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Abstract 

Biotic elicitation mimics the inter-species interactions in the natural habitat by introducing live 
or dead cells into the culture of an antibiotic producer resulting in complex metabolic and physiological 
responses. We report the exploitation of the interspecies interaction to enhance phenazine production 
by Pseudomonas aeruginosa. Live and heat killed cells of three microorganisms have been tested as 
elicitors: gram negative E. coli; gram positive Bacillus subtilis and the eukaryotic organism 
Saccharomyces cerevisiae. For the elicitation with live cells, phenazine production increased 
significantly by 2.4, 1.8 and 1.9 fold in cultures elicited with E. coli, Bacillus subtilis and 
Saccharomyces cerevisiae respectively, compared to the pure cultures of P. aeruginosa. Moreover, this 
study showed that the heat killed cells of the elicitors had the same elicitation effects as the live cells. In 
these cultures, production of phenazine was increased by 1.43, 2.1 and 3.19 fold in cultures elicited 
with heat killed cells of E. coli, Bacillus subtilis and Saccharomyces cerevisiae respectively. Such inter-
species interactions may form the basis of new strategies in the search for novel antibiotics and other 
bioactive compounds. They can also be used to increase the productivity of existing processes for 
antibiotics as it was found in this work. 
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Introduction 
Similar to plants and other organisms, bacteria exhibit some physiological responses to a 
range of external factors (elicitors), as defence reactions to ensure their survival. These 
physiological responses can be exhibited in different aspects; one of which is the 
enhancement of production of antibiotics. Elicitation as a strategy to enhance secondary 
metabolite production was widely used in plants cell culture [3, 7], fungal cultures [14] and in 
bacterial culture [6].  
In general, elicitor factors are classified into two groups; biotic and abiotic. Biotic elicitation 
mimics the inter-species interactions in nature by introducing cell extracts, parts of cell wall, 
chemical compounds or dead cells into the culture of another species thus resulting in 
complex metabolic responses in the elicited microorganisms. 
Microorganisms in nature exist in complex mixtures of populations that lead to different 
interactions and responses among them. Some scientists believe that these interactions and 
responses are the driving forces for the production of some important bioactive compounds 
such as antibiotics. One of the more accepted hypothesis regarding the origin of antibiotics 
suggests that these compounds are synthesized to give the antibiotic-producing organism a 
competitive advantage over others competing for the same natural resources [8]. Therefore, 
the potential results of exploiting the interspecies interactions in the manufacture of 
antibiotics can be the induction of the unexpressed biosynthetic pathways for novel 
compounds [15] or the improvement needed in the productivity of the antibiotic-producing 
strains [4].  
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In this context, fungal cell-wall fragments, yeast extract and proteins or carbohydrates 
obtained from various biological sources have previously been used as elicitors to enhance the 
production of secondary metabolites in microbial, whole plant and plant cell cultures [11]. For 
example, production of antifungal tolytoxin by Scytonema osellatum was stimulated using 
fungal cell homogenates of Penicillium notatum and Cylindrocladium spathiphylli [12]. Also, 
production of isoflavonoid in the hairy root cultures of Pueraria candollei was improved 
using some biotic and abiotic elicitors such as Agrobacterium rhizogenes yeast extract, 
chitosan, and methyl jasmonate [14].  
Phenazines are a group of nitrogen-containing heterocyclic bioactive compounds that produce 
by several gram negative and positive bacteria. The most phenazines group studied was that 
produced by pseudomonads such as Pseudomonas aeruginosa [9]. More than 100 phenazines 
structural derivatives that differ in their chemical and physical properties have been identified 
which are of significant interest because of their roles in pathogenesis and virulence, its broad 
spectrum antibiotic properties and its impacts on bacterial interactions. In recent years, there 
has been an increasing interest in phenazines due to its potential biotechnological applications 
in different fields such as fuel cells, environmental sensors, electron acceptors and donors and 
as central components of antitumor compounds [13]. 
A large and growing body of literature has investigated the role of phenazines as compounds 
that help in the competitive survival in the natural habitat system of the producing strains. In 
this context, investigations has emerged that phenazine derivatives are produced in distinct 
quantities during growth and “play multiple roles and contribute to the behavior and 
ecological fitness of the producing bacterium” [13]. However, there has been little discussion 
of weather the amount of phenazines produced is changed in response to competition stress 
with other organisms. The objective of this work is to study of Pseudomonas aeruginosa 
behaviour in terms of phenazine production in the pure culture (control) and the cultures 
elicited with either live or dead microbial cells to determine whether interspecies interactions 
can affect the amount of phenazine produced.   
 
Materials and methods 
Microorganisms 
A producer strain of phenazine, Pseudomonas aeruginosa, was used throughout this work. E. 
coli, Bacillus subtilis and Saccharomyces cerevisiae were used as elicitor bacteria. All these 
strains were already available in the Department of Biotechnology, College of Science, 
University of Baghdad. 
Preparation of P. aeruginosa inocula   
Inoculum of P. aeruginosa was prepared as follows: a few loopfuls of P. aeruginosa growth 
from an overnight culture on LB agar was inoculated into a 250 ml Erlenmeyer flask 
containing 50 ml of LB broth and incubated at 37°C for 24 hours. After the incubation, a 
haemocytomtere was used to adjust the number of cells to be approximately 1×108 cells/ml by 
adding fresh sterile LB broth if necessary.  
Preparation of elicitor inocula   
Inocula of E. coli and Bacillus subtilis were prepared as follows: a few loopfuls of each 
bacterium growth from an overnight culture on LB agar was inoculated into a 250 ml 
Erlenmeyer flask containing 50 ml of LB broth and incubated at 37°C for 24 hours. After the 
incubation, a haemocytomtere was used to adjust the number of cells to be approximately 
1×107 cells/ml by adding fresh sterile LB broth if necessary.  
Then, the inoculum of each elicitor was centrifuged at 13000 rpm for 10 min. If dead cells 
were required, the culture flask was placed in boiling water for 30 min before separating by 
centrifugation. Live and heat-killed cells of the elicitor were then washed and re-suspended in 
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equal volume (culture volume before centrifugation) of normal saline. In order to verify the 
death of cells, 0.1 ml from the-killed cells were spread on LB agar plates and incubated at 
37C° for 48hours. At the end of incubation, absence of growth indicated that the heating was 
effective and the cells were killed.  
Inoculum of Saccharomyces cerevisiae was prepared by following the same procedure using 
sabouraud medium instead of LB medium and incubation temperature at 30C°. 
Cultivation methods 
The LB medium was inoculated with Pseudomonas aeruginosa at level of 2% (v/v). At zero 
time, elicitor inoculums were added to Pseudomonas aeruginosa culture, separately, at a level 
of (0.5ml and 1ml). Then flasks were incubated at 37C° for three day. Samples were taken 
always at the same time throughout the batch cultivation for the analyses phenazine. For more 
reliability, all experiments were accompanied with a pure culture of Pseudomonas aeruginosa 
which will be referred to as the control and each run was conducted either in triplicate or 
duplicate and the results were represented as the arithmetic average. 
Analyses  
Concentration of phenazine was determined using a colorimetric method described by Dietrich 
et. al [2]. Cells were removed by centrifugation at 10000 rpm and LB culture filtrates was 
measured spectrophotometrically at 690 nm. Phenazine concentration was calculated using the 
extinction coefficient for phenazine (ε = 4,310 M_1 cm_1 at pH 7). 
Antimicrobial activity of phenazine test  
The antimicrobial activity of phenazine against E. coli and Bacillus subtilis was determined 
using well diffusion method. 500 μL of an overnight growth culture of the test microorganism 
containing approximately1x108 cells/mL was mixed with 25 mL of a sterile Muller Hinton 
agar kept at 45-50○C in a water bath. The mixtures were kept at the same temperature until 
poured into sterile plastic Petri dishes and allowed to solidify. Thereafter, a sterile cork-borer 
was used to made wells of 7mm diameter on the surface of the agar plates. The bottoms of the 
wells were sealed with sterile 10 % agar. 200 μL of cell-free supernatant of P. aeruginosa 
culture collected on day 3 of incubation was pipetted into each well. The plates were then 
incubated at 37○C for 30-35 hours. The same procedure was followed to determine the 
antimicrobial activity of phenazine against Saccharomyces cerevisiae using sabouraud agar 
instead of Muller Hinton agar and incubation temperature at 30C°. 
 
Results and discussion  
Our strategy for the elicitation of P. aeruginosa is based on utilizing some aspects of 
microbial interspecies interactions by introducing microbial cells to P. aeruginosa culture. In 
order to fully exploit any eliciting capability, the elicitor cells (live or heat-killed cells) were 
added directly into the P. aeruginosa cultures. One of the challenges that may arise in such a 
condition is the possibility of the introduced live elicitor cells becoming competitors and 
consequently affects P. aeruginosa growth. As the motivation of our work is to investigate the 
production of phenazine without affecting the growth of P. aeruginosa, it is therefore 
necessary to determine the minimum concentration of the elicitor cells that is required for 
elicitation, but without overtaking the growth of P. aeruginosa.  
We tested several inoculation levels of the elicitors ranging from 0.5 to 2.5 % (v/v) each 
contains a fixed concentration of cells (approximately 107). Our tests showed that addition of 
elicitor inoculum at a level of more than 1.5% (v/v) could affect the growth of P. aeruginosa 
under the experimental conditions used in this work (data not shown). Thus, in all elicitation 
experiments, 0.5 and 1% (v/v) inoculation levels of live elicitor cells containing 
approximately 107 were introduced to the medium immediately after the inoculation with P. 
aeruginosa. Furthermore, for a realistic comparison, the same inoculation levels were used for 
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the addition of heat-killed elicitor cells, albeit its addition could not cause any possible 
adverse effects on the growth of P. aeruginosa.    
Elicitation of Pseudomonas aeruginosa with live elicitor cells 
Our results revealed that addition of live cells of E. coli, B. Subtilis and S. cerevisiae to P. 
aeruginosa culture had a significant effect on the production of phenazine as the production 
of this antibiotic was significantly increased. 
In the pure culture (control), concentration of phenazine on the first day of incubation was 0.9 
mg/L which increased to 7.6 mg/L on day three. As illustrated in Fig. (1), elicitation using 
live cells of E. coli resulted in an increased in the production of phenazine. The concentration 
of phenazine on the first day of the incubation in the culture elicited with 0.5 and 1% (v/v) 
inoculation level of E. coli cells was 1.6 and 1.7 mg/L respectively. On the third day of 
incubation, concentration of phenazine increased reaching to 13.1 and 18.8 mg/L. Comparing 
these values with the concentration achieved in the control culture; the increase in the 
production of phenazine was therefore, 1.73 and 2.46-fold in the cultures elicited with 0.5 and 
1% (v/v) of E. coli cells respectively. 
 

 
Fig. 1: production of phenazine by P. aeruginosa in culture elicited with live cells of E. coli compared with 
control culture. 
 
Live cells of Bacillus subtilis showed the same elicitation role as E. coli. As can be seen in 
Fig. (2), production of phenazine was higher in the elicited cultures compared with the 
control. On the first day of incubation, concentration of phenazine in the elicited cultures was 
1.1 and 1.6 mg/L and reached to 9.6 and 13.83 mg/L on the third day in the cultures elicited 
with 0.5 and 1% (v/v) of B. subtilis respectively. Addition of live cells of B.  subtilis 
therefore, corresponds to an increase of 1.2 and 1.8-fold in the maximum phenazine 
concentration compared with the control culture. 
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Fig. 2: production of phenazine by P. aeruginosa in culture elicited with live cells of B. subtilis compared with 
control culture. 

 
Live cells of S. cerevisiae had also the same role as live cells of E. coli and Bacillus subtilis to 
enhance the production of phenazine compared with the control culture. In the culture elicited 
with 0.5 % (v/v) inoculation level, concentration of phenazine on the first day of incubation 
was 1.03 mg/L and reached its maximum concentration of 12.2 mg/L on the third day. In the 
culture elicited with 1 % (v/v) inoculation level, concentration of phenazine was 1.36 mg/L 
increased to 14.46 mg/L on day three   (Fig. 3).  Elicitation therefore, resulted in a 1.6 and 
1.89-fold increase in the phenazine concentration in cultures elicited with 0.5 and 1% (v/v) 
inoculation level of S. cerevisiae respectively, compared with the control. 

 
Fig. 3: production of phenazine by P. aeruginosa in culture elicited with live cells of S. cerevisiae compared 
with control culture. 
 
Elicitation P. aeruginosa with heat-killed elicitor cells  
Interestingly, we found that heat-killed cells of E. coli, Bacillus subtilis and S. cerevisiae had 
the same role as live cells in terms of their effect on phenazine production by P. aeruginosa as 
shown below. 
As shown in Fig. 4, production of phenazine was higher in the cultures elicited with heat-
killed cells of E. coli compared with the control. At the end of the first day of incubation, the 
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concentration of phenazine in the culture elicited with 0.5 and 1 % (v/v) level were 6.76 and 
6.19 mg/L respectively which increased to 13.46 and 13.35 on day three. In the control 
culture, concentration of phenazine was 1.72 mg/L on day one increased to 9.35 mg/L on day 
three. Increase in the production of phenazine in the elicited culture was therefore, 1.42 and 
1.43-folds compared with the control culture. 

 
Fig. 4: production of phenazine by P. aeruginosa in culture elicited with heat killed cells of E. coli compared 
with control culture. 

 
Heat-killed cells of B. subtilis had the same elicitation role as heat killed E. coli. On the first 
day of incubation, concentration of phenazine in the elicited culture was 7.9 and 7.7 mg/L and 
reached to 17.4 and 19.36 mg/L on the third day in cultures elicited with 0.5 and 1% (v/v) 
level of heat killed cells of B. subtilis respectively (Fig. 5). Addition of heat-killed cells of B. 
subtilis therefore, corresponds to an increase of 1.8 and 2.1-fold in the maximum phenazine 
concentration compared with the control culture. 

 
Fig. 5: production of phenazine by P. aeruginosa in culture elicited with heat-killed cells of B. subtilis compared 
with control culture. 
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Fig. 6 shows the production of phenazine in the cultures elicited with heat-killed cells of S. 
cerevisiae. At the end of first day of incubation, concentration of phenazine in the elicited 
culture was 13.5 mg\L and 9 mg/L in culture elicited with 0.5 and 1 (v/v) level of the elicitor 
respectively, compared with 1.72 mg\L in the control. On the third day, concentration of 
phenazine was increased dramatically reaching to 24.5 and 29.8 in culture elicited with 0.5 
and 1 (v/v) of the elicitor respectively. Addition of heat-killed cells of S. cerevisiae therefore, 
corresponds to an increase of 2.6 and 3.19-fold in the maximum phenazine concentration 
compared with the control culture. 

 

 
Fig. 6: production of phenazine by P. aeruginosa in culture elicited with heat killed cells of S. cerevisiae 
compared with control culture. 

 
Previously, it has been reported that heat killed cells of Bacillus subtilis and Staphylococcus 
aureus were capable of eliciting the production undecylprodigiosin by Streptomyces 
coelicolor in shake flasks and bioreactor scale [5]. Mearns-Spragg et al. [10] carried out a 
screening test for the antimicrobial activity of marine bacteria. They found that the 
antimicrobial activity of seven out of twelve antibiotic producing epibiotic bacteria isolated 
from the surface of marine alga was elicited in response to the addition of dead cells of 
Staphylococcus aureus. Our findings support the idea of using dead microbial cells as elicitor 
for the enhancement of antibiotic production which, certainly, strengthens the case for their 
industrial use. Indeed, it is easier and less costly to use whole dead cells rather than use 
compound(s) that need to be extracted and purified from cells to achieve such an elicitation.   
Comparing the above results, it can be seen that the onset of phenazine production in cultures 
elicited with heat-killed cells was earlier compared with those elicited with live cells and 
control culture. Fig. 4, 5, 6 show that the production of phenazine in the elicited cultures with 
heat killed cells of E. coli, B. subtilis and S. cerevisiae started on the first day of incubation 
before its normal production in the control culture. In the elicited cultures with live cells of, 
no enhancement was observed in the production of phenazine during the first day of 
incubation since it was approximately similar to control (Fig. 1, 2, 3). A possible explanation 
for this discrepancy might be that: since the heat killed cells were used as elicitors, they may 
have lysed during P. aeruginosa cultivation and hence contributed some important growth 
stimulants or compounds that may have led to increase the phenazine production in the 
elicited cultures.  
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Biosynthesis of antibiotics usually occurs in the late phases of the microbial culture‘s growth. 
In general, the stressful environmental conditions such as the depletion of the essential 
nutrients that lead to decrease in the growth rate are some factors that may affect the 
production of antibiotics. During these events signalling molecules of low molecular weight 
may be created which act as factors triggering antibiotics production [1]. In our work, in the 
elicited cultures, phenazine started to be synthesised from day one in which nutrient was 
abundant. In addition, since we used heat killed cells as elicitors which gave the same 
elicitation results as the live cells; we can deduce that the presence of elicitor cells in the P. 
aeruginosa culture could not have caused any nutritional stresses. Additionally, if the 
similarity in the culture conditions such as pH, temperature and aeration in both control and 
elicited cultures are taken into consideration, it can be concluded that the environmental 
conditions may not have been the reason for the change observed in the phenazine production 
levels.  
Although the function of antibiotics for the producing organism is still not completely 
understood, competition hypothesis suggests that antibiotics give the producing organism an 
advantage over any possible competitors [8]. There is a considerable volume of published 
studies describing the role of phenazines as antibiotic that aid the producing strains in the 
competitive survival in the natural habitat system [13]. In view of the results obtained in this 
work, interaction with elicitor cells, dead and live, elicited P. aeruginosa to produce more 
phenazine albeit in different levels. A summary of the increased in the production of 
phenazine obtained in elicited cultures are presented in Table 1. Based on the type of microbial 
elicitor, the maximum production of phenazine in the elicited culture was achieved in the culture 
elicited with heat killed cells of S. cerevisiae. Though, one question that needs to be asked is 
why does P. aeroginosa increased phenaizine production in the elicited cultures?  
At this stage a speculation on the nature of the elicitation that caused the increase in the 
production of phenazine based on the competition hypothesis may be as follows: P. 
aeruginosa may recognise the presence of the elicitor cells in the culture and accordingly 
increased its production of phenazine as a strategy to defend itself against a competitor. In 
order to examine such a speculation, an agar diffusion test of the antimicrobial activities of 
the phenazine on the elicitor microorganisms was carried out. We observed that phenazine 
was noticeably effective against S. cerevisiae and in a lesser extent against B. Subtilis and E. 
coli (Picture 1 and Table 2).  
Of course, considerably more investigations and experimentation will need to be performed to 
establish such a speculation. However, it is an important issue for future research, if the 
producer organism can indeed recognise the competitor and produce an antibiotic 
accordingly, such strategies may even lead to produce more effective antibiotics against the 
pathogenic microbial species. 
Finally, in medicine, the majority of antimicrobial agents that are used to fight pathogens are 
of microbial origin. However, the resistance of the pathogenic microbes to the commonly 
used antibiotics is increasing as a result of the wide-spread and long-term use of these 
common antibiotics. Therefore, development of a strategy to produce effective antibiotics is 
an urgent need. Interspecies interactions can be the possible utility in the search for that. 
When different microbial species interact and communicate, as it happens in nature, this may 
lead to novel pharmaceutical compounds or induce the known ones as observed in this work.  
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 Table 1: Comparison of increased in the production of phenazine obtained in various elicited experiments 
 

Inoculation levels 
% (v/v) 

E. coli B. subtilis S. cerevisiae 
Live Dead Live Dead Live Dead 

          0.5 1.73-fold 1.44-fold 1.26-fold 1.86-fold 1.6-fold 2.62-fold 

 
1 2.46-fold 1.43-fold 1.81-fold 2.1-fold 1.9-fold 3.19-fold 

 
Table 2: Antimicrobial activity of phenazine against E. coli, B. subtilis and S. cerevisiae. 
 

Strain Diameter of the inhibition zone (cm) 
 

E. coli 1.6 
B. subtilis 2.9 
S. cerevisiae  4.3 

 
 
 Picture 1: antimicrobial activity of phenazine against Saccharomyces cerevisiae (A), B. subtilis (B), E. coli (c) 
  
Conclusion  
 
Microbial interspecies interaction may lead to a complex metabolic change of certain species 
in the community. By exploiting this interaction, mixed fermentation is a novel strategy to 
improve the production of the useful secondary metabolites or to elicit the production of the 
cryptic compounds of the target hosts. We prompted the production of phenazine by 
introducing biotic elicitors of live and dead microbial cells into the culture of P. aeruginosa. 
Our results presented in this work support the use of interspecies interactions to enhance the 
production of antibiotics. Since in nature microbial populations consist of mixtures of 
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different species, the full biosynthetic potential of microorganisms should be investigated 
under laboratory conditions that mimic this interactive existence. Moreover, as the 
mechanism of elicitation in general is not completely understood and may be different for 
different species involved, it is simpler, quicker and less costly to use whole bacterial cells 
rather than use compounds that need to be extracted from cells or cell walls.  
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