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Abstract The effects of varying inoculum age and pro-
duction scale upon the morphology and viability of
Streptomyces clavuligerus were studied by analyzing visi-
ble and fluorescent light images acquired throughout pi-
lot-plant and pre-industrial scale fermentations. Changes
in production scale reveal that in 5 m3 fermentors, the
maximum hyphal area obtained is double the value ob-
tained in 0.5 m3 fermentors. It is probably due to the
higher shear stresses acting upon hyphae in the 0.5 m3

fermentor caused by higher tip speeds observed in these.
The morphological quantification based on elongation
and branching rates allowed fermentations to be pattern
classified into distinct physiological time zones namely
elongation, branching, fragmentation, etc. The general
pattern observed for fermentations inoculated with late
exponential phase inocula was similar to the pattern of
fermentations run with stationary phase inocula except
that both the elongation and branching periods started
earlier in the former case. Using the available staining
technique and image acquisition system, the viability
seemed to be generally high and constant throughout the
time course of all the studied fermentations.

Keywords Morphology Æ Viability Æ Streptomyces
clavuligerus Æ Inoculum Æ Scale

Introduction

The productivity of clavulanic acid from the filamentous
bacteria, Streptomyces clavuligerus has undergone major
improvements over the years due to the use of refined

cultivation methods and selection of higher producing
mutants. However, in order to continue improvement it
is necessary to have a better understanding of the phe-
nomena that affect the productivity.

Within this context, the morphology of the filamen-
tous microorganism in submerged culture—which varies
between ‘‘pellet’’ and ‘‘filamentous’’ forms depending on
the genotype of the strain and prevailing culture condi-
tions—plays a major role in process improvement ef-
forts. It has been reported that in various fermentations
morphology correlates with productivity [1, 2, 3, 4]. It is
well known that morphology directly influences the
rheology of the medium. In industrial submerged culture
this can lead to highly viscous and pseudoplastic
behavior which, in turn affects the necessary power input
to the system to maintain the dissolved oxygen level
above a critical value [3]. In severe cases, the oxygen
limitation can be such that a lowered productivity is
observed. The morphology of the organism can be
modified by mechanical and chemical influences depen-
dant on the culture conditions [1, 5]. Furthermore, the
size and shape of biological structures in the fermenta-
tion broth influence the metabolic activity of the
microorganisms [6]. Thus, morphology can be consid-
ered, in principle, to be just another manipulated process
parameter such as pH and DO. However, process
improvements based on morphological changes have
proven to be rather difficult to implement. In fact, very
little is known about the mechanisms and the overall
kinetics that control the morphology that depend on the
operating conditions.

The relationship that exists between the ability of a
microorganism to grow, branch, fragment and produce
primary and secondary metabolites to a greater or lesser
extent could be analyzed in relation to the viable cell
population, but no report of such studies, relating fila-
mentous bacterial viability to changes in fermentation
process parameters, has been published to date. The
existing information has been mainly focused on flow
cytometry determinations of bacterial activity without
relating them to process conditions [7, 8]. To rapidly
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monitor activity and viability changes throughout a
fermentation under complex media conditions, a differ-
ent approach to plate colony counting using the serial
dilution method would have to be used. Both improve-
ment of microscopic instruments and the continuous
development of new fluorescent stains have made fluo-
rescent microscopy an attractive choice for the quanti-
fication of bacterial viability. Due to the focal
importance of morphology and viability and their po-
tential implications in process control, faster and more
reliable measurements have to be undertaken. In an
industrial context, non-biased, objective, and rapid
quantification would be of particular value in prolonged
fermentations, namely those run in fed-batch mode.

Various semi-automatic and automatic methods to
quantify morphology have evolved in the last few years.
Algorithms for quantifying dispersed morphology [9, 10,
11] and pelleted morphology [12, 13] have been devel-
oped. As the hyphae of actinomycetes are generally
smaller in diameter than those of filamentous fungi, it is
difficult to characterize their differentiation using con-
ventional microscopy. However, Drouin et al. [14] and
Mauss et al. [15] have succeeded in quantifying differ-
entiation in Streptomyces hyphae using image analysis.

Over the years, many lab-scale fermentations
involving submerged cultures of fungi and actinomyce-
tes have been examined extensively with the intention of
relating morphological parameters, obtained through
digital image analysis and productivity to process con-
ditions [6, 16, 17, 18]. However, despite clavulanic acid
commercial importance, reports on the morphology as-
pects in real industrial conditions and scale are almost
non-existent. The Scale-Up Deteriorated production
Syndrome (SUDS) has been documented by Okada and
Iwamatu [19] for S. hydroscopicus.

The present study reports on the changes in mor-
phology and viability parameters of industrial cultiva-
tions of Streptomyces clavuligerus, in response to two of
the most influential process parameters, inoculum age
and scale. Inoculum age has previously been shown as
strongly affecting the production profile of clavulanic
acid by Streptomyces clavuligerus [20]. On defined media
Roubos et al. [21] have experienced high shear rate
sensitivity in batch cultures of the same microorganism
for tip speed between 0.91 and 4.1 m/s. Scale change is
related to variations in shear rate conditions. Frag-
mentation of filamentous species is the result of the
balance between the effect of hydrodynamic stresses,
which favors hyphal breakage, and hyphal tensile
strength, which resists it. Li et al. [22, 23] have noticed a
decrease in the hyphal tensile strength of a recombinant
strain of Aspergillus oryzae at different cultivation scales
after the growth period. Such a decrease should induce a
higher death rate and a lower viability. In the present
work with complex media, viability is assessed using the
BacLight double stain previously tested by Sebastine
et al. [24] on Streptomyces grown in defined medium.
More recently the same staining procedure has been
applied by Stocks and Thomas [25] to monitor the via-

bility of Saccharopolyspora erythraea, also in defined
medium. The work focuses on the development of an
image analysis system that can be used to quantitatively
determine morphological aspects and the viability of
Streptomyces clavuligerus under real, pilot and pre-
industrial scale fermentation conditions using a complex
cultivation medium. In doing so, considerations can be
formulated, from a biochemical engineering perspective,
about changes in morphology, biomass and viability,
corresponding to changes in the age of the inoculum and
changes in production scale. This understanding should
hopefully lead to improved design and operation of
industrial mycelial fermentations.

Materials and methods

Strain, culture and growth conditions

Approximately 1.5 ml of a spore suspension (1·107/ml) of an
industrial isolate of Streptomyces clavuligerus supplied by CIPAN,
S.A (Vala-do-Carregado, Portugal) was added to 400 ml of seed
medium in 1500 ml high-lap baffled flasks. These were incubated at
25�C, 220 rpm for 48 h. The vegetative flask culture was used to
inoculate the vegetative medium of the preculture tank. A 0.4%
inoculum was used for an operating preculture volume of 100 dm3.

Streptomyces clavuligerus fed-batch cultivation was performed
in a complex medium containing soy meal, glycerol, dextrin,
phosphate and some microelements. A fully instrumented biore-
actor with a total working volume of 0.5 m3 (T/D=0.33, D/
H=0.33) was used in experiments run at pilot-plant scale condi-
tions, whereas a bioreactor with a total working volume of 5 m3 (T/
D=0.33, D/H=0.27) was used in experiments run at industrial
scale conditions. T, D and H are respectively the reactor diameter,
turbine diameter and reactor height. Both bioreactors had two
stages of stirring with Rushton turbines of same size and configu-
ration (6 vertical blades). The tip speeds for the impellers in the
5 m3 and 0.5 m3 bioreactors were 0.71 m/s and 0.95 m/s, respec-
tively. This is lower than the values used by Roubos et al. [21].
During all runs the dissolved oxygen was maintained above 40%
saturation by manipulation of the airflow rate. Samples were taken
through adequate ports located in each bioreactor above the bot-
tom impeller.

Experimental layout

A series of twelve fed-batch Streptomyces clavuligerus fermenta-
tions were undertaken. These fermentations represent changes of
two of the most relevant levels of industrial process parameters,
namely, in the age of the inoculum and production scale. Two
industrial scale fermentations and four pilot-plant scale fermenta-
tions were inoculated with a 24 h, late exponential phase, 7%
inoculum, whereas the remaining two industrial scale and four
pilot-plant scale fermentations were carried out using an inoculum
with approximately 48 h representing stationary phase mycelia at
7%.

Analytical methods

Samples were taken every 6 h. For determinations of the dry cell
weight, broth samples were collected in 5 ml centrifuge tubes. The
pipette was washed with 5 ml HCl 2 M. After centrifugation at
8000 rpm for 20 minutes, the supernatant was discarded and the
pellet washed with 5 ml distilled water. The residue was dried to
constant weight at 100�C, using a pre-dried gravimetric capsule.
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Apparent viscosity measurement of the fermentation broth were
undertaken using a Brookfield concentric cylinder viscosimeter
(Model LVT, Wilmington, USA). Readings were taken using
500 ml samples at 25�C, 60 rpm and spindle number 3. In the
present case viscosity is an indirect measurement of biomass [26].

The HPLC procedure used for the clavulanic acid analysis was
based on the modification of the method from the British Phar-
macopoeia for potassium clavulanate salt and adapted to fermen-
tation broths by CIPAN, SA. The titer is normalized with respect
to the largest concentration obtained in the 12 runs.

The concentrations of oxygen and carbon dioxide in the inlet
and outlet gas streams were measured using a gas analysis system
composed of a paramagnetic oxygen analyzer (Model PMA-25,
M&G, Ratingen-Lintorf, Germany) and an infrared carbon diox-
ide analyzer (Model SIFOR 200, Maihak, Hamburg, Germany).
Data from the analyzers were transformed on-line to the metabolic
rates of production and consumption, which were plotted against
time for process interpretation and control.

Staining

As an average fermentation lasted for roughly 140 h, a sampling
schedule had to be adopted. In general, samples for both the
morphological and viability analysis were taken twice to three times
a day, averaging 10–12 samples over the 140-hour period.

For the observation of morphology samples of the fermentation
broth were diluted with distilled water and mixed in 50 ml glass
flasks. The degree of dilution depended on the biomass and the
morphology of the broth at that particular time interval. The
dilution was necessary to obtain images with objects filling about
10% of the total area. It was verified that this dilution step did not
modify the observed morphology (or viability). Approximately
30 ll of the diluted sample is evenly spread across the total area of
a glass slide and then left to air-dry for a couple of hours. For every
sample, four glass slides were prepared. After this fixation step, the
mycelia were stained with crystal violet stain (Merck) and left to
settle for 2 minutes. The unabsorbed stain was washed off with
distilled water for a period of 2 minutes, and then the slide was left
to dry. The dried slides were then identified and stored.

For the observation of the viability, the procedure developed by
Sebastine et al. [24] was used. Freshly obtained samples of fer-
mentation broth were diluted with distilled water in order to obtain
images with objects filling 10% of the total area. To 1 ml of the
diluted bacterial suspension, 3 ll of the mixed viability stain were
added in a 1.5 ml micro-tube. The viability stain comprises a mix-
ture of equal volumes of component A (3.34 mM SYTO 9 dye in
anhydrous DMSO) and component B (20 mM propidium iodide in
anhydrous DMSO) from L-7021 LIVE/DEAD Baclight Bacterial
Viability Kit (Molecular Probes, Eugene, Oregon). The combined
solution is thoroughly mixed and incubated in the dark for
approximately 5 minutes. After incubation, 15 ll of the stained
bacterial suspension are trapped between a glass slide and a 20 mm
square cover slip. The slide can then be observed on the fluorescence
microscope and the images acquired within 20 minutes of sample
preparation because of the rapid loss of viability. When using the L-
7021 LIVE/DEAD Baclight Bacterial Viability Kit, the hyphae are
either stained green (if the membranes are intact) or they are stained
red (if they contain damaged membranes). Total viability is given by
the ratio of the areas of the hyphae that are stained green to the total
area of the hyphae in that sample (red and green hyphae). This ratio
indicates the fraction of viable biomass, i.e., biomass which has
undamaged membrane.

Image analysis system

For the morphology analysis, the slides were viewed under phase
contrast on an Olympus biological light microscope, Model CX40
(Olympus, Hamburg, Germany). It was found that the best
observations were made at an objective magnification of ·20. At

this magnification, small objects could be easily detected at the
onset of a fermentation and a reasonable number of objects could
easily be observed with a good resolution throughout most of the
remaining samples. At this resolution, 50 images were captured for
the morphological analysis using a COHU color camera (RGB
system; USA) connected to a Matrox Meteor acquisition board
(Matrox, Dorval, Canada) on an IBM compatible Intel-Pentium
MMX personal computer (32 Mbytes of Ram and 166 MHz) with
9 Gb storage capacity. The images are captured via a PC-based
image grabber—Matrox Inspector 2.1 (Matrox Electronic Systems,
Ltd.) and stored in tiff image format (768·576 pixels) occupying
1.327 Mb of disk space per image. Each color primitive (R=red,
G=green and B=Blue) is coded on 256 levels. The professional
image analysis software VISILOG 5.1 (Noesis SA, Les Ulis,
France) was used in the analysis of the morphology.

For fluorescent microscopy a reflected light fluorescence
attachment model BX-FLA (Olympus, Hamburg, Germany) was
fitted on to the existing biological light microscope. The required 50
images for the viability analysis were captured as previously de-
scribed. Very often, a halo was formed around the green fluorescent
hyphae due to over excitation, and an adjustment had to be made
on the collector lens-focusing knob so as to diminish the amount of
excitation light incident on the sample. In some cases, especially
during the visualization of the first few samples, a second prepa-
ration had to be made because complete degradation of the sample
on the slide had been attained. The same image analysis software
was used in the analysis of viability images.

Image analysis

Two distinct image analysis programs, one for characterizing the
dispersed morphology and the other for characterizing the viability
of samples from submerged fermentations of S.clavuligerus were
developed for each analysis. Only dispersed mycelia or loose
entanglements (Fig. 1) were found in both types of image. No
pellets could be observed in this complex cultivation medium.

Morphological analysis algorithm

Once the TIFF file has been opened and read, the RGB (red, green
and blue) color system is changed to the HLS (hue, lightness and
saturation) system and the L plane is selected. Object detection is
then performed followed by binary image processing and noise
filtering. This binary image is the starting point for the measure-
ment of various object parameters including area, second-order
moments and gyration radii. Non-filamentous objects (debris from
cultivation medium) are excluded based on limits set for the size
and the gyration radius [14, 15]. Objects have to be larger than 50
pixels and have a gyration radius larger than 1. After the final
labeling of the binary image, the computation of the basic mor-
phological and size descriptors is performed. The total area per
object and the total number of end points per object were chosen as
representative parameters for the morphological characterization,
as they represent the degree of elongation and branching
throughout a fermentation, respectively. The hyphal growth unit
(HGU), given by the ratio between the total hyphal length and the
total number of tips per object and which designates the predom-
inance of branching and/or elongation was also monitored
throughout.

Viability analysis algorithm

Once the TIFF file has been opened and read, the RGB color
system is changed to the HLS system and the L plane is selected.
After object detection and separation is achieved as described
previously, a color segmentation procedure is applied which
consists in thresholding the gray image in accordance to a set of
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predefined values designating red and green areas. The result of
this procedure serves to characterize and separate objects that are
entirely red and entirely green from those that are heteroge-
neously colored red and green. The latter is then separated into
two images, one containing the red sections and the other con-
taining the green sections. The measurements of the necessary
parameters are then performed on the resulting images.

For the viability characterization, the fraction total viability
was chosen as the representative parameter. This is given by the
total area of green pixels divided by the total area of red and green
pixels accounted for within an image.

Results

Data validation

Before interpreting the data, it is required that a statis-
tical validation of the measurements be performed be-
cause the application of image analysis techniques leads
to an enormous amount of data, and it would thus be
inadequate to analyze them without a critical statistical
validation. Thus, the choice of the number of images/
objects to be analyzed (statistical sample size), the con-
sistency of extracted features, but also the time spent to
capture the images should be considered.

The usual validation process would have consisted in
the analyses of several samples from different slide

preparations, but this is made difficult with the use of
vital stains. As a result, the test was carried out on one
large set of 250 objects from various samples obtained
during one fermentation for the morphological analysis
and out of a set of 50 images for each of the samples
taken from the same fermentation, for the viability
analysis. These data were selected from a variety of
samples taken during a fermentation so as to be repre-
sentative of its time profile. The validation process
consisted in analyzing the variation of the mean values
for area as a function of the number of objects mea-
sured. Stabilization within 10% of the mean values
calculated on 100 images was obtained for 90 objects.
Therefore, in the case of the morphological analysis, the
minimum number of statistically significant objects will
be 90. The variation of the mean values for percent total
viability as a function of the number of images analyzed
was also undertaken and stabilization within 5% of the
mean was obtained after roughly 30 images have been
analyzed in the selected analyzed samples. In general, all
the samples show this high stability in relation to total
viability per image.

Comparison of runs

Using the morphology and viability programs previ-
ously outlined, the set of morphological and viability
parameters described above were measured and calcu-

Fig. 1a–d Typical examples of crystal violet stain images, for
morphology assessment. aGroup C, t=0 h. bGroup C, t=122 h. c
Group D, t=24 h. d Group D, t=120 h
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lated for the set of 12 fermentations. A vast heteroge-
neity of the mean values of the time profiles of total area
(lm2), number of tips per object (tips/object), the hyphal
growth unit (lm/tip) and fraction total viability was
observed for the total group of twelve fermentations,
although it could also be observed that the order of
magnitude of certain parameters was the same. Each
data point obtained is representative of the analysis of
50 images, constituting the measurement of at least 100
objects per data point. This heterogeneity is not sur-
prising given the intense variability encountered in the
process and culture variables, i.e., clavulanic acid HPLC
titer (as % of maximum value of all 12 fermentations)
and respiratory quotient (RQ). The primary metabolism
is represented by the respiratory parameter RQ. The
clavulanic acid titer is representative of the organism’s
secondary metabolism.

Due to the variety of conditions investigated, the
approach used for result presentation and discussion is
to divide the set of runs into four groups, each consisting
of a set of fermentations undertaken at the same process
conditions (Table 1).

Figure 2 illustrates the average time profiles of total
hyphal area, HGU, viability, product formation and
RQ, for the four fermentations constituting Group A

(cf. Table 1). The corresponding profiles for a particular
fermentation (run 5) are also shown. The morphological
pattern encountered in this group is essentially frag-
mentation. From the 25th hour of fermentation to the
final 20 hours of senescence, a continuous fragmentation
pattern is observed, which involves the reduction in the
total hyphal area from a maximum value of 450 lm2

(with an average of 8 tips/obj) to 240 lm2 (2.5 tips/obj).
Broth viscosity increases until the 70th hour and remains
constant or decreases, to a minimal value of 60% of its
maximum. Clavulanic acid production starts after the
initial lag phase has been completed (after 5 h). It then
boosts up at 25 h of fermentation, when the carbon
dioxide production rate starts to decrease. The maximal
antibiotic production rate is obtained shortly before the
viscosity maximum. The boost in the production of the
secondary metabolite seems to be associated with a de-
crease in the area of the hyphae. During this production
phase there is a steady decrease in the length and
branching of the hyphae, but this decrease is much more
accentuated in terms of area than in terms of the number
of tips, indicating the formation of smaller but still
highly branched hyphae. The latter can also be the result
of continuous fragmentation and is characteristic of fed-
batch fermentations where size heterogeneity is the re-
sult of a heterogeneous population in terms of age. Total
viability is very high, ranging between 80% and 90%.
The constancy of the viability can be observed in all
Group A fermentations.

Figure 3 presents for Group B runs (same scale as
Group A, but with 48 h inocula), the same average
profiles of morphological, viability and process param-
eters as before, and also highlights a particular fermen-
tation (run 7) belonging to this group. The

Table 1 Classification of the 12 studied fermentations

Group Scale
(m3)

Inoculum
age (h)

Fermentation
numbers

A 0.5 24 3,5,11,12
B 0.5 48 2,6,7,10
C 5 24 14,15
D 5 48 13,16

Fig. 2 Time profiles total hyphal area (h), HGU (s), HPLC titer
(D), total viability fraction (n) and RQ (m) for Group A
fermentations. The solid line represents the average for all group
measurements; the data points represent the results obtained for
Group A Fermentation 5

Fig. 3 Time profiles total hyphal area (h), HGU (s), HPLC titer
(D), total viability fraction (n) and RQ (m) for Group B
fermentations. The solid line represents the average for all group
measurements; the data points represent the results obtained for
Group B Fermentation 7

181



morphological pattern encountered in this group is
considerably different from profiles of Group A. A
longer lag phase is observed with the 48 h inocula (0–
20 h), i.e., the time taken before rapid elongation sets in,
for maximal hyphal area to be attained, is longer than in
Group A fermentations. For both groups, the boost in
clavulanic acid production is observed after the maxi-
mum hyphal areas have been reached. Nevertheless, the
maximum dimensions for both groups are similar
(approximately 450–500 lm2 in both cases). The fact
that clavulanic acid production is non-zero at the onset
of most fermentations in this group and that it is zero for
Group A, indicates that the preculture development is a
predetermining factor for a systematically run fermen-
tation. This has implications in terms of the duration of
the lag phase, which is 5 h for Group A and roughly
20 h for Group B. Within Group B, varying lag phase
durations can be detected, caused perhaps by the delay
or anticipation of inoculation time, with inocula typi-
cally of 48 h of age. The area and the number of tips
decrease during this phase, but the decrease in area is
more accentuated than the decrease in the number of
tips until roughly 80 h of fermentation indicating that
on average, during the rapid production phase, the hy-
phae are smaller but still highly branched. From 90 h to
the end of the fermentation the small and unbranched
hyphae do not fragment further, probably since highly
fragmented hyphae cannot be further reduced in size.
These hyphae are still producing clavulanic acid, but the
observed productivity is decreased. In spite of the higher
inoculum age, the viability is in the same range as for
Group A, around 90%.

In Fig. 4 the average profiles of morphological, via-
bility and process parameters for Group C runs are

presented (higher scale than Groups A and B, and 24 h
inocula). Off-gas analysis for the fermentation run 15 is
not available. The clavulanic acid titer for fermentation
14 is much higher than that for fermentation 15; in fact
the maximum clavulanic acid titer obtained in the twelve
runs is that observed in fermentation 14 (100% HPLC
titer). The average viability profile is constant and high,
ranging between 85 and 93%. It is observed that the
morphological pattern encountered has some similarities
with the profile of Group A fermentations. A short lag
phase (0–5 h) is also observed with the 24 h inocula at
industrial conditions, i.e., the adaptation time taken
before elongation occurs to attain maximal hyphal area
is similar to Group A fermentations. The initial sec-
ondary metabolite production is also nil in Group C,
indicating that the inocula were still actively growing.
This is consistent with the fact that during the initial
20 h of fermentation a significant increase in the size of
the hyphae is observed indicating a rapid growth phase.
It is interesting to note that the clavulanic acid pro-
duction curve observed in Group C is linear during the
entire fermentation run, in contrast with Group A and B
where the curves exhibited different production gradi-
ents. An important morphological difference observed in
Group C, relative to Groups A and B, is the maximum
total hyphal area. The maximum total hyphal area in
this group is double the value obtained in relation to the
fermentations run at pilot-plant scale, where the tip
speed is about 25% higher. However this maximum area
of 800 lm2 is very quickly brought down to roughly half
its value within a few hours. At the end of the runs, the
hyphal area has reached values similar to those observed
in Groups A and B. Broth viscosity reaches its maximal

Fig. 4 Time profiles total hyphal area (h), HGU (s), HPLC titer
(D), total viability fraction (n) and RQ (m) for Group C
fermentations. The solid line represents the average for all group
measurements; the data points represent the results obtained for
Group C Fermentation 14

Fig. 5 Time profiles total hyphal area (h), HGU (s), HPLC titer
(D), total viability fraction (n) and RQ (m) for Group D
fermentations. The solid line represents the average for all group
measurements; the data points represent the results obtained for
Group D Fermentation 16
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value, which is about 20% higher than for groups A and
B, between 70 and 100 h and remains constant.

Figure 5 presents for Group D runs the average
profiles of morphological, viability and process param-
eters observed for the 5 m3 scale bioreactor and with
stationary phase inocula. Off-gas analysis for Group D
fermentations is not available. The viability, as in other
groups remains relatively constant and high (Fig. 4).
The morphological pattern encountered in this group is
typical of other fermentation runs with 48 h inocula
(Group B). A longer lag phase (0–20 h) is also observed
with the 48 h inocula at industrial conditions, i.e., the
adaptation time necessary for the hypha to commence
rapid elongation in order for maximal hyphal area to be
attained is similar to Group B fermentations. An
important morphological difference observed in Group
D (and Group C), relative to Groups A and B, is the
maximum total hyphal area (800 lm2). The maximum
total hyphal area in this group is double the value ob-
tained in relation to the fermentations run at pilot-plant
scale. This is probably due to the lower shear stress
acting on hyphal elements in the industrial bioreactor
caused by the lower tip speeds encountered. Viscosity is
in the same range as for Group C.

In terms of total hyphal area, there are significant
differences between groups during the exponential
growth phase only: maximal hyphal area is higher for
the higher scale, probably due to reduced fragmentation
at the lower tip speeds used in the higher scale. The
hyphal area decreases significantly after the exponential
growth phase. HGU was not found discriminating (i.e.,
the general pattern followed by this variable was not
significantly different across the four groups). Viability
was for all groups and through all process phases similar
and very high (i.e., >90%), indicating that lysed mycelia
were readily emptied of intracellular material and fur-
ther fragmented. The antibiotic titer is significantly
higher for the higher scale runs from the transition
growth phase onwards. Namely, for the 5 m3 fermen-
tation runs with more active inocula (group C) the titer
at the end of the fermentation were the highest. This
result is linked to the reduction in mycelia fragmentation
obtained in the higher scale (more active biomass) and
higher specific activity of biomass from 24 h-inocula
(higher specific production rates).

To conclude, the staining technique employed in the
viability study gives the percentage of hyphal area con-
taining intact membranes relative to the total hyphal area
(indicating cells with intact and perforated membranes).
Therefore, it does not distinguish between viable, meta-
bolically active (producing and reproducing) cells and
non-producing and non-reproducing viable cells. The
measured viability was generally always very high (in the
order of 80–90%) and relatively constant during the time
course of all the studied fermentations. These results are
in accordance with those reported by Andersson et al.
[27] who showed that dead cells formed an insignificant
part of the bacterial population during growth of Esc-
herichia coli in high cell density fed-batch cultures. Evi-

dence of this was found while using a dye (p-iodonitrotet
razodium violet), which distinguishes viable and repro-
ducing cells, as well as viable metabolic active cells,
having a reduced ability to divide. The question arises
whether the complete mycelium is stained. Sebastine
et al. [24] who investigated the change in viability of
S.clavuligerus in defined media, observed generally high
percentage viabilities throughout the time course of all
studied fermentations. He calculated viability as the ratio
of green filaments to total mycelia area, as measured by
brightfield microscopy. He indicates also that there is no
unstained mycelial regions. In the present study two de-
vices were used for image capture, which makes a direct
comparison difficult. More investigation is probably
necessary to elucidate that question. It should be noted
that the viability analysis with the BacLight double stain
is delicate and may be prone to inaccuracies if the quality
of the image is poor, especially concerning the visuali-
zation of the red regions.

Conclusion

A set of 12 fermentations, divided into four groups, were
run in industrial conditions, in order to examine the
effect of inoculum age and scale. Even though each
group consisted of a set of fermentations carried out at
identical process conditions, batch to batch reproduc-
ibility could not be exactly achieved, as is the case with
most bioprocesses. Inoculation of production bioreac-
tors is based on standard age procedures and not on
constant physiological time, contributing to variable
biomass concentration and metabolic activity of the
preculture at the instant of inoculation.

The morphological quantification allowed the classi-
fication of fermentations into distinct physiological
zones. In general, fermentations run with stationary
phase (48 h) inocula (independently of scale) followed a
pattern that consisted in an initial lag phase of roughly
20 h, followed by elongation, branching and a final
fragmentation phase which followed on up to the end of
the fermentation. The general pattern observed for fer-
mentations inoculated with late exponential phase
inocula (24 h) was similar, except that both the elonga-
tion and branching periods started earlier. Moreover,
clavulanic acid production was higher in fermentations
with 24 h inocula.

The study of the effect of changes in production scale
reveal that in the 5 m3 fermentor, the maximum average
hyphal area obtained (800 lm2) is almost double the
value of the hyphal area obtained in the 0.5 m3 fer-
mentor (400 lm2). This is probably due to the fact that
the tip speed in the larger fermentor was less than the tip
speed in the smaller fermentor, and therefore the shear
stress acting on the hyphal elements in the smaller bio-
reactor is larger, thus causing these hyphae to fragment.
These results indicate that this industrial isolate of
Streptomyces clavuligerus is shear sensitive in the agita-
tion speed range tested, like many other filamentous
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microorganisms. Nevertheless, this increase in hyphal
area did not seem to affect the clavulanic acid produc-
tion profile. Although the maximum hyphal area ob-
served in 5 m3 is considerably larger than the area
observed in pilot-plant scale fermentors, it is quickly
reduced to roughly 600 lm2 after a few hours. However,
the morphological behavior observed during the studied
industrial cultivation of S.clavuligerus is similar to that
observed by Pons et al. [28] in Streptomyces ambofaciens
with a complex medium: a fragmentation and a decrease
of HGU were observed at the onset of the production of
spiramycin. Similar findings have been described by Li
et al. for A. oryzae [29]. These phenomena might be
general and should be investigated in more detail. By the
use of image analysis, this work gives a quantitative
description of how changes on two of the most influ-
ential industrial process parameters namely, inoculum
age and scale change, can affect the morphology and
apparent viability of S.clavuligerus and consequently the
productivity of fed-batch fermentations. It can be used
to investigate the effect of other operation conditions
likely to affect the productivity at industrial scale such as
mixing time and pulse-feeding [29].
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