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Abstract Screening cultures are usually non-monitared
and non-controlled due Lo a lack of appropriate mea-
suring techniques. A new device for online measurement
of oxygen transfer rate (OTR) mn shaking-flask cultures
was wsed for monitoring the screening of Hansesla
pofverorpha, A shaking frequency of 300 rpm and a
filling volume of 20 ml in 230-m] flasks ensured a sufli-
cient oxygen transfer capacity of 0.032 mol (1 h) ' and
thus a respiration not limited by oxveen. Medium buf-
fered with 0.01 mol phosphate 17! (pH 6.0) resulted in
pH-inhikited respiration, whereas  hoffering with
0.12 mol phosphate 17" (pH 4.1) resulted in respiration
that was not inhibited by pH. The ammonium demand
was balanced by establishing fixed relations between
onygen, ammoenium, and glveerol consumption with
0,245 +£0.015 mol ammonium per mol glycerol. Plate
precultures with complex glucose medium reduced the
specific growth rate coefficiznt to 0.18 b~ in subsequent
cultures with minimal glveero]l medium. The specific
growth rate coefficient increased to 0.26 h ' when
exponentially growing precultures with minimal glycerol
medium were used for inoculation, Changes in biomass,
glycerol, ammoniam, and pH over time were simulated
on the basis of oxygen consumption.
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Introduction

During the last several years, the development of
enkaryotes as efficient systems for the production of re-
combinant pharmaceutical proteins has been the subject
of extensive research [1, 2, 3, 4, 5]. Efforts have focused
on screening suitable strains for their efficient industrial-
scale production capabilities [6]. In these screening pro-
cesses, shaking bioreactors have been widely used as they
are inexpensive and large numbers of reactors can easily
be handled in parallel [7]. Indeed, in the field of bio-
technology, up (o several hundred-thousand imdividual
experiments per company are run every year in shaking
bioreactors [8]. MNevertheless, the conditions in these
cultures are not well understood. One reason 1s the lack
of appropriate measuring methods for cultures in shak-
g hioreactors [7, 9. Consequently the design of
sereening conditions is frequently based on insufficient
empirical results and phenomenological observations.
When culture conditions are unsuitable, highly produc-
tive strains may remain unidentified, reducing the po-
tential of the developed bioprocess. Theretore, both the
characterization and the careful layout of the screening
conditions in shaking bioreaclors are crucial.

We have recently: developed a device for the sterile
and non-invasive online measurement of the oxygen
transfer rate (OTR) in shaking bioreactors. This device
provides an appropriate tool for characterizing screen-
ing conditions [10].

In aerobic cultures, almost every physiological
activity is coupled to the respiratory uptake of oxygen,
making the OTR an excellent indicator of metabolic
activity, Physiological responses of aerobic microor-
ganisms to specific culture conditions such as oxygen
limitation, nutrient limitation, and inhibiting factors are
reflected by the OTR [10)].

In the present study a screening project for evaluating
recombinanl Hamsenala polvmorpha strains was charac-
terized and evaluated by means of the online measure-
ment of the OTR. This yeast is used in the industrial
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production of rccombinant proteins, such as hepatitis
surface antigen vaccines [[1]. During screening, suitable
production strains were selected from several hundred
recombinant clones [12, 13].

Materials and methods
Strains

H. polymorpha wild-type CBS4T32, the wracil-auxotrophic host
strain RB11 [13). and two KB11-hbased recombinant siriins were
studied, The selected recombinant strains produced either human
imterferon (IFM)-2-24 or human chymotrypsinogen. The physical
map of the respective expression vector has been presented else-
where [14, 13] Recombinant strains were selected by comple-
menting the uracil-auzetrophy with a plasmid-bound [TRA3 gene.
The twe recombindnt strains comtained mulliple copies of the
heterolopous expression cassettes, which were integrated into the
chromosomes mitotically stable. Heterologous gene expression wis
controlled by the formate debydrogenase (FADY) promoter in the
cise of the [FNo-Za-producing strain, and by the methanol oxidiase
(M OX) promoter in the chymaotrypsinogen-producing stram, Thus,
in both cases elements derived from genes of the methanol wtili-
zation pathway and active at glveerol concentrations lower than 4 g
17! were used [16],

CGeneral culiure conditions

All enltures were shaken on an orbital shaker (LabShaker, Kilhner,
Bascl, Switzerland) with a 25 mm shaking diameter. Cullivations
were carried out at 37 °C in unbaflled 250-ml Erlenmeyer fasks
with cotton plugs or 2530-ml measuring fAasks [10]. Cultures were
shaken, il not otherwise specified, at a standard shaking frequency
of 300 rpm and a standard Qlling volume of 200 ml. Cultures in
standard Erlenmever fasks were run parallel 1o the cultures n
measuring flasks and wied for ofl-ine analysis of cultore parame-
t2rs during the [ermentations.

Preculture

The liguid precultures were inoculated [rom a yeast extract/peplone
dextrose (Y PDY) plate colture of the respective strain that had been
incubated for 2 days at 37 *C. The YPI plate contained {per liter);
M e glucese monchydrate, 20 g gelatone (Begton  Dickinsom,
Franklin Lakes, I 1., TISA), 10 g veast extract {Becion Dickinson)
and 18 g agar. Unless otherwise specified, the strains were precul-
tured in the medium wsed for the main culture. Exponentially
growing precultures were harvested for inoculation at 0Dy, = B

Main cullure

The main cultures were grown in three different minimal media:
SYM 6. a synthetic medium (Rhein Biotech, Duesseldorl, Ger-
many) and two differently buffered veast nitrogen base (YMNB)
media. S¥N & (pH 4.1) contained (per liter): 15 & plycerol. 123 ¢
NH,HPO,, 3.3 g KCL 3 @ MgS0,7H.0, 0.3 g NaCl, 1 g CaCls,
66.7 mg (NH,).Fe(SO,)6 H.0, 53 mg CuSOe5 HaO, 20 me
Zn504THD, 26,7 mg MnS5Q,H20, 06.7 mg EDTA (Titriplex
II, Merck, Darmstadt, Germany), 04 mg o-biotin, 1333 mg
thiaminchloride-hydrochloride, 0.7 mg NSOy H.O. 0.7 mg
CoClae HaDd, 0.7 mg HyBO., 0.7 max KJ 0.7 mg MaxMoCh, 2
H:0. Ammonmum-hmited SYMN 6 medium was obtained by
replucing WHaH:POy with MaH;PO, YNB 1 medium (pH 6.0,
(.M mol phosphate 7] contained (per liter) 15 g glyeernl, 3 g
(NH4 .50, and 14 g YMNB without ammonium sulfate and

aming acids (Becton Dickinson). The pH was titrated 1o 0,0 with
sulfuric acid .{3“""‘“ wivh, ¥YNB 2 medium ipH 4.1, 002 mol
;1!1133[1]131.& 1™y contained [pcl'_ litery, 15 g glveerol, 133 g
WHH.POL and 1.4 g ¥NB without ammomum sulfate and
amino acids {Becton Dickinson)

I oot otherwise specified, YN 6 main cultures were inoculated
with preculture hroth using one-tenth of the final culture yvolume
For inoculation of the YNB main cultures, preculture broth was
centeifuged (1000 g, 10 min) and the cells were resuspended in one-
third of the original preculture broth volume using 9 g NaCl 17!
Chne-fifteenth of the cell resnspension was used o inoculate the
main cullure.

Measurement of the OTR

The device for online measurement of the OTR in shaking fasks
was described n [10]. The coltivations were conducted in speaally
designed measuring fasks, ensuring the same hydrodynamics and
gas phuse condiiions as Tor standard Erlenmeyer flask coltures with
colton plugs. OTR 15 measured by periodically repeating an auto-
mated cyele. During the rinsing phase {20 min), the headspace of
the measuring flasks is continuewsly fushed with air, Subscguently,
the headspace 15 closed air-tight for |0 min [measuring phase).
During this phase, the oxygen partial pressure of the gas phase
decrcases proportionally to the sustained respiration of the liguid
culture. The declineg of the gaseous oxygen partial pressure @5
megsured and incorporated into the calculation of the OTR [mol {1
hy 'J. Afterwards, a new measuring cyele 15 initiated by Aushing the
headspace with Iresh air in order to regenerate the ras phase.

Standard analyrics

The biomass was determined as cell dry weight by filtering 8 ml
culture: broth through dred and pre-weighed cellulose acctate
filters, pore size 0.2 pm (V1TI07-47-MN, Sartorins, Coittimgen, Ger-
many). The filter residue was resuspended onee in % g Natl 17"
filteredd again and dried on the filter at 105 5C until the mass
remained constant, The presence of ammoniom was deternuined
using  an  ammoniun-sensitive - electrode  (B00-323-4340,  Cole-
Farmer, Vernon Hills, [, USA} Prior to the measuremants the
clectrode was calibrated with several soluticn: of defined
ammetinm concentration and ienic strength, The fillered cullure
broth samples were diluted 130 {v/v) in deionized water and
adapted to the ionic strength of the calibradon solutions with
sodium chloride. The IFNz-28 produced was analyzed by HPLC
{System Gold, Beckman, Fullerton, Calif., USA). Chromatogra-
phy  conditions  were reversed-phase  column CLE, 250-4 mm
{Macherey-Magel, Diren, Germany), temperature 35 °C and
gradient elution with acetoniirile (30-%1%, v/v). Protein was
detected  pholometrically  at 214 nm (Variable  Wavelength
Dietector 163, Beckman), Glveerol was determined using a stan-
dard enzvmatic UV test kit (148270, Roche Diagnostics, Mann-
heim, Germany),

Results and discussion

The influence of oxygen supply and eflects of pH and
nuinents on mucrobial cultures s well-known. For this
reason, the adjustment of suitable screening conditions
is vital, Mewvertheless, this is often neglected due to the
lack of adequate measuring techniques for shaking cul-
tures. Therefore, the online measurement of OTR in
shaking flasks [10] is a valuable too] for qualitative and
quantitative analysis of the screening for recombinant
I, polvmorpha.



Oxvgen supply

The maximum possible oxygen uptake rate of an agrobic
culture 15 limited by the maximum oxvgen transfer
capacity (OTRu.) [17]). In shaking-flask cultures,
OTR,,,,, strongly depends on the surface area of the gas-
Liguid interface of the rotating hquid and its veloeity.
These parmmeters are influenced by the operating con-
ditions imposed: shaking frequency, shaking diameter,
flask size and shape, and the liquid culture volume [17].

Figure 1 shows the OTR profiles of H. polymorpha
cultures in SYMN 6 mediom under different operating
conditions, varying the filling volume and the shaking
frequencies. A large filling volume of 83 ml and & low
shaking frequency of 140 rpm resulted in an extremely
low OTR of about 0.002 mol (1 h)™". The oxygen up-
take rate of the cullure was limited by the low OTR,..
al the defined operating conditions. Even after 40 h,
cultivation was not complete. By halving the filling
volume to 40 ml and by increasing the shaking fre-
quency to 300 rpm. a higher OTR,, was observed.
Mevertheless. the culture respiration was still limited to
an OTR of 0.019 mel (1 hy~', indicated by the platcau
between hours 24 and 34, By reducing the filling vol-
ume to 20 ml an OTR,.,. of about 0.032 mol (1 h)™'
was achieved, deduced from a theoretical correlation
of [18]. As the maximum OTR of 0.028 mol (I h)™’
was below this value, these operating conditions re-
sulied in a non=limiting oxygen supply. The OTR
profile was typical lor non-limited growth of H. poly-
morpha n 8YN 6 medium with glycerol as the sole
carhon source. The OTR increased with increasing

biomass

hour 25,

o zZero,
tionary.
analysis

due to the aerobic turnover of glyceral. At
glveerol was depleted and the OTR dropped
indicating that the culture had reached sta-
The exhaustion of glvcerol was werified by
aof the culture broth {data not shown). The

total oxyeen consumption, as calculated by integration
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Fip. 1 Oxvegen transfer rate over [ermentation time for chymo-
tvpsmogen-producing Horseruda polimorpha cultures corrclated
Lo differsnt filling volumes and shaking frequencies, Cultivation
conditions: SYMN & medium m 250-ml Masks; shakeng diameter:
25 mm; filling volumes and shaking frequencics: a 20 ml, 300 rpm;
W A0 ml, 300 cpny; A B3 ml, 140 epm. Oxygen-dependent glycerol
COMEUMPLUON. 85,0, was determined for 20 ml, 300 rpm as 0.33
ancl for 40 ml, 200 rpm as .48 mol slycers] per mol oxyzen
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of the OTE over the fermentation time, could be
correlated with glycerol consumption. The rvesults of
the experiments presented in Figs. 1, 2, 3. 4, and 3
demonstrate a constant relation between  glyeerol
and oxygen consumption of RBgp.im, = 0.530 £ 0.03mol
glycerol per mol oxygen, independent of the varying
culture conditions,

The two cultures shown in Fig. 1, shake-incubated at
300 rpm and with filling volumes of 20 and 40 mi, led to
similar yields of Yy = 33.1 ¢ biomass per mal
glycerol and Yy qn. = 33.7 g biomass per mol glycerol.
MNa by-products could be detected by HPLC (data not
shown) due 1o the non-fermentability of glycerol. The
anygen limitation of H. polymorpha in SYN 6 medium
solely reduced the fermentation rate without further
influencing metabolism.

The varying OTR,.,,. of the cultures resulied in
varying fermentation times, This is of significance for the
schedule of culture harvesting and product nspection.
Heterologous gene expression of £ pofpmorpha usually
commences close to the stationary phase; at levels lower
than 4 g glycerol |™' until depletion of glyceral the active
status of the promoter is maintained [16]. Thus, the
pattern of gene expression would vary according to the
different culiure conditions given in Fig. 1. and a con-
clusive and reproducible prool of the production capa-
bilities of the examined strains would not he ensured.
Therefore an overall equalized oxyvaen supply is vital as
it would allow the cultures to be harvested at a repre-
sentative end point [7]

As shown in Fig. |, online measurement of the OTR
was an ideal in situ method to achieve suitable oxygen
supplies in the sereening cultures. The operating condi-
tions shown in Fig. 1 (circles) ensured a non-limited
oxyeen supply and were therefore chosen for all sub-
sequent investigations (Figs, 2. 3, 4, 5. 60). Otherwise
culture phenomena would have been hidden under the
“ceiling” of an oxyvgen limitation.
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Fig. 2 Oxygen transfer rate over fermentation time for H. poly-
aearphia CB34T32 cultures correlated te YNB media with different
phosphate buffering. Culture conditions: O ¥YNB 12 0.0 mol
phosphate = (pH60), ¥NB 2 © L12 mol phosphate 7
(pH 4.1} standard operating conditions. The oxygen-dependent
glyceral consumption R, was determingd for both YNB media
a5 0,33 mel glyeerol per mob oxygen
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Fig. 3 Ouyveen transfer rate over fermentation time for M. pali-
morpla BB culwires eoreelated to diffcrent uracil concentra-
tions in SYM 6 mediwm, Culture conditions: ® 20 mg uracil 17
(R iimne = OO1T mol uracil per mol plycerol), o 40 mg uracil 17/
B pctice = 00022 mol uracil per mel glycersl); standard operat-
ing condilions. The oxygen-dependent glycerol consumption Ritie ron,
wasdetermined foe 20 mg ueaci! 17 as 0051 and for 40 mg uracil1™ as
1144 mal glycerol per mol oxygen, respectively

Screcning media

The properties of culture media, such as pH and nutrient
supply, affect the growth and metabolism of microbial
cultures [7] and have to be assessed for their impact on
SCTeering.

pH

The pH value during culturing infloences cell metabolism
and gene expression [19, 20, 21, 22]. Consequently, it is
vital 1o define those pH ranges that do not impair
screening cultures. In our study, YNB | and SYN 6
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Fig. 4 Oxygen transfer rate over fermentation time for chymotryp-
sinpgen-producing i, polymorpha cultures correlated 1o different
armmonium concentrutions m SY N 6 medium, Culture condilions: »
0,12 mol ammonium |7 (R, e = (M712 mol ammaoninm
per mol glveeral, ® 0017 mol  ammonium 7! (R rone =
0. 104 mol ammoenivm per mol glyeerol), & 1012 mol ammonium
=" (B e = 0074 mol ammonivm per mal glyceral); standard
operating conditions. The oxvgen-dependent glveerol consumption
Riia e was determined for (012, 0.017 and 0.012 mol ammoenium 1!
as (.51, 051 and (.53 mal glyeeral per mol oxygen, respectively
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Flg. 5 Osypen transler vate over fermentation time for IFNa-2a-
producing . podymorpla cultures correlated 1o different preculli-
vitions, a Submerged SYN 6 precullure used for inoculation of the
cultures of (b, cirdes). b Mamn cultures in YN 6 medium
maculated with e submerged SYN 6 preculture of a or with =
plate preculture on YPD. The cultures were conducted under
standard operating conditions, Oxygen-dependent glyceral con-
sumplion Keyerm, was determined for cultures incculated with
submerged SYMN 6 preculture and with YPD-plate-derived precul-
ture as 0,52 and 0,48 mol glycerol per mol oxyvpen, respoctively
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Fig. oa, b Owypen transfer rate and culture parameters mewsured
and simulated on the basis of oxvgen transfer rate over fermen-
tation time for an 1FMNz-2a-producing K. pafymorpi culture, a ®
Croveen transfer rate, » IFNw=2a. b O Glycerol, & ammoniom, <
pH. O biomass; e caleulated, symboly: mensured. The culture
was inoculated with cells from a YPD-plate-derived preculture and
conducted at standard operating conditions




media were used for screening recombinant H. poly-
morpha production strains. Figure 2 (squares) shows the
OTR profile of a cultivation with YNB 1 medium. Al-
though YNB I medium provided a fast OTR increase,
the OTR remained constant at a level of 0.014 mol (Lh)y™!
after & h. Plateans like this usually indicate oxygen lim-
itation [10); however, the applied operating conditions
supported a non-limiting oxyvgen supply (Fig. 1. circles),
Comparing the ionic strengths and pH values of cul-
tures in SY'MN 6 and YNB | media (Table 1) led to a likely
explanation for the OTR plateau observed in Fig. 2
isquares). The low ionic strength of the low phosphate-
buffered (0,01 mol phosphate | Y ¥YNB | medium was
possibly beneficial for growth, hence, the OTR initially
increased rapidly compared to the culture in SYN 6
medium (Fig. 1, circles). But after a short time, the culture
i YNB 1 medium was more acidified than that in SY™ 6
medium (final pH values 2.4 and 2.8; Table 1), Optimal
growth for H. polymorpha is at pH 3.0-6.5; bevond this
range the specific growth rate coefficients decrease rapidly
{unpublished data). Thus, the cultures with low-buflered
YMB | medium apparently reached pH values leading 1o
teduced growth. This also explains the reduced respira-
tion as indicated by the OTR plateau (Fig. 2. squares). In
contrast, in the high-buffered SYN 6 medium (Fig. 1,
circles) a higher final pH of 2.8 was maintained {Table 1),
and growth and respiration were not influenced. This was
confirmed by transferning the buffering (0.12 mol phos-
phate I”"} and initial pH walue (4. 1) of the SYIN 6 medium
to the low-buffered YINB 1 mediom. Use of the respec-
tively modified Y NB 2 medium (Fig, 2, circles) resulted in
a similar non-limited OTR profile as in the case of SYM 6
medium (Fig, 1, circles). The modified YINB 2 medium is
thus equivalent 1o SYN 6 medium with respect to pH.

Uraeil suppdy:

The vracil-auxotrophic strain RB11 serves as host for
recombinant #. palymorpha. During transformation, the
uracil-angotrophy 13 complemented by URAZ [23]. The
growth characteristics of strain RB11 have been fre-
guently compared with those of recombinant strains in
assessing the impact of foreign genes on the vitality of
the recombinant strains. The comparison is basad on the
assumption thai external uracil supplementation for
strain RBI1 results in non-limited wracil availability,
comparable to that in recombinant strains comple-
mented with FRA3Z,

Table 1 Companson of Harsenada polvmarpia cultures m 5Y N 6
miedium and ¥ NB | medium

YN B ¥NB 1
lomic strengpth” [l 171 =l wslh.2
Phosphate [mal 171 0.12 (.00
[mitial pH [-] 4.1 6.0
Final pH [-] 1.8 24

"Assuming total dissociation of the mineral salts
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Despite supplementing SYN 6 medium with Reyppom
gpe = 00011 mol vraal per mol glycerol, the OTR
profile of the host strain RB11 showed an abrupt decline
at hour 12 (Fig. 3, squares). OTR profiles of this Kind
frequently indicate nuirient limitations at excessive
concentrations of carbon source [10]. Obviously, up to
hour 12 nutrients were sufficiently available. In this
phase the culture grew exponentially, and the OTR in-
creased exponentially as well. At the time of depletion of
the essential nutrient, culture growth was limited and
thus respiration was reduced, indicated by the decrease
of OTR between hours 12 and 30, Thereafter the OTR
totally dropped due to the depletion of glycerol.

Various nutrients were added to the SYMN 6 cultures
in order to compensate for the nutrignt limitation (data
not shown). In this context, the uracil demand was
estimated. [24] specified a uvracil demand of 0011 g
uracil per g biomass for 5. cerevisize. Tuking this num-
ber and the theoretical number of a biomass vield of Ty
aiye = 33.1 g hiomass per mol glycerel for a non-limited
H. polymeorpha culture (e.g. Fig. 1, crcles), a uracil de-
mand o Rrpcne = 00033 mol uracil per mol glve-
erol can be deduced. This is three-fold higher than the
amount orginally applied (Fig. 2. squares). Thus, in-
creased uracil concentrations were tested. The results
showed that a demand of Ryvpace. = 00022 mol
uracil per mol glveerol was suflicient for non-limited
cultivations, as seen in the non-limited OTR profile of
Fig. 3 (circles). Uracil was identified as the limiting
nutrient in strain RB11 cultures.

The non-limiting wracil supply of Ryrpacne
0.0022 mol wracil per mol glveeral provided a fair basis
for comparison of strain RB1 1 with recomhinant strains.
The OTR profiles of the chymotrypsinogen-producing
strain (Fig. |, circles) and strain RB11 (Fig. 3, circles)
were identical. In this case, the strains were apparently
not affected by the transformation step. In contrast; the
[FNx-2a-producing strain (Fig. 5b. circles) showed a
sipnificant saddle-shaped OTR profile, which will be
discussed later,

The use of auxotrophic sirains as hosts is common
practice although the nutritional compensation of
auxolrophies or complementiation by marker genes 15 of
complex nature [24]. Low copy numbers of the marker
oene may lead o poorly growing sirains (gene dosage
effect) [23, 26, 27]. Auxotrophic strains, generated by
mutagenesis, may have acquired additional deficiencies
impairing the performance of the resulting host strains.
As shown for the determination of the uracil demand of
strain RB11, the online measurement of OTR in shaking
flasks provides an accurate gualitative and quantitative
approach to defining the specific nuirient requirements
of such strains [24].

Amponium supply

Mitrogen supply has to be well-balanced in order to
ensure non-limited synthesis of cellular and recombinant
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proteins. Thus, careful determination of the nitrogen
demand is crucial. In the case of H. polvmorpha cultures,
ammonium was used as nitrogen source.

At first, the ammonium demand was theoretically
estimated by a stoichiometric balance of the cultures
[28]. Far that purpose, a yield of secreted heterologous
protein ¥ poicin 0.18 g protein per mol glycerol
(Fig. 6), a biomass vield of ¥y, = 33.1 g biomass per
g glycerol (Fig. 1, circles), and an average cell compo-
gition O Hy ga D.:p_qjN.]_w of Candida wtifis [23] WETE dS=
sumed. The resulting gross fermentation stoichiometry is
depicted in Eq. 1:

Oxygen-dependent glycerol consumption Rgp.p, was
determined as well (Figs. 1, 2. 3. 4, 5), Hence, the
ammonium demand with respect to glycerol could be
caleulated by division of Ry, 0, by Bgype o, The caleu-
lation vielded Rurr, pone = 1.245 £ 0.015 mol
ammonium per mol glveerol. This value agrees with the
caleulated consumption of Ry, jap. = 0.24 (Eq. 1). The
ammonium content of SYM & medium, consisting of
moenobasic ammonium phosphate, provided a three-fold
ammaonium excess of Ry, one = 072 moel ammonium
per mol glycerol.

1 C3HgOn + (124 NH: 21305

glyceral ATIIONIA OXYEEN 1)
1.27 CH 2O a TN g + D008 Cy 5 H 5O 4™ 28 = 1.T3CO, + 321 Hz0" e
biomass protein carbon dioxide wiater

The gross fermentation stoichiometry (Eg. 1) vielded
an oxvgen-dependent glycerol consumption of Rep a0, =
0.47 mal glveerol per mol oxyzen. A similar consumption
of  Rgpero, = 0.50 £ 0.03 mol glycerol per mol oxygen
(Figs. 1, 2. 3, 4. 5) was determined experimentally
and confirmed the stoichiometry. The material balance
resulted in an ammonium demand of Ry, ocne =
.24 mol ammonium per mol glycerol.

In order to specify the ammonium demand of the
screening cultures, the estimated demand Ry, jcitye WaS
used 1o prepare SYN 6 medium with excessive and with
limiting ammaonium concentrations. Figure 4 shows the
corresponding OTR profiles of the chymetrypsinogen-
producing strain cultivated in those SYN 6 media. The
culture with an excessive supply of Ry rone =
0.71 mol ammonium per mol glycerol showed a non-
limited OTR profile as expected (Fig, 4, circles). The
ammonium-limited cultures  containing  Bypa/gre =
0.104 mol ammonium per mol glycerol  or Ry, o =
0.074 mol ammonium per mol glycerol were character-
ized by sudden OTR declines (Fig, 4, squares, triangles).
These dechines indicated the time of ammonium
exhaustion as i the nracil-limited case (Fig, 3, squares).
Ammaomium hmitation caused prolonged fermentation
times. Biomass yields ¥y, decreased with decreasing
Rups o from 33,1 (Fig. 4, circles), over 288 (Fig. 4,
squares) to 24.5 g biomass per mol glycerol (Fig. 4,
triangles).

In the initial phase of the fermentalion {prior Lo
ammonium depletion), a lingar relationship between
ammonium and oxyveen consumption could be assumed
for H. pofymorpha [29]. Consequently, the ratios between
the initial ammonium ameount and the consumed oxyeen
befiore ammenium depletion should be constant for dif-
ferent limiting ammonium concentrations. The ammo-
ninm  consumption  was  determined as  Ruy, 0, =
0.12 mol ammenium per mol oxygen for the cultures
supplemented with both limiting 0.074 and 0,104 mol
ammonium per mol glycerel (Fig, 4, triangles. squares),

A yield of Yigne = 331 g biomass per mol glycerol
could be determined for cultures not limited by ammo-
nium  (Fig. 4, circles). With Ryy, /Glye = 0.245
+0.005 mol ammonium permol glycerol, an ammonium
demand of 0.0074 = 0.00045 meol ammonium per g bio-
mass could be calculated.

The device for the online measurement of OTR could
be efficiently emploved for developing well-balanced
media. Only a few OTR measurements in batch-oper-
ated shaking bioreactors facilitated quantitative deter-
mination of the demand of the essential nutrient
AMIMOninm.

Preculiure and Inoculum

Conditions of preculturing can strongly influence the
growth and expression characteristics of the subsequent
main culture [30, 31, 32, 33, 34]. An active inoculum and
an optimal inoculum size (usually 3-10%, v/v) are gen-
erally recommended to ensure & main cullure with a
minimized lag phase and to avoid low reproducibility of
production fermentations due to variable biomass con-
centrations and variable metabolic activity of the pre-
culture [32]. Therefore, assessment of preculturing with
respect 1o a reproducible and efficient main cultivation is
impartant.

Figure 5b shows OTR profiles of an IFNz-2a-pro-
ducing H. polvimorpha strain cultivated in 8YN 6 med-
ium. The strain was inoculated alternatively froma YPD
plate and a submerged preculture with SYN 6 medium.
The latter was harvested for imoculation at the early-
exponential phase, as indicated by the exponential in-
creasc of the OTR in Fig. 5a. Duplicate results are
shown in Fig. 3b to demonstrate the reproducibility of
the effects.

The densities of the YPD-plate-derived inoculum and
the $YN 6 preculture were identical. However, the cul-
tures inoculated by YPD-plate-derived cells exhibited




significantly prolonged lag phases, indicated by a con-
stant OTR near zero for 10 h (Fig. 5h, squares), The
plate-derived inocula elearly required time for adapting
to the 3YN 6 medium of the main culture,

The maximum specific growth rate coetlicient of the
exponential phase (.. can be deduced [rom the
maximum exponential slope of the OTR:

InTRe) — In TRy
HFogn = S e [2}
F—y

The maximum specific growth rale coefficients of the
cultures inoculated with YPD plate cells were calculated
by Eq. 2. The values were one third lower than those
observed for cultures inoculated by a 8YN 6 preculture
(Fig. 5b. 0.18 k! compared to 0.26 h° 'y, Tnoculation
from a YPD plate irreversibly reduced the specific
growth-rate coefficient. The lower specific growth rate
coefficient and prolonged lag phase of cultures inocu-
lated from a YPD plate resulted 1n a cultivation time
extended by 15 h over that of a SYN 6 preculture.

The long lag phase of the culture inoculated [rom
YPD plates may have been caused by the shifl from
Y P complex medium with glucose to SYN 6 minimal
medium with glycerol. In contrast to the YPD-plate-
derived mmocula, the SYN O-derived preculture resulted
in shorter lag phases and higher specific growth rate
coefficients (Fig. 5b, circles), This was due to the fact
that the cells were taken from the early-exponential
phase (Fig. 3a), providing continwed exponential
growth in the main culture. Moreover, use of the
glycerol-supplemented SYN 6 medium avoided adap-
tive lag phases due to the carbon-source shift described
before,

Maonitoring was a helpful tool for assessment of
precultures, An electronic method for assessment of
shuking-flask precultures was developed by [33], and
[32] used exhaust-gas analysis o assess  fermenter
precultures, The devices applied for OTR measure-
ment in this study combine the online analysis of this
significant parameter with the simplicity of shaking
bioreactors,

Characterization of the [FNe-2a-producing strain
by mathertaiical stmulation

The OTR profiles of the IFNz-2a-producing strain
exhibited phases with reduced respiration. This could be
observed after inoculation with YPD plate-cells (hour
3, Fig, 5h, squares) as well as after inoculation with
SYN 6 preculture (hour 15, Fig. 5b, circles). For this
reason, the IFMNx-2a-producing stram was investigated
in detail by mathematical simulation.

Oxygen consumption was correlated to the con-
sumption of glycerol and ammonium and the formation
of biomass by Eq. 1. By means of linear balanced
equations, we attempted to model several culture
parameters on the basis of the OTR profiles. SYN 6
medium was an ideal basis for such balancing since it

Lk

contains glyeerol as a carbon source, which provides a
stable metabolism  without by-product  formation.
Moreover, SYN 6 medium lacks undefined complex
components, which would have been difficult to balance,
The wvalidity of the simulated culture parameters. glye-
erol, ammonium, hiomass, and pH, was checked by di-
rect measurements within the culture broth,

Az shown in the invesiigations helore, constant oxy-
gen-dependent glycerol consumption and ammonium
consumption  could  be  assumed, on  average
R, = 0.30 mol glycerol per mol oxygen (Figs. |1, 2,
I, 4 5 and Rypig, =012 mol ammonium per
mal the oxygen (Fig. 4). The ratio of the final hiomass to
the total oxygen consumption led to an oxygen-depen-
dent biomass wield of  Fyun = 17 g biomass
per mol oxygen, derived from Figs. 1 and 6. The con-
sumed oxygen over fermentation time cp, (1) was calou-
lated by integration of the OTR according to Eg. 3 and
served as the time-dependent guide variable.

¢

-l'.'.g';._.{u" y= fﬂTE ot

{

(3)

Oxygen consumption cq, (7} multiplied with the above
ratios yielded the tme-dependent courses of the culture
parameters (Eqs. 4. 5, 6):

ex [t} = Yypo, + €a.lr) (4}
anelt) = canen — Romeio - o (i) (3]
enp Nt = Cya o — R jo, 00,11 (6)

The pH as a function of the fermentation time could
be caleulated due to the following three constraints:

1. During cultivation, the pH ranged from 4.1 to 2.8,
Due to the dissociation constant of ammonium
(pKyg, = 9.25 [33]), the protonized ammonium spe-
cles NH} was exclusively present in the medium. The
assimilation of deprotonized ammonium VA ; (assin)
led to the equimalar net release of protons &7 (re-
leased) into the medium according to Eg. 7.

NH) — NHi{assim) + H (released) {7

2, The resulting acidification was solely buffered by
phosphate according to Eq. 8.

H2POT + H (released )2 H PO, pKpa, = 2.16 [35]

(B)

3, The influence of carbon dioxide produced by the
microorganisms on pH was neglected, because the
cultures were done at pH values much lower than the
releviant pKpp, of 6.3 of the H.CO/HCO; dissocia-
tien pair. Based on these constrainis, the course of
pH could be calculated by the buller equation of
Henderson-Hasselhach (Eqg, 9).



620

€r-po, 1)

HiF) = phpn, = log
Blh= i (1)

(9]

The conversion of buffer species could be described as
Eqs. 10, 11, 2and 13:

o) = cp 0,0 + o frefeased) ) (10]
Cizpor (1) = Conpo; 0 — €+ (retease) (1) (11)
With epre (roteaseds (1) = Comrtassimt = Bagaroy - conlt)  (12)
and ea, = Cre (1] + Ch A, () (13]

Because the initial pH (¢ = () and the total phosphate
concentralion cpg, e of YN 6 medium were known,
the course of pH could be calculated by combining Eq. 3
and Eqs. 9, 10, 11, 12, and 13.

The courses of simulated and measured parameters
are presenied in Fig 6a, b for the cultivation of the
I[FNa-2a-producing strain. Parallel to increasing respi-
ration, glyeerol and ammonium were simultaneously
consumed and biomass inereased. Al stationary phase,
glycerol was depleted accompanied by a cessation of
respiration. Thereafler, biomass and ammonium levels
remained constant. Initially, the pH fell from 4.1 to 3.0
due to growth-coupled ammoninm consumption, At
about hour 35, pH entered the buffer area of the H.PO,/
H:POy dissociation pair and leveled off finally reaching
a pH of 2.7 similar as explained for Fig. 2 (circles). All
vilues (Fig. 6b, symbaols) and the independently simu-
lated courses (Fig. 6b, lines) were 2 close match thus
confirming the validity of the lincar balance Eq. 3, 4, §,
6, 7,8, 9, 10, 11, 12, 13 and the input values.

The transiently reduced respiration of the TFMNa-2a-
producing strain al hour 30 (Fig. 6a, squares) seemed fo
be strain-specific, since the chyvmotrypsinogen-producing
strain, the non-recombinant host strain RBE11 and the
wild-type strain exhibited standard OTR profiles under
identical or similar conditions (circles of Figs. 1, 2, 3, 4).
Transiently reduced respiration coincided with the main
onset of IFNz-2a4 formation (Fig. 6a, circles). Possibly,
heterologous gene expression affected primary metabo-
lism and thereby transiently reduced respiration. Be-
duced glycolysis and reduced specific growth rate
coefficients were observed when heterologous genes were
overexpressed [36). This was attributed to a burden of
primary metabolism imposed by the synthesis of heter-
tlogous proteins. A similar effect may have afTected the
IFMz-2a-producing strain.

Conclusions

Measurement of the OTR in shaking-flask cultures
provided wvaluable data about the culture conditions
during screening. The OTR profiles displayed the time-
dependent course of the screening culiures and reflected
the metabolic activity with respect to different screening

conditions, Limiting conditions, such as oxyvgen hmi-
tation, pH nhibbion, nutrient Inmitations and the use
of improper precultures. could be identified and elimi-
nated applving defined non-limiting conditions. The use
of OTR measurements in shaking flasks was especially
heneficial for material balancing of the scresning cul-
tures, Tt enabled the exact determination of nutrient
demands and the simulation of several culture param-
eters. Thereby, defined and reproducible screening
conditions. pre-requisite for conclusive stram seleclion,
could be ensured. Morcover, the data generated may
serve as a solid basis for the evaluation of strains, the
selection of media and operating conditions at a larger
scale. The OTR was shown to be a key parameter for
characterisation of H. polvmorpha screening cultures.
The OTR was measured online by a device, which is
hased on easy-to-handle shaking flasks. Thus, there is
an efficient small-scale method that alleviates the need
for expensive offline sampling.
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Appendix

Svmbaols

¢ Concentration [mol 17'], [g 17']

H* (released) Released protons [mol]

H.PO, Dihydrogen phosphate [mol]

H; PO, Phosphoric acid [mol]

MH; (assim) Assimilated ammonium [mol)

MHy ' Ammonium [mol]

OTR Oxvygen transfer rate [mol {1 h) ]

TR Maximum oxygen transler capacity
mol {1 k)™

PRen, Dissociation constant of the disso-
ciation pair HaCOs/HCO, [

PR v, Dissociation constant of the disso-
ciation pair NHy ' /NH; [-]

PR eo, Dissociation constant of the disso-
clation pair HaPOy/H-POy ™ [

Renepo, Stoichiometric ratio between glye-
erol and axygen [maol mol"]

Rt G Stodchiomerric raric between
ammenium and glycerol [mel mol™']

Raa, o, Stoichiometric ralio between

ammonium and oxygen [mol mol™]

Stoichiometric ratio between uracil

R!-'rg.'l'.'f"lrfl i =
and glyeerol [maol mol™ )




¥ XiGle

FPJ’-"-T.'(!.’_IT'

Initial time [h)

Point of time [h]
COvgen-dependent biomass yield
[g mal™"]

Glyecerol-dependent biomass yield
[z mal™

Glyeerol-dependent protein yield
[e mal™h

st Maximum specific growth rate
coefficient [h™']

Indices

Glve Glyeerol

H" [released) Released protons

H. POy~ Dihydrogen phosphate

HP{y, Phosphoric acid

POy total) Tatal phosphate

MH3 (assim) Assimilated ammonium

NH, Amironium

(o5 Oygen

P4 Biomass

I Initial point of time
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