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ABSTRACT

A fermentation system was designed and constructed to study the growth
characteristics of micfo—organisms at low and high cell concentrations. The’

techcique used to develop high cell densities utilized a rotating micro-filtra-
tion'unit to permit the remcvai of cell-free product from the'fefmenfér. The

fermenter volume and the filter were contained in-a single'unit composed of a

series of concentric cylinders. Annuli contained the fermenter volume while

the second ouﬁermost'cylinder supported a micro-filtration membrane. Feed to
fhe system was pumped at constant rates, andfthe internal pressure built up to
a value which would effect the required filtration rate. The system was operated

batchwise and continuously with and without filtration.

The anaercbic-growth characteristics of Steptccoccus faecclus were deter-
mined at 37°C and pH 7.0 for bafch, continucuS'and continuous withvfiltrétion.
mcdes of operation._ The_growth characteristics werevunChanged when the cell
denéity ﬁcs increased. Chacges iﬁ'cell yield per molc of glucose consumed Weré‘.
clearlyvillustrated duricé the course of a éicgle ruc by operatihg the fermehter
in the uhéteady.éﬁate with filtfation. NO'consumption ofvgluccse fcr maintenance

* : -
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purposes was apparent for these organisms. The maximum cell density developed-
was 40% packed cell volume, & value 45 times larger than could be grown in

simple batch culture.
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I. INTRODUCTION

Investigators have, in recent_yegrs, s%itched much of their effort from.
Studying the growth of micro-prganisms iﬁ.batéh culture fo'investigafing their
.gfowth'in coﬁtinuous culture. Batch culture byzité very naturé yields informa—
.tion on microbial processés‘which>are in.a statéxOf flux and change.b'bnly crude
information as‘to the effect of various nutritional reqﬁirements on the physiology
and metabolism of the ¢ell can be determined since exhaustion of a necessafy
nutrient causes growth to cease. Continuoué fefmentation allowé the investigator
to study cells under a variety of grbwth‘conditioné‘and nutrient limitatibns on
a stéady state basis, where the ihterference by transient behaviorial character-
istics is absent. The dynémic'response 6f cells when subjected to sudden or
cyclical changes in enviromment can be studied, something which is imposéible in
batch culture. .

One qf‘the main disadvantages of studying confinuous'dultﬁré is the time
involved ih going ffom one steady state to the ﬁgxt, a time which méy_stretchb
iptovmany hours or even days if the dilution rate iﬁ the’ferménter is small. -

For thié reason of efficiency in time utilization, the Study of batch cultufe_is
very necessary for prelimina?y screeniﬁg and testing of nuﬁrient requirements.and
groﬁtﬁ characteristics. |

The study of continuoﬁs fermentation has been in pfogress’for somé time
and the various interéctions of microbe and medium ha&e been investigated by many
‘ workers, buf few.have investigaﬁed the influence.of cell density upon growth
»charagteriétics; The concentration of-mipro—organisms grbwn in batch and con}
tinuous culture is ﬁsuaily on the order of a few grams dry weight per iiter of

broth. If the bio-mass is considered to play the role of a ‘catalyst in the



UCRL-18372-Rev.

l..

conversion of suﬁstrate to product, then major ihcreaseS‘in'productivity would
result from techniqugs whereby cell concentrafion'could be increased. Growth
of miéro—orgahi%ms is usually limited by one of two mechanisms: anleésentidl
nutrient is defleted in the“me@ium or an:inhiﬁitéfy product‘df the metabolism
is increased to a le&el which halts.g;owthQ To increase‘b;ctefial:concentratioﬁ
beyond thaf pogsiﬁle;in bétch or continuous cﬁlture‘necessitatés;thé céntinuousv.
feeding of fresh medium gndifhé reﬁ;val of cellffrée}product from the fermenta-
'tion:system.a'Thefénéfé a number of techniQueé fd?§;é§@§IiSh.§£oaﬁét removal.
A poSéible'method for large—séale'operatioﬁ wquld be the continuous éentrifuga—
\tion'éf brofh éoupléd with the}fecyclegof céllé to thé fefmenter.‘ The usevofta
centrifugé for émall s¢ale experimentation is not too'préctical'because of the
iarge voluﬁeslofvbrofh associatea'with the‘extérnal 1ines and the centrifuge;
Exchangé of ﬁutrients and:préducts between é grdwing culture separated
from an external>réserVoirv5y'a-dialysis membrane is anbther methéd of producing
dense'cultures;'_éerhardt.and Gallﬁﬁl'develbpedla'dialygis flask to érow high
‘density cultures batéhﬁise with provisionvto'exéhange é Cell—freg produqt'with ‘

a nutrient reservoir. Using this apparatus, Gerhardt and Gallup investigated

a number of organisms &and a variety of dialysis membr&nes._‘They found considerable

increases in cell concentration'whenvthe growing‘cuiture'was supplemented'with
nutrients derived from the reservoir. - They inVestigatedlthe effect of bacterial
concentration on the yield of cells per unit of substrate by using different

ratios of fermenter volume to reservoir volume. Using Serratia marcescens,.

they found thaticell concentration increased directly with increasing'reservoir 

to fermenter.vdlume_ratios up to 10:1. Beyond this pdint,'little‘increase in- -

cell concentration occurred.
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These early high density batch culture investigations have been con-

tinued by Gallup and Gerhardt,2 and Gerhardt gﬁ_g;.3’h’5’6

Since dialysis was
used to transfer material, nutrient concentratiéﬁsIWere unknown since the
mechanism of the transport was'by diffusion and the driving fbrce was concenﬁra—
tion differences. To circquent the problems of dialysis in the present study,
a filtration device was proposed where a préssuré driving forcé would cause the
transfer of matefial. An experimental fermentér was designed and built in which

a rotating cylindrical microfilter separated cells from the broth and allowed

the removal of a cell-free effluent from the fermenter. Using this apparatus,

anvinvestigation of the anaerobic growth characteristics of Streptococcus
faecalus at 37°C and 7.0 pH was undertaken.

S. faecalus converts glucose primarily to lactic acid via the Embden-

7,8 T

Meyerhof pathway. " Sonme investigatdrs have shown that at high pH, diversion

of glucose to other products (ethahol, acetic and formic acids) occuré, while

9

otheré ha;e found no‘dependence on pH but instead a strong dependence oh.the
specific growth rate with only formate and acetate being formed, and no ethanol.
Thes¢ latter experimenters employed a continuous fermenter for théir studies and
showed that in instancesvwhefe growth was limited by nutrients ather'than glucose,
dissociatiqn of-glucosg catabolism and growth rate occurred. _Bauchoﬁ and
ElsdenlO used'Clh;labelled glﬁcose to show that almost none of the glucoée was
ipcorporatéd inﬁo cell material but servgd only és‘an energy source.

The nutfitidhal requireﬁénts for S; faecalﬁs afe.very strict. The
presence éf most amino acids together with-a number»of vitamins and'ﬁinerals

in the media are essential for growth.
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II. EXPERIMENTAL APPARATUS AND PROCEDURES
Figure 1 shows a simplified flow diagrém for the filtration—fermenter
combination. The flow rates, v, and the COncentrationé of cells, N, and sub-
strate (glucose),&S, have beén indicated. Theifermenter was a 12<inch section
of é" ID pyrex pipé'whiéh contained a’rotating filter designed to fémove cell-
'free pr6duct. .Positive displacement feed“pumés and.supply véésels for both

, sterilé‘nutrienf and-NaOH'additioh, a recycle line to an external pH electrode
holdervandvclosed"loép pﬁ cgntroi aﬁd‘fermentef tempeféture coﬁtrql’éomﬁleted
the system. This experimental set-up was used for all modes of operatioh:

_ batch, continuous stirred tank and continuous stirred tank with filtration. A
sti?ring shaft replaced the filter duriné bafch and continuous, non—filtration
experiments..theﬁ opérating in the filtration mode, cell—confaining effluent -

: Wasvremoved in controlled amounts by‘means of a peristaltic puﬁp in the bleed
Lliﬁé_and collected .in a'buret;: Sinée the feed pumpé were’positife'displacement,

. the difference in félume flow rate between the bléed and feéd fates was forced
through the fiiter membrape'of.the rotor and the.pressure in the fefmentér ﬁés
alloﬁed to fluctuate to supply the driving force ﬁeedéd to effect the filtration.

The -filtration rotor was designed to fulfill several purposes: (i) to
support the membrane Vhich.would sepérate the.micro—organisms'from the broth, (2)
to remove the filtrate from>the fermenter, (3) to serve as an agiiator to com-
pletely mix the culture, and (k&) to achiévé as high a fiiter area to volume ratio
as possible. The ultimaﬁe denéity of a bacteriél culture which can be. grown in '
this typg of.system is direétly propd?tiohal to the fatio of fiiter area to culture
volume since the limitihg.step‘is the.filtration faﬁe oftainablgfundér:cqnditioﬁs

of moderate pressure drop through the membrane.i For this reason, care was taken
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to 1limit the volume of the fermenter in the end areas without making the assem-

bly of the fermenter too difficult. Clearance at the top and bottom was restric-

. ted to 1/8" each. To accommodate the rotory seals, wells were machined into the

heeds so that as little culture volume as possible was added to the system. An-
'othext maJOr*fermenter volume was located in the ennulus between the stationary
outer cylinder end.the rotating filtet. There iesa lower 1imit to the gap which
can be tolerated because mixing of the broth becomes more difficnlt the smaller
the gap becomes. In fact, special means hed to be:devised to assure'that adequate
mixing was achieved in the fermenter. The diameter of the filter rotor was cho-
sen to be 2- 1/2" which left a 1/4" annulus.

| A Taylor Number of 5 600 was computed for this system u31ng the fluld pro-
pertles of water and rotatlonal speed of 600 RPM. Turbulent condltlons normally
prevail beyond Taylor NUmbers of 400 Experlments using dye tracers showed that
1little or no‘axialvmixing.occurred. To improve the mlxlng characterlstlcs of the
system; an internal pnmping arrengement was dev1sed. | |

‘A.SChematic diegram,of the rotor is shown in Fig.ﬁel_ The rotofvwas composed:

egsentially of a series of concentric cylinders with arcentral cylindef, a 1/2" di—

ameter heavy-walled stainless steel tube, forming the power shaft connecting the

- motor to the rotor. On this shaft were attached the rotating portions of the

Crane seals. The remaining two cylinders with their end plates formed the fil-

trate unit which was connected to the central'shaft by two shear pins. ‘The bot—

;tom shear p1n was hollow and connected the interior of the flltrate unit to the

hollow shaft and served as the exit line for the flltrate. The filtrate flowed
down the shaft;;through an_external seal and thenaexitedlfrom the system.

d_The external surface of the filtration unit was a perforated plate support.
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for thg filter mémbrane. The filter membréne wés a recfangular sheet of type
WH Milliporé filtér material ﬁhich was wraﬁped around the supporﬁ surface and
=g1uéd along the seam with silicon rubber cemént. After ﬁhe cement had set, fhe
eﬁds were given a light coat of glueiand'sealéd‘ét the ends with "O" ringé as
shown in the'diagram; | |

Attached to the bottom of the filtrate unit vas a set of impeller blades
which rotated with thé filter. These impellers pumped.the broth‘up the oufside
annulus and down through the,innér'annulus between the filtrate unit'and the céﬁ-
tral éhaff; This'internai pﬁmping action gave rise to excellént mixing. Dye tra-
cer éxperiments showed-that'complefé diépersion occurred within three to fiVe se-
conds;‘while fésideﬁée time distribution experiments dembnstraﬁedfthat the fer-
menter was uniformiy mixed,

Thé area bf,thé filtéf which was availabie for.filtration was about 456 cm.2
and the fermenter Vﬁlume inéludiné recycle linéé"héé 620 ml. When fhe.system was
used for bétéh'and continuous stirred tank operation, the rotor was removed and
thé volume was 1360 ml. |

Since lactic acid wasvbroduced by the oréanism:studied, continuous pH control
. ona closed~loop basis was_necéssary; The gontrol system gonsisted of a pH ana-.
lyser, a recorder-controlier and a piston pump_driven by a DC motqr for_éddiné
NaOH atfcontrolled rates to the systém. Thé'RPM of the ﬁotor was measured by
means of attachometer-generétor aﬁd a_fecord pf the motor speed as a_function of
time waé used to detérmine therrate of‘bgse'addition to the system. :

The fiber juanibn of the pH reference electrode was easily plﬁgged by.
the bacterial suspénéion and an insufficient fldw of electroiyte resulted. To
circumvent this problem, a.remote refefence electrode waé constructed and

connected via an aquedus KC1 salt‘bridgé to the fermentation system.
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The pressure in the fermentér fluctuated depénding upon the filtration
rate. . In order that electrolyte flowed into fhe system, the réference electrode
was prgssured with'l\l2 to a value_above thet in the fermenter. The pressure had
no effect upon the measured pH. |
| Samples of ‘the fermentation broth were removed through a serum cap in the
recy¢le line using a‘sferile syringe and were immediately iﬁmersed in an ice bath
to é£0p the cells from growing. The cell mass was determined indiréctiy by meas-
uring the optical density (0.D.) of the culture. At a wave lengih of T20 mu Qhere
the medium background sbsorption was minimél, preliminary exﬁeriments’éhoﬁeduthat 
0.D. was linear with cell mass és long aé the 0.D. did not exceed 0.35.: Since'
most of the samples had an O.D; much higher than'0.35, diiutiops usiﬁé a buffer-
formalin soiutidn'Weré'made. Samples from the steady étaté runs were ahalyzedb
for dry Weight. One unit.of 0.D. cofresponded to a dry weightvof 0.347 mg/ml,
~ with a standard deviation of 0.025 mg/ml..v

Glucose was measured by two methodé; Initially, the improved reducing
sugér analysis deﬁeloped by Kﬁsmiefekll'was used. Difficulties were encountered
in achieving reproducibility and considerable SCatteerccurred in the data.

This method was used for all the batch and'sbme of the continuous stirred tank
runs. For the rest of the experiments, an.enzymatié preparation for glucose‘
analysis (Giucostat, Worthington Biocheﬁical Corp.)'was used.

vLacticlacid was determined using,a_iactate dehydrogenase enzyme prepara-
tion (Worthinéton Bicchemical_cérp.) invconjunction with a hydrogen acceptor

potassium ferrocyanide.
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ITI. EXPERIMENTAL RESULTS

The results from'the.experimental progrém are preséntéd in order of
increasing operating complexity, beginning with batéh culture, then continuous.
culture and %inaily the conﬁinuous éperation with’filtratiéh; Thé maﬁhematical
framework deSCribihg each mode of operation is:included'at"the'mostvconVenient
position. The operating temﬁeiatuﬁe andﬁpH conditions were restricted to a
_éingle value each‘cf 3700 and pH 7.0‘réspectivély, and fhey remained constant
throughout the experimental prograﬁ.i »

A. Batch Fermentatioh‘

‘1.  Experimental Results

Batch exberiments were conducted to detérmine'préliminary gfowth char-
acteriétics of 8. faecalus and to develép'a suitable nutrient medium for the
’continudus culfureé; To sjmplify the interpretaﬁion of experimehtal resuits;'
the medium shbuld be éufficient in all components except for one which isICHdsen
to limit growth. Since the pathway of glucose metabolism was'fairiy'Well;knowh,
| it was_deéired t§ use glﬁcose as the limiting substréte.

freliminary experiménts with a'Semi—definéd medium pﬁblished 5y.Bauchop'
and Elsdénlo uéing hydfolysed‘casein-to supply the'aminobacids requifed for
.growth, did not.give réproducible growth curves or maximum specific growth rafes.
FA-cémpléx nutrient reéip¢ containing yeast extract was deveioped which did yield
vreproducible results. .Thé nutriént mediuﬁ had thé fqllbwihg compoSition. |

Difco yeast‘éktract: 20 gm/i, anhydfbus sodium acetate: hng/l, a@monium'

sulfate: 2 gm/;,‘pgtassium monohydrogen phosphate -.3 HéO:v6 gm/l,'potasSium di-

_hydrogen phosphate: 1.5 gm/1, vitamin solution: 1.5 ﬁl/l, mineral solution: 2 ml/1, -

[
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glucose: T gm/l. The vitamin solutibn had thé following compositibn: nicotinamide:
400 mg/1, calcium patothanste: 400 mg/lg'riboflaQin: 400 mg/1, pyrodoxin + HCL:
800 mg/1, folic acid: L0 mg/l,'and'biotin: 40 mg/i} The mineral solution had the
foliowing composition: magnesium oxide: 10.75 em/1, calcium carbonate: 2vgm/l,
ferrous sulfate j'7.HQQ:'4.5 gm/l, zinc sulfate * 7 H20: 1.44% gm/1, manganese sul-
fate * H20: 0.80 gm/l, copper sulfate * 5 HQQ: Q.25 gm/l,'éobalt.sulfaté ° 7 ﬁEO:
0.28'gm/1, boric acid: 0.06 gm/1 ahd‘concentrated hydrochloric acid: 51.3 ml/I.

The batch growth curves using this medium had ‘& typical profile with a
brief lag period followed by exponenﬁial.growth. With 7 gm/l élucose preséhf
initially; the lag period abruptly entered the'stationary phase Withithe exhaus-
tion of the gluCOSé. When more glucose was present, another component'in”the'me_
dium became limiting.ahdva long tranéitiohaf&lphaSé'océﬁfred before gfoﬁth termi-
nated.  The maximum d?ubling time for S. faecalus grown on this medium was approx-
imately 24 minutes. |

Thevconvefsion of glucbsé to lactic acid waé almost stoichiometric for all
of the batch‘experimenté éonducfed;'.Plots of thé'glucose'reméining in solution
versus the lactic acid produced were 1inear.with & slope very ciose to the stoi—l_
chiometric value of -2.0. Plots of the lactic acid produced versus the NaOH
consumed were also lihear_with a slope approaching 1.0 The relafionship bétweeh
glucose\consumption ahdvcéllvyield was more complicated and is illustrated.iﬁ
Fig. 3 where the glucose.éonsumption (gs meésured bj.NQOH_consumptidn):is pldtted
versus’the bécteriai\cell concentration in opfical density units. During the ini—
tial étages_of growth, the amount of cell growth is directly propoftional_tp the
amount of eneréy released from the cétaboliém of glucése; HoWever,.this linear-
ity_éeases'and is follgwéd by a changing relationship wﬁere the amoﬁnt of glugose

!
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éataboliséd pér unit of néW’cells produced'iﬁéréaseé greatly. Two possible
models may account for this "dissociatioﬁ" of energy productibn from cell
.grbwth. The first modél assumes that thé additional energy is used for
cell maintepaﬁée while the second postulates that energy production and
the biosynthetic pathwéys become uncoUpled and the additional energy is
wastéd By some mechanism, possibly by means of an ATPase.

The presence of a maintenance energy requirement in bacteria has

been shéwn_By Marr gi_gl.lg and Dawes and Robbins13 for Escherichia coli,
, 5

for several organisms. A

Herbertlh for S. marsescens and by Pirtl
diScuséion of the energy of maintenance concept for'micro—organisms has

been published by Dawes and Robbins.16 Luedking and Piretl! have

shown that for L..délbruckii3 a homofermentive lactic acid bacteria,

the rate of.laCtate production (or_giucose consumpfion)_was proportional
10 the fate of growth plus a maintenance term. However, Rosenberger and
Elsden9 have shown that for S. faecélus, dissipatibn‘of energy may occur
-in the presence of an excess of glucose. The shape of the curve for
lactate prqdﬁctioﬁ versus cell concentrétion is similar for S. faecalus

and for L. delbruckii,'althbugh the amount of lactate produced after

"~ the dissociation occurs is much larger for S. faecalus.

2. Mathematics of Batch Growth

Bacteris reproduce by binary fiésion, a processvsimilar to auto-
catalytic chemical reaction. The differential equation deScribing.this

‘mechanism is:

<% -l N | - @
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where: N = cell concentration
t = time
i = sgpecifie growth rate.

During the growth of & culture, glucose is catabolized to produce energy with

the formation of lactate.

& s : _ : v
& T T TsE | - ®
where: P = product concentration-lactate
S = substrate cohcentration-glucose.

In this equation, P/S

stant approaches the st01chiometric value of 2.0 in the batch runs.

is the yield constant for this process. This yield con-

Iuedking's model expressing the relatlon between substrate consumptlon (or
lactate production) and its utilization for growth and malntenance is expressed
in Eq. (3).

ds Ny o oaw | o
- —— = —— + : |
T & a(dt)G P . 2

where @ is a constant expressing the amount of glueose reuqired~to'produce new

cells and B is the maintenance term. Subétituting Eq. (1) into (3) and re-

.arranging yields:

'
=
&6

= oap+B - o ' | (&)
The left-hand side of Eq. (%) is the specific rate of glucose consumption and

when plotted versus u, the'specific'growth rate, should yield a linear curve with

slope equal to & and the intereeptbeqﬁal to B.

As previously'mentioned, StOichiQmetric conversion of glucose to lactate
was épproached and stoichiometric neutralization of lactic acid by

NeOH was closely approximated. Since the rate of base consumption was more
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precisely known than either glucose or lactate, Eq. (4) was expressed in terms
of NaOH.

%nggH = Ypg @) | | (%)

‘The graphical expression of Eq. (5) is illustrated in the lower portion of Fig. (4).

A linear relation between‘Specific base consumption_end specific gfowth”rate is
apparent, leading one to believe that Eq.'(3)'is'en accurate representetion of
the fate of the energy produced during glucose catabolism. However, the Values
of ¢ and B for.a'number of experimental runs were not constant with variations
of 100% occurring. Also the maintenance term was quite large for these experi-
ments when compared w1th the results of Luedklng and Piret's data (17) for a

51m11ar organlsm, L delbruck11 In fact for some of the runs, the speclflc

consumption of glucose was almost 1ndependent of spec1f1c growth rate.
If the dissociation of energy productlon from growth.resulted not from the
maintenance term but. rather from dissipation of energy, then the rate of glucose

consumption would be related'to the.specific growth rate by the following equa-

tion:
_48 e - ' : | (6)
a Yog o |

where ¥yslis the frection’of the glucose consumed which ie‘used to promote growth.
The constant, &/, has the dimensions mM-gluCOSe/E/OD as in Eq. (3). 'During the ini-
- tial stages of.batch_gfowth, the rate of substrate consnmption; as measured by base
consumption, nas directly.proportional to theurate'oftgrowth - If the'value of

Y is taken to be 1.0 durlng this perlod then @ is equal to the 1n1tlal slope

c/s
of the curve in Flg (3) d1v1ded by the st01ch10metrlc constant 2.0.

The average value of O for five batch runs was 6.9h mM glucose/!/OD with
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a standard deviation of 5.%. Using Eq. (6) and the value of determined.by the

above procedure, YC/S values were calculated and an examplé of the results is

shown iﬁ the upper portion of Fig. 4. TFor Eq. (6) to be valid, Y should ap-

| c/s
proach zero as p goes to zero. For the experimeht shown, YC/S does appear to
vapproach the origin.

The values of Y should be equal fo 1.0 up to the pbint where dissociation

c/s
ocecurs. Fair agreement resulted during the lag phaseé of growth and, for some
runs, even weil into the declining growth period. In all of the runs,»the point
of diséociation deduced from Eq. (6) was at higher growth rates than was indicated
from the NaOH consumption-versué OD plot, as shown in Fig. 3. This differencé may
result from errors introduced by the. graphical differentiation necessary for the
use of Eq. (6). . | |

A comparison of the two models felating growth and glucose consumption shéws
that either model could be used. - Further information tsken from continuous fer-
mentation expériments where giucose—limited growth occurred showed that iittle or

no glucose was utilized for maintenance purposes and that the energy dissipation

model appears to be more nearly correct.

B. Continuous Stirred Tenk Fermentation

Following-the developmeht pf a satisfactory growth medium, éontinuous fer-
mentation experiments were undertaken to determine if the grawth characferisticé
observed ih batch culture remained unchanged during'continuous growth. The pH
of the sterile‘medium was slightly below 7.0 and.adding NaOH at a constant ratev:
uresultéd in a linearvchange of pH with timé. ‘The rate of cﬁange of pH per‘milli—
1iter_of_NaOH was calculated and used to éorrect the base addition rates duringj
continﬁous fermentation in order that the amount of écid produced auring the fgr—'

mentation could be determined from the titration.
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1. Experimental Results

Figure (5) presents the opticél density develdped in_the fermeﬁter and the
broth glucose concentration as a function of dilution raté. The data have been
‘converted to a'unif hutriént'feed Basis by correcting for thé §d1ume of.base added.
The curves have the,tyﬁicél form for continuous ferﬁentation wifh'OD being nearly
éonsfant at low dilution rates and fhen deéreasing as the rate apprOaches cell
washout. As the cell conceritration began to deéfease”shafply; glﬁcdse éppeéred
in the effluent broth. All of the glucose concentration data at high dilution.
rates féll on fhe:same cﬁrVé.‘.Only one‘glﬁbose cbncéntfaﬁionfaﬁvthe'maximﬁm di-
lution rafe is présentedvalﬁhCugh there wés é siighf'variation in feed concentra-
tion :fom_rﬁn to run, e.g., 36.5 mM/1 for Run 0G and 38.9 mM/1 for Run CJ.

a fhe fuﬁs were conducted at the‘éame'canditions so that the OD-curveé for the
different runs shouid have falién on top of each Othér.r At the lower dilution
_ rates whefe"giucbse céncentration waslzéro, the data does not COinéiae‘while ét
fhe higher rates,'gobd agreemént was found. |

v.RunvCG wés éompleted using'one fank of medium ahd‘tﬁe résuits arezquite
éonsistent. During Run CJ, the nutrient supply becahe exhausted aftersample
CJ11l and had.to-be repleﬁished. Whether some errorbin medium preparation cauéed
thé change ih OD versus dilution rate curve is ﬁot knbwnf The gfdwth ﬁaé glucose
~ limited but.the small differences iﬁ glucose cencentration in the feed could not
expléin the change_ih'thé_maximum cell cdncentfation which occurred when the nu- '
.trient:was replenishéd, |

| ‘The yield 6f_lactic acid produéed‘duriﬁg'thevcdntinuous ferﬁentatioh différs.

from that produced during batch culture. Figure (6) presents thé léctatevcéﬁcen?'

~tration perrliter of nutrient medium as a function of dilution rate. At high
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dilution rafeé} the decrease in iactaté concentration is éaused'ﬁy.washout Of the
‘Culture and the presence bf unconverted émounts of glucose. 'However, at dilution
rétes below 1;2 hr'l, giucose'éoncentration was eééentially zero so that the de-
creasing lactate concenfration was.thé résult 6f baffial‘divérsion of thé'gluCOSe
to products othér than lactate; Further'evidence that such a diversion was oc-
curring was éhown by.the rateﬁof NéOHvéonsumptidn per liter of ﬁutrient médium
which incréased as the dilution rate decréased. At lower flow rateé, the rate of
NaOH consumption appeared to be a mirror image of.lactate produétion. The édnver—

9

sion of the pyruvate to formate and acetate has been shown by Rosehbefgef and Elsden;

suggesting that the production of these acids required increased quaatities of

-

NaOH. The metébolic pathway can be summarized by the following equations;:

1 mole glucose — 2 moleé'pyruVate'
| x moles pyruvaté -» xvmbles lactate -
(2 - x) mole.pyruvate - (2 - x) formafeA4 (é - %) ﬁoiés acetate.
Since the base neutralized all.of the écidxproducéd, the'amouht,qf'formate;plus |
acetaﬁe wa s equél to the difference between the total base added and the lactate'
produced. Therefore, the fraction, F,'of the initial glucose fed which can be -
accounteavfor is given by: | |
0.5 + 0.5 [1313@21:3] +8 | '
F = = | - (7)
. Q : o :

where P and S refer to the concentration of lactate and giucose in.the broth -
and SO is the initial glucose'concentratioﬁ.' The approximate validity of this
material balance is shown in Fig, 7 over a range of speéific»growth rates.

Three sets of data are presented; two'are_the steady state, low density data for
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Runs CG.and CJ while the third.set is fof‘ihe high density,‘éteady state Run
HDA. The other experimental resuité for HDA are presented and discussed iﬁ é
following section. “

The value of F was a siight function of specifié growth rate. The shape of
the curves for Run CG and CJ aré similar but thérdata for'CG was consistently.
about 7% higher. At high-groﬁth rates,:all the glucose fed to the system could
be accounted for and almdsﬁ ail of it was converted to lactaté.' The lactate

yield constants as defined by Eq. (2) were compﬁted for these runs and they'are.
shown on Fig. 11. Discussion of these data is.presented in a later section deal-
ing specifically ﬁitﬁ lactate yield constants. |

The fraction of glucose whichvcan be acéountéd_for_by the propoSéd material
balance, decreases'to 0.9 as the specific growth.rate_apprbaches zero. The data
for'Runs-CJ and HDA agree well except for one sample which was about 12% low.

9

The continuous culture data of Rosenberger and Elsden” for S. faecalus agree well
with the results bbtained here. At low growth rafes, 90% of the glucose consumed
was converted to lactate, formate and acetate, while at higher growth rates, near-

1y 100% of the glucose was converted to these products.

2. MBtheﬁatics of Cbntinuous Fermentation

For a continuous fermenter operated with no cells éntering with the feed,
Eq. (8) represents the material balance for the cells contained in the system.
v fan\ v . | T

g-E -5 0

n

0 at a steady state
where:.
v = rate of overflow

V' ' = fermenter volume.
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'The substrate material balance is expressed in Eq. (9).

48 _ Vf g - (ég) -
dt v 0 dt consumed'_‘

0 at steady state

<<

S - | (9)

<
I

feed rate

m
]

- initial. substrate concentration.

Duriﬁg the discussion of ﬁhe batch growth resuits,'two different models for the.
fate_of gluccse wcrevexamined; the ILuedking maintenance energy model and the
eneréy dissipation model. In the continuous fermentation.éxpefiments, tﬁe ini-
tial gluccse conccntratiqn was kepf low in order. that growth would 5e élucosé—
limited. If the Iuedking model is assumed, then upon substituting Eq. (1) and

(3) into Eq. (9) and re-arranging:

v vf v 1 . . : '
B B =‘(?7'SO - v-S) T v : o (10)
Eqﬁation (10) is plotted (for Runs CG and CJ) in Fig. 8 which shows that the inter-
cept is equal to zero. Therefore, no épparent maintenancc energy is required.
Furthermore, the values of O calcuiated‘from the slopcs of the linear curves agree
guite well with those obtained from the batch experlments for the energy dlSSl-
pation model. It can be concluded then, that Eq. (6) is the correct representa-
tion of the glucoge consumptlon mechanlsm with YC/S = 1.0 for glucose limited
. growth. |

- The data for these‘continubus runs do not fall on avsingle curve. The dif-
ferences in grcwfh wﬁich were e#ident in Fig. 5 for the'dD versus dilution ratc
 ap§ear in Flg. 8 as changes in the yield of cells per mole of glucose consumed. ..

S. faecalus has very fastidious nutritional requlrements and the medium used in
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these experiments was undeflned in comp031tlon because of the yeast extract. The
same batch of yeast extract was used for all of the experlments but it is pos-
sible that alterations in cell metabolism may have occurred giving rise to slight

changes in cell yield.

C. Continuous Fermentation With Filtration

Preliminary experiments with the fiitfation rotor in place demonstrated'
,'tnet successful operation without an excessive preseure dron aCrose the mem-
brane could be maintained for a period of days. Considerable difficulties were
encountered during tne preliminary runs in obtaining e ceil-free;filtrate. A
number of sterilization methods were tried but mostveithef did not eChieve'comA
plete stefility or would cause the‘ﬁembrane to become'bfittie. AfsuccéSSful h
technique was deteloped:using a preliminary steam sterilization without the men-'
~brane;attachea followed by a formaldehyde sterilization after the membrane was
installed. Filtrate v1able counts taken durlng Run TI gave counts of 2X103/ml in the
early part of the run and lO5 at the end of the run. These counts were so low
that they could not be Observed visually. The filtrate was pe:fectly clear, just
asjthé nutrient feed. |

‘Originally, experiments were planned for the study of dense'cultures under
steady etate conditions; The time requifed to reach steady statevnas quite
long and'flow rates, particularly the bleed rate of cells, could not be maintained
. accurately without constant attention. The control of bleed flow rates‘waquuite
critical'because slight changes had a lange effect upon the final cell COncentrae'
tion. By measurlng the flow contlnuously in a graduated buret the amount of -
effluent could be accurately controlled as a function of t1me but constant atten-
tion was requlred. The poor control of bleed rate was caused by the per;od1C‘evo—

Aution of small quantities of gas from the fermentation and, since the bleed was
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bumped out of the system in contrblled voluméé;bthe-pumping rate‘had to.be tem~
porarily increased to compénsate. Gas evolution was small , a féw

ml/hr, énd was present during only a small.paft of the run. Reduction of liquid
volume in the fermenter by collection of gas was not significant because of the
location of the exit line at the extreme top of the fermenter and thé small
amounts of gas involved. Evolution of large'quantities of gas wouid have caused

a sSevere problem

1. Mathematics and Experimental Results
" Equation (8) for the cell material balance in continuous fermentation can be
expanded to account for cells lbstidue to leakage through the filter:

v V.

B

o v B
T - W Ny (1)
_ = 0 at steady state
whére:
VB = bleed flow rate
Ve o= filtrate flow rate
N, = cell concentration in filtrate.

Equation (9) for the glucose material balance can also be expanded in a similar.

fashion to account for the filtrate.

' v Sy v, '
as f ds\ "'B F : v :
& - 7% (‘") "y S-S (12)
: consumed »

0 at steady étate;

Substituting Eqs. (6) and (11) into (12) results in:

”‘VfSO- (VB + VF)S Vo, ' . o
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The concentration of glucose was essentially zero for all samples of broth

analyzed. Therefore:

vf SO

Vg Vg

< I'*-f

N =

- | | (%)

~Equation (14) can be re—arranged into a form more suifable for graphical pre-

sentation:

Rk R L

All of the variables contained in Eq. (15) were measured with thé éxception‘of
a. Oﬁe high density, steady state experiment, Run HDA, was conaucted'With
cell concenfrations ranéing froﬁ two to eiéhf times those obtained in batch
culture using'the.same initial gluéosé concentration 6f T gm/i. ‘When the
data were plottéd using Eq. (15);;a linear éurve resultedvéhd thé value of o
calCulatedAffom the slope Qf the curve was T7.05 mM glucose/1/0D, a value very

close to those determined from batch and c§ntinuous cuiture without filtration.

D. 'Transient Growth with Filtration
vﬁuringvthé steady state runs, the concentration éf glucose was negligible
for growth ratés belowilf2 nrt. This obsefvatidn'(together with the experimentaily
determined form of the cell yield constant ) allowed the use of uﬁsteady state
expérimenfsvto inveétigate high densify growth characteristiés without assﬁming
any specific kinetic mbdei. The advantage of studying the transienf regime
3lieé in tﬁe greatly increased émounts of information obtained over a’shbrter

period of time.
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A plot of N versus exp(- Vg t/V) should be linear with slope equal to A - N
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1. Mathematics and Experimental Results

The mathematical framework for transient behévior was developed using
the cell and substrate material balance equations derived for the steady state
case. Since S is equal to zero, then dS/dt = 0, and Eq. (12) can be solved

for the specifié growth rate:

<| <
H

y o= So/a‘N . ' - (16)

Substituting Eq. (16) into Eq. (11) results in a differential equation with
N as the only dependent variable, assuming that the flow rates, feed

concentrations and o, remain constant.

: v, S v, . Voo ‘ _
dn f 0 | B F N . - | oan

This equation can be solved with the initial condition that N = No when

where:

0.

and intercept equal to A as time becomes very large. The valﬁe of A defines

the maximum cell concentration'which can be developed.
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The experimeﬂtal proceduré for éll the transient runs was very similarf
The fermenter was operated at steady state with the feed ana bleed rates
adjusted so that an O0.D. around 10 was estﬁblished. At the start of the transient
period, the bleed rate was adjusted to a_pre—détermined value‘and the floﬁ
rate of feed increased to approximately 1 liter/hr; This flow rate of nutrient
was near the maximum which coﬁld be filtered for extended periods of time
- without excessive pressure buildup in the system.. The flow rates of fhe

filtrate and bleed streams were measured.
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An example of the experimental results oﬁfainédlis'shown in'Fig; 9 for
Rup'TI. For this run, the bleed rate of célié was 28 ml/hr while the nutrient
feed rate was 915 ml/hr. Curves ére'présehted for thé>optical densify,'and
for the'lactaté concéntration; Séveral'génefai observatiéns were cémmon tb
gll of the transient experimenté; It was quite Cléar that the linear relation- v
ship expressed by Eq. 18 was valid. Howéver, it was found that during most of
the runs, a single straight line did nbt'represent the data and a series of ii-.
néar curves was required. Since the slope of the curves waé uniquely defined
by the value of AJin_Eq. (18), then one of the variaﬁlés inéorporafed in A was
changing. Furthermore, it appeared as if aﬁ'abrupt change-océurfed. A1l of the
variables excepf o were measured and remained constant. Therefore, it ﬁuét bé' 
céncluded that the value of O was abruptly changing during the course bf.the run,
indiéating an alteration in the metabolic'pathway scheme. Further proof that
such ﬁathway altératiéns (rather than measurement erfors) were actually happéning
was given by'fhe Changes in 1éctate concentration éf the point of change.” )

At the beginning of a'run, the'feed'was incfeased'stepwise from a low value’
to a much higher one. The cells had to increase their growth rate to utilize the
additional substrate and their reaction waé not iﬁstantaneous; a transition'periodv
was required. Adjustment to the increased feed.rafe was quite rapid énd by the
time that the first ssmple was_faken after 30 minutes of an hour, the iiﬁéar fe-
lation predicted by Eq..(18) waé.féllowed, |

| The yiéld of lactate from glucoSercataboliém was a fUndtibn‘of the specific
growth rate. :The growth rate prior to thefinitiation of the transient_runvwas
much lower than the raﬁe after_the run'began.i-Therefore duringvtheufirst part

of the experiment, the lactate concentration increased'because of increased yield
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of lactate per mole of glu¢ose and began to deérease as the specific growth
rafe began to decrease. This is the reason'fqr the maximum which'appéars in
the lactafe concentration during the initial period of the run.

The experimental'reéults shown in Fig. 9 eéxhibit a complex spectrum. No
fewer than five Chénges ino océur réd during thé éxpériment!_ The valﬁes 6f o
given in the figﬁre, begin iﬁitially_at 6.77,'ihéréasé.to:10fé, deCréaée to
5.3& and then increase to 10.4 before decreaéing again, The last'value ~f
was not compufed_because fob few data pbints were available élthough the;valge
appeared to be between 7 and 7.5. The changes in Q wére paralleled byIChangesf
in_iactate concentrations and:seemed‘to be closely linked. Whi1e~seVeral chénges
in o wefe'evident, the average value over the course 5f the run was near those
obtained in the steady state expefimehts.

The.run deécribed above was terminated after 38 hours.. The preésure invthe_
syétem had increased gradually du;ing the course of the run ﬁntii,ll psi was
reached. While the rﬁnYCOuld have been cOnﬁinued:further, liftle added infor-
mation would have been gathered éince the cellulaf conéentratidh was bhanging
quite slowly with time. The bleed sfream was then étopped and the nutrient.feed

rate reduced to 540 ml/hr in order to reduce the system pressure. Growth of cells

continued. ‘Very small samples of the culture were'removed'for‘opticai density -

measurements. The filtrate was perfectly clear so that NF = 0. The solution
of Eq. (17) bécomes.straight-forﬁafd when vy is zeéro.
. v )
. £ 0 .
= + .
M= Ty + 55 ¢ S (19)

Durihg the initial stages of the‘experiment, Run TJ, the}lihear dependence of
cell concentration with time predicted by Eq. (19) held. Howevér,»as time and

the cell concentration increased, the rate of growth decreased and s maximum
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in cell concentratioh was épproached; In other words, there appeared to be a
maximuﬁ cell concentrafion which gould be de&eloped with the medium employed.
A sample of the final Broth, when.cehtrifﬁgéd, did not give a clear superhatent
és invsémplés taken from the other high dénsity rﬁns.and microscopic exémination
revealed the presence of many “"ghosts", the remnants of dead cells. Apparently,
the fall-off in thé’rété‘of cell concentration incréase was caused by cell death,
although this has not Beenvproven; The speéific growth rate during the latter
part of'the experimentai run was very iow, épproximatélyv0.007'hr'1, and may
have contributed to cell death. |
The maiimum cell‘concentration attained had an optical density of 270,

a Valﬁe 45 times that obtainable in bateh culture using'the"sahe nutrient
céﬁposition. A,saﬁple of the broth, céhtrifuged at 16,000 g's for an hour; had
a packed cell volume of 40%.

| The'viscosity'of the final broth exhibited pséudoplaétic or’"éhear‘thinning"
V characteristics. As the shear rate'increased from 5320 seconds_l to 12,600
secondsil, the viscoéity decreased from.6;3h centipoise to 4.90 centipoise.
From viable and totél counts made during the course of the run, approximately
80% to 90% of the cells present were viable.

2. Tactate Yield Constant

The amount of glucose which was converted to lactate during thé transient 

" experiments'could not be deﬁerﬁined directly. - The lactate concentration was time-
' depéndent and was inflﬁénced by the érevious concentration history. Hoﬁever,

dﬁring any time iﬁfer&al, the average lacfateIYield constant .could bé evaluated.

The product maferial balance is given by:

. v - v : ,
dp ap F B : :
* (’d‘%‘) -5 P- P o ~ (20)

Pfodﬁced
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Substituting Eq. (2) and-(ie) into Eq. (20) with the assumption that S and dS/dt=0

yields, after re-arrangement:

V. v . Va o '
ap [ F B T , -
a'»z'l?(v*v) = YT (21)
For each time interval, the flow rates were known. If YF/S is assumed to be
constant for the time interval, At =t -t ;, then Eq. (21) can be:
integrated:
) Py = Yp/g By (Y?/S E, - Py.p) ex(D' 8 t,) | . (22)
wliere:
Ve So
B= Vv
F B
p'= VB
v

Since the values of P are known from experimental measurement, the aVerage value

of the yield constant can be computed

P

presented in Fig. 10 as a function of time. Since the yield constants were ave-

To 1llustrate the results obtalned the values of Y. /S for Run TI are

rage values, they were plotted at thevmedian of the time interval when the time
betnEen samples was small. In Eqg. (22), the exponential term for A t's larger
than two hours was small so that the initial lactatevconcentration had little
influence on thevterminal talue. For samples where the time interval was greater
than two hours, ‘the yield constants were plotted at the end of the time perlod.
The yield constant curve closely follows the lactate concentration pro-v
file. The yield constant for the system Jjust prior to the start of the tran-
_sient run was 0.54 and is plotted at t = 0. The yield constant date for the

initial portlon of the run when extrapolated back to the t = 0 axis, gives a
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value for the initial yield?vefy closé to the étoichiomefric one of 2.0. This
obsérvation was consistent for those runs where_the initial cell concentration was
small. A similar shape was obtained for those runs with g higher initial céll
concentration but the t = O'intercept was less than 2.0 due to & smaller initial
specific growth rate. Apparently, just followiné the step change in feed raté, and
therefore growth rate; an ébrupt increase in yiéld occurs.

The points where the value of o chahgedvhafe boén indicated by arrows.
Chanées in O appear to'correSpond to alterationéfilthe metabolism of the organisms,
for after each change in @, the yield constant is quite drastically alteredﬂ  |

E. Lactate Yield Constant as a Function of Specific Growth Rate

‘For all of fhe data for continuous ferméntation, the decrease in lactate
y1e1d appeared to correspond to a decreas1ng spe01f1c growth rate as long as o
‘was constant. The yield data for all the contlnuous runs were plotted as a function
of sﬁecifio growth rate to see if a unique.relation existed.

Fig.vll contains the data for Runs G, CJ and HDA. The valueé of Y were

| | P/s
calculated from‘thé‘steady state concenffations. The same generél form is displayed
for these runs; the yield constant is close to the stoichiometric value at high
growth rates and becomes smaller os the growth rate decreases._»At low growth rates,
the yield constant decreases Vory rapidly._ The‘data for Run CJ is quite conéistent
and forms a smooth curve, linear atbhigh gfowth rates with a slow:change of yield
with u'ahd thenvdecfeasing abrupfiy. More scatter is presenf for Run CG. Although
both have the same form, the two curves do not coiﬁcide; particularly at the high
 growth rates. Af-low groﬁth, they seem to approach‘a common asymptote. The high
density run, HbA, had a much lower yield of 1actatevt£oﬁ the other two runs when

compared at similar growth rates. _The range of growth rates investigated was too

‘small to see a distinct trend.
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Also includéd in Fig. 11 are & few aata points teken from the continuous fer-
mentation studies of Rosenberger and Elé;denﬁ9 oﬁ‘S. faecalus. The range of dilu-
tion rates covered.in'theif work was small but the same trend of decressing lactate
yield constant with decreasing dilution rate is evideﬁt.

Thevspecific growth ratés for the trénsienf experimehts were calculated from
Eq. (16) and, as an example, the specific growth rate versus lactate yield date
fof Run TI iélﬁresented in:fig: 12. Two chafacﬁefiéﬁiés were immediately apparent:
first, the generai shape of the curves were similar to those shown in Fig. 11 for
the steady state experiments, énd during the period Qf any run where O ﬁas unChanged,

the défa feli bnva sﬁooth curve which became linear at low growth rates. Second,
.mést of the data, when extrapolatéd to the ordinate,.appéarédktb intersect at a
.common value of the épecific growth rate. | |

- The results for Run TI are plotted in‘Fig. 12, and the data for the different
o regimes have been fitted with individﬁal-curves{ For the 1ast part of the ex-
pefiment where & =_10.4, the aata lie below fhe intercepf valuevfof,ﬁ.‘ It is
possible that the extrapolations which have béén:made showing tﬁét Yf/s =0
~ when p = 0.07 hrfl,~are not correct. Whether Yf/S goes to zero is not known but
evidence to show thét it does not is given by the lactate yield determined from
the.final broth of Run TJ. The specific growth rate was about Q.OO7 h;-l and
. the value of Yf/S was 0;25. it woul@ appear that evenlat sgch low grthh rates

some lactate is prdduced.



po-  UCRL-18372-Rev.

IV. DISCUSSION.

A. The Bxperimental Apparatus

The fermenter system for this study was developed primarily for tﬁe continu-
ous growth of micro-organisms to concentrations many times larger than those which
could be obtained by the usual techniques'of.sfirred tank or bafch.fermehtations.
The fermenter accomplished this cbjective sucéessfully with a mﬁximum concentra-
tionifactor of 45 over batch culture. The invés£igation of dense cultures at spe-
cific growth rates largef than those obtained was.preVented by the‘uppér limit
on the filtration rate which could be achieved and maintained for long periods
of-time without development of excessive presSures. The equipment ﬁas‘deSigned
to withstand 30 to 40 psi but the meximum pressure used did not exceed 20 to 25
psi and was uéually much less. ' |

- A thorough study of.the filtration as a fuﬁction of time,'roiational sbeed
and ceil'éoncehfrafion wés npt made but‘daté takenldufing the'experimental'program
revealed the general characteristics. Using'a'similér fype of apparatus, Bhagat
and Wilkel8 showed that, for small polystyrene spheres, the stéady‘state rate'of'
filtration was almost independent of pressure drop and was proportional to the
square of the rotational speed. The dimensions of the apparatus, the ﬁartiéles
and the mode of qperation used by'Bhagat were different from those encounteredv_
here. Bhagaf employed & constant pressure drop throughvthe-membrahe and filtra-
tion raté wa.s thebdependent variable. A cake of particles was very'fapidly built
up oﬁ the membrane until an equilibirum'gondition résulted where the_raté of attri-~
~ tion of the particles from the cake due‘to shear énd‘béck diffusion equaled
their rate of transport to the membrane by flow of filtrate. An increase in 

pressufe resulted in a momentaryvincrease in filtration rate until_additional cake
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was built up and.équilibrium was again é;tablishéd.v

In the prééent work, flow rate was fixed and pressure drop was .the
dependent variable. Caké was formed very slowlyvand thé préésure increased
gradually and a steady state préssure appeared to be reached so long as
the cell denéity did not change. This was observed during the steady
state, high density run where operation continued for mény'hours:at
constant cell concentrations with little pressure increase with time.
The maximum filtration rate employed was apprOXimateiy 3 ml/hr/c;ﬁ2
at a cell concentration of 43 0D and a pressﬁre of 7T psi. At a filtration
~ rate of about 1.8 ml/hr/cm2 and an OD of 42, the preésure was approximately
L psi. vFrom'thesé two examplés; it would éppear that the steady state
filtration rate is a function of pressurébdfop for the presént system |
?rather than independent of it as observed in.Bhagat's system. |

‘A further deviation from the results of Bhégat was found in the
_filtratioﬁ rate increase with rotational épéed.‘ He found that thé
filtration rate varied-wifh the sQuaré of the'rotational speed. However;
in the bacterial filtrétion, increases in flow rate due to an increase
in rotor speed were fairly small over the range employed of 600 to 1100
RPM. A possibly important difference between thé preseht sysfem and that -
used by Bhagat is that the'organism layer formed during'the filﬁratipn_

was slimy and not particulate like the layers formed’b& thebplastic h

' particles.

The bacterial filtration rate was somevhat time dependenf as
:small-particles.pehetrated thé pores'and gradually blinded’the-membrane._

This effect was not very noticeable over time periods of several days.
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- The effect of cell concentraﬁion had a larger effect on the pressure
required to effect a fixed filtration rate and was particularly
noticeable when the packed cell volume exceeded 15 to 20%.

Uses of Filtration Fermenter Combinations

This type of apparatus has‘been shown by the experimental program
described here to be uniquely suited to the investigatibn'of microbial
grdwth'characteristics; The advantage of the high dehSity device over
continuous stirred tank fermentation is mainly the opportunity of
operating a'férmenter éystem with essentially zero condentrafion of
limiting substrate while the cell concentration is changing in a pre-

" dictable manner. Changes in cell yield are feadily apparent. 'Furthermore;
the amount of informatiqn obtained per unit time is much largér thaﬁ

in continuéus culture where 4 to 6 residence times are required tobchange
steady states.

Applications forvthe.filtratioh-fermentef:in fhe fefmentation
industry are probably very limited. Almosf all of the mgjbr‘indusfrial
fefméntations are conducted batchwise with only limited use of continuous
- culture. :Use of high density cultﬁ:e with its much more complex operatihg

requifements, would necessitate the presence of special conditions. For
example, the rémovai of a éell—free.effluent qould be advantageous in those
instances where the cell material‘intérferes with product recovery or, in
those fermentations with low growth rdtes, the increased prqductivity per
‘unit fermenter volume may offset the added cost involved. |

The productivity of a continuous fermenter normélly increases

with dilution rate until the cell and product concentration begin to
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decrease because of washout. For a continuous stirred tank fermenter

(CST), the rate of cell formation per unit fermenter volume (Productivity,

CST) can be expressed by the following relationship.

.t v -
| Productivity, CST = ¢ Nogn = WNygn (23)
| _
Similarly, for the high density system (HD),
vB
Productivity, HD = vf-NHD
. (2k)

assuming that no cells are lost in the filtrate. At the same specific
growth rate, the ratio of the productivity for the high'density with
filtration to the productivity of the continuous stirred tank with no

filtration is:

=

N

Productivity Ratio (PR) = = . - : - (25)
_ s » CST

The cell concentration for the CST is given by combining Eqs. (6) and
(9) and is squal to the following expression assuming no substrate is

. present in the effluent.

N =

of
csT v

8l

(26)

The cell concentration for the high density case is given by Egq. (14).
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Substituting these expressions for the cell concentrations into Eq. (25)
and making use of the flow rate material balances, the productivity
ratio reduces to the following form assuming there is no loss of cells
in the filtrate.

F

. v .
PR=1+-==1+
B

<ot

IlI : | '('_27)

The productivity ratio aepends strongly on the filtrafe'réte
per unit fermenter volume and on the specific growth rate at which the
éystem is operated. For the present high(density system, if operated
at the flow rétes.such as in Run Tl, the productivity ratio at-stea&y
state would be approximately 3k.

For a continuous étirfed'tank‘férmenﬁér,‘thé.maximum productivity
occurs'héar washout where the increase due to increasing flow rates is
counteracted by decreasing cell concentrations. For §. faecalus the -
optimum specific growth rate for maiimum productivity in a continuous
stirred tank_was‘found to be near 1.25 hr—l. Thérefore,.the productivity
ratio was computed to be 2.3 for S. faecalus‘grown in the experimental
apparatus ‘at the pptimum specific groﬁth fate énd at é filtrgtion rate
of one liter per hour.

S. faecalus grows much faster than most organisﬁsfand the
improVeﬁent invproductivity is noﬁ large. ,Very much larger increases
are possible with slow-growing organisms for which this type of apparatus

may be particularly useful.
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An important factor is the'power requirement for thie type of
device. In the preseht system power requirements estimated from existing
correlations were on the order of 500 hcrsepowér'perlﬁhoueaﬁd gallons,
‘an excessive value for‘industrial practice. However, it seems likely“
that‘alternate deéigns miéht;be pdssible forvlarge scale syetems\which
would reducelthe volumetric power iﬁputf' This remains an important
variable for future investigation. | |

B. Experimental Results

1. Cell Yield

The rate of consumption of glucose to6 ‘provide the energy for
the increase in cellular mass was found to be.directly'proportional to
the rate.of cell growth as lcng'as glucose waeApresent'in limiting
amounts. Evidence to support this statemeht is.contalned in,the steady
state.data for both normalland high dehSity continuous experiments. There
was ﬁc apparent effect of cell concentration'on the specific rate cf
glucose coﬁsumption. During . the batch experiments-rhere an excess vas
presenf, glucose catabolism became uncou?led from cell growth and the
energy derived therefrom was dissipatedl The Luedking gﬁ_gl.l7
maintenance model fitted the batch data but gave wi@el& differing
maintenance energy terms from one experiment to the next.

The amount'of glucose ccnsamed which Weht fo eupport neﬁ growth
.was subject to abrupt changes. These chaages were nof erident,from the
Batch and eteady state experiments for fluctuations in o from rﬁn to
vrﬁnlWere quite small. The onlj exception to fhis occurred during the

- last few data points for Run CJ. ~Withcuf the transient growth experiments,
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the conclusion.must bé that o is a constant for the avérage value was
T7.05 mM glucose/l/hr with a standard deviation of L4.L4% fof five batch
experiments, two continuous_stirred tank‘rﬁns and one high aensity,

" steady staté run. The o 2 ?alue for Run CJ was not included in the
average ana could be“éccepted as resuiting.from differences in medium
composition following the preparation of more nu£ri¢nt after sample

CJ 11, for the organisms have complex réguirements and the medium was
undefined because ofbthe'presencé éf:yeasf extract. Howevef, it became
clear during the transient experiments thét'a could and did quite
abruptlj change. These chénges Wwere not causéd.by'fluctuatiOns in operating
variabies or nuﬁrient composiﬁion'for”fibw’fé$ES and the 6ther”system
Variébles were monitered contihuousiy and the nutrient was withdrawn
from a single, well-agitated vessel. Furthermore? the lactate yield
¢onstant als§ indicéted thaf'a.shiftvih metabolic pathway had been

. made.

2. 'Producf Yield

The pathway‘alteration signified by the o changes seem to be tied

to the product formation but the a - ¥ variation is super-imposed on

P/s

the 1 - Y 'reiationship and complicates interpretation. The material

P/s
balances for all of the batch experiments showed near stoichiométric
conversion of élucose to lactate. In these runs, glucbse was present in
. excess. When gluéose WAS limiting, the conversion of glucose.to lactic
acid was a sffong function of'séecific‘growth rate; particularly at low .
rates. The lactate yield constant‘curves appeared tq extrapolate to a

;singlerspecific growth rate value of 0.07 hr—l and.aﬁ high rates, the -

yield asymptotically approached the stoichiometric value of 2.0.
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Glucosé is converted via the-élydolytic pathway in a series of
enzymatically catalyzed steps to pyruvaté Vifh two moles of ATP and
2 moles.of NADH producéd per moie of gluéOse. During the conversion
of pyruvate to lactate, the NADHvis oxidizéd and recycled. If pyruvate
is converted to formate pius acetate, oﬁe molé of ATP is formed, but
no NADH is oxidized. Therefore, to ensure that the glycolytiC'séquence
does not stop due fo a‘lack of NAD+, some other means of oxidizing
_ NADH must occur.v There gré two pdsSibilities. The first ohe involves
the conversion of pyruvate to ethanol'which would use a mole of NADH.
Rosenberger and Elsden® found only formate and acetate when they grew
S. faecalus in continuous culture. Almost identical resulté were found
when the da%alof”Rosenberger‘ahd Elsden wére compared to those found here
for the fraction of glucose whichvcouldibe accounted for in fhé saﬁples
taken from the present steady state runs. vRosenberger and Elédén -
analyzed fof formate and acetate directly while iﬁ the present study the
titration far total acid production'was used together with the measured
vlactate concentratioﬂ to compute the other acids produced.

The second possibility assumes that the NADH is oxidized by é
component in tﬁe nutrieﬁt medium. With 20 gm/1 yeast extract in the
medium, it is quite poséible that sufficient materiélris availéble to
act as a.hydrogen acceptor. Durihg the anaerobic fermentation ofvg;

‘ faécalgg;using glycérol as substrate, Gunsalus19 has dehonstrafed that
yeast extract does contain a hydrogen acceptﬁr, Althoﬁgh no direct
evidence for a similar regeneration of NAD+ was obtained here, such a

reaction sequence is quite possible.
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Aaditional energy should be prdduced dﬁring the formation of
‘acetate for formate froﬁ pyruvate. However, from the experimentel data,
ne consumption of this ATP was evident, fbrvfhe mass of new cells prodﬁced |
per glucose consumed remained unchanged during periods where the lectate |
yield eonstaﬁt was drasfically altered.. Aithough chénges inleeil-yield
. per mole of glucose did occur and they appearea'to be somehow connected
'.with alterations in lactate yield, no direct eorrelation between them
‘was evident.

Since the changes in o do not appear tovbe caused by changes in
;the distribution of metabolic end products of glucose catabolism, a
complex interaction of the cell with its en&ironﬁent may be responsible.
The cell density did not appear to have an effect upon the metabolism of
" the cell, particularly in the steady state eiperiments. No consistent
: correlation couid be developed to show that during the transient
experiments, fhe high density of the culture had any influence upon the

growﬁh characteristics of S. faecalus.
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V. SUMMARY

An experimental filtfation-fermenter combination was designed and construct-
ed for the investigation of microbial grow%hACharécteristics in Batch, continuous
ahd high cell density cultures. The micfo—filtration technique for remc&al
of cell?frée product from the fermenter was successful. Filtrétion rates in ex-
cess of a liter per hour (2.2vm1/cm? hr)'were méintainéd for severalidays with
‘cell concentrations up to 20% packed cell volumé; The maximum.éell density ob=
tained ﬁas.ho% packed cell volume, a factor of U5 lérger than could‘Be obtéined
in the usual batch culture. ZExcellent filtration efficiency was achieved; the
concentration of cell in the filtrate was six orders of magnitudé smaller than
in the‘fgrmenter.."

The filtration-fermenter éombination‘hasva larger productivity per'unit
&olume than é continuous stirréd tank fermenter when both are operated ét thé same
specific growth rate; The advantage of the filtration-fermenter ovér thevconti-
" nuous stirfed tank increases with decreasing specifié'growth rate ana"wifh increas-
inglfiitratidn rate. Very large increases in-prodﬁétivity are>pOSSibielat low
specific growth rates. The application' of high.density fermeﬁtation to indus-
trial processes will depend largely on the cost of filtration membranés which are
eipensive at present. The presence of a cell-free effluent is advantageous when
product recovery systems require the separation of celis from thevfermentaﬁion
broth. The filtration equipment is more compléx than a stirred tank but the
-added cost is offset by the smallef size required for the same throughout .

The anaerdbic:grcwth characteristics of S. faecalus were investigatéd at
37°C and pH 7.0, _In batch culture, glucose was converted almost'stoichiometri—
_cally to lactic acid. thén an excess of glucose was preSent, diséociation of

the rate of glucosenconsumption and growth rate occurred as the culture entered
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- stationary phase. In continﬁous cultire with glue0se liﬁitation,”the fraction of
glucose going to laetate decreased with dilution rate. The consumption qf glu-
cose for cell maintenance was negligible. Resulfs in terms of substrate conver-
sion, yields,tViability, etc., from steady state'high density experiments were
similar to those dbtalned from low den51ty contlnuous culture.

~ The tran51ent high density experiments showed that the yield of cells per
molé of glucose changed quite abruptly as a run progressed., Compiex 1nteract10ns‘
between the cell and its environment were probably responsible. No consistent
correlation between these yileld changes and cell density was evident. The changes
in cell yield were uSually accompanied by alterafion in the lactate.yield.constant
but no correlation could be developed.

The transient technique of operating the filtration-fermenter and‘the plot-
ting methods employed for the data obtained, can be used for the rapid determi-
nation of Changes in ﬁetabolic pathways which affect cell and product yield con-
stants.,

More detailed description of the experiments and tabﬁiations of data are

available in the original report.QO
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VI. NOMENCLATURE
Variaﬁles' |
N bacterial denéity, optical density units
P product concentration, mM/l.

PR productivity ratio

S substrate concentration, mM/1.
t tiﬁe, hr

v fermenter volume, ml/hr

v flow rate, mm/hr |

Y . yield constant

' Subscripts

B bleed
T  feed

_F filtrate

G growth

0 initial quantity

‘¢/s  cells from substrate

'P/S product from substrate

Greek Lettérs

o - substrate consumed/yield of new cells, mM/1/0D

B maintenance term, mM/1/0D.

L . specific/growth rate, nrt

UCRL~18372«Rev.
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FIGURE CAPTIONS

Fig. No.

1 A simplified fléw schematic of the fermentervéyéfem.

2 ‘,A schematic diagram of the fermenter and the filtration rotor.

3 Glucose consumption (as measured by NaOH cdnéumption)zvérsus the
bacterial cell concentration durihg a batch run.

L Tésting of the batch data by two different models. Upper graph: the
energy dissipation model. The fraction of glucose cdnsuméd which
supplies the energy for the production of new cells is plotted as a
function of specific growth rate; Lower graph: the Luedéking et al.
maintenance energy model. The specific glucose consumption is plotted

as a function of specific growth rate; The value of the constants in

Eq. (3) are:
a = 5.3 oM glucose/1/0D ~ B = 3.0 mM glucose/1/OD-hr.
5 | The cell concentration and the glucoSévconCenfratidn as a function of

dilufioﬁ rate for the continuous stirred tank_experimental Runs CG
and CJ. The data are presented on the bdsis of one liter of nutrient
* medium with corrections made for the,voiume of‘NaOH added. |

6 . The lactate concentfation as a function of dilution rate for the con-
tinﬁdus stirred tankvexpefimental RunleG and CJ. The daté are pre-
sented on the basis of one liter of nutrient medium ﬁith cbrreétions_

made for the volume of NaOH added. | | |

- Tﬁe fractién of the glucose féd to the ferﬁenter which can be accounted

' for in ﬁhe effluent (using'Eq. (7)) for stirred tank’ekpérimental‘Runs

CG and CJ.
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- energy term, B, in the Luédeking et al.
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The dilution rate (edﬁal to the specific growﬁh rate gt.steady state)
versus the speéific glucose consumption for the continuous stirred

tank experimental Runs CG and CJ. ‘The data show that the mainﬁenance
17 mainténance energy model

is essentially zero.

The;growth curve and the lactate concentrétion for the‘transiéht.high

density experimental Run TI.

* The lactate yield constant calculated from Eg. 22 for the high density

expérimental Run TT.
The specific growth rate versus the lactate yield-éonstant for the

continuous stirred tank experimental Runs CG and CJ, the steady state

| high density Run HDA and the continuous stirred tank data of Rosen-

9

berger and Elsden”’ for S. faecalus.

The épecific growth rate versus the lactate yiéld consﬁant for the

- transient high density Run T1 and for sample TJ 8,'the final sample

of Run TJ.

©



Nutrient

L. R UCRL-18372

———.—l Bleed . \,B N, g

NaOH

Fermenter
V, N, S

Filtrate

Y Vg, Ng,

S

.

XBL 687-1318

Fig. 1



Impelier blades

Recycle exit

G-

Fig. 2

UCRL-18372
Bleed line
Feed line

~ Support screen

_Millipore- 3

membrane

Fermenter
volume

Well for Crane
seal (not shown)

XBL685-2656



‘NaOH (mM/Ix107")
-

47- ' ; UCRT,-18372

- n
o o

n

Slope = 14,9 MM NaOR/1

oD

| ] : | I

4 6 8 10 12
Optical density

XBL685- 2827

| Fig. 3



YC/S

H)/dt(mM/{-h-0D)

I/N d(NaO

2 8}

24

20

| 6

UCRL-18372

02 06 1O 14
Specific growth rate (h™)

Fig. b

1.8

' XBL685-283|

L B



density

Optical

ho-

:UCRL-183 T2

CJ3-CJll
cJI2-CJI4

CG

4 8 > o

~ Wash out

L | | L1

40

. =130

(mM/Z)

Glucose

02 04 06 08 IO 1.2 .

Di{ufjon rate  (h™')

. Fig. 5

1.4

X8L€685-2649



Lactate

(mM/2)

~50~ UCRL-18372
120 T | | T T [
| | | CG m -
100 _ -
' "CJ3-1l @
80+ CJ 12-1494 -

1

.4 1.6 L8

0.2 0.4 06 08 |10 1.2
Dilution rate (h~")
XBLEB85-2648

- Fig. 6

P



0.8
0.6
0.4

0.2

UCRL-18372

) v-51_
T l T T T j 1 I
@ o ' . e
| v ‘ . : v [ __;_4. -
- a
"A.. ]
i ® CG )
m CJ
i A HDA i
\ | [ \ 1 \ L1 [

02 04 06 0.8

Dilution

Fig. T

1.0
rate

.2 1.4 1.6 18
(h~"
" XBL685- 2652



rate

"Dilution

Fig. 8

-52- UCRL-18372
.6 - T [ | T
Run a |
CG 7.46 =
|4 °. -
CJ3-CJII 7.25 = A
CJI2-CJI4 8.40 = O
1.2 : -1
1.0 -1
0.8 -
0.6 —
0.4 —
0.2 — -
>
1 | 1 L
2 4 6 8 10 12
Specific glucose consumption
XBL685-2651



53- - N UCRL-18372 |

| 1
a| = 6'77
o A= 10.2
Q3= 5.34
120 a4:ﬂl,o'4
: Q3
:vIOO-
‘0
c
Q
‘o .
— 80— Stoichiometric —80
o lactate —’ | _‘70 .
2 »»conc-entro_hon § .
S 60| deo 3
1s0 E
40 - 140 o
=4 30 9
. _
20 1.0~
0O — ;I 0
K | | 1 |




- 5l R UCRL-18372

2.0

1.2
Ye/s

0.8

4 8 12 16 20 24 28 32
" Time - (h) |
XBL685-2655

~ Fig. 10

o



(h~')

Specific growth rate

- =55-

" UCRL-18372

.o}

8 Elsden

_ ,
®eCcCG .
mCJ

A HDA

¥ Rosenberger




)

(h!

rate

Specific growth

~56- UCRL-18372
T T T~ T
Q=6.77 . ®
0.8 q@=10.2 » 7
~ a=534 v =
| Sample TJ8 O
0.5+ —
0.4} .
0.3 7]
0.2 -]
0.1 th/H'—,l .
_ MA _ .
O 1 1 ] L 1
0.4 0.8 1.2 .6 . 20
-Yp/s ' | |
- XBL685-2653

Fig. 12

L



LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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