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                                            Abstract 

       Isoprene, synthesized through two complementary biosynthetic routes known as the 

mevalonate (MVA) pathway and the deoxy-xylulose phosphate pathway, is a valuable 

monomer that is used for rubber and several other chemical industries. Despite the recent 

interest in the industrial and biomedical applications of isoprene and its derivatives, the 

complexity of controlling its chemical synthesis due to the formation of greenhouse gases is a 

significant problem. To overcome the productivity and yield challenges, in addition to 

generating environmental and economic benefits, this study aimed to focus on the direct 

fermentation of cellulosic materials into bioisoprene. In this study, bioisoprene was 

synthesized via a biotransformation process through enzymatic hydrolysis of cassava peel 

using Aspergillus niger 11JK and Saccharomyces cerevisiae 19KB strain. The mevalonate 

(MVA) pathway (synthetic route) exploited during bioisoprene production by S. cerevisiae 

19KB strain was investigated using the hydrolyzed cassava peel broth. The obtained crude 

extract was analyzed for bioisoprene yield and enzymatic activities using Gas 

chromatography. Furthermore, results of the size exclusion chromatography revealed the 

presence of polysaccharide hydrolyzing enzymes (e.g., amylase and cellulase), and 

mevalonate pathway enzymes, including isoprene synthase, mevalonate-5-diphosphate 

decarboxylase, and isopentyl phosphate kinase, in addition to isoprene, mevalonic acid 

(MVA), and its isomer dimethylallyl diphosphate (DMAPP). Based on the results obtained in 

this study, bioisoprene synthesis via direct fermentation of cheap and abundant carbon sources 

such as cassava peel using the S. cerevisiae 19KB strain will overcome the high production 

costs and low yield challenges of bioisoprene, thus generating significant environmental and 

economic benefits. 

Keywords: Mevalonate, Isoprene synthase, Isopentyl phosphate kinase, Isoprene, Amylase, 

Cellulase 
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1. Introduction         

       Isoprene (2-methyl-1,3 butadiene) is a critical 

organic chemical that is utilized in the production of 

synthetic rubber (cis-polyisoprene), which is used in 

the manufacture of tire; lube, glue, and several other 

functional elastomers, including latex gloves, 

baseballs, and footwear (Morais et al., 2015). Isoprene 

is also a valuable substrate that is used in the 

manufacturing of jet fuel, isoprenoid medications, and 

perfumes (Wang et al., 2016). The previous recent 

study reported by Batten et al., (2021) revealed that 

polyisoprene is a highly valued organic polymer, 

which is found naturally in rubber trees and in some 

flora such as Guayule and Parthenium argentatum, 

used in the production of rubber products. According 

to Isikgor and Becer,   (2015), the current polyisoprene 

production techniques rely on the availability of rubber 

plantations and\ or synthetic procedures, which are 

used for the conversion of low molecular weight 

hydrocarbon byproducts of naphtha cracking. 

However, the polyisoprene polymer is mostly obtained 

through the manufacture of the natural rubber (Hevea 

brasiliensis) from the mono-crop plantations, which 

devastates the indigenous habitats completely (Batten 

et al., 2021). 

       Recently, rubber tree plantations have caused 

massive deforestation in Southeast Asia, because this 

area generates the bulk of the world's largest tree-

based polyisoprene. In addition, the expansion in the 

new manufacturing necessitates the land-use 

modification, which frequently involves conversion of 

both the natural and managed forests into rubber 

plantations, thus destroying the local flora and fauna 

ecology, as well as the ecosystems of numerous 

species (Warren-Thomas et al., 2018). Furthermore, 

Kaupper et al., (2020) stated that the expansion in the 

plantations through destruction of the native forests 

distorts the soil microbiota, resulting in the release of 

greenhouse gases such as carbon dioxide and nitrous 

oxide from the deposited carbon and nitrogen.  

Moreover, as natural gas supplies have increased 

globally over the last decade, ethylene production; that 

is used for polyethylene synthesis, has shifted away 

from the naphtha and gas oil cracking towards ethane 

cracking. This caused a significant reduction in the 

isoprene production (a co-produced component of 

naphtha cracking), which is required for the 

manufacture of the synthetic rubber (Batten et al., 

2021). The energy-intensive extraction and distillation 

processes needed for chemical manufacture of pure 

isoprene (Heracleous et al., 2020), and the negative 

effects of isoprene obtained from petroleum that 

causes a climate change, are both noteworthy. 

      Accordingly, Heracleous et al., (2020) have 

examined bioisoprene production in various cell 

factories through several technologies that have been 

classified into the non-mevalonate (MEP-DXP) 

pathway, which has produced microbial strains with 

marginal productivity. This is in addition to the 

mevalonate (MVA) pathway, which has overcome the 

productivity challenges; however, it has been 

constrained by the minimal bioisoprene yield. The 

objectives of this study were to focus on the direct 

fermentation of the cellulosic materials using a S. 

cerevisiae strain, in order to produce the bioisoprene 

that is required for rubber synthesis, overcome the 

productivity and yield challenges, and to have more 

environmental and economic benefits. 

2. Materials and methods 

2.1. Treatment of lignocellulose residue 

       Wholesome peels were removed from dried 

cassava peels that were purchased from Osogbo, Osun 

State, Nigeria. The residual soil on the wholesome 

cassava peels was rinsed with sterile dist. water, air-

dried at 30°C for 72 h, milled into a powdery form, 

and sieved using a mesh of 5.0 m size to obtain a 

uniform smooth powder. The prepared powder was 
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kept at 30°C in an airtight container for further 

analysis.  

2.2. Metabolic activities of Aspergillus niger strains 

 2.2.1. Amylolytic and cellulolytic potentials of A. 

niger strains  

       In the polysaccharide media (containing starch 

agar and cellulose agar), the metabolic activities of the 

characterized A. niger strains that were previously 

isolated from garden soil samples (Jimoh et al., 2009) 

were determined; using starch agar medium that was 

composed of 2.8 % (w/v) nutrient agar and 0.2 % 

(w/v) soluble starch, and cellulose agar medium [2.8 

% (w/v) nutrient agar and 0.2 % (w/v) carboxyl methyl 

cellulose]. The A. niger strains were inoculated 

individually at the center of triplicate plates using the 

point inoculation technique of Jimoh et al., (2022), and 

then incubated at 30°C for 5 d. After incubation, the 

inoculated starch agar plates were flooded with an 

iodine solution, while the cellulose agar plates were 

flooded with a zinc chloride-iodine solution. Presence 

of zones of clearance around the fungal growth in a 

blue-black background of either the starch agar and\ or 

the cellulose agar indicated the presence of amylolytic 

and cellulolytic enzymes, respectively. The best 

amylase and cellulase-producing strains of A. niger 

that showed the widest diameter of zone of clearance 

(measured using a calibrated ruler) were selected for 

further analysis, in reference to Jimoh et al., (2017). 

2.2.2. Synthesis of crude enzymes   

       The amylase and cellulase enzymes were 

synthesized using starch broth [nutrient broth; 2.8 % 

(w/v) and soluble starch; 0.2 % (w/v)], and cellulose 

broth [nutrient broth; 2.8 % (w/v) and carboxyl 

methylcellulose 0.2 % (w/v)]. Both broth media were 

inoculated individually with a 1 % (v/v) standardized 

sterile dist. water suspension of a 72-h-old culture of 

A. niger JK21 strain (1.2 × 10
5
 cfu\ ml), and incubated 

at 30°C for 72 h on a rotary shaker at 200 rpm. After 

incubation, the inoculated broths were centrifuged 

individually at 4°C and 6000 rpm for 20 min., thus the 

obtained cell-free supernatants were used as crude 

sources of the amylase and cellulase enzymes (Dutta et 

al., 2016). The amylase and cellulase activities were 

determined using a dinitrosalicylic acid reagent, where 

the absorbance was measured at 540 using  a 

Microfield UV-Spectrophotometer (MF-752N, 

England)  in contrast to a blank (Jimoh and Ajibise, 

2017). All treatments were carried out in triplicates. 

The amylase and cellulase activity is defined as the 

amount of an enzyme that produced one mol of a 

reducing sugar every 30 min. (Akintola et al., 2019). 

 2.3. Enzymatic hydrolysis of the lignocellulosic 

residue 

       The cassava peel powder was hydrolyzed using 

the produced crude cellulase and amylase extracts. 

Briefly, the cassava peel powder (1 % w/v) was 

immersed in a 50 mM sodium citrate buffer (pH 4.8), 

which contained 0.01 % (w/v) of sodium azide 

(Akintola et al., 2019). About 30 ml of each crude 

enzyme extract was added to the cassava mixture 

individually and then suspended on a rotary shaker for 

72 h (200 rpm) at 30°C. The resulting cassava peel 

hydrolysate was used for the synthesis of isoprene 

using the slightly modified method of Wang et al., 

(2016). All the enzymatic assays were carried out in 

triplicates, and the concentration of the resulting 

reducing sugar was determined using a dinitrosalicylic 

acid reagent, in reference to Jimoh et al., (2018). 

2.4. Biosynthesis of isoprene 

       According to the method conducted by Wang et 

al., (2017), isoprene was produced in triplicates using 

a shake flask fermentation medium that was composed 

of sterile substrate (cassava peel hydrolysate, 2g\ l), 

beef extract (9 g\ l), K2HPO4 (9.8 g\ l), ferric 

ammonium citrate (0.3 g\ l), MgSO4 (0.06 g\ l), citric 

acid monohydrate (2.1 g\ l), and 1 ml of a trace 

elements solution {(NH4)6Mo7O24•4H2O (0.37 g\ l), 

ZnSO4•7H2O (0.29 g\ l), CuSO4•5H2O (0.25 g\ l), 

H3BO4 (2.47 g\ l), and MnCl2•4H2O (1.58 g\ l)}. The 

fermentation medium was inoculated with a 

characterized S. cerevisiae 19KB strain   that was 
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previously isolated from fermented beverage during 

the study of Jimoh et al., (2012), and then incubated at 

37°C for 72 h on a rotary shaker (180 rpm). The 

biomass yield from the cultured broth was evaluated at 

24-h intervals, while the crude extract obtained after 

centrifugation at 10,000 rpm for 15 min. was 

examined for concentration of the reducing sugar and 

isoprene production.  

 2.4.1. Assay of biomass yield  

       According to Jimoh et al., (2009), approximately 

3 ml of each culture broth was withdrawn individually 

at 24-h intervals and examined for cell density at 650 

nm using a Microfield UV-Spectrophotometer (MF-

752N, England). 

2.4.2. Quantitative analysis of reducing sugar 

      The concentration of the reducing sugar was 

determined by adding 1 ml of 3,5-dinitrosalicylic acid 

to 1 ml of the crude extract  and heated for 5 min. 

before adding 10 ml of sterile dist. water. The 

absorbance of each sample was measured at 540 nm 

using a Microfield UV-Spectrophotometer (MF-752N, 

England). In turn, the corresponding reducing sugar 

concentration was calculated using a glucose standard 

curve (Jimoh et al., 2018). 

2.4.3. Qualitative analysis for isoprenoids 

     In reference to Khanal, (2021), about 3 ml of conc. 

H2SO4 was carefully added to 2 ml of a stirred solution 

of crude extract and 2 ml of chloroform. Development 

of an interphase's reddish-brown color indicated the 

existence of terpenoids that is also known as 

isoprenoids, which are the skeletons of isoprene.  

2.4.4. Preliminary quantitative analysis of 

isoprenoids 

      A mixture of 50 ml crude extract and 4.5 ml of 

ethanol kept for 24 h was filtered, using a membrane 

filter and the obtained filtrate was extracted with 5 ml 

of petroleum ether using a separating funnel. The 

separated ether extract was placed in a pre-weighed 

crucible and allowed to evaporate, thus the percentage 

yield of isoprenoid (terpenoid) was calculated 

according to the methodology of Khanal, (2021), using 

the following formula; 

Total isoprenoids = {(𝑊𝑖 − 𝑊𝑓)\ 𝑊𝑖} × 100  

Where, Wi = initial weight of the crude extract, Wf = 

final weight of the extracts after evaporation 

2.4.5. Preliminary screening of enzymatic activity   

      The enzymatic assay was based on the detection of 

the reducing sugars produced during enzymatic 

hydrolysis of the cassava peel substrate using the 

dinitrosalicylic acid reagent (DNS) technique and 

100 µl of a crude extract as the crude enzyme, as 

described by Oliyad and Dawit, (2018). Furthermore, 

900 μl of the substrate was prepared by mixing 0.5 % 

(w/v) of a substrate in 0.1 M of phosphate buffer (pH 

7.5) and then transferred into 3 clean glass vials 

marked independently as an enzyme (E), enzyme 

blank (EB), and a reagent blank (RB). About 100   µl   

of the crude enzyme was added to the glass vial E, 100 

 µl   of dist. water was added to the glass vial RB, and 

neither the crude enzyme nor dist. water was added to 

the glass vials labeled EB. All the solutions were 

incubated in a water bath for 10 min. at 50°C before 

the reaction was stopped on the addition of 200 μl of 

DNS reagent, while 100 μl of the crude enzyme was 

added to the EB vial following the DNS. Furthermore, 

the solutions were immersed for 10 min. in a 92°C 

water bath, cooled, and the absorbance was measured 

at 540 nm using a Microfield UV-Spectrophotometer 

(MF-752N, England). The enzymatic activity was 

evaluated against an enzyme blank and a reagent 

blank. The enzyme unit was defined as the quantity of 

enzyme required to release one μmol of galacturonic 

acid per min. (μmol\ min). The relative enzyme 

activity was estimated as the percentage enzyme 

activity of the sample compared with the sample with 

the highest activity using the formulae of Akintola et 

al., (2019);   

% Relative enzyme activity = Activity of sample (U)\ 

Maximum enzyme activity (U) × 100 
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2.5. Enzymes assay 

2.5.1. Isoprene synthase assay 

     According to Silver and Fall, (1995), synthesis of 

isoprene synthase was quantified using a Gas 

chromatography (GC) with a flame ionization detector 

(GC\ FID).  The reaction mixture consisted of 15 µl of 

the crude enzyme, 12 mM MgCl2, and 10 mM  

dimethylallyl diphosphate (DMAPP), which was then 

incubated at 32°C for 10 min. before GC-headspace 

evaluation. Although the DMAPP concentration was 

slightly greater than the Michaelis constant (Km), 

which is the affinity of an enzyme to a substrate; 

however, isoprene production was proportional to time 

and to enzyme concentration. To stabilize the enzyme, 

isoprene synthase was diluted using a IPB buffer, 

which was composed of 50 mM Tris-HCl (pH 8.0), 20 

mM MgCl2, 1% (v/v) polyethylene glycol 400 (PEG 

400), and 2 mM dithiothreitol (DTT) complemented 

with 5 mg\ ml of bovine serum albumin.  

2.5.2. Mevalonate-5-phosphate decarboxylase assay 

      The activity of mevalonate-5-phosphate 

decarboxylase enzyme was evaluated by linking the 

release of adenosine diphosphate (ADP) with 

nicotinamide adenine dinucleotide reduced (NADH) 

oxidation by pyruvate kinase\ lactate dehydrogenase 

(PK\ LDH) at 340 nm, using a Microfield UV-

Spectrophotometer (MF-752N, England) at 10 sec 

intervals (Rossoni et al., 2015). The assays were 

carried out at 30°C in 1 ml polymethyl methacrylate 

cuvettes with the addition of 0.2 mM NADH, 0.5 nM 

phosphoenolpyruvate, 5 mM adenosine triphosphate 

(ATP), aqueous glycerol solution of PK\ LDH (20 µl), 

and 10 µg of the pure enzyme. The assays were 

equilibrated for 2 min. before addition of the substrate. 

The NADH concentrations were computed using an 

extinction coefficient of 6220 M
-1

cm
-1

. Where, one 

unit of an enzyme activity equals the synthesis of one 

µmol of NADH\ min. 

2.5.3. Assay for isopentenyl phosphate kinase 

       Appearance of ADP coupled with the 

disappearance of NADH was determined through a 

pyruvate kinase (PK)-lactate dehydrogenase (LDH)-

coupled assay using a Microfield UV-

Spectrophotometer (MF-752N), according to the 

modified protocol of Vannice et al., (2014). The effect 

of an enzyme concentration on phosphomevalonate 

decarboxylase (PMD) enzyme activity was 

investigated in 50 mM of 4-(2-hydroxyl) piperazine-1-

ethane sulfonic acid)-potassium salt (HEPES-KOH) 

(pH 7.5) and 10 mM MgCl2. This was coupled with 40 

U of both the pyruvate kinase and lactate 

dehydrogenase enzymes on increasing the 

concentrations of the crude extract from 0 to 4 M, in 

the presence of 2 mM (R, S)-Mevalonate 5-phosphate 

and 2 mM ATP at 30°C. 

2.5.4. Cellulase assay 

      The cellulase enzyme activity was evaluated 

through detecting its effect on microcrystalline 

cellulose leading to glucose formation, according to 

the method of Worthington and Worthington, (2011) 

with a slight modification. The release of glucose in 

the hexokinase\ glucose-6-phosphate dehydrogenase 

system was monitored at 340 nm. One unit of cellulase 

enzyme activity released 0.01 mg of glucose\ h from 

the microcrystalline cellulose that was incubated at 

37°C (pH 5.0). The enzyme was dissolved in reagent 

grade water at a concentration of 1mg\ ml. The assay 

mixture concentration is presented in Table (1).  

       The mixture was stirred at 37°C for 2 h before 

being transferred to an ice bath for the formation of 

sediment and then was further centrifuged. The 

supernatant was stored in an ice bath for subsequent 

analysis. To achieve temperature equilibrium, 3 ml of 

the glucose reagent was placed into a cuvette and 0.1 

ml supernatant from each reaction mixture was added, 

and then allowed to acclimatize to 25°C before 

analysis using a Microfield UV-spectrophotometer 

(MF-752N, England).  The absorbance of the glucose 

reagent-supernatant mixture glucose reagent was 

measured at 340 nm against glucose reagent (blank). 
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Table 1: Cellulase enzyme assay mixture 

 Test                         Blank 

Microcrystalline cellulose  200 mg                  200 mg 

0.05 M acetic acid 4.0 ml                    4.0 ml 

Reagent grade water ------                       1.0 ml 

Enzyme dilution 1.0 ml                       ----- 

 

2.5.5. Amylase assay 

     An aliquot of 0.5 ml of (1 %) starch and 0.5 ml of 

the crude enzyme were incubated at 37°C for 30 min. 

After incubation, the reaction was terminated by 

adding 1 ml of 3, 5 dinitrosalicylic acid and placing 

the mixture in a water bath at 100 °C for 10 min., for 

the development of a brown color. Furthermore, the 

final volume of the mixture was made up to 5 ml with 

dist. water, and the absorbance was measured at 540 

nm  using a Microfield UV-Spectrophotometer (MF-

752N, England), in reference to  Dharani Aiyer, 

(2012). Using the standard maltose curve of 

Mehrabadi and Bandani, (2009), the concentration of 

the liberated maltose was estimated.  Where, one unit 

of an amylase enzyme activity is defined as the 

quantity of an enzyme that liberates 1 mol of maltose 

per min. 

2.6. Quantification of isoprenoids  

    According to the modified method of Jimoh et al., 

(2017), the supernatant obtained from the fermentation 

medium  with a silicon seal was transferred to the 

headspace vial and further placed in the headspace 

jacket  that was connected to the GC system (HP 6890 

Powered with HP ChemStation Rev. A 09.01 [1206]) 

software. The operational conditions of the GC system 

that was equipped with a pulse flame photometric 

detector (PFPD) and a CP-Sil 5 CB column (25 m × 

0.32 µm × 0.12 µm) at a flow rate of 1 ml\ min., 

included an initial oven temperature that was 

maintained at 35 °C for 3 min.; injection temperature 

(150°C), detector temperature (300°C), and a final 

temperature of 100°C. Commercial isoprene (Sigma-

Aldrich) was used as a standard for the analysis.   

2.7. Statistical analysis 

      The obtained results were analyzed with GraphPad 

Prism 8.0.1 using one-way and two-way analysis of 

variance (ANOVA). 

3. Results and Discussion 

3.1. Cellulolytic and amylolytic activities of A. niger 

strains 

       Among the 3 fungal strains screened in vitro for 

their enzymatic activity, A. niger 11JK strain 

expressed the widest zone of clearance on cellulose 

and starch agar media, recording 37 mm and 60 mm, 

respectively.  Accordingly, as this strain showed the 

highest cellulolytic and amylolytic activities, it was 

selected for further research and isoprene production 

(Fig. 1). These activities expressed by A. niger 11JK 

indicated its ability to break down lignincellulolytic 

material crystalline structure, which hinders its 

solubility in water. The statistical level of significance 

analysed by a one-way ANOVA was followed by 

Tukey post hoc pairwise multiple comparisons test: 

where 
a
p ˂ 0.05 compared to the cellulolytic activity of 

A. niger 11JK, 
b
p ˂ 0.05 compared to the cellulolytic 

activity of A. niger 12PC, 
c
p ˂ 0.05 compared to the 

amylolytic activity of A. niger 11JK, and 
d
p ˂ 0.05 

compared to the amylolytic activity of A. niger 12PC. 

3.2. Hydrolytic activity of A. niger IIJK   

        Starch is a substantial part of the agricultural 

wastes that is being processed into starch hydrolysate,  
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Fig. 1: In vitro cellulolytic and amylolytic activities of the 3 A. niger strains. The error bars represent the mean ± SD (Standard 

deviation, n= 2). The values followed by the same superscript letters are significantly different at p ˂0.05 

 

which serves as a microbial substrate during amylase 

synthesis (Abalaka and Adetunji, 2017). The 

enzymatic assays used to monitor the hydrolytic 

activity of the crude enzymes (cellulase, amylase, and 

both enzymes) that were produced by A. niger 11JK 

during hydrolysis of the cassava peel to simple sugars 

required for isoprene synthesis, revealed maximum 

metabolic activity (Fig. 2), which was further 

confirmed through the higher enzymatic activity and 

the corresponding molecular weight recorded using 

GC-FID (Table 2). The high synergistic effect (0.237) 

of both amylase and cellulase enzymes obtained in this 

study was attributed to the high enzymatic activity of 

amylase (0.126) compared with 0.06 that was 

expressed by cellulase individually. These results 

indicated that amylase is a strong hydrolyzing enzyme 

that mediates the hydrolysis of polysaccharides to 

monosaccharides, by hydrolyzing the bonds between 

the adjacent glucose units (Padma and Pallavi, 2016). 

The enzymatic activity serves as the biological 

pretreatment of lignocellulose using A. niger 11JK, 

which possess hydrolytic characteristics that will 

loosen the crystalline structure and facilitates the 

lignocellulose degradability, in order to release the 

fermentable sugars. Statistical level of significance 

analysed by a two-way ANOVA followed by Tukey 

post hoc pairwise multiple comparisons test revealed a 

significant difference among the means of the amylase 

and cellulase enzymatic activities. 

3.3. Reducing sugars concentration and biomass 

yield 

      The enzymatic ability of A. niger 11JK to 

metabolize cassava peel medium through the liberation 

of cellulase and amylase enzymes led to the increased 

reducing sugar concentration within 24 h, which later 

decreased gradually on the 4th day as the fermentation 

period increased. Later, the recorded decrease was 

attributed to the activity of S. cerevisiae 19KB strain 

inoculated on the 3
rd

 day, which converted the 

reducing sugar to isoprenoid intermediates. S. 

cerevisiae 19KB potential to metabolize the reducing 

sugars also led to an increase in its biomass yield as 

the fermentation period increased (Fig. 3 and 4). This 

implies that S. cerevisiae 19KB metabolised the simple 

sugars such as lactose and maltose with an anomeric 

carbon that was capable of reducing the  
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Fig. 2: Hydrolytic activity of A. niger 11JK strain 

Where; AM =Amylase; CE= Cellulase; AMCE= Amylase and Cellulase. The values   are significantly different at p ˂0.05. The 

error bars represent the mean ± SD (Standard deviation, n= 2). The statistical level of significance analysed by a two-way 

ANOVA is followed by the Tukey post hoc pairwise multiple comparisons test 

 

 

 

Table 2:  Enzymatic activity and molecular weights of the hydrolytic enzymes 

Enzyme Activity (U\ ml) Molecular weight 

Amylase 344.2 ± 2.623  51.8 

Cellulase 145.5 ± 2.255  41.9
a
 

Where; the values followed by the same superscript letters are significantly different at p ˂0.05. Data are presented as mean ± 

SD (standard deviation, n=3). The statistical level of significance analysed by a two-way ANOVA is followed by Tukey post 

hoc pairwise multiple comparisons tests: 
a
p˂ 0.05, compared to amylase and cellulose 
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Fig. 3: Cassava peel hydrolysate yield 

Where; the values followed by the same superscript letters are significantly different at p ˂0.05. Data are presented as mean ± 

SD (standard deviation; n=3). Statistical level of significance analysed by a two-way ANOVA is followed by Tukey post hoc 

pairwise multiple comparisons test; 
a
p ˂ 0.05 compared with day 1, 

b
p ˂ 0.05 compared with day 2,  

c
p ˂ 0.05 compared with 

day 3, 
d
p ˂ 0.05 compared with day 4, 

e
p ˂ 0.05 compared with days 5  and 6 
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Fig. 4: Yield of S. cerevisiae during isoprene production 

Where; the values followed by the same superscript letters are significantly different at p ˂0.05. Data are presented as mean ± 

SD (standard deviation; n=3). Statistical level of significance analysed by a two-way ANOVA is followed by Tukey post hoc 

pairwise multiple comparisons tests; 
a
p ˂0.05 compared to day 3, 

b
p ˂0.05 compared to day 4, 

c
p ˂0.05 compared to days 5and 

6 
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ferric ions in the DNS reagents, which were present in 

the cassava peel medium (Jimoh et al., 2018).  

       Furthermore, hydrolysis of the cellulosic waste 

(cassava peel) by A. niger 11JK into simple sugars 

such as glucose provided high MVA\ MEP flux for S. 

cerevisiae 19KB strain, through the generation of 

Glyceraldehyde-3-phosphate\ pyruvate or acetyl-CoA 

(Caureuters and Lee, 2021). The generated simple 

sugars served as carbon sources that were required for 

isoprene synthesis through the MVA\ MEP pathway, 

thus solving the problem of high production costs. 

This was the greatest challenges of isoprene 

biosynthesis starting from carbon feed that accounted 

for over 90 % of the production costs and yield (Wu 

and Maravelias, 2018). The results obtained in this 

study confirmed that cassava peel is a promising 

solution to the exorbitant substrate costs, thus 

switching of the carbon sources to the carbon wastes 

such as cellulosic biomass will reduce the high 

isoprene production costs, which are not expensive to 

compete with the petroleum-derived analogs  

(Carrutters and Lee,  2021). The two-way ANOVA 

revealed a significant difference (p ˂0.05) between the 

reducing sugars concentrations obtained between day 1 

and day 6, and also S. cerevisiae 19KB (biomass) yield 

between day 3 and day 6. 

3.4. Metabolic activities of S. cerevisiae 19KB strain 

      Using GCFID, the enzyme assay employed during 

isoprene synthesis by S. cerevisiae 19KB strain 

revealed the presence of several metabolic enzymes in 

the crude extract that were recovered after the 

fermentation period. These metabolic enzymes 

included isoprene synthase (IspS), mevalonate-5-

diphosphate decarboxylase (MvaD), and isopentyl 

phosphate kinase (IPK), based on their recorded 

molecular weights (62.6, 90.5, and 30.2 kDa) and 

enzymatic activities (Fig. 5). Similarly, the molecular 

weight of isoprene synthase correlated with the 62-

kDa band that was previously reported by Silver and 

Fall, (1995).  Furthermore, the obtained mevalonate-5-

diphosphate decarboxylase activity (122.1 U\ mg) of S. 

cerevisiae 19KB was extremely high, and the 

expression of these significant enzymes confirmed the 

metabolic activity of this strain during biosynthesis of 

isoprene, which was synthesized via the classical 

mevalonate pathway rather than the alternative 2C-

methyl-D-erythritol 4-phosphate (MEP) pathway 

(Reichert et al., 2018). The inability of S. cerevisiae 

19KB to utilize the MEP pathway may be attributed to 

the higher demand of redox partners for the MEP 

pathway along with hydroxyl-methylbutenyl 4-

diphosphate (HMBPP) synthase, HMBPP reductase, 

and DXP reductase enzymes; because each enzyme in 

MEP pathway requires 1 NADPH for the 

accomplishment of a particular step rather than 2 

NADPH that are demanded by the MVA pathway for 

the production of mevalonate through the 3-hydroxy-

3-methylglutaryl-CoA (HMG-CoA) reductase 

(Hussain et al., 2021). This result confirmed that the 

three steps of the MEP pathway rely heavily on 

NADPH's availability for proper functioning, which is 

mainly supplied by the pentose phosphate pathway, 

while the MVA pathway is regulated by only a single 

step, as reported by Hussain et al., (2021). S. 

cerevisiae 19KB utilized the latter pathway to ensure 

the supply of enough NADH molecules through the 

oxidation of pyruvate to acetyl-CoA, while consuming 

glucose as a major carbon source (Ward et al., 2018). 

According to Reichert et al., (2018), the ability of S. 

cerevisiae 19KB to utilize the mevalonate pathway 

specified the capacity of this strain to convert acetyl-

CoA and acetoacetyl-CoA into 3-hydroxy3-

methylglutaryl-CoA (HMG-CoA). This compound 

was further reduced to mevalonate, phosphorylated to 

phosphomevalonate, and subsequent phosphorylation 

led to the production of diphosphomevalonate. This 

product was further decarboxylated to the C5 building 

blocks isopentenyl pyrophosphate (IPP), which had 

undergone isomerization to generate DMAPP. 

3.5. Isoprene biosynthesis 

     Isoprene is a class of ubiquitous organic molecules 

that are synthesized from the 5-carbon starter unit  
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Fig. 5: Enzymes activity expressed through the MVA pathway  

Where; IspS: isoprene synthase; MvaD: mevalonate-5-diphosphate decarboxylase; IPK: isopentyl phosphate kinase. The values 

followed by the same superscript letters are significantly different at p ˂0.05. Data are presented as mean ± SD (standard 

deviation, n=3). Statistical level of significance analysed by a two-way ANOVA is followed by Tukey post hoc pairwise 

multiple comparisons tests; 
a
p ˂0.05 compared with isoprene synthase, and 

b
p ˂0.05 compared with mevalonate-5-diphosphate 

decarboxylase 

 

known as IPP. The appearance of a reddish-brown 

interface during the qualitative analysis indicated the 

presence of terpenoids otherwise known as 

isoprenoids, which depicts the presence of isoprene, as 

the isoprenoids are the building blocks of the isoprene 

polymers.  Higher terpenoids (isoprenoids) percentage 

yield of 27.1 % that was obtained in this study through 

preliminary quantitative analysis is higher than 12.77 

% and 13.13 % isoprene yields, which were recorded 

in two analysed samples in the previous work 

conducted by Khanal, (2021). 

     Currently, results of biosynthesis of several 

intermediates through the mevalonic acid\ mevalonate 

(MVA) pathway, including isoprene (0.12 g\ l), 

isopentyl diphosphate (IPP) (0.35 g\ l), and its isomer 

dimethylallyl diphosphate (DMAPP) (0.36 g\ l) that 

are presented in Fig. (5) have revealed the potential of 

S. cerevisiae 19KB strain to synthesize various 

metabolites, which constitute the mevalonate pathway. 

These results agree with results of the previous study 

reported by Liao et al., (2016). The higher yield of 

isoprene (99.18 g\ l) obtained in this study supersedes 

the 297.5 mg\ l and 430 mg\ l  yields reported by 

Wang et al., (2016); Cheng et al., (2017). Similarly, S. 

cerevisiae 19KB isoprene yield was higher than 437.2 

µg\ l and 1434.3 µg\ l produced by the recombinants 

Bacillus licheniformis and B. subtilis (Gomaa et al., 

2017), and  synthesized by the engineered Escherichia 

coli cells (23.3 mg\ l) (Yeom et al., 2018). This 

metabolic product establishes the ability of the S. 

cerevisiae 19KB strain to utilize the mevalonate 

pathway to synthesize isoprene rather than the 

alternative 2C-methyl-D-erythritol 4-phosphate (MEP) 
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pathway, which requires 8 enzymatic steps that 

proceed via the condensation of pyruvate and 

glyceraldehyde 3-phosphate to produce 1-deoxy-D-

xylulose 5-phosphate (DOXP) (Reichert et al., 2018). 

       Furthermore, during isoprene synthesis, the lack 

of DOXP that was required for the synthesis of the 

intermediate MEP in the crude extract also confirmed 

that the metabolic processes of S. cerevisiae 19KB 

strain proceeded via the mevalonate pathway. This 

accounts for the conversion of acetyl-CoA to 

isopentenyl 5-diphosphate, which is the versatile 

precursor of the polyisoprenoid metabolites and the 

natural products. The impacts of the carbon supply, 

energy demands (ATP\ CTP), and availability of the 

reducing cofactors (NADH, NADPH), intensely 

affected the yield and efficiency of the MVA or MEP 

pathway (Ward et al., 2018). However, the current 

results showed that S. cerevisiae 19KB utilized only 

one precursor involved in the MVA pathway but could 

not utilize the MEP pathway, which may be attributed 

to the metabolic problem of the imbalanced supply of 

several precursors such as pyruvate and 

glyceraldehyde 3-phosphate (G3P) that had been 

encountered by the yeast strain (Li et al., 2015). 

Conclusion 

     Consecutive condensation of the 5-carbon 

monomer isopentenyl diphosphate (IPP) to its isomer 

dimethylallyl diphosphate (DMAPP) validated that the 

metabolic activities of S. cerevisiae 19KB during the 

synthesis of isoprene from acetyl-CoA took place 

through the mevalonate pathway. This indicated that 

the budding yeast S. cerevisiae 19KB possessed 

several genes encoding for isoprene synthase, 

mevalonate-5-diphosphate decarboxylase, and 

isopentyl phosphate kinase, which were required for 

the MVA pathway. The current results ensured that the 

availability of a suitable precursor supply that is 

obtained through the use of agricultural residues such 

as cassava peel and the budding yeast such as S. 

cerevisiae 19KB is essential. Finally, it is concluded 

that synthesis of rubber via direct fermentation of 

cheap and abundant carbon sources such as cassava 

peel and the presence of S. cerevisiae 19KB strain, 

will overcome the productivity and yield challenges, 

thus generating better environmental and economic 

benefits. 
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