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ABSTRACT 
 

The disruption of glucose homeostasis caused by Diabetes mellitus (the most common endocrine illness) 
can result in severe diabetic complications such as retinal, vascular, renal disease, including neurpathy. 
Alloxan (ALN, 150 mg/kg body weight)-induced diabetic mice were treated with an ethanolic extract of 
Selenicereus undatus (45 mg /kg and 75 mg / kg body weight), a medicinal fruit that has long been 
utilized in traditional Chinese medicine. Diabetic mice were administered with an ethanolic crude extract 
of the fruit at the rate per kg body weight for 27 days, blood glucose levels significantly reduced as 
compared to the control animals. Furthermore, diabetic mice had significantly higher levels of hepatic 
and renal marker activity against the control mice, indicating the influence of the diabetes. The 
treatment, which included Selenicereus undatus ethanolic fruit extract and metformin, could able to 
normalize the tested parameters to the normal levels. 
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1. INTRODUCTION: 
 

Diabetes mellitus is a metabolic disease 

characterized by abnormal high blood sugar levels 

caused along with combination of hereditary and 

environmental factors (hyperglycemia) by impaired 

insulin secretion or action [1, both of which are 

impaired]. Hyperglycemia, lipoprotein 

abnormalities, an increased basal metabolic rate, 

enzyme deficiency, and an elevated level of 

oxidative stress are all signs and symptoms of 

diabetes mellitus, which causes damage to the 

pancreatic acinar cells. They are the most common 

type of endocrine disorder, affecting glucose 

homeostasis and resulting in severe diabetic 

outcomes such as retinal, angiogenic, and 

neuropathy [2], as well as neurological ailments 

caused by a disruption in glucose use.Type 2 

diabetes affects up to 2 out of every 6 newly 

diagnosed cases in children and adolescents under 

the age of 18, with a disproportionately high 

prevalence among ethnic minorities and children 

and adolescents aged 10 to 20 in the United States. 

Current projections show that the number of people 

living with diabetes will rise from 315 million in 

2015 to 386 million by 2030 [3]. Diabetes mellitus 

type 2 is becoming more common, with three new 

cases being identified every ten seconds. It is also 

being diagnosed at a younger age, with three 

new cases being diagnosed every ten seconds. 

Chronic stress and depression, environmental 

pollution and poisons, obesity, and a sedentary 

lifestyle are all risk factors for the disease [5].  

       Diabetes is a major public health concern in      

India, where the diabetic population is the 

world's largest. According to the International 

Journal of Diabetes in Developing Countries, 

diabetes prevalence in India has risen at an 

alarming rate in recent years. According to 

estimates, an estimated 3.2 million people die 

each year as a direct result of uncontrolled 

blood sugar levels.  

         Diabetes-related deaths are expected to triple 

between 2005 and 2030, according to the World 

Health Organization (WHO). According to the 

WHO, low- and middle-income countries 

account for 70% of all diabetes deaths [6, 7]. 

There are Selenicereus species all over the 

world, including Antarctica. According to 

research, it has anti-inflammatory, anti- 

microbial,antibacterial, anti-inflammatory,  

antioxidant, and anti-tumor properties, among 

other things. This species, one of the most 

extensively studied plant species, has been 

discovered to have a wide range of therapeutic  

effects on a wide range of organs, as well as a  
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wide range of biochemical processes and 

physiological activities, such as photosynthesis,that 

are beneficial in a variety of ways. According to the 

literature, the potential utility of Selenicereus 

extract species in the prevention of pathologies  

 

such as heart ischemia, renal ischemia, 

neurodegenerative disorders, and diabetes must 

be investigated in conditions where protein 

oxidative stress damage appears to play a 

significant role. 

 

 
Selenicereus undatus 

 

2. MATERIALS AND METHODS: 

 

2.1. Collection and Extraction of Fruit Material: 
The fruit of Selenicereus undatus was donated by the 
Deccan exotics farm in Sangareddy, Telangana, 
which is close to Hyderabad. After thoroughly 
cleaning the fruits with water and allowing them to 
dry naturally, the peel, pulp, and seeds were 
removed. The fruit was then ground up with an 
electric mixer to remove any remaining skin, pulp, or 
seeds. Sohxelation of 500g of each dry powder takes 
10-12 cycles, which is stored and circulated for a 
total of 500g. The ethanolic extract was extracted 
from the fruit material using a rotary evaporator 
while it was still at room temperature. It was then 
sealed in an airtight container and stored for later 
use. 

 

2.2. Preliminary Phytochemical Screening: 
Secondary metabolite screening with phytochemicals 
was performed in the laboratory to determine 
whether any of the plant's therapeutic capabilities 
were present. 

 

2.3. Experimental Animals: 

For this study, we used 25-30 g mice obtained from 
the Vyas Labs animal home in Medchal, Malkajigiri 
District, Telangana. A constant temperature of 37 °C 
was maintained in the mice's housing, as well as a 12-
hour light/dark cycle. The mice were also given free 
access to tap water and pellets to eat. The project 
has been approved by the Osmania University 
Department of Zoology's Institutional Ethical 
Committee. There were no deviations from the 
CPCSEA recommendations in terms of experimental 
protocols, which were strictly followed by the Indian 
investigators. 

 

2.4. Acute Toxicity: 

In the experiment, mice weighing between 28 
and 30 grams were used. In this study, four 
groups of six mices were given ethanolic 
extracts of the plant Selenicereus undatus 
orally at doses of 45 mg/kg and 75 mg/kg, 
respectively. The third group of six mice, 
induced by alloxan, received metformin as well 
as a fruit extract supplement. They were all 
kept under strict guidelines and kept under 24-
hour observation for any signs of mortality, such 
as lethality, toxic symptoms, behavioral 
changes, or even death 

 
2.5. Induction of Diabetes: 

An alloxan solution containing saline (150 mg/kg 
dosage) to induce diabetic Mellitus in mice. 
After 72 hours, behavioral abnormalities (excess 
thirst and frequent urination) confirmed the 
presence of hyperglycemia, as did the presence 
of high blood glucose levels (excess thirst and 
frequent urination). The mice used in the study 
had blood glucose levels greater than or equal 
to 200 milligrams per deciliter, which was the 
investigation's upper limit. 

 

3. Glucose Tolerance Test: 

3.1. Experimental Design for GTT of Diabetic 
Mice: 

The glucose tolerance test was studied in the 
ethanolic extract of Selenicereus undatus on 
diabetic mice. The animals were divided into 8 
groups as follows: 

Group 1:  Control mice;  

Group 2:  Diabetic mice ; 

Group 3:  Diabetic mice treated with metformin 

Group 4: Mice treated with 45 mg/kg of epicarp 
of ethanolic extract of  S.undatus; 
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Group 5: Mice treated with 75 mg/kg of epicarp of 
ethanolic extract of S.undatus; 

Group 6: Mice treated with 45 mg/kg of mesocarp and 
endocarp ethanolic extract of S.undatus; 

Group 7: Mice treated with 75 mg/kg of mesocarp and 
endocarp ethanolic extract of S.undatus;    

Group 8: Mice treated with the S.undatus whole fruit. 

The animals were not allowed to eat or drink for the 
duration of the trial. The O-Toluidine procedure and 
hemoglucostrips in the glucometer (Life scan, 
Johnson and Johnson Ltd.) were used to demonstrate 
that a fasting blood sample was collected from the 
tail. Mice in both the control and diabetes groups 
were only given water to drink during the GTT trial. 
Groups 4, 5, 6, and 7 mice were given ethanolic fruit 
extract of S.undatus at 45 and 75 mg/kg doses, 
respectively, and the results were recorded. The 
patient's blood sugar level was then checked again 
after 30 minutes. 

Glycemic index was calculated by using formula: 

 
 

3.2. Antidiabetic Study: 

There were a total of six mice in each group, and 
each group was divided into eight equal sections. The 
control group consisted of healthy mice who were fed 
a pelleted diet; the group 2 mice were injected 
intraperitoneally with 150 mg/kg BW of alloxan; even 
the groups 3,4,5,6,7 were administered alloxan the 
group 3 diabetic mices were given Metformin (10 
mg/kg BW) orally through an oral intragastric tube 
for 27 days; the group 4 and 6 diabetic mice were 
injected orally with Selenicereus undatus  of 45 
mg/kg of body weight over 27 days, which was 
divided equally among them. Groups 5, 7, received 
Selenicereus undatus (75 mg/kg BW) orally for a total 
of 27 days, except group 8 which received whole fruit 
extract. During the 27-day experiment, the animals 
were fed the extract through intragastric tubes 
before being euthanized. The blood and serum that 
had been extracted from it were used in biochemical 
studies that were carried out in the laboratory. Organ 
tissues for antidiabetic tests, such as  liver, kidney, 
and pancreatic tissue, were preserved using 
formaldehyde. 

 

3.3. Biochemical Analysis: 

 The kit method was used to estimate the 
blood glucose levels. Drabkin's method was used to 
calculate glycosylated and total hemoglobin levels. 
Using a diagnostic reagent kit from Span Diagnostics 
Ltd, a one-step technique [13] was used to assess 
serum cholesterol and HDL levels. GPO-PAP, an 
endpoint assay developed by Span Diagnostics Ltd, 
and a diagnostic kit developed by Span Diagnostics 
Ltd were used to measure triglycerides. A 
commercially available kit was used to determine the 
activity of serum aspartate aminotransferase (AST) 
and alanine aminotransferase (ALT) .Alkaline 
phosphatase activity was also measured. The total 
protein and albumin levels in the serum were 

determined using the previously described Biuret  

 

 

method [17]. We were able to calculate the urea 
and creatinine levels using a DAM-based 
diagnostic kit [18], which we used in conjunction 
with the DAM technique. A study was carried out 
to see if this kit was capable of detecting 
bilirubin in the blood [20]. 

 

3.4. Antioxidant Analysis in Tissues: 

This study looked at the antioxidant activity of 
Selenicereus undatus ethanolic fruit extract in 
the liver, kidney, and pancreas. After 27 days, 
the mice were killed and their organs were 
preserved in formaldehyde liver to measure 
glycogen levels. 

 

4. Statistical Analysis: 

We used an F-test to compare the statistical 
differences between the groups, then computed 
their averages (standard deviations) and P-
values. To determine their significance, all 
factors were subjected to independent ANOVA 
tests. Using Duncan's Multiple Range Test (DMRT) 
on the data, we were able to determine whether 
or not there was a statistically significant 
difference between the groups. Stata was used to 
evaluate the data obtained in the social sciences 
(SPSS.26 Inc, IBM). To determine whether or not 
a study was statistically significant, P values of 
0.05 and 0.01 were used. 

 

4.1. RESULTS AND DISCUSSION: 
Fruits contain phytochemicals, which aid in 
interspecies defense and defense against 
predation, microorganisms, and stress, all of 
which are beneficial to the organism. The 
components of these fruits are effective in the 
treatment of breast cancer. Because 
phytochemical screening is a preliminary step in 
identifying potentially active compounds in 
fruits, it is an excellent starting point for further 
research. The phytochemicals found in S.undatus 
ethanolic fruit extract are listed in Table-1. 
Phytochemical screening of S.undatus revealed 
the presence of a diverse range of 
phytochemicals in the species (Table 1). 
Selenicereus undatus ethanolic extract, revealed 
the presence of alkaloids, tannins, phenolic 
compounds, flavonoids, steroids, cardiac 
glycosides, terpenoids, and carbohydrates, 
among other plant constituents. In the acute 
toxicity study, the experimental mice had slept 
several hours, after administration of 
Selenicereus undatus extracts to the mice when 
compared to normal control mice. But there were 
no gross behavioral changes or morphological 
changes like respiratory distress, hair loss, 
restlessness, convulsions, laxative, coma, weight 
loss, urination, itching, and so forth. There was 
no lethality and no toxic reaction was found at 
any of the doses selected till the end of the 
treatment. This indicates the safe nature of  
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Selenicereus undatus of the extract on mice. 

 
 

 Table-1 : Phytochemical screening aqueous fruit extract of Selencereus undatus. 
 

 
 

Extracts AL SA TP FL ST CG OF TN AP CHO 

 

Aqueous +++ ++ ++ +++ + ++ ++ + ++ +++ 

 
 

AL: alkaloids; CHO: carbohydrates; ST: steroids; CG: cardio glycosides; FL: flavanoids; 

SA: saponins; TP: tannin and phenolic compounds; OF: oils and fats; AP: amino acids and 

protein;TN: terpenoids. “+”: present; “−” absent. 

 
The results of a glucose tolerance test (GTT), 

which measures blood glucose levels, are shown 

in Table 2. The experimental animals were given 

an oral dose of Selenicereus undatus ethanolic 

fruit extract (45 and 75 mg/kg, respectively) on 

day 27 of their experiment. After 60 minutes, 

diabetic mice had a significant increase in blood 

glucose levels, which lasted for an additional 120 

minutes. Glucose levels in diabetic mice treated 

with Selenicereus undatus decreased by 30.3 

percent at 60-minute and 120-minute intervals, 

and by 33.3 percent at 12 0-minute intervals. 

Glucose levels decreased by 40.2 percent and 

27.5 percent at the 60-minute and 120-minute 

intervals, respectively (Figure 2). When tested 

using the OGTT, the doses epi 45 mg /kg and 

endo 75 mg/kg.of Selenicereus undatus that 

showed profund effect when compared with 

alloxan induced diabetic mice. Glycogenolysis 

and gluconeogenesis may be inhibited as a result 

of decreased intestinal glucose absorption or an 

increase in glycogenic activities. Diabetic mice 

who were not given metformin and selenincereus 

undatus experienced an increase in serum 

glucose levels as a result of alloxan-induced 

tissue death. As a result, there was an insulin 

shortage. High blood glucose levels are 

eventually caused by low insulin levels [23]. 

 

 
Table:-2   Effects of Selenicereus undatus on Blood glucose and HbA1c 

PARAMETERS CONTROL ALLOXAN 
ALLOXAN 

+METFORMIN 
EP45 EP75 EM45 EM75 FRUIT 

BLOOD 
GLUCOSE 

99.50±3.93 235.16±3.7 100.83±4.26 111.83±7.88 121.00±2.96 122.33±3.77 107.66±8.33 98.33±2.42 

HbA1C 4.26±0.72 12.04±1.69 4.98±0.32 5.58±0.13 5.68±0.19 5.76±0.23 5.40±0.29 4.96±0.36 

Values are in mean ±sd  n=6; p<0.05 

 

 
Figure-1 Oral glucose tolerance test of ethanolic extract of Selenicereus undatus in experimental mice 
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Figure 2: The glycemic index of ethanolic extract of Selenicereus undatus

                                           
Glucose levels are significantly higher in diabetic 

control mice than in non-diabetic control mice. 

Alloxan monohydrate (Sigma Aldrich) 982244-11-3 

has been shown to cause selective cell death in 

the pancreatic islets of Langerhans [24]. This 

study's findings show that when mice are given 150 

mg/kg of alloxan, they develop a significant 

diabetogenic response. According to the findings 

of this study, an ethanolic extract of S.undatus 

reduced blood glucose levels in a way similar to 

metformin (see Table 2). The combination of an 

ethanolic fruit extract of S.undatus and metformin 

reversed elevated glycosylated hemoglobin levels. 

In diabetic mice, high glucose levels cause low 

hemoglobin levels, which are caused by excess 

glucose interacting with hemoglobin to form 

glycosylated hemoglobin in the blood (Table 2). 

After being treated with S.undatus, ALN mice had 

significantly lower levels of glycosylated 

hemoglobin (HbA1c), with both hemoglobin and 

glycosylated hemoglobin remaining within normal 

ranges. S.undatus, as demonstrated by this 

discovery, plays an important role in the 

regulation of blood glucose levels. 

  LSD was also performed to compare between the 

groups and mean differences are presented with 

significant values when diabetic mice were 

compared to control mice, diabetic mice had a 

significant increase in (Table 2). Lipolysis is not 

blocked in diabetics due to insulin deficiency, 

resulting in hyperlipidemia (high cholesterol). 

These readings were significantly reduced and 

returned to near-normal levels after 27 days of 

oral administration of Selenicereus undatus fruit 

extract to diabetic mice. Selenicereus undatus 

increases insulin secretion, which lowers total 

cholesterol and triglyceride levels while 

increasing HDL levels. We are in charge of 

regulating blood glucose levels, and we play an 

important role in this process (Figure 3 to 9). 

 
 

Table 3: Effect of  S.undatus on glucose, hemoglobin, glycosylated hemoglobin, and lipid 
profile in serum of control and experimental mice 

EXPERIMENTAL GROUPS 

 Control ALLOXAN ALLOXAN+M EP45 EP75 EM45 EM75 FRUIT 

Control  100.33* 0.16 -18.0* -25.66* -20.33* -19.16* 1.5 

ALLOXAN   100.5* 82.33* 74.6* 80.0* 81.16* 101.8* 

ALLOXAN+M    -18.16* -25.5** -20.5* -19.3* 1.3 

EP45     -7.6 -2.3 -1.16 19.5* 

EP75      5.33 6.5 27.1* 

EM45       1.6 21.83* 

EM75        20.6* 

Fruit         

                           *significant at 1% level (2-tailed) 
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Figure 3: Different parameters Mean scores of SGOT 

 

 

 

 

 

 

 
 

 

 
 

 
 

 
 

 

  

                                 Figure 4: Different parameters Mean scores of SGPT 

 

 

 

Figure 5: Different parameters Mean score of Urea 
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Figure 6: Different parameters Mean score of creatinine 

 

 
 

Figure 7: Different parameters Mean scores of HbA1C 

 
Figure 8: Different parameters Mean scores of Triglycerides 
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Figure 9: Different parameters Mean scores of Cholesterol 

 

 
Table 4: Effect of S. undatus on kidney liver and pancreas of control and experimental mice. 

PARAMETERS CONTROL ALLOXAN ALN+M ALN+EP45 ALN+EP75 ALN+EM45 ALN+EM75 FRUIT 

SGOT 14.60 ± 1.14 50.60 ± 5.12 24.00 ± 3.39 26.00 ±3.80 30.60 ± 3.71 28.20 ± 3.83 27.60 ± 2.07 15.00 ± 0.70 

SGPT 30.20 ± 6.90 80.00 ± 7.71 37.20   ± 5.35 43.60 ± 6.28 51.40 ± 11.50 51.40 ± 6.4 39.60 ±4.247 32.60 ± 6.98 

UREA 3.24 ± 0.23 11.88 ± 2.54 4.64 ± 0.95 5.18 ± 0.73 5.58 ± 0.73 5.88 ±0. 80 4.92 ±0. 43 3.28 ±0. 19 

CREATININE 0.30 ± 0.12 4.25 ± 1.84 0.50   ±0. 80 0.68   ±0 .13 0.73 ± 0.15 0. 69 ±0. 06 0.53 ± 0.04 0. 33 ±0 .14 

HbA1C 4.26 ± .72 12.84 ± 1.69 4.98 ±. 32 5.58 ± .13 5.68 ± .19 5.76 ±. 23 5.40 ±. 29 4.96 ±. 36 

TRIGLYCERIDES 92.80 12.63 288.40 ± 90.64 116.00 ±14.91 132.80 ± 4.65 138.00 ± 4.84 141.80 ±5.63 109.40 ± 42.03 93.00 ± 8.03 

CHOLESTROL 128.20±8.19 213.60 ± 15.33 135.00 ± 9.69 145.80 ± 4.76 152.80 ± 6.14 151.80 ± 9.98 142.60 ± 4.39 132.60 ±2.40 

 
After 27 days of treatment with Selenicereus 

undatus extract, diabetics saw significant 

reductions in their urea, and bilirubin levels 

when compared to the control group (Table 3). As 

with mice given Selenicereus undatus extract 

fruit, all metformin-treated mices had the same 

effect as control mices. One of the most sensitive 

indicators of liver injury is an increase in AST or 

ALT levels [25]. A decrease in the structural 

integrity of the liver has been linked to an 

increase in AST and ALT levels in the 

bloodstream. When diabetic mices were 

compared to non-diabetic mices, the ethanolic 

extract of S.undatus significantly reduced the 

levels of AST and ALT in the diabetic mices livers. 

S.undatus's liver appears to function normally and 

to protect the liver as a result of its 

hepatoprotective properties. 

The liver, renal, and pancreatic damage, as well 

as hyperglycemia-related alterations, may persist 

in the tissues. This includes changes in protein 

levels within the tissues of the experimental 

animals, such as the liver, pancreas, and kidneys. 

Diabetics have lower levels of protein in their 

liver and kidneys than the control group. For 27 

days, diabetic mice were given Selenicereus 

undatus ethanolic fruit extract in addition to the 

standard medication metformin, and their values 

increased dramatically to levels close to normal. 

There were no negative effects observed in the 

group treated solely with Selenicereus undatus 

ethanolic extract. Endoplasmic reticulum injury 

causes P450 loss, which reduces protein synthesis 

and, as a result, the amount of total protein in an 

induced mice. Protein levels increased in the 

treated groups, indicating endoplasmic reticulum 

stability and subsequent induction of protein 

synthesis. Selenicereus undatus administration 

has been shown to stabilize the endoplasmic 

reticulum and thus increase protein production. 

According to the findings of this study, the liver 

glycogen levels of diabetic mice in this study 

were significantly lower than those of diabetic 

mice who received metformin as a standard 

treatment or those of diabetic mice who received 

Selenicereus undatus treatment. Diabetes was 

found to cause ALN hepatic glycogen loss in 

diabetic mice (Figure 3). Because insulin 

stimulates intracellular glycogen deposition while 

inhibiting glycogen phosphorylase, there is a  

128.2

213.6

135
145.8 152.8 151.8

142.6
132.6

0

50

100

150

200

250



P.Sonu et al/ Antidiabetic activity of Selenicereus Undatus (Haw). fruit extract against alloxan induced 

diabetic mice 

37| International Journal of Pharmaceutical Research | Jan - Mar 2022 | Vol 14 | Issue 1 

 

 

 

direct correlation between insulin activity and 

glycogen levels in various tissues [27]. This is 

because insulin stimulates intracellular glycogen 

deposition while inhibiting glycogen 

phosphorylase. According to the findings of a 

study on diabetic mice treated with extract, the 

glycogen synthase system in their livers has been 

restarted. According to the findings of the trials, 

Selenicereus undatus ethanolic fruit extract has a 

high level of antidiabetic activity as well as a 

stable level of liver glycogen. 

 

5. CONCLUSION: 

The ethanolic extract of S. undatus has been 

shown to lower blood glucose levels, which could 

be due to an increase in insulin secretion 

produced by pancreatic cell regeneration. Aside 

from that, it is discovered that S.undatus 

contains alkaloid and flavonoid compounds that 

can help treat diabetes and other diseases. They 

discovered that the ethanolic extract of 

S.undatus has anti-diabetic properties and could 

be useful in the treatment of diabetes. 
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ABSTRACT 
Diabetes mellitus (DM), one of the most metabolic illnesses, has a major influence on health and quality of life. 
Phytotherapy has gained a significance as one of the complementary alternative and safe treatment modalities 
against diabetes than the synthetic medication. Momordica charantia (MC) and Murraya koenegii (MK) are 
extensively used as antidiabetic agent. In this study, we have examined the effect of oral administration of 
extracts of MC- fruits and MK leaves in comparison with standard antidiabetic drug, Metformin (120mg/kg body 
weight) in alloxan induced diabetic albino rat on biochemical parameters such as fasting blood glucose (FBG), 
hemoglobin, serum creatinine, albumin and urea, serum glutamate oxaloacetate and pyruvate transaminase 
(SGOT and SGPT), catalase, superoxide dismutase (SOD), and lipid peroxidase (LPO). The results show a 
significant decrease (p≥0.05) in serum glucose levels (range 5.39±0.11 mmol/L to 6.41±0.09 mmol/L) in MC and 
MK treated diabetic rats and non-diabetic rats fed with both MC and MK (400mg/kg body weight), metformin 
(4.41±0.07 mmol/L) compared to the alloxan induced non treated diabetic rats (8.41±0.08 mmol/L). The 
administration of diabetic rats with plant extracts for 14 days periods brought a remarkable alteration in 
returned blood glucose levels that are close to normal values reported in control group (4.44±0.14 mmol/L. For 
all the parameters evaluated, the results observed were significant and in close comparison with the standard 
antidiabetic drug, Metformin. This indicates that the extracts of MC and MK have diminishing effect on severity 
of diabetes. 

Keywords: Murraya Koenegii, Momordica charantia, antidiabetic activity, Metformin 

 

1. INTRODUCTION 

Diabetes has become a serious worldwide health 

problem rising concern among nations around the 

world and research to address the problem. 

Diabetes mellitus (DM) is a multisystem illness 

characterized by lack of insulin secretion (Type-I) 

or insensitivity (Type-II) [1]. It is frequently 

associated with comorbidities such as 

hyperlipidemia, diabetic nephropathy and 

cardiovascular illnesses. Recent Studies on Type-I 

and Type-II diabetes indicates alarming situations 

in posing a serious health hazard across the 

worldwide population [2, 3]. Biguanides, 

glibenclamide, and Dipeptidyl peptidase-4 (DPP-4) 

inhibitors Provide an excellent therapeutic results 

for DM and are expensive with adverse effects [4- 

6]. Although insulin and several types of synthetic 

oral hypoglycemic medications are 

 
available to treat diabetes, synthetic medicines can 

have significant side effects and toxicity. Given the 

long-term need for therapy, finding effective, 

nontoxic, and affordable antidiabetic agents is 

critical. As a result, complementary and functional 

foods, as well as alternative pharmaceuticals, 

have emerged as novel therapeutic options for the 

management of diabetes. 

The quest for safe and effective medications has 

been a major focus of current research. The 

research for safe and effective anti-diabetic agents 

from natural materials is gaining importance. 

Many studies are now being conducted to 

investigate plant natural products containing 

particular phyto components with anti-diabetic 

potential as an alternative treatment [2]. 
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Murraya koenegii and Momordica charantia are 

two prominent plants that are referenced in 

Ayurveda for their therapeutic benefits. M. 

charantia, popularly known as bitter melon, 

belongs to the Cucurbitaceae family of cucumbers. 

It grows in tropical and subtropical climates across 

the globe. Bitterness may be found in all sections 

of the plant, including the fruit. Bitter melon has 

anti-diabetic, anti-inflammatory, anti-microbial, 

anti-HIV, anti-leukemic, anti-ulcer, anti-tumor 

effects in its fruits and seeds. It may be used as an 

alternate treatment for diabetic people who need 

to reduce their blood glucose levels [7]. This is 

attributable to the bitter melon extract's complex 

effect of several components [8]. The bioactive 

compounds responsible for its hypoglycemic effect 

include a combination of steroidal saponins known 

as charantins, insulin-like peptides, and alkaloids 

[9]. 

M. koenigii leaf also known as curry leaves, (L), 

are extensively used as a condiment and spice in 

India and other tropical nations. It is a member 

of the Rutaceae (citrus) family and has been 

used as a diabetes therapy in Ayurveda [10]. 

Several investigations on diabetic animal models 

have shown that MK leaves have anti-diabetic 

properties [11-13]. Murraya koenigii leaves have 

a phytochemical profile that includes vitamins, 

carbazole alkaloids, triterpenoids, minerals and 

phenolic compounds [14, 15]. MK's antioxidant 

action is primarily due to carbazole alkaloids [16]. 

Given the richness of natural plant products with 

anti-diabetic potential, research into herbal 

medicines as an alternative therapy and should be 

prioritized in its usage by reduce in synthetic drugs. 

As a result, the bioactive components of two plant 

sources, both of which are dietary constituents and 

high in antioxidants, were studied in the current 

research. In alloxan- induced diabetic rats, the 

effects of alcoholic extracts of M. charantia 

(karela) and Murraya koenigii (curry leaves) on 

hyperglycemia and other related markers, blood 

hemoglobin, liver functional tests (SGOT and SGPT 

as key indicators), SOD, Catalase as antioxidant 

defenses. the oxidative stress in terms of LPO 

activity, creatinine, serum albumin, and urea as 

renal functional test were performed. A 

comparison of the plant treatments with 

metformin, a commonly used synthetic antidiabetic 

drug, was also made. 

 
2. MATERIALS AND METHODS 

 

Induction of diabetes in rats 

All the animals, except control group and group- 

VI were allowed to fast 12 h and were 

intraperitoneally injected with ice cold alloxan 

monohydrate, 150mg kg body weight (freshly 

prepared) with sterile water (2%) at a dose of 

Materials and chemicals Alloxan, Metformin, 
bovine serum albumin and d- glucose were 
purchased from Sigma Chemical Co. All other 
chemicals used were of analytical grade. 

 

Plant material preparation 

The fresh fruits of M. charantia and the leaf of 

M. koenegii were collected from local farms 

and markets. The plants were identified and 

authenticated by a taxonomist from Department of 

Botany, Osmania University, Hyderabad and the 

voucher specimens were deposited as herbarium. 

The plant materials leaf and fruit were washed, 

dried under shade, then cut into pieces, and seeds 

were removed from the pulps, then ground to 

homogeneous powder (40– 60 mesh) and stored 

at a dry place for further use. 

 

Extraction of plant phytochemicals 

Extraction was carried out by methanol solvent 

using soxhlet apparatus as described by [17]. M. 

charantia fruit and M. koenegii were extracted 

using methanol (100g/1000mL) for 10 h up to 22 

cycles at 40⁰C until in the extractor siphon became 

colorless. The extract was then filtered and the 

residue re-extracted with 80% ethanol. The 

extraction process was repeated for three times. 

After filtration, the combined filtrates were 

evaporated to remove the solvent with a rotary 

evaporator (Make) at 40ºC. The extract was 

freeze-dried and then preserved at 4 ºC for further 

experimentation. 

 

Acclimatization of animals 

Thirty six male albino rats roughly weighing (200 

- 250g) were purchased from jeeva life sciences 

(Hyderabad, India). All animals were kept in clean, 

sanitized PVC coated stainless steel cages in an 

air-conditioned animal house with typical climatic 

conditions such as a constant temperature of 20– 

25°C, relative humidity of 45– 55%, and a 12 

hour light–dark cycle. Animals were fed with a 

regular pelletized feed and free access to water 

before and throughout the experiment. Animals 

were fasted for 12 hours before administering 

experimental treatments, but were allowed proper 

access to water. All of the trials were carried out 

during the day. Before the commencement of the 

experiment, the procured rats were acclimatized to 

the laboratory conditions for 7-days. This work is 

carried out in accordance with the animal ethics as 

also approved by the intuitional animal ethics 

committee of the department. 

150mg/kg body weight. Fasting blood glucose 

levels (FBG) were measured after a week when 

the condition of diabetes was stabilized. Animals 

with marked hyperglycemia (fasting blood 

glucose concentration level above 11.1mmol/L) 

were considered to be diabetic and used for     

further the experimentation. 
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Experimental design 

The experiment was conducted for a period of 21 

days. The first 7 days were for the induction of 

diabetes in rats and the following 14 days were the 

investigational period with crude alcoholic extracts 

of MC and MK administered, separately. The plant 

extracts were dissolved in and administered orally 

on daily basis for a period of 14 days. 

The experiment was conducted in six groups of six 

rats each. 

Group-1: Normal saline treated rats (Normal 

control-NC) 

Group-2: Normal saline treated alloxan induced 

diabetic rats (Diabetic Control-DC) (AID) 

Group-3: Alloxan induced diabetic rats treated 

with metformine synthetic drug, (120 mg/kg. of 

body weight) (AIM) 

Group-4: Alloxan induced Diabetic rats treated 

with M.charntia Fruit crude extract (400mg/kg 

of body weight (DMC) 

Group-5: Alloxan induced Diabetic rats treated 

with M.Koengii leaves crude extract. (500mg/kg of 

body weight (DMK) 

Group-6: Non-diabetic rats treated with crude 

extract of M.charantia Fruit + M.Koengii leaves, 

400mg/kg of body weight (CMM) 

At the end of the experimental period, the animals 

were fasted overnight and then sacrificed by 

cervical decapitation. Blood was collected in tubes 

containing EDTA for the estimation of glucose as 

described by [18], hemoglobin as described by 

[19]. Estimation of creatinine, albumin [20-21] and 

urea as biochemical markers of kidney functioning 

was performed by method similar [22]. 

 
Measurement of antioxidant parameters in the 

liver 

 
The liver tissue was homogenized in 0.9% NaCl 

solution, and then centrifuged at 3000 rpm for 10 

minutes. The above procedures were performed at 

4°C. The supernatant obtained was used for 

determination of SGOT and SGPT as biochemical 

markers of liver functioning by Reitman and 

Frankel method [23] and antioxidant enzymes 

(Superoxide dismutase (SOD), Catalase, lipid 

peroxidase (LPO) according to the procedure 

described by [24]. Total protein content was 

determined by Lowry et al.,(1951) 

 
STATISTICAL ANALYSIS 

The analysis data was subject to statistical analysis 

by a one-way analysis of variance was (ANOVA) 

using SPSS -22 version software performed. The 

POST-Hoc test was run at a 5% level of 

significance. All the values are represented as 

Mean ± SD results are shown as bar graphs. 

When the p-value was less than 0.05, the results 

were deemed statistically different. 

 
RESULTS 
The blood glucose and haemoglobin levels of the 

control and experimental groups of rats (Table 1 

and 2). Blood glucose and hemoglobin levels were 

relatively same in experimental rats given plant 

extracts and Metformin medication, with small 

variations, however in the AID-group, there was a 

considerable increase in blood glucose (2- fold 

rise) and a drop in hemoglobin content (13.25 

mg/dL). These levels were found to be equivalent 

to those of normal rats after oral treatment of plant 

extracts of MC and MK, as well as the synthetic 

antidiabetic medication Metformin, and the MC 

extract has shown more pronounced significant 

antidiabetic activity as compared to M. Koingeii 

extract. The extracts, as well as the Metformin 

therapy, significantly reduced blood sugar levels in 

diabetic rats. 

 

Table 1: Effect of MC and MK plant extracts on blood glucose levels and Hemoglobin levels 

 

Group Mean±SD (m.mol/L) 

blood glucose levels 
Mean±SD (m.mol/L) 

Hemoglbin levels 

CONTRO 

L 

4.44 ± 0.36 14.98 ± 0.29 

AID 8.41 ± 0.21 13.25 ± 0.51 

AIM 4.41 ± 0.17 14.75 ± 0.50 

DMM 5.39 ± 0.26 14.78 ± 0.11 

DMK 5.51 ± 0.29 14.75 ± 0.60 

CMM 6.41 ± 0.23 14.26 ± 0.74 

 
                                     Values are Mean ± SD; significance P<0.05 

 

There was a substantial difference in mean blood 

glucose levels between the alloxan-induced 

diabetes groups and the normal control group 

(p<0.05), as shown in Table-1. The blood glucose 
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level of the normal control group was 4.44 0.14 

mmol/L, but the blood glucose level of the MC and 

MK extract treated diabetic rats varied from 

5.390.11 mmol/L to 6.410.09 mmol/L. Thus, it 

was clear that intraperitoneal administration of 

metformin at a dose of 120 mg/kg body weight 

generated a strong diabetogenic reaction in rats, 

as shown by elevated blood glucose (8.410.08 

mmol/L). In diabetic rats, administration of M. 

charantia extract resulted in a statistically 

significant decrease in mean blood glucose levels 

(p 0.05). The blood glucose level of untreated 

diabetic rats was considerably greater than that of 

treated diabetic rats (p0.05). The diabetics' blood 

glucose levels were reduced to 5.390.11 mmol/L 

and 6.410.09 mmol/L, respectively, after 

administration of plant extracts, with no significant 

difference between the two dose groups and the 

normal control group. 

 
Effects of Plant extracts on Renal functioning 

There were significantly high levels of serum 

creatinine (1.58±0.06  mg/dL), albumin 

(6.5±0.21  mg/dL) and urea (66.33±2.04 

mg/dL) levels were observed in alloxan induced 

diabetic rats (Table-2). Compared with the non- 

treated alloxan induced diabetic rats, diabetic rats 

treated with plant extracts exhibited considerable 

decreased levels (Figure-1, 2 and 3). 14 days 

treatment with plant extracts significantly reduced 

creatinine (AIM-1.25±0.03 mg/dL, DMC- 

1.4±0.11 mg/dL, DMK-1.48±0.12 mg/dL and 

CMM-1.56±0.27 mg/dL) levels compared to 

control group (0.68±0.09 mg/dL). The albumin 

levels ranged from (AIM-4.47±0.28 mg/dL, DMC- 

5.45±0.27 mg/dL,           DMK-5.39±0.17 

mg/dL and CMM-5.49±0.15 mg/dL) levels 

compared to control group (4.50±0.15 mg/dL). 

The urea levels ranged from (AIM-31.67±0.55 

mg/dL, DMC-35.23±1.2 mg/dL, DMK- 

38.66±0.97     mg/dL     and   CMM-41.23±0.64 

mg/dL) levels compared to control group 

(29.85±1.44 mg/dL). The creatinine, urea and 

albumin levels in diabetic rats treated with plant 

extracts were comparable with metformin treated 

diabetic rats (AIM). Whereas, in non-diabetic rats 

treated with mixed crude extract exhibited a faint 

response for all the parameters studied. 

 

Table: 2. Effect of Momordica charantia and Murraya Koenigii, crude extract on creatinine, 

albumin and urea 

 

 
S. 

No 

 

 
Parameter 

 
Control 

n=6 

 
Alloxan 

Induced 

Daibetic 

Mice (AID) 

Alloxan 

Induced 

Diabetic 

Metformine 

(AIM) 

Alloxan 

Induced 

Diabetic Mice 

+ 

M.Charntia 
(DMM) 

Alloxon 

Induced 

Diabetic 

Mice 

+ 

M.Koengii 

(DMK) 

Crude extract 
of 

M.Charanti 
        + 

M.Koengii 
(CMM) 

 
1 

Creatinin  

mg/dl 

0.68 ± 0.91  
1.58 ± 0.06 

 
1.25 ± 0.03 

 
1.40 ± 0.11 

 
1.48 ± 0.12 

 
1.56 ± 0.27 

 
2 

Albumin 

mg/dl 

4.50 ± 0.15  
6.50 ± 0.21 

 
4.47 ± 0.28 

 
5.45 ± 0.27 

 
5.39 ± 0.17 

 
5.49 ± 0.15 

 
3 

Urea 

mg/dl 

29.85 ± 1.44 
66.33 ± 2.04   31.67± 0.55 

 
35.23 ± 1.2 

 
38.66± 0.97 

 
41.23 ± 0.64 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig.1: Effect of Momordica charantia and Murraya Koenigii, crude extract on creatinine 
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Fig.2: Effect of Momordica charantia and Murraya Koenigii, crude extract on albumin 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3: Effect of Momordica charantia and Murraya Koenigii, crude extract on urea 
 

Effects of Plant extracts on liver functioning 

A significant increase in SGOT (122.5±0.11 

mg/dL) and SGPT (123.3±1.24 mg/dL) levels 

were observed in alloxan induced diabetic rats 

(Table-4). Compared with the non-treated alloxan 

induced diabetic rats, diabetic rats treated with 

plant extracts exhibited considerable decreased 

levels (Figure-4 and 5).14 days treatment with 

plant extracts significantly reduced SGOT (AIM- 

62.3±1.4  mg/dL,  DMC-64.4±1.08  mg/dL,  DMK 

67.7±1.41 mg/dL and CMM-75.05±1.68mg/dL) 

levels compared to control group 61.47±1.17 

mg/dL). The SGPT levels ranged from (AIM- 

54.9±0.96 mg/dL, DMC-57.9±2.07mg/dL, DMK-

64.92±2.39 mg/dL and CMM- 69.87±1.99 mg/dL)
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levels compared to control group (53.9±1.2 

mg/dL). 

The SGOT and SGPT levels in diabetic rats treated 

with plant extracts were comparable with 

metformin treated diabetic rats (AIM). Whereas, in 

non-diabetic rats treated with mixed crude extract 

exhibited a faint response for all the parameters 

studied. The values are significant at P<0.01/0.05 

leads. The antioxidant enzymes such as SOD-CAT 

along with LPO activity was analyzed as a key 

parameters for oxidative stress. Significant and 

nearly equivalent results were observed among the 

metformin treated diabetic group and plant extract 

treated groups (Figures 6-8). Comparatively, no 

significant on tested parameters was observed with 

mixed crude extract treated non-diabetic rats. 

 

 

Table: 3 Effect of Momordica charantia and Murraya koenigii, ethanol extract on Liver function 

 

 

S.No 

 
 

Parameters 

 

 
Control 

Alloxan 

Induced 

Daibetic 

Mice 

(AID) 

Alloxan 

Induced 

Mice+ 

Metformi ne 

(AIM) 

 
Diabetic 

Mice 

+ 

M.Charntia 
(DMM) 

 
Diabetic 

Mice + M. 
koengii 
(DMK) 

Crude extract 
of 

M.Charantia 

+ 

M.Koengii 
(CMM) 

 
1 

SGOT 

(mg/d l) 

 
61.47 ± 1.17 

 
122.5 ± 0.11 

 
62.3 ± 1.40 

 
64.4 ± 1.08 

 
67.7 ± 1.41 

 
75.05 ± 1.68 

 
2 

SGPT 

(mg/d l) 
53.9 ± 1.20 123.3 ± 1.24 54.9 ± 0.96 

 
57.9 ± 2.07 

  64.92 ± 2.39 
 

69.87 ± 1.99 

 

 

 

Fig.4: Effect of Momordica charantia and Murraya Koenigii, crude extract on SGOT 
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Table: 4 Effect of Momordica charantia and Murraya koenigii, Ethanolic extract on plasma 

antioxidant profiles 

S.No Parameters Control Group 

- I 

Alloxan 

Induced 

Daibetic Mice 

Group - II 

Alloxan 

Induced 

Mice 

+ 

Metformine 

Group - III 

Diabetic Mice 

+ 

M.Charntia 
Group-IV 

Diabetic Mice 

+ 

M. Koengii 
Group - V 

Crude extract 

of 

M.Charantia 

+  

M. Koengii 

Group - VI 

1 LPO (g/dl) 0.13 ± 0.01 0.36 ± 0.02 0.13 ± 0.02 0.24 ± 0.23 0.25 ± 0.03 0.24 ± 0.02 

2 Antioxidant 

enzymes 

SOD 

(U/mg 
protein) 

80.6 ± 0.53 185.5 ± 0.29 87.5 ± 1.4 95.7 ± 3.9 104.05 ± 1.16 110.2 ± 1.8 

3 CAT 

(U/mg 

protein) 

33.45 ± 3.3 9.87 ± 1.45 29.9 ± 1.6 29.6 ± 1.12 28.02 ± 2.29 27.2 ± 1.43 

4 Total Protein 

(g/dl) 

8.11 ± 0.43 9.91 ± 0.77 10.0 ± 0.70 10.8 ± 0.58 12.2 ± 0.62 14.85 ± 0.53 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Fig.5: Effect of Momordica charantia and Murraya koenigii ethanolic extract on LPO 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Fig.6: Effect of Momordica charantia and Murraya koenigii ethanolic extract on SOD 
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Fig.7: Effect of Momordica charantia and Murraya koenigii, ethanolic extract on catalase 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig.8: Effect of Momordica charantia and Murraya koenigii, ethanolic extract on serum protein 

 

DISCUSSION 
A wide range of foods, including cereals, 

vegetables, and spices, have been studied for their 

anti-hypoglycemic properties. MC and MK are 

well-known for its medicinal properties and used 

to treat the diabetes by the traditional 

practitioners. Alloxan has been proven to destroy 

pancreatic beta cells, resulting in hyperglycemia. 

Hyperglycemia was the hallmark of diabetes in our 

studies. Treatment with alcoholic extracts of MC 

and MK reduced plasma glucose in diabetic rats 

considerably (P <0.05). Many researchers have 

reported the hypoglycemic impact of MC and MK 

[27-29]. This may be due to enhanced 

glycogenesis, reduced glycogenolysis, or 

gluconeogenesis [29], and/or the increased 

glucose uptake and use by cells, might be the 

mechanisms of action [30]. When the serum 

glucose concentrations of diabetic MC and 

diabetic MK treated groups were evaluated, it was 

shown that both plant extracts are similarly 

 
effective as hypoglycemic agents when compared 

to the conventional antidiabetic medicine 

metformin. This might be related to the fact that 

the test groups had comparable insulin responses. 

This indicated that both plant extracts work as 

insulin secretagogues in the same way. 

Glaciation of proteins such as haemoglobin occurs 

when blood glucose levels are high [31], resulting 

in the generation of reactive oxygen species (ROS), 

which leads to increased lipid peroxidation and 

cytotoxicity [32]. Diabetic patients' total 

haemoglobin levels are often substantially lower 

than usual [33]. In the current investigation, there 

was no significant difference in haemoglobin 

levels between diabetic rats treated with plant 

extract and non-diabetic control rats. The 

preventive effect of MC and MK plant extracts is 

supported by these findings. By measuring blood 

creatine, albumin, and urea, the impact of MC 
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and MK extracts on kidney function was 

determined. 

SOD and catalase play an important role in 

protection against oxidative damage, which are 

the hallmark of toxicity. Increased SOD activity 

would result in the creation of hydrogen peroxide, 

which, unless quenched by catalase and LPO, 

would result in the development of reactive oxygen 

species (ROS) that cause damage. Hepatotoxicity is 

linked to high levels of these enzymes. In the 

present study, nearly close results were observed 

for SOD and catalase among metformin treated 

diabetic rats and plant extract treated rats. The 

plant extracts have shown decreased levels of 

SOD, LPO and catalase as comparable to 

protection offered by standard drug metformin. 

The incidence of heart and liver illnesses will rise 

as SGOT and SGPT levels rise. Their elevated levels 

are often linked to heart attacks and liver 

problems. Administration of plant extracts in 

diabetic rats has significantly decreased the SGPT, 

SGOT and catalase levels, which is an indication 

of hepatoprotective effect. 

 
CONCLUSION 
In diabetes adequate care, and optimal glycemic 

Index control is critical. In the present study both 

M. charantia and M. koenigii crude extracts 

exerts it’s beneficial in controlling the blood 

glucose levels, limits the lipid peroxidation by 

antioxidant activity by quenching the 

overproduction of free radicals which in terms 

supported by an increased SOD and CAT 

antioxidant enzymatic defenses and decreased 

creatinine, albumin and urea in experimental 

alloxan-induced diabetic rats. Diabetic 

management is a mix of antihyperglycemic 

medication therapy and monitoring of liver and 

kidney function. Thus, both leaf extracts studied 

in our investigation demonstrated powerful 

antidiabetic effects equivalent to the synthetic 

medication metformin, with M. charntia-treated 

rats exhibiting a stronger impact. Finally, our 

investigation demonstrates that extracts of M. 

charantia and M. koenigii leaves have a 

modulatory effect in the treatment of diabetes 

mellitus and may be used as part of diabetes 

management therapy. Because these plants 

have long been used as stable food in day to day 

life, they may be safe to use as dietary 

supplements and medications. However, a long- 

term research is required since plant compounds 

are slower to work than synthetic medications, and 

greater dosages may cause a plateau effect, which 

would be detrimental to diabetes treatment. 

Further studies are to be carried out to isolate, and 

identify specific active compounds responsible for 

antidiabetic activity in the tested plant materials. 
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ABSTRACT 

The present study aimed to evaluate the efficiency of hexavalent chromium Cr(VI) removal from synthetic 
waters using locally available Cyanobacteria is also called blue-green algae are commonly found in lakes, 
rivers, and ponds. Various sorption factors like optimum pH, period of exposure, biomass dose, and primary 
chromium concentrations were investigated to originate their impacts on the sorption of Cr(VI). FTIR 
(Fourier-transform infrared spectroscopy) and SEM (Scanning electron microscopy) were used to examine 
the biosorption mechanisms of Cr(VI) ions onto blue-green algal biomass. The Langmuir and Freundlich 
isotherm models accurately illustrate the equilibrium experimental results. The Results indicated that the 
biosorption of blue-green algal biomass was shown to be biomass and pH-dependent. The hexavalent 
chromium removal efficiency was found to be 97.6% for an initial chromium concentration of 500 mg/L 
within 60 minutes at pH 2, 250 rpm, and a 10g/L blue-green algal biomass dose. According to the Langmuir 
isotherm, the highest biosorption ability was about 396 mg/g of dry biomass, and the Freundlich constants 
Kf and n were 0.514 [mg/g (1/mg) n] and 32.73, respectively. At the outset, the study of “blue-green algae” 
can be well-advised as a propitious and precious universal adsorbent to treat the waters contaminated with 
toxic Cr(VI) ions. 

Keywords: Biosorption, Blue-green algae, Hexavalent chromium, Heavy metal pollution, Isotherm models, 
Water pollution. 

Introduction 

Water contamination is the world's most vulnerable issue. Major research and the state 
of art technologies are coming to treat the wastewater and to remove the pollutants from 
the wastewater. Pollution of the water mainly due to toxic heavy metals containing 
effluents from textile, paint, leather tanning, etc. is discharging the wastewater into the 
water bodies. Currently, this is one of all the major environmental concerns within the 
world. 

In heavy metals Chromium, being one of the most hazardous and carcinogenic metals 
has drawn a lot of interest from researchers. Only two of the chemical forms of chromium 
(Cr (III) and Cr(VI)), are stable and found in nature. Electroplating, chromate production, 
alloy manufacturing companies, metal purification and handling, leather processing, and 
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wood maintenance are just a few of the industrial sources that employ this metal and its 
derivatives. Because of its significant adverse health properties, Cr (VI) should be 
effectively removed before disposal. Ramsenthil (2018). 

Many researchers reported that the different treatment technologies for removal of 
chromium like membrane separation, ion exchange, chemical reduction/precipitation, and 
adsorption. However, these methods are not economically facing able, which, need a very 
huge amount of chemical reagents and a lot of energy, to overcome these problems 
researchers proposed biosorption to adsorb pollutants through biological sources as a 
potential alternative.  

Innovative ways of using various biological sources, rockweed, amphibious plants, and 
plant-based sorbents as economical and effective absorbents are being developed. 
Because of its environmentally benign character, even wastewaters with metal pollution 
may be remedied with this high-performance, low-cost domestic approach, biosorption 
has become an essential and state-of-the-art technology in recent years. M. Costa (2003), 
G. Donmez (2002), Chi-ChuanKan (2017), WC Leung, (2001), R  Majumder (2017), S.K  
Das (2007), D. Park (2005), Parul Sharma (2007), S Basha (2008), P Suksabye (2007), 
H Gao et al (2008). 

Studies have shown that, the short-term accumulation of chromium (VI) by contacts with 
Cyanobacteria using their capability to seize chromium. D Shukla (2002). Aksu & Balibek 
(2007) studied the impact of salt addition on the adsorption of Cr (VI) by dried 
Rhizopusarrhizus. Arica et al. (2005) investigated the kinetics of Cr (VI) adsorption from 
synthetic waters expending free and restrained biomass produced from 
Lentinussajorcaju. Arica (2015). As a result, fungal species may remove chromium ions 
as well. The biosorption of Cr (VI) ions on the cell surface of trichoderma fungus under 
aerobic conditions at pH 5.5 was found to be 97.39 percent Vankar et al (2008). 
Chlamydomonas reinhardtii, natural, heat-treated, and acid-treated microalgae, was used 
for chromium (VI) ion biosorption.  

The purpose of this research is to study the effect of several factors on the removal 
efficiency of chromium ions, such as adsorbent dosage, initial pH, time duration, and 
optimum Cr (VI) levels, on the adsorption of hexavalent chromium from synthetic 
chromium solutions using blue-green algae as an absorbent. To describe the 
experimental data, adsorption isotherms were used. 

Materials and methods: 

Biomass preparations: 

A blue-green alga sample was taken from a small water body near Rajendra Nagar in 
Hyderabad, India. To eliminate contaminants and other undesirable components like 
sand and soil particles, the biomass was thoroughly washed in running tap water, then 
three to four times in Millipore water. The collected biomass was allowed to air dry before 
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being dried in a 60°C oven. Dry biomass was mashed in a marble crusher blender and 
mesh sieve to achieve the desired particle size (0.5mm). 

Preparation and analysis of metal solution 

The Chromium primary solution was made by dissolving 2.827g potassium dichromate 
(K2Cr2O7) in Milli-Q water. It was then diluted with ultra-pure ultra-distilled water to make 
solutions with concentrations of 500 to 1500 mg/L. The complete study was conducted in 
batches at 28±2°C. The hexavalent chromium concentration was determined by a UV-
Spectrophotometer method based on red-violet colored complex production of chromate 
ions by the interaction of DPC (1,5-diphenylcarbazide) in an acidic solution. Gilcreas et al 
(1965). The Systronic-2205UV-Vis spectrophotometer was used to detect absorbance 
across a wavelength of 540 nm after 15 minutes. The pH was adjusted using Systronic 
pH system-361, well-calibrated with NIST traceable pH buffers. Remi manufactured a 
mechanical shaker used for adsorption and kinetic studies. 

Hexavalent chromium adsorption studies: 

250 ml conical flasks were swirled at 250 rpm on a stirrer at ambient temperature 
(28±2°C) for batch biosorption studies. The impact of pH solutions ranging from 1.0 to 
10.0, exposure time (060 minutes), and optimal Cr(VI) ions concentration (500 to 1500 
ppm with 10g biomass dosage) on the biosorption rate and efficiency were investigated 
To explore the adsorption efficiency of Cr(VI) and blue-green algal biomass, 10g/L 
biomass was soaked in Cr (VI) synthetic water of various concentrations ranging from 
500 - 1500 ppm to evaluate biosorption isotherms. The samples were obtained at various 
periods (0 to 60 mins). The supernatant was tested for residual chromium metal ion 
concentration after centrifugation at 4500 rpm for 15 minutes. The following equation was 
used to calculate the quantity of Cr (VI) ions adsorption efficiency per unit biomass of the 
adsorbent under equilibrium conditions Qe (mg/g).  

 

Qe = (Co − Ce)V ÷ m Equation-1 

 

Where, C0 and Ce (mg/L) are initial & equilibrium concentrations of chromium solution 
respectively, V is the volume of solution (L), and m is Blue-green algal biomass (g).  

The efficiency of biosorption (%) was determined using the following equation: 

 

R% =
Co−Ce

Co
X 100                      Equation-2 

Characterization of adsorbent 

The studies were conducted using a Perkin Elmer Model Spectrum BXI FTIR 
spectrophotometer (FTIR) on KBr discs with a finely powdered 1% sample. In the 
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wavenumber varies from 650-4000cm-1, spectral data with a resolution of 4 cm–1 was 
analyzed using spectrum software. The biomass was evaluated after and before the 
chromium ion interaction. The surface structure and metal adsorption on biosorbent were 
studied using a scanning electron microscope (SEM). 

Equilibrium Isotherms analysis: 

The biosorption data were applied to several sorption isotherms, notably the Freundlich 
and Langmuir, to quantitatively explain chromium metal sorption by the blue-green algal 
biomass. The nonlinear regression method was used to determine qe and b in this 
investigation. The findings of the correlation coefficient (R2) were used to determine 
which of the two models described above was the most well-fitting. 

The Freundlich isotherm is an empirical equation that defines adsorption on a 
heterogeneous surface with non-uniform energy distribution. The biosorption studies 
were conducted out with a predetermined initial adsorbent dosage (10g) and various initial 
adsorbate levels (500, 750, 1000, 1250, and 1500 mg/L) solutions, with the data's 
relevance to the Langmuir adsorption isotherm being evaluated. The tests were 
performed for sufficient time to achieve equilibrium at the original pH of 2. The Langmuir 
model was used to deal with uncertainties. 

Results and Discussion: 

Cr (VI) adsorption by blue-green algae is optimum when the pH is 2 and the biomass 
dose is 10g. According to the findings of this study, the highest adsorption capacity of 
blue-green algal biomass is 396 mg/g, and the optimum agitation rate of 250 rpm is 
continued during the 60-minute preset time. The current results of blue-green algae's 
maximal adsorption capacity are compared to similar research on Cr (VI) adsorption 
utilizing various sorbents. The highest adsorption rate using activated charcoal 
(made from wood apple shell) employed to absorb chromium from water with a 
concentration of 1250 mg/g was reported to be 151.51 mg/g at a pH of 1.8. Their 
substance is shown to be more effective at low pH, and their qmax was lower than 
this research Doke & Khan(2017). 

At pH 2 and 0.2g of dosage, a magnetic natural zeolite Chitosan composite was used as 
an absorber to absorb Cr (VI) from a 200 mg/L aqueous solution, with a removal efficiency 
of 98% Gaffer et al (2017).  The chemically-treated banana peels were used as an 
adsorbent in 400 mg/L chromium synthetic water and revealed that the maximum removal 
efficiency was 6.178 mg/g within 120 minutes of contact time with 4 g/L dosages at pH 3 
Ali et al (2016). 

pH Impact on adsorption: 

The objective of this study was to determine the ideal pH for removing chromium ions 
from aqueous solutions. Experiments were performed in batches with various 
concentrations of chromium solution by ranging the pH levels from 1 to 10 and results 
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were evaluated (Figure 1). In aqueous solutions, chromium is known to have pH-
dependent equilibria. When the pH varies, the equilibrium shifts. The HCrO4- and Cr2O7

2- 
ions were in equilibrium in the pH range of 1 to 10. On the other hand, at pH 2.0, Cr3O10- 
and Cr4O13

2- species are released. The optimal initial pH for Cr (VI) bioremediation using 
this biosorbent was found to be pH 2.0, suggesting that lower pH causes more 
polymerized chromium oxide molecules to be produced. The decreased chromium 
removal effectiveness at higher pH is thought to be owing to ions being repelled by anions 
on the surface of the adsorbent. The removal efficiency rose as the pH was reduced, 
reaching 97.6% at 500 mg/L Cr (VI) concentrations, according to the findings. Some of 
the organic carbons in the biomass were transformed to inorganic carbon during Cr (VI) 
reduction (HCO3- and CO2). Protons were consumed during absorption when pH 
decreased. 

Effect of Contact Time 

The amount of Cr (VI) absorbed varies depending on the starting concentration, which 
ranges from 500 to 1500 mg/L at pH 2. (Table 1). Since the pH affects the system's 
sorbent equilibrium, the combination of chromium levels and adsorbent is an important 
factor to consider for successful biosorption. The time it took for the system to reach 
equilibrium was less than 60 minutes. Metal uptake was affected by variables disrupting 
mass flow from the bulk solution to binding sites Mohanty et al (2018). 

 

 

Figure 1. The effect of pH on the removal efficiency of hexavalent 
chromium. 

However, even though sorption equilibrium was achieved at the same time, chromium ion 
biosorption declined with time. It is explained as a result of a rise in the number of ions 
vying for accessible binding sites in biomass, as well as a scarcity of binding sites. 
Because binding sites are saturated at greater concentrations, more Chromium ions are 
left in the solution. 
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Table 1: Chromium (VI) removal percentage at a different contacting time using 
blue-green algae 

Removal Percentage of chromium VI by using blue-green algal 
biomass 

Concentration (ppm) 
10 
min 

20 
min 

30 
min 

40 
min 

50 
min 

60 
min 

500 40 56 68 74 89 98 

750 36 48 52 68 72 96 

1000 32 54 58 76 84 92 

1250 28 59 66 80 88 88 

1500 16 28 43 56 66 72 

FTIR Spectra Analysis: 

An unreacted, chromium-treated blue-green algae sample was prepared and scanned 
using FTIR, with percentage transmission for various wavenumbers shown. The 
attribution of corresponding functional groups to absorption bands identified using 
acquired spectra is explained. 

The existence of OH groups on the biosorbent surface was indicated by wavenumbers of 
3,000 and 3,399 cm-1 for blue-green algae. The existence of C-H groups is indicated by 
the dip seen at 2,927 cm-1 and 893 cm-1. The presence of an amide band is shown by the 
1,649 cm-1 band, which is the consequence of CO stretching mode coupled to NH 
deformation mode. The dip at 1,154cm-1 is caused by CO or CN groups, which proves 
the existence of numerous efficient ions on the surface of blue-green algae that bind 
Cr(VI) ions. (Figure 2). 

 

Figure 2. FTIR Spectrum for blur green algae biomass. 
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Scanning Electron Microscope (SEM) combined with Energy Dispersive X-ray (EDX) 
spectroscopy was used to explore the Cr (VI) adsorption and surface structure of the blue-
green algal biomass sample. EDX spectroscopic experiment found the percent quantity 
of Cr (VI) in the biomass after biosorption, which was used to determine the percentage 
of elements. 

The blue-green algal biomass sample was tested against 500 mg/L hexavalent chromium, 
and the biomass removed 97.6% of the Cr (VI) ion using 10 g of biomass at pH 2. This 
indicates that the biomass's surface area is acting as a biosorption agent. The 
morphology of biomass was explained by SEM micrographs, as illustrated in Figs. 3 and 
4, respectively. 

Biosorption equilibrium studies: 

Experiments were conducted through adsorbent doses of 10 g/L and various adsorbate 
contents (500-1500 mg/L) solutions, the results were examined by Langmuir adsorption 
isotherm. The tests were performed for sufficient time to achieve equilibrium at the original 
pH of 2. The findings were familiar to the Langmuir model that can be articulated by using 
the equation. 

qe =
bqmax Ce

1+bCe
                        Equation – 3 

 

 

Fig. 3. SEM of blue-green algae biomass before biosorption. 
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Fig. 4. SEM of Bluegreen algae biomass after biosorption 

Where qe is the metal uptake (mg/g) at equilibrium; qmax is the maximum Langmuir uptake 
(mg/g); Ce is the final metal concentration at equilibrium (mg/L); b is the Langmuir affinity 
constant (L/mg of the metal). The Langmuir affinity constant was found to be highly linked 
with the similarity between biomass and Cr (VI), with a higher value indicating a high 
affinity. Using a linear representation of the Langmuir model (Ce/qe vs Ce), these 
adsorption variables may be derived from the isotherm: 

Ce

qe
=

C2

qmax
+

1

bqmax
                 Equation –4 

These assumptions underpin the Langmuir isotherm. Langmuir (1916). Metal ions are 
adsorbed chemically at a finite number of well-defined sites, each of which can only hold 
one ion at a time. The ions do not interact, and all sites are energetically equivalent. 

The linear plot of Ceq/q vs Ceq shows the adsorption follows the Langmuir adsorption 
model (Figure 5). 0.99 was the correlation coefficient. The slope and intercept of the figure 
were used to determine b and qmax, which were 0.06 L/mg and 396 mg/g, respectively. 

 

Figure 5. Freundlich plot for hexavalent chromium adsorption efficiency. 
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Separation factor - RL 

The main characteristics of the Langmuir isotherms may be represented as 
dimensionless constant separation factors or equilibrium parameters. RL, which is well-
defined as: 

RL  =
1

1+bCo
                    Equation -5 

Where Co=initial concentration in mg/L; b=Langmuir constant  

RL values define the isotherm categories; if the RL value is greater than one, the isotherm 
is unfavorable and linear; if the RL value is less than one, the isotherm is favorable;   For 
Cr (VI) adsorption, the RL values obtained are smaller than one (Table 2). RL values 
between 0 and 1 recommend good adsorption Mcka et al (1982). 

Table 2.The values of Separation factor 

Co RL 

500 0.032209 

750 0.021705 

1000 0.016368 

1250 0.013137 

1500 0.010972 

 

The adsorption of chromium (VI) on a blue-green algal biomass was also investigated 
using the Freundlich isotherm, which was assessed using the equation below Freundlich 
(1906). 

logqe =  logKF +
1

n
 logCe                                                Equation-6 

Where Kf is a constant proportional to the Freundlich biosorption capability (L/mg), and 
the log is an experimental measure indicating sorption efficiency, which differs with 
substance variability. Freundlich isotherms derived by applying equilibrium data to 
equation 6 are shown in Figure 6.  
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Figure 6. Freundlich plot for hexavalent chromium adsorption efficiency. 

Kf and 1/n were found to have values of 32.74 and 0.541, respectively. The1/n results 
falling well under the specified values (0- 1), which denotes chromium ion adsorption was 
satisfactory under these conditions. Magnitudes of Kf and n reveal a strong adsorption 
capability and removal efficiency of hexavalent chromium from contaminated waters. Ozel 
Ucun et al (2002). 

Conclusion 

According to the results of this study, blue-green algae is a viable substitute for absorbing 
Cr (VI) from the waters. In biosorption, the results of FTIR bands related to its functional 
groups made a crucial impact. The optimum hexavalent chromium removal percentage 
was optimum at pH.2, and raising the pH from acidic to alkaline resulted in a decrease in 
chromium removal percentage. The maximal chromium VI ion removal was determined 
to be 97.6% in 60 minutes at pH 2 with 250 rpm agitation and 10 g/L blue-green algae 
biomass. Studies of equilibrium isotherms indicated that they were significant and fit well 
within the allowable limits. Cr(VI) ion biosorption on blue-green algae eventually reached 
a maximum capacity of 396 mg/g biomass. Blue-green algae is an inexpensive and easily 
available biosorbent, making it a viable choice for removing chromium ions from 
contaminated wastewaters. 
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Manihot esculenta, commonly called cassava, is an economically valuable crop

and important staple food, grown in tropical and subtropical regions of the

world. Demand for cassava in the food and fuel industry is growing worldwide.

However, anthracnose disease caused by Colletotrichum gloeosporioides

severely affects cassava yield and production. The bioactive molecules from

Bacillus arewidely used to control fungal diseases in several plants. Therefore, in

this study, bioactive compounds (erucamide, behenic acid, palmitic acid,

phenylacetic acid, and β-sitosterol) from Bacillus megaterium were assessed

against CDC42, a key protein for virulence, from C. gloeosporioides. Structure

of the CDC42 protein was generated through the comparative homology

modeling method. The binding site of the ligands and the stability of the

complex were analyzed through docking and molecular dynamics simulation

studies, respectively. Furthermore, a protein interaction network was envisaged

through the STRING database, followed by enrichment analysis in the

WebGestalt tool. From the enrichment analysis, it is apparent that bioactive

from B. megaterium chiefly targets the MAP kinase pathway that is essential for

filamentous growth and virulence. Further exploration through experimental

studies could be advantageous for cassava improvement as well as to combat

against C. gloeosporioides pathogen.
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Introduction

Plants are an important source for humans, animals, birds,

and other living organisms. Plants protect themselves from a

variety of biotic and abiotic stresses (Gong et al., 2020). Biotic

stress occurs due to bacterial and fungal pathogens (Peck and

Mittler, 2020). One of the important plants on which more

than 800 million people worldwide are depending for major

food sources is Manihot esculenta Crantz (Atwijukire et al.,

2019). The crop, commonly known as cassava, is enriched

with several nutrients such as starch, carotenoids, vitamins,

and minerals. Cassava is consumed as the primary food source

mainly in the regions of tropical and sub-tropical countries.

Later, due to increased industrial importance such as the

production of animal feed, biomedicine, and cosmetics, the

production of cassava has been highly increased (Li et al.,

2017). In addition, the raw materials from M. esculenta were

used for biopolymer, starch, and bioethanol production (El-

Sharkawy 2004). Apart, the by-products from the cassava

industries are rich with organic residues essential for the

production of value-based products (Ayling et al., 2012).

Hence, the crop with human value and with the immense

industrial application was cultivated by both low-scale and

high-scale cultivators. However, the plant is restricted at an

economical level due to several factors such as the presence of

cyanogen compounds (Balyejusa Kizito et al., 2007), a low

level of proteins, and infectious disease.

Anthracnose disease (AD) damages the healthy planting

materials of cassava, leading to low yield and total economic

loss for the planters. AD occurs in cassava due to the fungal

pathogen Colletotrichum gloeosporioides f. sp. manihotis

(Machado et al., 2020). The fungal strain infects the shoot tips

of the healthy plants; develops cancerous growth on the stem and

leaves. AD is notorious to cause shoot tip-die-back disease

because the pathogen infects the stem region, weakens the

parts and leads to major destruction during strong wind and

rain (Pinweha et al., 2015). The primary interaction of the

pathogen with the cassava plant was established by producing

an infection cell known as appressorium. The melanized cell

surrounding the aspersorium supports the internal solute

concentration and rigidity of the cells (Wang et al., 2021).

After the interaction with the host, the pathogen develops

infection vesicles and primary hyphae. Later, the fungi

develop secondary hyphae structures that spread the infection

and kill the plants. Generally, after the successful infection into

the host, the fungi adapt to the biotrophic mode of nutrition for

their survival (Li et al., 2021). The pathogen produces lesions on

leaves, stems, and other parts of the plant. Sequentially, switches

to the necrotrophic mode of nutrition in which the pathogen

absorbs nutrition from the dead cells of the infected region. This

nutrition adaptation by the pathogen is known as the

hemibiotrophic mode of infection (Jacobs et al., 2019). Thus,

it is very challenging to impair the growth and spread of infection

by C. gloeosporioides. This pathogen also infects humans but

knowledge about the type of disease and mode of infection is not

clear so far.

To prevent fungal infection, chemical fungicides were widely

used to control the disease (Ons et al., 2020). The use of several

fungicides has resulted in impacts on human health and

environmental issues. Hence, as an alternative approach to

overcome AD-mediated damage in the cassava, different novel

approaches were promoted for the development of fungal

resistant-cassava crops (Koehorst-van Putten et al., 2012). The

genetic engineering approach was one of the conventional

strategies known to be the most economical, safe, and

effective method to generate anthracnose disease-resistance

cassava plants (Hormhuan et al., 2020). The use of a

conventional breeding strategy with cassava crops leads to

high heterozygosity, low fertility, delayed flowering, and

prolonged vegetative stage. Hence, the approach of

Agrobacterium-mediated transformation is considered to

improve the acquired resistance in plants. One of the

important plant-pathogen resistance genes, transferred into

cassava has been reported to show improved resistance

against a wide variety of plant pathogens. Thus, alternative

strategies were required to incredulous the current scenario of

anthracnose disease in cassava plants. The cell division cycle

(CDC42) protein present in the fungi performs the function of

the molecular switch by regulating signal transduction pathways

and cytoskeleton-mediated cellular process. The protein belongs

to the Rho-family of the GTP-binding protein, which plays a

pivotal role in the transduction of polarity signals for

morphogenetic development (Wang et al., 2018). The

CDC42 protein also plays an important role in cell

differentiation and appressoria development. CDC42 protein

reported with plants is highly diverse, however, the protein is

conserved in other eukaryotic species. The protein CDC42 from

different fungal species (Magnaporthe grisea, Claviceps purpurea,

andUstilago maydis) has a key role in plant-pathogen interaction

(Oeser et al., 2017; Zheng et al., 2009). Thus, the deletion of

CDC42 from pathogens has significantly reduced the virulence

mechanism during infection. Therefore, in the present study,

CDC42 of C. gloeosporioideswas selected as the therapeutic target

to screen for inhibitors against the protein. Also, the detailed

investigation using a protein-protein interaction network will

pave the way to study the characteristic properties of

CDC42 involved in the different biological processes of host-

pathogen interaction.
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Materials and methods

Generation of homology model and
structure validation

The three-dimensional structure of Cell division control

protein 42 homologs (CDC42) from C. gloeosporioides was

determined through the comparative homology modeling

method. The structure of CDC42 was built through the

SWISS-MODEL server (https://swissmodel.expasy.org/). The

accuracy of the model was assessed by QMEAN4 score

analysis (Benkert et al., 2011). Later, energy minimization was

performed using the steepest descent algorithm using

GROMACS (Van Der Spoel et al., 2005). The structure of the

predicted model was assessed through the structure validation

tool SAVES v6.0 program - VERIFY 3D (Agarwal et al., 2021;

Hasan et al., 2021), ERRAT (Adewole and Ishola, 2021), WHAT

CHECK (Sekhar Pagadala et al., 2009), and PROCHECK analysis

(Laskowski et al., 1996). The geometry and stereochemistry of the

modeled structure were analyzed through the Ramachandran

plot analysis method (Agarwal et al., 2021). In addition,

structural validation of the generated model was performed

through ProSA score analysis (Wiederstein and Sippl., 2007).

Then, the overall quality score of the homology model was

compared with the score of the template structure.

Binding site prediction
Prediction of druggable cavities is a crucial step for structure-

based drug designing. The active site as predicted for

CDC42 model protein using sitemap. The prediction of the

active site reveals the shape, size and chemical interaction of

the ligands with the receptor protein.

Molecular docking

Five monomeric bioactive compounds identified from the

ethyl acetate extract of Bacillus megaterium erucamide, behenic

acid, palmitic acid, phenylacetic acid, and β-sitosterol, were

examined against CDC42 protein of C. gloeosporioides. The

structure of the bioactive compounds was obtained from the

PubChem database. The selected ligands were prepared and the

three-dimensional (3D) coordinates were generated. For

molecular docking, the proteins used for the study were

prepared using protein preparation wizard. The proteins were

subjected for H-bond optimization. The entire protein structure

were relaxed using Uff force field. Energy minimization for

protein and ligand was performed before docking using

default parameters. Autodock tools were utilized for the

addition of hydrogen, Kollman charges, and solvation

parameters (Azam and Abbasi, 2013). Molecular docking was

performed through the Autodock Vina program (Trott and

Olson, 2010). The grid size of 3 Å for the coordinates X, Y,

and Z centered at X: 12.20; Y: 5.95; Z: 7.22 with a grid spacing of

0.375 Å was used for the docking program. The pose with the

lowest binding energy was selected as the best conformation. The

modeled structures were visualized through the BIOVIA

Discovery Studio visualizer (Studio, 2015). Molecular

mechanics of combined generalized born surface area and

surface area continuum solvation (MM/PBSA and MM/

GBSA) methods were performed for studying the effectiveness

of interaction. The calculation for average binding free energy

ΔGbind was represented for estimating the free energy of ligands

binding to the macromolecules. During molecular dynamics

simulation of the receptor-ligand complex, the molecular

mechanics is applied with empirical scoring and perturbation

methods for predicting the accuracy during their simulation run.

The formula for average binding free energy ΔGbind was

calculated as; ΔGbind = ΔEMM+ ΔGSolv+ ΔGSA.
ΔEMM: denotes minimized energies of protein and ligand.

ΔGSolv: solvation-free energy.

ΔGSA: surface area energy.

ADMET properties of the ligands
SMILE structure of the lead molecules used for the present

study were downloaded from Pubchem database. The

pharmacokinetic properties of molecules were predicted using

ADMETSAR2.0. The properties such as acute oral toxicity, BBB,

fish aquatic toxicity and carcinogenicity of the molecules were

analysis.

Molecular dynamics simulation

For each protein-ligand system, their pose with the lowest

binding energy was assessed. The system was minimized and

equilibrated under the number of particles, volume, and

temperature (NVT) and the number of particles, pressure, and

temperature (NPT) conditions. The molecular dynamics

simulation was performed for 50 ns in DESMOND with GPU

support. The Optimized Potential for Liquid Simulations (OPLS)

force field was used. The system was solvated in a dodecahedron

box using a simple point charge (SPC) model with a periodic

boundary condition. The system was neutralized by adding

sodium chloride ions. Energy minimization was performed

through the steepest descent algorithm. Harmonic position

restraints were applied during the NVT ensemble simulation.

The molecular dynamics production runs were carried out at a

2 fs time step. Temperature and pressure were controlled by

setting the Langevin dynamics and Berendsen barostat at 300 K

and 1 bar, respectively. Standard periodic boundary conditions

and cut-off distance (1 nm) were updated. The particle-mesh

Ewald (PME) method was used to assess the interactions. The

bonds were constrained with a linear constraint solver (LINCS)

and the water molecules were constrained with SETTLE (Hess

2008; Tripathi et al., 2022). Molecular dynamics simulation was
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evaluated using root mean square deviation (RMSD) and

hydrogen bond analysis.

STRING analysis

The interacting proteins of CDC42 were predicted through

the STRING database (http://string-db.org) and the network is

built by providing the CDC42 protein sequence in the input box.

The search was performed against C. gloeosporioides. The

confidence score was set to high (0.7). The interactions were

based on the experiments, co-expression, databases, gene fusion,

neighborhood, and co-occurrence. The maximum number of

interactions was set to no more than ten in the first and second

shells.

Identification of clusters from the protein-
protein interaction network

Clustering of interactions from large protein-protein

interaction networks is essential to define the molecular

complexes and topological modules. It is difficult to

comprehend and interpret the network properties as such in

FIGURE 1
Three-dimensional structure of CDC42 predicted through homology modeling (B) The structure of CDC42 protein superimposed with the
template (2NGR) structure. (C) Binding site prediction representing the active site region (pink).
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large protein-protein interaction networks. Therefore, clustering

of networks is significant in unraveling the pure network

properties as well as finding the network connections in the

dense regions. The network obtained from the STRING database

is a network based interaction evidence for data support. The

obtained network was reconstructed in Cytoscape 3.8.0. The

constructed network was evaluated further using Molecular

Complex Detection (MCODE) plug-in to visualize the central

network. The cut off parmaters were set as MCODE score >3 and
node number >4. The subclusters generated were further

visualzed and group to study the clossness and degree of

interaction in their group.

Gene ontology (GO) analysis and protein
interaction analysis

The gene ontology (GO) analysis was performed in which the

functional annotation was achieved through DAVID (database

for annotation, visualization, and integrated discovery) database.

GOView, a web-based WebGestalt (WEB-based GEne SeT

AnaLysis Toolkit) application, is used to visualize and

compare the interactional relationship in the network (Zhang

et al., 2005; Zhang et al., 2004). Furthermore, the central gene sets

were annotated and the hierarchical associations were defined.

The protein SHO1 involved in the MAPK signaling pathway was

modelled using modeler. SHO1 from yeast was used as the

template (2vkn. Pdb) with 61.02% with target sequence. The

model of SHO1 and CDC42 was loaded into Patchdock server

and protein-protein docking was performed (Yousafi et al.,

2021). The protein complex was analysed and results were

represented.

Results

Generation of homology model and
structure validation

The protein sequence of the CDC42 homolog of C.

gloeosporioides (O94103) was retrieved from the NCBI

database (https://www.ncbi.nlm.nih.gov/protein/O94103). The

sequence contains 190 amino acids and belongs to the small

GTPase superfamily, the Rho family. The sequence was predicted

to contain three nucleotides (GTP) binding regions: 12–19

(GDGAVGKT), 59–63 (DTAGQ), and 117–120 (TERG).

Based on sequence homology, the molecular function involves

GTPase activity and the biological process involves cell cycle and

cell division. The sequence contains a propeptide region from

amino acid 188 to 190 (LVL), which is predicted to be cleaved

during protein maturation or activation. The detail for the

propeptide region was revealed through the prediction

evidence sequence similarity search tool ECO:

0000250 mentioned in the NCBI protein sequence database.

The structure of this CDC42 protein was predicted through

comparative homology modeling. It showed 70.83% sequence

TABLE 1 Docking score of different ligands from B. megaterium with CDC42 protein.

S. No PubChem ID Compound name Dock score (kJ mol −1) ΔGbind (Kcal/mol)

1 222284 beta-Sitosterol −10 -42.35

2 999 Phenylacetic acid −10 -39.26

3 985 palmitic acid −9.4 -41.51

4 8,215 Behenic acid −9.2 -37.90

5 5365371 Eurcamide −9.2 -39.49

TABLE 2 GO Slim summary is based on Entrez gene IDs.

S. No Gene symbol Gene name Entrez gene

1 BMH1 14-3-3 family protein BMH1 856924

2 BUD6 Bud6p 851029

3 CLA4 serine/threonine protein kinase CLA4 855418

4 SHO1 osmosensor SHO1 856854

5 SPA2 Spa2p 850639

6 STE50 Ste50p 850325
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FIGURE 2
3D and 2D representation of molecular docking of CDC42 with ligands from B. megaterium. The ligands and their interaction are shown with
the line diagram. The color code green color represents the hydrogen bond. Purple color represents pi-sigma interaction. Light pink color
represents, pi-alkyl and alkyl interaction. (A,B) = beta sitosterol, (C,D) = Phenylacetic acid, (E,F) = palmitic acid, (G,H) = Behenic acid and (I,J) =
Eurcamide.
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similarity with 98% query coverage with human cell division

control protein 42 homolog. The modeled structure was

superimposed with the template structure and it is shown in

Figure 1. The overall quality factor obtained during ERRAT

analysis is 77.5281. In Verify3D, around 80.65% of the amino

acid residues have scored≥0.2 in the 3D/1D profile.

TABLE 3 Predicted ADME physio-chemical properties of the docked compounds, all the tables cited correctly.

Compound name Human intestinal
absorption

BBB Acute oral toxicity
(log (1/(mol/kg))

Fish aquatic toxicity Carcinogenicity (binary)

Beta sitosterol 0.9930 0.9247 1.989 0.9917 0.9714

Phenylacetic acid 0.9490 0.9659 1.697 0.4220 0.7286

palmitic acid 0.8417 0.9725 1.16 0.9178 0.6571

Behenic acid 0.8417 0.9725 0.6378 0.9178 0.6571

Eurcamide 0.9186 0.9969 0.6537 0.7699 0.6429

FIGURE 3
(continued).
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Ramachandran’s Z-score was found to be −2.077 in the

WHAT CHECK analysis. In Ramachandran plot analysis

88.7% amino acid residues were found in the most allowed

regions. Around 10.7% residues were present in additionally

allowed regions and 0.6% amino acid residues were found in

generously allowed regions. The overall quality analyzed

through ProSA Z-score displayed a −6.62 value for target

CDC42 homology while the template displayed a Z-score

value of -7.59. This Z-score comparison between the target

and the template suggests the resemblance in the geometry of

the conformations between the target and template. Structural

validation was shown in (Supplementary Figure S1).

Altogether the structural verification suggested the

consistency of the generated model.

Molecular docking

The molecular docking results for active compounds

identified from B. megaterium were shown in Table 1.

Inconsistent with previous reports from Xie et al. (2021), the

results from the present study also showed β-sitosterol and

phenylacetic acid as the top hits in molecular docking.

Through binding site prediction, it was observed that Leu158,

Ser121, Thr117, Glu118, Ser88, Thr87, Ala15, Glu18, and

Gly14 are the active residues of CDC42. Active site region is

distributed with polar (Ser and Thr), hydrophobic residues (Leu

and Ala) and negatively charged (Glu) residues. The presence of

Ser residues in the active region are responsible for the

interaction with the lead molecules. Presence of single Ser

residues are responsible for enzymatic reaction. The binding

site region consist of two Ser residues responsible for interaction

of the lead molecules. Both the ligand, β-sitosterol and

phenylacetic acid, presented the highest dock score

of −10 kJ mol −1. The next top hit obtained was palmitic acid

(−9.4 kJ mol −1) followed by behenic acid (−9.2 kJ mol −1) and

erucamide (−9.2 kJ mol −1). The representative 2D and 3D

images were presented in Figure 2. The CDC42 homolog

protein with phenylacetic acid displayed van der Waals

interactions with Gly17, Val16, Lys18, Thr37, Thr60, Ala61,

Pro36, Val35, Tyr34; conventional hydrogen bond interactions

with Gly62, Gln63; carbon-hydrogen bond and pi-donor

hydrogen bond interactions with Ala15, Gly14; and pi-sigma

bond interaction with Thr19. The CDC42 protein with β-

FIGURE 3
(A) Molecular dynamics simulation of CDC42 with ligands (β-sitosterol, phenylacetic acid, palmitic acid, behenic acid, and erucamide); (B)
H-bond interaction of CDC42 and ligand molecules.
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sitosterol displayed van der Waals interactions with Pro115,

Ser121, Ser156, Thr117, Phe30, Val123, Glu118, Thr87, Ala15,

and Gly14; conventional hydrogen bond interaction with Ser88;

and alkyl bond interaction with Leu158. Palmitic acid displayed

van der Waals interactions with Phe80, Pro105, Gly108, Arg101,

Ser100, Gly148, Ala144; conventional hydrogen bond

interactions with Ser104, Pro107; and alkyl bond interactions

with Val109, Ala149, Met143, Leu111, Val82, Leu147, Val95. The

CDC42 homolog with behenic acid displayed van der Waals

interactions with Thr87, Glu118, Thr117, Asp13, Gly14, Asp59,

Thr19; conventional hydrogen bond interactions with Ala15,

Val16, Gly17, Lys18; alkyl and pi-alkyl bond interactions with

Pro115, Ala157, Leu158, Tyr34, Phe30, Cys20. Erucamide

showed van der Waals interactions with Tyr34, Ala15, Gly17,

Val16, Thr117, Glu118, Val123, Ser85; (Table 2) conventional

hydrogen bond interaction with Thr87; alkyl and pi-alkyl bond

interactions with Cys20, Phe30, Pro115, Ala157, Leu158. From

the free energy calculation, it was observed that β-sitosterol
obtained the highest binding energy of -42.35 (Kcal/mol)

compared to the other molecules used for docking. Palmitic

acid with an energy of -41.51(Kcal/mol) was observed as second

highest compound showing highest binding affinity. The other

compounds such as phenylacetic acid, Eurcamide, and Behenic

acid was observed with -39.26, -39.49 and -37.90 was observed

with binding energy respectively.

ADMET

All the compounds were predicted positive for intestinal

absorption and blood brain barrier. Also, from the predicted

results it was observed that the compounds were non AMES toxic

and non-carcinogenic. Hence the predicted compounds were

determined non-toxic and can be used extensively for further

studies. Also, β-sitosterol was previously predicted as FDA

approved drug with no side-effects (Babu and Jayaraman,

2020). Based on the pharmacokinetic properties, the molecules

were predicted to be lead molecules (Table 3).

Molecular dynamics simulation

Molecular dynamics simulation is an efficacious method for

validating the stability of the ligands (β-sitosterol, phenylacetic
acid, palmitic acid, behenic acid, and erucamide) docked into the

binding pocket of CDC42. For this, all-atommolecular dynamics

(MD) simulation study was applied which is regarded as a

valuable approach to study the dynamic behavior of the

ligands and proteins along with their key interacting residues.

Thus, the obtained protein-ligand complexes through molecular

docking were enrolled for 50 ns of all-atom MD simulation. MD

simulation results revealed the protein-ligands exhibited

FIGURE 4
STRING network analysis displaying protein-protein interactions. Color nodes represents query proteins and first shell of interactions. Red color
node represents cluster 1, green color represents cluster 2 and blue color represents cluster 3.
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successful conversion of the initial start of run from 15 ns

(Figure 3). The trajectories analysis of the MD run has shown

the rise of initial frames at an average of 15 ns. However, the

RMSD level of the trajectories proceeded with the average values

with minimal fluctuation until 20 ns. The ligand β-sitosterol
showing interaction with CDC42 during MD simulation has

exhibited an initial rise of the frames from 10 to 15 ns. The

standard plateau throughout the MD simulation interval was

FIGURE 5
(A) Gene ontology analysisrepresents role of proteins in different process such as biological process, cellular and molecular function. The
number of proteins involved in different process were represented above each bar. (B) node attribute enumerator analysis using MCODE available
with Cytoscape (Maroon color subnetwork- 1; Cyan subnetwork-2); The subnetwork 1 is occupied with maximum numbers of proteins and
subnetwork 2 is occupied with 3 proteins(C) Subnetworks - three clusters are highlighted in blue and the functional involvement of three
clusters are represented in white font.
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observed from 20 to 50 ns. The average RMSD for β-sitosterol
was observed as 2.10 ± 0.20 Å. This dynamic behavior confers a

more stabilized accommodation of β-sitosterol into the binding

pocket of the CDC42 throughout the MD simulation. The

average RMSD values for phenylacetic acid, throughout the

plateau MD simulation interval (12–28 ns) was 3.1 ± 0.50 Å.

However, the plateau showed a rise in level after 30 ns and

remained stable until 50 ns with an average RMSD of 3.5 ±

0.30 Å. Palmitic acid showed a higher shift in trajectory frames

with an RMSD value rise from 3.1 ± 0.50 Å to 4.3 ± 0.10 Å after

25 ns. However, both the ligands phenylacetic acid and palmitic

acid have converged around the comparable trajectory frames

with an average RMSD value of approximately above 3.5 Å. This

dynamic difference between palmitic and phenylacetic acid has

shown that the ligands might have deviated from the original

interaction compared to the β-sitosterol ligand complex. The

other ligands such as behenic acid and eurcamide have shown

differential dynamic behavior, which confers the ligands shift

from the binding pocket. Eurcamide initial rise in the trajectory

level at 15–20 ns was about 3.1 ± 0.10 Å. Later, the plateau was

depicted as steady until the end of the simulation around 50 ns.

Similarly, behenic acid has shown a rise in the level of the plateau

after 28 ns, which confirms the significant ligand, shifts out of the

CDC2 pocket, and remained stable till the end of the MD run.

Thus, the overall analysis of the MD simulation run suggests the

ligand β-sitosterol has stable conformation into the binding

pocket of CDC42. Comparatively, phenylacetic acid and

palmitic acid have also been found to be stable. Euracamide

and behenic acid ligands were observed to alter their position in

their binding pocket of CDC42. The hydrogen bond formation

plays a significant role during molecular interaction between the

ligand and protein (CDC42). The term hydrogen bond donor

and acceptor during hydrogen bonding indicate hydrogen atom

from the donor and the acceptor with lone pair of electrons.

From the MD simulation run, it was observed that β-sitosterol
and palmitic acid shared a maximum of eight hydrogen atoms

throughout the run. Phenylacetic acid has shared a maximum of

four hydrogen bonds throughout the simulation run. Overall, the

number of hydrogen bond donors, as well as acceptors, are within

the range for β-sitosterol and palmitic acid (Figure 3B).

STRING analysis

The protein-protein interaction network predicted through

STRING analysis is shown in Figure 4. The network comprises

21 nodes; 133 edges; 12.7 average degree nodes; 0.812 average

local clustering coefficient; 31 expected edges with protein-

protein interaction enrichment values less than 1.0e−16. In

Figure 4, color nodes represent the query protein and first

shell of interactors while the white nodes represent the second

shell of interactors. The empty nodes indicate proteins with an

unknown 3D structure. The network edges represent the

confidence mode in which the thickness of the line indicates

the strength of the data support. From Figure 4, it is clear that

there is no 3D structure available for the first and second shell

interactors. Hence, further studies are required to understand the

complex mechanism and detailed functions of the

TABLE 4 KEGG enrichment analysis for enriched gene set.

GeneSet Description Size Overlap Expect Enrichment
ratio

pValue FDR Gene symbol

sce04011 MAPK signaling pathway 114 5 0.109986 45.46053 1.12E-08 4.02E-05 BMH1; CLA4; SHO1; SPA2;
STE50

GO:
0030447

filamentous growth 135 5 0.130246 38.38889 2.64E-08 4.02E-05 BMH1; BUD6; SHO1; SPA2;
STE50

GO:
0000165

MAPK cascade 42 4 0.040521 98.71429 2.67E-08 4.02E-05 CLA4; SHO1; SPA2; STE50

GO:
0023014

signal transduction by protein
phosphorylation

47 4 0.045345 88.21277 4.25E-08 4.80E-05 CLA4; SHO1; SPA2; STE50

GO:
0040007

growth 177 5 0.170767 29.27966 1.04E-07 9.36E-05 BMH1; BUD6; SHO1; SPA2;
STE50

GO:
0001402

signal transduction involved in
filamentous growth

13 3 0.012542 239.1923 1.42E-07 1.07E-04 BMH1; SHO1; STE50

GO:
0031399

regulation of protein modification process 212 5 0.204534 24.44575 2.56E-07 1.66E-04 BMH1; CLA4; SHO1; SPA2;
STE50

GO:
0035556

intracellular signal transduction 252 5 0.243126 20.56548 6.10E-07 3.45E-04 BMH1; CLA4; SHO1; SPA2;
STE50

GO:
0043408

regulation of MAPK cascade 32 3 0.030873 97.17188 2.45E-06 0.00123 CLA4; SHO1; SPA2

GO:
0001932

regulation of protein phosphorylation 133 4 0.128316 31.17293 2.90E-06 0.001312 CLA4; SHO1; SPA2; STE50

Frontiers in Molecular Biosciences frontiersin.org11

Papathoti et al. 10.3389/fmolb.2022.1010603

https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1010603


CDC42 homolog in establishing pathogenicity and diseases in

plants.

Clusters identification through MCODE
analysis and GO classification

A subnetwork was constructed and the result was visualized

through Cytoscape. CDC42 has shown interaction with SHO1,

STE50, SPEA2, A0A4U6XE38, MAPK, CLA4, A0A4U6XNA7,

MST20, SCD2, SCD1, RHOA, GB-1, SEPA, RHOC,

A0A4U6XUS1, BUD6, RGA4, BMH1, A0A4U6XTJ5, and

DNMBP. Further functional enrichment and Gene ontology

analysis performed through the WEB-based GEneSeT

AnaLysis Toolkit depicting three fundamental categories were

presented in Figure 5A. The three main categories are biological

process, cellular components, and molecular function. MCODE

provides a real-time cluster assessment quality. The node

attribute enumerator provides a numerical summary of node

attribute values as shown in Figure 5B. Node attribute that is

available for the loaded network is shown in box-1 which

contains 15 nodes and 94 edges. The members of the clusters

are represented in red. Exploration of clusters is shown in box-2

which contains 3 nodes and 3 edges. The members of the clusters

are represented in red. The node scoring the highest value in the

cluster is referred to as the seed. It is the node from which the

cluster was derived, and it is represented in squares, and other

cluster members are represented in circles. Edges indicating the

interactions are represented in blue while the edge directionality

is represented by arrows. New sub-clusters formed from the main

cluster is shown in Figures 5C,D. The GO Slim summary is based

on 6 unique Entrez gene IDs including BMH1, CLA4, SHO1,

SPA2, STE50, and CDC42. Among 6 unique Entrez gene IDs,

6 IDs are annotated to the selected functional categories and also

in the reference list, which are used for the enrichment analysis.

All the genes mentioned above are predicted to play an important

role in the MAP kinase pathway. The enrichment analysis

revealed that the gene is mainly involved in filamentous

growth, signal transduction (by protein phosphorylation), and

MAPK cascade. Altogether, the KEGG enrichment analysis

revealed the association of the MAPK signaling pathway. The

enriched gene set for the MAPK signaling pathway was found to

FIGURE 6
Protein-protein docking of the CDC42 with SHO1 from C. gloeosporioides (A) model proteins of CDC42 (pink) and SHO1 (blue). (B)and (C)
interaction of themodel proteins (D) pictorial representation of the interactionmodel and number of interactions (E) residues involved in interaction.
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have a p-value of 1.1214e−8; an enrichment ratio of 45.46 The false

discovery rate for the network was predicted as 0.00004 for a gene

set size of 114 (Table 4). The protein sequence of SHO1 of C.

gloeosporioides with the accession id A0A1B2LQ50 was obtained

from Uniprot database. The sequence alignment of target and

template sequence (yeast SHO1) with the sequence coverage of

61.02% was used for modelling the protein. Interaction analysis

of CDC42 and SHO protein has shown 14 residues from each

protein have good binding affinity. H-bond (6), non-bonded 149)

and 2 salt bridges were established between the drug target

(CDC42) and SHO1 (Figure 6).

Discussion

Anthracnose disease occurrence in cassava can lead to total

economic loss for the cultivators by damaging the total harvest into

the rotting waste. Anthracnose disease occurs in plants due to

fungal species of the genus Colletotrichum. The species such as C.

fructicola, C. gloeosporioides, C. tropicale, C. theobromicola, C.

siamense, C. brevisporum, and C. plurivorum are the most

common group of plant pathogens that are responsible for

diseases on many plant species. Infected plants with fungal

strains develop dark patches and lesions on stems, leaves, or

any parts of the plant. The lesions occurring on the infected

region (leaves, stem) appear to be the gelatinous masses of

spores. The fungi during infection come in close contact with

the adherence of the spores. The germination starts after several

hours with favorable conditions such as temperature. During the

suitable temperature, the fungi germinate the conidia and produce

the germ tubes. Fungi develop appressorium and arrest the

elongation of the germ tube. The penetration of appressorium

promotes turgor pressure and fungi colonize the plant tissues,

which appear like a canker.

The role of genes in the penetration and development of

infection has not been revealed so far in cassava. However,

mitogen activator (PMK1, MPS1), ATPase (PDE1), Tetraspanins

(PLS1), and fungal effector genes were reported as important genes

for infection in rice blast fungus. CDC42, an important protein

essential for cell division and cell cycle from cassava, was

investigated as the molecular target for the present study. From

the sequence analysis, CDC42 was revealed with 190 amino acids

and belongs to the small GTPase family. In fungi, the presence of

the small GTPase is essential for both beneficial and pathogenic

interaction with the plant system. The small GTPases of cassava are

characterized as Rho family, essential for the formation of virulence,

a fusion of pathogen with plant cell, and production of reactive

oxygen species (ROS). Thus, the protein with three motifs is

structurally essential for the GTPase activity. In absence of the

three-dimensional structure, the protein was modeled based on

sequence similarity. The CDC42protein fromC. gloeosporioides has

shown 70.83% homology with CDC42 of humans with query

FIGURE 7
Details of the overall mechanism representing CDC42 from C. gloeosporioides involved infection and inhibition of the signaling pathway using
lead molecules.
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coverage of 98%. The modeled structure was validated and used for

further docking studies. Generally, Bacillus sp. is considered a

promising source for bioactive secondary metabolites. Therefore,

in the present study molecular docking was carried out with the

bioactive compounds (erucamide, behenic acid, palmitic acid,

phenylacetic acid, and β-sitosterol) of B. megaterium. There are

several pieces of evidence for the compounds identified from B.

megaterium as lead molecules. Erucamide identified from radish

leaf has shown preventive effects against memory deficits related to

Alzheimer’s disease by modulation of cholinergic function. In vivo

experiments have shown that erucamide has biological activity such

as stimulation of angiogenesis, augmentation of neovascularization

in regenerating skeletal muscle, and anti-depressive effects (Kim

et al., 2018). Similarly, behenic acid-based nano micelles were

prepared with dextran as the combination to deliver itraconazole

as a drug. The nano micelles were used as anti-leishmaniasis for

targeting the parasite (Shahriyar et al., 2021). The saturated fatty

acid (C:16), the palmitic acid, selected as the lead molecule in the

present study has been deeply investigated previously (Lee et al.,

2009) as an antiviral agent. Palmitic acid specifically binds to the

CD4 and prevents the entry of the HIV-1 virus. Moreover, beta-

sitosterol has been reported from plants and is known for

anticancer effects against several cancers such as breast and

ovary, prostate, lung, stomach, and liver. In addition, the

compound can significantly inhibit several pathways, cell

signaling, apoptosis, angiogenesis, and inflammation (Bin Sayeed

and Ameen, 2015). Phenylacetic acid and its derivatives were

extensively used in the preparation of drugs that can be used for

several ailments. Diclofenac is used as a medication for the

treatment of pain and inflammation (Gan 2010). Apart, the

previous report indicated that the purified components possess

significant antimicrobial activity against plant pathogens such as A.

tumefaciens (T-37), Erwinia carotovora (EC-1), and Ralstonia

solanacearum (RS-2) (Xie et al., 2021). Among the five

components investigated against plant pathogens, β-sitosterol,
behenic acid, and phenylacetic acid displayed significant

antimicrobial activity. B-sitosterol showed a very low minimum

inhibitory concentration (15.6 μg/ml) againstR. solanacearumRS-2

(Xie et al., 2021). Thus, the five compounds of choice used for the

present study have already been investigated for several alignments.

Mostly, these compounds were reported from different plant

species; however, in the present study, the compounds identified

from B. megaterium were used for investigation. The compounds

were docked into the binding pocket of the CDC42 of C.

gloeosporioides. β-sitosterol and phenylacetic acid showed the

highest dock score of −10 kJ mol −1. The next top hit obtained

was palmitic acid (−9.4 kJ mol −1) followed by behenic acid

(−9.2 kJ mol −1) and erucamide (−9.2 kJ mol −1). From the

binding energy analysis, it was observed that β-sitosterol
obtained the highest binding affinity of −41.51(Kcal/mol).

To study the stability during their interaction, molecular

simulation was performed and the results showed that the

compounds were stable throughout the simulation. For a

comprehensive analysis of the docked protein-ligand complex, a

molecular dynamics simulation was carried out. It is the most

powerful technique to study the conformational changes taking

place at the atom level. Therefore, molecular dynamics simulation

was performed for some time of 50 ns for all atom-docked protein-

ligand complexes. The result showed b-sitosterol with stable

conformation compared to the other docked complexes. The

results are evidence that the docked protein- β-sitosterol complexes

are highly stable for the entire period of 20–50 ns. Furthermore,

RMSD plot analysis showed slight modification in the position,

indicating the stable association and interactions between the

ligand and the protein molecule. Also, the ligand has maintained a

maximum of eight hydrogen bond interactions throughout the MD

run. Thus, the stability of the ligand with CDC42 shows the ligands

can be extended further as a biological agent to treat pathogenesis

against C. gloeosporioides. Additionally, studies have shown that β-
sitosterol has already been used for the treatment of various diseases

due to its potent properties such as antinociceptive, anxiolytic and

sedative effect, anticancer, antimicrobial, immunomodulatory,

hepatoprotective, and wound healing effects. The chemical has

already been approved by FDA and is a safe nutraceutical with no

deleterious effects (Babu and Jayaraman, 2020).

Network-based approaches provide a deep insight to

understand the biological process during the pathogenesis of

C. gloeosporioides. The interacting partner revealed through the

PPI network will pave the way to investigate the cellular activity,

protein localization, and complex biological function of the

protein. Besides, 20 genes have shown interaction with

CDC42 and from the MCODE statistical analysis, two clusters

were identified one with 15 nodes and 94 edges and the second

cluster with 3 nodes and 3 edges. Furthermore, the functional

enrichment analysis has revealed the BMH1, CLA4, SHO1,

SPA2, and STE50 as the important genes involved in the

MAPK signaling pathway. The protein BMH1 has shown to

play important role in aggregation, and arrangement to form

aggresomes. Additionally, BMH1 is involved in spore formation,

sporulation, and ascospore biosynthesis. The CLA4 is very

essential for imparting Cladosporium resistance in the

organism. SHO1 protein, the osmosensor present in the

plasma membrane of C. gloeosporioides activates the high

osmolality glycerol (HOG) of the MAPK signaling pathway in

response to high osmolality. SHO1 protein is found in bud and

bud neck region of the fungal pathogen. Protein docking

interaction reveals SHO1 and CDC42 has established binding

affinity. Hence it is envisaged that inhibition of CDC42 can

significantly prevent the signalling and inhibit the growth and

development of the fungal pathogen. SPA2 perhaps a cytoskeletal

protein is involved in pheromone-induced morphogenesis,

budding, invasive filamentation growth, regulation of hyphal

growth, cellular shape, and reproduction of C. gloeosporioides.

STE50 protein has shown to play a significant role in signal

transduction during filamentous growth, osmosensory signaling

MAPK cascade thereby arrest the growth during conjugation.
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Thus, the identified interacting partners of CDC42 are involved

in the MAPK signaling pathway essential for growth, and

virulence regulation in C. gloeosporioides. Therefore, from the

present study, it is revealed that targeting CDC42 can impart the

interaction network, prevent filament production, and arrest the

reproduction in C. gloeosporioides (Figure 7).

Conclusion

Infections caused by C. gloeosporioides in cassava are very

serious to impair, leading to economic damage to the cultivators.

To date, there are no clear details about the type of infection and

mode of transmission, and pathogenesis of the fungal pathogen.

Hence, in the present study, CDC42 protein involved in cell division

and cell cycle of the pathogen was selected as the target. Modeling of

the protein revealed the key residues playing the functional role of

the protein. The protein was targeted with five active compounds

from B. megaterium. Interaction of β-sitosterol and phenylacetic

acid with the key residue of CDC42 revealed that ligands could have

a potential role in the inhibition of functional proteins that are

involved in growth. Further PPI network constructed for

CDC42 revealed that targeting the protein could impart MAPK

signaling pathway. Additionally, targeting the interacting partner

could also prevent the growth, filamentation, and hyphal growth

which is essential for virulence regulation. However, further

experimental insight can pave a way for preventing C.

gloeosporioides mediated infection in cassava.
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SUPPLEMENTARY FIGURE 1
Structural validation through Saves and ProSA program (A) Verify3D (B)
Ramachandran plot for model obtained from swiss model server and
modeller (C) ProSA score for the template, 2NGR (D) ProSA score for
target, CDC42.
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superimposition of model from Swissmodel (blue) and modeler (pink).
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Abstract---The present study was aimed to establish the 
pharmacological and therapeutic properties of a green synthesized 

silver nanoparticles (AgNPs) in breast cancer induced by 7,12-

dimethylbenzanthracene (DMBA) in nude mice. In this study, AgNPs 
made from Cyphostemma auriculatum Roxb. leaf extract( CA-AgNPs) 

were tested in a nude mice model for anticancer activity. A significant 

elevate changes in blood chemistry like heamoglobin, RBC, WBC,  

platelets and also on blood biochemical parameters such as catalase 
and SOD with obtained after 28 days of treatment with carcinogen. 

However, these levels were restored to normal at the end of the study 

period treated with CA-AgNPs. The liver oxidative stress enzymes 
showed no significant alterations. With 15 and 30 mg/kg b.w of CA-

AgNP, histopathological analysis revealed no significant abnormalities 

in the kidney, spleen, lungs, heart, testis, or brain. However, 30 
mg/kg b.w. of CA-AgNPs caused considerable cell edema and vacuolar 

degeneration in the liver, which returned to normal at the conclusion 

https://doi.org/10.53730/ijhs.v6nS4.6232
mailto:drnaik8777@yahoo.com
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of the washout period. The findings of this study suggest that green 

produced CA-AgNPs at low concentrations could be beneficial. 
 

Keywords---Anticancer, Cyphostemma auriculatum Roxb., DMBA, CA-

AgNPs. 

 
 

Introduction  

 
Nanotechnology has experienced phenomenal growth in recent years as a result of 

its numerous applications in sectors such as material science, chemistry, 

medicine, nanobiotechnology, and others. Nanoparticles (NPs) have attracted a lot 
of attention because of their high surface-to-volume ratio and extremely small 

size, which leads to differences in physical and chemical properties when 

compared to bulk materials with the same composition [1]. Due to several 
improved approaches created by researchers for the synthesis of NPs with defined 

size and form to fulfill highly particular criteria, there has been significant 

progress in the nanotechnology research field in the recent times. New 
applications for NPs are fast emerging, and numerous patents and research 

papers describing new nanoparticle synthesis techniques are published each 

year. The weight unit of a specific material in the Nano size scale has a much 

higher surface area than the same weight unit for the same material in the macro 
scale size due to its incredibly small size. Particle composition, morphology, 

crystallinity, size, and shape all influence the intrinsic properties of metal 

nanoparticles. 
 

Silver NPs (AgNPs) have piqued researchers' interest among the NPs due to their 

wide variety of applications in antibacterial, catalysis, medicinal, optical, and 
energy (2-14). Intensive study has been done based on these findings to 

investigate their qualities and possible applications for a variety of objectives, 

including antimicrobial agents in wound dressings, anticancer agents, electronic 
devices, and water purification. In-vivo investigations of AgNPs made using diverse 

chemical methods revealed toxicity. The size, concentration, coating, and 

distribution level of AgNPs have an impact on their behaviour. Alternatively, to 

synthesis NPs without using harsh and expensive toxic chemicals, microbial and 
biological system (green chemistry) techniques are being developed. Because of 

their environmentally favourable creation of NPs, microorganism-based NPs 

synthesis is quickly developing. However, the microbial technique has drawbacks 
because it takes more effort to maintain colonies. Because of their natural 

availability, quick creation, and environmentally beneficial character, NPs are 

being produced using various plant sources.  
 

Cancer is a category of diseases that cause a variety of pathogenic and metabolic 

alterations in cells. Cell proliferation, angiogenesis, and metastasis are all 

examples of signaling processes that contribute to its development (15-18). 
Aerobic glycolysis, mitochondrial DNA depletion, and changes in respiratory 

chains and genetic expressions are all aberrant metabolic processes in cancer 

cells. The second biggest cause of death in women is breast cancer. The high 
prevalence of breast cancer has had a significant influence on society. The 

majority of breast cancers are estrogen-dependent, and 30-40% of patients who 
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receive adjuvant tamoxifen medication experience a relapse (19). As a result, 

endocrine treatment resistance appears to be a clinical issue. Cancer treatments, 

both physical and pharmacological, are limited at various stages. Currently 

existing medicines, on the other hand, have a negative impact on normal cell 
functioning while exposing patients to excessive drug and radiation exposures. 

 

In earlier reports AgNPs were synthesized using Cyphostemma auriculatum Roxb., 
leaf extract. Cyphostemma auriculatum Roxb., is used as a folklore medicine and 

blood purifier in cardiac disorders, intestinal worm diseases, earache, wound 

abscess, dog bite, rheumatism, purulent wounds, wound healing, tumors, cough, 

colds, and hydrocele, but also as a tonic and an astringent, according to an 
ethnomedicinal survey (20). This herb has also been used to treat animal bloody 

dysentery and diarrhea in veterinary medicine. Alkaloids, flavonoids, saponins, 

steroids, terpenoids, stilbenoids, and tannins have been found in Vitaceae family 
plants, according to phytochemical investigations. In a previous paper, described 

the synthesis and characterization of silver nanoparticles (21). The AgNPs were 

tested invivo in this study to see how effective they are against breast cancer. 
DMBA (7,12-dimethylbenz(a)anthracene), a prototype of polyaromatic 

hydrocarbons (PAH), induced breast cancer model on nude mice for invivo 

evaluations among the different preclinical rodent models investigated for breast 

cancer studies. 
 

Materials and Methods  

 
Sigma-Aldrich, Merck, and Himedia provided all organic compounds and solvents 

required for all assays and biological studies. The rest of the compounds were of 

analytical grade. 
 

In-vivo studies 

Acclimatization of animals 
 

Thirty six female nude mice (20 ± 2 g) were purchased from National institute of 

nutrition (Hyderabad, India). All animals were kept in clean, sanitized PVC coated 

stainless steel cages in an air-conditioned animal house with typical climatic 
conditions such as a constant temperature of 20–25°C, relative humidity of 45–

55%, and a 12 hour light–dark cycle. Animals were provided a regular pellet meal 

and free access to water before and throughout the experiment. Animals were 
fasted for 12 hours before administering experimental treatments, but were 

allowed proper access to water. All of the trials were carried out during the day. 

Before the experiment, the animals were given a 7-day acclimatization period. 
 

Preparation of DMBA and experimental design for treatment-oriented study  

 
Sigma Chemicals in Mumbai, India, provided the DMBA, which was stored at 

20°C to avoid decomposition and dissolved in olive oil carrier. The typical 

medication, tamoxifen citrate, was dissolved in ethanol (100 mg/mL) and dilute it 
hundred fold in distilled water to get a final concentration of 1mg/mL.  The plant 

crude and CA-AgNPs also dissolved in ethanol and dilute in distilled water. The 

mice were placed into six groups, each with six rodents. Animals with tumors 

were chosen to receive therapy for 28 days. Except for the control group, all 30 
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animals were given a single gastric intubation in 1 ml olive oil to induce 

mammary carcinogen (25 mg/kg b.w), during which the Latency period (the 
number of days between the DMBA injection and the emergence of the first tumor 

in each mice) was recorded. Palpation revealed the presence of a tumor. Animals 

with tumors were chosen for treatment for 28 days. 
 

Experimental design 

 

The mice were split into six groups, each with six mice (n = six). The trial lasted a 
total of 28 days. All of the mice in the study were fed a standard pellet diet. The 

experiment was conducted in six groups of six mice each as mentioned below.  

Group-1: Normal saline treated mice (Normal control-NC) 
Group-2: Cancer induced Nude mice (given DMBA (25 mg/kg) by single gastric 

intubation in 1 mL olive oil. 

Group-3: Cancer induced Nude mice (given DMBA (25 mg/kg) by single gastric 
intubation in 1 mL olive oil + crude plant extract 120 mg/kg body weight 

Group-4: Cancer induced Nude mice (given DMBA (25 mg/kg) by single gastric 

intubation in 1 mL olive oil + AgNPs 15 mg/kg body weight 
Group-5: Cancer induced Nude mice (given DMBA (25 mg/kg) by single gastric 

intubation in 1 mL olive oil + AgNPs 30 mg/kg body weight. 

Group-6: Cancer induced Nude mice (given DMBA (25 mg/kg) by single gastric 

intubation in 1 mL olive oil + tamoxifen citrate 10 mg/kg body weight  
 

Blood samples were collected on Day-01, Day-07, Day-14, Day-21, and Day-28. 

The animals were sedated on the 28th day, blood was obtained through the retro-
orbital sinus and utilized to study hematological parameters, and the blood was 

centrifuged and the serum was collected. Biochemical parameters were 

investigated using the serum obtained. After the blood was collected, the animals 
were decapitated and the entire liver and kidney were perfused with ice-cold 0.9 

percent sodium chloride. The organs were then carefully removed, trimmed free of 

superfluous tissue, and the mammary tumors were excised and histological 
effects evaluated. 

 

Histopathology  

 
Tissues having gross pathological alterations, as well as normal tissue, were cut 

into thin slices of 3 to 5 mm thickness. Keep the tissue in a 10% formalin fixative 

at room temperature for 24-48 hours. Xylol was used to deparaffinize the portion 
for 5 to 10 minutes before pure alcohol was used to remove the xylol. After 

cleaning the segment, it was stained with hematoxylin for 3-4 minutes before 

being counterstained with 0.5 percent eosin for 15 to 30 seconds until the section 
became bright pink. Blotted and dehydrated in alcohol for 15 to 30 seconds before 

clearing with xylol. Keep the slide dry and free of air bubbles by mounting it on a 

Canada balsam or DPX mutant. 
 

Determination of serum biochemical parameters 

 
Hemoglobin content, WBC, RBC, and platelet counts were all measured in the 

blood samples. Various biochemical parameters such as SOD and catalase were 

measured in the serum collected after centrifugation of the collected blood. The 



 

 

1467 

activity of superoxide dismutase (SOD) was determined by adding 0.5 mL of 

serum sample to 1.5 mL of carbonate buffer pH10.2, 0.5 mL of 0.1 Mm EDTA, 

and 0.4 mL of epinephrine to 1.5 mL of carbonate buffer pH10.2, and reading the 

OD at 480 nm. SOD activity was measured in units/min/mg protein. The amount 
of enzyme that decreases the rate of adrenaline autoxidation by 50% is defined as 

one unit of the enzyme. Catalase activity was determined spectrophotometrically 

by the method of Koroliuk et.al (22). Briefly 0.1mL of sample was incubated with 
100 µmol/mL of H2O2 in 0.05 mmol/L Tris-HCl buffer (pH-7) for 10 minutes. The 

reaction was terminated by rapidly adding 0.5 mL of 4% ammonium molybdate. 

Yellow complex of ammonium molybdate and H2O2 was measured at 410nm. One 
unit of catalase activity was defined as the amount of enzyme required to 

decompose 1µmol H2O2/minute. 

 
Results and Discussion 

 

The presence of a miniscule amount of silver is usually non-hazardous (23). 

However, the toxicity of AgNPs has remained a source of debate due to the 
potential for harm when utilised in biological systems. For further successful use 

in future applications in biology and medicine, it is required to examine the in 

vivo effect of green synthesized AgNPs in animal models.  
 

Histopathology of breast tissue 

 
The segment of breast derived from normal mice showed no signs of cancer in the 

histology reports (Fig. 1a). Infiltrating neoplasm constituted of cells grouped in 

glands was found in tumor-induced mice with only DMBA treatment, as seen in 

the image. Individual cells were round to oval in shape, with somewhat 
eosinophilic cytoplasm and round oval vesicular nuclei, with nucleoli visible in 

some (Fig.1b). Neoplastic cell mass slightly replaced in plant crude treated mice 

(Fig.1c). AgNP-treated, DMBA-induced mice tissue slices from the breast exhibited 
a confined lesion with diffused hyperplasia of ducts (adenosis) separated by fibro 

collagenous stroma at low doses (15 mg/kg body weight). A cystic lesion 

constituted of disseminated neutrophil infiltration was discovered in DMBA mice 
sections treated with a high dose of CA-AgNPs (30 mg/kg body weight). Neoplastic 

cell mass replaced more than plant crude treated mice in CA-AgNPs treated mice 

(Fig.1d & Fig.1e). Tamoxifen-treated DMBA-induced mice breast tissue revealed a 
circumscribed lesion with areas of adenosis and fibrosis and mostly neoplastic 

mass are replaced with fibrous tissues. There was no evidence of malignancy (Fig. 

1f). Congested arteries and fibro-collagenous tissue were visible in the stroma. 

There was no evidence of malignancy. The mice given 15 mg/kg b.w of CA-AgNPs 
had normal hepatic parenchyma, but the mice given 30 mg/kg b.w of CA-AgNPs 

had histological changes such as significant cell swelling and vacuolar 

degeneration. These histological changes, however, were not seen in mice 
following the washout period. The kidney, spleen, lungs, heart, testis, and brain 

did not show any histopathological changes after being treated with 15 and 30 

mg/kg b.w of CA-AgNPs. 
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Figure 1: Morphology of mammary gland in sub-cutaneous region of skin 

(1a) Morphology of mammary gland in normal control mice (Group-I) (x100). (1b) 
Large area of squamous metaplasia noticed in between tumor mass (Group-II) 

(x200). (1c) Neoplastic cell mass slightly replaced with fibrous tissue (Group-III) 

(x400). (1d & 1e) Neoplastic cell mass replaced with fibrous tissues in CA-AgNPs 
treated mice (Group- IV & V)( x 400 and x500), (1f) Neoplastic mass mostly 

replaced with fibrous tissues in tamoxifen treated  mice (Group- VI)(x500). 

 

Biochemical markers 
 

Because oxidative stress is linked to cancer, antioxidant experiments were 

conducted in vivo on DMBA-induced mammary carcinoma in mice models. The 
enzymes listed below were investigated. In the event of cancer, the transport 

function of cell organelles, particularly hepatocytes, is disrupted, resulting in the 

release of enzymes and increased plasma membrane permeability. In tumor-
induced mice, recent studies have found an increase in tumor volume. At various 
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time intervals and washout periods, anti-oxidant enzymes such as SOD and CAT 

were examined. In CA-AgNPs treated mice, serum antioxidant levels increased 

significantly in a time-dependent manner as compared to control group mice, but 

there was significant difference between the 15 and 30 mg/kg b.w treated group 
mice. In comparison to control mice, CA-AgNPs treated mice showed less 

significant changes in other biochemical parameters such as haemoglobin, RBC, 

WBC, and platelets, as well as anti-oxidant enzymes like SOD and catalase. 
 

Effect of AgNPs on Catalase 

 
When DMBA-induced mice were compared to normal mice, the catalase level was 

found to be 51.6 unit/mg lower. It appears that the decline is statistically 

significant. Catalase levels rose when DMBA-induced mice were given 
Cyphostemma auriculatum Roxb.,leaf extract (120 mg/kg b.w) and low and high 

dose of (15 and 30 mg/kg b.w) CA-AgNPs. When low and high dose (15 and 30 

mg/kg b.w) CA-AgNPs were given, catalase levels increased in a concentration 

and time dependent manner and nearly equal to the results observed for standard 
drug Tamoxifen-treated DMBA mice. (Figure-2). 

 

 
Figure 2: Effect of silver nanoparticles synthesized from Cyphostemma 

auriculatum Roxb. on Catalase 

 

Effect of AgNPs on Superoxide dismutase 

 
DMBA-induced mice had a 3.25 unit/mg lower SOD level than normal mice. It 

appears that the drop is statistically significant. SOD levels rose in DMBA-

induced mice treated with Cyphostemma auriculatum leaf extract (120 mg/kg) and 
low and high dose of (15 and 30 mg/kg b.w) CA-AgNPs. When AgNPs of low and 

high doses ( 15 and 30 mg/kg b.w) were given, SOD levels increased in a 

concentration and time dependent manner, as seen in Fig.3 and nearly equal to 
the results observed for standard drug Tamoxifen-treated DMBA mice.  
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Figure 3: Effect of silver nanoparticles synthesized from Cyphostemma 

auriculatum Roxb. on SOD 

 

In our study, group II (DMBA-induced mice) showed a significant decrease in 

antioxidant enzyme levels compared to group I (normal). Conversely, group III 
(plant extract 120 mg/kg treated mice), group IV (CA-AgNPs 15 mg/kg treated 

mice) and group V (CA-AgNPs 30 mg/kg), group VI (tamoxifen-treated DMBA-

induced mice), showed a significant increase in the level of antioxidant enzymes 
levels compared to group II. 

 

Hematological parameters 
 

Glycation of proteins such as haemoglobin occurs when blood glucose levels are 

high (Gupta et al., 1997), resulting in the generation of reactive oxygen species 

(ROS), which leads to increased lipid peroxidation and cytotoxicity (Anwer et al., 
2007). Hematological parameters of cancer patients are often substantially lower 

than usual. In the current investigation, a significant decrease in the Hemoglobin, 

RBC, and platelets level and a significant increase WBC level was observed in 
DMBA-induced mice, compared to normal mice. In CA-AgNPs treated DMBA-

induced mice, an increase in Hemoglobin, RBC, and platelets levels were observed 

compared to DMBA-induced mice (Group-II). Significantly in CA-AgNPs treated 
DMBA-induced mice, a decrease in WBC levels compared to DMBA-induced mice 

(Group-II) were observed. The protective effect of CA-AgNPs is supported by these 

findings. By measuring blood Hemoglobin, RBC, WBC and platelets level, the 
impact of CA-AgNPs was determined. The results seem to be statistically 

significant. When DMBA-induced mice were treated with Cyphostemma 
auriculatum Roxb. leaf extract (120 mg/kg), the hemoglobin, RBC, and platelets 

levels increased and WBC levels decreased. When CA-AgNPs of low and high dose 
(15 and 30 mg/kg b.w) were administered a concentration and time dependent 

increase in  Hemoglobin, RBC, and platelets levels and a decrease in WBC levels 

were observed as seen in Fig. 4,5,6 and 7. 
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Figure 4: Effect of silver nanoparticles synthesized from Cyphostemma 

auriculatum Roxb. on Hemoglobin 

 

 
Figure 5: Effect of silver nanoparticles synthesized from Cyphostemma 

auriculatum Roxb. on RBC 
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Figure 6: Effect of silver nanoparticles synthesized from Cyphostemma 

auriculatum Roxb. on WBC 
 

 

 
Figure 7: Effect of silver nanoparticles synthesized from Cyphostemma 

auriculatum Roxb. on Platelets 
 

Conclusion 

 
Finally, we were able to gain a better knowledge of the possible anticancer 

properties of green produced CA-AgNPs. The findings of our in vivo investigation 

confirm our belief that, if further investigated, this could lead to the development 
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of a novel therapeutic agent with medically and economically significant 

implications for saving the lives of troubled and oppressed people. 
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Abstract
Clostridium thermocellum is a thermophilic, obligately anaerobic bacterium and an ideal candidate for bioconversion of cellulosic 
biomass into ethanol through consolidated bioprocessing. Ethanol tolerance is one of the important parameters concerning process 
economics. Consolidated bioprocessing (CBP) using C. thermocellum provides single-step direct microbial conversion for large-
scale bioethanol production. In this study, CBP of cassava stem waste was explored for bioethanol production using C. thermocellum 
ATCC 31,924. Initially, cassava stem waste was pretreated with dilute alkali (1–3% w/v NaOH; 120 °C; 30–60 min), which led to a 
maximum of 71.50 ± 1.04% lignin removal with 67.22 ± 0.80% holocellulose recovery. Furthermore, to improve the ethanol tolerance 
of C. thermocellum, chemical mutagenesis followed by adaptive laboratory evolution (ALE) was carried out for 120 days. After the 
ALE period, ethanol tolerance of C. thermocellum (ALE mutant) was improved from 3% (v/v) to a maximum of 5%. Finally, ALE 
mutant C. thermocellum was investigated for bioethanol production via CBP using a mixture of cellobioses, xylose sugars, and alkali-
treated cassava stem residue. It was found that fermentation of 6.12 ± 0.18 g/L sugars by ALE mutant of C. thermocellum produced 
1.35 ± 0.02 g/L bioethanol with 49.30% fermentation efficiency. Meanwhile, CBP fermentation of cassava stem hydrolysate with 
ALE mutant of C. thermocellum produced 7.84 ± 0.31 g/L bioethanol with 62.37 ± 0.25% cellulose conversion efficiency.

Keywords Adaptive laboratory evolution · Bioethanol · Cassava stem waste · Clostridium thermocellum · Consolidated 
bioprocessing · Fermentation

1 Introduction

The increased usage of non-renewable energy sources such 
as fossil fuels along with climate change caused by increased 
levels of greenhouse gasses in the atmosphere has drawn the 

attention of the scientific community to developing alterna-
tive, eco-friendly, sustainable, and renewable energy sources 
[1, 2]. Lignocelluloses from plant biomass are widely acces-
sible, which is an inexpensive, renewable carbon source. 
Lignocellulosic feedstocks such as agricultural residues (rice 
straw, wheat straw, corn straw, sugarcane bagasse), forest 
residues, and dedicated energy crops are mainly composed 
of carbohydrate polymers (cellulose and hemicellulose), and 
lignin [2, 3]. These lignocellulosic feedstocks are consid-
ered potential energy sources and play an important role 
in shifting from a petroleum-based economy to a biobased 
economy [4].

The polysaccharide fraction of plant biomass is the most 
widely considered substrate for biochemical conversion to 
organic acids and biofuels such as bioethanol [2]. Generally, 
biofuels produced from microbes using renewable biomass 
not only decrease the dependence on fossil fuels but also 
mitigate climate change by reducing harmful emissions 
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released by motor vehicles [5]. Bioethanol produced from 
lignocelluloses can potentially replace petrol-based fuels. 
The advantages of using bioethanol as renewable biofuel 
include its flexibility for existing engines, higher octane 
number, and higher heat of vaporization as compared to 
gasoline. Finally, bioethanol-blended gasoline in motor 
vehicles can considerably reduce greenhouse gas emissions 
[2, 6]. Moreover, bioethanol can be a potential alternative 
to phasing-out MTBE (methyl tert-butyl ether) by mixing 
ethanol with gasoline E5 or E10 blends [7].

Cassava (Manihot esculenta) crop is a perennial shrub, 
most widely cultivated in Asian countries especially South 
and Southeast Asian countries such as India and Thailand, 
respectively [8]. Worldwide cassava production accounts for 
268.28 MT (million tonnes), grown with an area of 23.867 
million ha. While India produces 8.14 MT of cassava with 
an area of 0.228 million ha [9]. During the farming and pro-
cessing of the cassava crop, a large number of waste residues 
such as cassava stem and peels are generated which hardly 
find any alternative applications [8, 10]. The cassava stem 
is mainly composed of lignocellulose, which could act as 
a low-cost feedstock for biochemical conversion to value-
added bioproducts [9].

The conventional biochemical platform for bioethanol 
production involves four different steps such as pretreatment 
of biomass, saccharification, fermentation, product recovery, 
and purification [11, 12]. During bioethanol production, pre-
treatment plays an essential and most expensive processing 
step that facilitates the release of fermentable sugars from 
biomass. An effective pretreatment method should (i) act on 
all lignocellulosic feedstocks, (ii) improve sugar yields for 
the fermentation process, (iii) release the minimum amount 
of inhibitors, (iv) reduce energy and operation costs, and 
(v) regenerate value-added lignin co-products [13]. Among 
various chemical pretreatment methods, dilute alkaline pre-
treatment (DAP) is the most extensively studied method 
for various agricultural residues. The dilute alkali pretreat-
ment method is known to eliminate the maximum amount 
of lignin from biomass and also reduces the crystallinity of 
cellulose with enhanced biomass porosity [2].

One potential approach to minimize the number of pro-
cessing steps and improve productivity is consolidated bio-
processing (CBP), which integrates all biochemical steps 
into a single bioconversion stage [14, 15]. CBP integrates 
on-site saccharification of holocellulose and subsequent fer-
mentation of the hexose and pentose sugars into a single step 
process carried out either by a single microbial strain or con-
sortia without the usage of commercial cellulolytic enzymes 
[16]. The major applications of CBP include reducing the 
feedback inhibition of cellulases by sugars, decreasing the 
number of unit operations, and the overall process econom-
ics [14, 17]. Generally, thermophilic, obligate anaerobic 
microbial strains are potential candidates for CBP bioethanol 

production from lignocellulose owing to their higher rate of 
hydrolysis of sugar polymers [14, 16]. Microbial contami-
nation is a major issue in industrial fermentation processes, 
and the usage of high temperatures can solve this problem. 
Furthermore, compared to mesophilic temperatures, the 
higher temperature conditions facilitate lower solubility of 
gas, which further maintains the anaerobic environment [14, 
18]. Among the thermophilic anaerobes, C. thermocellum 
is the most widely studied ethanologenic, which efficiently 
depolymerizes lignocellulosic biomass as compared to other 
microbial strains. C. thermocellum efficiently depolymerizes 
lignocelluloses by the synergistic action of the multienzyme 
complex known as cellulosome, which is attached to the 
external cell wall of the bacteria [16, 19]. C. thermocellum 
has considerable biotechnological interest due to its innate 
ability to saccharify celluloses and produce cellodextrins 
into various organic products such as ethanol, acetate, lactic 
acid, formic acid, and  CO2 [14]. Furthermore, C. thermocel-
lum is a potential candidate for CBP, but its application has 
been restricted by lower ethanol tolerance and lower bioetha-
nol yields, which are potential targets for strain improvement 
strategies [17, 20].

Adaptive laboratory evolution (ALE) is a powerful 
microbial technique, where a specific microbial strain is 
cultivated under predefined conditions for a particular time 
ranging from weeks to months, which permits the selection 
of an improved phenotype [21]. Therefore, ALE could be 
an invaluable tool for strain improvement in the metabolic 
engineering field. The major applications of ALE include 
optimization of microbial growth rate, increasing tolerance 
to toxic metabolites, improving the substrate uptake rate, 
and improving titer and yield [22]. Wild-type C. thermocel-
lum is unable to grow when inoculated into a medium con-
taining 20 g/L ethanol concentration. However, improved 
strains of C. thermocellum can grow up to a medium con-
taining ≥ 50 g/L ethanol, which can be obtained by repeated 
serial transfer in the medium containing increasing concen-
trations of ethanol. The highest reported ethanol concentra-
tion produced by C. thermocellum is 27 g/L, which is lower 
as compared to desired levels of 40 g/L for commercial 
application [14, 23]. In C. thermocellum, the mechanism of 
ethanol tolerance has been ascribed to both modifications in 
properties of the membrane, and metabolic enzymes, specifi-
cally, the bifunctional alcohol dehydrogenase/acetaldehyde-
CoA gene (adhE) [23].

The major objective of the present study was to evaluate 
bioethanol production from cassava stem waste via consoli-
dated bioprocessing using C. thermocellum ATCC 31,924. 
In this study, the diluted NaOH pretreatment method was 
developed to enrich the holocellulose fraction of biomass for 
the subsequent fermentation process. Furthermore, the ALE 
technique was implemented to generate ethanol-tolerant C. 
thermocellum strain to improve its fitness as ethanologenic. 
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After ALE experiments, growth behavior patterns were 
studied under different ethanol concentrations, and, subse-
quently, the efficiency of bioethanol fermentation was com-
pared between wild-type and ALE mutant. To the best of 
our knowledge, this is the first study on bioethanol produc-
tion via CBP from alkali-treated cassava stem residue using 
ethanol-tolerant C. thermocellum.

2  Material and methods

2.1  Feedstock collection and processing

The feedstock material cassava stem waste was uni-
formly collected from the agricultural fields of Nam-
akkal district of Tamil Nadu State, India (11°15′46.8″ 
N, 78°14′36.9″ E). Before processing, the substrate was 
chopped into medium pieces, water-washed, and subse-
quently dried at room temperature. After drying (moisture 
content < 10%), the cassava stem pieces were pulverized 
into fine particles in a laboratory grinder (Cello Mixer 
Grinder 1100 W, India), sieved through 250 µm mesh 
size, and then used for subsequent pretreatment studies. 
The raw and pretreated biomass samples were analyzed 
for cellulose, hemicellulose, and lignin by using standard 
laboratory methods [24]. All the media components and 
chemicals were purchased from Sigma Aldrich, Hi Media, 
and Merck (Mumbai, India).

2.2  Dilute alkaline pretreatment of cassava stem 
waste

The pulverized cassava stem waste (10 g dry weight) was 
subjected to dilute alkaline pretreatment (1%, 2%, and 3% 
(w/v) NaOH) using an initial 10% (w/v) solid loading and 
incubated in the water bath at 120 °C for 30–60 min under 
agitation. The pretreated biomass residue was washed with 
distilled water until neutral pH and dried in a hot air oven 
until constant weight is gained. Subsequently, alkali deligni-
fied biomass was used to estimate the dry weight percent-
ages of cellulose, hemicellulose, and lignin.

2.3  Microorganism and growth medium

Clostridium thermocellum strain ATCC 31,924 was 
obtained from the American Type Culture Collection 
(Manassas, Virginia, USA). The bacterial strain was cul-
tured and maintained in an anaerobic chamber (10%  CO2, 
5%H2, and 85%  N2) using a modified CTFuD medium as 
described by Lin et al. [25], in sealed serum bottles at 60 °C 
of incubation. The CTFuD medium contains (g/L) cellobi-
ose 5, yeast extract 4.5, sodium citrate tribasic dehydrate 3, 
 (NH4)2SO4 1.3,  KH2PO4 1.43,  K2HPO4 1.37, cysteine- HCl 

0.5, MOPS (morpholinopropane sulfonic acid) 20, glyc-
erol-2-phosphate disodium 6,  CaCl2 0.01,  MgCl2 0.011, 
 FeSO4.7H2O 0.0006, thiamine 0.01, and resazurin 0.001. 
Pure cultures were stored as glycerol stocks (30% v/v glyc-
erol) at − 80 °C and revived before each experiment. For the 
preparation of seed culture, C. thermocellum was succes-
sively cultured over 4 generations with shaking at 150 rpm 
at 60 °C for 48 h incubation time and subsequently used 
as the inoculum for fermentation experiments with 5% v/v 
 (OD600 ∼0.7–1.00) inoculum size.

2.4  Determination of optimum temperature 
and ethanol tolerance of C. thermocellum

Optimum cell growth and bioethanol fermentation effi-
ciency of C. thermocellum were determined at different 
growth temperatures (50, 55, 60, 65, and 70 °C) using a 
CTFuD medium containing 5 g/L cellobiose and xylose as 
carbon source with 5% (v/v) inoculum and incubated for 
72 h time. Meanwhile, ethanol tolerance of C. thermocel-
lum was also studied at different ethanol concentrations 
ranging from 1 to 6% (v/v). The inoculated serum bottles 
were incubated at the optimized growth conditions for 
72 h time. Samples were withdrawn at regular intervals, 
centrifuged at 10,000 g for 10 min, and subsequently ana-
lyzed for cell growth  (OD600). For determination of opti-
mum temperature, ethanol, acetate, and residual sugars 
were analyzed.

2.5  Chemical mutagenesis

To improve the genetic diversity of starting population of 
C. thermocellum and its subsequent application in ALE 
experiments, the chemical mutagen ethyl methanesul-
fonate (EMS) was employed. Chemical mutagenesis was 
conducted as previously described by Chen and Xu [26]. 
Initially, the wild-type strain of C. thermocellum ATCC 
31,924 was grown in a CTFuD medium at 60 °C for 24 h; 
the pellet was harvested by centrifugation at 5000 × g and 
then washed with buffer (0.1 M sodium phosphate; pH 
7.0). Furthermore, 75 µL of EMS was added to 5 mL of 
the bacterial suspension  (OD600 ~ 0.8) and incubated at 
60 °C for 60 min. Subsequently, the mutagenesis reaction 
was hindered by adding 15 mL of 5% (w/v)  Na2S2O3.5H2O 
(sodium thiosulphate). The mutagenized bacterial cells 
were recovered by centrifugation and washed again with 
5% sodium thiosulphate and then resuspended in sterile 
saline solution. The mutagenized bacterial suspension was 
again cultured in a CTFuD medium for 24 h at 60 °C and 
then subsequently used as the starter culture for the ALE 
experiments.
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2.6  Adaptive laboratory of evolution

The ALE experiments involve serial batch culture propa-
gation of chemically mutagenized C. thermocellum strain. 
ALE experiments were carried out in anaerobic serum bot-
tles (125 mL) with a working volume of 50 mL CTFuD 
medium containing 3 g/L cellobiose at 120 rpm and 60 °C. 
For ALE, a total of 120 serial subcultures were performed 
using a CTFuD medium with a gap of every 24 h. Initially, 
the CTFuD medium was diluted after achieving the station-
ary phase, and then 3 g/L cellobiose, 1 g/L yeast extract, 
and 3% (v/v) ethanol were supplied to the CTFuD medium. 
For every 30 serial subcultures, the amount of yeast extract 
was progressively reduced with a gradual increase of 0.5% 
(v/v) up to 5% (v/v) final ethanol concentration in the culture 
medium. For every 30th serial subculture, the selection of 
ethanol tolerant strain was performed on a CTFuD medium 
containing a high concentration of ethanol (3 to 5% ethanol), 
and the bacterial strains that formed large-sized colonies 
are assumed as ethanol-tolerant strains. Later, the ethanol-
tolerant strains were stored at a culture medium containing 
50% (v/v) glycerol at − 80 °C. In this study, during the entire 
progress of adaptive evolution,  OD600 was assessed to record 
the status of cell growth. The wild-type C. thermocellum 
strain before the ALE period is termed CT0d, and the 120th-
day evolved C. thermocellum population is called CT120d.

2.7  Bioethanol production via consolidated 
bioprocessing

Bioethanol production via CBP was compared between 
wild-type and laboratory evolved ethanol-tolerant strains 
of C. thermocellum. Initially, small-scale fermentation was 
conducted in 125 mL anaerobic serum bottles containing 
70 mL CTFuD medium supplemented with 5.50 ± 0.50 g/L 
of cellobiose and xylose as carbon source. Fermentation bot-
tles were filled with CTFuD medium without temperature-
sensitive growth supplements and autoclaved at 121 °C for 
20 min. After autoclaving and cooling the media, sterile 
growth supplements were added to the CTFuD medium. 
Subsequently, 5% (v/v) inoculum of wild-type and ALE 
mutants of C. thermocellum was anaerobically transferred 
to fermentation bottles. Fermentation was carried out at 
60 °C at 125 rpm orbital shaking condition for 84 h. Sam-
ples were anaerobically withdrawn at regular intervals 
from the fermentation medium and centrifuged at 10,000 g. 
Subsequently, cell-free supernatant was analyzed for cell 
growth  (OD600), residual sugars, ethanol, and acetic acid 
metabolites.

To study bioethanol production via CBP from alkali-
treated cassava stem residue, a bioreactor with a 2-L working 
volume was employed using ALE mutant (CT120d) of C. 
thermocellum strain. The alkali-treated cassava stem waste 
used as carbon is composed of 52.17% cellulose, 15.05% 
hemicellulose, and 6.05% lignin fractions. One hundred 
grams of the alkali-treated residue of cassava stem was 
used as the carbon source in 2 L of CTFuD medium at pH 
7.0. The fermentation was carried out in a 3-L anaerobic, 
sterile, and controlled bioreactor at 60 °C and 150 rpm for 
84 h time. Before fermentation, the bioreactor was auto-
claved at 121 °C for 20 min to retain a sterile environment. 
After 12 h time, 10% (v/v) inoculum of ethanol-tolerant C. 
thermocellum was anaerobically transferred into a medium 
containing bioreactor. Furthermore, nitrogen was continu-
ously fed into the bioreactor for 5 min at the beginning of 
the fermentation to deplete other gasses. The pH value was 
regularly examined by an online monitoring system. Sam-
ples were anaerobically collected at regular interval times 
from the bioreactor, and cell-free supernatant was separated 
by centrifugation and subsequently analyzed for cell growth 
 (OD600), ethanol, and acetate levels.

Fermentation efficiency (%) was calculated using the fol-
lowing equation:

For fermentation via CBP, the bioconversion of celluloses 
to bioethanol was evaluated using equation:

where [EtOH] is the concentration of ethanol concentra-
tion at the end of the fermentation (g/L); Biomass represents 
a concentration of dry pretreated biomass at the starting of 
the fermentation (g/L); f is the cellulose content of pretreated 
biomass (g/g); 0.51 indicates conversion factor for glucose to 
ethanol based on yeast stoichiometric biochemistry; and 1.11 
represents the conversion of cellulose to equivalent glucose.

2.8  Analytical methods

2.8.1  Chemical compositional analysis of cassava stem 
waste

The content of structural carbohydrates (cellulose, hemicel-
lulose) and lignin of cassava stem waste before and after 
pretreatment was analyzed by using National Renewable 
Energy Laboratory (NREL) procedures [24]. According to 
protocol, for lignin determination, 0.3 g of extractive free 
raw samples or pretreated samples was hydrolyzed with 

Fermentation efficiency(%) =
Actual ethanol yield (g∕L)

Theoretical ethanol yield(g∕L
× 100%

Cellulose conversion to ethanol (%) =
[EtOH]

Biomass x f x1.11 x 0.51
× 100
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3 mL of 72%  H2SO4 in a water bath (30 °C) and incubated 
for 1 h. During incubation, the samples were stirred every 
5 min without removing the sample from the bath. After 
hydrolysis, the concentration of the acid solution was diluted 
to 4% by adding 84 mL of deionized water and subsequently 
autoclaved at 121 °C for 50 min. Later, acid-insoluble lignin 
(AIL) was estimated by weighting the collected fraction after 
vacuum filtration of autoclaved hydrolysis solution. Mean-
while, acid-soluble lignin (ASL) was determined using UV-
spectrophotometer (Systronics, India) at 205 nm by using 
diluted aliquots of the hydrolysis liquor. The monomeric and 
oligosaccharide fractions of carbohydrates (cellulose, hemi-
cellulose) were estimated through HPLC (Shimadzu, Japan). 
The concentration of oligosaccharides in the liquid fractions 
obtained after pretreatment was analyzed after hydrolysis 
with  H2SO4 (4% v/v) at 121 °C for 1 h. The oligosaccharide 
concentration was estimated based on the content of mono-
saccharides in a liquid fraction before and post-hydrolysis 
process using the HPLC method. While total reducing sug-
ars in fermentation media were measured by the protocol as 
described by Miller [27].

2.8.2  Determination of cellobiose, glucose, xylose sugars, 
and acetate

The amount of soluble sugars such as cellobiose, glucose, 
xyloses, and acetate was estimated by using HPLC (Shi-
madzu, Japan), equipped with an Aminex HPX-87H column 
(Bio-Rad, USA) containing RID (refractive index detector) 
and a UV detector, according to the protocol as previously 
described by Singh et al. [28].

2.8.3  Estimation of ethanol by gas chromatography

The concentration of bioethanol in fermentation media was 
determined by gas chromatography (Shimadzu, Japan) with 
a ZB-Wax column containing a flame ionization detector 
(FID) at 250 °C. The temperature of the column was main-
tained at 150 °C (isothermal) with an injector temperature 
of 175 °C and nitrogen was used as a carrier gas (16 kPa), 
while the flow rate was set at 40 mL/min with the spilt ratio 
of 1/50, and the velocity of  H2 flow was set at 60 mL/min.

2.8.4  Determination of bacterial growth

The cell growth was evaluated by measuring optical density 
at 600 nm  (OD600) using a UV–visible spectrophotometer 
(Systronics, India). Meanwhile, the specific growth rate was 
determined by the protocol as previously described by da 
Silveira et al. [29].

2.8.5  Data analysis

All the experiments were carried out in triplicate, and mean 
and standard deviation (SD) values were calculated. The 
standard error values have been indicated as Y-error bars in 
graphical figures, and the probability values (p ≤ 0.05) were 
observed as a statistically significant difference. Statistical 
analysis was performed by t-test, while posthoc comparisons 
were carried out by Tukey’s multiple comparison method 
using the statistical software Sigma Plot version 12.5 (USA).

3  Results and discussion

3.1  Chemical composition of raw and pretreated 
cassava stem waste

The selection of a feedstock and its effective utilization are 
the crucial steps in developing cost-effective bioconversion 
processes. In the present study, an inexpensive raw material, 
cassava stem waste, rich in lignocellulose was evaluated. The 
raw substrate cassava stem used in the present study contains 
a high fraction of polysaccharides in the cell wall (52.50% 
by dry weight), suggesting an ideal raw material for bioeth-
anol production. The raw material (cassava stem waste) 
used in the present study contained 32.40 ± 0.65% cellu-
lose, 20.10 ± 0.40% hemicellulose, 14.56 ± 0.20% lignin, 
7.15 ± 0.10% ash, and 1.05 ± 0.05% extractives. The total 
holocellulose content (52.50%) of cassava stem obtained in 
the present study varies from the previous study conducted 
by Kamalini et al. [30], who reported 68.57% of holocellu-
lose in cassava stem with 36.27% cellulose, 32.30% hemicel-
lulose, and 19.33% lignin contents. Meanwhile, the chemical 
composition of cassava stem reported by Kouteu et al. [31] 
showed cellulose (28.86%), hemicellulose (21.12%), and 
lignin (30.62%). The changes in the lignocellulose compo-
sition of cassava stem from different studies could be due 
to the geographical location of feedstock, season, feedstock 
heterogeneity, harvesting, processing methods, and the ana-
lytical procedures employed for the chemical composition of 
biomass [9, 32]. The holocellulose content of cassava stem 
can be compared with other widely studied lignocellulosic 
feedstocks such as wheat straw (54%), switchgrass (52.9%), 
corn stover (58.29%), sorghum straw (61%), and sugarcane 
bagasse (67.15%) [33].

Dilute NaOH pretreatment is the most frequently 
employed method for delignification of any lignocellulosic 
material. In the present study, dilute NaOH pretreatment of 
milled cassava stem was carried out to remove maximum 
lignin from biomass. The lignin-removed biomass was sub-
sequently used as the carbon source for CBP bioethanol 
production. The pretreatment was also aimed to improve 
the holocellulosic fraction (celluloses and hemicelluloses) 
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of biomass to attain maximum sugars for subsequent fer-
mentation steps. Dilute NaOH pretreatment of cassava stem 
was carried out at different NaOH concentrations ranging 
from 1 to 3% (w/v) at 120 °C for 30–60 min residence time. 
Table 1 shows various solid recoveries (solids remained after 
pretreatment divided by the original oven-dried weight of 
biomass) and the chemical composition of alkali-treated cas-
sava stem residues under different pretreatment conditions. 
The percentages of biomass recovery after different alka-
line pretreatments were ranged between 68.42 ± 2.42% (3% 
NaOH; 120 °C for 60 min) and 81.23 ± 2.05% (1% NaOH; 
120 °C for 30 min) (Table 1). A similar observation of the 
reduction in biomass solid recoveries after pretreatment 
was also observed by Keshav et al. [32], who carried out 
the steam explosion of cotton under different pretreatment 
conditions and reported a decrease in solid recoveries from 
76.80% to 58.14%.

In the current study, as compared to raw cassava stem 
waste composition, a significant increase (t-test, n = 3, 
p ≤ 0.05) in cellulose content was observed under all pre-
treatment conditions. The cellulose fraction of pretreated 
residue was ranged between 38.84 ± 1.05% (1% NaOH; 
120 °C for 30 min) and 55.40 ± 0.50% (3% NaOH; 120 °C 
for 60 min). The increase in cellulose content under all 
pretreatment conditions was attributed to the significant 
(p < 0.05) removal of lignin and hemicellulosic fractions 
from pretreated cassava residue. Furthermore, it was also 
observed that the hemicellulosic fraction of biomass was 
significantly (p ≤ 0.05) reduced between 12.84 ± 0.70% 
(3% NaOH; 120 °C for 60 min) and 18.32 ± 0.85% (1% 

NaOH; 120 °C for 30 min). Finally, regarding the lignin 
content of biomass, a significant decrease (p ≤ 0.05; n = 3; 
t-test) in lignin fraction was observed at all tested pretreat-
ment conditions. The lignin content of pretreated cassava 
stem residue ranged from 4.15 ± 0.58 to 11.05 ± 0.45%. It 
was also found that a maximum of 71.50 ± 1.04% lignin 
removal was achieved at 3% NaOH at 120 °C for 60 min. 
Finally, as a result of higher lignin removal and hemi-
cellulose solubilization, the holocellulose fraction of 
alkali-pretreated cassava stem residue was significantly 
(p ≤ 0.01) increased from 52.45 ± 0.65% (raw material) to 
67.22 ± 0.80% (2% NaOH; 120 °C for 60 min).

Kamalini et  al. [30] conducted microwave-assisted 
alkaline pretreatment of cassava stem waste at different 
NaOH concentrations (2–4% w/v) and reaction times (60, 
90, 120 s). They reported similar compositional changes 
in cassava stem waste before and after pretreatment as 
follows: celluloses (36.27 to 52.34%), hemicelluloses 
(32.30 to 27.15%), and lignin (19.33 to 14.59%). Papa-
thoti et al. [9] carried out alkali-assisted hydrothermal 
pretreatment of cassava peel waste at different tempera-
tures (110–130 °C) and reaction times (15–30 min) using 
different concentrations of NaOH (0.25–1.0% w/v). They 
reported decreased hemicelluloses (5.70%) and lignin 
(2.45%) contents as compared to raw biomass mate-
rial. Table 2 compares the percentage of lignin removal 
obtained after dilute alkaline pretreatment in the present 
study with that of previously studied pretreatment of lig-
nocellulosic substrates.

Table 1  Solid recoveries and 
chemical composition of alkali-
treated cassava stem waste at 
various pretreatment conditions

*  specifies (p < 0.05), ** specifies (p < 0.01), and.*** specifies (p < 0.001) significant differences between 
raw cassava stem waste and alkali-pretreated cassava stem waste performed by t-test (n = 3)

Time (min) NaOH 
(%w/v)

Celluloses (%) Hemicelluloses (%) Lignins (%)

30 1 81.23 ± 2.05 38.84 ± 1.05* 18.32 ± 0.85* 11.05 ± 0.45***

2 78.65 ± 3.42 45.40 ± 0.86*** 16.90 ± 0.42*** 08.70 ± 1.02***

3 74.18 ± 1.80 52.36 ± 0.11*** 14.58 ± 1.20* 06.64 ± 0.70***

60 1 77.60 ± 3.15 45.20 ± 1.15*** 17.60 ± 0.74** 08.34 ± 0.85***

2 73.36 ± 2.20 52.17 ± 0.90*** 15.05 ± 0.25*** 06.50 ± 0.18***

3 68.42 ± 2.42 55.40 ± 0.50*** 12.84 ± 0.70*** 04.15 ± 0.58***

Table 2  Comparison of 
dilute alkaline pretreatment 
from previously explored 
lignocellulosic substrates

Feedstock name Pretreatment Lignin removal (%) Reference

Sugarcane bagasse Sequential 1% HNO3-NaOH pretreatment at 
121 °C for 30 min

70.63 [42]

Prosopis juliflora 2% (w/v) Na2S2O4 at 30 °C for 18 h 79.23 [43]
Cotton stalk 3% w/v NaOH at room temperature for 24 h 52.48 [33]
Corn stover Sequential dilute acid and alkali pretreatment 85.9–89.4 [44]
Cassava stem waste 3% NaOH at 120 °C for 60 min 71.50 This study
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3.2  The effect of cell growth and fermentation 
performance of C. thermocellum at different 
temperatures

The effect of different temperatures on the growth of C. 
thermocellum and the fermentation efficiency of bioetha-
nol and by-product acetate production were investigated 
using cellobiose and xylose as carbon sources during 
fermentation. As shown in Fig. 1a, an increase in incuba-
tion temperature from 50 °C to 60 °C had significantly 
improved bioethanol production. The maximum bioeth-
anol production (1.02 ± 0.04 g/L) with 1.10 ± 0.1 g/L 
residual sugars was observed at 60  °C for 72 h time. 
When the temperature was increased to 65 °C, a sig-
nificant decrease in bioethanol production was detected. 
Further rise in temperature above 65 °C improved nei-
ther bioethanol production nor cell growth  (OD600) and 
rather observed increased acetate production at the end 
of the fermentation period. It was found that a significant 
increase in acetate production was also observed from 
50 °C to 65 °C, with a maximum of 1.58 ± 0.05 g/L ace-
tate observed at 65 °C incubation temperature (Fig. 1a). 
It was found that C. thermocellum was able to grow at 
70 °C with decreased cell growth. These observations 
are in agreement with previous studies [16, 28], which 
reported lower bioethanol production with bacterial 
growth at 65–70 °C, suggesting that 60 °C incubation 
temperature could be an optimum temperature for ther-
mophilic bioethanol production.

3.3  The effect of cell growth and ethanol tolerance 
of C. thermocellum at different ethanol 
concentrations

In order to study maximum ethanol tolerance levels of C. 
thermocellum ATCC 31,924, different concentrations of 
ethanol were supplemented with a growth medium con-
taining cellobiose as a carbon source, and the effect of 
cell growth  (OD600) was determined. During growth on a 
CTFuD medium containing sugars and added ethanol, the 
wild-type strain of C. thermocellum tolerated a maximum of 
3.0% (v/v) ethanol concentration with  OD600 of 0.44 ± 0.03, 
which was significantly lower  (OD600 0.78 ± 0.02) as com-
pared to wild-type strain grown on the same medium without 
ethanol (Fig. 1b). Furthermore, severe growth inhibition was 
detected when the culture was grown on a medium con-
taining ≥ 4% (v/v) ethanol concentration, indicating that 3% 
(v/v) ethanol concentration is the maximum tolerance level 
of wild-type C. thermocellum strain. Similar outcomes were 
observed with Singh et al. [34], who reported maximum 
ethanol tolerance of C. thermocellum at 3.5% (v/v) or higher 
ethanol concentration levels.

3.4  Improvement of ethanol tolerance of C. 
thermocellum by ALE

To improve ethanol tolerance levels of the wild-type strain 
of C. thermocellum, ALE was carried out until the desired 
phenotype is achieved. In the present study, the bacterial 
population obtained after chemical mutagenesis was used 
as parent culture for ALE experiments. ALE was performed 
for 120 days corresponding to 120 serial subcultures, and 
bacterial strains with maximum growth rate were chosen 

Fig. 1  a Ethanol and acetic acid production (g/L) and b the effect of growth  (OD600) of C. thermocellum at different temperatures
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at every 30th subculture. Furthermore, the concentration 
of 0.5% (v/v) ethanol was progressively increased in the 
ALE medium for every 30th subculture and the growth rate 
 (OD600) was assessed. Figure 2a shows the specific growth 
rates of adapted strains as evaluated for every 30th subcul-
ture. It was found that a significant (p < 0.05) increase in 
specific growth rate was observed at 30th, 60th, 90th, and 
120th serial subcultures as compared to wild-type strain 
(CT0d), indicating improvement in ethanol tolerance from 
3 to 5% (v/v) ethanol concentration. Figure 2b shows the 
ALE mutant developmental process for 120 days. At the end 
of the ALE process, a population of an improved ethanol 
tolerance to 5% (v/v) ethanol concentration was obtained 
(Fig.  2b). A growth comparison study was carried out 
between wild-type strain (CT0d) and ALE mutant strain 
(CT120d) at different concentrations of ethanol (0%, 3%, 5% 
v/v) and is shown in Fig. 3a–c. As shown in Fig. 3a, in the 
absence of ethanol, no significant growth difference  (OD600) 
was observed between the strains. However, the difference 
in growth rate was significantly observed at 3% ethanol 
concentration, where CT0d showed retarded growth, while 
CT120d showed a higher growth rate (Fig. 3b). Furthermore, 
CT120d strain showed significantly (p < 0.05) higher growth 
rate at 5% (v/v) ethanol concentration whereas CT0d failed 
to grow at this ethanol concentration (Fig. 3c).

Tian et al. [35] studied two rounds of adaptive evolution 
of C. thermocellum using CTFuD growth media. The first 
round of ALE experiments involved 150 serial transfers, 
while the second round contained 13 serial transfers, which 
ultimately improved ethanol titer and yield during bioetha-
nol fermentation via consolidated bioprocessing. In another 
study, Holwerda et al. [36] carried out ALE in C. thermocel-
lum to improve the growth rate and bioethanol yield. They 

reported the significant role of ALE in improving the growth 
rate by channeling the elevated levels of pyruvate and amino 
acid towards bioethanol production. In addition, ALE also 
induced mutations in the adhE gene which increased the pro-
duction of bioethanol. Zhu et al. [37] studied the mechanism 
of ethanol tolerance in C. thermocellum using a systematic 
metabolomics approach. They analyzed metabolic pheno-
types of wild-type C. thermocellum and ethanol tolerant (3% 
v/v) strains and concluded that the ethanol-tolerant strain 
showed an improved adaption under ethanol stress condi-
tions as compared to the wild-type strain. These authors also 
observed an accumulation of cellodextrins inside the cell in 
response to ethanol stress conditions. Shao et al. [38] devel-
oped ethanol-tolerant mutants of C. thermocellum ATCC 
27,405 using adaptive evolution and reported ALE strains 
with a higher growth rate in 50 g/L bioethanol concentration.

3.5  Bioethanol production from wild‑type 
and mutant strains of C. thermocellum 
via consolidated bioprocessing

Based on improved ethanol tolerance studies of C. ther-
mocellum, bioethanol production via consolidated bio-
processing was carried out using alkali-treated cassava 
stem waste. Initially, small-scale anaerobic bioethanol 
fermentation was carried out to evaluate the concentration 
of important end products of fermentation (ethanol and 
acetate), including bioethanol fermentation efficiency of C. 
thermocellum.

As shown in Fig. 4a, the wild-type strain of C. thermocel-
lum produced a maximum of 1.26 ± 0.06 g/L bioethanol at 
72 h time with 47.43% fermentation efficiency. As expected, 
the lower bioethanol fermentation efficiency was attributed 

Fig. 2  a Specific growth rate (h.−1) and b ethanol tolerance vs. bacterial growth  (OD600) of C. thermocellum at different sub-cultures of the adap-
tive laboratory evolution process
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to increased levels of acetate production (1.23 ± 0.03 g/L) 
at the end of fermentation time (84 h). Acetate is one of the 
key metabolites produced along with bioethanol during cel-
lulosic fermentation by C. thermocellum. Previous studies 
also reported a similar observation of increased acetate pro-
duction during the bioethanol fermentation process [16, 34]. 
Meanwhile, ALE mutant of C. thermocellum (CT120d) pro-
duced 1.35 ± 0.02 g/L bioethanol at 72 h incubation period 
(Fig. 4b). A slightly higher 49.30% bioethanol fermentation 
efficiency was observed as compared to the wild-type strain. 
It was found that cell growth of ALE mutant strain CT120d 
was comparatively higher  (OD600 0.65 ± 0.04) as com-
pared to parent strain CT0d  (OD600 0.45 ± 0.01), indicating 

considerable tolerance towards ethanol and acetate present 
in fermentation media.

Furthermore, bioethanol production via CBP was also 
carried out using alkali-treated cassava stem residue using 
ALE mutant of C. thermocellum strain. It was found that a 
maximum of 7.84 ± 0.31 g/L bioethanol was produced with 
62.37 ± 0.25% cellulose conversion efficiency (Fig. 5). How-
ever, during the fermentation process, acetate concentration 
was significantly increased and ranged between 0.92 ± 0.25 
and 5.71 ± 0.50 g/L. The decrease in bioethanol concentra-
tion at 84 h time might be due to the inhibitory effect of 
acetate on bioethanol production. A similar report of an 
inhibitory effect of acetate on ethanol production was also 

Fig. 3  Comparison of bacterial growth  (OD600) of wild-type and ALE mutant of C. thermocellum at different ethanol concentrations. a No etha-
nol, b 3% (v/v), c 5% (v/v), and temperatures (50–70 °C)
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observed by Liu et al. [16] and Singh et al. [34]. In a recent 
study, Kavitha et al. [39] studied CBP bioethanol produc-
tion with Hangateiclostridium thermocellum KSMK1203 
using pretreated Nannochloropsis gaditana microalga and 
reported 12.90 g/L bioethanol production. In another study, 
Selvakumar et al. [40] studied bioethanol production from 
pretreated Manihot esculenta Crantz stem via consolidated 

bioprocessing (CBP) using Cellulomonas fimi MTCC 24 and 
Zymomonas mobilis MTCC 92 and reported the maximum 
9.39 g/L bioethanol from 20.7 g/L cellulose consumption.

Li and Zhu [41] carried out ethanol production via CBP 
from cassava pulp using a coculture of C. thermocellum 
and Thermoanaerobacterium aotearoense, which gener-
ated 13.65 g/L glucose sugars. Subsequent fermentation 

Fig. 4  Ethanol, acetic acid production (g/L), and growth  (OD600) 
assessment of A wild-type and B ALE mutant of C. thermocel-
lum at batch culture conditions. Fermentation was carried out using 

5.50 ± 0.50  g/L cellobioses and xyloses at 150  rpm orbital shaking 
and incubated at 60 °C for 84 h

Fig. 5  Ethanol and acetic 
production from alkali-treated 
cassava stem residue via con-
solidated bioprocessing using 
ALE mutant of C. thermocel-
lum. Fermentation was carried 
out at 150 rpm orbital shaking 
and incubated at 60 °C for 84 h
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with Saccharomyces cerevisiae produced 8.83 g/L bioetha-
nol with 64.95 ± 2.71% fermentation efficiency. Liu et al. 
[16] studied bioethanol production from sugarcane bagasse 
through CBP using C. thermocellum DSM 1237. They 
reported a 0.68-g/L ethanol yield, which was a 65.8% theo-
retical yield from alkali-treated sugarcane bagasse. They 
also reported 0.86 g/L bioethanol with 83.3% of theoretical 
yield from sugarcane bagasse using a 3-L fermenter scale. In 
another study, cellulosic ethanol production was studied via 
CBP using crystalline celluloses as the sole carbon source 
with C. thermocellum ATCC 31,924. Under optimum fer-
mentation conditions, they reported a maximum of 0.30 g 
ethanol yield with 95.32% cellulose conversion [34]. Table 3 
summarizes bioethanol production and cellulose conversion 
efficiency obtained in the present study with previous CBP 
studies conducted on other feedstocks.

4  Conclusions and future perspectives

In the present study, cassava stem waste was evaluated as an 
ideal lignocellulosic substrate for the production of bioetha-
nol via CBP. Dilute NaOH pretreatment could be an efficient 
pretreatment method to improve the holocellulose fraction 
of cassava stem waste and generate maximum sugar yield 
for subsequent fermentation studies. The present study sug-
gests the application of chemical mutagenesis followed by 
ALE could be an ideal strategy to improve ethanol tolerance 
in C. thermocellum. However, the accumulation of acetate 
production in fermentation media showed decreased ethanol 
titer. For an ideal cassava waste-to-ethanol technology, there 
will be a need for effective pretreatment methods to retain 
maximum holocellulosic fraction of biomass, while effec-
tively fractionating other biomass components, which is vital 
for the realization of the lignocellulosic biorefinery process. 
It is also a prerequisite to develop an effective microbial 
biocatalyst, which effectively saccharifies and ferments all 

the sugars in the hydrolysate. Further research is required to 
improve ethanol tolerance and pentose sugar utilization in C. 
thermocellum through the CBP approach. It is also manda-
tory to eliminate native metabolic pathways for acetate and 
formate production, which ultimately improves bioethanol 
titers in C. thermocellum strain. This can be achieved by 
conventional strain improvement methods such as improved 
ALE methods as well as advanced systems metabolic engi-
neering techniques.
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