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Abstract Actinomycetes, a class of filamentous bacteria,
are an important source of several industrially relevant sec-
ondary metabolites. Several environmental factors includ-
ing the media composition affect both biomass growth and
product formation. Likewise, several studies have shown
that environmental factors cause changes in cellular mor-
phology. However, the relationship between morphology
and product formation is not well understood. In this study,
we first characterized the effect of varying concentrations of
phosphate and ammonia in defined media on pellet mor-
phology for an actinomycete Amycolatopsis balhimycina
DSM 5908, which produces balhimycin, a glycopeptide
antibiotic. Our results show that higher balhimycin produc-
tivity is correlated with the following morphological fea-
tures: (1) higher pellet fraction in the biomass, (2) small
elongated pellets, and (3) shorter filaments in hyphal
growth in the periphery of the pellets. The correlation
between morphology and product formation was also
observed in industrially relevant complex media. Although
balhimycin production starts after 72 h with maximum pro-
duction around 168 h, the morphological changes in pellets
are observed as early as 24 h after commencing of the
batch. Therefore, morphology may be used as an early pre-
dictor of the end-of-batch productivity. We argue that a
similar strategy can be developed for other strains where
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morphological indicators may be used as a batch monitor-
ing tool.
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Introduction

Production of a majority of industrially important second-
ary metabolites is carried out using submerged fermenta-
tion in batch and fed-batch processes. Batch-to-batch
variability in productivity is an intrinsic feature of such pro-
cesses, possibly due to inconsistencies in raw material qual-
ity, state of seed culture, and operator skills [15, 26]. In
order to maintain the productivity and product quality,
monitoring and control of the fermentation process is
required from an early phase of the process. Product quality
and batch performance can be monitored via parameter
measurements made off-line such as concentrations of the
biomass, substrates and products, and those made online
such as temperature, pH, concentrations of dissolved oxy-
gen, and carbon dioxide. The objective of monitoring is to
ensure a consistent end-of-batch productivity and take cor-
rective mid-course measures. However, these measure-
ments may not be sufficient to predict the fate of the batch
during the early phase of the process. Therefore, there is a
need for alternative monitoring tools that would enable
early fault detection. This is especially true in the case of
secondary metabolite production, which starts quite late in
the batch [7].

The majority of secondary metabolites are produced by
filamentous fungi and bacteria (actinomycetes), which
exhibit diverse morphological forms during submerged
cultivation [4, 30, 35]. Morphology is influenced by
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environmental conditions such as medium composition and
shear stress [19, 20, 31]. Further, morphology and product
formation have been observed to be closely related [9, 16,
23, 33]. To exemplify, morphology and avermectin produc-
tion by Streptomyces avermitilis, were influenced by factors
such as the nitrogen source, dissolved oxygen level, and
inoculum volume [33]. Pellets of small size and high den-
sity were found to promote avermectin production. Like-
wise, nystatin production by Streptomyces noursei NG7.19
has been reported to be correlated with smaller pellet size
[11]. Morphological differentiation of these filamentous
microorganisms can be monitored in terms of different mor-
phological parameters such as distribution of pellets and
dispersed mycelia [13, 29, 32], size and shape of pellets [8,
10, 11, 21, 34] and branching behavior in peripheral hyphae
that emanate from pellets [22].

Our preliminary study indicated that there is a strong
correlation between balhimycin production and cellular
morphology, both of which are influenced by media com-
position (data not shown). Notably, product formation
starts in the late exponential phase while morphological
changes are observed in the early exponential phase.
Therefore, we argue that morphology can be an early indi-
cator of end-of-batch productivity. To this end, we have
systematically investigated the effects of phosphate and
ammonia on productivity and morphology in defined and
complex media for the balhimycin producer strain A. bal-
himycina. A. balhimycina belongs to a class of filamen-
tous bacteria called actinomycetes, which account for
over 45% of secondary metabolites produced commer-
cially [3]. Balhimycin belongs to the class of glycopeptide
antibiotics that are considered as the treatment of last
resort against methicillin resistant Staphylococcus aureus
(MSRA) strains [5, 18].

Materials and methods
Materials

Dextrose, yeast extract (YE), peptone, meat extract, agar
powder, MES buffer, Bennet’s agar, and vitamins were pur-
chased from Hi-Media Laboratories (Mumbai, India)
whereas glycerol, (NH,),SO,, NaCl, MgSO,.7H,0, FeSO,.
7H,0, Nas(C¢Hs0,).2H,0, ZnSO,.7H,0, MnSO,.H,0,
CaCl,.2H,0 were purchased from Merck (Mumbai, India).
Soya peptone and CaCO; were purchased from Micro Mas-
ter Laboratories Pvt. Ltd. (Thane, India) and S.D. Fine
Chemicals (Mumbai, India), respectively. Defatted soy flour
(DSF) and KH,PO, were purchased from General Foods
(Indore, India) and Thomas Baker, Chemical Ltd. (Mumbai,
India), respectively. Balhimycin standard was a kind gift
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from Prof. Anna Eliasson Lantz, Denmark’s Technical
University, Denmark.

Inoculum preparation and fermentation

A. balhimycina was a kind gift from Prof. Anna Eliasson
Lantz, Denmark’s Technical University, Denmark. The
strain was cultivated and maintained as reported previously
[14, 15]. Briefly, 100-ml cultures were grown at 30°C and
150 rpm in single baffled Erlenmeyer flasks of 500-ml capac-
ity for all the experiments. The seed medium contained
15.0 g dextrose, 15.0 g glycerol, 5.0 g YE, 15.0 g soya pep-
tone and 3.0 g sodium chloride per liter of distilled water.
The production medium was inoculated with 2.5% (v/v) of
seed culture having optical density of ~12.0 at 600 nm. Four
different types of production media were used. Production
medium type I was a defined medium with variable phos-
phate concentration containing 0.2-1.0 g KH,PO,, 80.0 g
dextrose, 6.6 g (NH,),SO,, 1.0 g NaCl, 1.5 g MgSO, 7THO,
0.02 g FeSO,.7H,0, 0.025 g Na(C,Hs0,)2H,0, 0.02 g
ZnSO,.7H,0, 0.01 g MnSO,HO, 0.01g CaCl,.2H,0,
9.762 g MES, 11.0g CaCO;, and 1-ml vitamin solution
(1000 x) per liter of distilled water. Production medium type
IT was a complex medium with variable phosphate concen-
tration containing 0.0-1.0 g KH,PO,, 84.0 g dextrose, 1.6 g
YE, 0.4 g DSF, 6.0 g (NH,),SO,, 1.0 g NaCl, 1.5 g MgSO;,
7HO, 0.02g FeSO,.7H,0, 0.025 g, Na;(C;H50,)2H,0,
0.02g ZnSO,.7H,0, 0.01 g MnSO;HO, 0.01 g CaCl,.
2H,0, 9.762 g MES, 11.0 g CaCO;, and 1-ml vitamin solu-
tion (1000x) per liter of distilled water. Production medium
type III was a defined medium with variable (NH,),SO,
concentration containing 0.0-10.0 g (NH,),SO,, 80.0 g dex-
trose, 0.2 g KH,PO,, 1.0 g NaCl, 1.5 g MgSO, 7HO, 0.02 g
FeSO,.7H,0, 0.025 g, Na;(CcHs0,)2H,0, 0.02 g ZnSO,.
7H,0, 0.01 g MnSO;HO, 0.01 g CaCl,.2H,0, 9.762 g
MES, 11.0 g CaCO;, and 1-ml vitamin solution (1000 x) per
liter of distilled water. Production medium type IV was a
complex media with variable (NH,),SO, concentration con-
taining 0.0-12.0 g (NH,),SO,, 84.0 g dextrose, 1.6 g YE,
0.4 g DSF, 0.17 g KH,PO,, 1.0 g NaCl, 1.5 g MgSO, 7THO,
0.02 g FeSO,.7H,0, 0.025 g, Na;(C¢Hs0,)2H,0, 0.02 g
ZnSO,.7H,0, 0.01 g MnSO,HO, 0.01g CaCl,.2H,0,
9.762 g MES, 11.0g CaCO;, and 1-ml vitamin solution
(1000 x) per liter of distilled water. Initial pH of the medium
was adjusted to 7.00 with 2N NaOH or 2N H,SO,. The
1000x vitamin stock solution contained, per 100 ml of dis-
tilled water: 0.005 g biotin, 0.1 g calcium-pantothenate, 0.1 g
nicotinic acid, 2.5 g myo-inositol, 0.1 g thiamin HCL, 0.1 g
pyridoxine HCI, and 0.02 g para-amino benzoic acid. Sam-
ples were collected from the seed and production media at
regular intervals for microscopic analysis as well as balhimy-
cin and biomass estimation.
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Estimation of Balhimycin and dry cell weight

Concentration of balhimycin was estimated from the fer-
mentation broth using bioassay and further confirmed via
HPLC as previously described [1, 14, 15]. In the bioassay,
Kocuria rhizophila ATCC9341, old name Micrococcus
luteus [28], was used as a test organism to measure anti-
microbial activity of balhimycin. For this purpose, Petri
plates were poured with agar containing the test organism.
Holes 10 mm in diameter were punched in the agar and
filled with 0.1 ml sample of the centrifuged fermentation
broth. The plates were incubated at 30°C for 2 days and
the diameter of the zone of inhibition around the holes
was measured. The balhimycin concentration was esti-
mated using a standard calibration curve. Balhimycin
concentration was confirmed with HPLC by using RP-C 4
column (Merck KGaA Darmstadt, Germany) and a mobile
phase (1 ml/min) consisting of 18% of acetonitrile and
0.1% of TFA (trifluoro acetic acid) in water. Separated
components were detected at 220-nm wavelength using an
L-7420 UV detector (Merck Hitachi KGaA, Darmstadt,
Germany) [18]. Estimation of biomass was done as
described earlier [2, 15].

Imaging and morphological analysis

Biomass samples drawn at different times were centrifuged,
washed twice, and re-suspended in saline (0.9% NaCl)
from which 20 pl was taken on a clean slide for microscopy
(TE-2000, Nikon, Tokyo, Japan). Images were captured
with a CCD camera (Retiga-2000R, QImaging, Surrey,
Canada). The images were further analyzed using the soft-
ware ImageJ 1.40g (http://rsb.info.nih.gov/ij/) [6].
Morphology of A. balhimycina was characterized in
terms of (1) the ratio of dispersed mycelia to pellets (2)
size and shape of pellets, and (3) branching frequency and
length of peripheral filaments that arise from pellets. To
measure dispersed or pellet dimension, we first enclosed
dispersed or pellets into a best-fit circle or ellipse, and
subsequently measured the radius of the circle or major
axis and minor axis of the ellipse (Fig. la, p4). The dis-
persed or pellet was assumed to be a prolate ellipsoid for
estimation of volume [10]. Dispersed mycelia (Fig. la,
d1-d4) were distinguished as those with calculated vol-
ume less than 5 x 10* pm?® while pelleted forms were
those with a volume greater than 5 x 10* um® (Fig. 1a,
pl-p4). Nearly 500 events were counted per time point
per experiment with data represented as mean + SEM
(standard error of mean) of three independent experi-
ments. Deviation from the spherical shape of pellet was
estimated in terms of the ratio of ellipse major to minor
axis. Distributions were generated with a population size
of ~600 events per time points and per media composi-

tion, pooled from three independent experiments. The
length of peripheral hypha was measured from the fila-
ment tip to its point of attachment on the pellet core
(~110 events were measured). Branching frequency was
measured as number of branches per um length of periph-
eral filament on the pellet. Data reported as mean + stan-
dard deviation obtained from a population size of ~110
events. Experiments were also carried out in complex
media and data was reported as mean £ SEM of three
independent experiments.

Results

In our previous work, it was shown that balhimycin produc-
tion was significantly influenced by phosphate concentra-
tion in defined media [14]. Specifically, increasing
phosphate concentration beyond the optimal value led to
higher biomass growth but lower balhimycin production.
Likewise, our preliminary results indicate that ammonia
concentration in defined medium affected balhimycin syn-
thesis (data not shown). Furthermore, our results suggest
that phosphate and ammonia concentrations have an influ-
ence on the morphology of A. balhimycina. Therefore, our
objective was to examine whether morphological changes
are correlated with balhimycin productivity under varying
phosphate and ammonia concentrations in defined medium.
Our second objective was to verify if a similar correlation
exists in complex media, which are preferred for industrial
fermentation processes due to their lower cost and
increased productivity.

Effect of phosphate in defined medium

In the present study, we monitored the concentrations of
biomass and balhimycin and observed cellular morphology
under different phosphate concentrations in defined
medium (Fig. 2). While biomass concentrations increased
with phosphate concentration, balhimycin production was
highest in medium containing 0.2 gl1™! of KH,PO,
(Fig. 2b). In media combinations yielding balhimycin,
product formation was observable only after 72 h and
reached the maximum value at 144-168 h. As a first step
toward a correlation between morphology and production,
we estimated the relative abundance of dispersed and pel-
leted forms. Although there was no significant variation in
this parameter between producing and non-producing
media at 24 h, pelleted form was more dominant at 48 h in
producing media (Fig. 2c). However, other morphological
characteristics of the pelleted forms were distinguishable in
different media even at 24 h (Fig. 3). Pellets in producing
media were smaller and elongated and showed substantially
more branching in the peripheral region.
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Fig. 1 Morphological forms of Amycolatopsis balhimycina observed
in batch cultivation. a Panels d/—d4 represent dispersed forms while
panels pl—p4 represent pelleted morphology. Samples from different
media compositions are imaged to illustrate different morphological
forms. An ellipse is fitted around a dispersed and pellet and the major
axis (X) and minor axis (Y) measured to quantify the number of

We quantified the size and shape of the pellet by first cir-
cumscribing the pellet with an ellipse and then measuring
its major and minor axes. The size of the pellet was esti-
mated in terms of the volume of a prolate ellipsoid while
the shape was quantified as a ratio of the major to minor
axis. It is seen that pellets of smaller size are the dominant
form with a narrow size distribution in producing media
(containing 0.2 and 0.5 g.l_1 KH,PO,) (Fig. 4a). While this
effect is visible at 24 h, it is more pronounced at 48 h where
the size distribution is highly polydisperse with an
increased occurrence of larger pellets in non-producing
media (containing 1.0 g.I-! KH,PO,). Concomitant to a
smaller size, pellets in producing media were elongated
with a significant fraction showing a high value of the
major-to-minor axis ratio at 24 h (Fig. 4b). Note that the
pellets in producing media do not grow in size between 24
and 48 h but undergo elongation. On the other hand, pellets
in non-producing media continue to grow in size without
any noticeable change in their shape (Fig. 4). In fact, we
observed that the size and shape of the pellets are correlated
with almost all the elongated pellets in the producing media
having volume less than 1 x 10° pm® (Fig. 5a) compared to
pellets in the non-producing media, which are mostly
spherical with a majority of these having volumes greater
than 1 x 10° um3(Fig. 5b).

We observed that long peripheral hyphae emanated from
pellets in seed medium whereas the peripheral hyphae on
pellets in defined medium were relatively shorter and
highly branched (Fig.3). Therefore, we quantified the
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dispersed and pellet form and shape and size of a pellet as illustrated in
panel p4. b A pellet with peripheral filamentous growth is shown with
amagnified portion illustrating the strategy for measurement of periph-
eral filament length (L). Imaging was performed by using a phase-con-
trast inverted microscope. Scale bar 100 pm

length of peripheral hyphae and number of branches per
unit length of filament as a function of phosphate concen-
tration in defined medium. The number of branches per unit
length increased with increasing KH,PO, concentration
(0.2-1.0 g.17") (Fig. 6a) but did not show any correlation
with balhimycin productivity (Fig.2b). In contrast, we
observed that the length of peripheral filaments were rela-
tively shorter in producing media (containing 0.2 and
0.5 g.I”! of KH,PO,) compared to non-producing media
containing 1.0 g17! of KH,PO, (Fig. 6B). Furthermore,
while the length of the peripheral filaments remained
unchanged in producing medium in the 24-48 h time
period, filament length in non-producing medium continued
to increase in the same period.

Effect of ammonium sulfate in defined medium

Our previous work has shown that the concentration of
ammonia has a significant effect on balhimycin productivity
[14]. Therefore, we wanted to investigate whether variation
in ammonia affected morphology. The biomass concentra-
tion was maximum at an ammonium sulfate concentration
of 2 g17! and further increase led to a concentration depen-
dent inhibition of growth (Fig. 7a). On the contrary, the bal-
himycin production was maximum for ammonium sulfate
concentrations between 4.0 and 6.6 g.17! (Fig. 7b). In the
ammonium sulfate concentration range of 2-8 g.17!, the
pellets were smaller and elongated while at ammonium sul-
fate concentration of 10 g.17!, the pellets were larger and
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Fig. 2 Effect of KH,PO, concentration in defined medium on biomass
growth (a), balhimycin production (b), and morphology (c). Symbol
(O) represents seed medium whereas (<), (A) and ([J) represent
0.2g17",0.5g17" and 1.0 g17" of KH,PO,, respectively, in defined
medium. Fermentation was carried out in single baffled Erlenmeyer
flasks of 500-ml capacity containing 100 ml of medium and incubated
at 30°C and 150 rpm. For panels a and b, data are represented as
mean = SEM (standard error of mean) obtained from three indepen-
dent experiments. For panel ¢, data represented as mean &= SEM ob-
tained from three independent experiments with a population size of
~500 events per time point per experiment

spherical in shape (Fig. 7c). Moreover, we observed that
the mean length of peripheral hyphae of pellets in
producing media was relatively smaller compared to that in

non-producing media (data not shown). This is in agree-
ment with our observation with defined media with varying
phosphate concentration. Our results suggest that changes
in ammonium sulfate concentration modulate balhimycin
production and pellet morphology in a correlated manner.

Effect of phosphate and ammonium sulfate in complex
medium

Our next objective was to verify whether the correlations
observed in defined media are also observed in the presence
of complex media, which are the media of choice in indus-
trial fermentations. To that end, we chose a complex
medium composition in which the concentrations of glu-
cose, ammonium sulfate, potassium dihydrogen phosphate,
YE, and DSF were optimized for balhimycin production
using genetic algorithm (unpublished data). Keeping other
components unchanged, we first varied the phosphate con-
centration around its optimal value and observed effects on
growth, product formation and morphology (Fig. 8).
Although the biomass concentration increased in going
from 0 to 1.0 g.1~! KH,PO, (Fig. 8a), optimal balhimycin
production was observed at a KH,PO, concentration of
0.17 g.1™" (Fig. 8b). At this optimal phosphate concentra-
tion, pellets were smaller in size and elongated compared to
those at other phosphate concentrations tested (Fig. 8c).
Likewise, we varied the concentration of ammonium sul-
fate around its optimal value in complex medium (Fig. 9).
While the biomass concentration did not vary appreciably
between ammonium sulfate concentration of 1 and 12 g1
(Fig. 9a), the balhimycin production varied substantially
with optimal productivity at 6 g.1-! (Fig. 9b). Pellet mor-
phology also correlated well with balhimycin productivity
with small and elongated pellets in the high producing
medium and larger and spherical pellets in other media
(Fig. 9¢). This shows that even in complex medium, a
strong correlation exists between morphology and product
formation.

Discussion

We report a strong correlation between morphology and
balhimycin production in A. balhimycina. Several morpho-
logical parameters were systematically quantified as a func-
tion of phosphate and ammonia in defined as well as
complex media. Concentrations of ammonium sulfate and
phosphate were varied around their optimal values for
balhimycin production. Higher productivity of balhimycin
was correlated with (1) higher pellet fraction in the bio-
mass, (2) small elongated pellets and (3) shorter hyphae in
the periphery of the pellets. Interestingly, while the
product formation started at 72 h or later, the morphological
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Fig. 3 Pellet morphology in
seed medium and defined media
containing 0.2-1.0 g.17!
KH,PO,. Scale bar 100 pm
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Fig. 4 Distribution of size (a) and shape (b) of pellets in seed medi-
um and defined media containing 0.2-1.0 g.1~! KH,PO,. Each box
shows the lower quartile, median, upper quartile, and notches for 90%
confidence interval for the median. The medians are significantly
different when notches of two medians do not overlap. Distribution
was generated with data pooled from three independent experiments
amounting to ca. 600 events per time point for each media composition

differences between producing and non-producing media
were observed as early as 24 h. Although, antibiotic pro-
duction in different actinomycetes and fungi has been
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(b) medium containing 0.2 and 1.0 g1~ of phosphate, respectively.
Distribution generated with a population size of ~600 events

attributed to changes in morphology [8, 11, 23, 24, 33], a
rigorous study on the correlation of morphological parame-
ters and productivity as a function of media composition is
not available. Some studies have shown that mycelial forms
are required for antibiotic production [25, 27], whereas sev-
eral other studies show that higher productivity is associ-
ated with pelleted forms [12, 17, 33]. While the specifics of
this observation may be dependent on the strain, we argue
that the underlying mechanisms that affect morphological
differentiation and antibiotic production might have certain
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commonalities leading to a correlation between morphol-
ogy and productivity.

We did not find a clear correlation between biomass
growth and pellet size. For example, on one hand, increased
phosphate in defined media led to higher biomass and
larger pellets (Fig. 2 and 3), increased ammonium sulfate in
defined medium led to lesser biomass yet larger pellets
(Fig. 7). In complex media, varying the ammonium sulfate
or phosphate concentration away from their respective opti-
mal values for balhimycin production led to larger and
spherical pellets.

Depending on the medium composition, balhimycin
production starts at 72 h or later with maximum product

6.6
Ammonium sulfate, g.H"

observed at 144-168 h. Further, the profiles of concen-
trations of nutrients or biomass do not provide any dis-
tinction between producing and non-producing media
combinations. However, we observe that morphological
changes not only correlate with balhimycin productivity,
these changes occur at 24-48 h, which is much before
the actual production starts. Therefore, we argue that
cellular morphology can be used as a monitoring tool to
predict productivity of a given batch. While the actual
nature of the correlation between morphology and pro-
ductivity may vary from strain to strain, we hypothesize
that a similar monitoring strategy can be developed for
other products.
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Fig. 8 Effect of KH,PO,
concentration in complex
medium on biomass growth (a),
balhimycin production (b), and
pellet morphology (¢). For
panels a and b, data are
represented as mean £ SEM
obtained from three independent
experiments. Scale bar 100 pm

Fig. 9 Effect of ammonium
sulfate concentration in complex
medium on biomass growth (a),
balhimycin production (b), and
pellet morphology (c¢). For pan-
els a and b, data are represented
as mean + SEM obtained from
three independent experiments.
Scale bar 100 pm
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