparation of
test solutions and the concurrent possibility of errors
associated with such repeated preparations.40

The broth microdilution technique involves serial broth
dilution of the sample, which is sequentially inoculated with
bacteria in a 96-well microtitre plate.41 Notable merits
include rapid quantitative generation of MIC and MBC
values, enhanced reproducibility, method feasibility and
convenience. Miniaturisation of the technique greatly
reduces expenditure on reagents and laboratory space
required for implementing the technique.40 Precise aliquots
of diluted samples in broth are dispensed into each singular
reservoir using an automated multi-pipette. MIC values are
quantified post-incubation using either manual or

automated viewing systems which inspect each microtitre
panel for microbial growth. These automated panel or tray
readers greatly assist researchers by generating
computerised reports40 Microdilution methods provide
reliable and efficient assessment of antimicrobial agents, but
they are not suitable for the assessment of essential oils, as
solubility is an obvious requisite.42

Automated antimicrobial susceptibility 
testing methods

The merits of using automated instrumentation include
non-subjective standardisation of end-points and higher
through-put in comparison to manual readings. They also
facilitate the analysis of large amounts of data, and
monitoring of trends in resistance. Sensitive optical-
detection systems permit detection of subtle bacterial
growth patterns.40 Early automation developments have
included microtitre tray preparation, instrument-assisted
readers and computer-assisted result databases. Rapid
automated susceptibility testing systems frequently
integrate robotics, micro-processors and micro-computers to
rapidly identify susceptibility.47 As an example, the FDA has
approved the following automated instruments in the U.S.
for conventional antimicrobial susceptibility testing: Vitek 2
System (bioMérieux, Durham, NC); MicroScan WalkAway
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Experimental variable                                       Associated limitation

Non-polar compound precipitation                      Reduces contact with the bacterial suspension.43

Membrane filtration Adsorption                           Hydrophilic constituents and heat-labile water-based extracts can only be reliably sterilised via 
                                                                       membrane filtration, which could potentially allow constituents to adsorb onto the membrane 
                                                                       thus affecting bioactivity.44

Ambiguous MIC determination                           Interference by turbid or coloured extracts can obstruct accurate visual or spectrophotometric 
                                                                       measurements of the microtitre plates post-incubation, suggesting an advantage to using 
                                                                       colorimetric methods.

Subjective visual results                                     Visual assessment of turbidity, when testing a variety of agents can be subjective.45

The inoculum effect (IE)                                     High inocula can induce false resistance and low inocula can result in false susceptibility,45,46

                                                                       in the absence of recommended guidelines by a competent authority.

Incomparability to other methods                        Results obtained from the microdilution method are not always comparable to diffusion or 
                                                                       bioautographic methods.41

Table 2. Limitations of dilution methods in plant natural product research.

Experimental variable                                       Associated limitation

Active zones close to the origin                           Clear inhibitory zones in close proximity to the origin must be separated further with a mobile 
                                                                       phase of greater polarity to reveal active sub-fractions suitable for further evaluation and to 
                                                                       reject non-active fractions.51

Active constituent(s) ‘synergy’ disruption              Some authors report the potential disruption of synergistic mechanisms between the active 
                                                                       constituents in the plant extract thus potentially reducing the biological activity of the extract 
                                                                       at large.25,54

Unsuitable for volatile Constituents                     Volatile fractions may be lost through evaporation from the chromatogram.

Non-standardised method parameters                 Criteria including mobile phase composition, stationary phase adsorbent, test species, TLC plate 
                                                                       pre-conditioning and visualisation methods are all varying parameters that may potentially affect 
                                                                       the results of these bioassays.55

Mobile phase pH                                               Strongly acidic or strongly alkaline solvents may remain on TLC plates thus potentially inhibiting 
                                                                       bacterial growth.57

Table 3. Limitations of bioautographic methods in plant natural product research.



System (Siemens Healthcare Diagnostics, Deerfield, IL); BD
Phoenix Automated Microbiology System (BD Diagnostics,
Sparks, MD); and the overnight Sensititre ARIS 2X (Trek
Diagnostics Systems, OH).40,47

The predominant reported limitation of these rapid
susceptibility testing methods is the reduced ability to detect
emerging resistance mechanisms accurately, including
inducible �-lactamases, vancomycin-resistant staphylococci
or carbapenem-resistant Gram-negative pathogens.40,47–49
However, guidelines for testing natural products for
antimicrobial efficacy using these technologies have not
been generated to date.

Chromatographic-coupled techniques: bioautography
Bioautography is an analytical phytochemical screening 
tool which detects bioactive portions of a complex extract
based on the principle of bioassay-guided fractionation.50,51

In natural product research, bioautographic detection 
is a functional microbial screening method typically 
combined with planar chromatographic techniques including
thin-layer-chromatography (TLC), high-performance 
thin layer chromatography (HPTLC), high-performance
liquid chromatography (HPLC), over-pressured layer
chromatography (OPLC) and planar electro-chromatography
(PEC).51

Merits of these methods over modified diffusion 
and dilution assays include:
•    Easily applicable plant screening method: hyphenated-
bioautography remedies the issue of isolating
antimicrobial compounds from complex crude plant
extracts by offering a simple alternative isolation and
identification process.

•    Reduced extract quantities: minimised requirement for
plant extract volume in comparison to other methods,
which has both time- and money-saving benefits. 

•    Target-directed isolation of active constituents: the
localisation of active compounds in a complex matrix
combined with in situ bioactivity determination enables
the guided isolation of targeted constituents.52,53

•    Parallel bioactivity comparison between samples: samples of
varied origin can be assayed on the one TLC plate
allowing a direct comparison between extracts.54

•    Bio-guiding method: bioautographic methods points
towards active compounds that warrant further
investigation via structural analysis.51

•    Spectroscopic input: provides a broad range of information
regarding the bioactivity and even the structures of the
analytes.51

•    Preparative TLC Isolation: separated components can be
obtained directly from TLC plates by applying the
sample in a wide band, which is scraped directly from
the plate, eluted with appropriate solvents and
structurally analysed via LC-MS, OPLC or other
sophisticated methods for structural evaluation.51

Three versions of TLC-coupled bioautographic methods are
currently used: contact, direct and immersion variants (Fig. 2).
A listing of their disadvantages is shown in Table 3.
•    Contact (agar diffusion) bioautography: involves placing the
developed chromatogram onto the pre-inoculated agar
medium surface for a specific period to allow diffusion.
The next step requires the removal of the chromatogram
and the subsequent incubation of the inoculated agar
layer. Clear zones indicate growth inhibition.55
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•    Direct bioautography: involves the application of an
antimicrobial agent directly onto developed TLC plates,
followed by development in an appropriate solvent
system and the direct application of the suspended
bacterial test strain onto the TLC plate. Nutrients from
the broth medium adhere to the TLC plate surface -
which acts as a nutrient source for the bacterial strains
thus enabling the direct growth of the bacteria on to the
plate surface.55 Similarly to the diffusion assays, clear
inhibitory zones on the TLC plate indicate the presence
of antimicrobial agents. Colorimetric indicators are used
to visualise microbial growth, typically tetrazolium
salts.51 Microorganisms convert tetrazolium salts into
formazan via the presence of dehydrogenases.55

•    Immersion (agar-overlay) bioautography: This is a hybrid of
both contact and direct procedures.56 The technique
requires total immersion of the pre-exposed TLC plate
with seeded agar medium. In order to enhance diffusion
rates,55 it is suggested that plates should be kept at a low
temperature for a few hours prior to incubation to allow
greater diffusion of the antimicrobial agent into the
medium, thus optimizing the procedure.

Plant-derived natural product drug 
discovery: current challenges

Aside from poor methodological set-up and analysis of
data,58 preclinical analysis of plant-derived natural products
faces a variety of challenges, a selection of which are
outlined in Table 4. Ultimately, the purpose of addressing
these inherent challenges is to maximise accurate screening
in plant natural product research.59

Novel antibacterial high-throughput 
screening modes for natural products 

The principle of high-throughput screening (HTS) is the
random and systematic evaluation of libraries of chemicals
likely to modulate a specific biological target in cell-free-,
phenotypic- or targeted cell-based assays.63-65 Since the
1990s, HTS evaluation has accelerated in parallel with the
HTS chemistry methods that initiated the development of
synthetic compound libraries.65

Inula helenium L. (Elecampane): a case study

Inula helenium, which is a plant naturalised to Ireland, was
selected for particular study in this review, both on the basis
that it had been studied previously in our own laboratory
and elsewhere, and that there have been several recent
published studies of its antimicrobial efficacy.
From our earlier work,66 when we reported 100% inhibition

of 200 staphylococcial isolates encompassing methicillin-
resistant Staphylococcus aureus (MRSA), methicillin-sensitive S.
aureus (MSSA) and coagulase-negative Staphylococcus (CNS),
we recorded MBC values of 0.9–9.0 mg/mL against I. helenium
extracts using both a crude drop-test, whereby a specified
volume of extract was pipetted on a freshly inoculated
bacterial lawn, and a microdilution method. 
Deriu et al.67 evaluated supercritical fluid (SCF) and hydro-

distilled (HD) essential oil extracts of Italian I. helenium roots
against a number of bacteria using disc-diffusion and
microdilution methods. MICs ranged from 0.009 mg/mL to
>14 mg/mL. An MIC of 0.6 mg/mL (HD extract) and 
3.7 mg/mL (SCF extract) was reported against S. aureus
(ATCC 29213); the streptomycin control MIC was 
0.05 mg/mL – significantly lower than both I. helenium
extracts. Pseudomonas aeruginosa was the most resistant of all
strains tested (MIC 14.8 mg/mL). Both extracts significantly
inhibited ampicillin-, erythromycin-, penicillin-, and
tetracycline-resistant Enterococcus faecium strains (MIC 
>0.3 mg/mL). The authors remarked that HD-extracted oil is
more active than SCF-extracts on the basis of this study.
A recent review by Seca et al.68 stated that alantolactone is

one of the most widely tested isolated constituents from 
I. helenium L. Stojanovi�-Radi� et al.69 reported alantolactone,
diplophyllin and isoalantolactone as the active anti-
staphylococcal constituents of I. helenium. Further evidence
suggests that 4�,5�-epoxyalantolactone contributes to the
antimicrobial function of I. helenium.67

Gökbulut et al.70 states that (Turkish) methanol I. helenium
root extracts were most active against Gram-positive bacteria
in the (CLSI modified) agar-dilution method using a
concentration range from 6.25 – 800 mg/mL. Lowest MICs
were generally observed for the I. helenium root extracts over
either flower or leaf extracts: Enterococcus faecalis (ATCC:
29212; MIC 100 mg/mL), Escherichia coli (ATCC: 25922; MIC
200 mg/mL), S. aureus (ATCC: 29213; M..IC 100 mg/mL) and 
P. aeruginosa (ATCC: 27853; MIC 400 mg/mL). In agreement
with Deriu et al.,67 P. aeruginosa exhibited strongest in vitro
resistance to I. helenium.
Jiang et al.71 evaluated the antibacterial activity of isolated

Chinese I. helenium-derived compounds against Bacillus
cereus, E. coli, Erwinia carotovora, S. aureus and P. aeruginosa
using the broth microdilution method with reference to CLSI
guidelines. A total of 16 extracted compounds were listed;
4a,15a-epoxyisoalantolactone demonstrated stronger activity
(MIC 15.5 mg/mL) to B. cereus than the positive ampicillin
control, while isoalantolactone exhibited moderate antibiosis
to B. cereus (MIC 31.3 mg/mL). Compounds isoalantolactone,
4a,15a-epoxyisoalantolactone, macrophyllilactone, 4a, 
15-epoxyisoalantolactone, telekin and 3a-hydroxyeudesm-
4,11-dien-12,8β-olide demonstrated weak inhibition (MICs
62.5–125 mg/mL) to Escherichia coli. Again compound 
3a-hydroxyeudesm-4,11-dien-12,8β-olide demonstrated
weak inhibition to B. cereus and isoalantolactone to S. aureus,
while compounds isoalantolactone, macrophyllilactone,
telekin and 3a-hydroxyeudesm-4,11-dien-12,8β-olide
inhibited Erwnia carotovora and compounds isoalantolactone
and 3a-hydroxyeudesm-4,11-dien-12,8β-olide inhibited 
B. subtilis. All other (non-specified) compounds were inactive,
showing MICs >250 mg/mL. This study is an example of
critical, comprehensive and high-standard natural product
research. The authors state that the bioactivity of the
aforementioned compounds are characteristic of an
eudesmane structure with an a,β-lactone and oxirane thus
emphasising the link between molecular structures and
configuration with constituent bioactivity – which further
strengthens the importance of documenting plant chemical
profiles in conjunction with bioassay evaluations in order to
ascertain any claimed activity. 
Stojanovi�-Radi� et al.69 also demonstrated the structure-

activity relationship of I. helenium, suggesting that the
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eudesmane core olefinic bonds together with the 
a,β-methylene-lactone ring and that these are vital
structural features for anti-staphylococcal activity. Further
conformational analysis demonstrated that diplophyllin’s
higher potency is due to optimal lactone moiety interaction
with the binding region of targets. 
Qiu et al.72 concluded that isolated isoalantolactone did

not exhibit anti-staphylococcal activity in vitro using the
modified CLSI microdilution method. The authors did,
however, note the compound’s ability to inhibit a-toxin
expression in S. aureus at very low concentrations and its
protection of mice against pneumonia in vivo. a-toxin is a
pore-forming toxin secreted by most S. aureus strains, which
is essential for pneumonia pathogenesis. This is an example
of where unremarkable in vitro antimicrobial results may be
less significant than elucidation of (natural products’)
bioactive mechanisms of action. This may actually provide
more vital information toward their use as anti-infective
agents, than the initial results suggest. 
Radulovi� et al.73 also reported the inactivity of Serbian 

I. helenium root-derived 3-methyl-2alkanones against 
S. aureus using the microdilution method in vitro (MIC 
>3.70 mg/mL) in comparison to the positive control nystatin
(MIC 0.78 mg/mL). The authors imply that the bioactive

sesquiterpene aldehydes of this fraction are still unidentified
and that they occupy a mass spectrum resembling the
compound bicyclogermacrenal. 
Stojakowska et al.74 reported moderate antibacterial

activity of I. helenium root-derived isolate, 10-Isobutyryloxy-
8,9-epoxythymol isobutyrate, against S. aureus (MIC 
50–250 mg/mL), Enterococcus faecalis (MIC 1000 mg/mL),
Escherichia coli (MIC 1000 mg/mL) and P. aeruginosa (MIC 
1000 mg/mL) using the broth microdilution method in vitro.
The authors comment on the role of thymol derivatives in
the young roots of I. helenium potentially contributing to its
antibacterial activity. 
As an interesting sequel to the traditional use of I. helenium

root as an antimycobacterial agent, Gautam et al.75 reviewed
in vitro antimycobacterial screening methods, including
dilution, diffusion, radiorespirometry and reporter gene
assays when testing I. helenium L. and I. racemosa Hook f.
Prior to this, Cantrell et al.76 had reported 100% inhibition of
Mycobacterium tuberculosis (H382v ATCC 27294) by crude
organic I. helenium root extracts (MIC: 0.1 mg/mL; South,
Central and North American-derived) in vitro using a
radiorespirometric assay. Percentage inhibition was
unaffected by the choice of extraction solvent used (hexane,
dichloromethane and methanol extracts). 
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Specific challenges

Species-specific Compounds                              Natural products occurring in many different plant species are favoured over species-specific 
                                                                       compounds as this removes the supply constraints hindering successful research, development 
                                                                       and commercialisation of natural product-derived drugs.8,60

Natural product compound resupply                    Resupply from the original plant species is often unfeasible and economically non-viable to 
                                                                       meet market demands upon commercialisation of naturally-occurring drugs. Emerging 
                                                                       biotechnological and (total-, semi-) chemical synthesis strategies offer potential alternatives 
                                                                       to overcome the precursor resupply obstacle.8

Illogical dosage/concentrations and                    The use of excessively high (unrealistic) concentrations of plant extracts for in vitro and in vivo
erroneous IC50 value endpoints                           testing to obtain a dose-response effect have been documented in the literature.58,61

                                                                       The need for stringent end-point criteria is imperative. Cos et al.61 recommend *IC50 values 
                                                                       ≤100 mg/mL for extracts and ≤25 mmol/L for pure compounds as a relative starting point for 
                                                                       standardised endpoints.

Presence of nuisance compounds                       Contamination of plant material with metals can cause defective bioassay outcomes.8

                                                                       Metal accumulating plant species can concentrate heavy metals (e.g., cadmium, zinc, copper, 
                                                                       manganese, nickel, lead) up to 100 or 1000 times that of non-accumulating plants.62

Pro-drug evaluation                                            Some natural products are categorised as (inactive) pro-drugs that require metabolic 
                                                                       activation to confer its pharmacological activity,58 for example cyanogenetic glycosides.63

                                                                       This complicates identification methods when effector compounds are not present in the 
                                                                       starting plant material, thus undetectable through typical identification methods. 

General inherent challenges

Cultivation, harvest and post-harvest neglect       The World Health Organization (WHO) released Industry Guidelines on Good Agricultural and 
                                                                       Collection Practices (GACP) for medicinal plants to promote sustainable harvest and collection 
                                                                       techniques and to reduce ecological issues pertaining to wild-crafting of medicinal plants.8

Botanical identification, authentication               Unequivocal plant material identification requires genetic (omic techniques) and chemical 
and nomenclature                                             analysis, including hyphenation of GC or HPLC with various spectroscopic methods. 
                                                                       Plant taxonomy and synonym issues can complicate this step further.63

Plant material availability                                   Limited compound quantity is problematic for post-pharmacological activity and subsequent 
                                                                       characterisation.8

Ethnopharmacological and traditional                 Numerous challenges face these approaches to plant selection on the basis of their traditional 
use approaches                                                use. Legal-right claims can be provoked from specific county of origin or ethnical group from 
                                                                       which the traditional knowledge was originally documented.8

*IC50 is the half maximal inhibitory concentration. 

Table 4. Plant-derived natural product drug discovery: current challenges.



Of the literature cited, it is clear that many authors in the
field of natural products do not attempt to include vital
information in their methodology, particularly descriptions
of the plant material, extraction process, constituent
profiling, MIC/MBC definitions, guidelines followed (if any)
or verification of the assumed extract potency. 
In vitro evaluation is important as a primary screen, but

compounds exhibiting promising activity require further
studies to validate or ascertain therapeutic potential.
Confirmation of the pharmacological potential of, for
example, I. helenium bioactive secondary metabolites must be
subjected to in vivo studies; for example, using the zebrafish
(Danio rerio) model. The zebrafish model has emerged as a
biomedically relevant in vivo model for high-content drug
screening and the simultaneous determination of multiple
efficacy parameters including selectivity and toxicity in the
content of the whole organism.77

An important parameter that appears to be often
overlooked is not only the correlation between in vitro and 
in vivo results, but the dose- and route-of-administration-
associated toxicity of plant extracts and isolations. The
majority of the literature reviewed for this paper have cited
compounds exhibiting high IC50 values (mmol/L) – thus
representing perhaps unfeasibly high necessary dosages –
when compared, for example, with commonly-used
antibiotics such as amoxicillin, therapeutically quoted at
nanomolar levels. Comprehensive toxicological studies are
therefore also a vital consideration within the pre-clinical
validation of potential therapeutic compounds.67

Recommendations towards method uniformity
in natural product antimicrobial research

At the time of writing, no approved guidelines, standards or
official recommendations exist, to our knowledge, for in vitro
antimicrobial screening or susceptibility testing
methodologies for natural products of plant origin. There
are several points to be considered here. These might be
expected to include botanical certainty of the identity of the
plants to be used and their potential geographical and
nutritionally-caused variations. Further considerations
include unification of extraction protocols, assay choice,
inoculum densities, results interpretation, and inter-
laboratory reproducibility in determination of MIC and
MBC. 
The current challenges may be divided into two distinct

areas. The first being the comprehensive identification of the
constituents to be extracted for each species of plant, and a
preliminary analysis of their respective concentrations,
while seeking to maintain synergistic effects where they
occur to the final production stage and testing thereafter.
The second area concerns the in vitro susceptibility testing of
these products, where methods and interpretive guidelines
may be established to determine efficacy for treatment of
infections, ultimately, similar to the methods used currently
for conventional commercial antimicrobial agents. The
investment costs to reach this stage with any natural plant-
derived product will undoubtedly be very significant.
Overall, despite the large diversity in preparation and
testing strategies used currently for natural product plant-
derived antimicrobials, our investigations suggest that the
field shows promise in the provision of novel antimicrobial

agents, even as exemplified by our selected example, 
I. helenium. However, our research of the topic suggests that
much work is needed to confirm this.
Atanasov et al.8 listed all isolated plant natural products

approved for therapeutic use in the last 30 years (1984–2014),
including artemisinin, capsaicin, colchicine, dronabinol,
cannabidol, galanthamine, ingenol mebutate, masoprocol,
omacetaxine mepesuccinate, paclitaxel and solagmargine –
none of which are antimicrobial agents. Furthermore,
according to the CDC,78 just six commercial antibiotics have
been developed in the last 30 years (1985–2010), including
imipenem and ceftazidime (1985), levofloxacin (1996),
linezolid (2000), daptomycin (2003), and ceftaroline (2010).
Of these, linezolid and daptomycin are antibiotics with
novel modes of action, but, even with these agents, bacterial
resistance has been noted.79

We have learned that microorganisms will inevitably
overcome antibiotic treatment in some situations, and then
spread, and it is clear that the rate of new antimicrobial
development is insufficient to meet our current and future
needs. This underlines the importance of investigating and
developing promising antimicrobial agents to guarantee the
effective future of antimicrobial chemotherapy. �

CRK is in receipt of an RISAM scholarship from Cork Institute 
of Technology.

References

1     World Health Organization. Antimicrobial resistance.
(www.who.int/mediacentre/factsheets/fs194/en).

2     O’Neill J. Antimicrobial resistance: tackling a crisis for the 
health and wealth of nations. Review on Antimicrobial Resistance
2014: 1–16.

3     Bassetti M, Righi E. New antibiotics and antimicrobial
combination therapy for the treatment of Gram-negative
bacterial infections. Curr Opin Crit Care 2015; 21 (5): 402–11.

4     Cragg GM, Newman DJ. Natural products: a continuing source
of novel drug leads. Biochim Biophys Acta 2013; 1830 (6): 3670–95.

5     Medina-Franco JL, Martinez-Mayorga K, Giulianotti MA,
Houghten RA, Pinilla C. Visualization of the chemical space in
drug discovery. Curr Comput Aided Drug Des 2008; 4 (4): 322–33.

6     Feher M, Schmidt JM. Property distributions: differences
between drugs, natural products, and molecules from
combinatorial chemistry. J Chem Inf Comput Sci 2003; 43 (1): 
218–77.

7     Mishra KP, Gangu L, Sairam M, Banerjee PK, Sawhney PC. A
review of high throughput technology for the screening of
natural products. Biomed Pharmacother 2008; 62 (2): 94–8.

8     Atanasov AG, Waltenberger B, Pferschy-Wenzig EM et al.
Discovery and resupply of pharmacologically active plant-
derived natural products: a review. Biotechnol Adv 2015 Aug 15.
Epub ahead of print.

9     Cragg G, Katz F, Newman D, Rosenthal J. The impact of the
United Nations Convention on Biological Diversity on natural
products research. Nat Prod Rep 2012; 29 (12): 1407–23.

10   Pichersky E, Gang D. Genetics and biochemistry of secondary
metabolites in plants: an evolutionary perspective. Trends Plant
Sci 2000; 5 (10): 439–45.

11   Berkov S, Mutafova B, Christen P. Molecular biodiversity and
recent analytical developments: a marriage of convenience.
Biotechnol Adv 2014; 32 (6): 1102–10.

BRITISH JOURNAL OF BIOMEDICAL SCIENCE 2015  72 (4)

Plant natural product research198



12   Koehn FE. High impact technologies for natural products
screening. Prog Drug Res 2008; 65: 175, 177–210. 

13   Wolfender JL, Marti G, Thomas A, Bertrand S. Current
approaches and challenges for the metabolite profiling of
complex natural extracts. J Chromatogr A 2015; 1382: 136–64.

14   Valgas C, Souza SM De, Smânia EF, Artur SJ. Screening methods
to determine antibacterial activity of natural products. Braz J
Microbiol 2007; 38: 369–80.

15   Mondello F, Girolamo A, Scaturro M, Ricci ML. Determination of
Legionella pneumophila susceptibility to Melaleuca alternifolia
Cheel (Tea Tree) Oil by an improved broth micro-dilution
method under vapour controlled conditions. J Microbiol Methods
2009; 77 (2): 243–48.

16   Tan JBL, Lim YY. Critical analysis of current methods for
assessing the in vitro antioxidant and antibacterial activity of
plant extracts. Food Chem 2015; 172: 814–22. 

17   Power O, Jakeman P, FitzGerald R. Antioxidative peptides:
enzymatic production, in vitro and in vivo antioxidant activity
and potential applications of milk-derived antioxidative
peptides. Amino Acids 2013; 44 (3): 797–820.

18   Rios JL, Recio MC, Villar A. Screening methods for natural
products with antimicrobial activity: a review of the literature. 
J Ethnopharmacol 1988; 23 (2–3): 127–49.

19   Ncube NS, Afolayan AJ, Okoh AI. Assessment techniques of
antimicrobial properties of natural compounds of plant origin:
current methods and future trends. Afr J Biotechnol 2008; 7 (12):
1797–806. 

20   Hombach M, Zbinden R, Böttger EC. Standardisation of disk
diffusion results for antibiotic susceptibility testing using the
sirscan automated zone reader. BMC Microbiol 2013; 13: 225.

21   Ogata S, Gales A, Kawakami E. Antimicrobial susceptibility
testing for Helicobacter pylori isolates from Brazilian children and
adolescents: comparing agar dilution, E-test, and disk diffusion.
Braz J Microbiol 2014; 45 (4): 1439–48.

22   Osato M. Antimicrobial susceptibility testing for Helicobacter
pylori: sensitivity test results and their clinical relevance. Curr
Pharm Des 2000; 6 (15): 1545–55.

23   Lourens AC, Reddy D, Baser KH, Viljoen AM, Van Vuuren SF. 
In vitro biological activity and essential oil composition of four
indigenous South African Helichrysum species. J Ethnopharmacol
2004; 9 (2–3): 253–8.

24   Tepe B, Donmez E, Unlu G, Polissiou M, Sokmen A.
Antimicrobial and antioxidative activities of the essential oils
and methanol extracts of Salvia cryptantha (Montbret et Aucher
ex Bench.) and Salvia multicaulis (Vahl). Food Chem 2004; 84 (4):
519–25.

25   Schmourlo G, Mendonca-Filho RR, Alviano CS, Costa SS.
Screening of antifungal agents using ethanol precipitation and
bioautography of medicinal food plants. J Ethnopharmacol 2005;
96 (3): 563–8.

26   Mbata TI, Debiao LU, Saikia A. Antibacterial activity of the crude
extract of Chinese green tea (Camellia sinensis) on Listeria
monocytogenes. Afr J Biotechnol 2008; 7 (10): 1571–3.

27   Basri DF, Fan SH. The potential of aqueous and acetone extracts
of galls of Quercus infectoria as antibacterial agents. Indian J
Pharmcol 2005; 37 (1): 26–9.

28   Lee DS, Kim YM, Lee MS, Ahn CB, Jung WK, Je JY. Synergistic
effects between aminoethyl-chitosans and β-lactams against
methicillin-resistant Staphylococcus aureus (MRSA). Bioorg Med
Chem Lett 2010; 20 (3): 975–8.

29   Janssen AM, Scheffer JJ, Baerheim-Svendsen A. Antimicrobial
activity of essential oils: a 1976–1986 literature review. Aspects of
the test methods. Planta Med 1987; 53 (5): 395–8.

30   Burgess J, Jordan E, Bregu M, Mearns-Spragg A, Boyd K.
Microbial antagonism: a neglected avenue of natural products
research. J Biotechnol 1999; 70 (1–3): 27–32.

31   Parekh J, Karathia N, Chanda S. Screening of some traditionally
used medicinal plants for potential antibacterial activity. Indian J
Pharm Sci 2006; 68 (6): 832–4.

32   Scorzoni L, Benaducci T, Almeida AMF, Silva DH, Bolzani VS,
Mendes-Giannini MJ. Comparative study of disk diffusion 
and microdilution methods for evaluation of antifungal 
activity of natural compounds against medical yeasts Candida
spp. and Cryptococcus sp. J Basic Applied Pharm Sci 2007; 28 (1):
25–35.

33   Pikkemaat M, Rapallini M, Dijk S, Elferink J. Comparison of
three microbial screening methods for antibiotics using routine
monitoring samples. Anal Chim Acta 2009; 637 (1–2): 298–304.

34   Bakkali F, Averbeck S, Averbeck D, Idaomar M. Biological 
effects of essential oils – a review. Food Chem Toxicol 2008; 46 (2):
446–75.

35   Tyagi AK, Malik A. Antimicrobial action of essential oil vapours
and negative air ions against Pseudomonas fluorescens. Int J Food
Microbiol 2010; 143 (3): 205–10.

36   Kloucek P, Smid J, Frankova A, Kokoska L, Valterova I, Pavela R.
Fast screening method for assessment of antimicrobial activity
of essential oils in vapour phase. Food Res Int 2012; 47: 161–5.

37   Tyagi AK, Malik A. Antimicrobial potential and chemical
composition of Mentha piperita oil in liquid and vapour phase
against food spoiling microorganisms. Food Control 2011; 22:
1707–14. 

38   Tyagi AK, Malik A, Gottardi D. Essential oil vapour and negative
air ions: a novel tool for food preservation. Trends Food Sci
Technol 2012; 26: 99–113. 

39   Nasir B, Fatima H, Ahmed M, Lu H. Recent trends and methods
in antimicrobial drug discovery from plant sources. Austin J
Microbiol 2015; 1 (1): 1–12.

40   Jorgensen JH, Ferraro MJ. Antimicrobial susceptibility testing: a
review of general principles and contemporary practices. Clin
Infect Dis 2009; 49 (11): 1749–55.

41   King T, Dykes G, Kristianti R. Comparative evaluation of
methods commonly used to determine antimicrobial
susceptibility to plant extracts and phenolic compounds. J AOAC
Int 2008; 91 (6): 1423–9. 

42   Ríos JL, Recio MC. Medicinal plants and antimicrobial activity. 
J Ethnopharmacol 2005; 100 (1–2): 80–4. 

43   Cushnie T, Lamb A. Antimicrobial activity of flavonoids. Int J
Antimicrob Agents 2005; 26 (5): 343–56.

44   EUCAST. Discussion Document: Determination of minimum
inhibitory concentrations (MICs) of antibacterial agents by broth
dilution. Clin Microbiol Infect 2003; 9 (8): 1–7.

45   Othman M, Loh SH, Wiart C, Khoo TJ, Lim KH, Ting KN.
Optimal methods for evaluating antimicrobial activities from
plant extracts. J Microbiol Methods 2011; 84 (2): 161–6.

46   Bidlas E, Du T, Lambert RJ. An explanation for the effect of
inoculum size on MIC and the growth/no growth interface. Int J
Food Microbiol 2008; 126 (1–2): 140–52. 

47   Dipiro J, Talbert R, Yee G, Matzke G, Wells B, Posey M.
Laboratory tests to direct antimicrobial pharmacotherapy.
Pharmacotherapy: A pathophysiologic approach 2011; : 1797–812.

48   Swenson JM, Anderson KF, Lonsway DR et al. Accuracy of
commercial and reference susceptibility testing methods for
detecting vancomycin-intermediate Staphylococcus aureus. J Clin
Microbiol 2009; 47 (7): 2013–7.

49   Kulah C, Aktas E, Comert F et al. Detecting imipenem resistance
in Acinetobacter baumannii by automated systems (BD Phoenix,

Plant natural product research 199

BRITISH JOURNAL OF BIOMEDICAL SCIENCE 2015  72 (4)



Microscan WalkAway, Vitek 2); high error rates with Microscan
WalkAway. BMC Infect Dis 2009; 9: 30.

50   Nostro A, Germano MP, D’Angelo V, Marino A, Cannatelli MA.
Extraction methods and bioautography for evaluation of
medicinal plant antimicrobial activity. Lett Appl Microbiol 2000;
30 (5): 379–84.

51   Choma IM, Jesionek W. TLC-direct bioautography as a high
throughput method for detection of antimicrobials in plants.
Chromatography 2015; 2 (2): 225–38.

52   Rahalison L, Hamburger M, Hostettmann K, Monod M, Frenk E.
A bioautographic agar overlay method for the detection of
antifungal compounds from higher plants. Phytochem Anal 1991;
2: 199–203.

53   Shahverdi AR, Abdolpour F, Monsef-Esfahani HR, Farsam H. 
A TLC bioautographic assay for the detection of nitrofurantoin
resistance reversal compound. J Chromatogr B Analyt Technol
Biomed Life Sci 2007; 850 (1–2) 528–30.

54   Suleiman M, McGaw L, Naidoo V, Eloff J. Detection of
antimicrobial compounds by bioautography of different extracts
of leaves of selected South African tree species. Afr J Tradit
Complement Altern Med 2010; 7 (1): 64–78.

55   Choma IM, Grzelak EM. Bioautography detection in thin-layer
chromatography. J Chromatogr A 2011; 1218 (19): 2684–91. 

56   Das K, Tiwari RKS, Shrivastava DK. Techniques for evaluation of
medicinal plant products as antimicrobial agents: current
methods and future trends. J Med Plants Res 2010; 4 (2): 
104–11. 

57   Hamburger MO, Cordell GA. A direct bioautographic TLC assay
for compounds possessing antibacterial activity. J Nat Prod 1987;
50 (1): 19–22.

58   Butterweck V, Nahrstedt A. What is the best strategy for
preclinical testing of botanicals? A critical perspective. Planta
Med 2012; 78 (8): 747–54.

59   Liu Z. Preparation of botanical samples for biomedical research.
Endocr Metab Immune Disord Drug Targets 2008; 8 (2):112–21.

60   Amirkia V, Heinrich M. Alkaloids as drug leads – a predictive
structural and biodiversity-based analysis. Phytochem Lett 2014;
10: xlviii–liii. 

61   Cos P, Vlietinck AJ, Berghe D Vanden, Maes L. Anti-infective
potential of natural products: How to develop a stronger in vitro
‘proof-of-concept’. J Ethnopharmacol 2006; 106 (3): 290–302. 

62   Tangahu BV, Sheikh Abdullah SR, Basri H, Idris M, Anuar N,
Mukhlisin M. A review on heavy metals (As, Pb, and Hg) uptake
by plants through phytoremediation. Int J Chem Engineering
2011; 2011: 1–31. 

63   David B, Wolfender JL, Dias DA. The pharmaceutical industry
and natural products: historical status and new trends.
Phytochem Rev 2014; 14 (2): 299–315. 

64   David B, Ausseil F. Chapter 44. In: Hostettmann J, Stuppner H,
Marston A, Chen S eds Handbook of chemical and biological plant
analytical methods. New Jersey: Wiley, 2014.

65   Henrich CJ, Beutler JA. Matching the power of high throughput
screening to the chemical diversity of natural products. Nat Prod
Rep 2013; 30 (10):1284–98. 

66   O’Shea S, Lucey B, Cotter L. In vitro activity of Inula helenium
against clinical Staphylococcus aureus strains including MRSA. Br
J Biomed Sci 2009; 66 (4): 186–9. 

67   Deriu A, Zanetti S, Sechi LA et al. Antimicrobial activity of Inula
helenium L. essential oil against Gram-positive and Gram-
negative bacteria and Candida spp. Int J Antimicrob Agents 2008;
31 (6): 588–90. 

68   Seca AM, Grigore A, Pinto DC, Silva AM. The genus Inula and
their metabolites: from ethnopharmacological to medicinal uses.
J Ethnopharmacol 2014; 154 (2): 286–310. 

69   Stojanovi�-Radi� Z, Comi� L, Radulovi� N et al. Antistaphylococcal
activity of Inula helenium L. root essential oil: eudesmane
sesquiterpene lactones induce cell membrane damage. Eur J Clin
Microbiol Infect Dis 2012; 31 (6):1015–25. 

70   Gökbulut A, Günal S, �arer E. Antioxidant and antimicrobial
activities, and phenolic compounds of Inula thapsoides ssp.
thapsoides. Planta Med 2013; 79: PJ19.

71   Jiang HL, Chen J, Jin XJ et al. Sesquiterpenoids, alantolactone
analogues, and seco-guaiene from the roots of Inula helenium.
Tetrahedron 2011; 67 (47): 9193–8.

72   Qiu J, Luo M, Wang J et al. Isoalantolactone protects against
Staphylococcus aureus pneumonia. FEMS Microbiol Lett 2011; 
324 (2): 147–55.

73   Radulovic�  NS, Denic�  MS, Stojanovic�-Radic�  ZZ. Synthesis of
small combinatorial libraries of natural products: identification
and quantification of new long-chain 3-methyl-2-alkanones
from the root essential oil of Inula helenium L. (Asteraceae).
Phytochem Anal 2014; 25 (1): 75–80.

74   Stojakowska A, K�dzia B, Kisiel W. Antimicrobial activity of 
10-isobutyryloxy-8,9-epoxythymol isobutyrate. Fitoterapia 2005;
76 (7–8): 687–90.

75   Gautam R, Saklani A, Jachak SM. Indian medicinal plants as 
a source of antimycobacterial agents. J Ethnopharmacol 2007; 
110 (2): 200–34. 

76   Cantrell CL, Fischer NH, Urbatsch L, McGuire MS, 
Franzblau SG. Antimycobacterial crude plant extracts from
South, Central, and North America. Phytomedicine 1998; 5 (2):
137–45. 

77   Hung MW, Zhang ZJ, Li S et al. From omics to drug metabolism
and high content screen of natural product in zebrafish: a new
model for discovery of neuroactive compound. Evid Based
Complement Alternat Med 2012; 2012: 605303..

78   Centers for Disease Control and Prevention. About antimicrobial
resistance 2015 (www.cdc.gov/drugresistance/about.html).

79   Lellek H, Franke G, Ruckert C et al. Emergence of daptomycin
non-susceptibility in colonizing vancomycin-resistant
Enterococcus faecium isolates during daptomycin therapy. Int J
Med Microbiol 2015 Sept 12. Epub ahead of print.

BRITISH JOURNAL OF BIOMEDICAL SCIENCE 2015  72 (4)

Plant natural product research200


