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PROCESS IMPROVEMENTS TO FED-BATCH FERMENTATION OF
RHODOCOCCUS RHODOCHROUS DAP 96253 FOR THE PRODUCTION OF A

PRACTICAL FUNGAL ANTAGONISTIC CATALYST

COURTNEY BARLAMENT

Under the Direction of George Pierce, PhD

ABSTRACT

Recent evaluations have demonstrated the ability of the bacteria Rhodococcus
rhodochrous DAP 96253 to inhibit the growth of molds associated with plant and animal
diseases as well as post-harvest loss of fruits, vegetables and grains. Pre-pilot-scale fermentations
(20-30L) of Rhodococcus rhodochrous DAP 96253 were employed as a research tool with the
goal of producing a practical biological agent for field-scale application for the management of
white-nose syndrome (WNS) in bats and post-harvest fungal losses in several fruit varieties.
Several key parameters within the bioreactor were evaluated for the potential to increase

production efficiency as well as activity of the biocatalyst. These parameters included elapsed



fermentation time, dissolved Oxygen, and carbohydrate concentration of which increased
carbohydrate concentration at the time of harvest was shown to have a negative impact on the
catalyst activity. In addition, process improvements including utilization of a liquid inoculum,
an autoinduction feed strategy, and increased glucose concentration in the feed medium
increased fermentation yields to 100-150g/L, while the biocatalyst efficiency was increased from
previous work. To increase production efficiency, a multi-bioreactor scheme was developed that
used a seed bioreactor and subsequent production tank, which doubled run yields per production
cycle. Amidase, cyanidase, urease, and alkene-monoxygenase activity were monitored
throughout the study as potential indicators for the multi-faceted mechanism of fungal
antagonism. Of these amidase, cyanidase, and urease were demonstrated to be more elevated in
cells that showed antifungal activity than those that did not. This study represents the first
example of a reproducible pre-pilot plant-scale biomanufacturing process for a contact-
independent biological control agent for established and emerging fungal pathogens of plants and

animals, and facilitates large-scale production for broad application.

INDEX WORDS: Biomanufacturing, Fermentation, Rhodococcus rhodochrous DAP 96253,

Biocatalyst, Fungal antagonism, Bioreactor, Process improvements
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DEDICATION

You know that you can find it, it’s out of your reach
They told us to stand in our place
That’s what they teach
Don’t stand too close now, you might get burned
Don’t show that you know much at all

Just what you have earned

I’m searching for answers
To the questions that I can’t define

I keep fallin’ backwards, lookin’ forwards but always behind

You’ve seen what they offered, they tasted the wine
They know what to make you believe, they take their time
They hide in your shadow, they burn too close

They’re here but can’t see them at all, such a great hoax

-The String Cheese Incident
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1 INTRODUCTION

1.1 A candidate for fermentation: Rhodococcus rhodochrous

Nocardiaceae is a family of Gram-positive, aerobic bacteria that are commonly
found in soil and water. Of this family, The genus Rhodococcus is currently composed of 30
species that are known for being metabolically diverse and capable of both economical and
environmental valuable biotransformation reactions (Bell et al., 1998; Larkin et al., 2005).

Due to its metabolic diversity and lack of pathogenicity to humans, R.
rhodochrous is an outstanding candidate for biomanufacturing and use as a biocatalyst. R.
rhodochrous is commonly used as a catalyst for industrial applications such as wastewater
treatment, because it degrades complex hydrocarbons and nitriles via multienzyme systems
(Bhalla et al., 1992; Rodrigues et al., 2015). Additionally, it has been utilized for the production
of several commodity chemicals such as lipids, pharmaceuticals, and acrylamide (Kobayashi et

al., 1990; Shields-Menard et al., 2015).

1.2 R.rhodochrous DAP 96253 and the delay of ripening in climacteric fruit

R. rhodochrous strain DAP 96253 (R. rhodochrous) cells induced under the
conditions described in US patents 7,531,343 and 7,531,344 demonstrate the ability to delay the
ripening of selected climacteric fruit in a contact-independent fashion. When placed in close
proximity the ripening process of several fruit varieties (e.g. bananas and peaches) are delayed
by several days or more. In addition, it was noted that fruit exposed to induced cells (live or
dead) also inhibited the development of mold. Although the exact mechanism currently is not
yet fully elucidated, it is hypothesized that the mechanism for indirect delayed ripening involves
the enzymatic degradation of volatile plant hormones that aid in the ripening process, and thus

delays the natural ripening process of fruits (primary and secondary).



1.3 R.rhodochrous DAP 96253 as fungal disease management tool

When properly induced R. rhodochrous DAP 96253 cells have been shown to extend the
shelf life of selected fruit, when placed in close proximity, through the enzymatic degradation of
plant ripening hormones and the production of inhibitory volatile compounds, and represents an
additional mode of action. In fruits and vegetables, trauma caused by harvesting and handling
techniques may injure the plant and allow fungal species normally present on the surface of the
plant to enter the injury site, colonize, and render the plant inedible by mold. Post-harvest loss of
fruits and vegetables amounts on average to 40% of all spoiled produce, and this could be
modulated by better storage, handling, and fungal disease management techniques (Harvey,
1978). While chemical control agents are currently used to control fungal pathogens found in
soil, the downstream effects of these applications on the ecosystem can result in environmental
damage, fungicide-resistant species, and harmful effects on humans. A biological control option
represents a better approach for fungal control in soils and on edible fruit because it could be
utilized while conserving the inherent microenvironment of soils and would undeniably pose less
of a threat to human health.

Through in vitro and in vivo experimentation the contact-independent antagonism of
induced R. rhodochrous DAP 96253 cells towards select fungi has been demonstrated.
Accordingly, R. rhodochrous is being developed as a biocontrol agent for fruits, the fungal plant
pathogen Botrytis cinerea, and in parallel work is being conducted with Pseudogymnoascus

destructans, the causative agent of White-Nose syndrome in bats (Cornelison et al., 2014).



1.4 Fermentation

In order to provide a commercially viable fermentation product to combat various fungal
pathogens, biomass production has to be further developed with the target of improving the
yield, performance, stability, economical efficiency, consistency, and practical application
techniques of the catalyst. When improving the overall efficiency for the production and
commercialization of a biocatalyst, it is paramount to transition from small-scale to a pilot or
plant scale production technique. The size and state of inoculum have a dramatic effect on yields
from the bioreactor and should be improved for the appropriate scale of production (Drago,
2006). Within the bioreactor, the temperature ("C), pH, dissolved oxygen (%02>), stir rate (rpm),
airflow (LPM), glucose concentration (g/L), feed rate (mL/min), inducer concentration, mass of
inoculum (g), and Elapsed Fermentation Time (EFT) are crucial factors influencing the yield,
stability, and performance of the resulting catalyst (Kim et al., 2001).

Improving biomass yield and efficacy is critical to producing a practical commercial
biological catalyst for an application. Enzyme stabilities also must be taken into account when
designing fermentations as enzymes are the catalyst of biological reactions. Cells grown under a
patented set of conditions have demonstrated enhanced activities of ammonia-producing
enzymes as well as MO, and it is hypothesized that all of these may play a role in the mechanism
of fungal antagonism (Pierce et al., 2014). Several enzymes are elevated upon induction in the

bioreactor. Of these, amidase, cyanidase, urease, and 1-HMO have been pursued in this work.
1.5 Post-production

1.5.1 Storage
Once harvested from the bioreactor, a stable storage procedure is critical for industrial

catalysts to preserve their activity and integrity over time and cold chain methods should be



determined in order to decrease the amount of wasted product. Storing in cooler temperatures
will result in stable activity of cells for an extended time period, however refrigeration costs must
be taken into account (Legett, 2014). Cell integrity must be taken into account when using whole

cell catalysts, so ice crystal formation when freezing and thawing must be evaluated.

1.5.2 Immobilization

Whole cell catalysts are immobilized in order to enhance stability and allow for repeated
or extended use of the biocatalyst. Edible coatings such wax, alginate, and cellulose are
commonly used on fruits, so could be used for immobilized catalyst for controlling mold on
fruits (Tapia et al., 2008). (See Pierce and Crow U.S. Published Applications 2016 0021890,

00213039).

1.5.3 Application techniques

Lastly, in order to maximize the utility of the biocatalyst, multiple application techniques
should be investigated in order to consider possible delivery techniques such as contact
dependent or independent. Under certain conditions less catalyst could be used for appropriate
treatment and could minimize costs associated with production by maximize the potential
efficiency of applications. Of potential application techniques, direct and indirect-contact,

membranes, and immobilized cells have been evaluated in this study for fungal inhibition.

1.6 Adiverse plant pathogen: Botrytis cinerea
B. cinerea is a global plant pathogen with a wide host diversity (>200 species) and is
known to cause pre- and post-harvest fungal infections resulting in huge economic losses from

crop damages rendered during growing, handling, and storage. B. cinerea alone causes about



20% of harvest loss in all affected species throughout the world, and estimated losses for all
French vineyards amount to up to 15-40% of all grapes harvested (Awasthi, 2015). Multiple
other lucrative agricultural industries are negatively impacted by B. cinerea including berry
growers, vegetable farms, and the cut flower industry. The disease caused by B. cinerea is
currently impossible to treat and difficult to manage because the spores can lay dormant in
desiccated fruit or in soils during the winter months, and reemerge every growing season. In
areas of high humidity and rainfall, it is especially difficult to manage the disease because B.
cinerea thrives in high humidity and the excess moisture serves as a source of spore transmission
between plants (Figure 1.1).

The current methods of disease management in soils include modifications of growing
techniques, removal of obviously infected plants, and a heavy rotation of multiple chemical
fungicides with various modes of action. These techniques may lower fungal burdens on plants,
but they will inherently result in fungicide-resistant cultivars of Botrytis and other fungal
pathogens as they adapt to the chemicals.

Once fruits, vegetables, and flowers are harvested, B. cinerea continues as a threat, because
harvest and handling techniques inevitably wound the plant and create a germination site for
spores present on the flesh. Commonly used post-harvest control methods include using
fungicides sprayed directly on products, or storing plants in chemically- fungistatic atmospheres
(Hammer et al., 1990). Currently, there are no biological control options being utilized against B.
cinerea in the agricultural industry for pre-harvest or post-harvest fungal disease. R. rhodochrous
represents a biological control option to control or inhibit post-harvest infection in fruit, and has

been further investigated in this work.
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Figure 1.1 The disease cycle of B. cinerea on grapes

Diagram taken from Nicholas et al.,1994, Grape Production Series Number 1: Diseases and Pests,
Winetitles.

1.7 White-Nose Syndrome in Bats and Pseudogymnoascus destructans

In recent years, major declines in the populations of North American bats can be

attributed to white-nose syndrome (WNS), and to date around 5.7 billion bats have died of this

disease. Currently, there are seven species of bats that have been diagnosed with the disease, and



five more species that have been found with the fungus present. Pseudogymnoascus destructans,
determined as the causative agent in 2011, causes mortality in bats not only by the colonization
of the muzzle, but by disrupting the physiological functions of the bat wings by destroying tissue
essential for internal temperature and moisture control (Lorch et al., 2010). Bat wings represent
the majority of the exposed surface area of a bat and are integral for homeostasis and
thermoregulation (Reeder & Cowles, 1951). Bats infected with P. destructans experience the
loss of the ability to control internal temperature, because the wing tissue becomes eroded

(appendix C).
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Figure 1.2 The spread of WNS in North America since initial 2006 case
Map courtesy of Bat Conservation International. (May 23, 2016).

WNS was first observed in 2006 near Albany, New York and has traversed the United
States moving towards the West with increasing intensity every year. As bats are known to
consume up to their body weight of pest insects on a single summer night, the loss of bats in the
ecosystem will disrupt the food and lumber industries, among others, that rely heavily on the

insecticidal properties of bats. Currently, there are no commercial prophylactics or therapeutics



known to prevent or treat WNS in bats, however known bacterial VOC'’s, derived from work on
fungistatic soils, have been shown to be fungistatic and fungicidal to P. destructans in vitro
(Cornelison et al., 2013). In the in vitro VOC work, several chemical control options were
presented that have shown to decrease mycelial extension and inhibit or slow spore germination
of P. destructans. Currently, only chemical control techniques have been proposed, however a
biological control method could provide a safe treatment alternative for the bats, as the health
effects of chemical treatment are still unknown. Induced R. rhodochrous DAP 96253 cells have
demonstrated contact-independent fungal antagonism of P. destructans in vitro and on bat tissue
explants and represents a safe treatment method for bats (Cornelison et al., 2014). The
production of this biological control option was further investigated in this work (Appendix E,

Appendix F).

1.8 Enzymes hypothesized to be mechanistically involved in fungal antagonism

R. rhodochrous DAP 96253 cells grown under the conditions described in US patents
7,531,343 and 7,531,344 have demonstrated significantly higher nitrile hydratase, amidase,
cyanidase, and urease activities than those previously seen in other rhodococci. These enzymes
are all involved in ammonia evolution and could play a role in the contact-independent

antifungal activity of induced cells of R. rhodochrous (Pierce et al., 2014).



Table 1. Enzyme Activity (Units/Mg-Cell Dry Weight) of Three Rhodococcus Strains When Grown on Inducing Medium?®

ISOCITRATELYASE | OXIDO-REDUCTASE

R. erythropolis 0 12 7 7 22 ND® ND
ATCC47072

R. rhodochrous 40 9 7 7 14 ND ND
DAP 96622

R. rhodochrous 210 28 8 15 8 48 present
DAP 96253

Except for isocitrate lyase, all units are gmoles/min/mag-cell dry weight. For isocitrate lyase, units are nmoles/min/mg-cell dry weight;

°ND = not determined

Figure 1.3 Comparative enzyme activities of several species of rhodococci
Taken from Pierce et al., 2014

Additionally, 1-hexene specific alkene monooxygenase (1-HMO) has been studied for
it’s role in the mechanism for the delay of ripening and it was noticed that it too was significantly
elevated upon induction. We have many enzymes that exert activity against alkenes and AMO is
just one (List of 19 monooxygenases (MO)’s: see appendix H). MO related activity is
hypothesized to be involved in the production of fungal antagonistic volatile compounds, and
also the degradation of plant volatile hormones. Primary alcohols, as can other oxidized
compounds, could be formed by a product of MO, and various aldehydes and acids that have
demonstrated fungicidal or fungistatic activity on various fungal pathogens (Fernando et al.,
2005).When produced with flask and petri plate production techniques (small-scale), induction is
correlated with fungal antagonistic VOC production, and elevated amidase, cyanidase, urease,
and 1-HMO activity of the cells, but the aim of this research was to elucidate and further
examine conditions surrounding induction at a larger scale (20 and 30L bioreactors) with several
aims taken into account such as increasing yield and pertinent enzyme activities, increasing
catalyst stability, lengthening storage times, experimenting with multiple application techniques,
while decreasing the mass of application and minimal inhibitory mass (MIM). All of these aims

were improved while scaling appropriately to accommodate plant-scale operations in the future.
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1.9 1-Hexene specific alkene monooxygenase (1-HMO) and related MOs

Alkene monooxygenase (AMO) is an industrially relevant enzyme that holds
utility for the production of chiral specific epoxide pharmaceuticals, where chemical synthesis
methods fail to achieve the high standards of biologically-mediated chirality (Besse &
Veschambre, 1994). Up to 20 monooxygenases have been identified in R. rhodochrous DAP
96253 and specifically AMO (Appendix H) . AMO is the first step in the pathway for alkene
metabolism where it stereoselectively carries out the oxygenation of a double carbon bond to
yield a chiral epoxide and water. (Smith et al.,1999). The epoxide then gets converted to a f-keto
acid via an epoxide carboxylase, and then is utilized as a carbon source. During this process,
alcohols could potentially be formed by the reduction of the epoxide. Multiple biologically-
produced alcohol-containing compounds have demonstrated fungistatic and/or fungicidal
activities. Induction of R. rhodochrous and an increase in MO activity has been demonstrated in
this work, so it is possible that several MOs could play a role in the mechanism of fungal
antagonism, via the production of volatile organic compounds by the production and reduction of

epoxides.

1.10 Rhodococcal enzymes involved in ammonia-evolution

Many Rhodococcal enzymes produce ammonia as a byproduct of catabolism and
nitrile hydratase, asparaginase I, ACC deaminase, amidase, cyanidase, and urease are among
those. In previous work on R. rhodochrous and the delay of ripening, induction was correlated to
increased activity of these enzymes, but no studies have been conducted in the scaled-up
production (20 and 30L bioreactors) to increase these valuable enzyme activities or establish

correlations between production conditions and activities. Ammonia fungal antagonism is well
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characterized and demonstrates a method that induced R. rhodochrous could be utilized to
control pathogenic plant and animal fungal pathogens (Depasquale & Montville, 1990).
Scanning electron microscopy (SEM) of treated fungal cultures has indicated plasmolysis of the

fungi when exposed to ammonia. (Becker-Ritt et al., 2007).

1.10.1 Urease

Urease (urea amidohydrolase) is group of nickel-dependent metalloenzymes that
belong in the family of amidases. Bacterial urease is a multimer composed of two or three
subunits, and is responsible for the catalysis of urea into carbon dioxide (CO2) and ammonia
(NHa) (Callahan et al., 2005). The structure of plant, fungal, and bacterial ureases are highly
conserved and all known ureases contain at least 50% homology to each other (Krajewska,
2009). In bacteria, ammonia production has evolutionarily allowed bacteria to produce unique
microbial niches, such as the gut. Helicobacter pylori is known to produce ammonia in the
human gastrointestinal system (GI) via ureases, and serves as a virulence factor, for H. pylori, by
alkalizing the surrounding tissues (Hazell, 1990). In fungistatic soils, bacteria produce ammonia
that helps to control the growth of surrounding filamentous fungi and could serve to aid in

competition for nutrients in oligotrophic conditions such as the soil.

1.10.2 Amidase

R. rhodochrous DAP 96253 contains nitrile hydratase that biotransform nitriles into their
corresponding acid and ammonium (NH4*") by utilizing nitrile hydratase and then amidase
respectively (Nagasawa et al., 1991; Nagasawa et al., 1993). While nitrile hydratase converts a
nitrile to an amide, amidase catalyzes the conversion of amides into their corresponding

carboxylic acids and NH**. Rhodococcal amidase has demonstrated stabile activity for extended
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periods of time when immobilized through multiple methods such as wax, calcium alginate

beads, and cross-linked gluteraldehyde and polyethylenimine (Wang, 2013).

1.10.3 Cyanidase

R. rhodochrous DAP 96253 contains cyanidase, an enzyme responsible for the hydrolysis
of cyanide into NHz and acid. Environmental cyanide can be found at wastewater treatment
facilities and in the groundwater and can pose several risks to human health. Rhodococci were
first studied in mid-1900s for their ability to convert 3-cyanopyridine to nicotamide with high
efficiency and stability. Under inducing conditions, cyanidase has demonstrated elevated

activity and could be utilized in detoxifying cyanide produced from biological sources.

2 MATERIALS & METHODS

2.1 Culture acquisition and inoculum preparation

R. rhodochrous DAP 96253, ablanked 2010 culture was started from a glycerol stock
stored at -80°C by transferring 1mL of the glycerol stock to 75SmL nutrient broth (NB) in a
250mL flask. The culture was incubated at 30°C while shaking at 150 revolutions per minute
(RPM) for 2 days. 30mL of cell suspension from the 48hr nutrient broth culture (NB) was
inoculated into 2L 1X modified R3A broth flask (mR3AB: 15¢/L glucose; urea concentrations
varied throughout experimentation) and incubated for 4 days shaking at 150 RPM at 30°C. After
incubation, the inoculum flask contents were transferred into a sterile 3L bottle, containing a
fermentation top, and pumped into the bioreactor via manual edition through a peristaltic pump
and masterflex tubing (Cole Palmer, Vernon Hills, IL.). A sample was taken and plated on NA to

check for contamination.
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2.2 Media and Solution Preparation

2.2.1 Fermentation corrective solutions

1IN HCl and 2N NaOH both prepared within 1 day of use, and 20% by volume Antifoam 204®
were prepared with reagents purchased from Sigma-Aldrich.

2.2.2 Preparation of 2L R. rhodochrous 96253 fermentation seed inoculum (R3A 1X Flask
Medium)
Part 1:
1. A 4L clean flask was obtained and filled to 200mL with ddH20O
2. While stirring, the following chemicals were added: 3g casamino acids (BD Medical
Supplies), 3g cottonseed hydrolysate (BD Medical Supplies), 3g soluble starch (BD
Medical Supplies), 3g proyield cotton CNE50M (Friesland Campina), 0.3g MgSO4 (JT
Baker), 1.8g K2HPO4 (EMD Millipore).
3. The chemicals were dissolved using a stir bar and a stir plate and the final volume was
brought tol.5L.
4. The mixture was autoclaved for 30min at 121°C and cooled to room temperature.
Part 2:
1. Aclean 1L flask was obtained and filled to 200mL with ddH:O.
2. While stirring, the following chemicals were added: 60g dextrose (Fisher Chemical),
1.52g Sodium Pyruvate (Fisher Chemical), 32g urea (Fisher Chemical) and dissolved up

to 500mL with ddH-O.



2.2.3

Part 1:

Part 2.

224

Part 1:

14

The solution was filtered with a 0.2um filter and poured into part 1.

R3A 10X Batch Medium

A clean 2L bottle was obtained and filled to 500mL with ddH2O .

While stirring, the following chemicals were added: 14.9g casamino acids, 14.99g
cottonseed hydrolysate, 14.9g soluble starch, 14.9g yeast extract technical, 1.5g MgSOg,
9g K2HPO..

The chemicals were dissolved and the final volume was brought to1.5L.

The mixture was autoclaved for 30min at 121°C and cooled to room temperature.

A clean 1L flask was obtained and filled to 200mL with ddH.O

While stirring, the following chemicals were added: 14.9g dextrose, 7.6g Sodium
Pyruvate, and160g urea

The solution was diluted up to 500mL with ddH20.

The solution was filtered with a 0.2um bottle top filter into cooled part 1.

R3A 15X Batch Medium

A clean 2L bottle was obtained and filled to 500mL with ddH»0 .



2.2.5

Part 1.:

Part 2:

While stirring, the following chemicals were added: 22.35g casamino acids, 22.359
cottonseed hydrolysate, 22.35g soluble starch, 22.35¢g yeast extract technical, 2.25g
MgSOq, 13.5g K2HPOs4.

The chemicals were dissolved and the final volume was brought to1.5L.

The mixture was autoclaved for 30min at 121°C and cooled to room temperature.

A clean 1L flask was obtained and filled to 200mL with ddH20

While stirring, the following chemicals were added: 22.35g dextrose, 11.4g Sodium
Pyruvate, and240g urea

The solution was diluted up to 500mL with ddH20.

The solution was filtered with a 0.2um bottle top filter into cooled part 1.

8L YEMEA feed medium

A clean 10L bottle was obtained and filled to 1500L with ddH-O.

While stirring, the following chemicals were added: 2569 of yeast extract technical and

62.4g of cottonseed hydrolysate were added.

15

The solution was diluted up to 5L with ddH>O and autoclaved for 30min in a 10L bottle.

A clean 4L flask was obtained and filled to 1L with ddH>O

While stirring, the following chemicals were added: 638g of dextrose and 969 urea
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3. The solution was diluted up to 3L with ddH>O and filtered into cooled part 1 with a0.2pum

Sartopore2-150 ™ filter (Sartorius-stedim) to yield 8L feed medium.

2.2.6 1X YEMEA flask medium

YEMEA (LY); 109 glucose, 4g yeast extract, 10g malt extract, 16g Urea.

2.3 Vessel preparation and set-up

Three sterilize in place (SIP) Sartorius-Stedim (Goettingen, Germany) vessels were
utilized for this work. Before each use the vessel was rinsed with 10L ddH20 and 250 RPM stir
rate for 10min. The vessel was then prepared by inserting and mounting the probes, septa, and
disposable inlet and exhaust filters. The pH (Hamilton EasyFerm Plus® arc 120 P/N#242091)
and pO2 (Mettler Toledo InPro® 6050/12/120 P/N#52200891) probes were assembled on the
vessel ports and the pH probe was calibrated using pH 4 and pH 7 buffers prior to the addition of
the water in the vessel. The vessel was sterilized in place (SIP) at 121°C for 45 minutes by the
plant steam generated by the building boiler (cooling valve closed and air filter in fermentation
mode (gassing headspace) and stirrer at 300 RPM). Once the vessel cooled to the fermentation
temperature of 30°C, the triple inlet connectors (Sartorius-stedim P/N# 993 057/6) were screwed
in to the vessel top reserve ports and the masterflex tubing (Cole Palmer C-flex tubing 1/8” x ¥4”
item# EW-06424-67) was attached to each media or corrective solution. The R3A batch media
was manually pumped into the vessel via a peristaltic pump (Cole Palmer system model no.
7553-80 1-100 RPM) and all tubes were primed with their respective peristaltic automatic
pumps on the bioreactor (added until filled entire tube leading to the vessel to remove air bubble)

with media or the corrective solution (1N HCI, 2N NaOH, and 20% antifoam 204). The DO
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probe 0% was calibrated during autoclaving (boiling water has DO of 0%) or after autoclaving
by the addition of Nitrogen to the vessel (completely gas out air and calibrate for 0% air). The
100% DO was calibrated once the vessel was completing set up but prior to inoculation (stirrer at
max to fully aerate the media). 100% DO is based on air, not pure Oxygen. A sample was taken

and plated on NA (incubated at 37°C) to check for contamination.

2.4 Fermentation run

Temperature and pH values were set to 30°C and 7 respectively. DO was maintained at
30% saturation, by cascade control with agitation (Rushton turbines) (minimum value of 150rpm
and a maximum value of 450rpm) and air supplementation (gas mix) with the stirrer responding
first and no pure Oxygen addition because the stir rate is adequate. The airflow was set to 5 or
7.5 if the run was a 10L or 15L batch respectively. A substrate feed profile was set up for the
addition of 2X YEMEA (Table 2). The glucose concentration was monitored throughout the run
via the YSI glucose analyzer 2700 (see below) and the feed profile was adjusted accordingly to
maintain glucose values of around 1.5g/L glucose. The fermentation parameters were monitored
on the bioreactor display as well as on an additional computer Biopat® MFCS/WIN (proprietary
software of Sartorius for data acquisition, control, and monitoring). The run was initiated by

automatic addition of a liquid inoculum through a peristaltic pump and 0.5mm masterflex tubing.

2.4.1 Sampling
Samples were collected in sterile 15m conical tubes at previously determined time points
throughout the fermentation run through a sterile sampling port. The procedure was to steam the

port with pharmaceutical grade steam from the pure steam generator, before and after each use to
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not contaminate the vessel or the sample (Paul Mueller Company, Springfield, MO). Once daily,
enough paste was harvested to set up R. rhodochrous co-cultures and enzyme assays that tested

the relationship between elapsed fermentation time and fungal antagonism.

2.4.2 Glucose monitoring

Glucose concentrations were measured offline by manually injecting a sample into the
YSI 2700S stat glucose analyzer (Yellow Springs Instruments, Inc., Yellow Springs, OH).
During the run the reading was utilized to help modulate the glucose concentration at 1.5 +

0.5¢/L via the feed profile and addition of the feed medium (containing maltose and/or glucose).

2.4.3 Optical density monitoring

Once a sterile sample was taken during the run, the optical density (ODsoo) was measured
offline by an Eppendorf Biophotometer plus® (Eppendorf, Hamburg, Germany). The
spectrophotometer was only accurate when the sample absorbance read <2.0nm, so 1:10, 1:100,
and 1:1000 dilutions were prepared to check the ODeoo 0f the highly dense samples from the
bioreactor. Additionally, an Optek automatic OD reader was utilized to track the optical density

in the vessel in real time (TT electronics, Perry, OH).

2.4.4 Transfer of seed inoculum

The production bioreactor was fitted with a single inlet connector (Sartorius-stedim
P/N#883 054/1) attached to 5mm.. masterflex tubing (see above). The ports on the seed
bioreactor were sterilized and the sterile masterflex tubing side was attached to the harvest port.

The seed was transferred over to the production bioreactor at a rate of 1L/minute.
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2.5 Fermentation harvest and storage

Immediately concluding the fermentation run, the cells were pumped into the pilot-scale
Carr Powerfuge® via Cole Palmer Masterflex tubing (see above) and a Cole Palmer peristaltic
pump (see above) (Carr separations, Medfield, MA). The cells were centrifuged at 12,000 RPM
and the media was collected in buckets and disposed of after treatment with 12M bleach (250mL
bleach per 5L bucket). The resulting paste was scraped from the sterile powerfuge bowl and were
wrapped in aluminum foil and were placed at 4°C in a 4L plastic container (Tupperware). For
long-term storage experiments, 40g aliquots in 50mL conical tubes (BD Falcon) and rapidly
frozen in liquid nitrogen and then stored at -20°Cor at -80°C and aliquots were also maintained
at4°C . Frozen cells were thawed on ice for 30min. prior to use, or prior to performing enzyme

assays.

2.6 Spores and mycelial extension inhibition assays

A 50 mm x15mm polystyrene petri plate was used to assess the contact-independent
antifungal activity of the fermentation paste. 1g (packed wet weight) of paste was put into the lid
of a 35mm x 10mm petri plate and this is turn was placed into the larger plate. For spore assays,
Sabaroud Dextrose Agar (SDA) plates were inoculated with 10uL of a 10° spore solution (in
phosphate buffered saline solution (PBS) pH 7.2) to yield a plate with 102 of select spore fungal
species. The SDA plate was placed in the larger petri dish and the plate was sealed with parafilm.
All assays were completed in triplicate and controls without R. rhodochrous were run. Pictures
were taken concluding the run. For assays that assessed mycelial inhibition, a mycelial plug was

placed in the middle of 35mm x 10mm petri plate.
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2.7 Temperature range for fungal antagonism

The temperature range for fungal antagonism was tested at multiple temperatures.
Multiple pathogens were tested and the temperatures tested were 4°C, 15°C, 25°C, and 30°C.
Spore and mycelial inhibition assays were carried out for multiple pathogens and the 4

temperatures aforementioned.

2.8 Catalyst box preparation

R. rhodochrous DAP 96253 was cultivated using fed-batch fermentation and
stored at 4°C until utilized. A suspension was prepared of 5g (packed wet weight) fermentation
paste and diluted to a final volume of 20mL with LUSTR 295® (Decco Us, coatings) and
vortexed until it became a homogenous solution using a VVortex-Genie 2 (Scientific industries
inc., Bohemia, NY). A Badger model detail 200 airbrush was used to spray the catalyst
suspension on a box (Badger Air-Brush Co., Franklin Park, IL.). A volume of 20mL catalyst
mixture was used for a 25Ib. peach box. The box was allowed to dry in the biological safety

hood for 1.5hr. before use.

2.9 Catalyst membrane preparation

R. rhodochrous was cultivated using fed-batch fermentation. The harvested cell paste was
stored at 4°C, until it was suspended in1x phosphate buffered saline (PBS). Fermentation paste
was weighed and then a proportionate amount of PBS was added to suspend the cells in the
following ratio (1g cells: 2mL PBS). The cell suspensions were aliquoted into 1mL increments

into 33mm Millipore absorbent pads inside of 35mm Petri dishes. The Petri dishes were covered
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with 5um cellulose-acetate membranes and sealed with acrylic. The membranes were used for

direct inhibition assays in addition to fruit trials for fungal management.

2.10 Fermentation paste dialysis membrane preparation
Cellulose acetate dialysis membranes were cut into 3in.x5in. and soaked in
ddHO for 2 minutes prior to use. Cell paste was loaded into the membrane with a metal utensil

and the spread evenly to increase surface area of the cells.

2.11 Fungal management on fruit

2.11.1 Peaches

To test the control of native fungi on peaches, several peach boxes were coated in
wax-immobilized cells and filled with peaches. Concluding the experiment, moldy peaches were
removed, counted and compared for the control and treated groups. Peaches were kindly
provided by: Lane Orchards (50 Lane rd. Fort Valley, GA) and Dickey Orchards (3440 Musella

rd. Musella, GA).

2.11.2 Tomatoes

For the tomato trial, catalyst containers were tested against Brown Grape variety
tomatoes. Tomatoes were received in clamshell containers that were either 1 (Phase 4) or 2
(Phase 2) days post-harvest. Phase 2 and 4 tomatoes were evaluated in the original clamshell
containers. Fruits were not rinsed and no undesirable fruits were removed. Catalyst membranes
were added to each treated container, control containers received 5 membranes with only 1X

PBS. Tomatoes were incubated at room temperature or 12°C (chilled). The chilled containers
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were removed from refrigeration after 7 days and stayed at room temperature for the remainder

of the trial.

2.11.3 In vivo evaluation of the contact-independent antifungal activity with red, seedless
grapes (Vitis vinifera)

Red, seedless grapes were purchased from local retailers. Twenty-four grapes of similar
size and ripening stage were selected and individually cut to retain stems. The grapes were
washed with ddH»O and pre-treated by soaking in a 0.5% sodium hypochlorite solution for 5
minutes. The stems were then gently removed, followed by inoculation with Botrytis cinerea
conidia (10 pl of a 10° conidia mL™ solution in 0.9% NaCl) under the same stem site (~2mm)
using a sterile pipet tip. Twelve inoculated grapes were placed in a sterile airtight jar (1L) as the
untreated control, while the other twelve were placed in sterile airtight jar (1L) with 5g (wet

weight) fermentation paste. Evaluations were conducted at 25 °C.

2.11.4 Strawberries (B. cinerea inoculation)

A transfer tube was utilized to remove a 0.5cm plug from each strawberry, and
B. cinerea mycelia plugs were replaced into the bores. R. rhodochrous (4g wet weight) was
placed into the same airspace for the three treatment strawberries. Images were captured at 2 and
3 days. There was no attempt to remove native strawberry flora before inoculating with B.

cinerea

2.11.5 Strawberries (native flora)
6 packs of strawberries with no visual bruising, injury, or mold were selected

from the supermarket. Each container was dunked 3 times in a 200ppm hypochlorite solution and
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left to dry for 2 hours. 2 containers were set in an untreated box and utilized as controls. 2
containers were placed in catalyst boxes, and 2 containers were placed in an untreated box with a

Rhodococcus dialysis membrane.

2.12 Fungal management of bats

Field trials were conducted at 4 locations in the United States 2 sites in Missouri and 2
sites in Kentucky. The bats were collected and placed in coolers in close proximity (no direct-
contact) to R. rhodochrous paste for 72 hours (appendix D), and then released into the cave for
the remainder or torpor. Bats mean body masses for treated and control groups were collected
initially and before release. In a wing health study of treated bats, bats were monitored for
signs of disease and images were captured on multiple time points to demonstrate wing health of

the treated and untreated groups.

2.13 Structure of exposed spores
The structure of spores exposed to Rhodococcal volatiles were examined using SEM. The

spores were prepared by sputter coating on gold.

2.14 Enzyme Assays

Enzyme activities were measure for amidase, cyanidase, and urease via the evolution of
ammonia, and spectrophotometric analysis as described by Ganguly (2005).

Using a modified method by Fawcett and Scott (1960), enzyme activities were
determined by detecting the production of ammonia. Where, 9ml of substrate (defined in
appendix I) was mixed with 1mL of cell suspension (40mg of cells to 1ml of phosphate buffer),

after two minutes, 1ml of the mixture was pipette into a microcentrifuge tube and centrifuged for
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2 minutes at 13,000 RPM. The supernatant was removed with a pipette and transferred to a
second microcentrifuge tube. 1ml of the supernatant was pipetted into a test tube and the
following reagents were added in the following order; 2mL of Sodium phenate, 3mL of 0.01%
Sodium nitroprusside and 3mL of 0.15% Sodium hypochlorite. The reaction was incubated at
room temperature in the dark for 30 minutes. All test tubes were vortexed for 30 seconds and
200puL was pipette in triplicate into a 96 well plate and the absorbance was read at 600nm via a
Victor Multilabel Counter Reader (Wallac, Turku, Finland). One enzyme unit was defined as the
the conversion of uM of NH? per minute per mg of cells (dry weight) at room temperature, pH
7.4. All materials are detailed in appendix 1.

AMO activity was determined by using the NBP assay as described by McClay et al
(2000) and spectrophotometric analysis (Cheung et al., 2013). Where, 10mmol-L* of 1,2-
epoxyhexane solution was made as stock solution, then 1, 2, 3, 4 and 5mmol-L* of 1,2-
epoxyhexane solution was made by taking 100, 200, 300, 400 and 500 pL of the stock solution
added to 900, 800, 700, 600 and 500uL of acetone, correspondingly. Next, 50uL of each
concentration of 1,2-epoxyhexane solution was transferred into outer vials with 5mL of
phosphate buffer (sodium salts, 50 mM, pH 7), respectively. 5 mL of R. rhodochrous DAP
96253 cell suspension (0.02 g-mL1) in phosphate buffer (sodium salts, 50 mM, pH 7.0) was
transferred into a 40mL amber glass vial (outer vial). 200pumol of 1-hexene was added to the cell
samples. 500uL of 4-(4-nitrobenzyl) pyridine (NBP) solution (100 mmol-L™) in ethylene glycol
was added to a 4mL transparent glass vial (inner vial) and placed into the outer vial which was
crimp-sealed with a Teflon-faced butyl rubber stopper. For controls, a blank (5 mL of phosphate
buffer only) and (Og cells control) were included. All the 2-vial sets were incubated at 30°C

shaking at 150 RPM for 24 hours. Lastly, 500uL of triethylamine solution (1:1 v/v) in acetone
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was added to each inner vial and the absorbance was immediately read at 600nm via a

BioPhotometer plus (Eppendorf).

2.15 Formulation of calcium alginate and fermentation paste beads

3.1

Calcium-alginate bead formulations were prepared by methods described by Wu et al.
(2002) and modified to those described by Wang (2013). The modifications made within

this work included using induced fermentation paste.

3 RESULTS
Process development of seed inoculum
In order to further develop the first phase of the production scheme, flask media

were evaluated to grow the inoculum in a formulation not previously investigated. In
production schemes utilized in previous work for increased Nitrile hydratase, the use of
plate-derived cells generated desired yields (Drago, 2006). Initial experiments on liquid
seed inoculum compared shake flask growth of R. rhodochrous in R3A (comparable to the
batch-medium in the bioreactor) with the shake flask grown YEMEA broth (comparable to
the feed-medium in the bioreactor). Under the conditions employed, the R3A supported a
higher density growth of R. rhodochrous (around 12 ODeoo) versus YEMEA (around 3
ODsoo) when both grown at 30°C at 225rpm for 5 days in a 1L flask (Fig. 3.1). The R3A
seed inoculum was scaled to 2L and the resulting seed inoculum was 37g of pH 7, ODeoo 17
cell suspension (Table 3.1). This seed culture preparation method was used for further work
investigating a reduction in the time associated with seed culture preparation.

Previously, there were a multitude of steps involved in the production of the inoculum seed

that was be used to inoculate the bioreactor. In this previous method, a 30% glycerol stock



26

was used to inoculate a 75mL nutrient broth (NB) shake flask and was incubated for 2 days.
This cell suspension was used to inoculate nutrient agar (NA) plates, and then 3 days later
these plate cells were scraped from the NA plates and spread on another plate media (gU)
and incubated for an additional week. The entire process was 12 days and the gU plates had
to be scraped and resuspended in PBS and then put into a syringe for direct injection into the
vessel (Fig. 3.2). The procedure developed in this study utilized the first two steps of the
previous method, but then used NB to inoculate another flask that was directly pumped into

the bioreactor 4 days later for a total 6 day seed preparation process (Fig. 3.2).
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Figure 3.1 Seed inoculum development
Each timepoint is the mean of the triplicate flasks. Solid lines; ODsoo, Gradient lines; Glucose
concentration(g/L), Black line; R3A, Grey line; YEMEA).



Table 3.1 Inoculum flask

Seed culture features

Flask volume 4L
R3A Volume 2L
pH 7

ODeoo 17
Yield (g) 35
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Figure 3.2 Development of 6-day seed inoculum

3.2 Process development: Utilization of multiple bioreactors for increased productivity

In the original production methodology, which aimed to produce acrylamide from

acrylonitrile, the bioreactor was inoculated with the cell suspension scraped from plates and the

28
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fed-batch fermentation run was harvested after 48 hours and harvested through the Carr pilot
powerfuge yielding between 0.5-1kg (Fig. 3.3) (Drago,2006).

In this work, in order to increase efficiency, multiple bioreactors were utilized from the
same original seed culture. The 20L seed bioreactor was inoculated with the mR3A seed and
incuated for 24hrs. Once the cells adapted and started to utilize the feed medium, a 1L seed was
transferred to the 30L production bioreactor. Both fed-batch fermentation runs were run side-by-
side and harvested with the Carr pilot powerfuge at the conclusion of the run to yield between 1-
2kg per bioreactor (Fig 3.4). The fermentation run yields increased gradually over time with the

modifications that were made in the production scheme (Fig. 3.5).
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Figure 3.4 Production flowchart developed in this work

3.3 Process development: Defining features in the bioreactor resulting in increased
productivity and performance of the catalyst (induction techniques, glucose, and
maltose concentrations)

In previous work, inducer was pulse-fed at 0 EFT and again at 24 EFT regardless
of cell densities present in the bioreactor (Drago, 2006). To further refine this process for fungal
applications, an autoinduction technique was utilized and the urea was constant at 0 EFT to the

end of the feed schedule. The urea was added to the YEMEA and R3A and the feed was
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controlled in order to maintain around 1.5¢g/L glucose, and 16g/L urea.. Cells autoinduced
showed antifungal properties and contamination risks associated with additional reagent addition
were minimized (data not shown).

Several concentrations of urea were tested within the bioreactor. When 16g/L was
utilized as the inducer, the cells were demonstrated to have antifungal activity in all but one run,
so this was used for runs to evaluate other variables. The maltose concentration was 3849 in
one + run, while Og in all other runs that showed fungal antagonism (Table 3.2). The glucose
concentration ranged from 334.1g to 866.1g in runs resulting in paste showing robust fungal
antagonism (+) (Table. 3.2). In runs that resulted in no fungal antagonism (-) the maltose and
glucose concentrations were 768g and 334.1g respectively (Table. 3.2). In runs that were
slightly fungal antagonistic (/), multiple concentrations of maltose and glucose were utilized and
there were no obvious trends (Fig. 3.2). Yields from the bioreactor varied, but dropped with the
removal of maltose from the feed medium, and then increased over the study with an increase in

glucose concentration in the feed medium (Figure 3.2).

RUN Volume Glucose (total) Urea (total) Yield (g/L) Yield (g/L) (g cells/ g glucose)
60616  17.7 653 0 79 1400 2
50216  17.7 653 288 85 1495 2
41816 17.7 865 288 65 1146 2
40416 177 866 216 113 2000 2
32116  17.7 773 342 57 1000 1
20116  17.7 655 288 112 1978 3

Figure 3.5 Yields from consecutive runs
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3.4 Dissolved Oz in the bioreactor

Dissolved Oxygen (%0O>) set points were defined as 30% of saturation for all runs, but
deviated as much as 30% higher depending on O2 usage of the cells in the bioreactor (never
dropped lower than 20% saturation due to stir rate). The dissolved Oxygen at the initiation of
every fermentation run begun at100% £10 (calibrated with media right before inoculation). The
trends in final dissolved oxygen (%) were as follows: fungal antagonistic (+); avg. 77.6, min.
54.8, max. 98.7; slight fungal antagonism (/); avg. 64.2, min. 56.2, max. 80; no fungal
antagonism (-); avg. 33.8, min. 29.4, and max. 45 (Table 3.3). The entire runs can be seen on the
bioreactor dissolved Oxygen plots. For the runs showing fungal antagonism, the dissolved
Oxygen dropped in response to glucose within the first stage of the run, but increased before
harvesting (in response to glucose exhaustion) to above 40% for all batches (Fig. 3.6-3.7). For
the runs that showed no fungal antagonism, the DO remained relatively low at the point of
harvest (below 60% for all) (Fig. 3.8). For the runs showing slight antifungal capacities, the DO
for all 3 runs was less than 80% when harvested (Fig. 3.7). The data on Oxygen saturation at
harvest, shows that the mean for DO was higher for the antifungal cells (+) and the slightly

antifungal cells (/) than those demonstrating no fungal antagonism (Table 3.3).
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Table 3.2 Bioreactor data from runs
Spore inhibition of P. destructans and B. cinerea (+); B. cinerea spores only (/); neither spores inhibited
(-). Units: AMO (nmol of 1,2-epoxyhexane - hour)/g (cdw). Amidase, Urease, Cyanidase (UM

NH3/min/mg (cdw)). Free ammonia (mg/mL supernatant/40mg cells)

39

RUN Fungal | AMO | Amidase | Urease | Cyanidase | *Free EFT | DO at | Glucose | Maltos
Activity ammonia harvest
42915 | + 12 23 6 1 6| 72.2 83.1 334.1
63015 | + 141 153 10 9 2| 62.1 93.3 341.6
71415 | / 10 140 25 3 25 48 56.5 341.6 76
81815 | + 11 36 11 8 2| 69.5 56 334.1
82515 | + 36 - 0 0 1| 67.2 96.1 334.1
90115 | - 6 26 6 0 5| 44.3 45.6 334.1 76
91815 | - 69 60 0 0 0 66 29.8 334.1 76
92315 | - 24 37 0 0 3] 65.9 30 334.1 76
100615 | - 204 24 0 0 0| 71.6 29.4 334.1 76
101915 | + - 30 0 0 41 47.2 54.8 334.1
102615 | - 192 25 0 0 0] 49.6 30.4 334.1 76
113015 | + 159 - - - - | 90.0 67.3 334.1 38
121415 | + 67 422 21 0 32| 93.7 74.9 493.7
10416 | + 190 - - - -| 711 83.6 653.3
10616 | + 117 - - - -1 70.0 98.7 660.8
20216 | + 29 12 0 0 3] 94.0 68.2 652.9
32116 | / 15 3 0 1 1| 933 56.2 772
40416 | + 18 86 54 46 13 94 34.7 866.1
41816 | / 27 37 8 1 4 75 80 478
50216 | + - 76 26 26 11 94 69 653
60616 | - 0 5 2 0 91 33 653
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3.5 Elapsed fermentation time (EFT)

Cells from runs were harvested at different times ranging from 2-4 days EFT. The
+ cells average harvest time was 73.31 (max. 94.02, min. 47.22).. The / cells average harvest
time was 72 (max. 93.3, min. 48), and the — cells average harvest time was 57.88 (max. 71.60,

min. 44.28) (Tables 3.2 and 3.3).

3.6 Bioreactor variables with little variability between all runs

Throughout all fermentation runs there were several factors that remained
extremely constant in the bioreactor throughout the study (+0.5/ unit). These variables include
the temperature (30°C), airflow (5LPM (20L bioreactor) or 7.5LPM (30L bioreactor), and pH 7.
The stir rate (proportional-integral-derivative (PID) loop responsive to %PO>) fluctuated

between 150 and 450rpm for every run (data not shown).

3.7 Enzymes activities at harvest

Previous work on R. rhodochrous showed several enzymes to be elevated upon
induction, so immediately following the harvest, enzyme activities were assayed (Fig 1.3).
Enzymes tested included AMO, amidase, cyanidase, and urease. Triplicates were averaged to
yield average enzyme units and are given in the table. The data on enzymes tested, shows that
the mean for urease, amidase and cyanidase activities were higher for the antifungal cells (+) and
the slightly antifungal cells (/) than those demonstrating no fungal antagonism. Additionally, free
ammonia assayed on the cells was increased in the cells showing antifungal properties (+,/) than

those that did not (-) (Tables 3.2).
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3.8 Product assessment against B. cinerea
B. cinerea spores (on a cellulose membrane) were exposed to fermentation paste

in a shared-airspace assay for 24hours and demonstrated atypical spherical shape upon exposure
to R. rhodochrous fermentation paste (Fig. 3.8). In an experiment testing inhibitory effects of
fermentation paste harvested from multiple time points (at 1 and 0.5g per shared airspace assay),
0.5g and 1g of fermentation paste were inhibitory for EFT 45.40, EFT 68.70, and EFT 93.65
harvests (Fig. 3.9). Fermentation paste was consistently inhibitory to B. cinerea spores on SDA,
with little variability between batches (minimal dose of 0.5g) (Fig. 3.10). For contact-
independent assays against B. cinerea mycelia, fermentation paste demonstrated inhibitory
effects on mycelia plugs consistently when utilizing more 0.2-1g paste (Fig. 3.11).When B.
cinerea plugs were placed on SDA plates containing various amount of fermentation paste
(direct and indirect contact), there was slowed mycelia extension when using as little as 0.1g
(Fig.3.12-3.13).

For testing inhibition on plant models directly, B. cinerea was inoculated into grape-stem
bores and was inhibitory upon visual inspection (Fig. 3.14). On strawberries, B. cinerea plugs
were inhibited completely in the treatment group, while mycelial extension and proliferation of

native strawberry fungi was seen to be increased only in the untreated group (Fig.3.15).



Figure 3. 1 Scanning electron micrograph of B. cinerea spores (sputter-coated in gold)
Exposed to 1g of fermentation paste for 20hours on a membrane (B,C,D) and control (A). Generously
conducted by John Neville, GSU core facilities.

42

42



43

Figure 3.9 B. cinerea spores on SDA co-cultured with fermentation paste at multiple EFT
Horizontal rows: EFT 45.40 (A); EFT 68.70 (B); EFT 93.65 (C). Columns: 0.5g paste (1), 1g paste (2), Og
paste (3). Experiments were performed in triplicate with consistent results for all 3
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102 B_cinerea spores 1g Cell Paste .25g Cell Paste Sg Cell Paste

Figure 3.10 B. cinerea spores(10® minimal inhibitory mass assay
(0.1-0.5¢ tested and performed in triplicate with consistent results)

Figure 3.11 B. cinerea mycelia plug fungal antagonism
Shared airspace assay with 0g (A), 2g (B), 1g (C), and 0.1g fermentation paste (D)
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Figure 3.12 B. cinerea mycelia plug fungal antagonism
1g of fermentation paste (L) and control (R)
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Figure 3.13 B. cinerea mycelia elongation in response to multiple doses of fermentation paste

(0,0.1,0.3, and 1g)
Standard error bars of the mean. The mean is indicated above the bar
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Figure 3.14 Grapes inoculated with 10° B. cinerea NRRL 1650 conidia (A-D)
Exposed to 5g R. rhodochrous DAP 96253 cells at 25 °C for 7 days (A,B). B and D are close-up pictures
of A and D respectively
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Figure 3.15 Botrytis cinerea mycelial plugs on Driscoll strawberries
Untreated strawberries on day 0 (A) and day 1 (B). Non-contact treated strawberries on day 0 (C) and day
1(D)

3.9 Product assessment against P. destructans

In previous work completed at a smaller scale, 1g plate- generated cell paste
demonstrated inhibition of P. destructans spore germination on SDA (Appendix A). In an
experiment testing inhibitory effects of fermentation paste harvested from multiple time points
(at 1 and 0.5g per shared airspace assay), 0.5g-1g of fermentation paste were inhibitory to P.
destructans spores for EFT 68.70 and EFT 93.65 harvests, while no inhibitory effects were seen

for the EFT 45.40 test time (Fig. 3.16). In further studies, fermentation paste (harvested after
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48hrs) demonstrated P. destructans spore inhibition at a dose of 0.3- 0.5g per 10° spores on SDA,
with extremely slight batch-to-batch variations (Fig. 3.17). Fermentation paste demonstrated
slight batch-to-batch variations on contact-independent inhibition of 10° P. destructans mycelia
plugs, but the dosage tested that resulted in the greatest inhibition of mycelia elongation was 3g
paste per a 0.5cm plug (Fig. 3.18). In the direct fungal control treatment method, the mycelia
plugs were inhibited proportionally as the treatment dosage increased, but elongation was
inhibited with at least 0.25¢g paste (Fig 3.19)

In a trial utilizing white-nose positive bats, upon 72hour contact-independent exposure to
fermentation paste all treated bats showed higher mean body masses at the conclusion of
hibernation than their untreated counterparts. In the treated group, there was a 60% survivorship
of bats while 0% in the untreated (Figures 3.20- 3.21). An additional bat study was completed to
assess wing health of treated bats, and the treated bat showed healthier wings concluding the
study. The untreated bat had extreme tissue damage and died, while lived through the study to be

continually monitored for health and showed better wing health throughout the study (Fig. 3.22).
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Figure 3.18 10° Pseudogymnoascus destructans spores inoculated on SDA co-cultured
with fermentation paste harvested at various time points. Horizontal rows: EFT 45.40 (A); EFT
68.70 (B); EFT 93.65 (C). Columns: 0.5g paste (1), 1g paste (2), Og paste (3). Experiments were

performed in triplicate with consistent results for all 3.
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Figure 3.16 Dosing assays against10® Pseudogymnoascus destructans spores (15°C)
Control (A); 0.4g paste (B); 0.5¢g paste (C); 0.6g paste (D)

Figure 3.17 P. destructans mycelia plugs on plates with varying fermentation paste doses
0g (A), 1g (B), 2 (C), and 3g (D)
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Figure 3.18 P. destructans plugs in contact- independent assays with 0g paste (A) and 0.25g
fermentation paste (B)
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Figure 3.19 Treatment trial on bats. Mean body mass over time for untreated and treated bats.
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Figure 3.20 Survivorship of bats as a function of time. Treated (red); untreated (blue)
Treatment — ~60% survival, Untreated — 0% survival
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Wing Healing Analysis

Treatment Group Bat Control Group Bat

Figure 3.21 Trial 2 (bat wing healing analysis
Treatment group timecourse (L) and control group (R)
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3.10 Stability of product and application techniques tested

Cells harvested from the bioreactor were shown to have stable activity for up to at
least three months when stored at 4°C (data not shown). This was defined as 1g showing
complete inhibition of 10° P. destructans or B. cinerea spores on SDA in shared airspace assays.
Cells frozen in liquid nitrogen and then moved to -80°C for prolonged storage demonstrated
complete inhibition when stored for at least 6 months (still in progress July, 2016).

Several application techniques for fermentation paste were tested against B.
cinerea and P. destructans: contact-independent shared airspace assays, direct fungal control on
a shared SDA plate, mini-plate membranes, catalyst dialysis membrane packs, calcium- alginate
beads (Fig. 3.22), and catalyst-edible fruit coating boxes (Fig 3.26). Direct fungal control
demonstrated the greatest activity against mycelia plugs on both fungal pathogens (see above).

Contact- independent shared airspace assays with fermentation paste demonstrated to be
inhibitory to spores, for both B. cinerea and P. destructans (see above). Membranes were tested
against tomatoes and showed to have contact-independent activity (figure 3.33). Calcium-
alginate beads demonstrated no inhibition when tested against B. cinerea and P. destructans
(3.23). Beads were imaged and the micrograph demonstrated that the surface area was reduced
by this method of immobilization (Fig. 3.24). Dialysis membranes containing induced cells were
utilized to control P. destructans, B. cinerea spores,and on native strawberry fungal pathogens
(Fig. 3.36). Formulations of iduced cells and edible wax coated boxes were utilized for a
strawberry and tomato trial to control pathogens present on the fruit and showed to be beneficial

for fungal inhibition when utilized at room temperature or refrigeration (4°C) (Figures 3.35).

56



Figure 3.22 R. rhodochrous DAP 96253 membranes designed for us in tomato trials

Figure 3.23 R. rhodochrous DAP 96253 immobilized in calcium-alginate beads
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Figure 3.24 Formulation of induced cells calcium-alginate bead micrograph

Figure 3.25 Dialysis membranes containing R. rhodochrous DAP 96253

Control (Left) and experimental 1g in dialysis membrane (middle) and 1g paste (Right)
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Figure 3.26 Formulation of induced cells of R. rhodochrous DAP 96253 in edible wax
(LUSTR295®)
Treated (Right) and untreated box (Left).

3.11 Alkanilization of head space by bacterial volatiles

Two types of pH paper were utilized to demonstrate the alkalinization of the headspace
upon contact- independent methods. The slanted cut paper demonstrated that the pH of multiple
fermentation pastes were at least 10, while one was antifungal and the other was not (Fig. 3.27).

This demonstrates the need for buffer in this product to handle the NHs.
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Figure 3.27 Alkalinization of headspace by fermentation cells that are antifungal (A) and not
antifungal (B).
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3.12 Control of fungal spoilage on peaches

Fresh peaches were used to conduct a fungal control trial of the fermentation
paste. Concluding a week stored at room temperate (~25°C), the peaches from treated and
untreated boxes were separated into edible and moldy groups and images were captured (Figures
3.28-3.31). There were more edible peaches in the treated than the untreated boxes at the
conclusion of the study (Table 3.3). The table shows the percentages of peaches lost to mold in

each box. The internal and external peach tissues of the treated peaches were in better condition

concluding the trial compared to the untreated (Fig. 3.32).

Table 3.3 Summary of images from peach trial

Moldy Total peach % Moldy
number

Control 33 46 71.7
A

Control 30 47 63.8
B

Treated 14 45 31.1
C

Treated 20 45 44.4
D
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Figure 3.28 Peach Control (A)
At conclusion of experiment, the peaches were removed from the box and separated into edible (3 left
columns) and moldy (6 right columns)
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Figure 3.29 Peach Control (B)
At conclusion of experiment, the peaches were removed from the box and separated into edible (3 left
columns) and moldy (5 right columns)
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Figure 3.30 Treated peaches (C)
At conclusion of experiment, the peaches were removed from the catalyst-coated box and separated into
edible (3 left columns) and moldy (5 right columns)
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Figure 3.31 Treated peaches (D)
At conclusion of experiment, the peaches were removed from the catalyst-coated box and separated into
edible (3 left columns) and moldy (5 right columns)
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Figure 3.32 Images taken at conclusion of peach work
Control peaches (A) and treated peaches (B)

3.13 Control of fungal spoilage on brown grape tomatoes

A trial on brown grape tomatoes was conducted utilizing Rhodococcal fermentation paste
membranes as the application technique (see above). The clamshell containers were stored at
room temperature (~25°C) for 21 days at which point the tomatoes were separated and rendered

into edible, dehydrated, and moldy upon visual examination. For ambient phase 2 tomatoes,
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there were less moldy in the treated group, while more moldy tomatoes in the treated group for
the chilled subset. Both of the phase 4 ambient groups had more moldy tomatoes in the
untreated than the treated groups (Fig. 3.10). Both of the chilled phase 4 untreated tomatoes had

a higher number of moldy tomatoes than both of the treated groups (Fig 3.33).

Brown Grape Tomato Trial
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Figure 3.33 Brown grape tomato totals and conclusion of trial

Phase 2 (P2) and Phase (P4) experiments were conducted at ambient (25°C for 21 days) and chilled (7
days at 14°C and then subsequent storage at 25°C for 14 days)

3.14 Control of fungal spoilage on strawberries
Rhodococcal-LUSTR295® coated boxes and Rhodococcal- dialysis membrane
packs were utilized for a strawberry trial that extended for 3 days at 25°C. Images were captured

after 1,2, and 3 days and upon visual examination the untreated controls were the moldiest and in
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the worst condition after 3 days. The treated boxes has more mold than the membrane pack
containers, however the Rhodococcal-LUSTR295® coated boxes were in the best shape
following a 3-day incubation on the benchtop at 25°C (Figures 3.34-3.36).

In the refrigerated trial, the treated box was coated with LUSTR295® preparation
and following two weeks refrigeration, the clamshells in the treated box showed les mold by

visual examination the the untreated box (Figures 3.37, 3.38).

Figure 3.34 Untreated strawberries from day 1 (left) to day 2 (middle), and day 3 (right)
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Figure 3.35 Treated-induced R. rhodochrous DAP 96253 edible wax (LUSTR295®) coated boxes
Strawberries from day 1 (left) to day 2 (middle), and day 3 (right)

Figure 3.36 Treated- (dialysis membranes containing R. rhodochrous DAP 9625)
Strawberries from day 1 (left) to day 2 (middle), and day 3 (right)
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Figure 3.37 Refrigerated trial. Untreated
Strawberries from day 0 (left) to day7 (middle), and day 14 (right)

Figure 3.38 Refrigerated trial. Treated-induced R. rhodochrous DAP 96253 edible wax
(LUSTR295®) coated boxes
Strawberries from day 0 (left) to day 7 (middle), and day 14 (right)
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4 DISCUSSION
4.1 Inoculum

The first important feature in developing a scalable fermentation procedure is to
produce a pure culture inoculum of appropriate mass, to inoculate the bioreactors, while taking
into account the time it takes the cells to acclimate to the conditions in the bioreactor. In pilot- to
—plant scale biomanufacturing systems, a large flask is sometimes used to inoculate the seed
bioreactor, which in turn is used to inoculate a much larger production bioreactor. In previous
work, methods using NB, NA, and plate- media containing glucose, yeast extract, malt extract,
and urea (yemea plates) were used in the preparation of the seed inoculum. This represented a
10-day process, and on the final day these cells were manually scraped off of plate media,
suspended in PBS, poured into a syringe and injected into the production vessel to initiate a
fermentation run (Drago, 2006). With increased steps and the scraping of up to 100 petri plates
to inoculate 1 bioreactor, contamination risks were abundant. Additionally, cells were not well
acclimated to the conditions that represent those seen in the bioreactor, as the bioreactor is
aqueous and the plates were extremely dry after a long incubation period.

In this study, the inoculum preparation procedures were minimized to include
only two steps: NB and 1X R3A broth. This novel seed inoculum preparation method not only
represented a step towards a more appropriate scale-up in process development efforts, but
introduced the cells to an aqueous environment early on to shorten the acclimation time in the
bioreactor. Also important to note, the media utilized in preparation of the seed was identical to
that utilized in the bioreactor, and the preparation process was shortened to 6 days. By doing so,
the risks of contamination were reduced by subtracting the amount of steps necessary from 5 to 3

steps. Additionally, the inoculum was pumped into the vessel through a previously un-used
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“needle port line’, which reduced risks associated with injecting something directly into the
vessel with a needle syringe like in previous work (Drago, 2006). In the case of scale-up to
plant-scale operations in the future, the seed preparation method developed within this study will

remain to have utility within the first steps of the plant-scale processes.

4.2 Process improvements within the bioreactor
When available, process development and optimization strategies should be

involved when designing or improving a biomanufacturing process. This work does not represent
a statistical approach or process optimization due to the restraint of having one 20L and one 30L
bioreactor and limitations that a true optimization present such as needing identical bioreactors
(kLa concerns (can only be calculated for a given bioreactor and will not account for different
surface areas of vessels)) and possible concerns such as inconsistent yields, inconsistent product
efficiency, and sheer number of runs that would have to be conducted (up to hundreds of runs to
account for each variable of interest). Throughout this study, cells were consistently utilized for
other projects in the laboratory and multiple batches were confidently provided to other research
organizations for studies on fungal inhibition/ treatment on white-nose positive bats. For these
reasons process improvements were the primary goal of this work in contrast to an optimization
study. The results acquired within this preliminary fermentation study can be used as a resource
for a future optimization study preceding a scale-up to plant-scale production.

In large scale biomanufacturing processes, it is common practice to use a seed bioreactor
and larger production tanks. The seed bioreactor would initially get inoculated with a small
volume, like that of a flask, followed by the seed bioreactor inoculating a much larger tank. By

doing so, yields and profits can be exponentially increased. In this work, a similar system was
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developed, but instead of scaling up to a much larger vessel from the seed bioreactor (20L), a
30L bioreactor was used as the production bioreactor. Even in transferring over 1L of inoculum
from the seed tank to the production tank, both runs would yield at least 2-3kg of cells combined
per the four days of the entire process (both served as production tanks). In a scaled-up version
of the biomanufacturing scheme developed in this work, the entire 20L or 30L vessel could be
transferred over to a much larger tank for even greater yields and profit efficiency. By utilizing a
larger volume bioreactor as the production tank, bulk supplies could be ordered at extremely
lower costs compared to the research-grade chemicals currently utilized.

In this study, the production process was further refined within the bioreactor utilizing
multiple factors such as EFT, glucose/maltose concentrations, dissolved oxygen (DO) at time of
harvest and inducer concentration as guiding parameters. The primary goal of this work was to
produce catalyst with consistently improved antifungal capacity, coinciding with increased yields
and greater consistency and predictability of the runs. Through this process multiple variables
were measured and potential indicators of cells with antifungal activity were elucidated. Lastly,
multiple variables were identified that could be linked to cells with no antifungal activity, and
these could be utilized to elucidate the factor(s) involved/ not involved in the mechanism of
fungal antagonism. Whether the variables highlighted in this study have a direct causal
relationship with fungal antagonism is still unknown, however it is hypothesized that the data
acquired within this study will undoubtedly lead to a greater insight into the process conditions

required to produce R. rhodochrous DAP 96253 as an industrial antifungal catalyst.
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4.3 Dextrose/Maltose/ DO

R. rhodochrous DAP 96253 is known to utilize both glucose and maltose as sole
carbon sources (Zopf, 1891). In previous work on R. rhodochrous fed-batch fermentation, for
increased nitrile hydratase activity, it was demonstrated that the addition of 10g/L maltose to the
fermentation feed medium increased cell yields and decreased nitrile hydratase activity in the
resulting cells (Drago, 2006). While, R. rhodochrous grows relatively slow compared to other
common contaminant-organisms, maltose was added and utilized to provide slow-release
glucose, increasing cell yields.

Within this study, a negative correlation was seen between increasing
concentrations of glucose/maltose and the resulting antifungal activity of fermentation paste.
When maltose was considered as being 2 glucose (as this is how it is utilized by R.
rhodochrous), and total glucose units was summed, this correlation was consistent. Higher
carbohydrate concentrations tested in this study resulted in paste with little to no antifungal
properties. Medium-low glucose concentrations tested resulted in less cell yields, than when
using maltose in the feed medium, however the resulting cells displayed fungal antagonistic
properties against the select fungal pathogens tested. It is important to note that low-medium
glucose still resulted in improved cell yields than in previous work (>120g/L) and more
importantly, the activity of the cells was at least doubled within this study. This was defined by
comparing doses required for inhibition of B. cinerea and P. destructans with cells from previous
work where conditions in the bioreactor were not refined to that of the current conditions defined
within this study. When taking product costs and profits into account, this improvement

represented a major milestone in the production development of this process.
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When high carbohydrate concentrations were utilized in the fermentation medium and the
cells were harvested between 3 and 4 days, it was noticed that the DO would remain low upon up
to 1-2day(s) of the feed medium running out. Low (around 30%) DO demonstrated that the cells
were probably still utilizing copious amounts of Oxygen as an electron acceptor in carbohydrate
metabolism. It is important to note that at these time points, glucose was measured to be at a
concentration of Og/L suggesting that maltose was being consumed. Within the given restraints,
only glucose concentrations could be measured using the YSI glucose analyzer, so it was
unknown how long maltose concentrations remained high in the vessel. It is hypothesized that
the DO remained low (around 30-50%) due to excess maltose in the feed medium and the need
for an electron acceptor (as seen by the PO2% graphs). In low-medium carbohydrate runs, there
was a lag time after glucose concentration was 0g/L and the DO increased, however a marked
difference in these runs was that the DO increased before the cells were harvested to at least 60%
or higher.

In conclusion, glucose can be measured, so it is the ideal candidate for an affordable sole
carbohydrate source in the fermentation media (not taking into account the minimal glucose
concentrations in the other plant extracts present in the media). Glucose alone does not interfere
with antifungal capabilities of the resulting cells, as long as it is fully utilized (Og/L after feed
medium is exhausted), and the cells are left in the bioreactor to reach the stage where glucose
utilization and high Oxygen demand have deceased for around 12 hours. It was seen that very
high amounts of excess glucose were correlated with no antifungal properties of the cells, so this
is a factor that could be optimized for in future work once the volatile profiles of fermentation

cells are elucidated. Additionally, it is hypothesized that this is the process that should be
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considered induction as cells that did not transition to this stage showed decreased antifungal

properties.

4.4 Dissolved Oxygen in the bioreactor

Within the bioreactor, dissolved Oxygen (DO) concentrations are set to 30%
utilizing a PID loop which uses stirrer to oxygenate the media (max 450; min 150RPM) and
gasmix (air; O2 pulse) . At initiation of all fermentation runs the initial DO is close to 100% as
there is no mechanism that decreases the amount of O present as a stir rate below 150RPM
would be too slow to adequately agitate cells. At the time when the cells begin to enter
exponential growth rate the speed of feed medium addition is increased to maintain glucose
concentrations as close to 1.5g/L as possible. O utilization spikes due to carbohydrate utilization
and the stir rate begins to increase to aerate the media in response to the PID loop. The DO
remains around 30% +10 until the glucose is depleted. Following depletion, the DO has shown to
remain below around 70% for 1-2 days. It is hypothesized that at this time the cells enter another
metabolic stage. At this stage the DO remains low while the concentration of glucose in the
bioreactor is 0g/L (as measured by the YSI glucose analyzer). It is hypothesized that once
glucose is depleted the cells shift into an alternate metabolic pathway catabolizing proteins or
other substrates that result in the production of ammonia, and other volatile compounds that
could be involved in fungal antagonism. It has been demonstrated that the cells alkalinize the
headspace once harvested, however a direct correlation between the increased pH and antifungal
activity has not been demonstrated. It is hypothesized that the alkaline environment could be
involved in fungal antagonism, and is most likely one of many factors in the multifaceted and

complex interaction between the catalyst and fungal pathogens.
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4.5 Amidase/ Urease/ Cyanidase/ Ammonia/ Alkalization of headspace

The enzymes involved in ammonia evolution evaluated in this study were
amidase, cyanidase, and urease. Of these, all three were elevated in cells that were ranked as
highly or slightly antifungal against the fungal pathogens tested in this study. The available
ammonia was also higher in these two groups, than the cells displaying no fungal antagonism,
but it is not clear as to whether these factors could be involved in fungal antagonism. Future
work investigating the concentrations of R. rhodochrous ammonia and the linkage to fungal
antagonism could decipher the statistical relevance of these enzymes. It is hypothesized that
these enzymes are involved in alkalinizing the headspace of their immediate environment and
could work synergistically with other enzymes or volatiles involved in the mechanism of fungal

antagonism.

4.6 Fungal antagonism

Fermentation cells produced were grouped into antifungal (+), slightly antifungal
(/), and non-antifungal (-). The cells that displayed fungal antagonism did so against the plant
pathogen B. cinerea and the bat pathogen P. destructans. The cells grouped as slightly
antifungal had activity against B. cinerea of the two species tested, however it is likely that there
are a multitude of other sensitive species, as seen by the experiments on fruit. Fermentation runs
were conducted in order to produce cells that were reliably antifungal. This biological control
agent produced in this study were utilized in experiments exploring the control of post-harvest
losses of fruits and in multiple preliminary experiments as a treatment tool for bats with WNS.

The trials on peaches, tomatoes, and strawberries completed within this study

demonstrated promising results for the contact-independent control of post-harvest losses due to
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‘native’ fungal species (those not inoculated, but naturally occurring). The application technique
that showed to control the most fungal growth was the LUSTR295® cell formulation air-sprayed
on boxes or fruit cartons. This application is extremely appropriate for larger-scale operations
because the plastic clamshells holding the fruit can be placed within the treated cardboard box or
carton, and the method of control is completely non- contact. In fact, it it hypothesized that
shorter exposure times for clamshells of fruits to the treated boxes could be utilized. By doing so,
the product could be “re-used” multiple times to increase the profitability of the process.

Over the span of this research the fermentation runs generated catalyst that was utilized
for several preliminary trials on white-nose positive bats The results indicated no toxicity to bats,
increased survivorship, and allowed greater wing healing (tissue regeneration) of bats in the
treated groups. These small studies could warrant larger scale trials upon the approval of the
appropriate agencies. Bat populations in the United States (US) are plummeting and the direct
result of this could be an increase in insect populations and a decrease in the biodiversity of the
US. This research supports justification for larger scale trials on bats with R. rhodochrous DAP

96253 as a treatment tool for WNS.

4.7 Summary

In summary, this work clearly outlines the process conditions that will
consistently produce 1-3kg of fungal antagonist, within nine days, with a decreased chance of
contamination or inconsistency (including seed preparation). The cells are appropriate not only
in the treatment trials for WNS, but in the control of post-harvest fruit losses. This study has
pinpointed multiple parameters that can be monitored throughout the process, and multiple

features that could be used as indicators for antifungal activity. Future work should be aimed
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towards characterizing the volatile profiles of cells harvested from the bioreactor. In this work
there were cells that were harvested at earlier time points (while still undergoing glucose
metabolism and DO around 30-50%) and these were not antagonistic to B. cinerea and P.
destructans. However, cells harvested at later time points (once glucose had been exhausted for
longer periods of time and DO raised) were fungal antagonistic cells that remained active for
several months when stored at refrigeration or freezer temperatures (data not shown). It is clear
that the difference either lies in an enzyme ‘induction’ occurring in the second stage of the run,
new volatile formation, increased volatile formation, or likely a combination of all of the above.

In future work, gas chromatography coupled with mass spectrometry will help to
elucidate the differences between the types of paste that are produced when excess glucose is
present and hence DO increased and when the exhaustion of glucose occurs and the DO
increases in the vessel. Technically, all the cells used in this study were “induced’’, however this
research suggests that they did not all display the same activities, so more work defining the
induction process will be important to further characterize the mechanism and efficiency of the
catalyst.

Once the mechanism of fungal control is determined and the enzymes or volatile

compounds involved are identified, than the fermentation can be further improved or optimized

for the causal factor(s) that are statistically relevant in the mechanism of fungal antagonism.
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Abstract

screenad for anti-P. destructans activity.

Biocentrol

Background: The recently-identifiad causative agent of White-Nose Syndrome (WNS), Pseudogymnoascus
destrucrans, has been responsitle foe the monality of an estimated 5.5 million North American bats since its
emergence in 2006. A primary focus of the National Response Plan, established by multiple state, federal and tribal
agencies in 2011, was the identification of biclogical contrel options for WNS. In an effort to idenmtify potential
biological control opticns for WNS, multiply induced celis of Rhodococcus mhodochrous strain DAP9GIS3 was

Results: Conidia and rmycelial plugs of P. destrucians were exposed 10 nduced R rhodochrous in a closed a-space
a1 15°C, 7°C and 4°C and were evaluated for comact-independeant inhibition of conidia gemination and mycelial
extension with positive results. Additionally, in situ application methods for induced & todoctvous, such a5
ficad-cell catalyst and fermentation celi-paste in non-growth conditions, were screened with positive resulls.

R rhodoctvous was assayed for éx vwive activily via exposure 10 Dat tissue explants inoculated with P. destructans
conidia. Induced R rhodochrous completely inhibited growth from conidia a1 15°C and had a strong fungistatic
effect at 4°C. Induced R. thodochrous inhibited P. destructans growth from conidia when cultured in a shared
ar-space with bat tissue explants inoculated with P. desiructans conidia.

Condusion: The identification of inducible biological agents with contact-independent anti- £, destrucians activity
i a major milestone in the development of viable biological control options for in situ application and pravides the
first example of contac-independent antagonism of this devastating wildiife pathogen.

Keywords: Pseudogymnoaius destrucians, Mycdia, Conadia, Rhadococcus rhodochwous, White-Nose Syndrome,

Background

The raped spread and high mortality rates associated with
whitesnase syndrome (WNS) make the development of in
situ treatment options for the causative agent, Psexdogyme
noascus destructans [1,2], a significant objective for wild-
life management agencies. Accordingly, the development
of biologically~derived treatment options may have advan-
tages over chemical or physical treatments, since classic
examples of chemical and physical treatments in karst
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environments are now a cautionary tale [3]. To this end,
“A National Plan for Assisting States, Federal Agencies,
and Tribes in Managing White-Nase Syndrome in Bats™
[4] was released in May, 2011. In this plan, significant
focus was placed on the identification and development of
biclogical contral options for WNS.

Rirodococcus rivodockrous strain DAP 96253 is 2 ubi.
quitous, soil-associated, Gramepositive bacterium with
tremendous metabolic and physiological diversity [5-9).
Rhodococcus rhodochrous has been used extensively in
bioremediation as well as in the production of nitrile.
containing compounds [5-7] and it has demonstrated
delayed fruit ripening activity with climacteric fruits and
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vegetables [8) Several encymes have been shown to have
increased activity and prevalence in bactera induced to
delay fruit ripening and these enzymes may play a role in
the ohserved antifungal activity [8]. Initial investigation af
the potential antagonism of B destractans by B rhoagloe
chrons indicated that, when indoced under the protocol
outlined in US patents 7530343, and 75301344 [10.11],
R rhododeros strain DAP %6253 demonstrated signdficant
contact-independent antagonism of P desfrancfans ir win
As a result, the principal objective of this was evalu-
ation of & rhodocireus induced with wrea for potential
i st application as a hiological control agent for
B destructans

In addition to the strong evidence established wia
in witro analysis of the observed antagonism, the eva-
luation of the efficacy of induced & riodochrous was
purswed in order to establish ér vive effbcacy at prevens
ting fungal irvasion of bat tisswe. This goal was acocome
plished using a batskin explant assay. The evaluation of
induced & riodochrous to prevent or reduce the infect-
ive potential of P destracians conikdia was demaonstrated
by the inhibition of P destriaciers growth on living bat
tissue. This is the first example of antifungal efficacy on
living bat skin for any binlogical control agent of WHS
and represents a major milestone in this effort.

In order to optimize biocontrol efficacy and redwce
potential cress-contamination of karst environments,
various whale and fived-cell applications were investi-
gated. The evaluation of various application methods of
induced cells of & modochreus for potential @ sits ap=
plication, incheding whole-cell application, non-growth
fermentation cellepaste, and fxedecell catabyst [8.12,13]
were conducted. Monsgrowth fermentation cell-paste der
monstrated persistent inhibibory activity and represents
the most promising application method evaluated. The
aszociated cell-paste activity i a significant development
as it represents multiple hallmarks of ideal biccontrol
agents.

Methods

All P, destructans isolates used in the project were acquired
fram the WS diagnastic lab at The University of Genrgia
Southeastern Cooperative Wildife Disease Shudy (UGA
SOWDE). Initiml nvestigations have shown very low ge-
netic and physiological variability amongst F. destrinctans
a small isplate sample size (n<3). £ destractans caltures
were maintainsd on Sabourand Dextrose Agar (SDA,
Difca) or in Sabourand Dextrose Broth (SDB, Difco) at
4%, TC, or 15°C depending on anbicipated usage.
B destructars conidia were harvested from fungal bwns
on S[A plates by adding 10 ml of conidia harvesting, solw-
tion [(CHS 005% Tween 80, 0.5% Na(l) to the surface of

8o
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the plate and gently scrapping with a sterile loop to dis-
lodge conidia. The resulting solution was filtered

glazs wool and cemntrifuged at 5000 rpm for 10 minutes.
Thee resulting supernatant was removed and the spore pels
bt washed with 5 ml of sterile phosphate buffered saline
(FBS, pH= 7). reesaspended, and filtered throogh glass
wonol. Conidia were stored in sterile PBS at =2PC. Conidia
were stored o bonger than six wesls prior to use based
on in=house assessment of conidial viability under these
conditions (unpublished data). £ rrodecires strain DAP
W53 cells were maintined as ghoemol stock aliquots
{30% viv) from 10 | fermentations carmied owt ag GSL
Fresh glhycerol stocks were nsed as the soarce of cells at
the onset of each assay. The induction process was per-
formed using the addibon of wrea or wrea and cobalt as
described in US patents 7,530,343 and 7531344 810,01

Coeculture assays with & rodochrors

A singlescompartment Petn plate (150 mm o« 15 mm) was
used for a contined air-space to assexs P destrictans
growth characteristics in the presence of induced cells of
R rinodochrowus. A 10 pl inooulam of P destnncfans oonidia
solution (10° mI™} in a phosphate buffer sclution was
spread onto SDA in Petri plates (35 mm o« 10 mm). Muolt-
ply induced cells of B. riodochrons [111] were inocus
lated onto Petri plates (35 mm = 10 mm) containing Yeast
Extractihalt Extract agar (YEMEA) with or withouat urea
(7.5 g/ [8]. and cultured in the contained air-space for wp
to 30 days. All assays were oonducted i triplicate. The
ability of induwced R rodochrous to inhibit healthy estabe-
lished hyphae of P. destruciers was assesced using myce-
lial plug assays. A lawn of P destrmctors was allowed to
grow for up to 20 days at which time a Semmediamster
transfer tube was used to remove a plug from the mat of
fungus. The plugs were then inserted into a simalarhy sized
core removed from an aninooulated cultare plate. The
plates were co=incubated in a shared air-space as described
previously and radial growth from the plug was asessed
over time.

Induced A. riodochrows permule suppression assay

Thin layers {~750 pl) of 10% SDA were applied to stan-
dard microscope slides (245 w 762 mm) and 100 pl of
P. destrisctans conidia solution (0% ml™") were spread
across the agar surface. B modochrms-inoculated Petri
plates {35 mm x 10 mm} were placed in larger Petr
plates (150 mm w 15 mm) and sealed with parafilm.
Megative controls consisted of similarly=cultured conidia
with no & riedecirous exposure. All trials were cones
ducted in triplicate. At 4 and 7 days post-inoculation,
conidia were chserved m a light microscope at 300X
magnification for the presence of germule formation.
Germules were defined as single mycelial extensions em-
anating from conddia with a length equal to or greater
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than the intact conidia. Control and expaosed slides were
retained and examined daily for up to 21 days after
germule formation was first observed on control slides.
Recovery of conidia was determined by removing the
R rivodochrous after 24 hoars, 72 hours, and 7 days
Stides were observed for 21 days after removal of control
agent to assess recovery.

Preparation and evaluation of fixed-cell catalyst and
fermentation cell-paste in non-growth conditions
Immobilzation of whole bacteria was carmed oat based
on the methods of DeFilippi [12] and Lopez-Gallego e al
[13). Refinement of immobilized cells to produce active
catalyst was carned out according to the methods of
Pierce et al. [10,11). Evaluation of anti-P. destructans ace
tivity of fixed-cell catalyst and fermentation cell-paste was
determined in co-culture assiys with P. destructans coe
nidia and mycdial plugs with various amounts of control
agent (<10 g), as described previously. Efficacy was deter»
mined by chservation of germule formation as compared
to unexposed controls for growth from conidia, and as
percent reduction in radial growth of mycelial plugs.

Ex vivo anti-infectivity assay

The potential for induced R rhodochrous to inhibit
fungal growth on bat skin explants was evaluated using
an ex vivo model of WNS. A 10-mm-diameter biopsy
punch was used to collect full-thickness samples of skin
(n=40) from the patagium of bats (n = 2) immediately
after euthanasia. The explants were adhered to a mesh
support with tissue adhesive (TissueTek®) so that they
would retain their shape and could be supported at the
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medium surface without allowing media to come in cone
tact with the mmoculated surface of the skin. The skin
explants were then maintained on Eagle’s modified mis
nimal essential medium supplemented with antibeotics
(kanamycin, 100 pug/ml: amikacin, 20 pg/ml and vanco-
mycin 50 pg/ml). A suspension of spores was placed onto
the center of the explant and allowed to dry. The inocu-
lated explants were incubated in a shared airespace with
induced R. rhodocirows Uninoculated contral explants
were incubated alone or with uninduced R. rivadochrous.
Initial experiments were conducted at 7°C. Anti-infective
efficacy was determined by visual and microscopic evas
luation of bat wing membrane tissue cultures exposed to
induced R riodochrous as compared to unexposed and
uninduced controls.

Results

Anti-P. destructans activity of induced R. rhodochrous
Initial experiments with induced cells of & rivodochrous
demonstrated complete inhibition of growth from conidia
of P. destructans when cultured with a shared airespace at
15°C (Figure la-c). Uninduced cells of R rivodochrous
showed no signs of inhibition, and were comparable to
unexpased controls. Subsequent testing at 4°C demone
strated fungistatic activity of induced cefls of R riodo-
chrous and resulted in slower germination and reduced
total mycelial growth as compared to uninduced cells of
R. rivodochrous and unexposed controls (Figure 1def).
Inclusion of activated carbon into the shared air-space
abolished the anti-P. destructans activity of induced R
rhodachrous (Figure 1c). Mycelal plugs of P. destructans
cultured in a shared air-space with induced R. rivodochrous

Figure 1 Shared airspace co-culture of P. destructans conidia with 8. rhadochreus. Uninduced colls (@), inducad cells (b, ¢ and 1) and
F. desaxrans conmsdl (a, d) werd incubatod in 3 shared Setoace & 15°C (op pandd) and 4°C (hattom ganal). Induced £ shodochvous 1ads o
ihitit growth fsom Cordcia when acivaned cartion & induded in the haadwioace (el
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Figure 2 Induced R. rhodocivous inhibits radial mycelial growth
of P. destructans. Growth 2003 of P, desrucians pluds egowed 10
Induced R Madochous comgand wo P, desructans control glugs. All
viaks wore conducmad at 15°C. * indScares days post noculation with
satkncly sgniicant (P < 0.05) mdal growth inhibiion.

had a significant reduction in radial mycelial extension as
compared to control plugs cultured in the absence of in-
duced cells of 8. radochrous (Figure 2). Radial growth of
induced 8. rivodochrous-exposed P. destructans at 28 days
post inoculation indicated a 35% reduction in radial myce-
lial extension as compared to unexposed coatrols. This
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inhibitary activity was statistically significant (p <0.05) on
days 8, 12, 16, and 20 across all replicates (Figure 2).

Induced R. rhodochrous permanently and persistently
inhibits conidia germination

Slide agar overlays inoculated with P destructans conidia
ard exposed to induced R. rhodochrous failed to produce
germules 21 days after remaoval of & rivadachraus (Figure 3).
Conidia expased to induced cells of & rivadochrons for caly
24 hours revealed no signs of germule formation, whereas
conidia exposed for 4 and 7 days exhibited early signs of
germination but no obvious germules (Figure 3).

Ex wivo anti-infectivity activity of induced R. rhodochvous

Induced R. rhodochrous completely inhibited the colo-
nization of bat wing explants by P. destructars conidia in
all replicates (n = 20) when incubated in a shared airespace
for up to 21 days at 7°C (Figure 4). Explants expased to
uninduced R rhodochrons and unexposed explants were
fully colonized at 14 days post inoculation. Histopatho
logical assessments of explants were conducted. However,
in this experiment no fungal growth was detected on any
induced Rhndococcus exposed explants. Therefore the
histopathalogy of otherwise “healthy” explants provided
no additional data to this experiment. Histopathology of
the control explants adheres to the histopathology of
WNS in bats as described by Cryan et al. [15]. Spore
upon qualitative visual and microscopec evaluation and

200K magniicaion.

Figure 3 Persistent suppression of P. destrectans germination by induced R rhadochrous. £, ASyucion conida 20 unable 10 recover aher
ehowr @xpoaurd 10 induced B Modochows. £, desuctans conaol shde (3) producad ggniscant

S days P destecuans contdia expoted 10 induced Rhodococaus 1o 24 hours (b, 72 hours (<) and 7 days (d) faled 1o Som gaemedes 21 days aftor
remanal of induced R shododvows. Halted Qoemination was absernvad in 7shour and Ty exposures {Dlack anows). Al images wore Gagtured o

Qrowth and conidiation fwhite Jmow) ater
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Figure 4 Induced R. rhodochvous prevents fungal colionization
of bat tissue when contained in 3 shared Jirspace. B wing
TS0 explants in 3 shamed Segoace with induced R shododivous
21 days poatdnooation with £, desrucians Conidia (a). Magnifiod
Moo of 3 conal explant with visitle fundal colonizadion 21 days
pom<dnoodation (b

Figure 5 Nomgrowth cellpaste of R shodechrews inhibits
growth from conidia of P. destrectans. Nongrowth lermentation
colpase of nduced R hodochnus wes inoutaned in a shared asspace
with F. demucmans conidia inccubined plies Quanmitis of 109059
and 005 Q (a, b, and ) ¥ demongarated compbng nhitstion of growth
from conkdia of F. GeIuaans 26 Compand 10 unesnosed Coniis

produced definitive results (ie. no exposed explants de-
veloped fungal growth) therefore a statistical evaluation is
unwarranted and omitted.

Evaluation of fixed-cell catalyst and fermentation
cell-paste

Fixed-cell catalyst [8,10,11) failed to inhibit or slow growth
from conidia of P. destructans when grown in a shared
air-space. Fermentation cell-paste in quantities of 1.0 g,
0.5 g, and 0.25 g completely inhibited growth from conidia
of P. destructans for greater than 80 days (Figure Sa-c).

Discussion and conclusion

Since its initial documentation in 2006, WNS has spread
to twenty-four states and four provinces and has been
implicated in the mortality of millions of Nocth American
bats [1618] which may have a significant impact on
North Amencan agricultural practices [191. WNS is char»
acterized by invasive mycelial growth on the wings, muzzle
and ears of hibermating bats that perturbs physiological

(d, white amow). Imace then 21 dys poasnocuation

functions of the host tissues leading to mortality [15). Cave
closures and culling of infected individuals appears to have
Ettle to no impact on the spread and mortality associated
with this devastating disease [20]. Classic disease manage-
ment practices applied in agriculture, such as vaccanation
and broadespectrum dissemination of antibiotics, present
many challenges in the management of disease in wild,
Consequently, the development of novel treatment options
are needed to avest the spread of WNS and reduce the
mortality associated with currently infected hibernacula.
To this end, the development of biologically-based control
toals is the preferred option for application n karst
environments.

Since the publication of the national response plan [4),
several groups have initiated investigations to identify
potential biological control agents for P. destructans
[21-23). Several of the investigations have relied on tra.
ditional sources of biocontrol agents or probiotics such
as bacilli and lactobacilli, or competitive exdusion fungi
such as Trichoderma sp., as well as attempts to isolate
bateskin-associated microbes with anti-P. destructans
activity [21-23]. While these approaches have proven
successful in agricultural and human health applications
{24-27|, their application in the attempted remediation
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of YWHS in batx has not been demonstrated. The require-
ment for contact with P dectructare and the bat hosts is 2
major hordle for any agents reliant on comipetitive excle
sionn or nan-valatile antimicrobial componnd prodoction
These patential control agents may prove to have limited
efficacy against P. destructars in sifn and potentially be
harmful o the bat hosts. In condrast, the evaluabon of ine
duced R rbodechrous strain DAP 96253 for application asa
biclogical controd agent of P destrivctarns aligns ideally with
the nesds of wildlife monagement agences tasked with
combatting WHS and i the fist dooamented contact-
independent microbial antagonism of P degractars

The evaluticnary lineage of £ rhodochrous lends itxelf
to Wi -based fungistasis due to its terrestrial ancestry
[28-30). The global prevalence of fungistatic soils is a
measure of the natural antagonisms that exists in these
R rhodochrous in seils [5), # @n be expected that
£ rhodochrous as well as many other sod-dwelling
bacteria have the potential to contribute to YOC-based
furgistasis observed in these envirenments [29,30). Hows
ever, the development of induction methedologies s res
guired to optimize this actevity for biocontrod applcations
and is a decidedly advantageows quality of R, nhodlodirons
strain DA 96255 as a potential biological control agent of
for control efforts has many benefits, particularly in the
case of WHNS The complexity of soil ecology selects for
antagonisms that are effective at low concentmations in
diverse, com lized envirommients where solubdes
diffusion may be limited [29). Therefore, the production
of antagonistic V(s provides a viable means for soil-
dwelling bacteria to compete with soil-dwelling fungi for
resources and equates Gvorably with the environmental
conditions of susceptible bat hibernacula. The abdlity of
K rlodochrons to detect and imterfere with volatile signals
has also been demonstrated in its delayed fruit-ripening
activity |8] and is hypothesized to mediate the observed
anti=F. destrnctans activity.

While the efficacy of wreasindwced R riodochros
under growth conditions i promising for im sife mane-
agement of WS, the need for growth media sapple
mentztion poses problems for field application. The long
term i wifro efficacy of non-growthecondition cell-paste
at 4°C allows for increased confidence in forecasting the
efficacy of this biocontrol agent in mamaging WS in
the Field as this temperture i a sound approximation of
average winter temperature of Morth Amerian bat
hibernacula [34]. The lack of growth media reduces the
oosts associabed with application as well as reduces the
likelihood of crosseconamination of controd agent media
with native cave microflora. In addition, the contact-
independent basis of the nonsgrowth amtagonism will
allow for i sitie application methods that will reduce the
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potential for ecological impacts assooated with intros
ducing exogenous organisms to karst environments. The
ecological impacts of any potential controd agent are of
significant concern for wildlife management agencies
and the evaloation of potential ecological impacts muost
be assezted in order to circumvent ecological disasters
asenciated with apgmenting cave microflora (eg Lasmox
cave} |4].

The evaluation of B rhodochrous uwsing ex wivo bat
tizsue explintx as an indicator of anti-infective actvity
was paramount to establishing £. rfsodadrons ax a viable
biecontrol agent of P destectars. This was the frst
demcnstration of inhibition of fungal colonization of bat
tizsue by a biclogical control agent. This ex vive efficacy
justifies further in wivo studies with live bats and should
be pursned vigorously.

The ahility of dormant conidia to remain viable in
host-free environments increases longsterm impacts of
fungal pathogens and renders contaminated environ-
ments inhospitable to rescolonimtion [35]. The impact
of WH5 in locations such as New York has been tre.
mendous, vastly reducing the populations of insectivors
ous bais over a broad geographic range. The permanent
and persistent inhibition of conidia germination & a
promising result and indicates that treatment of pres
viously decimated hibernacula to inactivate resident cos
nidia prior to rescolonization atbempts may be feasible
by applying indwced & shodocihrors in these environ-
ments. Howewer further investigations are needed to
confirm the applicability of this approach.

The evaluation of R rhodochrous strain DAP 96255
has demonstrated the tremendows potential of this ore
gani=m for application as a biclogical control agent of
P. destructans. This is the first and only demonstration
of contact-independent antagonism of P destrucfans
and represents a significant step toward the develops
ment of binlogically-based treatment toals for WS,
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Abstract The recently identified cansative agent of
white-nose  syndiome (WNS), Pieadoginmoaieus
desrrucrans, has been implicated in the momnality of
an estimated 5.5 million Morth American bats since its
initial documentation in 2006 (Frick et al_ in Science
32AT6E2, 20100, In an effort to identify potential
biological and chemical control options for WNS, 6
previously described bacterially produced wolarile
ofganic compounds (VOCs) were screened for anti-
P destructans activity. The compounds include dec-
amal: 2-ethyl-1-hexanol; nonanal; benzothiazole;
benzaldehyde; andWV N-dimethyloctylamine. P, de-
strwctans conidia and mycelial plugs were exposed
o the VOCs in a closed air space at 15 and 4 *C and
then evaluated for growth imhibition. All VOCs
inhibited growth from conidia as well as inhibiting
radial mycelial extension, with the greatest effect at
4 *C_ Studies of the ecology of fungistatic soils and the
natural shundance of the fungistatic VOCs present in
these environments suggest a sypergistic activity of
select WO s may occur. The evaluation of formuala-
tons of o of theee VOO at  eguivalent

Electromic s tary material The online version of
this article (doi: | 0.1007% 1 104601 387 | 62} contains supple-
meniary material, which is available o authorized users.
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5. A Crow Jr.

Applied and Environmental Microbiology, Georgia Staie
University., 24 Peachtree Cenler Ave, Atlanta, GA, USA
eemail: ctoomelison | 6 gaedu

concentrations was supportive of synergistic activity
im seweral cases. The identification of bacterially
produced VOCs with anti-P. desrrecians sctivity
indicates disease-suppressive and fungistatic soils a
a potentially significant reservoir of biological and
chemical control options for WHNS and provides
wildlife management personnel with tools to combat
this devastating disease.

Kevwords  Prewdogvmnoaies desirucrans -
Mlycelia - WO - White-nose syndrome -
Fungistarsis

Introduction

White-nose syndrome (WHKS) was first documented
near Albany, New York, in 2006 |2, 15]. Since its
discovery, WHMNS has caused severe declines in bat
populations in the Eastern United States and Canada
[%, 12, 23]. Although the exact ecological and
copnomic impact of this disease has yet o be
determined, many researchers agree that condinoed
declines in insectivorous bat populations will have a
significant impact on forest neanagement, agriculmre
and insect-borne disease [4]. The rapid spread of WS
and the high mornality rates associated with the disease
[%, 13] necessitate the rapid development of discase
management tools. In 2001, the fungus Geomvees
destrctans was shown o be the putative causative
agent of WHE [18]
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Recently, the fungus Gessmyoes destructans las
been reclassified as Preadogymnogicuas destrucians
[ 19, 20). P. destructans is a psychrophilic ascomycete
with optimal growih at 12.5-15.8 °C [15, 23]. his
pavchrophilic nature makes P desructans ideally
suited for colonization of bats in torpor, when body
wemperaures  and immone  function  are  greatly
depressed [3, 5). The clinical manifestation of P
desrructans infection is charactenized by fuzzy white
growih on the muzzle and wings of hibemating bats
and resulis in sewere physical damage to bat wing
membranes [8]. Due (o the recent identification of P.
destrucrans, many ecological and physiological traits
and their influence on virulence are yei o be
elucidated.

The rapid spread and high montality rates associzbed
with WNE make the development of in sita treatment
options for P destrrctans a significant objpective for
wildlife management agencies. Accordingly, the
development of biological and chemical treatment
options is a prioity for State and Federal agencies as
stated in the 2011 MNational WS Management Flan
established by the United States Fish and Wildlife
Service (USFWS) [1]. With this goal in mind, 6
previously described bacterially produced antifungal
WiCs [T, 11] were assayed for their in vitro potential
o imhibit the growth and proliferation of P
desIFucTas.

Previous investigations of fungistatic soils were
able to identify bactera that produced antifungal
Vs which were later identified via SPMEGC/MS
of coliures and soils. The VOCs were produced by
Prewdomonas and Bacillies spp. and demonsiraied
beoad spectrum antifungal activity [7. 11]. Vaolatile-
based fungistasis in soils has been observed in
terresirial environments around the globe [25]. Due
o the biological and chemical complexity of these
environments, the ultimate source of the active ViOCs
15 often unknown but typically arributed o bacteria
[ 16, 25]. The geology and ecology of soil make the
presence of inhibitory volatiles of particular interest,
as low levels of VOCs are able o inhibit fungal growth
in a dense, companmentalized, and diverse ecosystem
[0, 11, 14, 16]). Using the soil ecosysiem as an ideal
cxample of naturally occurnng biological control of
fungal proliferation, we began 1o investigate biolog-
wcally derived VOCs with known antifungal sctivity.

The influgnce of the VOCs on the growth from
conidia and mycelial extension of P. desfricfans was

£ Springer

93

evaluated wsing digital imaging techniques. In an
effort w oprimize the efficacy of the VOCs for
potential in situ applications, formulations of Y0Cs
were evaluated for potential synergistic effects. Com-
binations of two VOCs applied an equal quantities as
individual VIOCs revealed several potentially syner-
gistic combinations. Accondingly, these synergistic
blends were wsed o establish formulatons of three
VOCs ultimately yvielding highly effective formula-
tions with greatlly increased anii-Prendogyamoaseis
activity at relative concentrations of <1 ppm. The
identification of biologically produced inhibitory
volatiles expands the pool of potential biocontrol
agenis of F. destructens, and the development of
chemical formuolations with significant anti-Psead-
agyveneascs activity at low concentrations provides
promising chemical control options for in sitn man-
agement of WS,

Materials and Methods
Culiure Acquisition and Maintenance

All P, desrracrans isolates used in the project were
provided by Kevin Keel through his WKS diagnostic
work at the University of Georgia’s Southeastern
Cooperative Wildlife Disease Swmdy (SCWDS) P
destrretans culiures were maintained on Sabaoroud
Dextrose Agar (SDA) or in Sabaurond Dextrose Broth
(SDE) (BD, Marylandp ai 4-15 °C. P. desfrucrang
spores were stored in phosphate-buffered saline (PBS)
ar —20 °C. Spores were stored no longer than 3 weeks
prior to use.

VOO Exposure Assays and Evaluation
of Bacterially Produced WOCs for Anti-P.
destrictans Activity

Volatile organic compounds previously shown o be
produced by bacteria [T, 11] were screened for anti-F.
destriicians activity via VOU exposure o spores and
myoelial plags. The VOCs included: decanal; 2-ethyl-
I-hexanol; nonanal: benzothiszole: benzaldehyde: and
N M-dimethyloctylamine {Sigma-Aldrich, Missour).
All VOCs were chosen based on their identification in
fungistatic soils and their observed production in
bacteria [7, 11]. All VOCs purchased as pure. liguid,
research grade meagents and wsed directly, withowt
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Fig. 1 Shared airspace assay with previously described bactes
rially produced YOCs

miodification. in all subsequent assays. A single-conm-
partment Petri plase (130 mm = 15 mm) was used for
a contained airspace o assess P destructans growth
characteristics in the presence of fungistatic ViOCs. Ten
microliters of P. destrictans conidia suspension {10°
conidia ml~" in PBS) was spread onto SDA plates
(35 mm = 10 mmj Alguots of 30, 3.0, or 03 pl of
cach VO cormesponding to maximum possible relative
concentrations ranging from 113 ppm (W) 10
1.13 ppm (wiv) (Table S1) were pipetted onto a sterile
filter paper disk (127 mm) on a waich glass (75 mm).
Esch VOC containing disk and watch glass was placed
inside a large Petri plate (150 mm = 15 mm) along
with a P desrricrans-inocalated  SDA plae
(35 mm = 10 mm}) (Fig. 1). P desrmectans myoelial
plugs cut from the leading edge of actively growing
colonies  were  inserted  into fresh  SDA plates
(35 mm = 10 mm) and placed in large Petri plates
(150 mm = 15 mm) with each formulation of pure
WViC containing paper disk and sealed with parafilm M
(Sigma-Aldrich, Missoori). Plates were then incubated
at 15 °C for 21 days. Unexposed cohwres and the
addition of activated carbon to exposune assays semved
as negative controls for each trial. Anti-P. desrrucrans
activity was scofed on a plusfmims scale for conidia-
inoculated plates, and the radial growih from mycelial
plugs was wsed 1o determine percent inhibition by
comparing growth area of VOO exposed plogs o
unexposed controls. All assays were performed in
triplicate and averaged.

VOO Formulation Assay for Anti-P. desfracians
Activity

VOO formulations utilizing combinations of two pune
VOCs were created with all fifteen possible conbina-
tions of the six VOCs by applying volumes corre-
sponding to 2.0 pmol of each YOO w separate
absorbent disks and arranging combinations of wo
disks of different ViIOCs on a single waich glass.
Volumes coresponding to 4.0 pmol of esch pure YOO
were wsed & synergism controls o detenmine syner-
gism. P destactans mycelial plugs were harvested
and inserted into fresh SDA plates (35 mm = 10 mm)
and sealed with parafilm in large Pewri plates
(150 mm = 15 mm) with each formulation or puane
VOO, Plates werne then incabated at 15 °C for 21 days
as described above. Each st was conducted in
triplicate. Area measurements were conducied every
2 days post-inoculation with the use of digital pho-
tography and computer analysis as described below.

Area Measuremeni of Badial Growth with Digizal
Photography and Open-Source Software

Filamentous fungi grow by hyphae elongation and not
by distimet cellular division. Accordingly. messuring
the difference between the area growth of control
agent-exposed mycelial plugs and control plogs has
been a wvemted method for assessing annimicrobial
suscegtibility [11, 17, 22]. The use of a ruler 1o
measure the area of mycelial growth of filamentous
fungi has its own challenges. Mycelial plogs will often
grow asymmetrically, either naturally o because of
exposure o the compound being tested. To provide
meore accurale messurement of mycelial growth, a
digital photography and analysis technigue was
developed.

The GIMP (GMU Image Manipulation Program) is
open-spurce, freely dismbuoed software for insage
editing and authoring, compatible with GNU/Linux,
Microsoft Windows, Mac 08 X, Sun OpenSolaris, and
FreeBSD operating systems. This softwane allows for
the direct measurement of the number of pixels in a
given selected area of a photograph. GIMP version
252 for Microsoft Windows was used ar the mme of
this writing. A Nikon D3 100 digival single lens reflex
camera with an 18-55 mm lens was used to capiure
images. A standard three-leg wipod was wsed for

support during caplure.
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The camera was atiached o the tripod and aimed
dowm 1o a surface to provide a consistent distance from
the lens 1o the myeelial surface being photographed;
cisuring the same pixel o millimeter ratio was
retained for all acguired images. Images of mycelial
plugs had their cormesponding image numbers cala-
logued for later identification. All Petri plate agar
heights were similar to ensure the focal point remained
consistent as well as to retain the same pixel o
distance ratio. Manual focus was activated 1o retain the
same focal point throughout all image captures, and a
remote shutier release device was uwsed 0 assure
stable, shake-free images were acquined.

Contrast between the growth medium and myce-
liwm was required to obtain an accurate selection for
measurement as well a5 to be able to discem the
margin of the ruler gradustion marks with GIMP.
Therefore, the camera’s white balance, exposune,
f-stop, and 150 were adjusted to redain a consistent
contrast between photograph acquisitions. A photo-
graph of a raler was used 1o set the focal point for the
proceeding  photographs as well as serving as a
calibration device for dewermining the length of each
pixel during image analysis.

The ruler tool was wed 1o determine the mumber of
pixels between two demarcations of a photographed
ruler placed at the level of the agar surface in the Petr
plates. The resalting pixel count was used to determine
the millimeter-to-pinel ratio.

A different set of tools were pecessary 1o measure
the mycelial area The selection tools were wsed o
outline the margin of the mycelia. The Histogram tool
was wsed to determine the number of pixels thar
comprised the selected area. The area of the selection
was converted from the number of pixels 1o mm” with
our previously derived number of pixels per mm and
Eqg. 1.

MNumber of pixels inarea
Mumber of pixels permm

-
) = Area of myeelia in mm*

(1)

Tape Mount Preparation and Microscopic
Evaluation

Presadorgyrmnoascis destrectans culues with aberrant
phenotypes as compared to control culures and pub-
lished descriptions | 14] were examined microscopical ly
by tape mount. The adhesive side of standard

€l Springes

transparent packaging tape was gently pressed against
the surface of plate grown fungal cobonies. The resulting
tape-adhered sample was treated with 10 pl of 70 %
ethanol and placed onto a microscope slide with
lactophenol cotton bloe dye. Slides wene viewed on a
light microscope (Mikon optiphot-2) st 200 = magni-
fication and images captured wsing a scope mounted
camera ((maging micropublisher 3.3 BTV

Results

Anti-P, destrueians Activity of Bactenally
Produwced Volatiles

Imitial investigation demonstrated inhibitory sctivity
for most VIOCs at relative concentrations less than
I pprin. Decanal; 2-ethyl-1-hexanol; nonanal; benzo-
thaizole; dimethylirisulfide; benzaldehyde: and N N-
dimethyloctylamine all demonstrated anti-P. desrruc-
rewis activity when 30 pl of the respective compound
were placed adjacent to 3DA plates inoculated with P.
destrpctans conidia in a closed aystem a 15 °C
(Table 1) Control plates containing 1 g activated
carbon showed no inhibition for decanal; 2-ethyl-1-
hexanol: and benzaldehyde, while the remaining
compoands inhibitory activity persisted in the pre-
sepce of activated carbon (Table 1), Subsequoent
assays with 3 pl of each compound demonstrated
similar results with only N.N-dimethyloctylamine
unable to completely inhibit P dedrricrans growth
from conidia at 7 days (Table 1), The addition of
activated carbon abolished all inhibivory activiry of the
assayed compounds at 3 pl (Table 1h At 11 days of
exposure o 3 pl of each respective compound, only
Z-gthyl-1-hexanol, decanal, and nonanal demonstrated
inhibitory activity, with all activated carbon controls
abolishing the inhibitory activity (Table 1) Addition-
ally, P. desrrucrans cultures from conidia exposed 1o
3 pl benzothiazole without activated carbon revealed
unigwe colony morphology characterized by increased
pigmentation of the underside of the culwre and
diffusion of pigment into the growth media s
comipaned o upekposed cultares and cultures exposed
o benzothiazole in the presence of activated carbon
(Fig- 51}

Assays using mycelial plugs cut from the leading
edge of actively growing P. destrucians colonies on
SDA exposed to the previously described bacterially
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Tahle 1 Evaluation of anti=®. desiructans activity of hactenally produced antifungal ¥ 0s with P. destrintans conidia
VO Chemical siruciuse 30l 0 i 3 3 pP g 3 ™
Zegthyl« | shexanal - + - + - +
o
Benzaldehyde o - + - + + +
: H
Benzothiazole g - - - + + +
?
N
Decanal 0 - + - + - +
e e e
Momanal - - - + - +
i e O
M. Medimethyloctylamine e - - + +
I
Contral + + + + + +

+, grvwth from spores; —, no visible growth
* 7 day exposure

® 10 day exposure

“ Incuhated with activated carbon

produced volatiles at 30, 3, and 03 pl of each
respective compound and incubated in a contained
air space al 15 °C gave varied resuolis. Ar 30 pl, all
compounds completely inhibited the growth of P
desrrucrens mycelia for up o 9 days (Fig. 2a). Ax
14 days of exposure, only P desmecrans plogs
cuposed to decanal showed any radial growth, with
83 % reduction in growth as compared (o unesposed
controls (Fig. 2a). At 3 pl of each compound, decanal
and MM-dimethyloctylamine vielded only minor
reductions in radial growith, whereas the remaining
compounds completely  inhibited radial myeelial
growth of P destrectans for up to 14 days (Fig. 2b).
At 0.3 pl of each compound, only benzothiazole
demonstrated significant inhibitory sctivity with a
G0 % redoction in radial growth after 14 days of
exppsure (Fig. 2ch Interestingly, at 0.3 pl, MNN-
dimsethyloctylamine induced growih as compared o
unexposed controls (Fig. 2c). This result may be dwe
o hormesis [21].

[n oader to forecast the in situ efficacy of the VOCs
sdditbonal in vitro evaluation was conducted at 4 *C o

e accurately represent the environmental conditions
of Monh American hibermacula. Exposure to 30 pl or
30 pl of cach respective YOU completely inhibited
radial growth of F. destrrctans for greater than 21 days
(data not shown ). Exposure to 0.3 pl of each respective
VOO inhibited radial growth for all VOCs except
benzaldehyde (Fig. 2d). The gresiest degree of inhibi-
tion was observed with decanal which demonstrated a
greater than 99 % reduction in growth area at 35 days
posi-inoculation (Fig. 2d). Based onthese initial resulis,
VOO exposure was standardized to 40 pmol per
headspace for subsequent evaluations. In addition to
evaluating individual %YOCs, formulations wene inves-
tigated for potential synergistic effects

VOO Formulations Demonstrate Synergistic Anti-
P destrucrons Activity

Three VOO formulations comprised of twoe %Y0OCs
were observed to synergistically inhibit the growth of

P destrucrans mycelial plugs, more than the com-
bined inhibition of each of the pure ViOCs abone.
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Fig. 2 Growth areas of F. denrctans mycelial plugs exposed
ta hacterially prodoced VWOCs &t 15 20 a2 30 pl (@), 2wl (),
0.5 pl {ch respectively. Growth area of mycelial plugs exposed

Those inclode 2-ethyl- 1-hexanol and benzaldehyde;
2-ethyl-1-hexanol and nonanal; 2-ethyl-1-he xanol and
decanal: and 2-ethyl-1-hexanol and M M-dimethyloc-
tylamine (Fig. 3a, ib, 3¢, respectively). The greatest
inhibition by the formulation occurmed with 2-ethyl-1-
hexanol and nonanal, which demonstrated greater than
95 % reduction in growth as compared 1o unesposed
controls 14 days post-inoculation (Fig. 3c).

Two VIO formulations comprised of three Y05
at 1.33 pmol, respectively, were observed o syner-
gistically inhibit the growth of P. destruchans mycelial
plugs, more than the combined inhibition of each of the
pure VOCs alone at 4.0 prvol. Those inclode 2-ethyl-
I-hexanol; benzaldehyde: and decanal: as well as
2-ethyl-1-hexanol; nonanal; and decanal (Fig. 4a, 4b).
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Discussion

Since its imitial documentation in 2006, P destrec-
rewrs has spread o twenty-four states and  four
Canadian providences and s implicated in the
meortality of 5.5 million bats [13]). Cave closures
and culling of infected individuals appear o have
little to no impact on the spread and mortality
associated with this devastating disease. Classic
disease management practices applied in agriculture
such as beoad spectrum dissemination of antibiotics
are not pealistic options for management of discase
in wild, highly disseminated, and migratory animal
populations, Accordingly, the development of novel
treatment options s needed o aven the spread of
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this disease and reduce the mostality associated with
currently  infected hibernacula. To this end, the
evaluation of previously described bacterally pro-
duced antifungal volatiles was condocted 1o identify
potential chemical control agents as well as identify
potential environmental reservoirs of anti-F.  de-
strncians activities and expand the pool of pobential
biological control agents.

Bacterially derived wolatile fungistasis s a well-
documented microbial antagonism and may be com-
reon in terrestrial ecosystems [T, 10, 11, 14, 16, 25].
Harnessing the potential of these naural antagonisms
is already a powerful ool inothe development of highly
effective biological and chemical control options |7,
11, 17]. The biological onigin of many fungistatic
VIOCs lends itself to obtainable inhibitory applications
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due o the typically low level of production in the
natural hosts and the significant antagonistic activity
observed at these low levels [T, 10, 14, 16,21, 24]. The
contact-independent activity of antagonistic VO has
several sdvantages over topical and oral, contact-
dependent, reatment options that have been shown to
be highly effective at inhibiting the growth of P
destraciis in previous studies [6]. Contact-indepen-
dent antagonisms allow for treatment of many indi-
viduals with a single application and ensure wniform
exposure, avoiding the potential for microbial refugia
on the host that may facilitabe re-colonization of the
host once the inhibitory compound has been removed
of degraded. Acoordingly, the evaluation of previoasly
described bacterially produced Vs reduces the
processing  reguired to identify viable treatment
options, and the contact-independent activity of
antagonistic WiOCs has several advantages over topical
and oral antifungal compoeunds and shoald be a focus
of studies tasked with identifying novel treatments for
newly emerging fungal diseases.

The coevolution of soil microbiota has produced
antagonisms ideally suited for the complex ecology of
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soil. Harnessing these natmral antagonisms can be a
powerful tool in combating WNS & many of the traits
of these antagonisms equate favorably with the
ecology of hibernacula and the terrestrial heritage of
the Geomycota and Peeudog vimrogicus spp. warrants
their sosceptibility. The long-temn efficacy of low
quantities of VOCs illustrates the potential of these
compounds for in sit application in the reatment of
WS, Additionally, the development of synergistic
blends bolsters the appeal of soil-based fungistasis as a
source of potential control agents as YOC mixiures ape
likely pesponsible for the observed fungistatic activity
of repressive soils [14, 16, 24]). While several pure
VOCs and blends produced significant growth inhibi-
tion, compounds andfor quantities unable o signifi-
cantly imhibit growth caused noteworthy stress 1o P
destrctans as determined by the abnormal pheno-
types observed under these conditions (Fig. 511 The
evaluation of bacterially derived YOCs has expanded
the pool of potential biclogical control agents as well
produced several VOO formuolations with excellent
anti-Frepdogyomoasens activity. The availability of
volatile formulations for control of P desrrucnons
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growih could prove 1o be a powerful ol for wildlife
mianagement agencies if appropriste application meth-
ods can be developed.

Current technology for dissemination of VO3 and
essential oils for control of odors and pests in indoor
cnvironments is common with several companies,
incloding Timsebdisy,_, Aire-Master_, Prolitec,, and
Adr-Scent,, actively marketing these systems. Manu-
facturers claims vary significantly depending on
product with treatment capacities varying from &,000
to 50,000 ft* for a single unit and maintain 1-10 ppm
concentrations in that area based on timed releases
with various product lines. Although these claims ane
promising, appropriate scientific validation is lacking.
Fragrance dispenser sysiems are compatible with a
wide range of YO and essential oils and their efficacy
claims warramt funther investigation as a potential
application method for anti- Preudepymnoaicas Vs
i the treatment of WHE in hibernating bats.

The ecology of susceptible bat populations makes
reatment of WHS difficuli. The highly dispersed,
difficult o access, and potentially hazardows natune of
bt hibernacula require the developrsent of control
options  with persistemt inhibitory activity at low
levels. Our resulis indicate a strong inhibiiory activiry
for several compounds and have provided valoable
leads for identification of poteniial biological control
agents. The increased inhibitory effect observed in low
emperature (4 °C) exposures is pronising for field
application as they represent a promising duration at
the low temperatures associated with hibernacula
during the tme of infection and could have a
significant impact on the mortality sssociated with
infected hibemacula. Currently, the progrosis for
susceptible Momh American bat populations is bleak an
best. The development of biclogical and chemical
realment options muost be investgated o provide
wildlife management agencies with tools for control of
P destrnctans transmission and infectivity.

This project identified biologically derived chem-
ical control agents that can potentially disrupt rans-
mission by inhibiting growth from conidia as well as
decrease infection'mortality rates in hibemacula cur-
rently infected with P desirncians.  Additionally,
several of the compounds evaluated in this smdy have
the potential for application in caplive-recovery
programs parposed in the Mational Besponse Plan
[1]. Cumualatively, this study has highlighted potential
control  options  for  funher  investigation  for

application in management of WS as well as
identified fungistatic soils as a potentially significant
reservolr of biological control agents.
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Appendix C. Fermentation Vessels

Sartorius Stedim Biostat C* 30L

(Image: Biostat C+ 30L; Kind permission of AEM Fermentation Group GSU)
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Biostat C 20L

See page 52
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Appendix D. Related equipment

YSI Glucose Analyzer

s
B9 2700 seLECT

See page 53
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Carr Pilot Powerfuge

See page 54
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Harvested Fermentation Paste

See page 54
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Appendix E. Nature.org article on catalyst treated bats surviving winter for release

back into the wild Missouri, 2015

' A [O www.nature.org/ourinitiatives/regions/northamerica/unitedstates/tennessee/newsroom/bats-successfully-treated-for-white-
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Bats Successfully Treated for White-Nose Syndrome
Released Back into the Wild

For the first time, scientists have treated and healed bats infected with White-
Nose Syndrome.

Ty — e

Hannibal, MO | May 20, 2015

Scientists and conservationists gathered Tuesday evening outside the historic Mark Twain Cave
Complex in Hannibal, MO to release back into the wild some of the first bats successfully treated
for deadly White-Nose Syndrome (WNS).

The 75 bats released Tuesday were part of the first field trials of a novel way to protect bats from
WHNS, which is caused by a cold-loving fungus., Pseudogymnoascus destructans (Pd). Pd was
introduced into the United States about ten years ago and has killed more than 5.7 million
American bats in the eastern half of the U. 5. and Canada.

Pd invades the nose, mouth and wings of bats during hibernation, when bats’ immune systems are
largely shut down. Research indicates that the fungus may lead to dehydration, causing them to
wake more frequently and burn precious fat reserves. This leads to starvation. Science has yet to
develop an effective, ecologically appropriate means of combatting the fungus, which may kill up
to 100 percent of bats in an infected cave, but the recent field trials are the most promising yet.

In 2012, Dr. Christopher Cornelison and several colleagues at Georgia State University found that a
common North America bacterium, Rhodococcus rhodochrous, had the ability to inhibit the growth
of some fungi. They found in the lab that R. rhodochrous, without directly touching the Pd, could
nonetheless strongly inhibit its growth.

Dr. Cornelison, U.S. Forest Service wildlife biologist Dr. Sybill Amelon and research plant

(Reprinted with the kind permission of C. Cornelison).
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Appendix F. Evaluation of P. destructans infected bat wing tissue

(Turner et al, 2014)
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Appendix G. Bat field trial images

109



110

Appendix H. Genetic Analysis of R rhodochrous DAP 96253.

(Sequence analysis determined by US Forest Service). Queries based on run
sequence data- conducted by J. Neville. Tables prepared by G. Pierce.

Number in [ ] indicates number of gene copies identified.

Where ID of the MO is precisely identified the EC number is provided.

1. Flavin Family Monooxygenase [5]

2. 4-hydroxy-phenylacetate-3-Monooxygenase [3]

3. Ubiquinone biosynthesis Monooxygenase [2]

4. Luciferase-like Monooxygenase [1] (similar to alkane MO)

5. Putative Monooxygenase [11]

6. Nitrilotriacetic Acid Monoxygenase — Component- B (EC 1.14.13) [13]

7. Nitrilotriacetic Acid Monoxygenase — Component- A (EC 1.14.13) [2]
(this is the reductase)

8. Alkane-1-Monooxygenase (1.14.15.13) [2]

9. Methane Monooxygenase Regulatory Protein B [1]

10. Methane Monooxygenase Component A: 3-chain (EC 1.14.13.25) [2]

11. Methane Monooxygenase Component C (EC 1.14.13.25) [1]

12. Alkane Sulfonate Monooxygenase (EC 1.14.14.5) [1]

13. Pyrimidine catabolism Rut A Monooxygenase [1]
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14. Peptide Monooxygenase [1]

15. Cyclohexanone Monooxygenase ( EC 1.14.13.22) [14]

16. Rifampin Monooxygenase [1]

17. Antibiotic Synthesis Monooxygenase [1]

18. Coenzyme F420 dependent N5,N10 —methyltetrahydromethanopterin
reductase [1]

19. FAD-Monooxygenase (PheA/TfdB) [1]

20. Monooxygenase-FAD binding Reductase (EC 1.14.13.20) [1]
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Appendix I.Chemicals for Amidase, cyanidase, and urease

Cyanidase

Substrate: Potassium cyanide (0.05mg/mL). 10mL of the substrate would be 0.5mg of
KCN in 10mL of ddH20

2mL sodium phenate (25g phenol, 78mL 2N NaOH in 800mL ddH.0O

3mL of 0.01% sodium nitroprusside

3mL 0.15% sodium hypochlorite

Amidase

Substrate: Acrylamide (Img/mL). 10mL of solution would be 10mg of acrylamide in
10mL of ddH.O

2mL sodium phenate (25g phenol, 78mL 2N NaOH in 800mL ddH20

3mL of 0.01% sodium nitroprusside

3mL 0.15% sodium hypochlorite

Urease

Substrate: Urea stock (1mg/mL). 10mL of solution would be 10mg of urea in 10mL of
ddH-O

2mL sodium phenate (25g phenol, 78mL 2N NaOH in 800mL ddH20

3mL of 0.01% sodium nitroprusside

3mL 0.15% sodium hypochlorite
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