
RESEARCH ARTICLE 
                                                                                                                                                                          

Ariha Afsheen1, Sabin Sabri1*, Fareeha Afsheen2, Rida Javed1, Rabia Akhtar1, Mukarram 
Sharif1 

1Department of Microbiology and Molecular Genetics, Faculty of Life Sciences, University of Okara, Okara 56130, 
Pakistan 
2Department of Bioinformatics, Faculty of Life Sciences, University of Okara, Okara 56130, Pakistan 

 

 

ARTICLE HISTORY 

Received: 20-10-2023 
Revised: 10-12-2023 
Accepted: 12-12-2023 
Online: 15-12-2023 
 
KEYWORDS 

Xylanases 
Hemicellulases 
Xylan 
Fungi 
Bacteria 
Lignocellulosic biomass 
Geobacillus strearothermophilus 
Myceliophthora thermophila 
Claviceps purpurea 
Claviceps purpurea 
Bioinformatics 
Phylogenetic tree 
 
 
 
 
 
 
 
 
 
 

ABSTRACT  

To speed up biological processes in all living things, nature has 
produced enzymes. In industries like leather, textile, food, paper, 
detergents, medicines, and feed, a variety of enzymes act as 
industrial biocatalysts, and their usage in commercial chemical 
reactions is expected to improve significantly. This study aims to 
find out the high activity of xylanase-producing microorganisms 
to reduce the cost of raw materials that are used in several 
commercial industries like paper pulp bleaching, bioconversion 
of lignocellulosic biomass into biofuels, etc. This study was 
conducted to characterize and identify the most highly efficient 
hemicellulose degrading enzymes from bacterial and fungal 
species by using bioinformatics methodologies. in this study, 27 
xylanase-producing bacterial sequences and 13 xylanase-
producing fungal sequences were retrieved from the NCBI data 
bank (http://www.ncbi.org). The predicted microorganisms were 
further analyzed by retrieving protein sequences from uniprot. 
This study concluded that Geobacillus strearothermophilus and 
Claviceps purpurea, exhibit a high level of specific enzyme activity 
as compared to target bacterial sp. Myceliophthora thermophila 
and fungal sp. Aspergillus nigar respectively at the favorable 
temperature of 60◦C with optimal neutral pH. The identified 
enzymes will be helpful in the reduction of cost and energy 
required in the conversion of biomass or in various other industrial 
sectors for the processing of raw material. 
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In silico identification of hemicellulase producing microorganisms 
found in animal manure 

Introduction 

The research of enzymatic potential within organic 
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leftovers such as animal manure has attracted 
substantial attention in the development of 
sustainable approaches to the conversion of 
biomass and the management of waste [1]. 
Hemicellulases, enzymes that degrade intricate 
polysaccharides found in the cell walls of plants, 
have enormous promise in a variety of commercial 
uses [2, 3]. The identification and characterization of 
these digestive enzymes using computational 
methods referred to as in silico analysis, has 
emerged as an effective means of unraveling the 
enzymatic diversity inside animal excrement [4]. 
Digestive enzymes are a natural source of enzymes 
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in animals found in the alimentary tracts of primates 
(including humans) and carnivorous plants, where 
they aid in food processing [3]. They are a large 
variety of enzymes that are produced by fungi, 
bacteria, and algae, etc are involved in the 
production of xylose, the enzyme secreted by 
bacteria, fungus that is involved in the degradation 
of hemicellulose and to check out the activity of 
these enzymes [5]. 

Animal feed production followed by the agriculture, 
paper, and clothing sectors used xylanase for the 
first time in the 1980s. Cellulase, xylanase, and 
pectinases currently account for 20% of the global 
enzyme market [6]. The synthesis of the xylanase 
enzyme is mostly dependent on microorganisms. In 
recent years, the bioconversion of hemicellulose 
increased attention because of its practical 
applications in improving the digestibility of animal 
feedstock [3]. For efficient utilization/degradation of 
hemicellulose, enzymatic saccharification into 
fermentable sugars are focused attention [6]. 
Therefore, hemicellulases with outstanding enzyme 
properties are still a bottleneck. Over the last few 
years, the importance of xylanase has grown 
dramatically because of its biological activities in 
different manufacturing processes such as paper, 
food, and pulp sectors [7]. Microbial xylanases have 
received a lot of attention. Xylanases are regarded 
as "one of the most industrially significant enzymes”. 
Xylan is the most common natural hemicellulose 
and has a variety of industrial uses, including food, 
textiles, cellulose pulp bleaching, seed germination, 
degumming, and agro-waste treatment [8]. 
Hemicelluloses make up nearly 20–35 percent of 
lignocellulosic biomass, making them the most 
abundant polysaccharides in nature. Lignocellulose 
is comprised of cellulose, hemicelluloses, and lignin 
[7, 8]. Among hemicellulose, xylans are commonly 
found in nature. Different enzymes, such as 
xylanases and xylosidase, break down xylan within 
hemicellulose [9]. Microorganisms are primarily 
responsible for the manufacture of xylanase 
enzymes. Moreover, wide-range manufacturing of 
fungal xylanase is problematic owing to the 
prolonged period and collaboration of an extremely 
glutinous polymer that inhibits oxygen transport 
[10]. 

The xylan molecule is converted into constituent 
sugars by the combined activity of all these 
enzymes. Fungi, bacteria, algae, yeast, snails, and 
seeds have all been found to synthesize xylanases 
[11]. Bacteria fungi and bacteria, on the other hand, 
synthesize the majority of these enzymes. Bacterial 
xylanases differ from fungal xylanases in several 
ways. As a result, Bacterial and actinomycete 
xylanases work in a broader range of pH values of 
between 5 and 9, and at temperatures of around 35 
to 60 ᵒC which makes them suitable for a wide range 

of manufacturing sectors including pulp [14]. On the 
other hand, Fungi are substantial producers 
because of higher xylanase activity (compared to 
bacteria and yeast), higher yields, and extracellular 
enzyme release [11]. 

 A differentiating factor between xylanase-
producing fungal and bacterial species is the 
existence of cellulose-producing cellulase enzyme 
there are only a few instances of fungal xylanases 
that lack the activity of cellulose [12]. The 
investigation's purpose was to gain insight into how 
isolates could produce xylanases. The use of 
xylanase in a variety of sectors i-e Fabric 
bioprocessing, pulp and paper biobleaching and 
other waste reprocessing, and biological conversion 
into more desirable items, feed, and food has grown 
considerably in recent years [4]. Researchers are 
discovering more microbial strains for xylanase 
synthesis as a result of increased interest in this field 
of research. The manufacture of enzymes, 
chemicals, and antibiotics for various industries has 
been a recent emphasis of biotechnology [13].  

The biomass can be successfully degraded by 
linking numerous enzymes that hydrolyze 
complicated polymers into monomers that can be 
fermented in suitable industrial environments [14]. 
All of these enzymes need to be active in a variety of 
circumstances including a high degree of 
temperature, high pH, extreme osmotic level, and 
fluctuating pressure. However, the activity of 
hydrolytic enzymes can only withstand extreme 
temperatures [15]. This large variety of 
circumstances necessarily results in an extended 
period for effective biomass decomposition, which 
poses the risk of reactions to contamination [13]. 
These difficulties can be addressed by increasing 
the temperature at which the reaction occurs. As a 
result, there is a significant need for xylanases that 
operate with greater efficiency at much higher 
temperatures than are currently accessible 
economically [16]. High temperatures increase 
substrate and product solubility, shorten the 
process of hydrolysis, decrease the viscosity of the 
substrate, and limit the potential of contamination 
by microbes, proving thermostable xylanases useful 
for a variety of industrial practices [10, 17]. 

• To be evaluated for this market, the xylanase 
must meet the following criteria: 

• To avoid cellulose fiber hydrolysis, they 
must be cellulolytic [16]. 

• To diffuse efficiently through pulp fibers, 
they must have a lower molecular mass[18]. 

• At high temperatures and pH conditions, 
they must be active and stable [19]. 

• Enzyme production should be high and 
inexpensive [18]. 
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Because of its biological activities in various 
manufacturing procedures such as paper pulp and 
food industries, the importance of xylanase has 
increased considerably in recent years. Microbial 
xylanase has gotten a lot of interest [16]. The 
purpose of this study is to find out the high activity 
of xylanase-producing microorganisms to reduce 
the cost of raw materials that are used in several 
commercial industries like paper pulp bleaching, 
bioconversion of lignocellulosic biomass into 
biofuels, etc. This study was conducted to 
characterize and identify the most probably highly 
efficient hemicellulose degrading enzymes from 
bacterial and fungal species by using bioinformatics 
methodologies. 

Materials and methods 

Study Site Description and Duration 

The research work and experimentation were take 
place in Microbiology and Molecular genetics lab of 
University of Okara from April 2023 to September 
2023. 

In silico identification of microorganisms 

In this study the xylanase producing bacterial and 
fungal species that found in animal manure were 
identified by using different databases such as NCBI 
and CAZy. 

Retrieval of sequences 

After the identification of xylanase producing 
bacterial and fungal species, a total of 27 xylanase 
producing bacterial sequences and 13 xylanase 
producing fungal sequences were retrieved from 
ncbi gene data bank (http://www.ncbi.org).  

Analysis of hemicellulase enzyme’s producing 
bacteria and fungi 

Retrieved protein sequences from uniprot.org were 
used to conduct additional analysis on the identified 
microbes. Subsequently, the sequence collection of 
all retrieved sequences was compared with already 
identified xylanase-producing microorganisms. 
then all sequences were blasted against the target 
species including xylanase-producing bacteria 
Myceliophthora thermophila (strain ATCC 42464 / 
BCRC 31852 / DSM 1799) and xylanase-producing 
fungi with aspergillus nigar in NCBI blast 
(ncbi.nlm.nih.gov/Blast.cgi) and the corresponding 
DNA sequences were obtained in FASTA file format.  

 
Figure 3. Showing result of multiple sequence alignment of xylanase producing fungi. Showing the result of 
alignment of multiple sequences of target fungal strain which retrieved from the uniprot with other xylanase 
producing fungal strains. Colors are used in order to highlight the conserved regions. According to multiple 
sequence alignment, the matching location was 31 to 36 and exhibited 8.094% identity, and claviceps purpurea 
shared a high degree of relationship with the target fungal strain Aspergillus nigar accession numbers O74716 and 
P55329 respectively. 
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The sequences were aligned using CLUSTAL W and 
omega for multiple sequence alignment to identify 
conserved domains and confirm the protein's 
functionality. On the basis of a JTT matrix-based 
model, a phylogenetic tree of all 27 bacterial 
xylanases and 13 fungal xylanases protein 
sequences was developed employing the highest-
likelihood method. MEGA7 programme was used to 
comprehend the evolutionary gaps between the 
proteins. To comprehend the evolutionary lineages, 
several groupings or splits of xylanase-producing 
bacteria were carefully investigated. 

Results 

In this present study,NCBI & CAZy databases were 
used to identify xylanase producing bacteria and 
fungi. After the identification of xylanatic organisms, 
clustal omega software was used to align multiple 
sequences of these organisms. A total 27 xylanase 
producing bacterial sequences and 13 xylanase 
producing fungal sequence were retrieved from 
ncbi gene data bank (http://www.ncbi.org). All of 
these sequences were selected on the basis of the 
quality factors of xylanse synthesis. Bacterial 
multiple sequence alignment result showed that the 
highlighted area was the conserved portion, and  

 
Figure 4. Showing result of multiple sequence alignment of xylanase producing bacteria. Showing the result 
of alignment of multiple sequences of target bacterial strain which retrieved from the uniprot with other xylanase 
producing bacterial strains. Colors are used in order to highlight the conserved regions. According to multiple 
sequence alignment, the matching location was 34 and 44 similar position and exhibited 3.205% identity, and 
Geobacillus stearothermophilus (P45705) shared a high degree of relationship with the target bacterial strain 
Myceliophthora thermophila. 
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steric exhibits homology in all of these sequence 

alignments. Fig 4 showed that according to these 

alignment Geobacillus stearothermophilus 

(accession number P45705) was found to be very 

closely related to the targeted organism 

Myceliophthora thermophila. In the bacterial aligned 

sequence, 34 identical sites and 44 comparable 

locations indicated 3.205% identity Figure 4). The 

highlighted section of the xylanatic fungus alignment 

was a conserved area, and steric exhibited homology 

in all aligned sequences. Based on the alignment of 

multiple sequences, the identical location was 31-36 

and showed 8.094% identity and claviceps purpurea 

(O74716) exhibited a high similarity with the targeted 

species Aspergillus nigar accession numbers 

P55329. Shown in (Figure 3). 

Evolutionary analysis of fungi 

 
Figure 5. Showing the phylogenetic tree of xylanase producing fungi by Maximum Likelihood method. The 
phylogenetic relationship of Aspergillus nigar with other xylanase-producing fungal strains in the Genbank database. 
The neighbor-joining tree revealed the most similarity to claviceps purpurea xylanase. This study included 13 amino 
acid sequences. The final dataset contained 373 locations in total. MEGA X was used for phylogenetic research. 
 

 
Figure 6. Showing phylogenetic tree by using Maximum Likelihood method. Phylogenetic tree of 
Myceliophthora thermophila xylanase with other xylanase-producing bacteria in the NCBI database The neighbor-
joining tree revealed the greatest similarity to Geobacillus stearothermophilus. This study included 27 amino acid 
sequences. The final dataset contained a total of 880 locations. MEGA X was used for the construction of 
phylogenetic tree. 
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The Maximum Likelihood approach and the JTT 
matrix-based model were used to build the 
phylogenetic tree. The figure shows the tree with the 
highest log likelihood (-4889.29). The initial tree(s) 
for the search for heuristics were generated 
automatically by applying the Neighbor-Join and 
BioNJ algorithms to a matrix of pairwise distances 
predicted using the JTT model and then choosing 
the topology with the highest log likelihood value. 
The fraction of places in each descendent clade 
where at least one unambiguous base is present in 
at least one sequence is given next to each internal 
node in the tree. This study included 13 amino acid 
sequences. The final dataset contained 373 
locations in total. In, evolutionary analyses were 
carried out. Phylogenetic tree constructed by using 
MEGA X. According to phylogenetic analysis of 
xylanatic fungus it was observed that Fusarium 
oxysporum Fo47, Fusarium graminearum PH-1 
showed 60% evouloutionary relationship. 
Penicillium oxalicum 114-2 showed 59% 
relationship. Claviceps purpurea, Botrytis cinerea 
B05.10 showed 61% relationship. Claviceps 
purpurea, Aspergillus niger showed 57% 
relationship. Neocallimastix patriciarum showed 63 
% relationship. 

Evoloutionary analysis of bacteria 

The phylogenetic tree was constructed by using the 
Maximum Likelihood method and JTT matrix-based 
model. The tree with the highest log likelihood (-
15292.63) is shown in Fig. Initial tree(s) for the 
heuristic search were obtained automatically by 
applying Neighbor-Join and Bio NJ algorithms to a 
matrix of pairwise distances estimated using the JTT 
model and then selecting the topology with 
superior log likelihood value. This analysis involved 
27 amino acid sequences. There were a total of 880 
positions in the final dataset. Evolutionary analyses 
were conducted in MEGA X. According to 
phylogenetic analysis Bacillus subtillis, Bacillus 
cereus, Bacillus circulans Showed 78 to 98 % 
evouloutionary relationship and 3 strains of 
Caldicoprobacter sp. Showed 76 to 100% 
evouloutionary relationship. Streptomyces sp. 
Showed 70 to 92% evoloutionary relationship. 
Cellulosilyticum ruminicola JCM 14822, 
Thermoclostridium stercorarium, Thermoclostridium 
stercorarium (Clostridium stercorarium), 
Hungateiclostridium thermocellum JW20, 
Dictyoglomus thermophilum, Butyrivibrio 
fibrisolvens, Bacillus sp. SN5 showed 92% 
evolutionary relationship. Streptomyces sp. YIM 
98790, Cellulomonas fimi, showed 70% 
Thermobifida fusca, Thermopolyspora flexuosa, 
showed 42%. paecellomyces sp. thermophila, 
Myceliophthora thermophila strain ATCC 42464, 
showed 42% to 78% and Geobacillus 
strearothermophilus showed 98% similarity with 

target Myceliophthora thermophila strain ATCC 
42464 (Fig 6). 

Discussion 

A comprehensive review of the literature and 
biological database entries found a plethora of 
intriguing xylanase sequence information [6]. Gene 
sequencing databases for a wide range of bacterial 
and fungal genomes are readily available for 
xylanase protein sequence analysis [20]. Clustal 
omega and BLAST (National Centre for 
Biotechnology Information) algorithms were used to 
align bacterial and fungus xylanase sequences 
against target species Myceliopathora Thermophila 
and Aspergillus nigar, respectively. The identity and 
query coverage of the species under consideration 
were investigated [7]. To investigate further, 27 
bacteria and 13 fungi were employed, and a more 
precise result was seen based on a study of currently 
available biological sequences data in biological 
databases (NCBI, UniProt). In silico sequence 
analysis indicated that bacteria, fungi, and 
actinomycetes produce xylanases [21]. The 
phylogenetic tree was constructed using the 
neighbor-joining (NJ) method revealing the 
xylanatic organism lineage. Using clustal omega, 
multiple sequence alignment was conducted. 
According to the results of 27 xylanatic bacterial 
alignment sequences, the highlighted area was the 
conserved portion and steric exhibits similarity in all 
of these sequence alignments. Fig 4 According to 
these results, one xylanase-producing bacteria, 
Geobacillus stearothermophilus (accession number 
P45705), resembled the target bacterial strain 
Myceliophthora thermophila. 34 identical locations 
and 44 comparable places in the bacterial-aligned 
sequence indicated 3.205% identity. The colored 
section of the xylanatic fungus alignment was a 
conserved region, and steric exhibited similarity in 
all aligned sequences. On the basis of the multiple 
sequence alignments, the matching location was 31-
36 and exhibited 8.094% identities, and Claviceps 
purpurea shared a high degree of identity with the 
target species Aspergillus nigar accession numbers 
O74716 and P55329 respectively. 

Conclusion 

At the present time, several xylanases from various 
fungal sources have been identified. Two novel 
endo-1,4-xylanases were found in the present study 
from various xylanase-producing bacteria and fungi. 
However, in this study we found that Geobacillus 
strearothermophilus and Claviceps purpurea, 
demonstrating an increased level of particular 
enzymatic activity as compared to target bacterial 
and fungal sp. Myceliophthora thermophila and 
Aspergillus nigar respectively at a suitable 
temperature of 60 degrees Celsius and with a 7.0 
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pH. Because of their limited effect on 
saccharification, they are future options for 
commercial practices and biofuel generation. 

Contribution of authors 

None 

Acknowledgments 

None 

Conflict of interest 

The author declare that they have no competing 
interest. 

Funding 

There is no funding source for this article. 

References 

1. Schwartz, O., & Albert, M. L. (2010). Biology 
and pathogenesis of chikungunya 
virus. Nature Reviews Microbiology, 8(7), 491-
500. 

2. Mohan, A. (2006). Chikungunya fever: clinical 
manifestations & management. Indian 
Journal of Medical Research, 124(5), 471-474. 

3. Moulay, D., Aziz-Alaoui, M. A., & Kwon, H. D. 
(2012). Optimal control of chikungunya 
disease: larvae reduction, treatment and 
prevention. Mathematical Biosciences and 
Engineering, 9(2), 369-392. 

4. Manzoor, K. N., Javed, F., Ejaz, M., Ali, M., 
Mujaddadi, N., Khan, A. A., ... & Manzoor, S. 
(2022). The global emergence of 
Chikungunya infection: An integrated 
view. Reviews in medical virology, 32(3), 
e2287.  

5. Fritsch, H., Giovanetti, M., Xavier, J., Adelino, 
T. E. R., Fonseca, V., de Jesus, J. G., ... & Iani, 
F. C. D. M. (2022). Retrospective Genomic 
Surveillance of Chikungunya Transmission in 
Minas Gerais State, Southeast 
Brazil. Microbiology Spectrum, 10(5), 
e01285-22. 

6. Jungfleisch, J., Böttcher, R., Talló-Parra, M., 
Pérez-Vilaró, G., Merits, A., Novoa, E. M., & 
Díez, J. (2022). CHIKV infection reprograms 
codon optimality to favor viral RNA translation 
by altering the tRNA 
epitranscriptome. Nature 
Communications, 13(1), 4725. 

7. Ghildiyal, R., & Gabrani, R. (2020). Antiviral 
therapeutics for chikungunya virus. Expert 

opinion on therapeutic patents, 30(6), 467-
480. 

8. Vega-Rúa, A., Zouache, K., Girod, R., Failloux, 
A. B., & Lourenço-de-Oliveira, R. (2014). High 
level of vector competence of Aedes aegypti 
and Aedes albopictus from ten American 
countries as a crucial factor in the spread of 
Chikungunya virus. Journal of 
virology, 88(11), 6294-6306. 

9. Richman, R., Diallo, D., Diallo, M., Sall, A. A., 
Faye, O., Diagne, C. T., ... & Buenemann, M. 
(2018). Ecological niche modeling of Aedes 
mosquito vectors of chikungunya virus in 
southeastern Senegal. Parasites & 
vectors, 11, 1-17. 

10. Arif, M., Tauran, P., Kosasih, H., Pelupessy, N. 
M., Sennang, N., Mubin, R. H., ... & Karyana, 
M. (2020). Chikungunya in Indonesia: 
Epidemiology and diagnostic 
challenges. PLoS Neglected Tropical 
Diseases, 14(6), e0008355. 

11. Davies, S. E. (2019). Containing contagion: 
The politics of disease outbreaks in Southeast 
Asia. Johns Hopkins University Press. 

12. Mehta, R., Soares, C. N., Medialdea-Carrera, 
R., Ellul, M., da Silva, M. T. T., Rosala-Hallas, A., 
& Solomon, T. (2018). The spectrum of 
neurological disease associated with Zika and 
chikungunya viruses in adults in Rio de 
Janeiro, Brazil: A case series. PLoS Neglected 
Tropical Diseases, 12(2), e0006212. 

13. KRohnert, D. (2021). On the socio-economic 
impact of pandemics in Africa- Lessons 
learned from COVID-19, Trypanosomiasis, 
HIV, Yellow Fever, and 
Cholera. Trypanosomiasis, HIV, Yellow Fever, 
and Cholera (May 6, 2021). 

14. Tozan, Y., Sjödin, H., Muñoz, Á. G., & Rocklöv, 
J. (2020). Transmission dynamics of dengue 
and chikungunya in a changing climate: Do 
we understand the eco-evolutionary 
response? Expert Review of Anti-infective 
Therapy, 18(12), 1187-1193. 

15. Tozan, Y., Sjödin, H., Muñoz, Á. G., & Rocklöv, 
J. (2020). Transmission dynamics of dengue 
and chikungunya in a changing climate: Do 
we understand the eco-evolutionary 
response? Expert Review of Anti-infective 
Therapy, 18(12), 1187-1193. 

16. Bettis, A. A., L’Azou Jackson, M., Yoon, I. K., 
Breugelmans, J. G., Goios, A., Gubler, D. J., & 
Powers, A. M. (2022). The global 
epidemiology of chikungunya from 1999 to 
2020: A systematic literature review to inform 
the development and introduction of 
vaccines. PLoS Neglected Tropical 
Diseases, 16(1), e0010069.  

17. Espinal, M. A., Andrus, J. K., Jauregui, B., 
Waterman, S. H., Morens, D. M., Santos, J. I., 
... & Olson, D. (2019). Emerging and 
reemerging Aedes-transmitted arbovirus 



Afsheen A et al 2023 Biological Sciences, 2023, Vol. 03(04), Page 485-492  

 

infections in the region of the Americas: 
implications for health policy. American 
journal of public health, 109(3), 387-392. 

18. Vairo, F., Aimè Coussoud-Mavoungou, M. P., 
Ntoumi, F., Castilletti, C., Kitembo, L., Haider, 
N., ... & Pandora-ID-NET Consortium 
Chikungunya Outbreak Group Taskforce. 
(2020). Chikungunya outbreak in the 
Republic of the Congo, 2019—
Epidemiological, virological and 
entomological findings of a South-North 
Multidisciplinary Taskforce 
Investigation. Viruses, 12(9), 1020.  

19. da Silva, S. J. R., de Magalhães, J. J. F., & Pena, 
L. (2021). Simultaneous circulation of DENV, 
CHIKV, ZIKV, and SARS-CoV-2 in Brazil: an 
inconvenient truth. One Health, 12, 100205. 

20. Escobar, L. E., Qiao, H., & Peterson, A. T. 
(2016). Forecasting Chikungunya spread in 
the Americas via data-driven empirical 
approaches. Parasites & Vectors, 9(1), 1-12. 

21. Abboubakar, H., Guidzavai, A. K., Yangla, J., 
Damakoa, I., & Mouangue, R. (2021). 
Mathematical modeling and projections of a 
vector-borne disease with optimal control 
strategies: A case study of the Chikungunya 
in Chad. Chaos, Solitons & Fractals, 150, 
111197. 

22. Russo, G., Subissi, L., & Rezza, G. (2020). 
Chikungunya fever in Africa: a systematic 
review. Pathogens and Global Health, 114(3), 
111-119. 

23. Pley, C., Evans, M., Lowe, R., Montgomery, H., 
& Yacoub, S. (2021). Digital and technological 
innovation in vector-borne disease 
surveillance to predict, detect, and control 
climate-driven outbreaks. The Lancet 
Planetary Health, 5(10), e739-e745.  

24. Kaur, I., Sandhu, A. K., & Kumar, Y. (2022). 
Artificial intelligence techniques for 
predictive modeling of vector-borne diseases 
and its pathogens: a systematic 
review. Archives of Computational Methods 
in Engineering, 29(6), 3741-3771. 

25. Carney, R. M., Mapes, C., Low, R. D., Long, A., 
Bowser, A., Durieux, D., ... & Palmer, J. R. 
(2022). Integrating global citizen science 
platforms to enable next-generation 
surveillance of invasive and vector 
mosquitoes. Insects, 13(8), 675. 
 


