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Introduction

Thin layer chromatography-direct bioautography (TLC-DB) is a well-established
bioassay used to separate and identify natural products (NPs) that are antagonistic
against a target pathogen. Itis a rapid, inexpensive, and simple option for the bioassay-
guided isolation and identification of NPs that hinges on separation by TLC coupled
with the direct application of a target pathogen to examine bioactivity. It is typically
used for the analysis of bioactive plant extracts, detecting inhibitory activity against
bacteria, fungi, and enzymes. That being said, it has great potential in bacterial
NP discovery, particularly for evaluating bacterial NPs against pertinent agricultural
pathogens, which is valuable for discovering and developing novel biopesticides for
the agriculture industry. Furthermore, it is a tunable protocol that could be applied
to other target pathogens or sources of NPs in research programs concerning the
discovery and identification of bioactive compounds. Herein, we describe a model
system for discovering and identifying biopesticide NPs using TLC-DB with Bacillus

spp. and the agricultural pathogen Sclerotinia sclerotiorum.

Fungal agricultural pathogens cause significant losses
in crop quality and yields worldwide, contributing to
the economic and supply challenges of a stable global

food production system1'2.

Pathogen damage can be
prevented by breeding cultivars resistant to infection and
using integrated crop management systems, including crop

rotations and land management practices to suppress

pathogen proliferation3*4. Though these methods reduce
damage to crops, chemical pesticides are generally used
in tandem to actively kill fungal reproductive structures in
the field and further prevent damage and yield reductions.
Although effective, chemical pesticide usage has many
drawbacks, including damage to surrounding ecosystems, a

decline in soil fertility, associated human health risks, and the
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development of pathogen resistance, the latter causing higher

doses of pesticides to be required each year5’6'7.

Microbial-based pest and pathogen management products

have long been considered potential alternatives or
complementary to synthetic pesticides. Since the early 1900s,
Bacillus thuringiensis has been widely used to control
agricultural pests and pathogens as a seed treatment, as
a foliar spray, and in direct soil treatment®. Such products
have been named biopesticides and are characterized as
naturally occurring microorganisms or biochemicals that can
kill, suppress, or reduce the vigor of a target pest or pathogen.
Biopesticides can control the growth of a pathogen through
various mechanisms but most commonly do so through the
secretion of secondary metabolites®. Secondary metabolites,
often referred to as natural products, are not involved in
primary metabolism but are produced as an evolutionary

advantage to outcompete other microorganisms10.

Biopesticides offer many advantages over their synthetic

counterparts. They pose a low toxicity risk to the
environment, fauna, and humans compared to synthetic
pest management productsg'm. Since most biopesticides
have existed naturally in the environment for millennia,
biodegradation pathways for microbial metabolites exist in
the environment, limiting the possibility of soil or ecosystem
contamination and reducing residence times that contribute to
synthetic pesticides being so environmentally destructive!?.
Additionally, many biopesticides used for mitigating pathogen
infection also exhibit plant growth-promoting properties,
which can increase nutrient bioavailability and induce plant

systemic resistance2.

Most commonly, biopesticides are applied in the form

of microbial inoculum, and NPs are secreted by live

12,13

microorganisms in situ . In such a case, identifying

the source of the activity of a biopesticide is of great
value. Doing so provides insight into the mechanism of
action of the biopesticide, aids with building a case for the
protection of a microorganism with a patent, and can have
a significant scientific impact if their structures are novel.
Most importantly, however, identification of the bioactive
source informs formulation possibilities for a downstream
biopesticide product. If the NP itself is active, one can use
the microorganism as a biomolecule factory for large-scale
biopesticide production. Additionally, many NPs that have
been explored for biocontrol also have potential applications
in human medicine, making them even more economically

valuable®.

Thin layer chromatography-direct bioautography (TLC-DB)
assays are an inexpensive and straightforward method for the
bioactivity-guided isolation and identification of biopesticidal
metabolites. Although the technique is commonly used
for separating bioactivity testing of phytochemicals from
crude plant extracts, it also has great potential for the
analysis of microbial extracts'. TLC provides fast and
inexpensive separation of NPs in a crude microbial extract,
and after coating with a media pathogen suspension,
zones that contain active metabolites are easily visualized.
Those zones can be scraped from the plate and extracted
for chemical analysis by ultra-high-performance liquid
chromatography coupled with mass spectrometry (UPLC-
MS) to identify known metabolites. Metabolites that do
not match previously reported compounds can be isolated
in larger quantities via liquid chromatography to undergo
structure elucidation studies using techniques such as
nuclear

magnetic resonance spectroscopy and X-ray

crystallography15.
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This article describes a model system for discovering and

identifying biopesticide NPs using TLC-DB with Bacillus spp.

and the agricultural pathogen Sclerotinia sclerotiorum. Figure

1 provides a schematic overview of the TLC-DB procedure.

Step 5

Figure 1: Schematic overview of steps 4-7 of the procedure of TLC-DB. Please click here to view a larger version of this

figure.

Protocol

The details of the reagents and the equipment used in this

study are listed in the Table of Materials.

1. Selecting the microbial biocontrol candidates

Using competition plate assays, select microbial isolates
that display antagonism against the pathogen of interest.
NOTE: Nine Bacillus isolates that exhibited antagonism
against S. sclerotiorum were selected, including
Bacillus atrophaeus, mojavensis and subtilis species, to

demonstrate this protocol.

2. Media preparation

Prepare potato dextrose agar (PDA) by dissolving 39 g

of medium per liter of water.

Prepare Pseudomonas F agar by adding 45 g of media

per liter of water.

Prepare potato dextrose broth (PDB) with 1% agar by
adding 24 g of medium, and 0.24 g agar per liter of water.

Prepare yeast-glucose-manganese (YGM) broth. Create
a buffer solution consisting of 2.5 g of KH,PO4 and 2.5 g
KoHPO4in 100 mL of water, and a salt solution consisting
of 0.58 g of MnSQy4.H20, 0.5 g of NaCl and 0.05 g of

FeS04.7H50 in 100 mL of water.

1. Next, add 1 g of yeast extract, 1.25 g of dextrose,

400 mL of water, 5 mL of the buffer solution, 5 mL of
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the salt solution and 90 mL of water to ensure that

the metal salts do not precipitate in solution.

5. Autoclave-sterilize the media, pour the agar into 100 x
15 mm Petri plates, and let all cool to room temperature

before use.

3. Pathogen preparation

1. Culture five plates of Sclerotinia sclerotiorum on PDA

(prepared in step 2.1) and incubate at 25 °C for 3 days.

4. Natural product extract preparation

1. Culture each bacterial isolate on Pseudomonas F Agar
(prepared in step 2.2) and grow until individual colonies

are observed.

2. Subculture single bacterial colonies into 25 mL of YGM
media in centrifuge or culture tubes and incubate with

shaking for 3 days.

3. Transfer 5 mL of aliquots of each extract into 1 L of YGM

and incubate in the same conditions for another 3 days.

4. Centrifuge each culture at 3000 x g for 15 min at 25 °C

to pellet the cells.

5. Decant and wash the supernatant three times with ethyl

acetate to extract metabolites from the culture medium.

6. Combine and dry the ethyl acetate layer of each using

rotary evaporation.

7. Re-dissolve the extract in minimal methanol, transfer it
to a small scintillation vial, and dry it again by rotary
evaporation.

NOTE: If the extract dries to an oily or resinous material,
lyophilize the material to obtain a dry powder that can be

accurately weighed.

5. TLC plate preparation

1. Prepare the 20 cm x 20 cm TLC plate by drawing a line

2 cm from the bottom and 2 cm from the top of the plate.
On the bottom line, place nine dots 2 cm apart. Above

the top line, place four dots 4 cm apart.

2. Dissolve 5 mg of each extract in 15 pL of methanol and

apply 5 uL of each extract on the nine dots marked on
the bottom line using a pipette. Let each extract spot dry
on the TLC plate and apply another 5 pL aliquot to the
same spot. Repeat until all of the material is loaded onto

the TLC plate.

3. Develop the TLC plate in a developing tank using a

1:2 solution of dichloromethane and methanol until the
solvent reaches the line marked 2 cm from the top of the

plate (approximately 45 min).

4. Once developed, remove the TLC plate and apply a

series of positive controls on the four dots marked above
the solvent line. Four concentrations of the same control
are used. For S. scl., 0.5 yg/mL, 5 pg/mL, 50 pg/mL, and

500 pg/mL of Hygromycin B are positive controls.

5. Before all solvent evaporates from the plate, place it in

an ethanol-sterilized TLC plate box.

6. Direct bioautography assay

1. Autoclave the materials to be used in the assay

(glass components of the chromatography sprayer, metal
spatula, four sheets of paper towel, cellulose or filter
paper, water, and media) in a large beaker covered with
tinfoil.

NOTE: Paper materials (paper towel, cellulose paper)
should be wrapped in tin foil to avoid becoming wet in the

autoclave.
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Connect an air source, pressure gauge, and
chromatography sprayer using ethanol-sterilized PTFE
HEPA filter between the

tubing. Connect a

chromatography sprayer and the pressure gauge.

Collect the mycelial mat of the five pathogen plates using
the sterile metal spatula into a 50 mL centrifuge tube
using a sterile spatula.

NOTE: Use a small volume of liquid broth to help dislodge

the mycelia if needed, and transfer with a sterile pipette.

Add 25 mL of PDB amended with agar and sterile glass
beads to the 50 mL centrifuge tube and vortex for 5 min

to break up the mycelial mat.

Transfer the mycelial suspension to a chromatography
sprayer using a sterile syringe with a needle tip to ensure
large pieces of mycelia will not clog the chromatography

sprayer.

Place the previously developed TLC plates on sterile

paper towels in a laminar flow hood to reduce
hand contact with the plate while applying the media

suspension.

Increase the air pressure to approximately 4 bars
and apply three coats of the suspension to the TLC
plate, allowing the plate to dry completely between
applications.

NOTE: Three layers were found to be the optimal
amount. Less than this, and the pathogen does not have
enough media to grow on. More than this, the media is
too thick, which may not allow for pathogen contact with

active metabolites.

Add 500 mL of sterile water into a sterilized plastic plate
box and place sterilized folded cellulose sheets or filter

paper on each side to hold moisture.

10.

Place the completed assay plate onto four empty Petri

dishes in the box.

Incubate the assay for 3 days to 1 week or until an
even layer of mycelia grows evenly across the TLC
plate except for around the positive controls and zone of

inhibition (ZOls).

7. Liquid chromatography mass spectrometry
analysis

Image the completed assay using photography.

Calculate the retention factor for each zone of inhibition
by dividing the distance from the bottom line to the ZOI

by the distance from the bottom line to the top line.

Scrape the silica off the inhibition zones and place it into

microcentrifuge tubes.

Add 500 uL of methanol to each tube and vortex to extract

the metabolites from the silica.

Centrifuge at 8,500 x g at 20 °C for 10 min, and transfer

the supernatant to a small vial.

Evaporate to dryness by rotary evaporation or under a

stream of nitrogen.
Re-suspend the extractin 50 pL of methanol in an LC vial.

Analyze the metabolites in the zone of inhibition by
LC-MS and compare them to the metabolites in the
crude extract to determine which metabolites in the

crude extract are responsible for the inhibition of the
pathogen’©.

Using the genus and species of the source
microorganism and the masses identified in the ZOlI,
search the literature and relevant databases such as
Antibase and the Dictionary of Natural Products to

identify the metabolites.
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Representative Results

Upon the separation of microbial extracts by TLC, metabolites
should be dispersed along the TLC plate vertically. Under
visible light, it can be difficult to view metabolites that do not

absorb in the visible light range. Thus, imaging under UV

light can help view the separation of metabolites, as seen in
Figure 2A,B. After the incubation period, the pathogen should
appear to grow evenly across the entire plate except over
the positive controls and the inhibition zones where active

metabolites reside, pictured in Figure 2C.

Figure 2: Separation of microbial extracts by TLC. (A) Developed TLC plate containing nine Bacillus extracts imaged

under visible light and (B) under 320 nm UV light prior to the application of fungal inoculum. (C) Completed bioautography

assay with pathogen growth observed across the plate except for where growth is inhibited around the positive controls, and

ZO0I of each extract. Please click here to view a larger version of this figure.

Metabolites extracted from the zones of inhibition are
analyzed by LC-MS and compared to the crude extract to
determine the NPs responsible for the antagonism against
the pathogen. Matching metabolites should have the same
retention time and molecular ion species to be considered
a match. Once the active metabolites are identified, the
bacterial culture can be grown in bulk to isolate active
metabolites of interest for structural chemistry or biological

study.

Discussion

TLC-DB is a valuable and well-established NP research
tool and a simple and inexpensive alternative to microplate
bioassay-guided isolation methods'”. It requires minimal

time and material resources compared to microplate

assays, which require metabolite separation using liquid
chromatography techniques. It is a highly versatile assay
that can be used to detect antibacterial, antifungal, anti-
parasitic, and antioxidant NPs in addition to enzyme
inhibitors18.19.20,21,22,23 Though most commonly used for
detecting and identifying bioactive phytochemicals, the same
method can be applied for bacterial NPs as explored in this
protocol18. Additionally, the protocol can be optimized for use
with a variety of NP sources and target pathogens to aid in

discovering and assessing novel bioactive NPs.

The media used for bacterial growth and solvent used
for extraction can greatly impact natural product discovery
results. The media used in this protocol is optimized
for bacteria that produce cyclic lipopeptides, including

Pseudomonas and Bacillus spp. but other media and nutrient
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sources should be considered if exploring other genera.
One may choose to complete TLC-DB using the same
microorganism grown in a range of media to evaluate the
full breadth of metabolite diversity from one isolate or use
identical growth conditions for a wider range of isolates. The
choice of extraction solvent also impacts the natural products
detected. It is generally understood that most bioactive NPs
have low to moderate polarity, making ethyl acetate a suitable
choice due to its low boiling point, which makes it easy to
remove. However, if one also wishes to examine the polar and
non-polar fractions, multiple extractions with other solvents
can be carried out. Alternatively, the cell-free extract can
be lyophilized and used in the assay to see all metabolites
released into the media. However, more material will often
need to be loaded onto the TLC plate to account for the dried
media components in the lyophilized material. Similarly, if this
method is used with a different pathogen, such as inoculum,
the media used and incubation conditions must be optimized
to obtain the 5 agar plates of mycelium used for the TLC-DB

assay.

TLC-DB is advantageous compared to contact and immersion
bioautography as it uses the thinnest layer of agar and
inoculum, minimizing the reliance on the diffusion of
metabolites into the agar layer, which can allow smaller
amounts of natural products to induce pathogen inhibition” .
Previously published findings using TLC bioautographic
methods have used a spore suspension of the pathogen
to complete the assay”. Although this does allow for
precise control over the suspension concentration, it can
be exceedingly difficult and time-consuming to induce the
sporulation of certain fungi?*. This modification greatly

simplifies the assay and allows for the completion of the assay

using fungal pathogens that are difficult to sporulate and may

have previously been avoided for this method.

The mass of bacterial extract used in the assay can impact
results. If too little extract is applied to the TLC plate, it
is possible that the minimum inhibitory concentration of an
active compound will not be surpassed, and bioactivity will
not be detected. As a result, in some cases, and as seen
in Figure 1 and Figure 2, it is worthwhile to overload the
TLC plate, compromising separation for the ability to easily
detect activity. Similarly, the pathogen load sprayed onto the
plate must not be too low, as there will not be enough media
applied to support pathogen growth. This method can be
easily tuned to accommodate a variety of bacterial extracts
and pathogens, and the quantities of microbial extract and
inoculum outlined in the protocol have ensured bioactivity can
be detected for multiple pathogens and microbial extracts. If
no zones of inhibition are observed upon the completion of
the assay, it may indicate one of the following. First, active
metabolites may not be present in the extract applied due to
incompatible media being used for bacterial growth or due
to the activity of the bacteria not being a result of the NP
production. A disc diffusion assay with the extract can be
completed to confirm or deny the existence of active NPs in
the extract. If the disk diffusion assay shows no pathogen
suppression, other media can be tested to determine if other
conditions produce bioactive NPs. If the disk diffusion assay
does indicate that the extract suppresses the pathogen,
then a larger mass of the bacterial extract may need to be
applied to the TLC plate, in which case another assay can be

attempted.

Comparing metabolites in the ZOI to the crude extract is
essential for identifying active NPs. In the assay, metabolites

from the crude extract can be metabolized or modified by
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the pathogen, which can be observed via LC-MS. Thus, only
metabolites that occur in both the crude extract and the ZOI
can be considered as NPs produced by the bacteria under
study. If one cannot correlate the metabolites extracted from
the ZOI to metabolites in the crude extract, a TLC plate can
be prepared, as described in step 5. Without completing the
biocautography assay, extract the metabolites from the TLC
plate at the same retention time observed in the completed
assay. This should allow for an easier correlation between the
metabolites in the ZOls and crude extract, causing pathogen

suppression.

One drawback of TLC-DB is that the resolution of TLC
is considerably less than that achieved when using
traditional microwell screening techniques, which require
liquid chromatography for separation. Thus, it is common
for multiple metabolites to exist in the zone of inhibition
where some metabolites may not be contributing to the
bioactivity. This issue can be further caused by the practice of
overloading the TLC plate to observe bioactivity more clearly.
Recent work has been published using high-performance
TLC (HP-TLC), which greatly improves resolution and can
allow for the automation of TLC development that is otherwise
impossible when using conventional TLC'4.21.22,23 Also,
plates can be developed in a second dimension (2D-TLC) to
further separate metabolites with similar retention times. That
being said, one should evaluate whether the increased time
and material cost is a worthwhile compromise for increased

resolution obtained from HP- and 2D-TLC2%.
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