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Abstract—The fluorescent pseudomonad strain R81 is a root 

colonizing rhizobacteria which promotes the growth of many plants 
by various mechanisms. Its broth containing siderophore (iron- 
chelating compound) and 2,4- diacetyl phloroglucinol (DAPG) is 
used for preparing bioinoculant formulations for agronomical 
applications. Glycerol was found to be the best carbon source for 
improved biomass production. Splitting of nitrogen source to NH4Cl 
and urea had a stabilizing effect on pH during batch cultivation. L- 
tryptophan at 0.5 % in the medium increased the siderophore  
production to 850 mg/l. During batch cultivation of the strain in a 
bioreactor, a maximum of 4 g/l of dry cell mass, 1.8 g/l of 
siderophore and 20 mg/l of DAPG was achieved when glycerol was 
15 g/l and C/N ratio was maintained at 12.5. In case of intermittent 
feeding of fresh medium during fed-batch cultivation, the dry cell 
mass was increased to 25 g/l with improved production of DAPG to 
70 mg/l.  
 

Keywords—Batch cultivation, Fed-batch cultivation, fluorescent 
pseudomonad,  Metabolites 

I. INTRODUCTION 
LUORESCENT pseudomonads are a group of plant 
growth promoting rhizobacteria (PGPR) which rigorously 
colonize roots and provide beneficial effects to plant 

development.   The PGPR have been known to directly 
enhance plant growth by a variety of mechanisms, namely, 
fixation of atmospheric nitrogen that is transferred to the 
plant, production of siderophores that chelate iron and make it 
available to the plant root, solubilization of minerals such as 
phosphorus and synthesis of phytohormones ([1], [2]). PGPR 
can also indirectly enhance plant growth via suppression of 
phytopathogens by a variety of mechanisms. One of the 
mechanisms includes the ability to produce siderophores that 
chelate iron, making it unavailable to pathogens [3]. Other 
desirable features for a potent organism are that it should have 
the ability to synthesize anti-fungal metabolites, such as the 
antibiotic 2, 4- diacetyl phloroglucinol (DAPG), hydrogen 
cyanide, and cell-wall lysing enzymes, which suppress the 
growth of fungal pathogens [4]. An extensive work on the 
possible role of siderophores in biocontrol of plant diseases 
has been documented ([5], [6]).  
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Fluorescent pseudomonad strain R81 is a root-colonizing 
rhizobacterium which could be potentially used in bio-
inoculant formulations due to its plant growth promoting 
characteristics [7]. Schlegel’s synthetic medium has been 
widely used for cultivating this strain. The objective of the 
study was to develop a process which produces improved 
biomass, siderophore and DAPG in submerged fermentation. 
The studies were directed towards modification of Schlegel’s 
synthetic medium to obviate the need of pH control in batch 
cultures along with improved siderophore production. A fed-
batch technique was also developed to produce high cell 
density with improved production of siderophore and DAPG 
simultaneously. The culture broth so obtained could be used 
for bio-inoculant preparations for agronomical applications.  

II.  MATERIALS AND METHODS 

Bacterial strains and growth conditions: Fluorescent 
pseudomonad strain R81 used in the present investigation, 
was obtained from Dr. A K Sharma of Department of 
Biological Sciences, GB Pant University of Agriculture and 
Technology (GBPUAT), Pantnagar, India. It was isolated 
from the rhizosphere of wheat (variety UP 2338) from Budaun 
District, Uttar Pradesh, India ([5], [7]). The bacterial culture 
was maintained as 50% glycerol stocks at –20ºC in King’s B 
medium. All chemicals (extra pure grade) used in this study 
were obtained from Merck (Mumbai, India).  

Growth medium: The Schlegel’s medium (SM) was prepared 
as described by Aragno and Schlegel (1991) [8], omitting 
solution III (5% NaHCO3). In order to avoid precipitate 
formation, the three solutions were prepared and sterilized 
separately by autoclaving and mixed after cooling. Solution I: 
Na2HPO4 (9.0 g/l), KH2PO4 (1.5 g/l), NH4Cl (1.0 g/l), KCl 
(1.0 g/l), MgSO4.7H2O (0.2 g/l) and trace elements solution (1 
ml/l). Solution II: Ammonium ferric citrate (50 mg), 
CaCl2.2H2O (100 mg), distilled water 250 ml. Solution III: 
Glycerol/ Glucose/ Citric acid (10 g), distilled water 100 ml. 
After cooling 900 ml of solution I, 10 ml of solution II and 90 
ml of solution III were mixed to prepare one litre of 
Schlegel’s medium.  
Preculture preparation: Pre-cultures were grown overnight 
from −20 °C glycerol stocks on Schlegel’s medium (SM) in 
baffleless 500 ml Erlenmeyer flasks with 100 ml of working 
volume.  The cultivation was carried out at 28 oC for 20 h in 
an orbital shaker (Scigenics Biotech, India) at 240 rpm. 
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Subsequently, 50 ml of this culture was used to inoculate a 5 l 
bioreactor with 2 l of batch working volume. 
 
Batch and fed-batch cultivation in bioreactor: 5 l bioreactor 
(Minifors AG, Switzerland) was used for both batch and fed-
batch cultivations. Batch cultivations were carried out at 2 l 
capacity and fed-batch cultures were started from an initial 
volume of 2 l. The medium composition for batch (Table 1) 
and fed-batch cultivation varied according to the requirement 
of the metabolites. For batch cultivation alone, the iron in the 
form of ammonium ferric citrate (AFC) was used at a level of 
100 µg/l to produce high siderophore levels. In case of fed-
batch, the initial medium for batch cultivation was amended 
with 800 µg/l of AFC, 0.058 g/l of ZnSO4 7H2O and 0.124 g/l 
of (NH4)6 Mo7O24 4H2O for improved production of biomass 
and DAPG. The feed composition used was glycerol 800 g/l, 
NH4Cl  40.4 g/l, urea 30 g/l, and MgSO4 7H2O 48.4 g/l. 
During fed-batch phase, 25-35 ml pulses of feed were 
intermittently added into the bioreactor. The initial air supply 
and agitation speed were kept at 0.1 vvm and 550 rpm, 
respectively, to achieve turbulent fluid regime and uniform 
distribution of air bubbles in the reactor. The level of 
dissolved oxygen was maintained at 25% by using a double 
cascade in which the stirrer speed was first increased to a 
maximum of 700 rpm, followed by a gas mix-mode where the 
airflow was enriched with pure oxygen to maintain the 
required level of dissolved oxygen in the culture broth. 
Antifoam A (Sigma–Aldrich, A5633) was added to a 
concentration of 20 ppm at the onset of the foam formation 
and then manually added as required throughout the 
fermentation.  

The measurement and control of the pH, temperature, 
dissolved oxygen, and agitation speed were performed by a 
digital measuring and control system of the bioreactor.   The 
pH was maintained at 7.0  and the temperature was controlled 
at 28 °C. During cultivation the samples were taken at 
frequent intervals to measure cell density, residual glycerol 
and other parameters using the methods described below. 
 
 Estimation of dry cell weight and siderophore: The cell 
growth was estimated turbidimetrically using Helios Thermo 
Spectronic spectrophotometer (Thermo Electron Corporation, 
USA). The sample was diluted, if required, with 0.2% saline 
to get cell optical density (OD) in range of 0.1- 0.4 at 600 nm. 
Dry cell weight (g/l) was estimated by multiplying the OD by 
the conversion factor of 0.57, which was obtained from 
standard curves between dry cell weight and OD. The 
quantification of hydroxamate- type siderophore was done 
according to Meyer and Abdallah [9]. The siderophore 
concentration (g/l) was calculated using the expression 
O.D400nm x MW /ε. The values of extinction coefficient, ε = 
16,500 M-1 cm-1 and of molecular weight, MW = 1500 Da 
were used.  
 
Estimation of glycerol and glycerol kinase assay: Residual 
glycerol in the culture broth was estimated calorimetrically 
according to the method described by Bok and Demain [10]. 
Glycerol kinase activity was measured spectrophotometrically 
based on glycerol-dependent formation of NAD+ at 340 nm in 

TABLE I  MEDIUM COMPOSITION FOR CULTIVATION OF FLUORESCENT 
PSEUDOMONAD R81 

Component Batch 

Na2 HPO4(g/l) 4.56 

KH2 PO4 (g/l) 2.82 

Glycerol (g/l)                  15.0 

Ammonium ferric citrate  
(AFC) (µg/l) 

               100 

NH4Cl (g/l) 0.76 

Urea (g/l) 0.56 

KCl (g/l) 0.50 

TE-Solution (ml/l) 0.47 

MgSO4.7H2 O (g/l) 0.91 

L-tryptophan (g/l) 1.75 

a coupled reaction using pyruvate kinase and lactate 
dehydrogenase by a method adapted from Hua [11]. The 
reaction mixture contained 48.4 mg of ATP, 42.7 mg of 
MgCl2 .6H2O, 4.33 mg of phosphoenolpyruvate, 2.98 mg of 
NADH, 80 U of crystalline pyruvate kinase, 80 U of 
crystalline lactate dehydrogenase, and 20 mM potassium 
phosphate (pH 7.5) to a final volume of 21 ml. To 1.5 ml of 
this reaction mixture 25 µl of 0.3 M glycerol and 50 µl of test 
solution were added. This was incubated at 25 oC for 3 min.  

 Estimation of DAPG:  The pseudomonad strain R81 was 
cultivated in bioreactor, the harvested broth was centrifuged 
and the supernatant was collected. The pH of the supernatant 
was adjusted to 2.0 by adding 4N HCl and the samples were 
extracted twice with equal volumes of ethyl acetate. The 
extracts, which contained DAPG, was evaporated to dryness 
in vacuo. The extracted crude antibiotic was dissolved in 
methanol and stored in -20 oC for further purification and 
analysis. Purification was performed by column 
chromatography on a silica gel C- 200 (22 mm x 200 mm) 
(Himedia, India). The crude extract dissolved in methanol was 
re-dissolved in 20 mL of ethyl acetate and applied to the 
column. After washing with 50 mL of ethyl acetate, the 
column was eluted with 300 mL of toluene - acetone (4:1 v v-

1). Five milliliter fractions were collected and examined for 
the presence of the antibiotic by thin-layer chromatography in 
UV detection chamber against the standard antibiotic. Camag 
HPTLC instrument (Anchrom, Mumbai) was used for 
quantitative analysis of the antibiotic. The concentration of the 
antibiotic in the sample was estimated by using a standard 
curve between the peak area and the concentration (10-80 mg 
L-1) of the standard antibiotic (Toronto Research Chemicals 
Inc, Canada).  
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III. RESULTS AND DISCUSSION 
Effect of media components and additives on growth of and 
siderophore production by pseudomonad R81: Succinate, 
citrate, glucose and glycerol were found to be good substrates 
from the BIOLOG GN2 Micro Plate™ experiments (data not 
shown). The values of more than 160% of the control were 
considered as positive for the respective substrates. To find 
the best source of carbon that leads to minimal digression of 
pH during fermentation, the strain R81 was grown on 
different carbon sources, namely, glucose, glycerol, citrate 
and succinate at 1% level (Table 2). Here, all the medium 
components were retained at the same level as in Schlegel’s 
medium except for the carbon source. The maximum dry cell 
weight of 2.7 g/l was obtained when glycerol was used as 
carbon source at the end of 36 h.  
 
TABLE II  EFFECT OF VARIOUS CARBON SOURCES ON GROWTH AND PH DURING 

CULTIVATION OF FLUORESCENT PSEUDOMONAD STRAIN R81 
 Fluorescent pseudomonad R81 

C- source DCWa
 ΔpHb 

Glycerol 2.7 -1.2 

Glucose 2.1 -2.4 

Citrate 1.6 +1.9 

Succinate 1.9 +1.8 

Each value is expressed as mean ± S.E (n =3). 
a The dry cell weight, DCW (g l-1) was measured at the end of 36 h of 
cultivation 
b The values indicate the deviation from the initial pH of 6.9 measured at the 
end of 36 h of  cultivation. 
 

It was observed that the growth of R81on glycerol as a 
carbon source was slow with a prolonged lag phase of 5-6 h. 
Studies were, therefore, carried out to see if the addition of 
citrate or succinate, at supplemental level, could stimulate 
growth rate and minimize pH variations. As shown in Table 3, 
supplementation of the medium with succinate resulted in 
shorter lag period as well as higher specific growth rate for the 
strain in comparison to citrate supplementation. However, the 
specific growth rates in both the cases was higher than the 
control (without supplementation). These higher growth rates 
were substantiated by measurement of glycerol kinase (GK) 
activity, an enzyme required for initial metabolism on 
glycerol. The GK activity measured at the end of 24 h showed 
that the addition the succinic acid (SA) or citric acid (CA) in 
the medium at supplemental level increased the glycerol 
kinase activity by about 15 times in the strain when compared 
to control.  

The responses on dry cell weight, siderophore production 
and pH on supplementation of with 0.05 % succinate and 
citrate are given in fig 1. The maximum level of siderophore 
produced in SA and CA supplemented medium were 421 mg/l 
and 80 mg/l respectively. Thus there was increased production 
of siderophore in SA supplemented medium. 

 

TABLE III  EFFECT OF SUCCINIC ACID (SA) AND CITRIC ACID (CA) 
SUPPLEMENTATION ON SPECIFIC GROWTH RATE AND LAG PERIOD FOR THE 

GROWTH, BIOMASS, AND SIDEROPHORE PRODUCTION OF FLUORESCENT 
PSEUDOMONAD STRAIN R81 

Treatment Specific growth 
rate (h-1) 

Lag period (h) 

Without 
SA/CA 

0.28 6 

With SA 0.35 3 

With CA 0.34 4 

Specific growth rate was calculated using logistic equation.  
Each value is expressed as mean ± S.E (n =2). 
 

The pH increased to 7.50 from initial pH 7.0 in case of CA 
supplementation, whereas the pH remained between 6.7-7.0 in 
case of SA supplementation. Thus SA was more suitable than 
CA as a supplement to the medium for siderophore production 
as well as to contain the pH variations during growth of 
pseudomonad R81. In SM the only nitrogen source is 
ammonium chloride, whose metabolism causes a decrease in 
pH with glycerol as the carbon source. Since the production of 
siderophore depended largely on the pH of the medium [12], it 
was very important to maintain the pH of the fermentation 
broth between 7.0-7.5, which is the optimum for siderophore 
production in fluorescent pseudomonad [13]. Therefore a 
second nitrogen source, which can cause an increase in pH of 
the culture medium on its metabolism, was used. The urea 
metabolism is known to increase the pH due to hydrolysis of 
urea into ammonium ion intracellularly. Various combinations 
of urea and ammonium chloride were, therefore, used keeping 
the nitrogen content constant at 0.245 N g/l. 
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Fig. 1: Effect of supplementation of 0.05% succinic acid (SA) or 
citric acid (CA) in Schlegel’s medium on growth and siderophore 
production by R81 strain; DCW (○), siderophore (□), pH (Δ) for SA; 
DCW (●), siderophore (■), pH (▲) for CA. The y-bars show the 
mean ± S.E (n=2). 
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When 34% of the nitrogen requirement were met by 
ammonium chloride (0.32 g/l) and the remaining from urea 
(0.35 g/l), it was observed that the pH remained fairly constant 
within ± 0.2 of the initial value. This medium is useful for cell 
mass production in shake flasks where pH control is not 
possible, and in fermenters without the need of pH control.  

An increase in siderophore level is reported by amending 
the medium with aromatic amino acids as some of the amino 
acids are constituents of the siderophores [13]. The effect of 
supplementation of L-tryptophan at different levels in the SM 
was, therefore, studied on production of siderophore by R81 
strain. It was observed that supplementation of the medium 
with L-tryptophan had a substantial positive effect on 
siderophore production, which increased by 3.27 fold (to 850 
mg/l) on 0.5% supplementation. The modified medium has 
been termed as Modified Schlegel’s Medium (MSM) and has 
been used in bioreactor studies. 
 
Batch cultivation in 5l bioreactor: The cultivation of 
fluorescent pseudomonad R81 was carried in 5 l bioreactor 
containing 2 l of MSM as described in materials and methods. 
The batch culture was carried out with an objective to produce 
higher yield of siderophore. Increased iron levels usually 
increase the biomass yield and lower the siderophore 
production [9]. Therefore the medium used here contained 
very low iron, 100 µg/l of AFC as mentioned in materials and 
methods. Under these operating conditions, a specific growth 
rate of 0.3 h-1, maximum dry cell weight of 4 g/l and 
siderophore of 1.5 g/l was achieved at the end of 36 h (Fig 2). 
The pH remained fairly stable till the end of harvest without 
requirement of external pH control.  
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Fig. 2: Growth, siderophore production and glycerol consumption 
profiles of fluorescent pseudomonad R81 in 5 l bioreactor during 
cultivation in modified Schlegel’s medium. Dry cell weight (■), 

Glycerol (),  Siderophore g/l (▲).  

 

 Fed-batch cultivation (Intermittent feeding):  
High cell density culture is an attractive means of achieving 
high biomass and product concentrations. However, 
researchers could not obtain high cell density (greater than 10 
g/l) with batch cultures alone, because the cells suffer from 

substrate inhibition and catabolite repression. It is well 
documented that catabolites acid by-products accumulate in 
the fermentation broth during the batch culture, and they will 
inhibit cell growth ([14], [15]). To achieve high cell density of 
pseudomonad R81, fed-batch cultivation with  intermittent 
feeding strategy was adopted in the present study. The DO- 
signal was used for intermittent addition of feed into the 
bioreactor with a pulse. When glycerol was almost completely 
consumed at 35th hour of batch cultivation, pulse of feed (as 
described in materials and methods) was fed to the bioreactor. 
During cultivation, glycerol was fed in pulses whenever DO 
level reached 80 % of the saturation value. The DO- signal 
was essentially used as an indirect signal indicating the 
exhaustion of carbon source. A total of 5 pulses amounting to 
70 g of glycerol was added to the bioreactor from 35 h to 85 h 
of cultivation. After 100 h of cultivation time, a maximum of 
25 g/L of dry cell weight, 70 mg/l of DAPG was achieved 
(Fig 3). Siderophore production was, however, low as high 
concentration of AFC was used in the fed-batch cultivation. 
The objective of fed-batch process was to produce high cell 
density culture of fluorescent pseudomonad R81 with 
improved the production of DAPG. 
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Fig. 3 (A) Dissolved oxygen (pO2) and rpm, and (B) dry cell weight 
(■) and  residual glycerol (□) profiles during fed-batch cultivation of 

pseudomonad R81 in MSM. 
 

Here, using intermittent feeding, 6.25 fold increment was 
observed in dry cell weight and 3.5 fold increase in DAPG 
when compared to batch data (Table 4). However, siderophore 
production was compromised as higher cell densities require 
higher concentration of iron in the medium which lowered the 
siderophore production.  For agronomical applications, the 
cells of pseudomonad R81 are primarily used. However, the 
presence of the siderophores and DAPG increases the 
effectiveness of the bioinoculant. Thus depending on the 
requirement of the siderophores and DAPG, the concentration 
of AFC in the medium could be varied so as to obtain 
optimum levels of cell, siderophores and DAPG in the 
bioinoculant formulations. 
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TABLE IV EFFECT OF MODE OF BIOREACTOR OPERATION ON SPECIFIC GROWTH 
RATE, DRY CELL WEIGHT, SIDEROPHORE AND DAPG PRODUCTION IN 

FLUORESCENT PSEUDOMONAD R81 
Bioreactor  
mode 

Specific 
growth 
rate, 
 µ (h-1) 

Dry cell 
weight 
(g/l) 

Siderophore 

(mg/l) 

DAPG 
(mg/l) 

Batch 0.30   4.0 1500 20 

Fedbatch 
(Pulse 
feeding)  

0.24 25.0 170 70 

 

IV. CONCLUSIONS 
The Schlegel’s medium was modified by splitting the 

nitrogen source to NH4Cl and urea for stabilization of pH 
during cultivation of strain R81 in shake flask. The medium 
was supplemented with 0.05% of succinic acid and amended 
with 0.5 % of L-tryptophan for improved production biomass 
and siderophore. Batch and fed-batch processes have been 
established for improved production of biomass, siderophore 
and DAPG during cultivation of fluorescent pseudomonad 
R81. The process was established to produce these 
metabolites and biomass in a way to achieve desired levels of 
these metabolites based on the change in medium components 
and also the mode of operating the bioreactor.  
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