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•

Jorge Luiz Ninow2

Received: 28 May 2016 / Accepted: 6 September 2016 / Published online: 29 September 2016

� Springer-Verlag Berlin Heidelberg 2016

Abstract Pigments produced by species of Monascus have

been used to coloring rice, meat, sauces, wines and beers in

East Asian countries. Monascus can produce orange (pre-

cursor), yellow and red pigments. Orange pigments have

low solubility in culture media and when react with amino

groups they become red and largely soluble. The orange

pigments are an alternative to industrial pigment produc-

tion because the low solubility facilitates the downstream

operations. The aim of this work was to study the kinetic

on the production of orange pigments by Monascus ruber

CCT 3802. The shaking frequency of 300 rpm was favor-

able to production, whereas higher shaking frequencies

showed negative effect. Pigment production was partially

associated with cell growth, the critical dissolved oxygen

concentration was between 0.894 and 1.388 mgO2 L
-1 at

30 �C, and limiting conditions of dissolved oxygen

decreased the production of orange pigments. The main-

tenance coefficient (mo) and the conversion factor of

oxygen in biomass (Yo) were 18.603 mgO2 gx
-1 h-1 and

3.133 gx gO2
-1 and the consideration of these parameters in

the oxygen balance to estimate the biomass concentration

provided good fits to the experimental data.

Keywords Microbial pigments � Monascus �
Monascorubrin and rubropunctatin � Dissolved oxygen �
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Introduction

Color plays an important role in our enjoyment of food

stuffs and is appreciated both for its aesthetic and as a basis

for the assessment of quality. In the latter respect, color

gives visual clues to flavor identification and taste thresh-

olds [1]. Since the number of permitted synthetic colorants

has decreased because of undesirable toxic effects includ-

ing mutagenicity and potential carcinogenicity, interest

focuses on the development of food pigments from natural

sources [2, 3]. The production of pigments by microor-

ganisms capable of producing natural dyes, including

seaweed, algae, yeasts and filamentous fungi, is away of

increasing the production of natural compounds as an

alternative to the use of synthetic ones [4].

The genus Monascus involves three main species (M.

pilosus, M. purpureus and M. ruber) belonging to the

family Monascaceae and class Ascomyceta, whose main

characteristic is the ability of producing secondary

metabolites, such as pigments, monacolins, c-aminobutyric

acid, dimerumic acid, and many others biomolecules [5–9].

Pigments produced by species of Monascus have been used

to coloring rice, meat, sauces, wines and beers in East

Asian countries, and besides these mentioned applications,

they have been used as a fabric dye and in hair pigmen-

tation and even in ink jet printers [10–14].

Monascus can produce yellow, orange and red pigments.

Medium chain fatty acids are synthesized by the fatty acid

pathway and bind to the structure of the chromophore

through a trans-etherification reaction, generating the
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precursor orange pigment monascorubrin—C23H26O5 and/

or rubropunctatin—C21H22O5 by trans-etherification of the

octanoic acid. The reduction of the orange pigment mon-

ascorubrin forms the yellow pigment ankaflavin—

C23H30O5, or monascin—C21H26O5 for rubropunctatin,

whereas the amination of orange pigments with NH3 or

NH2 units (amino group of amino acids, peptides, proteins

and nucleic acids) gives rise to red pigments monascoru-

bramine—C23H27NO4 and rubropunctamine C21H23NO4

[15, 16].

Monascorubrin and rubropunctatin are produced in the

cell-bound state; insoluble in water and synthesized in the

cytosol from ACoA by multi-enzyme complex of polike-

tide synthase I and possess aminophiles structure respon-

sible for the color [17, 18]. Low pH values inhibit the

transformation of orange into red pigment, consequently,

orange pigment production becomes attractive because of

the low solubility is favorable to downstream operations

[19].

Research focused on red pigments production, however,

the orange pigment is an alternative for obtaining Mon-

ascus pigments. Accurate and precise measurements of the

kinetic of biomass and pigments production are important

to process development. Aiming to contribute for the

development of an efficient technology for large scale

production of orange pigments the objective of the present

work was to study the kinetics of monascorubrin and

rubropunctatin production from Monascus ruber.

Materials and methods

Microorganism

Monascus ruber CCT 3802 was obtained from the Tropical

Culture Collection André Tosello (Campinas-SP, Brazil).

The strain was frozen at -20 �C after adding 100 lL
glycerol mL-1 spore suspension as a cryoprotector [20].

The culture was maintained on potato dextrose agar (Bio-

life Italiana, Milan, Italy) sterilized at 121 �C for 15 min,

incubated at 30 �C for 7 days and subsequently stored at

4 �C.

Inoculum and growth media

Monascus ruber was initially grown on potato dextrose

agar in a Roux bottle incubated at 30 �C for 7 days and

subsequently stored at 4 �C. Fungal mycelia were obtained

by germination of the spores suspended in a 1 L baffled

flask containing 0.4 L of inoculum culture medium incu-

bated at 30 �C on a rotary shaker at 120 rpm for 60 h

(exponential growth phase). The inoculum and culture

medium were prepared according to Vendruscolo et al. [20]

containing: 20 g L-1 glucose, 5 g L-1 glycine, 2.5 g L-1

KH2PO4, 2.5 g L-1 K2HPO4, 0.5 g L-1 MgSO4�7H2O,

0.1 g L-1 FeSO4�7H2O, 0.1 g L-1 CaCl2, 0.03 g L-1

MnSO4 and 0.01 g L-1 ZnSO4. After sterilization, the

initial pH was adjusted with 1 M HCl to 3.0.

Submerged fermentation

Fermentation was carried out in a 6 L (working volume of

4 L) batch bioreactor Bioflo III from New Brunswick

Scientific Co. (New Jersey, USA) with an internal diameter

of 0.170 m, a rounded bottom and a height/diameter ratio

of 1.4. Agitation was provided by two six-blade Rushton

turbines with a d/t ratio of 0.38 and a w/d ratio of 0.18. The

culture medium (3.6 L) was inoculated with 0.4 L of the

inoculum culture (10 % v/v; &0.5 g L-1 dry cells), the

temperature was maintained at 30 �C and the pH was

controlled at 3.0 with 1 M HCl. The cultivations were

performed into two steps: (1) kinetic determination of

growth at different stirring frequencies and (2) cultivation

under different dissolved oxygen levels in the liquid

medium.

Biomass, substrate and pigments

Biomass was quantified by dry weight by filtration of

10 mL samples through a Whatman # 1 filter paper and the

retained material was submitted to drying in a microwave

(Consul, Brazil) for 15 min at 180 W. After cooled in a

desiccator for 15 min, it was weighed in order to determine

the dry biomass retained in the filter paper. The filtered was

submitted to glucose residual estimation by 3,5-dinitros-

alicylic acid [21] and orange pigment (monascorubrin and

rubropunctatin) concentration was estimated by scanning

in spectrophotometer (Spectronic Unicam Genesys 10 vis)

where in our experimental conditions 1.0 absorbance unit

at 470 nm corresponds to 44 mg of orange pigments per

liter [19].

Oxygen transfer

A polarographic oxygen sensor InPro 6800 (Mettler-

Toledo, Switzerland), which is connected to a DO analyzer

of the computer-controlled fermentor system, was used.

The DO saturation used was 6.772 mgO2 L
-1 at 30 �C, as

determined by Vendruscolo et al. [22]. The response time

of the DO sensors was estimated by applying sudden

changes in DO concentration, according to Eq. (1), con-

sisting to subjecting the electrode previously polarized and

calibrated in an inert atmosphere containing only nitrogen

gas (pO2
& 0 atm). When the value reported by the elec-

trode is below to 1 % of the saturation concentration the

electrode was immediately placed in atmospheric air
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(pO2
& 0.209 atm) and the values of the percentage of

oxygen saturation were collected by the data acquisition

software with 1 s interval.

ln 1� CP

CS

� �
¼ �kP � t; ð1Þ

where CP is the measured DO concentration (% or

mgO2 L
-1), CS is the DO saturation concentration (% or

mgO2 L
-1), kP is the time constant and t is the time (s).

CP = 0 for t = 0 and CP = Cs for t = ?. All DO con-

centrations measured were corrected by kP. The critical

dissolved oxygen concentration (CCrit) in the liquid for the

M. ruber was determined by the dynamic method [23]. The

CCrit may be determined experimentally by observing the

decrease in the dissolved oxygen concentration with time

until all oxygen is consumed. At the critical concentration

the rate of oxygen consumption starts to decrease gradu-

ally, resulting in a subsequent decrease in the slope of the

dO2/dt.

kLa and QO2
estimation

The kLa and the specific oxygen uptake rates (QO2
) were

determined by combined analysis of oxygen mass balance

described by Eq. (2).

dC

dt
¼ kLa CS � Cð Þ � QO2

X ð2Þ

where CS is the DO saturation concentration (mgO2 L
-1),

C is the DO concentration measured (mgO2 L
-1), QO2

is

the specific oxygen uptake rate (mgO2 gx
-1 h-1), X is the

biomass (g L-1), t is the time (h) and kLa is the volumetric

oxygen transfer coefficient (h-1). The product QO2
� X

being the oxygen uptake rate (OUR) (mgO2 L
-1 h-1).

Kinetic parameters

The specific growth rate (lX), specific rate of glucose

consumption (lS), specific rate of pigment production (lP)
and biomass yield (YX/S) were estimated. The dependency

of lP as a function of lX was determined by Luedeking and

Piret [24] model (Eq. 3), the O2 maintenance coefficient of

the cells (mo) and the O2 conversion factor in cells (YO)

was estimated by the Eq. (4) [25].

lP ¼ h� lX þ b; ð3Þ

QO2
¼ 1

Yo
lX þmo, ð4Þ

where lX is the specific growth rate (h-1), lP is the specific
rate of pigment production (gP gx

-1 h-1), h is the empirical

constant that describes the dependence of pigment pro-

duction associated with cell growth, b is the empirical

constant that describes the non-dependence of pigment

production associated with cell growth, mo is the mainte-

nance coefficient for oxygen (mgO2 gx
-1 h-1) and YO is the

true cell yield from oxygen consumption (gx gO2
-1). The

mo and YO parameters were used to estimate the cell

concentration by the mathematical model developed by

Zabriskie and Humphrey [26] (Eq. 5).

Xn ¼
YO � Dt

2

� �
� QO2

Xð Þnþ QO2
Xð Þn�1

� �
þ 1�mo�Yo� Dt

2

� �� �
�Xn�1

1þmo�Yo� Dt
2

� � ;

ð5Þ

where Xn and Xn-1 are the biomass (g L-1) at cultivation

times tn and tn-1 (h), Dt is the time interval from tn-1 to tn
and QO2

� Xn and QO2
� Xn�1 are the oxygen uptake rates

at cultivation times tn and tn-1. The first value of Xn-1 must

be estimated from the biomass concentration of the

inoculum and QO2
� Xvalues obtained from the Eq. (2)

should be in mmolO2 L
-1 h-1.

Results and discussion

The delay constant of the electrode ranged from 393.48 to

415.44 h-1 and corrected kLa values considering kp
showed variations lower than 1 % of their original (data

not shown). Therefore, the electrode dynamic response was

characterized experimentally and found to be a first-order

response with time delay. Even with small variations, all

results were corrected by considering kp.

Figure 1 shows the results of the cultivation of M. ruber

at different agitation frequencies. M. ruber showed shorter

lag phase (*10 h), reaching maximum cell concentration

of 4.5 g L-1 and maximum pigment production of

3.5 UA470nm (Fig. 1a). The maximum specific growth rate

and maximum specific respiration rates were 0.05 h-1 and

12 mgO2 gx
-1 h-1, respectively, and the YX/S was

0.37 gx gs
-1. The cultivations carried out under stirring

frequencies of 600 and 900 rpm (Fig. 1b, c) showed similar

behavior on the evolution of the biomass and pigments

concentrations, as well as in the calculated kinetic param-

eters. The cellular concentration (1.8 and 1.7 g L-1) and

the pigment production (0.150 UA470nm 0.170 UA470nm)

were far below the results obtained under shaking fre-

quency of 300 rpm. Similarly, the maximum specific rates

0.04 and 0.036 h-1 and the conversion factor of 0.20 and

0.29 gx
-1 gs

-1 were below the experiment under 300 rpm,

however, the respiration rate was higher in the cultures

under 600 and 900 rpm, 28.7 mgO2 gx
-1 h-1 and

22.9 mgO2 g
-1 h-1, respectively. The cultivation carried

out under the shaking frequency of 300 rpm had kLa values

between 7.3 and 46 h-1, whereas the cultures shaken at

600 and 900 rpm showed variations of 130–160 and

120–169 h-1, respectively.
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Monascus ruber consumed all of the glucose from the

culture medium, reaching maximum cell concentration of

6.3 g L-1 and 0.596 UA470nm (Fig. 2) and the biomass

yield was 0.49 gx gs
-1. The orange pigment production was

partially associated to the cell growth due to dependency of

lP vs. lX (Fig. 3), verified by the constants h = 0.0805 and

b = 0.0002. h 9 lX is the production of pigments asso-

ciated with cell growth and b is independent of the cell

growth. The maintenance coefficient (mo) and oxygen-

biomass conversion factor (YO) were 18.603 mgO2 gx
-1 -

h-1 and 3.133 gx gO2
-1, respectively (Fig. 4). These values

were used in the cultivations under different O2

concentrations to estimate biomass production using the

data from the oxygen balance.

In the bioprocess industry, synthetic and/or complex cul-

ture media are used. Gas solubility data are required to

establish mass balance, calculate yields coefficients, volu-

metric mass transfer coefficients by gas balance techniques,
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and design and scale up bioreactors in gas-limiting condi-

tions. Because oxygen partial pressure in the gas phase and

presence of dissolved material in the liquid are major factors

affecting oxygen solubility, the values of oxygen solubility in

water cannot be applied directly to bioprocess systems [22].

The critical concentration of dissolved oxygen ranged

from 0.894 to 1.388 mgO2 L
-1 at 30 �C (Fig. 5), justified

by large pellets are mainly physiologically active around

the edge of the pellet, with oxygen and nutrient depletion in

the centre. The minimum concentration of dissolved oxygen

in the bulk mixed liquor that is required to avoid oxygen

becoming a limiting factor inside the pellet is called the

critical dissolved oxygen concentration. Its numerical value

depends on several factors, of which the oxygen uptake rate

value and the stirring intensity are the most important.

Oxygen is not especially soluble in growth media but can be

consumed in large amounts by rapidly growing microbial

cultures. For that reason is important to know the DO2 level

in the vessel and control it to the required set point.

For many fermentations especially where filamentous

fungi and actinomycetes are involved, or the broth is vis-

cous, it is necessary to agitate the medium with the aid of

impellers. In large-scale operations, where aeration is

maintained by agitator-created swarms of tiny air bubbles

floating through the medium, the cost is very high and for

this reason careful aeration is done based on mathematical

calculations conducted by chemical engineers [27].

In the cultivation carried out with the saturation con-

centration of dissolved oxygen of 50 % (Fig. 6a), the

production of pigments showed a gradual increase as a

function of the cultivation time, following the biomass

production. The maximum concentrations of biomass

(6.30 g L1) and pigments (0.330 UA470 nm) were reached

within 29 h of cultivation. On the other hand, the cultiva-

tion carried out in the range of 30 ± 3 % O2, (Fig. 6b)

showed similar behavior with the maximum cell concen-

tration of 5.30 g L-1, although the production of pigments

was 0.170 UA470nm. Despite this reduction, the data dif-

fered mainly in the production of pigments compared with

the experiment under O2 limitation (Fig. 6c). Even with

higher cell concentration, pigment production has not been

verified.

From the results of maintenance coefficient (mo) and

oxygen-biomass conversion factor (Yo), the evolution of

biomass concentration of cultivations under different con-

centrations of dissolved oxygen was estimated using the

Eq. (4). The data of oxygen balance represented the

behavior of the biomass evolution as a function of
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cultivation time (Fig. 7) evidencing the importance of

knowing mo and Yo. The results show that the respiratory

mathematical model of Zabriskie and Humphrey [26] could

be used to estimate the biomass concentration of Monascus

ruber CCT 3802 in spite of the morphological complexity

observed during the growth of this microorganism. The

knowledge of the kinetics of orange pigments production

provides improvements to red pigments production once

the orange pigment has low solubility in the culture med-

ium, can be separated from the fermentation medium and

later modified via amino acids reaction.

Conclusions

It was evident the importance of knowing the kinetics aspects

on the production of monascorubrin and rubropunctatin by

M. ruber. The shaking frequency of 300 rpm provided higher

concentration of orange pigments in the culture medium and

mo, Yo and CCrit values allowed obtaining results that

describe the cell growth vs. cultivation time.
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