- 1 SELECTI VE ENRI CHMENT OF M CROORGANI SM5 FOR DESI RED METABCLI C
PROPERTI ES. RELATED APPLI CATI ONS The present application clains priority
fromAU 5 2003906290, the entire contents of which are incorporated by
reference. FIELD OF THE | NVENTI ON The present invention relates to a nethod
for mcrobe 10 and/or enzynme discovery. in particular, the present
invention relates to a nethod for selectively enriching and thereby

di scovering a mcroorgani smwhich can netabolise a test substrate. The
present invention also enables the discovery of enzynes produced by a 15
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culture to be deFeENDNeH, TARAINVEMEIMENti on to occur if necessary. ‘The
chenostat provi des copt | culture and has. been used far i chnment .to
facilitate the di scovg%l%/nrgjf%‘lserﬁl?:r%%Y%%%}%rﬁrsr%?%esus%e? (i nbertgfﬁ)éf{gogs naed Fire
study of 35 ol apfénar yrpenhvdiscomiey ef f Brthameriess cof, ¢dre gritesemed

continuous cul tuggvesthbfi t€thbegause thecsdat tise Aelldl&ively enriching

and thereby discovering a microorganism which can

metabolise a test substrate. The present invention also
enables the discovery of enzymes produced by a

15 microorganism involved in the metabolism of a test
substrate.

BACKGROUND OF THE INVENTION
Technigues such as passaging in batch culture are

20 still used today for the discovery of microorganisms which
can metabolise a test substrate. These technigues are
often labour intensive, glow and the expected outcome is
not known until the enriched microbial population is
plated onto selective media. Traditional methods for

25 monitoring the activity or growth of a microbial
population include measurement of biomass concentration
and/or measurement of substrate consumption. These
analytical technigques do not provide an assessment of the
status of a microbial population in real-time to enable

30 the status of the microbial culture to be determined, and
intervention to occur if necessary.

The chemostat provides continuousg culture and has
been used for enrichment to facilitate the discovery of
microorganisms with useful properties and the study of

35 evolutionary pathways. The effectiveness of conventional
continuous culture is limited because the status of the

discovery process cannot be evaluated rapidly. In a



di scovery process cannot be evaluated rapidly. In a 2 Ilimted nunber of
cases carbon di oxi de production and oxygen consunption have been used to
nonitor a continuous culture. However these techni ques have been subject
to a range of limtations inposed by the snmall nunber of 5 applications to
whi ch the techni ques have been considered applicable, and/or limtations
based on deficiencies in the apparatus. For one exanple, off-line analysis
of biomass concentration or residual substrafe concentration is comonly
required to evaluate the status of an 10 enrichment process. Of-line

analysis is tinmejeQk -f%%$- r iL.cal techni_ques
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met abol i sm i ndi cat afeveroft Rehd igRnf a9 afi ddhe techniques involved, and -
indeed the delays in developing an appropriate analytical.
procedure for determining analyte concentration.
Furthermore, a significant level of infrastructure and
15 staff trained in the use of the analytical eguipment are
also required.
Therefore, the applicants have identified a need for

faster methods for microbial discovery.

20 SUMMARY QF THE INVENTION
Accordingly, the present invention provides a method
of selectively enriching for a microorganism able to
metabolise a test substrate, and/or the enrichment of an
enzyme involved in the metabolism of the test substrate,
25 the method comprising the steps of

a) providing a population of microorganisms in a
vessel,
b) feeding fluid into the vessel at a controlled

flow rate commencing with an initial flow rate, the fluid
30 comprising a nutrient medium and, for at least part of the
feed period, the test substrate,

c) producing a signal indicative of the level of a
metabolism indicator over the time-frame of the
enrichment, and

35 d) providing an output based on the signal to
enable assessment of selective enrichment of a
microorganism that metabolises the test substrate, and/or



enrichnment, and 35 d) providing an output based on the signal to enable
assessnent of selective enrichnent of a mcroorganismthat netabolises the
test substrate, and/or - 3 the enrichment of an enzyne produced by the

m croorganism that is involved in the nmetabolismof the first substrate.
Where the m croorgani sm produces an enzyne, or enzynes, that are involved
in the netabolismof the test 5 substrate, the nmethod enabl es the

sel ective enrichnment of a mcroorgani smthat. produces such enzyme or

enzynes. The present inventors have found that the above nethod for
abol i sm
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of catalysing the.rea 0 f th est ubstrate. The .t echni que' devel oped
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a population of microorganisms in real-time. The
inventors have further tailored this technique for

15 enriching microorganisms that are capable of metabolising
a test substrate, such as a hydrocarbon compound for which
a microorganism is desired to be found to convert the
compound (test substrate) into a different hydrocarbon{s)
and/or break the compound down with water as a byproduct.

20  Such metabolism may be accompanied by the production, or
up~regulation of an enzyme or enzymes that are involved in :
the metabolism of the test substrate. Thus, the
metabolism of the microorganism also reflects an increase
in the population or amount of enzyme in the vessel

25 (compared to the relative amount of that enzyme in the
vessel at the ocutset of the procedure) that has the
desired function of catalysing the reaction of the test
substrate.

The teéhnique developed by the inventors has further

30  advantages in terms of its flexibility in discovering
microorganisms capable of metabolising a test substrate in
conditions selected by the operator (i.e. a selective
pressure}, and potentially modified by the operator over
time. The modification of conditions can be used to

35 identify microorganisms that have the capability of
preducing an enzyme or enzymes that assist in the
metabolism of the test substrate under such conditions.



30 advantages in ternms of its flexibility in discovering mcroorganisnms
capabl e of netabolising a test substrate in conditions selected by the
operator (i.e. a selective pressure), and potentially nodified by the
operator over tinme. The nodification of conditions can be used to 35
identify mcroorgani sns that have the capability of producing an enzyne or
enzynes that assist in the netabolismof the test substrate under such
conditions. 4 This is of particular assistance in the identification of

m cr oor gani sns (and consequently, optionally, enzynes) that are involved

in the netabolis b ra i.n- harsh hal.l e ondi t,i ons.
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t he predeterni neding rder irptksefhevalue range within which the signal must
remain for the predetermined period, of time.

15 The flow rate of the fiuid fed into the vessel is
suitably increased from the initial flow rate on meeting
the preset conditions to reduce the hydraulic retention
time, and thereby increase selectivity for a microorganism
that metabolises the test éubstrate. Increasing the flow

20 rate of the fluid fed into the vessel will facilitate the
selective enrichment of microorganisms which metabolise
the test substrate more quickly and therefore reproduce
more quickly. In effect, the preset  conditiong should be
set to define the maintenance of steady state in the

25 culture over the predetermined time period. The

predetermined time period may be in a time unit of
measurement (eg a number of minutes or hours), or may be
get by reference to a predetermined multiple (including
fractions) of the hydraulic retention time of the vessel.

30 Consequently it will be understood that the reference to a
predetermined time period need not be an exact, repeated
number of hours, especially if the fluid flow rate is
changed over time.

The flow rate of the fluid fed into the vessel may be

35 increased by increasing the flow rate of the test
substrate. Further, the flﬁid flow rate may be increased
by increasing the flow rate of the nutrient medium in



predetermned tine period may be in a tine unit of neasurenent (eg a
nunber of mnutes or hours), or may be set by reference to a predeterm ned
multiple (including fractions) of the hydraulic retention tinme of the
vessel . 30 Consequently it will be understood that the reference to a
predeterm ned tine period need not be an exact, repeated nunber of hours,
especially if the fluid flowrate is changed over tine. The flow rate of
the fluid fed into the vessel may be 35 incgeased by increasing the flow
rate of the test substrate. Further, the fluid flow rate may be increased
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constant. The metabolismin used int i nvention may
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sul phate, sul phur, nitrate, te and iron. si gnal the, | evel of
theantabollsﬁ1H FE&ESP may %e uptake or release g@ a molecule

involved in metabolism of the test substrate. Generally,
such molecules are electron acceptors. These are

15 described in further detail in the BExamples. Examples of

" the metabolism indicator are oxygen, carbon dioxide,

carbonate, sulphur, sulphate, nitrate, fumarate and iron.
Others are also known. According to one specific
embodiment, the metabolism indicator 1s selected from

20 oxygen, sulphate, sulphur, nitrate, fumarate and iron.

The signal of the level of the metabolism indicatoxr
is preferably provided as a wvisual output, such as a plot
of points which represent the level of the metabolism
indicator against time. The signal output will be an

25 electrical signal, and therefore the plot may be of the
electrical output (eg current) against time. Otherwise, in
the example of the metabolism indicator belng oxygen
uptake, the electrical signal may be converted into oxygen
concentration or oxygen uptake rate, and this may be

30 plotted against time. The output could also be a numerical
digital or ligquid crystal display. The visual output may
conveniently be updated in periods of less than 20
minutes. Ideally, the visual output 1s updated in periods
of 10 mins or less.

35 As a conseguence of this, in‘the embodiment where
conditions are pre-set to result in a change in the fluid
flow rate, the values set may be in units of the direct



is preferably provided as a visual output, such as a plot of points which
represent the level of the netabolism indicator against tinme. The signal
output will be an 25 electrical signal, and therefore the plot may be of
the electrical output (eg current) against time. Gtherwise, in the
exanpl e of the netabolismindicator being oxygen uptake, the electrical
signal may be converted into oxygen concentration or oxygen uptake rate,
and this may be 30 plotted against tinme. The poutput could also be a
nunerical digital or liquid crystal display. The visual output may
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test substrate to the vessel at an initial flow rate, and
the controller is set to increase the flow rate from the

15 initial flow rate in response to the signal meeting the
breset conditions. However, it is appreciated by the
applicants that decreases could be set, especially in a
later stage of an operation being conducted on the
apparatus.

20 Generally, the intention of pre-setting the range
(upper and lower signal ranges) of the signal is to
identify when the culture has reached a steady-state.
Once a steady state has been identified, it is possible to
change the flow of fluid (nutrient medium and/or test

25 substrate) into the vessel.

The fluids fed into the vessel are most'conveniently
fed in through separate feed or supply mechanisms.’ Being
| able to supply the two fluids separately offers more
control to the user in terms of modifying the conditions

30 under which the microorganisms are reguired to metabolise
and reproduce. Secondly, this offers advantages in terms
of switching from one test substrate to the next without
changing the nutrient medium fed into the vessel.

Preferably the preset range of the signal is set by

35 the user. In the case where the signal is representative
of the level of oxygen in the vessel, the user preferably
selects the maximum and minimum levels in any appropriate



| at er stage of an operation being conducted on the apparatus. 20
Cenerally, the intention of pre-setting the range (upper and |ower signal
ranges) of the signal is to identify when the culture has reached a
steady-state. Once a steady state has been identified, it is possible to
change the flow of fluid (nutrient nmedium and/or test 25 substrate) into
the vessel. The fluids fed into the vessel are nost conveniently fed in

t hrough separate feed or supply nmechanisns.' .Being able to supply the two
fluids separately offers nore control to the user in ternms of nodifying
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microorganism able to metabolise the test substrate in
specific conditions (eg high or low pH; high or low

15 temperature etc), or an associated enzyme. These
conditions can be set at levels that impose a selective
pressure (in-addition to the pressure of the test
substrate) on the contents of the vessel to select for a
microorganism and/or enzyme that tolerates or utilises the

20 selective pressure. Possible selective pressures are an
increase or decrease in temperature, pH, aeration,
dissolved gas content, salt concentration, and the
presence or absence of a chemical compound such as a toxin
or nuirient component.

25 The user may further be able to set other conditions
that impact on the metabolism, such as the oxygen level or
aeration rate.

The population of microorganisms used in the method
of the invention may be a heterogeneous population, such

30 as activated sludge, or may be a homogeneods population.

Preferably the population of microorganisms 1s a
heterogeneous population. It may in this case be a
heterogeneous population containing at least 10,
preferably 100 different strains or species of

35 microorganism. This is explained further in the detailed

description.



specific conditions (eg high or low pH, high or low 15 tenperature etc), or
an associ ated enzyne. These conditions can be set at levels that inpose a
selective pressure (in addition to the pressure of the test substrate) on
the contents of the vessel to select for a mcroorgani smand/or enzyne
that tolerates or utilises the 20 sel ective pressure. Possible selective
pressures are an increase or decrease in tenperature, pH, aeration

di ssol ved gas content, salt concentration,_gqp,;he presence or absence of
a chem cal conpound such as a toxin or nutrient conponent. 25 The user nmay
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The nmethod of the invention may further Conprise thie step of subjecting
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5 step of isolating t enriched m croorgani.s The present invention
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for assessing theisetesht Ver &id GHEMRWR" dliRess, which includes steps

{(a) to (d4) as ocutlined above.

BRIEF DESCRIPTION OF THE DRAWINGS
15 Figure 1 is a schematic illustration of the apparatus

of one embodiment of the invention.
Figure 2 is a schematic illustration of the apparatus
of Figure 1 with further apparatus components.
Figure 3 shows the correlation between OUR and
20 microbial activity as determined by conventional
analytical techniques, as well ag the correlation between.
different conventional analyses, using acetic acid as the--
test substrate.
Figure 4 shows the correlation between QUR and
25 microbial activity as determined by conventional
analytical techniques, as well as the correlation between
different conventional analyses, using sodium acetate as
the test substrate.
Figure 5 shows the correlation between OUR and
30 microbial activity as determined by conventional
analytical techniques, as well as the correlation between
different conventional analyses, using benzyl alcohol as
the test substrate.
Figure 6 demonstrates the correlation between a
35 population change and BOD - the ROD and residual substrate
concentration,



timeframe of the enrichment process, which includes steps (a) to (d) as
outlined above. BRI EF DESCRI PTI ON OF THE DRAWNGS 15 Figure 1 is a
schematic illustration of the apparatus of one enbodi nent of the
invention. Figure 2 is a schematic illustration of the apparatus of Figure
1 with further apparatus conponents. Figure 3 shows the correlation between
OUR and 20 mcrobial activity as determ ned by conventional analytical
techni ques, as well as the correlation between different conventional

anal yses, using acetic acid as the test substrate. Figure 4 shows the
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di fferent convenpppnéhtanalyhaﬁgeusm@gBG@d+uum@cemémghgﬁtotﬂu&ﬁjﬁyulatlon

substrate. Figurgg méQQW§ethSEH rgﬂg%ig éﬁgv§§éh§%ﬁ%ﬁﬁ%) éT‘§§N§#y

activity as determ ned b{ conven i ona ti
the correl ation bet weEhUgRf BeFlavrs c%bﬁ/emqwe abal Bt rt@eb@ﬁz%utlon

al cohol as the tésl-subai/labepyH g @i totleonsd raiesutde correlation

bet ween a 35 popul ati nge_and e i_dual subst.rate
concentration. 9 Flggggﬁgg 2 %W?Eg%% Q$EBQ%w$%ﬁqg}oﬁ§ﬂgfﬁﬁﬁﬁ"5 HASHS
popul ati on changéf%%daE%IWat@ﬁeSbm&mgegltkrm¢thxﬁnﬁﬂgﬂnnmildaQOMEasured

using viable cell coumgu@@dl@pém&@é ﬂﬁﬁ%dﬁbuf'cﬂ%ﬁu@m e increase
in BOD after the addition rrolidinone to cul ture.

F'gure © shows BB HRPFABRAFBALH O 3 Lo ashrt SHISC Fomeacrrrarad SFudge
on 1-nethyl 12 pyresti dilneheateFi gure 10 shows BOD out put during growth of

Figure 11 shows the effect of flow rate on the BOD of
a 1l,3~propanedicl-degrading microbial population.
Figure 12 ghows the optical density (OD) readings of
samples taken from the vessel in Example 7 at different
15 feed flow rates.
Figure 13 is a graph of dilution rate against enzyme
activity for the isolates described in Example 7.
Figure 14 is a graph of the biological oxygen demand
reading taken from the vessel over time in Example 8.1.
20 Figure 15 is a micrograph of a sample taken at a late
stage of operation of the method of the invention at 80°C
in accordance with Example 8.2.
Figure 16 ig a graph of relative nitrate
concentration over time and pH over time for the contents
25  of the vessel during population development in Example 9.
Figure 17 is a graph of relative nitrate
concentration over time and pH over time for the contents
of the vessel over the full operation of Example 9.
Figure 18 ig a micrograph of a sample taken at a late
30 stage of operation of the invention in accordance with
Example 9.

DETATILED DESCRIPTION OF PREFERRED EMBODRIMENTS
The present invention provides a method for the

35 selective enrichment of a microorganism able to metabolise
a test substrate. It will be understood that a

*microorganism” means any microorganism, for example,



m croorgani sns from activated sludge using dodecane as the 10 test
substrate. Figure 11 shows the effect of flowrate on the BOD of a

1, 3- propanedi ol -degradi ng m crobi al popul ation. Figure 12 shows the optical
density (OD) readings of sanples taken fromthe vessel in Exanple 7 at
different 15 feed flow rates. Figure 13 is a graph of dilution rate

agai nst enzyne activity for the isolates described in Exanple 7. Figure 14
is a graph of the biological oxygen demand _reading taken fromthe vessel
over time in Exanple 8.1. 20 Figure 15 is a mcrograph of a sanple taken at

a late stage ofé%ggy%Lion of the method of the inveniion at 80C in
accordance with moite °g. SUNElguYEaEE: | R¥ACGFRPRS of HHEF AV HidFe R e ADY
concentration overf tihescandcpHooyenitingechorbt heetont eveby 2orivfhddhéwesse

during popul ati omgyeliagmeaL LA FXARRLE Qoxadfi:_':%&ﬁ@ dd févc?ulgr D Aoy
relative nitrate concentration over time and pH over tifme for fhe contents
of the vessel ov&™ Eh&LFEPPTEpEAE-a WATHf 2 ERaFPIUbETr MlpFacug dsfde. The

m crograph of5a serplertakésmaiag baten 30rsShageodfamperabi®on of the
invention in accgrda Lt Ex lLe.9. DETAI LED DESCRI PTI ON OF PREFERRED
EVBODI VENTS The Liczasgathldn, o8B Ee P MM arRai o TR s ol G | vo
enri chment of a Rit€esoP§ahhsarablesees nevabet i sericheddvy substyiate tha wil |

be understood thapp@oprih€e00bHADE $Phs MBS Se Bl £L,995 DAN SIB 1 /001 KXWl e,

- 10 bacteria, fungi east r of pzoans, ae or viruses. Any ,h of these

ni cr oor gani sms cgﬁagﬁbggFeE?$9£F§t%ﬂ?iQ%éﬂQL%Ctd@%?d%ﬂ?kf??ﬂ?%ghﬁ%ﬂnﬁﬁnthe

condi tions t®0favbaeethelgsowth of a microorganismwi th a particul ar

characteristic. The 5pfi &f00RganL SN GRY: D Ph A O G Of s AN AT QRIG cal -
reaction, such as a metabolic reaction. The enzyme may be
directly or indirectly associated with the microorganism
which produces the enzyme. For example, the enzyme may be

15 non-covalently bound to the cell membrane of the

microorganism, may be located in the cytoplasm of the
microorganism, or may be one secreted from the cell into
the gurrounding medium.

Where the chemical reaction is a metabolic reaction,

20  the enzyme is involved in the metabolism of a test
substrate. As used herein, “involved” means that the
enzyme catalyses a reaction which is part of a metabolic
pathway. The enzyme may catalyse more than one reaction
in the metabolic pathway, and may catalyse anabolic or

25 catabolic reactions. Typically, the enzyme will catalyse
at least the first reaction in a metabolic pathway.

It must be noted that as used herein, the singular
forms “a”, “an”, and “the" include plural reference unless
the context clearly dictates otherwise. Thus, for

30 example, reference to a microorganism includes a plurality
of microorganisms.

As used herein, the term “enrichment” means an
increase in the number (or relative concentration) of
microcrganisms in a population which are able to

35 metabolise the test substrate compared to microorganisms
that do not metabolise the test substrate, or an increase
in the number of molecules (or relative concentration) of



m croorgani sm Specific mcroorganisns in one or the other of these

cl asses can be enriched by inposing the appropriate conditions for either
aerobic respiration or anaerobic respiration to select for a mcroorgani sm
in the 10 chosen class. An enzyne is a protein which catal yses a chem cal
reaction, such as a netabolic reaction. The enzyne nmay be directly or
indirectly associated with the m croorgani sm which produces the enzyne.

For exanple, the enzynme nay be 15 non-covaLeQEIy bound to the cell nenbrane
of the mcroorganism nmay be located in the Cytoplasmof the

m croor gani sm or e one secreted fromthe cell_into the surrounding
nmedi um Were thghcg:ﬁélr’hg%lg? }%‘é%fY%(%] R eRiabeit ©f & itest S%&tenzyne
is involved in t RemparadoVisim e ast@st ing ubstynat eopAd atdeth of the

herein, _"invol vedopliBansod hak ﬁi@ro@f&é’ﬁfmﬁ:@t al yses a reaction which is
part of a netabolic g}gt hway. The enzyne nay catal yse nore than one
| Fiee et

reaction in the neta et SRS ddt & igwate ilecgieaping the
cat abolic redcti onsbefypt cadlgoulde ehziyie aMdymeCadnaliyse vedladieashet he
first reaction ipg 2 et |4 hﬂ@%- | t st .he not ed t.hat used
herein, the singul &t f@%ﬁsﬂééﬁ,ﬂq h" % and e e STdE S Pdr &S ef er ence
unl ess the cont 8R¥IePERY yoaliigtatese ot tre i aasr thiess inf dhe3@oaddtplbas to

reference to a meieRrpanismigidddes, al Walddly ekaM-ate0Lgannens. As
used herein, the.term"c.«?nrl chr}q__pt " nmeans, an increase_in.,the nunber (or
C

PR TORY Gt ORACT ST G STEESRSE D 6FUPAYIESS WRiCEh are abl e

relative concentrati
to 35 net abélli seteheranst tsulsstyedics: wionparred stareni(suctr ganhdgk that do not

metabolise (he leslpSUShiate, s o, dhdAEreasd et auihen 1ah dipLecyl es
(or relative concentratjon) of - 11 the enzynme involved in netabolism of
the test substrati® condition. Indeed, the miethod of the invention

provides an excellent environment and feedback information
_ to drive the enzymes towards such mutations.

15 In step (b) of the method, the feeding of fluid into
the vessel drives or results in the selective enrichment
of the microorganism (and/or enzyme) that metabolises the
test substrate.

"Metabolise” means to use the test substrate in a

20  chemical reaction within the micrcocorganism by either
catabolism or anabolism. Therefore a test substrate may
be used in a chemical reaction that combines the test
substrate into a more complex molecule, or may be used in
a chemical reaction which breaks down the test substrate

25 into a simple molecule.

The “test substrate” is any substrate for which it is
desired to screen for a microorganism able to metabolise
the test substrate and does not include substrates which
are commonly metabolised, such as glucose and acetate.

30 The purpose of the method of the invention is to arrive at
a microorganism population that is able to metabolise the
test substrate, and/or an enzyme associated with the
metabolism. Generally the method is suited for the
situation where a microorganism or enzyme ig desired to be

35 formed which has the ability to metabolise a new (test)
substrate which no suitable microorganism is known to
metabolise. Such test substrates may be environmental



conpared with the starting enzyme popul ation of the population of

m croorgani sns. In the case of enzynes, in addition to increasing the 5
nunber of nol ecul es of the enzyne in the vessel, the enzynme nmay be nutated
over the tinme period of the enrichment to inprove its properties in the
conditions to which it is exposed in the vessel. Exanples of the inproved
properties are increased catalytic rate, 10 tolerance to a selective

pressure (such as high tenperature - i.e. _tgt%rmal t ol erance) or
utilisation of the condition. Indeed, the hod of the invention

provi des an excel I ent _environnment and_feedback, information to drive the
enzynmes towards SUCH Hut g?FBﬁsmatigriLﬂl&eﬁnﬁ%ﬁ%&fdtlﬁ@rmw of e feeding

of fluid into tHeagddeoel drives or results in the selective enrichnent of

the m croor gani sm (ang4,@r tgﬁﬁ;{@ tglf:il gagglllhsgfs tZ%G% (% substrate.

" Met abol i se” fgfi to use t ate i N % &t on
within the micro égﬁ@HFb?OeF‘F%@Pl%%a%W%rﬁléﬁ mawlﬁﬁmmrt@ de

test substrat® maysubetused f@rac@b@mﬁazhld&@@&ﬁ é}[hénh.at SO Nes. dri@rt est
or e used in a chem.cal

substrate into a ecul e,

reaction which brsgg)éﬁrgegpkf he teas"fg%uﬁi?ﬁ’%t%y T G AR I A Eddie.
The "test substr&be"neshadyo§utse rimeshiviomhich ite isseddasi resll datiserlgen
for a ni croorganEﬁmablﬁléﬁo@ﬁme%h{&? éaﬁ?%&é@aﬁl:ﬁé& af}{‘% g5 Jiot

i ncl ude substrates |ch tre C oo net abol | sed suc ose and
acetate. 30 The POFpP3ReCTrEFHEHEL B¢ he Thev dfiiton qr§58tr6~fhrcrﬁr\}i@nat a

m croor gani si#h popohbtining hatlés:labl erdtenetabelliighatie H4ebtarsukaticat e,
and/ or an enzyneh§§§9@éﬁ5&€ﬁ]vgﬁ&1 dde;  [etabol srpeogene%%llltgé tgfe met hod is

suited for the S|tut|o ere m Cr o0f gani Sm or €énzy esired to be
35 formed which HaEP? §9 tQFher n‘@taabmng@rdméwt(aﬂo@éu)sed substrates
such as glucose. Alternatively, the test substrate may be

a sulphur-containing test substrate and/or a nitrogen-
15 containing test substrate.

The method comprises the step of providing a
population of microorganisms in a vessel.

It will be clearly understood that the population of
microorganisms may be a homogeneous population of

20  microorganisms or may be a heterogeneous population of
microorganisms. A homogenesous populabion may be useful to
selectivelg enrich for a microorganism by evolution.

A homogeneous population is one which contains a gingle
species, but which may be a phenotypically heterogeneocus

25 population before, during and/or after enrichment.

Where the population of microorganisms is a
heterogeneous population this may be, for example, a
microbial library or a heterogenecus population, such as
activated sludge. A good diversity of the gtarting

30 population of microorganisms, gives very good results in
the method of the invention. Therefore, the heterogeneous
population preferably comprises at least 10, preferably at
least 100 different strains of microorganism. The
heterogeneous population more preferably comprises at

35 least 10, preferably at least 100 different species of
microorganism, for increased diversity. The greater the



substrate which no suitable mcroorganismis known to netabolise. Such
test substrates may be environnental 12 toxins, waste materials, undesired
byproducts of a reaction. The technique and the controls required are very
different to techniques where the substrate is known to be 5 a substrate
for certain mcroorganisns, or is a cormon substrate for a | arge range of

m croorgani sns: Typically, the nmethod of the invention wll be used to

sel ectively enrich mcroorgani sms which can-Retabolise an organic

car bon-contai ning nol ecule. The term "organi c carbon 10 contai ni ng

mol ecul e" refers 4;q.8ld;phatj-c . .and I h ons,.and_derivatives
t hereof, includi n%:;g carlbg'ﬁ3t?§r gggspg%ﬁg?%ﬁ%h %%%n %/)elpre'ilé%o"iu? Je%lpatede
substrates such?™ "‘(}Itﬁcose. Alternatively, the test substrate may be a

suIprurgcon'Erﬁi ni n?ﬂt gtsxlctswgbaabégﬁagg{ (3] 3 @?@ilgf(g)(g_ d%}:_ 1@1@9@@@1{}9 V&}ﬁﬁf
substrate. The ONpRLi ses step of proyidin popul ation o
m croor gani sns :T% a(R]ver s& .fll}l?n\%i PE BEWCF8%?$? %ﬁ]d%%’g%%dﬁlﬁfﬁd?aqwla‘
popul ation of> nil@éfedr gandsmsandythenaapbnogeheoud pomieat iton.pwofvizle

M croor gani sms ObigAYohead BeLeLAgRPeoyS, PRl Al i ot Of or T rtﬁ% GAU S Fvarf
honbgeneous populgtlon naﬁ be _useful to selectively enrich for a
ni cr oor gani sm by “&v8F APPSR, DAt hgFroyRnERe st #6 ptRvER IO ML 1SiEl Whi <97 BT ns

a single speciewasbet tubathenay biee appheast yiiealdor hetpioganaais iy
popul ati on beforggoduki.p o) r_enri chnent,... Wier.e_t he. popul ation of
mi croorganisms is a . het g‘rf%ggé\e%ﬁgé %p% a l?%ns ar'ﬁ%mrgq;gmﬁgo%loaﬁ SOTHIPE Lo
i crobi al | iMtar ¥PoFhg Ketkedgehedhe popenbtomrto swehchs faactivated sl udge.

A good diversit ymdérbbegshashs g RO RORM AEBAN f TR GUHS Bb B i8S s

xg{gr2822625:U|t§n&Qr ghgi@§§§g“§§£gg*E%'ggﬁﬁ%g{ﬁkszh %Skp%gtnhgﬁion has
over 100 different species (and over 100 strains) of
microorganisms.

15 The fluid comprises a nutrient medium and the test
substrate. A “nutrient medium” is a growth medium which
comprises all of the nutrients required for growth of a
microorganism but essentially no amount of the test
substrate or substrates similar to (eg in the same class

20 as) the test substrate. The concept of ‘similar
substrates” to the test substrate is described below. The
nutrient medium will depend upon the microbial population
being enriched and the substrate being tested. However it
is generally a nitrogenl(ammonium), rhosphorus, sulphur,

25 salt (eg Na, Mg, Ca) and trace metal-containing solution.
For example, when the method of the invention is used to
enrich for microorganisms able to metabolise acetic acid
(an organic carbon-containing substrate), the nutrient
medium may be that set out in the Examples below. The

30 nutrient medium may contain a trace amount of the similar
substrate provided that the amount does not interfere with
the detection of the enrichment process. The amount of
the similar substrate must be such that it does not
interfere with detection of the enrichment process.

35 Ideally, the nutrient medium contains no similar
substrates. For example, where the test substrate is an
organic carbon-containing test substrate the nutrient



popul ation preferably conprises at |east 10, preferably at |east 100
different strains of mcroorganism The heterogeneous popul ati on nore
preferably conprises at 35 |least 10, preferably at |east 100 different
species of mcroorganism for increased diversity. The greater the 13

di versity of the popul ation, the better the anticipated results. Activated
sludge is the product that results when primary effluent of raw sewage is
m xed with bacteria- 5 |aden sludge and thenggitated and aerated to

provi de biological treatnment in order to accelerate the breakdown of
organic matter in, e _under goi ng.secondary .waste treatnent. The
present inventorseﬁggg{gﬁ%§§g% uﬁﬁgg%ﬁggﬁag%¥i@%t%ﬂg%?hﬁg%aggo?TﬁQQ;3%3%9%;
m crobi al popul afies®ricgli-n Mhergetkodled the Pasehvibhty otlent i the floyst

m croorgani sms abkhdsteatet 2Bohigsgediu¥enssst €8t SUDStERLES: Hpdaf @i verse
100 different species (and

range of conditi %%.iggks gggulghion haé over (
over 100 strains%’o M-c PoOrgantehs S 318 het $¥ UG ERNDrFSECEhRYT i ent
medi um and the t ésflphyubst fat €hiA taserteatnihedbged ds s Dslont o uped
whi ch  conpri ses tal beob1thenauLai 8PLS %ﬁ%gﬁ%§é§éﬁ% O of Bt at &

m croorgani smbut _essentially no anmpun he test ~substrate or
substrates sin | SPREERFEGEEA™t RB2EafiRes | 2Rk Dorerferh et Batenuibtaitte. The
concept of "sim pabcespbstrates” to the test substrate is described. bel ow.

The nutrient nmedi um wikl - e on._ the m.crobial popul ati.on i ng
enriched and t he $ubs¥\$%{né$§gi %gbggjé?%%. T et §lfbsp§‘£attg%ﬁg}3£q 3:‘??
nitrogen (anfoni BhFLopreaphsnusan sivbioelios saldn (i dmathye Ga) tied tesace
net al - cont ai ni ngsepsuthen. For exanple, whehk tdie mRidd ofs thed nyention

is used to enrigh,for.mcroorgani sns able to netabolise acetic acid (an
or gani ¢ carbon-c%% 35 Ath E%u%%??%?eﬁ,m%?EPQﬁﬁqq%ﬁﬂ ab1& o' catabolise a

particular organic carbon-containing substrate, a similar
substrate is an alternative carbon-~containing substrate

15 which the microorganism is able to catabolise. Where the
test substrate is a small hydrocarbon molecule, *similar
substrates” to be avoided in the nutrient medium are other
small hydrocarbon (including carbohydrate) molecules, such
as glucose and acetate.

20 The test substrate may be fed into the vessel as part
of the nutrient medium or separately to the nutrient
medium. For better control, these fluids can be fed into
the vessel independently.

The initial flow rate at which the nutrient medium

25 and test substrate are fed into the vessel, or hydraulic
retention time, 1s chosen by reference to factors such as
the starting population of microorganisms, the nutrient
medium, the temperature of the vessel and the fluid, the
pPH of the fluid, and the stage of enrichment, and the

30 wvessel volume. Hydraulic retention time is a measure of
the length of time that ligquid remains in the vessel. Tt
equals V/Q (V = vessel volume, Q = flow rate). Typically
the initial hydraulic retention time will be relatively
long in order to establish a steady state within the

35 wvessel. During feeding of the fluid into the vessel,
thgre is also an outflow (or overflow) of fluid exiting



medi um may be that set out in the Exanples below The 30 nutrient nedium
may contain a trace anount of the simlar substrate provided that the
anount does not interfere with the detection of the enrichnment process.
The amount of the simlar substrate nust be such that it does not
interfere with detection of the enrichnent process. 35 ldeally, the
nutrient nediumcontains no simlar substrates. For exanple, where the
test substrate is an organic carbon-contalnigg_test substrate the nutrient
- 14 nedi um cont ai ns substantially no organ carbon-containing material.

There is al so thg gosm bi %/ that, the test ,substrate could be used as the
sol e source of amBth&F 5% tr BRE BiMerthehdrd Wdah Bed e A nekhepVeSEPLr ogen or

5 sul phur. In thresmgase ¢wesnantogen or sul phur would need to be
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hydr ocar bon (i nctd % taﬂf’d "5159391WDP§CGP§§ thgchluas grutBeevamgel or.
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these fluids can be fed 1Int e Ves epe t
rate at which t e itenttakem @R the output produced without direction

or human involvement. The reading may be taken in the
vesgsel itself or in a conduit through which contents of

15 the vessel may flow.

The signal may be produced by a probe positioned to
take readings from the contents of the vessel.

The purpose of this arrangement is to enable signal
readings to be taken without removal of fluid from the

20 apparatus, including the vessel and any associated
conduits. Monitoring the level of a metabolism indicator -
on-line alleviates the need for off~line analyses in order
to monitor enrichment and therefore facilitates the real-
time determination of enrichment.

25 As used herein, “real-time” means that the output of
the level of the metabolism indicator is provided fast
enough to enable the status of the microbial culture in
response to a change in conditions to be determined, and
intervention to occur if necessary. An example of

30 intervention providéd by real-time monitoring is that
which prevents the loss of a microbial population in
response to a change in the conditions of the population
that does not enable metabolism of the test substrate by a
microorganism in the population. The freguency required

35 to provide the output of the level of the metabolism
indicator will depend upon the status of the enrichment
process and the growth rate of the microorganism being



25 and test substrate are fed into the vessel, or hydraulic retention
time, is chosen by reference to factors such as the starting popul ati on of
m croorgani snms, the nutrient medium the tenperature of the vessel and the
fluid, the pHof the fluid, and the stage of enrichnent, and the 30 vessel
vol ume. Hydraulic retention tinme is a neasure of the length of tine that
liquid remains in the vessel. It equals VVQ (V = vessel volune, Q= fl ow
rate). Typically the initial hydraulic retepgion tine will be relatively
long in order to establish a steady state within the 35 vessel. During

f eedi f the f t ' I3
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of the vessel, and i.s el ectronical I% conv ted I nto the output. neral |y

this means that PRECSTYHA PEOVHER Colisutt eﬁ’re(;dﬁ’d—cedﬂ'\ﬁl fRSaPolism
direction or hukedidpvet viesrerible The lclseeazdzimg:dmyi loey -tlaken and hl@@d yessel

itself or in a éet&m% proIg Sontent s %5 1R Enh%a\f)eo sel, may flow

The si gnal be roduced 05| tione KE T eadi ngs fromthe
contents of “the ¥& LoXhe Wt@bﬂiﬂéﬁgéﬁ@ﬁﬂﬁt@molélﬁaﬁllélgfignal

readi ngs to be t@é(émei/ng hoitials @l bdindg bidind threm the 112@ anpar at B@obe

including the ve o%rﬁnyca%%%'ﬁo%%w”%‘é% SnatRNitoning the |evel of a
net aboli smindi ca
nltrate, fumarate and iron. These molecules act as

terminal electron acceptors in the metabolism and the'
15 level of their presence in solution can be detected by a
Probe. ,
According to one embodiment, the oxygen uptake rate
(OUR) of the microbial culture may be used as the
metabolism indicator, particularly for the identification
20 of aerobes. This can be determined by adding oxygen to the
culture followed by the determination of a change in the .
oxygen level after a specific time period. The QOUR gives.
a real-time measure of both substrate utilisation and
growth of the population. By using this value to calculate
25 the bioclogical oxygen demand (BOD) of the test substrate
in the fluid fed into the vessel, the level of substrate
utilised can be determined. 7This is described further
below in the examples.
Similar calculations can be used for any other
30 metabolism indicator and signal or probe combination. For
example, in the situation where the microbe ig an anaerobe
and does not use oxygen to respire during metabolism of
the target molecule, but instead uses nitrate ag the
terminal electron acceptor, a nitrate probe can be used to
35 monitor levels of nitrate.
The method of the invention may further comprise
subjecting the microorganism population to a mutagen. As



on-line alleviates the need for off-line analyses in order to nonitor
enrichnment and therefore facilitates the real- tinme determ nation of
enrichment. 25 As used herein, "real-tinme" neans that the output of the
| evel of the netabolismindicator is provided fast enough to enable the
status of the mcrobial culture in response to a change in conditions to
be determ ned, and intervention to occur if necessary. An exanple of 30
i ntervention provided by real -tine nonitorin€7i§ that which prevents the
| oss of a mcrobial population in response To a change in the conditions

of the popul ation at does not .enabl e netaboli est substrate by
a nlcroorganlsn¥$?ét ?ﬁﬂﬂﬂ@ﬂﬂqﬁ?gefhésfF@qﬁgﬁg Wgaﬁﬁréadgge?o p%%
t he out put of thenlth@ﬂphﬁndﬂypaﬂgﬁaboMusupowgdnaamorAmpbksdapehdlh@®nlmhe

status of the enghg&hmant,; pr qyeesﬁ%amqyt sy et Bekakﬁlﬂfe gh nILghPer gani sm

being - 16 enriched. The output of the_ |eyel met abol i sm i ndjcator

shoul d be updat 83 Fer iT9s %ﬁaﬂ@éeman&%ﬂ@@l&ﬁtl m&%geﬁn@r 8t BB Gt oAb
10 mi nutes ob Iebsghﬁrhaﬁmtaalbm\;iesman@dmca)tfomnam he apny hndinagtbe wfedb

retabolism for exambs. g, mleeule SansutRd 9UL ng, BELAROL! sEksbeD s,

oxygen, or a nolecul e uce met abolTsm pro
of the metabol i sHeR cﬂezt&ﬂowegflallgl éheo s irbatt m@aOQﬁgﬁnmémaﬁ@dﬁ@éd to

provi de an out pténz@fmet he Jienel, 0% themmpt %@oagamawohndﬁcah@ren@s@rﬂmes of

t abol di t Jdenti f b f t ored
on-11ne w th a BTSBEC ARG G, Goh/ CaFBoH Oy oxhB0S EFBORGY cooSUPBRALL,

sul phur, nﬂﬂrauaﬂﬂﬁum&ﬁhtW'am@ peowonThesadlrdl éoutbs act asiberstaadard

el ectron acceptQﬁgﬂd%ﬂayggm%%qbggbgg&aggsthe 15 level of their presence in
solution can be detected by a_ probe. "Accordi ng to_one enbodi nent,  the
oxygen uptake rate For example, where the enriched microorganism is a

bacteria, a sample of the enriched culture may be plated
onto solid nutrient medium which containg the test

i5 substrate, and the plate incubated under the conditions
which enable enriched bacteria to metabolise the test
substrate. Individual colonies formed by the enriched
bacteria can then be isolated, and subjected to further
characterisation steps if required.

20 Methods of isolating enzymes from microorganisms are
known in the art. The method used will depend upon the
source of the enzyme, the enzyme to be isolated, and the
purity in which the enzyme is required to be isolated.

A typical method of isolating an enzgyme would

25  include:

1) Preparation of crude extract, such as by cell
lysis or membrane golubilisation:

2) An opticnal step of removal of nucleic acids,
and/or ribosomes;

30 3} Precipitation with a precipitating agent such as
(NH4) 2804 ;

4) Purification, usually by chromatography such as
one or more of affinity, gel filtration, ion-exchange, and
hydroxyapatite chromatography; and

35 5) Removal of salt from the enzyme,'for example by

filtration.



(OUR) of the mcrobial culture may be used as the netabolismindicator,
particularly for the identification 20 of aerobes. This can be determ ned
by addi ng oxygen to the <culture followed by the determ nati on of a change
in the oxygen level after a specific tine period. The OUR gives. a

real -time nmeasure of both substrate utilisation and growth of the

popul ation. By using this value to cal culate 25 the biol ogi cal oxygen
demand (BOD) of the test substrate in the fhgld fed into the vessel, the
| evel of substrate wutilised can be det erm néd. This is described further

bel ow i n t he exanpl es gl m,| ar _cal cul ons can l}?%ﬁsefg for, any other 30
met abol i sm i ndi cat or and-signaF® ot oo % rfbi At ASOlRLARS 82 in the
situation where EREYREcEobE &smaerereenwben, avdl ddesviidt hys encbeygerotio
respire during mehabohh§MbeherhEhEEIOLn M eﬁ&“t@qe byt 'J&%&% U%%%d“' trate

as the termnal elecftron acceptor, a nitrate probe can be use

nmonitor levels of nitl8FES TRk ‘Pﬁf‘?%ﬂl%@f qwq%ﬁ%t}}%ﬁ%y%ﬁ:ﬁéhn&%ﬁﬁ se
subj ecting tHe neopdoygdnisnppopinatiion imyentmimgerce Avactite uged herein,

a nmutagen is an @gﬁ%nwbﬁg}'ﬂgwﬁﬁ%@%e ar}@P %1@%1%&”%?% e . of Fg known

mi croorgani sm A person skiTled in e rea
det ernine a sui t WbFRINpERQgRRL . f oTu@K drsthoniaiusre mrsalvearhlt és@@wnortoaﬁhe

ultra-violet 5 | sghllwt@oﬂcwv%d&w& 1af1140 éi@ltaﬁrfle@ ik @h@aill%rle&ﬁge
The met hod of th§ Lnventi on_ M fur her COT%I‘I S step.o scovering
the enriched m cFoor gaii sm andror cggifé‘}{ﬁlFeiBéF§eff&°|1§8Vatl on of
the enriched? nmiBeooeyanianemd/of mﬁnaﬁu\& Seepariplbgyreadel y 10
per formed by th@ﬁ@]{@%@é@ | 1dh 40 td"t%l &%ﬂg} standakd S%gggggol ogi cal
t echni ques. For cﬁa? e, whe({ he enrl che m croQrganismis _a bacteria,
a sanple of the it %%@d %ﬁﬂ Qﬂ glcal edia, Atlas; Biology

of Microorganisms, Brock Madlgan, Martinkoe and Parker;

Methods for General and Molecular Bacteriology, Gerhardt,

15 Murray, Wood, Krieg, editors.

The invention will now be described by way of the
following non-limiting examples and drawings. Although any
materials and methods. similar or egquivalent to those
described herein can be used to practice or test the

20 invention, the preferred materials and methods are now

described.

EXAMPLES
Figures 1 and 2 illustrate an example of the

25 eapparatus upon which the method of the present invention
can be performed when the metabolism indicator is oxvgen.
Variations on the device for other metabolism indicators
are set out in following Examples. The apparatus
comprises a vessel or bioreactor 1 with an oxygen (air)

30 injection means 2 and a dissolved oxygen measuring probe
3. The vessel is alsc associated with a temperatﬁre
control meansg, including a temperature probe 4. The
vessel also includes a stirrer 5 for stirring the contents
of the vessel.

?5 Fluid is fed inﬁo the vesgsel through inlet 6. The
embodiment illustrated contains one inlet for feeding a
combination of nutrient medium and test substrate, however



onto solid nutrient nmediumwhich contains the test 15 substrate, and the
pl at e i ncubat ed under the conditions which enable enriched bacteria to.
net abol i se the test substrate. |ndividual colonies forned by the enriched
bacteria can then be isolated, and subjected to further characterisation
steps if required. 20 Methods of isolating enzynes from m croorgani sns are
known in the art. The nethod used will depend upon the source of the
enzyne, the enzyne to be isolated, and the . pwity in which the enzyne is
required to be isolated. A typical method of 1solating an enzyne would 25

i nclude: 1) Prepagabion Of: or [ , c .gell ySi r
menbr ane sol ubi | i sﬁ%i on; ZﬁﬁlA%&gpﬁﬁgﬁhs?g oFaglé%é%éﬁdOf %uﬁ?@?éyaci ds,

and/ or ri bosones: "SI @ dddvskraler) acpreeppit AlPugofgEheid Uit as

(}\'H“]Z]?.SO.‘“ 4) P:Jrgf_fei Cetel s, Vti_%uahﬂl)étﬁﬁ.Ch@Eéaﬁﬁﬁ%laghMe§H§Hi%§ 19N He DL

of affinity, ge r n, .i an-exchange,. an roxyapatite

chr omat ogr aphy: andd %gﬁ?}ﬂﬁ&%\z}nﬁizg glégPlzf’r%ﬁHh%ngn?yFrg?tf%lﬂb%%e by

filtration. -°18SUFRly Weldndadganpbe shownhethoenabléesthat cogrmoil wefhzyne

froma nicroor ganaamo @ tHe Wikl £Rg:4Bdesstopde £haY, ALY, OLher (TR %%el
n, the

known in the art qo%kgrgﬁous&gﬁ, erernot 0 hergnse gescr?bed ,er%!i
techni ques 5 enpl oyddido¥uttithg the” PRYERE| BFOT nElde praetekevip o luld
conventi onal m crooivileitogi-cal and chenical techniques known within the art,
oxpl ai ned 1 nthe | Lt eraryrrhetls! BireRgL CMbIRIET me S & it e

Bact eri ol ogyl,(B 1OSBBP§é’yO§ REAGarn8f 2 Bed bk i orat tve Gacteri odbgy Fhahe

vessel. Two inlets, are each for acid.and base, can
alternatively be used. The pH of the fluid in the vessel
is measured by a pH probe 9.

Further components of the apparatus illustrated

15' include electronics plugs 13 and a sample line/drain 14,

The apparatus may be provided as a unit 10 containing
the elements described above, together with a control unit
11. The control unit 11 is under the control of a
computer 12, which includes a monitor and a keyboard. The

20 computer is programmed to provide a graphical user
interface with the control program which allows the user
to control the parameters described in the Exampleg that
follow. The computer interacts with the control unit so

. that they together operate to control the supply mechanism

25 to control the supply of fluids into the vessel in
rgsponse to the probe signal.

The apparatus illustrated provides a series of visual
cutputs. This output shows the settings entered by the
user for defining the pH, temperature, aeration level,

30 .upper and lower limits of the probe signal range (measured
in this case in terms of the level of oxygen, measured in
mg 17), the initial flow rate of inlet fluid, the flow
increment (positive value represents increase), and the
predetermined time period (which can be set ag a number of

35  vessel volunmes).



Prokaryotes,, Starr, Stolp, Truper, Balows, Schlegel, editors; Handbook of
M crobi ol ogi cal Media, Atlas; Biology of Mcroorganisns, Brock, Madigan,
Marti nko and Parker; Methods for General and Ml ecul ar Bact eri ol ogy,
Gerhardt, 15 Murray, Wod, Krieg, editors. The invention will now be

descri bed by way of the followng non-limting exanples and draw ngs.

Al t hough any nmaterials and nethods simlar or equivalent to those

descri bed herein can be used to practice or-tgst-the 20 invention, the
preferred materials and nethods are now described. EXAI\/PLES Figures 1 and

2 illustrate an exarrplz&;eofsélk}@erg@aqu%r @t«v'ﬂ!%cﬂgant%h%ﬁho&@ fo&é’foé he

|sm| IC&

present inventio an performed wh he neta
oxygen. Variati glr%r%on ?'Lse “@ﬁﬁgr theeabollumtrabeéatwis: are set

out in follow ng %t:a?mﬂSés :LnThhmmr &t s tooprises a vessel or bioreactor 1
with an oxygen (air) 3Q ify S a so ved 9 y en neasuring
C%gnl%lngﬂg %g?ﬁij%“t%np‘é REUFR © %ol means,

probe 3. The.vessel |s al so _associ ate
i ncl uding a t 2np&PREGAE VST dd 14 beTellyaderstped tactides @kJsllecietm EHeor

stirring the contredesanef athe,vessehe 35qit Ubd tﬁefﬁgnéﬁi&léf%é’&ﬁsﬁtl on
ng

through inlet 6. B%ld%&b illustrated contains one inlet for
a conbi nati on o nutri en?lg'rngl um and test substrate, however - 19

separate inlets for eﬁEhtﬁtﬁyfl@élpwevgdenammlwpphrylemc@tﬂmmdmot
illustrated) conspebsribaw efief hwcgzéﬂéomeciﬂﬁn &'wa@,aﬁ C{Qf%he

supply mechapy Sm(bﬁ connect eg to a nutrient med um su ané3 "bst
substrate 5 supply wetf Parss st OEE W’n‘?dtjdl etr’fgbl%ufﬂﬁé &ﬁﬂﬁm off P@@@ndlx
ratio of. the tw@ fluids, and the flowrate into the vessel 1. Overflow

fluid is renoved fromthe vessel via fluid

EXAMPLE 1: CORRELATION BETWEEN OXYGEN UPTAKE RATE
(OUR) AND MICROBIAL ACTIVITY
15 To determine whether the oxygen uptake rate (OUR) is

& true reflection of the activity of a microbial
population, OQUR was compared with analytical techniques
that are typically used to evaluate microbial activity. A
100 ml shake flask culture of Pseudomonas putida F1 (ATCC

20 70007) that had been grown for 48 hours at 28°C shaking at
190 rpm, then centrifuged and resuspended in 1¢ ml of
defined medium (DM) with no carbon source added, was used
to inoculate DM that contained 1.5 or 2.0 g 1™ acetic acid
or 1.0 g 17 benzyl alcohol. After inoculation the culture

25 was sampled periodically for determination of microbial
activity by conventional analytical technigques such as
viable cell number, optical dengity (600 nm) and residual
substrate concentration. OUR was measured every 10
minutes. These conventional analyses were compared with

30 OUR measured using the method of the invention. The
experiment was repeated three timesg, twice with acetic
acid as the test substrate and once with benzyl alcochol.
The correlated results of the three experiments are shown
in Figures 3, 4 and 5.

35 From the data shown in Figures 3, 4 and 5 there ig a
clear linear correlation between OUR and both substrate
consumption and biomasg concentration regardless of



outlet 7. The apparatus further conprises an inlet 8 for the 10 supply of
acid and alkali for the control of pHin the vessel. Two inlets, are each
for acid and base, can alternatively be used. The pH of the fluid in the
vessel is neasured by a pH probe 9. Further conmponents of the apparatus
illustrated 15 include electronics plugs 13 and a sanple line/drain 14.
The apparatus may be provided as a unit 10 containing the elenents

descri bed above, together with a control unl 11. The control unit 11 is
under the control of a conputer 12, which |ncﬂudes a nonitor and a

keyboard. The 2 t dt d hi cal
L erTace with (RECROREr SRepPBBPAAT ORI L SFTOHS T (ReroCHs COHEAGR  ne

interface with the con
par anet ers descrﬁb@dCpﬁrﬁhetEmanbbeUeehablomaﬂé(nmdfﬁubsxnﬂnﬁeutuhﬂaam&ehs

with the control supiv goclbgét k?SMehQQ%i h@&?&ﬁé@icﬁle t opeont rsP ol?)%b‘ig'ppl y

nmechanism 25 to gpntrol the sup uids into t vessel response
to the probe signraF®“ffie Qﬁpﬁﬁﬁ ﬁsV?FP%sf%am §r6WEVP§e§l9m§éﬁlE§r0$r®ms®ﬁl

out puts. Thi s5 outpbtstshows ﬁhensetalng@eEﬁﬁmﬁﬁHhﬂnaﬂdNﬁsléﬁﬂuéﬂmy-deflnlng
LPe PP Lomper 2 HeBendEhR! bRGLSWEL r 20 UARRD, AN MRL I TR Scfe probe

signal range (negsure case in terns
measured in ng $UBTIOt GEOVERL i Al PR GW Fulktains GMﬁRﬁeHSQﬁmjeuhe flow

i ncr enent (p05|taWe VBl t€hERDE ESENE S Bé&%éﬁgaﬂ,Ggywiﬂ:hgrépﬁﬁggﬁghnlned tinme
Sorcon can bo SutERSIETh SRTBE DUAC RRHERST: o= RS br Uape2) nokbei ng
t hose il | ustiat edelpd hof etite | Bsyentni &t qures®eed ok BEhesmechanizcal and
pr ogr am Ic<r)]nPﬁge%@p@fléﬁ%ﬁt@ﬂwﬁ&%wﬂdm%%'ﬂe wrdenst aed 1o EhRsS
in real-time. This provides the operator with the
opportunity to rapidly refine the culture conditions ox
determine the effect on a culture of changing the many
15 parameters which can affect the enrichment of a microbial

population.
EXAMPLE 23 DEMONSTRATION OF REAL-TIME MONITORING OF A
POPULATION CHANGE
20 - To test and demonstrate the operation of the method

of the invention, a control experiment was performed which
compared the output of the method with off-line
measurements that are traditionally used to monitor
microbial activity. Techniques that are typically used

25 include measurement of the residual substrate
concentration and/or measurement of biomass concentration
(viable count and optical density). These methods were .
compared with the output of the present method to
demonstrate the utility of the method.

30 For these control experiments a steady state culture
of an Escherichia c¢oli BL21DE3 which was supplied by
Novagen (Novagen Inc., Madison, WI, USa) and was expected
to grow on glucose only was used. The culture was
established using 5 ml of an E. coli culture taken from a

35 100 ml shake flask culture which had been grown for
17 hours shaking at 200 rpm and 30°C in defined medium
with 1.0 g 1™ glucose as the carbon source. Although the



relevant arts, in the light of the functional description provided herein.
In the foll owi ng exanples, unless otherwi se specified, the nutrient nedium

used was a defined nmedium 10 (DM prepared as outlined in the first
section of Appendix 1. EXAMPLE 1: CORRELATI ON BETWEEN OXYGEN UPTAKE RATE

(OUR) AND M CROBI AL ACTIVITY 15 To determ ne whet her the oxygen uptake rate
(QUR) is atrue reflection of the activity of a mcrobial population, OUR
was conpared with anal ytical techniques thatoare typically used to

eval uate mcrobial activity. A 100 ml shake flask cul ture of Pseudononas

P S50 oo Tk Zﬁezaoggﬂtéfﬁgdr%?%esuspen |n 1§% rs atPPﬁédsﬁgg:E%

at 190 rpm then ggntrlfu
(DM with no car bon~ % sour QRﬁyWa%(?ﬁgﬁ@@@ﬁabecawbehahleontalned

1h5 or|2 0 gzl" a%é¢I@b?&icbonuldtﬂbn;ﬁbs]&@w@ykoab@ogggbléfEgruggogﬂ#gt|on
the cul ture 25 waszSisdw eterm nation of m.cr
t aﬁgﬁitlcal tgxﬁh &@@? Eﬁgﬁ ds=tetaphadceeennunber,

activity by cgnventl

optical densi qﬁh5 Bt dsrdusif asdbdmiatbakenteatkati0ur OUREWAS
measur ed every JiPseuduﬁdﬂas E&Q&@acgnv%gglgaagdana&x e red mnth
30 OUR reasured ygjq QN&QF é the .l nventi on. % B mguerlﬁgp Wakture
repeated three tines, 8FcEorcild BsUtRe vesh %h@hlm@t@tamﬁo

once with benzylIgmboﬁ@ldefTh@dcmEdehmt@dthe$ubt§ of @h@cégée@gegm§ré5@ggﬁ

h F d F F
and 5 there 1y eoechanr Loosat %F?éﬁa??%%e?@éﬁf%%b““n%f?%o%ﬁ“%f%sre e

and 5 there } Iear Ei
consunption and b|o§3§§ 88 BREL ORI bATFEYarafewss ofxpdct ehethayrdieon

substrate is acebﬁ@zﬁéldloohbénayﬁ/ﬁfC@b@&oseTheTﬁ@r@@ﬁa%éé”b*ﬁgaﬁgﬁlto
bi omass and substhah§eUbk! LSALLOD: of the increased microbial activity
after the addition of p. putida.

15 2.1 Growth of E. coli and P. putida on and in the
prasence of glucose and benzyl alcohol in
defined medium in batch culture

The success of this control experiment was dependent
upon the ability of E. coli to grow on glucose in DM and
20 grow in DM in the presence of benzyl alcohol (i.e. benzyl
- alcohol is not toxic to E. coli). Also of kef‘importance
was the inability of E. coli to grow on benzyl alcohol.
Similarly, it was important to demonstrate growth of
P. putida on benzyl alcohol. Although P. putida is well
25 known for its ability to grow on a wide range of aromatic
substrates (Wackett, & Hershberger, 2001), growtﬁ on
benzyl alcohol hag not been reported. The ability of each
of the two strains to grow under the conditions used in
the method is shown in Table 1. The optical density at
30 inoculation was calculated (based upon the optical density
on the inocula) ag 0.021 (E. coli) and 0.026 (P. putida) .
The cultures were incubated shaking at 200 rpm and 30°C.
The optical density was measured at 600 nm after
incubation for 23.5 and 75 hours.
35
Table 1: Growth of E. coli ang P. putida on glucose and
benzyl alcohol in batch culture,



shows a clear exponential correlation. This is probably because the yield

value (Y.,,; granms of biomass per gramof 5 substrate) is not a true
constant and is actually dependent on growmh rate which is changing
constantly during growh in batch culture (Mandel stamet al., Biochemstry

of Bacterial Gowh. 3rd Edition, Blackwell Scientific Publications,
Oxford, UK, 1982). The 10 nethod of the invention can therefore be used as
a superior alternative to nonitor the status of enrichnment in real-tinme.
This provides the operator with the opportunity to rapidly refine the
culture conditions or determne the e‘r'ref?t on.a _culture of—Thangimgthe
many 15 paraneters which can affect the e rM9GHMERt of a microbial

popul ati on. EXA@E; . oDEMONSTRATI ON OF REQpLIkME NMeNSTOR NG 650Anm
POPULATI ON CHAN 6" T8 t'esE and dermonstr atee t.hg soper. gty gﬁ Qf,,1.he method
of the invention, a control experinent was performed whic conpared the
output of the method with off-l1ine neasur®TERESiIPRAt are traditionally
used to nonitor _mcrobial agkh¥iAy. Techni qugs i are typic . 4sed 25
i ncl ude neasur efBHECBE the re idyat5 subst r at e9 c%ﬁ%géntrati onbé%%%gé
measur ement of bDOﬂIH§51'épnCe%?F8#P n_(viabl® dbunt an@ optizal5densityy.
These methods were conpar ed (i @hgt hé) out puto@fs t henpresent,gethod £o, -«
denonstrate the uEi I i&%cﬁ()f t he met hod. 30 For_ these tontroi experiments—a

steady state cul'Ptr@d an ESEnaffeRi a col§- BLO1DEB: @i ch ha&>Guppld i @6 by
No No I nc., Madi ISA d
vagen (Novagen Inc ISQ(F %ﬂﬁg ) an@ﬁ%s eﬁ?ﬁﬁé ; 5(5 ?ﬁ%?wa(ﬁ-nléff

gl ucose only was used. The culfure s esta she

coli culture taken froma 35-100 m shake fd ask culd use; whighy had be
grown for 17 hours shaking at 200 rpm and 30C i n defined medi um vvit}?ﬂBlB.O g

1-' glucose as ¥Ple &%#¥bn source. Al though @.He7  0.024  0.021  0.417

From the data shown in Table 1 it ig clear that
E. coll can grow on glucose in DM and cannot grow on
benzyl alcohol in DM, but will grow in the presence of
5 1.0 g 17 benzyl alcohol. It is important that E. coli is
able to tolerate benzyl alcohol as this will be present in
the feed fluid for the entire experiment. Tt was
establised that P. putida was able to grow in DM
containing both glucose and benzyvl alcohol.

i

10

2.2 Meésurement of a characterised population shift
using the method of the invention

DM was inoculated with E. coli to give a starting

optical density (measured at 600 nm) of 0.06 and then

15 operated in batch mode for 19 hours during which time the
BOD increased to approximately 200 mg 1™. The BOD then
declined rapidly indicating that the glucose in the medium
was exhausted. When the fresh medium was pumped into the
vessel the BOD increased again, peaking at just over

20 200 mg 17 before stabilising at ~185 mg 1. Based on the
calculated BOD for a feed fluid containing 0.5 g 17
glucose the BOD was expected to be 178 mg 17 (see
calculation below).

25



22 feed contained anot her substrate (benzyl alcohol), no growth on this
substrate was expected because this mcrobial population was known to be
unabl e to use this carbon source for growh. Wen steady state had been 5
establi shed, 10 nL of a 100nL shake flask culture of Pseudonbnas putida F
was added. The P. putida F1 culture had been grown at 30C for 17 hours,
with shaking at 200 rpm in defined nediumwith 1.0 g 1' glucose as the
carbon source. The P. putida F1 was supplied;by_the American Type 10
Culture Collection (ATCC) and was expected to grow on benzyl

al cohol " and/ or gl ucosg.iathe : t a result .of the
i ncreased m crobi al activityGHEfggél?%EEg% I iéﬁ]éﬁgﬂ¥32£§W%ﬁg %é?%f#%n'
Gowh of E. coli and P. putida on and in the presence of glucose and
benzyl al cohol in defined nediumirchgoch ayl t urg, The success of this
control experinent was dependent upon the ability of E coli to grow on
glucose in DM.and 20 grow in DMin the presence of benzyl alcohol (i.e.
benzyl al cohoP is not toxic to E. coli). Also®f key inportance was the
inability of E, coli to grow on benzyl alcohol. Simlarly, it was
important to denonstrate growth of _P. puti on. _benzyl al cohol. Although
P. putida is well 25 known for itgﬁ%ﬁﬁthégad SFQbeﬁﬁhomjde range of
aromatic substrates (Wackett, & Hershberger, 2001), growth on benzyl

al cohol has not been reported. The abiligxﬁgff%Q%h of the two strains to
gr ow under tf@ conditions used in the net 05 i'S shown in Table 1. The
optical density at 30 inocul ation was cal cul ated (based upon the optical
density on the irfouwl@teaexdddRionEofcal npland 1028 £Equpretd@)mol THe o.
cul tures were incubated shaking at 200 rpm and 30C." 'The optical density’

was measured at 600 nm after incubation for 23.5 and 75 hours.
Convert from moles to grams:

15 _ 180.2 grams of CH,0, requires 32 x 6 grams O,
180.2 g of CH,0, requires 192 g of O,

Concentration of glucose in the feed = 0.5 g 17,
20 therefore:

0.5 g of CH,0, reguires 0.53 g of O,

Therefore the Chemical Oxygen Demand {COD) «

25
COD = 530 mg 17
The BOD is assumed to be one third of the COD:
30 BOD = 178 mg 17

The correction factor for conversion of COD to BOD
was determined experimentally using acetate as the carbon
source. The BOD of a known concentration of acetate was

35 determined experimentally and compared to the calculated
COD for the same concentration of acetate and the
difference was found to be three-fold. Tt is assumed that



35 Table 1: Gowh of E. coli and P. putida on glucose and benzyl al cohol
in batch culture. - 23 - Organism Carbon source (Optical density at 600 nm
after 23.5 and 75 hours incubation) ducose Benzyl E. coli P. putida (0.1
g 1-1) alcohol 23.5 75 23.5 75 (1.0 g 1-1) hours hours hours hours Not
added Not added 0.026 0.027 0.050 0.046 + Not added 0.116 0.102 0.170
0.138 + + 0.102 0.097 0.042 0.353 Not added + 0.027 0.024 0.021 0.417

Fromthe data shown in Table 1 it is clear that _E coli can grow on
glucose in DM and cannot grow on benzyl alcohol in DM but will growin

9 bl | t that I
e presence of 5ije Os&nel &Iﬁﬁ%}z%s rf‘hﬁg%xi lcabe%% hggﬁ{ %an tﬁ%n?‘ée‘EIg]?I LI hs

able to tolerate ben[% al c
for the entire expé&t J?/Péht biqqegpadatds &b’lhsé‘«éf@tteﬁat P. putlda was able to

g][ ow i R DMV tcont ai ni ngvl’m)tatttgjaacm AR @qriéylltlgrl g@@ggrf ggﬁg ghQ/Eafur erreDR/lt
of a characteris usin 0 e I nvention
e:%}&%& (ﬂbfg% ?’tstcﬁateosf*?cﬁp BeRrsFEgUpteasur ed

was i nocul at ed
at 600 nn) of 0. G@Séﬁd-”atqiéw o5 Gﬂ.f@’@}ﬂlé(ﬂ-uﬂfﬁ batchgrodedf pespOrholss i img

which time the 3@@&hﬂﬁﬁﬂﬁ§%§)%%J%R%&%?bga%ﬁk¥g§0ﬁ£8%%éF}OnTQEd BOD then

decl i ned rapi dIy I,ndi t hat. the glucose 1n°t m %as exhaust ed.
When the fresh nedi SF St §PPRe theBienat e pEpeR e bhwediagaia,

peaki ng at just G\ﬁ@lct@@ 2&@5 el sibbetrace sbabehtsaPPodt wad8belrk {ydi Based
on the the biomass concentration was also low and similarly the
10 background respiration was low. Background respiration can
be determined after the culture has reached steady state.
The feed fluid flow is reduced to 0 ml h™ and a rapid
decrease in BOD igs observed. Despite the absence of any
readlly degradable carbon the BOD is usually greater than
15 zero. After a period of stabilisation tbé BOD will-attain
a steady value which is an indication of the kackground
respiration.
" Based on the BOD it was clear that steady state had
been attained (it is generally assumed that steady state
20  has been established after turnover of at least three
vessel volumes which, in this example would occur after
37.5 hours). After 125.7 hours (egquivalent to 10 vegsel
.vqlumes) of continuous operation, P. putida was added to
the culture. Tnitially, there was no change in the BOD so
25 to ensure P. putida was not being washed out of the vesgel
the feed flow rate was reduced from 60 ml h™ to 30 ml h™.
The BOD increased slowly indicating that degradation of
benzyl alcohol was beginning to occur. This observation
was confirmed by measuring the residual benzyl alcchol in
30 the culture supernatant, which had started to decrease. As
the P. putida population developed the BOD increased,
peaking initially at nearly 1400 mg 17 before declining to
1050 mg 17 after which a second peak in the BOD was
observed. The reason for the oscillation in the BOD is not
35 clear although before reaching steady state microbial
populations can demonstrate oscillations as the system
equilibrates. After the second BOD peak, the BOD



calculated BOD for a feed fluid containing 0.5 g 1-1 glucose the BOD was
expected to be 178 ng 1-1 (see calculation below). 25 24 Bal ance the
stoichionetry of the followi ng equation; C6H1206 + 02 002 + HRO 5 i.e.
C6H1206 + 602 6002 + 6H20 Therefore: 10 Conpl ete oxidation of 1 nol of
C6H1206 requires 6 nol of O- Convert fromnoles to grans: 15 180.2 grans
of C5H1206 requires 32 x 6 grans O 2 180.2 g of C6H1206 requires 192 g of
02 Concentration of glucose in the feed = Q 359_1-1, 20 therefore: 0.5 ¢
of C6H3206 requires 0.53 g of 02 Therefore the Chem cal Oxygen Denand
(COD): 25 COD =g%3Biny 1.7Th I S--as 0 one third t COD:
30 BOD = 178 ny %—1 Theségt?gcgpgﬁrkgc%grﬁggggé%ﬁ%gﬁgﬁ6%q%Cﬁﬁﬁb&#%)%%5 fwas
det er mi ned exper i-ffSht SPRFRLRIRG BeBtdt s aslytrse @b - Sauride befmylBOD of a
known concentr at rdnobblacetat eavasl 3bidetiesrdawied experinental ly and
conpared to the calculated COD for the same concentration of acetate and
the difference was found to be three-fold. It is assuned that - 25 the
same conversion fact oPedamcise thsegtbérhaomahye of folhowiygbeadegiadabl e
substrates. The actual BOD was slightly higher than the

CHO + 0, » CO, + H,0
10
2CH0 + 170, + 14C0O, + 8H,O
Therefore:
15 Complete oxidation of 2 mol of CHO reguires 17 mol of 0,
Convert from moles to grams:

108.1 x 2 grams of CH,0 requires 32 x 17 gramg 0,

20
216.2 g of CHO requires 544 g of O,
Concentration of benzyl alcchol in the feed = 1.0 g 17,
therefore:
25
1.0 g of C7H80 requires 2.52 g of 0,
Therefore the Chemical Oxygen Demand (COD):
30 COD = 2516 mg 17

The BOD is assumed to be one third of the COD:

BOD = 839 mg 1~
35



cal cul ated BOD for the substrate due to background 5 respiration of the
cul ture. Background respiration can be attributed to maintenance energy
production and is therefore dependent upon the bionass concentration in
the reactor. As the substrate concentration was relatively low the

bi omass concentration was also low and simlarly the 10 background
respiration was | ow. Background respiration can be determ ned after the
culture has reached steady state. The feed.f4#id flowis reduced to O ni
h-* and a rapid decrease in BOD is observed. Despite the absence of any

readi |l y degradabl e gardin ¢hey L.Ly ~great er. than 15 zero fter.,a
period of stablllsaglon he BO%%%%ﬁ?n%f?%tk 3% egdy%@EFﬁgemﬂpghl @
i ndi cation of the b3GRGYHURYCOPRSprFREF T BaFet rhathBAD substas: tel aae

that steady state hkdinpeesncdtbai tied Iﬁiérctkslaqertﬁfﬁil%laeﬁas%@%H&%a%tt%ildy
state 20 has been established after turnover of at |east three vessel
vol umes which,_ in this exanple would occur after 37.5 hours). After 125.7

hour s (eqU|va?ent to 10 vessel KoPume®9 of Ichts rudus rgperati on, P. putida

was added to the culture. Initially, there was no change in the BOD so 25
the feed fl ow

to ensure P. putida “@%_”%te%?'”% ghed out of the vessel F
rate was reduced from 60 L COp§isGing R DMTRENBRPRiREr RaBed 5 cdbycose
i ndi cating that &&8grad&t god obenbgﬁzyﬂcahcmh@hsmﬁsdbegt@nan@e§@990§wr3oﬂ@|s

observation was agenfir red r dual . be | _al cohal in 30
t he culture ? at%nt wﬁ?% @%% ggggtégge f %c?@aseaf%% ? Pgl pdtd da
popul ati on d 8%88ntﬁ8 §€EWFﬁc§ea§§Her peakithgtiemt Al tiye ateawtart Wwik400

my |'" before deEI i nbhy (Arrde5a) ngalpop@iéﬁiofi\kbﬁhnfcﬁ@&%ﬁ%%@é(n getrﬂz%}he
(I

ol ear 2l though bfai o ¢ aaenins GtESA0 STare SFErohi P T goptaid oS o e
demonstrate osci FPERPHHEhEd (AsreysBbmP equitida atwsi ciAfdan dde Isecond BOD
peak, the BOD alcohol as a carbon source for growth, was then added to
' 15 the reactor (Arrow C) and the feed flow rate was reduced
to 30 m1 h™ (Arrow D). A resultant increase in BOD and
decrease in benzyl alcohol concentration were observed
(Arrow E). The residual benzyl alcohol concentration was
estimated using gas chromatography. At the same time that
20  the BOD stabilised the measured residual benzyl alcohol
concentration was zero. Interestingly, with a feed flow
rate of 30 ml h™ steady state was expected to be attained
after 75 hours. However, based on the BOD, steady state
that was not achieved until 94 hours after the feed flow
25 rate was reduced from 60 ml h™ to 30 ml h*. From this
observation the microbial discovery process will be
improved by waiting at least four vessel volumes before
assuming a microbial population has reached steady state.
During the course of the experiment the biomass
30 concentration was also monitored as was the number of
benzyl alcohol-degrading microorganisms in the population
(Figure 7). Viable cell numbers were estimated by plating
gsamples of the culture (diluted in DM with no added carbon
source) on to solid DM containing either 1.0 g 17 glucose
35 or 1.0 g 17 benzyl alcohol. The optical density of the
culture was measured at 600 nm: samples were diluted in
water if the optical density was greater than 0.4. After



- 26 stabilised at 1040 ng 1-1 which was the expected BOD for a feed
containing 0.5 g 1-1 glucose and 1.0 g 1-1 benzyl alcohol (see calculation
bel ow). 5 Bal ance the stoichionmetry of follow ng equation: C7/HaO + 02 CO2
+ HROi.e. 10 2C7H8O + 1702 14CQ2 + 8H20 Therefore: 15 Conplete
oxidation of 2 nol of C7/H8O requires 17 nol of 02 Convert fromnoles to
granms: 108.1 x 2 grans of C/H8O requires 32 x 17 grans 02 20 216.2 g of
C, H8O requires 544 g of 02 Concentration of denzyl alcohol in the feed =
1.0 g 1-1, therefore: 25 1.0 g of C7/H80 requires 2.52 g of 02 Therefore
the Cheni cal Oxygemeder@ithf &P)the 32CP0r=wd2LO &Y | s assuned
to be one third olgo &fat%w: gCD = 839€?§ 1.‘.’" ?51%7 Cg&t Eg‘%FgggAzbngai ns
both 0.5 g 1' glucose and: 1°0 Y FOOrBeAsPF YPdshoFortpeerét vae puituvhen
both substrate ar® Heidpuserbwycd Hormgepebhalvapopkabi@Bhka . the FEaLHQr :
5 BOD = 839 + 178is 0kl g’ f si.stin DM contaiping 0.5 ¢
1‘%b§eenz®e%lc§ﬁgﬁﬁ§\gsgg eé ?ﬁg%oﬁ VEYEEF B¥*30C and

1-' gl ucose nd g{1)]_,.(:)0 t%}
pH 7. The feed fIOWTAl’e ¥Rt Ghfn @& 60 Rhenreacheri1dashownB) n Figure 6,
after inocul ati oFssfulttieentr dactraasel th obtieali aéALL oW, Atneac Ol @ldon of ¢

M croorgani sms WhiiGlhie ceils and the number of cells that could grow on
benzyl alcohol, was observed (Arrow C). The observed
increase in biomass concentration (Figure 7) correlated

10 with the increase in BOD shown in Pigure 6. The E. coli
population growing on glucose and at steady state
contained 2.52 x 10° cfu (colony forming units) ml™ of
culture, none of which could grow on benzyl alcohol. The
inability of the E. coli population to grow on benzyl

15  alcohol was confirmed by plating undiluted culture onto
defined medium with benzyl alcohol as the only carbon
source. Immediately after addition of P. putida to the
culture the number of microorganisms growing on benzyl
alcohol increased to 4.47 x 10° cfu ml™. In parallel with

20  the increase in the BOD, the number of microcrganisms in
the population capable of degrading benzyl alcohol
increased. As expected, the total number of benzyl
alcohol-degrading microorganisms and the optical density
of the culture increased as the BOD increased and the

25  benzyl alcohol concentration decreased. When the
population approached steady state the number of benzyl
alcohol-degrading microorganisms had increased to greater
than 10" cfu ml™ (Figure 7}, an observation clearly
reflected in the BOD. These data demonstrate the utility

30  of BOD for on-line real-time monitoring of the statug of a
microbial discovery process. Unlike the BOD, both analysis
of residual benzyl alcohol concentration by gas
chromatography and off-line measurement of biomasgs
concentration take time and do not provide an instant

35 assessment of the activity of a microbial population.

Using an experimental procedure which enabled the
development of a microbial culture growing exclugively on



could only use glucose as a carbon source for growh was established
(Arrow B). P. putida, which can use benzyl alcohol as a carbon source for
grow h, was then added to 15 the reactor (Arrow C) and the feed flowrate
was reduced to 30 mM h" (Arrow D). A resultant increase in BOD and
decrease in benzyl alcohol concentration were observed (Arrow E). The

resi dual benzyl al cohol concentration was estinmated using gas

chromat ography. At the sane tinme that 20 the BED stabilised the neasured .
resi dual benzyl al cohol concentration was zero. Interestingly, with a feed

flow rate of 30 f7 oSt eady, st S ected to be attained after 75
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15 EXAMPLE 3 USE OF BOD FOR MICROBIAL DISCOVERY

Discovery of 1-methy1-2-pfrrolidinone-utilising
microorganisms
_ Discovery of l-methyl-2-pyrrolidinone-utilising

20 microorganisms was performea ﬁsing the method of the
invention by imposing selective pressure (in this case the
ability to utilige I-methyl-2-pyrrolidinone as a sole
source of organic carbon and energy) in unison with BOD.
The method was performed in the apparatus of Figures 1 and

25 2. A population of microorganisms with the reqgquired
characteristics was readily established.

Fresh activated sludge sourced from a wastewater
treatment facility was used as the source of
microorganisms for enrichment of l-methyl-2-pyrrolidinone~

30  utilising microbes. Asg l-methyl-2-pyrrolidincne is soluble
in water it was added to the feed fluid at the 1 g/l
concentration. The enrichment process was performed at
30°C and pH 7.0 (the pH was maintained at 7.0 by the
automatic addition of a potassium hydroxide or

35 hydrochloric acid solution as the alkali and acid,
respectively). The feed flow rate was 60 ml h™.



benzyl al cohol, was observed (Arrow C). The observed increase in bionmass
concentration (Figure 7) correlated 10 with the increase in BOD shown in
Figure 6. The E. coli population growing on glucose and at steady state
contained 2.52 x 109 cfu (colony formng units) m-" of culture, none of
whi ch coul d grow on benzyl alcohol. The inability of the E. coli

popul ation to grow on benzyl 15 al cohol was confirnmed by plating undil uted

culture onto defined nmediumwi th benzyl alcohgl_as the only carbon
source. Imediately after addition of P. putida to the culture the nunber

of m croorgani sms gr ow 9.0 cofol.,j.n as 0.4.47 X 106 cfu
m . in parallel vm t %ﬁjhnceﬁ?%ea%gh (r?fl%t hh %‘:ﬁlvﬁg é ’éa Brte @
ni croorgani sms in c 1BRY GiescApabl d gsrageyr aikng5Beney| 1A) c ook
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exlperi ment al pr odmdutimuwhdohbmmﬁ@l eﬁnéhefoﬂeﬁﬂgé ta@ﬂcodr? tHLS Q.@ Eblrow;ng
cul ture grow ng gxckysi cose_an ntrqducti on of
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popul ati on change t hat
off-line data f?ﬁﬁpc’ahﬁ‘éﬁﬁﬁoﬁ%@ tarret yaare at hemehnr e ues ‘awrmlated as

0.52 h™, which corresponds to a doubling time of

i5 1.34 hours. The rapid decline in BOD (Arrow B, Figure 8)
was due to_the oxygen consumption of the microbial
population béing greater than the amount of oxygen
supplied to the culture.

After initial batch operaéion, the system was

20 operated in continuous mode (Figure 9) and the feed fluigd
was increased to a flow rate of 60 ml h™. Tt should be
noted that when the feed was started the BOD appears to be
very low. This is not a true reflection of the status of
the culture; the BOD was in fact off-scale (too high) and

25  could not be measured accurately., After the feed pump was
started a second exponential rise in BOD was observed
which could be attributed to unbalanced growth., The
culture will take a period of time to adjust to the fluid
flow rate with the usual result being a build-up of the

30 limiting nutrient that is then rapidly depleted as all
nutrients are once again in excess:. The rapid decrease in
BOD after the exponential rise signifies depletion of
excess l-methyl-2-pyrrolidinone as the system approaches
equilibrium. The BOD then stabilised at approximately

35 800 mg 17, which is the expected value from a feed
containing 1.0 g 17 l-methyl-2-pyrrolidinone (see
calculation below) :



conmpared. Conparison of the BOD with off-line analyses 5 such as optica
density, viable count and residual substrate concentration clearly
denonstrated that the changes observed in the off-line data were al so
observed in the BOD. The inverse relationship between BOD and residual
substrate concentration that was denonstrated in 10 batch culture was al so
observed in the continuous system These data denonstrate the utility of
HOD for use in real- time nonitoring of the §ffect of changes to a

m crobi al popul ation growi ng in continuous di fure. 15 EXAMPLE 3 USE OF
BOD FOR M CROBI AL DI SCOVERY Discovery of

1-met hyl - 2-pyrrolidinone-utilising mcroorganisns D scovery of

1- net hyl - 2- pyrrol i di Boheack | thesigtgic2Q ofietrgoFanhenBoVaswpes f equeeicst ng
the nethod of the invention by inposing selective pressure (in this case
the ability to utilise 1-methyl-2-pyrrolidinone as a sole source of
organi ¢ carbon and energy) in uniGBeNtt R, BOB:O, ThB,Gret REd was perforned in
t he apparatussof Figures.1l and 25 2. A popul ation of mcroorganisns with
the required characteristics was readily established. Fresh activated

sl udge sourced froma wastewater treatnent *f&ility was used as the source
of mcroorganisns for enrichment of 1-nethyl-2-pyrrolidinone 30 utilising
m crobes. As 1-nethyl -2-pyrr qld#li eshs SPl i r sht; Was added to
the feed fluid at the 1 g/l qé%%?@ﬁ?ré??bn.:¥ﬁggeﬁr?%%$%ﬁi4§?8cess was
performed at 30C and pH 7.0 (the pH was maintained at 7.0 by the

automatic addition of a potassium hydroxirderefods: hydrochloric acid
solution as the alkali and acid, respectively). The feed flow rate was 60
m h-'. 30 After_the addition of the activated sludge to a vessel the BOD
was hi gh (greateﬁk¥qﬁ%¢Q§o@xﬁgagloy_o#hé mol of CHNO, requires 27 mcl of O,

Convert from moles to grams:

15
898.13 x 4 grams of CHNO, requires 32 x 27 grams O,
396.5 g of CHNO, requires 864 g of O,

20 - Concentration of 1-methyl-2-pyrrolidinone in the Ffeed =

1 g 17", therefore:
‘{ 1 g of CHNO, requires 2.18 g of O,

25 Therefo;e the Chemical Oxygen Demand {(COD):

COD = 2180 mg 17
The BOD is assumed to be one third of the COD:
30

BOD = 726 mg 17

The calculated BCD for 1 g 17 l-methyl-
2-pyrrolidinone is legs than the measured BOD output. Once
35 again, the difference is probably due to background
respiration. As expected, when the flow of the feed fluid
wag reduced to 0 ml h™ the BOD dropped rapidly and



activated sludge had a high initial BOD because it contained residual
readi |l y bi odegradabl e carbon which was 5 gradually degraded, resulting in
t he observed gradual decline in BOD before the addition of 1-nethyl-
2-pyrrolidinone. After 2 m of 1-nethyl-2-pyrrolidinone was added to the
vessel (Arrow A; Figure 8) a rapid rise in BOD was observed indicating
exponential gromh 10 (Figure 8). This data can be used to cal cul ate Amax
(maxi num doubling tine) for the population tfiat. is growing on the
substrate. Gowh is exponential bet ween 1220 and 1460 m nutes and } amax

can therefore be SaGMALEAA%Q 57 Hop, WOLRD-G0N " €9P0005, G doubbig
gtr

time of 15 1.34 hours. The rap
due to the oxygetrdersumst |r@r$PGﬁ-’af.th@nn¥1@f9@B| ap b%o%)‘ﬂb%tﬁ%?ﬁ%eﬁm }E‘%lter
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operati on, e S erate contli nuou no re an
the feed fluid %?ﬁ%Fgﬁgéﬂ%gﬁ Qeﬁﬁgﬁﬁaa?ﬁgo?agﬁui?tﬁgﬁmg Egl§ﬁou|d be
noted that when stheddedbedy sher sedet hehBOBbapbete sBOD be noteryr Hovgalrhi s
is not a true rajdxe%eogu%fcets@eo%t e&esmeﬁhoahsfcyﬁé U et 18, BOR4as in fact

of f-scale (too hlgh and 25 coul d not be neasured accurately. After the
feed punp was ©bd 24 QéééﬁHQEXpBH@nF?éFtFV§éV?+P?K$¥%%%565%%9@%6 whi ch

coul d be attribuk&detmluﬂb@EaMQedsgaeukhofThedlguéﬁewﬁ;wwddeéakeﬁa:perlod

of time to adju thetfnl UI f'ﬁ@’a ﬁ %Bh Eh@hgs% d§ :é}%gel ng a

bui l d-up of the |n1t| Ps then ta eted as al
nutrients at@ oﬁ@@eégﬁﬁﬁtlﬁFé%é§§s9)Tgevﬁapﬁdch%®¥eh%@ﬂ¢¢t1$ﬁ19%ﬁter t he

exponenti al risenisighiihiesceapkebiomnel sugxeesse 1- ﬁ@éwéxcaxmw@lmm neie as
t he system approaches U|I|br|u stabilised
approxi mat el y 35°806°Ag2t 2 S{fifeh ?SS?%%ggkigg?E 9%1?&????&5%?% gy and
containing 1.0 g@ther mpﬁeahyhg2ppyametedsnoﬁer(smample by calculating the
BOD of & particular substrate the operator can ensure that
15 the substrate concentration in the feed does not exceed
the measurable BOD output.
After 116 hours the feed flow rate was increased to
120 m1 h™ and shortly after the 1-methyl-2~pyrrolidinone
concentration in the feed was increased to 2 g 17 (data not
20  shown). This was continued for a further 95 hours after ;
which a sample was taken for isolation of pure cultures of
the microorganisms that were present in the culture. The
sample was heavily aggregated with large flocs present and
microscopic examination revealed a culture that was
25 dominated by a non-motile rod with a low number of motile
rods also being present. The sample was plated onto solid
defined medium with l-methyl-2-pyrrolidinone as the sole
carbon source and the plates incubated at 30°C for ~40
hours. From these plates three isolates, designated 2A, 2B
30 and 2C, were purified. Based on microgcopic appearance and
colonial morphology 2A and 2C were assumed to be the same
organilsm and 2C was pursued no further.
The characteristics of the pure isolates are shown in
table 2:
35



cal cul ation below): 31 Balance the stoichiometry of the foll ow ng
equation: C5HOON + 02 CO 2 + HRO+ NH3 5 i.e. 4CSHOON + 2702 20CO 2 +
12H20 + 4NH, 10 Therefore: Conplete oxidation of 4 nol of C5HONO2 requires
27 mol of 02 Convert fromnoles to granms: 15 99.13 x 4 grans of C5HINO2
requires 32 x 27 grans 02 396.5 g of CSHONO 2 requires 864 g of 02 20
Concentration of 1-methyl-2-pyrrolidinone in the feed = 1 g 1-°,
therefore: 1 g of CSHONO2 requires 2.18 g of,02 25 Therefore the Chem cal
Oxygen Denmand (COD) COD = 2180 ng 1" The 1s assurred to be one th| rd

of the COD: Eqﬁ 1- Th al cul ated ,BOD f or g
2-pyrrolidinone 1% %s ri}ﬁé“ Sy 866 5‘&?58?00@‘1& hégaﬁﬁﬁi:ﬁ?t ﬂ%

di fference i s probaphsg h-umatmy:lbazc—lgg/rmmddi@smer degondiAg éxpeated, when the
flow of the fee ok edye to Om h-' the BODdropped rapi dly and
- 32 renuined g%(%\éétantt%?szaipprox%%ately 80 to 120 ng 1-'. This background
respiration needs—to he subtracted fraomthe neasured BOD output to give a
true indication of the BOR ,and.therefore the neasured. and. ¢ a,Tl‘, gul ated BOD
are 5 approxi mately the sane. The absol ute BOD i s not crltlc for the
success of the nevhodiaf the | Miemrbketpidor wlenablal di scaveriscobec

relative val ue 95M§§héh$5?t€” appearance morphclogy appearance
Slightly bent,
. Slightly g' Y
Mucoid Rod shape , posgibly cocci
mucoid

in chains

) Slight ,

Semi opagque . Yellow/white Non motile
motility

Off white/grey '
Short rods 1 mm diameter Cocco-bacilli

colour

2-4 mm .

o Gram negative Round colonies Gram positive

diameter

. Apparent

Slimy PP

fluorescence
Apparent
fluorescence

The ability of the pure isolates to grow on l-methyl-
2-pyrrolidinone as the sole source of carbon in liguid
culture was also evaluated (Table 3}. The cultures were
grown in 50 ml screw~éapped plastic tubes that contained

10 10 ml of defined medium and 1.0 g 1% l1-methyl-
2-pyrrolidinone. To ensure each culture wag inoculated
with a consistent number of cells, 10 ml of medium was
seeded with 100 nl of a single colony that had been
resuspended in 1 ml of DM. The cultures were incubated at

15 30°C shaking at 190 rpm. A single 10 ml culture was
harvested by centrifugation at each time point and the
supernatant kept for determination of the I-methyl-
2-pyrrolidinone concentration. The l-methyl-
2~pyrrolidinone concentrations were estimated using gas

20 chromatography



reflection of the status of a discovery process. For exanple, the large
peak in BOD at the start of the 10 experinment (Figure 9) gives a clear

i ndication of mcrobial attack of the substrate. The cal cul ated BOD can

be used as a guide to select substrate concentrations and other operating
paraneters. For exanple by calculating the BOD of a' particular substrate
the operator can ensure that 15 the substrate concentration in the feed
does not exceed the neasurabl e BOD out put. %fter 116 hours the feed fl ow
rate was increased to 120 m h ' and shortly after t he

1-nmet hyl - 2-pyrrolidinone concentration in the feed was increased to 2 g

1-' (data not 20 shown). This was continued for a further 95 hours after

whi ch a sanpl e wdgbiigken f drmesblatPenyotopidtnond tdemsddtion hey isolates
m croor gani sns t bat ;wgr egpresent in the culture. The sanple was heavily
aggregated with large flocs present and m croscopic exam nation reveal ed a
cul ture that masm25~dgnLnaLed,hv anon-notile rod with a | ow nunher of
motile rods al so being presemh51ﬁh%15aﬂﬁbehy@szpbﬁiﬁﬂl@@i@oﬁ@|ld defined
medi um wi th 1-net hyl - 2- pyrroI| t he £a carbon source and the

pl ates incubated at 30C for gh%%%ﬁr?%lEroﬁﬁghesé pl ates three isol ates,
desi gnat ed 2A, 2Bine afbepC, ﬁene ur| §d Based on mi croscopi c appearance
and col oni al notpbehogy: A and™ ssypBdate PE th§o§a€e 28r gani sm
and 2C was pursu H no furtherComheOdharacterlstlcs of the pure isolates are
shown in tabl e-2 ,
characteristics 20f the 1- netmybez pyrrolldNn@ne degradNﬁg i sol ates
designated 2A and 2B. Isolate 2A Isolate 2B Colonial M croscopic Col onial

m croscopic 48 260 ND ND
72 850 ND ND
96 870 WD ND
168 900 ND ND

a Not detected (limit of detection « 20 mg 17°).

The results show that from a large mixed population
{activated sludge) two isolates were obtained that were
10 able to use l-methyl-2-pyrrolidinone as the sole source of
carbon. Both these isolates were able to completely
degrade 1.0 ¢ 17 l-methyl-2-pyrrolidinone in batch culture
within 24 hours.
The BOD output demonstrates the usefulness of BOD as
15 & real-time monitor of the status of a culture. Any
changes to the operating conditions are reflected almost
immediately in the visual output. This enables the
operator to make changes and note the response of the
culture rapidly without the requirement for off-line
20 analyses which are time consuming and result in a delay
before the effect of a change can be assessed.
Additionally, growth on lmmethyl—z—pyriolidinone was
demonstrated without the need for development of an assay
for the substrate. This has the added benefit in that
z25 insoluble substrates (see Example 4) can be assessed which



nor phol ogy appear ance nor phol ogy appearance Slightly bent, Micoid Rod
shape slightly possibly cocci nuccid in chains Sem opaque Slight

Yel |l ow/ white Non notile notility OFf white/grey Short rods 1 nm di aneter
Cocco-bacilli colour 2-4 mmdi aneter negative Round col onies Gram positive
aneter Sliny Apparent fluorescence Apparent fluorescence 5 The ability
of the pure isolates to grow on 1-nethyl- 2-pyrrolidinone as the sole
source of carbon in liquid culture was al so ivaluated (Table 3). The
cultures were grown in 50 m screMFcapped stic tubes that contained 10

10 mM of defined neg%un1and 1.0 ﬁll-l 1-met hyl - 2-pyrrolidinone. To ensure
each cul ture wasSihoeRIl ST T A U1 HESRUSRURDEFPEESEBILRS 1V E0SHIP &

medi um was seedeadnmbt Mod OfhKEn eindd Hidigiecekenyyt hat had been
resuspended in 1 m of DM The cultures were incubated at 15 30C shaki ng at

190 rpm A singl : geul tur ?ﬁng I on at each
time point and t supernatan§$§§§fﬁﬁg$% &QE na ﬁgﬁf%ﬁgﬁﬁ% 1- et hyl -
2-pyrrolidinone concentratlon yl- 2 pyrrolidi none concentrations

were estimated USIng ogﬁy%: qRﬁQ§ﬁhytlllslng microorganismg was
performed using the method of the invention. By imposing

selective pressure (in this case the ability to utilise
dodecane as a sole source of carbon and energy) in unison

10  with monitoring the BOD output, a microbial population
with the reguired characteristics was readily established.
Ag dodecane is practically insoluble in water it was fed
into the culture using a separate peristaltic pump at a
flow rate of 0.79 ml h™. The purpose of this example was

15 to discover microbes that could potentially hydroxylate
linear hydrocarbong. This is extremely difficult to
achieve using convention chemical (non-microbial)
technigques.

Fresh actilvated sludge sourced from a wastewater

20 treatment facility was used as source of microorganisms
for discovery of dodecane-utilising microbes. The process
was conducted on the apparatus of Figures 1 and 2. The
discovery procesgs was performed at 30°C and pH 7.0 (the pH
was maintained at 7.0 by the automatic addition of a

25 potassium hydroxide or hy@rochloric acld solution). The
feed was comprised of DM that had no carbon source added
and the feed flow rate was initially 30 ml h™ and the flow
of dodecane was 0.79 ml h™. The experiment was conducted
over 137 hours then the apparatus components cleaned and

30 restarted (using the same culture) (Axrrow B) with a feed
flow rate of 60 ml h™ (the dodecane flow rate was
unchanged) . After 330 hours of operation the fluid was
sampled to enable isolation of dodecane-degrading
microorganisms {(Arrow C, Figure 10).

35 Although the BOD output was variable, clearly a
population of dodecane-degrading microorganisms had been
established. The population took somewhat longer to



34 Table 3: 1-nethyl-2-pyrrolidinone degradation by isolates 2A and 2B.
Resi dual 1-nethyl-2-pyrrolidinone concentration (ing 1'1) Tinme after

Uni nocul ated inoculation Isolate 2A Isolate 2B (h) Control 24 1000 NDa ND
48 960 ND ND 72 850 ND ND 96 870 ND ND 168 900 ND ND 5 a Not detected
(l'tmt of detection 20 ng 1'). The results show that froma |large m xed
popul ation (activated sludge) two isolates were obtained that were 10 abl e
to use 1-nmethyl -2-pyrrolidinone as the sole ggurce of carbon. Both these
isolates were able to conpletely degrade 1. g 1-'

1- net hyl - 2- pyrrolj ne.in batch culture _wt 4 hours BOD out put
denonstrates the ugeggﬁﬁgsgh%? B Seﬁﬁ?@iW%& Fﬁgﬂgﬂethe st at us
of a culture. An§Ub€haﬁgesl%MEthmﬂfﬁﬁnEMHwﬁp&mnund|(mupayusauﬁﬂeected al nost
imredi ately in th YhﬁHéLoQQtP&P tﬂ_ﬂ So@é@aeéérh%reolo(%f atQf, tv%x%%?cllty

changes and note gggonse of culture rapidly w t ot

requi rement for 8ff %%%CP%%%SW% %@%%%W% Ozfnénh’esul t-
a delay befdie dbéee&ﬁeeﬁe@fa@r@&ﬁtgﬁlmd&e HETe %880 haviddiddoaral | y,

devel opnent of an-SARbrEhfy HAAE 1E6 SRMIRONEL M Bael Bekeri ?L
that 25 insol ubl 8¥8b5EdEat eedyesse I@@Hﬁﬂ@h)awmé%@gmd iwhisghwer
growth. A combination of gradual washout and an insoluble
substrate could result in reduced degradation of the
10 substrate because the enriched population may be producing
surfactants or similar molecules that assist in
solubilising the substrate. Gradual washout would
continually reduce the concentration of any surfactant-
type molecules further decreasing the accessibility ¢f the
15 substrate resulting in a continual compounding negative
effect. In this experiment dodecane was fed into the
reactor using a perisgtaltic pump which resulted in the
variable BOD output. Syringe pumps or peristaltic pumps
can be used to feed insolﬁble substrates into the culture,
20, however a syringe pump is preferred because the product
contact components of a syringe pump are compatible with a
wide range of chemicals.
The BOD output isg significantly less than the
calculated value based on the COD of dodecane (see

25  calculation bhelow).



- 35 can be difficult to assay because a representative sanple cannot be
taken and anal ysed easily. EXAMPLE 4 DI SCOVERY OF DODECANE- UTILISING 5

M CROORGANI SM5 Di scovery of dodecane-utilising mcroorgani sms was
performed using the nmethod of the invention. By inposing selective
pressure (in this case the ability to utilise dodecane as a sole source of
carbon and energy) in unison 10 with nonitoring the BOD output, a m crobial
population wth the required characteristics-was readily established. As
dodecane is practically insoluble in water if was fed into the culture
usi ng a separate r.istaltic punp,at a flowrate of. 0.79 ml h-'.. The
purpose of this g%@ﬁﬁ%@ ﬁ&f f%ogghﬁP@%8§%r°¥¥Eﬁ?ﬂﬁﬂg%?ﬂﬁnQKﬁHQTﬁﬁﬁpéntiaIIy
hydroxyl ate |inear hydrocarbons. This is extrenely difficult to achieve
usi ng convention chem cal (non-m crahiml + d,eehabgues,oFresh activated

sl udge sourced froma wastewater 20 treatnment facility was used as source
of mcroorganisnms for discovery of dodecang-%tilising m cr obes. The
process was conducted on the apparatus of Figures 1 and 2. The discovery
process was perfornmed at 30C and pH 7.0 (the pH was naintained at 7.0 by
the automatic addition of a 25 pefalEsi tn3h9droxidde, or hHoochl oric acid
solution). The feed was conprised of DX that had no carbon source added
and the feed fl owyatsNnas itiakly h=" .an oW ., Of

was 0.79 m 5 The expefiégﬁ#hagg 8%%3%%%%3 Ogvgrﬁ§§7£%o§;%“tﬂ%ﬁgﬁﬁgge37
appar at us conponents cl eaned and 30 rest df? d°?d§ing the sane culture)
(Arrow B) with a feed flowrate of 60 mM h-' (the dodecane flow rate was
unchanged). After 330 hours of operatiofirbhemdlasdevwagrasanpl ed to enable
i sol ati on of dodecane-degrading mcroorganisnms (Arrow C, Figure 10).

170.3 x 2 grams of C_H, requires 32 x 37 grams 0,

127726

15
. 340.6 g of C,H,, requires 1184 g of O,
Agssuming the concentration of dodecane in the feed =
1 g 17, therefore:
20
1 g of C,H, requires 3.48 g of O,
Therefore the Chemical Oxygen Demand (COD):
25 COD = 3480 mg 1°
The BOD is assumed to be one third of the COD:
BOD = 1158 mg 1™
30
Actual flow rate of dodecane = 0.788 ml h™ = 0.591 g h*
Therefore the estimated dodecane concentration in feed =
0.591/60ml = 9.85 ¢g 1™
35

Expected COD = 28861 mg 17 and BOD = 9620 mg 17

This result was unexpected although it could be
explained by the insolubility of the substrate. As
40 dodecane 1s less dense than water it will tend to float to
the surface of the culture, particularly during the



35 Although the BOD output was variable, clearly a popul ation of

dodecane- degradi ng m croorgani sns had been established. The popul ati on

t ook somewhat |onger to - 36 establish than was observed with the water
solubl e substrate 1-nethyl-2-pyrrolidinone. Two possible explanations for
this observation are (i) the variability of substrate flowresulted in
gradual washout of any 5 dodecane-degradi ng popul ati on that may have becone
established and/or (ii) the insoluble naturegf the substrate reduces

m crobial attack resulting in slower growh. A conbination of gradual
washout and an i I o] S N duced .degr adati on of
the 10 subst rate&b%ggé{&lsezaet _elzjzﬁﬁ]ro% 8§ g%gﬁf‘gt%‘%\rﬁaﬁég%tb%ﬁ%gn%oppw
surfactants or sidid at%emﬂté@meéfs hefaslawsfist Mpph eb| tlbe | dedegpndigay be

substrate. G adualashashonic weultthe e08LENURL | ¥héefdugcsutbe EOHGEA rAld PO

any surfactant - p | ecul es furtiher decreasing the accessibjlity of the
15 substrate resu tiqr?grgllc%%é‘ogoﬁtfi ﬁhgl a138%éu i%‘gb?]téﬁaa?‘?v@a%fjf%ct. In this

experi ment dodlec@REeRES Piled tiontbet hécrokast opops] @iyl en perd stiadit iic: punpited

whi ch resulted i Byt hee waniabhe BOD: O4L MLy SYLA NES HUNPS or peristaltic
punps can be used to i ubl e substrates into_the culture, 20,

however a syringe punﬁtf;gggplrgg?gln%ﬁsb‘é RV réfiRIANE GhtetP I Msénent s
of a syringe punpates compathbl envithed cuitders ange Dioxdhemcalis putke BOD
dodooane (se 26 solcurat rarrbaraut SaOBISE of ik B arviry o =
t he fol | ow eqhat¥Enf vedrokaned Pagppria Bl shart @€ A2Emen3pos .
24C02 + 26H20 Cocci-shaped bacteria were also evident and a number of
motile rods were also observed. The sample was plated onto
solid DM with dodecane as the sole carbon source and the
plates were incubated at 30°C for ~48 hours. From these
15 plates four isolates, designated 1a, 1B, 1C and 1D, were
purified. Based on microscopic appearance and colonial
morphology 1A and 1D were assumed to be the same organism
and 1A was pursued no further.
The characteristics of the pure isolates are shown in
20 table 4:



Therefore, conplete oxidation of 2 nol of C32H26 requires 37 10 nmol of Q2
Convert fromnoles to grans: 170.3 x 2 granms of Cl2H26 requires 32 x 37
grans 02 15 340.6 g of Cl2H26 requires 1184 g of 02 Assum ng the
concentration of dodecane in the feed = 1 g 1-1, therefore: 20 1 g of
Cl2H26requires 3.48 g of 02 Therefore the Chem cal Oxygen Demand (COD):

25 COD = 3480 ng 1°'1 The BOD is assuned to be one third of the COD: BOD =
1158 ng 1-1 30 Actual flow rate of dodecane = 0.788 ml h-1 = 0.591 g h'1
Therefore the estimated dodecane concentration in feed = 0.591/60nl = 9. 85
g 11 35 Expected COD = 28861 ng 1-1 and-SEGD-= 9620 ng 1.1 This result was
unexpected although it could be explained by the insolubility of the
substrate. As 40 dodecane is | ess dense than water it will tend to float to

the surface of raisleU t uRloRRNbdtlabky dHE MMt opi38 neasurenent of
oxygen upt ake wger tion has stopped _and.the stirrer. has slowed. Mich
of the dodecane na?aceb%rﬁ\ﬁg%ﬁ%dogu%% %Ot%ﬁga%gé??qroav@n?hés%%g?ﬁ ed BOD may

al so be an i ndteatgTGTest 1Bhel@mitthtlDof substrate that is 5 accessible to
the m crobid&d population and that is limted by the solubility of dodecane
in water. After ZOZIhours of growh on dodecane a sanple Was taken Trom
the enriched cul turé®f’6F Fsol ati on of ptiFE ™l tures. M crostopie

exam nati on otecithig: Sanﬁl'i@cogc%i!ﬁal e(fil@aiali Microscopic Colonial Microscopic
morphology appearance morphology appearance moxrphology appearance
. Cogoo- Fried egg Long and Small uneven
Shiny . . ' Long rods
bacilli appearance short rods colonies
) Crinkly
Round Non-motile Target shaped Motile Non-motile
appearance
Off white Gram 3-6 mm Gram Off white
] Gram negative
colour negative diameter negative colouwr
Apparent
~1.5 mm Hazy/opague
. fluorescent
dlametgr appearance
halo

The ability of the pure isolates to grow on dodecane
as the sole gource of carbon in licuid culture was also
evaluated and is shown in Table 5. The cultures were grown

10 in 50 ml screw-capped plastic tubes that contained 10 ml
of defined medium and 0.75 g 17 dodecane. To ensure each:
culture was inoculated with a consistent number of cells,
10 ml of medium was inoculated with 100 ul of a single
colony that had been resuspended in 1 ml of DM. The

15 cultures were incubated at 30°C shaking at 190 rpm.
Residual dodecane was extracted by the addition of 20 ml
of hexane to a single 10 ml culture at each time point.
The tube was shaken vigorously for one minute and after
phase separation, the upper layer was kept for

20 determination of the dodecane concentration. The dodecane
concentrations were estimated using gas chromatography.



10 range of rod-shaped bacteria both short and fil anentous. Cocci-shaped
bacteria were al so evident and a nunber of notile rods were al so observed.
The sanple was plated onto solid DMw th dodecane as the sol e carbon
source and the plates were incubated at 30C for -48 hours. Fromthese 15
pl ates four isolates, designated 1A, 1B, 1C and 1D, were purified. Based
on m croscopi ¢ appearance and col onial norphol ogy 1A and 1D were assuned
to be the same organism and 1A was pursued pg further. The characteristics

of the pure isolates are showmn in 20 table 4: - 39 Table 4: Col ony

nor phol ogy and mreh08COPI Cpoddta ACtfld St QI dedecangndegradi,ng

i sol ates designated 1B, 1é>and 1D. Iso fé Ighﬁgola?%glgBlng 1%?
Col oni al M cr oseepi-s—Col-oni-al M croscaopi ¢ Col oni al n1croscon|c nnroholoqy
appear ance nor phol ogy appeareeeedaanpaeheexnepeaﬁééﬁeﬁa Ef hed egg
Long and Smal | . uneven Shlny Long r ods aC|II| appearance s ot t rods

col oni es Cri nkl yT* R uddt Non- r ed notile_ Non-notile
appear ance of f whide Fedord- g&{ ﬁ%‘%‘%ﬁ‘# E@g%r am'i&daticvve CoPbare
negati ve dlanetwi pegatlve cdkeUﬁﬂﬁbparentlB 1.5 mm He&zy/ opaquelD

Va2l aValald :anr-n h:\| a)
oo

fl uorescent dlaHCLC| appearan

24 820 920 630 . 1080
48 800 160 620 920
72 200 420 440 740
96 740 270 440 410
168 740 290 280 310

. The results show that from a large mixed population
5 (activated sludge) three isoclates were obtained that were
able to use dodecane as the sole source of carbon. In
batch culture the isolates were able to use (over a

168 hours period) 50 to 60% of the dodecane added to the
culture. The rate of dodecane utilisation is substantially
10 slower than l-methyl-2-pyrrolidinone which may be due to
the difference in the solubility of the two compounds
(dodecane is practically insoluble in water). The
insolubility of dodecane may impose mass transfer
limitations which will slow growth and utilisation of the
15 substrate significantly. The varlablllty in the gas
chromatography data from the batch experiments highlights
the difficulties associated with analysis of
concentrations of insoluble substrates. This problem can

be partly overcome by monitoring BOD, as oxygen
20 consumption can be used as an indirect indicator of growth

on the substrate.



The ability of the pure isolates to grow on dodecane as the sole source of
carbon in liquid culture was also evaluated and is shown in Table 5. The
cultures were grown 10 in 50 m screw capped plastic tubes that contained
10 M of defined nediumand 0.75 g 1-1 dodecane. To ensure each culture
was inoculated with a consistent nunber of cells, 10 ml of nedi um was

i noculated with 100 pl of a single colony that had been resuspended in 1
m of DM The 15 cultures were incubated at 2 C shaking at 190 rpm

Resi dual dodecane was extracted by the additifon of 20 Ml of hexane to a

single 10 m cul gxagpak §ach tipEsAdly or' BErVEDEMESTBIAKER; Vi gorousl y
for one mnute and after phaseyfeREAIEMd ﬁe upper layer was kept for 20

determ nati on of the ecane gconcentration. T cane. .concentrati ons
were estinat ed using ggg %ﬁ?dﬁgfgéfgﬁh J—jﬁSf%gﬁﬁgpgiuﬁgdéég l&@é?adation
by isolates 1B, CHRET10L tIResidizaltatroe cah e heoneeitodabifon hengnieh) iFhme

af ter Uni nocul at gHié504 8t g dsghaie dSlALs: ii@lo%t%'&n%neﬁ%r%%h%.m 1C
1D 24 820 920 682.1080.148 80Q 160 620 920 72 200 420 440" 96 740 270
440 410 168 740°250°28b" 31D FHETEATER oW ateomfavhicde i xed

popul ation 5 (adeveatmmest utihen tdwde tiizellates. hwer €oabinebred ihhat were
able to use dodeggne,ds: | ur, f rb : ‘bat cu t he
isolates were able to use '3§2P§%§%% %gﬁfgﬁ%érgggfkgalgg %@&)8bg#%§8
dodecane added tGHMES“ERIIU £ BV OTofMdGdecae edt Bhbshrpsm s thout

substantial 1y 1fhs|overitdamtl-fet e SeRicphigdi-nore -whbebxByaberdugt o
methods. The‘isolation of microorganisms capable of using
substrates such as olive oil for growth may enable the
discovery of lipases with useful properties. The following
experiment was performed to facilitate not only the

15 isolation of olive oil-degrading microorganisms but also
to enrich microbes that can tolerate a very broad pH
range, ‘

_ The vessel was filled with activated sludge and 10 ml

of olive oil was added. The BOD rose rapidly and peaked at

20  ~1700 mg 17. The rapid onset in the ability to degrade

olive oil in a population of microorganisms from activated
sludge is not unexpected as the presence of this type of
subgtrate in the influent streams of wastewater treatment
facilities is highly likely. After the peak in BOD was

25 observed (20.5 hours) clive oil was fed continuously into

the vessel as was a separate stream from DM mixed with
activated sludge in the ratio 4:1. The pH set point was
reduced to pH 4.0 and after 225 hours the feed medium was
changed from a mixture of DM and activated sludge to DM.
30 No changes were made to the conditions for 138 hours
(equivalent to 11 vessel volumes) and the BOD of the
culture remained high. From these observations it was
concluded that a microbial population had been established
that could use olive o0il as the sole source of carbon at

35 ©pH 4.0,

' The olive oil flow rate was reduced to 0.061 ml h™

and the feed was again changed to a mixture of activated



the difference in the solubility of the two conpounds (dodecane is
practically insoluble in water). The insolubility of dodecane may i npose
mass transfer limtations which will slow growh and utilisation of the 15
substrate significantly. The variability in the gas chromatography data
fromthe batch experinents highlights the difficulties associated with
anal ysis of concentrations of insoluble substrates. This problemcan be

partly overcone by nonitoring BOD, as oxygen,30_consunption can be used as
an indirect indicator of growth on the substrate. 41 EXAVPLE 5 DI SCOVERY

OF QLI VE QO L- UTIl 418l CREORGA : live oil as f eed,
fluid highlights a?ciﬂsera of 1the ag\%gﬁcé%%g@%&fhlgésne &5 B AR itw nt'i SR,
5 which is m croffiSatVdit¥c dBEPy inn thgt Fanse ehRA G drimefi®0 ma0li Ve thidn edter

het er ogeneous subssr averef twei ph sdeveboprams dhaanalytiical Jethed rfQky
es

measuring consu i ul e difficult. .Monitorin QD enabl
denonstrati on_of %%08 ﬁ\ﬂgncgﬁggego%‘ﬁl @g V%hgécfl}ncataéqmii 1o[f el the feed
requi rement for EAEWJEFEROPRENLNGr cgpadl X Ehallythi talThe nethitidd onFheere

i sol ati on of  m cLAChEABLEMECSABEDhELRE HS NG eSHDSLIALES SUCHASH! kY8 Of |
for grow h may egggkelghed di;scﬁlrééy of_lipases wth useful properties. The
fol | owing experinment WaS“pdFfo 19 ¥ adidicite nsotthah  miswuistiesl afi on
of olive oil-deghadiagrygdct sios gand Shserb Us tallsid sHe@ emisc irad G=pbeset Bat can

tolerate a very Qeoad pth . fidled.wi th activated
sl udge and ]]%bm olsgol i v\éég(? J"3\/\%%- ad%/dpglze.seéﬂ%l\gﬁ%qggr 5$§bP§pia51 ;?Eaédgpeaked
at 20 1700 - THRS gty Rhaee 9h thve sxsicriipmpnito eyedruadedolthee oi | in

a popul ation of abiliboygahishe hiomecl vhed atSlowddeaHits nael HeRaXpeshedqas
the presence of ghig;type of respond to an increase in the pH of the

culture. At 555 hours the pH set point was increased to
9.0. A further increase in the pH set point from pH 9.5 to

15 10 resulted in another decline in BOD indicating washout
and/or death of the microbial population. Interestingly,
when the pH was reduced by just 0.5 of a pH unit the
culture recovered with the BOD increasing exponentially.
The culture showed significant sensitivity to pH values

20 greater than 9.5. The reason for this observation is not
clear however two possible explanations for the increased
sensitivity to pH 10 could be (i) one of the medium
components was insoluble at pH 10 resulting in significant
nutrient limitation and a decline in BOD or (ii) the

25 microbial population present in the culture had not
adapted to growth at pH 10. The culture was maintained at
pH 9.5 for 125 hours and clearly a population of
microorganisms growing on olive oil as the sole carbon
source at pH 9.5 had been established. It cannot be

30 concluded that this population also has the potential to
grow at pH 2 because the time taken to establish this
population may have resulted in the development of a
totally new population that is better adapted to growth
under the new conditions.

35 Over a 37 day period growth of a microbial population
on olive oil at a range of pH values was demonstrated. The
two extremes of pH were 2.2 and 9.5. Clearly microbial



substrate in the influent streans of wastewater treatnent facilities is
highly likely. After the peak in BOD was 25 observed (20.5 hours) olive oi
was fed continuously into the vessel as was a separate stream from DM
mxed with activated sludge in the ratio 4:1. The pH set point was
reduced to pH 4.0 and after 225 hours the feed nmediumwas changed from a
m xture of DM and activated sludge to DM 30 No changes were made to the
conditions for 138 hours (equivalent to 11 yessel volunes) and the BCD of
the culture remained high. Fromthese observations it was concluded that

a mcrobial popul had b S abllshe uld u ol.ive qil, as the
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stabilised at 1700 fcatin a popu nlcroorganlsns
had been establ|§HEHV%ﬁéta%%sS%%E%&ﬁ%¥kﬁ .using olive oil as a sole source
of carbon at pH 2.2. 10 The next phase of the experinent evaluated the

ability of the nkxxmbimlé popul apiennéHginhat beehmppawrnd.oodt sRWEER FBED
respond to allincrease in the prl.of dAdwe 2om towre. At 555 hours the pH set
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exponentially. The maximum growth rate of a population is an important

15 parameter as this is likely to give an indication of the
rate of flux through a metabolic pathway and therefore an

“indication of the activity of enéymes in the pathway.

6.1 Design of feedback loop

20 The feedback loop usges the limiter that if the BOD
remains within a set range for an operator set period then
the flow rate is increased by a value that ig also
specified by the operator. This 1s described briefly above
in relation to the apparatus of the embodiment illustrated

25 in Figures 1 and 2. The software to run the feedback loop
wag developed using a commercially-available software
package used to write control software.

6.2 Testing of the feedback loop between feed flow rate
30 and OUR '

Isolation of 1,3-propanediol-degrading microorganisnms
was used to test the feedback loop between feed flow rate
and OUR. The feed medium was a defined medium designated
4615 (Appendix I) which contained 1.0 g 17 1,3-propanediol

35 and the initial flow rate was 43.5 ml h™. The operating
temperature was 30°C and pH 7.0. The medium was inoculated
with ~700 ml of activated sludge. The feed flow rate was
increased by 20 ml h™if the BOD remained constant for four



The culture showed significant sensitivity to pH values 20 greater than
9.5. The reason for this observation is not clear however two possible
expl anations for the increased sensitivity to pH 10 could be (i) one of

t he medi um conponents was insoluble at pH 10 resulting in significant
nutrient limtation and a decline in BOD or (ii) the 25 m crobi al

popul ation present in the culture had not adapted to growmh at pH 10. The
culture was maintained at pH 9.5 for 125 hoyps_and clearly a popul ation of
m croorgani sms growi ng on olive oil as the sole carbon source at pH 9.5

had been establi shadenl Losannal RedR conghudes thaty thisoponylation al so

has the potential to_grow at _p ecause o es this
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oscillation syste stem was designed to faC|I|tate e_i.solation

of nlcroorganlsnseﬁptﬁsgagx?ﬁhﬁg ¥o© a8 5 I TG Wik deatiled to
i sol ating enzynesifipgnminhese range 0dr gatd Sits hwhirgh em&ndndouﬁﬂﬂdgamlmﬁ of

tol erance (both 3agthgttg @H% 8 g%é'tq%?géa§%¥EEﬁ§£%[g%vEL A
FEEDBACK LCﬁD A T R R CedBECK ac‘?op? et ween
feed flow rat® aRAPBLREHAR thrbdrepdieen astabild ted fmd e ghduilyr abe of
a microbial popytawi ﬁaﬂst@rbEh@stﬁbélrﬁa{}&dndﬁsltmﬁtamafwttﬁ@ée@ isyshem The
naX|nun1grom¢h raks.p o] a nis inmportant 1 ramet er this is
likely to give an nd%% ?OEH% é servé%lon wag expe!%égabecause %E
inferred pmax of the population from the initial peak in
BOD at the start of the experiment was ~0.25 h™ (a
15  doubling time of 2.8 hours). Higher doubling times could
be achieved with any microbial population that is
establighed in the culture because there is a good
probability that mutants which can grow at a higher rate
will be selected at high feed flow rates.
20 The response of the culture to the changing flow

rates is shown in Figure 12.

EXAMPLE 7 USE OF METHOD IN ENZYME DISCOVERY
The aim of this example was to demonstrate that the

25 method can be used to discover specific enzymes and that
the kinetic behaviour of the enzymes could be selected and
controlled. The method was used to demonstrate (i) the
discovery of 1,3-propanediol dehydrogenase activity and
{11} the specific activity of the discovered enzyme could

30 be altered in a controlled way during the course of the
discovery process. For this purpose, 1,3-propanediol wag
used as the sole carbon source. It was assumed that in
prokaryotic systems; oxidoreductases are amongst the first
class of enzymes used to degrade a carbon source therefore

35 the likelihood of discovering a dehydrogenase specific for
1,3-propanediol was high. Furthermore, by utilising the
feedback loop as described in Example 6, it was



rate of flux through a netabolic pathway and therefore an indication of
the activity of enzynes in the pathway. 6.1 Design of feedback |oop 20 The
feedback | oop uses the limter that if the BOD renmains within a set range
for an operator set period then the flowrate is increased by a val ue that
is also specified by the operator. This is described briefly above in
relation to the apparatus of the enbodinent illustrated 25 in Figures 1 and
2. The software to run the feedback | oop waaBdgveloped using a
comerci al |l y-avail abl e software package used to wite control software.

6.2 Testing of t t n feed flowr Oand QUR
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observation was expec & e e s £
in the second part of Appendix 1 which contained 1.0 g 17
1,3-propanediol. The operating temperature was 30°C and
15 pH 7.0. The reactor was inoculated with ~700 ml of mixed
microbial population (activated sludge) suspended in
water. Dilution rates ranged from 0.058 h™ to 0.387 h™.
To determine the biomass concentration in the system,
samples were taken after each flow rate change and after a
20 minimum of three vessel volumes had passed through the
system. Optical density measured at 600 nm was used as a
measure of the biomass concentration. Samples were taken
after the culture had reached steady state and before the
flow rate increased. Optical density stabilised at
25 approximately 0.3 after each flow rate change but dropped
significantly at a flow rate of 163.5 ml h™ (Figure 12).
The decrease in biomass concentration correlated with a
decrease in the diversity of the microbial population in
the vessel. Further increases in the flow rate did not
30 result in washout of the culture, in fact the optical
density of the culture recovered and continued to be

maintained at ~0.3 up to a flow rate of 290 ml h™.



inferred pxmax of the population fromthe initial peak in BOD at the start
of the experinment was -0.25 h.' (a 15 doubling time of 2.8 hours). Hi gher
doubling times could be achieved with any mcrobial population that is
established in the culture because there is a good probability that

mut ants which can grow at a higher rate will be selected at high feed fl ow
rates. 20 The response of the culture to the changing flow rates is shown
in Figure 12. EXAWMPLE 7 USE OF METHOD I N ENZYME DI SCOVERY The aim of this
exanpl e was to denonstrate that the 25 net hod can be used to discover
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i ndi cated, at a cursor]:}/ evel, by an increase in the specific activity of
1,3- propanedlol never before been’ reported to be associated with

1,3~propanediol metabolism again highlighting the utility
15  of the method for the isolation of unigue microorganisms,
or the discovery of new agtivities for microorganisms.
Seven isolates obtained at a range of flow rates were
chosen for further study. The activity of 1,3-propanediol
dehydrogenase was measured in cell-free extracts obtained .
20  from each of the isoclates after growth in batch culture
with 1,3-propanedicl as the carbon source (Table §).

‘solate mutber | | riov vate @i w) | Seeific getivity
1#3 43.5 0.078
l#4 43.5 0.164
945 163.5 0.696
16#1 172.5 0.543
16#4 172.5 0.935
2441 290 0.701
24#2 230 1.347

Table 6 above sgets out the specific activity of
25 1,3-propanediol dehydrogenase in the selected isolates.



10 dehydrogenase in mcrobial isolates recovered fromthe mnmethod at high
dilution rates. The feed nediumwas the defined nedium 4165 set out in the
second part of Appendix 1 which contained 1.0 g 1°'1 1, 3-propanediol. The
operating tenperature was 30C and 15 pH 7.0. The reactor was inocul ated
with -700 mM of mxed mcrobial population (activated sludge) suspended in
water. Dilution rates ranged fromO0.058 h-1 to 0.387 h-1. To determ ne the
bi omass concentration in the system sanpleg-were taken after each fl ow
rate change and after a 20 m nimum of three vessel volunes had passed

through the syst emzyfpt kealiveensihky E{B%@t@&i at mﬂf@é’@-sek@%iﬁs ®e1l-
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.acL1v1ty was determined in quartz cuvettes by measuring-

15 the formation of NADH at 340 nm over a period of one
minute. The reaction mixture consisted of 0.05 M Na2C03
(PH 9.5), 2 mM NAD+, 0.1 M 1,3-propanediol and 50 pl cell
free extract in a final volume of I ml. .2ll enzyme assays
were performed in triplicate and averaged. One unit of

20  enzyme activity is equivalent to the formation of one
micromole of product per minute. The protein concentration
in the cell-free extracts was measured by the method of
Bradford (Bradford, 1976) with BSA as the standard.

Protein analyses were performed in triplicate.

25 By increasing the dilution rate we demonstrated a
correlation between the substrate flow and the specific
activity of 1,3-propanediol dehydrogenase. This is shown
in Figure 13. The enzyme activity test showed that
microorganisms isolated at a high dilution rate had an

30  dincreased specific enzyme activity.

This example therefore demonstrates that the method
can be used to specifically discover a chosen enzyme
activity. The example alsc demonstrates that the specific
activity of the chosen enzyme can be controlled using

35 dilution rate and the feedback loop and that microbes with
previously undescribed phenotypes may be isolated.



Citrobacter, Lactobacillus and dostridi um (Huang 2002, Nakamura 2003), to
our know edge Gordoni a speci es have never before been reported to be
associated with 1, 3-propanedi ol netabolismagain highlighting the utility
15 of the method for the isolation of unique mcroorgani sns, or the

di scovery of new activities for mcroorgani snms. Seven isol ates obtai ned at
a range of flowrates were chosen for further study. The activity of

1, 3-propanedi ol dehydrogenase was neasured is cell-free extracts obtained
20 fromeach of the isolates after growh in batch culture wth

1, 3- propanedi ol BEANPEE cér bon ImE «oF (TbMETEDPD rbrobateonumiyeorFl ow rate
(mL hl1l) Specific activity ng prEXEREMOPH3.E43.5 0.078 1#4 43.5 0.164 9#5
163.5 0.696 16#1 172.5 0.543 16#4 172.5 0.935 24#1 290 0.701 24#2 290
1.347 Table 6 abdvk &% ofutthehanafad fiar désceveyyopf pSyehaophdpansedi ol
dehydrogenase& i n the med (%Gitned)ﬂ solad @cpexlﬁantEaagneoaabmwh%xraaé gehect ed
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The
into account the temperature range over which growth is

possible for a particular isolate. For example Xanthomonﬁs
pharmicola can grow at temperatures ranging from 0 to 40°C
15 and is classified as a psychrophile. For this experiment
4°C was chosen as the growth temperature to avoid freezing
of the growth medium that was expected to occur at lower
temperatures. The discovery process could be performed at
lower temperatures although operation at temperatures less
20  than 4°C would reguire the addition of extra solutes to
the medium to prevent freezing. '
Discovery of psychrophiles was performed using the
method of the invention, on the apparatus described above.
By imposing selective pressure (in this case the ability
25 to utilise acetate as a sole source of carbon at 4°C) a
population of microorganisms with the required
characteristics was readily established.
A mixed microbial population suspended in water was
used as source of microorganisms for discovery of
30 psychrophilic microorganisms. The discovery process was
performed at 4°C and pH 7.0 (the pH was maintained at 7.0
by the automatic addition of ammonium hydroxide or
phosphoric acid solutions). To prevent growth in the feed
line the test substrate (carbon source) was added to the
35 vessel separately from the nutrients. The nutrient feed
was the defined medium 4168 of Appendix 1. The nutrient
feed flow rate was 20 ml h™ and the substrate (16.6 g 1™
sodium acetate trihydrate) flow was 6 ml h™ ~ total 26 ml



| ysate was separated fromthe gl ass beads and cell debris by
centrifugation at 12000xg, 4C for 5 mnutes. Enzyne .activity was
determned in quartz cuvettes by measuring 15 the formati on of NADH at 340
nm over a period of one mnute. The reaction m xture consisted of 0.05 M
Na2CO3 (pH 9.5), 2 nM NAD+, 0.1 M1, 3-propanediol and 50 pl cell free
extract in a final volunme of 1 m. Al enzyne assays were perforned in
triplicate and averaged. One unit of 20 enzymge activity is equivalent to

the formati on of one mcronole of product per minute. The protein
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increase in BOD was observed. The BOD peaked after
15 ~220 hours (~9 days) of operation and stabilised after
300 hours. The time taken for a significant increase in
~activity of the culture to be cobserved was far greater
than typical operation at 30°C. This highlights the
severity of the imposed conditions (low temperature) in
20  the method and the impact of extreme conditions on
cellular processes. These observations also highlight the
value of the method in providing a real time assessment of
the status of a culture, a feature that is important when
attempting to find microorganisms that perform a desired
25 function under extreme environmental conditions or
transform a particularly recalcitrant compound. The
optical density of the culture was periodically measured
at 600 nm between 234 hours and 402 hours and averaged at
1.36. The fact the‘bptical-density was maintained at ~1.3
30  over a period of 168 hours demonstrates that there was a
population of psychrophilic microorganisms in the vessel
that were able to survive and reproduce at a temperature
of 4°C. A constant biomass concentration in the vessel is
consistent with the output of the method (which was also
35 constant over the same time period) again demonstrating
that the output can be used as a real time indirect
measure of the gstatus of a microbial population.



10 However it should be noted that classification based on tenperature is
sonewhat arbitrary because it does not take into account the tenperature
range over which growh is possible for a particular isolate. For exanple
Xant hormonal's pharm cola can grow at tenperatures ranging fromO to 40C 15
and is classified as a psychrophile. For this experinment 4C was chosen as
the gromh tenperature to avoid freezing of the growh nediumthat was
expected to occur at lower tenperatures. The.discovery process could be
performed at | ower tenperatures although operatlon at tenperatures |ess 20
t han 40C woul d requi r elithesaddi ti eRainextism @ﬂ|w@&:dlctuﬁ@esm&mﬂa@.ns
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feed acetate con tratjen 1" fter the addition of the m.crobial
popul ation to thégg io ﬁ%om é%é%e observations % can be inferred that .

either the température was limiting growth rather than the

15 carbon source, use of carbon or another nutrient is less
efficient at low temperatures, or growth at low
temperatures requires excess levels of cne or more
nutrients other than the carbon source. :

By operating the method at 4°C a psychrophilic

20  microbial population growing on acetate as the carbon
source at 4°C was established. Although the discovery
process was slower at 4°C than is typically observed at :
30°C (an observation that was not unexpected as many
ceéllular processes are likely to slow at lower

25 temperatures), a psychrophilic population was nevertheless
established. This example therefore demonstrates that the
method is very versatile, and can even can be used to
isolate microorganisms that grow at low temperatures.

30 8.2 Use of the method for discovery of thermophiles
The aim of this experiment was to demonstrate that
thermophilic microorganisms could be isolated from a
readily available source of microorganisms using the
method of the invention. Thermophilic microorganisms are
35 defined as organisms that live at elevated temperatures
{(Brock and Madigan, 1988). This definition is subjective
and can be clarified somewhat with an example of a



5 vessel the BOD was high (greater than 600 ng 1-'). The gradual decline
in BOD was probably due to consunption of any residual readily

bi odegradabl e carbon in the activated sludge. Figure 14 is a graph of
output (in terns of BOD) over 10 tinme during growh of mcroorganisns from
activated sludge on acetate at 4C. The output did not increase markedly
for the first 100 hours ('-4 days) of operation after which a gradual

i ncrease in BOD was observed. The BOD peaked3zdfter 15 -220 hours (--9 days)

of operation and stabilised af%’er 300 hours. The tinme taken for a
significant increase PhIHEFFVIEGLof 1Enethel dafibvide observedwasf ar
greater than typhearophélatimhcaboBOihi Fhi B hitghthghtg, 1 he nsever g 1 Hum
the inposed conditbeRs géﬁ%g\é%ggggéaéyrweéo{;@ 20 tche nmet hod and the ifipact of
extreme conditions on  cellul aF processes. THESS Bh&hUatdlorkempeggtures
highlight the VAP By 1AM et Hodt9 né Provikiitmeme rdaritdore 1ass esseeat sof

the status of5 a bebhudetimed aat b endhisdrd 4 RO A MNeN,; ? &%@B?E@%etdo
ired 25 function under “extrems

find mcroorgani or.m es
envi r onment al co%%ﬁ%%%ﬁsg gr%l{¥ akhlsqq%grﬁr%’eﬁﬁtﬁr@u PR e FSiTc icgsaRE ¢ onpound.
The optical denSEe¥ReAoqdEs dig wBre apasimer itetiveaialty: rie Fom efowah 680 nm

bet ween 234 hour-ssaawl dHNOWrs ARk RLE! ag@%Sgt 1.36. The fact the optical
density was naintain at -1.3 30 over a_périod of 168 hours denonstrates

that there was a popl=stIV§it Yo TEHilics Weer Bergamineds ukinghehwessel
that were abPe tapPrsurativee sawdd trepinddues desaripenensbyce gl 4ool gonst ant
bi omass concent rahiRn kR the el,.lL.s..gonsiste w fh_ the output. of the
met hod (which was al SO 35%0ﬁ§%§%t (&\%erthtlﬁecgﬁrem%?nﬁgbéﬁ‘f:ﬁdfoa’@*éf%lse
dermonstrating GFSt-4tFe 236uBpsCLlearobscesed asrhoneat 8DAE)| htliwest neasure

of the status olniicigaokdathpepel 8bbONatior0cf thermophilic
microorganisms would be established. The measurement of

15 dissolved oxygen concentration at high temperatures can be
problematic because the baseline cutput of a number of
dlssolved oxygen electrodes is very high at high
temperatures. This problem is further compounded by the
effect of temperature on the solubility of oxygen. Ag the

20 temperature of water increases the solubility of oxygen in
the water decreases and therefore reliable measurement of
dissolved oxygen concentrations at high temperatures is
essential. To enable discovery of thermophiles, the
apparatus described at the outset of the Exanmples was

25 modified to enable the installation of a digsolved oxygen
electrode that could operate at high temperatures (up to
80°C). The vessel was also modified to improve its thermal
tolerance and the heat input was enhanced with the use of
an improved heating system.

30 A mixed microbial population suspended in water was
used as source of microorganisms for discovery of
thermophilic microorganisms. The discovery process was
performed at 80°C. To prevent growth in the feed line the
test substrate-a carbon source (acetate) - was added to the

35  wvessel separately from the nutrients. The nutrient feed
was the defined medium 4618 described in Appendix 1. The
nutrient feed flow rate was 52 ml h™ and the substrate



M croscopi ¢ exam nation of the culture showed chains of |arge rod-shaped
bacteria (or small yeast) and snmall notile bacteria; the presence of fugal
hyphae was also noted. 5 After 266 hours the flow rate of the substrate
punp was increased thereby changing the acetate concentration in the feed
from2.3 g 1-' to 3.1 g 1-'. The increase in acetate concentration was
expected to result in an increase in BOD and optical density however no
increase in 10 either paraneter was observeds Slnllarly, a feed containing
2.3 g 1-' acetate was expected to attain a Bé% -720 ng 1-' but the

out put stablI|sedlat64@01TOséﬁﬁhmmhdbtatéFmQﬁhyﬂQ&QeQbSwaa%h@ni btmTan*be

inferred that, @héQ&rP% Sud éggﬁggégeﬁ was | Lmgt éggragpsr tha& the

15 carbon source, use on or-anot h nutr|en efficien
IOM/tenperaturesca%ﬁukﬁ%ﬁ@rﬁ%ﬁdIQﬁﬁtaﬁﬂn&9n§9@ﬂ@§tn@@upﬁe@ akcesd” Levels of

one or nore nutrlentﬁf&éfﬁﬁ6tdﬁyb1ﬂ@esq@&ﬁqac§a%r&gcréﬁlaﬁeéékkﬂgtﬁhﬁas

nmet hod at 4C a4 p hro |J|c 20 m crobi al popul at.i rom ng on acetate as
t he carbon sour%%géf Whs s t5515hdds RPPRYGSH gﬁegﬁVgéﬁvery process

was sl ower at 4(§Q¢ﬁﬂmDQﬁQQMN(ﬂﬂIS@°@b$@evm@aahreaoaleanlﬂbﬁeoxﬁgemn t hat .
was not unexpectagham I ot &l Wkl AIaBesRes 856yl kol Y te shevgic! eﬁ\gs ‘0
e

25 tenperatures) a s chrophi | popul at1 on was nevVerthel'ess estab
This exanpl e t hetst ‘ﬁ%ﬁﬁﬂ@%?hf@§cﬁﬁéﬁthén ﬁétﬁéHuF§tW@ﬁy1%eT§aW$I% and

can even can be Tusetbrions Hretlcatttat @h@omganbarrantihabpammgt wiaQV\(:apable
hiles

3 J ah
tenperatureg, 3Q,8.2 .58 91 E@,n gra gégﬁaﬁg Yﬁg&ﬁ%BhFPPseﬂf%?%%?ﬁaﬁ?SnB

aimof this experlnent Was &
coul d be |solatéﬁ”¥%6ﬁ¥%¢iwééaﬁ5@1§@§|pabg@ns@@ﬁcér@ﬂenwaﬁoopgamtsmm usi ng

the method of theriduant ehe TReEBDPHLLI §pAYEEQOLYRAI AEraEEn 3B: defd Netky as
organi sms t hat lky%m?%e?a %%%e%y% nPeﬁﬁrgﬁg nitrogen sparging the output
of the dissolved oxygen probe decreased to less than
15 1 g 1™ indicating that changes in dissolved oxygen could
be measured at 80°C. It should be noted that a very small
change in dissolved oxygen concentration was observed
during this experiment. .This change was ~0.002 mg O, per
minute. Although this change in dissolved oxyéen was
20 probably beyond the sensitivity of the apparatus
components, the culture was examined microscopically after
16 days of operation. The micrograph of the sample is set
out in Figure 15.
The examined sample was 1.2 ml in volume, and was
25 centrifuged for 2 minutes and resuspended in ~25 pl of
medium. The concentrated sample was examined as a wet
mount by phase contrast microscopy at a magnification of
1000x. ‘
The micrograph clearly shows the presence of small
30 rod-shaped bacterial cells ~ see Figure 15. The cell
numbers were very low (given the sample for the micrograph
was concentrated ~55—fold} which correlated with the very
low output of this trial. Although not apparent in the
micrograph, some of the rod-shaped cells were motile
35 giving a clear indication that some of the cells were
viable. These observations provide evidence to suggest



(Brock and Madigan, 1988). This definition is subjective and can be
clarified sonewhat with an exanple of a 51 mcroorganismthat fits the
definition. An exanple of a thernophilec mcroorganismis Thermus which
has an optinum growh tenperature of -60C and can grow at tenperatures
rangi ng from42C to 69C. Extrene thernophiles have also 5 been defined with
menbers of this group being recognised as having very high tenperature
opti ma, For exanple, Thernmococcus has an opfinum tenperature for growth of
-87C (Brock and Madi gan, 1988). Discovery of thernophiles was perforned
using the 10 appasatesttafk tEehRhEeS Gesehi bed rabevercBy ukAREStRE

sel ective pressure k(%% t i case the ablllty to utilise acetate as a sole
source of carbon ‘% i %an Shti% pated that a popul ati on of

t her mophi lic nicr oorybphaush wollit ¢k ddieals! ilshedmeThy ideaser sheht of 15

di ssol ved oxygense@neend rald ongalcdiah, To%m%%re@&n%a%%1%”m‘9%ro@5¢§9h§§ﬁé' fay

vory i gh at oni gV G st st CoHAtE T Shiee RELLOfuPth Sl eeSORAAEA- by t ho
effect of tenperEtssidlon tdessnd uld ithe dbwoxygeniths ottheh20thempephi Lie of
wat er increases {16 sl 1érﬁé’ Q{cﬂ?’eg% 'Qgettg%e"‘%%o@e&r gea%areag "

therefore reliable measurenent en concentrations at hig
tenperatures is SW¥dEiftialof W%ﬁé&ﬂr@%é@@eweéﬁnﬁhéﬁnﬁbﬁl Lestighe

aﬁpar at usI ?escrimﬁlxlattﬂdaﬁ loutlgettr@f dﬂ@t&&@rraag& w%@ aéorr‘lagghl edrtohenabl e
the Insta 1.0 SOl V ectr e.that cou erate at
hi gh terrperg?urtra{:so%r Sl (f 1$ e S¥BPfal af”&grﬁgﬁff F%@agg ?r%rove its
thermal tol erarﬁ?@“étﬁn atﬂquQ?éhtm mmt saap lenhardetdonwsehat héeuspp@ratuﬁ
i nproved heati ng t33St@Mro3d A Pord Hichobiak pepy %woanauwemd@ﬁel Bypeg er

was used as SOU%C%A%&O@QQW§¥E égésq% E : g%%g Veréy not be capable of
significant growth at 80°C [typically extremely
15 thermophilic microorganisms are found in hot springs,
geysers and deep sea thermal vents (Brock and
Madigan, 1988)]. It should be noted that the issues.
stated above are not a limitation of the method of the
. dinvention and in all likeliness could be readily resolved
20 by changing the operating parameters of the method and/or
the heterogeneous population of microorganisms used in the
method. This example demonstrates that the method can be
used to discover microorganisms that grow at high
temperatures.
25
EXAMPLE 9 DISCOVERY OF ANAEROBIC MICROORGANISMS
The apparatus described above which contains an
oxygen probe, sultable for the measurement of oxygen
uptake rate, was limited to the discovery of aerobic
30 (oxygen dependent) microorganisms. The aim of this part
of the work was to demonstrate that the method can be used
to facilitate the discovery of anaerobic bacteria. The
apparatus wag therefore modified to enable the isolation
of anaercbes with the use of a probe that can detect a
35 molecule used for anaerobic respiration. The ability to
use the method for isolation of anaerobic bacteria is
valuable because access to other groups of bacteria with



t her nophilic m croorgani snms. The di scovery process was perfornmed at 80C.
To prevent growh in the feed line the test substrate-a carbon source
(acetate)- was added to the 35 vessel separately fromthe nutrients. The
nutrient feed was the defined nmedi um 461S described in Appendix 1. The
nutrient feed flowrate was 52 ml h-' and the substrate 52 (16.6 g 1-3
sodium acetate trihydrate) flowwas 1.9 ml h-'. These paraneters resulted
in a doubling tinme of 9 h and a calcul ated figed acetate concentration of
0.26 g F. After 16 days no significant mcrobial activity was 5 detected
in the vessel (aspoteaguread bylidagemt: aenabopttopsthiby80GHthes seastied
di ssol ved oxygen far saty 0C t he
T arrsh Pl LB 08y (Bt (ol Fo Sutendl T o

di ssol ved oxygen concentratlon at ur

t hat the method dﬁﬂj§bﬁéﬁaﬁﬁ§ﬁWé%CéhﬁéﬁlénY@nbiO@etectlng changes in

di ssol ved oxygen concemﬁﬁﬁgldyé al ra8Q€ gadejQ@tgbﬁsgbgggtgggg@@a@hgﬁgqgge
was operatingg %f%%% t he yvessel, was s wth nitro en at. the end
of an aeration c FERG T o&%ﬁrgﬁﬁggPﬁ ?heT%%fﬁufnc e A S S ved
oxygen probe decKéﬁSé@-ﬂ@bﬂesﬁ sthan 15 1 g 1-1 indicating that changes in
di ssol ved oxygen could be neasured at 80C. it should be noted that a very
smal |  change ingq solved_oxygen  concentration was observed during this
experinment.. Thi 8 WAEEEHOB8S HESPIPRFL O R eSS RET hoRePCk st change
in dISSO|Ved oxyg@dlwas 209peobabl y beyond the sensitivity of t he apparat us
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and resuspended |n -db pl of g_%(dlltgghl‘}geah&nbemlcLeu saftpte—was—exani
as a wet nount bgulggﬁ§ confrast mcroscopy at a mnagnifigation |of

obligate anaerdbic g’ HS -~
bacteria
Sulphate obligate anaerobes s0,” HS-

acetogenic bacteria;
Carbonate , Co, CH,CO0~
obligate anaerobes . ?

methanogenic
Carbonate bacteria; obligate - CO, -CH

anaerobes

| Fumarate succinogenic bacteria Fumarate Succinate

facultative anaercbic

. NO =
Nitrate bacteria NO, - 2 M0
q - * + N
(denitrification) ?

facultative and

Iron obligate anaerocbic Fe™ Fe™

bacteria

10
The apparatus described above was modified to enable

the installation of a nitrate ion selective electrode.
Nitrate was chosen as the terminal electron acceptor in
place of oxygen to demonstrate the discovery of anaerobic

15 bacteria. Denitrification, a process whereby in the
absence of oxygen nitrate in used as a terminal electron
acceptor and converted into more reduced forms of
nitrogen, is qguite common (Brock and Madigan, 1988)



1000x. The m crograph clearly shows the presence of small 30 rod-shaped
bacterial cells - see Figure 15. The cell nunbers were very |ow (given the
sanple for the mcrograph was concentrated -50-fold) which correlated with
the very |low output of this trial. Al though not apparent in the

m crograph, sonme of the rod-.shaped cells were notile 35 giving a clear
indication that sone of the cells were viable. These observations provide
evi dence to suggest - 53 that extrene therquhlles may be recovered using
the nethod of the invention. Although limt there is sone evidence that

suggests that d'@l?&vﬁéﬁréjftﬂé"gr@%%@cle' & NG EOOL 54 S8R MBY R NAMEdeen

facilitated by the nethod of i nvention._ Possible reasons for the | ow

activity of the R¥IRRIPH |‘@Pa|]ﬁl@r G6r GRARERRIF n’é?*E’ﬂ%t?l }"e%@%’??ﬁjeoq s"3Hbt a
preferred substd@i@dﬁrd&&ﬂgﬁﬂmmueﬂ@s piesaht wastheagnaiédal

popul atfon, (11)c b8 k0 ae 198,199 B gL 0Cu LREC 10 Lek rmphi | es

(i) the nunber m cro e sanpl e used
to seed the &pparipouyg %Hﬁtaré@lealdabépwﬁét l@%)fe@/aés%%gyal@w%lﬁ'd@(l%dthe

types of m crohgisyiresteward a@v%a@sgéa rBY 0Bisbeueapabl engéed stgni fi cant
growt h at 80C [tg/ i C Ilﬁ\s/ trerTgr é E Fgﬁghlllc m croorgani sns are found
in hot springs, ‘%gﬂfg‘et FEep°SEA°PhEPRBIYFRRTs (Brock and Madi gan,
1988)]. It shoul d be Nigtred<t wats tidéeidssoeshe sthtientbbwedalehaciefined
limtation of ”ﬁﬁ‘edl'%{grh%% Ol YeBL QRoand. o Rl dridkeldiness coukdbe

readily resol ved 20 chang |n%at e op erat| B}Qararret ers of the netho
and/ or t helRet @&t o Hepo5S F‘lsoﬁhﬁf CREEr 5YPEah? 5fs ¢ %s%ﬂrﬁ’ﬂnt%%ur% hod.
Thi s exanpl e dennnﬂkﬂ&i&&sth&bsbheowe&hadfeﬁmeheabusedubstﬂaSGOWQrprevent

m croor gani sms téﬁg §QHWQha%fhE%QmE%@B%E@Eyéﬁgerobic miéroorganisms and
the apparatus. was gparged with nitrogen to ensure
anaerobic conditions were maintained. The acetate was

15 used in an amount of 1.2 g 17 and the fluid feed rate was
30 mi h™*. The vessel was filled with nutrient medium to
establish the response of the nitrate probe to the nitrate
that had been added to the nutrient feed.

The initidl pH was set to pH 7, and the temperature

20 to 30°C. The respdnse of the nitrate probe was fairly
stable, increasing gradually from ~285 to 320 ml 17" over
4.5 hours. The vessel was then drained to the sample port
(a loss of approximately one third of the vessel volume)
and refilled with a mixed microbial population {activated

25 sludge) suspended in water. This resulted in partial
dilution of the nitrate in the vessel and corresponded to
a reduction in the output of the nitrate probe. The
apparatus was left in this configuration for 1.3 hours to
establish the initial nitrate level. The relative nitrate

30 level after addition of the sludge was stable at
~227 mg 1*. The test substrate (acetate) and nutrient
pumps were then started at a fluid flow rate of 30 ml h.
Over the next 17 hours the relative nitrate level
decreaged to ~1 mg 1. This is illustrated in Figure 16.

35 Although optical density could not be used to
estimate the biomass concentration due to interference
from the initial microbial sample added to the vessel,



25 EXAMPLE 9 DI SCOVERY OF ANAEROBI C M CROORGANI SM5 The apparat us descri bed
above which contains an oxygen probe, suitable for the neasurenent of
oxygen uptake rate, was limted to the discovery of aerobic 30 (oxygen
dependent) m croorgani sns. The aimof this part of the work was to
denonstrate that the nethod can be used to facilitate the discovery of
anaer obi c bacteria. The apparatus was therefore nodified to enable the

i solation of anaerobes with the use of a prfipe that can detect a 35

nol ecul e used for anaerobic respiration. The ability to use the nmethod for
i sol ation of anadsrets cimdver iiadisateakualil eibechiis® actcesstioambdnesnigrioups

of bacteria wthye 34, ot e'?xtﬂea'f'ﬂf:s@' :.fse‘c%@t dggké%la' %npé‘%g"‘ﬁi’éré@&rfﬁ%f

the microbial and enzyne diversity t acce
met hod of the i MEHt] o arwé{e@rarl@dac%ﬁaeoéf ngteatpoRoReeEpEHPRE At can

be 5 used by anaerohidrdrinGreekdan 8161&1\71'&95eTh@CbQQ6n&hQ§§1§§torOil:i p.
1988) . Types®of AL AR IR EAS JAn SR SaEBept 6O GRtY (aLi Vet atd
FSul phur Pr oductoswlégamsammm@dsoms- pHachemgas S@lrphamelr@@icp@mié of
anaer obes 5042- gﬂ%st@%rt@o%h%u%%&@hl Qs O o i 600 @Qﬁé@ﬁé& gRaespbes
et hanogeni ¢ Cgﬂggﬂgk%sb%'tealls tgen aciljustedq;{4 tggégﬁocggtroller to
return to pH 7) and the increased requirement for pH
10  control correlated with the maximum rate of nitrate
consumption which is indicative of microbial growth. pH
control ig algo shown in Figure 16,
The parameters were not changed for the next 86 hours
during which the output of the nitrate probe remained
i5 relatively stable with values between 20 and 40 mg 17
being recorded. The full operation pH and nitrate.
concentration results are shown in Figure 17.
To determine whether nitrate or acetate was the
limiting nutrient, the test substrate (acetate) feed pump
20 was stopped. If acetate was the limiting nutrient then the
nitrate concentration would be expected to rise, the
absence of substrate would reduce the energy and therefore.
nitrate requirements of the cells. Alternatively, 1f
nitrate is the limiting nutrient the nitrate levels would
25 remain low because the excess acetate would continue to be
consumed. After the acetate pump was switched off, no
increage in nitrate was observed which suggested that
nitrate was the limiting nutrient.
To ensure the nitrate probe was, working correctly
30 {not fouled by a biofilm), after 122 hours the vesgsszsel was
spiked with 5 ml of 218 g 1™ KNO,. A rapid increase in the
output of the nitrate probe was observed indicating the
probe was still responding to changes in nitrate
concentration. The acetate feed was restarted and the
35 nitrate level again decreased to 20 mg 17 (See spike in

Figure 17}.



Fumar at e succi nogeni ¢ bacteria Fumarate TSuccinate facultative anaerobic

O Nitrate bacteria NO NO -, N2 (denitrification) N, facultative and

I ron obligate anaerobic Fe" Fe 2+ bacteria 10 The apparatus descri bed
above was nodified to enable the installation of a nitrate ion selective
el ectrode. Nitrate was chosen as the term nal electron acceptor in place
of oxygen to denonstrate the discovery of anaerobic 15 bacteri a.
Denitrification, a process whereby in the _ahBsence of oxygen nitrate in
used as a termnal electron acceptor and converted into nore reduced forns
of nitrogen, is quit&ocdmmhefBdendnatuchiaditgen,tHD )t ra thd cdnlelgiabe t he
presence of m crgakdanks LRt ] |.at,. pabl e qof robic
nitrate respiration g/as ggo{ﬁgﬁdggggéﬁ?%h?@%kagﬁ[eyl%ﬁaircgﬁoéa lv?/gs p%g%g&(r%é&n
continuously usi i 42FaB6Faeer {hpemehtwie erasreiRHM S adairogeerdeeddy;. t he

data was | ogged using a conputer and sinple software developed for this

pur pose, based oB;: ndar d_dat a, col | ect.i on. techni ques. N.trate s added
to the nutrient ?éggs'r?t gg g%flgnlgjdcr?%%ﬁ%ogf Lii?p@r?g] °r) The ﬁﬁ&’\ﬁ%t wgs
concentration of ®¥a§ined as1g vebtmrwnndy uedas dite ases misubstoaleataa

carbon source). AeghafecuBsoshoser@er md eliiahle sS4t LaleakoaRr event
the grow h of feérrﬂrgf%a(%l ve %aerobl m croorgani sns and the apparatus. was
sparged with nitfFoge Fendlret tTobic conditions were maintai ned. The

acetate was 15 used i Phamanpemtobicdl? typks pargahhe whlsuiedtieadenake was
30 M h"". The viess&d Y@Q%féﬂéﬁxkéﬂtﬂuﬂykﬁhe%%lqEQ&BgEt%re apparent in
the micrograph) with the dominant types being non-motile
rods, motile rods, motile spirals, and filamentous
bacteria. This observation showed that a viable population
was established by the method under anaerobic conditions
15 and as is observed during aerobic operation, the mixed
microbial population that was iﬁitially added to the
vessel had been sorted into a small or reduced number of
microorganisms with the desired properties.
The method was successfully operated under anaerobic
20  conditions and microbial activity was detected by
measuring the consumption of nitrate using an ion
selective electrode. Although nitrate was the only
terminal electron acceptor measured in this example, the
system can be easily modified for detection of the other
25 terminal electron acceptors listed in Table 7. The only
limitation is the availability of a suitable ion selective
electrode. In this example the molecule used for
respiration was measured. Electrodes that detect the
product (s) of anaercbic respiration could also be used to
30 monitor the microbial discovery process in the method.
This example demonstrates that the method can be used to

discover anaerobic microorganisms.

Modifications may be made to the preferred
embodiments and Examples described above without departing
35 from the spirit and scope of the invention.



establish the response of the nitrate probe to the nitrate that had been
added to the nutrient feed. The initial pH was set to pH 7, and the
tenperature 20 to 30C. The response of the nitrate probe was fairly
stable, increasing gradually from-285to 320 m 1-' over 4.5 hours. The
vessel was then drained to the sanple port (a |oss of approximtely one
third of the vessel volune) and refilled with a m xed m crobial population
(activated 25 sludge) suspended in water. Thigg resulted in partial

dilution of the nitrate in the vessel and corresponded to a reduction in
t he out put of thREFIEREQCESr obe. The apparatus was left in this
configuration for 1.3 hours to establish the initial nitrate |level. The
relative nitrate 30 | evel after addition of the sludge was stable at --227
mg 1-'. The test 2EG6<Crare Wacet%‘i%@ and ntRpiéntsenaiiplsyevemethhén Semr trdeh
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nitrate levelg d eas ' hISISI||US d in Figure
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concentration du@lpéhﬁﬁﬁéﬁrm éhce24frdpdthe initial microbial sanple added

to the vessel, - 56 there are two indicators of mcrobial activity
apparent in the Qut ﬂ'h:g first is the decrease in the nitrate | evel
which is a clear °F g Cato f nPPPat 0%t i BnTand (k%fdef or BLed e¥0bi &I
activity. The se¥ofidopndavatns i StpH Edi Afdrer  approxi detied yi 17 teur getiey,
frequency of1d heygkl, oscillations increased. The pH changes are an

i ndi cator of substrate consunption (as acetate is consuned the pH

i ncreases which is then adjusted by the pH controller to return to pH 7)
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The paraneters were not changed for the next 86 hours during which the
output of the nitrate probe remained 15 relatively stable with val ues
between 20 and 40 ng. 1.1 being recorded. The full operation pH and
nitrate. concentration results are shown in Figure 17. To determ ne
whether nitrate or acetate was the limting nutrient, the test substrate
(acetate) feed punp 20 was stopped. if acetate was the limting nutrient
then the nitrate concentration would be expggted to rise, the absence of
substrate woul d reduce the energy and therefdofe, nitrate requirenents of
the cells. AterpgbiMphy, rif nitrate is the limting nutrient the nitrate
| evel s woul d 25 remain | ow because the excess acetate would continue to be
consuned. After M¥béiacetate punp was switched off, no increase in nitrate
was observed which suggested that nitrate was the limting nutrient. To
ensure the niiraﬁ@mp®@geimaspfmbﬁﬁim@i@@mk@mnI@»@O (not fouled by a '
biofilm, after 122 hours the vessel was spiked with 5 n¥ bf 218 g 1-'
KNO3. A rapid increase_ in the output of the nitrate probe was observed

i ndi cating the probe™W&s still responding to changes in nttfate
concentration, The agﬁég%p feed was restarted and the 35 qgggate | evel,
again decreased to 20 iy 1-' (See spike in Figure 17). - To further
demonstrate that the pjdrat econsunption was due to the pjesegpce-of an
active mcrobial populatiorf n the vessel the culture was exam ned

m croscopically. 5 Figugel 18u s a mcrograph of the sanpl g, ifhe sanpl e was
exam ned as 1& wet nount by phase contrast mcroscopy at a magnification of
1000x. The m crobial t&ldk .appear as snall dark short rods.0IThe nunber of

cell types present was estimated at 10 being less than ten (not all cel
types are appar ent in**Trace Metals solution 1.0 ml 1

20 )
All media were made up in reverse osmosis water and

adjusted to pH 7.0 with 4M NaOH

All chemicals were of‘analytical grade.

25
Where reguired, media were sterilised by autoclaving at
121°C for 20 minutes. Large volumes (up to 20 litres) of
feed were autoclaved at 121°C for at least 60 minutes.

30 * Magnesium and calcium were added as a concentrated
sterile stock solution (17.0 g 17 MgCl,.6H0; 1.0 g 17
CaCl,.2H,0) after autoclaving to prevent precipitation with
orthophosphate.

35 Carbon sources were added after the media were autoclaved.

Solid media were prepared by the addition of i5 g 17 agar.



the m crograph) with the dom nant types being non-notile rods, notile
rods, notile spirals, and fil anmentous bacteria. This observati on showed
that a viable population was established by the method under anaerobic
conditions 15 and as is observed during aerobic operation, the m xed
m crobi al popul ation that was initially added to the vessel had been
sorted into a'small or reduced nunber of mcroorganisnms wth the desired
properties. The nethod was successfully opergf ed under anaerobic 20
conditions and mcrobial activity was detected by neasuring the
consunption of nitrete Tsidy Mdtdlon scSeltdeh venehéakriede. Al though nitrate
was the only termnal electron acceptor neasured in this exanple, the
system can be easily nodified for detection of the other§;§5 term na
el ectron acceptors lisd®add hp Jable 7. The only limtation is the
avai | abi litysof a suitabl’e idn selective electrode. in thi's exanple the
nol ecul e used for resxpoatign was neasured. Electrodes thaty detect the
product (s) of anaerobic respiration could also be used to 30 nonitor the
m crobi al di scovery pigEgs8,0n the nethod. This exanpl e dertonstrates that
t he met hod can be used to discover anaerobic m croorgani snms. Mdifications
may be nadeifo the prBferr88.0 enbodi ments and Exanpl es dedcrdi bed above
wi t hout departing 35 fromithe spirit and scope of the invention. 58 -
REFERENCES Br adf or d, W@?&g%ﬁ A rapid sensitive method, Of@% t he
quantitation of mcr m quantities of protein utilising igbhe principle
of protein-gye binding. “Anal ytical Biochemstry 72, 248-?5 . "Brock, T.D
and Madi gan, MT. (1@;813;)1_.2 Bi ol ogy of M croorganisns 5th Edigti on,
Prentice-Hall, New Jersey, 10 USA

Cuso,. 5H,0 0.02

20 Composition of Defined Medium (461S8) which is a
modification of a minimal medium described by Nagel and
Andreesen as cited by DSMZ (German culture collection -
www . dsmz . de/media) .

25 w1l 17
*8alts solution 10
3 **Trace Elements Stock 0.7
° ***phogphates 20

* The Salts solution conitained:

35 g 1"
CaCl,.2H,0 1.0
MgSO, . TH,0 50.0
40 -
MnSo, 1.0
NH,C1 30.0

45 NaCl 5.0
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Defined Medium (DM g NH4d ol - 0 10 KH2PO4 0.5 10%

' *Ing 12 . 6H20 0.17 15 *CaClZ 2HO 0.01 **Trace Metals

solution 1.0 mM ** 'ThQGrAdi dimd anWwere fMRdecUpRlbNehEYeEE8-0ShOs: S wat er and

adjusted to pH
Wher e required,
m nutes. Large
for at |easts60
concentrated s
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25

vol urres (up to 20 litres) of feed were autoclaved at 121C

RJHd eSes¥) Tn UBQHQSHHgbé@@eQakﬁ' %@a"‘%eﬂ@ﬁd@‘gf%e %he

te({dle st oc qutlonSJ 6H2G 1
ition ¢of the other omponents

g 17 (of 5M HCL)

FeSO0,. TH,0 6.56
zZnCl, 0.14
MnSO, . H,0 0.12
H,BO, 0.01
CoS0,. TH,0 0.45
Cuso,.5H,0 ‘ 0.004
NiCl,.6H,0 o 0.048
NaMoO, . 24,0 0.072
kax The Phésphates golution contained:
g 17

Na HPO, 72.5
KH,PO, 12.5

All media were made up in reverse osmogis water and all

chemicals were of analytical grade.

Media were prepared by the mixing the Salts solution and

the Trace Elements Stock prior to autoclaving.

Where required, media were sterilised by autoclaving at
121°C for 20 minutes. Large volumes (up to 20 litres) of
feed were autoclaved at 121°C for at least 60 minutes.

The Phosphates solution was added after autoclaving to
prevent precipitation of orthophosphates with the metals

in the medium.



CaCl2. 2H20) after autoclaving to prevent precipitation with

ort hophosphate. 35 Carbon sources were added after the nedia were

autocl aved. Solid nedia were prepared by the addition of 15 g |-' agar. -
60 ** The Trace Metals solution contained: g I~ 5 FeSO . 7H20 1.0 CoSO,

. 7TH20 0.2 WMSO4.H 20 0.1 10 N 2.6H20 0.1 NaMOOX.2H 20 0.05 H3BO3
0.062 15 ZnCl2 0.07 Cu SO4 . 5H 20 0.02 20 Conposition of Defined Medium
(4615) which is a nodification of a m ninal sgedi um descri bed by Nagel and
Andreesen as cited by DSMZ (German culture collection - ww. dsne. de/ nedi a) .
25 mM |- *Salts solution 10 **Trace El enents Stock 0.7 30 ***Phosphat es

720 50.0 40 MED A CREACE 00 TR TRGEED i meble” el durlBien.

Solid media were prepared by the addition of 15 g 17 agar.



** The chemcals in the Trace El enents Stock were dissolved 5M HC1. The
Trace El enments Stock contained: 5 (Note: FeSO,.7H20 was dissolved in the 5M
HC1L before the addition of the other conponents.) g 1-1 (of 5M HCl) 10
FeSO . 7H20 6.56 znC 2 0.14 MSO4 . H20 0.12 15 H3BO, 0.01 COCsO,. 7H20
0.45 20 CuSO,.5H20 0.004 N C 2. 6H20 08848 NaMX.2H20 0.072 25 *** The
Phosphates solution contained: g 1' 30 Na2HPO4 72.5 KH2PO4 12.5 35 Al
medi a wer elTHEdeLAPVIE DERBNENSTIOE A YN TN ARINAS AQLIHBIS: cal s were of

anal ytical grade. Media were prepared by the mxing the Salts sol ution and
the Trace Elenents Stock prior to autoclaving. 40 Were required, nedia

were steril.i sedAbyegull ot alenfigyidd a h2orkMisrd b RUhRSabokidd 8Qci QubERSe, (Up
to 20 litres) of feed were autoclaved at 121C for at |east 60 mnutes. 45

The Phosph#ided Kispiifing anaizmag davealvedrin dlie gaetabalisgl 06 thrtessewbstrate, the
preci pig atﬁl%oggg@@gpggpﬁsﬂgﬁgt&s with the netals in the nedium 62 Carbon

sources were a nedi a were autoclaved. Solid nedia were
prepared by thea)agdavitingra @hulbfog of micrag@nisms in a vessel,

b) feeding fluid into the vessel at a controlled flow rate commencing with an
initial flow rate, the fluid comprising a nutrient medium and, for at least part
of the feed period, the test substrate, the feeding of test substrate into the

10 vessel continuing so as to increase the population of the microorganism or
enzyme to be identified whilst reducing the population of microorganisms that
do not metabolise the test substrate

¢) producing a signal indicative of the level of a metabolism indicator which is
a terminal electron acceptor, over the time-frame of the enrichment, wherein

15 the signal is produced from a probe that takes a reading in the vessel, and

d) providing an output showing the change in level of the metabolism indicator
which is based on the signal of the probe to enable assessment of selective
enrichment of a microorganism that metabolises the test substrate, and/or
the enrichment of an enzyme produced by the microorganism that is involved

20 in the metabolism of the test substrate, to indicate when the population is
enriched for the microorganism or enzyme, and to enable identification of

that microorganism or enzyme.

2. The method of claim 1, wherein the output is produced electronically directly

25  from the signal, such that the output is provided on-line.

3. The method of claim 1 or claim 2, wherein the method further comprises
presetting conditions to be met by the signal output to result in a change in the fluid flow
rate, and changing the flow rate at which fluid is fed into the vessel when the conditions
30  are met, wherein the preset conditions are a combination of a predetermined period of
time and a preset value range within which the signal must remain for the predetermined

period of time.



63 THE CLAI MS DEFI NI NG THE | NVENTI ON ARE AS FOLLOAS: 1. A nethod for
identifying a mcroorganismable to netabolise a test substrate, and/or
identifying an enzyne involved in the netabolismof the test substrate, the
5 nmet hod conprising the steps of a) providing a popul ati on of

m croorganisnms in a vessel, b) feeding fluid into the vessel at a
controlled flowrate commencing with an initial flowrate, the fluid
conprising a nutrient nediumand, for at |eagh part of the feed period,
the test substrate, the feeding of test substrate into the 10 vessel

continuing 5o, aselo. | MGECASEnbACPOPHLAN T ON Bt MY 9OLIANESM O pENZLTE

to be identified, whilst red UC|ng%t e popul’ation of m croorgani Sms
not netabolise tRECFERFCS BRLR of e Y Y RINY T EgR&@e Mri-cative of the
| evel of a netabolismindicator which is a termnal electron acceptor,

over the tireframe ofyLhe, BAL COFCILL e il A, the shanal s, produced

froma probe that takes a rea Vesse ing an ou
showi ng t he d%an@@crﬁa$%@é¢yO@rQ@ﬁ¥¢ﬁﬁQﬂiﬂmfﬂﬂQQﬂmSG@QOﬁhewﬁﬂ@w rstbaséd on

the signal of theoprobge t,0;@radhie AseREsB tofe $RleCkivetrgBEl Chment of a
m croorgani smthat netabolises the test substrate, and/or the enrichnent

of an enzyne produced by the mcroorganismthat is involved 20 in the
met abol i sm of theé.testhaubstiial egf teonyi nmoiec atfe allagmst Ae tpopul ahkorinsthe

enri ched for  enBk0L00f RN S5 O B3R A9 RADL e LOSA LET cati on of

t hat m croorgani sm or enzyne. The net hod el n the output
i s produced ecT?%ﬁﬁQ%ﬂlﬁPYﬂ#Wﬁﬂlﬁﬁ WE}WQQ%%SPthSF&ﬁaFeS§u§HbFH§Pt?he

output is provided on-line. 3. The method of claiml or claim2, wherein

the met hod fur i COTRI ira o PASHLA0 CORMLELONS (ko hecTRL Py e oi onal

output to result 1n a ‘fl'ow” rat e anging the flow
rate at which fIlHQFQQ¥qﬁu}ﬁrﬂ&iQQh?duﬁﬁﬂm tiisenpth&econdreionagesofar e met,

wherein the pre&ﬁy@@ﬂdldam A1R:3 OMRiaARbhar 0f sa1phedet esipad-peri od
of tine an Q§et val ue range within which the signal must remain for

t he predeteréln 319 od OP A e OF “647 4. The nmethod of claim 3, wherein
the fluid flowrate is 1increased when the preset conditions are net. 5.

The nethod of cl@ai m 4, heneldy e hlyidef | QWerats kfe metabolism
indicator is selected from the upteke or release of
oxygen, sulphate, sulphur, nitrate, fumarate or iron.

20
9. The method of claim 6, wherein the metabolism
indicator is the uptake or release of oxygen, and the

signal is produced by an oxygen probe.

25 . 10. The method of any one of claims 1 to 9, wherein the
output based on the signal of the level of the metabolism
indicator is a visual output.

11. ' The method of claim 10, wherein the signal of the
30 level of metabolism indicator is provided as a visual
output of the metakolism indicabtor versus time.

12. The method of claim 10 or c¢laim 11, wherein the
visual output is updated in periods of duration of 20

35 minutes or lessg.



5 increased by proportionally increasing the flowrate of both the

nutrient nediumand the test substrate. 6. The nethod of any one of clains
1 to 4, wherein the netabolismindicator is the uptake or release of a 10
nol ecul e involved in netabolismof the test substrate. 7. The nethod of
claim6, wherein the netabolism indicator is selected fromthe uptake or
rel ease of oxygen, carbon dioxide, carbonate, sul phate, sul phur, 15
nitrate, fumarate or iron. 8. The nethod of ailm 6, wherein the nmetabolism
indicator is selected fromthe uptake or release of oxygen, sul phate,

sul phur, nitrate, fumarate or ifro 20 9. The thod, of c]Jaim6, wherein
the netabolism Thi cattr W%%hFﬁLcﬁ%fﬁﬁﬁﬂbﬁorgFeggal%fngyﬁgﬁFeéﬂdL?ﬁe
signal is producetkinl antgparger praeee@5n pt@iodhecfietthodtdbnany dhe of
claims "1 to 9, vwhsglaidl tieQut put based on the signal of the level of the
met abolism indicator 1s a visual output. 11. The nethod of claim 10,

wherein the signal of the 30 |evel of netabolismindicator is provided as
a visual outputlof the meitakel cFnanidicsat of veasus Lige. 112. whbeehwt tiod of

claim 10 or clai% 1L, wherein the visual output | |.n periods of
duration of 20 nfﬁﬁf%%ogrH?gggpxba§§sfg.E%hé hé §g§8%$g8?§rn110 or
claim 11, wherei@PRWH&tipinsual output is updated in periods of duration of

10 mnutes or less. 5 14. The nethod of any one of clainms 1 to 13, wherein

the population m_cr oor gani_s i S a heterogeneous . popul ation. 15. The

net hod of cl ai m'1%, Eﬁg%Pﬁeggbﬁﬁpéfigﬁ'owgeﬁﬁlﬂiEPgogﬁﬁﬂﬁgﬁ%O%o%¥ains

at |least 101dif feremorgpadises obntains at least 10 different species of
nicroorganisms.

16. The method of claim 14, wherein the population of
microorganisms is activated sludge.

15
17. The method any one of claims 1 to 13, wherein the

population of microorganisms is homogeneous.

18. The method of any one of claims 1 to 17, the method
20 further comprising the step of isolating the enriched

microorganism, or isolating the enriched enzyme.

19. The method of any one of claims 1 to 18, wherein the

test substrate is not a commonly metabolised substrate.
25

20. The method of any one of claims 1 to 19, wherein the

test substrate is an organic carbon-containing molecule

other than glucose or acetate.

30 21. The method of any one of claims 1 to 20, wherein one,
two or all of the conditions in the vessel selected from
the pH, temperature and aeration conditions are set by the
user prior to commencement of the feeding of test
substrate into the vessel.

35
22. The method of any one of claims 1 to 21, wherein a
selective pressure l1g applied to the contents of the



m croorgani sns. 16. The net hod of claim 14, wherein the popul ati on of

m croorgani sns i s activated sludge. 15 17. The nethod any one of clains 1
to 13, wherein the population of mcroorganisns is honbgeneous. 18. The
met hod of any one of clains 1 to 17, the method 20 further conprising the
step of isolating the enriched mcroorganism or isolating the enriched
enzyne. 19. The nethod of any one of clains 1 to 18, wherein the test
substrate is not a comonly netabolised substrate. 25 20. The nethod of
any one of clainms 1 to 19, wherein the testéssubstrate is an organic

car bon-cont ai ni ng nol ecule other than glucose or acetate. 30 21. The

met hod of any oneesfellw) nEelkdto £20, a\l\dﬁebebar@ﬂﬁh.sm tams Qfr &ldzvak that is
conditions in thg,y gﬁ@ u%eaeect %d fr Qgsp&lf theenpeer at re and aeratl on
conditions are set user r| or fLo comenceinen 5??‘1‘9 of
test substrate into the vessel 35 22. The net hod of any one of claims 1
to 21, wherein a23 sel®ed e hpiessueeais 2appliiesk-dion ttlh% w@&tlsreof the - 66
vessel to selg Jjé)% emlcsr %rlganl mfa(nrq/olg enzyne t %} ._enriched_under
the conditi ons 01? e sel’éctive pressure. o223 The e 6"51 of *EFAFm 22,
wherein the sel (JEARTS FrnedEur senpeselert ecrraimaine serl theoacehtaation,
increase or declieasfAvdd pHs LEAREHA! ULEE BEEAHQN orSAlscfRRCeRt Kat i on,

di ssol ved gas COJHe?chalarc‘gm resgnce or absence of a chem cal conpound.



