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Abstract

Violacein, a therapeutic pigment synthesised naturally in specific bacterial systems, is commercially unexplored owing to low
titers. The current study aimed to formulate a suitable medium and to develop a fed-batch strategy for improving the violacein
productivity in a natural producer—Chromobacterium violaceum MTCC2656. The carbon and the nitrogen sources were
extensively screened and their levels were optimised for maximal violacein production. The micronutrients in the medium
were subjected to a two-level statistical optimisation using design of experiment approach and the final media formulation
was validated. As a fed-batch approach, a combination of pulse feeding of glucose and tryptophan with optimised broth
harvest of 60% (v/v) was attempted that achieved a titer of 1046 + 16 mg/L with productivity of 26.12 +0.64 mg/L/h in each
progressive cycle of fed-batch. The strategic sequential step of media formulation and fed-batch fermentation improved the
violacein titer by ~ 5 folds. Kinetic modelling was used to understand the enhancement in fermentation performance in both
the batch and fed-batch processes. The findings from the current study would enable to understand and correlate the patterns
of substrate uptake and violacein formation to establish strategies for enhancing overall productivity in the fermentation
processes.
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Introduction

Violacein is a naturally occurring indole derivative pro-
duced and secreted by certain bacteria for quorum sensing
[1]. Apart from communication, violacein also manifests a
range of bioactive properties such as anti-protozoan, fun-
gicidal, anti-bacterial, anti-viral, anti-cancer, anti-tumour,
immunomodulatory, nephroprotective, and anti-inflamma-
tory properties [2, 3]. With such a broad range of activi-
ties, violacein, thus, proves to be a potential therapeutic
compound.

Violacein production is mainly traced to specific spe-
cies belonging to genera Alteromonas, Chromobacterium,
Duganella and Janthinobacterium, of phylum Pseudomon-
adota [4]. Despite having immense potential as a therapeu-
tic pigment, the commercial production of this purple-col-
oured compound is constrained due to lower productivity
[5]. Systems biology approaches such as genetic engineer-
ing, metabolic engineering and gene overexpression have
been evaluated to enhance the overall production of this
water-insoluble pigment. Industrial strains such as Escher-
ichia coli [6], Citrobacter freundii [ 7], Corynebacterium
glutamicum [8] and Yarrowia lipolytica [9] have been
modified using engineering tools for the expression of
genes responsible for violacein synthesis. However, using
genetically modified organisms poses a major limitation
of compliance with the regulatory authorities. Plasmid
instability, performance inconsistency and tedious strain
development are operational difficulties associated with
use of genetic engineering strategies [10]. Thus, a simpler
approach towards improvement in the productivity of vio-
lacein from the natural producers is desirable for realisa-
tion of its commercial process development.

Reports on isolation, identification, characterisation and
batch fermentation of common natural producers of viola-
cein are available in literature [1]. The organism selected
for this study, Chromobacterium violaceum, is commonly
found in natural habitats such as soil and water. This
Gram-negative bacterium is non-pathogenic and known to
produce violacein, from where it draws its name. A chemi-
cally defined minimal medium formulation can help in a
structured and statistical approach towards medium engi-
neering for maximising violacein production. Glucose and
glycerol are well-studied carbon sources for C. violaceum
[11, 12]. However, disaccharides and polysaccharides have
not been much investigated for growth of this organism.
There are reports of violacein production from industrial
sugar-rich wastes like bagasse and molasses [13]. Trypto-
phan becomes a critical component of the medium for vio-
lacein production as the biosynthetic pathway for violacein
involves condensation of two tryptophan moieties under
the regulation of the VioABCDE gene cluster present in

the bacterium [14]. Attempts on optimisation of the fer-
mentation conditions have been carried out previously to
obtain gram-scale production of violacein [11, 15]. How-
ever, the kinetic studies and the modelling aspects of vio-
lacein production are not much explored.

Kinetic studies of the batch fermentation are instrumental
in understanding and correlating, the substrate utilisation
with the overall metabolism of the organism. It can also
help in evaluating strategies for enhancing fermentation and
predicting responses for developing fed-batch and repeated
fed-batch operations [16]. Log-logistic model and Gompertz
model are well-studied kinetic models for biomass accumu-
lation in fermentation processes [17, 18]. Dose—response
model is commonly used to evaluate effect of single and
multiple doses of therapeutics on biological models. This
model has also been used to understand the effect of induc-
ers and enhancers on fermentation of gut bacteria [19]. This
insight can be extended to study the effect of dosing specific
medium components on biomass production and violacein
production.

Although there are reports of fed-batch strategies for
gram-scale violacein production, the organisms employed
have all been genetically modified [8]. Repeated fed-batch
reduces the overall efforts, money and time involved in
cleaning and sterilisation of the equipment, required after
every batch process thereby improving the productivity and
process economics [20]. The repeated fed-batch strategy
with partial biomass harvesting was, thus, attempted with
natural producer of violacein which can be considered as
first of a kind of the work with C. violaceum.

The difficulties associated with the genetic modifications
as explained above propelled us to develop and apply an
approach of combining multiple bioprocessing principles
such as media engineering, fed-batch cultivation and partial
broth harvest to improve the performance of fermentative
production violacein. The study related to the enhanced
production of this microbial secondary metabolite with
insights into the industrial scale production is expected to
facilitate commercial production and applications of this
purple pigment.

Materials and methods
Materials

The media components used in this study were procured
from Hi-Media Laboratories Private Limited, Mumbai,
India and S.D. Fine Chemicals Private Limited, Mumbai,
India. L-methionine and L-tryptophan were acquired from
Avra Laboratories Private Limited, Hyderabad, India. The
solvents used in the study were sourced from Honeywell
International Inc., New Delhi, India.
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Microorganism and preparation of seed inoculum

Chromobacterium violaceum MTCC2656 strain was
obtained from Microbial Type Culture Collection and
Gene bank, Chandigarh, India and was maintained on
nutrient agar plates incubated at 30 °C. The seed culture
was prepared by inoculating a loop full of culture from
the maintenance plates in 100 mL of sterile nutrient broth.
The seed culture was incubated at 30 °C under shaking
conditions at 150 rpm for 12 h. Later, these cells were
aseptically harvested, washed thrice with 0.1% (w/v) ster-
ile saline and inoculated into the experimental flasks to
achieve an initial biomass load of 7 log CFU/mL. A work-
ing volume of 50 mL was maintained in the 250 mL Erlen-
meyer flasks for all the experimentations including screen-
ing studies, media engineering and optimisation studies,
validation trials, kinetics and fed-batch trials.

Fermentation medium for Chromobacterium
violaceum

The composition of the minimal medium given by DeM-
oss and Happel [21] was tested with suitable modifica-
tions for cell growth and violacein production. The initial
composition of the medium for this study was as follows:
glucose (5 g/L), tryptone (5 g/L), NaCl (1 g/L), K,HPO,
(600 mg/L), K,SO, (50 mg/L), MgCl, (100 mg/L),
ZnSO,-H,0 (100 mg/L), FeSO,.7H,0 (5 mg/L), vitamin
B, (60 pg/L), L-methionine (0.4 mM) and L-tryptophan
(1.2 mM). The pH of this medium was adjusted to 7.0 £ 0.5
using ortho-phosphoric acid. All the components except
amino acids and vitamin B,, were dissolved in distilled
water and autoclaved at 121 °C for 15 min. Concentrated
stocks of amino acids and vitamin were prepared in steri-
lised distilled water and sterilised by passing through a
0.2 p pore-sized sterile syringe filter. These stocks were
appropriately added to the sterilised media to achieve
aforementioned concentrations. The fermentation was car-
ried out for 72 h after inoculation at 30 °C under shaking
conditions at 150 rpm.

Screening of nitrogen and carbon sources

To investigate the effect of nitrogen source, tryptone in the
medium was replaced with other complex nitrogen sources
such as casein—soya—meat—peptone, soybean meal, meat
peptone, mycological peptone, bio-peptone, casein peptone,
bacteriological peptone, veg peptone, malt extract and yeast
extract, separately. Along with the complex nitrogen sources,
simple nitrogen sources such as sodium nitrate, sodium nitrite,
ammonia, ammonium chloride and urea were also tested. The

@ Springer

selection criterion was maximal violacein production at the
end of 72 h of incubation.

After finalizing the nitrogen source, the carbon sources
were screened. Glucose in the medium was replaced with
monosaccharides (fructose), disaccharides (maltose, lactose
and sucrose), polysaccharides (maltodextrin and starch) and
other commercial carbon sources (molasses, mannitol and
glycerol) at the same concentration.

Optimisation of the levels of carbon source
and nitrogen source

The concentration of the carbon source was varied keeping
the concentration of the nitrogen source fixed at 5 g/L. The
variations were such that the ratio of amount of carbon source
to the amount of nitrogen source (C/N ratio g/g), at the initia-
tion of the fermentation was varied as 0.25, 0.5, 1, 2, 5 and
10 (g/g). Since glucose and glycerol were selected from the
screening experiment, both these carbon sources were indi-
vidually assessed in this experiment for maximum violacein
production. Once the C/N (g/g) ratio was finalised, the level
of the nitrogen source was varied between 2.5 and 20 g/L.. The
levels of the carbon source were then varied to maintain the
C/N (w/w) ratio.

Concentration optimisation of the remaining 9
medium components

The Plackett-Burman (PB) screening design

There were nine other components in the medium to be opti-
mised. Hence, Plackett—-Burman screening design was used
to identify the components which significantly impacted
violacein production. The concentrations of each of the
remaining nine components were varied over two levels in
the orthogonal array like arrangement of the Plackett—Bur-
man design. Two components were kept as dummy according
to the design requirements. With minimum experimentation,
the main effects of each of the components were statistically
compared [22]. The upper and lower limits for the medium
components were selected by preliminary trials. The effects of
each medium components were calculated using Eq. 1.

E(x) =2( X Mp = Y M)/, )

where E(x;) is the effect of any component, M;* and M, are
the responses to higher and lower level concentration of the
component, respectively, and N was the total number of tri-
als. Accordingly, the variance amongst the dummy variables
was also calculated using Eq. 2.

Var= Y (Eq)’/n. @
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where Vi is the variance, E; is effect of dummy variables
and 7 is the number of dummy variables. Standard error was
determined as the square root of the variance which was
further used for determination of p-values for the model and
individual factors.

The components having p-values < 0.05 and E value > 0,
were considered to have significant positive effect on the
violacein production and were taken ahead for further opti-
misation by central composite design.

Superior level optimisation using central composite design

Based on the Plackett—-Burman design, four medium com-
ponents (ZnSO,-H,0, MgCl,, FeSO,-7H,0 and tryptophan)
were selected for superior numerical optimisation. The
effects of these four medium components on violacein pro-
duction were examined in a face centred composite design
(FCCD). Design expert version 7 was used for devising
the design and analysis of the model with respect to the
responses. A set of 27 experiments were performed in three
replicated blocks. In one block, 16 trials were carried out at
factorial points (+ 1 levels) in addition to 8 trials at the axial
points (+ o levels) and 3 trials belonged to the centre of the
domain. The experiments were carried out with both glucose
and glycerol as carbon sources, separately.

A quadratic model (Eq. 3) was applied to correlate vio-
lacein production (Y) with f, f;, f; and ; which are the
regression coefficients for intercept, linearity, square and
interaction, respectively; x; and x; are coded level of inde-
pendent variables.

Y=p+ Z Bix; + 2 pix; + Z Z Bixix; (3)
i=1 i=1

i=1 j>i

The model predicted solutions in the form of optimum
concentration of the medium components for maximising
violacein titers and achieving maximum desirability. The
given solutions were validated experimentally. Once the
medium composition was optimised, different modes of fer-
mentation were attempted to maximize violacein production.

Evaluation of different modes of fermentation

Batch mode

In this mode, seed culture was inoculated in sterile optimised
medium and sampling was conducted regularly up to 72 h to
monitor growth, nutrient uptake and violacein production.

Single-nutrient pulse feed

To assess the effect of tryptophan feeding on violacein syn-
thesis, residual tryptophan levels in the fermentation broth

were analysed between the 16 h and 44 h of fermentation
and replenished to 3.2 mM (initial tryptophan concentration)
by adding appropriate amount of sterile tryptophan stock
(64.4 mM) in the broth.

In the second set of experiments, the effect of feeding
glucose pulse was assessed on the biomass accumulation
in the broth. The residual glucose levels in the fermentation
medium were analysed between the 6 h and 24 h of fermen-
tation and replenished to 5 g/L (initial glucose concentra-
tion) in the medium by adding a pulse of appropriate sterile
glucose stock (200 g/L) in the broth.

Fermentation in all the test flasks was terminated 72 h
after initiation of fermentation. The concentration of residual
nutrients at the end of fermentation was analysed. Biomass
accumulation and violacein production for all the tests were
compared with the batch results.

Multi-nutrient pulse feed

Based on the outcomes of experiments in single-nutrient fed-
batch mode, the time for feeding glucose and concentrations
of tryptophan and glucose were optimised. Accordingly,
both these medium components were fed into the medium
together and the effect of multi-nutrient feeding was evalu-
ated on the biomass accumulation and violacein production.

Partial biomass harvest combined
with multi-nutrient-fed-batch

To improve overall productivity, fed-batch operation with
partial biomass harvest strategy was applied in combination
with multi-nutrient pulse feed. Once the violacein produc-
tion attained saturation after multi-nutrient pulse feeding,
40-80% of broth (v/v) was harvested, and fresh medium was
added to make up the initial volume. Glucose and tryptophan
contents in broth were analysed and the concentrations were
adjusted to 5 g/L and 3.2 mM, respectively, using appropri-
ate stocks. Sampling was conducted periodically to under-
stand the growth profile, violacein production and nutrient
consumption by the bacterium.

Experimental values of the kinetic parameters

Metabolic activities such as biomass accumulation, glucose
consumption, violacein formation and tryptophan utilization
were monitored throughout the experiments in the batch and
fed-batch mode. The rates of these metabolic activities were
calculated by applying Eqs. (4a—4d) to the experimental data
[23]. The metabolic rates were calculated individually for
the log phase, early stationary phase and late stationary
phase.

@ Springer
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X; - X;
Rate of biomass production (g/L/h) = dX/dt = tf n ,
£k
(4a)
Rate of glucose consumption (g/L/h) = 9°/4, = —
£k
(4b)
' ary, _ L=l
Rate of tryptophan consumption (mM/h) = %/4, = P
L
(40)
. . . dP Pf - Pi
Rate of violacein production (mg/L/h) = %7/ 4, = P
f
(4d)

where X;, S; I; and P; indicate concentration of biomass,
residual glucose, residual tryptophan and violacein at the
time of initiation (¢ of a particular growth phase and X, S
If and P; indicate concentration of biomass, residual glucose,
residual tryptophan and violacein concentration at the time

of completion (#) of that growth phase.
Kinetic modelling

Different models were studied to evaluate the best fitting mod-
els for biomass accumulation, substrate consumption and viol-
acein production in the batch mode. Logistic (Eq. 5), Gompertz
(Eq. 6) and Dose-response model (Eq. 7) were evaluated to
assess the kinetic parameters of biomass accumulation.

Logistic model ~ X Xoe”
ogistic model X, = )
1— [(XO/X )(1 _ e’”)] 5)
Gompertz model X, = Xme‘e_”(r_t"), 6)
Xm - XO
Dose—response model X, = X, + 7

1 + 10(oetc=k”

where X, is the biomass (g/L) accumulated at any time ¢
(h), X, is the initial biomass concentration (g/L), X, is the
maximum biomass accumulated during the cycle (g/L), u is
the specific rate of biomass accumulation (g/L/h) and ¢, (h)
is the mid-point of the time scale.

Exponential decay model (Eq. 8) and Weibull model (Eq. 9)
were applied to the residual concentration of glucose in the
medium. The values of kinetic parameters and coefficient of
determination were compared [24].

Exponential decay model S, = Sye™*, ®)

Weibull model Log (S,) = —Ar", )

@ Springer

where S, is the residual concentration (g/L) of glucose/tryp-
tophan at any time ¢ (h), S is the initial concentration of
glucose/tryptophan, A is the decay rate and n is the skew-
ness factor such that — 1 <n>1 and n#0. Since exponential
decay model and Weibull model were found to be suitable
for glucose consumption and consumption of tryptophan
was sigmoidal in nature, Logistic decay model (Eq. 10)
was applied to the kinetic data of residual tryptophan in the
medium. The same model was extended in multi-nutrient
fed-batch study.

Iy+ (I —I)

10
1+ {10

Logistic decay model [, = ,
where I, (mM) is the residual tryptophan concentration at
any time ¢ (h), /; (mM) and /, (mM) are initial and final con-
centration of residual tryptophan in the batch and p (mM/h)
is the decay rate of tryptophan.

The dose-response model (Eq. 11) was selected to
evaluate the kinetics of violacein production in batch
fermentation.

Pm PO
Pt:P0+

Dose—response model _—
1 + 10(eet=1)

Y

where P, is the violacein produced (mg/L) at any time t (h),
P, is the concentration of violacein (mg/L), P, is the maxi-
mum violacein produced during the cycle (mg/L), p is the
specific rate of violacein production (mg/L/h) and ¢, (h)is the
mid-point of the time scale.

The acceptable and accurate fitting of the model was
evaluated on the basis of coefficient of determination (R?).
The best fit model, from the all the assessed models, for each
of the parameters were selected and modified to predict and
assess the performance in fed-batch conditions. Based on the
parameters obtained from the kinetic models, the efficiency
and consistency for multiple cycles of repeated fed-batch
strategy were evaluated.

Analytical techniques

Biomass accumulation was monitored by checking the opti-
cal density of an appropriately diluted culture at 764 nm on
Jasco V-730 UV-Vis spectrophotometer, as suggested by
Gallardo et al. [25]. Cell dry weight (CDW) was also deter-
mined to assess the biomass accumulation.

Residual glucose in the cell-free supernatant was
monitored using Eco-Pak Glucose kit (Accurex) and
BioTek®uQuant 96-well plate reader [26]. The cell-free
supernatant was appropriately diluted with distilled water,
filtered through 0.22 p pore-sized syringe filters and ana-
lysed for residual tryptophan concentration using HPLC
method described by Wang et al. [27]. Briefly, the analysis
was carried out on Thermo ODS-2 HYPERSIL column,
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mm

(250 mmXx 4.6 mm ID, 5 um, 120 A) with isocratic elu-
tion using mobile phase of 90:10 (v/v) of methanol:0.03%
(w/v) aqueous solution of potassium dihydrogen phosphate.
The column temperature was maintained at 25 °C and flow
rate was 1 mL/min throughout the run time of 25 min. The
monitoring wavelength was 278 nm and 5 pL of sample was
injected using the autosampler equipped in Dionex, Ultimate
3000 LC system.

For quantification of total violacein, 1 mL of broth was
added to a graduated volumetric flask of 10 mL capacity.
2 mL of dimethyl sulphoxide and 5 mL of methanol were
added to extract the violacein from the broth. The resultant
suspension was sonicated for 60 min at 30 °C in an ultra-
sonic bath. Later, the volume was made up to 10 mL with
methanol. After 5 min of rigorous hand mixing, the sus-
pension was centrifuged at 6000 X g for 10 min at 30 °C.
A 0.22 p, 25 mm PTFE syringe filter was used to filter the
resulting supernatant. The filtrate (5 pL) was automatically
injected into the Dionex, Ultimate 3000 LC system, which
was equipped with a Thermo ODS-2 HYPERSIL column
(250 mm x 4.6 ID, 5 um, 120 A) and was maintained at
25 °C. Isocratic elution was performed at 1 mL/min with
70:30 (v/v) of methanol: water, and violacein was detected
at 570 nm using a diode array detector [28]. For quantifying
violacein concentration, a standard graph of pure violacein
(99.89% purity) was plotted in the concentration range of
0-0.5 mg/mL.

Statistical analysis

The experimental data were analysed using one-way
ANOVA and statistical analysis was performed in IBM
SPSS statistics 20 programme using Tukey's honest signifi-
cant difference (HSD) test at a significance level of 5%. All
the data are shown as mean + standard deviation of three
independent biological replicates.

Results and discussion
Screening studies for the macronutrients

Carbon and nitrogen sources are essential components in
the fermentation medium which are required for cell growth
and maintenance. Amongst the complex nitrogen sources,
highest violacein production was observed with tryptone
(98.66+0.17 mg/L) (Fig. 1a) as it is enriched with trypto-
phan, which is a known precursor of violacein [29]. The bio-
mass production with all the complex nitrogen sources was
comparable. However, the violacein content in the biomass
did not exceed 8% (w/w) in any complex nitrogen source.
Complex nitrogen sources are known to be a mixture of
multiple amino acids, vitamins and growth promoters. The

abundance of these growth factors might have resulted in
the direction of metabolic fluxes towards overall cell growth
resulting in lower violacein content. The metabolism can be
directed towards violacein biosynthesis by either metabolic
engineering or by limiting the content of other amino acids
in the medium [30]. Thus, as an attempt of media engineer-
ing, simple nitrogen sources were also tested as a part of this
minimal medium.

Urea was the only simple nitrogen source which sup-
ported the growth of this bacterium, and it also yielded high-
est violacein titers of 229.514+29.91 mg/L amongst all the
nitrogen sources tested. A violacein content of 19.12+2.49%
(w/w over biomass) was obtained with urea as nitrogen
source which was 3-times higher than the highest content
observed amongst the complex nitrogen sources (casein
peptone—7.71 +3.24% w/w over biomass). Unlike complex
nitrogen sources, the urea containing medium lacked the
excess growth factors which consequently directed the meta-
bolic fluxes towards the assimilation of tryptophan, the only
abundant amino acid in the medium. The cellular machinery
thus was driven more towards violacein production. This
is the first study to report on growth of C. violaceum and
violacein production with urea as a nitrogen source in the
medium. The phylogenetically associated organisms with
this bacterium are known to have set of genes encoding for
urea degradation [31]. Presence of a similar gene set in the
organism under study can be anticipated with our observa-
tions. The utilization of urea will be economically beneficial
for violacein production due to much lower cost than other
complex nitrogen sources.

Amongst the different carbon sources tested, glucose and
glycerol are well reported to support the growth of C. viola-
ceum. These two carbon sources yielded maximal violacein
titers amongst all the carbon sources tested. Fructose just
supported the growth of the organism (Fig. 1b). The diffi-
culty to assimilate carbohydrates other than the monosaccha-
rides can be attributed to the limited ability of the bacterium
to produce glucosidases enzyme [32]. Thus, glucose and
glycerol were identified as the most suitable carbon sources
to support the growth and violacein production. Both these
carbon sources were individually investigated for further
optimisations.

Levels of macronutrients in the fermentation
medium

Initially, the ratio of carbon and nitrogen sources (C/N
ratio, g/g) in the medium was optimised by keeping the
concentration of urea fixed at 5 g/L. In case of both glu-
cose and glycerol, it was observed that a ratio of C/N ratio
of 0.5 (w/w) produced a significantly higher violacein con-
centration (Fig. 1c). To the best of our knowledge, this
is the first study of its kind to investigate such variations
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Fig. 1 Studies for suitable macronutrients for the production of viola-
cein by Chromobacterium violaceum. a Nitrogen source screening, b
carbon source screening, and ¢ optimisation of the ratio of carbon to
nitrogen source in the fermentation medium (C/N, g/g). Black verti-
cal bars represent the SD (n=3). Small letters a, b, ¢ and d denote

for Chromobacterium violaceum and report the optimum
values for maximal violacein production.

Once the C/N ratio was fixed at 0.5 (w/w), the con-
centration of urea and glucose/glycerol were varied keep-
ing this ratio constant. It was found that urea at 10 g/L
supported maximal violacein production. Both glucose
and glycerol, when tested individually, yielded maximal
titers at 5 g/L (Table 1). Thus, these two concentrations
were fixed for further studies. As a result of this set of
experiments with carbon and nitrogen source, a sub-
stantial increase of ~ twofold in the violacein titer from
98.66+0.17 to 199.73 +£0.73 mg/L was evident. The vio-
lacein content over biomass also increased up to 16.9%
(w/w) which was ~ 3.5-times of the initial content of
5.03 £0.25 (w/w).
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when glycerol was used as a carbon source

Optimisation of the concentration of the remaining
medium components

The remaining 9 components in the basal medium, other than
the carbon and nitrogen sources, comprised of metabolic
enhancers, co-factors, growth essentials and buffering agents.
A two-step statistical and design of experiment-based opti-
misations were carried out for these 9 medium components.
Media formulations with glucose and glycerol were discretely
assessed.
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Table 1 Effect of concentration

) i ) Sr. no. Carbon source con-  Urea concentra- Violacein titers with glu- Violacein titers with
of carbon sources (.glucose/ centration (g/L) tion (g/L) cose as a carbon source glycerol as a carbon
glycerol) and urea in the source
fermentation production of
violacein by Chromobacterium 1 1.25 2.5 21.40+4.67° 48.52+2.28¢
violaceum 2 25 5 42.08+0.84° 101.12+5.04®

3 5 10 169.70+4.27* 199.73+0.734
4 7.5 15 - 16.66 +2.40°
5 10 20 - -

«

no biomass growth was supported

Small letters a, b and c denote significant differences in the violacein production when glucose was used as
a carbon source (p <0.05, Tukey’s test). Capital letters A, B, C and D denote significant differences in the
violacein production when glycerol was used as a carbon source

Screening of medium components with significant effect
on violacein titers

The screening for medium components with the most sig-
nificant effect on violacein production was carried out with
12 runs of the Plackett—Burman (PB) design. The variations
were undertaken at the higher level (4 1) and lower level
(—1). The responses obtained were statistically analysed
using ANOVA. The design parameters and the details of
ANOVA are provided in the supplementary data (Tables
S1-S2). The percentage contribution of the dummy variables
accounted for 1.96 +£0.04%, indicating the contribution of
error. Plackett-Burman screening showed that ZnSO,-H,0,
MgCl,, FeSO,-7H,0 and tryptophan had a significant and
positive effect on violacein production. These four medium
components had a higher positive value of the impact coef-
ficients. The p-values for these components were below
0.05, which indicated a “real” or “significant” effect of these
medium components over all the others under study. The
concentration of these four medium components was further
optimised using face centred composite design (FCCD) as
a superior optimisation strategy—response surface meth-
odology (RSM). As aforementioned, tryptophan is a known
precursor of violacein. Thus, a positive impact coefficient
was anticipated and was very well observed in the study.
ITons and electrolytes in the form of ZnSO,-H,0, MgCl, and
FeSO,-7H,0 are required as modulators and co-factors for
various cellular operations such as inter-membrane trans-
port and enzymatic reactions [33, 34]. K,HPO, was one of
the components which exhibited a slight negative effect on
violacein production when its quantity was increased. This
can be attributed to the increase in the pH (up to 8.7 +0.2)
at (+ 1) higher level, when compared to the pH 7 of the basal
medium. The increase in pH, due to increase in the K,HPO,
levels had a deteriorating effect on biomass accumulation
and violacein production. This can be correlated to the exist-
ing literature, where the pH of medium was controlled to
7 [13]. L-Methionine and vitamin B, are crucial for the
growth and maintenance of C. violaceum and their presence

in the medium promotes cell proliferation and biomass [21,
35]. Accordingly, the PB design matrix showed that increas-
ing methionine beyond basal levels in the medium directed
the metabolic flux more towards the growth and compro-
mised with violacein production. The latter behaviour was
hence considered as a negative effect. This was the reason
of keeping L-methionine at the basal level in the medium
for the sole purpose of biomass maintenance. All the other
components, which did not have a significant positive effect
on violacein production, were fixed at levels as those in the
basal medium.

Face-centred composite design (FCCD) for optimisation

The effect of the components selected from the Plack-
ett—-Burman design was further assessed using a FCCD
matrix. These responses were analysed in the software
and an ANOVA for the quadratic regression model was fit-
ted. The design parameters and the details of ANOVA are
provided in the supplementary data (Tables S3—S4). The
p-values for the model with glucose was <0.0001 and with
glycerol was 0.0002, indicating a suitable fit. The high F
values (11.89 for glucose and 9.36 for glycerol) validated
the statistical significance of the quadratic models applied in
both the cases. The p-values for ZnSO,-H,0, FeS0O,.7H,0
and L-tryptophan were < 0.05, indicating a profound impact
on the violacein titers With both glucose and glycerol, the
p-values for MgCl, were >0.05. The significant impact of
tryptophan on the violacein titers can be related to the bio-
synthesis pathway [29]. The presence of zinc ions in the
fermentation medium is reported to improve the violacein
production. These ions are known to be co-factors for spe-
cific enzymatic reactions in the VioABCDE operon which
is responsible for violacein production in the bacterium.
The effect of these ions on violacein production is thus well
anticipated [11]. Similarly, the redox potential of ferrous
ions make them versatile co-factors for various enzymatic
reactions. C. violaceum is known to have specialised cellu-
lar machinery for intake of this crucial ion [33]. This study
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conclusively establishes a correlation of the metabolic
requirements of the organisms with the production of this
secondary metabolite.

Equations 12 and 13 show the correlations of these
medium components with the violacein titers in the glucose-
based and glycerol-based mediums, respectively.

Total violacein production (mg/L) =488.41 — 43.79A + 11.52B + 83.00C — 23.17D — 1.00AB
+33.46AC + 8.30AD — 0.11BC + 5.76BD + 9.378CD

—27.13A% — 16.31B% — 48.67C* — 57.64D?,
(12)
Total violacein production (mg/L) =268.933 — 32.734A + 2.04821B + 80.5264C — 40.781D
+9.653924B + 11.1781AC + 14.4155AD — 8.5272BC
+5.07067BD — 6.4407CD + 25.5025A%

+ 14.5934B% — 18.045C% — 58.39D2,

(13)
where A, B, C and D are coded concentrations of ZnSO,-H,O
(mg/L), MgCl, (mg/L), FeSO,-7H,0 (mg/L) and L-trypto-
phan (mM), respectively.

Validation of the optimised levels of medium components

The overall experiments for optimisation of the levels of
the components in chemically defined medium for C. vio-
laceum MTCC2656 yielded following composition: glu-
cose/glycerol (5 g/L), urea (10 g/L), NaCl (1 g/L), K,HPO,
(600 mg/L), K,SO, (50 mg/L), MgCl, (367.47 mg/L),
ZnS0O,-H,0 (219.83 mg/L), FeSO,.7H,0 (2.2 mg/L), vita-
min B, (60 pug/L), L-methionine (0.4 mM) and L-trypto-
phan (3.2 mM). With glucose and glycerol as the carbon
source, the violacein production predicted in the final step
of optimisation was 529.96 mg/L and 413.43 mg/L, respec-
tively. The models and the predicted values were experi-
mentally validated and found to be 501.65 +36.0 mg/L
and 421.12 +22.20 mg/L for glucose-based and glycerol-
based medium, respectively. Since higher titer was achieved
with glucose, it was selected as a carbon source for fur-
ther studies. The results demonstrated a successful media
engineering approach, which improved the titer of viola-
cein in the chemically defined medium from 98.66 +0.17
to 501.65 +36.0 mg/L. The violacein content in biomass
also improved from 5.03 +£0.25% (w/w over biomass) to
31.31+£0.54% (w/w over biomass), indicating a six-fold
increase. The kinetics of batch fermentation in the optimised
media formulation was carried out and the strategies for fed-
batch fermentation were evaluated.

Batch fermentation

The biomass accumulation of C. violaceum and violacein
production along with utilization of the two substrates,
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glucose and tryptophan is shown in Fig. 2a. Figure 2b shows
the trend of the rates of metabolic activities calculated in this
study for the batch fermentation. It was observed that the log
phase of biomass accumulation corresponded with the expo-
nential glucose consumption phase, which lasted up to 16 h.
The rates of biomass production and glucose consumption
were significantly higher in log phase of growth (interval
0-16 h). Tryptophan consumption was significantly slower
in the log phase than the early stationary growth phase. Post
16 h, biomass growth profile entered the stationary phase
due to exhaustion of glucose in the medium. Bapat et al. [36]
have reported that the uptake of amino acids in bacteria is
energy dependant which is the reason for such preferential
and sequential consumption of carbon source and amino
acids in fermentation medium.
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Fig.2 Batch fermentation kinetics of Chromobacterium violaceum. a
Kinetic profile of biomass accumulation, glucose consumption, tryp-
tophan utilization and violacein production. b Experimental values
of kinetic parameters of the metabolic activities in different growth
phases. Black vertical bars represent the SD (n=3). Small letters a, b
and c denote significant differences in the rates of metabolic activities
in different growth phases (p <0.05), Tukey’s test
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In the early stationary phase, tryptophan uptake by the
bacterium improved and maximum tryptophan uptake rate
was observed in this phase. The production of violacein in
the broth corresponded with active tryptophan uptake and
significant violacein production took place during the early
stationary phase (1648 h). The rate of violacein production
was highest in this phase which later decreased in late sta-
tionary phase as the tryptophan levels reached the minimum
concentration levels in the broth. Thus, feeding tryptophan
was pivotal to improve the violacein production which is
also reported in literature [15]. It was seen that the residual
levels of glucose and tryptophan had saturated to minimal
levels at the end of the batch indicating maximum consump-
tion of these medium components (Fig. 2a). The terminal
concentration of residual glucose was 0.22+0.01 g/L, while
that of residual tryptophan was 0.13 mM. Based on this, the
yield of violacein over glucose was calculated as 0.11 mg
violacein/g of glucose, while that over tryptophan was
0.89 +0.04 mg violacein/mg tryptophan.

Single-nutrient pulse feed strategy

The batch fermentation kinetics showed that tryptophan
was consumed exponentially in the early stationary phase
(1648 h). Hence, tryptophan pulse feeding was carried out
during this phase of growth. A slight increase in the vio-
lacein titer up to 530.38 +0.71 mg/L was observed when
tryptophan pulse was fed between 16 and 20 h. Tryptophan
feeding at 0.42+0.12 mM after 16 h showed a violacein
content of 31.44 +3.96% (w/w) over biomass. Addition of
tryptophan beyond 16 h did not improve the violacein con-
tent in biomass which is indication of saturation in tryp-
tophan uptake by the bacterium. Hence, pulse feeding of
glucose in the broth was attempted in an effort to further
increase the violacein titer. Glucose supplementation is a
commonly attempted strategy to improve the biomass accu-
mulation in fed-batch fermentation [37, 38]. Experiments on
glucose feeding carried out during the log phase (624 h) did
increase biomass production up to 3.98 +0.68 g/L, when a
pulse equivalent to 5 g/L of glucose was fed at 16th hour of
fermentation.

Improvement in the violacein production
by multi-nutrient pulse feeding

From the studies with individual feeding of glucose and
tryptophan, the time and concentration for pulse feeding of
these two medium components were optimised for maxi-
mum biomass, and thereby maximum violacein production.
Combined feeding of 5 g/L glucose and 0.42 mM tryptophan
was carried out at the 16th hour. This combined feeding
yielded 2.8 +£0.12 g/L of biomass and 820.97 +15.97 mg/L
violacein which gave ~ 1.5-fold enhancement over the batch

mode. The feeding strategy was found to be economical
as the yields of biomass and violacein over glucose and
tryptophan, respectively, remained consistent with respect
to the batch mode. Gohil et al. [15] did report on strate-
gic supplementation of tryptophan to enhance the violacein
production up to gram scale using soya meal as an organic
nitrogen source. However, in the present study, similar titer
was obtained with urea which is a much cheaper and simple
nitrogen source. The time of addition of tryptophan had a
crucial role in enhancement of the violacein content which
was in line with that reported by Cheng et al. [39].

Partial harvest of biomass for increasing overall
productivity of the system

Partial harvest of broth is a well-studied strategy for achiev-
ing operation in continual fed-batch mode [20, 40]. The har-
vest percentage of broth had a significant impact on growth
of the bacterium in the subsequent cycles of repeated fed-
batch. Figure 3 shows the growth profile of the bacteria in the
medium with different harvest percentage in repeated fed-
batch. In case of 40% and 60% (v/v) broth harvest, a 34-36%
enhancement in biomass accumulation was observed in the
second cycle. In case of 40% (v/v) harvest, as the fermenta-
tion progressed in the third cycle, a significant reduction in
the biomass accumulation was observed. The main reason
for this inconsistent and lowered performance in the third
cycle could be the accumulation and dominance of station-
ary phase cells in the broth. In the case of 80% (v/v) broth
harvest, an extended log phase was observed in the second
cycle which can be attributed to a very low starting cell
density (0.90+0.07 g/L) after broth harvest.
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Fig.3 Growth profiles of Chromobacterium violaceum in repeated
fed-batch fermentation with variation in the harvest percentage (60—
80% v/v) of broth. Black vertical bars represent the SD (n=3)
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It can be seen from Table 2, that the trend of variation
in violacein production after harvests was similar to that
with biomass accumulation. A 33-38% enhancement in
violacein production was observed in cycle 2 and 3 of
60% (v/v) broth harvest. A similar enhancement of about
29% was observed in the second cycle of 40% (v/v) har-
vest which later decreased to 20% in cycle 3. Biomass
accumulation was also adversely affected in this cycle.
A significantly lower violacein titer was obtained in the
second cycle of 80% (v/v) broth harvest. Thus, 60% (v/v)
harvest for broth was selected for repeated fed-batch as it
provided significant enhancement in violacein production
and also displayed consistency in performance over three
cycles of repeated fed-batch. The optimised multi-nutrient
pulse feed followed by repeated fed-batch strategy, thus,
provided a violacein titer of 1045.65 +15.72 mg/L and a
productivity 26.12 +0.65 mg/L/h in each cycle, consid-
ering the 60% (v/v) harvest after every 40 h. The yield
of biomass obtained over glucose was 0.37 +0.001 (g/g)
and the yield of violacein over tryptophan was 1.56 +0.03
(mg/mg).

Gram-scale production of this microbial therapeutic
compound by a natural producer is reported by Gohil et al.
[15]. However the fermentation time reported in that study
is significantly long (114 h) which brings down the over-
all productivity of violacein to 13.26 mg/L/h [15]. Cheng
et al. [39] have reported higher violacein productivity up
to 23.33 mg/L/h using formic acid as quorum sensing
inducer in addition to feeding tryptophan. In the present
study, a comparable gram-scale titer with respect to the
available literature was achieved. However the combined
feeding of tryptophan and glucose, and partial harvest-
ing at optimum time improved the violacein productivity
to 26.13 +0.65 mg/L/h, which to the best of our knowl-
edge, is the highest amongst the studies reported for C.
violaceum.

Table 2 Effect of harvest percentage of fermentation broth (v/v) on
biomass accumulation and violacein production in repeated fed-batch
fermentation of Chromobacterium violaceum

Harvest ratio Cycle no. Biomass (g/L) Violacein (mg/L)

Multi-nutrient pulse 1 2.80+0.12¢ 820.97+15.97®
feed

40 2 3.81+£0.01°  1027.65+37.414

3 3.29+0.04° 824.60 +53.848

60 2 3.76+£0.02°  1117.79+21.04%

3 3.79+0.03*  1045.65+11.104

80 2 3.12+0.07° 344.38 +13.84¢

Small letters a, b and c denote significant differences in the biomass
production and capital letters A, B and C denote significant variations
in violacein production by (p <0.05), Tukey’s test
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Kinetic modelling of the batch and fed-batch mode
of fermentation

Kinetics of biomass accumulation

The biomass accumulation in batch fermentation was plot-
ted and non-linear fitting was attempted using log-logistic
model, Gompertz model and dose-response model (Fig. 4a)
Log-logistic and Gompertz did not show a good fit for the
prediction of the biomass production rate with experimen-
tal values. A very high COD of 0.991 was achieved with
the curve fitting with the dose—response model, and which
could predict the kinetic parameters of biomass accumula-
tion suitably. The proposed pulse feed strategy was studied
by modifying this model to the bi-dose-response model as
given in Eq. 14.

/4 4 (1-"/1)
1+ 10002t 4 qolloete=nlue |
(14)
where X, is the biomass (g/L) accumulated at any time t (h),
X, is the initial biomass concentration (g/L), X, is the maxi-
mum biomass accumulated during the cycle (g/L), and
and y, are the specific rate of biomass accumulation (g/L/h)
after first dosing at time ¢, (h) and second dosing at time ¢,
(h), respectively.

Figure 4b shows the bi-dose (B-D) response fit plots
for the three cycles of fed-batch fermentation with multi-
nutrient pulse feed and 60% (v/v) broth harvest. It can be
seen that consistent higher values of biomass accumulation
were achieved in Cycle 2 and Cycle 3 and this improvement
can be related to higher initial biomass concentration at the
initiation of these cycle.

Bi-dose—response model X, = X, + (Xm - XO)

Kinetics of substrate utilization

Exponential decay model and Weibull model were applied
to the kinetic data of residual glucose concentration in the
batch mode of fermentation. Bedade et al. [24] had previ-
ously applied these models to study the uptake of carbon
sources and specific inducers in fermentation of metabo-
lites. Accordingly, the model fitting was attempted in this
study. Figure 4c shows the curve fitting for both Exponential
decay model and Weibull model. Exponential decay model
fit had a R? value of 0.807, which was a comparatively
better fit than Weibull’s model. The decay rate evaluated
in both the models was a measure of the velocity of glu-
cose consumed. The decay rate predicted by the Weibull
model (0.53+0.01 g/L/h) was significantly overesti-
mated while that predicted with exponential decay model
(0.42+0.01 g/L-h) was of lower magnitude, closer to the
experimental value (0.31+0.01 g/L/h). The exponential
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of violacein in batch mode, f Bi-dose (B-D) response model applied
to violacein production in three cycles of repeated fed-batch with
multi-nutrient pulse feed fermentation and 60% (v/v) broth harvest

of COD for each decay curve were > 0.8. The values of COD
for each decay curve were > 0.8. Detailed data are provided
in supplementary files.
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Table 3 Model parameters Model

Coefficient of determina-

Maximum biomass produc- Biomass produc-

and kinetic parameters tion (R%) tion (g/L) tion rate (g/L-h)

for biomass accumulation

in batch fermentation of Log-logistic 0.965 1.32:+£0.01 0.223+0.003"

Chromobacterium violaceum Gompertz 0.982 1.3440.02 0.121 £0.005"
Dose response 0.991 1.36+0.01 0.084+0.001°¢
Experimental values - 1.36+0.04 0.063+0.001¢

Small letters a, b, ¢ and d denote significant differences in the biomass rate predicted in different kinetic
models and experimental value by (p <0.05), Tukey’s test

The consumption of tryptophan was slower in the log
phase of growth which later improved in early stationary
phase and further declined in late stationary phase. Thus, the
consumption of residual tryptophan displayed a sigmoidal
profile unlike the exponential profile of residual glucose in
broth (Fig. 4d). Hence, when curve fitting was attempted with
exponential decay model, the fit parameters were not opti-
mum (R?<0.8). The logistic model was, thus, suitably fitted
(R?=0.990) and the decay rate of tryptophan was predicted
as 0.095+0.006 mM/h. The values for coefficient of determi-
nation were >0.85 for each fit and the predicted values were
coherent with experimental ones. The detailed data of this
model fitting in fed-batch mode are given in supplementary
file.

Kinetics of violacein production

Based on the outcomes of “Kinetics of biomass accumulation”
section, the dose-response model was found to be optimum
to study the effect of pulse feeds on biomass accumulation.
A similar approach was undertaken to study the violacein
production in batch mode as well as in fed-batch mode. Fig-
ure 4e shows the kinetic profile of violacein production in
batch mode of fermentation. It can be seen that the profile
was sigmoidal which indicated no significant production
of violacein in the log phase but a significant production of
violacein in the stationary phase of growth. The maximum
violacein production rate was 9.92+0.02 mg/L, and was
observed in the early stationary phase. The predicted value
of the overall violacein production rate from dose-response
model (R*>=0.996) was 8.64+0.01 mg/L. The experimen-
tal and predicted values of maximum violacein produced in
the batch were 508.23 +32.3 mg/L and 517.71+7.17 mg/L
indicating suitable prediction by the model. A modification
of dose response model to bi-dose response model (Eq. 15)
was developed to study the impact of dosing tryptophan on
violacein production in repeated fed-batch model.

/s L =)

1 + 100ogtte=t0)py 1 4 joUogte=0ry |’

s)

Bi - dose response model P, = Py + (P,, — Pg)
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where P, is the violacein produced (mg/L) at any time 7 (h),
P, is the concentration of violacein (mg/L), P,, is the maxi-
mum violacein produced during the cycle (mg/L), p, and p,
are the specific rate of biomass accumulation (g/L/h) after
first dosing at time #; (h) second dosing at time ¢, (h), respec-
tively (Table 3).

The violacein production in cycle 2 and cycle 3 of the
repeated fed-batch process was higher than the first cycle
(Fig. 4f) Similar to the batch fermentation, the violacein
production in the first cycle of fed-batch was clearly non-
growth associated. The violacein production rate improved
after the second dosing of tryptophan. From Table 4 it can
be seen that the predicted and the experimental data of vio-
lacein production rate validated this finding. However, in
the second and the third cycles, the violacein production
rate was higher during the initial phase of the cycles and
clearly decreased after the second dosing of tryptophan.
Thus, it was observed that the production of violacein was
synchronous with biomass accumulation in Cycles 2 and 3
of the repeated fed-batch. The resulting titers of violacein
were higher and productivity improved accordingly. Yang
et al. [41] had claimed significantly higher titer of violacein
when its production was growth associated. However, the
organism used in that study was genetically modified. Our
study is exclusively on the natural producer of violacein and
we could achieve similar patterns of violacein production
with the optimised media formulation and fed-batch strategy.

Conclusion

Media engineering was attempted for maximal violacein
production from Chromobacterium violaceum MTCC2656.
A two-level design of experiment approach helped in screen-
ing and optimising the levels of media components. Ini-
tially, for fed-batch studies, pulse feeding of glucose and
tryptophan were combined, and later an optimised partial
broth harvest strategy was applied for achieving maximum
violacein productivity. The overall kinetic studies indicated
that the performance of fermentation improved after the first
harvest and was consistent in the progressive cycles for the
proposed fed-batch operation.
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Table 4 Experimental and predicted kinetic parameters for bi-dose response model applied to biomass accumulation and violacein production in
three cycles of repeated fed-batch with multi-nutrient pulse feed fermentation (60% (v/v) broth harvest) of Chromobacterium violaceum

Maximum biomass (g/L) Biomass production rate (g/L/h) p, Biomass production rate (g/L/h) p, R?
(Pulse 1) (Pulse 2)
Predicted Experimental Predicted Experimental Predicted Experimental
Cycle 1 3.40+0.04 3.40+0.05 0.114+0.019 0.074+0.001 0.132+0.020 0.136+0.071 0.994
Cycle 2 3.81+0.24 3.75+0.01 0.136 +£0.081 0.146 +0.002 0.210+0.058 0.158+0.032 0.998
Cycle 3 3.80+0.04 3.76+0.01 0.103+0.011 0.103+0.008 0.198+0.010 0.188+0.015 0.999
Maximum violacein titer (mg/L) Violacein production rate (mg/L/h) p;  Violacein production rate (g/L/h) p, R?
(Pulse 1) (Pulse 2)
Predicted Experimental Predicted Experimental Predicted Experimental
Cycle 1 835.15+58.78 820.97 +£15.97 10.797 £0.084 8.298 +£0.457 16.771 £0.105 23.679+£1.040 0.993
Cycle 2 124474 £42.12 1117.79£21.04 30.294 £3.761 33.620+£2.601 13.550+0.070 12.520+£1.205 0.989
Cycle 3 1059.01 £21.18 1045.65+11.10 30.643 £0.111 27.643+1.171 14.934+0.850 10.014+0.117 0.993
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