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Diabetes is an endocrine chronic disease that causes high blood sugar level, produced by retardation 
in, or deficiency of, glucose metabolism in the body of the individual with the disease. Neuropathies 
and/or angiopathies are complications of diabetes that result in changes in the lower limbs which 
subsequently evolve for the diabetic foot. Diabetic foot represents one of the most devastating 
complications of diabetes and can lead to ulcerations, amputations and even death. Based on these, 
the aim of this work was to develop an Intelligent System for Monitoring the Prevention of Diabetic Foot 
(SIM2PeD), allowing personalized care from each individual routine. The work consists of a platform 
integrated with a mobile device to capture individuals’ data, entitled Mobile SIM2PeD, and a web device 
for monitoring the medical patient, titled Web SIM2PeD. Individuals receive alerts regarding care 
according to their location and activity directly from their smartphones. After capturing, the information 
is passed to the expert system (Intelligent module) that generates recommendations from the answers. 
The developed system presents a model of alerts as the best architecture, to the detriment of the 
pictogram model. The data captured show that slight displacements in frequency caused large 
variations of answers delivered to the application. The various experiments conducted made the 
system performed to be specified, and suitable for the remote monitoring of self-care activities in 
patients with diabetic foot. 
 
Key words: Intelligent module, diabetes, application, diabetic foot. 

 
 
INTRODUCTION 
 
Diabetes (formerly known as diabetes mellitus) is a 
chronic and endocrine disease that causes high blood 
sugar level produced by  retardation  in,  or  deficiency of, 

glucose metabolism due to the lack or poor absorption of 
insulin, hormone produced by the pancreas, which has 
the  function  of  breaking  down  glucose  molecules  and  
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turning them into energy for cells (Andersen, 2012; Cubas 
et al., 2013). 

Neuropathy and/or angiopathy (ischemia) are common 
complications associated with diabetes. These com-
plications result in biomechanical changes of the lower 
limbs in diabetic patients. Changes in the patients’ feet 
include loss of sensitivity, reduced strength, motor control 
change, reduced static joint amplitude of movement, 
limited mobility of joints, decreased fat pads and soft 
tissue thickening (Castro and Costa, 2013; Giacomozzi et 
al., 2005; Oliveira et al., 2014; Weiss and Coyne, 1997).   

The lesions usually arise from trauma and often 
become complicated with gangrene and infection, caused 
by faults in the healing process which can result in 
amputation when an early and proper treatment is not 
applied (Formosa et al., 2013). When untreated, besides 
the possibility of deformation or amputation, the worst is 
that, a serious systemic infection can lead to death. At 
the same time, about 7 to 10% of diabetic patients will 
develop trophic lesions on their feet. Patients who 
develop a foot ulcer have a probability of up to 8% of 
suffering an amputation in the first year, and up to five 
years after amputation, 45 to 55% of these patients die 
(Dabiri et al., 2008; Giacomozzi et al., 2005). Diabetic 
foot is an ulceration, infection or destruction of the deep 
tissues and is associated with neuropathies. The foot is 
one of the first parts of the body to be affected by 
diabetes mellitus (Nunes et al., 2016; Cubas et al., 2013).  

The formation of lesions on the diabetic foot in diabetic 
patients can be attributed to various socio-cultural 
practices, such as: walking barefoot, using inappropriate 
tools for diabetic foot care, inappropriate shoes and 
insufficient education and socioeconomic conditions. The 
main risk factors identified were: age, diagnosis time of 
DM, low schooling, overweight and obesity, inadequate 
diet, physical inactivity, poor metabolic control, lack of 
specific feet care and hypertension (Costa, 2013).  

Literature review revealed several possible prophylaxis 
models to be adopted in injuries associated with the 
diabetic foot, which can prevent amputations and save 
resources (Andersen, 2012; Pedrosa et al., 2004). In 
addition, Damasceno and Galvão (2002) showed that up 
to 85% of amputations could be prevented with early 
discovery, appropriate clinical guidelines and rapid 
intervention in ulcers.  

To help achieve this objective, a comprehensive 
understanding of all the risk factors that may contribute to 
the rate of ulceration and amputation is necessary. 
Assistive Technology (AT) sector contributes to improving 
the functional abilities of people affected by light or 
severe damage and thus provide a minimally dignified 
and autonomous life to the patient (Damasceno and 
Galvão, 2002). Several possible prophylaxis models 
could be adopted in injuries associated with the diabetic 
foot, which can prevent amputations. 

Texier et al. (2013) also claims that a multidisciplinary 
management that focuses on education, regular checkups 
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of the foot and biomechanical assessments along with 
other care, should be adopted. It should be noted that 
each individual is different and the peculiarities influence 
significantly, the quality of life of the person. In this way, 
the authors looked for works in literature related to the 
identification of the individual's behavior and how 
technologies may modify this behavior.  

In addition to efforts to treat diabetic foot ulcers with the 
aid of telecare or m-health (Boell et al., 2014; Clemensen 
et al., 2005, 2008; Wrobel and Najafi, 2010), monitoring 
state of health of diabetic feet (Boell et al., 2014; 
Chammas et al., 2013; Mueller et al., 1989; Prompers et 
al., 2008; Wang et al., 2014) and education of health 
professionals on the problem (Snyder and Hanft, 2009), 
in accordance with the facts, represent other useful 
means to aid diabetic foot. 

Larsen (2006) proposes a computational model based 
on trained ontologies that can shape the development of 
an automated software tool with the purpose of providing 
specific reminders of each patient, guidelines and action 
in preventing the development of diabetic foot in diabetic 
patients. The tool was intended for patients who would 
manage the disease and health professionals and can 
share knowledge more effectively. This study focuses on 
the development of the ontological tool. 

Based on these assumptions, and to provide the 
patient a multidisciplinary tool that focuses on education, 
guiding regular checkups and primary care, the proposal 
presented in this article is to prevent diabetic foot 
problems in a population of patients. 

For this purpose, the aim of this study is to present a 
Monitoring Intelligent System for the prevention of 
diabetic foot (SIM2PeD) which enables a personalized 
care with the diabetic foot for diabetic patients. The 
SIM2PeD seeks to raise the user awareness regarding 
diabetic foot care and supports, through an intelligent 
module, and medical decision making regarding the 
prevention of the appearance of ulcers. The mobile 
SIM2PeD (system mobile module) is also equipped with 
an intelligent system based on location and is prepared to 
receive alerts from another intelligent component that 
performs inferences in web SIM2PeD (system web 
module, use of health professionals).  
 
 
MATERIALS AND METHODS  

 
Treatment of diabetic patients requires a change in routine and 
lifestyle, making treatment adherence a challenge for professionals 
and health services (Mueller et al., 1989). Treatment adherence is 
much more than simply complying with health professional’s 
determinations because, if understood this way, it is assumed that 
the patient does not have the awareness of the problem and is 
completely excluded from his health self-control. 

Due to the importance of diabetic patients’ foot care and the 
difficulty these patients face in carrying out this care, the need for a 
system that is based on daily routine is recommended and foot care 
of these patients and to monitor the realization or not of such care 
is  primary.  Care  monitoring  is  necessary  to  assist  and  support  
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Figure 1. Overview of model of SIM2PeD with the system components. 

 
 
 
medical decision in order to avoid complications in the lower limbs 
of these patients.  

So, to recommend and accompany such care, the SIM2PeD 
(mobile and web) which is an autonomous system, adaptable to the 
user’s routine was developed. This system aims to guide diabetic 
patients or caregivers based on reminders on foot care, exploring 
an educational approach aiming at the change of habit through the 
following features: feedback from user responses to feet care; 
remote monitoring of tips viewing; and foot care that you will be 
suggested to incorporate a statistical analysis on the patient’s 
interest with their feet health. However, it should be noted that the 
process of self-care is very subjective because it depends on the 
intention and personal interest of the subject (Damasceno and 
Galvão, 2002). And it is in this direction that the authors intend to 
work with Light Assistive Technology with the goal of modifying the 
behavior of the subject in relation to the diabetic foot self-care. 
 
 
System overview 
 
SIM2PeD is an educational system of habit change for foot care in 
diabetic patients. To ensure the architectural requirements, the 
system consists of two main components: the mobile SIM2PeD and 
the web SIM2PeD. Thus, Figure 1 presents an overview of the 
proposed system that send data stored in mobile SIM2PeD via an 
internet connection to the web, to be processed, recognized and 
correlate patterns of patient’s responses for the caregiver team 
through the web SIM2PeD.  

The flowchart represents the main stages in the process of data 
acquisition and information availability to the medical staff and 
patients. 

For the purposes of this system, the following requirements 
inherent in architecture were defined (Figure 2). The alerts process 
on foot care and therefore data acquisition process of the 
responses on the implementation of these cares must follow health 
professional temporal rules, which we call user’s routines.  

Data acquisition 
 
After setting mobile SIM2PeD and web SIM2PeD, data was 
acquired regarding answers and the user answered YES or NO to 
that care realization.  

The proposed system will show a screen with tips about the 
diabetic foot care, in which the subject must select YES if he 
followed the tip or NO if he did no (Figure 3). With the answers 
obtained, the system will generate suggestions based on the 
patient routine and will show them as in Figure 3b. 
 
 
Data processing 
 
After the answers are submitted by the mobile SIM2PeD, the 
intelligent module is able to find patterns in statistical data from 
users’ responses and alert professionals and diabetic users about 
feet health. In this environment, the professional accompanies the 
performance of the care realized by the diabetic user through 
graphs that show the number of cares that should be carried out, 
the number of cares conducted by the individual and the 
percentage among them. The environment illustrated in Figure 4 
presents the graph for the last 30 days of the application use. The 
graphs (Figure 5) can display the periods of the last 30 days, last 7 
days and the complete history of the diabetic user.  

The environment of the web SIM2PeD has also another 
intelligent component which was implemented based on a Rule-
based Expert System, a computational system that use rules to 
provide diagnoses or recommendations in order to decide a course 
of action in a particular situation or to solve a specific problem. This 
component aims to correlate usage statistics based on the last 
report and the diabetic user's history, generate alerts with levels 
that draws attention to care and submit to the mobile SIM2PeD. 
The usage summary report and suggest the intelligent web 
SIM2PeD component.  

In   mobile    SIM2PeD,    intelligence   is   accomplished  through  
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Figure 2. Flowchart of system activities implementation. 

 
 
 

 
 
Figure 3. Screens captured from the system developed. (a) The screen 
of foot care tips; (b) the screen of suggestion of care based on patient's 
routine. 
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Figure 4. SIM2PeD application usage summary report by a diabetic user within the last 30 days and suggestion of alert generated by 
the SIM2PeD intelligent module. 

 
 
 

 
 

Figure 5. SIM2PeD application usage graphic report by a diabetic user. The number of care to be realized, the number of care 
performed and their percentages. 

 
 
 
classification of the diabetic user environments (home, work and 
leisure) and from this classification, care is given according to the 
location of that user.  

Experimental part 
 
This experiment was approval by the Research Ethics Committee of  
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Figure 6. Graphs showing the correlation of positive responses (yes) and negative responses (no) to the days of the week - being 1 
(Sunday) and 7 (Saturday). 

 
 
 

the University of Estado do Rio Grande do Norte under opinion 
number 761.229. Data were obtained from experiments performed 
with two groups of subjects. The first group was composed of 1 
male (40 years old) and 2 female (45 and 60 years old) diabetic 
subjects that have diabetes diagnostic time quite heterogeneous. 
The male was diagnosed with type II diabetes a log time ago. The 
women were diagnosed with type I diabetes 3 and 20 years ago, 
respectively. Individuals of this group do not have neuropathies, it is 
worth mentioning that the history of neuropathies in these 
individuals was not taken into consideration.  

The second group was composed by individuals who do not have 
been diagnosis diabetes. This group was formed by 11 male and 5 
female students, health professionals, physiotherapists, masters of 
Health Technology Program and professors. Individuals have 
varying ages with an average of 25 years.   

The test with both groups was conducted over a period of two 
weeks, one with each group. All tests were carried out at the 
University of Brasilia (UnB), Brasilia, Brazil on November 2015. 
The 14 patients had a previous training on how to use the system 
by means of recorded videos. Then, the possibility to use the 
system quickly and easily was presented to diabetic users, 
especially due to the objectivity of the application options. In every 
interface, the layout of the application was developed for a quick 
and easy interaction, containing large buttons and with contrasting 
colors.  

 
 
Data analysis  
 
Development of the investigation process focused on providing 
answers to the main hypothesis of this study, by means of the 
Ansari-Bradley test: can technology promote education through 
reminders, change the habit of the subjects with respect to the feet 
care and therefore reduce the number of occurrences of diabetic 
foot? 
 
 
RESULTS AND DISCUSSION  
 
Care alerts were based, as stated earlier, on  contexts  or 

situations based on the diabetic user's weekly routine. 
The necessary settings for the user’s weekly routine were 
made by health professionals based on a conversation 
related to the activities performed by each patient. On the 
basis of the care routines, sequentially notifications are 
presented on the main screen of the user's smartphone. 
This strategy provided a customized system for each 
user thus avoiding a generic system that can cause the 
user's disinterest in the application.  

The experiment in a real environment, presented 
favorable points to the system as regards its operation. 
Also, the tests revealed that the diabetic patients with 
more advanced ages (45 and 60 years old) had difficulty 
in remaining vigilant to care suggested by the application.  

Similarly, the volunteers at the beginning of the process 
had a number of negative responses ("NO") far lesser 
than the care suggestions that appear in greater number 
at the beginning of the device use. Figure 6 shows the 
normal distribution for the behavior of the positive and 
negative response and the natural difficulty of care which 
is beyond the graph generated. 

It is observed that the normal function does not match 
the theoretical normal distribution which shows the actual 
distribution of the variables "YES" and "NO" and are 
these also different from normal. This behavior contradicts 
the option of this study that people need the actions 
derived from health or health care, when they meet the 
requirements of emerging self-care.  

During the experiment, care suggested a direct 
correlation with the routine and voluntary environment. 
The difficulty in getting this interaction system and with 
the daily routine is perceived though the analyses of NO 
that a specific care received. So, getting the best 
strategies to achieve without too much difficulty, this 
correlation is another important step of this study.  
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Figure 7. Chart showing the positive and negative responses, which directs perception of the user’s self-care. The development of the 
self-care individual is feasible, fact suggested by the normal curve of positive conditions ("YES"). 

 
 
 

In Figure 7, it is observed that the group that 
participates in the DD has the ability of self-care, that is, 
the individual can satisfy their own needs through 
ongoing regulatory care, identify, define and implementing 
the activities deemed necessary. 

Tests running are a fundamental procedure that should 
be performed continuously throughout the development 
process of any product of engineering applied to 
medicine. The more critical the system, greater efforts 
should be devoted to their achievement. The basic 
requirements for developing test program are the needs 
or system requirements, as well as all specifications in 
terms of basic functionality, working and operation 
conditions, safety and reliability. Testing means to subject 
the system to situations that show its weaknesses, its 
answers features and fault conditions, is to verify that the 
system meets all its specifications and requirements and 
is also a mechanism for detecting errors and deviations 
from a given expected behavior. These validation tests 
and verification have fundamentally distinct purposes, as 
observed in the previous analyses, the user’s relation 
with the answers "YES" and "NO". Through verification, it 
is determined whether the product meets design specifi-
cations. In contrast, validation consists of determining 
whether such specifications meet diabetic user’s needs. It 
is observed in Figure 8 that the user implemented the 
care routines what does not correlate with the change of 
behavior expected by the authors. However, it should be 
noted that the concepts of testing, verification and 
validation are subject to the development methodology 
used, and the definitions given here are those relevant  to 

the proposal, which does not refute the hypothesis 
discussed. 

Figure 9 presents the analysis of the data obtained 
from users to care "YES" or "NO" by means of an Xbar 
graph of matrix A measurements which are the numbers 
of answers. Each column of A is considered a subset of 
measurements (number of answers) to the same over 
time. The graph represents the average of the subgroups 
in order of time, a central line (CL) with the average of the 
means, and the upper and lower control limits (UCL and 
LCL) in three standard deviations from the centerline. 
The standard error is the estimated standard deviation of 
the process divided by the square root of the subgroup 
size. Out of control measures are marked as violations 
and taken with a red circle.  

Through the variability of the process of saying "YES", 
it is possible to identify unusual changes in strategic 
points on the use of the device at that time. This chart 
also shows changes in decrease in the average of "YES". 
This system also indicates evidence of a change in the 
average of “YES”. In this way, it is necessary to carry out 
a more comprehensive analysis with the user through the 
process, in order to identify possible factors that caused 
this change. The possible causes identified for this 
variation were as follows: i) actions taken from the 
suggested tips which reduced variability process and ii) 
spatial dispersion-(person out of routine). 

The decision to test the null hypothesis– the patient 
changed behavior was applied on the answers "YES" and 
"NO". The result is 0 h, if the test rejects the null 
hypothesis  on  the  basis  of  a  1%  significance  level. It  
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Figure 8. Bi variant distribution of data via histogram with matrix elements to a grid of 10 for 10 equally spaced data. Each column of 
data (1 and 2) corresponds to a dimension and distribution of data obtained, which shows concentration of Yes responses. 

 
 
 

 
 
Figure 9. Diagnostic and monitoring phase of the Shewhart control chart for the behavior of 
users' responses. 
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should be noted that not rejecting the null hypothesis 
means that it has was not possible, through the data 
available, to demonstrate it is false. 
 
 
Conclusion 
 
The main objective of this study was to map the 
contribution a Light Assistive Technology System could 
provide to meet the demands of a patient with diabetes, 
identify key correlated metrics and propose specifications 
that fulfill these demands. In essence, the goal was to 
provide a methodology for the selection of a routine 
based on the requirements of specialists in the area, and 
only then, in the light of this choice, take conscious 
decisions to guide the patient. The proposed method 
identified the alerts model as the best architecture in 
detriment to the pictogram model that is widely used in 
portable devices that make use of Light AT. However, 
several comparative experimental studies such as the 
one directed by Texier et al. (2013), strengthen the 
results obtained here, showing that the alerts model has 
better performance than the pictogram in DM patients. 

The method was also able to identify the metrics that 
influence Light TA system performance more. The results 
of the optimization experiments confirm that the efficiency 
is more sensitive to variations in the alerts frequency and 
the tips operation. The results of the captures show that 
small displacements in frequency cause large variations 
in the variability of response delivered to the application. 
The same effect is observed in the responses of the most 
commonly used ID scenarios and a higher number of 
YES responses where the difference in efficiency 
between the responses used have a difference in 
answers "YES" and "NO", led to a fall in performance and 
greater variability.  

The tests conducted led to the conclusion that the 
system performed as specified and is suitable for the 
remote monitoring of self-care activities in patients with 
diabetes. It also has great potential for application in 
various treatments. In general, the major elements 
observed in SIM2PeD and that distinguishes from the 
others found on the market and in the literature are: i) the 
extreme ease of operation, without the intense and 
common use of menus and submenus to the realization 
of the ultimate goal of the application; ii) a system fully 
adaptable to the user's routine; iii) remote monitoring of 
care carried out with users; iv) remote monitoring of the 
user’s interest on the tips presented and; v) an 
application setting suitable for the page layout, to 
facilitate the use by patients with some types of visual 
impairment. 

The mobile SIM2PeD was developed for smartphones 
with Android operating system with a version higher than 
the 2.3.3. Based on this premise, a limitation to the use of 
the mobile SIM2PeD is the possibility to install it only in 
Android devices, thus excluding,  devices  with  operating  

 
 
 
 
systems that do not work based on this system. The web 
SIM2PeD, for use by health professionals, was developed 
based on web platforms and works in any browser of any 
device with internet access, excluding therefore other 
limitations. 

One of the difficulties in the development of the study 
was to find users to test the technology. Some could not 
do it due incompatibility of the mobile device, while others 
declined the opportunity. Another difficulty was observed 
in older people. Individuals in this age group tend not to 
use the device as expected and revoke some questions 
about care. As noted by the authors, this phenomenon is 
due to the fact that these users do not have the 
smartphone as a personal item or forget about it several 
hours during the day. 

It should be noted that all the analyses and conclusions 
provided in this study are entirely based on responses of 
two groups of diabetics and non-diabetics individuals that 
simulated the behavior, since the results were not 
validated in diabetics only. It should also be noted that, 
despite the proposed model incorporating the primary 
needs raised by specialists, it does not take into account 
the loss of responses by superposition of alerts and by 
spatial dispersion-(person out the routine), nor the effects 
of the tips between the alerts, which can result in 
efficiency falls. 

In this way, the approach of this work has undergone 
some changes over the course of its development. 
Primarily, the idea was to use SIM2PeD to avoid 
probable ulcerations; however, proposed specifications 
had to be validated to confirm whether they met the 
needs of the system, not requiring a comprehensive 
modeling of the mechanisms of loss, dispersion and tips 
together with the participants involved. But the range of 
possibilities for the control factors and the extent of its 
levels, made the specification process hard and efficient. 
The Light TA is a relatively new area and features 
numerous exploitable aspects. Following the line of this 
work, future efforts in the development of computational 
models that encompass space dispersion losses and 
changes in behavior would improve considerably the 
robustness of specifications raised through optimization 
experiments. 

As future work, it is expected that the SIM2PeD is 
added to a system that monitors not only the feet health 
of the diabetic users but the entire health of the individual. 
Other intelligent techniques and data correlations are 
also suggested as experiments for future works. To 
improve the SIM2PeD mobile and interaction with its 
users is suggested to integrate the application platforms 
of multimedia materials to enable a more appropriate 
statement of foot care realization, as well as the 
possibility of free text in which the diabetic user can insert 
points that are considered important at that moment. The 
implementation of a conversation channel between the 

diabetic user and the healthcare professional directly on 
the  platform  is also suggested with the aim of enhancing 



 
 
 
 
the user’s experience. Further studies are recommended 
to test the effectiveness on the diabetic foot. Finally, the 
system presented should be applied in other real-world 
scenarios (different diseases) in order to analyze and 
compare the behavior of individuals related to the use of 
the presented system.  
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In this study, a wild (LPF-5) and a mutant (HN1) strain of A. niger were compared for lipase production. 
Several physical parameters (carbon source, nitrogen source, pH, temperature and incubation period) 
were optimized for maximization of lipase production. Lipase activity between wild type and mutant 
strain were compared. Among all carbon sources, mixture of glucose (1%, w/v) and olive oil (1%, v/v) 
exhibited maximum increase in the production of lipases by both the wild (94.91 ± 0.60 U mL

-1
 min

-1
) and 

mutant (118.23 ± 0.73 U mL
-1

 min
-1

) strain. Addition of glucose into the production medium (containing 
olive oil) increased the production of lipase up to 20% in case of both the strains. The production of 
lipase by both the strains was higher in the medium of pH 7.0 containing peptone (1%, w/v) as nitrogen 
source after 3 days of incubation at 28°C. The activity of lipase from HN1 strain in optimized medium 
was 40% higher (147.65 ± 1.14 U mL

-1
 min

-1
) than in un-optimized medium (105.19 ± 0.91 U mL

-1
 min

-1
), 

while it was 38% higher for LPF-5 strain in optimized medium. Therefore, the mutant strain (A. niger 
HN1) is prospective for the development of industrial biotechnology for production of extracellular 
lipase. Lipase enzyme was partially purified by ammonium sulfate precipitation and 70% precipitate 
showed highest specific activity of 66.12 U mg

-1 
for mutant strain as compared to specific activity of 

29.88 U mg
-1 

in crude lysate. 
 
Key words: Wild strain, mutant strain, Aspergillus niger, lipase activity, specific activity, ammonium sulfate. 

 
 
INTRODUCTION 
 
Lipases (triacyl glycerol acylhydrolases, EC 3.1.1.3) 
belonging to the class hydrolases catalyze hydrolysis of 
insoluble triacylglycerols to generate free fatty acids, 
mono and diacylglycerols and glycerol (Das et al., 2016). 
Lipases are capable of catalyzing hydrolysis, esterification 
and transesterification (alcoholysis, acidolysis, aminolysis 
and interesterification) reactions (Sharma and Kanwar, 
2014). 

Lipases can be categorized into three groups: Animal, 
plant and microbial according to their origin. The most 
broadly applied lipases are microbial due to their stability 
and chemical properties (Hasan et al., 2009). Microbial 
lipases are secreted by several bacteria, yeasts, 
actinomycetes and moulds (Toscano et al., 2011). 
Filamentous fungi are the preferred sources of lipases 
among       lipase-producing        microorganisms.      The  
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advantages of using filamentous fungi as industrial 
producers of extracellular lipases in comparison with the 
rest of lipase producing microorganisms are as follows: (i) 
Capability to utilize broad range of agricultural and other 
waste products as source of nutrients; (ii) Ability to 
produce lipases extracellularly in the fermentation broth; 
(iii) Separation of fungal mycelium is very simple from 
fermentation broth by vacuum filtration in comparison 
with yeast and bacterial biomasses, and (iv) Capability to 
produce lipases both in solid state fermentation (SSF) 
and submerged fermentations (SmF) (Toscano et al., 
2011). The main producers of commercial lipases 
are Rhizopus sp., Pencillium sp., Aspergillus sp., Mucor 
sp., Candida rugosa, Acremonium alcalophilum, 
Lipomyces starkeyi, Humicola lanuginosa, 
Cunninghamella verticillata and Geotrichum candidum 
(Thakur, 2012). 

Lipolytic microorganisms have been isolated from 
different sources such as edible oil extraction factories, 
diesel and edible oil contaminated soil, industrial wastes, 
dairies, etc. (Veerapagu et al., 2013). Presently, the 
demand of the industries for new sources of lipases with 
diverse catalytic features promotes the isolation and 
screening of new lipolytic microbial strains (Thakur, 
2012). 

The amount of enzyme produced by wild strains is 
generally low. Therefore, overproduction of the enzymes 
requires strain improvement and optimization of culture 
conditions (Pathak et al., 2015). In order to increase 
production of enzyme from fungal organisms, optimization 
studies are of great importance. A number of reports 
describe the effect of various culture media and 
environmental factors including; pH, temperature, 
nitrogen, carbon, and lipid sources, dissolved oxygen 
concentration and agitation, on lipase production (Sundar 
and Pillai, 2013). 

Two fermentation processes, including solid state 
fermentation (SSF) and submerged fermentation (SmF) 
have been used for lipase production. Submerged 
fermentation is an attractive technique because all 
process parameters can be easily controlled to optimize 
the enzyme production, biomass can be easily determined 
by centrifugation or filtration, space requirement is less, 
higher amounts of enzyme can be extracted, and 
recovery of enzyme is easier using this fermentation 
method. The majority (more than 75%) of industrial 
enzymes are produced by SmF (Subramaniyam and 
Vimala, 2012). The genetic engineering approach can 
increase the productivity of enzyme. The overall mutability 
and mutation rate of specific genes can be increased by 
the recent technique of site specific mutagenesis (Pathak 
et al., 2015). 

Purification of the enzyme is important in various 
industries such as cosmetics, fine chemicals and phar-
maceuticals in efforts to understand three dimensional 
structure (Saxena et al., 2003). In other  industries, crude 
enzyme  is  preferred  over  purified  enzyme  for  specific 
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applications as the cost of purification can be avoided. 

Following carbohydrases and proteases, lipases are 
believed to be the third largest group based on total sales 
volume. Lipases found promising application in various 
industries such as detergent, agrochemical, paper, 
chemical processing, dairy, pharmaceuticals, oleo-
chemical, cosmetics, polymer synthesis, synthesis of 
surfactants and personal care products (Ray, 2012). Due 
to increased demand of lipases in various industries we 
have made attempt to enhance extracellular lipase 
production by optimizing culture conditions and 
physiological parameters for mutagenic culture of the 
fungus Aspergillus niger LPF-5. Lipase enzyme was 
further partially purified by ammonium sulfate 
precipitation.  
 
 
MATERIALS AND METHODS 
 
Microorganism 
 
The lipolytic fungal culture (A. niger LPF-5) was obtained from the 
Department of Bioscience and Biotechnology, Banasthali University 
and maintained on potato dextrose agar (PDA) slants. 

 
 
Strain improvement 
 
A culture of A. niger LPF-5 was mutagenized by incubation of 
spores with a 0.01 M sodium nitrite solution for various time 
intervals and hyperproducer mutant cultures were selected by 
quantitative screening as described by Karanam and Medicherla 
(2008) (data not shown). The composition of the production 
medium (g L-1) was as follows: Bacteriological peptone, 10; olive oil, 
1%; MgSO4.7H2O, 0.6; KH2PO4, 1.0; NH4NO3, 1.0 and pH was 
adjusted to 7.0. The wild and hyperproducer nitrous acid mutant 
culture were assigned the name of A. niger LPF-5 and A. niger 
HN1, respectively. 
 
 

Optimization of culture conditions for extracellular lipase 
production in shake flasks 
 
A. niger hyperproducer nitrous acid mutant (HN1) and wild (LPF-5) 
strain were utilized for optimization studies in order to increase the 
extracellular lipase production in SmF. Culture conditions (carbon 
source and nitrogen source) and physiological parameters such as 
temperature, pH and incubation time were optimized for enhanced 
production of lipase. 

 
 
Effect of various carbon sources on lipase production 
 
Various carbon sources including; olive oil, soybean oil, mustard oil, 
Tween-20, Tween-80, Tributyrin, Triton-X-100 and glucose were 
used to investigate their effect on extracellular lipase production by 
both LPF-5 and HN1 strain. These carbon sources were added 
individually to the production medium at a constant concentration 
(1%, w/v) by replacing the original carbon source of the broth. 
Spore suspensions (108 spores mL-1) were prepared and inoculated 
in fermentation broth containing alternative carbon sources followed 
by incubation at 28°C for three days. Lipase assays were 
conducted in the cell free supernatant as described by Winkler and 
Stuckmann (1979). 
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Figure 1. Impact of different carbon sources (1%, w/v) on lipase activity of wild 
(LPF-5) and mutant (HN1) strain of A. niger (constant parameters were: peptone 
(1%), pH 7, 28 oC and incubation time 3 days). 

 
 
 
Effect of various nitrogen sources (organic and inorganic) on 
lipase production 
 
Organic nitrogen sources (peptone, urea, yeast extract and beef 
extract) and inorganic nitrogen sources ((NH4)2SO4, NaNO3 and 
KNO3) were evaluated for their effect on  extracellular lipase 
production from LPF-5 and HN1 strains. These nitrogen sources 
were added individually in the fermentation broth at a constant 
concentration (1%, w/v) using the previously optimized carbon 
source. 
 
 
Effect of  pH on lipase production 
 

Fermentation broth was prepared using previously optimized 
carbon and nitrogen sources. The pH of the fermentation broth was 
adjusted to 4, 5, 6, 7, 8, 9, 10 or 11 using 1 N HCl or 1 N NaOH.  
 
 
Effect of incubation temperatures on lipase production 
 
The effect of various incubation temperatures on extracellular lipase 
production was investigated by placing the inoculated flasks for 
three days in a shaker incubator at 18, 28, 37 or 50°C. 
 
 
Effect of incubation period on lipase production 
 
To study the effect of incubation period on lipase production,  
inoculated flasks were placed in a shaker incubator for 24, 48, 72, 
96, 120 and 144 h at 28°C at 120 rpm. Samples were withdrawn at 
the end of each incubation period and extracellular lipase activities 
in the cell free supernatants were determined. 

 
 
Partial purification of extracellular lipase enzyme 
 

Precipitation of proteins was performed according to the chart as 
described by Gomori et al. (1955). Lipase produced in SmF by both  

the wild and mutant strains was partially purified by ammonium 
sulfate precipitation. Crude enzyme extracts were obtained from 
culture broth of both LPF-5 and HN1 strains. The crude extracts 
were then subjected to protein fractionation by differential 
ammonium sulfate precipitation to obtain three fractions (0-30, 30-
70 and 70-80%) (Rifaat et al., 2010). The total protein content in the 
crude lysate and different fractions of ammonium sulfate was 
determined by spectrophotometric method (Lowry et al., 1951). All 
the above experiments were carried out in triplicates and mean 
values presented in this report. 
 
 

RESULTS AND DISCUSSION 
 

Impact of different carbon sources on lipase 
production 
 

The influence of various carbon sources was investigated 
on lipase production by LPF-5 and HN1 strains. Figure 1 
reveals that among the all carbon sources, a mixture of 
glucose and olive oil resulted in the highest production of 
lipase by LPF-5 (94.91 ± 0.60 U mL

-1
 min

-1
) and HN1 

(118.23 ± 0.73 U mL
-1

 min
-1

). The activity of lipase was 
78.59 ± 1.10 U mL

-1
 min

-1 
for LPF-5 and 99.03 ± 0.92 U 

mL
-1

 min
-1 

for HN1 with olive oil (1%, v/v) but increased to 
94.91 ± 0.60 U mL

-1
 min

-1 
for LPF-5  and 118.23 ± 0.73 U 

mL
-1

 min
-1 

for HN1 in the presence of glucose (1%, w/v) 
and olive oil (1%, v/v). It indicates that glucose favours 
the growth of the fungus, while olive oil stimulates 
production of lipase. Triton X-100 inhibited lipase 
production and decreased  lipase activity to 20.13 ± 0.17 
U mL

-1 
min

-1 
from

 
38.02 ± 0.30 U mL

-1 
min

-1 
for LPF-5  and 

57.98 ± 0.36 U mL
-1

 min
-1 

from 66.20 ± 0.60 U mL
-1

 min
-1 

for HN1. For the HN1, a combination of olive oil and 
glucose  was  superior,  followed by olive oil, soybean oil,  
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Figure 2. Impact of different nitrogen sources (1%, w/v) on lipase activity of 
wild (LPF-5) and mutant (HN1) strain of A. niger (constant parameters 
were: Olive oil (1%), glucose (1%), pH 7, 28°C and incubation time 3 days). 

 
 
 

Tween-20, Tween-80, mustard oil, tributyrin and Triton X-
100 in decreasing order. Hence, the mixture of glucose 
and olive oil was selected as the optimum carbon source 
for the production of lipase in all subsequent experiments. 

These findings suggest that different oils are efficiently 
used by the fungus and the lipidic carbon sources at a 
concentration of 1%, v/v act as inducer for the production 
of lipase. It indicates that the lipidic carbon sources have 
the capability to enhance the lipase production at 
significant level due to inducible nature of lipase. 

Previously published articles have shown that the 
production of lipase was significantly increased when 
lipidic carbon sources were added to the medium (Maia 
et al., 2001; Silva et al., 2005; Nwuche and Ogbonna, 
2011). Olive oil (1%, v/v) was also reported as a superior  
carbon source for production of lipase by Aspergillus 
awamori (Xia et al., 2011), Aspergillus sydowii (55 U mL

-

1
) (Bindiya and Ramana, 2012) and Aspergillus 

brasiliensis (565 U mL
-1

) (Reshma and Shanmugam, 
2013). Falony et al. (2006) reported 0.53 U mL

-1 
lipase 

activity by A. niger in the presence of olive oil (2%, v/v).  
This was enhanced to 0.99 U mL

-1 
when the medium was 

further supplemented with glucose (2%, w/v). Similar 
results were also obtained by Sarkar and Laha (2013) 
and Adham and Ahmed (2009) showing that the mixture 
of glucose and olive oil is effective at increasing lipase 
production by A. niger. 
 
 

Impact of different nitrogen sources on lipase 
production 
 

The impact of different inorganic and organic nitrogen  
sources on the activity of extracellular lipases by LPF-5 
and HN1 was evaluated. The highest levels of  activity  of 

extracellular lipase  was 103.31 ± 0.54 U mL
-1

 min
-1 

for 
LPF-5 and 136.19 ± 1.07 U mL

-1
 min

-1 
for HN1 when 

peptone was the source of nitrogen in the production 
medium (Figure 2). Peptone was followed by yeast 
extract, beef extract, KNO3, (NH4)2SO4, NaNO3 and urea 
in decreasing activity. Hence, peptone was chosen as the 
optimum nitrogen source for the production of lipase in all 
the subsequent experiments. All the tested organic 
nitrogen sources increased the production of lipase 
except urea. Urea was likely toxic to the cells at the 
tested concentration. Urea probably denatured the 
cellular proteins, therefore the growth of the fungus and 
productivity of lipase was decreased. 

Cihangir and Sarikaya (2004), whose findings are in 
favour of present results, reported that the optimum 
lipase activity (14.83 U mL

-1
) by a novel isolate of 

Aspergillus sp. was achieved when the medium was 
supplemented with peptone (1%, w/v). Peptone was the 
optimum source of nitrogen followed by yeast extract, 
(NH4)2SO4, NH4NO3, soyabean meal and urea. Peptone 
was also reported as the most suitable nitrogen source 
for production of lipase by Aspergillus sp. (21.80U mL

-1
) 

(Aulakh and Prakash, 2010), A. niger (Mukhtar et al., 
2015) and A. carbonarius (Ire and Ike, 2014). Besides 
organic sources, production of lipase was increased by A. 
niger when the medium was fed with (NH4)2SO4 (0.35%, 
w/v) (Salihu et al., 2015) and NH4NO3 (Pokorny et al., 
1994). 
 
 
Impact of different initial pH on the lipase production 
 
The impact of the  initial pH of the culture medium on 
lipase  production  by  LPF-5  and  HN1 was studied. The 
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Figure 3. Impact of pH on lipase activity of wild (LPF-5) and mutant (HN1) strain 
of A. niger (constant parameters were: olive oil (1%), glucose (1%), peptone 
(1%), 28 oC and incubation time 3 days). 

 
 
 
production of lipase by both LPF-5 (98.42 ± 0.84 U mL

-1
 

min
-1

) and HN1 (141.48 ± 0.91 U mL
-1

 min
-1

) strain of A. 
niger were found to be maximum at pH 7.0. Therefore, 
pH 7.0 was chosen for lipase production in subsequent 
studies of optimization. At pH 7.0, the production of lipase 
by HN1 was 43% higher than LPF-5. As the pH of the 
fermentation medium was changed from the optimum 
value, activity of lipase was decreased. It might be due to 
that the alterations in the external pH optima reduce the 
availability of nutrients to the organism by altering the 
ionization of the nutrient molecules. It indicates that 
production of lipase by fungal culture is very specific to 
pH. Lipase activity was highest at pH 7.0, followed by pH 
6.0, 5.0, 8.0, 4.0, 9.0, 10.0 and 11.0 (Figure 3). The 
activity of lipase by HN1  in the acidic pH range (4.0-6.0) 
was always higher than in LPF-5, indicating that HN1 is 
more tolerant of low pH conditions than LPF-5. A pH of 
7.0 was also found to be the best for maximum lipolytic 
activity by A. awamori HB-03 (Xia et al., 2011) and A. 
brasiliensis (Reshma and Shanmugam, 2013). However, 
Abdel-Fattah and Hammad (2002) reported optimum 
lipase activity by A. niger and A. terreus at pH 6.0 while 
Mahmoud et al. (2015) reported optimum pH in the 
alkaline range of 7.0-9.0 for lipase production by A. 
terreus. 
 
 
Impact of incubation temperatures on lipase 
production 
 
Figure 4 illustrates the impact of various incubation 
temperatures on the production of extracellular lipases by  

LPF-5 and HN1. Among the various temperatures tested, 
the maximum production of lipase was achieved at 28°C 
by both LPF-5 (103.37 ± 0.92 U mL

-1
 min

-1
) and HN1 

(126.98 ± 1.25 U mL
-1

 min
-1

). Therefore, 28ºC was 
chosen as the incubation temperature for subsequent 
studies. Lipase production was increased with the 
increase of incubation temperature from 18 to 28ºC but at 
temperatures exceeding 37ºC, it declined and reached a 
minimum (38.86 ± 0.28 U mL

-1
 min

-1
 for LPF-5 and 32.04 

± 0.31 U mL
-1

 min
-1

 for HN1) at 50ºC (Figure 4). This 
might be due to the the effect of the elevated temperature 
on the growth of the A. niger. An optimal incubation 
temperature of 30ºC was also reported for lipase 
production by Cihangir and Sarikaya (2004) for 
Aspergillus sp., Rajan and Nair (2011) for A. fumigatus 
MTCC 9657 and Xia et al. (2011) for A. awamori HB-03. 
However, for lipase production by A. niger, optimum 
temperatures of 35ºC (Ghasemi et al., 2014) and 40ºC 
(Falony et al., 2006) have been reported. Iftikhar et al. 
(2010) have reported that the highest levels of lipase 
production by both wild (3.25 ± 0.01 U mL

-1
 min

-1
) and 

mutant (11.28 ± 0.01 U mL
-1

 min
-1

) strains of R. 
oligosporus IIB-63 was obtained at 30ºC. 
 
 
Impact of incubation time on lipase production 
 
Lipase activity increased with incubation period from 24 h 
(37.47 ± 0.48 U mL

-1
 min

-1
 for LPF-5 and 71.09 ± 0.65 U 

mL
-1

 min
-1

 for HN1) to 72 h of incubation (112.39 ± 0.99 U 
mL

-1
 min

-1 
for LPF-5 and 147.65 ± 1.14 U mL

-1
 min

-1 
for 

HN1). At incubation periods of longer than 72 h, this trend  
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Figure 4. Impact of incubation temperatures on lipase activity of wild (LPF-5) 
and mutant (HN1) strain of A. niger (constant parameters were: olive oil (1%), 
glucose (1%), peptone (1%), pH 7 and incubation time 3 days). 

 
 
 

 
 

Figure 5. Impact of incubation time on lipase activity of wild (LPF-5) and 
mutant (HN1) strain of A. niger (constant parameters were: Olive oil (1%), 
glucose (1%), peptone (1%), pH 7 and 28°C). 

 
 
 
reversed.  Lipase production gradually decreased at 
incubation periods of from 96 to 144 h by both LPF-5 and 
HN1 (Figure 5). This declines might be due to the 
depletion of the culture media nutrients and the synthesis 
of metabolic byproducts (inhibitors) in the production 
medium.  

The present results support the similar pattern of lipase 
activity at various incubation periods as reported by 
Mukhtar et al. (2015) where activity was highest (4.98 ± 
0.05 U mL

-1
) at 72 h of incubation, followed by 96, 48, 24 

and 120 h. Niaz et al. (2013) reported maximum 
productivity of lipase by A. niger when cultured in SmF for  
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Table 1. Summary of the partial purification of extracellular lipase by wild (LPF-5) and mutant (HN1) strain of A. niger. 
 

Purification stage 

 

Total 
vol. 

(mL) 

Lipase activity 

(U mL
-1

 min
-1

) 

Protein 
content (mg 

mL
-1

) 

Total lipase 
activity 

(units) 

Total protein 
content 

(mg) 

Specific activity 
of lipase 

(U mg
-1

) 

Fold 
purification 

% Recovery 

W M W M W M W M W M W M W M 

Crude protein extract 10 106.40 146.29 3.25 4.89 1064 1463 32.5 48.9 32.73 29.88 1 1 100 100 

 

Ammonium sulfate fractionate (%) 

 30% 3 117.28 154.15 2.96 4.10 351.84 462.47 8.88 12.3 39.62 37.62 1.23 1.25 33.06 31.61 

 70% 3 142.06 204.33 2.41 3.09 426.18 612.99 7.23 9.27 58.94 66.12 1.81 2.21 43.43 41.89 

 80% 3 126.95 174.71 3.09 4.36 380.85 524.14 9.27 13.08 41.08 40.07 1.26 1.34 36.02 35.82 
 

W, Wild strain (A. niger LPF-5); M, Mutant strain (A. niger HN1); %, Percentage. 

 
 
 
72 h. The highest levels of lipase production after 
72 h of incubation were also reported by Pagori et 
al. (2008) for R. chinensis and Dheeman et al. 
(2011) for Penicillium sp DS-39. 
 
 
Partial purification of extracellular lipase using 
ammonium sulfate 
 
The lipases recovered after the optimization study 
of LPF-5 and HN1 were subjected to partial 
purification by (NH4)2SO4 precipitation. Table 1 
shows that among the three precipitates (30, 70 
and 80%), the enzyme precipitated at 70% 
saturation exhibited maximum specific lipase 
activity of 58.95 U mg

-1
 for LPF-5 and 66.12 U mg

-

1
 for HN1 when compared to specific activity of the 

initial crude protein lysate (32.73 U mg
-1

 for LPF-5 
and 29.83 U mg

-1
 for HN1). The (NH4)2SO4 

precipitation resulted in a 1.81 fold purification for 
LPF-5 and a 2.21 fold purification for HN1 strain at 
70% saturation at recovery rates of 43.43 and 
41.89% by LPF-5 and HN1, respectively (Table 
1). The partially purified lipase had lipase activity 
of  (142.06  U mL

-1
  min

-1
   for  LPF-5  and  204.33 

U mL
-1

 min
-1

 for HN1) at 70% saturation. It may be 
due to that our lipase contains more number of 
hydrophilic amino acids, which strongly interact 
with surrounding water molecules, forming 
solvated layer and keep the enzyme in soluble 
state. Therefore, at low ionic strength (30% 
(NH4)2SO4 concentration) is not sufficient to 
interfere this interaction but when further ionic 
strength is increased (70% (NH4)2SO4) concen-
tration), which is sufficient to disrupt the solvated 
layer. Under these conditions, hydrophobic 
interaction of enzyme molecules is dominated, 
which further results in aggregation and 
precipitation of the lipase. 

The present  results support the study of  
Jayaprakash and Ebenezer (2012) who reported 
that 70% (NH4)2SO4 precipitation saturation 
resulted in the highest lipase activity by 
Aspergillus sp. In Antrodia cinnamomea, the 
highest levels of lipase activity were present in the 

70% saturation fraction of the cell free supernatant 
broth and specific lipase activity also increased to 
12.70 U mg

-1 
as compared to the crude lysate 

(10.9 U mg
-1

) (Shu et al., 2006). Ammonium 
sulfate concentrations  higher and lower than 70% 

saturation have also been cited in the literature as 
optimal for concentrating lipase activity. Adham 
and Ahmed (2009) reported maximum partial 
purification of lipase of A. niger NRRL3 at 60% 
saturation. Chahinian et al. (2000) reported 
highest extracellular lipase activity of 25.4 U mL

-1 

by P. cyclopium at 80% (NH4)2SO4 fractionation. 
The study reveals that the physico-chemical 

environment greatly influences the enzyme 
production and that its optimization needs a 
careful manipulation of the cultural environment.  
 
 
Conclusion 
 
The optimization studies were carried to identify 
culture conditions that would enhance lipase 
production by both the LPF-5 (wild) and hyper-
producer mutant strain (HN1) of A. niger. 

The carbon and nitrogen sources and 
physiological parameters such as pH, temperature 
and incubation time were optimized and the 
comparison in lipase activity between mutant and 
wild type strains was made. During the optimi-
zation  study,  lipase  activity  of  HN1  was always 



 
 
 
 
found  to be higher than LPF-5. The highest activity of 
lipase by A. niger HN1 occurred at pH 7.0 after 3 days of 
incubation at 28ºC using combination of glucose (1%, 
w/v) and olive oil (1%, w/v) as carbon source and 
peptone (1%, v/v) as nitrogen source. In most of the 
industrial applications, the use of crude enzyme is 
preferred over purified preparation. Hence, the crude 
protein extracts obtained from both strains were partially 
purified using (NH4)2SO4. Among the three precipitates, 
the highest lipase activity by HN1 and LPF-5 strains was 
obtained at 70% saturation of the crude lysate. These 
findings suggest that partially purified lipase from A. niger 
HN1 could be potential source of enzyme for  industrial 
use.  
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North Eastern Ethiopia is a major sorghum-growing region. A total of 415 sorghum landraces were 
sampled to represent the range of agro-ecologies (three altitude ranges) as well as spatial 
heterogeneity, that is, 4 zones: North Welo, South Welo, Oromiya and North Shewa with each zone 
containing 2 to 5 districts. The landraces were genotyped with simple sequence repeats (SSR) and inter 
simple sequence repeats (ISSR) markers. High genetic diversity was observed among the landraces for 
both marker systems. STRUCTURE analysis revealed 4 clusters of genetically differentiated groups of 
landraces. Cluster analysis revealed a close relationship between landraces along geographic proximity 
with genetic distance between landraces increasing with an increase in geographic distance. The 
grouping of landraces based on districts was influenced by clinal trend and geographic proximity. The 
FST statistics showed significant geographic differentiation among landraces at various levels of 
predefined geographic origin but a large portion of the variation was among landraces within rather 
than between predefined populations. The landraces from North Shewa were predominantly in one 
cluster, and landraces from this area also exhibited the greatest allelic diversity and the highest number 
of private alleles. There was low variation among the highland Zengada landraces, but these landraces 
were quite strongly differentiated and fell into one population cluster. The low to moderate genetic 
differentiation between landraces from various geographic origins could be attributed to gene flow 
across the region as a consequence of seed exchange among farmers.  
 
Key words: Differentiation, diversity, landraces, simple sequence repeats (SSR), sorghum. 

 
 
INTRODUCTION 
 
Sorghum is believed to have been first domesticated in 
the  Ethiopia/Sudan   region   of  Eastern  Africa  (Vavilov, 

1951; Harlan and de Wet, 1972; Stemler et al., 1977). 
Earlier  reports  indicated  that  four of the main five races of  
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sorghum (except kafir) and the corresponding subraces are 
grown in Ethiopia (Doggett, 1988; Teshome et al., 1997; 
Ayana and Bekele, 1998). The races are found distributed 
over geographic locations of the country, with some 
areas of local concentration (Stemler et al., 1977; 
Prasada Rao and Mengesha, 1987; Doggett, 1988). 
Guinea and caudatum types are mainly grown in south 
western and western parts of the country. The bicolor 
race occurs mainly in western high rainfall highland parts 
of Ethiopia, and on a minor scale almost everywhere in 
other sorghum growing areas of the country. Large 
seeded and compact panicle durra and the corresponding 
sub-races, particularly durra-caudatum, are typical of 
northern and eastern Ethiopia. The country is one of the 
main contributors of sorghum germplasm to the world 
collections at the International Crops Research Institute 
for the Semi-Arid Tropics (ICRISAT) (Reddy et al., 2002). 
Ethiopian sorghums have been used both in national and 
international sorghum improvement programs (Hawkes 
and Worede, 1991).  For example, the important stay-
green trait is from B35 (Borrell et al., 2003) and ergot 
resistance from IS8525 (Dahlberg et al., 2001). 

North Eastern (NE) Ethiopian subsistence agriculture is 
dependent on sorghum, ranking first in production and 
second to tef in area sown (CSA, 2003). The majority of 
sorghum production in the country in general and NE 
Ethiopia in particular depends on landraces (Gebrekidan, 
1973; Worede, 1992; Teshome et al., 1997, 1999; 
Seboka and van Hintum, 2006; Shewayrga et al., 2008). 
The sorghum grain is mainly used for Injera, a fermented 
flat bread and staple Ethiopian dish. Sorghum is the 
preferred crop after tef for making injera (Zegeye, 1997). 
The grain is also used for making local beverages (tela 
and areke) as well as porridge, boiled grains and roasted 
immature grains. The stalk is fed to animals, and is also 
used as fuel wood and for construction.  

The sorghum breeding program for NE Ethiopia and 
other moisture stress areas has been focused on 
developing early maturing improved varieties. However, 
the adoption of early maturing improved varieties had 
limited success since the varieties do not meet farmers’ 
needs and selection criteria (Seboka and van Hintum, 
2006). Utilization of local landraces in the breeding 
program is important to combine important features of 
such landraces to meet farmers’ needs. Characterizing 
the extent and structure of crop genetic diversity is 
important to understand the genetic variability available 
and its potential use in breeding programs. It is also 
important to devise appropriate sampling procedures for 
germplasm collection and conservation and the 
establishment of core collections (Brown, 1995; Hayward 
and Sackville-Hamilton, 1997; Ramanatha Rao and 
Hodgkin, 2002). Different marker systems including 
morphological, biochemical and molecular markers have 
been used to measure the extent and structure of genetic 
diversity in crop plants. Polymerase chain reaction (PCR) 
based assays for plant DNA fingerprinting such  as  AFLP  

 
 
 
 
 (Vos et al., 1995), SSR (Tautz and Renz, 1984) and 
ISSR (Zietkiewicz et al., 1994) have become widely used. 
These markers have been widely used for reliable and 
robust characterization of crop genetic resources 
(Godwin et al., 1997; Pejic et al., 1998; Smith et al., 2000; 
Wen et al., 2002; Uptmoor et al., 2003; Medraoui et al., 
2007; Weerasooriya et al., 2016). With the development 
of high-throughput sequencing (or next-generation 
sequencing-NGS) technologies in recent years, marker 
techniques such as single nucleotide polymorphism 
(SNPs) and genotyping by sequencing (GBS) have 
become very useful for exploring the diversity within plant 
species, constructing haplotype maps and performing 
genome-wide association studies as well as genomics-
assisted breeding (He et al., 2014). The exploitation of 
molecular markers in characterizing the variability of 
Ethiopian sorghums is very limited. The RAPD study of 
Ayana et al. (2000) based on sorghum samples from 
different parts of Ethiopia, SSR studies of Weerasooriya 
et al. (2016) from two areas of Western Ethiopia, and 
SSR and AFLP studies of sorghums from Eastern 
Ethiopia by Geleta et al. (2006) are investigations on 
small samples of accessions. Similar studies covering 
those of farmers’ landraces within specific domains of the 
diverse sorghum growing conditions and agro-ecologies 
of the country such as NE Ethiopia would be much more 
informative. Adugna (2014) evaluated diversity of 
samples from 4 populations obtained from NE Ethiopia 
using SSR markers. But the samples, being obtained 
from four lowland sites, are hardly representative of the 
agro-ecological as well as landraces diversity of the area. 
In the present study, we used SSR and ISSR markers to 
assess the extent and structure of genetic diversity in 
large samples of sorghum landraces covering a wide 
area from NE Ethiopia. 
 
 
MATERIALS AND METHODS 
 
Plant materials and the study area 
 
In total, 415 sorghum landraces were sampled to represent the 
range of sorghum growing zones and districts of NE Ethiopia. This 
study area refers to sorghum growing areas of North Welo, South 
Welo, Oromiya and North Shewa administrative zones in Amhara 
Regional State (Figure 1). The landraces for the study included 103 
from North Welo, 110 from South Welo, 60 from Oromiya and 142 
from North Shewa. A total of 13 districts (woredas), small 
administrative units within a zone, were covered with 2 to 5 districts 
represented from each zone (Table 1). The landraces were 
collected from farmers’ fields and the classification of districts is 
based on the passport data available for the landraces from the 
Institute of Biodiversity Conservation (IBC), Ethiopia. Thirty seeds 
were sampled from each landrace. 

 
 
DNA extraction 

 
The sampled seeds were imported to Australia and the study was 
conducted  at  the  University  of  Queensland,  Brisbane,  Australia.  
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Figure 1. Map of Ethiopia and the study area (source: http://www.usaidethiopia.org/pictureg.asp). 

 
 
 
Table 1. Description of districts from the four administrative zones. 
 

Zones Districts Altitude category* 

North Welo Kobo Lowland  

 Gubalafto Lowland to highland 

 Habru Lowland to intermediate 

South Welo Ambassel Lowland to intermediate 

 Tehuledere Intermediate to highland 

 Dessie zuria Highland 

 Kalu Lowland to intermediate 

 Debresina Highland 

Oromiya Bati Lowland  

 Artuma Jille Lowland  

North Shewa Shewa Robit Lowland  

 Tegulet Intermediate to highland 

 Merabete  Lowland to highland 
 

*Lowland (<1650 m); intermediate (1650-2000 m); and highland (>2000 
m) above sea level. 
 
 
 
The seeds were planted in a quarantine glasshouse at the. Young 
leaves from 8 to 10 seedlings (3 to 4 weeks old) pooled together 
from each landrace were used for DNA extraction following a 
modified Cetyl-Trimethyl Ammonium Bromide (CTAB) method 
(Saghai-Maroof et al., 1984) as described in Ritter et al. (2007). 
DNA concentration and purity was determined  both fluorometrically 

and agarose gel with appropriate standards. 

 
 
SSR analysis 

 
Seven sorghum SSR markers (Brown et al., 1996; Taramino et al., 
1997; Dean et al., 1999; Kong et al., 2000) were selected based on 
their polymorphism, amplified product size range and genome 
coverage. The M13 primer tailing system (Schuelke, 2000) was 
used to fluorescently label PCR products. Primers that amplified 
target sequences with non-over lapping fragment sizes were tailed 
at the 5'-end with the same M13 sequence. A corresponding M13 
primer was labeled with fluorescent dye, either 6-FAM, NED, or VIC 
(Applied Biosystems, Foster, CA). The M13 primer labeled with 6-
FAM was used with three of the primers; NED and VIC each with 
two primers (Table 2). The sequence specific SSR primers (forward 
and reverse) were purchased from Proligo, Australia. 

PCR amplification was performed for all landraces in a 10 μl 
reaction volume containing 20 ng of genomic DNA, 1x PCR buffer 
(Promega, Madison WI), 5 mM MgCl2, 0.125 mM dNTPs, 0.25 μM 
reverse SSR primer, 0.025 to 0.125 μM forward SSR primer, and 
0.125 to 0.25 μM M13 primer, 1 unit of Taq DNA polymerase 
(Promega, Madison WI). Reactions were performed on an MJ 
Research (PTC 200) Thermal Cycler. After initial denaturation at 
94°C for 5 min, the reaction mixture was subjected to 30 cycles of 
94°C (30 s), 61°C/57°C/53°C (45 s), 72°C (45 s) followed by 8 
cycles of 94°C (30 s), 53°C (45 s), 72°C (45 s) and a final extension 
of 72°C for 10 min. PCR products for each sorghum line from the 
seven primers were multiplexed into a single lane on an ABI 3130 
Capillary electrophoresis system, with Liz-350 (ABI) as the size 
standard. 
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Table 2. Description of the three ISSR, and M13 tail sequence and fluorescent dye used with the seven SSR primers. 
 

ID LG 
Reported size 

range 
SSR sequence (5’-3’) M13 sequence (5’-3’)*** Dye T° 

SSR markers 

Sb1-1 08 241–277 
TCCTGTTTGACAAGCGCTTATA* 

TTTCCCAGTCACGACGTTG 6-FAM 61 
AAACATCATACGAGCTCATCAATG** 

Sb4-32 07 172–216 
CTCGGCGGTTAGCACAGTCAC* 

TTTCCCAGTCACGACGTTG 6-FAM 61 
GCCCATAGACAGACAGCAAAGCC** 

Txp-15 05 215 
CACAAACACTAGTGCCTTATC* 

TAAAACGACGGCCAGTGC NED 57 
CATAGACACCTAGGCCATC** 

SbKAFGK-I 07 142-166 
AGCATCTTACAACAACCAAT* 

TAAAACGACGGCCAGTGC NED 53 
CTAGTGCACTGAGTGATGAC** 

sb5-236 10 162–222 
GCCAAGAGAAACACAAACAA* 

GCGGATAACAATTTCACACAGG VIC 57 
AGCAATGTATTTAGGCAACACA** 

sb6-57 03 283–313 
ACAGGGCTTTAGGGAAATCG* 

GCGGATAACAATTTCACACAGG VIC 57 
CCATCACCGTCGGCATCT** 

sbAGA-01 08 88-106 
CGAACCATGATAAATGACTG* 

TTTCCCAGTCACGACGTTG 6-FAM 57 
ATCCGTTTCACAAAAAAAGT** 

ISSR markers 

ISSR 2  310-902 (GA)9C - VIC 58 

ISSR 6  255-872 (GA)9Y - NED 58 

ISSR 7  315-912 (AG)9C - 6-FAM 58 
 

LG = linkage group,*Forward primer, **Reverse primer, ***sequence was tailed to 5’-end of the sequence specific forward primer. M13 primer 
labeled with the respective dyes was purchased from ABI. T° = Annealing temperature. 

 
 
 
ISSR analysis 
 
PCR amplification of inter-simple sequence repeats was performed 
using three fluorescently labeled primers (Table 2). The PCR 
mixture was made up by: 20 ng of template DNA, 0.5 μM of primer, 
0.25 mM of each dNTP, 1× colourless GoTaq® Flex Buffer 
(Promega, Madison WI), and 1.25 unit of Taq DNA polymerase 
(Promega, Madison WI) in a total volume of 20 µl. The thermocycler 
PTC-200 (MJ Research) was programmed as follows: 95°C for 4 
min; 10 cycles of 94°C (45 s), 58 to 1°C per cycle (45 s) and 72°C 
(90 s); and then 26 cycles of 94°C (45 s), 52°C (45 s) and 72°C (90 
s). A final extension at 72°C for 10 min was used. A separate PCR 
was run for each of the 3 ISSR primers and the PCR products for 
each sorghum line were multiplexed for a single lane capillary 
electrophoresis after dilution of 1:4. The genotyping was performed 
on an ABI 3130 Capillary electrophoresis system, with Liz-1200 
(ABI) as the size standard. Each fluorescent peak from the capillary 
run was treated as an allele (band) and the size scored using 
GeneMapper software (ver.3.7) (Applied Biosystems, Foster City, 
CA). 
 
 
Statistical analyses 
 
A Bayesian model-based clustering method implemented in the 
software STRUCTURE 2.2 (Pritchard et al., 2000) was applied to 
infer genetically differentiated populations or clusters (K) to reflect 
structuring of sorghum landraces variability in NE Ethiopia other 
than the predefined populations based on geographic origins. The 
number of clusters (K) was varied from one to ten with a burn-in of 
10000 cycles and 50000 Markov Chain Monte Carlo (MCMC) 
iterations and 10 replicate runs performed for each K value to 
determine   the  appropriate  K. The  statistic delta  K  (∆K)  criterion 

(Evanno et al., 2005), which is based on the log likelihood of the 
data [ln Pr(X/K)], was used to estimate K. Admixture ancestry 
model and correlated population allele frequencies with and without 
population prior information were used for the parameter set of the 
analyses. The final run consisted of a burn-in of 100000 cycles and 
500000 Markov Chain Monte Carlo (MCMC) iterations and repeated 
5 times for appropriate value of K. We also used the prior 
information ancestry model to identify migrants and hybrids.  

Cluster (heatmap) analysis was performed based on Jaccard 
genetic similarity coefficients (Jaccard, 1908) using Ward’s 
clustering method (Ward, 1963) in R-project statistical package (R 
Development Core Team, 2010). PowerMaker ver.3.25 (Liu and 
Muse, 2005) was used to estimate Nei’s (1972) genetic distance 
between zones and between districts for each marker system and 
MEGA 3.1 (Kumar et al., 2004) was used to draw the dendrograms. 
Analysis of molecular variance (AMOVA) was performed according 
to Excoffier et al. (1992) to study the differentiation of landraces 
among predefined geographic domains such as zones and districts 
and among populations identified using STRUCTURE. Wright’s 
(1951) F-statistics (FST) was used to measure population structure 
and it was calculated by the methods of Weir and Cockerham 
(1984). Arlequin 3.5 population statistical software (Excoffier and 
Lischer, 2010) was used to estimate all the genetic diversity and 
differentiation parameters for both SSR and ISSR markers.  

Genetic diversity of the landraces was measured at various 
levels of population structure: Model based clusters, zones and 
districts. For the SSRs, the mean number of alleles, and expected 
heterozygosity (gene diversity) at Hardy-Weinberg proportions (He) 
(Nei, 1987) were calculated. Allelic richness was also determined 
based on the rarefaction method using HP-Rare package 
(Kalinowski, 2005). Use of rarefaction compensates for the effect of 
sample size on estimates of the number of alleles and number of 
private alleles  in samples. In the case of ISSRs, the total number of  
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Table 3. Genetic diversity within groups of sorghum landraces for SSR & ISSR markers. 
 

Geographic domains 
SSR ISSR 

A Ap Ar Arp Ho He b PIC 

NEE 15.1 - - - 0.24 0.72 161 0.129 

         

Zones         

North Welo 10.4 2 10.48 1.18 0.25 0.69 135 0.127 

South Welo 10.6 2 10.83 0.75 0.19 0.70 144 0.132 

Oromiya 8.7 0 9.39 0.35 0.18 0.73 117 0.119 

North Shewa 13.3 15 11.87 1.99 0.26 0.69 136 0.127 

         

Model based populations         

Cluster 1 9.6 11 6.82 0.86 0.23 0.62 129 0.118 

Cluster 2 11.1 8 6.83 0.70 0.20 0.64 140 0.109 

Cluster 3 9.1 5 9.88 1.06 0.25 0.77 118 0.117 

Cluster 4 9.6 6 10.8 2.10 0.26 0.66 106 0.140 

         

Districts         

Kobo 8.0 1 7.23 0.16 0.27 0.71 109 0.126 

Gubalafto 5.6 1 6.14 0.08 0.29 0.69 71 0.123 

Habru 8.3 0 7.16 0.15 0.24 0.65 111 0.125 

Ambassel 7.3 2 7.14 0.23 0.26 0.64 90 0.127 

Tehuledere 3.7 0 3.71 0.13 0.12 0.63 52 0.134 

Dessie zuria 2.1 0 2.14 0.00 0.17 0.52 22 0.091 

Kalu 8.1 0 7.15 0.01 0.17 0.66 125 0.125 

Bati 3.0 0 3.00 0.00 0.03 0..47 41 0.098 

Debresina 2.7 0 4.14 0.05 0.19 0.71 113 0.120 

Artuma Jille 8.4 0 7.63 0.25 0.20 0.75 116 0.113 

Shewa Robit 11.3 7 7.64 0.63 0.26 0.68 54 0.135 

Tegulet 7.7 6 7.57 0.86 0.29 0.73 90 0.156 

Merabete  7.3 2 7.14 0.39 0.24 0.64 99 0.137 
 

NEE = North Eastern Ethiopia; A = mean number of alleles per locus; Ap = private alleles, Ar = 
allelic richness, Arp = private allelic richness, HO=Observed heterozygosity, He = expected 
heterozygosity (genetic diversity); PIC = Polymorphic information Content; b = total number of 
bands. Allelic richness values for SSR markers were estimated with 150 genes for zones, and 50 
genes for districts. 

 
 
 
bands and average number of bands per primer and the 
Polymorphic Information Content (PIC) were calculated. The PIC 
was estimated according to Botstein et al. (1980) as PIC =

, where n is the number of band positions 

analyzed in the landraces, Pi is the frequency of the ith pattern.  
 
 
RESULTS 
 
Genetic diversity 
 

The observed values for the diversity parameters are 
given in Table 3. A total of 106 alleles were amplified 
from the 7 SSR loci across the landraces with the number 
of alleles per locus ranging from 8 (Sb6-57) to 26 (Sb1-
1), with an average  of  15.1  alleles per  locus. Observed 

heterozygosity among the landraces ranged from 15% 
(Sb5-236) to 47% (SbAGA-01) with an average of 24% 
per locus. The genetic diversity (expected heterozygosity) 
for the entire landraces ranged from 0.50 (sbKAFGK-I) to 
0.85 (sb4-32) with mean 0.72. The genetic diversity for 
the model based populations ranged from 0.62 to 0.77 for 
SSR markers and from 0.11 to 0.14 for ISSR markers. 
Partitioning of the observed diversity for SSR markers 
into geographic origins showed high diversity with means 
of 0.70 for zones, and 0.66 for districts, while the figures 
for ISSR markers were 0.22 and 0.20, respectively. The 
mean number of alleles per locus for SSR markers at the 
zonal level ranged from 8.7 in Oromiya to 13.3 in North 
Shewa. Of the total alleles observed, 53 (50%) alleles 
were shared between the four zones while the remaining 
alleles  were   distributed   across   narrower   geographic  

  nPi /)1(
2
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domains. On average, 4.75 private alleles (that is, alleles 
found only in a single subpopulation) were observed per 
zone with North Shewa sorghums having the highest 
number of private alleles (15 alleles). There were no 
private alleles in Oromiya. Overall, high altitude districts 
such as Tehuledere, Dessie zuria and Debresina had 
lower allelic diversity compared to low altitude districts 
like Kobo, Habru, Ambassel and Shewa Robit. Allelic 
diversity was highest in Shewa Robit with 11.3 alleles per 
locus. Adjusted for sample size, districts form North 
Shewa showed the highest allelic richness followed by 
Oromiya zone. ISSR markers generated 34 to 87 bands 
per primer, with 161 bands in total. No significant 
differences were observed in banding pattern among the 
four zones. The numbers of bands were smaller for 
highland districts. 
 
 
Population genetic structure and geographic 
distribution 
 
For both SSR and ISSR markers, using procedures 
described by Evanno et al. (2005), the maximum ∆K 
occurred at K = 4 for the admixture model with prior 
population information. Therefore, the final analysis for 
the assignment of landraces into four (K=4) clusters was 
performed by using population information (collection 
zones) as prior with admixture ancestry model. The 
number of clusters (K = 4) was consistent with clustering 
based on genetic distances (Figure 2). The landraces 
from North Shewa tended to be grouped together both in 
the STRUCTURE analysis and distance based clustering. 

The ancestry coefficient (Q) for individual landraces 
revealed that many of the landraces share significant 
ancestry from two or more populations. The landraces 
from North Welo and Oromiya appeared to have mixed 
ancestry with landraces mainly from South Welo, which is 
geographically located between North Welo and Oromiya 
zones. A limited number of landraces from the two zone 
shared ancestry with landraces from North Shewa. This 
was more evident for SSR markers (Figure 2). All the 
landraces were assigned to one of the four populations 
based on the highest proportion of ancestry even if some 
of them derive significant ancestry from more than one 
population. The number of landraces in the 4 populations 
varied from 36 to 181 for SSR markers, and from 39 to 
211 for ISSR markers which accounted for 9 to 51% of 
the 415 landraces (Table 4). Cluster I included mixture of 
landraces like Keteto, Cherekit and Jetere many of which 
are from North Shewa. Cluster II is the largest cluster 
containing approximately half the landraces (211 based 
on ISSR markers; 181 based on SSR markers). This 
group included important landraces such as Degalet types 
(Chibte, Abola, Watigela, Tengele) and Jamyo, most of 
which are characterized by white, yellow and straw seed 
colors, and semi-compact to compact panicle types. 
These landraces are preferred for making injera, the daily  

 
 
 
 
staple of farmers in the area. Cluster III included 86 
landraces (ISSR markers) and 103 landraces (SSR 
markers) most of which are from North Welo. The cluster 
included landraces such as Tikureta, Tinkish, Humera, 
Gomdade and Ahyo which are mainly used for roasted 
grains, sweet stalk or beverages. Many of these 
landraces have pinkish and brown seed colors. Cluster 
IV, containing 36 landraces (for SSR markers) and 39 
landraces (for ISSR markers), is characterized mainly by 
Zengada types. These landraces are adapted to high 
altitude areas like Dessie Zuria, Tehuledere and Debre 
Sina districts.  

The patterns of individual landrace phylogeny revealed 
evidence of relationship between genetic distance and 
geographic distance for both SSR and ISSR markers. 
Many of the landraces from North Shewa were grouped 
together, most markedly with SSR markers. The general 
tendency of landraces to cluster based on geographic 
proximity can also be observed in the clustering of zones 
and districts (Figure 3). Most of the districts from low and 
intermediate altitude areas were clustered together (e.g. 
Kobo, Habru, Ambassel, Kalu) while districts from higher 
altitude (>2000 m) areas like Debre Sina, Dessie zuria 
and Tehuledere were grouped together. The grouping of 
Shewa Robit, Merabete and Tegulet; and that of 
Tehuledere and Dessie Zuria appear to reflect 
geographic proximity. The migrant analysis using 
STRUCTURE software identified fewer migrants 
(Supplementary Figure 1). 

AMOVA analyses among the sorghum landraces, 
zones, districts, STRUCTURE populations and distance 
based clusters showed all variance components to be 
significant (P < 0.001) (Table 5) for both SSR and ISSR 
markers. The variance at zones level for SSR markers 
(4%) and for ISSR markers (2.1%) appeared to be small. 
The values were relatively higher for districts. However, 
clusters obtained from STRUCTURE and distance based 
cluster analyses accounted about 12 to 15% of the 
variability.  F-statistic (FST) was significant but it revealed 
a small differentiation among predefined populations 
based on geographic origins, that is, zones and districts. 
The FST values ranged from 0.04 to 0.06 for SSR markers 
and from 0.02 to 0.05 for ISSR markers.  
 
 
DISCUSSION  
 
Genetic diversity 
 
The average number of alleles, 15.1 per locus, for the 
seven SSR loci was higher than values reported in other 
studies on sorghum (Brown et al., 1996; Taramino et al., 
1997; Dean et al., 1999; Kong et al., 2000; Deu et al., 
2010; Weerasooriya et al., 2016). We used a higher 
number of landraces than previous authors, and this may 
account for some of these differences. However, this is 
also a reflection of the diversity  in  Ethiopia,  both  arising  
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Figure 2. A clustering profile of landraces from STRUCTURE analysis for K = 4 and genetic distance based heatmap 
using (A) SSR and (B) ISSR markers. In both cases, geographic (zones of collection) information was used as a prior 
information in running the STRUCTURE analyses. Each landrace is represented by a line divided into K coloured 
fragments proportional to its membership in the corresponding genetic cluster. The names on the side of STRUCTURE 
graph denote the predefined population names, that is, administrative zones (North Welo, South Welo, Oromiya and 
North Shewa) from which each landrace is sampled. The landraces on distance based heatmap were colored according 
to STRUCTURE membership to show the correspondence of the two clustering results, that is, red color on the 
STRUCTURE histogram corresponds to red on the heatmap (dendrogram) leaf of distance based cluster and so on. 
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Table 4. Distribution of landraces in the four clusters (K = 4) from the 4 administrative zones based on STRUCTURE analyses using SSR and ISSR markers. 
 

STRUCTURE 
clusters 

SSR ISSR 

Prominent landraces North 
Welo 

South 
Welo 

Oromiya 
North 
Shewa 

Total 
North 
Welo 

South 
Welo 

Oromiya 
North 
Shewa 

Total 

1 2 6 3 84 95 18 18 10 33 79 Keteto, Jetere, Cherekit   

2 45 59 48 29 181 42 52 37 80 211 Degalet types and Jamyo  

3 53 30 5 15 103 40 26 10 10 86 Tikureta, Merabete, Ahyo, Tinkish, Moge  

4 3 15 4 14 36 3 14 3 19 39 Zengada 

 
 
 

 
 

Figure 3. Dendrograms showing phylogeny of landraces from the 4 zones and 13 districts based on Nei (72) distance calculated from SSR 
(A, B); and ISSR markers (C, D). 
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Table 5. AMOVA showing the structure of variability in sorghum landraces of NE Ethiopia 
using SSR and ISSR markers. 
 

Source of variation Groups 
Percentage of variance components 

FST 
Among groups Among landraces 

SSR markers     

Zones  4 3.99 96.01 0.04 

Districts 13 5.65 94.35 0.06 

STRUCTURE populations 4 13.71 86.29 0.14 

Distance based clusters 4 12.30 87.70 0.12 
     

ISSR markers     

Zones  4 2.06 97.94 0.02 

Districts 13 4.62 95.38 0.05 

STRUCTURE populations 4 14.80 85.20 0.15 

Distance based clusters 4 13.10 86.90 0.13 
 
 
 

from the fact that this is one of the, if not the major, 
centre of origin/domestication of sorghum, and the fact 
that there are diverse end-uses for sorghum in this 
region. The result for proportions of rare alleles for the 
SSR markers is in general agreement with values 
reported for sorghum using SSR markers (Grenier et al., 
2000; Dje et al., 2000; Ghebru et al., 2001). The number 
of bands per ISSR primer in the present study was higher 
than bands reported in Moroccan sorghums (Medraoui et 
al., 2007).  

The genetic diversity values for both the ISSR and the 
SSR markers were high for all landraces as well as for 
landraces in each zone and the model based 
populations. Other studies on sorghum (Grenier et al., 
2000; Dje et al., 2000; Ghebru et al., 2001; Medraoui et 
al., 2007; Weerasooriya et al., 2016) reported values 
close to the present study. The high diversity observed in 
NE Ethiopian sorghum landraces could be attributed to 
various factors including subsistence farming practice 
that rely on landraces, introgression with wild and weedy 
relatives, the geographic and agro-climatic variability of 
the area affecting adaptability of landraces. The area is 
characterized by a very diverse topography with valley 
bottoms and hills creating niche or variable micro-
environments of sorghum production. It is also prone to 
crop failures due to moisture shortage. The diverse 
landraces are insurance to avert risk of crop failure as 
well as to meet niche environments. Consequently, 
farmers of the area have been maintaining invaluable 
diversity for generations. It has been documented that 
farmers make conscious decision and management 
efforts based on agro-ecological condition and end-use to 
maintain landraces diversity (Teshome et al., 1997; 
Seboka and van Hintum, 2006). Preferences of different 
landraces for various end-uses like sweet sorghum (juicy 
stalk), roasted grain (milky dough stage), local beverages 
(e.g. tela), and daily dishes (e.g. injera) affect the 
selection and maintenance of landraces, which in turn 
affect  genetic   diversity.   Phenotypic  study  of  a  larger 

sample of 974 accessions (from which the 415 
accessions were subsampled) indicated a high variability 
for both quantitative and qualitative traits (Desmae et al., 
2016) 
 
 
Genetic structure and differentiation of landraces 
 
The model based structure analyses using population 
information (LOCPRIOR) revealed the presence of 4 
populations of sorghum landraces in NE Ethiopia. Many 
landraces share ancestry with landraces from 
neighboring geographic origins. The landraces in the 4 
model based clusters were significantly differentiated by 
both ISSR and SSR markers with FST values ranging 
from 0.12 to 0.15 (Table 5). The model based clusters 
were consistent with distance based clusters. Odong et 
al. (2011) reported a close similarity between clusters 
obtained by Ward’s (Ward, 1963) and STRUCTURE 
(Pritchard et al., 2000). 

The important evolutionary factors that affect the extent 
of population differentiation are gene flow, genetic drift 
and selection. Significant geographic differentiation was 
observed among landraces at various levels of 
predefined geographic origin but a large portion of 
variation was among landraces within rather than 
between predefined populations (zones and districts). 
The low to moderate geographic differentiation could be 
attributed to frequent gene flow among fields as a 
consequence of seed exchanges among farmers, and/or 
to restriction of the intensity of genetic drift due to a high 
effective population size (Dje et al., 1999). Earlier 
observations (Shewayrga et al., 2008) showed that many 
landraces with the same local name are grown in two or 
more zones attributed to the existing farmers’ seed 
system. Seeds are shared through gift, exchange in kind, 
and purchase. Low differentiations between landraces 
from different geographic regions have been reported in 
previous  studies  on  sorghum  (Dean et al., 1999; Dje et  
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al., 1999, 2000; Ayana et al., 2000; Ghebru et al., 2001). 
In addition, the phylogenic analyses showed a significant 
trend but it did not reveal a strong association between 
general clustering pattern of individual landraces and 
geographic origin. Specifically, moderate to strong 
clustering in population cluster I was evident for 
landraces from North Shewa in particular, and this region 
exhibited both the highest allelic diversity and the highest 
number of private alleles. In addition, there was clustering 
together of many landraces from North Welo in 
population cluster III, whereas the high altitude Zengada 
types were in population cluster IV. The clustering of 
districts was influenced by agro-ecological similarity and 
spatial proximity. Agro-ecologically similar and spatially 
close districts were grouped together. Linhart and Grant 
(1996) remarked that different environments generate 
different selection pressures and significant barriers to 
gene flow, which in turn enhance genetic heterogeneity 
and differentiation among semi-isolated or isolated 
populations. The present study area stretches more than 
400 km from north to south with North Welo the most 
northerly and North Shewa the most southerly. It is of 
significance that some of the highland districts, 
particularly Tegulet and Merabete are situated on the 
West (Blue Nile) escarpment while the lowland and 
intermediate altitude districts are situated on the East 
(Rift Valley) escarpment. Further, districts from lowland 
and intermediate altitudes have warmer climates 
compared to those in higher altitudes. Such distance and 
climatic factors may enforce physical and adaptive 
barriers to gene flow. 

In summary, from the observed variability, it can be 
argued that NE Ethiopia is a region with high sorghum 
landraces diversity. There was indication that some 
areas, for example North Shewa, had a high level of 
diversity with more private alleles than other regions. By 
contrast, the highland areas had lower diversity than the 
lowland and intermediate areas but there were several 
alleles unique to the highlands. Overall, however, the 
diversity of sorghum landraces was widely distributed 
across NE Ethiopia. This diversity can be exploited for 
improvement of sorghum in the area through 
incorporating landraces in the breeding program as 
parents for traits of interest. Systematic screening of the 
landraces would be important to identify potential 
parents. In that case, improved varieties can be 
developed that meet the needs of farmers, which will 
ultimately be adopted.  
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Protease has gained a very important position in many industries such as food, pharmaceutical, 
chemical and leather industries. In this research, protease was obtained from bacteria. The bacterial 
strain was obtained from soil which was collected from different areas of Lahore, Pakistan. 
Fermentation medium (by using sub-merged fermentation technique) was incubated for 48 h at 37°C 
temperature and agitation speed of 200 rpm. The protease was partially purified with 70% ammonium 
sulphate. Four different supports were used for the immobilization of the bacterial protease by physical 
adsorption method. When partially purified protease was immobilized on Amberlite (XAD 761), its 
production amount was 371.42%  (52 U/ml/g support) with strain T5; 208.33% (25 U/ml/g support) with 
strain T3 and 342.24% (64 U/ml/g support) with strain H3; when it was immobilized on Duolite (A568), its 
amount of production was 314.28% (44 U/ml/g support) with strain T5; 225% (27 U/ml/g support) with 
strain T3 and 395.72% (74 U/ml/g support) with strain H3; when it was immobilized on Lewatit (VPOC 
1600), the amount of production was 450% (63 U/ml/g support) with strain T5; 541.66% (65 U/ml/g 
support) with strain T3 and 320.85% (60 U/ml/g support) with strain H3. But, when it was immobilized on 
Pentynyl Dextran (NT4L360), its amount of production was 271.42% (38 U/ml/g support) with strain T5, 
3483.33% (418 U/ml/g support) with strain T3 and 304.81% (57 U/ml/g support) with strain H3. Immobilized 
protease from bacterial strain T3 had the highest immobilizing activity of 3483.33% (418 U/ml/g support). 
This immobilized protease with the highest activity could be used in food, pharmaceutical and leather 
industries. 
 
Key words: Protease, bacterial strain, immobilizing activity. 

 
 
INTRODUCTION 
 
Proteases, also called proteinases or peptidases work as 
molecular knives by cutting long amino acid sequences 
into fragments, which are necessary for synthesis of 
other proteins, regulating their size, composition, shape, 
turnover and ultimate destruction (Seife, 1997). Proteases 

have diverse applications in a wide variety of industries 
like detergent, food, pharmaceutical and leather 
industries, and can be used for peptide synthesis and the 
recovery of silver from used X-ray films. 

Micro-organisms  are excellent sources for synthesis of  
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alkaline protease than plants and animals as they have 
better advantages such as broad biochemical diversity 
(Mahto and Bose, 2012). Submerged and solid-state 
fermentations are the techniques for the synthesis of 
proteases (Sandhya et al., 2005). Submerged 
fermentation technique is most widely used for protease 
synthesis and 90% of proteases are synthesized through 
this technique (Olker et al., 2004).  

Enzyme immobilization means an enzyme is bound to 
restrict its mobility in a fixed space (Shuler and Kargi, 
2002). Some useful techniques like covalent binding, 
ionic binding, adsorption, entrapment, cross-linking and 
encapsulation are used for immobilization of proteases 
(Church et al., 1992). Immobilization of protease is an 
efficient tool. For many years, it has got many fruitful 
benefits more than free protease; they include increase in 
production rate, operational stability, possibility in reuse 
of protease, and recovery of final product free of protease 
contamination (Maghsoodi et al., 2013).  

Immobilization of enzymes has the ability to change its 
catalytic activity or thermal stability (Trevan, 1980). 
Intrinsic activity of immobilized enzyme is being changed 
after immobilization. Operational stability of enzyme 
increases due to immobilization of enzyme (Blanco et al., 
1989). From biotechnological point of view, immobilized 
protease is very useful in pharmaceutical and medicinal, 
food industries; it is used for wastewater treatment and 
peptide synthesis in brewing and baking industry, 
detergent industry, leather and textile industry 
(Maghsoodi et al., 2013). 

In physical adsorption, enzymes and matrixes are 
linked together through hydrogen bonding, van der Waals 
forces, or hydrophobic interactions (Bahulekar et al., 
1991). This is a simple, cheap and easy method of 
preparing an immobilized enzyme. It is a carrier bound 
method of immobilization which is reversible. The 
enzyme’s catalytic activity is preserved by physical 
adsorption (Brady and Jordan, 2009). Due to the 
increased loading of enzyme after immobilization, the 
process improves the operational stability which causes 
controlled diffusion (Nisha et al., 2012). 
 
 

MATERIALS AND METHODS 
 
Inoculum preparation   
 
Nutrient broth (0.8 g) was weighed and then dissolved in 50 ml of 
distilled water. Water was added continuously in the solution until it 
was marked with 100 ml of that solution. 0.8% of 100 ml flask of 
nutrient broth was autoclaved for 15 min at 15 lb/inch square 
pressure and 121°C temperature. Loopful of bacteria was 
transferred to inoculum flask and then kept in a shaking incubator 
with 200 rpm agitation speed at 37°C temperature for 24 h.   

 
 
Fermentation medium 
 
Submerged fermentation technique was used for the protease 
synthesis. 2 g of soybean meal, 1.5 g of glucose, 2 g of peptone, 
0.1 g (NH4)2SO4, 0.1 g KH2PO4 and  0.5 g  sodium  carbonate  were 
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weighed and then dissolved in 50 ml of distilled water. Water was 
added continuously in the solution until it was marked with 100 ml 
of that solution. The cotton plugged flasks were then subjected to 
sterilization in an autoclave for 15 min under 15 lb/inch square 
pressure and 121°C temperature. 0.5 ml of inoculum was added in 
the fermentation media and kept in a shaking incubator with 200 
revolutions per minute speed at 37°C temperature for 48 h. Then 
centrifugation test was done with the sample in a tube at 6000 rpm 
for 10 min.    
 
 

Assay of protease 
 

The activity of the protease was checked through a special 
procedure introduced by McDonald and Chen (1965). 1.0 ml of 
protease extract (which was obtained after centrifugation at 6000 
rpm for 10 min) was poured in the test tube and 4.0 ml of 1.0% w/v 
casein was also added in the same test tube. The test tube was 
placed in an incubator for one hour at 37°C temperature. After that, 
5 ml of 5% w/v trichloroacetic acid (TCA) was added to the test 
tube. After 30 min, the test tube sample was passed under the 
process of centrifugation (6000 rpm) for ten minutes. One milliliter 
of supernatant was mixed with alkaline reagent (5 ml). Then 1 ml of 
1N sodium hydroxide was mixed in the test tube. Then the test tube 
sample was allowed to react with each other for 10 min. Folin and 
Ciocalteau reagent (0.5 ml) was added; blue color was produced 
after 30 min in the test tubes. The optical density of the mixture was 
read at 700 nm “UV/VIS Spectrophotometer (Cecil-CE7200- Series, 
Aquarius, UK)”.    

The activity of the enzyme is expressed as: One unit of protease 
defined as the amount of enzyme required to produce an increase 
of 0.1 in optical density under optimal defined conditions. 
 
 

Purification and concentration of protease 
        
Purification and concentration was done by sorting out the enzyme 
through the addition of ammonium sulphate. (NH4)2SO4 was 
continuously mixed with the enzyme at a temperature of 4°C. The 
addition of (NH4)2SO4 was continuous up to 70% of saturation. The 
solution was kept in cool laboratory (at 4°C) for ten minutes.  After 
30 min, test tube sample was passed through the process of 
centrifugation (10000 rpm) for ten minutes. The precipitated 
enzyme (pellet) was redissolved in a minimum amount of 0.1 M 
Tris-HCl buffer solution and dialyzed. For the purpose of dialysis, 10 
cm long and 25 mm wide dialysis tube was utilized. Then 10 ml of 
dissolved pellets were poured in a given dialysis tube and kept in 
1000 ml of 0.1 M Tris-HCl buffer solution with continuous stirring for 
24 h at 4°C. During this period, the buffer was refreshed 3 to 4 
times. The purified and concentrated enzyme was used for 
immobilization studies (Lowry et al., 1971). 
 
 

Immobilizing supports 
  
Different supports for immobilization were utilized like:  
 

1. Lewatit VPOC 1600 (Lanxess- Germany) (Tu Braunschweig, 
Germany),   
2. Duolite A568 (Rohm amd Hass- France) (Tu Braunschweig, 
Germany), 
3. Amberlite XAD 761(Rohm amd Hass- France) (Tu Braunschweig, 
Germany),  
4. Pentynyl Dextran (NT4L360) Insitute Fur Lebensmittle Chemie 
(Tu Braunschweig, Germany),  
 
 

Physical adsorption (Immobilization technique) 
 

Enzyme   was  immobilized   on  different  supports.   0.5 g  of  each 
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Figure 1. Effect of immobilization for production (U/ml/g 
support) of protease from partially purified bacterial strain H3. 

 
 
 
support was stirred with 5 ml of partially purified protease and kept 
in a shaking water bath at 100 rpm speed and 37°C for 60 min. 
Then it was centrifuged at 6000 rpm for 10 min. Thereafter, the 
supernatant was used for protease activity (Minovska et al., 2005). 

 
 
RESULTS AND DISCUSSION 
 
In Figure 1, the protease activity for bacterial strain H3 

was increased from 12.6 to 18.7 U/ml and then its activity 
further increased after immobilization. Immobilized 
protease production was 64, 60, 74 and 57 U/ml/g support 
when partially purified protease was immobilized on 
Amberlite (XAD 761), Lewatit (VPOC 1600), Duolite 
(A568) and Pentynyl Dextran(NT4L360) respectively. In 
Figure 2, protease activity for bacterial strain T3 increased 
from 6.4 to 12 U/ml and then its activity further increased 
after immobilization. Immobilized protease production 
was 25, 65, 27 and 418 U/ml/g support when partially 
purified protease was immobilized on Amberlite (XAD 
761), Lewatit (VPOC 1600), Duolite (A568) and Pentynyl 
Dextran(NT4L360) respectively. In Figure 3, protease 
activity for bacterial strain T5 increased from 10.7 to 14 
U/ml and then its activity further increased after 
immobilization. Immobilized protease  production was 52, 

 
 
 
 

 
 

Figure 2. Effect of immobilization on production (U/ml/g 
support) of partially purified protease from bacterial strain T3. 

 
 
 
63, 44 and 38 U/ml/g support when partially purified 
protease was immobilized on Amberlite (XAD 761), 
Lewatit (VPOC 1600), Duolite (A568) and Pentynyl 
Dextran (NT4L360) respectively 

In Figure 4, protease activity increased after 
immobilization. So the percentage increase of protease 
activity with different immobilizing supports was 
compared. For bacterial strain T5, four different supports 
such as Amberlite (XAD 761), Lewatit (VPOC 1600), 
Duolite (A568) and Pentynyl Dextran (NT4L360) of 
371.42, 450, 314.28 and 271.42% increased protease 
production respectively. For bacterial strain T3, four 
different supports such as Amberlite (XAD 761), Lewatit 
(VPOC 1600), Duolite (A568) and Pentynyl Dextran 
(NT4L360) of 208.33, 541.66, 225 and 3483.33% 
increased protease production respectively. For bacterial 
strain H3, four different supports such as Amberlite (XAD 
761), Lewatit (VPOC 1600), Duolite (A568) and Pentynyl 
Dextran (NT4L360) of 342.24, 320.85, 395.72 and 
304.81% increased protease production respectively.  



 
 
 
 

 
 
Figure 3. Effect of immobilization on production (U/ml/g support) 
of partially purified protease from bacterial strain T5. 

 
 
 
DISCUSSION 
 
When the partially purified proteases were immobilized 
on Amberlite (XAD 761), increase in protease production 
was 371.42% (3.71 fold) with strain T5, 208.33% (2.08 
fold) with strain T3 and 342.24% (3.42 fold) with strain H3. 
Thus for Amberlite (XAD 761), bacterial strain T5 had 
shown its highest activity with 3.71 fold. Ibrahim et al. 
(2016),  using three different matrixes (HCMSS-non, 
HCMSS-NH2 and HCMSS-C2H5) for immobilization of 
protease through physical adsorption, found 40, 42 and 
16.3% activity yield with respect to the above supports. 
Immobilization yield was 44.6, 47.3 and 19.3% for 
matrixes like HCMSS-non, HCMSS-NH2 and HCMSS, 
respectively. Ahmed et al. (2007) reported that immo-
bilized protease production was 70.5% when protease 
from Bacillus licheniformis was immobilized by physical 
adsorption on loofa (as a new carrier). 

When partially purified protease were immobilized on 
Lewatit    (VPOC    1600),    then   increase   in   protease  
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production was 450% (4.5 fold) with strain T5, 541.66% 
(5.41 fold) with strain T3 and 320.85% (3.20 fold) with 
strain H3. Thus for Lewatit (VPOC 1600), bacterial strain 
T3 had shown its highest activity with 5.41 fold. When 
purified protease from B. subtilis M-11 was immobilized 
on PS membrane containing Si-APTS by physical 
adsorption the specific activity of protease was 175.43 
EU/mg and protease activity was increased up to 15.8 
fold with 1.5% immobilization yield (Selmihan et al., 
2015). 

It was reported by Ahmed et al. (2007) that immobilized 
protease production was 70.5% when protease from 
Bacillus licheniformis was immobilized by physical 
adsorption on loofa (as a new carrier). Upon 
immobilization of the purified protease on Duolite (A568), 
increase in protease production was 314.28% (3.14 fold) 
with strain T5, 225% (2.25 fold) with strain T3 and 
395.72% (3.95 fold) with strain H3. Thus for Duolite 
(A568), bacterial strain H3   highest activity was 3.95 fold.  

Immobilized protease attached onto the activated 
HCMSS-NH2 nanospheres showed the highest 
immobilization yield (75.6%) and loading capacity (88.1 
µg protein/mg carrier). In addition, the immobilized 
protease affinity to the substrate was increased up to 1.5-
fold (Ibrahim et al., 2016). When partially purified protease 
was immobilized on Pentynyl Dextran (NT4L360), 
increase in protease production was 271.42% (2.71 fold) 
for strain T5, 3483.33% (35 fold) for strain T3 and 
304.81% (3.42 fold) for strain H3. Thus for Pentynyl 
Dextran (NT4L360), bacterial strain T3   had shown its 
highest activity with 35 fold.  
 
 

Conclusion 
 
The present research work compares the proteases 
produced from newly isolated bacterial strains, T5, T3 and 
H3 after immobilization. Maximum protease production 
was obtained (418 U/ml/g support) from bacterial strain 
T3 after immobilization on Pentynyl Dextran (NT4L360). 
Finally, increase of immobilized protease activity was 
approximately 35 fold through physical adsorption 
method. We may use this immobilized protease for the 
synthesis of aspartame (artificial sweetener). In general, 
this immobilized protease with its highest activity could be 
used in food, pharmaceutical and leather industries. 
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Figure 4. Increase of protease production (%) after immobilization from bacterial 
strain T5, T3 and H3. 1

st bar = Production (%) of immobilized protease from strain T5; 
2nd bar = Production (%) of immobilized protease from strain T3; 3rd bar = 
Production (%) of immobilized protease from strain H3. 
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Bacterial leaf blight (BLB) caused by Xanthomonas oryzae pv. oryzae (Xoo) has now become one of 
major rice diseases. During recent years, its occurrence has increased in Pakistan, particularly in 
‘Kallar tract’ which is well-known for quality rice cultivation. Development of new resistant varieties by 
utilizing the available resistant gene-pool is most reliable breeding technique for the plant breeders. The 
present study was conducted to explore the genetic resources regarding presence and absence of BLB 
resistance genes Xa4, xa5 and Xa21 through DNA marker technology. Effectiveness of Xa21 followed by 
xa5 and Xa7 genes has been reported to confer more resistance level for BLB in traditional rice belt of 
Pakistan. For this purpose, eighty (80) rice genotypes comprising of diverse origin including three 
isogenic lines viz., IRBB4 (carrying Xa4), IRBB5 (carrying xa5) and IRBB21 (carrying Xa21) as positive 
resistant gene checks and IR24 (carrying none of these) as negative gene check were genotyped. DNA 
fingerprinting results indicated the presence of Xa4 gene in 41 entries, while 14 lines were positive for 
xa5 gene. Only one local line was carrying Xa21 gene along with Xa4. Thus, the present study will not 
only be helpful for rice breeders to develop new rice varieties carrying disease resistant genes, but will 
also provide the donors to incorporate / pyramid disease resistant genes in popular rice varieties like 
Super Basmati and Basmati 515 which are susceptible to BLB disease.   
 
Key words: Molecular screening, rice germplasm, Xa4, xa5 and Xa21 genes, bacterial leaf blight. 

 
 
INTRODUCTION 
 
Millions of people in the world take rice as a staple food 
(Chakravarti et al., 2012; Deepti et al., 2013). The usage 
of rice is more than 90% in Asian countries, therefore it is 
consumed and produced more in Asia. In Pakistan, rice is 
a major cash crop as well as staple food. It is cultivated 

on 6.82 million acres occupying about 11% of total 
cultivated area during 2014 to 2015 and produces 6.73 
million metric tons of milled rice (Economic survey of 
Pak., 2015). Among rice producing countries, Pakistan 
was ranked as third exporter of Basmati rice.  
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Approximately, 2/3 of the produce is consumed at 
domestic level and the rest is surplus for export, which is 
around 10% of the total rice trade in the exporting country 
in the world after Thailand, Vietnam and India. 

Rice is considered as the most grown food crop world-
wide (Tang et al., 2001). The major constraint to rice 
production includes diseases caused by pathogenic 
fungus, bacteria and viruses; most drastic is bacterial leaf 
blight (BLB) which is caused by Xanthomonas oryzae pv. 
oryzae (Nagaraju et al., 2007; Das et al., 2014). In 1884, 
the farmers of Japan, growing rice noticed the disease 
first (Onasanya et al., 2010). After that the disease was 
also noticed from various parts of Asia, northern 
Australia, Africa and USA (Shanti et al., 2001; Wang et 
al., 2009). In various parts of the world, the disease is 
now becoming epidemic with losses of rice crop up to 
50% with extreme severity. It is known to occur, more in 
“Kallar” belt of Pakistan (Khan et al., 2000). It was further 
reported by Agrawal et al. (2005) that loss of yield in 
more than 100% in Basmati rice due to bacterial blight. 

BLB causes serious losses of rice production in Asia, 
Australia, Latin America, Africa and the United States 
(Chu et al., 2006). The Xanthomonas stain enters 
through hydathodes, stomata and wounds on the roots or 
leaves (Nino-Lui et al., 2006) which causes leaf wilting 
and affects photosynthesis that results in yield loss upto 
20 to 50% (Adhikari et al., 1995). Such infected plant 
bring into being immature grains due to which more 
broken rice produced during milling (Khan et al., 2014). 
The loss of crop shows that the severity of disease 
depends upon many factors including susceptibility of the 
host, growth stages, and favorable environmental 
condition for the disease to occur. Strategies are required 
to prevent the damage as a result of infection and to 
reduce disease incident to become epidemic (Srinivasan 
and Gnanamanickam, 2005).  

The chemical control of bacterial leaf blight is not 
efficient. Therefore, varietal resistance is the preferred 
approach for disease management that is more economic 
and environment friendly (Khush et al., 1989). In rice, the 
primary way to control bacterial leaf blight is single-gene 
resistance but with the passage of time, the virulence 
pattern of the pathogens has been changed which 
devastate the host resistance (Mew et al., 1992). It can 
be delayed by combining multiple genes (gene 
pyramiding) which provide resistance against a variety of 
pathogens (Babujee and Gnanamickam, 2000). The gene 
pyramiding shows more durable resistance in genotypes 
as compared to ordinary gene action (Ogawa et al., 1987; 
Yoshimura et al., 1995) which indicates a type of 
complimentary gene action among R genes (Narayanan 
et al., 2002; Swamy et al., 2006). 

The genes for resistance against many pathogens 
(Xoo) are well indentified in rice. Thirty four genes (23 
dominant and 11 recessive) have been identified till now 
that confer resistance to various strains of Xoo (Chen et 
al., 2011) and characterized in series from Xa1 to Xa29  

 
 
 
 
(Kinoshita, 1995; Zhang et al., 1998; Lin et al., 1996; 
Chen et al., 2002; Gu et al., 2004; Chu et al., 2006). The 
characterization of major genes has contributed in the 
accomplishment for breeding resistant cultivars (Gu et al., 
2004). The newly emerging genes have been inserted 
into new rice varieties so they show broad spectrum of 
resistance against a number of pathogens (Sanchez et 
al., 2000; Perumalsamy et al., 2010; Rajpurohit et al., 
2010). 

To avert the breakdown of resistance, pyramiding more 
than one resistance genes in a single genotype is 
recommended strategy (Babujee and Gnanamanickam, 
2000). Presence of two or more effective genes in a rice 
variety conferred more resistance and the possibility of 
pathogen mutations to overcome the resistance is much 
lower than a single gene (Mundt, 1990). It is complicated 
to recognize plants having multiple resistance genes in 
presence of a major dominant gene (Xa21), which gives 
resistance against many races of pathogen in Pakistan. 
For the purpose, normally tightly linked molecular 
markers are exploited in order to identify genotypes with 
multiple resistance genes. Many Several SSR markers 
specific to BLB resistance genes have been previously 
studied (Davierwala et al., 2001; Blair et al., 2003; 
Portera et al., 2003; Rao et al., 2003; Sun et al., 2003; He 
et al., 2006). The pyramided rice lines used in this study, 
possess R genes viz, Xa4, xa5 and Xa21. 
The older methods for identification of resistance genes 
are also being utilized (Lee et al., 2003; Kihupi et al., 
2001), but it will cost more to inoculate all the lines with 
all pathotypes that makes it laborious and time 
consuming. Marker aided selection (MAS) approach has 
proved its efficiency in breeding program to improve rice 
genotypes against disease (Mohan et al., 1997; Abbasi et 
al., 2010) which allows to introgress/pyramid 
single/multiple resistance genes in a genotype with 
desirable traits. 

Xa4 gene was identified by Petpisit et al.  (1977) which 
conferred durable resistance at all stages of plant growth 
in many commercial rice cultivars, that is, Pusa Bas 1, 
Pusa Bas 834, Punjab Mehran Basmati and Punjab 
Mehak (Mew et al., 1992). The xa5 gene is an important 
race-specific recessive gene located on chromosome 5 
which is widely used in breeding programs owing to its 
broad spectrum resistance against many Xoo strains. 
More recently Xa21 (locus for BLB resistance) was 
identified in Oryza longistaminata that is a wild species. 
Xa21 encodes a leucine-rich repeat (LRR) receptor 
proteins and it is also the first cloned R gene for BLB 
(Song et al., 1997). The genes Xa4, xa5 and Xa21 were 
transferred into rice variety IR24 through  repeated 
backcross (BC) breeding,  results in the  production of  a 
near isogenic lines  IRBB4 (carrying  Xa4). IRBB5 
(carrying xa5) and IRBB21 (carrying Xa21) respectively 
(Ogawa et al., 1991). 

Gene pyramiding has been known to be the most 
effective, where Xa21 contributes the largest portion of  



 
 
 
 
resistance. It has further been reported that Xa21 is the 
single gene to confer most effective resistance against 
17 Xoo pathotypes from Punjab. Polymerase chain 
reaction (PCR) based DNA markers MP1 for Xa4 (Ma et 
al., 1999), RM 122 for xa5 (Chen et al., 1997) and STS 
marker pTa-248 (Ronald et al., 1992) have been 
developed. They are used to identify genotypes which 
contain these resistance genes to develop rice cultivars 
possessing multiple resistance genes (Perumalsamy et 
al., 2010; Rajpurohit et al., 2010). 

In this research, we screened basmati varieties and 
rice lines of diverse origin for the status of BLB resistance 
genes (Xa4, xa5 and Xa21) using specific primers. We 
believe that our findings may accelerate the breeding 
efforts to develop BLB resistant basmati varieties through 
gene pyramiding using Marker Assisted Selection (MAS). 
 
 
MATERIALS AND METHODS 
 
Plant materials  
 
Eighty rice genotypes comprising of local and exotic origin three 
isogenic lines viz., IRBB4 (carrying Xa4), IRBB5 (carrying xa5) and 
IRBB21 (carrying Xa21) as positive resistant gene checks andIR24 
as negative gene check were in this study (Table 1). For this 
purpose, leaf samples were taken from rice seedling grown in the 
growth chamber of MAS laboratory of Rice Research Institute, Kala 
Shah Kaku, Pakistan and used for isolating genomic DNA. 
 
 
Genomic DNA extraction 
 
Rice seeds of all the genotypes were grown in germination jars 
under controlled environment (temperature-35°C and humidity 80 to 
85%) of growth chamber. Young leaves were taken for DNA 
extraction at seedling stage using Miniprep protocol given by 
Dellaporta et al. (1983). Few leaves (10 to 15 days old) were 
ground in liquid nitrogen and then added 800 ul extraction buffer. 
To prepare 100 ml of DNA extraction buffer, 1 M Tris HCL (10 ml), 
0.25 M EDTA (20 ml), NaCl (2.9 g), sodium bisulphate (0.38 g), 
20% SDS (6.25 ml) and dH2O (63.75 ml) were mixed to form a 
homogeneous solution. The samples were incubated for 20 min at 
65°C in water bath. Then equal volume of Chloroform:Isoamyl 
alcohol (24:1) was added. Centrifugation was carried out it for 8 min 
at 11,000 rpm. In a new eppendorf tube (1.5 ml), 500 ul of 
supernatant was taken and 1000 ul of chilled iso-propanol (-20°C) 
added. The samples were now centrifuged at 10,000 rpm for 10 
min. Aqueous solution was discarded carefully so that pellet does 
not get damaged/lost. Pellet was then washed with 1000 ul of 70% 
ethanol and resuspended in 100 µl of Tris EDTA (TE) buffer. 

To check the DNA quality of isolated genomic DNA, 3 ul of stock 
DNA mixed with 2 ul of loading dye was loaded in 0.8% agarose gel 
prepared in 1X TAE buffer (pH8.5). After 35 min run at 80 V, the 
genomic DNA concentration was observed using gel documentation 
system. Lambda DNA was used for estimation of DNA 
concentration of stock solution. Finally, the working dilutions were 
prepared with 30 to 50 ng/ul DNA concentration and stored at 4°C. 
 

 
PCR amplification 
 

DNA fragment carrying Xa4, xa5 and Xa21 was amplified using 
tightly linked and co-segregated primers “MP1” (Ma et al., 1999), 
RM122 (Chen et al., 1997) and “pTa 248” (Ronald et al., 1992)  
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respectively. The sequences (forward and reverse) of these 
markers are given at Table 2. A reaction volume of 10 µl was used 
for PCR amplification, containing 2 µl DNA (30 ng/µl), 0.75 µl of 
forward Primerand 0.75 µl of reverse primer (10 p moles/µl), 1.5 µl 
of double distilled water and 5 µl of green master mix (Thermo, 
USA). Amplification was performed in a programmed thermocycler 
(Kyratech, Australia) with initial denaturation at 95°C for 5 min, 
followed by 35 denaturation cycles at 95°C for 1 min, annealing at 
54°C for 1 min, elongation at 72°C for 2 min, and final extension at 
72°C for 5 min. Amplified products of Xa4, xa5 and Xa21 were 
subjected to electrophoresis in 3.5% agarose gel run in 0.5X TAE 
buffer. Ethidium bromide (10 µg/mL) was used to stain the gel, 
followed by gel documentation (UV Tech, USA) and identified for 
the presence (++), absence (--) of BLB gene linked DNA fragment. 
 
 
Data analysis 

 
The amplified fragments of all the rice genotypes were scored by 
comparing with respective resistance (IRBB near-isogenic lines) 
and susceptible (IR24) bands. The data was scored using “++/--” 
signs for presence/absence of target gene respectively. 
 
 
RESULTS 
 
The exotic and indigenous advanced and approved lines 
(80) were screened for the presence and absence of 
three bacterial leaf blight resistance genes viz. Xa4, xa5 
and Xa21 using PCR based gene linked markers MP1, 
RM122 and pTA248, respectively. The susceptible line 
IR24 and its 3 near-isogenic lines (NILs), IRBB4 (Xa4), 
IRBB5 (xa5) and IRBB21 (Xa21) were included as check 
for respective genes. Amplification of marker MP1which 
is a sequence-tagged site (STS) marker linked to Xa4, 
revealed a 150 bp fragment specific for Xa4 mediated 
BLB resistance in NIL IRBB4, and a 120 bp DNA 
fragment that corresponds to a susceptible variety IR24 
(Figure 1). Microsatellite marker RM122 was used for the 
screening of xa5 resistance gene, which showed 
resistant and susceptible amplicons of 240 and 230 bp, 
respectively. 

Screening for the dominant Xa21 resistance gene by 
the amplification of STS marker pTA-248 was carried out 
which employed to track the resistant and susceptible 
amplicons of 1040/925 and 730 bp respectively. STS 
marker pTA 248 located within 1 cM of Xa21 and 
originally obtained by sequencing the genomic clone of 
the RAPD 248 fragment using the same primer 
(Chunwongse et al., 1993; Ronald et al., 1992). The 
dominant gene Xa21 is the most effective individually 
against many pathovars of Xanthomonas oryzae in Asian 
sub-continent in combination with xa5 and xa13. 
Ramalingam et al. (2001), Lee et al. (2003) and Kihupi et 
al. (2001) also conducted similar type of polymorphic 
survey for the presence of xa5, xa13 and Xa21 gene in 
rice germplasm.  

During different polymorphic studies, it was revealed 
that 41 rice lines out of eighty including IRBB-4 amplified 
150 bp size fragments indicating the presence of Xa4 
gene while the remaining 39 rice lines were found to be  
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Table 1. Screening of Rice lines/varieties for Xa4, xa5 and Xa21 gene using MP1, RM 122 and pTA 248. 
 

S/N Designation Origin Type 
Gene status 

S/N Designation Origin Type 
Gene status 

Xa4       xa5        Xa21 Xa4         xa5        Xa21 

1  154 Pak C -- -- -- 41 50189 Pak F -- ++ -- 

2  4320 Pak C ++ -- -- 42 C622-2 Pak F -- -- -- 

3  4321 Pak C ++ -- ++ 43 Mesva Pak F ++ -- -- 

4  33897-1 Pak C ++ -- -- 44 DD - 17 Pak F ++ -- -- 

5  Mushkan Pak C -- -- -- 45 PK BB 4 Pak F -- -- -- 

6  Musa Tarmee Pak C ++ -- -- 46 FL 478 Pak C -- -- -- 

7  Shahdab Pak C -- -- -- 47 LUKE 3   -- -- -- 

8  310 Pak C ++ -- -- 48 Sadri dumsiah Iran J -- -- -- 

9  Mani Pur Black Rice 1 India C ++ -- -- 49 Super Bas/Bas515 (OL82) Pak F -- -- -- 

10  RathaJhana Red Rice India C -- -- -- 50 RRI-7 Pak F -- -- -- 

11  LalMati Rice India C -- -- -- 51 8431 Pak F ++ -- -- 

12  DR 82 Pak C -- -- -- 52 DGWG   -- ++ -- 

13  IR-9 IRRI C -- -- -- 53 CSY-26   ++ -- -- 

14  IR-26 IRRI C ++ ++ -- 54 8685 Pak F -- -- -- 

15  IR-28 IRRI C ++ -- -- 55 Giza 172 Egypt C -- ++ -- 

16  IR-74 IRRI C ++ ++ -- 56 RustamDhan   ++ ++ -- 

17  NARC-10-2 Pak C ++ ++ -- 57 Rexoro USA C ++ ++ -- 

18  Sathra Thailand C ++ -- -- 58 Indian Bas India F -- -- -- 

19  TKM 6 India C -- ++ -- 59 Kashmir Bas India F -- -- -- 

20  T N (1) Taiwan C -- -- -- 60 Pusa Bas 1 Pak F ++ -- -- 

21  WP 153 India C ++ -- -- 61 Pusa Bas 834 Pak F -- -- -- 

22  Shua 92 Pak C ++ -- -- 62 Punjab Mehran Basmati Pak F ++ -- -- 

23  NIA-625 Pak C ++ -- -- 63 Punjab Mehak India F ++ ++ -- 

24  Pk 7797-1-2-1-1 Pak C -- -- -- 64 IRANI RICE Iran F -- -- -- 

25  MOROBEREKAN Pak C -- -- -- 65 Sadri dumsufaid Iran F -- -- -- 

26  KSK 418 Pak C ++ -- -- 66 Super Himalaya Pak F -- -- -- 

27  KSK 427 Pak C ++ -- -- 67 Giza 171 Pak F -- -- -- 

28  KSK 462 Pak C ++ -- -- 68 SPR 7484-57-5 Pak F ++ -- -- 

29  KSK 463 Pak C -- ++ -- 69 Sadri dumzard Iran F -- -- -- 

30  KSK 466 Pak C ++ -- -- 70 SUWEON 300 Pak F -- -- -- 

31  KSK 476 Pak C ++ -- -- 71 Koshihikari Pak F -- -- -- 

32  KSK 133 Pak C ++ -- -- 72 Tetop India F ++ -- -- 

33  IR 22 IRRI C ++ -- -- 73 Zenith USA F ++ -- -- 

34  RC 222 IRRI C ++ -- -- 74 NPT early Pak F ++ ++ -- 

35  IRBB 58 IRRI C ++ -- -- 75 Swarna Sub1 IRRI J ++ -- -- 
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Table 1. Contd. 
 

36  1 Pak F -- -- -- 76 IRBB 66 IRRI F ++ ++ ++ 

37  436-3 Pak F ++ -- -- 77 IRBB 5 IRRI F -- ++ -- 

38  1021-5 Pak F -- -- -- 78 IRBB 4 IRRI F ++ -- -- 

39  4029-B Pak F -- -- -- 88 IRBB 21 IRRI F -- -- ++ 

40  C622 Pak F -- -- -- 80 IRBB 57 IRRI F ++ ++ ++ 
 

++, Presence of gene;   -, indicate absence of gene; C = coarse,   F = Fine, J = Japonica. 

 
 
 

Table 2. Sequence tagged site (STS) and microsatellite (SSR) markers used for detection of bacterial blight genes. 
 

Gene 
Located on 

chromosome 
Marker 

Type of 
marker 

Primer sequence (5’-3ꞌ) 
Resistant 
band (bp) 

Susceptible 
band (bp) 

References 

Xa4 4 MP1 STS 
ATCGATCGATCTTCACGAGG 

TCGTATAAAAGGCATTCGGG 
150 120 

Ma et al., 
1999 

xa5 5 RM122 STS 
GAGTCGATGTAATGTCATCAGTGC 

GAAGGAGGTATCGCTTTGTTGGAC 
240 230 

Chen et al., 
1997 

Xa21 11 
pTA 
248 

STS 
AGACGCGAAGGGTGGTTCCCGA 

AGACGCGGTAATCGAAGATGAAA 

925 

or 1100 
730 

Ronald et 
al., 1992 

 
 
 

 
 

Figure 1. Banding patterns showing the presence and absence of Xa4 gene in rice germplasm amplified 150 and 120 bp, size fragments 
respectively.  
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Figure 2. Banding patterns showing the presence and absence of xa5 gene in rice germplasm amplified 240 and 230 bp size fragments, 
respectively.  

 
 
 

 
 

Figure 3. Banding patterns showing the presence and absence of Xa21 gene in rice germplasm amplified 1040 and 725 bp size 
fragments, respectively.  

 
 
 

without Xa4 geneas 120 bp DNA fragment amplified in all 
these lines and also in IR-24 (Figure 1). 14 entries 
carried xa5 gene as 240 bp DNA fragment amplified in 
them, indicate presence of xa5 gene (Figure 2). No 
amplicons specific to Xa21 allele were detected except 
4321 (Figure 3) which is present in Rice germplasm of 
Kala Shah Kaku (KSK). Similar type of polymorphic 
survey was done by Arif et al. (2008) for the presence 
(++) and absence (--) of Xa4 gene in Pakistan rice 
germplasm. 
 
 
DISCUSSION 
 
The present study provides molecular characterization for 
three resistance genes, that is, Xa4, xa5 and Xa21 in our 
germplasm including lines from different countries. It will 
facilitate rice breeders to insert the resistance genes from 

the known donor source to our local basmati varieties and 
advance lines during the crossing and marker assisted 
selection procedures. Huang et al. (1997) identified muliti-
genic lines carrying different combinations of BB resistant 
genes through gene specific PCR markers. None of our 
germplasm carries Xa21 gene in our findings except 4321 
(line in germplasm). Sodhi et al. (2003) reported that 
combination of Xa21 with xa13 and Xa5BB resistance 
gene are effective against the prevalent strains of 
Xanthomonas (X00). 

The genes Xa4, xa5 along with Xa21 provide wide 
spectrum of bacterial blight resistance against many X. 
oryzae races (Perumalsamy et al., 2010).  Eight entries 
possess combination of Xa4 and xa5, which confer more 
durable resistance against different races of pathotypes. 
BLB resistance gene Xa21 is effective against the most 
prevalent pathotypes in Punjab followed by xa5 and Xa7 
(Sodhi et al., 2003). However, it has been reported that 



 
 
 
 
pathogen populations of diffetent countries and different 
regions within countries are regionally different, which 
could be due to the slow movement or spreading  of  the  
pathogen  or  slow  separation of host genotypes 
(Adhikari et al., 1995). Therefore, there is an urgent need 
to identify more BLB resistance genes in rice. 
Furthermore, efficacy of already identified genes against 
the prevalent Xoo strains needs to be categorized. 

Rice is highly profitable cash crop of Pakistan and 
Bacterial leaf blight is among major obstacle in obtaining 
good yield since last few decades. Several strategies 
have been adopted to manage this problem but the most 
important and reliable method is to develop resistant rice 
varieties by introgression of resistant genes and 
subsequent marker assisted selection for other quality 
related traits which are crucial for development of 
resistant and high yield varieties. These results will be 
helpful for rice breeders to develop such kind of resistant 
varieties carrying disease resistant genes.  

This information can be advantageously utilized to 
complement the bacterial leaf blight resistant gene pool 
available in Pakistan. This study indicates the presence 
of Xa21 gene in rice cultivar (4321 line) may be used as a 
donor parent in hybridization breeding programmes, 
which will accelerate efforts to develop bacterial leaf 
blight resistance cultivar through MAS-based approach 
without compromising yield and grain quality. 
 
 
Conclusion 
 
This study indicates the presence of Xa4 gene in forty 
one (41) rice genotypes, xa5 in fourteen (14) genotypes, 
while Xa21 in only two (2) genotypes including NILs 
among all the studied eighty (80) genotypes. Among 
these, eight entries were found to have combination of 
Xa4 and xa5 genes, while only one line 4321 has both 
Xa4 and Xa21 genes. On the other hand, two NILs 
IRBB57 and IRBB66 showed combination of all three 
genes. Results clearly show that both Xa4 and xa5 genes 
have been successfully pyramided in eight entries that 
can be further back-crossed with recurrent parent to 
recover desirable traits. Likewise, line 4321 possessing 
both Xa4 and Xa21 genes can be utilized as parent in 
breeding program as these two genes are known to show 
maximum resistance against wide spectrum of 
pathotypes to develop BLB resistance in rice varieties. 
These multi-genic lines in the germplasm, which contain 
the genes Xa4, xa5 and Xa21 in different combination will 
accelerate the efforts for developing broad spectrum BLB 
resistance in rice. The study further declares that gene 
pyramiding using MAS approach is an efficient and 
durable technique in rice breeding.  
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This study aimed to evaluate the drying kinetics of Baru (Dipteryx alata Vog), fit different mathematical 
models to the experimental values as a function of the water content, determine the diffusion coefficient 
and energy of Baru almonds during the drying process. Baru almonds were dried at 50, 60 and 70°C 
temperatures in a tray dryer until the water content reached 13% b.u. A non-linear regression analysis 
was performed to fit five mathematical models to the drying experimental data. The effective diffusion 
coefficient was obtained by fitting the mathematical model of the liquid diffusion. The diffusion 
coefficient variation, based on the drying temperature, was analyzed using the Arrhenius model, which 
made it possible to determine the activation energy. The drying process of the Baru was best 
represented by the two-term model. The diffusion coefficient showed values ranging from 18.15 × 10-11 
to 27.62 × 10-11 m2/s and 15.36 × 10-11 to 37.08 × 10-11 m2/s. The ratio between the diffusion coefficient 
and the drying temperature may be described by the Arrhenius equation, with activation energy of 23.7 
and 49.08 kJ/mol and velocities of 1.75 and 2.35 m/s, respectively. 
 
Key words: Biotechnology, Fick's law, mathematical modeling. 

 
 
INTRODUCTION 
 
The Baru tree (Dipteryx alata Vog) belongs to the 
Leguminosae family and it is native to the Brazilian 
Cerrado (Queiroz and Firmino, 2014). A mature tree of 
this species produces about 150 kg of Baru fruit. It has 
only one seed per fruit, from which the endocarp, 
mesocarp and almonds can be used for several purposes 
(Cruz et al., 2011; Oliveira et al., 2011). The almond shelf 
life depends on the moisture content which directly 
influences the quality of the product during storage. The 
drying   process  is  one  of  the  conservation  techniques  

applied to remove water from food. 
Drying is a complex process involving heat 

phenomenon and mass transfer. It is often used in food 
processing industry (Costa et al., 2012; Martins et al., 
2012). It is probably the main and most onerous step 
after harvest. The mathematical models and simulation of 
drying kinetic curves are applied in different ways. They 
are important for a better control of the unit operation and 
overall improvement of the quality of the final product. 

The study  and mathematical modeling of drying kinetic  
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Table 1. Mathematical modeling. 
 

Name Modeling Reference Nº 

Newton exp  Westerman et al., 1973 (2) 
Henderson and Pabis . exp  Sousa et. al., 2011 (3) 
Two Term . exp  Jittanit, 2011 (4) 
Logarithmic . exp  Costa et. al., 2011 (5) 

Page. exp  Saccilik, 2007 (6) 
 

Ua = moisture ratio (dimensionless); t = drying time (min); k, k0, k1 = drying constants (min-1); a, b and n = model parameters. 
 
 
 
have aroused the interest of many researchers in 
different types of grains and seeds, such as crambe 
seeds (Faria et al., 2012; Costa et al., 2011), beans 
(Sousa et al., 2011), peppermint and parsley leaves 
(Zaripour and Hamidi, 2011), seedless grapes (Çakmak 
and Yildizil, 2011), green beans and okra (Doymaz, 
2011). Despite the great diversity of studies on almonds 
and grains, there are no available work on the effects of 
the drying temperature of Baru (D. alata Vog) almonds in 
the literature. 

The models based on Fick's second law are not the 
exact representative of the different mechanisms used for 
the transportation of water in agricultural products, and 
the density varies as the drying conditions (temperature 
and air velocity) change. That is, it is not intrinsic to the 
material, and it is conventionally called effective diffusivity 
(Roca et al., 2008). 

Energy values are usually used as indicators of 
influence of temperature on effective diffusivity. Kayacier 
and Singh (2004) reported that the activation energy of 
the product decreases with increase in the water content 
of the product. In the drying segments, the lower the 
activation energy, the higher is the diffusivity of water in 
the product. Costa et al. (2011) found activation energy of 
37.07 kJ/mol for crambe seeds. 

Thus, this study aimed to evaluate the drying kinetics of 
Baru almond (D. alata Vog), fit different mathematical 
models to the experimental values as a function of the 
water content, determine the diffusion coefficient and 
activation energy of the almonds, during drying at 
temperatures of 50, 60 and 70°C and velocities of 1.75 
and 2.3 m/s. 
 
 
MATERIALS AND METHODS 
 
The experiment was conducted in the Laboratory for Separation of 
Biomolecules and Food Dehydration (LAPSDEA), of the Food 
Engineering Course, at the Federal University of Tocantins, 
Palmas, Brazil. The raw material was acquired in Palminha 
(Tocantins state, Brazil); then, it was transported and properly 
stored in the laboratory. The raw material was processed to obtain 
the baru almond used to perform the experiments. 

A caliper was used to perform the axial measurements of the 
Baru almonds (length, width, and thickness). The baru almond 
moisture was determined by the gravimetric method, based on 
Instituto Adolfo Lutz (2008). 

Drying curve 
 
To determine the drying curve, a tray food dehydrator with air 
heating system and gas was used at 50, 60 and 70°C 
temperatures, and air flow velocities of 1.75 and 2.3 m/s. Each tray, 
initially with 2.4±0.04 g of Baru almond, was weighed and subjected 
to drying. The trays were weighed at 10-min intervals during the first 
fifty minutes (min); later, every 20 min for one hour and forty 
minutes, and every 30 min until constant weight was obtained. All 
dryings were done in triplicate. 

Equation 1 was used to determine the moisture ratio of the baru 
almond, for the different drying conditions. 
 

                                                                                         1 

                                                                
Where, Ua = moisture ratio (dimensionany); U = mean water 
content at time t (% b.u.); Ue = equilibrium water content (% b.u.); 
and Ui = initial water content (% b.u.). 

The mathematical models (Table 1) were fitted to the drying 
experimental data. An exponential non-linear regression analysis 
was used to fit the mathematical models, using the STATISTIC 7.0 
software. 

To evaluate the fitting of the models, we considered the 
significance of the regression coefficients, by t-test at 5% of 
significance level; the magnitude of the fitted determination 
coefficient (R2), the relative error (P) and the estimated mean error 
(SE). 

The effective diffusion coefficient was obtained by fitting the 
mathematical model of liquid diffusion, described by Equation 2, to 
the drying experimental data of the Baru almonds, which is an 
analytical solution to the equation of the Fick's second law. The 
product was considered as a spherical shape, disregarding the 
volumetric shrinkage of the Baru almonds and considering the 
condition of the boundary water content on the surface of the 
almonds. 
 

	 6 ∑ . .
.

                                           2  

 
Where,  = effective diffusion coefficient (m2/s); r = Equivalent 
radius (m); and n = Number of terms. 

The volume of each Baru almond (V), considered as a triaxial 
spheroid, was estimated using Equation 3 proposed by Mohsenin 
(1986). 
 

	 . . . 	 . .
                                                                             3                 

 
Where, V = volume of the almond (mm3); a = almond larger axis 
(mm); b = almond mean axis (mm); and c = almond smaller axis 
(mm).  

The radius of the equivalent sphere was calculated using 
Equation 4. 
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Figure 1.  Experimental and mathematical model  in the drying of 1.7  m/s: 50ºC (a), 60ºC (b) and 
70°(c). 

 
 
 

	 √ . .
                                                                                           4 

 
The increased variation of the diffusion coefficient with the drying 
temperature was described by the Arrhenius model (Equation 5). 
 

 . exp	
.

                                                                              5 

 
Where, D0 = pre-exponential factor, Ea = activation energy (kJ/mol), 
R = universal gas constant (8.134 kJ/mol) and Ta = absolute 
temperature (K). 
 
 
RESULTS AND DISCUSSION  
 
In the indication method of drying curves, the Baru 
almonds showed initial moisture of 31.7±0.04% b.s. The 
drying experimental values of the Baru almond, for the 
studied temperatures, are shown in Figure 1a to c, at a 
velocity of 1.7 m/s, and in Figure 2a to c, at a velocity of 
2.3 m/s. 

In all the studied temperatures, the moisture ratio for 
the drying curves of the Baru almonds rapidly decreased 
at the beginning and increased at the drying time. These 
results are in accordance with the theoretical data of the 
grain drying theory (Costa et al., 2011; Santos et al., 
2013; Siqueira et al., 2012). Such results are in 
accordance with the results obtained by Iguaz et al. 
(2003); Calzetta et al.  (2004); Sacilik (2007); Ruiz et al. 
(2008), Hii et al. (2009); Markowski et al. (2010), Gazor 
and Mohsenimanesh (2010) and Shen et al. (2011). 

To reach constant weight, the Baru almond required 
300, 270 and 210 min, at a velocity of 1.7 m/s; and 201, 
120 and 110 min, at a velocity of 2.3 m/s. That is, with 
increased temperature, there was a higher removal of 
water from the product. In fact, it was observed for many 
agricultural products by several researchers (Doymaz, 
2011; Promvonge et al., 2011). 

The coefficients of determination (R2), regarding the 
studied  mathematical models showed the best values for  
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Figure 2.  Experimental data and mathematical model  in the drying of 2.3 m/s: 
50ºC (a), 60ºC (b) and 70°C (c). 

 
 
 
the statistical parameters at each studied temperature. 
The two-term model was the only one with values higher 
than 99%, at the three analyzed temperatures and 
velocity of 1.7 m/s. The logarithmic model showed values 
higher than 98%, at a velocity of 2.3 m/s, indicating 
according to Madamba et al. (1996), a satisfactory 
representation of the phenomenon under study. 
Regarding the estimated mean errors (SE), the two-term 
and logarithmic models showed lower values compared 
to the other models. The two-term and logarithmic 
models showed lower values of relative error (Table 2); 
and the logarithmic model showed lower relative values 
at the three studied temperatures (below 10%) (Table 2), 
which, according to Mohapatra and Rao (2005), indicated 
an adequate representation of the phenomenon. 

The modeling aimed to fit a model or various models 
for the whole studied range of the variable in question: in 
this case, it is temperature.  With  this  consideration  and 

knowing that at the temperature of 70°C and velocity of 
1.7 m/s, only the two-term model satisfies the relative 
error limit, which best represents the fitting of the Baru 
almond drying at all the analyzed temperatures. This 
model also obtained values of SE lower than 2% and 
values of R2 higher than 99.51%. At the velocity of 2.3 
m/s, only the logarithmic model showed the value of R2 
higher than 99.03, with SE lower than 3.4% and P equal 
to 7.1%, at 70°C. 

The diffusion coefficient values at the different 
temperatures were obtained, using an equivalent radius 
of 0.00534 m (Table 3). The data were obtained by fitting 
Equation 2 to the experimental data of the Baru almond 
drying, with an approximation of eight terms. From this, it 
was observed that the Def value (which was constant K) 
denoted the eight terms. 

There was an increase of the effective coefficient 
values   with   increased   temperature.  This   result   was  
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Table 2. Coefficients of determination (R2%), estimated mean errors (SE%), and relative error (P%), of the Baru almond 
drying, for the studied temperatures and velocity of 1.75 m/s and 2.35 m/s. 
 

Model T°C 

Coefficients 

1.75 m/s 2.35 m/s 1.75 m/s 2.35 m/s 1.75 m/s 2.35 m/s 

R2 R2 P% P% SE% SE% 

Page 
50 98.6927 98.2646 15.62 8.6 3.5 4.8 
60 99.0365 97.1250 14.32 11.39 3.1 5.7 
70 97.9183 97.7522 12.31 9.1 3.0 5.1 

        

Newton 
50 97.0906 96.6889 9.9 15.6 5.1 6.6 
60 98.1872 97.0432 9.6 9.11 4.2 5.7 
70 93.7996 97.6626 12.6 9.33 7.4 5.1 

        

Henderson and 
Pabis 

50 98.3380 97.3581 14.7 12.12 3.9 5.8 
60 98.9453 97.3207 16.5 10.7 3.2 5.4 
70 96.4469 97.6843 17.3 9.64 5.6 5.2 

        

Two term 
50 99.1897 97.3480 7.8 12.19 2.6 5.9 
60 99.5500 97.3208 7.1 10.6 2.1 5.5 
70 99.1068 97.6843 6.9 9.7 2.0 5.3 

        

Logaríthmic 
50 98.3772 99.0301 7.5 7.6 3.8 3.4 
60 99.0075 98.0414 7.3 7.4 3.1 4.7 
70 96.4538 99.0318 7.0 7.1 2.9 3.4 

 
 
 

Table 3. Effective coefficient as a function of the temperature at a 
velocity of 1.75 and 2.35 m/s. 
 

T (°C) 
50°C 60ºC 70ºC 

Def (m
2/s) Def (m

2/s) Def (m
2/s) 

1.75 m/s 18.15 × 10-11 22.31×10-11 27.62 × 10-11 

2.35 m/s 15.36 × 10-11 28.85 × 10-11 37.08 × 10-11 
 
 
 
expected because at higher temperatures, water removal 
is faster. The values obtained for the effective coefficient 
(Def) of the Baru almonds, are in the range of 18.15 × 10-

11 to 37.08 × 10-11 m2/s. The same was observed by 
Doymaz (2011), in this same array, 10-11.  

The effective coefficient values increased linearly, and 
their dependence on the drying air temperature was 
described by the Arrhenius equation (Figure 3).  

The slope of the curve of the Arrhenius representation 
provides the ratio Ea.R

-1, whereas its intersection with the 
ordinate axis indicates the D0 value. The coefficients of 
the Arrhenius expression fitted to the effective coefficient 
of the Baru almond are shown in Figure 3; 1.75 m/s 
velocity is presented in Equation 6, and 2.35 m/s velocity 
is shown in Equation 7. 
 

15.23	
.

.
                                                        6                                                                            

7.35	
.

.
                                                           7              

 
As shown in Equations 6 and 7, the activation energy for 
the liquid diffusion in the Baru almond drying was 23.7 
and 49.08 KJ/mol at 1.75 and 2.35 m/s velocities and 
temperature range of 50 to 70°C. These values 
correspond to those found for agricultural products, 
according to Zogzas et al. (1996), who highlighted that 
the activation energy for agricultural products ranges 
from 12.7 to 110 KJ/mol. 
 
 
Conclusion 
 
The drying of Baru almond in tray dryers is possible at 
the studied temperatures, and the drying time is inversely 
proportional   to the  expected  temperature.  The  studied  
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Figure 3. Arrhenius representation for the relation between the effective coefficient and the absolute temperature: 
Velocities 1.75 m/s (A) and velocities 2.35 m/s. 

 
 
 
models fitted satisfactorily to the experimental data. 
However, the two-term model was the most suitable due 
to its higher coefficient of determination, lower estimated 
error and lower mean relative error values, at a 
temperature of 70°C and a velocity of 1.75 m/s. The 
effective diffusion coefficient increased with the air 
temperature, and therefore, the drying time decreased. It 
showed values ranging from 18.15 × 10-11 to 27.62 × 10-

11 and 15.36 × 10-11 to 38.08 × 10-11 at a temperature 
range of 50 to 70°C and velocities of 1.75 and 1.35 m/s, 
respectively. The ratio between the diffusion coefficient 
and the drying temperature was described by the 
Arrhenius equation. For the activation energy, a value of 
23.7 and 49.08 KJ/mol was found at velocities of 1.75 
and 1.35 m/s, respectively for the liquid diffusion in the 
drying process of the Baru almonds. The information 
found in this study can be analyzed to obtain biodiesel 
and proteins to feed an energy industry. 
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The biochemistry and histopathology of intraperitoneally administered potassium permanganate was 
investigated in Clarias gariepinus. Acute toxicity of the KMnO4 was determined by intraperitoneally 
injecting the fish with 0.0, 1.5, 2.0, 4.0 and 6.0 mg/kg. The 96 h lethal concentration (LC50) value obtained 
from the intraperitoneal injection of the juveniles of C. gariepinus with KMnO4 was 2.001 mg/kg KMnO4 

at 95% confidence limit.  Liver and kidney were excised at the end of each interval of exposure of 0 to 
15 days and blood samples were obtained at the end of the exposure period from the caudal ablation 
and were used for the assay of creatinine, urea and blood urea nitrogen (BUN). The mean creatinine and 
BUN values differed significantly at P<0.05 when compared with the mean values of the control group at 
the same time. The KMnO4 caused histopathological changes and distortions in the histoarchitecture of 
the kidney (such as necrotic tubules, cystic spaces, and destruction of renal tubules) and the liver 
(such as disintegration of hepatic chords, enlargement of the sinusoids, and liver steatosis) of the fish. 
The potassium permanganate widely used in controlling external fungal, bacterial and protozoan 
infections of fish should not be indiscriminately used. 
 
Key words: Potassium permanganate, histopathology, biochemical, Clarias gariepinus. 

 
 
INTRODUCTION 
 
Potassium permanganate is a strong oxidant, because of 
its derivative permanganate ion, MnO

-2
 (Šišperová et al., 

2015). It is used as a common biocide at recommended 
concentrations up to 4 mg/L in various aquaculture 
setups (kori-Siakpere et al., 2011). Currently, KMnO4 is a 
U.S Food and Drug Administration (FDA) investigational 
new animal drugs  (INAD)  under  investigation  by  Carus 

Chemical Company Peru. The toxicity margin of KMnO4 
is narrow (1 to 3 mg/L) (Plumb, 1999). Toxicity levels 
have been determined for carp fry as an LC50 ranging 
from 37.5 to 48 mg/L at 26°C and 45 to 37.5 mg/L at 
32°C, at 24 and 48 h, respectively (Plumb, 1999; 
Ezemonye and Ogbomida, 2010). A limited amount of 
information is available about the toxicity of  KMnO4.  The   
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acute toxicity of KMnO4 to various fish species has been 
studied (Markings and Bills, 1975; Tucker, 1987). 

These include several studies investigating striped 
bass and the hybrid striped bass (Straus, 2004) and 
Clarias gariepinus Juveniles (Kori-Siakpere, 2008, 2009). 
Potassium permanganate is poisonous when taken into 
the blood (Martin, 2003). It consists of dark, odorless, 
purple crystals with a metallic luster which are soluble in 
water giving pink to deep purple solutions depending on 
concentrations (Abalaka, 2013). It is a water disinfectant 
(Wells, Ponds) and is used as a gastric lavage in 
alkaloidae poisoning, but promotes rusting. It is an 
effective algicide (0.01%) and virucide (1%), but 
concentrations > 1:10,000 tend to irritate tissues (Khan, 
2005). Hence, it may contaminate water and can be toxic 
without prodromal signs; the main lesions are hemorrhage 
and necrosis of crops in birds. Since potassium 
permanganate is still used chemically, there is need to 
access the toxicity of the compound (Brander and 
Bywater, 1992). The impact of contaminants on the 
aquatic ecosystem can be measured through a variety of 
parameters, from low levels of biological organization 
(molecular and biochemical responses) to high 
organization levels (population and community 
responses). In this context, the use of biomarkers at 
cellular and pathological levels is extremely important as 
a sensitive tool to measure the biological effect during the 
assessment of environmental quality, since they are more 
specific, sensitive, reproducible, and easy to determine. 
There is no pattern or established limit to this compound 
and it may be used freely and without restriction in 
aquaculture. According to the Food and Drug 
Administration (FDA), the inclusion of this compound in a 
regulatory class still depends on further studies. Several 
studies on the implementation and effectiveness of 
potassium permanganate in aquaculture are available in 
the literature, but information about its toxic potential in 
organs and tissues when intraperitoneally injected in fish 
is still scanty. The impact of contaminants on the aquatic 
ecosystem can be measured through low levels of 
biological organization (molecular, biochemical and 
histopathology) to high levels (community and population 
response) (FAO, 2010). In this context, histopathology 
and biomarkers are used as sensitive tools to measure 
the biological effects during the assessment of 
environmental quality, since they are more specific, 
sensitive, reproducible and easy to determine. The 
general objectives of the study were to determine the 
LC50

 
of intraperitoneally administered potassium 

permanganate on C. gariepinus juveniles, ascertain the 
histopathological, and biochemical alterations in the liver 
and kidney in C. gariepinus Juveniles intraperitoneally 
administered with potassium permanganate. 
 
 

MATERIALS AND METHODS 
 

Procurement of the experimental fish 
 

The juveniles of C. gariepinus of average weight 23.4 ±  6.9 g  were  
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used in this experiment. The fish were obtained from a commercial 
fish farmer (Freedom Fisheries) at Enugu. They were transported to 
the Department of Zoology and Environmental Biology, University 
of Nigeria, Nsukka. Thereafter, they were kept in a well aerated 
chlorine free tap water at 25°C and acclimated for two weeks in the 
laboratory before the commencement of the study. The fish was fed 
with Coppens fish feed containing 55% crude protein and the water 
quality was maintained daily with a standard test kit. 

 
 
Collection of the test compound and preparation of stock 
solution 

 
The test compound, potassium permanganate used in this study 
was of analytical grade with 99.97% purity and was purchased from 
Ogige Market, Nsukka, Enugu State, Nigeria. The stock solutions 
were obtained and serial dilutions were made. 

 
 
Acute toxicity bioassay and behavioural responses 

 
Acute toxicity bioassay to determine the 96 h LC50 values of 
potassium permanganate was conducted using the standard 
protocols (APHA, AWWA, WPCF, 2005). The range finding test was 
carried out prior to determine the concentrations of the test 
chemical for the definitive test. For the definitive test, 150 fish of 
mean weight 14.71 ± 13.61 g were randomly distributed into five 
groups (A to E) and each group was replicated into three with ten 
fish per replicate and each fish was intraperitoneally injected with 
1.5, 0.4002, 4.0, and 6.0 mg/kg. The experiment was set to 
determine the LC50 values of the test chemical. Fish were visually 
examined daily and considered dead when no sudden swimming in 
response to gentle touch was observed. Dead fish were removed 
with plastic forceps and the mortality was recorded at intervals of 
24, 48, 72, and 96 h. The LC10-90 values of the test compound 
(KMnO4) for the fish at 24, 48, 72, and 96 h was determined by 
probit analysis (Finney, 1971). The behavioural responses of C. 
gariepinus at different concentrations of KMnO4 were observed 
from 24 to 96 h of the injection.   
 
 

Sub lethal test 

 
The 96 h LD50 value of KMnO4 in the present study was determined 
to be 2.001 mg/kg. Based on this value, three sub lethal 
concentrations of 0.1001, 0.2001 and 0.4002 mg/kg corresponding 
to 1/20, 1/10 and 1/5th of KMnO4, respectively were prepared by 
serial dilution of the stock solution. A total of thirty acclimatized fish 
were injected with each of the aforementioned sub lethal 
concentrations in triplicates of ten fish per replicate. Another set of 
30 fish were injected intraperitoneally with 0.20 normal saline and 
were considered as the normal saline control groups. Control fish 
specimens were maintained in dechlorinated tap water without 
intraperitoneal injection with KMnO4 or normal saline. The 
experiment lasted for 15 days and the liver and kidney of the test 
fish were excised at intervals of five days and taken for analysis.  
 
 

Water quality analysis 

 
The water quality parameters (temperatures, pH and dissolved 
oxygen) of experimental set up with KMnO4 toxicant and control 
bioassay were monitored by the procedure according to APHA 
(1998). Before the commencement of the study, the water 
temperature was 25.5°C, pH 6.5 and dissolved oxygen 5.2 mg/L. 
The behavioural responses of the fish were noted, such as erratic 
swimming and gasping of air. 
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Biochemicals 
 

Blood samples were taken on the fifteenth day of administration of 
KMnO4. Blood samples were taken in tubes and centrifuged at 3000 
rpm for 10 min for serum separation. The serum was stored at -20o 

C for further analysis. 
 
 

Determination of creatinine 
 

Calibration graph for the estimation of creatinine was carried out in 
a 3 ml reagent mixture containing 1.93 mM metol, 68.8 µM copper 
and 1 mM acetic acid/sodium acetate buffer of pH 5.4. The reaction 
was initiated by adding 100 µl of creatinine concentrations. The 
reaction mixture was allowed to stand for 30 min at room 
temperature. Absorbance was read at 530 nm (Copper and Bigga, 
1961).  
 
 

Determination of serum urea 
 

This was carried out using Randox kit for serum urea estimation, 
following the experimental procedures described by the 
manufacturer. The absorbance was spectrophotometrically read at 
546 nm and calculations were made thus; 
 
Urea concentration (mg/dl) = A sample / A standard × standard 
concentration. 
 

Determination of Blood Urea Nitrogen (BUN) 
 

Urea (1 mg) corresponds to 0.467 mg of urea nitrogen.   
Urea nitrogen = Urea × 0.467 
 
 

Histopathology 
 

The tissue samples liver and kidney were quickly excised from the 
fish and fixed in bouins fluid. Slices of the organs were quickly 
prepared for histological examination to show if there were 
morphological changes in the organs during the treatment. 
Processing started by parking the tissue in the tissue capsule. The 
tissues were dehydrated in graded level of ethanol (70 to 100%) in 
ascending order. Alcohol was changed after soaking the tissue in 
them for 1 to 2 h. The tissue was cleaned in chloroform and 
impregnated with paraffin wax and sectioned at 4 to 5 micron 
thickness. The section was floated on a water bath maintained at 2 
to 3°C below the melting point of paraffin wax. They were dried 
between 15 and 30 min and were stained with haematoxylin and 
eosin (H&E), dehydrated, cleaned and mounted (DCM) in a 
mountant, avoiding air bubbles. Photomicrograph was taken using 
motic camera with ×40 and ×10 objectives. 
 
 

Statistical analysis           
 

Mean values were analyzed for significant differences (P < 0.05) 
using the analysis of variance (ANOVA). Differences between 
means were partitioned using the Duncan new multiple range test. 
Statistical Package for Social Sciences (SPSS) version 16 was 
used. Probit value was determined from the probit model developed 
by Finney (1959). 
 
 

RESULTS 
 

Water quality parameters
 

 

Before  the  commencement   of   the   study,   the   water 

 
 
 
 
temperature was 25.5°C, pH 6.5 and dissolved oxygen 
5.2 mg/L. 
 
 
Lethal concentration (LC50) determination

 

 
The mortality of C. gariepinus injected with different 
concentrations of potassium permanganate is shown in 
Table 1. A dose-dependent increase and a time 
dependent decrease was observed in the mortality rate, 
such that as the exposure time increases from 24 to 96 h, 
the lethal concentration required to kill the fish was 
reduced. From the results obtained in the acute toxicity 
bioassay, a total percentage mortality of 20, 60, 90 and 
100% were observed at the end of 24, 48, 72 and 96 h, 
respectively. A probit analysis was carried out with the 
result shown in Table 1 and LC50 value of 2.001 mg/kg 
was obtained.       
 
 
Behavioural responses of C. gariepinus 
intraperitoneally administered with KMnO4 
 

The results showed that potassium permanganate 
affected the behavioural characteristics of C. gariepinus. 
The control specimens were not hyperactive and showed 
normal swimming patterns and fin movements throughout 
the exposure period. The normal saline control groups 
showed some degree of hyperactivity and jerky move-
ments. However, with increasing KMnO4 concentrations 
and exposure duration time, hyperactivity and jerky 
movements increased. In contrast, the swimming rate, fin 
movement and equilibrium status decreased as shown in 
Table 2.    
 
 
Changes in the degree of lesions (wounds, cm) in the 
skin of C. gariepinus Juveniles intraperitoneally 
administered with various concentrations of KMnO4 
 
The effect of the increasing concentration of 
intraperitoneally administered KMnO4 after 15 days  
treatment produced a duration dependent significant (p < 
0.05) increase in the lesion (wound) levels in the skin of 
C. gariepinus Juveniles. Table 3 shows the degree of 
lesions (wounds) in cm observed during intraperitoneal 
injection with KMnO4. A one way ANOVA was used to 
analyze the lesion degrees shown in Table 3 and the 
differences between means were partitioned using the 
Duncan multiple range test with SPSS version 16; the 
mean values observed in Table 4 was thus obtained.  
Actually, group B administered with 0.1001 mg of KMnO4 
had the highest degree of lesion, followed by group C 
(0.2001 mg KMnO4) and group D (0.4002 mg KMnO4). 
When compared with the normal saline, control group A 
was administered with normal saline only. The increase 
in lesions was time and concentration dependent as 
shown in Table  3. Lesions  did  not  occur  in  the  control 
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Table 1. Summary of mortalities in C. gariepinus juveniles intraperitoneally administered with KMnO4. 
 

Test concentration 
No. of fish per 
replicate n=30 

Log10 

concentration 

Numbers of mortality Total number 
of deaths 

Total number 

Survived 24 h 48 h 72 h 96 h 

A Control (0.00) 

10 - 0 0 0 0 

0 30 10 
 

0 0 0 0 

10 0 0 0 0 

         

B  (1.50 mg/kg) 

10 

0.18 

0 1 1 0 

6 24 10 0 0 2 0 

10 0 2 0 0 

         

C (2.0 mg/kg) 

10 

0.3 

0 5 3 0 

18 12 10 0 3 0 0 

10 3 1 3 0 

         

D (4.00 mg/kg) 

10 

0.6 

3 3 4 0 

27 3 10 2 2 3 0 

10 1 4 5 0 

         

E (6.00 mg/kg) 

10 

0.78 

6 3 1 0 

30 0 10 4 5 1 0 

10 2 4 4 0 

 
 
 
groups that were not injected with normal saline or 
KMnO4. 

 
 
Changes in some biochemical markers in C. 
gariepinus intraperitoneally administered with KMnO4 
at the end of the exposure period 

 
The changes in the creatinine levels of intraperitoneally 
administered KMnO4 of C. gariepinus shows that the 
creatinine levels among the treated groups differed 
significantly (P < 0.05) with group C 0.4002 mg/kg 
KMnO4 having the highest creatinine level of 0.82 ± 0.04 
mg/dl when compared with other groups. However, group 
B had the lowest creatinine level of 0.61 ± 0.03 mg/dl and 
the decrease is significantly different at P < 0.05. At the 
same time, the urea levels among the KMnO4 treated 
groups differed significantly at P < 0.05 when compared 
with the control; it can be deduced that the group B 
administered with 0.2001 mg/kg KMnO4 had the highest 
urea levels at the end of the exposure period, with urea 
level of 41.34 ± 0.40025 mg/dl followed by group A with 
urea level of 32.19±1.37 and 25.02 ± 2.28 mg/dl. 
Moreover, the control groups treated with normal saline 
maintained urea level of 27.44 ± 3.51 mg/dl.  

Similarly, the changes in the normal BUN in the KMnO4 
treated groups showed that group B  treated with 1.5 
mg/kg of KMnO4 had the highest BUN value of 19.31 + 
0.96, followed by group A (0.1001 mg/kg) with BUN value 
of 15.06 + 0.64 and group C (0.4002 mg/kg KMnO4)  with  

BUN value of 11.69 + 0.64. The BUN values among the 
KMnO4 treated groups differed significantly at P < 0.05 
when compared with the control. The decrease in the 
creatinine, urea and BUN among the treated groups had 
concentration independent changes at the end of the 
exposure period (Table 5). 
 
 

Histopathological changes in the kidney of C. 
gariepinus Juveniles intraperitoneally       
administered with KMnO4 
 

Histopathological changes observed in the kidney (Table 
6) of C. gariepinus intraperitoneally administered with 
KMnO4 showed that the kidney of the control group 
(normal) exhibited intact tubules (Plate 1); however, the 
group administered with 0.2 mg/kg of normal saline 
showed necrotic tubules, and destruction of tubules 
(Plate 2) intact and severe degeneration of tubules as 
well as intact sinusoids and vacuolations, Plate 3 and 
cyctic spaces  (Plate 4)  were seen in days 5 and 15; 
therefore, the kidney in group B administered with 0.1001 
mg/kg KMnO4 showed partial destruction of renal tubules 
(Plate 5) in day 5, whereas atrophy of the proximal and 
distal convoluted tubules and massive cystic spaces 
where evident (Plate 6) in day 10. Meanwhile, in day 15, 
the kidney architecture appeared normal with tubules 
being intact without any structural damages as shown in 
Plate 6. However, group C treated with 0.2001 mg/kg of 
KMnO4 exhibited increase proliferation of 
polymorphonuclear cells  especially  in  day  10  (Plate 7),   
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Table 2. Behavioural changes of Clarias gariepinus intraperitoneally administered with various concentrations of KMnO4. 

 

Concentration (mg/kg) Equilibrium status Fin movement Hyperactivity Jerky movement Swimming rate 

Toxicity test      

24 h      

Control +++ +++ - - +++ 

1.5 ++ ++ - - +++ 

2.0 ++ ++ - + + 

4.0 - - ++ +++ + 

6.0 - - +++ +++ - 

      

48 h      

Control +++ +++ - - +++ 

1.5 ++ ++ - + ++ 

2.0 ++ ++ - ++ + 

4.0 + + ++ +++ - 

6.0 - - +++ +++ - 

      

72 h      

Control +++ +++ - - +++ 

1.5 ++ ++ + + ++ 

2.0 + ++ + ++ ++ 

4.0 - + ++ ++ - 

6.0 - - +++ +++ - 

      

96 h      

Control +++ +++ - - +++ 

1.5 ++ ++ + + + 

2.0 + ++ ++ ++ ++ 

4.0 - - +++ +++ - 

6.0 - - +++ +++ - 

      

Sub lethal test      

24 h      

Control +++ +++ - - +++ 

0.20 (NS) ++ ++ - - +++ 

0.1001 ++ ++ - - ++ 

0.2001 + + + ++ + 

0.4002 + + + +++ + 

      

48 h      

Control +++ +++ - - +++ 

0.20 (NS) ++ ++ - + ++ 

0.1001 ++ ++ - + ++ 

0.2001 + + + ++ + 

0.4002 + + ++ +++ + 

      

72 h      

Control +++ +++ - - +++ 

0.20 (NS) ++ ++ + + ++ 

0.1001 ++ ++ + ++ ++ 

0.2001 + + ++ +++ - 

0.4002 - - +++ +++ - 
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Table 2. Contd. 

 

96 h      

Control +++ +++ - - +++ 

0.20 (NS) ++ ++ + + + 

0.1001 ++ ++ + ++ ++ 

0.2001 - - +++ +++ - 

0.4002 - - +++ +++ - 
 

- = absent, + = present, ++ = mild, +++ = strong, NS: Normal saline. 

 
 
 

Table 3. Various degrees of lesions (wounds) in cm observed in the skin of 
C. gariepinus intraperitoneally administered with normal saline and various 
concentrations of KMnO4. 
 

Group  Day 5 Day 10 Day 15 

A  - - - 

B 0.3, 0.4, 0.3 cm 1.0, 1.3, 0.5 cm 2.5, 1.5, 1.7 cm 

C 0, 0, 0 cm 0.9, 1.0, 0.4 cm 2.0, 1.2, 1.5 cm 

D 0, 0, 0 cm 0.9, 1.0, 0 cm 1.8, 1.0, 1.2 cm 

 

 

Table 4. Changes in the degree of lesions (cm) in the skin of C. gariepinus intraperitoneally 
administered with KMnO4.  
 

Experimental groups 
Duration of exposures 

Day 5 Day 10 Day 15 

Control (0.2 mg/kg Normal Saline) 0.00 ±
 
0.00

b 
0.00 ± 0.00 

a 
0.00 ± 0.00

a
 

Group A (0.1001 mg/kg) 0.33 ± 0.06
a 

0.93 ± 0.40
b 

1.90 ± 0.53
b 

Group B  (0.2001 mg/kg) 0.00 ± 0.00
b 

0.77 ± 0.32
b 

1.57 ± 0.40
b 

Group C (0.4002 mg/kg) 0.00 ± 0.00
b 

0.63 ± 0.55
b 

1.33 ± 0.42
b 

 

Means with the same alphabets along the column are not statistically significant. Means with different 
alphabets along the column are statistically significant at P < 0.05. 

 
 
 

Table 5. Changes in some biochemical markers in C. gariepinus intraperitoneally 
administered with KMnO4 at the end of the exposure period (15 days). 
 

Experimental group 
Parameter 

Creatinine  (mg/dl) Urea (mg/dl) BUN 

Control (Normal Saline) 0.76 ± 0.01
c 

27.44 ± 3.51 
b 

12.81 ± 1.64
b 

Group A (0.1001mg/kg) 0.68 ± 0.09 
b 

32.19 ± 1.37
a 

15.06 ± 0.64
a 

Group B  (0.2001mg/kg) 0.61 ±  0.03
b
 41.34 ± 0.40025

c 
19.31 ± 0.96

c 

Group C (0.4002 mg/kg) 0.82 ± 0.04
a 

25.02 ± 2.28
b 

11.69 ± 1.06
b 

 

Means with the same alphabets along the column are not statistically significant. Means with 
different alphabets along the column are statistically significant at P < 0.05. 

 
 
 
whereas at the end of the treatment, the kidney of the C. 
gariepinus administered with 0.2001 mg/kg KMnO4 
appeared to have intact kidney architecture  especially  at  

renal cortex of the kidney as shown in Plate 8. 
Furthermore, group D administered with 0.4002 mg/kg 

of KMnO4 had no pathological changes in days 5 and  15,  
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Table 6. Summarized histopathological effects in the kidney of C. gareipinus intraperitoneally administered with KMnO4.  
 

Concentration 
(mg/kg) 

Duration 
Necrotic 

tubules 

Tubule 
disintegration
/degeneration 

Cystic 
spaces 

Proliferation of 
polymorphonuclear 

cells 
Vacuolation 

Hematopoetic 

tissue 

Control 5 0 0 0 0 0 0 

Normal saline (0.2) 5 1 3 2 0 0 0 

KMnO4 0.1001 5 0 1 1 0 0 0 

0.2001 5 0 0 0 0 0 0 

0.4002 5 0 0 0 0 0 0 

        

Control 10 0 0 0 0 0 0 

Normal saline (0.2) 10 0 0 1 0 2 0 

KMnO4 0.1001 10 0 1 2 0 0 0 

0.2001 10 3 0 0 0 0 0 

0.4002 10 0 0 0 0 0 0 

        

Control 15 0 0 0 0 0 0 

Normal saline (0.2) 15 0 3 3 0 0 0 

KMnO4 0.1001 15 0 0 0 0 0 0 

0.2001 15 0 0 0 0 0 3 

0.4002 15 0 0 0 0 0 0 

 
 
 

 
 

  
 

Plate 1. Photomicrograph of control kidney of C. 
gariepinus after 5 days, showing intact tubules 
(black arrow) (distal and proximal convoluted 
tubules) and hematopeitic tissue (HT) (black arrow). 
H&E, magnification x100 

 

 
 

 

   
 

Plate 2. Photomicrograph of C. gariepinus kidney 
intraperitoneally administered with 0.2 mg/kg of normal 
saline after 5 days, showed necrotic tubules (circles) with 
destruction of sinusoid tissues (black arrow). H&E, 
magnification x100. 

 

  
 

 
 

Plate 3. Photomicrograph of C. gariepinus liver 
intraperitoneally administered with 0.2 mg/kg of 
normal saline after 10 days, showed intact sinusoids 
(double black arrow head) and vacuolations (black 
arrow). H&E, magnification x100. 

 
 
 

 

 

 
 

 

Plate 4. Photomicrograph of C. gariepinus kidney 
intraperitoneally administered with 0.2 mg/kg of normal 
saline after 15 days, showed severe degeneration of tubules 
with prominent cystic spaces (black arrows) observed. H&E, 
magnification x100. 



 
 
 
 

 

 

 
 

 

Plate 5. Photomicrograph of C. gariepinus kidney 
intraperitoneally administered with 0.1001 mg/kg of 
KMnO4 after 5 days, showed partial destruction of renal 
tubules (circles). However, some of the tubules are intact. 
H&E, magnification x100. 

 
 
 

 

  
 

Plate 6. Photomicrograph of C. gariepinus kidney 
intraperitoneally administered with 0.1001 mg/kg of 
KMnO4 after 10 days, showed atrophied tubules (white 
star) with small cystic spaces (black arrow). However 
some tubules are distorted (circles). H&E, magnification 
x100. 

 
 
 

 
 

Plate 7. Photomicrograph of C. gariepinus trunk kidney 
intraperitoneally administered with 0.2001 mg/kg of KMnO4 
after 10 days, showed proliferation of polymorphonuclear 
cells (red arrow). However, renal tubules and glomerulus 
(star) are intact. H&E, magnification x100. 
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Plate 8. Photomicrograph of C. gariepinus typical trunk 
kidney intraperitoneally administered with 0.2001 mg/kg 
of KMnO4 after 15 days, showed hematopoetic tissue 
(white arrow) (HT) and renal tubules intact. H&E, 
magnification x100. 

 
 
 

 
 

Plate 9. Photomicrograph of C. gariepinus kidney 
intraperitoneally administered with 0.4002 mg/kg of 
KMnO4 after 10 days, kidney showed no pathological 
changes. The renal cortex is intact with prominent distal 
tubules and proximal convoluted tubules. H&E, 
magnification x100. 

 
 
 

the kidney appeared intact, Plate 9. 
 
 

Histopathological changes in the liver of 
intraperitoneally administered KMnO4

 
in C. gariepinus 

Juveniles 
 

The histopathological changes in the C. gariepinus 
Juveniles intraperitoneally administered with KMnO4 
showed varied degrees of structural changes in the liver 
(Table 7). The control liver showed intact parenchymal 
cells, central vein and sinusoids which usually keeps for 
the normal structural features seen in the liver (Plate 10); 
meanwhile, throughout the exposure period especially in 
the group administered with 0.2 mg/kg of normal saline  
showed disintegration of hepatic chords Plate 11 which 
lead to the multiple dilation/or enlargement of the 
sinusoids (Plate 12) at day 15, whereas, at day 5 no 
histopathological changes was observed. In addition, 
there is an onset of liver steatosis due to the visible 
accumulation of varied sizes of fat droplets (Plate 13) 
most especially in the group administered with 0.1001 
mg/kg KMnO4 in day 10, but in day 15, there was no 
observable changes in the liver of  the  fish.  Similar  fatty  
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Table 7. Summarized histopathological effects in the liver of C. gareipinus intraperitoneally administered with KMnO4. 
 

Concentration 
(mg/kg) 

Duration 

days 

Hepatic cord 
disintegration 

Enlargement 
of sinusoids 

Liver 
steatosis 

Cytoplasmic 
vacoulation of 
hepatocytes 

Inflammatory 
cells 

Hyperemia 

Control 5 0 0 0 0 0 0 

Normal saline (0.2 ) 5 0 0 0 0 0 0 

KMnO4 0.1001 5 2 2 0 0 0 0 

0.2001 5 2 1 3 2 0 0 

0.4002 5 0 0  0 0 0 
        

Control 10 0 0 0 0 0 0 

Normal saline (0.2 ) 10 3 2 0 0 0 0 

KMnO4 0.1001 10 2 1 3 2 0 0 

0.2001 10 0 0 0 0 0 0 

0.4002 10 2 1 1 0 0 3 
        

Control 15 0 0 0 0 0 0 

Normal saline (0.2 ) 15 0 0 0 0 0 0 

KMnO4 0.1001 15 0 0 0 0 0 0 

0.2001 15 0 0 1 3 3 0 

0.4002 15 1 2 1 0 0 0 
 

0: None, 1: mild, 2: moderate, 3: strong. 

 
 
 

 
 

Plate 11. Photomicrograph of C. gariepinus liver 
intraperitoneally administered with 0.2 mg/kg of normal 
saline after 5 days, showed intact hepatocytes (cirles). 
H&E, magnification x100. 

 
 
 

accumulation (macro and micro vesicular) were also 
observed in the day 5 of the group administered with 
0.2001 mg/kg KMnO4 (Plate 14), while in day 10, the liver 
appeared to be normal without any visible changes in the 
architecture as shown in Plate 15. The degree of 
cytoplasmic vacuolation of hepatocytes and massive 
inflammatory cells were evident in day 15 in the same 
group administered with 0.2001 mg/kg KMnO4 (Plate 16). 
At the highest dose administered to group D (0.4002 
mg/kg), the liver tissue showed multiple hyperemias at 
the end of day 10 exposures (Plate 17) and in day 15, 
there was a disintegration of hepatic chords (Plate 18). 
 
 
DISCUSSION 
 
Intraperitoneal  administration  of  KMnO4  to   fish   inflicts  

 

  

 

 
 

Plate 12. Photomicrograph of C. gariepinus liver 
intraperitoneally administered with 0.2 mg/kg of normal 
saline after 10 days, showed distorted hepatic chords with 
dilatation of sinusoids (double head black arrow). 
However, small bile duct (star) is evident and at the same 
time, hepatic lobes (red star) can be seen with minor 
blood congestion (black arrow) in between lobes. H&E, 
magnification x100. 

 
 
 
stresses on the mechanisms required to maintain a 
healthy physiological state. These stresses lead to 
behavioural changes, and changes in their biochemical 
and physiological processes. In view of this, there has 
been increasing interests in examining the physiological, 
biochemical and histopathological stress responses in 
aquatic vertebrates to protect aquatic life. The 
physicochemical parameters of the test were slightly 
similar during the toxicity test. The percentage mortality 
observed in the acute study was shown  to  increase  with  



 
 
 
 

 
 

Plate 13. Photomicrograph of C. gariepinus liver 
intraperitoneally administered with 0.1001 mg/kg of KMnO4 
after 5 days, showed dilatated sinusoids. H&E, magnification 
x100. 

 
 
 

 
 

Plate 14. Photomicrograph of C. gariepinus liver 
intraperitoneally administered with 0.1001 mg/kg of KMnO4 
after 10 days, liver showed fat accumulation as lipid droplets 
(micro and macro vesicular fatty change) which usually 
appears to be consistent with vacuolation of glycogen content. 

 
 
 

 
 

Plate 15. Photomicrograph of C. gariepinus liver 
intraperitoneally administered with 0.2001 mg/kg of KMnO4 
after 10 days, showed intact liver architecture with sinusoids 
and hepatocytes. H&E, magnification x100. 

 
 
 
increasing doses of the intraperitoneally administered 
KMnO4. The observation is in consonance with earlier 
report of Kori-Siakpere (2008). Kori-Siakpere (2008) 
further reported that the level of any pesticide depends 
on it bio-accumulation, the different chemistries of the 
compounds forming the pesticides and the reactions of 
the organisms receiving the toxicant. The value obtained 
from the toxicity test in this study agrees with the report of 
Kori-Siakpere (2008). The water quality parameters may 
have   possibly   contributed   to   the   variations    in   the  
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Plate 16. Photomicrograph of C. gariepinus liver 
intraperitoneally administered with 0.2001 mg/kg of 
KMnO4 after 15 days, tissue showed central vein with 
infilteration of inflammatory cells (black arrow), traces of 
bile pigments (red arrow) evident and cytoplasmic 
vacuolation of heptocytes. H&E, magnification x100. 

 
 
 

 

  
 

Plate 17. Photomicrograph of C. gariepinus liver 
intraperitoneally administered with 0.4002 mg/kg of 
KMnO4 after 10 days, showed hyperemia (black arrow).  
H&E, magnification x100. 

 
 
 

 
 

Plate 18. Photomicrograph of C. gariepinus liver 
intraperitoneally administered with 0.4002 mg/kg of 
KMnO4 after 15 days, showed minor disintegration of 
hepatic chords (black arrow) evident which led to 
sinusoid enlargement. H&E, magnification x100. The 
black stains in the photomicrograph are formalin 
pigments which can be called artifacts. 

 

 
 

behavioural pattern and the mortality of the test fish 
during the study period. During the acute toxicity study, 
C. gariepinus Juveniles were stressed progressively 
leading to possible observable behavioural changes such 
as erratic swimming or less of reflex, etc., with time 
before death. The stressful behavior of respiratory 
impairment due to the toxic  effect  of  KMnO4  particularly  
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on the gills may have impaired the respiratory organ. 
Death could therefore have occurred either by direct 
poisoning or indirectly by making the medium un-
conducive or even by both, whichever is the case, the 
source of death was potassium permanganate. This 
demonstrates the observations of Ayoola (2008), that in 
all toxicants, a threshold is reached above which there is 
no drastic survival of the animal. Below the threshold, the 
animal is in a tolerance zone of resistance. The time of 
toxicity disappearance and mortality were observed from 
the record of relative mortality time in different 
concentration of potassium permanganate for 96 h. 

The creatinine and urea test has commonly been used 
to diagnose impaired kidney function and to detect renal 
damage. However, in the present experiment, there was 
significant difference in serum creatinine levels in the 
intraperitoneally administered KMnO4 in C. gariepinus 
Juveniles when compared with the control group. These 
findings had shown that creatinine may be an accurate 
biomarker to distinguish dysfunction in kidney tissues. 
Hence, urea and creatinine are widely used to access 
renal sufficiency. Higher than normal level of serum urea 
and creatinine are indications of deficiency in renal 
function. 

 Thus, the increase in serum urea concentrations with 
concomitant increase in serum creatinine concentration in 
the infected treated animals, suggest that the normal 
functioning of the kidney has been compromised. 
Increase in urea level depicts that KMnO4 elicits the 
elevation. Moreover, the fairly increased levels of serum 
creatinine in the current study may be induced by 
glomerular insufficiency, increased muscle tissue 
catabolism or impairment of carbohydrate metabolism. 
Histopathological examination of the liver and the kidney 
of the exposed fish indicated that the kidney and the liver 
were affected. The liver is the main organ for 
detoxification (Dutta et al., 1993; Abalaka, 2013). The 
teleost liver is one of the most sensitive organs with 
regards to showing alterations in histoarchitecture, 
biochemistry and physiology following exposure to 
various types of environmental conditions (Rodrigues and 
Fanta, 1998). Moreover, in the liver sections of the 
normal fish, the hepatocytes form a rather cord-like 
pattern. These cords are arranged around tributaries of 
the hepatic vein. The liver cells are intact, polygonal in 
shape with homogenous eosinophilic cytoplasm and 
centrally located nuclei. Large number of sinusoids 
appeared intact and slightly separates the cords from 
another.  

The histopathologIcal changes in the liver were more 
pronounced in days 5, 10 and 15, but the degree of 
damages varied according to the dosages of KMnO4 
administered. The present result showed that KMnO4 
induced many histopathological changes in the liver of 
the catfish C. gariepinus. These changes include 
distorted hepatic chords that led to massive increase in 
the sinusoids which is usually characterized  by  widening  

 
 
 
 
of hepatic capillaries which may involve the entire lobule 
or predominantly in the central, periportal or medial areas 
which can be encountered in different situations. These 
changes were mainly evident among the groups treated 
with 0.2 mg/kg normal saline, and 0.1001 mg/kg KMnO4  
at the 5th day of exposure. Further, the blood congestion 
observed in the liver of the test fish in the group treated 
with 0.2 mg/kg of normal saline in day 10 may be due to 
the fact that the central vein and sinusoids distended with 
red blood cells (RBCs) and some areas of hemorrhage 
are present when RBCs are phagocytized by 
macrophages. At the same time, these sinusoids clog up 
thereby blocking the blood from the hepatic artery and 
interbillary portal vein which have to pass through the 
sinusoids to get to the central vein. The fatty 
accumulation in the liver tissues seen as lipid droplets 
observed among the groups treated with 0.1001 and 
0.2001 mg/kg at days 5 and 10, respectively, may be due 
to abnormal retention of lipids accumulated in the 
vesicles (a small organelle within a cell consisting of fluid) 
that displace cytoplasm when the vesicles are large 
enough to distort the nucleus.  

This is keeping for the fact that the liver is the primary 
organ of lipid metabolism which is most associated with 
steatosis. This also agrees with Sakr and Gabar (1991) 
who reported fatty degeneration among large number of 
cells in C. gariepinus exposed to fenvelarte. Desai et al. 
(1984) reported vacuolation of hepatocytes, fatty 
degeneration and necrosis in Tilapia mossanbica 
exposed to monocrotophos. There is still paucity of 
literature on the toxicity of intraperitoneally administered 
KMnO4 in fishes, especially towards histopathological 
alterations. 

Kidney is the functional unit composed of nephrons. 
Each nephron is made up of a renal cortex and well 
developed renal tubules. The kidney of C. gariepinus 
juveniles exposed to KMnO4 showed tubular destruction 
or fusion of tubules, cystic spaces and necrotic tubules. 
Renal corpuscles of the kidney were scattered resulting 
in the disorganization and consequently obstruction to 
their physiological functions.  

These findings agree with the report of Omotoyin et al. 
(2006). Lesions in the kidney of fish exposed to 
deltamethrin in the epithelial cells of the renal tubule, 
pyknotic nuclei in the hematopoeitic tissues, degeneration 
of glomerulus were observed (Elif, 2006). Whereas, some 
of the groups especially the group treated with 0.1001 
and 0.2001 mg/kg of KMnO4 at days 5 and 10, 
respectively maintained intact tubules with intact brush 
border cells. The destruction or degeneration of tubules 
observed in the present work may be due to autolytic 
action of lysosomal enzymes released out of these 
organelles to the ground cytoplasm or due to reabsorption 
of excreted protein molecules which are generally 
represented in the glomerular filtrate. More so, it appears 
that the kidney’s tubular cell may possess a transport 
mechanism similar to that  of  the  hepatocyte  (the  multi- 



 
 
 
 
specific bile acid transport system) which is responsible 
for the uptake of the chemical (KMnO4) into the cell.   
 
 
Conclusion 
 
The results of this study have demonstrated that the use 
of concentrations considered safe by literature for 
prophylaxis and treatment of diseases in fish farming 
(0.1001, 0.2001 and 0.4002 mg/kg KMnO4) may cause 
considerable changes to the health of exposed fish, thus 
evidencing the toxic potential of KMnO4 in non target 
organisms. Such alterations in the histopathology and 
biochemical markers have pointed out that potassium 
permanganate can be toxic; therefore, the use of different 
biomarkers become important as they can reflect more 
accurately the toxicity of contaminant substances studied 
and their effects impacting the aquatic ecosystem. It is 
hereby recommended that KMnO4 widely used in 
controlling external fungal, bacterial and protozoan 
infections of fish should not be used indiscriminatingly. 
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Bacterial strains, capable of producing ethanol by using cooking oil glycerol waste (derived from 
biodiesel production) as sole C-source were screened from soil samples. Based on 16S rRNA 
sequence, the selected strain was identified as Enterobacter aerogenes G2WG. The sequence was 
submitted to GenBank and the accession number KU315428 was obtained. The genetic nature of the 
wild type strain was altered for enhancing ethanol production using UV irradiation and chemical 
method. Three steps of mutation treatment were developed. Finally, the best strain of Enterobacter 
aerogenes V90M11 was obtained. As E. aerogenes is a facultative anaerobic microbe, it can growth well 
and produce high yield of ethanol in low aeration condition. At 15 g/l glycerol, E. aerogenase V90M11 
converted glycerol waste and pure glycerol into 6.7 and 3.62 g/l ethanol respectively. The highest 
ethanol (14.77 g/l) was gained from 30 g/l of glycerol waste in batch process at initial pH 8, and 35

o
C 

temperature with micro-aeration. It was equivalent to 0.984 mol ethanol/mol glycerol. Fed-batch process 
was investigated by adding 200 ml (30 g/l glycerol) and 400 ml (55 g/l glycerol) of fresh T-glycerol 
medium to the culture after 24h fermentation process. It was found that higher ethanol yield of around 
33% and 59% was obtained from fed batch than batch process, with initial glycerol of 15 g/l, 
respectively.  
 
Key words: Ethanol, cooking oil glycerol waste, Enterobacter aerogenes, mutation, UV, chemical treatment.  

 
 
INTRODUCTION 
 
Nowadays, surplus glycerol is derived from the high 
demand of biodiesel production around the world. 16 
billion liters by 2020 will be generated (OECD/FAO 
2015). Glycerol can be used in various industries, such 
as cosmetics, food and drinks, pharmaceutical, paint, 
toiletries, plastics, leather, and textile. Glycerol, a major 
by-product  in  biodiesel  manufacturing  process,  usually 

has 55-90% impurity that consists of unconverted 
methanol and triglycerides, catalyst residue, biodiesel, 
soaps and other contaminants (Meher et al., 2006). 
However, it is very expensive to purify, especially crude 
glycerol from cooking oil. It is now left as a waste stream 
that costs much to store and dispose. Chemical and 
biological  process  of converting biodiesel glycerol waste  

 

*Corresponding author. E-mail: ythalisa@yahoo.com 

 

Author(s) agree that this article remains permanently open access under the terms of the Creative Commons Attribution 

License 4.0 International License 

 

 

 

http://creativecommons.org/licenses/by/4.0/deed.en_US
http://creativecommons.org/licenses/by/4.0/deed.en_US


 
 
 
 
to high value-added products is currently being 
examined. However, biological approaches both in 
anaerobic or aerobic process draw more attention than 
chemical process. Glycerol (C3H8O3: K=4.67) is a better c-
source than common sugars (glucose (C6H12O6) : K=4.0; 
xylose (C5H10O5): K=4.0) used for fermentation 
(Chaudhary et al., 2011; Durnin et al., 2009; Nielsen et 
al., 2003) because it has higher average degree of 
reduction per carbon (K). Many authors have studied the 
microbial conversion of crude glycerol to various 
compounds, such as hydrogen, furmaric acid (C4H4O4), 
succinic acid (C4H6O4), acetic acid (C2H4O2), lactic acid 
(C3H6O3), citric acid (C6H8O7), glyceric acid (C3H6O4), 
amino acid, 1,3-propanediol (C3H8O2), 1,3-
dihydroxyacetone (C3H6O3), biosurfactant, and ethanol 
(C2H6O) (Li et al., 2013; Volker et al., 2011; Cha et al., 
2015; Chanthoom et al., 2016).  

Bioethanol is an alternative fuel derived from 
fermentation process of sugar, starch, cellulose and also 
biodiesel glycerol waste (Ito et al., 2005). Mostly species 
in the family of Enterobacteriaceae, such as Klebsiella 
pneumonia (Wu et al., 2011; Oh et al., 2011), Klebsiella 
variicola (Suzuki et al., 2014), Kluyvera cryocrescens 
(Choi et al., 2011) including Escherichia coli (Ito et al., 
2005) and Enterobacter aerogenes (Lee et al., 2012) are 
able to convert glycerol to ethanol. Ito et al. (2005) 
reported that hydrogen and ethanol were mainly products 
of E. aerogenes. Besides this, E. coli can use glycerol at 
optimum conditions to produce ethanol with minimum 
hydrogen accumulation (Dharmadi et al., 2006). 
Furthermore, a yeast strain of Pachysolen tannophilus 
was able to convert glycerol to ethanol of 17.5 g/l using 
5% (v/v) crude glycerol (Liu et al., 2012). However, most 
wild type strains produce low yield of ethanol. In order to 
increase ethanol production yield, two approaches of a 
genetically modification and a non-genetically modified 
were used.  

Recently, Nwachukuw et al. (2012) reported the 
successful development of a mutant E. aerogenes using 
six-tube-subculture-generations method. The mutant 
strain can grow in a high content of 20% glycerol 
medium. It utilizes 39 g/l glycerol from 50 g/l pure glycerol 
in the medium, yielding 20 g/l ethanol at 120h. Liu et al. 
(2012) improved ethanol production in a 2 staged-batch, 
adding crude glycerol. Ethanol of up to 28.1 g/l was 
gained. High-ethanol-tolerant mutant and ribosome 
engineering technique were also used to improve ethanol 
production using Klebsiella variicola TB-83D. It was found 
that high ethanol (34 g/l) was achieved by adding yeast 
extract and combining with corn steep liquor (Suzuki et 
al., 2015). A mutant strain of Klebsiella pneumonia 
GEM167 was derived from γ-irradiation. Maximum 
ethanol production of 21.5 g/l from pure glycerol was 
obtained by those mutant strains (Oh et al., 2011). 
Saisaard et al. (2011) studied the micro-aerobic, 
anaerobic and two-stage conditions for ethanol 
production from biodiesel-derived crude glycerol  using E.  
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aerogenes TISTR1468. The results revealed that more 
cell growth and ethanol production (20.7 g/l) were 
obtained in micro-aerobic condition than in anaerobic 
condition (6.3 g/l ethanol).  

In this study, UV and hydroxylamine treatments were 
used to improve the wild type strain of bacteria that can 
use cooking oil glycerol waste derived from biodiesel as 
c-source and convert it to higher ethanol yield. Batch and 
fed batch processes were also studied in the fermenter 
with micro-aeration condition.  
 
 

MATERIALS AND METHODS  
 
Cooking oil glycerol waste pre-treatment  
 

Cooking oil glycerol waste, a by-product of biodiesel production 
from cooking oil was used in this study. It was derived from Faculty 
of Engineering, Khon Kaen University. The impurity was removed 
by pre-treatment with 8 N HCl until pH 7 (Tianfeng et al., 2013) was 
obtained. The precipitate was easily removed from the mixture by 
heating to a temperature of about 70°C for 30 min. It was left to cool 
down at room temperature in separating funnel. Two distinct phase 
layers of the solution were separated. Organic salt and free fatty 
acid (top phase) were removed and T-glycerol at the bottom phase 
was kept. Glycerol content was determined by the method of 
Bondioli and Bella (2005).  
 
 

Microorganism and culture medium 
 
Bacterial wild type strain, G2WG capable of converting cooking oil 
glycerol to ethanol was isolated from soil sample. The strain was 
maintained in YMG (yeast extract, 3 g/l; malt extract, 3 g/l; peptone, 
5 g/l; glucose, 1 g/l; pure glycerol, 9 ml/l; agar, 15 g/l) in screw 
capped glass tube at 4oC. The pre-cultures were also cultivated in 5 
ml YMG broth medium at 35°C for 24 h in a screw capped tube. 
Anaerobic fermentation was performed in 60 ml serum bottles 
containing 27 ml GB medium. It was done by transferring 3 ml of 
seed inoculum with sterilized syringe and incubated at 35°C. The 
GB (glycerol base) medium contains (per liter) yeast extract of 2 g; 
K2HPO4, 1.6 g; NaH2PO4, 0.85 g; (NH4)2SO4, 2 g; MgSO4.7H2O, 0.4 
g; ZnSO4.7H2O, 0.04 g, and pure glycerol, 20 ml. The medium was 
adjusted to pH 8 before sterilization at 121°C for 15 min.  
 
 

Batch fermentation mode 
 
Batch fermentation process was carried out in fermenter (Biostat B, 
B. Braun, Biotech International, Germany) containing GB medium 
with working volume of 1.1 L. Seed inoculum was prepared in YMG 
medium with 10% of working volume. Temperature (35°C) and 
agitation speed of 250 rpm, with minimum air supplied were 
controlled continuously. Glycerol and ethanol concentrations were 
analyzed from the supernatant. 
 
 

Fed batch fermentation mode 
 
Two types of fed batch processes were studied in Biostat fermenter. 
Firstly, 200 ml of GB medium (crude glycerol equivalent to 30 g/l 
pure glycerol) was added in the fermenter at 24 h after adding 100 
ml of seed inoculum (YMG medium). At the beginning, the 
bioreactor contained 800 ml GB medium (15 g/l crude glycerol). 
Secondly, GB medium (700 ml) containing 20 g/l of glycerol waste 
was filled in the fermenter. GB fresh medium (400 ml) containing 55  
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Figure 1. Schematic diagram of UV light (90 lux) and chemical treatment (160 mM 
hydroxylamine, Hy) for improving higher ethanol yield from E. aerogenase. 

 
 
 
g/l glycerol waste was added after 24 h of adding seed inoculum 
(YMG 100 ml). The fermentation process was controlled as 
described in the batch process. 
 
 
Mutation with UV and chemical treatment 
 
UV light and hydroxylamine were used as mutagen. The selected 
wild type strain was grown on YMG liquid medium for 24 h before it 
was exposed beneath 90 lux of UV light at various times (UV1). The 
cell dilution of 0.1 ml (10-4 to 10-6) was spread on GB agar plate and 
incubated at 35oC. The single colony was subsequently transferred 
to the medium and ethanol was tested after inoculation in serum 
bottle for 24 h. The best isolated UVstrain1 was treated with 160 
mM hydroxylamine (Hy) at various times and spread on GM agar 
plate for single colony selection. Ethanol production was also 
determined from the selected colony using the same procedure as 
previously described in serum bottle. UV pretreatment (UV2 and 
UV3) was done with UV(strain1) and H (strain 2), and UV (strain 3) 
and UV (strain 4) were obtained respectively. Ethanol production 
from the selected colonies at each step was determined, and the 
most efficient strain for further study was selected. Mutation 
diagram of this study is shown in Figure 1.  
 
 
Analytical methods 
 
The fermentation broth was collected and centrifuged (Minispin 
plus, Germany) at 10,000 rpm for 5 min. The supernatant was kept 
in deep freezer (Sanyo, Japan) at -20°C until ethanol and glycerol 
were determined. Ethanol was analyzed by gas chromatography 
(14A Model Shimadzu, Japan) equipped with flame ionization 
detector. The column was packed with 80-100 mesh of Porapack 
Q. The temperature of the injector and detector was 200°C and the 
column temperature was 180°C. Isopropanal, used as internal 
standard, was added in equal volume of the sample and 1ul of the 
mixture was injected. Glycerol concentration was analyzed by the 
method of Bondioli and Bella (2005) using spectrophotometer (DU® 
700series UV/VIS, Beckman Coulter, USA). All chemicals used in 
microbial medium analytical methods were of laboratory and 
analytical grades, respectively.  

 
 
Bacterial strain identification  
 
The total genomic DNA of the selected wild type strain was 
extracted. The 16S rRNA was amplified by PCR technique (thermal 
cycler Model Px2, Thermo Scientific Hybaid, USA), with 27F (5´-
AGAGTTTGATCCTGGCTGAG-3´) and 1492R (5´-
TACGGCTACCTTGTTACGACTT-3´) as primers. The PCR 
conditions are as follows: initial denaturation at 95°C for  5  min;  30 

cycles of denaturation for 45 s at 94°C; annealing for 60 s at 55°C; 
extension for 60 s at 72°C; and the final extension step at 72°C for 
5 min. The PCR product was sequenced with 2 pairs primer of 27F 
with 1492R and 518F (5´-CCAGCAGCCGCGGTAATACG-3´) and 
800R (5´-TACCAGGGTATCTAATCC-3´). Big dye terminator cycle 
sequencing kit was used with Applied Biosystem model 37230XL, 
USA. The DNA sequence obtained was aligned with GenBank 
database. Phylogenetic tree was reconstructed by PUAP* version 
4.0b10 (Swofford, 1993).  
 
 
Statistical analysis 
 
The data of the experiments were done with three replicates using 
the same sample, and were reported as means with standard 
deviations.   

 
 
RESULTS AND DISCUSSION 
 
Bacterial screening and identification 
 
Ethanol producing bacteria were obtained from various 
soil samples. The best strain that was able to produce 
ethanol from cooking oil glycerol waste was tested and 
selected. In order to identify the species of the selected 
strain molecular technique of 16S rRNA base pairs was 
used. GenBank database was retrieved by blastn dialog 
boxes. There was 99 to 100% similarity among the 
various Enterobacteraceae strains of GenBank database. 
Some strains of E. aerogenease including the related 
species were selected for phylogenetic tree construction. 
Neighbor joining tree (Figure 2) showing bacterial strain 
G2WG was placed in E. aerogenes clade. Then it was 
named Enterobacter aerogenes G2WG. The gene 
sequencing was submitted to National Center for 
Biotechnology Information (NCBI) and accession number 
KU315428 was obtained.  
 
 
UV and chemical treatment of mutants  
 
From previous study (data not shown), it was found that 
the wild type strain produced high ethanol at 35

o
C, pH 8, 

2 g/l (NH4)2SO4 and 20 g/l glycerol. In order to increase 
the  ethanol   yield,   firstly   the   wild  type  bacterium,  E.  
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Figure 2 Neighbor joining tree for 16S rRNA of the strain G2WG and the sequences 
from GenBank database reconstructed by HKY85 genetic distance method with 1416 
bp, using PUAP* (Swofford, 1993). The numbers at nodes indicated bootstrap values 
of 1000 replicates. The tree was rooted with Klebsiella pneumonia NR117683. Scale 
represented 0.01 changes per site.  

 
 
 

 
 

Figure 3. Ethanol production at 24 h from T-glycerol medium by various mutant strains that 
were derived from the mutant strain of 25M17 that was treated with hydroxylamine and 
compared to the parental strain of 25M17 that was derived from the mother strain of E. 
aerogenes G2WG. 

 
 
 
aerogenes G2WG was exposed under UV light (90 lux) 
for 13, 25, 37 and 50 minutes. Ethanol produced from T-
glycerol medium by 48 isolates was selected. The highest 
ethanol production was gained from the strain of 25M17 
(UVstrain1, data not shown). Then it was selected and 
treated with hydroxylamine at different times. The  results 

found that the highest ethanol was produced from the 
mutant strain of H120M9 (Hstrain2) as shown in Figure 3. 
This finding indicated that ethanol produced from the 
mutant strain at the second step (by chemical treatment) 
was 1.8 fold higher than the first treatment step. 
However, mutation was  done again under UV light with 2  
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Figure 4. Ethanol production at 24 and 84 h from T-glycerol medium by the 2nd and the 3rd 
step of mutant strains under UV explosion to the strain of 25 M17 and H120M9, 
respectively.  

 
 
 
strains of 25M17 and H120M9. It was found that ethanol 
concentrations from the selected mutant strains from 
those 2 strains were not higher than the second step of 
mutation with hydroxylamine (Figure 4). However, only 
one strain of V90M11 (UVstrain 4) derived from H120M9 
produced maximum ethanol (3.2 g/l) at 24 h. While some 
of the mutant strains produced ethanol at 84 h higher 
than 24 h (U60M10 and U60M14) and slightly higher than 
that obtained from the strain of V90M11. Because the 
highest ethanol was produced by the mutant strain of 
V90M11 at 24 h, then it was chosen for further studied.  
 
 
Ethanol production in batch process 
 
The wild type and the mutant strain were compared based 
on their ability to produce ethanol from crude glycerol in 
batch fermentation mode. The results are shown in Figure 

5. It was found that crude glycerol was used rapidly by 
both strains within 24 h. Glycerol at the initial 
concentration of 15 g/l was consumed completely by the 
mutant strain within 12 h (Figure 5B), and the remaining 
glycerol was left at 4.16% from the initial concentration of 
30 g/l (Figure 5C); while, 60.6% of the initial glycerol was 
used by the wild type strain (Figure 5A). The mutant 
strain showed more efficient utilization of glycerol than 
the wild type strain. Consequently, ethanol produced from 
the mutant strain was higher than the wild type. Ethanol 
produced by the mutant strain from glycerol at the initial 
concentration of 15 and 30 g/l was 8.2 and 14.8 g/l (at 48 
h), respectively. While only 6.74 g/l of ethanol (at 40 h) 
was produced by the wild type strain. These results 
indicated that glycerol utilization and ethanol production 
by the mutant strain (E. aerogenes V90M11) were more 
efficient than those of the wild type strain of E.aerogenes 
G2WG.   Chanthoom   et   al.,   (2016)    studied   ethanol  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
 
 

 
 

Figure 5. Batch fermentation for ethanol production from 
cooking oil glycerol waste (T-glycerol) medium by E. 
aerogenes G2WG and mutant strain of E. aerogenes 
V90M11. The wild type strain of E. aerogenes G2WG was 
cultivated in 18 g/l of glycerol waste (A). The mutant strain 
(E. aerogenes V90M11) was grown in the medium 
containing 15 g/l glycerol waste (B); and 30 g/l (C).  

 
 
 
production from biodiesel-derived crude glycerol using E. 
aerogenes. They found that 40 g/l glycerol inhibited the 
substrate. The highest ethanol produced was 9.38 from 
25 g/l of crude glycerol at 24 h, with productivity of 0.39 
g/l/h. This led to the increment of productivity in batch 
culture of this study from 0.171 to 0.307 g/l/h when 
glycerol used was increased from 15 to 30 g/l, 
respectively (Table 1). Furthermore, they observed that 
E. aerogenase produced higher ethanol from crude 
glycerol than pure glycerol. This result corresponded to 
that of our study.  
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Ethanol production in fed-batch  
 

In order to increase the ethanol production yield, two runs 
of fed batch process were investigated. Firstly, 15 g/l 
glycerol of 800 ml T-glycerol was filled in the fermentation 
vessel. After 24 h of inoculation with the mutant strain, 
200 ml of T-glycerol medium (30 g/l of glycerol) was 
added to the culture. The fermentation profiles are shown 
in Figure 6A. It was indicated that the glycerol was used 
up at 24 h, and it was used up again at 48 h after adding 
the fresh medium at 24 h. Meanwhile, 6.5 g/l of ethanol 
was produced at 24 h, and increased to 10.9 g/l at 48 h 
after adding fresh medium. Ethanol concentration was 
decreased to 9.8 g/l at 84 h during the end of the 
fermentation. In Figure 6B, fed batch fermentation was 
exhibited with 20 g/l glycerol in 750 ml T-glycerol 
medium. For 24 h after adding the inoculum (E. 
aerogenes V90M11), 400 ml of fresh T-glycerol medium 
containing 55 g/l of glycerol was admixed. Glycerol was 
diluted in the fermenter and at that time the concentration 
was at 22 g/l. Before adding fresh medium, ethanol was 
produced up to 11.22 g/l. And then it was dropped to 7.8 
g/l when the medium was diluted by adding fresh 
medium. After that ethanol concentration was increased 
to 13.07 g/l at the fermentation time of 36 h. Then it was 
gradually decreased to 7.68 g/l and remaining 1.1 g/l 
glycerol at 78 h (Figure 6B).  

Glycerol can be used as C-source for ethanol 
production by various microorganisms as shown in Table 
1. In order to produce high yield of ethanol, mutation 
techniques were used. In this study a new mutant strain, 
E. aerogenes V90M11 was successfully developed. T-
glycerol was easily used and higher ethanol yield was 
produced than pure glycerol by E. aerogenes V90M11. 
This finding agrees with the report of Nwachukwu et al. 
(2012), Lee et al. (2012) and Chanthoom et al. (2016). 
Furthermore, Lee et al. (2012) reported that glycerol 
concentration higher than 20 g/l might be due to the 
limited glycerol uptake and utilization by E. aerogenes 
because of osmotic pressure of glycerol content between 
intracellular and extracellular. Besides this, the inhibition 
of ethanol production in E. aerogenes with 1% salts of 
NaCl and KCl was discussed. All bacterial strains of 
Enterobacteraceae are facultative anaerobe. Oh et al. 
(2011) found that maximal ethanol production was 
obtained at 0.5 vvm aeration by the mutant strain 
Klebsiella pneumonia GEM167, while high aeration (2 
vvm) promoted highest cell growth. Furthermore, Wong 
et al. (2014) reported that microaerobic with 5% oxygen 
supplied to the fermentation system enhanced ethanol 
production from glycerol by the metabolic engineering 
strain of Escherichia coli. There are several methods to 
enhance high yield production of ethanol. Thapa et al. 
(2013), using co-fermentation of c-sources, discovered 
that the medium containing 16 g/l manitol and 20 g/l 
glycerol increased six times ethanol (32.10 g/l) than that 
containing glycerol alone (5.23 g/l) in anaerobic 
fermentation conditions.  
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Table 1. Comparative studies on ethanol production from crude glycerol waste by microorganisms. 
  

Microorganism 
Fermentation mode/ 

(initial glycerol, g/l) 

Ethanol 
production (g/l) 

Productivity 

(g/l/h) 
Reference 

Enterobacter aerogenes (Mutant) Batch (26 g/l) 16 0.33 Nwachukwu, et al., 2012 

Pachysolen tannophilus (Wild type) 

3-stage-batch/ (70 g/l) Phase 1: 18.7 0.16 

Liu et al., 2012 (70 g/l) Phase 2: 27.5 0.18 

(70 g/l) Phase 3: 28.1 0.06 

Klebsiella pneumonia (Mutant) 3-repeated-fed-batch (20 g/l) 24.6 0.492 Oh et al., 2011 

Kluyvera cryocrescens (Wild type) Batch (90 g/l) 27 0.61 Choi et al., 2011 

Enterobacter aerogenes (Wild type) Batch (20 g/l) 6.62 0.275 Lee et al., 2012 

Enterobacter aerogenes Batch (25 g/l) 9.38 0.39 Chanthoom et al., 2016 

Enterobacter aerogenes 

(Mutant) 

Batch(15 g/l) 8.2 0.171 

 This study 
Batch (30 g/l) 14.77 0.307 

Fed-batch (15 g/l) 10.9 0.227 

Fed-batch (20 g/l) 13.07 0.363 

 
 
 

 
 

Figure 6. Ethanol production by the strain of E. 
aerogenes V90M11 from T-glycerol medium in fed-batch 
fermentation. The fresh medium containing different 
concentration of T-glycerol was added at 24 h of the 
fermentation period. Fresh medium 200 ml containing 30 
g/l of T-glycerol was added into the culture that had the 
initial concentration of 15 g/l T-glycerol medium, A; Fresh 
medium 400 ml containing 55 g/l T-glycerol medium was 
added into the culture that had the initial concentration of 
20 g/l T-glycerol medium, B.  

 
 
 

Conclusion 
 

Cooking oil glycerol  waste  from  biodiesel  is  composed  

more of impurity than crude glycerol from uncooked oil. 
However, partial purification glycerol waste by acid 
treatment can be used as c-source for ethanol production 
and more ethanol production than pure glycerol at the 
same concentration. This finding also corresponds to the 
results of Suzuki et al. (2014). Besides this, mutation with 
UV and chemical are also powerful tools for improving 
the wild type strain of E. aerogenes to produce higher 
ethanol yield. Fed batch process is a process for 
improving ethanol yield. However, glycerol concentration 
should be controlled for it not to be higher than substrate 
inhibition. Fed batch experiments should be studied 
more.  
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Bioflocculant from marine Bacillus pumilus JX860616 was characterised and its flocculation mechanism 
determined. The bacterium was identified by 16S rRNA and the bioflocculant was obtained through 
solvent extraction after optimum medium composition and culture conditions were established. The 
physicochemical analysis of the bioflocculant were obtained by scanning electron microscopic (SEM) 
equipped with elemental detector, Fourier transform infrared (IR) spectrophotometry. The highest 
flocculating activity (93.3%) was obtained with optimum medium composition of the energy sources of 
glucose and (NH4)2SO4 and culture conditions of; initial pH 6; and Ba

2+
 after 72 h, at the inoculum size of 

2% (v/v). The bioflocculant (2.4 g/L) revealed to have a crystal-like porous structure and had the total 
carbohydrate of 83.1% w/w and proteins content of 6% w/w. The elemental analysis showed the 
presence of C (17.0), O (46.0), Na (4.3), Mg (6.8), P (4.1), S (7.0), Cl (5.9), K (7.4) and Ca (0.7) (% w/w). IR 
observations were indicative of hydroxyl, vinyl, amide and aliphatic amine groups. The bridging 
mechanism mediated by Ba

2+ 
on colloidal Kaolin particles was proposed. The high flocculating activity 

of TMT
-1 

implied that it has a
 
promise in industrial applications. 

 
Key words: Bacillus pumilus JX860616, bioflocculant TMT

-1
, flocculating activity and flocculation mechanism. 

 
 
INTRODUCTION 
 
Natural water often consists of thermodynamically 
unstable and kinetically non-labile colloidal particles that 
do not even settle out under gravity (Spellman, 2014). 
Colloidal particles contribute to water turbidity and often 
shelter some pathogens from inactivation by disinfectants 
(Mines, 2014). Colloids removal is a paramount goal in 
wastewater treatment  that  extensively  employs  chemo-

physico methods such as flocculation (McCarthy, 2011; 
Karthiga and Natarajan, 2015). Flocculation is a 
purification technique whereby polymers form bridges 
with colloids and bind them into large and settled able 
agglomerates (Davis and Masten, 2014). Inorganic and 
synthetic organic flocculants are extensively used in vast 
biotechnological    applications     due     to      their    cost  
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effectiveness. However, they are both reported to impose 
health risks and environmental hazards (Salehizadeh and 
Shojaosadati, 2001). Inorganic and chemical flocculants 
are not degradable and impose carcinogenic and 
neurotoxic effects. Thus, novel flocculants that are eco-
friendly and innocuous to humans are needed. 

Bioflocculants are macro biopolymers produced by 
microorganisms during their exponential growth (More et 
al., 2014). Levure casseeuse was the first reported 
biofocculant producing fungi (Pasteur, 1878). Two years 
later, it was observed in bacterial strains (Bordet, 1899) 
and Zoogloea-forming bacteria became first bioflocculant-
producing bacterium to be discovered (Butterfield, 1835). 
To date, over 100 species of bioflocculant-producing 
microorganisms have been reported (Aljuboori et al., 
2015). Bioflocculants lack secondary pollution and thus 
are environmentally friendly and there are no health 
threats of any sort that have been reported regarding 
their usage (Cong-Liang et al., 2012; Yumei et al., 2014). 
Soil, activated sludge and fresh water bodies have been 
the predominant reservoirs for isolation of bioflocculant-
producers (Salehizadeh and Shojaosadati, 2001; 
Karthiga and Natarajan, 2015). However, marine remains 
an untapped reservoir (Okaiyeto et al., 2015). It is 
predicted that bioflocculants from marine microorganisms 
have high flocculating activities since they possess 
different morphology, physiology and metabolic 
adaptations to adverse environments in seas when 
compared to those found in fresh waters and terrestrial 
(He et al., 2010). Thus, the study aimed at characterising 
and determining the flocculation mechanism of 
bioflocculant from marine Bacillus pumilus JX860616. 
 
 
MATERIALS AND METHODS 
 
Source and identification of bacterium 
 
The bacterial strain was isolated from the sediment sample from 
Sodwana Bay in the province of Kwazulu-Natal in South Africa and 
was stored and maintained in 20% glycerol at -80°C at the 
Department of Biochemistry and Microbiology at the University of 
Zululand, South Africa. The growth medium for bioflocculant 
producing bacterium was nutrient agar (NB). The identification of 
bacterial strain was performed based on the 16 S rRNA gene 
nucleotide sequence. 
 
 
Determination of bioflocculant production 
 
The bacterial strain was inoculated into a 250 mL flask containing 
50 mL of sterilized (115°C for 15 min) production medium prepared 
according to Zhang et al. (2007), and incubated at 30°C in a shaker 
at 160 rpm for 72 h. The pre-culture was centrifuged at 8000 × g for 
30 min at 4°C to remove bacterial cells and flocculating activity (FA) 
determined. 
 
 
Flocculating activity (FA) 
 
The method adopted from Kurane et al. (1994) was used for 
determination of the flocculating activity.  Hundred millilitre of Kaolin  
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suspension (4 g/L) was measured into 250 mL flask and 3 ml of 1% 
w/v CaCl2 and 2 mL of obtained cell free supernatant were added. 
The mixture was shaken for 1 min and then poured into 100 mL 
measuring cylinder. The sediment was allowed to stand for 5 min at 
room temperature as well as the control medium. The optical 
density (OD) of the clarifying solution was measured with ultra violet 
(UV) spectrophotometer at 550 nm and the flocculating activity was 
determined using the formula: 
 
FA (%) = [(A − B/A)] × 100 
 
Where, A is the optical density of control at 550 nm and B is optical 
density of a sample at 550 nm. 
 
 
Optimisation of culture conditions for bioflocculant production 
 
The optimum medium culture conditions for bioflocculant production 
were assessed. The inoculum sizes were varied (0.5 - 2.5 ml, v/v), 
representing (1-5%). Various carbon sources (xylose, glucose, 
sucrose, maltose, starch, galactose, lactose and molasses) and 
nitrogen sources (peptone, urea, yeast, ammonium sulphate, 
tryptone and casein) were utilized for determination of their effect 
on flocculating activity. Different cations (K+, Na+, Li+, Ca2+, Mn2+, 
Ba2+ and Fe3+) in volumes of 3 ml of 1% w/v were used in the place 
of CaCl2 and flocculating activities determined. The rotary speeds 
(0- 220 rpm), initial pH of the culture medium (3 to 12), cultivation 
temperatures (20 to 50°C) were varied, respectively. 
 
 
Time course assay 
 
The bacterial strain was cultured under previously obtained optimal 
growth conditions. Samples were drawn every 12 h over a period of 
96 h and of this, 2 ml was centrifuged (8000 g, 30 min), and the cell 
free supernatant was used to assess the flocculating activity. The 
optical density (OD 550 nm) and pH were also determined. 
 
 
Extraction and partial purification of the bioflocculant 
 
The concentration and purification of bioflocculant from the 
bioflocculant-rich broth was done in accordance with the methods 
of Chang et al, (1998). The culture broth was centrifuged at 8,000 × 
g at 4°C for 30 min to remove bacterial cells. Two volumes of 
ethanol were added to the supernatant. The solution was 
thoroughly agitated and left standing at 4°C for 12 h. The precipitate 
was freeze-dried to obtain crude bioflocculant and the crude 
product was dissolved in distilled water to yield a solution (1% w/v). 
1 volume of a mixture of chloroform and methanol (2:1 v/v) was 
added, agitated and left standing at room temperature for 12 h. The 
supernatant was then centrifuged (8,000 × g for 30 min, 4°C) and 
freeze-dried in order to obtain a purified bioflocculant. Solubility 
assay of the purified bioflocculant was done by dissolving 0.05 g of 
bioflocculant in 2 ml of different solvents (water, acetone, 
chloroform, dichloromethane, benzene, hexane, ethyl acetate, 
ethanol, methanol and butanol). 
 
 
Effect of bioflocculant concentration and cations on 
flocculation activity 
 
The influence of bioflocculant concentration towards the flocculating 
activity was assayed by varying different concentrations of the 
bioflocculant (0.2 to 1 mg/Ml), as described previously (Zhang et 
al., 2007). The effect of the following cations; KCl, NaCl, LiCl, 
MnCl2, BaCl2 and FeCl3 (1% w/v) on flocculating activity of the 
purified bioflocculant was evaluated. 
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Figure 1. A phylogenetic tree showing the relationships among the selected strains 
and other related sequences collected from the Gene Bank. 

 
 
 
Physicochemical composition of bioflocculant 
 
The morphological surface of structures of the biofloculant, kaolin 
particles and floc were examined under a scanning electron 
microscope (SEM-Sipma-VP-03-67) (Karthiga and Natarajan, 
2015). Characterization of the electric charge of the bioflocculant 
was evaluated using Malvern Zetasizer Nano. The total sugar 
content was determined by phenol-sulphuric acid method described 
by Chaplin and Kennedy (1994). The qualitative analysis of 
proteins, nucleic acids and amino acids were determined by UV-vis 
spectrophotometry (Harrington and Raper, 1968) and Ninhydrin 
method (Kay et al., 1956), respectively. The quantitative analysis of 
the total protein content of the bioflocculant was determined by 
Bradford (1976). The elemental analysis was carried out with SEM 
(SEM-Sipma-VP-03-67) equipped with Oxford Instruments-X-MaxN. 
Prior to SEM analysis, 5 mg of bioflocculant, was added on slide 
coated with silicon and fixed by spin coater (1000 rpm, 60 s). The 
functional groups of the bioflocculant were determined by Fourier 
transform infrared (IR) spectroscopy. 
 
 
Thermal, pH and salinity stability of the bioflocculant 
 
The pH was varied in the range of 3.0 - 10 for assessment of pH 
stability of the bioflocculant and the bioflocculant was kept for 60 
min in various temperatures (50-100°C) for determination of its 
thermal stability. The degradation temperature of the purified 
bioflocculant (10 mg) was studied using thermo-gravimetric 
instrument. The bioflocculant was heated from 22 to 900°C at a rate 
constant of 10°C under constant flow of nitrogen gas. The effect of 
salinity on bioflocculant on flocculating activity was determined by 
varying different concentrations of NaCl (5-35 g/L) in Kaolin solution 
(4 g/L). 
 
 
Proposed flocculation mechanism 
 
The zeta potential of the bioflocculant TMT-1, Kaolin solution, Kaolin 
solution with BaCl2, Kaolin solution with both CaCl2 and 
bioflocculant TMT-1 were measured by a Zetasizer Nano so to 
determine flocculation mechanism of the bioflocculant (Aljuboori et 
al., 2015). 
 
 

Statistical analysis 
 
The mean and standard deviation mean of three experiments were 
determined. Data were subjected to one-way analysis of variance 
(ANOVA). P values ≤0.05 were regarded as significant and P 
values ≤ 0.01 as very significant. 

RESULTS 
 
Molecular identification of bacterium strain 
 
A BLAST search against GenBank indicated that the 16S 
rRNA gene nucleotide sequence of species was similar to 
that of the B. pumilus JX860616. A phylogenetic tree 
(Figure 1) was constructed between it and similar 
sequences found in GenBank. 
 
 

Optimization of cultivation conditions 
 
Optimization of the cultivation process improves the 
production of bioproducts. Thus, the varying of different 
constituents of the culture medium and fermentation 
conditions resulted in improved flocculating action when 
compared to the flocculation activity prior to optimisation. 
B. pumilus JX860616 did demonstrate the potential 
flocculating activity of 64% in the original pre-culture 
medium and conditions. 
 
 

Inoculum size 
 
The results of the effect of inoculum size of B. pumilus 
JX860616 on flocculating activity are illustrated in Table 
1. The observations showed that the inoculum size of 2% 
(v/v) was the best as it revealed the highest flocculating 
activity of 76.8%. An increase or decrease in the 
inoculum size did result in the slight decrease in 
flocculating activities. 
 
 

Carbon and nitrogen sources 
 
B. pumilus JX860616 utilized various carbon and nitrogen 
sources, 20 and 1.2 g/L, respectively, resulting in 
bioflocculant production. Glucose, lactose and sucrose 
were the most preferred carbon sources showing 
insignificantly different flocculating activities (Table 1). 
Lactose was gave the highest flocculating activity of 
84.1±4.35%.  Maltose   and   starch   were   poor   carbon  
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Table 1. Effect of inoculum size of B. pumilus JX860616 on flocculating activity. 
 

Inoculum size (% v/v) FA (%)±SD Carbon source FA (%)±SD Nitrogen source FA (%)±SD Cation FA (%)±SD 

1 56.5±5.84
a 

Maltose 47.8±0.20
a 

Casein 59.1±2.06
a 

Control 58.2±9.47
a 

2 76.8±4.03
b 

Molasses 53.7±4.38
a,b 

Urea 71.4±1.19
a,c 

K
+ 

60.8±0.15
a 

3 70.6±0.76
b 

Fructose 61.8±0.21
b,c 

Peptone 73.3±7.72
a,b 

Na
+ 

60.6±0.32
a 

4 70.6±6.41
b 

Galactose 64.1±1.40
c 

Yeast extract 74.4±3.40
a,b 

Li
+ 

67.1±2.52
a 

5 55.9±6.16
a 

Starch 68.5±5.38
c 

Tryptone 79.5±10.7
b,c 

Mn
2+ 

69.9±4.43
a,b 

  Glucose 83.7±3.12
d
 (NH4 )2SO4 90.1±7.89

b 
Ca

2+ 
79.2±2.54

b 

  Sucrose 84.0±1.71
d 

  Ba
2+

 79.6±3.47
b 

  Lactose 84.1±4.35
d 

  Fe
3+ 

58.2±2.62
a 

 

Percentage flocculating activity with different letters (a, b, c, and d) are significantly (p<0.05) different. 

 
 
 

 
 

Figure 2. Effect of mixing speed on flocculating activity. 

 
 
 
sources and gave 47.8±0.20 and 53.7±4.38% of 
flocculating activities, respectively. The effect of different 
nitrogen sources was assessed and the results were 
illustrated in Table 1. Ammonium sulphate was the best 
nitrogen source, with an outstanding flocculating activity 
of 90.1±7.89%. All other nitrogen sources used, (with the 
exception of casein, which showed the lowest flocculating 
activity (59.1±2.06%) showed the potential of been good 
nitrogen sources for bioflocculant production by B. 
pumilus JX860616, giving the flocculating activities above 
70% (Table 1). 
 
 
Cations effect on flocculation activity 
 
Table 1 shows the effect of different metal cations on 
flocculating activity. It was clearly observed that Ba

2+
 

greatly stimulated flocculating activity, resulting with the 
highest activity (79.6±3.47%). The monovalent (K

+
, Na

+
 

and Li
+
)  cations  did  also  enhance  flocculating  activity, 

giving flocculating activities above 60%. However, the 
trivalent metal cation (Fe

3+
) demonstrated the lowest 

flocculating activity of 58.2±2.62% (Table 1). 
 
 
Effect of mixing speed 
 
Figure 2 illustrates the effect of shaking speed on the 
bioflocculant production. The shaking speed of 165 rpm 
was the most conducive, giving the highest flocculating 
activity of 78%. The decrease in flocculating activity was 
observed when the shaking speed was below or above 
165 rpm. 
 
 
Initial pH 
 
The effect of the initial pH of the growth medium on 
flocculating activity was assessed and the result 
presented  in  Figure   3.  The   flocculating   activity   was  
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Figure 3. Effect of initial pH on bioflocculant production. 

 
 
 

 
 

Figure 4. Effect of different temperature regime on flocculating activity. 

 
 
 
highest (83%) when the initial pH was 7. The observations 
also showed that B. pumilus JX860616 has a potential to 
survive and produce bioflocculant in the range of the 
weak acid and alkaline (pH 6-9), as it gave the 
flocculating activities above 70%. pH 3 demostrated the 
lowest flocculating activity of 43%. 
 
 
Temperature effect on flocculation activity 
 
Temperature is an environmental factor that greatly 
affects bioflocculant  production. 30ºC  was  the  optimum 

temperature for bioflocculant production and yielded 83% 
of flocculating activity as illustrated in Figure 4. The 
decline in flocculating activity was observed when the 
temperature was altered above or below 30ºC. 
 
 
Time course 
 
The effect of time course on flocculating activity (FA), 
bacterium growth and pH are shown in Figure 5. The 
flocculating activity increased relatively to the B. pumilus 
JX860616  growth  until  60 h,  where   the   maximum  of  
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Figure 5. The graph of time course includes growth curve, pH and flocculating activity. 
 
 
 

Table 2. Effect of different concentrations of bioflocculant TMT-1. 
 

Dosage (ml) FA (%)±SD Cation FA (%)±SD 

0.2 81.73±1.88
a,b 

Control 66.87±2.34
a 

0.4 82.0±0.74
a,b 

Li
+ 

51.57±1.72
b 

0.6 82.77±1.0
a 

Na
+ 

95.47±0.42
c 

0.8 78.90±0.53
b 

K
+ 

96.07±0.35
c 

1 79.20±1.92
a,b 

Mn
2+ 

83.27±1.19
d 

  Ba
2+ 

95.23±1.54
c 

  Fe
3+ 

80.63±1.39
d 

 

Percentage flocculating activity with different letters (a, b, c, and d) are significantly (p<0.05) different. 
 
 
 

flocculation activity (93.3%) was obtained. After 60 h 
interval, the bacterium got into stationary phase and the 
flocculation activity decreased slightly. On the other hand, 
the pH of the medium dropped uniformly from the initial 
pH of 7 to the final pH of 4.7. 
 
 

Bioflocculant yield 
 

One thousand millilitres of fermented broth culture 
yielded 2.4 g of the purified bioflocculant TMT

-1
. The 

bioflocculant was insoluble in all solvents (acetone, 
methanol, butanol, ethanol, hexane, benzene, chloroform, 
ethyl-acetate and dichloromethane), with the exception of 
water, of which it dissolved (Table 2). 
 
 
Bioflocculant concentration and cations effects on 
flocculation activity

 

 

Table 2  illustrates the effect of different concentrations of 

bioflocculant TMT
-1

. TMT
-1 

had the highest flocculation 
activity (82.77%) at the concentration (0.6 mg/ml). 
However, 0.2 mg/ml was the most preferred dosage size 
since it showed high flocculating activity (81.73±1.88). 
Moreover, there was no statistical difference shown 
between the high concentration of 0.6 and 0.2 mg/ml. An 
increase or decrease in the TMT

-1 
concentrations resulted 

in the slight decrease in flocculating activities. The effect 
of various metal cations on the purified bioflocculant TMT

-

1
 was determined. All monovalent cations (with the 

exception of Li
+
) and divalent cations significantly 

enhanced flocculation activities, giving flocculation 
activities above 80% (Table 2). Ba

2+ 
was the most 

preferred metal cation with the highest flocculation 
activity of 95.23±1.54%, while Li

+ 
showed the lowest 

flocculating activity of 51.57±1.72%. 
 
 

Physicochemical composition of bioflocculant 
 
Figure 6  shows  the  SEM  surface images of the purified  
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bioflocculant, flocculated Kaolin particles and Kaolin 
particles. TMT

-1
 had a crystal-like structure (Figure 6a). 

The clump like structure was observed in the flocculated 
Kaolin particles (Figure 6b) and Kaolin particles revealed 
a fine and smooth structure (Figure 6c). The surface 
charge of TMT

-1
 was determined and the results 

illustrated in Figure 7. The zeta potential of TMT
-1 

(-11.6 
mV) revealed the bioflocculant as an anionic biomolecule. 

 
 
Chemical composition of bioflocculant TMT

-1
 

 
TMT

-1
 was Ninhydrin positive. The UV-vis spectrum of 

TMT
-1

 revealed a sharp peak at 290 nm that characterised 
protein content (Figure 8). The quantitative chemical 
analysis of the bioflocculant TMT

-1
 was carried out and 

the main chemical constituents revealed were poly-
saccharide (93.1%) and trace protein content (6.0%) 
(Table 3). 

 
 
Elemental and infra-red (IR) analysis 
 
The elemental analysis of the bioflocculant revealed its 
elemental composition in mass proportion (% w/t): C 
(17.0), N (0.0), O (46.0), Na (4.3), Mg (6.8), P (4.1), S 
(7.0), Cl (5.9), K (7.4) and Ca (0.7) (Figure 9). The 

functional groups of TMT
-1

 were determined and the 
results illustrated in Figure 10. The IR spectrophotometric 

analysis of TMT
-1

 showed the occurrence of hydroxyl, 
vinyl, aliphatic amine and amide groups. 

 
 
Thermal, pH and salinity stability of TMT

-1 

 
Figure 11 shows the effect of temperature on flocculating 
activity of the purified bioflocculant TMT

-1
. TMT

-1 
was heat 

stable showing flocculating activity of 79% at 100°C after 
an hour of heat exposure. The pyrolysis property of TMT

-1
 

was also studied and the results illustrated in Figure 12. 
The degradation temperature (Td) of 100°C was 
observed and it validated the thermal stability of TMT

-1
. 

The effect of pH on flocculating activity of the purified 
bioflocculant TMT

-1 
was assessed and the results are 

presented in Figure 13. TMT
-1 

was more stable in a wide 
range of pH (pH 3.0-10), giving flocculation activities 
above 70%. TMT

-1
 effectively flocculated Kaolin particles 

and gave the maximum flocculation activity (81%) at pH 
6.0. 

Figure 14 represented the results obtained during the 
determination of the effect on Na

+ 
concentration on the 

flocculating activity of bioflocculant TMT
-1

. The flocculating 
activity of the bioflocculant decreased proportionally with 
the increase in Na

+
 concentration. However, TMT

-1
 did

 

maintain high flocculation activity (72%) even at high 
salinity (35 g/L). 

 
 
 
 
Proposed flocculation mechanism of TMT

-1
 

 
Table 4 presents the zeta potential of the bioflocculant, 
Kaolin suspension, Kaolin plus cation and Kaolin 
suspension flocculated with BaCl2 and TMT

-1
. The 

electrical charges of the bioflocculant and Kaolin particles 
were both negative (-11.6 and -9.24, respectively) and 
the addition of Ba

++
 to Kaolin suspension and Kaolin 

suspension plus bioflocculant TMT
-1

 resulted in reduction 
on zeta-potential (-6.96 and -2.09 mV, respectively). 
 
 
DISCUSSION 
 
Marine Bacillus spp. has been good bioflocculant 
producers (Okaiyeto et al., 2015). However, rarely have 
these bacterial strains isolated from nature produce 
bioflocculants at sufficiently high concentrations enough 
for commercialisation (Martinko and Madigan,  2006). It 

was observed that the identified marine B. pumilus 

JX860616 was capable of producing bioflocculant but at 
low flocculant activity (64%) at natural conditions. This 
was due to the fact that the bioflocculant is often not 
essential for the bacterial growth and reproductive 
metabolism. Thus, optimisation of cultivation process was 
done so to improve bioflocculant production and 
flocculation activity. 

The quality and quantity of seed culture affects the 
growth kinetics of cultured bacteria and bioflocculant 
synthesis (Scheper et al., 2003). Young and fresh 
cultures have active viable cells that easily grow and 
produce bioflocculants, while small inoculum sizes 
prolong the lag phase time of bioflocculant production 
and a large inoculum sizes decrease the amount of 
bioflocculant produced. Thus, the smaller the inoculum 
size, the more appreciated. Inoculum size of 2% (v/v) 
(Table 1) was optimal for bioflocculant production by B. 
pumilus JX860616. The inoculum size of 2% (v/v) was 
better in comparison to the optimum inoculum size of 4% 
(v/v) reported for Bacillus licheniformis (He et al., 2010). 

Bacterial strains utilize nutrients in fermentation 
medium to synthesise bioflocculants and for energy used 
during metabolic processes for cell growth and 
reproduction. The bulk of net energy–yielding or energy 
consuming metabolic reactions in bacteria involves 
change in the oxidation state of carbon and nitrogen 
elements in substrates (Manahan, 2005). Lactose, 
glucose and sucrose were evidently the most effective 
carbon sources resulting in flocculating activity above 
80%. The cost of carbon source strongly accounts for its 
selection (Scheper et al., 2003). The flocculation activity 
activated by glucose had insignificant statistical difference 
with that of lactose and sucrose (Table 1) and thus, 
glucose was used during the experiment due to its 
availability at low market prices. Although molasses is an 
industrial by-product of economic insignificant (Smith, 
2009),  it  demonstrated  a  very  low  flocculating  activity  
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Figure 6. SEM surface images of the (a) bioflocculant (b) 
flocculated Kaolin particles and (c) Kaolin particles. 

 

 

 
 
Figure 6. SEM surface images of the (a) bioflocculant (b) 

flocculated Kaolin particles and (c) Kaolin particles. 
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Figure 7. Zeta potential of the purified TMT-1. 

 
 
 

 
 

Figure 8. UV-vis spectrum of TMT-1. 

 
 
 

Table 3. Chemical components of the purified 
bioflocculant TMT-1. 
 

Chemical component Concentration (% w/w) 

Protein 6.0 

Carbohydrate 93.1 

 
 
 
(53.7±4.38%) and thus, was neglected to be used as a 
carbon source. Maximum flocculating activity of 
90.1±7.89% was also obtained when (NH4)2SO4 was 
used as a nitrogen source (Table 1). The observations 
were in agreement with those of Okaiyeto et al. (2016), 
whereby ammonium sulphate promoted the growth of 
marine Bacillus sp. and bioflocculant production, resulting 
with the flocculating activity of 79.89±6.65%. 

Flocculating activity of the bioflocculant was stimulated 
by different cations (Table 1). Ba

2+
 greatly promoted 

flocculating activity, resulting in the highest flocculating 
activity of 79.6±3.47%. Generally, divalent cations  (Mn

2+
, 

Ca
2+ 

and Ba
2+

) were the most favourable cations showing 
flocculating activities above 70%. Monovalent and 
trivalent cations slightly inhibited flocculation activity of 
the bioflocculant and the Fe

3+
 showed the least 

flocculating activity (58.2±2.62%). Arafa et al. (2014), 
also obtained similar observations, whereby the 
flocculanting activities of different bacterial strains were 
greatly enhanced by divalent (Mn

2+
 and Ca

2+
) and 

trivalent (Fe
3+

) cations. 
The effect of shaking speed on the bioflocculant 

production revealed that the shaking speed of 165 rpm 
was the most conducive, giving the highest flocculating 
activity (78%) (Figure 2). Any change in mixing speed led 
to the decrease in flocculating activity. There was a 
decrease in flocculating activity when the shaking speed 
was above or below 165 rpm. This was perhaps due to 
the denaturation of the bioflocculant by the mechanical 
damage as some cells are highly fragile (Smith, 2009). 
Shaking speed determines the concentration of the 
dissolved oxygen, which can influence the biochemical 
absorption  of  the  nutrients   and   enzymatic   activity  of  
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Figure 9. Elemental analysis of TMT-1. 

 
 
 
bacterium (Adebayo-Tayo and Adebami, 2014). 
Moreover, optimum shaking speed allows evenly 
distribution of nutrients and proper mixing of growing cells 
(Garg et al., 2011). Presumably at 165 rpm, there was an 
enhanced supply of dissolved oxygen, uptake of nutrients 
to the bacterium cells and bioflocculant production 
(Smith, 2009). The results were in close conformity with 
those reported by Piyo et al. (2011), whereby the best 
flocculation was obtained at 160 rpm for Bacillus sp. 
Gilbert.  

The catalytic activity of enzymes relies on the specific 
state of ionisation imposed on its functional groups by pH 
alterations (Walker and Wilson, 2005). Thus, pH 
determines the electric charge of the bacterial cells and 
the oxidation-reduction potential which in turn can directly 
affect adsorption of nutrients and enzymatic reactions 
(Xia et al., 2008). According to Wong et al. (2012), pH 
alterations can result in denaturation of enzymes and 
proteins, disturb the pumping of ions at the bacterial cell 
membrane and affect biosynthesis of bioflocculant. The 
optimal initial pH of the culture medium of B. pumilus 

JX860616 oscillates in a range of pH 6 to 9, with pH 7 
giving the highest flocculating activity (83%) (Figure 3). 
Sathiyanarayanan et al. (2013) reported similar results 
that the maximum flocculating activity was highest when 
the pH was adjusted to 7. 

Temperature affects microbial growth and bioflocculant 
production in two ways. Firstly, as temperatures rise, 
chemical and enzymatic reactions in cells doubles up for 
every 10°C increase due to the increase in velocity and 
kinetic energy (Atlas, 1995). The bacterial growth and 
bioflocculant production become faster up to a point 
where denaturalisation is established and the enzymes 
are inactivated as they lose their functional structures. 
Secondly, low temperatures restrict the  rate  of  chemical 

and enzymatic reactions in cells. Bacterial cells tend to 
be metabolically inactive at lower culture temperatures 
and this often causes bacterial strains to hibernate and 
cease activation of bioflocculant production (Walker and 
Wilson, 2005). The optimal cultivation temperature for the 
production of the bioflocculant was 30°C, with the highest 
flocculating activity of 83% (Figure 4). The temperature 
below or above 30°C led to reduction in the flocculating 
activities. Temperature above 30°C may have had an 
adverse effect on the nucleic acid and enzyme system of 
B. pumilus JX860616, consequently leading to low 
bioflocculant production while temperatures below 30°C 
propelled the strain to hibernate and cease to produce 
the bioflocculant. The results were in agreement with 
those of Elkady et al. (2011), whereby Bacillus 
mojavensis exhibited approximately 96.1% of flocculating 
activity when its temperature was adjusted to 30°C during 
bioflocculant production. 

The bacterial growth and flocculating activity were in 
harmony up for the first 60 h of fermentation (Figure 6). 
The OD curve representing the cell growth showed a 
sharp increase in the first 60 h and slight decline over the 
remaining fermentation period. The flocculating activity 
also increased continuously until it reached the maximum 
(93.3% after 60 h), indicating that the bioflocculant was 
produced by biosynthesis during its growth, not by cell 
autolysis (Lu et al., 2005). The results were similar to 
those of Okaiyeto et al. (2015), in which the bioflocculant 
synthesis was synchronous with the bacterial growth and 
reached maximum flocculating activity in the late growth 
phase and early stationary phase. In comparison, Arafa 
et al. (2014) revealed that the bioflocculant from B. 
cereus exhibited flocculating activity of over 90% after 72 
h. The selection of bioflocculant producers consider the 
time interval for bioflocculant  production  by bacteria and  

http://www.sciencedirect.com/science/article/pii/S0927776512004274
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Figure 10. IR spectrum of TMT-1. 

 
 
 

 
 

Figure 11. Effect of temperature on TMT-1 flocculating activity. 

 
 
 
on short time intervals are the most preferred industrially, 
as they are cost effective and less time consuming 
(Scheper et al., 2003). Thus, the bioflocculant production 
by B. pumilus JX860616 can be viewed as an 
economically friendly since it gave high flocculating 
activity (93.3%) within a short fermentation period. The 
pH of the medium generally dropped from the initial pH of 
7 to pH 4.99. The drop in pH might have been due to the  

organic acidic components of the bioflocculant polymer 
(Okaiyeto et al., 2013). 

Yield (amount of product) and productivity (rate of 
product formation) are the good quantitative analysis that 
indicates how bacterial cells convert components in 
culture medium into bioflocculants (Smith, 2009). B. 
pumilus JX860616 produced about 2.4 g of the purified 
bioflocculnat  from  1 L  of  fermentation broth within 60 h.  
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Figure 12. Thermal gravity stability of TMT-1. 

 
 

The high yield might be owed to the ability of B. 
pumilus JX860616 to yield bioflocculant under stress 
conditions and the polarity of the solvents used. The high 
bioflocculant yield recovered is of economic importance. 
Though it was higher than most of bioflocculant by pure 
cultures (Lin and Harrichurd, 2011), it was much lower 
than the highest ever reported bioflocculant production (4 
g/L) from pure bacterial species (Zhang et al., 2007). 
Bioflocculant biomolecules differ in the balance of 
charged, polar and hydrophobic components they 
possess on their surface. The bioflocculant was found to 
be soluble in water but insoluble in all tested organic 
solvents (acetone, methanol, butanol, ethanol, hexane, 
benzene, chloroform ethyl-acetate and dichloromethane). 
Jorand et al. (1998) reported that hydrophobic 
bioflocculants are mainly comprised of proteins, whereas 
the hydrophilic fraction mainly consisted of 
carbohydrates. TMT

-1 
is predominately a carbohydrate 

bioflocculant (Table 3). Thus, the charged and polar 
groups were solvated by aqueous molecules, thus 
making bioflocculant soluble and hydrophilic (Walker and 
Wilson, 2005). The abundance of hydroxyl groups (Figure 
10) builds up strong forces of attraction between 
bioflocculant molecules, and may result in relatively hard 
crystalline solids – where hydrogen bonding can occur. 
Since these forces are not dissociable by organic 
solvents, the TMT

-1 
was insoluble in all organic solvents 

used. The solvation of TMT
-1 

in aqueous solution was 
attributed to the presence of hydroxyl group creating a 
hydrogen bond with a water molecule (Okaiyeto et al., 
2015). 

Table 2 illustrates the effect of different concentrations 
of bioflocculant TMT

-1
. TMT

-1 
had the highest flocculation 

activity (82.77%) at the concentration (0.6 mg/ml). 
However, 0.2 mg/ml was the most preferred dosage size 
since it showed high flocculating activity (81.73±1.88). 
Moreover, there was no statistical difference shown 
between the high concentration of 0.6 mg/ml and 0.2 
mg/ml. Thus, the increase in dosage size from 0.2 to 0.6 
mg/ml did not affect the flocculation activity of the 
bioflocculant. Flocculation often cease once the dosage 
concentrations exceed the absorption of excess 
negatively charged bioflocculant and destabilise Kaolin 
particles, thus the attractive forces of other Kaolin 
particles are reduced as strong repulsive forces set in 
and consequently, flocculation activity decreases 
(Okaiyeto et al., 2013). Thus, the flocculation activity 
slightly decreased when the dosage concentration was 
increased further. The results are consistent with those 
reported by Okaiyeto et al. (2015). On the other hand, at 
low dosages concentrations (˂0.6 mg/ml), bridging 
flocculation mechanism of the bioflocculant was not 
effectively enhanced as most Kaolin particles did not 
have enough bioflocculant molecules to bind. A 
bioflocculant from Azotobacter indicus had an optimum 
dosage concentration of 500 mg/l (Patil et al., 2011), and 
this implied that TMT

-1 
is active and economical. 

Cations neutralize and stabilize the negative charge of 
the functional groups of colloidal Kaolin particles in 
solution and the bioflocculant (He et al., 2010). Table 2 
shows that all the monovalent (with exception of Li

+
), 

divalent   and  trivalent  cations  neutralized  the  negative  
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Figure 13. pH stability of bioflocculant TMT-1. 

 
 
 

 
 

Figure 14. Effect on salinity on flocculating activity of TMT-1. 

 
 
 

Table 4. Zeta potential of different samples. 
 

Sample Zeta potential (mV) 

Bioflocculant TMT
-1

 -11.6 

Kaolin particles -9.24 

Kaolin particles with Ba
++

 -6.96 
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 -2.09 
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charges on TMT

-1 
and the colloidal Kaolin particles in 

solution, reducing the distance between them, increasing 
the initial adsorption of TMT

-1
 onto the colloidal Kaolin 

particles and thus leading to settleable flocs and high 
flocculating activities above 80%. Ba

2+
 showed an out-

standing flocculating activity of 95.23±1.54% and thus, 
was the most preferred cation. The results were similar to 
the findings by Ma et al. (2015) and Okaiyeto et al. 
(2015), whereby the flocculation activities of CBF and 
MBF-UFH were greatly enhanced by addition of divalent 
(Ca

2+
, Ma

2+
 and Fe

2+
), trivalent (Al 

3+
 and Fe 

3+
) and the 

monovalent (Na
+
, K 

+
 and Li

+
) cations.

 

Figure 6 demonstrates the SEM image of the 
bioflocculant, flocculated Kaolin particles and Kaolin 
particles. Bioflocculant TMT

-1 
was whitish in colour and 

had a crystal-like shape (Figure 6a). The configuration of 
TMT

-1 
might be accountable for its flocculation activity. 

The floc appeared clustered (Figure 6b). This was 
perceived to be due to the bonds between colloidal 
particles of Kaolin and the functional groups of TMT

-1
. 

The Kaolin clay particles appeared to be fine and evenly 
scattered (Figure 6c). Figure 7 showes the zeta potential 
TMT

-1 
as a negatively charged biomolecule with the value 

of −11.6 mV, implying that the nature of bioflocculant 
TMT

-1
 is anionic. The net negative charge of the TMT

-1
 

was concluded to be from the carbohydrates and proteins 
contents, which normally have the negatively charged 
functional groups (Liu et al., 2015). Ninhydrin test is the 
distinguishing test for all amino acids except proline 
(Chakravarty, 2013). The intense purple colour results 
due to reaction between the alpha amino group and 
Ninhydrin molecules. The bioflocculant was Ninhydrin 
positive, implying to possess free amino acids. The UV-
vis spectrum revealed a sharp absorption peak at 290 nm 
(Figure 8). This confirmed the presence of the protein 
content in the bioflocculant. On the other hand, the 
absence of the absorption peak at 154 nm implied that 
the bioflocculant had no nucleic acid content.

 
TMT

-1
 

revealed high content of carbohydrate (93.1%) and 
negligible protein content (6.0%) (Table 3). The 
composition of both carbohydrates and proteins implied 
that the bioflocculant might have multiple functional 
moieties. Multiple functional moieties are indicative for 
many adsorption sites for the colloidal particles and this 
can lead to high flocculating efficiency as observed with 
TMT

-1
 on Kaolin particles (Verma et al., 2012). The 

carbohydrate derivatives in TMT
-1

 were presumed to be 
the most responsible components for the experientially 
high flocculating activity as TMT

-1
 is predominately 

carbohydrate and not protein. The elemental analysis of 
the bioflocculant revealed its elemental composition in 
mass proportion (% w/t) (Figure 9). The presence of 
various elements may have brought about the flexibility 
and stability of the TMT

-1
. Okaiyeto et al. (2015), obtained 

almost similar result with bioflocculant MBF-UFH which 
possessed different in mass proportion (% w/w): C 
(17.21),  O  (40.04),  Na  (5.21),  Mg  (5.02),  P ( 7.90),  S  
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(0.60), Cl (6.11), K (1.63) and Ca (9.63). Moreover, the 
absence of the detectable nitrogen element and 
abundance of carbon and oxygen elements affirmed the 
bioflocculant to be mostly of carbohydrate nature. 

The flocculating activity of bioflocculants, stability and 
flexibility depend on their functional groups (Rao et al., 
2013). The IR spectrum (Figure 10), displayed a broad 
stretching band with a peak at 3325 cm

-1
; the broad peak 

was indicative of hydroxyl (OH) group. The sharp 
absorption peaks at 1646 and 1079 cm

-1
 advocated for 

the presence of amide and aliphatic amine groups (C=O 
and C-N, respectively). There was strong C-H at 983.05 
and 883.39 cm

-1
 which represented the existence of vinyl 

group; while the peaks at 599.14 and 509.5 cm
-1

 revealed 
the presence of halo compounds (and C-Cl and C-Br, 
respectively). In overall, TMT

-1
 possess hydroxyl, amide, 

vinyl and aliphatic amino groups. These functional groups 
served as binding sites for cations and colloidal particles 
in solution, resulting in formation of diverse chemical 
bonds (Okaiyeto et al., 2015). The COOH, COO

-
 and OH 

groups on TMT
-1

 and groups (H
+
 and OH

-
) on the surface 

of colloidal particles may interact with the bioflocculant 
chains to form hydrogen bonds, which permit the build-up 
of big flocs. 

Bioflocculants have different stability as they are 
sensitive to heat. The bioflocculant with high protein 
content are generally thermally labile as compared to 
those rich in carbohydrate content, which are heat stable. 
When the major component of bioflocculant is 
glycoprotein, the stability of the bioflocculant depends on 
the relative contents of protein and carbohydrates 
(Walker and Wilson, 2005). 

Figure 11 illustrates that heat had little impact on the 
physico-chemical properties of TMT

-1
. Apparently, there 

was a slight decline in flocculating activity with time of 
heat exposure and this may be accredited to the 
denaturation of the protein component in TMT

-1 
(Okoh 

and Cosa, 2014). However, it was deduced that TMT
-1 

is 
a thermostable bioflocculant, as it retained high 
flocculating activity (81.0%) even at high temperature 
(100°C). The thermal-stability might be owed to the high 
content of carbohydrates. Figure 12 illustrated the 
pyrolysis property of TMT

-1 
after its exposure to high 

temperatures using thermogravimetric equipment. There 
was a decrease in weight between 35 and 157°C. The 
weight loss of 12% could be due to the loss of moisture 
content in the bioflocculant. The moisture content in TMT

-

1 
is owed to the presence of carboxyl (in amide) and 

hydroxyl groups. High carboxyl content leads to greater 
affinity of the carbohydrates derivatives for water 
molecules (Kumar and Anand, 1998). The decline in 
weights above 157°C is attributed to the degradation of 
the bioflocculant. The TGA

 
results validated the thermal 

stability of TMT
-1

. 
pH influences flocculating activity by affecting the 

stability of suspended particles and floc formation (Okoh 
et al., 2014). Figure 13  illustrates  the  effect of pH on the  
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flocculation activity of TMT

-1
. The results vividly show that 

TMT
-1

,
 

within a wide pH range of 3-12, resulted in 
flocculation activity above 70%. This implied that TMT

-1 

can be effectively applied in acidic, neutral and alkaline 
environments (Adebayo-Tayo and Adebami, 2014). The 
highest activity (81%) was obtained at pH 6. These 
observations were similar to those of Zhang et al. (2007), 
whereby the flocculating activity of the obtained purified 
bioflocculant was highest at pH 6. 

High salt concentrations have tendency to denature 
bioflocculants, thus affect their flocculation activities 
(Atlas and Bartha, 1987). High concentrations of salt 
interfere with charges on bioflocculants and promote loss 
of functional structures. Figure 14 illustrates that there 
was a constant decrease in flocculation activities with an 
increase in Na

+
 concentrations. At higher concentration 

(35 g/L), the flocculating activity dropped drastically, 
implying that there was denaturation of some 
components of TMT

-1
. Nevertheless, it was concluded 

that TMT
-1

 has salinity stability as it did maintain high 
flocculation activity (72%) even at the highest 
concentration of Na

+ 
(35 g/L). The saline stability of TMT

-1
 

maybe due to the fact that the bioflocculant
 
was produced 

by marine bacterial isolate, which survived in marine 
environment which is characterised by high salinity 
(3.5%, 35 g/L) (Abraham and Marteel-Parrish, 2014). 

The flocculation process by bioflocculants mostly 
involves charge neutralization and bridging mechanisms 
(Lian et al., 2008). Charge neutralization occurs when the 
both particles in solution are charged oppositely while 
bridging mechanism occurs when the bioflocculants 
extend from the particle’s surface into the solution for a 
distance greater than the distance over which the 
interparticle repulsion acts. The latter mostly happens 
where both the bioflocculant and the colloidal particles 
carry the same charge. The zeta potential of the 
bioflocculant and Kaolin particles were both negative (-
11.6 and -9.24 mV, respectively) (Table 4). Addition of 
Ba

2+
 to Kaolin suspension and Kaolin suspension plus 

bioflocculant TMT
-1

 resulted in reduction of zeta-potential 
(-6.96 and -2.09 mV, respectively). When the negative 
charge is reduced or totally abolished, the repulsion force 
become terminated and particles easily agglomerate 
(Hadgson et al., 2004). Ba

2+
 increased the adsorption of 

bioflocculant TMT
-1

 on the surface of colloidal Kaolin 
particles by decreasing the negative charge on TMT

-1
 and 

Kaolin particles. Thus, the attractive forces were capable 
of weakening and overcoming the electrostatic repulsion 
force, reducing the distance between them by 
compressing the double layer of Kaolin particles while 
increasing the adsorption of TMT

-1
 on the colloidal Kaolin 

particles. Flocculation is speedy when the zeta potential 
is below 20 mV (Mines, 2014). It was concluded that Ba

2+
 

stimulated rapid flocculation by neutralization and 
stabilization of residual negative charge of TMT

-1
, forming 

a bridge that binds Kaolin particles to each other as the 
big flocs were initiated. 

 
 
 
 
Conclusion 
 

B. pumilus JX860616 produced bioflocculant TMT
-1 (2.4 

g/L) when glucose and inorganic ammonium sulphate 

were used as energy sources in the optimum 

fermentation conditions (initial pH 6, 30°C, 165 rpm and 

60 h). The characterization results of bioflocculant TMT
-1

 

proved that the bioflocculant was anionic glycoprotein 

that was porous in structure and soluble only in water. 

TMT
-1

 demonstrated salinity, pH and thermal stability. 

Ba
2+

 stimulated rapid flocculation by neutralization and 

stabilization of residual negative charge of TMT
-1

, forming 

a bridge that binds Kaolin particles to each. The revealed 

properties of TMT
-1

 suggested its potential in industrial 

applicability. For further studies, the bioflocculant TMT
-1 

will be applied on wastewater treatment and the molecular 

methods will also be employed on the bacterium strain so 

to increase the TMT
-1 

yield.  
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