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Abstract
Culture pelleting and morphology has a strong influence on process pro-

ductivity and success for fungal and filamentous bacterial cultures. This
impact is particularly evident with early phase secondary metabolite pro-
cesses with limited process definition. A compilation of factors affecting
filamentous or pelleting morphology described in the literature indicates
potential leads for developing process-specific control methodologies.
An evaluation of the factors mediating citric acid production is one example
of an industrially important application of these techniques. For five model
fungal and filamentous bacterial processes in an industrial fermentation pilot
plant, process development strategies were developed and effectively imple-
mented with the goal of achieving reasonable fermentation titers early in the
process development cycle. Examples of approaches included the use of
additives to minimize pelleting in inoculum shake flasks, the use of large-
volume frozen bagged inoculum obtained from agitated seed fermentors,
and variations in production medium composition and fermentor operating
conditions. Results were evaluated with respect to productivity of desired
secondary metabolites as well as process scalability. On-line measurements
were utilized to indirectly evaluate the cultivation impact of changes in
medium and process development. Key laboratory to pilot plant scale-up
issues also were identified and often addressed in subsequent cultivations.

Index Entries: Morphology; pellet; fermentation; scale-up; Aspergillus;
Sordaria; Streptomyces; Chalara.

Introduction
Because culture morphology often affects fermentation productivity

and impacts successful scale-up, process-specific methods to influence and
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control this parameter need to be developed (1). Formation of pellets in
seed and production cultivations of fungal cultures has been described and
studied extensively. The initial goal is to determine what type of morphol-
ogy (from highly filamentous to highly pelleted) is best for productivity.
This analysis then is followed by process development aimed at reliably
obtaining the desired culture form. Pellet formation can occur in any fer-
mentation stage from the frozen inoculum vial to the production fermen-
tor. Although desirability and acceptability of pellets in each stage depends
heavily on the specific process and its stage of process development, some
general statements typically hold true.

Inoculum characteristics definitely affect production fermentor per-
formance (2). Pellets present a problem for inoculum because they cannot
be pipeted uniformly into master/working seed vials or the next flask stage.
In addition, they may clog peristaltic tubing used to transfer the shake-flask
contents to the seed fermentor. Inoculum pellet formation can be avoided
by using a Waring blender or hand mixer (3) to homogenize the seed (which
has extensive drawbacks for subsequent culture purity), by switching to
baffled shake flasks (which may cause excessive foam formation), by adding
glass beads (4,5) to break up clumps (which is limited by the shaking rate
because beads may break glass flasks), by using spores cultured for several
days on a slant (which requires additional time for sporulation), and by
adding agar to shake-flask seed medium (which is limited by agar solubil-
ity). Pellets present in early stages of an inoculum train often increase in size
during later stages. Extending the inoculum stage incubation period causes
larger pellets for some cultures and a transition from pelleting to mycelial
growth in other instances.

Pellets present a problem in fermentor cultivation because growth is
slower (owing to the reduced number of active growth centers), less repro-
ducible, and subject to dissolved oxygen (DO) limitation close to the pellet
core. Representative culture samples often are difficult to obtain because
pellets quickly settle in nonagitated broth samples. Growth of molds in
pellet form can be an advantage in some industrial fermentation processes
(6), particularly when it results in lower broth viscosity and thus decreased
power input requirements for proper mixing and aeration (7).

The purpose of this article is to summarize and categorize literature
references describing external influences on pelleting and culture mor-
phology. Production of citric acid by Aspergillus niger is then evaluated
based on literature references as one example of fermentation in which
morphology is compared with other parameters for its influence on pro-
ductivity. Along with other scale-up techniques, some of the major factors
influencing morphology were applied to the successful initial pilot-scale
cultivations of several fungal (A. niger, Aspergillus unguis, Sordaria araneosa,
Chalara affinis) and filamentous bacterial (Streptomyces roseoflavus) cultures
during early phase process development efforts. Often at this early stage,
secondary metabolite synthesis pathways are less studied and few reports
are available about the scale-up of these strains. Additional issues, not
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related to culture morphology, associated with pilot scale-up based on
laboratory-scale fermentations are identified and described.

Culture Pelleting and Influences on Morphology

Several key articles exist summarizing pelleting and general morphol-
ogy. A general article that focuses on Aspergillus has an excellent discussion
and analysis of factors that influence pellet formation based on the litera-
ture available at the time it was written (6). Another article provides a
thorough compilation of references with descriptions of contemporary
research in several areas related to pelleting, again based on literature avail-
able at the time (8). Two additional articles each have an extensive list of
Actinomycetes organisms forming either pellets or mycelia exclusively and
those exhibiting both morphologies in shake flasks and in stirred vessels
(9,10). Finally, a comprehensive review article on fungal morphology was
recently published (11).

A brief summary of the general effects on pelleting vs filamentous
growth discussed in the literature is provided in Tables 1–5, with the spe-
cifics of cultivation conditions listed where available. Areas covered are
agitation, inoculum, media composition, media additives, and fermenta-
tion parameters. Studies involving agitation have compiled data relating
mean hyphal length to power input for various fungi (12) and developed
scale-up equations based on impeller type and agitation intensity (3,13,14).

Influences on Pellet Formation

There are three major classes of variables that can be controlled to
influence pellet formation, assuming that media composition, strain, and
organism remain constant: inoculum concentration, addition of polymer
additive, and shear forces in the fermentor (12).

Pellets generally are formed at inoculum levels below 105 spores/mL
(1011 spores/m3), and, above this concentration, dispersed filamentous
growth typically prevails (12,15,16). An optical density at 600 nm of 0.5 U
is equivalent to 106 spores/mL of A. niger, a relationship that reduces tedious
enumeration assays prior to inoculation (17). The inoculum character can
influence eventual production culture morphology, which, in turn, influ-
ences productivity (18). Specifically, inoculation with spores (conidia) was
preferred over inoculation with mycelia for growth of A. niger to produce
pectic enzymes (19).

Polymer additives, typically nonionic and anionic surfactants, affect
pellet formation by influencing spore agglomeration in a concentration-
dependent manner (20,21). Reduced spore aggregation promotes dispersed
filamentous growth, which results in higher culture growth and produc-
tion rates, particularly for enzyme production processes (22).

In general, if the culture is not shear sensitive and power input is low,
one pellet forms from one spore (16). If the culture is shear sensitive, more
than one pellet can form from each spore owing to pellet fragmentation.
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The broth pH effect on pelleting vs filamentous growth may be owing to
alteration of spore surface properties responsible for coagulation (6).
Although higher agitation rates can prevent pellet formation for strains
with coagulative pellet types, the effect is not as clear for strains with non-
coagulative pellet types (6). In general, filamentous growth is dominant at
higher agitation rates; compact pellets are observed at lower rates, with
looser pellets observed at the lowest rates (23,24). The lack of any particular
nutrient (including oxygen) may lead to pellet formation, but there are
counterexamples to this relationship (16).

Pellet Diameter

Pellet diameter is critical to evaluating the acceptability of pellets in a
particular process. Pellets that are too large form a necrotic core owing to
insufficient oxygen transfer rates relative to oxygen usage (diffusion in the
presence of a reaction). For example, larger pelleted growth (1–3 mm in
diameter) reduced the extent of secondary metabolite accumulation for peni-
cillin production by Aspergillus nidulans; smaller micropellets (0.1–0.4 mm in
diameter) performed between larger pellets and filamentous growth. This
behavior was the result of oxygen limitation within larger pellets, a hypoth-
esis confirmed by inducing oxygen limitation in a filamentous culture (25).

In many cases, the physical meaning of the pellet diameter is not
straightforward. It can refer to the diameter of the entire pellet clump or just
the core portion (not counting loose annular material). Furthermore, in
some instances, clumps are irregularly shaped so researchers have elected
to report pellet perimeter values. In other instances, researchers have mea-
sured pellet cross-sectional areas. For this article, all pellet sizes (areas or
circumferences) reported by various researchers were converted to esti-
mated effective average diameters for ease of data comparison.

Effect of Pellets on Productivity

The effect of pellets on productivity is specific to the process under
investigation. In some cases, immobilization in pellet form shifts fungal
metabolic activities toward secondary metabolism (16). The pellet form can
lead to higher productivity when broth viscosity becomes lower, which, in
turn, improves aeration efficiency and mixing (26–28). However, there are
several counterexamples for which morphology does not affect productiv-
ity and thus can be manipulated independently (29,30).

Application to Aspergillus Cultivation and Citric Acid Production

Citric acid production by A. niger is a major example for which pelleted
growth has been widely utilized. There are several notable articles on the
growth of A. niger and citric acid production (25,31–43), on either constitu-
tive or heterologous enzyme production (44,45), and on organic acid
production (46). Specifically, three articles give insightful overviews of
the state of citric acid production at the time they were written (47–49).
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In general, citric acid cultivations use a defined medium containing sugar
(typically sucrose but often glucose), potassium phosphate, magnesium
sulfate, inorganic nitrogen (such as ammonium salts of carbonate, sulfate,
chloride, or nitrate), and trace elements (such as zinc, manganese, ferrous
or cupric sulfate, manganese chloride, and/or sodium molybdate). Quite
often, no trace elements are required despite the use of defined medium.

Cultivation conditions can influence pellet formation (as well as citric
acid productivity), so they are listed in Tables 6–9 when available for the
cited investigation. These conditions also vary considerably among the
different literature reports. Spore inoculum is used in a concentration range
of 103–106 spores/mL (based on inoculated production broth volume);
cultivation pH ranged from 2.0 to 6.5; cultivation temperature ranged from
24 to 34°C; and production vessel volume ranged from shake flasks to
50-L fermentors, with one study at 2600 L.

Several key points from studies of citric acid production were applied
to the process development of Aspergillus and other fungal strains as well
as one Streptomyces culture.

Variation in Inoculum and Production Temperatures

Although practically no citric acid is produced at 37°C in various
A. niger strains, high yields of citric acid are produced between 24 and
30°C despite the fact that cell mass is as high at 37°C as it is at 24–30°C.
The decline in citric acid yield may be a result of the higher citrate metabo-
lism at 37°C so that it does not accumulate (47). This lead was applied to the
production of indole diterpenes by A. niger to attempt to minimize unde-
sirable formation of organic acid.

Maintenance of Low pH Set Point at 4.0 or Above

The pH of citric acid broths sometimes has been maintained above 4.0
to prevent damage to 316-L stainless steel fermentors (solubilization of
metals such as manganese and iron) over the course of a 28-d cultivation of
A. niger (Tables 6–9). This restriction caused difficulty in reproducing labo-
ratory shake-flask indole diterpene titers in which pH was not controlled
and typically declined to 1.0 to 2.0.

Variation in Agitation Rate

For citric acid fermentations, the critical DO level for product forma-
tion typically is significantly higher than for culture growth (37). Higher
agitation rates were explored for several model cultures to maintain
DO above 50–80% sat (calibrated to air at ambient pressure) for process
development.

Role of Morphology

In the citric acid process, a spore inoculum is commonly used that first
forms hyphal agglomerates followed by spherical pellets. Optimal citric
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acid production is achieved when the pellet growth form dominates and
broth is pseudoplastic (27). By contrast, some researchers have observed
that if the mycelial form is made to dominate using media additives, high
specific productivities of citric acid can be obtained (50). Consequently,
even with a process, as well studied as citric acid, the role of morphology
is not always clearly delineated.

The use of additives, early exponential phase transfer timing of inocu-
lum shake flasks, and variations in agitation rate to change seed and/or
production broth morphology were explored for early phase process
development for five model fungal and filamentous bacterial cultures.
Only qualitative, indirect, and macroscopic assessments of the morpho-
logic effects of these changes were conducted; no direct viscosity testing or
microscopic measurements were undertaken.

Materials and Methods

General

Laboratory seed was cultivated in two stages: a 250-mL and a
2-L shake flask. Nonbaffled Erlenmeyer seed flasks were sterilized at
122°C for 30 min (first stage) or 40 min (second stage), inoculated, then
shaken at 220 rpm (with a 2 in throw or stroke) in an incubator room.
Fermentor sterilizations were conducted at 122–124°C for 40 min for seed
fermentors and 45 min for production fermentors. Deionized water was
used for all stages of cultivation and all nutrient solutions. Poststerilization
cerelose (glucose monohydrate) additions used a 50 wt% solution. Broth
pH was controlled with 25 wt% NaOH (caustic) and/or 25 wt% H2SO4.
DO was calibrated to 100%sat in air at ambient pressure. Off-gas was
measured using either a Perkin-Elmer MGA1200 (51) or a VG Prima 600S
(52) mass spectrometer system.

Depending on the process, first-stage seed flasks, typically inoculated
with 1 to 2 mL of seed from a frozen vial into 50 mL of medium (2–4 vol%),
were cultivated for 1–3 d, and second-stage seed flasks, inoculated with
10 mL of seed from the first-stage seed flask into 300–500 mL of medium
(2.0–3.3 vol%), were grown for 1 to 2 d. First-stage seed fermentors were
inoculated with 1.5–3.5 L of either laboratory or frozen bag seed (53) into
180 L of medium (0.83–1.9 vol%) and were cultivated for 1 to 2 d. Finally,
for most cultivations, 10–25 L of seed was transferred to about 600 L of
production medium (1.6–4.2 vol%).

Seed-vial preparation conditions were reasonably similar to seed
inoculum flask conditions. Both sets of conditions were developed to mini-
mize pellet formation, reduce growth lags, and establish reasonable
per-stage seed transfer times. Control of seed pelleting was critical to
influencing production-scale morphology and ensuring success of early
phase fermentation scale-up. Details of seed and production media as well
as fermentation conditions are given in the appendix for the five model
cultivations.
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A. niger

A strain of A. niger (MF6670) was cultivated at the 600-L pilot scale to
produce indole diterpene compounds (mol wt of about 400) to treat indi-
cations of atherosclerosis. Large-volume frozen bagged seed (53) was pre-
pared from pilot-scale seed fermentors to reduce repetitive, less convenient,
and sometimes variable shake-flask seed train development. (Inoculum
flask transfer times were <16 h for each of the two shake-flask seed stages.)
Seed flasks were transferred promptly during the early exponential growth
stage to minimize pellet size to about 0.5 cm or less.

Seed-flask medium was KF (54) and seed fermentor medium was YME.
Seed fermentors were inoculated with either laboratory or frozen bagged
seed. DO declined from 170 to 50–60%sat. Broth pH began at 6.3 and
declined to 4.0 before the oxygen uptake rate (OUR) reached its transfer
target of 5 to 6 mmol/(L·h); caustic was used to control pH at 4.0 prior to
inoculation. Production fermentor medium was JJCB without trisodium
citrate. At 22°C, DO declined from 170 to about 90%sat at 18–20 h, then rose
steadily for the remainder of the fermentation, and DO control was not
needed. At 28 and 35°C, the DO dropped to 50%sat and then was cascaded
with agitation rate, consistent with higher OUR. Broth pH began at 5.5 and
declined to 4.0, at which time the pH was controlled. Owing to the pre-
sumed high production rate of organic acid, these cultivations utilized an
unusually large amount of caustic of about 5 gal (20 L)/d for 600 L of broth
(3.3 vol% addition/d).

A. unguis

A strain of A. unguis was cultivated at the 600-L pilot scale to produce
unguinol (mol wt of about 450), a bile salt hydrolase inhibitor with poten-
tial as a poultry growth promoter (55). Seed-flask medium was YMEJ, YME
with cerelose sterilized together supplemented with 1.5 g/L of Junlon
(a polyacrylate, Nikon, Juyaki, Osaka, Japan, PW-110), which was not found
necessary in seed or production fermentors. Despite the addition of Junlon,
which reduced pelleting severity (the addition of 2 g/L of agar or separate
cerelose sterilization had little effect), the culture still pelleted consider-
ably, making it challenging to pump into seed tanks through 3/8-in. od
(3/16-in. id) silicone tubing (Masterflex size 15; Cole Parmer, Vernon Hills,
IL). Because pellets were soft and compressible, manual massaging of the
transfer line during pumping prevented clogging. Large-volume frozen
bagged seed (53) also was prepared, which minimized transfer problems,
because pellet sizes were reduced significantly in agitated seed fermentors.

Seed fermentor medium was YME. DO decreased from 170 to 120%sat.
Broth pH began at 6.1 and declined to 5.1 when the OUR reached 5 to
6 mmol/(L·h). Production medium was JJCB. DO decreased from 170 to
50%sat at 40 h and then was controlled. Broth pH was controlled between
4.5 and 7.5.
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S. araneosa

S. araneosa (ATCC 36386) was cultivated at the 600- and 15,000-L pilot
scales to produce sordarin (mol wt of about 500), an antifungal that selec-
tively inhibits fungal protein synthesis by impairing the function of the
eukaryotic elongation factor, EF2 (56,57). Similarly to A. unguis, after initial
challenges with laboratory shake-flask inoculum preparation, large-vol-
ume frozen bagged seed (53) was prepared from agitated seed fermentors
to minimize pellet sizes observed in second-stage seed shake flasks and
used to inoculate seed fermentors. Seed-flask medium was KF medium
without agar (54).

Seed-tank medium was AD-2 with 28 g/L of cerelose added postster-
ilization. Scale-up of the laboratory shake-flask medium was undesirable
owing to the presence of tomato paste and oat flour components that
were prone to foaming. Because scale-up could not be delayed until a
suitable fermentor seed medium was developed, this seed medium actu-
ally was modified production medium. DO declined from 170 to 100%sat
and initial broth pH declined from 7.4 to 7.0 at 30 h, with OUR reaching
2.3–2.5 mmol/(L·h) at the time of transfer.

Production medium (AD-2) was the same composition as seed
medium except 166 g/L of cerelose was added poststerilization. At the
600-L scale, agitation reached about 220 rpm at its peak. Broth pH remained
in the range of 5.8–7.4 without control. The 15,000-L scale cultivation was
inoculated with two seed-tank fermentors (315 L, 3.15 vol%). DO was con-
trolled by manually raising agitation from 60 to 110 rpm and airflow from
5000 to 9000 L/min to maintain DO above 40%sat. NaOH was added manu-
ally to maintain broth pH above 5.3 because the size of automatic shots
caused broth pH to rise dramatically from 5.3 to 6.3.

S. roseoflavus

A mutant culture of S. roseoflavus was cultivated at the 600-L pilot scale
to produce a novel cyclic peptide (mol wt of about 1400) with potential
antibiotic potency against methicillin-resistant Staphylococcus aureus. Seed-
flask culture (grown in ISM-3 medium) was inoculated into ISM-3 seed
fermentor medium. Broth pH began at 6.4, then declined, but not below 4.8–
5.0 by the time the OUR reached its target value of 7, 14, or 19 mmol/(L·h).
There were no seed morphology issues associated with this process.

Production fermentors contained FR23 medium. After production
medium was transferred to fermentors and awaited sterilization, DO declined
to zero nearly immediately, indicating a higher presterilization bioburden
than normally observed. During the sterilization heat up (i.e., prior to 80°C),
steam at 30 psig was blown up the fermentor bottom valve for 30 s to
suspend any solids that might have collected in the deadleg between the
tank and its bottom valve (which was not flush mounted). When the
medium reached 80°C, the batch was held at this temperature for 5–15 min
to permit spores to germinate and to ensure starch solubilization. During
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this heat-up phase (80–95°C), several (about 24) inches of foam developed,
which decreased substantially when tank internal steam sources (both
above and below the liquid surface) were opened, then reappeared when
internal steam sources were closed. This behavior was most likely influ-
enced by changes in media surface tension with temperature as a result of
the soluble starch and/or Pharmamedia. Owing to substantial fermentor
headspace, this foam did not reach the fermentor vent line piping.

Broth pH was controlled between 5.3 and 5.5, with care taken not to
permit it to rise above 7.0, to maximize product stability. There was some
coating of the pH probe by the broth during the fermentation cycle, so grab
samples were analyzed off-line to compare to fermentor pH probe read-
ings. Despite high airflow and agitation rates, midcycle foaming was not
apparent, perhaps because fermentor back pressure also was increased
midcycle to 1.2–1.5 kg/cm2 to raise DO levels above 50%sat.

C. affinis

C. affinis was cultivated at the 600-L pilot scale to produce micafungin,
an antifungal precursor that is a 1,3 β-D-glucan synthetase inhibitor (58).
Seed vials were prepared using KF medium (54) with 4 g/L of agar to
minimize pelleting, which initially was severe enough to prevent pipeting
of broth into vials. Seed-flask culture (grown in LYCP-5 medium) was
inoculated into LYCP-5 seed fermentor medium. Broth pH began at 5.6 and
remained largely unchanged by the time the OUR reached its target trans-
fer value of 3–6 mmol/(L·h).

Production medium was BB1. Care was taken to ensure that airflow
rates were sufficiently high to reduce power draw for the higher agitation
rates. Broth pH was controlled between 4.5 and 6.2.

Cultivation Results

Details of the pilot plant scale-up and early process development chal-
lenges are described next for the five model cultivations and are summa-
rized in Tables 10 and 11. These production batches utilized seed trains that
minimized the impact of pellet formation so that scale-up was focussed on
pilot-scale processing issues. On-line and off-line data were used to iden-
tify expected and unexpected aspects of cultivation performance.

A. niger

The growth of A. niger was studied at the 600-L pilot scale under vari-
ous conditions (temperature of 22–35°C, initial agitation rates of 100–
350 rpm, initial airflow rates of 0.15–0.5 vvm) using a semidefined medium
that was operationally easier than the original laboratory-scale medium
containing oat flour and tomato paste.

At 22°C, the OUR rose to 9–12 mmol/(L·h) after about 50 h, then
declined to about 2 mmol/(L·h) by 250 h. Peak OURs were 9.0 mmol/(L·h)
at 30 h at 28°C and 11 mmol/(L·h) at 12 h at 35°C, demonstrating faster
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growth at higher temperatures. At 28°C and 350-rpm initial agitation
rate (vs 200 rpm) using a Rushton impeller, peak OUR reached only
6.0 mmol/(L·h) at 30 h, indicating some culture sensitivity to shear. When
140 g/L of cerelose was substituted for the 70 g/L of mannitol (with 20 g/L
of additional cerelose present in both cultivations), OURs at 28°C rose to
12–14 mmol/(L·h), indicating adequate growth on this cheaper carbon
substrate.

At 28°C, the respiratory quotient, RQ, rose to about 1.0 by 12–15 h;
declined to a plateau of 0.65 from 15 to 25 h; declined further to a plateau
of 0.2–0.3 by 50 h; and then rose slowly, reaching 0.4–0.6 by 240 h. This
unusually low RQ was not caused by a mass spectrometer measurement
problem. Potentially high media solubility of CO2, owing to high citric acid
byproduct concentrations, may have reduced CO2 evolution rates (CERs)
(59). Midcycle RQs were still low at 0.2–0.3 (rising to 0.4–0.6 by 240 h) even
when all the mannitol was replaced by cerelose in the medium. At 22°C,
similar RQ values and patterns were observed.

At 22°C, cell solids rose to 33–38 wt% at 90–100 h, dipped to 25–28 wt%
at 150–200 h, then rose to 30–40 wt% by 300 h. When temperature was
increased to 25°C, cell solids rose to only 22–25 wt% by 80–100 h, dipping
to 15–18 wt% at about 130–170 h, and then rising to 22–25 wt% by about
200 h. Thus, as temperature increased, growth patterns were similar
although slightly faster, and peak cell densities were lower.

At 22°C, glucose was utilized initially at a rate of 0.78 ± 0.10 g/(L·h)
and was exhausted by 90 h. Mannitol was used initially (concurrently with
glucose), with about 20 g/L remaining after 400 h. At 28°C, glucose was
exhausted by 22 h, suggesting increased metabolic rates as temperature
increased despite lower cell mass. When 140 g/L of cerelose replaced the
70 g/L of mannitol at 28°C, glucose was exhausted by 45 h, suggesting that
the presence of mannitol slowed glucose utilization.

Fermentations were difficult to run to completion because of midcycle
(250–300 vs 600 h) problems controlling airflow and back pressure, most
likely owing to “caking” around the sparger outlet and/or back pressure
control valve, despite the fact that no vent filters were being utilized. This
condition caused airflow rates to decline and back pressures to increase
gradually over time, although it was not clear whether airflow rate or back
pressure behavior was the cause or effect. Manual stroking of the back
pressure control valve and direct steaming through the sparger line for
2–5 min often seemed to fix the problem. Postbatch examination of the
0.2-µ sparger air filters indicated some slight discoloration, but when these
filters were used in a subsequent test batch, performance was acceptable.
Vendor analysis of the filters did not reveal anything unusual. Because no
other process scaled up to date in the pilot plant exhibited this unusual
behavior, it was concluded that this was a process-specific problem.

Despite attempts to vary culture conditions (i.e., initial agitation,
impeller type and airflow rates, and temperature) to optimize morphology
and minimize organic acid byproduct formation, scale-up of this culture
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was not successful, with essentially none of the desired product produced
after 25–28 d. Additional efforts were needed to translate the laboratory-
scale fermentor medium (containing oat flour and tomato paste) and pH
control strategy to pilot-scale conditions, but these efforts were curtailed
owing to changing development priorities.

A. unguis
Initial cultivations first were scaled up using a complex production

medium containing tomato paste and soybean meal but using YME for the
seed flasks and fermentors. Production fermentors foamed considerably
during sterilization, and several batches (approximately three of six)
became contaminated midcycle. This high contamination rate was pre-
sumed to have resulted from inadequate wetting and sterilization of solid
components, potentially owing to their entrapment in the foam layer
and/or deposition on tank internals after foam subsided. Production
fermentor OURs rose to 16 to 17 mmol/(L·h) by 30 h, remained steady up
to 170 h, and then slowly declined until harvest. Initially, broth pH declined
from 6.2 to 4.8, then rose to 6.4 at 30 h, corresponding to when acid
byproducts of carbon metabolism were overcome by basic byproducts of
nitrogen source metabolism. Titers at 300 h ranged from 0.6 to 0.9 mg/L
(Table 12).

Production medium then was switched to JJCB medium. No foaming
was observed during sterilization with this new semidefined medium.
As in complex medium fermentations, OUR rose to 12.5 mmol/(L·h) by
45 h, then declined linearly until harvest at 400 h. Glucose declined to zero
sometime between 40 and 60 h. In addition, RQ dropped from 0.9 to 0.7
at 45 h, indicating a switch from cerelose to glycerol utilization. Glycerol
then declined gradually and became exhausted by 180–210 h. Peak titer
was reached shortly afterward. Similarly to complex medium fermenta-
tions, broth pH began at 6.2, declined to 5.3 at 45 h, rose to 6.2 as RQ
decreased, and then remained fairly constant. Ammonia declined from
38–45 mmol/L to 0 by 90 h and production began at 100 h. Phosphorus
declined steadily from 100–110 to 60 to 80 mg/L by 40 h, indicating no
evidence of phosphate regulation. Interestingly, the unusually high cal-
cium carbonate medium concentration was critical to titer stability in the
broth. Titers reached 1.0–1.2 g/L at 214 h, with a faster overall production
rate than that observed at the 20-L laboratory scale (Table 12, run 1) and
slightly higher titers than were observed with the initial complex produc-
tion medium (Table 12).

Despite unusually high titers for an early phase project, pilot-scale
optimization of JJCB medium was undertaken. Because of observed ammo-
nia limitation, increased amounts of various existing medium components
supplying inorganic or organic nitrogen were used, but these higher levels
did not delay the onset of production significantly. This supplementation
strategy, along with midcycle additions of 50 vol% glycerol to extend the
fermentation, was implemented to increase cell mass and thus volumetric
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productivity. For the 15.2 g/L ardamine pH cultivation, the peak power
draw at 80 h was nearly twofold higher than that of the control (7.6 g/L of
ardamine pH) to maintain the DO at 50%sat despite a lower packed-cell
volume (Fig. 1), indirectly suggesting a higher broth viscosity owing to
possibly a more filamentous morphology. (Direct microscopic observa-
tions of morphology and viscosity measurements were not performed.)
OURs peaked at 10–14 mmol/(L·h), and increases in titer were dramatic
(Table 12, run 2).

Sharp rises in DO occurred at times ranging from 220 to 300 h and were
earliest for the 15.2 g/L ardamine pH and 5.6 g/L ammonium sulfate fer-
mentations, suggesting earlier depletion of critical nutrients in these culti-
vations. Broth pH for the 5.6 g/L maltoline and 5.6 g/L ammonium sulfate
cultivations declined from 6.2 to 4.5 initially, at which point it then was
controlled using base addition, suggesting organic acid production owing
to carbon substrate metabolism. By contrast, the broth pH of control culti-
vations declined to 5.2, then increased to 6.0–6.4 with minimal uptake of
acid or base for the duration of the fermentation.

Optimization of JJCB medium was continued using 15.2 g/L of
ardamine pH in the new base medium despite higher observed peak power
draw. The control cultivations with Rushton impellers reached 5.0 and
6.75 g/L, and the cultivation with the hydrofoil Maxflo T impeller (60)
reached about 9.15 g/L (Table 12, run 3). This suggests some possible effect
of shear or mixing on titer, as well as some reproducibility issues associated

Fig. 1. Comparison of power draw and packed-cell volume for control and 15.2 g/L
ardamine pH cultivations of A. unguis at 600-L pilot scale.
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with similar cultivation conditions at higher ardamine pH levels. Further
characterization of performance may be needed during subsequent runs so
that the impact of additional process development changes, such as opti-
mal ammonium sulfate supplementation, may be more clearly apparent.

OURs increased twofold and ranged from 17 to 24 mmol/(L·h) with
no clear relationship between OUR peak and subsequent performance.
Dramatic drops in OUR/CER were evident when glycerol was exhausted
and returned to prior values promptly after the addition of glycerol. The
sharp rise in DO occurred from 230 to 290 h and was different for various
supplemented media. For the 5.6 g/L maltoline case, DO remained at the
control point of 50%sat until harvest. For the lowest producing control
batch, it was delayed until 380 h, compared with 260 and 290 h for the other
two control batches, suggesting a change in metabolism that was less favor-
able to production.

During control fermentations (after the initial characteristic sharp
decline, rise, and fall), pH declined from 6.0 to 5.0, and there was little
caustic/acid uptake. For the 5.6 g/L ammonium sulfate and 5.6 g/L ammo-
nium sulfate/5.6 g/L maltoline cultivations, initial pH declined to 4.5, and
the culture consumed caustic for the duration of fermentation, presumably
owing to organic acid production. Peak power draws were similar among
these production batches (Fig. 2), suggesting that further variations in

Fig. 2. Comparison of power draw for control, 5.6 g/L ammonium sulfate, and
5.6 g/L ammonium sulfate/5.6 g/L maltoline-supplemented cultivations (all contain-
ing 15.2 g/L of ardamine pH) of A. unguis at 600-L pilot scale.
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concentrations of non-ardamine pH medium components did not notably
influence culture viscosity.

S. araneosa
Initial scale-up was conducted at the 600-L scale using fermentors

with Maxflo T hydrofoil impellers. OURs reached 8–10 mmol/(L·h) at 50 h
and declined to 5–7 mmol/(L·h) by harvest. Broth pH decreased from 7.2
to 6.7 by 40 h, rose to 7.2 by 50 h, then decreased to 5.3 by 200 h, and rose
to 5.9 by 230 h. This behavior indicated several switches in metabolism.
Titers of 411 and 531 mg/L were achieved at 277 h.

Based on this single initial run of only two fermentors and pressing
material requirements, scale-up to the 15,000-L scale using A315 hydrofoil
impellers was accomplished to provide larger quantities of sordarin. The
decrease in broth pH to 5.3 was more substantial than that observed at
the 600-L scale, most likely owing to higher CO2 accumulation. Similarly to
the 600-L scale production pattern, the 15,000-L scale titer reached about
300 mg/L by 120 h. In contrast to the 600-L scale, it did not increase further
but, rather, remained stable at cultivation conditions at 294 ± 15 mg/L
(5% relative standard deviation [rsd] over 13 daily samples) until harvest
at 433 h. Potential reasons for this slightly lower titer on scale-up were not
investigated; instead, the focus of development shifted toward improving
titer at the 600-L scale.

Subsequent 600-L production fermentations were conducted a few
years later that reproduced or even exceeded earlier titers. Peak OURs
ranged from 4 to 11 mmol/(L·h) by 100–130 h, remained steady from 130 to
150 h, then declined slowly by 30% by harvest. RQs rose to 1.0 by 25 h, then
remained at that value, indicating that sufficient glucose was available and
utilized as a carbon source. For fermentations using Maxflo T hydrofoil
impellers (60), cell solids rose to 30–40 wt% by 60–80 h, remained constant
through 200 h, then increased further to 45–60% by 280 h, most likely owing
to a morphological change during the latter portion of the fermentation
(Fig. 3). Production-phase-hydrolyzed sordarin titers reached 390 ± 35 mg/L
(9.0%rsd for three cultivations) at 170 h and 360 ± 32 mg/L (8.9%rsd for
three cultivations) at 280 h for all fermentations conducted using hydrofoil
Maxflo T impellers (60). Titers were less uniform for differing impeller
geometries (586 ± 122 mg/L, 20.8%rsd and 1085 ± 177 mg/L, 16.3%rsd),
suggesting an effect of impeller type (Rushton, CD-6, and HE-3; [60]) on
cultivation performance.

Simple medium supplementation, specifically doubling concentra-
tions of nitrogen sources (yeast extract 106 and monosodium glutamate)
separately and together to increase cell mass, did not increase titers. Experi-
ments to simplify the medium formulation were successful without
adversely affecting titer. Their focus was to lower the unusually high con-
centration of insoluble calcium carbonate from 7.2 to 1.8 g/L to minimize
postbatch cleaning steps caused by this inorganic salt forming a white resi-
due on fermentor internal surfaces.
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S. roseoflavus

Two similar sets of production cultivations were performed to meet
material requirements (Table 13). For both runs, OURs reached an initial
peak of 30 mmol/(L·h) at 20 h, remained stable, reached a second peak at
40 h of 30–40 mmol/(L·h), and then declined to 2 mmol/(L·h) by 120 h.
Glucose was exhausted by 50–60 h, earlier in run 1 than the run 2 controls.
This higher run 1 glucose uptake rate was likely related to cell solids
reaching 80–90 wt% at 60 h in run 1, but only 10–30 wt% at 80 h in run 2.
The average peak titer for run 1 was 122 ± 23 mg/L (18.8%rsd) at 108–131 h,
and that of run 2 (excluding the pH 5.0 experiment in which growth was
delayed and titer was notably lower) was 94 ± 16 mg/L (17.0%rsd) at

Table 13
Summary of S. roseoflavus Fermentations

Peak titer Time
Cultivation Attribute (mg/L) (h)

Run 1 Seed OUR of 7 mmol/(L·h) 112–155 108
Seed OUR of 14 mmol/(L·h)   89–114 108

Run 2 Seed OUR of 6 mmol/(L·h) 103–106 138
Seed OUR of 6 mmol/(L·h),

production agitation rate of 200 rpm 96 152
Seed OUR of 6 mmol/(L·h),

production pH of 5.0 40 152
Seed OUR of 19 mmol/(L·h) 66–97 126–138

OUR, oxygen uptake rate

Fig. 3. Cell solids profile for three similar cultivations of S. araneosa at 600-L pilot scale.
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126–152 h, about 1 d later than run 1. Titer variations within a run could not
be attributed to seed fermentor OURs at the time of production fermentor
inoculation, but they might have been affected by impeller-type variations
(Rushton, CD-6, HE-3, Maxflo T, A315; [60]). Broth pH sensor problems,
experienced toward the end of the cycle in several fermentations, were
likely caused by soluble starch coating of glass pH sensors since “failed”
probes worked acceptably after being removed from service and cleaned.

Although DO control was most active between 24 and 48 h, the key
challenge noted from initial experimental batches was to minimize power
draw between 2 and 5 d to reduce fermentor motor loads, preventing over-
heating. There was no significant effect of higher initial agitation rate using
a hydrofoil Maxflo T impeller (100 vs 200 rpm) on titer or subsequent peak
agitator power draw (Fig. 4), although peak titer may have been delayed
slightly for the higher initial agitation rate (Table 13, run 2). Although peak
power draw was not significantly affected, the stage of the seed-tank inocu-
lum affected subsequent broth consistency of samples. When the seed fer-
mentor OUR was 7.0 mmol/(L·h), production broth samples became
gelatinous by 60 h. When the seed fermentor OUR was 14 mmol/(L·h),
broth samples were only beginning to become gelatinous by 84 h. Titer
ranges were somewhat lower when seed fermentors with higher OURs
were utilized. For this process, efforts to alter viscosity through the hydro-
dynamic environment or inoculum stage were only partially effective.

Fig. 4. Comparison of peak power draw for cultivations of S. roseoflavus with initial
agitation rates of 100 vs 200 rpm (hydrofoil Maxflo T impellers).
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Further efforts in medium development may be more likely to have a sig-
nificant impact.

C. affinis

As with S. roseoflavus, two similar sets of cultivations were performed
to meet material requirements. For BB1 medium with 14.4 g/L of Pharma-
media, OURs rose to 14 to 15 mmol/L by 100 h, then declined slowly until
harvest. For BB1 medium with 7.2 g/L of Pharmamedia, OURs were slightly
lower, ranging from 9 to 13.5 mmol/(L·h). Broth pH rose initially from 5.9
to 6.2, where it was controlled via acid addition, indicating likely amino
acid consumption. Then when OUR peaked, broth pH declined sharply to
4.5, where it was controlled by base addition, indicating likely carbon source
consumption. It subsequently rose sharply to 6.2, suggesting a return to
amino acid consumption. In some batches, pH declined to 4.5, began taking
base, and even returned to 6.2 again. This behavior suggested a switch
between organic acid and ammonia production.

Using 14.4 g/L of Pharmamedia in BB1 medium, broths became so
thick at about 120 h that airflow rates through the vessel were reduced and
maximum tank operating conditions could not aerate and mix effectively.
After removal of some broth to a drum (broth thickness clogged sewer
piping), a 15 vol% sterile water shot was delivered to dilute the broth. The
dilution was ineffective and the cultivation was terminated at 154 h. Titers
were 25, 48.5, and 46 mg/L (39.8 ± 12.9 mg/L, 32%rsd). Subsequently, BB1
production medium was altered by reducing the Pharmamedia content by
50 wt% (from 14.4 to 7.2 g/L) to lower broth viscosity. For these 600-L
cultivations, a 15 vol% sterile water shot added at 136 h was sufficient for
dilution, and cultivations were harvested at 324–413 h. Although the aver-
age titer was 20.4 ± 7.4 mg/L (36%rsd), which was lower than with higher
Pharmamedia fermentations, these 600-L fermentations were substantially
easier to agitate, were amenable to straightforward isolation, and provided
a useful basis for future process development efforts. The relatively high
rsds for both sets of cultivations were caused partly by biologic variability
and partly by different impeller types (first set: Rushton, Maxflo T; second
set: Rushton, Maxflo T, A315, CD-6; [60]).

Conclusion

Challenges in early phase secondary metabolite production by fungal
or filamentous bacterial cultures have been examined in relation to culture
pelleting and morphology, particularly in shake-flask and fermentor seed
stages. Key laboratory to pilot plant scale-up issues also were identified.
For these early phase processes, synthesis pathways and large-scale cul-
tivation usually are not well studied. Initial titers typically are low, at 50–
200 mg/L, although there are some exceptions. Scale-up to the 600-L pilot
scale from the 20- to 30-L laboratory scale (about 20- to 30-fold) to generate
initial material is aimed at achieving or exceeding these titers, as well as
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generating a reasonable large-scale process in a timely manner from which
to base further development efforts. Eventual scale-up within the pilot
plant from the 600-L to 15,000-L scale (about 25-fold) occurs as the
compound’s material requirements escalate.

Based on experiences presented during early phase process develop-
ment for five model cultivations, key elements useful to consider for a
successful initial pilot plant scale-up are as follows:

1. Minimization of culture pelleting and morphology, particularly in
shake-flask and fermentor seed stages, all the way back to initial
frozen seed vial preparation.

2. Transition of laboratory-scale media into media amenable to scale-
up containing few if any solids, defined components if possible, and
readily commercially available bulk nutrients.

3. Development of a medium that supports a broth possessing a rea-
sonable viscosity.

4. Translation of laboratory-scale operating conditions to the pilot
scale.

5. Establishment of reproducibility for similar fermentation vessels
(within ±20% if possible) to fully evaluate potential benefits of
changes in medium or process.

6. Evaluation of on-line and off-line data to determine which param-
eters are key to improved process performance, relating of on-line to
off-line changes where possible to minimize laboratory sample
throughput (i.e., relating of RQ to carbon source utilization, com-
parison of power draws for fermentors with equivalent geometries
to indirectly assess the effect of medium components on viscosity,
relating of broth pH to shifts in metabolism).

Although each of these goals can be incorporated into initial fermen-
tation scale-up efforts for prompt and generally successful achievement of
laboratory titers, the first one—broth pelleting and morphology in the seed
stages—strongly influences the outcome of the remaining five.

Several potential differences are observed between the laboratory and
pilot plant scales. Dissolved CO2 tends to increase on scale-up owing to
lower volumetric aeration rates, which may reduce productivity and peak
titer or alter analog (structurally similar byproducts) ratios. Higher carbon
utilization rates may be observed at the pilot scale, prompting midcycle
nutrient additions to achieve similar laboratory-scale titers. Shear caused
by both the agitation rate and impeller geometry can have a profound effect
in seed as well as production fermentors. Most important, broth morphol-
ogy influences broth thickness, which not only affects mixing but also aera-
tion resistance and coating of instrument sensors. Identification and
consideration of these factors, particularly shear, in developing scale-up
conditions and interpreting scale-up behavior can be extremely beneficial
for fungal and filamentous bacterial cultivations.
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Appendix

A. niger

Seed flask medium (KF): 5.0 g/L of corn steep powder (Marcor, Carlstadt,
NJ), 40.0 g/L of tomato paste (Contadina, San Francisco, CA), 10.0 g/L of
oat flour (Quaker Oats, Chicago, IL), 10.0 g/L of glucose, and 10.0 mL/L of trace
element solution (containing 1.0 g/L of FeSO4·7H2O, 1.0 g/L of MnSO4·H2O,
0.2 g/L of ZnSO4·7H2O, 0.1 g/L of CaCl2·2H2O, 0.019 g/L of NH4MoO4·
4H2O, 0.025 g/L of CuCl2·2H2O, 0.056 g/L of H3BO3, and acidified with
HCl) (54). Presterilization pH was 6.8.

Seed fermentor medium (YME): 3.6 g/L of yeast extract (autolyzed code
106; BioSpringer USA, Minneapolis, MN), 7.2 g/L of maltoline ME
(nondiastatic malt extract; Ingredient Technology, Mahwah, NJ), 1.8 mL/L
of P2000 (polypropylene glycol 2000; Dow, Freeport, TX), and 25 g/L of
cerelose (glucose monohydrate, added poststerilization; Corn Products,
Argo IL). Presterilization pH was 7.0.

Production medium (JJCB without trisodium citrate): 2.8 g/L of yeast
extract (autolyzed ardamine pH; Champlain Industrial, Clifton, NJ; cur-
rently available as Amberex pH from Sensient Flavors, Indianapolis, IN),
2.7 g/L of monopotassium phosphate, 2.7 g/L of maltoline ME, 2.7 g/L of
ammonium sulfate, 2.7 g/L of P2000, 70 g/L of mannitol, and 20 g/L of
cerelose added poststerilization. Presterilization pH was 6.0.

Seed fermentor conditions: temperature of 22–25°C, airflow rate of 150 L/
min (0.83 vvm), back pressure of 0.7 kg/cm2, and agitation rate of 100 rpm.

Production conditions: temperature of 22–35°C, back pressure of 0.7 kg/cm2,
agitation rate of 200–350 rpm (with higher agitation rates examined to pro-
mote pelleting and reduce the “caking” phenomenon around the sparger
outlet), and airflow rate of 200–300 L/min (0.33–0.5 vvm) (with higher
airflow rates also suspected of helping avoid “caking”).

Off-line analysis: Cell solids (wt%) were measured by weighing the
pellet after centrifugation (1500 rpm, 405g, 15 min) of 10 mL of whole broth.
Titer was measured by extracting 75 mL of whole broth with 1.2 vol of
methyl ethyl ketone (MEK)/g of broth (based on broth weight to avoid
volume measurement error owing to gas holdup) and shaking horizontally
for 1 h. After centrifugation (4000 rpm, 2880g, 20 min), the cell-free layer
was evaporated to dryness and then redissolved in methanol for high-
performance liquid chromatography (HPLC) analysis using a C8 column.
Product was more than 95% cell associated. Glucose was analyzed using
standard HPLC methods (Bio-Rad Aminex HPX-87H organic acid analysis
column). Mannitol was not assayed.

A. unguis

Seed fermentor medium (YME): 3.8 g/L of yeast extract code 106, 7.6 g/L
of maltoline ME, 1.9 mL/L of P2000, and 14 g/L of cerelose (added postster-
ilization). Presterilization pH was 7.0.
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Production medium (JJCB): 7.6 g/L of ardamine pH, 2.8 g/L of
monopotassium phosphate, 2.8 g/L of maltoline ME, 2.8 g/L of ammo-
nium sulfate, 6.0 g/L of trisodium citrate, 2.8 g/L of P2000, 69 g/L of glyc-
erol, and 18.7 g/L of cerelose (added poststerilization).

Seed fermentor conditions: temperature of 23.5°C, airflow rate of 100 L/min
(0.55 vvm), back pressure of 0.7 kg/cm2, and agitation rate of 100 rpm.

Production conditions: temperature of 23.5°C, airflow rate of 100–
250 L/min (0.16–0.42 vvm), back pressure of 0.7–1.5 kg/cm2, and agitation
of 100–350 rpm, all cascaded to control DO at 50% saturation.

Off-line analysis: Cell solids (vol%) were estimated by measuring the
pellet volume after centrifugation (1500 rpm, 405g, 15 min) of 10 mL of
whole broth. Titer was measured by extracting 75 mL of whole broth with
1.2 mL of MEK/g of broth and shaking horizontally for 1 h. After centrifu-
gation (4000 rpm, 20 min), the cell-free layer was evaporated to dryness,
then redissolved in acetonitrile for HPLC analysis using a Phenomenex
Aqua 5 µ C-18 column. Glucose and glycerol were analyzed using standard
HPLC methods (Bio-Rad Aminex HPX-87H organic acid analysis column).
Ammonia and phosphorus were measured using Ektachem slides (DT-60;
Kodak, Rochester, NY) after dilution with deionized water to be in an
appropriate analyzer range.

S. araneosa
Seed fermentor medium (AD-2): 23.6 g/L of glycerol, 3.7 g/L of yeast

extract code 106, 0.93 g/L of sodium nitrate, 2.8 g/L of monosodium
glutamate, 0.46 g/L of disodium phosphate, 0.93 g/L of magnesium sulfate
heptahydrate, 0.93 mL/L of P2000, 0.93 mL/L of trace element solution
(5.8 g/L of FeCl3·6H2O, 0.1 g/L of MnSO4·H2O, 0.02 g/L of CoCl2·6H2O,
0.015 g/L of CuSO4·5H2O, 0.012 g/L of NaMoO4·2H2O, 0.02 g/L of ZnCl2,
0.005 g/L of SnCl2·H2O, 0.01 g/L of H3BO3, and 0.02 g/L of KCl), 7.4 g/L of
calcium carbonate (added after pH adjustment), and 28 g/L of cerelose
(added poststerilization). Presterilization pH was 7.0.

Production medium (AD-2): Same composition as seed fermentor
medium except 166 g/L of cerelose (added poststerilization).

Seed fermentor conditions: temperature of 25°C, airflow rate of 100 L/min
(0.55 vvm), back pressure of 0.7 kg/cm2, and agitation rate of 100 rpm.

Production conditions: 600-L scale, temperature of 25°C; airflow rate of
100 L/min (0.83 vvm) back pressure of 0.7 kg/cm2; and agitation rate of
100 rpm cascaded to control DO at 50%sat.

Off-line analysis: Cell solids (vol%) were estimated by measuring the
pellet volume obtained by centrifugation (1500 rpm, 405g, 15 min) of 10 mL
of whole broth. Broth titer was measured by extracting 75 mL of whole
broth with 1.2 mL MEK/g of broth and shaking horizontally for 1 h. After
centrifugation (4000 rpm, 2880g, 20 min), the cell-free layer was evaporated
to dryness, then redissolved in methanol/water with NaOH added to a
concentration of 0.1 N. Alternatively, 1:1 methanol:broth extractions were
done, then adjusted to 0.1 N by NaOH addition. Because sordarin often
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esterified during fermentation, broth extracts were hydrolyzed prior to
analysis followed by acidification with H2SO4 to pH 7.0 to obtain reproduc-
ible results. After centrifugation, titers were quantified by analytical
reverse-phase HPLC on either a Phenomenex Primesphere C8 or a Restek
Ultra C8 column.

S. roseoflavus

Seed fermentor medium (ISM-3): 14.2 g/L of yeast extract 106, 9.4 g/L of
maltoline ME, 0.47 g/L of magnesium sulfate heptahydrate, 0.028 g/L of
ferric chloride hexahydrate, 0.94 mL/L of P2000, and 26 g/L of cerelose
(added poststerilization).

Production medium (FR23): 30 g/L of partially hydrolyzed soluble
starch (Stadex 60; A.E. Stalely, Tate and Lyle, Decatur, IL), 5.5 g/L of cerelose
(sterilized together), 7.5 g/L of sucrose, 2.5 g/L of Amberex pH, 20 g/L of
Pharmamedia (cottonseed flour; Traders Protein, Memphis, TN), and
3 mL/L of P2000. Soluble starch was dissolved in warm water during
media batching.

Seed fermentor conditions: temperature of 28°C, airflow rate of 100 L/min
(0.55 vvm), back pressure of 0.7 kg/cm2, and agitation ramped from 100 to
130 rpm to control DO at 50%sat to obtain higher seed-tank OURs.

Production conditions: temperature of 28°C, airflow rate of 150–500 L/min
(0.25–0.83 vvm), back pressure of 0.7–1.5 kg/cm2, and agitation of 100–
300 rpm with airflow and agitation rates each cascaded to control DO at
50%sat.

Off-line analysis: Cell solids (wt%) were measured by weighing the
pellet obtained from centrifugation (4000 rpm, 2880g, 20 min) of 10 mL of
whole broth. Titer was measured by fourfold extraction of 75 mL of whole
broth with methanol, shaking horizontally for 30 min, centrifuging (4000 rpm,
2880g, 20 min), and analyzing the cell-free layer by HPLC using a Waters
Symmetry C8 column. Glucose was analyzed using an enzymatic assay
(YSI, Yellow Springs, OH).

C. affinis

Seed fermentor medium (LYCP-5): 8.4 g/L of potassium phosphate
monobasic, 4.7 g/L of yeast extract 106, 9.3 g/L of Pharmamedia, 1.9 mL/L
of 88% lactic acid, 0.93 mL/L of trace element solution (10.0 g/L of
FeSO4·7H2O, 10 g/L of MnSO4·H2O, 2.0 g/L of ZnSO4·7H2O, 1.0 g/L of
CaCl2·2H2O, 0.19 g/L of NH4MoO4·4H2O, 0.25 g/L of CuCl2·2H2O, 0.56 g/L
of H3BO3, and acidified with HCl to ensure dissolution), 1.9 mL/L of P2000,
and 30.3 g/L of cerelose (added poststerilization). Presterilization pH
was 6.0.

Production medium (BB1): 72 g/L of mannitol, 7.2 or 14.4 g/L of
Pharmamedia, 4.8 g/L of yeast extract 106, 3.8 g/L of L-glutamic acid, and
0.96 mL/L of P2000. Presterilization pH was 6.0.
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Seed fermentor conditions: temperature of 22°C, airflow rate of 100 L/min
(0.55 vvm), back pressure of 0.7 kg/cm2, and agitation cascaded from
100 to 200 rpm to control DO at 50%sat.

Production conditions: temperature of 22°C, airflow rate of 125–1000 L/min
(0.083–0.67 vvm) for 1500-L scale or 100–500 L/min (0.17–0.83 vvm) for
600-L scale, back pressure of 0.7–1.0 kg/cm2, and agitation rate of 100–
230 rpm for 1500-L scale and 100–300 rpm for 600-L scale (with airflow and
agitation rates each cascaded to control DO at 50%sat). Airflow rates were
sufficiently high to reduce power draw for higher agitation rates.

Off-line analysis: Broth titer was measured by 1:1-fold extraction of
75 mL of whole broth with acetone, shaking horizontally for 60 min, cen-
trifuging (4000 rpm, 2880g, 20 min), and analyzing the cell-free layer by
HPLC using a YMC Combiscreen C8 column.
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