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Angular leaf spot (ALS) is one of the most severe diseases of common bean. However, there is as yet 
no standardization of the phenological stage, inoculum concentration, diagrammatic scale (DS), and 
day of assessment for screening ALS resistance in bean lines. The present study aimed to evaluate the 
potential for assessment of ALS severity in common beans using the Leaf Doctor app and inoculation 
at the V2 phenological stage under two inoculation concentrations. The experiment was carried out in a 
completely randomized design in a 3 × 2 × 2 factorial arrangement with three cultivars (AND 277, IAC-
Milênio, and IAC-Carioca), two monosporic isolates (31-31 and 10-59), and two inoculum concentrations 
(2 × 10

4
 and 4 × 10

4 
conidia/mL). Disease severity was evaluated from 11 to 15 days after inoculation 

(d.a.i) using a diagrammatic scale and the Leaf Doctor. The results showed that 15 d.a.i., the 
concentration of the inoculum was no longer significant and that the isolates showed no significant 
difference in terms of pathogenicity. Moreover, in 15 d.a.i. it was possible to separate the cultivars into 
three phenotypic classes: resistant (AND-277), moderately susceptible (IAC-Milênio) and susceptible 
(IAC-Carioca). Considering the diagrammatic scale of notes, the cultivar AND 277 had a score of 2.3, 
while for the image evaluation, it was observed that only 0.65% of the total leaf area was affected by the 
disease. For this reason, 15 d.a.i. was recommended as the better day for evaluation, and the 
concentration of 2 × 10

4
 conidia/mL may be adopted in order to reduce the amount of inoculum needed 

for the experiment. In addition, the evaluation with the Leaf Doctor app increases accuracy and 
improves discrimination between resistant and susceptible cultivars. 
 
Key words: Pseudocercospora griseola, Phaseolus vulgaris, digital analysis, disease resistance. 

 
 
INTRODUCTION 

 
Common bean (Phaseolus vulgaris L.) is one of the 
grains most consumed by humans  throughout  the  world 

(Assefa et al., 2019). Regarding the consumption of 
beans, Brazil stands  out  as  the largest consumer of this 
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grain (FAOSTAT, 2021), with an average of 18 kg year

-1
 

per capita (Carneiro et al., 2015). The nutritional value of 
this grain and the potential health benefits explain the 
relevance that this legume has in the human diet, being a 
source of carbohydrates, fibers, vitamins and minerals 
(Pires et al., 2006), as well as a source of polyphenolic 
compounds with antioxidant properties (Polya, 2003). In 
addition to being the largest consumer, Brazil is the third 
largest producer of beans in the world (FAOSTAT, 2021). 
The estimated production of the last bean crop in Brazil 
was about 3.1 million tons, with an average yield of 1.074 
kg/ha (CONAB, 2021). Bean yield is affected by several 
factors, and in Brazil, disease is one of the main 
problems. Angular leaf spot, caused by the fungus 
Pseudocercospora griseola (Sacc.) Crous and U. Braun, 
is one of the most serious diseases in common beans; it 
may cause yield losses of up to 80% (Nay et al., 2019a; 
Librelon et al., 2020).  

In bean breeding programs, evaluation of the level of 
disease resistance is based on disease severity, which is 
defined as the area of plant tissue affected by the 
disease-causing organisms and expressed as a 
percentage of the total amount of plant tissue 
(Schoonhove and Pastor-Corrales, 1987; Forrest et al., 
1991). In evaluation of ALS severity, breeders routinely 
adopt the V3 (first expanded trifoliate leaf) phenological 
stage (Pastor Corrales and Jara, 1995; Pereira et al., 
2015; Bassi et al., 2017; Vidigal Filho et al., 2020; 
Almeida et al., 2020). However, when assessing the 
disease at the initial stages of plant development, Pereira 
et al. (2011) proposed the use of the V2 phenological 
stage (expanded primary leaves), making it possible to 
reduce the amount of inoculum used and the amount of 
time to perform the analyses. 

All the diagrammatic scales (DS) developed to assess 
ALS resistance were proposed for the V3 stage (Moreno, 
1977; Schoonhove and Pastor-Corrales, 1987; Inglis, 
1988; Godoy et al., 1997), and they are not appropriate 
for the V2 stage. Librelon et al. (2015) proposed a 
specific DS for the V2 stage, which has been successfully 
used for evaluation and selection of ALS resistant bean 
lines (Pereira et al. 2019a, b, Librelon et al., 2020; 
Almeida et al., 2021a). DSs are contingent on the 
subjectivity of each evaluator, and Librelon et al. (2015) 
reported that the majority of 14 evaluators tested 
underestimated ALS severity using a DS. 

An alternative to the DS for assessment of disease 
severity is quantification of infected tissue by digital 
image analysis, with advantages such as high precision, 
accuracy, reliability, and the possibility of non-destructive 
sampling, allowing data to be collected from the same 
individual at the experimental site over a period of time 
(Bock et al., 2008; Arnal Barbedo, 2013; Mutka and Bart, 
2015). Several programs have been developed to 
quantify plant diseases, such as “Quant”, “Assess 2.0”, 
“ImageJ”, “Scion Image”, and “CompuEye” (Vale et al., 
2001; Lobet et al., 2013; Mutka and  Bart,  2015; Mahlein,  

 
 
 
 
2016). However, some of these programs do not have 
friendly interfaces and are rather expensive, and require 
a Windows operating system interface, meaning that 
image processing must occur on a desktop and/or laptop 
only after capturing the images by another device (that is, 
photo camera or scanner). 

With the advance of technology, an app for 
smartphones, named Leaf Doctor 
(https://www.quantitative-plant.org/software/leaf-doctor), 
was developed to perform image quantification on a 
portable mobile device in a fast and simpler way 
(Pethybridge and Nelson, 2015). The app has an 
extremely friendly interface, and it only requires the user 
to take photos with the device in the app itself, indicating 
the color of healthy and infected leaf tissues. After a few 
seconds of processing, the app shows the percentage of 
leaf area affected by the pathogen (Pethybridge and 
Nelson, 2015). This is advantageous in bean breeding 
programs, considering that generally many plants need to 
be evaluated with high accuracy in a short period of time. 
The purpose of the present study was to test the 
efficiency of using  the Leaf Doctor app to perform 
assessment of the severity of ALS in common bean at 
the V2 phenological stage and compare with the 
evaluation carried out by a DS proposed for the V2 stage. 
In addition, two different inoculum concentrations were 
adopted (2 × 10

4
 and 4 × 10

4
 conidia/mL) in order to 

identify possible interaction and recommendation of 
better one. 
 
 
MATERIALS AND METHODS 
 
Three common bean cultivars (that is, AND 277, IAC-Milênio, and 
IAC-Carioca) with different levels of resistance to ALS were 
selected from the Germplasm Bank of the Instituto Agronômico - 
IAC (Campinas, São Paulo, Brazil). The AND 277 cultivar (Andean) 
is highly resistant and widely used as a source of resistance to 
angular leaf spot (Gonçalves-Vidigal et al., 2011; Oblessuc et al., 
2012; Bassi et al., 2017; Almeida et al., 2020). The IAC-Carioca 
and IAC-Milênio cultivars (Mesoamerican) are susceptible, though 
they have different levels of susceptibility; the IAC-Carioca has 
been used as a check cultivar for susceptibility in some studies 
(Oblessuc et al., 2012; Bassi et al., 2017). The experiment was 
carried out in a completely randomized design in a 3 × 2 × 2 
factorial arrangement, consisting of three cultivars, two monosporic 
isolates of P. griseola characterized as physiological races 31-31 
and 10-59, and two inoculum concentrations (that is, 2 × 104 and 4 
× 104 conidia/mL), with three replicates. A plot consisted of a pot 
with one plant. 

Seeds of each cultivar were pre-germinated, aiming at selection 
of seedlings with the same size and vigor. Plants were inoculated 
according to the method proposed by Pereira et al., (2011). Plants 
were kept in a greenhouse for 10 days. When they reached the V2 
stage, they were placed in an inoculation chamber, where they 
remained under controlled temperature (24°C) and moisture (95-
100%) conditions in the absence of light for 24 h. The inoculum 
suspensions of both isolates were prepared as described by 
Almeida et al. (2020), and the inoculum concentrations were 
adjusted to those described earlier. Inoculation was performed on 
the adaxial and abaxial surfaces of the primary leaves using an air 
compressor  (De  Vilbiss).  Twenty-four  hours  after inoculation, the  
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Table 1. Analysis of variance and the Tukey mean test for angular leaf spot severity for the following factors: isolate, inoculum 
concentration, and cultivar and the interactions between the factors, estimated by the diagrammatic scale (1-9) and the Leaf 
Doctor app at different days of evaluation (from 11 to 15 d.a.i.). 
  

Factor 
Number of days after inoculation Leaf 

Doctor 
AUDPC 

11 12 13 14 15 

Isolate 
      

 

31-31 2.05
a
 2.44

a
 2.88

a
 3.44

a
 4.11

a
 9.24

a
 24.38

a
 

10-59 2.16
a
 2.33

a
 2.77

a
 3.72

a
 4.22

a
 7.53

a
 25.38

a
 

       
 

Concentration  
     

 

2 × 10
4
 conidia mL

-1
 1.88

b
 2.27

b
 2.55

b
 3.38

b
 4.00

a
 7.26

a
 24.84

a
 

4 × 10
4 

conidia mL
-1

 2.33
a
 2.50

a
 3.11

a
 3.77

a
 4.33

a
 9.51

a
 24.92

a
 

       
 

Cultivar 
      

 

IAC-Carioca 2.66
a
 3.00

a
 3.58

a
 4.75

a
 5.41

a
 14.66

a
 31.95

a
 

IAC-Milênio 2.41
a
 2.83

a
 3.16

b
 3.75

b
 4.75

b
 9.84

b
 28.20

b
 

AND 277 1.25
b
 1.25

b
 1.75

c
 2.25

c
 2.33

c
 0.65

c
 14.51

c
 

       
 

Interaction  
     

 

Iso. × Cult. 0.007 <0.001 0.006 0.679 0.123 0.502 0.006 

Iso. × Con. 0.061 1.000 0.006 0.123 0.558 0.927 0.815 

Con. × Cult. 0.821 0.002 0.193 0.679 0.105 0.146 0.623 
 

The mean values with the same letter in the same column do not differ significantly by the Tukey test (p < 0.05). 

 
 
 
chamber was adjusted to 80% humidity, with controlled photoperiod 
(12 h/12 h) (Monda et al., 2001; Sartorato, 2004), until the end of 
the evaluation. In addition, two plants of each cultivar were treated 
with only distilled water and Tween® (mock). 

Assessment of angular leaf spot severity was performed at 11, 
12, 13, 14, and 15 days after inoculation (d.a.i.) with the aid of the 
diagrammatic scales (DS) developed by Librelon et al. (2015). The 
scale has nine levels of severity: 1 to 3 correspond to resistant 
plants, 4 to 6 to moderately resistant plants, and 7 to 9 to 
susceptible plants. At 15 d.a.i., ALS severity was also estimated 
with the Leaf Doctor app on a smartphone with an iPhone 
Operating System (that is, iPhone 7 model) after the primary leaves 
of each cultivar were individually photographed against a black 
background. Statistical analysis of variance (ANOVA) was 
performed on each evaluation and the mean values were compared 
by the Tukey test at 5% significance (p < 0.05). The area under the 
disease progress curve (AUDPC) was estimated from each 
evaluation using the following formula: 
 

 

 

where  is the number of evaluations,  is the severity of the 

disease, and ( ) is the time interval between two 

consecutive evaluations (Campbell and Madden, 1990). All data 
were analyzed using the SANEST software (Zonta and Machado, 
1980). 

 
 
RESULTS AND DISCUSSION 
 
The results were significant for the  cultivar  factor  for  all 

the days of evaluation and approaches used (that is, 
diagrammatic scale and Leaf Doctor app) due to 
differences in the degree of resistance of the cultivars. 
The Tukey mean test showed there was a significant 
difference between susceptible cultivars (that is, IAC-
Milênio and IAC-Carioca) only from 13 to 15 d.a.i., and all 
cultivars were considered resistant (that is, level < 3) until 
12 d.a.i. (Table 1). The ANOVA showed no significance 
for the isolate factor, showing that the pathogenicity of 
both isolates (31-31 and 10-59) was similar for the set of 
cultivars tested. Nevertheless, a significant interaction 
was observed between isolate and cultivar from 11 to 14 
d.a.i., and significance was also found for the isolate × 
concentration interaction at 12 d.a.i.  

Regarding the concentration factor, there was 
significance only until 14 d.a.i., and a higher degree of 
severity was found for the 4 × 10

4
 conidia mL

-1
 

concentration. The AUDPC showed significance only for 
cultivar, allowing separation of the three cultivars into 
three distinct groups, with significance for the isolate × 
cultivar interaction. The IAC-Carioca cultivar was most 
susceptible to ALS for both P. griseola isolates; IAC-
Milênio had an intermediate reaction; and AND 277 was 
the most resistant cultivar (Figure 1). 

Although ALS is a highly significant disease for 
common bean worldwide, there is no consensus in the 
literature regarding the best day for assessment after 
inoculation under controlled conditions of infection. In the 
V3  stage,  there  are  reports of assessment of degree of  
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Figure  1. The severity of angular leaf spot disease in primary leaves of AND 277, IAC-Milênio, and IAC-
Carioca common bean cultivars at 15 days after inoculation in the V2 phenological stage. 

 
 
 
resistance at 7 d.a.i. (Vidigal Filho et al., 2020), 9 d.a.i. 
(Gonçalves-Vidigal et al., 2011), 12 d.a.i. (Guzman et al., 
1995), 15 d.a.i. (Oliveira et al., 2004; Bassi et al., 2017; 
Almeida et al., 2020, 2021b), 18 d.a.i. (Almeida et al., 
2021a), 21 d.a.i. (Nay et al., 2019b), and 28 d.a.i. 
(Carvalho et al., 1998). However, one of the advantages 
of considering the V2 stage for this assessment is 
reduction in the number of days necessary to complete 
the experiment. Pereira et al. (2011) proposed the use of 
the V2 stage and evaluated plants at 14 d.a.i. Librelon et 
al. (2015) evaluated 15 d.a.i. for validation of the V2 DS, 
while other authors used the same number of days for 
ALS assessment at the V2 stage (Pereira et al., 2019a, b, 
Librelon et al. 2020). Our results showed that, in the case 
of the V2 stage, at least 15 days after inoculation is 
necessary for reliable evaluation, since only on the last 
day of evaluation (day 15), could the cultivars be well 
discriminated. Before that, IAC-Milênio showed ALS 
severity similar to IAC-Carioca.  

Another reason to use 15 d.a.i. for assessment of 
resistance to ALS is that from that day on, the inoculum 
concentration used was no longer significant, so the 
difference between the concentrations did not affect the 
degree of severity in the cultivars tested, and there was 
no significant interaction among the factors (that is, 
cultivar, concentration, and isolate). Just as for number of 
days for assessment, there is no consensus regarding 
the inoculum concentration to be used for inoculation 1 × 
10

4
 conidia mL

-1
 (Oblessuc et al., 2012; Perseguini et al., 

2016), 1.2 × 10
4
 conidia mL

-1
 (Gonçalves-Vidigal et al., 

2020; Vidigal Filho et al., 2020),  2 × 10
4
 conidia mL

-1
 

(Carvalho et al., 1998; Guzman et al., 1995; Keller et al., 
2015; Pastor-Corrales and Jara, 1995), and 4 × 10

4
 

conidia mL
-1

 (Pereira et al., 2011; Almeida et al., 2020) 
are most used. Pereira et al. (2011) reported that the 
concentration of 2 × 10

4
 conidia mL

-1
 did not  discriminate 

resistant bean lines from susceptible ones, and that the 4 
× 10

4
 conidia mL

-1
 generated a greater degree of 

severity. However, the authors evaluated the inoculated 
plants at 14 d.a.i., and the results also showed 
significance regarding the concentration used for 14 d.a.i. 
Librelon et al. (2015) used the concentration of 2 × 10

4
 

conidia mL
-1

 for development of the V2 DS, and Pereira 
et al. (2019a, b) and Librelon et al. (2020) used the same 
concentration for evaluation of resistance in advanced 
bean lines.  

The main problem with the DSs proposed for evaluation 
of ALS severity is not only the subjectivity of the 
evaluators, but also the difference between the number of 
scores and the specific range of score variation in terms 
of leaf area affected by the disease. Schoonhove and 
Pastor-Corrales (1987) proposed a DS ranging from 1 to 
9, with score 3 representing plants with up to 2% of leaf 
area affected. Godoy et al. (1997) also proposed a DS 
ranging from 1 to 9, but score 3 represented plants with 
up to 0.9% of leaf area affected. Moreno (1977) proposed 
another DS, ranging from 1 to 5, with score 3 
representing up to 25% of leaf area affected; and Inglis et 
al. (1988) adapted the same DS, and score 3 was now 
understood as plants with up to 50% of leaf area affected. 

A more reproducible and accurate way to assess 
resistance to ALS is through digital image analysis. 
However, in a study carried out by Rezende et al. (2014) 
under field conditions for evaluation of ALS using DS 
(Schoonhove and Pastor-Corrales, 1987) and the image 
analysis software Quant (Vale et al., 2001), the authors 
reported that the use of the DS was the most practical 
way to discriminate the bean lines. Software like Quant 
proposes a considerable problem in that it is not practical 
at all; leaves need to be detached and scanned one by 
one and images must be transferred to the computer for 
processing  and  quantification. In contrast, Leaf Doctor is 



 
 
 
 
a smartphone app, and digital image quantification of leaf 
area affected by the disease can be performed in the field 
and/or greenhouse through simple capture of images and 
fast processing, without the need to detach leaves or 
scan them, and/or even transfer the images to 
computers. The Leaf Doctor approach is quantitatively 
more sensitive, precise and accurate than the DS, as 
observed in the present study, allowing the definition of 
greater differences among the genotypes through the 
app. This enhancement in precision of assessment could 
improve the initial steps of bean breeding programs. 
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The Schiff base of isatin and sulphanilamide (L1; C14H11N3O3S) was prepared and reacted with Re(CO)5X 
(X = Cl and Br) in toluene to give [Re(C14H10N2O)(CO)3X] (X = Cl, 1 and X = Br, 2). The prepared Schiff 
base of isatin and 4-methoxyaniline (L2; C15H12N2O2) was reacted with Re(CO)5X in toluene to give 
[Re(C14H10N2O)(CO)3X], where X = Cl, 3 and X = Br, 4. L2 and Re(CO)5Br were refluxed in dry toluene 
under nitrogen and recrystallized to give [Re(C15H12N2O2)(CO)3Br].

1
/2C2H5OH (5). Spectroscopic 

characterization of compounds was done using FTIR, UV-Visible, NMR and Mass spectra analyses. 
Magnetic susceptibility measurements and melting points were also determined. Elemental analysis of 
5 revealed it was a solvate molecule of 4. The in-vitro antimicrobial activities of compounds were 
evaluated against Staphylococcus aureus, Bacillus subtilis, Haemolytic Staphylococcus aureus, 
Pseudomonas aeruginosa, Escherichia coli, Klebsiella sp., Aspergillus niger, Trichoderma viride and 
Penicillium citrinum. Spectroscopic analyses revealed new terminal carbonyl bands formed between 
1900 and 2030 cm

-1
, as L1 and L2 coordinated through their azomethine nitrogen and keto oxygen 

donor atoms towards Re(I). Results of the antimicrobial studies revealed immerse improved activities 
upon coordination against tested microorganisms especially gram-negative bacteria, therefore they are 
recommended for further studies in cell imaging. 
 
Key words: Isatin Schiff bases, rhenium (I) tricarbonyl complexes, antimicrobial, antifungal. 

 
 
INTRODUCTION 
 
Indole-2,3-dione (isatin) is a versatile starting material in 
syntheses. Its Schiff bases and complexes have been 
found to possess several pharmacological effects 
including anticonvulsant, antimicrobial and antiviral 
activities, inhibition of monoamine oxidase (Sridhar et. al., 

2002; Adetoye et al., 2009), behavioural effects (Chohan 
et al., 2006) and activities against human immune-
deficiency virus (Sriam et al., 2005). Isatin is an 
endogenous compound found in the brains and some 
tissues  of  mammals  (Sridhar  et  al., 2002).  It  was  first
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isolated from the fruits and flowers of the Cannon ball 
tree (Couroupita gueanensis), thereafter its good 
antioxidant, antibacterial and anticancer properties have 
also been established (Premanathan et al., 2012; Guo, 
2019; Ding et al., 2020). Coogan et al. (2009) and 
Azzarelli et al. (2019) have also shown that heavy metals 
are not just “poisonous”, but also possess great biological 
importance through the synthesis of several novel d

6
 

transition organometallic based agents, which were also 
used to target specific biological entities. Therefore, the 
coordination of Re(I) to isatin Schiff bases is promising 
with prospective biological activities which could even 
target biological entities of cancerous cells and could also 
possess some therapeutic anticancer effects. Presently, 
there is little or no report on Re(I) complexes of isatin 
derivatives. All these primarily motivated this research, 
which aimed at preparing new biologically active Re(I) 
tricarbonyl complexes of isatin derivatives. Previously, 
the Re(I) tricarbonyl complexes of the Schiff base of 
isatin and aniline with good antimicrobial activities were 
reported (Ikotun et al., 2019a). In this paper, the 
successful preparations of Re(I) tricarbonyl complexes of 
the Schiff bases of isatin with sulfanilamide and isatin 
with 4-methoxyaniline as well as its antimicrobial activities 
were reported. 
 

 
EXPERIMENTAL 

 
Chemicals  

 
Isatin, 4-methoxyaniline, sulphanilamide, Re(CO)5Cl and Re2(CO)10 

were obtained from Aldrich. Re(CO)5Br was prepared from 
Re2(CO)10 according to literature (Angelici, 1990). The solvents 
methanol, ethanol, chloroform and N,N-dimethylformamide (DMF) 
were all purchased from Sigma-Aldrich and SAARChem.  

 
 
Instrumentation 

 
The Infrared spectra were recorded on a Shimadzu IRAffinity-1 
spectrometer with a pike MIRacle ATR system (diamond crystal) in 
the range of 4000 to 400 cm-1. The 1H NMR and 13C NMR (400 
MHz) spectra were recorded at room temperature on Bruker 
Spectrometer. The UV-Visible spectra were recorded on a 
Shimadzu UV-1800 spectrometer. Mass spectra were determined 
using a Fisons VG Quattro Spectrometer, a MicromassZabspec 
instrument (FAB) or an Applied Biosystem STR Voyager (MALDI-
TOFMS) instrument, equipped with a nitrogen laser (337 nm, 3 ns 
pulse, 20 Hz maximum firing rate). Room temperature magnetic 
susceptibility measurements were measured using Johnson 
Matthey Magnetic Susceptibility balance. The monitoring of the 
reactions and the purity of the compounds were checked by Thin-
Layer Chromatography (TLC) carried out on Silica Gel 60 F254 
alumina plates (E Merk) using appropriate solvent mixtures of 
chloroform: diethyl ether (either 5:5 or 6:4) and visualized in UV 
chamber (365 nm). The melting points of compounds were 
determined using a Gallenkemp variable heater apparatus or an 
OptiMelt MPA 100 apparatus, which possesses a digital image 
processing technology. Microanalysis of compounds was carried 
out at University of Notre Dame, Notre Dame, Indiana, United 
States. 

 
 
 
 
Syntheses 
 
Preparation of the ligands  
 
The ligands were prepared according to literature (Adetoye et al., 
2009). L1 (C14H11N3O3S) was prepared by completely dissolving 
isatin (5 g; 339.8 mmol) in 200 ml methanol. Sulphanilamide (5.85 
g; 339.8 mmol) was added while stirring at room temperature with 
the addition of 8 drops of concentrated H2SO4. Stirring was done at 
room temperature for 11/2 h. The precipitated yellow solid was 
filtered out and recrystallized in ethanol: chloroform (70: 30). The 
yield was 9.43 g (92%). Likewise, L2 (C15H12N2O2) was prepared by 
completely dissolving isatin (3 g; 20.40 mmol) in 120 ml methanol, 
4-methoxyaniline (2.51 g; 20.40 mmol) was added and it was stirred 
at room temperature with the addition of 6 drops of concentrated 
H2SO4 for 21/2 h. The light yellow solid was filtered and 
recrystallized in ethanol: chloroform (7:3). The yield was 4.53 g 
(88%). 

 
 
Preparations of rhenium complexes 

 
The rhenium (I) tricarbonyl complexes were prepared according to 
literature (Ikotun et al., 2019a,b). Complex 1, 
[Re(C14H11N3O3S)(CO)3Cl] was prepared with 0.04 g (0.14 mmol) of 
L1 and 0.05 g (0.14 mmol) of Re (CO)5Cl stirred in 20 ml toluene at 
100°C for 41/2 h. The light purple solids were filtered out under 
suction after cooling in the oil and this weighed 0.07 g (87%). 
Likewise, [Re(C14H11N3O3S)(CO)3Br] (2) was prepared by stirring 
Re (CO)5Br (0.2 g; 0.4931 mmol) and 0.14 g (0.4931 mmol) of L1 in 
20 ml of hot toluene at 100°C for 20 h. The purple precipitate was 
filtered out under vacuum after cooling. This weighed 0.2797 g 
(92% yield). Also, [Re(C15H12O2N2)(CO)3Cl] (3) was prepared by 
stirring L2 (0.037 g; 0.14 mmol) and Re(CO)5Cl (0.05 g; 0.14 mmol) 
in 20 ml of toluene 3 h at 100°C. The solution was allowed to cool in 
oil, the light purple precipitate was filtered under vacuum and it 
weighed 0.04 g (49%). Similarly, [Re(C15H12O2N2)(CO)3Br] (4) was 
prepared by stirring L2 (0.0621 g; 0.2465 mmol) to complete 
dissolution in 10 ml toluene at 100°C and then adding Re(CO)5Br 
(0.1 g; 0.2465 mmol) to the solution. Stirring was done for 29 h in 
the hot solvent, the solvent was then removed under vacuum to 
yield purple amorphous solids (0.1461 g; 98%). The preparation of 
[Re(C15H12O2N2)(CO)3Br].1/2 C2H5OH (5) was done by refluxing L2 
(0.062 g; 0.2465 mmol) and Re(CO)5Br (0.1 g; 0.2465 mmol) in 15 
ml dry toluene under nitrogen for 1 h. Cooling was done outside the 
oil bath and the pale purple amorphous solids formed were filtered 
under vacuum. Recrystallization was done in ethanol: chloroform 
(5:5) solution and the weight was 0.1078 g (70% yield). Suitable x-
ray crystals could not be obtained for the complexes. All reactions 
were monitored by TLC. 

 

 
Antimicrobial activity 

 
Mueller-Hinton agar (MHA) and Potato dextrose agar (PDA) were 
the media used during the in vitro antibacterial and antifungal 
studies. Antibacterial activities were evaluated against three Gram-
positive bacteria (Staphylococcus aureus, Bacillus subtilis and 
Haemolytic Staphylococcus aureus) and three Gram-negative 
bacteria (Pseudomonas aeruginosa, Escherichia coli and Klebsiella 
species). Antifungal activities of the compounds were evaluated 
against three fungi (Trichoderma viride, Aspergillus niger and 
Penicillium citrinum). Preliminary identification of the bacteria was 
done at Bowen University, Iwo, Nigeria, using the methods by 
Cheesbrough (2002). Tetracycline (30 μg; antibiotic test kit) was 
used as a standard drug for the bacteria, while dimethylformamide 
(DMF) was used as control. 
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Scheme 1. Scheme of reaction for preparations of L1 and L2. 

 
 
 
Antibacterial test 
 
Each test bacterium was prepared according to the methods by 
CLSI (2016). Also, the antibacterial susceptibility test was carried 
out according to CLSI (2016) procedures. Disc diffusion method 
(Emeruwa, 1982) was used to evaluate the antimicrobial activities 
of the compounds using filter paper discs of diameter 8 mm and 
synthesized compounds at a concentration of 100 µg/mL dissolved 
in dimethylformamide (DMF). Antibacterial activities were evaluated 
by measuring the diameters of zones of growth inhibition in 
triplicates and the mean of three results of each data set was taken 
(Owoseni and Sangoyomi, 2014; Mostafa et al., 2018). 

 
 
Minimum inhibitory concentration (MIC) 
 
The MIC was carried out for only the compound with the highest 
zone of inhibition for each of the tested bacteria. This was 
determined by adding 10, 5.0, 2.5, 1.25, 0.625, and 0.3125 μg/ml of 
each complex into test tubes containing sterile nutrient broth. The 
organisms that showed susceptibility to the complex initially were 
then introduced into the broths containing different concentrations 
of the complex. The tubes were then incubated for 24 h at 37°C. 
The MIC was taken as the lowest concentration of the compounds 
that did not permit any visible growth (CLSI, 2016; Mogana et al., 
2020). 

 
 
Antifungal test 

 
The fungal isolates were allowed to grow on Potato dextrose agar 
(PDA) (LabM) at 25°C for 5 to 7 days to sporulate. After sporulation, 
the fungal spores were harvested by pouring a mixture of sterile 
glycerol and distilled water onto the surface of the plate. A sterile 
glass rod was used to scrape the spores. Standardization of the 
harvested fungal spores was done to 106 spores/ml. One millilitre of 
the standardized spore suspension was evenly spread on solidified 
PDA (LabM) plates using a glass spreader. The plates were left for 
1 h for the spore suspension to diffuse into the agar. The sterile 
discs were impregnated with the test compounds and placed 
aseptically using sterile forceps on the surface of the agar plates. 
The plates were then allowed to stand on the laboratory bench for 1 
h to allow for proper diffusion of the compounds into the media. 
Plates were incubated at 25°C for 96 h and observed for zones of 
inhibition. Activity was evaluated by measuring the diameters of 
zones of growth inhibition in triplicates and the mean of three 
results were taken.  

RESULTS AND DISCUSSION 
 
Isatin was separately condensed with sulfanilamide (L1) 
and 4-methoxyaniline (L2) at room temperature (Adetoye 
et al., 2009; Ikotun et al., 2019 b). The scheme of 
preparation is presented as Scheme 1 (Adetoye et al., 
2009). 

 New rhenium (I) complexes of L1 and L2 were also 
prepared similar to our previous report (Ikotun et al., 
2019a) with slight modifications. The general equation for 
their preparations is presented as Scheme 2. 

The physical properties of these complexes and their 
ligands are presented as Table 1.  
 
 

Infra-red spectra  
 

The comparison of the distinctive vibrational frequencies 
of the prepared complexes with those of the isatin ligands 
L1 and L2 (Chohan et al., 2006; Ikotun et al., 2019a) 
have been presented in Table 2. The new and diagnostic 
υ(CO) bands appeared as terminal carbonyl bands 
ascertaining the formation of these complexes (Angelici, 
1990). In spectrum 1, [Re(C14H11N3O3S)(CO)3Cl], the new 
υ(CO) bands appeared as a strong band at 1906 cm

-1
, a 

shoulder band at 1932 cm
-1

 and a medium band at 2021 
cm

-1
. In spectrum 2, [Re(C14H11N3O3S)(CO)3Br], they 

were observed as a strong band at 1906  cm
-1

, a 
shoulder band at 1929 cm

-1
 and a medium band at 2014 

cm
-1

. In spectrum of complex 3, [Re(C15H12O2N2)(CO)3Cl], 
they appeared as a strong band at 1899 cm

-1
 and two 

medium bands at 1924 and 2029 cm
-1

. In spectrum 4, 
[Re(C15H12O2N2)(CO)3Br], they appeared as two new 
strong bands at 1906 and 2029 cm

-1
, as well as a new 

shoulder band at 1924 cm
-1

. In spectrum 5, 
[Re(C15H12O2N2)(CO)3Br].

1
/2C2H5OH, they appeared as a 

new strong band at 1899 cm
-1

 and two medium bands at 
1921 and 2029 cm

-1
. These confirm the formation of 

these rhenium (I) tricarbonyl complexes of these isatin 
derivatives. The spectrum of L1 (C14H11N3O3S) showed a 
medium  band  at 3325 cm

-1
 attributable to O-H stretching 
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Scheme 2. Scheme of reaction for preparation of rhenium(I) tricarbonyl complexes. 

 
 
 

Table 1. Physical Properties of L1, L2 and their rhenium(I) tricarbonyl complexes. 
 

Compound 
Formula 

(g/mol) 
Colour 

Melting point 

(°C) 
% Yield 

L1 (C14H11N3O3S) 301 Light Yellow 267 - 268 92 

[Re(C14H11N3O3S)(CO)3Cl] (1) 607 Light Purple 298* 87 

[Re(C14H11N3O3S)(CO)3Br] (2) 651 Purple 202 - 204 92 

     

L2 (C15H12N2O2) 252 Light Yellow 229* 88 

[Re(C15H12N2O2)(CO)3Cl] (3) 558 Light Purple 300* 49 

[Re(C15H12N2O2)(CO)3Br].
1
/2C2H5OH (5)        625 Pale purple 301 - 302 70 

 

*To decomposition. 
 
 
 
band. This band moved to higher wavenumbers of 3447 
and 3395 cm

-1
 in complexes 1 and 2, respectively. This 

band was absent in the spectra of L2 and its complexes. 
The medium band at 3233 cm

-1
 in the spectrum of L1 has 

been assigned to υ(NH2) stretching vibration of the 
sulphonamide and it shifted to higher wavenumbers of 
3279 and 3287 cm

-1
 in complexes 1 and 2, respectively. 

This signifies the involvement of the sulphonamide 
moiety of the ligand in coordination (Adetoye et al., 
2009). The medium band at 3102 cm

-1
 in the spectrum of 

L1 and at 3156 cm
-1

 in the spectrum of L2 is attributable 
to the N-H stretching vibration of the amido group. This 
band has moved to higher wavenumbers of 3256 and 
3171 cm

-1
 in the spectra of 1 and 2, respectively, while 

shifting to lower frequencies of 3102, 3132 and 3125 cm
-1

 

in 3, 4 and 5, respectively. The strong band appearing at 
1744 cm

-1
 in the spectrum of L1, while appearing at 1736 

cm
-1

 in the spectrum of L2 appeared as a weak band at 
1750 cm

-1
 in the spectrum of 1 and disappeared in 2, 3, 4 

and 5. This has been assigned as the υ(C=O) frequency 
of the amido group. It signifies the involvement of the 
oxygen of the υ(C=O) bond in coordination. The 
uncoordinated C=N and C=C stretching vibrations 
appeared as overlapping bands at 1659 and 1528 cm

-1
 

(Chohan et al., 2006) in L1, while appearing as a strong 
band at 1605 cm

-1
 and a weak band at 1643 cm

-1
 in L2. 

These bands have moved to higher frequencies of 1682 
and 1612 cm

-1
 in the spectra of both complexes 1 and 2, 

appearing at 1674 and 1614 cm
-1

 in complex 3,  at 1674 
and 1713 cm

-1
 in complex 4 and at 1674 and 1605 cm

-1
 in  



Ikotun et al.           179 
 
 
 
Table 2. Relevant infrared spectral data of L1, L2 and their rhenium(I) tricarbonyl complexes. 
 

Compound 
υ(OH) 

(cm-1) 

υ(NH2) 

(cm-1) 

υ(NH) 

(cm-1) 

υ(CO) 

(cm-1) 

υ(C=O) 

(cm-1) 

υ(C=N+C=C) 

(cm-1) 

υ(SO2)as 

(cm-1) 

υ(SO2)s 

(cm-1) 

υ(C-N+C-C) 

(cm-1) 

υ(S-N) 

(cm-1) 

 υ(C-S) 

(cm-1) 

 υ(M-N) 

(cm-1) 

δ(M-C-O) 

(cm-1) 

L 1 (C14H11N3O3S) 3325m 3233m 3102m - 1744s 
1659m, 

1528s 
1319s 1142s 1096s 910s 841s - - 

              

Complex1; 

[Re(C14H11N3O3S)(CO)3Cl] 
3447m 3279w 3156m 

1906s, 
1932sh, 
2021m 

1750w 
1682m, 

1612m 
1337s 1157s 1096m 902m 837m 640s 544m 

              

Complex 2; 

[Re(C14H11N3O3S)(CO)3Br] 
3395m 3287m 3171m 

1906s, 

1929sh, 

2014s 

- 
1682m, 

1612m 
1335s 1157s 1103m - 895m 640s 540s 

              

L2 (C15H12N3O2) - - 3156m - 1736s 
1643m, 

1605s 
- - 1034s - - - - 

              

Complex 3; 

[Re(C15H12N3O2)(CO)3Cl] 
- - 3102w 

1899s, 
1924m, 
2029m 

- 
1674w, 

1614w 
- - 1099w - - 641m 546m 

              

Complex 4; 

[Re(C15H12N3O2)(CO)3Br] 
- - 3132w 

1906s, 
1924sh, 
2029s 

1713w 1674s - - 1096m - - 679m 548w 

              

Complex 5;  

[Re(C15H12N3O2)(CO)3Br].1/2C2H5OH 
- - 3125w 

1899s, 

1921m, 

2029m 

1682s 
1675m, 

1605m 
- - 1103w - - 679s 548w 

 

υ, Stretching; δ, deformation; m, medium; w, weak; b, broad; s, shoulder, and s, strong. 
 
 
 
complex 5 on coordination to the Re(I) ion. The 
υassymm(SO2) band appeared as a strong band at 
1319 cm

-1
 in the spectrum of L1. This underwent a 

shift to higher frequencies of 1337 cm
-1

 and 1335 
cm

-1
 in the spectra of 1 and 2 respectively. 

Likewise, the υassymm(SO2) band appeared as a 
strong band at 1142 cm

-1
 and this underwent a 

shift to a higher frequency of 1157 cm
-1

 in both 
complexes 1 and 2. The uncoordinated C-N and 
C-C stretching vibrations appeared as overlapping 
strong, medium  or  weak  bands  at  1096  cm

-1
 in 

both L1 and 1, 1103 cm
-1

 in both complexes 2 and 
5, 1034 cm

-1
 in L2, 1099 cm

-1
 in 3 and 1096 cm

-1
 

in 4. The υ(S-N) band appeared as a strong band 
at 910 cm

-1
 in the spectrum of L1 and it underwent 

a shift to a lower frequency of 902 cm
-1

 in complex 
1, while it disappeared in the spectrum of complex 
2. The υ(C-S) band appeared as a strong band at 
841 cm

-1
 in the spectrum of L1 and it underwent a 

shift to a lower frequency of 837 cm
-1

 in 1, while it 
moved to a higher frequency of 895 cm

-1
 in the 

spectrum of complex 2. The new strong or medium 

bands at 640 cm
-1

 in complexes 1 and 2, 641 cm
-1

 
in complex 3, and 679 cm

-1
 in complexes 4 and 5 

are attributable to the υ(M-N) bands. Also, the 
new medium or strong band that appeared at 544, 
540, and 546 cm

-1
 in complexes 1, 2, and 3, 

respectively, also appeared at 548 cm
-1

 in 
complexes 4 and 5.  

These have been assigned to δ(M-C-O) bending 
mode. All these confirm the formation of these 
new rhenium (I) tricarbonyl complexes of L1 and 
L2. 
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Table 3. Electronic spectra data of L1 and its Re(I) tricarbonyl complexes. 
 

Compound 
Band position 

(nm) 

Molar Absorptivity 

(E; M
-1

, cm
-1

) 

Band position 

(cm
-1

) 
Band Assignment 

L1 (C14H11N3O3S) 

406 2,720 24,631 n-π* 

298 6,887 33,557 π-π* 

249 28,550 40,161 π-π* 

     

Complex 1 

[Re(C14H11N3O3S)(CO)3Cl] 

461 9,874 21,692 MLCT 

261 16,194 38,314 π-π* 
     

Complex 2 

[Re(C14H11N3O3S)(CO)3Br] 

478 6,332 20,921 MLCT 

332 8,668 30,120 π-π* 

252 31,739 39,683 π-π* 

 
 
 

Electronic spectra 
 
The electronic spectra data of L1 and its rhenium(I) 
tricarbonyl complexes 1 and 3 as determined in methanol 
are presented in Table 3. The maximum absorption 
bands (λmax) for these compounds have also been 
determined in methanol. The λmax for L1 is 24,631 cm

-1
 

(406 nm) with a molar absorptivity value (E) of 2,720 M
-

1
cm

-1
. This is expected due to the extended conjugation 

which could also include the C=N after deprotonating 
nitrogen in the indole ring of isatin, thus also presenting 
the tautomeric enol form of L1 in solution (Adetoye et al., 
2009; Ikotun et al., 2019a). The λmax for complex 1 is 
21,692 (461 nm) with the molar absorptivity value of 
9,874 M

-1
cm

-1
. The λmax for complex 2 is 20,931 cm

-1
 (478 

nm) with the molar absorptivity value of 6,332 M
-1

cm
-1

. 
The ultraviolet spectrum of L1 showed absorption 

bands at 33,557 and 40,161 cm
-1

 which have been 
assigned to π – π* transition (Sutton, 1968). The band at 
24,631 cm

-1
 is attributable to n – π* transition. The 

interpretations of ultraviolet spectra of metal complexes 
of isatin derived Schiff bases revealed that charge – 
transfer bands occur in the same region with π – π* 
transitions (Chohan et al., 2006). The ultraviolet spectra 
of the rhenium carbonyl complex 1; 
[Re(C14H11N3O3S)(CO)3Cl] was therefore characterized 
by the absorption band at 38,314 cm

-1
 assigned to ligand 

π – π* transitions (Sutton, 1968). The absorption band at 
21,692 cm

-1
 has been assigned to MLCT {dπ(Re) – π*} 

transition. Complex 2 [Re(C14H11N3O3S)(CO)3Br] was also 
characterized by absorption bands at 30, 120 and 39,683 
cm

-1
 assigned to ligand π – π* transitions (Scherer, 2009). 

The absorption band at 20,921 cm
-1

 has been assigned 
to MLCT {dπ(Re) – π*} transition. All these are consistent 
with the magnetic moment of 0 as determined for these 
complexes and a low spin octahedral configuration.  
 
 

Molecular weight determinations 
 

The   exact   mass   spectrum   of  L1  showed  a  relative  

abundant peak at 302.059, which corresponds to the 
(M+1) peak. These prepared complexes of L1 and L2 are 
halides, thus their mass spectra are expected to display 
peaks such as (M+2)

+
, (M+4)

+
, (M+6)

+
, etc (Adetoye et 

al., 2009). The spectrum of complex 1; 
[Re(C14H11N3O3S)(CO)3Cl] showed the highest peak at 
m
/z (ESI) 613 (45%), which corresponds to the [M+6]

+
 

peak. This also signifies that the ratio of the reaction for 
the formation of compound 1, that is, metal: ligand is 1:1 
as expected. This ion at 

m
/z 613 fragments via two routes 

is as follows: 
 

(i) The ion at 
m
/z 613 fragments by the loss of 3CO (84 

mass units), CH3CN (41 mass units), SO2NH2 (80 mass 
units) and H (1 mass unit) to give the ion at peak 

m
/z 407 

(3 %) corresponding to [M-Cl-3CO-SO2NH2-H]
+
. This ion 

fragments by loss of C (12 mass units) and H (1 mass 
unit) to give the ion at the base peak 

m
/z 394 (100%) 

corresponding to [M-Cl-3CO-SO2NH2-H-C-H]
+
. This ion 

equally corresponds to [M-Cl-2CO-C6H5SO2NH2]
+
.     

(ii) The ion at 
m
/z 613 fragments by the loss of CH3CN (41 

mass units), 3CO (84 mass units) and Re
+
 ion (186 mass 

units) to give the ion at the peak 
m
/z 302 (4%) 

corresponding to [M-Cl-3CO-Re+H]
+
. This peak also 

corresponds to the ligand peak (C14H11N3O3; L1). The 
spectra data analyses for complex 1 are presented in 
Table 4, while the fragmentation pattern is shown in 
Scheme 3. 
 

In the mass spectrum of L2 (C15H12N2O2), the expected 
molecular ion appeared at 

m
/z (ESI) 253 (22 %) 

corresponding to [M+H]
+
. The mass spectrum of 

Compound 4, [Re(C15H12N2O2)(CO)3Br] revealed that the 
expected molecular ion, [M[

+
 appeared at 

m
/z (MALDI) 

602 (25%). This also confirms the formation of the 
complex, thus the complexation is 1:1. The [M+2]

+
 also 

appeared at 604. The molecular ion fragments via two 
routes as follows: 
 
(i) The molecular fragments by loss of Br

.
 radical (80 

mass  units),  Re (186 mass unit) and H2 (2 mass units) to  
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Table 4. Mass spectral data of complex 1; [Re(C14H11N3O3S)(CO)3Cl]. 
 

M
/Z Fragment 

613 [M+6]
+
 

407 [M-Cl-3CO-SO2NH2-H]
+
 

394 [M-Cl-3CO-SO2NH2-H-C-H]
+
 OR [M-2CO-C6H5SO2NH2]

+
 

302 [M-Cl-3CO-Re+H]
+
 

 
 
 

 

 
 

Scheme 3. Fragmentation Pattern of Complex 1; [Re(C14H11N3O3S)(CO)3Cl]. 

 
 
 

Table 5. Mass spectral data of complex 4; [Re(C15H12N2O2)(CO)3Br] 
 

M
/Z Fragment 

602 [M]
+
 

518 [M-3CO]
+
 

334 [M-Br-Re-H2]
+
 

290 [M-Br-Re-H2-CO2]
+
 

252 [M-3CO-Br-Re]
+
 

194 [M-3CO-Br-Re-C4H10]
+
 

182 [M-Br-Re-H2-CO2-C6H5OCH3]
+
 

168 [M-Br-Re-H2-CO2-C6H5OCH3-C-H]
+
  

 
 
 

give the ion at the base peak 
m
/z 334 (100 %), 

corresponding to [M-Br
.
-Re-H2]

+
. This ion fragments by 

loss of CO2 (44 mass units) to yield another ion at 
m
/z 290 

(55%) corresponding to [M-Br
.
-Re-H2-CO2]

+
. This ion 

fragments by loss of C6H5OCH3 (108 mass units) to yield 
another ion at peak 

m
/z 182 (62%) corresponding to [M-

Br
.
-Re-H2-CO2-C6H5OCH3]

+
. The ion at 

m
/z 182 then loses 

C (12 mass units) and H (1 mass unit) concomitantly to 
yield the ion at 

m
/z 168 (95%) corresponding to  

[M-Br
.
-Re-H2-CO2-C6H5OCH3-C-H]

+
. 

(ii) The molecular ion fragments by loss of 3CO (84 mass 
units) to yield the ion at 

m
/z 518 (5%) corresponding to [M-

3CO]
+
. This ion then loses Br

.
 Radical (80 mass units) 

and also Re (186 mass units) to give the ion at
 m

/z 252 

(20%) corresponding to [M-3CO-Br
.
-Re]

+
. This ion also 

corresponds to the ligand ion (L2). This ion further loses 
C4H10 (58 mass units) to give the ion at 

m
/z 194 (28%) 

corresponding to [M-3CO-Br
.
-Re-C4H10]

+
. The spectral 

data are collected in Table 5, while the fragmentation 
pattern is shown in Scheme 4. 
 
 
Magnetic susceptibility measurement 
 
The magnetic moments for the prepared complexes were 
measured at room temperature. The value was 0 B.M for 
the rhenium carbonyl adducts. This value signifies the 
following: 



182         Afr. J. Biotechnol. 
 
 
 

 
 

Scheme 4. Fragmentation pattern of compound 4; [Re(C15H12N2O2)(CO)3Br]. 

 
 
 
(a) these complexes are diamagnetic; 
(b) since Re(I) is in the d

6
 electronic state, the complexes 

will assume an octahedral shape; 
(c) L1 and L2 are strong field ligands; and 
(d) these rhenium carbonyl adducts are low spin. 
 
 
Elemental analyses 
 
The results of the elemental analyses carried out for 
complex 5 are presented subsequently. These results 
revealed that this compound recrystallized as a solvate 
compound (Egharevba et al., 1982).  
 
Compound 5: [Re(C15H12O2N2)(CO)3Br ].

1
/2 C2H5OH 

Calculated values: C, 36.5; H, 2.42; N, 4.48; O, 14.1% 
Found: C, 36.9; H, 4.76; N, 4.79; O, 13.49  
 
 
1
H- and 

13
C-NMR spectra  

 
The spectrum of L1 showed two resonance signals due 
to indole-NH at δ 10.95 and 11.06 ppm in a ratio 1:3, 
indicating that the isatin Schiff base (ligand) exists in 
DMSO as two stereoisomers (E and Z). The 

1
H-NMR 

signals of the two isomers appear as shown in Figure 1. 
The numbering system for the ligand is presented in 
Figure 1. 

The major stereoisomer showed the following signals 
(δ, ppm): 7.90 (2H, d, J = 8.4 Hz, H-13 and H-15), 7.41 
(4H, m, H-5, H-6 and SONH2), 7.19 (2H, d, J = 8.8 Hz, H-
12 and H-16), 6.75 (1H, t, 7.6 Hz, H-7) and 6.35 (1H, d, J 
= 7.6 Hz, H-8). 10 signals were observed as expected. 
The minor stereoisomer showed the following signals (δ, 
ppm): 7.61 (1H, d, J = 7.6 Hz), 7.74 (2H, d, J = 8.8 Hz), 
7.48 (1H, t, J = 0.8 Hz),  7.10 (3H, m)  and  6.93  (4H, m). 

This is in agreement with published work (Adetoye et al., 
2009). The 

1
H-NMR spectrum of complex 1, 

[Re(C14H11N3O3S)(CO)3Cl] is completely different from 
that of its ligand, L1, thus providing evidence of metal 
chelation with significant changes in the chemical shifts. 
The 

1
H-NMR spectrum of [Re(C14H10N2O)(CO)3Cl] 

showed the following 11 signals as expected (δ, ppm): 
11.05 (1H, s, CONH), 7.60 (1H, t, J = 7.6 Hz), 7.46 (1H, 
d, J = 7.6 Hz), 7.44 (2H, d, J = 8.8 Hz), 7.07 (1H, t, J = 
7.6 Hz), 6.90 (3H, d, J = 8.0 Hz), 6.60 (2H, d, J = 8.8 Hz). 
In the 

13
C-NMR spectrum of L1, 25 signals were 

observed as follows (δ, ppm): 163.6 (C =O), 158.9 (C = 
O), 155.7 (C = N), 154.1 (C =N), 153.7 (Cq), 152.9 (Cq), 
147.7 (Cq), 146.5 (Cq), 140.7 (Cq), 139.7 (CH), 135.7 
(CH), 135.1 (CH), 127.9 (CH), 126.6 (CH), 125.8 (CH), 
123.6 (CH), 122.8 (CH), 122.8 (CH), 121.2 (CH), 119.0 
(CH), 118.0 (CH), 115.9 (CH), 112.8 (CH), 112.1 (CH) 
and 111.3 (CH). 25 signals mean that the carbon atoms 
of both the E and Z stereoisomers have produced these 
signals, with the overlap of 3 carbon atoms. The 3 
overlapping atoms are most likely quaternary carbons, 
since 12 signals are expected within the region, but only 
9 appeared. This is not too surprising given the 
antecedent of the peculiar nature of isatin Schiff bases 
(Adetoye, 2010; Ikotun et al., 2019a). In the 

13
C-NMR 

spectrum of 1, the new carbonyl signals appeared as 
follows (δ, ppm): 196.7 (C ≡ O), 193.0 (C ≡ O), 184.8 (C 
≡ O). These new carbonyl bands support the formation of 
this complex. All other carbon signals from the ligand 
appear as follows (δ, ppm): 159.8 (C = O), 151.4 (Cq), 
151.0 (Cq), 138.7 (Cq), 131.1 (CH), 127.8 (CH), 123.1 
(CH), 125.1 (CH), 118.2 (CH), 113.4 (CH), and 112.6 
(CH). This collapses to 11 carbon signals from the ligand 
instead of 15, thus 4 carbon atoms are overlapping. This 
is quite similar to previously reported Re(I) complexes of 
the Schiff  base of isatin and aniline (Ikotun et al., 2019a).  
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Figure 1. Numbering of atoms in C14H10N3O3S (L1). 

 
 
 

 
 

Figure 2. Antibacterial activities of L1, L2 and their rhenium(I) tricarbonyl complexes. 
BAS = Bacillus subtilis, STA= Staphylococcus aureus, HST = Haemolytic 
Staphylococcus aureus, KLE = Klebsiella spp., PSA = Pseudomonas aeruginosa, ECO 
= Escherichia coli. L1 = C14H10N2O, 1 = [Re(C14H11N3O3S)(CO)3Cl, L2 = C15H12O2N2, 2 = 
[Re(C14H11N3O3S)(CO)3Br], 3 = [Re(C15H12O2N2)(CO)3Cl], 5 = 
[Re(C15H12O2N2)(CO)3Br].1/2C2H5OH.   

 
 
 
Antibacterial studies 
 
The results from the antibacterial activities of ligands and 
the rhenium tricarbonyl complexes are presented in 
Figure 2.  

Complex 1 had a broad spectrum and therefore can be 
developed as a broad spectrum antibiotic with better 
activities than the ligand, L1 and tetracycline. L1 was 
active against all tested Gram positive bacteria with 
better activities than tetracycline, suggesting that it would 
be a good grAm positive drug. Compound 2 was active 
against both Staphylococcus bacteria and E. coli with a 
higher zone of inhibition than tetracycline, thus it could be 
a potential anti-staphylococcal drug. L2 can be developed 
as a strong anti-enteric bacteria drug due to its high 
zones of inhibition against Klebsiella spp. and E. coli. 
Compound 3 can also be a target anti-enteric bacteria 
drug. This compound also has the highest zone of 
inhibition  against   S.  aureus  (much  higher than that  of 

tetracycline). It is also active against B. subtilis. Complex 
5 had the highest active against Haemolytic S. aureus, 
which even tetracycline was only weakly active against. 
This compound was also active against B. subtilis (better 
than tetracycline). It had the greatest activity against 
Klebsiella spp. out of all these tested compounds (and 
also tetracycline), thus it could be a potential drug against 
Klebsiella spp. These results are consistent with previous 
studies, involving the Schiff base of isatin and aniline with 
Re(CO)5X (where X = Cl and Br) (Ikotun et al., 2019a). 
 
 
Minimum inhibitory concentration (MIC) 
 
The MIC was carried out for only the compound with the 
highest zone of inhibition for each of the tested bacteria. 
Complex 5 had the MIC value of 10 μg/ml against 
Klebsiella spp. and compound L2 had the MIC value of 
10 μg/ml against E. coli. 
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Figure 3. Antifungal activities of L1, L2 and their rhenium(I) tricarbonyl complexes. ASN 
= Aspergillus niger, TRV = Trichoderma viride, PEC = Penicillium citrinum, L1 = 
C14H11N3O3S, 1 = [Re(C14H11N3O3S)(CO)3Cl], 2 = [Re(C14H11N3O3S)(CO)3Br], L2 = 
(C15H12O2N2), 3 = [Re(C15H12O2N2)(CO)3Cl], 5 = [Re(C15H12O2N2)(CO)3Br].1/2C2H5OH. 

 
 
 
Antifungal studies 
 
The results from the antifungal activities of ligands and 
their rhenium(I) tricarbonyl complexes are presented in 
Figure 3.  

Antifungal studies revealed that compound 2 was 
active against P. citrinum while compounds 3 and 5 were 
active against T. viride. All other tested compounds were 
not active against the tested fungi.  
 

 
Conclusion 
 
The rhenium (I) tricarbonyl complexes [Re(C14H11N3O3S) 
(CO)3Cl] (1), [Re(C14H11N3O3S)(CO)3Br] (2), 
[Re(C15H11N2O2)(CO)3Cl] (3), [Re(C15H11N2O2)(CO)3Cl] 
(4) and [Re(C15H12O2N2)(CO)3Br].

1
/2 C2H5OH (5) of the 

prepared isatin Schiff bases, 4-((2-oxoindolin-3-ylidene) 
amino)benzenesulfonamide (L1) and 3-((4-
methoxyphenyl)imino)indolin-2-one (L2) were 
successfully prepared in good yields. Physicochemical 
properties of the prepared complexes were determined 
by spectroscopic means, as well as by magnetic 
susceptibility and melting point determinations. The 
spectral data confirmed the complexation of L1 and L2 in 
ratio metal: ligand = 1:1. The IR spectra of these 
complexes showed new carbonyl bands identified as 
terminal carbonyl bands. L1 and L2 have acted in a 
bidentate manner towards Re(I) coordinating through the 
azomethine nitrogen and keto oxygen. The prepared 
complexes were found to be diamagnetic, thus revealing 
that the ligands are strong field ligands. Results of the 
antimicrobial studies showed significant inhibitory 
activities  against   the  growth  of  tested  Gram  negative 

bacteria in the decreasing order 1>3>5>2, therefore they 
can be recommended for further applications in cell 
imaging in consistence with literature (Varma et al., 
2020). 
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Enzymatic cellulose hydrolysis is an important step for the production of second-generation biofuels. 
The filamentous fungus Trichoderma reesei is among the most important organisms for obtaining 
cellulolytic enzymes. The Cel6A (CBH II) cellulase from T. ressei plays an important role in cellulose 
hydrolysis and acts on the non-reducing end of cellulose, in contrast to Cel7B (CBH I), which acts on 
the reducing end of cellulose thus releasing cellobiose. Therefore, Cel6A deficiency becomes a limiting 
factor in cellulose saccharification. This work attempted to use codon optimization to enhance Cel6A 
expression in Escherichia coli. A plasmid expression vector, pUCITD04, was designed; this vector 
contains: the cel6a gene, regulatory regions (the promoter and terminator T7 sequences), the OmpT 
signal peptide that allows the secretion of proteins into the culture medium, and a 6His tail to allow 
purification of the protein by affinity chromatography. The protein expression experiment using a strain 
of E. coli transformed with pUCITD04 resulted in a 31 kDa polypeptide being secreted into the culture 
medium that did not possess enzymatic activity, meanwhile, the control strain transformed with the 
empty plasmid did not secrete any protein fragments, indicating that a truncated Cel6A was being 
produced by the experimental strain. This phenomenon has been reported during the production of 
recombinant cellulases in E. coli. In this research, we discuss probable causes of this phenomenon, as 
well as the drawbacks in the production of cellulases by E. coli, directing efforts to elucidate the causes 
of the production of truncated cellulases by this bacterial factory. 
 
Key words: Gene construct, recombinant cellobiohydrolase, Escherichia coli. 

 
 
INTRODUCTION 
 
Lignocellulose materials are mainly composed of 
cellulose,   hemicellulose,   and   lignin.    Cellulose    and 

hemicellulose are sugar-rich fractions of interest for use 
in fermentation processes, as many  microorganisms can  
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use these sugars for growth and the production of various 
compounds, such as ethanol, food additives, organic 
acids, enzymes, pigments, and drugs (Robak and 
Balcerek, 2020). Cellulose is the most important glucose 
reservoir in the world; however, its industrial utilization is 
limited by its polymerization degree and crystallinity 
index, as well as its association with hemicellulose and 
lignin polymers. Particularly, the recalcitrant lignin 
compound can reduce the efficacy of lignocellulosic 
feedstocks. To resolve these limit, it is necessary to 
subject these materials to pre-treatment procedures 
(Zoghlami and Paës, 2019; Meneses et al., 2020). 

The hydrolysis of cellulose may be achieved via 
chemical or enzymatic procedures. Specifically, the 
enzymatic procedure requires a consortium of cellulolytic 
enzymes, including endoglucanases, cellobiohydrolases, 
and ß-glucosidases (Østby et al., 2020). This consortium 
is produced by numerous microbial groups, with 
Trichoderma reesei highlighted as a principal producer of 
cellulolytic enzymes (Runajak et al., 2020). These 
enzymes are key to developing a viable biorefinery 
process, which requires the cost-effective production of 
fermentable sugars from lignocellulosic biomass. 
Supplementing these various enzymes to optimize the 
ratio of cellulase components in the enzyme cocktail is an 
important strategy to obtaining an efficient cellulose 
hydrolysis; however, implementing this strategy, requires 
obtaining sufficient amounts of individual cellulase 
proteins (Fubao et al., 2016). Due to this requirement, 
research efforts have been oriented towards the 
development of recombinant procedures such as 
recombinant enzyme production, particularly recombinant 
enzymes expressed on prokaryotic systems, such as 
Escherichia coli, as this is the most widely used host and 
presents rapid and elevated expression levels 
(Parisutham and Sung, 2012; Rosano and Ceccarelli, 
2014; Demain and Vaishnav, 2016). This recombinant 
system has been widely demonstrated to be useful for 
expressing non-glycosylated proteins; additionally, the 
machinery that performs the transcription, translation, 
and protein folding of this system is known (Wruck et al., 
2017). Moreover, the genome can be easily modified, the 
promoter control is not complex, and the number of 
plasmids copies can easily be altered (Virolle et al., 
2020). This system is able to accumulate up to 80% of its 
dry weight in recombinant proteins and survive at various 
environmental conditions (Demain and Vaishnav, 2016; 
Kent and Dixon, 2019). However, heterologous proteins, 
which are frequently expressed intracellularly in 
Escherichia coli, require an expensive separation process 
that includes cell lysis and target protein purification 
(Zhou et al., 2018). On the other hand, overexpressed 
proteins often form inclusion bodies or aggregates in the 
cytoplasmic space, thus requiring complicated and costly 
pretreating processes to obtain biologically active 
proteins and resulting in low active protein yields (Choi  et 

al., 2006; Cui et al., 2016; King-Batsios et al., 2018). The 
likelihood of incorrect folding increases with the routine 
uses of strong promoters and elevated inducer 
concentrations, which can result in product yields that 
exceed 50% of the total cell proteins (Sandomenico et al., 
2020). One solution to this problem may be the 
extracellular production of heterologous proteins, which, 
in most cases, facilitates further processing as well as 
provides in vivo folding and stability, thus allowing the 
production of soluble and biologically active proteins at a 
reduced cost (Mergulhao et al., 2005; Clark and 
Pazdernik, 2016). Although transfer of proteins to the 
periplasm is an approach used to facilitate the recovery 
of recombinant proteins, this method can also increase 
the rate of protein degradation and the accumulation of 
secretion precursors, which induces the heat-shock 
stress response and leads to increased proteolysis 
(Sandomenico et al., 2020). Full knowledge of the target 
protein enables the choice of an appropriate method of 
protein production and facilitates the design of the signal 
peptide needed to transfer the protein to the periplasmic 
space (Kleiner-Grote et al., 2018). Given the 
aforementioned, the aim of this work was to demonstrate 
that the expression of an optimized gene codifying the 
production of cellobiohydrolase Cel6A recombinant 
enzyme results in protein production and transfer to the 
periplasm. 
 
 
MATERIALS AND METHODS 

 
Bacterial strains, plasmids, and growing conditions 

 
The E. coli strains Top10F´ and BL21 (DE3) were acquired from 
Invitrogen and Novagen, respectively, while the pUCITD04 
expression vector was derived from a pUCIDT cloning plasmid 
engineered to express the codon optimized cel6a gene from T. 
ressei, AmpR (Table 1). Luria-Bertani culture medium was used to 
spread the strains, while M9 culture medium was used in the 
recombinant protein production assays (Miller, 1972). The cells 
were cultured in a liquid medium with vigorous agitation at a 
temperature of 37°C while cell growth was monitored via 
measurements of the absorbance at 600 nm. The recombinant 
strains were selected via the addition of 50 mg/mL kanamycin, sold 
by SIGMA-ALDRICH. 

 
 
Design of the gene encoding the synthesis of β-
cellobiohydrolase Cel6A 

 
The gene used to encode the synthesis of the recombinant Cel6A 
was designed using the sequence encoding the synthesis of T. 
reesei Cel6A (XM 006962518.1) as a target; this sequence was 
obtained from the NCBI database and was optimized for its 
recognition by E. coli. The designed synthetic construct contains 
the T7 promoter, a lac operating region, a ribosome binding site, an 
OmpT signal peptide, the optimized coding sequence of T. reesei 
Cel6A, six codons for 6His tail synthesis, and the T7 transcriptional 
terminator. This construct was synthetized by Integrated DNA 
Technologies (IDT) Inc. 
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Table 1. Relevant strains and plasmids utilized in the current study. 
 

Strain/plasmid Genotype: Relevant characteristics Source 

E. coli Strains   

E. coli Top10F'  
F'[lacIq Tn10(tetR)] mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 deoR nupG 
recA1 araD139 Δ(ara-leu)7697 galU galK rpsL(StrR) endA1 λ- 

Invitrogen 

   

E. coli BL21 (DE3) 
E. coli str. B F– ompT gal dcm lon hsdSB(rB–mB–) λ(DE3 [lacI lacUV5-T7p07 ind1 sam7 
nin5]) [malB+]K-12(λS) 

Novagen 

   

Plasmid   

pUCITD04 
Expression vector derivative of pUCIDT cloning plasmid, expressing the codon optimized 
Cel6A gene from T. ressei, AmpR. 

This study 

 
 
 
Native and synthetic β-cellobiohydrolase Cel6A structure 
 
Three-dimensional structures of the native and synthetic Cel6A 
enzymes were constructed using Raptor X structures tool (Morten 
et al., 2012) and visualized with Discovery Studio software 
(Dassault, 2017).  
 
 
Cloning of synthetic cellobiohydrolase cel6a gene and 
transformation of E. coli 
 
The construct was cloned in the pUCIDT KanR plasmid by the 
Integrated DNA Technologies company (IDT). This plasmid was 
named pUCITD04. The synthetic plasmid contains the BamHI and 
HindIII restriction sites for gene subcloning. This sequence was 
verified by the Synthesis and Sequencing Unit of the Biotechnology 
Institute of Autonomous National University of Mexico (UNAM). 
Insertion of the cel6a gene in the pUCITD04 plasmid was verified 
by restriction analysis using BamHI and HindIII endonucleases and 
electrophoresis on agarose gel stained with EtBr.  
 
 
Molecular biology techniques 
 
Preparation of CaCl2 competent cells, transformation tests, and 
plasmidic DNA extraction from E. coli were performed using the 
Sambrook techniques (Sambrook and Green, 2012). The E. coli 
BL21 (DE3) strain transformed with the pUCITD04 plasmid was 
used to produce the recombinant protein. Insertion of the plasmid 
with the synthetic cel6a gene in the E. coli BL21DE3 strain was 
verified by extraction of plasmidic DNA from the transformed strain 
and subsequent restriction analysis with BamHI and HindIII 
enzymes. The transformed strain was inoculated on 50 mL of M9 
culture medium supplemented with kanamycin and incubated at 
37°C for the time necessary to reach an optical density (OD600) of 
0.5. 

 
 
SDS-PAGE analysis 
 
The production of recombinant Cel6A enzyme was induced via the 
addition of 0.2 mM isopropyl-β-D-thiogalactopyranoside (IPTG) and 
the samples were incubated for 4 h at 37°C. During the incubation, 
a 1 mL sample was taken every 30 min and centrifuged, after which 
the supernatant was used to obtain protein via precipitation with a 
methanol:chloroform:water solution in a 4:1:3 V/V ratio. The 
precipitated proteins  were  resuspended  in  100 µL  of  phosphate-

buffer solution and 10 µL of the sample was analyzed by SDS-
PAGE, applying a voltage of 100 V for 90 min. 
 
 
Enzymatic activity determination 
 
To determine enzymatic activity, 250 µL of enzyme extract was 
incubated with 750 µL of 0.1 M acetate buffer (pH 4.8) and 1% 
microgranular cellulose (as a substrate) for 1 h at 50°C (Montoya et 
al., 2015). Next, the samples were centrifuged for 5 min at 13,000 
RPM, after which 500 µL of the supernatant was taken and the 
reducing sugars were determined via the DNS method (Miller, 
1959). 
 
 
RESULTS AND DISCUSSION 
 
Design of cel6a gene 
 
The sequence encoding synthesis of the enzyme Cel6A 
(XM 006962518.1) that is produced by T. reesei was 
obtained from the NCBI database and then optimized to 
be recognized and synthesized by E. coli. This protein 
(Figure 1) has a length of 471 amino acids, a homology 
of 100% with respect to the Cel6A protein, and a 
homology of 74% with respect to the gene sequence 
encoding the synthesis of Cel6A that is produced by T. 
reseei. 
  
 
Modeling of native and synthetic structures of β-
cellobiohydrolase Cel6A 
 
According to Raptor X portal, the protein structures of the 
cellulose-binding domains (Figure 2) demonstrate minor 
differences due to the signal peptide added to the cel6a 
synthetic gene (Figure 2A) being slightly longer than the 
signal peptide of native Cel6A (Figure 2B). The catalytic 
domains of the native and synthetic Cel6A (Figures 3A 
and 3B) do not show any visual differences between their 
tertiary structures. The cellulose-binding domain is 
located between  amino  acids Methionine-1 and Glycine- 
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Figure 1. Alignment of the synthetic Cel6A sequence and the XM_006962518.1 sequence corresponding to the 
Trichoderma ressei native Cel6A. The nucleotides of both sequences are highlighted by a black shadow, identical 
nucleotides between both sequences are shown with dots, the OmpT signal peptide added to the synthetic 
sequence is framed with a solid line box, and the signal peptide of the native Cel6A from T. ressei is framed with a 
discontinuous line box, while the gaps (dashed lines) present at the beginning and ends of the amino acid 
sequences represent non-aligned sequences 

 
 
 

 
 
Fig. 2. Comparison of the cellulose binding domain (CBD) of the native (A) and synthetic (B) Cel6A 
enzymes. The CBDs of both enzymes are between the amino acids Methionine-1 and Glycine-108. 
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Figure 2. Comparison of the cellulose binding domain (CBD) of the native (A) and synthetic (B) Cel6A 
enzymes. The CBDs of both enzymes are between the amino acids Methionine-1 and Glycine-108. 
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Fig. 3. Comparison of the catalytic domain (CD) of the native (A) and synthetic (B) Cel6A enzymes. The CDs of the 
native and synthetic Cel6A enzymes are between the amino acids Threonine-109 and Leucine-471. 
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Figure 3. Comparison of the catalytic domain (CD) of the native (A) and synthetic (B) Cel6A enzymes. The CDs of 
the native and synthetic Cel6A enzymes are between the amino acids Threonine-109 and Leucine-471. 

 
 

 

 
 

Figure 4. pUCITD04 plasmid map, showing the positions of the cel6a gene, 
the T7 promoter and T7 terminator regulatory zones, the OmpT signal 
peptide, the 6His tag, and the kanamycin marker.  

 
 
 

108, while the catalytic domain is located between 
Threonine-109 and Leucine-471. The native protein has a 
molecular weight of approximately 50 kDa and is 
composed of 471 amino acids, while the synthetic protein 
has a molecular weight of 50.5 kDa and is composed of 
477 amino acids. 

The differences between native and recombinant 
enzymes are attributed to the addition of the six-histidine 
tail. The designed plasmid, pUCITD04, was utilized as a 
vector for the production of Cel6A recombinant enzyme in 
the E. coli BL21 (DE3) strain (Figure 4). Plasmid DNA 
extracted   from   transformed  E.  coli  BL21  (DE3)  cells  



 

 

 
 
 
 

 
 

Figure 5. Restriction assay of the pUCITD04 
plasmid. Lane M: DNA ladder (1Kb); Lane 1: 
restriction products from pUCITD04 hydrolysis 
with BamHI and HindIII enzymes. The 
restriction mixture samples were 
electrophoresed on a 1% agarose gel and 
stained with ethidium bromide. 

 

 
 
resistant to kanamycin was subjected to a restriction 
analysis using hydrolysis with BamHI and HindIII 
enzymes. Results of the restriction analysis showed that 
the 2705 bp pUCITD04 plasmid contained a 1446 bp 
fragment, which corresponds to the cel6a synthetic gene 
(Figure 5), indicating that the synthesized gene and 
plasmid were adequately constructed. 

The designed and constructed plasmid contains the 
cel6a gene flanked by BamHI and HindIII restriction 
enzyme sites, T7 promoter and T7 terminator regulatory 
regions, the OmpT signal peptide necessary for protein 
secretion into the culture medium, and a 6His Tag 
introduced to favour  the  purification  of  the  enzyme  via  
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affinity chromatography (Freudl, 2018). 
 
 
Expression and secretion of synthetic CBH Cel6A 
enzymes 
 
Results from the expression and secretion of the natural 
and synthetic Cel6A enzymes show that synthetic Cel6A 
protein was not found in the cell extract. However, when 
using M9 culture medium with isopropyl-β-D-1-
thiogalactopyranoside (IPTG) added as an inducer, 
results showed that the transformed BL21DE3 strain 
produced a 31 kDa peptide (Figure 6) that the native 
strain did not produce. The phenomenon of expression of 
truncated cellulases has been reported during protein 
production by recombinant E. coli cells (Liu et al., 2018), 
with prior observations indicating that periplasmic Cel6A 
is prone to proteolytic truncation in LK111 and K514 E. 
coli strains. The fractions obtained in ion-exchange 
columns were analyzed by zymogram analysis resulting 
in two carboxymethyl cellulase (CMScase) bands at 57 
and 47 kDa. The larger of these bands corresponds to 
the full portion of the Cel6A protein, while the smaller 
band corresponds with proteolytic cleavage near the 
linker. In other research, an additional truncated CD with 
higher specific activity on soluble substrates was 
discovered, however, this enzyme was also found to be 
prone to proteolytic cleavage (Nakamura et al., 2020). E. 
coli BL21 (DE3) lacks the OmpT signal peptide and Lon 
proteases and produces large quantities of biomass with 
important effects on the production of recombinant 
proteins. While E. coli BL21 (DE3) is a genetically 
modified strain laking the Lon and OmpT proteases 
(Table 1), it may nonetheless contain low quantities of 
other proteases, such as DegP, Plp, HtrA, and ClpB, 
which degraded aggregated protein and, consequently, 
may impede Cel6A production (Gottesman, 1996; 
Laskowska et al., 1996; Langen et al., 2001; Jiang et 
al., 2002).  

Protein expression using E. coli is the procedure most 
frequently used in bacterial expression as it is a well 
characterized procedure that is easy to genetically 
manipulate. However, the expression of cellulases in E. 
coli has encountered numerous problems, such as 
degradation of linker sequences in multi-domain 
cellulases, the formation of inclusion bodies, incorrect 
transportation across the outer membrane, and 
decreased specific activity of the cellulases (Choi et al., 
2006). In contrast, the protein over-production system in 
E. coli, which is attributed to the RNA polymerase 
expression system of bacteriophage T7, is limited or 
incorrectly expressed in the BL21 (DE3) strain. The 
incorrect expression of Cel6A may be attributed to a 
toxicity problem caused by the pUCITD04 plasmid 
(Miroux and Walker, 1996). In our laboratory, the ß-
glucosidase,    endoglucanase,    and    xylose  reductase  
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Figure 6. SDS-PAGE analysis of protein secreted into the culture medium by E. coli BL21 
(DE3) transformed with the pUCITD04 plasmid. Lane M: molecular marker; lanes 1 to 8: 
secreted protein in samples taken at 30 min intervals. The secreted proteins were precipitated. 

 
 
 
enzymes were expressed using similar conditions that 
the used for Cel6A recombinant enzyme, however, this 
protein is structurally more complex, and probably this is 
the reason that makes it difficult to produce. However, it 
has been observed that proteolytic cleavage between 
catalytic and cellulose-binding domains of some ß-
glucanases occurs near the linker, and many modular-
type-ß-glucanases contain two conserved cysteine 
residues near their cellulose-binding domains (Kont et al., 
2016; Nakamura et al., 2020). The results observed 
suggest the possibility of exploring several alternatives, 
including the use of different carbon sources and 
galactose inducers to produce recombinant Cel6A, 
experimenting with new microbial vectors to achieve 
production of Cel6A recombinant enzyme, or production 
in a cell-free system to reduce complications relating to 
plasmid toxicity (Kigawa et al., 2004; Robak and 
Balcerek, 2020). 
 
 

Conclusion 
 
The vector pUCITD04 does not allow the production of 
Cel6A enzyme in the BL21 (DE3) E. coli strain; however, 
it does produce a 31 kDa periplasmic polypeptide that 
must belong to a fraction of Cel6A, although it lacks 
catalytic    and     cellulose-binding      domains.    Results 

demonstrate the necessity of exploring the use of new 
microbial vectors. Additionally, to prevent possible 
plasmid toxicity, it is important to investigate the use of 
cell-free systems to bypass potential residual proteolytic 
activity and the complications related to it. 
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In Kara (Togo), as in most major sub-Saharan African cities, there is very little sewerage and autonomous 
systems are the most commonly used. These autonomous systems produce faecal sludge that must be 
drained and treated adequately in order to preserve the health of the population and protect the 
environment. Indeed, the risks are real, given the use of fresh faecal sludge in agriculture and the 
potential dangers of their raw rejection in nature. The purpose of this study was to quantify and 
characterize the faecal sludge derived from autonomous sanitation system and make available to the 
district of Kara. Sludge emptying trucks have been followed during a three months’ period to quantify the 
faecal sludge produced. At the end, samples were taken to the laboratory for analysis. The chemical 
analysis conducted were suspended matter (SM), chemical oxygen demand (COD), a five-day 
biochemical oxygen demand (BOD5), ammonium (NH4

+
), nitrates (NO3

-
), nitrites (NO2

-
) and 

orthophosphates (PO4
3-

). The result showed that 41347.2 m
3
/year of faecal sludge are produced and 

14616 m
3
/year are collected. Also, the chemical analysis of total suspended solids, chemical oxygen 

demand, a five-day biochemical oxygen demand, ammonium, nitrates, nitrites and orthophosphates 
showed that the faecal sludge of the district of Kara is biodegradable. The data from this study will form 
scientific bases for a better feasibility of setting up a faecal sludge treatment plant in Kara. 
 
Key words: Faecal sludge, specific ratio, quantity of faecal sludge, autonomous systems. 

 
 
INTRODUCTION 
 
Increasing urbanization is a phenomenon sweeping 
across the world especially in developing countries 
(Ahamada et al., 2016). This growth of population in 
urban areas in developing countries causes sanitation 
challenges for the urban authorities. The main challenges 

are related to the collection as well as treatment of 
excreta, solid waste and wastewater for the protection of 
human health and the environment (Tilley et al., 2010; 
Katukiza et al., 2012). The concern is serious, particularly 
in the  area  of  sanitation  as  many African countries are  
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Figure 1. Study area. 

 
 
 
unlikely to meet the Sustainable Development Goal 
(SDG) of halving the number of people without access to 
basic sanitation. The population of sub-Saharan African 
cities use autonomous sanitation (septic tanks) facilities 
for the management of wastewater and excreta (Bassan 
et al., 2013; Kajyibwami, 2018) which use self-sustaining 
wastewater treatment technology (Gnagne et al., 2019). 
This technology, although suitable for these cities, 
remains poorly implemented, suffering from the 
inadequacy of certain scientific database data (Gnagne et 
al., 2019). Usually, the sludge emptied in latrines and 
septic tanks is either dumped near the city or in the 
environment without treatment (Kouawa et al., 2015).  

In Togo and most of the developing country, faecal 
sludge is openly dumped into the environment (Akpaki et 
al., 2016). These autonomous sanitations store large 
quantities of faecal sludge whose management is difficult 
(Ouédraogo, 2016). In Kara city, faecal sludge is emptied 
and most often dumped into the environment or reused 
without treatment in agriculture (Kodom, 2019). Some 
farmers are bribing septic tank truck drivers to dump 
faecal sludge into their field (Kodom, 2019). However, 
faecal sludge needs adequate treatment and disposal to 
safeguard public health and the environment (EAWAG, 
2006). Recent studies in Sokodé (Togo) focused on 
economic potential show huge risks associated with 
sludge management in this city. However, there is limited 
or no information on the specific pollutant loads 
originating from the faecal sludge stream. Thus, the 
quantities of faecal sludge generated and the typical 
faecal sludge characteristics are difficult to determine due 
to the  variety  of  onsite  sanitation  technologies  in  use, 

such as pit latrines, public tanks, septic tanks and dry 
latrines. The quantity and characteristic of faecal sludge 
also depends on the design and construction of the 
sanitation technology, how the technology is used, how 
the faecal sludge is collected and the frequency of 
collection. The objectives of this study are, therefore, to 
quantify and characterize the faecal sludge derived from 
autonomous sanitation system in district of Kara in order 
to propose an adequate treatment method. 
Decentralization has been effective in Togo since 2018; it 
is therefore up to each municipality to develop itself and 
development also takes into account issues related to 
sanitation and urban waste management. Moreover, 
autonomous sanitation is a credible choice for these 
districts for the decentralized treatment of faecal sludge 
waste in a very specific context. The results of this work 
will serve as scientific evidence to enable Kara 
Municipality authorities responsible for waste 
management to make informed decisions regarding 
municipal waste disposal and the establishment of a 
faecal sludge treatment plant. 
 
 
MATERIALS AND METHODS  
 

Study area 
 

This study was carried out in the district of Kara located at 430 km 
from Lomé, the capital of Togo. The climate is of the Sudanese 
semi-humid tropical type, characterized by 2 distinct seasons: the 
dry and the rainy. The average annual temperature is around 37°C. 
Sludge is frequently dumped at the Atéda, AMEYI and shooting 
range sites located at 2, 3 and 4 km, respectively from the city of 
Kara where truck tracking and sampling were carried out (Figure 1).  
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Figure 2. Sample methods and analyses. 
 
 
 
Sludge samples are taken in a container at the start of unloading, 
when the tank is half empty and just before the end of unloading. 
 
 
Surveys and observations 
 
Field surveys use a questionnaire and observations made it 
possible knowing the existing emptying methods, the types of pits 
used, the emptying frequencies, the number of users, the number 
of trucks and the landfills. 

 
 
Quantification methods of faecal sludge  
 
In this study, two approaches were used to quantify faecal sludge. 
These methods were sludge production and sludge collection. 
 
 
Method 1: Sludge collection  
 
The study was conducted from June 24, 2020 to September 25th, 
2020. During this period, the number of laps made and the quantity 
of sludge emptied by each truck was counted. The total quantity of 
drained sludge is obtained by cumulating the quantity of the two 
trucks according to Equation 1 (Talla et al., 2017; Koanda, 2006):  
 

                                                                       (1) 
 

where Q (m3/month) is total volume of the sludge collected; Vij 
(m3/rotation) is the useful volume of the i-truck for day j; ηij 
(rotations/truck) is the number of type i truck rotations for day j. 

 
 
Method 2: specific production  

 
The specific production of faecal sludge was obtained  by  Equation  

2 (Koanda, 2006): 
 

                                                        (2) 

 
where Q: total volume of the sludge; Pi: number of users for the tank 
I; and qi: specific production of the tank i. 

 
 
Sampling faecal sludge 

 
In order to carry out some analysis on faecal sludge in Water 
Science and Environment Sanitation laboratory of University of 
Kara, the samples were prepared. For each sample, 1.5 L of sludge 
was measured at the beginning of the process of the truck, in the 
middle of the process and at the end of sampling. A total of, fifteen 
samples were collected. Five samples for each of the following type 
of septic tank were taken namely Domestic Septic Tank (DST), 
Public Septic Tank (PST) and Dry Latrines (DL). After mixing, 1.5 L 
which represents the composite sample is collected and sent to the 
Water Science and Environment Sanitation laboratory of University 
of Kara for analysis. For the chemical parameters, the liquid fraction 
was used (Klingel et al., 2002). The different phases of the 
sampling are schematized in Figure 2. 

 
 
The physio-chemical analysis 

 
The analysis method employed was adapted from the Standard 
Methods for the Examination of Water and Wastewater, as 
described by Rodier et al. (2009) and APHA (1998). The parameters 
analysed included: temperature, pH, electrical conductivity (EC), 
suspended matter (SM), chemical oxygen demand (COD), five-day 
biochemical oxygen demand (BOD5), ammonium (NH4

+), nitrates 
(NO3

-), nitrites (NO2
-) and orthophosphates (PO4

3-). 
Temperature, pH and electrical conductivity (EC) were measured 

in situ with the Multi HANNA HI 9811 parameters equipped with the 
different  probes,  following  the  same  protocol by simply changing  
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Table 1. The amount of sludge produced during the companion. 
 

Type of 
sanitation   

Method 2: Specific production  Method 1: Sludge collection 

specific production 
(L/day/pers) 

Quantity 
(m

3
/day) 

Quantity 

(m
3
/year) 

 Quantity 
(m

3
/day) 

Quantity 

(m
3
/month) 

Quantity 
(m

3
/year) 

DST 1 96 35040  42 840 10080 

DL 0.2 2.88 1051.2  11.9 238 2856 

PST 2 14.4 5256  7 140 1680 

Total - 113.28 41347.2  60.9 1218 14616 
 

The results of this study show that the sludge produced is estimated to 113.28 m
3
/day or 41347.2 m

3
/year and that collected by truck to 

60.9 m
3
/day or 14616 m

3
/year.  

 
 
 
probes according to the parameter to be measured and the reading 
is done after stabilizing the display.  The determination of the 
content of suspended matter (SM) was done using gravity after 
vacuum filtration with a microfilter of GF/C glass and drying in the 
oven at 105 ± 2°C. The evaluation of COD is based on open reflux 
colorimetric method. It was determined by oxidation with an excess 
of potassium dichromate in an acidic environment 150°C in the 
presence of silver sulphate as a catalyst. The value reading was 
made by a spectrophotometer of a mark GENESYS 10S UV-VIS. 
The five-day oxygen biochemical demand (BOD5) was determined 
by the five-day incubation method in the dark and 20°C temperature 
using an OxiDirect (Lovibond). At the end of this incubation period, 
the value of BOD5 was read directly on a BOD5 scale on the bottle. 
Ammonia nitrogen (NH4

+), nitrites (NO2
-) nitrates (NO3

-), and 
orthophosphates (PO4

3-) were determined by using the colorimetric 
method with GENESYS 10S UV-VIS spectrophotometer reading at 
adequate wavelengths.  
 
 
RESULTS  
 
Management of faecal sludge in the district of Kara 
 
Five trucks are involved in collecting of faecal sludge 
around Kara municipality. The dumping points are located 
at 2, 3 and 4 km from the center of Kara city.  
 
 
Quantification of faecal sludge   
 
Calculations of sludge produced considered the specific 
production to 1 L/person/day for domestic septic tanks, 
0.2 L/person/day for dry latrines and 2 L/person/day for 
public tanks (Table 1).  

The results of this study show that the sludge produced 
is estimated to 113.28 m

3
/day or 41347.2 m

3
/year and 

that collected by truck to 60.9 m
3
/day or 14616 m

3
/year. 

 
 
Interpretation of physico-chemical parameters 
 
The results of analysis of the physical and chemical 
parameters such as temperature, pH, electrical 
conductivity (EC), suspended matter (SM), chemical 
oxygen demand (COD), five-day biochemical oxygen 
demand  (BOD5),   ammonium   (NH4

+
),   nitrates   (NO3

-
), 

nitrites (NO2
-
) and orthophosphates (PO4

3-
) of the 

different types of sludge are recorded in Table 2. 
 
 
Temperature, EC and pH 
 

Temperature averages recorded for DL, DST and PST 
during the study period is respectively 26.2 ± 0.01, 27.8 ± 
0.01 and 26.4 ± 0.01°C. Figure 3 shows the change in 
temperature between septic tanks.  

Conductivity values show that the sludge is loaded into 
dissolved salts. Conductivity in the different sludge varied 
between 1641 and 16783 S/cm and the highest value is 
observed in the Public Septic Tanks (PST).  
    pH values obtained are 7.5, 7.3 and 8.4, respectively 
for DL, DST and PST, values consistent with the 
development of the bacterial that purify the sludge.  
 
 
Suspended matter (SM) 
 

The concentration of suspended matter (SM) is very high 
in sludge. As shown in Table 2, the concentration of 
materials suspensions at the different sludge varied for 
DL, DST and PST respectively 70 ± 20, 54 ± 2 and 75 ± 
15 g/L.  
 
 
Ammonium (NH4

+
), NO3

-
, NO2

-
 and PO4

3-
 

 

The degradation of organic nitrogen into ammonium is an 
integral part of the nitrogen cycle in nutrient production. 
High ammonium levels were found in the Public Septic 
Tank (Table 2).  

The average nitrate concentration is 143 ± 7.54, 150 ± 
0.4 and 406.3 ± 0.3 mg/L, respectively for Dry Latrine, 
Domestic Septic Tank and Public Septic Tank.  
 
 
Carbon pollution: BOD5 and COD 
 

The results of analyses revealed that the ratio of the COD 
and BOD5 average gives 2.35, 2.55 and 1.72 mg/L, 
respectively for Dry  Latrine,  Domestic  Septic  Tank  and  
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Table 2. Physico-chemical parameters. 
 

Parameter 
DL  DST  PST 

Average SD  Average SD  Average SD 

pH 7.5 0.01  7.3 0.01  8.4 0.01 

EC (S/cm) 1641 0.2  2582 2  16783 3 

SM (g/L) 70 20  54 2  75 15 

Temperature (°C) 26.2 0.01  27.8 0.01  26.4 0.01 

COD (mgO2/L) 700 20  980 10  3400 264.57 

BOD5 (mgO2/L) 297 36.055  384 4  1978 1 

COD/BOD5 (mgO2/L) 2.35 0.97  2.55 0.51  1.72 1.4 

NTK (mgN/L) 908 3  1610 15  4760 3 

NH4
+ 

(mgN/L) 337 1.73  347 22.5  850.94 0.1 

NO2
- 
(mgN/L) 14 1.02  13.4 2.69  17.7 1.71 

NO3
- 
(mgN/L) 143 7.54  150 0.4  406.3 0.3 

PO4
3- 

(mgP/L) 143 5.29  150 5  406.3 0.43 

 
 
 

 
 

Figure 3. Electrical conductivity and temperature content. 

 
 
 
Public Septic Tank. Figure 5 shows variations in BOD5 
and COD for different types of septic tanks.  
 
 
DISCUSSION  
 
Management of faecal sludge in the district of Kara 
 
The study shows that mechanical emptying accounts for 
92% versus 8% manual draining. This result proves that 
the predominant emptying mode is mechanical emptying 
and this is due to the permanent presence of trucks 
draining in the communality. The ideal would be to 
practice one 100% mechanical emptying to limit the risk 
of contamination of those who practice manual emptying. 
So the result obtained is more satisfactory compared to 
that of the city of Sokodé (Togo) where manual emptying 
is 24% and  mechanical  emptying  76%. The  practice  of 

manual emptying would be due to the fact that the 
populations lack financial means and also the difficulties 
of access to certain households by the emptying truck 
(Bissang, 2019).  
 
 
Quantification of faecal sludge   
 
The results of this study show that the sludge produced is 
estimated to be 113.28 m

3
/day or 41347.2 m

3
/year and 

that collected by truck to 60.9 m
3
/day or 14616 m

3
/year. 

The dumping activity is carried out without any control. 
The faecal sludge is spread into the environment 
sometimes anarchically. Some farmers living around the 
area use the sludge to irrigate their farms. The 
comparison of these two methods shows 26731.2 
m

3
/year or 65% of sludge is not drained. As in Kara, an 

average of   40.39 m
3
/day  of  sludge  is  produced  or  14  



 
 
 
 
743.67 m

3
/year in the city of Sokodé. The average 

quantity of faecal sludge collected is 8.68 m
3
/day or 

3168.20 m
3
/year according to Water and Sanitation 

Project in Togo, Phase 2 (PEAT2, 2019). The quantity 
collected is very small compared to the quantity 
produced. Actions must be taken to strengthen the 
collection of faecal sludge in the town of Kara.  
 
 
Interpretation of physico-chemical parameters 
 
Figure 3 shows the change in temperature between 
septic tanks. It should be noted that the temperatures 
recorded in different tanks have a favourable microbial 
mineralization activity. Thus, it is noted that in hot period 
biological activity is more important than in winter, and it 
plays a major role on the kinetic reactions.  

Conductivity values show that the sludge is loaded into 
dissolved salts. Conductivity in the different sludge varied 
between 1641 and 16783 S/cm and the highest value is 
observed in the Public Septic Tanks (PST). The 
conductivity values show that the effluent is loaded into 
dissolved salts. Indeed, anaerobic processes effectively 
mineralize organic matter and generate many dissolved 
salt, volatile fatty acids and hydrogen carbonates. This 
indicates that the sludge dumped in the district of Kara is 
highly mineralized, but still remains fermentable due to 
biodegradable organic pollutant levels. These average 
values are high than that found by Akpaki (2015) for 
Attidjin city (Lomé) and that found by Koné et al. (2016) 
at the Zagtouti (Burkina-Fasso). These results confirm 
that there is a high mineral salt content in the environment 
leading to the risk of surface water contamination 
resulting in an excessive increase in conductivity and a 
balance of the aquatic ecosystem (Koné et al., 2016). 
Wetzel (1983) showed that low conductivity (0 to 200 
µS/cm) is an indicator of pristine or background 
conditions. Mid-range conductivity (200 to 1000 µS/cm) is 
the normal background for most major rivers. 
Conductivity outside this range could indicate that the 
water is not suitable for certain species of fish or bugs. 
The results obtained in this study confirm that there is a 
strong presence of mineral salt in the medium. Taking 
into account the risks of contamination of surface water, 
an excessive increase in the conductivity of aquatic 
environments causes changes in the bacterial ecosystem 
and also has an influence on the survival of aquatic fauna 
and flora. In addition, too much salinity causes clogging 
of the soil (Koné et al., 2012), and negatively impacts the 
development of a large number of agricultural crops. For 
example, the excessive presence of salts causes a 
malfunction of the ion pumps allowing the plant, in normal 
times, to absorb this ion.  

pH values obtained were 7.5, 7.3 and 8.4, respectively 
for DL, DST and PST, values consistent with the 
development of the bacterial that purify the sludge. The 
bacterial usually develop at pH between 5 and 9. The  pH  
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values obtained show that this faecal sludge are alkaline 
and their discharge into surface water could be 
dangerous for the survival of certain aquatic species such 
as fish, for example. 

EC, pH and temperature can be limiting factors for the 
development of purifying bacterial. 
 
 
Suspended matter (SM)  
 
The concentration of suspended matter (SM) is very high 
in the sludge. These values greatly exceed the indicated 
standard which is 150 mg/L. Some authors have noted 
higher contents during similar work. Indeed, Mahamane 
(2011) reports an average SM value of 11,084 mg/L in 
Ouagadougou. This confirms the great variability in the 
characteristics of sludge with regard to its origin.  
 
 
NH4

+
, NO3

-
, NO2

-
 and PO4

3-
 

 
The degradation of organic nitrogen into ammonium is an 
integral part of the nitrogen cycle in nutrient production. 
High ammonium levels were found in the Public Septic 
Tank (Table 2). This phenomenon is all more pronounced 
that the environment is alkaline and these values could 
be explained by the quality of the structure of the septic 
tank or latrine. Indeed, in these septic tanks, the 
anaerobic conditions favour the production of ammonium, 
which will oxidize in the aerobic conditions of the drying 
beds. Moreover, the longer sludge stays in the pit, the 
greater the mineralization. Nitrites an oxidized form on 
nitrogen is not stable; they evolve into nitrate in aerobic 
environment. The concentration of nitrite (15 mg/L) in this 
study is very high than (0.09 mg/L) from the study 
conducted in Zagtouti (Ouagadougou) by Koné et al. 
(2016) evaluating samples taken directly in the different 
basin. Figure 4 shows variations in nitrates and 
orthophosphates in different septic tanks. 

The average nitrate concentration is 54, 56 and 85 
mg/L, respectively for Dry Latrine, Domestic Septic Tank 
and Public Septic Tank. This indicates a good nitrification 
process when the sludge is dehydrated. Orthophosphates 
are undesirable when their levels become too high, 
although these are nutrients that can be used in 
agriculture. Nitrogen and orthophosphates contribute to 
the eutrophication of surface waters. Phosphorus in 
sludge in various forms (organic phosphorus, 
orthophosphates, etc.) can come from food but also from 
natural sources or from anthropogenic activities. 
 
  
Carbon pollution: BOD5 and COD 
 
The results of the analyses revealed that the ratio of the 
COD and BOD5 average was 2.35, 2.55 and 1.72 mg/L, 
respectively for  Dry  Latrine, Domestic  Septic  Tank  and 
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Figure 4. Nitrates and orthophosphate levels. 

 
 
 

 
 

Figure 5. Values of COD and BOD5. 

 
 
 
Public Septic Tank, thus indicating the biodegradable 
nature of the sludge and the choice of biological applied 
treatment technology. These values obtained show that 
Kara district sludge is still biodegradable and undergoes 
mineralization. Figure 5 shows variations in BOD5 and 
COD for different types of septic tanks.  
 
 
Conclusion  
 
The objective of this study was to know the characteristics 
and to estimate the quantity of the deposits of sludge 
produced in the city of Kara. To do so, it was necessary 
to carry out a sociological survey in the concessions and 
in the structures with high frequency, then to determine 
the physicochemical characteristics of the faecal sludge 
produced in the city of Kara. Two methods were used to 
assess the amount of sludge produced. The first method, 
based on specific production, shows that the estimated 
volume of sludge produced is 113.28 m

3
/day or 41347.2 

m
3
/year. The second method based on the counting of 

trucks reveals that only 60.9 m
3
 of sludge are emptied per 

month, that is, 14,616 m
3
/year are emptied. The physico-

chemical analyses focused on three types of septic tanks. 
The results of the parameters analyzed reveal that public 
septic tank latrines (PST) are more biodegradable than 
DL and DST justified by the fact that sludge from PST 
has a short residence time. This information is essential 
in the processing and sizing of structures. This work will 
be used by decision makers as an aid tool for decision 
making at the specific scale of the city of Kara. 
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The Zygosaccharomyces is notorious for its remarkable spoilage characteristics. In the present study, 
the visual and rapid identification of the genus Zygosaccharomyces was performed by a loop-mediated 
isothermal amplification (LAMP) assay using specific primers in Mini Dry Bath within 30 min at 65°C 
followed by a lateral flow dipstick (LFD) detection. The sensitivity evaluation revealed LAMP-LFD assay 
with 1.0×10

1
 copies/μL of Zygosaccharomyces DNA as its detection limit, which was the same as the 

methods of real-time quantitative PCR (qPCR) and conventional polymerase chain reaction (PCR). 
However, qPCR or PCR methods not only need to be performed in a specialist analytical laboratory with 
expensive equipment but also with risk of aerosol pollution. The LAMP-LFD assay had no cross-
reactivity against 10 other yeast species and its specificity was 100%. A total of 25 Qiangli loquat Dew 
samples (17 bottles bulged and eight normal-appearing) were detected within 40 min with 100 and 
92.0% accurately and specifically, when compared with the qPCR assay and the microbiology culture 
method, respectively. Therefore, the simple, fast, sensitive and low-cost LAMP-LFD assay is an 
effective and useful tool for the on-site identification of the genus Zygosaccharomyces. 
 
Key words: Zygosaccharomyces, on-site detection, loop-mediated isothermal amplification (LAMP), lateral flow 
dipstick (LFD).  

 
 
INTRODUCTION 
 
Based on The Yeasts Fifth Edition (Fleet, 2011) and the 
latest studies, the genus Zygosaccharomyces comprises 
14 species, which are Zygosaccharomyces rouxii, 
Zygosaccharomyces bailii, Zygosaccharomyces 
pseudobailii, Zygosaccharomyces parabailii, 
Zygosaccharomyces     bisporus,      Zygosaccharomyces 
lentus, Zygosaccharomyces kombuchaensis, 

Zygosaccharomyces mellis, Zygosaccharomyces sapae, 
Zygosaccharomyces machadoi, Zygosaccharomyces 
siamensis, Zygosaccharomyces gambellarensis, 
Zygosaccharomyces favi, and Zygosaccharomyces 
seidelii  (Hulin and Wheals, 2014; Brysch-Herzberg et al., 
2020). To our knowledge, the spoilage potential of the 
genus Zygosaccharomyces has been widely recognized 



  
 
 
 
within the food industry (James and Stratford, 2011; Hulin 
and Wheals, 2014). As fermenting microbes, and 
although the Zygosaccharomyces species consequent on 
products spoilage vary with the characteristics and 
product type involved (Harrison et al., 2011), the ability to 
survive under various stresses, such as resistance to 
extreme osmotolerance and high-level weak acid 
preservatives, make these problematic in food or 
medicine industry (Fugelsang and Edwards, 2007; Čadež 
et al., 2015; Wang et al., 2015; Karaman and Sagdic, 
2019). In addition, the ability to ferment sugars to ethanol 
and CO2 might cause containers, cans and glass bottles 
to deform, and even explode (Tournas et al., 2006; Frisón 
et al., 2015; Wang et al., 2017). Thus, an effective 
method is needed to promptly detect the genus 
Zygosaccharomyces for its effective control, thereby 
reducing potentially large economic losses, and 
protecting consumer safety. 

Various detecting approaches for Zygosaccharomyces 
spp. have been developed (Rawsthorne and Phister, 
2006; Harrison et al., 2011; Hulin and Wheals, 2014; 
Wang et al., 2016; Wang and Sun, 2019). As a standard 
method, the culture-dependent technique has several 
shortcomings, for example, it was a time-consuming 
process with poor repeatability and qualitative inaccuracy 
(Duarte et al., 2004; National Food Safety Standard of 
the People’s Republic of China, GB 4789.15-2016). 
Molecular methods, such as PCR and qPCR assays, 
have been widely used with high sensitivity, specificity 
and accuracy (Casey and Dobson, 2004; Rawsthorne 
and Phister, 2006; Andorrà et al., 2010), and industry 
standards related to Zygosaccharomyces spp. have been 
issued (General Administration of Quality Supervision, 
Inspection and Quarantine of the People’s Republic of 
China (AQSIQ), SN/T 4675.30-2017; SN/T 4780-2017). 
However, these involve steps with temperature 
increments and decrements, the normal presence of 
inhibitors, and the requirement of specialized 
laboratories, expensive equipment and highly trained 
laboratory staff (Rawsthorne and Phister, 2006; Andorrà 
et al., 2010; Zuehlke et al., 2013; Hulin and Wheals, 
2014). Therefore, the establishment of a cost-effective, 
simple, fast and sensitive assay at the field level has 
become increasingly important to realize the early and 
successful detection of Zygosaccharomyces. 

Compared to PCR and qPCR, loop-mediated 
isothermal amplification (LAMP) assay is an efficient and 
novel amplification technology with great specific and 
highly sensitive based on isothermal conditions (Zhang et 
al.,   2019).  Furthermore, it  is  simpler  to  perform,  and  
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merely use constant-temperature equipment, such as a 
water bath or Mini Dry Bath within 60 min. This can be 
potentially used for tests in the field (Punati et al., 2019; 
Joon et al., 2019; Tumino et al., 2020). In addition, LAMP 
has been extensively applied in food-borne pathogens, 
allergens, and genetically modified organisms in food 
analysis (Hara-Kudo et al., 2010; Rostamkhani et al., 
2011; Saharan et al., 2015; Shi et al., 2017; Yuan et al., 
2018; Li et al., 2019; Zhuo et al., 2019; Tumino et al., 
2020). Furthermore, LAMP products traditionally 
observed by gel electrophoresis and hydroxynaphthol 
blue (HNB) or SYBR are either difficult to distinguish by 
fluorescent dyes, which need special equipment and the 
process is time-consuming, or easily exposed to aerosol 
pollution due to the opening of the lid (Shi et al., 2017; 
Punati et al., 2019; Zhang et al., 2019). Moreover, the 
amplified products are visualized directly on an LFD with 
one or two bands, which is more suitable for on-site 
detection (Shi et al., 2017). 

To our knowledge, the detection of the genus 
Zygosaccharomyces by LAMP assay has not been 
reported to date. For rapid qualitative test of the genus 
Zygosaccharomyces, an accurate, sensitive and 
visualized LAMP-LFD assay was developed in this study. 
All strains of DNA were analyzed using LAMP-LFD, PCR 
and qPCR for comparison of the sensitivity. To validate 
the effectiveness and robustness of the LAMP-LFD 
assay, the specificity and sensitivity were evaluated and 
the Qiangli loquat Dew samples were performed. That 
the LAMP-LFD assay is a simple, fast, sensitive and low-
cost tool for the genus Zygosaccharomyces on-site 
detection. 
 
 
MATERIALS AND METHODS 
 
Strains, media and DNA extraction 
 
Table 1 presents the yeast strains assessed in the present study. 
The strains were cultivated in Sabouraud Dextrose Agar (SDA) 
(Hope Bio-Technology Co., Ltd, Qingdao, China) at 28°C for 48 h. 
All DNAs of the strains or Qiangli loquat Dew samples were 
extracted using the DNeasy PowerSoil Kit (QIAGEN, Germany), 
according to the manufacturer’s protocol. The DNA was eluted in 
100 μL of elution buffe followed by storing at -20°C. 
 
 

LAMP-LFD, PCR and qPCR assays 
 
Primer is crucial for amplification efficiency of LAMP assay. Based 
on the the internal transcribed spacer (ITS) regions ITS1 and ITS2 
flanking the 26S ribosomal genes of Zygosaccharomyces DNA 
sequences obtained from the NCBI GenBank, the primers (Table 2)  
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Table 1. Yeast strains used in the present study. 
 

Species Culture collection
a
 

Zygosaccharomyces parabailii ATCC MYA-4549 

Canidia albicans CMCC(F) 98001 

Candida parapsilosis ATCC 22019 

Rhodotorulamucilaginosa ATCC 66034 

Pichia guilliermondii CGMCC 2.1862 

Trichosporonasahii CGMCC 2.319 

Cryptococcus albida CGMCC 2.5512 

Pichia kudriavzevii CICC 33192 

Candida metapsilosis CICC 31269 

Saccharomyces cerevisiae ATCC 9763 

Candida glabrata ATCC MYA-2950 

Zygosaccharomyces bailii isolate
b
 - 

Zygosaccharomyces mellis isolate
b
 - 

Zygosaccharomyces parabailii isolate
b
 - 

 
a
ATCC: American type culture collection, America; CMCC: National center for medical culture 

collections, China; CGMCC: China General Microbiological Culture Collection Center; CICC: China 
Center of Industrial Culture Collection. 

b
Isolates were isolated from bottle bulged Qiangli loquat Dew 

by Key Laboratory of Microbial Technology and Bioinformatics of Zhejiang Province, Hangzhou, 
China. 

 
 
 

Table 2. Primer sequence information. 
 

Type Primer Sequence (5’-3’) 

Outer primers 
Zyg-F3 TGAAGCGGCAARAGCTCAA 

Zyg-B3 GAGCTGCATTCCCAAACAAC 
   

Inner primers 
Zyg-FIP AAGSRCCAGCCCCAGARTCRAAATCTGGTACCTTCGGTGC 

Zyg-BIP CCTTGGAACAGGACGTCATRGATCGACTCTTCGAARGCRCT 
   

Loop primers 
Zyg-LF CYTTCTACAAATTACAACTCGG 

Zyg-LB CCGTATGGCGAGGATCCC 
 
 
 

were designed by using the Primer Explorer version 5 software and 
synthesized from Shanghai Generay Biotech Co., Ltd. LAMP-LFD 
assay was carried out in a 25 μL reaction mixture, containing 1×Bst 
DNA polymerase buffer (New England Biolabs Ltd., Ipswich, MA, 
USA), 1.6 μM of Zyg-FIP and Zyg-BIP, 4.0 μM of Zyg-LF and Zyg-
LB, 2.0 μM of Zyg-F3 and Zyg-B3, 1.4 μM of dNTP (TaKaRa 
Biotechnology Co., Ltd., Dalian, China), 0.32 U/μL of Bst 2.0 DNA 
polymerase (New England Biolabs Ltd., Ipswich, MA, USA), 8 mM 
of MgSO4, 1×SYBY Green I, 2.0 μL of template DNA and nuclease-
free water. The whole amplification procedure was performed at 
65°C for 30 min and 80°C for 5 min in the Mini Dry Bath (Hangzhou 
Yooning Instrument, China). The amplified products were tested 
using LFD devices (Ustar Biotech Co., Ltd., Hangzhou, China), with 
colored lines at both the “C” and “T” lines, which denote positive 
samples, while the ones that only presented a signal at “C” were 
negative samples. 

The PCR assay was conducted in the ProFlex PCR System 
(Thermo Fisher Scientific, Inc., Waltham, MA, USA) with 25 μL 
reaction system, which contained 2×Phanta® Max Master Mix 
(Vazyme biotech Co., Ltd., Nanjing, China), 0.2 μM of each primer: 
Forward primer (Zygogen F3) 5’-ACACACAGTGGAGTTTC-3’, 
Reverse primer (Zygogen R1) 5’-CGGTAAAACCTAATACGAC-3’ 
(Hulin and Wheals, 2014), 2.0 μL of template DNA and nuclease-
free water. The reactions were  run in  triplicate  for  5 min  at  95°C,  

followed by 35 cycles for 30 s at 95, 55 and at 72°C, respectively. 3 
μL of amplified products were analyzed by gel electrophoresis on 
1.5% gel with 6×loading buffer and visualized on the Tanon-1600 
Gel Image System (Tanon Science & Technology Co., Ltd., 
Shanghai, China). Furthermore, the qPCR reaction performed in 
the StepOne™ Plus Real-Time PCR System (Applied Biosystems, 
Inc., Carlsbad, CA, USA) containing 1×SYBR® Premix ExTaqTM (Tli 
RNaseH Plus) (TaKaRa Biotechnology Co., Ltd., Dalian, China), 0.2 
μM of Forward primer, 0.2 μM of Reverse primer (the same as the 
PCR assay previously), 2.0 μL of template DNA and nuclease-free 
water with running in triplicate for 30 s at 95°C, followed by 40 
cycles at 95°C for 5 s, and at 60°C for 30 s as its amplification 
procedure. 

 
 
Sensitivity and specificity evaluation of the LAMP-LFD assay  

 
In order to determine the sensitivity of the LAMP-LFD assay, in 
terms of the detection limits compared with the PCR and qPCR 
assays, the amplification reactions were performed with the Z. bailii 
DNA. The DNA fragment was purified from the agarose gel using 
the AxyPreTM DNA  Gel  Extraction Kit (Axygen Scientific, USA), and 
cloned into the pMDTM18-T vector using the E.coli DH5α competent 



 
 
 
 
cell, followed by plasmid extraction. Each dry plasmid DNA was 
then suspended in nuclease-free water. The copies of gene were 
determined by multiplying the DNA concentration through 
Avogadro’s number and divided by the product of the plasmid size 
(bp) and the average weight of the base pair (Ahmed et al., 2014). 
The 10-fold serial dilutions ranged from 106 to 100 gene copies per 
microliter of DNA were prepared with three replicates for the LAMP-
LFD, PCR and qPCR assays. The limit of detection (LOD) was 
determined as the concentration of the lowest dilutions, in which all 
three replicates had positive signals. 

In order to verify the LAMP-LFD specificity, the LAMP results 
were compared with the DNA of Zygosaccharomyces and 10 other 
yeasts: Canidia albicans, Candida parapsilosis, Rhodotorula 
mucilaginosa, Pichia guilliermondii, Trichosporon asahii, 
Cryptococcus albida, Candida metapsilosis, Saccharomyces 
cerevisiae, Candida glabrata and Pichia kudriavzevii. In particular, 
the LAMP assay was conducted at 65°C for 30 min, as previously 
described. All samples were determined in triplicate, and the 
experiment was performed three times.  

 
 
Evaluation of the LAMP-LFD assay using Qiangli loquat Dew 
samples 

 
In order to evaluate the efficiency and robustness of the LAMP-LFD 
assay, a  total  of  25  Qiangli  loquat  Dew  samples  were  used  in 
detecting Zygosaccharomyces, while 17 of the samples were bottle 
bulged Qiangli loquat Dew samples, and the other eight samples 
were normal-appearing Qiangli loquat Dew samples. The DNA 
extracted from the Qiangli loquat Dew samples were tested by the 
LAMP-LFD assay and compared with the qPCR with three 
replicates for each sample. Simultaneously, the microbiology 
culture method was also used in the trial. Strains collected from the 
25 Qiangli loquat Dew samples were, respectively cultivated in SDA 
at 28°C for 48 h. Then, the DNAs of the strains were extracted and 
verified by sequencing the D1/D2 region of the 26S rRNA gene. 
 

 
RESULTS AND DISCUSSION 
 

Sensitivity of the LAMP-LFD, PCR and qPCR assays 
 
To contrast between the LAMP, PCR and qPCR assays, 
the sensitivities of PCR and qPCR were tested with the 
same plasmid DNA (1.0×10

0
 to 1.0×10

6
 copies/μL). The 

LFD readouts with clear-colored line reaction at the 
control “C” and test “T” lines were positive (+), while 
those with only the control “C” were negative (-) (Figure 
1a). In Table 3, the LFD readouts of the LAMP amplified 
products that corresponded to the different 
concentrations of the plasmid DNA are shown. The 
conventional PCR amplified products were detected by 
agarose gel electrophoresis with different diluents (Figure 
1b). The cycle threshold (Ct) values were plotted against 
copies/μL to establish the sensitivity of the amplification 
in different diluents (Figure 1c). When the concentration 
of the plasmid DNA was 1.0×10

0 
copies/μL, the LAMP-

LFD assay displayed a signal only at “C”. Furthermore, 
the PCR assay had no band, and qPCR assay (two in 
three parallel results) had no Ct values. These results 
revealed that the LAMP-LFD assay detection limits were 
as low as 1.0×10

1 
copies/μL, which was consistent with 

both the PCR assay and qPCR assay (Table 3).  
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The low-copies result is not unexpected, because 
specific primers were the key players in these molecular 
methods. Although the detection of the genus 
Zygosaccharomyces by LAMP assay has not been 
reported to date, the sensitivity of the LAMP assay was in 
agreement with other microorganisms studies (Saharan 
et al., 2015; Yuan et al., 2018; Li et al., 2019; Wu et al., 
2019; Zhang et al., 2019; Zhuo et al., 2019). Seveval 
PCR or qPCR methods have detected 
Zygosaccharomyces spp. in previous studies, while the 
limits of these molecular methods were not for 
comparison validly to the results in the present study 
because of the different unit (CFU/μL) (Rawsthorne and 
Phister, 2006; Jaramillo et al., 2015). Some studies have 
suggested that species or genus specific PCR primers 
can be used to identify the genus Zygosaccharomyces 
(Harrison et al., 2011; Hulin and Wheals, 2014), but 
missing LOD data. Moreover, there was very few paper 
detected Z. rouxii using the qPCR assay with LOD 
approximately 20 times more sensitive than the LAMP 
assay in the present study (Syromyatnikov et al., 2018). 
This may be attributed to the set of primers only applied 
to the specific Zygosaccharomyces spp. 

However, the PCR assay and qPCR assay involved 
steps with temperature increments and decrements and 
required a specialized laboratory, an expensive PCR or 
qPCR system, UV illumination equipment, and highly 
trained laboratory staff (Rawsthorne and Phister, 2006; 
Andorrà et al., 2010; Zuehlke et al., 2013; Hulin and 
Wheals, 2014). In addition, the qPCR assay needs 
approximately 2 h to accomplish each DNA test, while the 
PCR assay needs approximately 3 h. Furthermore, the 
amplified products analyzed by gel electrophoresis 
require the opening of the lid of the tube, which could 
cause aerosols pollution (Shi et al., 2017; Zhang et al., 
2019). Moreover, the LAMP-LFD assay for the detection 
of Zygosaccharomyces could be rapidly completed in the 
Mini Dry Bath within 30 min at 65°C and visualized on an 
LFD without opening the lid in the field level (Figure 1d).  

The minimum equipment required to run the LAMP-
LFD assay includes Eppendorf tubes with reagents, heat 
blocks, nuclease-free water, pipettes and tips and lateral 
flow dipsticks. 
 
 
Specificity of the LAMP-LFD assay 
 

A highly specific assay at the field level is important for 
the detection of the genus Zygosaccharomyces, which 
could avoid cross-reactions and false-positive data. The 
specificity of the LAMP-LFD assay was determined with 
the Zygosaccharomyces DNA and other yeasts DNA. 
Then, 10 ng each of the Z. bailii, Z. parabailii, Z. mellis, 
C. albicans, C. parapsilosis, R. mucilaginosa, P. 
guilliermondii, T. asahii, C. albida, C. metapsilosis, S. 
cerevisiae, C. glabrata and P. kudriavzevii DNA were 
used in the tests. The results revealed that the DNA from 
Z.   parabailii,   Zygosaccharomyces  mellis  and  Z.  bailii  
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Figure 1. The sensitivity of the LAMP-LFD, PCR and qPCR assays for the detection of 
Zygosaccharomyces. a: Lateral flow dipstick readout. A positive result (+) with dual labels, both “C” 
and “T”, negative result (-) with only “C”. b: PCR assay; 1: 100 bp marker, 2: No template control, 3: 
1.0×100 copy/μL, 4: 1.0×101 copies/μL, 5: 1.0×102 copies/μL, 6: 1.0×103 copies/μL, 7: 1.0×104 
copies/μL, 8: 1.0×105 copies/μL, 9: 1.0×106 copies/μL. c: The LOD of the qPCR assay (n=3). d: The 
minimum equipment needed for the LAMP-LFD assay.  

 
 
 

Table 3. The LFD readouts of the LAMP amplified products 
in different concentrations. 
 

Copies of target LFD readouts 

0 - 

1.0×10
0
 - 

1.0×10
1
 + 

1.0×10
2
 + 

1.0×10
3
 + 

1.0×10
4
 + 

1.0×10
5
 + 

1.0×10
6
 + 

 

 
 

were detected as positive by the LAMP-LFD assay. The 
DNA samples that originated from the other 10 species of 
yeasts gave negative results. The data revealed no 
cross-reactions in the LAMP-LFD assay (Table 4). 
Therefore, the designed primers for the LAMP-LFD assay 
to detect Zygosaccharomyces had conservative property 
and specificity features. In other words, the  specificity  of 

the LAMP-LFD assay applied to the  Zygosaccharomyces 
DNA was 100%. As expected, the results showed that 
the specificity of the primers play a crucial role in the 
LAMP-LFD assay, which was consistent with the 
specificity reported in other literatures (Wu et al., 2019; 
Zhuo et al., 2019). 

 
 
The LAMP-LFD assay detection for Qiangli loquat 
Dew samples 
 
In order to determine the efficacy and robustness of the 
LAMP-LFD assay for the detection of the genus 
Zygosaccharomyces in practical application, the DNA 
samples extracted from 25 Qiangli loquat Dew samples, 
respectively, were detected in contrast to the qPCR 
assay and microbiology culture method. As shown in 
Figure 2, the detected results for the 17 DNA samples 
(Nos. 1-4, 6, 8, 10-14, 17, 18, 20, 22, 23 and 25), which 
were obtained from the corresponding 17 bottles bulged 
Qiangli loquat Dew samples, were shown as positive (+) 
with   blue   color,  and  displayed  two  lines  in  the LFDs  
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Figure 2. The LAMP-LFD, culture and qPCR assays for the detection of Zygosaccharomyces in the Qiangli 
loquat Dew samples. Nos. 1-4, 6, 8, 10~14, 17, 18, 20, 22, 23 and 25 were the bottles bulged Qiangli loquat 
Dew samples, while Nos. 5, 7, 9, 15, 16, 19, 21 and 24 were the normal-appearing Qiangli loquat Dew 
samples. PC: Positive control, NTC: No template control. 

 
 
 

Table 4. Specificity test for the detection of Zygosaccharomyces by LAMP-LFD assay. 
 

Species LFD readout 

Zygosaccharomyces parabailii ATCC MYA-4549(positive control) + 

Zygosaccharomyces parabailii isolate + 

Zygosaccharomyces mellis isolate + 

Zygosaccharomyces bailii isolate + 

Canidia albicans CMCC(F)98001 - 

Candida parapsilosis ATCC 22019 - 

Rhodotorula mucilaginosa ATCC 66034 - 

Pichia guilliermondii CGMCC 2.1862 - 

Trichosporon asahii CGMCC 2.319 - 

Cryptococcus albida CGMCC 2.5512 - 

Pichia kudriavzevii CICC 33192 - 

Candida metapsilosis CICC 31269 - 

Saccharomyces cerevisiae ATCC 9763 - 

Candida glabrata ATCC MYA-2950 - 

No template control - 

 
 
 
(Figure 1a). However, eight of these (Nos. 5, 7, 9, 15, 16, 
19, 21 and 24) corresponded to the eight normal-
appearing Qiangli loquat Dew samples, which displayed 
as negative (-), with the white color displaying only the 
“C” line (Figure 1a). It could also be observed that 17 
qPCR-positive samples were positive and eight negative 
samples were negative in the LAMP-LFD assay (Figure 
2). In another words, these LFD results were 100% 
consistent with the results of the qPCR assay. 
Nevertheless, all culture-positive samples (15 samples) 
were identified as Z. parabailii through the sequencing of 
the D1/D2 region of the 26S rRNA gene (data were not 
shown), and these were also positive in the LAMP-LFD 
and qPCR assays. In other words, compared to the 
microbiology culture result, the LAMP-LFD assay and 
qPCR for the detection of the genus Zygosaccharomyces 
in the Qiangli loquat Dew samples was 92.0% accurately 
and specifically, which is the gold standard method. Two 
samples (Nos. 11 and 25) with negative culture turned 
positive in the qPCR and LAMP-LFD assays. This was 
probably because the Zygosaccharomyces in these two 
samples were dead, and the LAMP-LFD and qPCR 
assays could not discriminate between live and dead 
cells (Cangelosi and Meschke, 2014). 

Although there are no report related to direct 
identification of Zygosaccharomyces from Qiangli loquat 
Dew samples by using LAMP (Rawsthorne and Phister, 
2006; Jaramillo et al., 2015; Wang et al., 2017), the 
LAMP-LFD was 100 and 92.0% accurately and 
specifically, when compared with the qPCR assay and 
the microbiology culture method, respectively in this 
study. But the qPCR assay takes approximately 2 h to 
accomplish each test, while the microbiology culture 
takes much more time. These indicate that the LAMP-
LFD assay is an effective tool for the  identification of  the  
genus Zygosaccharomyces at the field level. 
 
 
Conclusion 
 
The present study is the first to develop the LAMP-LFD 
assay for the detection of the genus 
Zygosaccharomyces. The detection limit of the LAMP-
LFD assay was the1.0×10

1 
copies/μL and 100% 

specificity to Zygosaccharomyces DNA. In addition, the 
LAMP-LFD assay can be performed under an isothermal 
condition without sophisticated equipment in only 40 min 
(in the present study), and the amplified products can be  
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directly and visually detected. Furthermore, the results 
could be easily understood by non-technical people. 
Based on the high specificity and sensitivity of the LAMP-
LFD assay, the investigators detected 25 Qiangli loquat 
Dew samples with 100% and 92.0% positive agreement, 
respectively, and negative samples with no positive 
signal when compared with the qPCR assay and 
microbiology culture method. In conclusion, the LAMP-
LFD assay is simple, fast, sensitive and low-cost, and is 
an effective tool for the identification of the genus 
Zygosaccharomyces at the field level. 
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This research focused on isolation of Silver Nano Particles (AgNPs) using leaf filtrate of Ocimum 
sanctum and evaluation of their antibacterial action against Bacillus aureus, Staphylococcus aureus 
and Escherichia coli. It is known that plant extracts act as reducing agents, stabilizers and as capping 
agents. The O. sanctum plant was specifically selected due to its medicinal properties and abundant 
availability. The change in color of leaf extract was imminent when the silver nitrate was added to the 
basil leaf filtrates, indicating the formation of AgNPs. The UV-visible spectroscopy and SEM analysis 
confirmed the formation of AgNPs. Silver ions and nanoparticles are severely toxic to microorganisms; 
hence they are used predominantly as antimicrobial agents. The silver nanoparticles that were 
synthesized from O. sanctum leaf extract have exhibited antibacterial activity against Klebsiella, B. 
aureus, S. aureus and E. coli and the activity varied significantly with the different concentrations of 
silver nitrate used. The nano particles thus developed have been confirmed by UV along with SEM 
reports. AgNPs sizes varied from 53.3 to 121 nm. It has been observed that most of the plant extracts 
yielded silver nano particles of size less than 100 nm. However, the present experimental work yielded 
particle size of about 121 nm from O. sanctum leaf extract. 
 
Key words: Silver nano particles (AgNPs), Ocimum sanctum, antibacterial activity. 

 
 
INTRODUCTION 
 
Nano technology is an interesting area of recent 
investigations with design, formation and structuring of 
particle in the range of 1-100 nm. Nano particle may be 
described as a minute matter that configures as a 
complete segment in relation to its momentum and 
character. AgNPs were used by professionals earlier in 
the fourth century in the well-known Roman Lycurgus cup 
made of dichroic glass, and  also  in  the  ninth  century in 

Mesopotamia for developing sparking effect on pot 
surfaces. The luster comes along with thin layer that 
encompasses silver and copper NPs cover consistently in 
the glassy matrix of the ceramic glaze. These NPs were 
made by skilled people by pouring salts of Cu and Ag 
and oxides along with vinegar, ochre, and clay on the 
exterior of pottery that were sparkled previously. 

The substance temperature was increased to 600°C  in  
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a reducing environment in a kiln. The glaze softens 
during hot condition, resulting in migration of Cu and Ag  
ions to outer layers of the glaze surface. The ions migrate 
back to metals in reduced environment, which 
congruently form as the nanoparticles resulting in color 
and light effects. Sheen technique manifest that the 
previous skilled people had sufficient information of 
substances. Taniguchi (1974), Kodali and Klabunde 
(2012), Maynard et al., 2010 of Tokyo University of 
Science introduced the term “nano-technology” during a 
conference in 1974. According to his definition, 
“Nanotechnology comprises, partition, coalition, and 
deformation process of substances by one atom or one 
molecule.” It would be appropriate to mention here that 
Drexler’s (1991) Ph.D. work at the MIT was the first 
doctoral degree in the area of molecular nanotechnology. 
The size of nanoparticles would be about 10

-9
. AgNPs 

turn out to be significant in research domain because of 
its innumerable applications. Anti-bacterial activities of 
silver and silver compounds have been applied in dentil, 
catheters and burns to mention a few. AgNPs may be 
made by reducing AgNO3 to Ag ions in the presence of 
plant isolate. AgNPs production by plant extract is a 
promising field since plant portion works as reducing and 
capping agent which is devoid of toxic compounds. The 
benefits of incorporating plant extract for AgNPs 
production includes power conservation, profitability and 
usefulness in safeguarding health. The applications of 
silver nano particles are many and a few are represented 
here. Gajendra et al., (2020) studied generation of 
AgNPS using silver nitrate and stem of Andrographis 
paniculata. The Ag-NPs showed antibacterial activity 
against Streptococcus pneumonia. Bilal et al. (2019) 
worked on AgNPs using callus extract of basil, and 
observed their anti- proliferative potential against liver 
carcinoma cells. Dakshayania et al. (2019) performed 
studies on synthesis and characterization of AgNPs with 
Selaginella bryopteris plant extract and Ag-NPs are 
expected to treat thrombotic disorders. Shahnaz and 
Mussarat (2016) conducted studies on AgNPS using 
Salix alba bark extract and antibacterial activity of these 
AgNPs was evaluated by disc diffusion, against bacteria 
isolated from dental plaque. Junwen et al. (2019) 
generated AgNPs along with an aqueous extract of 
Coptis chinensis, using ecofriendly green-synthesis and 
found that CC-AgNPs regulated apoptos is using the 
intrinsic pathway to inhibit A549-cell multiplication. Azam 
et al. (2017) studied generation of AgNPs from aqueous 
solution of AgNO3 by using Nigella arvensis L. seed 
extract and generated NPs were also found to exhibit 
good cytotoxic effect on human breast cancer cells. Le 
Ouay and Stellacci (2015) worked on the antibacterial 
activity of AgNPS. Ibrahim (2015) studied about an 
ecofriendly, profitable, quick and simple method for 
synthesis of AgNPS using banana peel extract. Vijaya et 
al., (2013) studied the antigenotoxic effect of generated 
AgNPS   of   Ocimum    sanctum    leaf    extract   against 

cyclophosphamide. Diptendu and Goutam (2017) studied 
the generation of AgNPS by using mint leaves extracts 
and also evaluated their antimicrobial activity. The aim of 
the studies is to evaluate the antibacterial activity of the 
AgNPS against Klebsiella pneumonia, Staphylococcus 
aureus, Enterobacter aerogenes, Escherichia coli and 
Pseudomonas aeruginosa. 
 
 
MATERIALS AND METHODS 
 
Production of leaf extract 
 
O. sanctum (Basil) leaves were taken and cleaned once with tap 
water, twice with DW, for removing dirt and dust. 10 g of cleaned 
leaves were made into small parts and boiled in 100 ml of DW with 
continuous mixing for 5 min. 10 ml of the filtrate was collected and 
stored for further use. 
 
 
Synthesis of AgNPs 
 
AgNPs were prepared by treating 90 ml of 2.0 mM AgNO3 with 10 
ml of filtrate. The reaction mixture was maintained at room 
temperature for 10 min, giving rise to the formation of dark brown 
color indicating the formation of silver nano particles. This blend 
was incubated at room temperature in dark conditions. About 1 ml 
of silver nanoparticle solution was taken (dilution with 1:2 V/V 
double distilled water) and observed in a UV-Vis 
Spectrophotometer (BIO SPECTROPHOTOMETER (BL 198) at 
different time intervals (20, 40, 60 and 80 min). The effect of AgNO3 
was monitored by varying its concentration as: 1, 2, 3, and 4 mM, 
respectively). 
 
 
Characterization of silver nanoparticles 
 
Silver nanoparticles exhibit unique optical properties. Preparation of 
AgNPs was ensured by studying the UV-Vis spectra. UV-Vis 
spectroscopy analysis was carried out on ELICO BIO 
SPECTROPHOTOMETER (BL 198) at 500 - 600 nm. The double 
distilled water was used as blank observation and the 
characteristics of AgNPS were determined by scanning electron 
microscopy. 
 
 
Protocol of scanning electron microscope 
 
The exterior pattern of the specimen was tested by employing 
scanning electron microscope (JEOL Ltd., Japan). A little quantity 
of powder was disseminated by hand onto a carbon tab attached to 
an aluminum stub and were smeared with a fine layer (300A) of 
gold by using POLARON-E 3000 sputter coater. The specimens 
were inspected by scanning microscope while direct data seized 
the picture. 
 
Antimicrobial activity of formed AgNPS 
 
The antibacterial work of AgNPs obtained at various AgNO3 
concentrations and plant extract was evaluated against K. 
pneumonia, S. aureus, E. aerogenes, and P. aeruginosa. Single 
cultures of bacteria were sub-cultured in Nutrient Agar. Wells of 5-
mm diameter were made using gel puncture. Using a micro pipette, 
nanoparticle solution was poured into every well of all plates. The 
diameter of zone inhibition was measured in centimeter subsequent 
to incubation at 37°C for 24 h. 
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Figure 1. Incubation time. 
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Figure 2. Spectra of leaf extract in 340 to 620 nm. 

 
 
 
RESULTS 
 
UV-Visible spectra analysis 
 
The formed AgNPs were confirmed during visual 
observation by UV-Vis spectrometer. Absorption spectra 
of AgNPS formed in the solution at various nanometers. 
The O. sanctum isolates work as capping and stabilizing 
agents with O. sanctum having medicinal importance and 
is widely used in Ayurvedic medicine. 
 
 
DISCUSSION 
 
Reddish brown color indicates formation of AgNPs which 
exhibit reddish brown color in aqueous solution because 
of excitation of surface plasmon-vibrations. The dark 
brown color is formed in plant extract after addition of 
silver nitrate indicating the formation of silver nanoparticles 

as the reaction completes after 24 h (Shahnaz and 
Mussarat, 2016). 

Absorption spectra of AgNPS formed in the solution at 
380 nm showed the particle has increasingly sharp peak 
between 2nd and 3rd h and gradually decreasing with 
time (Figure 1). The synthesized silver nano particle 
using O. sanctum plant extracts were detected by UV-Vis 
spectrophotometer at various wavelengths (340, 380, 
420, 460, 500, 540, 580 and 620 nm) with increasingly 
sharp absorbance maximum at 380 nm and gradually 
decreasing (Figure 2). Graph of time (x-axis) and optical 
density at 500 nm (y-axis) for various concentrations of 
AgNO3 are thus plotted (Figure 3). 
 
 
Antimicrobial analysis 
 
The antibacterial activity of various plant extracts and the 

silver    nanoparticle     attained     at     various      AgNO3  
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Figure 3. UV-VIS absorption spectroscopy of AgNPS. 

 
 
 

 

 
 

 

Figure 4. Zone of inhibition values for Klebsiella pneumonia. 

 
 
 
concentration was evaluated against K. pneumoniae. 

After incubation at 37°C for 24 h, the zone of Inhibition 
diameter was measured. 

The zone inhibitions are shown in Figures 4 to 8 and 
the corresponding values for different organisms with 
pertaining antibiotics are shown in Table 1. 
 
 
SEM analysis 
 
The scanning electron microscopic (SEM) image shows 
that high density AgNPS produced by O. sanctum plant 
extracts ultimately confirmed the presence of AgNPS 
(Figure 9). The picture shows consistently spherical silver 

nano particles having diameter of 53.3 to 121 nm. The 
nanoparticles stayed apart in the aggregates, showing 
the stabilization of the NP by a capping agent. 
 
 
Conclusion 
 
AgNPS prepared from leaf extract showed antibacterial 
activity against various pathogenic microorganisms and 

this activity varied with different concentrations of AgNO3 
used. The average particle size using O. sanctum is in 
the range of 53.3 to 121 cm. The inhibition zones found in 
these experiments by the authors are reported here. 
There is  a  good  scope  for  these  AgNPS  in  medicinal  
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Table 1. Zone of inhibition values for different organisms with antibiotics. 
 

S/N Organism Disease caused Antibiotic Inhibition value CM 

1 Klebsiella pneumonia Pneumonia 
Ciprofloxacin 50 

Ampicillin 2.6 

     

2 Staphylococcus aureus Endocarditis 
Oxacillin 0.70 

Fluconazole 0.10 

     

3 Enterobacter aerogenes 
Infectious and opportunistic 

bacteria 

Erythromycin 0.10 

Clindamycin 1.90 

     

4. Escherichia coli Gastero-enterititis 
Amoxicillin 1.75 

Ciprofloxacin 3.50 

     

5 Pseudomonas aeruginosa Skin infections etc. 
Gentamycin 3.55 

Ciprofloxacin 2.40 

 
 
 

 

 
 

 

Figure 5. Zone of inhibition values for 
Staphylococcus aureus. 

 
  
 

 
 

Figure 6. Zone of inhibition values for 
Enterobacter aerogenes. 

 
 
Figure 7. Zone of inhibition for Escherichia coli. 

 

. 

 

 
 
Figure 8. Zone inhibition of values for 
Pseudomonas aerureginosa. 
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Figure 9. Scanning electron microscope analysis of silver nano particles. 

 
 
 
 
applications also. The antibacterial activities of AgNPS on 
some pathogenic micro-organisms studied, thus reveals 
that the green synthesis method for the isolation of nano-
particles provide rapid, stable, economic, simple and 
environmentally friendly mechanism. 
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Bacillus thuringiensis is a Gram-positive bacterium naturally found in soil, water and grain dust. B. 
thuringiensis has been used for decades as biological control for pests of economical and medical 
importance. The aim of this study was to test different growth media for the optimal production of 
vegetative insecticidal protein (Vip3) by B. thuringiensis recovered from the local environment. The 
local B. thuringiensis was grown under shaker conditions in commercially based media and commonly 
known growth based media to produce Vip3. The optimal C/N ratio for Vip3 production (3.88) was 
achieved with 20 g/l of glucose as carbon source and 15 g/l of soybean as nitrogen source. Different 
combinations of carbon and nitrogen sources were examined. Glucose and soybean were the best 
carbon and nitrogen source, respectively, for maximal Vip3 production. Terrific Broth supplemented 

with 20 g/l glucose was found to yield optimum growth significantly (P 0.01, t-test) after 12, 14, 16, 18 
and 20 h compared to a formulated medium with optimized C/N ratio of 3.88. The highest vegetative cell 
count was achieved after 22 h, thus indicating a higher production of Vip3 protein. The method 
described in this study will facilitate the production of biopesticides in a cost-effective manner.  
 
Key words: Bacillus thuringiensis, bioinsecticides, Vip3, culture media, vegetative protein. 

 
 
INTRODUCTION 
 
Resistance to inorganic insecticides by many insect 
species and the ecological damage caused by the toxic 
effects of insecticides has provided  the  impetus  to  seek 

alternative methods for insect control. This has led to the 
development of bioinsecticides, which are insecticides 
using  living  organisms  or  their  extracts. Bioinsecticides  



 
 
 
 
based on the insecticidal action of Bacillus thuringiensis 

are the most successful and environmental-harmless, 
commercial and natural alternative to inorganic 
insecticides (Osman et al., 2015; Siegwart et al., 2015) 
accounting for 90% of all biopesticides sold worldwide. B. 
thuringiensis is a Gram-positive spore-forming bacterium 
found naturally in soil, water, dead insects, and grain 
dust. This bacterium produces crystalline protein 
inclusions or crystals during sporulation and/or stationary 
growth phase. The insecticidal host range of B. 
thuringiensis includes Lepidoptera, Coleoptera, Diptera, 
Acarina, Hymenoptera, protozoa, trematodes, and 
nematodes (Osman et al., 2015; Nair et al., 2018). 
Intensive screening programs have yielded new genes 
that effectively produce vegetative insecticidal proteins 
(Vip). These are groups of insecticidal proteins that 
represent the second generation of insecticidal trans-
genes, which will complement the novel δ-endotoxins in 
the future (Osman et al., 2015, 2018; Abulreesh et al., 
2012). The Vip3 proteins have been reported to have 
broad-spectrum insecticidal properties (Osman et al., 
2018; Wang et al., 2018).  

Vip3 toxins exhibit broad-spectrum insecticidal activity 
against Lepidoptera despite that some of the insecticidal 
crystal proteins (ICPs) cannot display insecticidal activity 
against certain insects, such as Agrotis ipsilon (Abulreesh 
et al., 2012; Osman et al., 2018; Yu et al., 2012). 
Meanwhile, Vip3A transgenic crops have been 
developed, e.g., “corn MIR162” and cotton “COT102”, 
which should be valuable for resistance management 
(Burkness et al., 2010). It is possible for susceptible pests 
to develop resistance against B. thuringiensis due to its 
long-term use. The Vip3 proteins are suitable candidates 
in B. thuringiensis resistance management as these 
proteins recognize different receptors than those of Cry 
proteins (Osman et al., 2018). The homologs of the vip3A 
gene have been detected in approximately 15% of 
Bacillus strains analyzed (Estruch et al., 1996). The 
Vip3A proteins showed activity against lepidopteran 
insect larvae including black cutworm (A. ipsilon), fall 
armyworm (Spodoptera frugiperda), beet armyworm 
(Spodoptera exigua), tobacco budworm (Heliothis 
virescens) and corn earworm (Helicoverpa zea) (Osman 
et al., 2018, 2019).  

It is believed that the higher production costs of 
commercial bioinsecticidal products of B. thuringiensis 
may, in part, hinder these products from being readily 
available for consumers at a cheaper price. Researchers 
worldwide have been developing culture media from 
cheap source material and optimizing growth conditions 
for cost-effective large scale growth of B. thuringiensis 
that    subsequently    yields    large   scale   quantities  of  
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insecticidal proteins. The use of coconut cake with 
mineral salt showed higher production of Cry toxin by B. 
thuringiensis subsp. israelensis (Poopathi and Archana, 
2012a). The use of corn steep liquor and glucose gave 
higher spore production of B. thuringiensis, thus higher 
delta endotoxin production (Ernandes et al., 2013).  Zou 
et al. (2016), found that the use of food waste in 75% 
water content, 2% salt content, less than 5% oil content 
and pH 7, increased the production of delta endotoxin by 
B. thuringiensis chicken feather with coconut cake 
(Poopathi and Archana, 2012b), cactus extract in 
seawater (Hasanain, 2017) and wheat bran (Marzban, 
2012) gave promising results in higher delta endotoxin 
production. Other researcher optimized currently 
available culture media such as Luria-Bertani broth for 
increased production of B. thuringiensis delta endotoxin 
(Valicente et al., 2010). Other studies evaluated specific 
nutrient sources such as soybean (Zribi et al., 2018; 
Navarro-Mtz et al., 2018) and common sugars (Poopathi 
and Kumar, 2003) as potential nitrogen and carbon 
sources for optimal growth of B. thuringiensis and 
subsequently maximal production of insecticidal proteins. 
The majority of the studies of developing an optimizing 
growth media for B. thuringiensis production were tested 
by examining the delta endotoxin production. However, 
studies concerning the optimization of culture media for 
the production of Vip toxins are sparse.    

In this study, we attempted to evaluate the best carbon 
and nitrogen sources for optimal growth of B. 
thuringiensis, as well as the optimal C/N ratio for maximal 
production of insecticidal Vip3 protein. An attempt was 
also made to evaluate and optimize different culture 
media and growth conditions for the optimal growth and 
subsequent maximal production of Vip3 toxin. Thus the 
aim of this study was to evaluate different growth media 
and condition for the cost-effective, optimal production of 
vegetative insecticidal protein (Vip3) by B. thuringiensis 
recovered from the local environment.  
 
 
MATERIALS AND METHODS 
 
Isolation of B. thuringiensis from soil and dead larvae 
 
A total of 25 soil samples were collected from different geographical 
locations of Egypt; Al-Ayat at Giza province, Assiut and Tanta cities. 
Soil samples were collected from 2 to 5 cm below the ground 
surface using a shovel. Each soil sample was placed in a plastic 
bag at ambient temperature. A total of 5 dead larvae of the Egyptian 
cotton leaf worm Spodoptera littoralis (Boisd.) (Lepidoptera: 
Noctuidae) was collected from the Giza province. Each dead larva 
was picked using sterile forceps and placed in a sterile plastic 
screw-cap bottle. All samples were transferred to the laboratory in 
an  ice    box    and    away    from   direct   sunlight,  microbiological 
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Table 1. Media composition for optimum C.N ratio for Vip3 maximal production. 
 

Media composition 
(g/l) 

Media number 

I II III IV V 

Soybean meal 15 15 15 10 10 

Glucose 10 15 20 5 3 

K2HPO4 1 1 1 1 1 

MgSO4.7H2O 0.05 0.05 0.05 0.05 0.05 

MnSO4.4H2O 0.04 0.04 0.04 0.04 0.04 

FeSO4.7H2O 0.001 0.001 0.001 0.001 0.001 

CaCL2.9H2O 0.2 0.2 0.2 0.2 0.2 

CaCO3 1 1 1 1 1 

C/N ratio 3.16 4.75 3.8 2.4 1.45 

pH adjusted to 7.2 

 
 
 
examinations begun on the same day of sampling. B. thuringiensis 
isolates were recovered from soil and insect samples following the 
method described by Assaeedi et al. (2011).  
 
 
Identification of B. thuringiensis isolates 
 
B. thuringiensis presumptive isolates were preserved at the 
Department of Microbial Molecular Biology, Agricultural and Genetic 
Engineering Research Institute (AGERI), Egypt. The isolates were 
identified using biochemical methods and 16S rRNA gene 
sequencing as previously described (EL-Ghareeb et al., 2012; 
Osman et al., 2013). One isolate was used throughout this study 
which is registered in the GenBank as B. thuringiensis entomocidus 
HD110 (accession number JF811911). 

 
 
Inoculum preparation  
 
Inocula were prepared by growing B. thuringiensis in Luria-Bertani 
Broth (LB) medium at 28 to 30°C for 24 h. The growth was 
measured at OD600 and the absorbance was adjusted to a value of 
0.9. 
 
 
Vegetative cell count 
 
Briefly, 100 μl of an overnight grown culture of B. thuringiensis was 
added to 900 μl of sterile water and mixed thoroughly. Then, l00 μl 
of this suspension was transferred to 900 μl of sterile water and mix 
thoroughly. The serial dilution was repeated until a dilution of 1010 
was obtained. This is called the dilution factor. Each dilution was 
plated on LB agar medium and all the plates were incubated at 
30°C for 48 h. The plates that showed 30 to 300 colonies are ideal 
for counting. Five plates were selected and the average CFUs per 
plate were counted. The number of viable cells per milliliter of the 
sample was calculated by multiplying the average number of 
colonies counted per plate by the reciprocal of the dilution factor 
(Bapat et al., 2006). 

 
 
Determination of the optimum C/N ratio for the vegetative 
insecticidal protein (Vip3) production by B. thuringiensis 
 
Five different media containing glucose (carbon source) and 
soybean meal (nitrogen source) were tested to select  the  optimum 

C/N ratio for Vip3 production media composition (Table 1). Other 
components such as K2HPO4, MgSO4.7H2O, MnSO4.4H2O, 
FeSO4.7H2O, CaCl2.9 H2O and CaCO3 were added to the growth 
media and finally, the pH was adjusted to 7.2 before sterilization. 
Flasks with 50 ml of each medium were inoculated with 1.0 ml of 
inoculum, incubated at 30°C, and agitated at 200 rpm for 12, 14, 
18, and 24 h. 

 
 
Determination of the optimum carbon source for the vegetative 
insecticidal protein (Vip3) production by Bt 
 
Five different media containing different carbon sources (glucose, 
fructose, sucrose, lactose, and corn starch) were examined for the 
optimum carbon source for Vip3 production (Table 2). Soybean 
meal was used as the nitrogen source and other components such 
as K2HPO4, MgSO4.7H2O, MnSO4.4H2O, FeSO4.7H2O, CaCl2.9 
H2O and CaCO3 were added to the medium. Finally, the pH of the 
medium was adjusted to 7.2 before sterilization. Flasks with 50 ml 
of each medium were inoculated with 1.0 ml of inoculum, incubated 
at 30°C, and agitated at 200 rpm for 12, 14, 18 and 24 h. 

 
 
Determination of the optimum nitrogen source for the 
vegetative insecticidal protein (Vip3) production by B. 
thuringiensis 
 
Three different media with different nitrogen sources (soybean 
meal, ammonium sulfate, and urea) were evaluated for the optimum 
nitrogen source for Vip3 production (Table 3). Glucose was used as 
the carbon source and other components such as K2HPO4, 
MgSO4.7H2O, MnSO4.4H2O, FeSO4.7H2O, CaCl2.9H2O, and CaCO3 
were added to the growth media and finally, the pH was adjusted to 
7.2 before sterilization. Flasks with 50 ml of each medium were 
inoculated with 1.0 ml of inoculum, incubated at 30°C, and agitated 
at 200 rpm for 12, 14, 18 and 24 h. 
 
 
Evaluation of common growth media for optimal production of 
(Vip3) protein 
 
Luria-Bertani Broth 
 
Luria-Bertani (LB) medium (Estruch et al., 1996) was prepared by 
dissolving tryptone 10.0 g, yeast extract 5.0 g, sodium chloride 5.0 
g  in  1 L   of  deionized  water.  The  final  pH  of  the  medium  was  
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Table 2. Media composition for optimal carbon source for the maximal production of Vip3 protein. 
 

Media composition 
(g/l) 

Media number 

VI VII VIII IX X 

Soybean meal 15 15 15 15 15 

Glucose 20 - - - - 

Fructose - 20 - - - 

Sucrose - - 20 - - 

Lactose - - - 20 - 

Cornstarch - - - - 20 

K2HPO4 1 1 1 1 1 

MgSO4.7H2O 0.05 0.05 0.05 0.05 0.05 

MnSO4.4H2O 0.04 0.04 0.04 0.04 0.04 

FeSO4.7H2O 0.001 0.001 0.001 0.001 0.001 

CaCL2.9H2O 0.2 0.2 0.2 0.2 0.2 

CaCO3 1 1 1 1 1 

C/N ratio 3.16 4.75 3.8 2.4 1.45 

pH adjusted to 7.2 

 
 
 

Table 3. Media composition for optimum nitrogen source for maximal production of 
Vip3 protein. 
 

Media composition (g/l) 
Media number 

XI XII XIII 

Soybean meal 15 - - 

Ammonium sulfate - 15 - 

Urea - - 15 

Glucose 20 20 20 

K2HPO4 1 1 1 

MgSO4.7H2O 0.05 0.05 0.05 

MnSO4.4H2O 0.04 0.04 0.04 

FeSO4.7H2O 0.001 0.001 0.001 

CaCL2.9H2O 0.2 0.2 0.2 

CaCO3 1 1 1 

C/N ratio 3.16 4.75 3.8 

pH adjusted to 7.2 

 
 
 
adjusted to 7.0. Flasks with 50 ml of the medium were inoculated 
with 1.0 ml of inoculum, incubated at 30°C, and agitated at 200 rpm 
for 12, 14, 18 and 24 h. 

 
 
Terrific Broth  

 
Terrific Broth (TB) medium (Estruch et al., 1996), was prepared by 
dissolving tryptone (12.0 g), yeast extract (24.0 g) and glycerol (4 
ml) in 1 L of deionized water. After autoclaving, 100 ml of the filter-
sterilized solution of 0.17 M KH2PO4 and 0.72 M K2HPO4 was 
added. Flasks with 50 ml of the medium were inoculated with 1.0 ml 
of inoculum, incubated at 30°C, and agitated at 200 rpm for 12, 14, 
18 and 24 h. 

Evaluating the effect of Terrific Broth supplemented with 
various concentrations of glucose on the production of Vip3 
protein  
 

This medium was prepared by adding different concentrations of 
glucose (5, 10, 20, 25 and 30 g/l) to the earlier-described formula of 
terrific broth. Flasks with 50 ml of each medium were inoculated 
with 1.0 ml of inoculum, incubated at 30°C, and agitated at 200 rpm 
for 12, 14, 18 and 24 h. 
 
 

Comparison between formulated and common growth media 
for the Vip3 production by B. thuringiensis 
 

Terrific  Broth  supplemented  with  20 g/l  glucose  as  the  common 
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growth medium (medium 3) and the formulated medium (No. III) 
were compared to select the optimum medium for Vip3 production 
by B. thuringiensis. Flasks were filled with 50 ml of each medium 
and sterilized by autoclaving at 120°C for 20 min. Each flask was 
inoculated with 1.0 ml of inoculum, incubated at 30°C, and agitated 
at 200 rpm for 24 h. 

 
 
Glucose analysis 

 
Glucose was analyzed using the Glucose (GOD-PAP) Vitro Scient 
kit (Vitro Scient, Cairo, Egypt). Each sample was mixed with the R2 

buffer (phosphate buffer 100 mmol l-1, phenol 10 mmol l-1, 4-
aminoantipyrine 0.3 mmol l-1, glucose oxidase 1000 U l-1 and 
peroxidase 700 U l-1) incubation was at 37°C for 10 min or 15 min at 
20 to 25°C. The absorption spectrum was measured from 500 to 
550 nm. 

 
 
Bioassay 

 
The bioassay was performed by growing the bacteria overnight in 
LB broth at 30°C, the growth was measured at OD600 and the 
absorbance was adjusted to a value of 0.9, to ensure that the 
bacteria do not enter the sporulation phase whereby delta 
endotoxin is produced, an OD equal to 0.9 ensures that the bacteria 
are in the vegetative growth stage by which Vip proteins are 
produced (Osman et al., 2015). The bioassay was performed by 
applying each inoculated medium samples on the top of a semi-
artificial insect diet. Ten larvae (3 replicates) of the first instars of A. 
ipsilon were placed on each cup (5.5 cm in diameter and 3.3 cm in 
height), and a 100-µl aliquot of the toxin was tested. Incubation was 
performed at 26°C for 3 days as described earlier by Levinson and 
Navon (1969) and mortality was scored daily. 

 
 
Statistical analysis 

 
A nonparametric t-test was used to compare the vegetative cell 
counts between Luria-Bertani Broth and Terrific Broth, the same test 
was used to compare the vegetative cell counts between formulated 
medium no. III and Terrific Broth. 

 
 
RESULTS  
 
Determination of the optimum C/N ratio for the 
vegetative insecticidal protein (Vip3) production by B. 
thuringiensis 
 
The final pH values of all 5-tested media ranged from 5.9 
up to 6.6 after 18 h. After 24 h, the pH was decreased to 
5.4 in medium II, 5.9 in medium I, and to 5.7 in medium III 
(Figure 1A). The highest vegetative cell count was 
observed in medium III (9.5 ×10

10
 CFU) and it became 

decreased to 4 × 10
10

 CFU in medium V after 24 h 
(Figure 1B). The highest mortality (100%) was recorded 
after 24 h in medium III, while medium V gave the lowest 
mortality (40%) and the lowest vegetative cell count 4 × 
10

10
 CFU after 24 h (Figure 1C). In this respect, medium 

III that contained 20 g/l glucose and 15 g/l soybean (C/N 
ratio = 3.88) seemed to be the choice for optimum 
production of Vip3 proteins. 

 
 
 
 
Determination of the optimum carbon source for the 
vegetative insecticidal protein (Vip3) production by B. 
thuringiensis 
 

The pH values ranged from 5.4 to 6.5 for all 5 tested 
media after 24 h (Figure 2A). Medium VI (containing 
glucose) gave the highest vegetative cell count of 
9.2×10

10
 CFU after 24 h, while medium X, which 

contained corn starch as a carbon source, gave the 
lowest vegetative cell count 5.1×10

10 
CFU after 24 h 

(Figure 2B). Medium VI containing glucose as a carbon 
source gave the highest mortality rate (100%) after 24 h. 
While medium VII, which contained fructose, gave a 
mortality rate of 85% after 14 up to 24 h. Medium VIII and 
IX, which contained sucrose and lactose, gave 70% 
mortality rate after 24 h, while medium X, which contained 
cornstarch, gave 50% mortality rate after 24 h (Figure 
2C). The results indicated that glucose is the optimum 
carbon source for maximal production of Vip3 proteins.  
 
 
Determination of the optimum nitrogen source for the 
vegetative insecticidal protein (Vip3) production by B. 
thuringiensis 
 
The pH values ranged from 5 to 6.6 at all the 3 media 
after 24h (Figure 3A). Medium XI which contained 
soybean meal as the nitrogen source gave the highest 
vegetative cell count of 9.4 ×10

10
 CFU after 24 h, while 

medium XIII containing urea as the nitrogen source gave 
the lowest vegetative cell count of 6.5 ×10

10 
CFU after 24 

h (Figure 3B). Medium XI gave the highest mortality rate 
(100%) after 24 h at the medium containing soybean 
meal as the nitrogen source; whereas medium XII, which 
contained ammonium sulfate as the nitrogen source, 
gave the mortality rate of 70% after 18 h and decreased 
to 60% after 24 h. The medium XIII gave 70% mortality 
after 24 h (Figure 3C). In general, soybean gave optimum 
results for the production of Vip3 proteins.  
 
 

Evaluation of common growth media for optimal 
production of (Vip3) protein 

 
The effect of using Luria-Bertani Broth and Terrific Broth 
for the growth of B. thuringiensis was expressed by 
changes in pH, vegetative count, and mortality. Obtained 
results showed that the pH of the 2 media was within the 
range and showed no bacterial mortality (Figure 4A and B 
and Table 4). However, the vegetative cell count reached 
its maximum only after 14 h in Terrific Broth with a 100% 
mortality rate (Figure 4B and Table 4). While in LB, the 
vegetative cell count reached the maximum after 24 h 
with an 80% mortality rate (Figure 4A and Table 4). Figure 
4A and B and Table 4 show that the Terrific Broth was 

significantly (P 0.01, t-test) better than the LB medium, 
which may be due to the presence of a higher amount of 
glucose (5, 10, 20, 25 and 30 g/l) in the Terrific Broth. 
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Figure 1. Determination of the optimum C/N ratio for maximal production of Vip3 protein, 
expressed in (A) pH changes; (B) vegetative count (x 1010) and (C) mortality %, measured after 
12, 14, 18 and 24 h of shaking incubation. 

 
 
 
Effect of using terrific broth supplemented with 
different glucose concentrations on the growth of 
Vip3 toxin production by B. thuringiensis 
 

The results showed that the vegetative cell count and 
mortality rate were increased and reached 8.0 ×10

10
 CFU 

and 100% mortality after 14 h in Terrific Broth 
supplemented with 20 g/l of glucose. It is interesting to 
note that when glucose was increased to more than 20 
g/l in medium 4 and 5, the vegetative cell count 
decreased  to   5.4×10

4   
CFU   with   50%   mortality   rate 

(Figure 5A, B and C). 
 
 

Comparison between the best formulated medium 
and common growth medium on the growth of Vip3 
toxin production by B. thuringiensis 
 
Obtained results showed that medium III (20 g/l glucose + 
15 g/l soybean) was the best formulated medium; 
whereas medium 3 (Terrific Broth supplemented with 20 
g/l glucose)  was  the  best  common  growth  medium.  A   
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Figure 2. Determination of the optimum carbon source for maximal production of Vip3 protein, 
expressed in (A) pH changes; (B) vegetative count (x 1010) and (C) mortality %, measured 
after 12, 14, 18 and 24 h of shaking incubation. 

 
 
 
comparison between the 2 media was important to select 
the optimum growth media for Vip3 production expressed 
by changes in pH (Figure 6A and Table 5), vegetative cell 
count, residual glucose, and mortality rate. The highest 
vegetative cell count of 8.4 ×10

10
 CFU in medium III was 

only reached after 24 h; however, medium 3 gave its 
highest vegetative cell count of 10 ×10

10
 after 22 h 

(Figure 6B and Table 5). Overall, significant differences 

(P  0.01, t-test) were noted in terms of vegetative cell 
count between the 2 media, where medium 3 was 
superior in yielding 10-folds higher vegetative cell count 
after 12, 14, 16, 18 and 20 h (Table 5). Bacterial mortality 
rate of 100% was reached in medium III after  24 h,  while 

in medium 3, the mortality rated reached 100% after 14 h 
(Figure 6C and Table 5). The residual glucose decreased 
from 20 to 12 g/l in medium III. However, medium 3, 
residual glucose reduced to 1.833 after 24 h (Figure 6D 
and Table 5). Therefore, Terrific Broth supplemented with 
20 g/l glucose showed more superiority than the 
formulated medium III (20 g/l glucose + 15 g/l soybean) 
for the maximal production of Vip3 proteins. 
 
 
DISCUSSION 
 
Recently  the  B.  thuringiensis  has  been selected as the  
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Figure 3. Determination of the optimum nitrogen source for maximal production of Vip3 protein, 
expressed in (A) pH changes; (B) vegetative count (x 1010) and (C) mortality %, measured after 12, 14, 
18 and 24 h of shaking incubation. 

 
 
 
most successful commercial biopesticide used worldwide. 
It has been applied to protect crops and plants, and it is 
also expected to replace inorganic insecticides in several 
areas of application (Jouzani et al., 2017). Vip3A is a 
novel toxin with a broad spectrum of insecticidal activity 
and with a mode of action different from Cry1A toxins 
(Osman et al., 2015, 2018; Wang et al., 2018). Vip3 
promises to be a new measure to kill insect pests.  

Optimization of a cost-effective process of Vip3A 
production from B. thuringiensis necessitates the 
development of a fermentation method that allows the 
production of high amounts of  Vip3a  protein   toxin.  The 

aim of this study was to investigate the possibilities of 
supplying adequate amounts of glucose and other 
nutrients to maximize cell growth and Vip3 production 
using B. thuringiensis. 

Previous studies (Dulmage, 1971; Gopinathan et al., 
2016) showed that the C/N ratio was the key for B. 
thuringiensis vegetative toxins production. Thus, we 
optimized the C/N ratio to optimum level for maximal 
production of Vip3 proteins. The following ratios (1.45-
4.75) were tested and the selection of the medium 
components was carried out based on the following 
considerations:  (i)   soybean   meal   was   used   as   the  



224         Afr. J. Biotechnol. 
 
 
 

 

0	

20	

40	

60	

80	

100	

12	 14	 18	 24	

Hours	

(A)	

pH	value	

Vegetability	count	

Mortality	%	

 

0	

20	

40	

60	

80	

100	

120	

12	 14	 18	 24	

Hours	

(B)	

pH	value	

Vegetability	count	

Mortality	%	

  
 

Figure 4. Comparison between LB (A) and Terrific broth (B) for the maximal production of Vip3 proteins 
expressed in pH changes, vegetative counts (x 1010) and mortality percentage measured after 12, 14, 18 and 24 h 
of shaking incubation. 

 
 
 

Table 4. Comparison between LB and TB for maximal production of Vip3 protein. 
 

Incubation 
time (h) 

pH  Vegetative cell count  Mortality % 

LB TB  LB TB  LB TB 

12 5.68 6.82  2.2 × 10
4 

3.2 × 10
9 

 44 60 

14 5.67 6.5  2.8 × 10
4 

4.6 × 10
10 

 56 100 

18 5.58 6.2  3.5 × 10
4 

4.1 × 10
10 

 72 100 

24 5.2 5.9  4.6 × 10
4 

3.5 × 10
10 

 80 95 

P   0.01   
 

LB = Luria-Bertani, TB = Terrific Broth. P = is the t- test, for testing the null hypothesis that the vegetative cell count of Bt is similar when 
using LB or TB. Significant difference is observed in the vegetative cell count at 0.01 level, thus rejecting the null hypothesis, and terrific broth 
proved to be a better medium for maximal growth of Bt, and subsequently, maximal production of Vip3 protein. 

 
 
 
nitrogen source as it was cheap and locally available; (ii) 
glucose was used as the carbon source as it is easily 
metabolized and easily available; (iii) potassium 
phosphate was used as the phosphate source; (iv) 
calcium carbonate was used  as  the  buffering  agent; (v) 

magnesium sulfate, manganese sulfate, ferrous sulfate, 
and calcium chloride were used as sources of trace 
elements. By increasing time, the vegetative cell count 
was increased in medium III (that is, from 7.4 × 10

10 
CFU 

after  12 h  to  9.5  ×  10
10

  CFU  after  24 h);  whereas, in
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Figure 5. Evaluation of Terrific broth supplanted with various concentrations of glucose; 1 (5 g/l); 2 (10 
g/l), 3 (20 g/l); 4 (25 g/l) and 5 (30 g/l) for the maximal production of Vip3 proteins, expressed in (A) pH 
changes, (B) vegetative counts (x 1010) and (C) mortality percentages, measured after 12, 14, 18 and 
24 h in shaking incubation. 

 
 
 
medium II, the vegetative cell count increased from 7.2 × 
10

10
 CFU after 12 h to 8.5× 10

10
 CFU after 24 h (Figure 

1B). In medium I, IV, and V, the total cell count was 
constant during the growth period (Figure 1B), which 
means that the C/N ratios are not suitable for Vip3 
production. These were also reflected in the results of 
mortality assay as these media (I, IV, and V) showed the 
lowest mortalities (Figure 1C). Based on the results 
obtained, we suggest that the C/N ratio of 3.88 was the 
best ratio for vegetative protein production. These results 
were also in agreement with the results reported by 
Dubois et al. (2019) who  stated  that  the  carbon content 

should be higher than the nitrogen content to obtain a 
higher vegetative count, delay sporulation, and crystal 
formation in B. thuringiensis cultures. 

Different carbon sources, including complex sugars 
such as cornstarch and disaccharides (e.g. lactose and 
sucrose) were examined for optimum growth of B. 
thuringiensis. The highest vegetation cell count was 
obtained by glucose 7.8 × 10

10
 CFU with the highest 

mortality rate of 100%, while cornstarch showed the 
lowest vegetative count of 5.1 ×10

10 
CFU and a mortality 

rate of 50%. This may be due to the fact that glucose is 
rapidly metabolized and is known to repress the formation  
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Figure 6. Comparison between formulated medium III (20 g/l glucose + 15 g/l soybean) and Terrific Broth 
supplemented with 20 g/l glucose (medium 3) for the maximal production of Vip3 proteins, expressed in 
(A) pH changes, (B) vegetative counts (x 1010), (C) residual glucose and (D) mortality percentages, 
measured at different incubation hours in shaking cultures. 

 
 
 
of proteolytic and Tri Carboxylic Acid (TCA) cycle 
enzymes in Bacillus (Doi, 1989), which supply precursor 
metabolites   for    the    formation   of  sporulation-phase-

associated protein (Berbert et al., 2008). 
Different nitrogen sources were also examined including 

soybean,  organic  soluble source like urea, and inorganic 



Alshehrei et al.           227 
 
 
 

Table 5. Comparison between formulated media and TB with 20 g/l glucose for maximal production of Vip3 protein. 
 

Media type Formulated media (III)  Terrific Broth with 20 g/l glucose (3) 

Incubation 
time (h) 

pH Veg. count 
Residual 
glucose 

(g/l) 

Mortality 
% 

 
pH Veg. count 

Residual 
glucose 

(g/l) 

Mortality 
% 

0 7.2 5.2 × 10
2 

20 0  7.2 6.1 × 10
2 

20 0 

2 6.9 2.2 × 10
3 

19.5 0  6.9 2.1 × 10
3 

18.23 0 

4 6.8 3.2 × 10
4 

19 0  6.9 3.5 × 10
4
 15.22 0 

6 6.8 4.2 × 10
5 

18.2 0  6.9 4.3 × 10
5 

10.86 0 

8 6.7 5.1 × 10
6 

18 0  6.8 5.4 × 10
6 

8.2 0 

10 6.7 5.8 × 10
7 

17 15  6.8 6.2 × 10
7
 7.1 15 

12 6.6 6.2 × 10
8
 15 80  6.72 8.2 × 10

9 
6.66 90 

14 6.5 7.2 × 10
9 

14.5 90  6.5 9.2 × 10
10 

5.1 100 

16 6.4 7.4 × 10
9 

14 90  6.5 9.4 × 10
10 

4.2 100 

18 6.4 7.6 × 10
9
 13.5 90  6.2 9.6 × 10

10 
3.1 100 

20 6.0 7.8 × 10
9 

13 95  6.0 9.8 × 10
10 

3.3 100 

22 5.9 8.2 × 10
10 

12.4 95  6.0 10 × 10
10 

2.1 100 

24 5.7 8.4 × 10
10 

12 100  5.9 9 × 10
9 

1.83 95 

P  0.01     0.01   
 

P = is the t- test, for testing the null hypothesis that the vegetative cell count of Bt is similar when using formulated medium (III) or Terrific Broth 
supplemented with 20 g/l glucose (3). Significant difference is observed in the vegetative cell count at 0.01 level, thus rejecting the null 
hypothesis, and Terrific Broth supplemented with 20 g/l glucose (medium 3) proved to be a better medium for maximal growth of Bt, and 
subsequently, maximal production of Vip3 protein. 

 
 
 
source (ammonium sulfate). The soybean meal gave the 
highest vegetative count when used as the nitrogen 
source; similar observation was made by Sadek (2000) 
and Smitha et al. (2019). The vegetative cell count was 
increased in medium I (that is from 7.4 × 10

10 
CFU after 

12 h to 9.5 × 10
10

 CFU after 24 h). On the other hand, the 
vegetative cell counts in medium number XI and XII 
(Table 3) were very poor with high mortalities (Figure 3A, 
B and C). Morris et al. (1997) stated that among the 
legumes, soybean meal showed the highest relative 
economic yield of biomass and relative potency against 
bertha armyworm larvae.  

The experimental pH was within 5 to 6.6 and did not 
show any negative effect on the growth, which is in 
agreement with the results by Morris et al. (1997) who 
suggested that the pH within 5 to 6 did not produce any 
recoverable spore-crystal complex. Also, Bernhard (1993) 
concluded that Bt was not particularly sensitive to pH and 
growth will occur between pH 5.5 and 8.5 with optimum 
growth between pH 6.5 and 7.5.  

Luria-Bertani (LB) and Terrific Broth (TB) media are 
nutrient-rich media primarily used for the growth of 
bacteria. They are composed of the following ingredients: 
(i) peptides and casein peptones; (ii) vitamin (including B 
vitamin); (iii) trace elements (e.g., nitrogen, sulfur, 
magnesium); and (iv) minerals. Peptides and proteins are 
provided by tryptone. Vitamin and certain trace elements 
are provided by yeast extract. Sodium ions responsible 
for transport and osmotic balance are provided by sodium 
chloride.  In  addition,   Terrific   Broth   contains  glycerol, 

which is a cheap carbon source (Estruch et al., 1996). 
A comparison between LB and TB media for the growth 

of B. thuringiensis was expressed by changes in pH, 
vegetative count, and mortality rates were included in this 
study. Obtained results showed that the pH of the two 
media was within the range and showed no bacterial 
mortality, this in agreement with the results of Bernhard 
(1993). However, the vegetative count reached its 
maximum only after 14 h in Terrific Broth with a 100% 
mortality rate. While in the LB, vegetative cell count 
reached the maximum after 24 h with 80% mortality rate. 
This is, probably, because the TB contained a higher 
amount of glucose than the LB medium, which helped TB 
to reach a high vegetative count within 14 h. Thus, B. 
thuringiensis growing in TB may produce Vip3 proteins 
faster than growing in LB medium.  

Exploring the supplementation of TB with varied 
concentrations of glucose, showed that the vegetative cell 
count and mortality rates were increased and reached 
8.0×10

10
 CFU and 100% mortality rate after 14 h in TB 

containing 20 g/l of glucose. It is interesting to note that 
when glucose was increased to more than 20 g/l in media 
4 and 5 the vegetative cell count decreased to 5.4×10

4 

CFU with 50% mortality rate. A similar result was also 
noted by Holmberg et al. (1980) who reported that a high 
concentration of nutrients inhibits the growth of B. 
thuringiensis var. thuringiensis by reducing sporulation 
and releasing of toxins. However, the opposite results 
were observed by Berbert-Molina et al. (2008) who stated 
that  for  the  growth  of  B.  thuringiensis  var.  kurstaki,  a  

http://en.wikipedia.org/wiki/Peptides
http://en.wikipedia.org/wiki/Casein
http://en.wikipedia.org/wiki/Peptide
http://en.wikipedia.org/wiki/Vitamins
http://en.wikipedia.org/wiki/Tryptone
http://en.wikipedia.org/wiki/Sodium_chloride
http://en.wikipedia.org/wiki/Sodium_chloride
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maximum glucose concentration (56 g/l) can be utilized. 
Most of the studies state that the substrate concentration 
should not exceed 23 g/l. The main problem of adding 
higher glucose concentrations in the medium, however, is 
the formation of acetate, which in un-buffered media 
causes a substantial drop in pH. Phosphate buffer helps 
control the growth rate by gradual glucose feeding rather 
than just putting in all the glucose at once. 

As Terrific Broth supplemented with 20 g/l glucose 
(medium 3) showed a promising optimum growth of B. 
thuringiensis; and C/N ratio for Vip3 production was 
shown to achieve increased growth of the bacteria 
(medium III), thus, a comparison between the two media 
on the basis of pH, vegetative cell count, residual glucose 
and mortality rates was performed every 2 h for 24 h. In 
medium III, the vegetative cell count increased from 2.2 
×10

3
 CFU (after 2 h) to 8.4 ×10

10
 CFU (after 24 h), while 

in medium 3 (terrific broth + 20 g/l glucose) vegetative 
cell counts were 2.1 ×10

3
 CFU initially but reached 10 

×10
10

 CFU within 22 h. Bacterial mortality rate was 
(100%) in medium III after 14 h. An interesting thing to 
note was the residual glucose in both the medium after 
24 h. Medium III consumed only 6.5 g of glucose, while 
medium 3 consumed 18.2 g of glucose. Although both the 
media (medium 3 and medium III) exhibited similar 
bacterial growth, medium 3 showed 100% bacterial 
mortality rate after 14 h and consumed a high amount of 
glucose. Therefore, medium 3 (TB with 20 g/l glucose) 
was better than the formulated medium III (20 g/l glucose 
and 15 g/l soybean) and thus we suggest to consider it as 
the low-cost medium of choice for maximal production of 
Vip3.   

 
 
Conclusion 

 
An optimized C/N ratio of 3.88 as glucose and soybean 
that served as carbon and nitrogen source, respectively, 
was shown to provide optimum growth conditions for 
increased growth of B. thuringiensis and subsequently 
higher yield of Vip3 protein production. However, Terrific 
Broth supplemented with 20 g/l glucose yielded optimum 

growth significantly (P 0.01, t-test) after 12, 14, 16, 18 
and 20 h than the formulated medium with optimized C/N 
ratio of 3.8. Highest vegetative cell counts of B. 
thuringiensis in medium no. 3 was noted after 22 h; thus, 
indicating a higher production of Vip3 protein. The 
findings reported in this study should contribute to the 
low-cost production of Bt Vip3 proteins and encourage 
large scale production of the toxin. This is perhaps the 
first study to optimize the growth conditions of B. 
thuringiensis for the maximal production of Vip3A toxin.  
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