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Abstract

In this work, amodelmicrobial agenfor bioremediation was improved using
fermentation and formulation methods. The outcomes of the fernoentaork

include the development of a new culture medium which increased the cell
productivity greater than one order of magnitude. A robust functionality to degrade
the herbicide atrazine was expressed. The new medium was-gpated 2L

bioreactor.

Liquid bacterial culture was not inherently stable and lost viability at both 4°C and
25°C storageWhen liquid bacterial culture was formulated by encapsulation in a
biopolymer gel and applied to zeolite the transfer of cells from bacterial culture to
formulated carrier was highly efficient. No loss of viability was measured from the
immobilization process, and the functionality of the agent was retained. The
formulated agent expressed an extended shelf life of at least 10 weeks when stored in

ambient 25°C) temperature.

When the formulation granules were inoculated into sterile soil, viability of the
granules was stable and also retained the maximum level of functionality for the full
test period of 10 weeks. The soil surrounding the formulation pamas also
enumerated. The number of cells in the soil increafted a single inoculation of the
formulation ad the maximum level of functionality was conveyed from the

formulation to the surrounding soil.

The formulated inoculant constitutes arpnovement for a bioremediation strain to
stabilize the agenproduce an extended shelf life at ambient temperatanes,
maintain the functionality o microbe toutilize atrazine. In this thesis we have used
a biopolymer formulation in which an inocuafuis simply mixed into a gel and

applied directly to the surface of the zeolite with no special equipment, drying,
temperatures, or secondaryg®wth steps required. It is a simple model system
consisting of a carrier, and a artificial biofilm. As ahrique to produce stable
functional inoculants for bioremediation, the work presented here demonstrates an

approach that is simple, practical, effective, and robust.
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1 Introduction

1.1 Bioremediation using microbes

There are a variety of substantial problems which can be approachedigvithiat solutions.
Examples include insect pest control, fungal pathogen control, seedling inoculatjglarand
growth enhancementAdditional microbial utilizabnsinclude thencreased availability of
nutrients such as nitrogen and phosphorous, and the remaaitaminant$rom soils and
waters(Bashan, 19982aau, 1988van Veeret al, 1997. The contaminations in our soils

and waters are of mostly human origin and there remains a responsibility to addmegsmand
our damage. One approach to this obligation is bioremediation. Bioremediation can be
broadly described as the utilization of microbes to remove contaminants from soil, water, and
wastes. A recent review of tkensiderablédreadth of bioremediatn has been published
(Juwarkaret al, 2010. A wide range of target contaminants can be metabolised (removed) by

many microbial species, Tablel.



Table 1. Microbial species and target contaminants they have been reported to be able to

metabolise.
Microbial species Targetcontaminant Reference
Alcaligenes spp  Halogenated hydrocarbons, linear (Lal & Khanna, 199%

Arthrobacter spp

Azotobacter

Spp
Bacillus spp

Corynebacteriu

m spp
Flavobacterium

Spp
Mycobacterium
Spp

Nocardia spp

alkylbenzene sulfonates, polycyclic

aromaticspolychlorinaed biphenyl

phenol,  organdmosphorus, nitriles (Alexander, 1999 Jogdand,
cyanide, benzene, hydrocarbons 1995

pentachlorophenol, phenoxyaceta

polycyclic aromatics

Aromatics, branched  hydrocarbor (DeanRoss et al, 2002
benzene, cycloparaffinsytirocarbons Jogdand, 1995

Aromatics, long cha alkanes, phenol (Cybulskiet al, 2003
cresol, falogenated hydrocarbons

phenoxyacetates

Aromatics (Jogdand, 1995

Naphthalene, biphenyl aomatics, (Jogdand, 1995

branched hydrocarbons

Hydrocarbons, polycyclibydrocarbons  (Jogdand, 195; Park et al,
1998

Phenoxyacetajenalogenatedhydrocarbon (Jogdand, 1995

diazinon

Phanerochaete sp| Chlorophenols (Singh, 200%

Pseudomonas spp Atrazine, pentachlorophenol benzene (Biglione et al, 2008

anthracene, hydrocarbommlychlorinated Clausen et al, 2002
biphenyl Cybulski et al, 2003
Desouzeet al, 1995 Garcia
Gonzale et al, 2005
GarciaGonzalezt al, 2003
Klein et al, 2009 Lima et
al., 2009 Mandelbaunet al,
1995 Newcombe &




Crowley, 1999 Rietti-Shati
et al, 1996 Sadowsky &
Wackett, 1999 Zhao et al,
2003 (Cassidyet al, 1997

Rhodococcus spp Atrazine, aromatics (Vancovet al, 2005 Vancov
et al, 2007

Trametes spp Chlorophenols (Singh, 200%

Variovorax spp Linuron (Owsianiaket al, 2010

Xanthomonas spp Polychlorinated  biphenyl polycyclic (Jogdand, 1995
aromatics,

biphenyls

Agricultural chemical like herbicides are one source of contamination in sodcsusater

and groundwaterAtrazine(CgH14CINs, 215.68 g/mol (2-chloro-4-ethylaming6-
isopropylaminel,3,5s-triazine)is a herbicide used for broad leaf control and is both

persistent in soil and frequently detected in surface and groundwater aebssassling

maximum permissible concentrations (Jablonowski et al. 2009; Tappe et al. 2008h
incidence of global contamination has prompted researchers to consider its long term effects
and solutiongGovantest al, 201Q. The bacteriunPseudomonasp. ADP(P.ADP)was
originally isolated from a site heavily contaminated with atrazine and uses atiazrsole
nitrogen source by means of a-sbep catabolic pathway (Wackett et al. 2002).
Pseudomonasp. ADP has beconeereference strain for the bioremediation of atrazine and

has been extensively studied (Ralebitso 2002).

A large number of bacterend fungi and their catabolic enzymes have been screeniifor
potential to degrade environmental contaminafie white rot fungisuch asframetes

versicobr andPhanerochaete chryosporiuf8ingh, 200% are active against chlorophenols
and have been the subject of much research. Bacterial strain&r{lergbacter citreuyalso

have been heavily researchi@dexander, 199Pand have capabilities for utilizingheno)
organophosphorusijtriles and cyanide

These bioremediation studies have been primarily conducted in laboratory settings using a
single species or type of organism. In these controlled settings the abidagteria and

fungi to degrade many environmental contaminants is well proven. Thus the potential of

microorganisms to degrade organic pollutants is well accepted.



Although the capability of microbes to degrade contaminants at lab scale is well d¢hepte
utilization of the microbes in field scale settings remains controversial. Indeed there is
significant controversy fAbetween a(eriacgd,e mi ¢ s
1998, especially with regard to the area of bioaugmentation. This issue is further discussed

and is summarized kpingeret al, 20(b) a s , A inoculum survival roe
for bioaugmentation of contaminated | and?o.
proliferation in the field soil ecosysterme controversy continues. In addition to the

controversy of bioaugmentatipbhioremediation as a method of contaminant removal is

limited in some ways by scientific merit, but more so by its application at a larger scale.

Many of the challenges of bioremediation, and bioaugmentation, are thus problems of

delivering a science fro the lab to the field.

1.1.1 Enhanced or Accelerated biodegradation

While a lack of academic acceptance for bioremediation has limited its acceptance at the field
scale level, the actual research of bioremediation is seldom conducted at the field scale.
Fortunately agricultural scientists have described a phenomenon that is functionally identical

to bioremediation. The effect is known as Enhanced or Accelerated biodegradation and is a
good example, at field scale, of microbial ability to remove pestiéidessoil. The
phenomenon was first noted in the 19400s an

scientists and pesticide manufactur@rsisot, 1980

Enhanced or Accelerated biodegradation is arabficclimation of soil bacteria to repeated
applications of a type, or family, of pesticides. It is known that modern pesticides are
degraded by indigenous soil microbes. When soil microbes are exposed to repeated
applications of pesticides they respdmydincreasing, or accelerating, their removal of
pesticide in the so{iShaneet al, 2007. For agriculturists, the accelerated removal of the
herbicide usedor weed protection is viewed negatively and the increased removal rate
kinetics can render the application of pesticides unecon@rbeli & Fuentes, 20017

Felsot (1989) describes microbial degradation of pesticides as a double edgedswosd,
hand reducing the environmental hazards and on the other hand producing ineffective pest

control.

Enhanced biodegradation is a microbial adaptation response and an unintended consequence

of a chemical application. Microbes are widely knowntfar ability to adapt and respond to
4



new circumstances. Anotheell-knownexample includes microbial adaptation to antibiotics
and the appearance of antibiotic resistant stides, 1992. These unintended responses
illustrate that microbial abilities are innately effective. For those who would develop
microbial technology like bioaugmentation, enhanced degradation is -@¢ad

demonstration that microbes are naturally capable of prosperous activity and contaminant

removal outside of the laboratory.

1.1.2 Bioaugmentation

Bioaugmentation is a bioremediation method that inoculates microbes into the remediation
site. The inoculantgor bioaugmentation are produced in controlled conditions where
consistent outputs of quality and density are possitslentroduced in 1.1, it remains a
controversial practiceThe justification for augmenting degrader organisms

contaminated pragrty is to create more immediateesponse to the contaminamtdto

produce an overall morapid rate of mineralizatio(Bingeret al, 2005. Revews of
bioaugmentation have been produ¢éeéntryet al, 2004 vanVeeret al, 1997 Vogel,

1996.

The principle weakness of bioaugmentation is inoculum survival in livéSioderet al,

2005. Live soil is a competitive, inhibitory, and predatory ecology to microorganisms, and
inoculants frequently disappear from soil soon after their introduftemveenet al, 1997
(Gentryet al, 2009. The lack of reliability for inoculated organisms to survive, proliferate,

and remain active in live soils is also described by Alexander (1999).

The practice of bioaugmentation has uses other than bioremediation anddlexaaety of
potential applications for augmentation of microbial inoculants. Traditional inoculant
products includ&hizobiunfor legumes, probiotics, silage, and inoculants for food and drink
fermentation. Agricultural uses include plant protectigmpést and pathogen control, plant
growth stimulation by both seedling inoculation and hormone production, and the
improvement of both soil structure and the increased availability of nutrients such as nitrogen
and phosphorouBashan, 19982aau, 1988van Veeret al, 1997. The use of microbial

agents for [ant protection is driven by the emergence of neexpandedestrictions placed

upon current chemical control agefBashan, 19985erhardson, 2002.ewis & Papavizas,

1991). The potential role of microorganisms, for these and other beneficial processes, is

limited by their survival and proliferation soil (Bashan, 1998/an Veeret al, 1997.



There are a variety of mechanisms considered to be thesdauskecline in inoculant activity
when applied to soil. Chemical and physical factors which can induce stress on the
inoculant include pH, temperature and moisture availability. In general, the chemical and
physical factors can be identified and miized where needed at lab and field scale. A lesser
understood, and more difficult to address mechanism of inoculant limitation is the biotic
stress from predation, competition and inhibition due to the indigenous soil biology.

The importance of biatifactors is clearly observed when inoculants introduced into sterile
soil do not exhibit a decline in population magnitivda Veeret al, 1997. In a sterile soil
environnent population size and activity can increase. This effect highlights the importance
of biotic forces as the prime limitation to the successful introduction of microbial agents. To

overcome these biotic limitations, soil inoculants are in need of imprene

The approach of protecting inoculated microbes from the biotic influences of soil has been
investigated previously. Alginate has been commonly utilized for encapsulation, yet due to
material and scalability issues has yielded little, if any, comiadeapplicatior{Bashan,

1998. From a methodological standpoint, the survival of alginate encapsulated cells in soil
was reported to be higher than unencapsulated cells for 9 (#geksrset al, 1993. Cells

encapsulated by this meitth were considered less sensitive to moisture fluctuations in soil.

Conventionally, the bioremediation approach to bioaugmentation has utilized-ardpce

single application of the inoculant as a liquid bacterial culture or irrigation additive.
Commony this approach produces poor survival of inoculant, the rapid loss of inoculants
activity, andan unreliable reputation of bioaugmentation. An alternative approach is to apply
the liquid which contains the inoculant more than ondee logic ofusing arepeated
applicationapproachs i n providing fAexceg$Singereaat i ve,
2005.

The utilization of repeated applicatioosdegrader organisms rather than the conventional
single application was described as a successful improvement for a liquid inoculant type
(Newcombe & Crowley, 1999 Pseudomonasp. strain ADP and an atrazine degrading
consortia were utilized at microcosm and field scale. WAsmudomonasp. strain ADP was
applied every 3 days in soil onmbcosms containing 100 ppm atrazine, 72% and 90% of the

atrazine was removed in 18 and 35 days respectively. A single applicaBsaumfomonas
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sp. strain ADP removed 36% over the same time period. Similar results were reported at field
scale with 72%atrazine removal in 11 weeks after 8 applications of an atrazine degrading
consortia. Tsuggestdegradatiornr adtigity napedly dekclines when soils are
treated with only a single inoculation of atrazine degradérise repeated applicatiaof an

inoculant has achieved the greatest results for bioaugmeni3trageret al, 2005.

Solil survival can be enhanced by repeated deliveligud inoculantsNewcombe &

Crowley, 1999 Silvaet al, 2009 and alsdormulation(Bashan, 1998 ewis & Papavizas,

1991). In order to produce either liquid inoculants or formulation requires the fermentation of
the microbial strain to a useful cell concentratidrermentation technologies are available to
imaximi ze the vol uthe)forpraduct suchdas singtellprioteiy 6 (g
(Riesenberg & Guthke, 1999Fermentation can produce cell numbers in the orded 6t

colony forming units (cfu)/ml.

To be identified as eandidate agerfitnoculant) a microbenust express auitably specific
functionality for a beneficialask. In generathesemicrobialinoculantsdisplay stability and
delivery challengeswith perhaps the only predictably stable bacteria being Gasitive

spore former¢Emmert & Handelsman, 199A challenge to naturally instabieicrobial
productss to retainfunctionality,and an effective dogéer, while beingdeliveredinto soil,

water, or other inhospitabléargets. Such challenges can be overcome or partially addressed

by formulation(Bashan, 1998 ewis & Papavizas, 1991

Formulation nethods tavercomeperformanceonstraintsnclude protecting the cells by
immobilization and encapsulatig@assdy et al, 1997 Gentryet al, 2004 Vancovet al,
2007. The methods of immobilization and encapsulation have had little application in
bioremedation or bioaugmentation (for contamination). These formulation style methods
have the potential to increase the survival and activity of the inoculant by protectoedishe
from thecompetitive, inhibitory and predatospil environmentDispersal aktrnatives to the
liquid delivery of microbial based bioremediation productsneededut have receied little
published attention.

1.1.3 Bioremediation failure
In reviewing decades of bioremediation research the conspicuous question that remains is the

reasm for bioremediation inconsistency and failure. While provocative, this author suggests



that the foundations of the science are currently incapable of answering such a question. To

highlight the point a discussion of bioremediation standards will bestisd.

The design of an appropriate bioaugmentation experiment in a field soil environment requires
an understanding of the parameters that control the bioaugmentation ptdo&ssunately

the critical parameters for the design of a bioaugmentatmeeps areas yetnotdefined As

is the case with otheub-visible microbialprocesses.g. fermentation and formulation),

microbial application work at the field scale is largely an empirical process. To address the
difficulties of characterizing, wupntifying and evaluating bioaugmentation research, Vogel
(1996) suggests using standardized parameters for evaluaiimaguginentation inoculum in

soil. Theyare:

1. Pollutant characteristics
Bioavailability, concentration, and microbial toxicity.
2. Soil physicachemical characteristics
Humidity, water content, organic matter content, clay matter content, and pH.
3. Microbial ecology
Presence of predators, interspecies competition.
4. Microbiology
Presence of esubstrates, genetics of relevant organisms, ensyafdity and
activity.
5. Methodology
Inoculation concentration, method of inoculation, the presence/absence of

indigenous activity, and inoculum heterogeneity.

To initiate ahypothesis about the reason for bioremediation failure, the Methodsdagpn
(number5 abovg is recommendedThe first four standards aseipported irthe literature

from the fields of chemistry, agriculture, and microbiolodyowever, the fifthtem,
methodologyis the frontier of the undevelope&or example, a standard indgon type does

not exist in the literature. Importantlystablecontrol inoculum type does not exist in the
literature. More importantly, atablecontrol inoculum type has not been defined, or applied,
or quantifiedin either lab or field settings Herein is a vital limitation. Tie foundations of
delivering the science of bioaugmentation, the methodology and application in the field, are
currently not developedTo that end this thesis is aimed.



In further consideration of bioremediation failuitemay be lluminativeto observe that
bioremediatiorhas had success any aspect. As a process, bioremediation lacks a standard
inoculum type, a standard inoculum rate, standardized application methods (tillage, watering,
moisture levels, nutrientsoil contact and depj}h Yet there are successdsurthermore, the
conventional liquid inoculum type is inherently unstable and the conventional academic
treatment regime is to apply the inoculum only on¥et there are successdsortunately, t

Is nowacademicallyaccepted that soil survival can be enhanced by repeated delivery of liquid
inoculantsNewcombe & Crowley, 199%ilvaet al, 2004. A case can beasilymade that
bioremediation, especially bioaugmentation, is giesdl to fail without a coherent, and

scientific,methodology.

1.1.4 Bioremediation Hypothesis

Aside from methodology weaknessdgd u t hhgpotldesis for bioremediation failure is
directedprimarilyat t he applicant éthe human el ement,
From t he aut hteapgplganpsahe tegaeceuntabMethe bioremediation
approach and has the greaiagbact. Except for the microbial culturehe other factorsn a
bioremediation approadreconditions. Conditions are elements addressed in the treatment
design. Conditions are aspetttat carbe controlled The physical conditions are dealt with
first, then the chemical conditions, followed by the biological conditions. | &sHy

stimulation or introduction of a microbial culture. Thisal step is a development or
inoculation of microbial products. A well designed bioremediation followsotther.

However, there is no accounting for the applicant in the dedibgis hypothesiss important

for why this project was conducted.

Placing bioremediation failure as the responsibility of the product applicants is not a criticism.
It is unscalabléo expect that every technician in the field would hold a PhD in

bioremediation, and that is a weakness of biological technology in general. Biological
technology requires a high degredeaxthnical informatiorand skillto achieve consistent

results. Liquid inoculants are not stable and need a high degre®ficiency in application.

For a highly skilled applicant, liquid inoculums have produced good outcomes. However, in
the hands of a less well trained applicant the inherent weaknesses of anlicyoicial culture

area clear limitation to success.



The person in the field needs a more robust technology to be succéssfuhagein the

office requiresa person in the field which has an inoculant technology that is easy to apply,
remains viableretains its functionality to do a beneficial service, carries an effective payload
of material which is stable, remains storable without loss of functionality, and can be quickly
scaled up to large batches in the downstream production area. Themetordribute to the
methodology of the bioremediation scienites thesis is about inoculant production and
formulation This work seeks to make the microbial agent more robust and atable

therefore less reliant on the applicant.

In an attempt tdramethe authors hypothesithis research seeks to answer the questions the
author had from 15 plus years of working in bioremediation (personal communication).
Namely, how to improve liquid inoculants? They are not stable. In Indtstrguthods

compaty was forced to pour our inoculants into the sewer after 30 days in refrigerated storage
due to loses in viability To be obvious, that is noh adealbusiness model. That experience

has broughthe authoto this thesisesearch Inoculant stability eeds improvement for

storage and field application. It is tlsu t hopinich that the applicant needs the most help
and an improved inoculant is one way to provide that.h®lpny timeghe author has

witnessed technician withiquid inoculant intheir truck left over from the previous week.
Unfortunately the applicant did not understand the nature of a living liquid and how it differs
from a container of chemical§.he inoculant baked in the sun with no oxygen and no
refrigeration for the full wekend. The manager in the office expected that that inoculum

would work.Unsurprisingly it would not. When the inoculum is nbandledconditioned or
presented to be successful, the bioremediation project has little chance. The reputation of
bioremedhtion is that it is inconsistent. @hinconsistency is driven by a lack of robustness

in the biological componentéthe microbial a

agent more robusind stable

In a final attempt to develop this hypothesis #uthor will make an overtsimplisticand
necessargxample. Bioremediation has a multitude of similarities with agriculture, turf
production, and gardening, but there is one obvious difference. Bioremediation does not have
a stable seed. For agriture, turf production, and gardening, a stable seed is the fundamental
element. The seed is thernerstone for describing the methodology and application in the
field. Without a stable seed as a starting material each of these developed sciences would

likely be analogous to bioremediatjdraughtwith inconsistency and failureThis primary
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essentiabuilding block is absent in bioremediation. There is no stable seed from which to

develop a methodology.

1.1.5 Novelty

The reader isorrectto conclude thathe basis foSection 1.1.3 and 1.1.& largely

conceived ornypothesis angersonal experience. The author agrees. It is an inherent
challenge to referenaeork thathas not been done previously. To that end the author
concedes that the results bistwork must speak for themselvda.further sections the thesis
will resume a traditional referencing format as tinehnical aspectsf fermentation and

formulation aradiscussed.

1.1.6 A Model system
To facilitate an appr o aatdrial,fawodel systemdililbei ng a 0
utilized. A model system allows the work conducted here to be set within -@ewsdloped

framework of previous investigators.

The model systenfior the current workconsists of the herbicide atrazine and the bacterium
Pseudomonasp. ADP (P.ADP).Atrazine(CgH14CINs, 215.68 g/mol)2-chloro-4-
ethylamine6-isopropylaminal,3,5s-triazine)is a herbicide used for broad leaf control and is
both persistent in soil and frequently detected in surface and groundwatersatelaasding
maximum permissible concentrations (Jablonowski et al. 2009; Tappe et al. 2008h
incidence of global contamination has prompted researchers to consider its long term effects
and solutiongGovantest al, 201Q. The bacteriunPseudomonasp. ADP (P.ADP)as
originally isolated from a site heavily contaminated with atrazine and uses atagzinsole
nitrogen source by means of a-sbep catabolic pathway (Wackett et al. 2002).
Pseudomonasp. ADP has become a reference strain for the bioremediation of atrazine and

has been extensively studied (Ralebitso 2002).
A further benefit of usig a modelorganism and a widespread herbicide to test the approach

of this research was to avoid the intellectual property issues which restrict publication in this
field.
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1.2 Fermentation

1.2.1 Medium development

A prime factor in any fermentation process isférenentation medium. The medium is vital

to research and critical at the industrial s¢Zleang & Greasham, 1999 During the

fermentation, the medium supplies the nutritional needs of the microbes and is utilized for the
production of biomass, and metabolite biosgsth. The components that comprise the

fermentation medium therefore directly affect the process, productivity, and economics.

The components of a fermentation medium are based on the nutritional requirements of the
microbe. Microbes incorporate theedium into new biomass and the general composition of
cells can be useful to determine their elemental requirements. The mass of microorganisms is
measured in fresh and dry weight. The fresh weight is between 70 and 85% water. Dry
weight is 15 to 30%fahe fresh weight and typically consists of 50% proteins20% celt

wall materials, 120% RNA, 10% lipids, and-8% DNA. As a percentage of bioelements,

the elemental composition of a microbe is roughly 50% carbon, 20% oxygen, 14% nitrogen,
8% hydroge, 3% phosphorous, 1% sulfur, 1% potassium, 0.5% calcium, 0.5% magnesium,
and 0.2% iror(Stolp, 1988. The first six of these macroelements (C, O, N, H, P, S) represent
roughly 96% of the dry matter of many microbes.

The nutritional components required dby ful f
complex or defined medium sources. Complex or undefined media contain ingredients which
have unknown or itdefined specific composition. Examples include caseins, peptones, and
yeast extract which provide a number of undefined vitamins and amdw d2ther

examples of complex medium can be raw materials and wastes. The most often utilized raw
material (complex medium) for fermentations are carbohydrates including sucrose, molasses,
glucose and dextri(Peters, 2007 At the industrial scale theseraplex raw materials are the

typical fermentation carbon source.

In contrasto complex media, defined medium has@emicalcomposition that is well

known Complex medium (as a raw material or a waste product) may be less expensive but
there can be aumber of advantages for developing and utilizing a chemically defined media.
Some of those potential advantages(Zteang & Greasham, 1999

1 equal or higher fermentation productivity.
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enhanced process consistency.
better control and monitoring.

improved scalaip.

= =4 =4 =2

simplified downstream processing.

It is important to emphasize that there are potentially many benefits to the overall
fermentation process by choosing a defined medium. These benefits can outweigh the

material price advantage of using a raw or complexiuned

The @dev eflthe ppmmmenht®in @fmentatiormediumis the pursuit of

performance improvement. As a process, it endeavors to determine the nutritional factors,
growth, production, operational conditions, and downstream processing fanfecspero-
organism as influenced by the medium. Developing the composition of the fermentation
medium is inseparably linked to improving the overall performance of fermentation. It
thereforea process critically important for product concentratioeldyand productivity
(Kennedy & Krouse, 1999 Notably, the process is laborious, expensive, open ended, time

consuming and involves many experimgtennedy & Krouse, 1999

Prior to medium design there are two important topics to be addressed. For scenarios where
the microbial strain is not known; what will be the effect of the medium design on strain
selectionWhen the microbial strain is known but the medium is undeveloped; what is the
effect of strain selection on medium desiddnowledge of specific needs of an individual

strain can then be incorporated into the design and improvement.

A second importarpredevelopment question is defining the target variable for improvement.
Target variables can be productivity, cost, yield, or some other criteria. Setting a clearly
defined goal and appropriate target level is essential before beginning the desigs proc
(Kennedy & Krouse, 1999As noted previously, medium improvement is a process that is

open ended and has no ultimate solution, and stopping at a defined target level can avoid a lot

of unnecessary effort.

1.2.2 Initial development and Formulation
In developing a fermentation medium, the aim is to provide for the needs of the microbe. To
begin the improvement process an initial medium is needed. There are numerous methods to

determine th@eneral componentecessary for the fermentation medium. One method is to
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determine the medium by evaluating the composition of microbial cells. For applications
where the medium is primarily used to produce microbial cells (biomass) the components can
also be estimated by stoichiomé#ikinson & Mavituna, 1988 Although there are

certainly differencebetween bacteria, yeast and fungi, the elemental composition of most

microorganisms is quite similéGreaslam & Herber, 199y

As discusseearlier,microbial cells are comprised of -B5% water, with 96% of solids as
macroelements (C, H, O, N, P, and S) by dry weight. Some generalizations are required when
using the chemical composition of the microbeaiaghly formulate the initial medium
requirements. A carbon source and concentration can be used as a starting point because in
conditions without a carbon source, growth is not expected. The concentration of carbon can
be estimated by noting that celire composed of 50 % carbon, and the conversion of glucose
to cell mass is roughly 50%. In general terms the productiorcefsof 10 g/l (dry cell

weight) will require a minimum of 20 g/l glucose. Nitrogen can be provided as ammonium

ion form as itis the preferred nitrogen for almost all bact€kterrick & Edwards, 1996
Traditionally the initial medium development is conducted in shake flasks without pH control.
In addition to the carbon and nitrogen sources of the initial medium, a pH.b6@ith

buffering is spplied for bacteria.

A classic approach initiates the medium development by using a group of components
(Glucose, NH, Mg, Na, K, Cl, SQ, PQ)) that are the basic requirements of heterotrophs
(Moat, 1979. Using this approach as a starting point for medium improvement, a crude
selection of trace elements is usually sufficient to gled satisfactory level of growth
(Zzhang & Greasham, 1999

However, it is not always necessary to design and formulate a medium from inception. One
often utilized starting point for medium de
previously used to produce tekame or similar microrganism. The borrowed medium is

then improved further. In sectiéla new medium is developed using this technique, using

a borrowed medium as a starting point for improvement.

1.2.3 Improving the Medium
There are a number of techa&g tomprove fermentation medium performancas a
general strategy they can be separated into three categories; procedural, design, and

optimization.
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1.2.3.1 Procedural

The proceduralteategieso improve fermentation mediumclude borrowing, component
swapping, biological mimicrand oneat-a-time (Kennedy & Krouse, 1999 Borrowing

consists of using a medium from other work that appears to have promise. Component
swappingisausefsdcr eening techniqgue which O6swapsbéb

evaluates the differences in performance.

One-at-a-timeis the traditionally most popular improvement procedure. It is simple, easy and
convenient. Performance improvements are pursyetidnging a single variable and
holding the others at a fixed point. In Kenneahd Krous€1999)

1 Its major detriments are that optimum values can be missed, component interactions are
ignored, and it involves a large number of experiments.
1 The signifiant advantage of the technique is that the effects of the components can be

directly observed graphically and does not require statistical analysis.

A systematically structuredhe-at-a-time procedure can include the functions dilute, delete,
and concentite. The performance of the fermentation is evaluated by diluting, deleting, and
concentrating the individual component. Other components are held at a fixed point. As is
the case with me-at-a-time techniques, it is a labor intensive process. Wheduwtted for

each component of the medium, some interactions are observable, and optimums can be
framed within in a range. In secti@rl, a systematically structuresh@at-a-time procedural
improvement is followed, using dilute, delete, and concentraiatims.

1.2.3.2 Experimental design

Experimental design was developed as a structured planning (design) phase for testing
variants, replicates, and controls. Rather than testing only one factor, a multiple of factors are
chosen and experimentally evaluatétha planned intervals or ranges. The theory of the
procedure is that changing one factor at a time is less efficient than changing multiple factors

at a time.

One reason for using the experimental design approach is to reduce the number of
experimensg to answer a particular question. However, the technique does require a degree of

process knowledge to select factors and intervals. For systems with little or no process
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knowledge, a screening phase is needed to determine the important factorsalodited:v

The overall efficiency of experimental design is therefore relative to prior knowledge.

Examples okxperimental desigemployed for medium improvementindefull factorial,
partial factorial, Plackett and Burman, Hadamarthogonal arraysprthogonallatin
rectanglesgentral composite and BeBehnken design@ennedy & Krouse, 1999

For a given question the experiments are conducted according to the design examweles ab
and the results are further processed. Data from the experiments are then coupled to a
mathematical optimization techniquehe combination of the two techniques is used for
predicting potential improvements. In regard to a fermentation mediuwahtechniques

are used to predict the composition of a medium with improved performance. It is of course
necessary to determine the merits of the prediction with additional experimentation. The
media development in secti@al will follow a proceduralempirical) media improvement

rather than experimental design improvement.

1.2.3.3 Optimization

Optimization of the fermentation medium refers to determining the nutrients and
concentrations that will support the best growth or production of a specific p{dthactg &
Greasham, 19). Traditionally, optimization has been conducted using sfakks and

using a ondactorat-a-time-approach where improvements are pursued by changing a single
variable and holding the others at a fixed poitttis a labor intensive and time camsing

method and is not able to determine a true optimum.

Although the ondactorat-a-time-approach is not efficient, it is easy and convenient. It can

be an appropriate method, especially in less complex or dynamic applications, like producing
viablebiomass (cells), and primary metabolites. A more robust optimization method may be
needed when pursuing optimization for secondary metabolites, enzymes, recombinant
proteins, or other factors that are produced in small concentrations, and at spesdgqiha
growth. To approach these complex systems medium designers have utilized numerous
optimization techniques. Examples include response surface methodology, steepest ascent,
canonical analysis, multiple linear regression, G&esdel, modified Rosembck, Nelder

Mead simplex, artificial neural networks, fuzzy logic, genetic algorithms, pulsed continuous

culture, and stoichiometric analygksennedy & Krouse, 1999
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In a discussiolf the many types of optimization it is also useful to consider the highly
practical suggestion by Kennedy and Krouse (1999) that medium optimization is different
from mathematical optimization. An optimum is not possible in medium design and it is
possilbe there is always another better medium. Therefore it is perhaps better to use the term
improved medium, rather than optimum or optimized. In se@&ibthe media development

is conducted via procedur@mpirical)improvement rather than optimization.

1.2.4 The point of diminishing return

As notedpreviously the task omediumimprovement can bepen ended withotrue
optimumendpoint It is not possible to guarantee that a better medium will not be produced

in the future. In practice then, in a tak&t has no ultimate solution, an important decision

point is to know when to stop the improvement process. For example, Kennedy et al. (1994)
describe that within the process of medi um
development curve ispattern of improvement that could be modeled using the number of

media tested along with performance indicators such as productivity or cost. Results showed a
characteristic kinetic curve described by an exponential rise leading to a plateau. The plateau
could be reached by trialing only a small number (less than 20) of media. As the authors
suggest, fAwhen the plateau emerges it is ti
plotting the medium devel opme mbuntoimasted fna | a
e f f Kenhedly & Krouse, 1999

1.2.5 Functionality

The fermentation focus for this project is ttevelopmenof the medium, and the production

of the organism. There cae b temptation to consider medium development as a
mathematical design process that can be optimized to achieve a maximum value. Design is
certainly a more efficient way to understand complex systems. However, the temptation is to
focus on design, stragg, and optimization and forget the final purpose. The following

guotation from(Stanburyet al, 1995 highlights this point:

~

Ait must be recognized that efficiently
high productivity growth phase is not neceslgabest suited for its ultimate

pur poseo.
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Stated another way; by focusing singularly on the production of large biomass it is possible to
lose thefunctionality, or ultimate purpose, of the microbe being produced. To improve the
fermentation of microbesn a practical way, therefore requires a functional development

process.

To summaize this fermentation introductiorthe developmeraf a growth mediunfior
functionality includes the designation of the functionality target (ultimate purpose), planning
the improvement, performing the work, confirming the target activity at each step, looking for
the plateau, and knowing when to stop. When functionality is important, it can be better to

have a lesser quantity that works well, than a high density thatrae

In section3.1 the results of theéevelopment of a new growth mediware describedhich
targets functionality. The concepts from this fermentation introduction are utilized and

applied therein.

1.2.6 Medium development forPseudomonasp. strain ADP

The production of either liquid inoculants or formulation products requires the fermentation
of the microbial strain to a useful cell concentratidiseudomonasp. strain ADP ishe best
characterised organism for the mineralization of atrafBowvantest al, 2010. Therefore

the starting point of fermentation for this work involves the standard balatatiure for
producingPseudomonasp. ADP (P.ADPYMandelbaunet al, 1993 Mandelbaunet al,

1995. The medium was utilized for the isolation and characterization of the strain. The
medium yields a colony forming unit (cfu) in the range of 1% 2& 8.4 x 18 cfu/ml
productivity was reported biBhapiret al, 1998l). For the purposes of thisdhis

productivity higher thanl x £&fu/ml is considered a practical fermentation priority. To the
aut horoés knowledge a higher yielding mediun
atrazine, has not been developeeérnkentation technolggs availdle to produceell

concentrations in the order 10" colony forming units (cfu)/ml.

Throughout this thesis the standard mediunP®eudomonasp. ADP will be termed (MB)

as it was the bacterial culture described by Mandelbaum et al. (1995) wistraihevas
characterized. MB medium contains 1g/l sodium citrate and 100 mg/l of atrazine as the
carbon source and nitrogen source respectively. The atrazine component was fully utilized
within 24 hours of growtliMandelbaunet al, 1995. In subsequent literature this medium

has beemarvested at 24h growth post inoculat{&mapir & Mandelbaum, 199Bhapiret
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al., 1998aSilvaet al, 2009 . A standard growth curve with.seudomonasp. ADP for the
medium DSMZ which also contains 1g/lI sodium citrate and 100 mg/| of atrazine (see
appendix) as the carbon source and nitrogen source regbebis been presentfdysset

al., 2009. The growth parameters and scale up parameters Bsthelomonasp. ADP

strain and MB medium have been condudgiidlione et al, 2008. Kinetic parameters of
emaxand Kswere determined to be 0.14 (+ 0.01%)and 1.88 (+ 1.80) mg/L respectively

using 125 ml flasks ith 50 ml working volume of medium. After a scale up to a spherical
stirred tank batch r eactyandlvwere8dedminedtob&or ki n
0.12 (+ 0.009) fhand 2.18 (+ 0.47) mg/L respectively. Biglione (2008) confirms the work of
Mandelbaum (1995) that the atrazine is removed completely from the atrazine medium within
roughly 30 h. Br the current project, the process of developing a culture medium with higher

cell productivity began with the medium MB

The development of a culturesgium with higher cell yield is challenged by the reports that
Pseudomonasp. ADP wil lose its ability to metabolesatrazine (atz in the presence of

complex laboratory media such as ([Be Souzat al, 19983. In an attempta make an

educated hypothesis for a medium type which retained the functional pathway of the strain, a

metabolic review was conducted.

The catabolism of atrazine is accomplisigdsix enzymatic steps encoded by gemie&BC
andatzDEF. The genes are held on a b plasmid pADPL (De Souzaet al, 1998a

Martinezet al, 2001). The plasmid is resistant to gen
i nst @ovaneegt al, 2010 and forms mutants unable to catabolise atrazine)(atz

Plasmid instability is due to rearrangements ofatzgyenes on the plasmid and growth in
conditions of norselective medigDe Souzeet al, 1998h GarciaGonzalezt al, 2003.

Pseudomonasp. ADP transforms atrazine to hydroxyatrazihgdroxyatrazine to cyanuric
acid, and cyanuric acid to carbon dioxide and ammeckettet al, 2009. The operon
atzZABC is responsible for catabolising atrazine into cyanuric acidsaconstitutively
expressed. The operatzDEF completes the catabolism from cyanuric acid to ammonia and
carbon dioxide, and is regulated by a complex cascade d@uvantest al, 2010Q.

Cyanuric acid (GH3N303, 129.08 g/mol) Sriazine 2,4,6(H,3H,5H)-trione is the central
intermediate of atrazine metabolism, and its prespramotes both groups atrazine

degradatiorgenedor Pseudomonasp.ADP (GarciaGonzalezt al, 2009.
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The activities of bacteria are known todmntrolled by their nitrogen souré®lerrick &
Edwards, 1996 Growth on atrazine d?seudomonasp. ADPis a nitrogen limited state
(Chenget al, 2005 and the degradation of atrazine is increased in nitrogen limited soil
(Sims, 200%. Researchers have reported thedzane mineralization is regulated bijgrogen
and nitrogeravailability (Abdelhafidet al, 200Q GarciaGonzalezt al, 2007. The
enzymes utilized for atrazine degradatayeelevated under nitrogen limited conditions
(Chenget al, 2005. Likewise, he activity ofPseudomonasp. ADP against atrazine has
been demonstrated to be controlled by the nitrogen soyasriric acidGarciaGonzalezt
al., 2005 GarciaGonzalezt al, 2003. In terms of growth and biomassyanuric acid as
nitrogen sarce has as good a growth rate as ammoriNeamanret al, 2004. The growth
rate on cyanuric acid is also comparable to nit{@rciaGonzalezt al, 2007).

Based on a metabolic review B$eudomonasp. ADPE cyanuric acid appears to a&key
metabolic intermediate of atrazine degradation@fetsa potential metabolic control
location for atrazine functionality. In addition to controlling #tens metabolism, the
growth and biomass levels appear comparable to convent@rmantatiomitrogen sources.
Therefore the metabolic intermediate cyanuric acid sedectedhsthe nitrogen source

control mechanisrfor culture medium development

Cyanuic acid was also selected to address the plasmid instability of the strain. The plasmid
is prone to loss of functionality (aj)avhen grown in conditions of neselective medigDe
Souzeet al, 1998h GarciaGonzalezt al, 2003. From the literature it appears cyanuric

acid may potentially serve as a selective pressure component.

From an industal perspective cyanuric acid appears to be an appropriate substrate for large
scale production, especially in comparison with the other atrazine inducing compounds such
as biuret and serine. Cyanuric acid is4taxic and commonly available as a swimmpuapl
chemical with commodity pricing, and a high level of chemical purity. The role of cyanuric
acid as a swimming pool additive is to stabilize the chlorine from ultraviolet degradation.

While this strain is a wellesearched model organism, reseanamedium improvementio
increase the cell productivity and functionalidy this strain has not been previously
conducted.The fermentation work of this thesis proposes to improve the cell productivity of
the culture mediunthigher than 1 x 10cfu/ml) and also retain the target functionality

replacing atrazine with cyanuric acid.
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1.3 Formulation

Formulation is a steprise process of combining an active ingredient with various chemical

and physical substances to produce an enhanced final productgiifieance of

formulation is described in a review of bacterial inoculasts)t he 1 ndustri al i a
converting a promising laborateproven bacterium into a commercial field productd 2)

thecrucial issue of inoculantshich can determinéhe swecess or failure of a biological agent
(Bashan, 1998 The formulation othesebeneficial microbes (bacterial inoculanisthe

process of combining the viable whole cells (the active ingngdmath other noractive

ingredients (excipients) to produce a preparation which exhibits stable shelf life and efficacy.

In this context,lte aim of Formulation science is able to provide accuracy, stability and
protection to biological products. Coolled release techniques for active ingredients and
biologicals are common in pharmaceutical, human, and animal health science. However,
there are few publications where formulation and controlled release have been applied to

enhance the performance ablogical agents for bioremediation purposes.

Traditional inoculant products includhizobiunfor legumes, inoculants for food and drink
fermentation, probiotics and silage. Agricultural uses include plant protection by pest and
pathogen control, plagfrowth stimulation by seedling inoculation and hormone production,
the improvement of soil structure, and the increased availability of nutrients such as nitrogen
and phosphorous. In the environmental market, microbial inoculants for bioremediation are
employed to remove contaminants in soil, water, and wastes. For agriculture the use of

probiotics is common.

By carefully considering the ultimate end use of the product the formulator can pitwevide

best possible combinatisnf the biologicalagent,ts robustnessts activity, andits delivery.
Figure 1 provides an example of formulation development for seeds. A considerable test for
the formulator is to be cost effective while achieuviledjveryand efficacy. Producing a

highly concentrated agent snappear economic but there may be serious negeffieetsin
stability and efficacy. The best end use combinations can require compromises between

microbeproductionmethods in fermentation and micraftability outcomes in formulation.
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General characteristics of formulations of beneficial microbes.

Figure 1. Overview of formulation of microbes for seeds (from Paau 1988).

In general, microbiahgentgisplay stability and delivery challengesith perhaps the only
predictably stable bacteria being Grawsitive spore formerEmmert & Handelsman,
1999. Such challenges can be overcome or partially addressed by form(Bdgiran, 1998
Lewis & Papavizas, 1991Even f stability isa minor issue, for example as with spore
forming bacteia like Bacillusspp. orStreptomycespp.(Braret al, 2006 Emmert &
Handelsman, 199%Navon, 2000 the need for effective delivery may present a limitation

requiring formulation to address.

To be identified as eandidate agerat microbemust express auitably specifidunctionality.
Candidates may be iratly constrained by lack of robustnesand this challenge can often
be overcome or at least suitably addressed by formuldibiie at first inspection
formulation may simply appear to be the act of combining and suitably mixing a list of
ingredientsthe need to understand how each component of the mixture may itbgetber
and most importantlywith the formulated microbe cannot be igno(€astroet al, 1995
Dubeyet al, 2009 Johnsoret al, 2001 Rajkumaret al, 2008 Terefeet al, 2009 Wiyono
et al, 2008 Zhanget al, 2003. However, to date analytical methods that can provide

understanding of the mechanisms by which microbes interact with various materials leading
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to either stabilisation or microbe death have yet to be suitably developed and valideted.
determination of compatibility for each formulation ingredient, its comagan, its
compatibility with other components, and each microbe is primarily an empirical p(Gukss
& Ballesteros, 200QJaronski, 2010Trevorset al, 1993.

1.3.1 Microbes and formulation

For plant protection theew microbes that do not present significant formulation challenges
areBacillusspp. orStreptomycespp.The emainingbiocontrol microbesrevastin number
anddiffer in characteristics frorone type of microorganism compared to anotfiis wide
rangeof factorsoftenrequiresuniqueformulation solutions in order to overcome problems of

stability, anddeliveryfor a specific target.

The production methods, producasid formulatios for plant protectiorare perhaps as varied
and numerous as thmotential microbes for plant disease control and plant establishment
targets As an eample in 2007, a review of mycensecticides and myeacaricides identified
171 products worldwid@-aria & Wraight, 200Y. The use of microbial agents for plant
protection is driven by the emergence of nevexrandedestrictions placed upon current
chemical control agen{8ashan, 1998Gerhardson, 2002ewis & Papavizas, 1991
Microbial agents for plant protection come under the broader classification of biocontrol

which also includes the use of predators and parasites such as insects.

An example of a bioagdrol agent isSerratia entomophilidEnterobacteriacea€)he
stabilisation ofS. entomophiliavas reportedJohnsoret al, 2001). This work ultimately led

to the development of Bioshi&ld(Figure?2), a product for the control of New Zealand grass
grub Costelyta zealandicahatcoatsS. entomophilianto zeolite granules. It is worthwhile
comparing Bioshield to an earliproduct it replaced, Invallewhich was developed in the
late 1980sand early 1990s. Invallevas a liquid applied using a modified seed drill at a rate
of 1 litre/ha diluted to 100 litres withon-chlorinatedwater to deliver 4 x 13 bacteria/halt
reguredrefrigeratedstorage at 4C due to a less than 7 databilityat 20 C. Bioshield on the
other hand is a granule applied at 30 kg/ha using a seed drill, delivering#bad@ria/ha
andmaintainingstability at 20C for 180 days.
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containing stabilise®. entomophilizoated onto zeolite granul@Bunt & Swaminathan,

2010. Zeolite granules are ~2m#amm.

1.3.2 Stability

The term stability encompasses a wide range of meafongscrobial formulations,
includingstability during production and harvestt the microbe, stability during processing

or compounding of a product, stability during storage aadstability during useThe key
formulation stability indicator is microbe viabilitwhichrequires thathe microbe can be

cultured in order to enumeratenumeration by viable culturabiliig by far the most
common.essentiallyexclusive means to measure the quality of microbes that have been
produced and compounded as a final prodéiédrmulation.In the absence of a methot
enumerdbn, alternativebioassaynethods¢oi ndi cat e a n arawgn difficdltdso act i
validate. It is important here to emphasize that viable culturability of the formulation is a dual
indicator of both quality and guoaty, whereas measuring the quantity of cells present may

not distinguish living from dead individuals. The key aspect of stability is viability: the
microbe can be cultured and enumerated across an expanse oAsimavorking definition,

stability issurvival over time

After a microbial culture has beéormulated a number of factors may leadddoss of

viability, such as dehydration, heat inactivation, excessive moisiinayiolet (UV) radiation
and the presence or absence of oxydée. meclanisms by which many of these may lead to
a loss in viability are well known, whil®r someof these parameters the mechanismestill
unclear. Membrane damagelafctobacillusplantarumhas been shown to be caused by
dehydration but not thermal inaciivon (Lievenseet al, 1999, while oxidation ofL.
bulgaricuscell membrane lipids has been reported to be proportional to the

unsaturated/saturated fatty acid rg@astroet al, 1995.
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To maintain orenhanceanicrobe survivasomephysical condionscan be avoided or

minimized. For exampldyeat and UV during compoundiisgould be minimisd or avoided
Exposure to oxygemayneed to be controlled for obligate anaerohdswise, he

importance of moisture and desiccatthroughout the manufeuring process is critical for
cellular survival The optimum final product moisture content is often highly dependent upon
species and sometimes even stré@estroet al, 1995 Champagnet al, 1996 Kurtmannet

al., 2009 Vaamonde & Chirife, 1986

Ultimately a formulation is a preparation which aims to mingraany difficulties or

limitations associated with handling in order to maintain the viability of a microbe during
storage, delivery and useome examples @imple formulatiormethods ato freeze,
lyophilize or spray drghe microbial culture. Thaim of theseformulatiorsis to provide a
balance between the extremes of freezing and desiccation in order to achieve maximum
microhal stability. Avoiding these extremes may not always b&lgachieved or can require
a compromisén other parameters that affect the yield and viability of micrabepending

on the microbe and method, thenaybe alossof microbial viability in the order of 1 to 5
logsfrom thefreeze, lyophilizeandspraydry procesgBunt & Swaminathan, 2010If losses
of this magitude are acceptabtbe delivery of the biological agent may be conducted with
appropriatehawing of the produgctilution with an appropriate vehicle such as chlorine free

water,anddirect spray application

Once a microbe is applied to a surféickaces a new challenge @ssiccation may lead to a
rapid decline in viability As such, théormulatiors also neetb evaluate and provide fam-

use stability A Lactobacillusspp. culture on a glass slittet isleft to desiccate under normal
conditionswill lead to complete cell death within 24 hours (fe&f3). By incorporation in a
gel formulation viability canbe improvedFigure4).
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Figure3.Vi ew of LI VE/ DEAD BaclLightE stained 10
culture on a glass slide (left) initially and (right) after 24 hours desiccation at room
temperature. Green indicates bacteria with an intact cellular membrane (viable) while red

indicates a compromised cellular membréBent & Swaminathan, 20}0

Figure 4. View of LIVE/DEAD BacLight stained @ pl sample ol_actobacillusspp. in a gel
(a) initially or (b) after 24 hours desiccationrabm temperatutésreen indicates bacteria
with an intact cellular membrane (viable) while red indicates a compromised cellular

membrangBunt & Swaminathan, 2030

Water activity is a prime factor associated with microléisty and is described a&s
dimensionless quantitgpresentinghe energy status of the water in a syséamdefined as
the vapour pressure of water above a sample divided by that of pure water at the same
temperaturéStolp, 1988. The relationship between temperature and water activity on
survival of afreezedried Lactobacillusspp. stored in vacuwsealed foil laminate bags is
shown in Figire5 (Bunt & Swaminathan, 20)0As temperature or water activity incredse

survivalwas reducd. For exampleat 25 C, as water activity increaddrom 0.24 to 0.34
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survival reducedrom 35 to 25%respectively over 6 month€onverselyat 0.24 water
activity, as temperature increasiedm 25 to 37C, survival reducd from 35 to 20%

respectivelyAt 37 C and 0.34 water activitysurvival wa only 10% oveb months.
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Figure 5. The dfect of temperatte and water activity owniability of Lactobacillusspp.when
stored in vacuursealed foil laminate packaginGontour linesare survival (%) over 6
months(Bunt & Swaminathan, 2030

1.3.3 Formulation and delivery

The term delivery encompasses the process from the time the product is prepared for use, its
actual use or ggication and the minimum time period after application during which it is
required to be activdBroadly, formulations can be either defined as one of two typa or

liquid. Solid formulations rely upoa physical construct to stab#éisind providelelivery.The
microbe will be either homogenously dispersed through a monolithic matrix or located as a
discrete layer in or on a substrdtas now emerging thahicrobe interaction witlthe
surrounding is one mechanism by which stability can be ackiBjerketorpet al, 2006

Schouget al, 2008.

An often overlooked aspect of formulation is thatestie product isormulated the
ingredients used may make charaeggron or analysis of microbes difficulvhen
Lactobacillusspp.is dispersed in a simple gel formulatiinmay be difficult to identify under
the microscope Over time this may beconmaoreproblematic, particularlyf trying to
distinguish between live and dead microbes and backgrauif@ictsdue to components of

the formulation (Figre4).
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There are many papers and repddscribing alginate encapsulation or variations of this type
of formulation(Bashan, 1998Dubeyet al, 2009 Lewis & Papavizas, 1991 The technique
appears simplenvolving a suspension of a microbe in a solution of sodium algthatés
formed into droplets or emulsifiedddingthisto a solution containing polyvalent ions
(usually C&") induces gelling by crosiking of the alginate, thereby forming a sesolid
bead.This bead may be hardened further by the addition of polyvalent cationic polymers (e.qg.
polylysine or chitosan)Additional processing may also be includsdch as extractinga*

from the interio of the hardened bead to liquefy the core (usually using citrate), leaving the
hardened shell containing free microbEsis methodand its modifications have been
successfullyused to produce beads or hollow shellsd there are numerous reports using
alginates for this purposélowever,t has net withvery little commercial success (if any)

and attempts to scalg the process have tended to encounter process and cost problems
(Bashan, 1998

There araalsomany methods to produce coatings or monolithic matrices, such as

pelletization, granulatiomndfilm coating(Bunt & Swaminathan, 20)0Some techniques
reqguire a seed or core onto which | ayers ar
togethero from base mat e reofauchsaformulationigshosvn f i n a
in Figure6). Using a seeding core offers a number of advantages and can be used to dictate

and control the final shape and mechanical propeAiesg with maintaining microbe

viability, solid formulations must also beitable for deliverywhich includes the provision of
mechanical robusess (or suitable friabilityptensure that the formulation maintains its

integrity (Brar et al, 2006 duringdelivery (e.g. a seed drill or spreader).

o€ ¢ -4

Figure 6. Granuleg~5mm)for delivery ofmicrobialagentgBunt & Swaminathan, 20}0
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Another delivery format type iseattable powdes containing dried bacteria, which can be
considered a solid formulation up to tiv@e of mixing with waterA wettable powder
formulationmay be required tmaintain microbe stabilitgndthe physical properties of the
mixture, its viscosity and pouringharacteristics, become most importante disperseih
water. Such formulations forgaying do allow for veryhigh concentrations of microbe to be
applied, but thicanhave disadvantageBor example, phytotoxicity has been reported when
usingBacillus firmusfor control of rootknot nematode infestation of tomato plafiterefeet
al., 2009. Additionally, the water used to prepare the final product bedpgication must be
carefully consideredChlorinated water may have a detrimental impact upon microbe viability
andtherefore the means to proddaege volumes of noghlorinatel watermay be required
(Johnsoret al, 200]). Such limitations should be identified early in product development.

Thenon-activeingredientsof a formuldion (excipient3 canplay a major role influencing the
storage stability of microbet.is not always clear whether this is due to chemical, physical
or processing properties and the contributing factors may be ditficialéentify. The sample
pH, ionic strengthchanges in moisture conteandthe fermentation method may

individually or collectivelyproduce a microbe with poor stability

The age of a delivered formulation is also import@ften samples are produceldse to or
immediately prior to field testing-his testproduct might not be the same after weeks or
months of storagd.o address the impact of age on formulation deliveaynples of test

product should be retained under normal conditiorts at leasthe end of field testing and

then analysed for microbial content.

1.3.4 Performance of formulated inoculants

Remediation of a pentachlorophenol (PCP) contaminated soil was described using
Pseudomonas p U G3 0 e n c-agragechafassidyet alnl99%). Cells were
encaps ul-aatrageenan formaatian using clay and skim milk components, to
respectively enhance bead strength and viability. Soil loaténgities of 19cfu/g dry soil

were used. Bacterial survival in soil was not part of the study. Results of contaminant
removal were enhanced for encapsulated cells compared to free cells (64.7+0.3% PCP
mineralized), and also compared to indigenousabies stimulated with fertilizer (less than
50% PCP mineralized) over 30 weeks. Repeated inoculation of soil with the encapsulated
cells produced a faster initial rate of removal. However, the advantage of a faster rate was

temporary and by 12 weeks thiagle inoculation of encapsulated cells reached equivalent
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levels of PCP mineralization (64.8+1.9%). Importantly, the authors suggested that
bioremediation may be possible with only one soil application using a formulated
encapsulation technique.

A slow-release inoculant was developed for soil and liquid remediation of atrazine using
encapsulatedRhodococcus erythropolidi86/21 (Vancovet al, 2005. Alginate

encapsulation was amended with bentonite, activated carbon or skimmed milk. Bentonite
amered alginate produced the greatest removal of atrazine. The stability of the formulation

was limited and viability could not be maintained after 21 days of storage at 4°C.

A recovery step was added to the above encapsulated cétisaafococcus erythratis

NI86/21 by soaking the beads in nutrient broth overnfgahcovet al, 2007. Using the
recovery step immediately after encapsulation extendestah@ge stability to 6 months,
declining 1 log, when stored at 4°C. In sterile soil slurry, the formulation removed 20 ppm

atrazine in 3 weeks. Foonsterilesoil slurries atrazine was still present after 6 weeks.

For the remediation of gasoline cantinated aquifers, a consortia of degraders was
encapsulated with a gellan gum and canola oi(lgeklemyet al, 2003. In liquid

microcosms, the encapsulated cells rapidly degraded 90% of gasoline hydrocarbons within 5
10 days at 10°C. Free cells without the encapsulation accomplished the same level of
removal but took up to 30 daysVhen encapsulated cells were exposed to toxic contaminant
levels a reduced lag phase was observed indicating a protective effect by the gel matrix.
However, results were less clear in saturated sterile soil microcosms. The authors report that
mixing wasinsufficient to distribute the gasoline from the interface into the soil. Their

findings illustrate that formulation for bioremediation has limits and the proximity to the

target is fundamentally critical for the formulation to perform.

The above examplaetemonstrate that the formulated microbial products can be produced and
successfully remove contaminants. Some specific examples utifzgigdomonasp. strain

ADP are reviewed below.

1.3.5 Formulation of Pseudomonasp. strain ADP
There are few investigatis of immobilization, encapsulation, or a structured formulation
attempt using’seudomonasp. strain ADRP  Entrapment athe strainvas reported using a

procedure that combined @éginate encapsulation and the-gel glass proceg®ietti-Shati
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et al, 1999. The immobilization of th®seudomonasp. strain ADPcells appeared to cause
the loss of atrazine activity. Aging the gel at 4°C for 4 days causatheif loss of activity

and the addition of nutrients to the gel was proposed. Nutrients were supplied by immersion
of the solgel discs in atrazine medium (containing JHas a replacement for atrazine). The
addition of additional nutrients produced atree degradation activity. However the

entrapped bacteria were not stable and could not be revitalized (100% loss of viability) after
75 days (10 weeks) stored at 4°C.

A more recent approach to bioremediation is reported in WwPseludomonasp. strain ADP

was encapsulated in electrospun microtubules (Klein et. al 2009). Electrospinning is a

met hod of producing polymer based fibers of
nanometers). The authors report that some activity was retained in the enedpralatial

and it may show promise as a platform in the future. Startinghfithells, survival during

the spinning process was low, witfRlorders of magnitude lost immediately. Extended shelf

life stability was not included in the study.

Numerousstudies have usdeseudomonasp. strain ADPbacterial cultureas a inoculum for
atrazine bioremediation. Fewer studies have attempted to encapsulate or immobilize the stain
as a technique to enhance the performance of the strain in the soil enviroWweeste not

aware of previous studies with this strain using a formulation approach to stabilize the agent,
produce an extended shelf life at ambient temperatures, or maintain the functionality of the

microbe to degrade atrazine at the point of delivery.

The present author concludes that a formulation is needed which prevents the loss of viability
and functionality of the strain. Liquid biological inoculants are generally not stable at room
temperature and have short term (weeks) stability when stodC. The ideal formulation

would consists of a small solid carrier which could be delivered with common agricultural
equipment such a seed drill to an accurate target depth in the soil. The ideal formulation
would also provide a minimum of 10 weekersige at 25°C. This level of stability is a
generalized supplghain time frame for a product to be manufactured, inventoried, purchased
and shipped to its final location prior to use. This swgplgin time line is therefore the

minimum time frame thoug to be needed for the approach to have a clear practical

application as an industrial product.

This workthereforeproposes to produce a shelf stable formulation which exhibits strong

functionality to degrade atrazin€he formulation utilizes an immadlzation technique
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developed by AgResearch Limitéibhnsoret al, 200]). The approach consists of a
biopolymer gel whib is produced to encapsulate the microbial cells of the liomoderial

culture The mixture of gel and encapsulated cells are then applied to a solid carrier material
(zeolite granules) which acts as a carrier for the formulation. A further descaptilbis

technique is presented in Materials and Methods (Chapter 2).
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1.4 Aims

Fermentation
The aim of the fermentation work proposes to improve the cell productivity of the culture
medium(higher than 1 x 10cfu/ml) and also retain the tardenctionalityby replacing

atrazine with cyanuric acid.

Formulation

The aim of formulation is tdevelop immobilization methodshich maximize cell survival
stability, and functionality The formulations will be developed to optimize the shelf i@ (
weeks) stability of the strain at 25°C.

In situ

An immobilized formulation will be introduced into sterile soil and evaluated for survival and
functionality. The survival and functionality of liquid bacterial culture and the formulation
granule wil be compared. Additionally, the functionality and dispersal (cfu) levels from the
granule into the sterile soil will be compared to liquid bacterial culfthre.aim is to deliver

in situ a formulation which improves the survival of the inoculant oveafiplication of

liquid bacterial culture.
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2 Materials and Methods

2.1 Materials

2.1.1 Chemicals

Technical grade atrazine (99% purity) was received from Trevor James AgResearch Ltd,
Ruakura Research Centtta mi | t on, New Zeal arbd0.g/l atrézineo wa bl e
and 50 g/l ethylene glycol) Nufarm NZ Limited, product number 5687%as purchased

from PGG Wr i ght sBertani (LB) Masanddienmmaddagarlwere purchased

from Merck, Darmstadt, Germany:or the formulations work{anthan gm was purchased

from Danisco, China. Lupi Extra Virgin Olive Qil (ltaly) was purchased from local food

supply retailers.

2.1.2 Zeolites

Zeolites are crystalline, hydrated aluminosilicates that contain alkali and alkalitie

metals. Their structure is basexd a three dimensional honeycomb negatively charged porous
network of silicaoxygen tetrahedral. The negative charges are balance with exchangeable
cations of calcium, magnesium, potassium and sodium. The survivakatiomonaspp on

zeolite as well asther air dried mineral powders has been reported for use in plant pathology
biocontrol (Dandurand et al. 1994).

A panel of eight zeolite types was evaluated. Five are New Zealand (NZ) zeolite, and three
are Australian (AUS) zeolite. The eight zéeliypes are designated-BC, Z1-BDW, Z1-
B1, Z1-CG, NZ1, AU-FM, AU-ZB, and AUII.

Of the eight initial zeolites, two distinct types eb6thm zeolite granules were selected for
rigorous comparison. Type | is predominantigrdeniteand clinoptilolite (Bue Pacific

Minerals, New Zealand) and designated-NZT'ype Il is clinoptilolite with minor amounts of
mordenite(Zeolite Australia, Australia) and is designated-AlU The cation exchange

capacity for the Australian and New Zealand zeolites are repast@d0 and 100 meq/100g
respectively. Australian zeolite is much harder at 7 Mohs than the New Zealand zeolite at 5
Mohs.

Type NZ and AU were selected for comparison because the two zeolites have distinct
physical differences visually, texturally, amdterms of material density. NEZand AUII
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were selected because they are of the same s#mar(® which is suitable for agricultural

seed drilling equipment.

The AUl zeolite was generously shippbg Dr. Anwar Sunna from Australia New
Zealand.To meetthe strict importation requirements New Zealandhe material was
washed and certified to be heat dised prior to shipping.

2.1.3 Saoll
A Templeton loam soil and was collected from the AgResearch Farm in Lincoln, Canterbury,
New Zealand. Moiste propertie®f Templeton loam are\ilting point of 14 % water

content and a field capacity of 30%. The soil was separated through a 2mm sieve.

A portion of the soil was sent to ScherdRtpugh of Upper Hutt, Wellington New Zealand, to
be sterilized  gamma irradiation. The sterilized soil was generously donated to the project
by Céline Blond. Sterility of the irradiated soil was confirmed by plating ontd/ilr

agar. One gram of soil was mixed with 9 ml of phosphate buffer diluehiiliL@ion) and no
colonies were observed after 48 hours incubation at 3Ptor to being used in the
experiments the water activity of the sterilized soil was measured in triplicate (ean a
0.527).

2.2 Methods

2.2.1 Microbial culture

Pseudomonasp. strain ADP (DSM11735) was received from the German Collection of
Microorganisms and Cell Cultures (DSMZ, Germany) as a frdeeé culture. The culture

was plated onto atrazine agar (1000 ppm) described by Mandelbaum et al. (1995). A single
colony was used to inocuta 250 ml flask containing 100 ml of 100 ppm atrazine liquid

medium (MB) described by Mandelbaum et al. (1995). After 72 h (25°C, 150 rpcglhe
wereenumerated by plating on LB and was 7.8dd@lony forming units (cfu) per ml. Cells

were harvestk by centrifugation at 10 g for 15 minutes and then resuspended with a 40%
(v/v) glycerol /LB solution. Cell s were sto

at-80°C and served as the source of culture stock for all subsequent experiments.
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2.2.2 Confirmation of Pseudomonasp. strain ADP (DSM 11735)

Partial sequencing of the 16S rRNA gene was carried out to confirm identity of the strain
Pseudomonasp strain ADP (DSM 11735)Well isolated colonies of DSM 11735 were
suspended i ikenahdplre vater amdfused ds a template for PCR with 16S
primers Ul6a and 1087@Vang & Wang, 1996 ThePCR product was sent for sequencing

at the Allan Wilson Centre, Massé&niversity, Palmerston Nortlin New Zealand Forward

and reverse sequences were aligned into a single contig using Sequencher. The contig was
pastel into NBCI/BLASTn and matched to the nucleotide database.

PCR conditions wer&.5 mM MgCb, 0.2 mM dNTP, 0.4 mM Primer, 1.25U Taq

(Thermoprime, Abgeneandl x buf fer in 50 ¢l finalTheol ume
primers used were Ul6a (AGAGTTTGATCCTGGCTC) and 1087R
(CTCGTTGCGGGACTTAACCC) as described by Wang and Wang (1996). The PCR
programme was run on an Eppendorf Mastercycler Gradient PCR matBdi€ for 2 min,

then 30 cycles of 9€ for 30 sec, 5 for 45 sec and PC for 1 min. PCR product size was
confirmed by visualisation on an electrophoresis gel (0.8% agarose in 0.5x TBE, run for 30

min at 100 V). The Roche High Pure PCR Productfieation kit was used for product clean
up.

2.2.3 Colony type morphology and identification

The culture received from DSMZ was plated and noted to hia¥dy variable colony
morphology especially when grown on atrazine aglaarge and small colonies appeay on
atrazine agar were individually sequenced using the method and primers above.

Complimentary sequences from each type were aligned using BLAST (bl2)

2.2.4 Pre-culture

Precultures were prepared by resuspendihegcontents ad culture stock microcentuge
tube using 1 ml from a vial containing 15 ml sterile LB broth wadsferring the
resuspension to theal. Vials were incubated at 30°C and 200 rpm.-d¢léure vials were
harvested after 18 h and 500 ml flasks containing 100 culafre mediunwere inoculated

with 1 ml (1% v/v) of preculture.

2.2.5 Cultivation of Pseudomonasp. strain ADP (DSM 11735)
Shake flasks (500ml) were used to developl&rnative growtimedium andto produce the

cells needdfor formulationstability trials and soil iaculation In medium development
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experimentstteinoculated flaskgper 2.2.4)were sampled across a profile period to produce

a population growth profile. A sample of the initial conditions, Time= Zero, was taken after
the flasks were inoculated withelpreculture and mixed. Further samples were taken at time
points across the growth profile period to include the logarithmic phase and stationary phases
of growth. Flasks were incubated at 30°C on a shaker (200 rpm) and were enumerated by
serial dilution to quantify viable cell countd-orthe production of thenoculumfor

formulation and soilghe inoculated flaskggér2.2.4) were sampled at Time= Zero and 24h,

at the time of harvest.

2.2.6 Serial dilution and plate count

Viable cell count enumerationas performed bgampling and serial dilutionsSample

processing was done in real time without sample bulking or storage prior to processing. One
millilitre of sample was pipetted fromveell-mixed suspension to a dilution tube containing

9ml of the dilent. A 0.1 M phosphate buffer solution was used as the diluent fieadh

tube was vortexed for approximately 7s prior to removing 1ml of the sample for transfer to
the next dilution tube containing 9ml diluent. This process was repeated for eahthée

dilution series. At least three dilution tubes in series were plated, & gLy 10°.

Thedropplate(DP) method was used for platiigerigstadet al, 200). Triplicate samples

of 10 el we ragilutiortobe andlmppdédonim hB agaplate Application of

the drops was located from left to right in parallel, roughly 1cm from the agar edge, with
roughly 2cm separating each drop. In the coriveat drop plate technique all the countable
colony units are within the area covered by & Iifrop, or roughly 510mm. Due to the

physical limitation of space in the drop, the DP method can be prone to difficult resolution.
Examples include when colgriorming units are overlapping, when plates become

overgrown (exhibit more luxuriant growth) in the standard time period of incubation, or when

multiple organism types are present.

A tilted variation of the DP method was utilized whereby immediateér application of the
drops, the plate is tilted roughly 60 degréfesm horizontal) By tilting, gravity is used to

gently elongate the 0 dop down the plate surface, producing three parallel lines of colony
forming units. Elongation of the sample drops is essentially@ntact spreading method.
Using the tilted variation in conjunction with the DP method increases the resolitien o
individual colony forming units by spreading them across a longer area. In practice,

identifying the colonies individually is less uncertain.
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After the drops on the agar are dried, the plates are invertedanmited at 30°C for 24 h
prior to caunting. Colonies were counted and expressed as colony forming units (cfu) per
milliliter (ml) or gram (g). For the traditional spread plate (SP) method, plates are counted
which produce from 3300 colonies. A standard for the DP method, correctedhéor t
volume plated, counts the plate which produces 3 to 30 colonies pedidp of sample
dispensedHerigstadet al, 200). The concentration of microbes is givendy F-z/v
(Niemel&d, 2008 wherec is the eBmated microbial content per unit weight or volume of
sampleF is the dilution factor (reciprocal of the dilutiorz),is the number of colonies
observed, and is the volume of the test portion (in ml of the final dilution).

In serial dilution plateounts, there can be countable plates at multiple dilutions for an
individual sample. For example, a plate at the highest dilution range may contain 3 colonies
and the next lower dilution plate for the same series may contain 24 colonies. Traditionally,
the technician will count colonies at only one dilution in the dilution séiflesgstadet al,

200]). As a matter of standard practice in this project, all countddiespwvere counted and
recorded. With few exceptions, the colony count value from the less dilute (higher
concentration) plate was utilized for calculating the cfw/atle The cfu/ml of each plate

was the mean dhethree counted drops.

The selectia of the less dilute plate as a source of countidataportant to highlight Count

data from the less dilute plate commonly resulted in a lower calculated cfu/ml value than the
calculated value of the next higher dilution plate. Utilizing the couats fower dilution

plates produced lower cfu/ml values and there was less variation between the three counts on
a given plate. From a statistical perspective, producing consistent cfu counts with little
variation between the means of duplicate samplgsigoal. Such an aim is challenging

using microbiological viable count methods. Viable count methods utilize the term

0di stribution uncertaintydé to describe the
microbial suspension®iemeld, 2008 In terms of viability, numerical scatter magt be a

direct indication of inaccuracy for the measurement. Although cfu count scattering is
expected, efforts to minimize the effect are statistically relevant and supports the reasoning, as

described above, for utilizing the less variable number sets.

For the purpose of this project, the statistical distribution of the number of microorganisms in
a test samples nonnormal or nonparametricThis interpretation is in keeping with

microbiological viable count methods, specifically the drop plate ndedlescribed above
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which uses the Poisson distributi@therigstadet al, 200]). A Poisson distribution considers

the majority of the uncertainty to be associated witlréindomness in the sample rather than
randomness in the technigaedthe mean and the variance are considered equivalent
(FuentesArderiu; Herigstadet al, 2001 Niemela, 2003

2.2.7 Optical density

A Helios Gamma Spectrophotometer was used, NC: 9423 UVG 1700E. The equipment was
switched on and allowetd warm up for at least 30 minutes prior to use. Optical density was
measured with the wavelength set to 600nm. The spectrometer was zerded With

phosphate buffer solution

Samples were processed as undiluted, 1:5 dilution, and 1:50 diluttomedsurements
recorded for each sample periodo @roduce thd.:5 dilutions, 1 ml of sample was added to
4 ml of 0.1 M phosphate buffer solutior©Oneml of the 1:5 dilution samples was then added
to 9 ml of0.1 M phosphate buffer solutida produce d.:50 dilution.

2.2.8 Herbicide utilization

Throughout this study it was important to verify that the bacterium had retained the ability to
utilize the herbicide atrazine. A clearingne technigué@Vandelbaunet al, 1995 was
utilized as both a quality control and also as a measure ofdnatity. Atrazine @ar pgates
were prepared with an atrazine concentration of 1000 (igfiendix6.1.5 using a Nufarm
FIl owabl e stdpensian.i TineeNtfarm product is a formulated agricultural grade
atrazine with high solubilityvas andsuperiorto analytical grade atrazirfer producing
atrazine agar plates of a consistent composititinis also the type of atrazine which would
be likely found in agricultural settings and spill sit€gplicatel 0 dps from a sample
were applied to the platand incubated at 30°C fé2 h. Culturesvhich produ@da clear
zonein the agaunderneath the area of sample application wensidered to have retained

the ability to utilizeatrazine

The zone of clearing was seguiantitatively scored from @t3. A zero score indicates that
no clearing zone was observed. For plates having only slight observable clearing, a score of 1
was given. Clearing zones larger than 1, but not clear under the full sample area were given a

score of 2. Full and clear mes under the sample area were scored as 3.

Inexample Eof Figuréd, t he area i n which the 10¢l dr op

additional area (~3mm halo) of clearing.score of three with a ~3miralo in the
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surrounding medium is the highéebserved) degree of functionality using the clearing zone
method. A score of three indicates the highest magnitude of atrazine utilization and is the
initial magnitude of functionality expressed from a freshly grown flagkseludomonasp.

strain ADP. In practical usage, the magnitude of the scoring scale is roughly separated by one
orderof magnitudeand can be observed by serial dilution. For example, at the x 10

dilution level the sample may score a three, and the next dilution level dexpfesses a

score of two, and so on. Although a linkage of order of magnitude (scoriogf) tmmbers

is noted here, it is not quantified.

For purposes of determining the functionality of liquid bacterial cultures, formulated bacterial
cultures, andime trial experiment samplesachwere applied to atrazine activity agar plates

at the 1 x 10 dilution level. Functionality was measured usiogncentrated material (P

from samples havinggigh enumeration levels (£@o 10'%. To clarify, in eab dilution series

for cell enumeration, the first dilution tuli0™") was used to determine functionality.using
concentrated material to determine functiondfitym all sample typgsthis method delivers

a large population to the agar for each gsial Therefore the differing levels of clearing

and the resultant functionality over tiraee due to metabolic abilityor the current method,
functionality is a measure of tlagrazine degradatiorapabiliyy of the cells rather than their

number.

The usefulness of the current method is threefold:
1 Designate an initial functionality level of thré€&) shown inexample Efigure 7).
1 In production experimentsy confirm that thafunctionalityis retained

71 Intime trial experimentdp gauge the dree of functionality retention over time
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Figure 7. Examples of scoring the clearing zones in atrazine agar plates, A=0, B=1(low),
C=2(low end), D=2(high end), E=3. Atrazine activity pldtesn liquid bacterial culture and
formulated granulesrere conducted with triplicate droffsom eachsamplé atthel1 x 10"

dilution level.

Due to the kind assistancetbk biometriciarChikako Van Koten, it was possible to
determine the level of confidencerthescoring method in Figuré For semiquantitative
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rank scoring, the highly conservative Fishers Exact Test was recommended for determining
the level of confidence between the ranks. Usiistpers Exact Test 90% confidence

interval was calculatedAlternative statistical methodKruskal Wallis and Two factor

Anova, producedess conservativievels of confidencép<0.05). For the purposes of this

thesis work the more conservative confideanalysig(p=0.10) is used to describe the

clearing zme method.A 90% significance levedlsoaligns with practical observationh&

scoring scale is roughly separated by one order of magnitude, and can be observed by serial

dilution where the cfu number is reduced by 90% with eaciiaidrdilution.

2.3 Formulation methods

For the formulation work and storage trials developed in this chaptdratherial cultures
produced by flask cultures, without pH control, and harvested after 24 hicugsnethods of
microbial culture, presulture, flask culture, anserial dilution are as described in Sectibh
Examples of herbicide utilization are shown in secéh8where the zones of clearing are

scored from O to 3 (Figurd.

2.3.1 Production of the biopolymer gel

A biopolymer base was created by mixing xantgam and extra virgin olive oil (EVOO)
together until homogenous. The components of the base, xanthan gum and EVOO, are
described in sectiop.1and utilized a 1:1(w/w) ratio. The flaglacterial culturésection
2.2.5)to be encapsulated was addedh® Ibase, mixed vigorously until homogenous to
produce a gel, and allowed to stand for 30 minutes at 4°C. The ratio (w/w) of xanthan,
EVOO, andbacterial culturevas 1:1:23g.

The gel produced was applied directly to the zeolite type and mixed tade#imey a sterile
stainless steel spatuadgentle tumblingthe material wasdistributeld evenly ontahe zeolite
surface therebyimmobilizing the encapsulated cells onto the zeolite. A 4% (w/w) gel

application was used to inoculate100 g of zeolite carrier

Enumeration of gels (cfu/g ) were conducted by transferring 1g of samplet@dscrew
capvial and adding 99g 0.1M phosphate diluent. The encapsulated cells were extracted from
the gel by placing th&#20ml vials on a wrisshaker for 10 minutesAfter extraction,

samples were serially diluted, plated, enumerated and scored for functionality per S&ction 2.
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2.3.2 Enumeration of formulations on zeolite

Enumeration of zeolite samples (viability) was conducted by transferring 1g of sample to a
35ml vialand adding 9g 0.1M phosphate diluent. The immobilized cells were extracted from
the zeolite surface by placing the 35ml vials on a vatistker for 10 minutes. After

extraction, samples were serially diluted, plated, enumepatiesection 2.2nd scoredor

functionality persection2.2.8

2.3.3 Viability transfer

The transfer o€ellsthrough the formulation process stages were measured from the flask, to
the encapsulation gel, and onto the immobilized gel and carrier formul&amterial

cultures of LB, MB, and IM (in triplicate flasks) were producesettion2.2.5, encapsulated

in biopolymer gel (SectioB.3.1) and immobilized onto zeolite (Secti@rB.3.).

Enumeration was conducted at each process stage (S2&ién2.3.1, and 2.3.2 Log scale
enumeration data was converted to a linear scale and the percent recovery of the transfer

process was calculated.

2.3.3.1 Ten week storage trials of formulations applied to NZ and AU-II zeolite

The viability, stability, and functionality d?’seudomonasp stran ADP applied to zeolite
was examined in triplicate 10 week storage trials conducted at 25°C. LB, MB, and IM
bacterial culturevas immobilized onto NZ or AU-II zeolite carrier with and without the
application of an encapsulating gel onto the zeolittasa. The20 variants of the storage

stability trials were:

LB bacterial culturémmobilized on NZI zeolite

LB bacterial culturémmobilized on sterilized NZ zeolite

LB bacterial cultureencapsulated in a gel and immobilized on-Nzolite

LB bacteral cultureencapsulated in a gel and immobilized on sterilizedl NZ
zeolite

LB bacterial culturemmobilized on AUII zeolite

LB bacterial culturemmobilized on sterilized AUl zeolite

LB bacterial cultureencapsulated in a gel and immobilized on-Aldeolite

LB bacterial culturencapsulated in a gel and immobilized on sterilizedlAU
zeolite

9. MB bacterial culturemmobilized on NZI zeolite

10.MB bacterial culturemmobilized on sterilized NZ zeolite

11.MB bacterial cultureencapsulated in a gel and imniled on NZI zeolite
12.MB bacterial culturencapsulated in a gel and immobilized on sterilizedl NZ
zeolite

pwbnPE

© N OO
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13.MB bacterial culturemmobilized on AUII zeolite

14.MB bacterial culturemmobilized on sterilized At zeolite

15. MB bacterial cultureencapsulated ia gel and immobilized on Al zeolite.

16.MB bacterial culturencapsulated in a gel and immobilized on sterilizedIAU
zeolite.

17.IM bacterial culturemmobilized on AUII zeolite

18.IM bacterial cultureencapsulated in a geh@ immobilized on AUll zeolite

19.1M bacterial culturemmobilized on prewvetted AUII zeolite

20.IM bacterial cultureencapsulated in a gel and immobitizen prewetted AUII
zeolite

For each variant thieacterial culturavas produced according to Sectb2.5 At harvest
(Time=24h)thebacterial culturavas enumerated, the optical density was measured and the
functionality was scored per sectidr28. A portion of the harvestdéiseudomonasp. strain
ADP was encapsulated in a biopolymer g@roduction of the gel, its components, oafi

and application to the zeolite are described in se@i8rl The gel produced from the
bacterial culturevas enumerated (Time=Zenpgr 2.3.1and the functionality was scored per

section2.2.8

A beaker wagrepared foeachzeolite type containing00g of zeolite.Eachbeaker received

a 4%(w/w) inoculation ofbacterial culturer gel respectively. After inoculation, the beakers
were stirredo evenly distribute the inoculum onto the zeolite surfae@sferred in 10 g
aliquots to70 mL HDPE scre-cap containersand closed tightly for storagd.ensample

for each variant (one for each weelgre stored at 25°C and sampled weekly for 10 weeks.
The variants were enumerated (Time=Zgye) 2.3.2and the functionality was scored per

section2.2.8

At each weekly sampling, the water activity, enumeration and functionality were measured.
Water activity sampling and measurement are describ2@ia.1 Extraction of thesamples
from the zeolite is per sectidh3.2 After extraction, samples weserially diluted, plated,

enumerategber 2.2and scored for functionality per secti@r2.8

A 10 week triafor each variantvas repeated in its entirety as a true triplicate, on three

occasions, separated in time.
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2.3.4 Physical Properties

2.3.4.1 Water activity assay

Water activity(a,) is a prime factor of microbstability, andis described as a dimensionless
quantity representing the energy status of the water in a system and defined as the vapor
pressure of water above a sam(itedivided by that of pure ater(P0)at the same
temperaturavherea, =P/P0. Multiplication of the water activity by 100 provides the relative

humidity of the atmosphere in equilibrium with the sample or R.H. (%) = H)0 x

The importance of water activity in a microbial contisxts ability to measure the water that
is available to a microbe; or water bioavailability. The lower the water activity the less water

is biologically available to the microbe for survival.

Water activity was measured using a Decagon AqualLab Serfies B3 operate, the unit was
switched on and allowed a wamp period of 30 minutes prior to sample analysis. Three
standards (0.250, 0.500, and 0.760) were used to confirm the calibration of the unit. Material
to be analyzed was added, up to half fualla plastic sample cup. The sample cup was gently
inserted into the unit to avoid splashing and the analysis was commenced.

2.3.4.2 Zeolite moisture sorption

One primary role of the zeolite (in this work) is to axtaigid construct to apply a microbial
agent. lItis likely that the zeolite carrier may also influence the moisture availability of the
applied cells. In this section the moisture characteristics of the zeolite to sorb moisture was
examined by drying, weighing, soaking, and reweighing#wdite. Removing the free water
from the zeolite, prior to weighing, in a consistent standard method proved challenging, and

was therefore conducted using five water removal methods.

For each method the zeolite were washed to remove any dust, daie@@3iC oven, weighed
in triplicate, and then soaked in distilled water for 48 hours. The free or excess water from
the soaked zeolite was removed by one of five methods and the sample was reweighed. The

five manual methods of water removal were:

1. Usingtweezers to shake the excess water from each zeolite piece. Sample size
was six pieces of 2mm zeolite.

2. Blotting the zeolite (22 seconds) with a paper towel to remove excess water.
Sample size was 1 gram dried sample for each type.
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3. Pouringthe zeolitet o a sieve (425e¢m) and all owing
free liquid. Apply a paper towel directly to the sampl& (deconds). Sample
size was 40ml by volume per sample type.

4. Sieve the zeolite (as in # 3) and blot the bottom of the sieve with a pajtr to
(indirect blotting for 12 seconds). Sample size was 40ml by volume per sample

type.
5. Sieve the zeolite (as in #3) only with no paper tov@&mple size was 40ml by

volume per sample type.

Five NZ zeolite types and three AUS zeolite types were exainising an electronic

moisture analyzer to assess total water absorption. Total moisture content (% w/w) was
measured with an electronic moisture analyzer, KERN MLS_N version 2.0 (Kern & Sohn
Gmbh, Germany). Excess water was removed from the soaketesaaterial by method

three and four (direct or indirect blotting) to remove excess water and dried by the moisture

analyzer which recorded the cumulative weight loss.

2.3.4.3 Zeolite moisture sorption isotherm
Water sorption isotherms were prepared (DecagoricBg\AquaSorp, USA) by plotting the
water content (% w/w) against water activity (aoth adsorption and desorption curves

were prepared for NZand AUl zeolitesto confirm the results of section 2.3.4.2

2.3.4.4 Appearance and friability of zeolite
Samplesf each zeolite were photographed and visual observations madeiabilgyf of
the zeolitg(e.g. tendency to shed mass) was assessed (Erweka TAR friability tester, Germany)

at 25 rpm for 2 minutes and calculated as the percent mass loss from tleegraolites.

2.3.5 Microscopy

2.3.5.1 Raman spectroscopy
Raman spectroscopy is a rdestructive, quantitative, and qualitative analysis for solids,
liquids, and gases. Raman analysis has a high chemical specificity, and is able to probe non

absorbing and turbidomplex matrice¢Buckley & Matousek, 2011

Raman spectra analysis was conducted to compark atdl NZ-| zeolite regarding water
content and its distribution. The investigation was conducted to confirm the adsarmdio

absorption resultsf section2.3.4.2
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The NZI and AUSII zeolites were coated in xanthan gel produ@esd 2.3.1from LB

bacterial culturéper 2.2.5. Samples were split or cut to obtain cross sections. The cut faces
were then placed on the Rshaw XY motorized stage of the Renishaw System 1000 Raman
microprobe. Raman spectra were recorded along measured steps of cross sections of each
zeolite sample. The excitation line was 488nm provided by a Spectra Physics air cooled argon
ion laser at aaurce power of 12 mW; the power at the sample was approximately 1mw and
the laser spot size was 2um. The spectra were recorded in single spectrograph mode and a
HNF filter was used to remove the Rayleigh scattered lines. Spectral resolution was 4 cm

Thespectra were recorded in backscattered mode between 400fncn200 crit.

2.3.5.2 Scanning Electron Microscopy (SEM) characterization

Visual assessment of the surface ofNahd AUl zeolite was performed by scanning
electron microscopyRhilips XL30S FEGNetherlands Images of zeolite types were
collected before and after coating with bBcterial cultureontainingPseudomonasp. strain
ADP and after coating with LBacterial culturgelled with xanthan gum (per secti?r3.1).
Samples were sputtepated with gold for 2 minutes (Quorum Technolodtesaron SC 7640

sputter coatezngland) and viewed at an accelerating voltageldf 5

2.4 In situ methods

The methods of microbial culture, preculture, flask culture, and serial dilution are as described
in2.2 Examples of herbicide utilization are showr2i@.8where the zones of clearing are
scored from O to 3.

In the results section it is important to note the difference in cell densities appdiadly the

soil samples would be inoculated wittughly the same density of cells. However as noted in
section 3.1MB is a lower yielding media and producesighly1 log less cfu/ml than LB or

IM. It was decided that rather than concentoatdiluteeach media to a uniform densitiie
bacterial cuiures would be used in the condition they were harvestising an
unconcentratebacterial cultures relevant for industrial applications and does not introduce

additional unknown impacts due to concentratoudilution.
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2.4.1 Physical Properties
The method of water activity are as per discus2e8l4.1 Its importance to the
bioavailability of water and microbial viabilitg dscussed

2.4.2 Survival delivered as abacterial culture into soil

The first aim of in situ assessment for this project iguantify the survival of liquidbacterial
cultures applied intosterile soil. By utilizing a sterile soil the competitive and predatory
aspects of the soil biology can be removed and the degree of survival of the inocula is then
evaluated in terms of the phydiead chemical properties of the soil. Candidates who
perform well in response to the physical and chemical challenges of sterile soil are then

suitable for advancement to field (nrsterile) soil trials.

An irradiated Templeton loam was used as theélsteoil matrix. The three culture medium
typesfrom the fermentation and formulation phase were used (LB, MB, and IM). Inoculum
of these medium were applied to the sterile soil and evaluated for survival and functionality
over a 10 week periodThe cuture stock, preulture, inoculation and flask growth are
describedn Methods 2.2 Flasks of LB, MB, IM (100 ml Medium in 500 ml flask) were

produced containinseudomonasp. strain ADP harvested in late log phase.

Samples of 25g sterile soil weransferred tmine HDPE 50ml screwcap containers. Soil
samples were prevetted with distilled water (5 ml/25q), stirred, and stored for 24 h at 15°C.
Prewetting of the soil was conducted to allow soil to reach moisture equilibrium and also to
lessenlie osmotic shock to the inoculum. The purpose of this experiment is intended to
evaluate the biological performance of teeterial culturenoculum rather than its general
response to desiccation. Thus the experirpentides an optimal amount of moistarto the

soil thereby minimizing the chemical and physical challenges related to dehydration. In this

way the biological performance can be isolated and evaluated on its own merits.

To provide optimal water content for the soil trial, a scoping expetimas conducted to

raise the soil moisture content of the sterilized soil up to its field capacity of 30%. This level
was measured to correspond to a water activity of 0.995. Using these results for guidance, the
design of the soll trial includes 25 gydsoil, 5 ml water, and 1 ml inoculum to achieve a

water content of ~24% water. For a Templeton loam soil the wilting point is 14 % water
content and 30% is its field capacity. At a water content of ~24% the water activity (aw) is <
1% different from thd®.995g, value of 30% measured in the scoping experiment.
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Each of the three culture media was evaluated in triplicate (9 jarsie®ed soil samples
were inoculated with 1ml of culture medium, stirred with a flame sterilized spatula, and stored
at 15°C

Analysis of the soil was conducted as described iviginodssection2.2  Samples were

taken aseptically, serially diluted in duplicate and applied in triplicate (drop plate method) on
LB-Miller agar for enumeration. Functionality was assesseddaying zone method on
atrazine containing agésection 2.2.8)The water activitya,) of the soils was also measured

at each time poinfper 2.3.4.1)Analysis was conducted at the time of harvest for the flasks,
at Time=Zero for the soils, and at weks, 7, and 10.

2.4.3 Survival delivered as an immobilized formulation in soll

The second aim of in situ assessment for this projectqsantify the survival athe
immobilizedformulation in sterile soil. As was done in thbacterial culturexperiment

(section 2.4.2)he inoculation is conducted into a sterile soil to remove the competitive and
predatory aspects of soil biology. The degree of survival of the formulation over time is then
assessed in terms of its competence to the physical and chpropaities of the soil.
Candidates who perform well in response to the physical and chemical challenges of sterile
soil are then suitable for advancement to field ¢(starile) solil trials.

An irradiated Templeton loam was used as the sterile soil mathe three culture medium
typesfromthe fermentation and formulation phase were used (LB, MB, Béxterial culture
from the media were encapsulated in a polymer gel and applied to a prewettededlite
carrier. Dry zeolite was preetted with a 2 (w/w) 0.1M sterile phosphate buffer solution.
The formulation consisting of tHeacterial cultureencapsulated in a gel and applied to the
AU-II zeolite was delivered into the sterile soil and evaluated for survival and functionality

over a 10 week perd.

The culture stock, preulture, inoculation and flask growth are describeMl@thodssection
2.2 Flasks of LB, MB, IM (100 ml Medium in 500 ml flask) were produced containing
Pseudomonasp. strain ADP harvested in late log phpse2.2.5

Sampes of Bg sterile soil were loaded in nilDPE 50 ml screvwcap containers. Soill
samples were prevetted with distilled water (5 ml/25g), stirred, and stored for 24 h at 15°C.

Prewetting of the soil was conducted to allow soil to reach moisture bquii and also to
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lessen the osmotic shock to inoculated microbes. The purpose of this experiment is intended
to evaluate the biological performance of the formulation rather than its general response to
desiccation. Thus the experimgmbvides an optimd amount of moisture to the soil thereby
minimizing the chemical and physical challenges related to dehydration. In this way the

biological performance can be isolated and evaluated on its own merits.

To provide optimal water content for the soil trealscoping experiment was conducted to

raise the soil moisture content of the sterilized soil up to its field capacity of 30%. This level
was measured to correspond to a water activity of 0.995. Using these results for guidance, the
soil trial is designetb achieve a water content of ~24% water which includes 25 g dry soil, 5

ml water, and the inoculum. For a Templeton loam soil the wilting point is 14 % water

content and 30% is field capacity. At a water content of ~24% the water activity (aw) is < 1%

different from the 0.995avalue of 30% measured in the scoping experiment.

Each of the three culture media was evaluated in triplicate (9 jarsie®ed soil samples
were inoculated with 5 g of the formulation, stirred with a flame sterilized spaaaked, and
stored at 15°C.

An additional processing step in this experiment was the separation of the sample into its
zeolite and solil fractions. At each analysis time point the jars were stirred and a sample was
transferred to a sterile cup used fagamuring water activit{section 2.3.4.1).The water

activity data represents soil and zeolite portiommbined. After the water activity

measurements were completed, the sample comprised of both zeolite and soil was placed in a
sterile petri dish. ®ing sterile tweezers the zeolite granules were physically separated from

the soil. The zeolite and soil fractions were each enumerated to assess survival of both
materials and whether a transfer of viable microbes from the zeolite delivery systena into th

soil fraction was occurring.

Enumeration wa conducted as describedviethodsCultures sectio2.2  Samples were
taken aseptically, serially diluted in duplicate and applied in triplicate (drop plate method) on
LB-Miller agar for enumeration. Funabality was assessed by clearing zone method on

atrazine containing agésection 2.2.8)

Survival, functionalityand water activity were measured at each time point. Analysis was
conducted at the time of harvest for the flasks, at Time= Zero, avekat2, 5, 7, and 10.
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3 Results

3.1 Fermentation Results

The aim of the fermentation workasto improvethe productivity(number of cellspf the
culture medium and also retain the target functionayyeplacing atrazine with cyanuric
acid. Medium devebpment is notably a process that is laborious, expensive, open ended,
time consuming and involves many experiméKisnnedy & Krouse, 1999 A brief
overviewof the developmerrocesss described in Section 3.1.1, 3.1.2, and 3. A3tep
by-step description and their data are not shown HEneprocess was procedural (empirical)
and the resultant medium, tmeproved mediun{IM), is presentedn Section 3.1.4 with

statistics in 3L.5.

3.1.1 Initiation Phase

Theinitiation phase of thenedium developmerior this research began with a medium

borrowed from Mandelbaum (1995) and designated MB. A prototype medium was developed
to replace the atrazine component in the MB medium with cyaaaid. The prototype

medium wasompared to reference medium DSKMIE5i Mediumand MB for production of

cells. The effects of autoclaving on atrazine and cyanurit &were examined for the potential

to create microbial utilization problems during medidevelopment. Prototype medium

growth profiles were conducted in stirred and static flasks to examine oxygen preferences.

Yeast extract was added to the medium components.

3.1.2 Concentrating the Components

The next phase of medium development increasedbiineeatrations of citrate, cyanuric acid,

yeast extract, and the mineral component (MM) by four times (4x) the previous levels.
Interactions between media components and concentrations can produce uncertainty in culture
medium optimization processand tlese experiments all@dinteractions and uncertainties

to be better observedrhese experimenservedas a medium sized jump in concentration

levels before the much larger increases during the optimum range phase.

3.1.3 Examination of the optimal range

A new medium was developed named by the ratio 4:4:1:4 which consisted of citrate (4g/l),
cyanuric acid (4g/l), yeast extract (1g/l) and mineral medium (MM) components (4 times the
original MB salt component levels) hesefour primarycomponents were examinad

separate evaluationacross a range of concentration ley&igroduce a final improved
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medium with improveaell productivityand functionality. Concentration range evaluations
were conducted for citrate (4 to 40 g/l), cyanuric acid (4 to 12yg/dst extract (0 to 20 g/l),
and MB saltcomponentg0 to 8 times) theriginal levels ofPotassium phosphate dibgsic
Potassium dhydrogen orthophosphat#agnesium sulphate heptahydraaadSodium

chloride Calcium chloride

3.1.4 Selection of the Improwed Medium

The production and selection of the best performing prototype medium, variant 20:6:1:4,
concluded the medium development phase of the research. In further phases of research the
20:6:1:4 growth medium is utilized and designated as the Improeefiukh (IM). Table2

lists the composition of the Improved Mediufihere may exist some further opportunities to
perform a designed optimization of the cyanuric acid, citrate, yeast extract, and salt variables.
The work presented here bracketed the optrarege. For future investigators this is an
appropriate starting point for a designed experimental optimization, and may illuminate

interactions within these parameters.

Table 2. Improved Mediun{IM) composition.

Component g/l
Sodium Citrate 20
Cyanuric acid 6
Yeast extract 1
Potassium phosphate dibasic 6.4

Potassium dhydrogen orthophosphate 1.6

Magnesium sulphate heptahydrate 0.8
Sodium chloride 0.4
Calcium chloride 0.08

3.1.5 Significance

To state the significance (p wa) of theflask mediadevelopment process from the starting
point of MB medium to the production of the IM medium, tioeint data (cfu) froneach

medium typewvas analyzed using Generalized linear modelling (GLM) with negative binomial
distribution. Countdata of six flasks for each media=6) after 24 hours growth (post

inoculation)are shown in Figur8 andwere compared as a media specific negative binomial
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distribution. The IM media was used as the intercept and showed a significant difference

cel numberdetween the MB media type (p<0.001).
1.4E+10-
1.2E+10- T
1.0E+10+

8.0E+9+

cfu/ml

6.0E+9+

4.0E+9+

2.0E+9+

0.0E+0

MB Flasks IM Flasks

Figure 8. Flask populations for MB and IM media at the late log phase harvest point of 24
hours. Error bars are standard error of the mean (n=6) of six flasks of each medihigpe.

difference incell productivity between MB and IM media was significant (p<0.001).

Note the 24h cfu data used for calculating thalwue is separate from the maximum cfu

count. The 24 hour time point was used to calculate the significant diffdvetveeen media
typesas it is the culture harvest point (late log phase) in formulation development (Results
Section3.2). Previous investigators have also used the 24 hour harvest point for MB medium
(Mandelbaurret al, 1995 Shapir & Mandelbaum, 199%hapiret al, 1998a Silva et al,

2009 Biglione (2008) confirms the work of Mandelbaum (1995) that the atrazine is removed

completely from the atrazine medium within-2@ h.

3.1.6 Summary

An overview of the process oéll productivityimprovement foPseudmonassp. strain

ADP is shown in Figur®. Theculture medium component ratios artate(g/l), cyanuric
acid(g/l), granubited yeast extract (g/l), and 0,1,4, or 8 times the original MB salt component
levels Potassium phosphate dibgdtotassium dhydrogen orthophosphatélagnesium
sulphate heptahydrat8odium chlorideCalcium chloridg¢. Maximumcell productivity of

the final improved medium was ~2 x*¥@nd is an improvement from the initial ~1>x’t@lls

of the MB starting medium. The overatiprovement of the medium is twice one full log
scale, or a 20 fold increase in colony forming units. In percentage terms, the incisise in

is 2000%. The stepwise optimization improvement from 4:4:1:4 to 20:6:1:4 increased the
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cellsby roughly douke from ~1x 18°to 2 x 13°. Further opportunities may exist to increase

thecell productivityby performing a designed optimization.

20:6:20:4 |
20:6:10:4 |
20:6:5:4 |
20:12:1:4 |
20:8:1:4 l
20:6:1:4 [——
40:4:1:4
20:4:1:4 |
10:4:1:4 |
4:4:1:4 |
4:4:1:0 l
4:4:0:4 |
4:4:011 |
1:1:1:0 |
11101 )
1:1:0:1 static.
1:1:0:1 |
1:1:0:vit and salt.
DSMZ with vit|
MB |

Culture medium components ratio

0.0E+00 1.0E+10 2.0E+10
cfu/ml

Figure 9. General overvievof improvement ircells (cfu/ml). Thestarting poinis the moabl
medium (MB anddevelopnentis shownthrough the evaluation of the optimal rarayel the

selection of the improved medium (dark bar)

The aim of the fermentation work wasimprove thecells productivity of the culture medium
and also retain the targeinctionality,by replacing atrazine with cyanuric acitihis

outcome was accomplished

3.2 Formulation Results

The aim of formulatiorwasto develop immobilization methods which maximize cell
survival, stability, and functionality. The formulationemrvdeveloped to optimize the shelf
life (10 weeks) stability of the strain at 25°C.
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3.2.1 NZ zeolite

Throughout the formulation work NZ and AU zeolite types were evalultesction 3.2,
physical chemical, biologicaland time frame characteristics wereexned. NZ zeolite
showed poor results imumerousstability trials andvas discontinued in tHast stages of the

developmenprocess.

3.2.2 Physical properties of zeolite
An examination of the physical properties of the zeolites was conducted to inestiga

possible explanations for the stability differences between NZ and AU zeolite types.

3.2.2.1 Zeolite moisture adsorption

Five NZ zeolite types and three AU zeolite types were examined using an electronic moisture
analyzer to assess total water absorptiomtalimoisture content (% w/w) was measured with

an electronic moisture analyzer, KERN MLS N version 2.0 (Kern & Sohn Gmbh, Germany).
Excess water was removed from the soaked sample material by method three and four of
section2.3.4.2(direct or indirect lotting), to remove excess water and dried by the moisture

analyzer which records the cumulative weight loss.

The absorption characteristics of the zeolite types were distinct when measured as percent
moisture after soaking, and samples were blottedtove adsorbed surface water content
(Figurel0). As a group, all zeolites from the NZ type had a significantly higher capacity to
absorb water. The moisture content for all NZ samples was in the 40% range. In contrast, the
zeolites for the AU group haduch lower water content, in the 7% range. The results show a
clear physical difference between the NZ and AU zeolite types to absorb water with NZ
zeolite retaining over 5 times the amount of moisture (by weight) than the AU zeolites.
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Nz-I Z1-B1 Z1-CG Z1-BDW Z1-BC AU-II AU-ZB AU-FM

Types of zeolite

Figure 10. Moisture analyzer profile of zeolite types. Error bars are the standard error of the

mean (n=3).

In the results above, the samples were prepared by direct towel blotting prior to weighing.
Absorption of the zeolites was examined bgnoving the adsorbed (surface) water content.

The difference between absorbed and adsorbed water content was examined by removing
excess water via direct and indirect blotting, prior to being dried by the moisture analyzer. In
Figurellthe moisture angsis for NZ zeolite is compared. For both direct and indirect water
removal methods the percent moisture remaining in the NZ zeolites was similar. It appears
that the moisture content of the NZ zeolite is absorbed internally, rather than adsorbed

extenally.

In contrast to the NZ results, when AU zeolite is prepared by direct and indirect towel blotting
to remove the adsorbed (surface) water content the results are distinctly different1Bigure

For AU zeolite, direct contact with the towel surfaeemoved more than double the moisture
content. These results show a distinct difference between the water content absorbed into
AU zeolite and the water adsorbed onto AU zeolite. The adsorbed moisture content of AU
zeolite appears to be proportionadiguivalent, or greater, on the surface of the material rather

than absorbed internally.
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Figure 11. Comparison of two methods of free water removal for a panel of NZ zeolite.

Symbols are (y) towel under sieve, and (1)
mean (n=3).
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Figure 12. Comparison of two methods of freater removal for a panel of AU zeolite.
Symbols are (y) towel blotted and (1) towel

mean (n=3).

The two types of zeolite that will be utilized in further formulations arelNshd AUIL.
These zeoliteypes have the same size (2mm) and are suitable for agricultural seed drilling
equipment. From the moisture profiles (Figt® both NZ1 and AUIl appear to

representative of their groups.

The two types of zeolite thatereutilized in further formuldons (NZ1 and AUII) were

compared using four methods of water removal (Fid3je For thepresoakedAU-II zeolite
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a broae@rrangeof percent (%)noisture data was observed depending on the method of free
water removal prior to measuremeMiethodswhich targeted the water accumulated on the
zeolite surface (e.g. shaking or towel contact) removed larger volumes of water from-the AU
Il material. These results are supportive of the earlier results which suggested an adsorptive
accumulation of water onW Il material. A working concept is therefore strengthened that
water primarilyaccumulateon the surface of AUI. In contrast,lieexcess water removal
method had little effect on the moisture content of thel NZhese results support the earlier
work and suggeshat water istronglyabsorbed into N4, rather than adsorbed, and

accumulates within the zeolite rather tloarthe surfaces in the AUII.

50 - .

40 -

30 -

% moisture

10 +

shaken towel towel under seive  seive only

free water removal method

Figure 13. Comparison of percent (%) moisture measurements usimgviter removal
met hods for the two zeolite types -Uamd in

( T ) -l 2¢dite types. Error bars are standard error of the mean (n=3).

The results of this section indicate distinct differences in the moistaracteristics for NZ
and AU zeolite types. Moisture content (by weight) was five times greater for NZ zeolites
than AU zeolites. The NZ zeolite appears to carry a larger reservoir of water content
internally. Zeolites from the AU group have littlégemal absorption, and appear to

accumulate the available moisture on the surface of the material.

3.2.2.2 Zeolite moisture sorption

Water sorption isotherms were prepared (Decagon Devices AquaSorp, USA) by plotting the
water content (% w/w) against water aciya,). The two types of zeolite generate two
distinct types of moisture sorption isotherm curves (Fiddje Zeolite type NZl has a type

2 sorption isotherm. Zeolite type AWWhas a type 1 sorption isotherm. Both isotherm types
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are typical of surfee monolayer adsorption. In regard to water levels sufficient to enable

mi crobial stability, the far right points o
a clear separation of moisture content for the zeolites after a water activity40fwith the

NZ-I continuing to gain moisture content whereas thelRild at a plateau level. In

percentage terms, at the wet end, the moisture content-bfdNGughly double AUII. Itis

interesting to highlight that although the moisture (by wgightoughly double for N4

zeolite, the definition of water activity would suggest that both zeolites have equivalent
Afavailabilitys09t the wet end (a

w
o
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moisture content (% w/w)

=
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0.00 0.20 0.40 0.60 0.80 1.00

water activity (aw)

Figure 14. Comparison of moisture sorption isotherms for two tygfezeolite, Symbols are
(Y) -l Nand -l(zéo)ite typés. Error bars are standard error of the mean (n=3) and

within symbols. For each type, sorption is the top data line, and desorption is the bottom line.

The isotherm results pport the resultfom Section 3.2.2,1and demonstrate the zeolite

types NZI and AUl have separate and distinct moisture holding characteristics.

3.2.2.3 Appearance and friability of zeolite

Samples of each zeolite were photographed and visual observations were madd.%ragdre
16). Friability (e.g. tendency to shed mass) was assessed (Erweka TAR friability tester,
Germany) at 25 rpm for 2 minutes and calculated as the percent mass loss from the zeolite

granules.
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Figure 16. Visual comparison of two types of zeolite. The Australian {§zeolite is left
and New Zealand (N zeolite is shown on right. Granule size igram.
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