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Continuous cultivation in a glucose-limited chemostat was used to determine the growth parameters of wild-
type Bacillus subtilis and of a recombinant, riboflavin-producing strain. Maintenance coefficients of 0.45 and
0.66 mmol of glucose g~! h™! were determined for the wild-type and recombinant strains, respectively. How-
ever, the maximum molar growth yield of 82 to 85 g (cell dry weight)/mol of glucose was found to be almost
identical in both strains. A nonlinear relationship between the specific riboflavin production rate and the
dilution rate was observed, revealing a coupling of product formation and growth under strict substrate-limited
conditions. Most prominently, riboflavin formation completely ceased at specific growth rates below 0.15 h™".
For molecular characterization of B. subtilis, the total amino acid composition of the wild type was experi-
mentally determined and the complete building block requirements for biomass formation were derived. In
particular, the murein sacculus was found to constitute approximately 9% of B. subtilis biomass, three- to
fivefold more than in Escherichia coli. Estimation of intracellular metabolic fluxes by a refined mass balance
approach revealed a substantial, growth rate-dependent flux through the oxidative branch of the pentose
phosphate pathway. Furthermore, this flux is indicated to be increased in the strain engineered for riboflavin
formation. Glucose catabolism at low growth rates with reduced biomass yields was supported mainly by the

tricarboxylic acid cycle.

The genus Bacillus includes a variety of industrially impor-
tant species that are commonly used as hosts in the fermenta-
tion industries (1, 20). In particular, their ability to secrete
large quantities of protein directly into the medium has ren-
dered them very attractive for commercial applications. The
nonpathogenic bacterium Bacillus subtilis has become a model
organism not only for the genus Bacillus but also for gram-
positive bacteria in general. However, despite the extensive
knowledge of B. subtilis genetics and biochemistry, surprisingly
little information is available on the bioenergetic aspects of its
growth and product formation (42). An in-depth understand-
ing of bioenergetics, particularly the maintenance demand and
its impact on product formation, may be necessary for the
design of an optimal fermentation process (46). This is espe-
cially noticeable at lower growth rates, where the effects of
maintenance metabolism are more pronounced relative to
those of growth metabolism. Since many industrial biopro-
cesses are carried out in the fed-batch mode, which at later
stages is characterized by very low growth rates, maintenance
metabolism is of both scientific and industrial interest (39, 46,
47). In fermentations for penicillin production, for example,
about 70% of the carbon source is utilized for maintenance
(22).

Riboflavin (vitamin B,), a commercially important additive
used in the feed and food industries, was chosen as a model
product to investigate the effects of product formation on en-
ergy conversion in B. subtilis. This water-soluble, yellow vita-
min is synthesized from the purine building block GTP and
ribulose-5-phosphate by plants and microorganisms via seven
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enzymatic reactions, but higher animals require it in their diet.
Its biological function is as a precursor for the formation of the
flavin nucleotides, which serve as prosthetic groups for many
oxidoreductases (3, 35). Industrial production of riboflavin is
achieved by complete chemical synthesis, wholly by microbial
synthesis, or by a mixed process. On a commercial scale, var-
ious competitive fermentation processes have already been
developed, usually involving the fungi Eremothecium ashbyii
and Ashbya gossypii (14). A faster process involving the bacte-
rium B. subtilis generally yields final product concentrations
exceeding 15 g/liter (36).

In this study, the bioenergetics of growth and product for-
mation in glucose-limited chemostat cultivations of wild-type
and riboflavin-producing B. subtilis strains were studied. The
overall amino acid composition was determined for the wild
type, allowing conclusions on biosynthetic requirements for
growth. The experimental data were further used in a detailed
stoichiometric framework of metabolite (mass) balances to
estimate the metabolic flux distribution, key variables for a
rational strain development. Flux estimates are compared with
the data available in the literature, and the problems inherent
in this standard approach are discussed.

MATERIALS AND METHODS

Bacterial strains. Competent cells of B. subtilis 1012 (leuA8 metB5) (40) were
transformed by congression, by following standard protocols (21), with chromo-
somal DNA from the riboflavin-producing strain RB50 pur60 Ag'-11 Dc'-15
Ms™-46 spo0A ribC (36). The resulting leucine prototrophic colonies were
screened for sporulation-defective phenotypes. The modified rib operon pRF93
and the deregulating ribC mutation were transferred to one of the spo leu™
colonies via PBS1 phage transduction. The phage lysate was obtained from the
riboflavin-producing strain RB50 pur60 Ag'™-11 Dc'-15 Ms"™-46 spo0A ribC::
[pPRF69]::[pRF93] (36). pRF93 is a modified version of the B. subtilis rib operon,
which is present at map position 135° of the RB50 genome, interrupting the
nonessential bpr gene. Similar to the two modified 7ib operons pRF69 and pRF89
(36), pRF93 contains two strong, constitutive phage promoters, spol-15, up-
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stream of 7ibA (ORF3) and ribT (ORFS5). Downstream of pRF93, a tetracycline
resistance gene was inserted for selection. RibC, encoded at map position 146°,
is the flavin kinase of B. subtilis, and it also acts as a repressor of rib gene
expression (8). The deregulating mutation in the 7ibC gene of PB50 was cotrans-
duced with pRF93 and the tetracycline resistance marker. B. subtilis 1012 metB5
spo0A and 1012 metB5 spo0A ribC::[pRF93] were provided with a wild-type
metB5 gene and designated B. subtilis wild type and PRF93, respectively.

Growth conditions and media. Precultures and batch cultures were grown in
baffled shake flasks with either Luria-Bertani complex medium or Spizizen’s
minimal salts medium supplemented with 20 mM glucose (21). Continuous
cultivations in aerobic, glucose-limited chemostats were conducted at a working
volume of 3 liters in a 6-liter bioreactor (LH-Inceltech, Toulouse, France),
equipped with pH, dissolved-oxygen, temperature, optical density, and foam
probes, at a temperature of 37°C. The medium contained (per liter of distilled
water) glucose, 3.6 g; K, HPO,, 4 g; (NH,)SO,, 2 g; MgSO,, - 7TH,0, 0.2 g; and 10
ml of trace element solution with the following composition (per liter of distilled
water): CaCl, - 2H,0, 0.55 g; FeCl;, 1 g; MnCl, - 4H,0, 0.1 g; ZnCl,, 0.17 g;
CuCl, - 2H,0, 0.043 g; CoCl, - 6H,0, 0.06 g; and Na,MoO, - 2H,0, 0.06 g. The
medium was acidified to a pH between 2 and 3 by addition of 14 ml of H,SO, (95
to 97%) and sterilized by being passed through a 0.2-wm-pore-size filter. The
trace element solution (1:10 dilution) was added after the filtration to prevent
the formation of precipitates. Antifoam (P2000) was present only during the
initial batch cultivation but was not added to the chemostat medium to avoid any
possible interference with bacterial membrane functions. The pH was controlled
at 6.60 * 0.05 during the fermentation. The fermentation volume was kept
constant by a weight-controlled pump. A constant air flow of 2 liters/min was
achieved by a mass flow controller, and the agitation speed was set to values
between 600 and 1,500 rpm, ensuring dissolved-oxygen levels above 25%. Sam-
ples were taken only from chemostats in steady state, which were defined as at
least 5 volume changes after adjusting to a new dilution rate and stable optical
density as well as oxygen uptake and carbon dioxide production rate for mini-
mally 1 volume change.

Analytical techniques. Fermentation broth samples were analyzed for cell dry
weight, glucose, typical Bacillus fermentation by-products, extracellular protein,
and riboflavin. Selected samples were also subjected to enzymatic analysis of
ethanol, formate, pyruvate, and succinate as well as high-pressure liquid chro-
matography analysis of amino acids. Cell dry weight was determined from at least
eight parallel 10-ml cell suspensions, which were harvested by centrifugation,
washed with distilled water, and dried at 85°C for 24 h to a constant weight (£3%
variation). Elemental biomass composition analysis was performed on lyophi-
lized cells with an EA 1108 elemental analyzer (Carlo Erba Instruments, Milan,
Italy). Glucose, ethanol, formate, pyruvate, and succinate concentrations were
determined on a Synchron CX5CE automated enzyme analysis system (Beck-
man, Brea, Calif.) as described by Bergmeyer (5) with either kits supplied by the
manufacturer or chemicals and enzymes purchased from Sigma, Buchs, Switzer-
land. Acetate, acetoin, and 2,3-butanediol were measured by gas chromatogra-
phy (5890E; Hewlett Packard, Avondale, Pa.) on a Carbowax MD-10 column
(Macherey-Nagel, Diiren, Germany) with butyrate as an internal standard. A kit
from Bio-Rad, Munich, Germany, was used for the determination of extracellu-
lar protein in the supernatant. For riboflavin measurements, 0.8 ml of culture
broth was mixed with 0.2 ml of 1 M NaOH. A 0.4-ml volume of the resulting
solution was neutralized with 1 ml of 0.1 M potassium phosphate buffer (pH 6.0),
and the A4, was measured. Concentrations of oxygen and carbon dioxide in the
off-gas were determined with either a quadrupole mass spectrometer (Fisons,
Uxbridge, United Kingdom) or an emission monitor (no. 3427; Briiel & Kjeer,
Nerum, Denmark).

Amino acid composition analysis. Bacterial cell pellets were dried in a vacuum
oven over P,Os at 80°C for 24 h. Samples weighing approximately 4 to 5 mg were
placed in a 4-ml long-neck glass vial with 1.7-mm-thick walls. After addition of 1
ml of 6 M HCl in 0.02% phenol, the solution was frozen in dry ice and evapo-
rated at below 1.3 kPa for 3 min, and the vial was sealed by melting while still
under vacuum. The samples were then hydrolyzed at 110°C for 24 or 72 h and
subsequently dried under vacuum in a desiccator. The residues were dissolved in
a diluent buffer (pH 2.2), and aliquots were withdrawn for analysis. Amino acid
analysis was performed by a modification of the method of Spackman et al. (43)
on a Kontron Liquimat IIT amino acid analyzer. The amino acids were separated
on a cation exchanger (CK10F; Mitsubishi Kasei Corp.) and eluted with a step
gradient from 0.16 to 0.35 M sodium citrate (pH 3.21 to 4.24). The elution was
monitored by recording the 4,4, and A5, of the ninhydrin derivatives. Elution
profiles were compared with the profiles of a standard amino acid solution and
of cysteic acid, methionine sulfoxide, and methionine sulfone standards (Sigma).
The recovery of tryptophan was determined after hydrolysis with 4 M methane-
sulfonic acid in the presence of 0.02% 3-(2-aminoethyl)indole (32). Cysteine and
cystine residues were determined by quantification of their oxidation product
following HCI hydrolysis in the presence of 0.2% sodium azide (28, 29).

Flux balance model. A bioreaction network with only branch point-associated
metabolites was assembled for the calculation of intracellular fluxes. Network
reactions in the central metabolism were constructed primarily from the estab-
lished biochemistry in the literature (19, 42), and the biosynthetic pathway to
riboflavin was constructed as described by Perkins and Pero (35) and Bacher (3).
Formate formed during riboflavin biosynthesis, 3 mol of formate per mol of
riboflavin, was considered to be converted to CO,, because formate could not be
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detected in the fermentations. The gluconeogenic enzyme phosphoenolpyruvate
carboxykinase was reported to be not active under the strict glucose-limited
conditions used and was therefore not considered (12). Inclusion of the malic
enzyme reaction does not affect any of the other net fluxes and was therefore not
considered, in order to eliminate a potential cycle in the pyruvate shunt. Mass
balances for CO, and NAD(P)H were also included in the model. Therefore, the
reaction network consists of 23 metabolites and 21 reactions with unknown
fluxes. A (pseudo)-steady-state approximation, in which the sum of the fluxes to
and from any particular intermediary metabolite equals zero, was used for
intracellular metabolite pools to generate the following linear mass balance
equation for calculation of the flux distribution:

S-v=>b 1)

In this representation, S is the stoichiometric bioreaction matrix (23 X 21) based
on the metabolic map, v is the vector of 21 unknown metabolic fluxes to be
determined, and b is the vector of 23 known fluxes from measurable products and
substrates for each of the 23 metabolite balances. The solution to equation 1 was
determined by a constrained least-squares approach with the objective of mini-
mizing the sum of the squares of residuals from the metabolite mass balances.
The only constraint in the least-squares problem was a demand for nonnegative
fluxes in the irreversible reactions (vy, v, vy, vy, and vy,). Sensitivity analysis on
variations in biomass composition (relative protein, RNA, and cell wall content)
and in production and consumption rates (within the confidence intervals) of the
estimated fluxes was performed to analyze error propagation.

RESULTS

Determination of growth parameters. In this study, contin-
uous cultivation in glucose-limited chemostats was used to
determine the growth parameters of wild-type B. subtilis 1012
and the recombinant, riboflavin-producing strain PRF93. Steady-
state data for both strains were obtained from several (11 and
4, respectively) independent cultivations, except the off-gas
data for the wild-type, which were derived from 1 cultivation
only. The experimental data on the continuous-growth physi-
ology of both strains are in agreement with the chemostat
model (37): steady-state specific glucose (gy.) and oxygen
(90,) consumption rates, as well as the carbon dioxide evolu-
tion rate (¢co,), exhibit linear relationships with the specific
growth rate (assuming . = D at steady state), as shown in Fig.
1. The following equations were used for the calculation of the
growth parameters in Table 1:

W
4= ymx T M 2

where g is the specific rate of substrate consumption with
respect to product formation, w is the specific growth rate,
Y™ is the maximum molar growth yield, and m is the main-
tenance coefficient (37, 39). When corrections were made to
account for the glucose required for product formation, the
following equation was used to determine Y™ “™ and m®"™
values (44):

n
- + m corr + aqp

q = y max corr
in which a is the amount of glucose required for the formation
of 1 mol of product and g, is the specific product formation
rate. The linear regression lines in Fig. 1 were determined by
a least-squares fit of the data.

Essentially identical maximum molar growth yields on glu-
cose (Yge™) of 82 and 83 g (dry weight) of cells per mol of
glucose consumed were obtained for both strains as the inverse
of the slope calculated by linear regression. This demonstrates
an unchanged growth phenotype (Fig. 1A and D; Table 1).
Correction of the PRF93 Y ™ for riboflavin formation results
in a negligible increase. The maximum molar growth yield for
oxygen (Y5™) was calculated and found to be virtually identi-
cal for both strains (Fig. 1B and E; Table 1). Experimental
values for the maintenance coefficient (), which can be ex-
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FIG. 1. Effect of dilution rate on the rates of glucose (A and D) and oxygen (B and E) consumption and carbon dioxide evolution (C and F) by B. subtilis 1012 (A

to C) and PRF93 (D to F) during aerobic glucose-limited growth.

pressed as the substrate consumption rate (g, or mg ) or the
CO, evolution rate (mce,) required to fulfill the non-growth-
associated demand, were determined by extrapolating the
least-squares linear fit of the data to p = 0. The estimated m
values were relatively high, at 0.45 and 0.66 for the wild-type
and overproducing strains, respectively (Table 1). A similarly
high maintenance coefficient value was calculated by the meth-
od of Stouthamer and van Verseveld (46) for an overproducing
strain in fed-batch cultivations (data not shown). Correcting
for product formation has only a minor effect on this param-
eter. The increased maintenance metabolism for the recombi-
nant strain, relative to the wild type, was also reflected in the
Mco, value of this strain (50% increase). No metabolic over-
flow products were formed under the conditions investigated,
and there was no residual glucose in the medium, on the basis
of the minimum detection level of 1 mg/liter. The substrate
carbon was quantitatively recovered in biomass, CO,, and ri-
boflavin. A carbon balance of 100% = 3% was obtained at all
reported growth rates.

Riboflavin formation in chemostat cultivation. The highest
riboflavin concentrations in glucose-limited chemostat culture
were found at dilution rate, D, between 0.2 and 0.45 h™ !, with
a maximum at D = 0.3 h™! (Fig. 2A). The specific riboflavin
production rate increased up to D = 0.45 h™ ', when an essen-
tially constant maximal level was reached, as shown in Fig. 2B.
The product concentration in the medium was not only a
function of D but also subject to a slow, constant decrease as a
function of total volume changes (generations) in the chemo-
stat. Therefore, only data points from cultures with fewer than
50 generations were considered, because riboflavin productiv-
ity did not decrease more than 20% at constant D to this point.
However, independent of the chemostat generation, riboflavin

production became highly unstable when D was below 0.15
h™!. Stable production could be restored by subjecting these
cultures to an intermediate batch cultivation with a 5% inoc-
ulation volume. Following this batch cultivation, these cultures

TABLE 1. Comparison of growth and maintenance
parameters for Bacillus species

Value“ for:
B. subtilis B. licheniformis®
Parameter Non-
10 i)%p(e\gllld PRF93 1 6t§p(:)llld protea§e pI;:)(()itESisrfg
producing

w range (h™') 0.05-0.75  0.05-0.75 0.05-0.35
Yg}i"‘" 822 832 83 91 x2 84 £ 4
ymax corre 85 +2 97 £3 100 = 6
Yo 38x3 42=*3 58 =13 53*6
mglcf 0.45 = 0.08 0.65 £ 0.10 0.14 = 0.07 0.24 £ 0.11
mé‘l’c”f 0.66 = 0.11 0.16 = 0.09 0.23 £ 0.12
meo; 30+0.6 44=x06 07+05 1.6=x03
Mo 30206 3.6%06 24=13  11=04
né 25 (11) 32 (206) 21

“The 95% confidence intervals based on the data shown in Fig. 1 are given.

® Data reported by Frankena et al. (17).

¢ Data reported by Santana et al. (41).

4 Maximal molar growth yields expressed as grams (cellular dry weight) per
mole of glucose or oxygen.

¢ Corrected for product formation.

/Maintenance coefficients expressed as micromoles per gram (cellular dry
weight) per hour.

& The number of experiments used to calculate the parameters. Numbers in
parentheses represent the experiments with off-gas analysis.
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FIG. 2. Absolute riboflavin concentration (A) and specific riboflavin production rate (B) in steady states of continuous culture of B. subtilis PRF93. Dashed lines

indicate unstable riboflavin production.

exhibited a stable but lower riboflavin production phenotype in
chemostat cultivation (at D higher than 0.15 h™*). Single col-
onies obtained from chemostat cultures that had lost riboflavin
production at D lower than 0.15 h™* were cultivated again in a
chemostat. These chemostat cultures were phenotypically in-
distinguishable from PRF93 and produced normal riboflavin
levels again, thus excluding a possible mutation mechanism.
The presence of the PRF operon in all analyzed single colonies
was also indicated by the unchanged tetracycline resistance of
these cells.

Determination of monomeric cellular composition. To ob-
tain the specific precursor requirements for B. subtilis biomass,
we determined the total amino acid composition of logarith-
mically growing B. subtilis and Escherichia coli wild-type strains
shown in Table 2. More than 50% of the bacterial biomass is
made up of amino acids. The total amino acid composition
determined for E. coli W3110 is very similar to the commonly
used values for the amino acid composition of E. coli B re-
ported by Neidhardt et al. (33). Significant variations are seen
mainly for alanine and glutamate, because their peptidoglycan
fraction was included in our analysis of total biomass. Several
differences in the composition are evident when E. coli and
B. subtilis are compared. In particular, the nonproteinogenic
amino acid, diaminopimelate, yields useful information for
precursor quantification of the gram-positive cell wall, which
makes up a significant fraction of the dry weight and is clearly
distinct from E. coli. Because diaminopimelate is used solely
for cell wall synthesis, the value of 95 pwmol/g of cellular dry
weight can be used directly, with the known cell wall stoichi-
ometry (2), to calculate the precursor requirements for cell
wall formation. The higher relative portion of cell wall in
B. subtilis, quantified through its diaminopimelate content, is
also reflected in increased levels of the other monomeric cell
wall components: alanine, glutamate, and glucosamine. How-
ever, the cell wall requirements for alanine and glutamate are
relatively small in comparison with their protein fraction, and
the determination of glucosamine was subject to significant
hydrolysis losses. From the diaminopimelate data, we there-
fore conclude that the murein sacculus constitutes approxi-
mately 9% of B. subtilis biomass and that the relative contri-
bution to total biomass is therefore three to five times higher
than in E. coli. On the basis of the determined amino acid
composition, as well as known B. subtilis physiology, we have
quantified the detailed requirements for biomass building
blocks in B. subtilis (Table 3). As lipopolysaccharides do not
occur in the gram-positive bacilli, these requirements were not

included. Peptidoglycan requirements were adjusted to the
determined value of 95 wmol/g of cellular dry weight. The lipid
composition of B. subtilis differs significantly from that of E.
coli, since mainly branched fatty acids and phosphatidylglyc-
erol are found (11, 24). On the basis of the determined molar
amounts reported for E. coli (33), the following specific
changes for lipid precursors of B. subtilis were therefore intro-
duced: (i) an average acetyl coenzyme A requirement of 6.1 for
fatty acids was calculated from Table 1 of de Mendoza et al.
(11); (ii) valine was assumed to be the precursor for the
branched C, fatty acids; (iii) the precursors for odd-numbered

TABLE 2. Amino acid composition of E. coli and B. subtilis

Amt of amino acid (wmol/g [dry wt] of cells) in:

Amino acid

E. coli B/t* E. coli W3110 B. subtilis 1012

(in protein only) (total) (total)
Ala 488 527 594
Arg 281 273 198
Asx® 458 521 426
Cys 87 90°¢ 60°
Glx¢ 500 580 639
Gly 582 578 495
His 90 93 86
Ile 276 272 288
Leu 428 420 368
Lys 326 304 342
Met 146 136 118
Phe 176 173 183
Pro 210 207 175
Ser 205 254¢ 239¢
Thr 241 275¢ 239¢
Trp 54 19 o
Tyr 131 143 125
Val 402 395 335
Total 5,081 5,260 4,910
Diaminopimelate 28% 19 95
Glucosamine 28¢ 3 60"
Glycerol 1298 45 83

“ Data from reference 33.
 Asparagine and aspartate.

¢ Determined as cystic acid.

4 Glutamine and glutamate.

¢ Corrected for hydrolysis losses.
/Not corrected for hydrolysis losses.
& Determined indirectly.
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TABLE 3. Specific precursor, cofactor, and CO, requirements for B. subtilis 1012
Requirement (wmol/g [dry wt] of cells)”
Precursor

GoP  F6P RSP E4P T3P PGA PEP AcCoA OaA OGA CO, ATP NADH NADPH
Protein® 86 308 794 616 2,440 368 1,413 917 —1811 6,100 —1,743 10,302
RNA 630 368 262 —368 6,540 —1,366 1,163
DNA 100 50 50 =50 1,088 —200 300
Lipids 194 65 1,574 103 —568 1,419 —103 3,277
Peptidoglycan 190 95 190 95 95 855 760
Glycogen 154 154
C; units 76 =176 =176 76
Polyamines 59 118 180
Total 154 190 816 308 194 1353 711 3,060 2,132 1923 1,071 —2873 16,274 3,488 16,058

“ For definitions of abbreviations, see the legend to Fig. 3; negative values indicate formation.
> Murein fraction of alanine and glutamate subtracted and included in peptidoglycan.

branched fatty acids were assumed to be isoleucine and leucine
in equal molar amounts (24); and (iv) a phospholipid compo-
sition of 25% phosphatidylethanolamine and 75% phosphati-
dylglycerol was used (11). As a result, the one-carbon (C,)
requirements were recalculated. When no specific information
was available for Bacillus spp., the reported E. coli values (33)
were used (e.g. DNA, RNA, glycogen, and polyamines). Fur-
thermore, the experimentally determined elemental composi-
tion of B. subtilis 1012 and PRF93 harvested at various dilution
rates revealed no growth rate or strain-specific variations and
was as follows: C, 46 to 48%; H, 6.5 to 7%; and N, 12 to 13%.
The calculated B. subtilis biomass composition is compared
with that of E. coli in Table 4, and the actual values used for the
flux analysis calculations are given in a separate column.

Estimation of metabolic fluxes. Information on metabolic
fluxes is of the utmost importance for rational manipulation of
microbial metabolism, and estimation of the intracellular car-
bon flux distribution from determination of extracellular prod-
ucts has become a standard technique (10, 18, 23, 38, 49-51).
Such stoichiometric mass-balancing analyses depend upon pre-
cise knowledge of biochemical pathways, metabolic demands
for growth, and optimization principles to predict the meta-
bolic flux distribution within a defined network (Fig. 3).

NADPH was assumed to be produced only to fulfill biosyn-
thetic requirements, and the NADH flux was set to equal the
oxygen uptake. Experimental data on biomass and product
formation rates, as well as on the CO, evolution rate and O,
and glucose consumption rates, were used in combination with
the monomeric cellular composition of B. subtilis given in Ta-
ble 4. Values of the least-squares fits of the data from the
chemostat experiments shown in Fig. 1 and 2 were used to
estimate the production and consumption rates. The biosyn-
thetic requirements for ribose-5-phosphate, 3-phosphoglycer-
ate, and NAD(P)H, as well as the coupled CO, formation,
were specified by the detailed requirements for phosphoribosyl
diphosphate, IMP, GDP, and GTP.

The stoichiometric mass balance analysis employed pro-
vided an interpretation of the experimentally observed physi-
ology by a quantitative description of the flux distribution
within the defined bioreaction network and has several note-
worthy characteristics. When specific growth rate and biomass
yield (Yy,.) increased, an increased oxidative pentose phos-
phate pathway (PPP) flux (v,) was observed for the wild-type
strain at the expense of the tricarboxylic acid (TCA) cycle flux
(14 V15, and v,) (Fig. 4). At dilution rates (D) of =0.1 h™%,
the oxidative branch of the PPP is not required any more.
Similar patterns of PPP and TCA cycle utilization, as functions
of dilution rate, were obtained for the riboflavin-producing

strain. However, a noticeably higher PPP flux and lower TCA
cycle flux were estimated for any given D. This behavior is
caused mainly by the NADPH requirements for biosynthesis of
the purine precursor. Flux values at D < 0.05 h™* should be
regarded as qualitative only, because the corresponding phys-
iological data, obtained from extrapolating the relationships
shown in Fig. 1, were not within the working range of a che-
mostat.

There is an uncertainty in the flux results obtained by this
kind of metabolic stoichiometric analysis, because it depends
on a priori assumptions regarding unknown features of the
metabolic reaction network. In the particular case reported
here, the most significant influence on the fluxes computed is
exerted by the constraint that NADPH formation is strictly
coupled to the biosynthetic NADPH requirements. This causes
the PPP to operate only to satisfy the cellular requirements for
NADPH and pentose precursors. Although supplying NADPH

TABLE 4. Building block and cofactor requirements for the
formation of 1 g of E. coli and B. subtilis biomass

Amt required (pmol/g [dry wt] of cells)

Precursor
metabolite E. coli BI* B. subtilis 1012 B. subtilis used
in analysis'

G6P 205 154 154
FoP 71 190 190
R5P 898 816

PRPP 398
IMP 190
GDP 25
GTP 203
E4P 361 308 308
T3P 129 194 194
PGA 1,496 1,353 726
PEP 7194 711 711
Pyr 2,833 3,060 3,060
AcCoA 2,928 2,132 2,132
OGA 1,079 1,071 1,071
OaA 1,787 1,923 1,923
CO, -2,873 —3,082
ATP 18,485 16,274

NADH —3,547 —3,488 —2,215
NADPH 18,225 16,058 15,013

“ For definitions of abbreviations, see the legend to Fig. 3.

b Data from reference 33.

¢ R5P and PGA requirements expressed as specific precursors corrected for
cofactors.

4 Corrected from reference 33.
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FIG. 3. The biochemical reaction network considered. The reactions illustrated by dashed arrows have not been included. Shaded arrows indicate the withdrawal
of precursors for biosynthesis. The abbreviations A, B, and C4 represent 5-amino-6-(ribitylamino)-2,4-(1H,3H)-pyrimidinedione, 6,7-dimethyl-8-ribityllumazine, and
3,4-dihydroxy-2-butanone, respectively. Glycolytic, PPP, and TCA cycle reactions are shaded in grey. Abbreviations: G6P, glucose-6-phosphate; F6P, fructose-6-
phosphate; T3P, triose-3-phosphate; PGA, 3-phosphoglyceric acid; PEP, phosphoenolpyruvate; Pyr, pyruvate; AcCoA, acetyl coenzyme A; Ribu5P, ribulose-5-
phosphate; X5P, xylulose-5-phosphate; RSP, ribose-5-phosphate; E4P, erythrose-4-phosphate; S7P, seduheptulose-7-phosphate; PRPP, phosphoribosyl diphosphate;

OaA, oxaloacetate; OGA, oxoglutarate.

and precursors is generally believed to be the primary biolog-
ical function of the oxidative branch of the PPP, it has not been
established that its operation is exclusively governed by this
demand (15, 53). Phosphoglucoisomerase-negative mutants of
E. coli, for example, metabolize glucose entirely through the
PPP, as demonstrated by their ability to grow on glucose as the
sole carbon source (16). Thus, these mutants must have mech-
anisms to reoxidize NADPH, other than the anabolic utiliza-
tion of NADPH. Furthermore, PPP flux is generally reported
to be in the range of 20 to 30% of the total glucose uptake in
bacteria, which exceeds the biomass requirements for NADPH
and pentose formation under many conditions (19, 33). Re-
cently, by using labelling studies combined with metabolite
balancing, it was shown for continuously growing, lysine-pro-
ducing Corynebacterium glutamicum that the actual NADPH
formation exceeded the biosynthetic requirements by 21.1%
(30). Hence, the inclusion of this constraint may force the flux
calculations to yield a biased solution in which all of the sub-
strate carbon that is not accounted for in biomass and products
will be converted to CO, in the TCA cycle.

In an attempt to obtain an unbiased estimate of this flux
pattern, we assumed interchangeability of reducing equiva-
lents, NADH and NADPH, which could be explained biolog-

ically by a transhydrogenase activity (19). In calculations per-
formed with this assumption, the estimated oxidative PPP flux
is significantly increased, reaching relative fluxes much higher
than unity at the expense of the TCA cycle for all values of
D (data not shown). A PPP flux higher than unity, however,
would require a net recycling of fructose-6-phosphate into the
PPP, and such behavior has not yet been described in the
literature. If no further assumptions regarding the biological
function of the PPP under these conditions are made, the
estimated PPP flux is very sensitive to the respiratory quotient.
At low D, for example, respiratory quotient values at or below
unity result in increased flux through the oxidative branch of
the PPP, whereas at values higher than unity, the same flux is
estimated to be close to zero.

The actual flux distribution is most probably somewhere
between the two above-described extremes. What may be the
best current estimate was obtained by allowing a realistic 20%
exchange of reducing equivalents from NADPH to NADH in
the optimization calculations (Table 5), based on the experi-
mental result of Marx et al. (30). The flux estimates obtained
with this assumption for the PPP and TCA cycle (Fig. 5) are
very similar to the solution shown in Fig. 4, indicating the
robustness of the solution for a transfer of reducing equiva-
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FIG. 4. Metabolic flux estimation for the TCA cycle (A) and the PPP (B) of
wild-type and riboflavin-producing B. subtilis, assuming that NADPH formation
is strictly coupled to biosynthetic requirements.

lents from NADPH to NADH in the physiological range. The
estimated flux through the anaplerotic reaction (v,,) remained
between 0.24 and 0.30 throughout the range of D investigated.
The most pronounced difference was found for the PPP flux at
higher D, which is estimated to reach values of around 50%
instead of 30%. However, the dilution rate at which the PPP
flux decreases to zero is not significantly affected. The relative
differences between the strains are conserved in both solutions.
The sensitivity analysis of the experimentally determined bio-
mass composition and production and consumption rates in-
dicated that within the confidence intervals, these input pa-
rameters had negligible effects on the flux estimates.

DISCUSSION

Growth parameters. Our physiological data are in good
agreement with those obtained by other investigators for var-
ious Bacillus species, as shown in Table 1. In particular, the
maximum molar growth yield reported for batch cultivation of
B. subtilis (41) is almost identical to our findings. In contrast to
the behavior of the facultative aerobic B. licheniformis (6, 17)
and E. coli (51), our B. subtilis strain did not exhibit uncoupled
growth at high growth rates in the glucose-limited chemostat,
even when up to 100% higher glucose concentrations than
those reported were used. This was demonstrated by the lack
of metabolic overflow products detected in the culture super-
natant. For E. coli, metabolic overflow in glucose-limited che-
mostat cultures is related to the low maximum O, utilization
rate of 15 mmol of O, g (dry weight) of cells™* h™! (51),
whereas in our experiments, the highest O, utilization rate was
determined to be 22.5 mmol of O, g (dry weight) of cells™!
h™"'. Like B. subtilis, B. licheniformis is capable of O, utilization
rates above 20 mmol of O, g (dry weight) of cells” ' h™' but has
a comparatively low p,,.. of 0.6 h™! (6). Metabolic uncoupling
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in B. licheniformis at D = 0.3 h™' (50 to 100% of p,.,) is
presumably necessary to produce the higher rates of ATP
turnover required to sustain higher biosynthesis (growth) rates.
Additionally, the metabolic burden associated with substantial
extracellular protein formation, which consumes 10 to 20% of
the glucose input (17), potentially could further increase met-
abolic overflow.

The maintenance coefficient for glucose of 0.45 determined
for wild-type B. subtilis is high compared with those for B. lich-
eniformis (17) and E. coli (48, 51) of 0.14 to 0.24 and 0.17 to
0.30, respectively. This finding indicates that B. subtilis devotes
a relatively high portion of its energy supply to maintenance
metabolism, possibly for cell wall turnover (45). This observa-
tion is further strengthened by the lower maximal biomass
yield on glucose and oxygen when compared with B. licheni-
formis (Table 1). This has significant implications for biotech-
nological applications. Industrial-scale fermentations under
conditions of very slow growth, such as the commonly used
fed-batch cultivation, are very sensitive to maintenance re-
quirements, since the relative importance of maintenance re-
quirements increases at lower growth rates (46). Thus, the m,
determined for wild-type B. subtilis is a clear illustration of the
influence of the intrinsic physiological properties of a micro-
organism on productivity in bioreactors.

A significant (47%) increase in the maintenance coefficient
was found for the riboflavin-producing strain PRF93 despite an
essentially wild-type molar growth yield. The glucose required
for maintenance in both strains is almost completely burned to
CO,, because the molar mcq, values observed are approxi-
mately 6 times the m,,. values expected for complete conver-
sion of glucose to CO,. It should be recognized that in the
relationship between growth yield and growth rate (equation
2), all of the energy not used for growth is included in the
maintenance term (m). Therefore, factors that are by defini-

TABLE 5. Estimated fluxes, normalized to glucose uptake, for
various dilution rates in continuous culture of wild-type
and riboflavin-producing B. subtilis strains

Value of flux for D value of”:

Flux*
0.1h™! 03h7! 05h7! 0.7h7!
vy 0.03, 0.04 0.34,0.38 0.42,0.47 0.45, 0.51
v, 0.97,0.95 0.65, 0.61 0.58,0.52 0.54,0.48
V3 —0.02, —0.04 0.17,0.17 0.22,0.23 0.24,0.26
vy 0.07,0.08 0.19, 0.20 0.22,0.24 0.23,0.26
Vs —-0.02, —0.03 0.07,0.07 0.10,0.10 0.11, 0.12
Vg 0.00, —0.01 0.10, 0.10 0.12,0.13 0.13,0.14
v, 0.95, 0.89 0.81,0.77 0.78,0.74 0.76, 0.72
Vg 1.85, 1.75 1.68, 1.60 1.64, 1.56 1.62, 1.54
) 1.73, 1.60 1.52,1.42 1.46, 1.37 1.44,1.35
Vio 0.68, 0.55 0.46, 0.36 0.40, 0.31 0.38,0.28
vy 0.24,0.21 0.29,0.28 0.30, 0.30 0.31, 0.30
Vs 1.25,1.17 0.94, 0.86 0.86,0.77 0.82,0.73
Vi3 1.13, 1.06 0.79,0.71 0.70, 0.61 0.66, 0.57
Vg 1.04, 0.98 0.68, 0.61 0.59, 0.51 0.55, 0.46
Vs 1.04, 0.98 0.68, 0.61 0.59, 0.51 0.55, 0.46
Vig 1.04, 0.98 0.68, 0.61 0.59, 0.51 0.55, 0.46
V7 0.00, 0.00 0.00, 0.02 0.00, 0.02 0.00, 0.02
Vig 0.07,0.09 0.10, 0.11 0.10, 0.11 0.10, 0.12
Vig 0.05, 0.07 0.07, 0.08 0.07,0.08 0.08, 0.09
Vaq 0.02, 0.04 0.03, 0.05 0.04, 0.05 0.04, 0.05
vy 0.02, 0.04 0.03, 0.05 0.04, 0.05 0.04, 0.05
Vo 0.00, 0.00 0.00, 0.01 0.00, 0.01 0.00, 0.01

“ Fluxes correspond to the labels used in Fig. 3.
? Values for the wild-type strain are followed by values for the riboflavin-
producing strain.
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FIG. 5. Metabolic flux estimation for the TCA cycle (A) and the PPP (B) of
wild-type and riboflavin-producing B. subtilis, assuming up to 20% transfer of
NADPH reducing equivalents to NADH.

tion not maintenance processes, such as potential spilling
mechanisms, form part of the parameter m, as deduced from a
linear regression of substrate uptake rate against growth rate
(37, 39, 47). The formation of riboflavin per se cannot account
for the increased maintenance coefficient in the overproducing
strain, since 50 to 100 mg of riboflavin per liter, corresponding
to 2.3 to 4.7% of the supplied glucose (on a molar basis), was
produced under the strict carbon-limited conditions used. This
is illustrated by the minor change in the product-corrected
mgy" for PRF93 in Table 1. The macromolecular burden of
protein synthesis (4) can be excluded from having a substantial
impact on the maintenance parameter, since the riboflavin bio-
synthetic enzyme levels in our strain did not significantly ex-
ceed 1% of the total cellular protein (data not shown). In this
connection, it is interesting that elevated temperatures may
perturb a normal metabolic balance, driving higher mainte-
nance at essentially unchanged growth yields (13, 27, 34, 52), as
was observed in the present study following the production of
a relatively small amount of riboflavin. The most likely expla-
nation for this effect is a metabolic perturbation, caused by
riboflavin formation, potentially in the purine nucleotide avail-
ability. Alternatively, the presence of the ribC mutation in the
riboflavin-producing strain might contribute to increased main-
tenance metabolism through effects other than regulation of
the levels of the riboflavin biosynthetic enzymes. Pleiotropic
effects of the ribC mutation cannot be excluded, since this pro-
tein functions not only as a repressor of 7ib gene expression
but also as a flavin kinase. In the latter function, this enzyme
converts riboflavin to the coenzymes flavin mononucleotide
and flavin adenine dinucleotide (8). Furthermore, it is also
possible that the defective bpr gene in PRF93 contributes to
the increased maintenance requirements. The nature of this
significant increase in maintenance requirements will be the
subject of further investigations.

APPL. ENVIRON. MICROBIOL.

Riboflavin formation. The specific riboflavin production rate
is apparently positively correlated with the growth rate under
strict glucose-limited conditions and is thus coupled to growth.
For D between 0.1 and 0.15 h™!, strain PRF93 is not able to
stably maintain riboflavin production. The nature of this insta-
bility is not clear. However, under similar conditions, bacterial
cells are known to enter a growth rate domain that is domi-
nated by maintenance energy demands (7). The resulting en-
ergy limitation reduces the phosphorylation potential within
the cells. Thus, it is tempting to speculate that the limited avail-
ability of the GTP precursor, and not a decreased flux through
the purine biosynthesis pathway, would limit riboflavin forma-
tion. In bacilli, the normal response to decreasing guanine
nucleotide levels is the initiation of sporulation (26), which is
prevented by a spo0A mutation in our strain. These results also
suggest that for desirable production in a glucose-limited fed-
batch process, the feeding profile should be designed in such a
way as to maintain a minimal specific growth rate above 0.15
h™h

Flux analysis. The first and to our knowledge the only other
report on metabolic flux patterns in B. subtilis was based on a
similar stoichiometric approach by Goel et al. (18). Under con-
tinuous-culture conditions that were comparable to our exper-
iments, a TCA cycle flux in the range of 1.3 to 1.5 (normalized
to glucose uptake) and a PPP flux close to zero were estimated
for three different steady states (D = 0.15, 0.3, and 0.5 h™%).
This completely different flux pattern (compare with Fig. 4 and
5) can be explained by several differences between the mass
balance equations used (18) compared with our system: (i) the
energetic requirements for glucose uptake were considered in
terms of ATP equivalents instead of the phosphoenolpyruvate-
dependent phosphotransferase system; (ii) isocitrate dehydro-
genase was defined as the major source of NADPH, causing
the oxidative PPP to be utilized only when this reaction could
not fulfill the NADPH demand; (iii) no O, data were used, so
that NAD(P)H balances depended only on glucose uptake and
biomass formation; and (iv) a different biomass composition
was used. From our data, we conclude that at higher D there
is a substantial flux (30 to 50%) through the PPP in B. sub-
tilis. The apparent reduction of PPP utilization at low D in
both strains is strongly influenced by the assumed coupling of
NADPH production with biosynthetic requirements in combi-
nation with lower biomass yields and is therefore likely to be
underestimated. However, similar results showing relatively
lower oxidative PPP flux under conditions of slow growth were
obtained from [**C]glucose and ['®O]glucose experiments with
E. coli (25, 31).

Estimation of metabolic fluxes based on stoichiometric mod-
els is without doubt a valuable and easy-to-use tool. Neverthe-
less, the uncertainties arising from assumptions about impre-
cisely understood biological functions clearly illustrate the
problems inherent in a purely stoichiometric flux analysis. Such
an analysis is predicated on the assumption (among others)
that all of the reactions involving the metabolites considered
are known in vivo under the conditions used. As many reac-
tions in the central metabolism, such as coupling of NADPH
formation to biosynthetic requirements, operation of futile cy-
cles, and slippage in membrane energy transduction, are not
yet fully understood, there will be considerable uncertainty in
some of the flux estimates derived from a strictly stoichiomet-
ric mass balance analysis. If, for example, the PPP in B. subtilis
is a minor source of NADPH, as was shown for E. coli (9), our
PPP flux estimates would be too high. The flux estimates pre-
sented here should therefore be viewed as approximations that
are consistent with the data. While the absolute flux distribu-
tion may still be uncertain to some degree, the relative differ-
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ences between the strains are probably realistic estimates. The
estimated flux differences between the strains are rather small
but nevertheless are significant, since only a small difference
exists between the two strains in terms of Y. and product
formation under the conditions used. Despite the tenor of the
preceding discussion, we do not advocate avoiding mass bal-
ance-based analysis but, rather, wish to enhance the awareness
of its limitations and to avoid assumptions about metabolic
functions whenever possible.
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