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ABSTRACT Recently, several articles have reflected on the existence of microorganisms 
in supporting the life and health of living creatures as the beginning of the emergence 
of microbiology literacy. In the curriculum, understanding the activity of microorganisms 
has been studied from pre-school, elementary school, and middle school to college. 
The presence of microorganisms is often associated as a cause of disease. As a result, 
most students know the negative impact of microorganisms but have not discovered the 
fundamental role of microorganisms in their lives. Special attention needs to be given as 
a form of effort to strengthen microbiology literacy. Several studies state that students 
have an important role in disseminating the concept of sterilization, maintaining a 
safe distance, and using masks as generally applicable protocols during the pandemic. 
Therefore, with the aim that microorganisms have an important role, both directly and 
indirectly and to curb negative perceptions of microorganisms, we propose microbiology 
competencies among biology education students, who are future teaching candidates. 
This article identifies the complex challenges of 21st-century microbiology learning and 
the OECD framework. This approach includes the use of pedagogical interventions with 
the main objectives: (i) knowledge (to teach fundamental microbiology knowledge, 
(ii) skills (to increase awareness in recognizing and solving real-life problems), and (iii) 
attitudes and values (to explain the contribution of microbiology in supporting life).

KEYWORDS microbiological literacy, microbiology literacy, microbial knowledge, 
microbial awareness, microbial contribution, microbiological sustainability

M icrobiology introduces students to the diversity of microbes. Most of them tend 
to know that microbes can cause infectious diseases (1), foodborne illnesses (2), 

and pandemics (3). Furthermore, students only know about the negative impacts of 
microbes but have not yet discovered the fundamental role of microorganisms, both 
on Earth and the role of microbes in life (4). During the coronavirus disease 2019 
(COVID-19) pandemic, negative perceptions were found to be developing in society 
(5). This condition is supported by the discovery of infections in the healthcare sector 
as a significant problem (6), increasing cases of antibiotic resistance (7, 8), doubts about 
vaccines (9), the emergence of several infectious diseases such as the Zika virus (10, 11), 
and the influence of climate change on the spread of viruses (12, 13). Special attention 
needs to be given to strengthening microbiology in the national curriculum.

Providing relevant and meaningful academic services to students will help students 
form knowledge. Students need to be equipped with critical thinking skills to adapt 
to unfamiliar situations due to the increasing rate of change, and increasingly inten
sive work complexity, and to prevent the spread of misinformation (14). Microbiology 
literacy in society is needed as a basis for personal decision-making. At the next level, 
microbiology literacy has a role as a stepping stone in the development of government 
regulations, business development (15), green economic recovery (16), biofuels (17), 
environmental sustainability (18–20), improving public perception (3, 21), sustainable 
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feedstocks (22), circular economy (23), sustainable development goals (18), healthy life 
(24), and healthy buildings (25). What is no less important is that microbiology literacy 
also develops bioethics (26) and has an influence on future careers (27).

Information literacy has important potential for optimizing the use of available data 
and information while turning students into lifelong learners (28). The discussion of 
microbiology literacy in the last few decades has become a milestone in the launch 
of the International Microbiology Literacy Initiative. Furthermore, this community is 
working to create teaching resources to shape the microbiology curriculum in schools 
(29). The program involves hundreds of committed microbiologists with a worldwide 
reach. Based on search results on the Scopus database, during 2001–2016 in 26 fields 
of study, there were gaps found in the search for information related to microbiology 
literacy (28). This is the basis for the author to propose microbiology literacy competen
cies for prospective teachers, guided by the OECD so that they can keep pace with the 
acceleration of information in the field of microbiology.

Microbiology literacy is part of scientific literacy. In 2014, it was reported that 
microbiology learning was carried out through the involvement of scientific investiga
tions, with problem learning strategies, involving computing and laboratory inquiry (30). 
In connection with sustainable development activities that have emerged to answer 
the needs of the present without compromising the capabilities of future generations, 
a series of studies on the decline of several features of the biosphere, one of which is 
microorganisms, was carried out (18). This paper proactively promotes the exploitation 
of microbiological discoveries for human benefit. Only in 2019, a paradigm for microbiol
ogy literacy emerged (15), and efforts to introduce it into the school curriculum began 
(15). Since the emergence of comprehensive publications regarding the urgency of 
microbiology literacy, this field of study has begun to receive attention to involve more 
parties and communities.

This paper was written as a basis for developing microbiology literacy in biology 
education college and future teacher candidates following 21st-century skills develop
ment and the OECD framework. Microbiology learning in the 21st century has developed 
and covers a broad scale, about higher order thinking skills (31), mastery of literacy skills 
(29), life skills (32), involvement of technology (33), and leads to sustainable develop
ment goals (18, 23). Learning microbiology leads to the mastery of transformative 
competencies, namely competencies that aim to change society and shape the future 
(34). The OECD framework consists of knowledge, skills, attitudes, and values. In this 
paper, we propose three competency studies to measure microbiology literacy (Fig. 1), 
consisting of (i) knowledge (fundamental microbiology knowledge), (ii) skills (awareness 
in recognizing and solving problems relevant to microbiology), and (iii) attitudes and 
values (how microbes can be used for the benefit of humans) (35). The OECD states 
that disruptions in education during the pandemic have propelled digitalization into a 
significant leap and emphasized lifelong learning. The OECD framework on microbiology 
literacy would assist prospective teachers in understanding what needs to be mastered, 
thereby facilitating a shift from knowledge distribution-oriented learning to lifelong skill 
development (36).

Students and fundamental microbial knowledge

Microorganisms can be found in every part of the environment (25, 37, 38), even in very 
clean health facilities or on space stations (39). The biodiversity of microorganisms 
should be addressed positively. Some microbial species do not cause disease in humans, 
but have an influence on individual health, play a role in making food, and support 
healthy environmental conditions (21). A study has proven that the diverse microbial 
communities in house dust components do not harm health (40), and exposure to these 
microorganisms during early childhood influences the development of the child’s 
immune system (41). A person’s lack of exposure to immunoregulatory microorganisms 
has led to an increase in the emergence of physical and mental illnesses in modern 
society (42).
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The phenomenon of other paradigms in dealing with microorganisms is important for 
students. Fundamental microbiology knowledge can direct students to be involved in 
their learning process and integrate the context of what they learn, which will then be 
useful in decision-making. Components in the knowledge aspect include facts, concepts, 
principles, laws, hypotheses, theories, and scientific models (43). Students' knowledge 
becomes the basis for them to understand the world, including where future science 
learning will be built (44). The OECD learning framework states that knowledge consists 
of (i) disciplinary (as material for developing new abilities), (ii) interdisciplinary (the 
capacity to think across disciplinary boundaries and connect studies), (iii) epistemic 
(knowledge about scientific disciplines to facilitate the expansion of knowledge), and (iv) 
procedural (knowledge to understand how a series of steps are taken to achieve a goal) 
(34).

One of the main objectives of learning microbiology is to equip students with 
basic knowledge, which in this study, can be referred to as fundamental microbiology 
knowledge. Knowledge (5, 45) is an important aspect of microbiology literacy, and its 
exploitation is needed to equip students to respond to relevant problems. Knowledge 
of microbiology is growing very quickly along with advances in science in reaching it. 
Microbiology literacy is open, so students must have good adaptation in dealing with 
changes in microbiology knowledge that are developing significantly. In fact, human 
pathogens account for less than 1% of the total number of microbial species on the 
Earth (46). Knowledge is the main weapon for prospective teachers to master in order to 
disseminate about the role of microbes in the biosphere to the community.

FIG 1 Microbes in society are often considered negative and are linked to causing pandemics, infectious disease infections, and foodborne illnesses. 

Microbiology literacy must be mastered by prospective teachers without ignoring other supporting literacy aspects such as technological literacy and scientific 

literacy. Microbiology literacy refers to understanding knowledge, skill mastery, as well as attitudes and values so that it can introduce the public to the positive 

side of microorganism as life support.
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Students must learn to increase awareness in recognizing and solving 
problems relevant to microbiology

The pandemic situation has led students to strengthen the microbiology curriculum 
globally. Health practices and their dissemination are increasing due to awareness. The 
COVID-19 pandemic has forced students to adopt healthy living behaviors such as (i) 
using hand sanitizer which aims to stop the rate of microbial growth on the hands 
(47) as an aseptic working principle, (ii) use of masks and face shields to prevent virus 
transmission (48), (iii) maintaining distance, avoiding crowds, and limiting mobility as a 
form of preventing viral spread (49, 50), (iv) body immunity to virus exposure (51) and 
vaccination developments (52, 53). Students' knowledge and experience of microbiology 
have an impact on personal decision-making.

However, the university opted for distance learning during the pandemic, making 
it challenging to teach laboratory skills online. We concur that, in the enhancement 
of skills, students can refer to seven basic laboratory competencies, including data 
analysis, scientific writing skills, proper handling and disposal of laboratory materials, 
discipline-specific techniques, measurements, laboratory safety, and personal protective 
equipment, as well as interpersonal and collaborative skills (54). The presence of virtual 
laboratories in education also brings about transformation, making them valuable skills 
that complement learning objectives (55). It is further elucidated that virtual laboratories 
can be explored as Massive Open Online Courses to ensure the continuity of the teaching 
and learning process under various conditions, providing an alternative training option 
from home. All skills synergize with knowledge, attitudes, and values in microbiology 
literacy to increase awareness in recognizing and solving real-life problems.

Students must be able to explain the contribution of microbiology to life

Human life cannot be separated from and is influenced by the presence of microor
ganisms (21). Microorganisms contribute to food supply (56), affect public health (57), 
support the creation of a healthy environment (21), biosphere system support (29), 
support nitrogen fixation processes (58, 59), carbon fixation processes (60), decompo
sition processes (61), role in biogeochemical cycles (62), plays an important role in 
biotechnology studies (63), bioindustry and renewable energy (22), antibiotic production 
(64), and bioremediation (65–70). Knowledge, skills, and experience have an impact on 
forming a person’s attitudes and values in studying microbiology.

The student’s paradigm regarding the predominantly negative contribution of 
microorganisms is gradually shifting through the enrichment of knowledge concern
ing the biodiversity of microorganisms, facilitated by experiential learning (71) and 
technology-based education (72). A thorough enrichment of biodiversity knowledge will 
lead to the recognition of microbiology’s pivotal role as a crucial aspect in supporting the 
biosphere’s equilibrium.

CONCLUSION

Microbiology is a rapidly advancing field of science, which requires steps to overcome 
the challenges of microbiology education in the 21st century. Prospective microbiology 
teachers will design and engineer learning environments with professional interven
tion, that require good microbiology literacy. A strategic role is required from microbi
ology researchers to extensively publish research findings, serving as the foundation 
for educators to update our materials with the latest knowledge. If possible, collabo
ration is needed so that prospective teachers’ knowledge develops at the speed of 
the discovery of new knowledge, especially in the field of microbiology. Through this 
paper, we propose an approach that can be used in pedagogical interventions to 
measure microbiology literacy including (i) knowledge, aimed at imparting fundamental 
microbiological knowledge, (ii) skills, aimed at enhancing awareness in identifying and 
solving everyday life problems, and (iii) attitudes and values, serving to elucidate the 
contributions of microbiology in supporting life. In the future, instruments need to be 
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developed so that they can specifically be used to measure microbiology literacy in the 
21st-century learning.

ACKNOWLEDGMENTS

We acknowledge Universitas Negeri Malang for their support under Postgraduate Grant 
3.4.93/UN32/KP/2024, and we highly appreciate their professional text editing service.

AUTHOR AFFILIATIONS

1Department of Biology, Faculty of Mathematics and Natural Science, Universitas Negeri 
Malang, Malang, East Java, Indonesia
2Biology Education Study Program, Department of Science Education, Universitas 
Tribhuwana Tunggadewi, Malang, East Java, Indonesia

AUTHOR ORCIDs

Hasminar Rachman Fidiastuti  http://orcid.org/0009-0006-3097-844X
Sri Rahayu Lestari  http://orcid.org/0009-0006-9857-7781

AUTHOR CONTRIBUTIONS

Hasminar Rachman Fidiastuti, Conceptualization, Formal analysis, Resources, Writing – 
original draft | Sri Rahayu Lestari, Supervision | Suhadi , Writing – review and editing | 
Sitoresmi Prabaningtyas, Writing – review and editing

REFERENCES

1. Wölfel R, Corman VM, Guggemos W, Seilmaier M, Zange S, Müller MA, 
Niemeyer D, Jones TC, Vollmar P, Rothe C, Hoelscher M, Bleicker T, 
Brünink S, Schneider J, Ehmann R, Zwirglmaier K, Drosten C, Wendtner C. 
2020. Virological assessment of hospitalized patients with COVID-2019. 
Nature 581:465–469. https://doi.org/10.1038/s41586-020-2196-x

2. Singh H, Bhardwaj SK, Khatri M, Kim K-H, Bhardwaj N. 2021. UVC 
radiation for food safety: an emerging technology for the microbial 
disinfection of food products. Chem Eng J 417:128084. https://doi.org/
10.1016/j.cej.2020.128084

3. Smyth DS, Chen S, Sompanya G, Metz M, Conefrey T. 2022. How getting 
friendly with bacteria can promote student appreciation of microbial 
diversity and their civic scientific literacy. J Microbiol Biol Educ 23:2. 
https://doi.org/10.1128/jmbe.00055-22

4. Trudel L, Deveau H, Gagné-Thivierge C, Charette SJ. 2020. The course 
‘Microbes and You’: a concrete example that addresses the urgent need 
for microbiology literacy in society. J Microbiol Biol Educ 21:1–4. https://
doi.org/10.1128/jmbe.v21i2.2211

5. Carvalho G, Lima N. 2022. Public perception of microorganisms and 
microbiology education: a need for enhancing society’s microbiology 
literacy, p 31–45

6. Huttner A, Harbarth S, Carlet J, Cosgrove S, Goossens H, Holmes A, Jarlier 
V, Voss A, Pittet D. 2013. Antimicrobial resistance: a global view from the 
2013 world healthcare-associated infections forum. Antimicrob Resist 
Infect Control 2:1–13. https://doi.org/10.1186/2047-2994-2-31

7. Cox JL, Simpson MD. 2018. Microbiology education and infection control 
competency: offering a new perspective. J Microbiol Biol Educ 19:2. 
https://doi.org/10.1128/jmbe.v19i2.1475

8. Qiao M, Ying G-G, Singer AC, Zhu Y-G. 2018. Review of antibiotic 
resistance in China and its environment. Environ Int 110:160–172. https:/
/doi.org/10.1016/j.envint.2017.10.016

9. Barello S, Nania T, Dellafiore F, Graffigna G, Caruso R. 2020. ‘Vaccine 
hesitancy’ among university students in Italy during the COVID-19 
pandemic. Eur J Epidemiol 35:781–783. https://doi.org/10.1007/s10654-
020-00670-z

10. Musso D, Ko AI, Baud D. 2019. Zika virus infection — after the pandemic. 
N Engl J Med 381:1444–1457. https://doi.org/10.1056/NEJMra1808246

11. Oliver SL, Ribeiro H. 2020. Zika virus syndrome, lack of environmental 
policies and risks of worsening by cyanobacteria proliferation in a 

climate change scenario. Rev Saude Publica 54:83. https://doi.org/10.
11606/s1518-8787.2020054002159

12. Semenza JC, Suk JE. 2018. Vector-borne diseases and climate change: a 
European perspective. FEMS Microbiol Lett 365:1–9. https://doi.org/10.
1093/femsle/fnx244

13. Aregbesola OZ, Legg JP, Sigsgaard L, Lund OS, Rapisarda C. 2019. 
Potential impact of climate change on whiteflies and implications for the 
spread of vectored viruses. J Pest Sci 92:381–392. https://doi.org/10.
1007/s10340-018-1059-9

14. Bellaera L, Weinstein-Jones Y, Ilie S, Baker ST. 2021. Critical thinking in 
practice: the priorities and practices of instructors teaching in higher 
education. Think Skills Creat 41:100856. https://doi.org/10.1016/j.tsc.
2021.100856

15. Timmis K, Timmis J, Jebok F. 2020. The urgent need for microbiology 
literacy in society: children as educators. Microb Biotechnol 13:1300–
1303. https://doi.org/10.1111/1751-7915.13619

16. Luo W, Cheng J. 2023. Transition to sustainable business models for 
green economic recovery: role of financial literacy, innovation and 
environmental sustainability. Econ Change Restruct 56:3787–3810. 
https://doi.org/10.1007/s10644-022-09408-1

17. Prabaningtyas S, Ardyati TSuharjonoRetnaningdyah C. 2019. The 
community structure of microalgae and exploring its potentially to 
biofuel producing in Ranu Grati, East Java Indonesia. IOP Conf Ser: Earth 
Environ Sci 391:012029. https://doi.org/10.1088/1755-1315/391/1/
012029

18. Timmis K, de Vos WM, Ramos JL, Vlaeminck SE, Prieto A, Danchin A, 
Verstraete W, de Lorenzo V, Lee SY, Brüssow H, Timmis JK, Singh BK. 
2017. The contribution of microbial biotechnology to sustainable 
development goals. Microb Biotechnol 10:984–987. https://doi.org/10.
1111/1751-7915.12818

19. Nag S, Mondal A, Roy DN, Bar N, Das SK. 2018. Sustainable bioremedia
tion of Cd(II) from aqueous solution using natural waste materials: 
kinetics, equilibrium, thermodynamics, toxicity studies and GA-ANN 
hybrid modelling. Environ Technol Innov 11:83–104. https://doi.org/10.
1016/j.eti.2018.04.009

20. Nafisah W, Prabaningtyas S, Witjoro A, Saptawati RT, Rodiansyah A. 2022. 
Exploration non-symbiotic nitrogen-fixing bacteria from several lakes in 

Perspective Journal of Microbiology and Biology Education

August 2024  Volume 25  Issue 2 10.1128/jmbe.00035-24 5

https://doi.org/10.1038/s41586-020-2196-x
https://doi.org/10.1016/j.cej.2020.128084
https://doi.org/10.1128/jmbe.00055-22
https://doi.org/10.1128/jmbe.v21i2.2211
https://doi.org/10.1186/2047-2994-2-31
https://doi.org/10.1128/jmbe.v19i2.1475
https://doi.org/10.1016/j.envint.2017.10.016
https://doi.org/10.1007/s10654-020-00670-z
https://doi.org/10.1056/NEJMra1808246
https://doi.org/10.11606/s1518-8787.2020054002159
https://doi.org/10.1093/femsle/fnx244
https://doi.org/10.1007/s10340-018-1059-9
https://doi.org/10.1016/j.tsc.2021.100856
https://doi.org/10.1111/1751-7915.13619
https://doi.org/10.1007/s10644-022-09408-1
https://doi.org/10.1088/1755-1315/391/1/012029
https://doi.org/10.1111/1751-7915.12818
https://doi.org/10.1016/j.eti.2018.04.009
https://doi.org/10.1128/jmbe.00035-24


East Java, Indonesia. Biodiversitas 23:1752–1758. https://doi.org/10.
13057/biodiv/d230405

21. Lloyd ML, Berry JA. 2022. Chapter 5 - improving public understanding of 
microorganisms by integrating microbiology concepts into science 
teaching throughout the education system, p 107–133. Academic Press.

22. Claassens NJ, Sánchez-Andrea I, Sousa DZ, Bar-Even A. 2018. Towards 
sustainable feedstocks: a guide to electron donors for microbial carbon 
fixation. Curr Opin Biotechnol 50:195–205. https://doi.org/10.1016/j.
copbio.2018.01.019

23. O’Connor KE. 2021. Microbiology challenges and opportunities in the 
circular economy. Microbiology (Reading) 167:1–3. https://doi.org/10.
1099/mic.0.001026

24. Knoop KA, Gustafsson JK, McDonald KG, Kulkarni DH, Coughlin PE, 
McCrate S, Kim D, Hsieh C-S, Hogan SP, Elson CO, Tarr PI, Newberry RD. 
2017. Microbial antigen encounter during a preweaning interval is 
critical for tolerance to gut bacteria. Sci Immunol 2:1–12. https://doi.org/
10.1126/sciimmunol.aao1314

25. Horve PF, Lloyd S, Mhuireach GA, Dietz L, Fretz M, MacCrone G, Van Den 
Wymelenberg K, Ishaq SL. 2020. Building upon current knowledge and 
techniques of indoor microbiology to construct the next era of theory 
into microorganisms, health, and the built environment. J Expo Sci 
Environ Epidemiol 30:219–235. https://doi.org/10.1038/s41370-019-
0157-y

26. Anaya-Velázquez F. 1958. Bioethics, bioweapons and the microbiologist. 
Rev Latinoam Microbiol 44:38–45.

27. Nowakowski C. 2023. Edited by R. W. Hartel, C. Klawitter, and A. Thiel. 
Successful career management BT - careers in food science: from 
undergraduate to professional, p 135–151. Springer International 
Publishing, Cham.

28. Singh PK, Singh AP. 2018. Assessing subject areas of worldwide 
information literacy research and practice: a discipline co- occurrence 
network analysis approach. Library Philos Prac 2018

29. Timmis K. 2023. A road to microbiology literacy (and more): an 
opportunity for a paradigm change in teaching. J Microbiol Biol Educ 
24:1. https://doi.org/10.1128/jmbe.00019-23

30. Savage AF, Jude BA. 2014. Starting small: using microbiology to foster 
scientific literacy. Trends Microbiol 22:365–367. https://doi.org/10.1016/
j.tim.2014.04.005

31. Budiarti RS, Harlis D, Natalia D. 2020. High order thinking skills for 
biology education: applied microbiology learning videos based on 
Jambi local wisdom. Univers J Educ Res 8:689–694. https://doi.org/10.
13189/ujer.2020.080242

32. Bindayna KM, Qareeballa A, Joji RM, Al Mahmeed A, Ezzat H, Yousif 
Ismaeel A, Tabbara KS. 2020. Student perception of microbiology 
laboratory skills learning through a problem-based learning curriculum: 
Arabian Gulf University experience. Adv Med Educ Pract 11:963–968. 
https://doi.org/10.2147/AMEP.S276221

33. Chen Y, Tan Y, Wang Y. 2023. Micro world – exploring the microbial 
kingdom’: design and testing of a microbial VR science product. Interact 
Learn Environ:1–21. https://doi.org/10.1080/10494820.2023.2211640

34. OECD. 2018. The future of education and skills: education 2030. OECD 
education working papers. Available from: http://www.oecd.org/
education/2030/E2030%0APosition%0APaper%0A(05.04.2018).pdf

35. Timmis K, Cavicchioli R, Garcia JL, Nogales B, Chavarría M, Stein L, 
McGenity TJ, Webster N, Singh BK, Handelsman J, et al. 2019. The urgent 
need for microbiology literacy in society. Environ Microbiol 21:1513–
1528. https://doi.org/10.1111/1462-2920.14611

36. OECD. 2023. Building the future of education 2023
37. Gilbert JA, Stephens B. 2018. Microbiology of the built environment. Nat 

Rev Microbiol 16:661–670. https://doi.org/10.1038/s41579-018-0065-5
38. Rodiansyah A, Mahmudah AF, Ulfah MM, Rohmawati U, Listyorini D, 

Suyono EA, Prabaningtyas S. 2021. Identification of potential bacteria on 
several lakes in East Javaindonesia based on 16S rRNA sequence 
analysis. HAYATI J Biosci 28:136. https://doi.org/10.4308/hjb.28.2.136

39. Mora M, Mahnert A, Koskinen K, Pausan MR, Oberauner-Wappis L, Krause 
R, Perras AK, Gorkiewicz G, Berg G, Moissl-Eichinger C. 2016. Microorgan
isms in confined habitats: microbial monitoring and control of intensive 
care units, operating rooms, cleanrooms and the international space 
station. Front Microbiol 7:1573. https://doi.org/10.3389/fmicb.2016.
01573

40. Böbel TS, Hackl SB, Langgartner D, Jarczok MN, Rohleder N, Rook GA, 
Lowry CA, Gündel H, Waller C, Reber SO. 2018. Less immune activation 
following social stress in rural vs. urban participants raised with regular 
or no animal contact, respectively. Proc Natl Acad Sci USA 115:5259–
5264. https://doi.org/10.1073/pnas.1719866115

41. Rook GAW, Brunet LR. 2005. Microbes, immunoregulation, and the gut. 
Gut 54:317–320. https://doi.org/10.1136/gut.2004.053785

42. Blaser MJ. 2017. The theory of disappearing microbiota and the 
epidemics of chronic diseases. Nat Rev Immunol 17:461–463. https://doi.
org/10.1038/nri.2017.77

43. Boujaoude S. 2002. Balance of scientific literacy themes in science 
curricula: the case of Lebanon. Int J Sci Educ 24:139–156. https://doi.org/
10.1080/09500690110066494

44. Dani D. 2009. Scientific literacy and purposes for teaching science: a case 
study of Lebanese private school teachers. Int J Environ Sci Educ 4:289–
299.

45. Redfern J, Cakar ZP, Verran J. 2021. Analysis of University student 
responses to the Zeynep Petek C:1–7. https://doi.org/10.1093/femsle/
fnab091

46. Microbiology by numbers. 2011. Nat Rev Microbiol 9:628–628. https://
doi.org/10.1038/nrmicro2644

47. Irawati W, et al. 2021. Praktikum Sederhana Di Rumah Tentang Pengaruh 
Penggunaan hand Sanitizer Terhadap Keberadaan Koloni Bakteri Di 
Tangan. J Pendidikan Biol Undiksha 8:126–137. https://doi.org/10.23887/
jjpb.v8i3

48. Verma S, Dhanak M, Frankenfield J. 2020. Visualizing droplet dispersal for 
face shields and masks with exhalation valves. Phys Fluids (1994) 
32:091701. https://doi.org/10.1063/5.0022968

49. Bicalho C, Platas MR, Rosenzweig LR. 2021. ‘If we move, it moves with us:’ 
physical distancing in Africa during COVID-19. World Dev 142:105379. 
https://doi.org/10.1016/j.worlddev.2020.105379

50. Kraemer MUG, Yang C-H, Gutierrez B, Wu C-H, Klein B, Pigott DM, du 
Plessis L, Faria NR, Li R, Hanage WP, Brownstein JS, Layan M, Vespignani 
A, Tian H, Dye C, Pybus OG, Scarpino SV, Open COVID-19 Data Working 
Group. 2020. The effect of human mobility and control measures on the 
COVID-19 epidemic in China. Science 368:493–497. https://doi.org/10.
1126/science.abb4218

51. Wherry EJ, Barouch DH. 2022. T cell immunity to COVID-19 vaccines. 
Science 377:821–822. https://doi.org/10.1126/science.add2897

52. Huang Y, Yang C, Xu X-F, Xu W, Liu S-W. 2020. Structural and functional 
properties of SARS-CoV-2 spike protein: potential antivirus drug 
development for COVID-19. Acta Pharmacol Sin 41:1141–1149. https://
doi.org/10.1038/s41401-020-0485-4

53. Polack FP, Thomas SJ, Kitchin N, Absalon J, Gurtman A, Lockhart S, Perez 
JL, Pérez Marc G, Moreira ED, Zerbini C, et al. 2020. Safety and efficacy of 
the BNT162b2 mRNA Covid-19 vaccine. N Engl J Med 383:2603–2615. 
https://doi.org/10.1056/NEJMoa2034577

54. Sonbuchner TM, Mundorff EC, Lee J, Wei S, Novick PA. 2021. Triage and 
recovery of STEM laboratory skills. J Microbiol Biol Educ 22:1–7. https://
doi.org/10.1128/jmbe.v22i1.2565

55. Radhamani R, Kumar D, Nizar N, Achuthan K, Nair B, Diwakar S. 2021. 
What virtual laboratory usage tells us about laboratory skill education 
pre- and post-COVID-19: focus on usage, behavior, intention and 
adoption. Educ Inf Technol (Dordr) 26:7477–7495. https://doi.org/10.
1007/s10639-021-10583-3

56. Tamang JP. 2022. ‘Ethno‐microbiology’ of ethnic Indian fermented 
foods and alcoholic beverages. J Appl Microbiol 133:145–161. https://
doi.org/10.1111/jam.15382

57. Lee RA, Kirby JE. 2019. We cannot do it alone: the intersection of public 
health, public policy, and clinical microbiology. Clin Lab Med 39:499–
508. https://doi.org/10.1016/j.cll.2019.05.008

58. Mohsenpour SF, Hennige S, Willoughby N, Adeloye A, Gutierrez T. 2021. 
Integrating micro-algae into wastewater treatment: a review. Sci Total 
Environ 752:142168. https://doi.org/10.1016/j.scitotenv.2020.142168

59. Rayaroth MP, Aravindakumar CT, Shah NS, Boczkaj G. 2022. Advanced 
oxidation processes (AOPs) based wastewater treatment - unexpected 
nitration side reactions - a serious environmental issue: a review. Chem 
Eng J 430:133002. https://doi.org/10.1016/j.cej.2021.133002

60. Zhao S, Wang C, Bai B, Jin H, Wei W. 2022. Study on the polystyrene 
plastic degradation in supercritical water/CO2 mixed environment and 

Perspective Journal of Microbiology and Biology Education

August 2024  Volume 25  Issue 2 10.1128/jmbe.00035-24 6

https://doi.org/10.13057/biodiv/d230405
https://doi.org/10.1016/j.copbio.2018.01.019
https://doi.org/10.1099/mic.0.001026
https://doi.org/10.1126/sciimmunol.aao1314
https://doi.org/10.1038/s41370-019-0157-y
https://doi.org/10.1128/jmbe.00019-23
https://doi.org/10.1016/j.tim.2014.04.005
https://doi.org/10.13189/ujer.2020.080242
https://doi.org/10.2147/AMEP.S276221
https://doi.org/10.1080/10494820.2023.2211640
http://www.oecd.org/education/2030/E2030%0APosition%0APaper%0A(05.04.2018).pdf
https://doi.org/10.1111/1462-2920.14611
https://doi.org/10.1038/s41579-018-0065-5
https://doi.org/10.4308/hjb.28.2.136
https://doi.org/10.3389/fmicb.2016.01573
https://doi.org/10.1073/pnas.1719866115
https://doi.org/10.1136/gut.2004.053785
https://doi.org/10.1038/nri.2017.77
https://doi.org/10.1080/09500690110066494
https://doi.org/10.1093/femsle/fnab091
https://doi.org/10.1038/nrmicro2644
https://doi.org/10.23887/jjpb.v8i3
https://doi.org/10.1063/5.0022968
https://doi.org/10.1016/j.worlddev.2020.105379
https://doi.org/10.1126/science.abb4218
https://doi.org/10.1126/science.add2897
https://doi.org/10.1038/s41401-020-0485-4
https://doi.org/10.1056/NEJMoa2034577
https://doi.org/10.1128/jmbe.v22i1.2565
https://doi.org/10.1007/s10639-021-10583-3
https://doi.org/10.1111/jam.15382
https://doi.org/10.1016/j.cll.2019.05.008
https://doi.org/10.1016/j.scitotenv.2020.142168
https://doi.org/10.1016/j.cej.2021.133002
https://doi.org/10.1128/jmbe.00035-24


carbon fixation of polystyrene plastic in CO2 environment. J Hazardous 
Mater 421:126763. https://doi.org/10.1016/j.jhazmat.2021.126763

61. Raza T, Qadir MF, Khan KS, Eash NS, Yousuf M, Chatterjee S, Manzoor R, 
Rehman SU, Oetting JN. 2023. Unrevealing the potential of microbes in 
decomposition of organic matter and release of carbon in the 
ecosystem. J Environ Manage 344:118529. https://doi.org/10.1016/j.
jenvman.2023.118529

62. Jørgensen BB, Laufer K, Michaud AB, Wehrmann LM. 2021. Biogeochem
istry and microbiology of high Arctic marine sediment ecosystems—
case study of Svalbard fjords. Limnol Oceanogr 66:S273–S292. https://
doi.org/10.1002/lno.11551

63. Rao RA, Qurashi AW, Liaqat I, Gohar M, Zafar U, Khan MA, Bahadur S. 
2022. Utilization of fish scales for microbe-mediated gelatin extraction: a 
new biotechnology and microbiology avenue. Turk J Fish Aquatic Sci 
22:12. https://doi.org/10.4194/TRJFAS21768

64. Gao W, Zhang L. 2021. Nanomaterials arising amid antibiotic resistance. 
Nat Rev Microbiol 19:5–6. https://doi.org/10.1038/s41579-020-00469-5

65. Ahmad A, Banat F, Alsafar H, Hasan SW. 2022. Algae biotechnology for 
industrial wastewater treatment, bioenergy production, and high-value 
bioproducts. Sci Total Environ 806:150585. https://doi.org/10.1016/j.
scitotenv.2021.150585

66. Fidiastuti HR, Suarsini E. 2017. Potensi bakteri indigen dalam mendegra
dasi limbah cair pabrik kulit secara in vitro. Bioeksperimen:J Penelitian 
Biol 3:1. https://doi.org/10.23917/bioeksperimen.v3i1.3665

67. Fidiastuti HR, Lathifah AS, Amin M, Utomo Y. 2020. Isolasi dan 
karakterisasi bakteri indigen pengurai lemak pada limbah cair batik 
tulungagung. Bioeksperimen:J Penelitian Biol 6:29–35. https://doi.org/
10.23917/bioeksperimen.v6i1.10430

68. Fidiastuti HR, Lathifah AS, Amin M, Utomo Y. 2020. Studies of Bacillus 
subtilis NAP1 to degrade BOD, COD, TSS, and pH: the indigenous 
bacteria in Indonesia batik wastewater. J Phys : Conf Ser 1511:012060. 
https://doi.org/10.1088/1742-6596/1511/1/012060

69. Rozana K, Prabaningtyas S, Widyatama DR. 2023. Distribution and 
biodegradation analysis of polyvinyl chloride microplastic by indigenous 
bacteria isolated from Supit Urang landfill, Malang, Indonesia. 
Biodiversitas 24:3853–3859. https://doi.org/10.13057/biodiv/d240724

70. Yani A, Amin MRohmanFSuarsini E, Putra WE. 2020. Profiling indigenous 
lead-reducing bacteria from Tempe lake, South Sulawesi, Indonesia as 
bioremediation agents. Biodiversitas 21:4778–4786. https://doi.org/10.
13057/biodiv/d211043

71. Cervantes J, Hong B-Y. 2021. The impact of experiential learning in host-
pathogen research on medical students’ interests and attitudes towards 
microbiology and Immunology. J Microbiol Biol Educ 22:2. https://doi.
org/10.1128/jmbe.00101-21

72. Baumann-Birkbeck L, Anoopkumar-Dukie S, Khan SA, O’Donoghue M, 
Grant GD. 2022. Learner attitudes towards a virtual microbiology 
simulation for pharmacy student education. Curr Pharm Teach Learn 
14:13–22. https://doi.org/10.1016/j.cptl.2021.11.002

Perspective Journal of Microbiology and Biology Education

August 2024  Volume 25  Issue 2 10.1128/jmbe.00035-24 7

https://doi.org/10.1016/j.jhazmat.2021.126763
https://doi.org/10.1016/j.jenvman.2023.118529
https://doi.org/10.1002/lno.11551
https://doi.org/10.4194/TRJFAS21768
https://doi.org/10.1038/s41579-020-00469-5
https://doi.org/10.1016/j.scitotenv.2021.150585
https://doi.org/10.23917/bioeksperimen.v3i1.3665
https://doi.org/10.23917/bioeksperimen.v6i1.10430
https://doi.org/10.1088/1742-6596/1511/1/012060
https://doi.org/10.13057/biodiv/d240724
https://doi.org/10.13057/biodiv/d211043
https://doi.org/10.1128/jmbe.00101-21
https://doi.org/10.1016/j.cptl.2021.11.002
https://doi.org/10.1128/jmbe.00035-24

	Developing microbiology literacy in biology education college: future teacher candidates
	CONCLUSION


