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ABSTRACT
We live in a time of global crises: a deteriorating environment that is struggling to provide all the resources and services we demand 
of it, changing climate and its consequences for the biosphere, its habitats, inhabitants and biodiversity, conflicts-divisive ideologies-
competition for resources, increasing societal inequalities and human deprivations, and a youth mental health pandemic, to name 
but just a few. Most of these crises are self-made, the result of human decisions, and their acceptance/toleration by society. Policies 
and practices at all levels of society that created, exacerbate and launch new crises are, at worst, self-serving and, at best, faulted 
through a lack of understanding. In democracies, citizens can hold decision-makers to account but, to do this, they must understand 
the issues and be able to imagine better policies. We also live in a digital world in which a flood of mostly inconsequential information 
and misinformation pollutes our brains, enhancing pre-existing biases and creating new ones, and numbing our mental ability to 
think clearly and reach sensible decisions. But sensible decisions are urgently needed at all levels to fix problems and reduce future 
self-harm. Sensible decisions require sourcing the best available relevant information, and a process to convert information into 
understanding, understanding into clear decision options, and the choice of a decision option that leads to an action that represents 
best practice. Critical thinking is the enabling cognitive process of this decision pathway, because it selects the best available infor-
mation through demanding evidence-basing, seeks critical discourse between experts and stakeholders that agnostically explores 
solution space to find plausible options, and whittles down options inter alia through plausibility, due diligence, bottleneck analysis, 
cost-benefit analysis, and benchmarking filtering. Crucially, it rejects biases, influencing factors, and other constraints on options, 
and is an effective barrier to the information flood. The problem is that critical thinking capacity is not widely available among ei-
ther decision makers or stakeholders. There is an urgent need to rapidly roll out effective education programmes in which critical 
thinking teaching is solidly embedded. Since biases accumulate with age, the teaching of critical thinking must begin with the very 
young. However, the very young are not able to comprehend the complex abstract issues underpinning critical thinking. Embedding 
the teaching of critical thinking in a suitable educational context, and integrating it into curricula, is another challenge. To address 
these two challenges, the International Microbiology Literacy Initiative is developing a storytelling programme for children, called 
the Critical Thinking MicroChats Gallery, within the curriculum of societally relevant microbiology it is creating. MicroChats illus-
trate the principal practical elements of critical thinking, like bottlenecks, cost: benefit, benchmarking, the need for discussions and 
other points of view, employing readily relatable, relevant microbially centric scenarios. MicroChats suggest class discussion topics 
to encourage children to imagine the application of each element in other contexts to reinforce principles and hone critical thinking 
skills. Critical thinking, and especially the cultivation of the habit of asking ‘why’ and requiring plausible justification for policies/
actions, is a shield against bias, prejudice, propaganda, misinformation and the incessant pressures of social media. It promotes a 

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.

© 2025 The Author(s). Microbial Biotechnology published by Applied Microbiology International and John Wiley & Sons Ltd.

https://doi.org/10.1111/1751-7915.70270
https://doi.org/10.1111/1751-7915.70270
mailto:
https://orcid.org/0000-0002-0066-4670
https://orcid.org/0000-0002-7930-3033
https://orcid.org/0000-0001-8364-8547
https://orcid.org/0000-0003-0859-8249
https://orcid.org/0000-0002-9313-7481
https://orcid.org/0000-0002-0886-0107
https://orcid.org/0000-0001-9636-1553
https://orcid.org/0000-0001-8108-3271
https://orcid.org/0000-0001-5901-3576
https://orcid.org/0000-0002-3140-3713
https://orcid.org/0000-0002-6228-0496
https://orcid.org/0000-0002-6563-3226
https://orcid.org/0000-0002-2776-273X
https://orcid.org/0000-0001-9133-0280
https://orcid.org/0000-0002-6350-5001
https://orcid.org/0000-0003-3709-7873
https://orcid.org/0000-0002-4748-3017
https://orcid.org/0000-0002-6750-1593
https://orcid.org/0000-0003-4436-5856
https://orcid.org/0000-0001-6797-9362
https://orcid.org/0000-0003-4742-2537
https://orcid.org/0000-0003-3445-6842
https://orcid.org/0000-0003-1302-6528
https://orcid.org/0000-0001-7727-3363
https://orcid.org/0000-0002-8618-3340
https://orcid.org/0000-0003-2615-8685
https://orcid.org/0000-0002-8731-7435
mailto:kntimmis@gmail.com
http://creativecommons.org/licenses/by/4.0/


2 of 26 Microbial Biotechnology, 2025

healthy mind and the attainment of the developmental potential of individuals. Increasing critical thinking in society will raise the 
quality of decision making at all levels and thereby improve sustainability/reduce the human footprint on our planet, and promote 
the individual sense of responsibility and global citizenship necessary for the improvement of the condition of humanity and its rela-
tionship with Planet Earth.

1   |   The Quality of Thinking Determines the 
Quality of Decisions and Their Outcomes

1.1   |   Decisions guide or influence all 
facets of human life, including the creation 
and mitigation of global crises

From childhood onwards, people form opinions, solve prob-
lems, respond to others, and make judgements that have con-
sequences. As individuals gain greater influence—whether as 
parents, educators, leaders or policymakers—the impact of their 
decisions multiplies. We are all stewards of lives to some degree 
or other: at a minimum, of our own lives and the impact of our 
lives on others, and at the other end of the spectrum, political 
and religious leaders, the heads of multinational organisations 
and private enterprises, and, money-empowered individuals, 
may make decisions that have profound effects on humanity, the 
health of the planet and its biosphere. Even if we are not stew-
ards at higher levels of decision making, we are still stakeholders 
in many aspects of it and can and should, where appropriate, 
influence such decisions and hold decision makers to account.

1.2   |   Decisions are usually the result of thinking

Although some decisions are automatic (instinct-driven or pre-
scribed by rules-predetermined by custom, culture or computer 
algorithms), most are outcomes of deliberations, often by multi-
ple people who discuss and exchange their ideas and opinions 
(Weigand 2008), all of which are arrived at through the process 
of thinking.

Thinking is the cognitive process by which we interpret, process, 
manipulate and evolve applications from information. It encom-
passes functions such as analysing and contextualising, inferring, 
reasoning, creativity, synthesis, evaluation, developing under-
standing, judging and developing concepts, imagination and ab-
stract thought, and recognising what is not known and seeking 
required information—the search for truth—often through the 
formulation of pertinent questions. It draws on cognitive, emo-
tional and sensory processes/inputs and forms the basis of both 
individual understanding and social communication (Davies and 
Barnett 2015). When grounded in truth, it enables us to compre-
hend our environment, respond and adapt to changes in it, and 
confront challenges. Thinking can lead to the transformation of 
primary rough and messy information into new knowledge, of 
knowledge into understanding, the navigation of complexity, the 
formation of opinions, the solution of problems, participation in 
discussions with others, the formation of judgements, dealing with 
challenges and, crucially, making choices and decisions.

Thinking is not only a private process but also a social one; it 
is the basis of communication with others. Exchanging our 

thoughts, opinions and conclusions with others is of crucial im-
portance for the well-being of society because it is the way to ac-
cess the largest possible solution space, influence decisions and 
hold decision takers to account.

The quality of thinking directly shapes the quality of decisions 
and thus the outcomes that affect people, the biosphere and 
the planet. In the face of global challenges such as climate 
change, biodiversity loss, and health crises, cultivating deep, 
critical, and systems-oriented thinking is no longer optional; 
it is essential. Fostering these capacities must begin early in 
life, within educational systems designed not just to transmit 
information but to nurture thoughtful, engaged and capable 
citizens.

2   |   Learning to Think: Development and 
Maintenance of Thinking Prowess Is Under Threat

Thinking is hard-wired in the human being (‘Cogito ergo sum’; 
Descartes; https://​plato.​stanf​ord.​edu/​entri​es/​desca​rtes-​epist​
emolo​gy/#​CogiE​rgoSum) but varies enormously quantitatively 
and qualitatively among individuals, influenced by a range of 
developmental and contextual parameters that include environ-
ment, culture and life experiences. Some of these are:

2.1   |   Questioning and Thinking

According to philosophers, in particular Kant, Leibnitz and 
Hamilton, everything must have a reason (“Law of Sufficient 
Reason”; Kant  1787; Baquero  2023; https://​plato.​stanf​ord.​edu/​
entri​es/​suffi​cient​-​reason/​), so understanding is acquired by 
querying reasons. Our cognitive world might be considered to 
be a universe of questions. Questioning results in the acquisi-
tion of new knowledge; integrating this into the framework of 
existing knowledge, experience and aims/intentions involves 
thinking.

Questioning and asking ‘why?’ is a major preoccupation of 
children between the ages of 2 and 5 (one source suggests they 
ask some 40,000 questions in this period of their lives: https://​
amore​beaut​ifulq​uesti​on.​com/​why-​do-​kids-​ask-​so-​many-​quest​
ions-​but-​more-​impor​tantl​y-​why-​do-​they-​stop/​), a key element of 
their developmental programme to comprehend their expand-
ing experience of their world, to build their own framework of 
truth (Chouinard  2007; Harris  2012; https://​www.​ascd.​org/​el/​
artic​les/​what-​child​ren-​learn​-​from-​quest​ioning). After 5, the fre-
quency of questions asked by children reduces as school increas-
ingly demands answers (Susskind 1979; see also video in https://​
amore​beaut​ifulq​uesti​on.​com/​why-​do-​kids-​ask-​so-​many-​quest​
ions-​but-​more-​impor​tantl​y-​why-​do-​they-​stop/​), a trend that 
continues into adulthood.
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This trend is reinforced by active discouragement in many 
workplaces, where questioning and asking if there is a better 
way of doing things can result in being labelled as a trouble-
maker or someone disrespectful of those in authority, rather 
than as an individual with a positive attitude who can benefit 
the organisation. As a result, adult behaviour is largely domi-
nated by seeking or producing answers rather than formulat-
ing questions.

There are, however, important exceptions to this trend. One is 
the tradition of questioning in the Jewish faith—‘a faith based 
on asking questions, sometimes deep and difficult ones that 
seem to shake the very foundations of faith itself’ (https://​
www.​chabad.​org/​parsh​ah/​artic​le_​cdo/​aid/​35749​84/​jewish/​
The-​Neces​sity-​of-​Askin​g-​Quest​ions.​htm; https://​www.​jtsa.​
edu/​torah/​​the-​right​-​to-​quest​ion/​), a public and formal ques-
tioning culture that begins early in and continues throughout 
life. Question formulation also dominates scientific research 
(Vale  2013), and question-hypothesis leads to experimen-
tal design which is related to the issue of problem solving. 
This is an important reason to promote science-technology-
engineering-mathematics (STEM) interests and careers in 
school and beyond.

2.2   |   Language, Vocabulary and Thinking

Some consider thinking to be a form of ‘inner speech’ or ‘verbal 
thinking’ a process that ensures the freedom and independence 
of personal thinking (e.g., Alderson-Day and Fernyhough 2015; 
https://​www.​psych​ology​today.​com/​us/​blog/​the-​voice​s-​within/​
201008/​what-​do-​we-​mean-​thinking). For this reason, but also 
for the broader issues of precision of information processing 
and granularity/nuances of considerations, language (extent of 
vocabulary, appreciation, literacy) plays a key role in thinking, 
cognitive processes and abilities. Since thinking involves using 
language, the depth of thought and ability to abstract is directly 
related to the quantity and quality of ‘active’ vocabulary used 
by the thinker, that is, the number of words and their quality in 
terms of being able to appreciate and articulate concepts clearly.

Studies of young students have shown that a significant per-
centage of the population has a very limited and decreasing vo-
cabulary (Milton and Treffers-Daller 2013; Twenge et al. 2019). 
This is very visible in texts published on social networks. The 
downward trend in active vocabulary in society suggests that 
thinking ability–quality may also be declining.

These issues are compounded in situations where thinking oc-
curs in non-native languages. Global communication is domi-
nated by a few languages: English, Mandarin, Hindi, Spanish, 
French, Arabic, Bengali, Portuguese, Russian, Urdu and so forth, 
obliging many people to communicate, and hence to think, in 
non-native languages, in most instances with a restricted vo-
cabulary that restricts their thinking. (That said, there are also 
significant benefits from thinking in a foreign language: Keysar 
et  al.  2012; Grant et  al.  2023; https://​www.​thegu​ardian.​com/​
scien​ce/​2023/​sep/​17/​how-​learn​ing-​think​ing-​in-​a-​forei​gn-​langu​
age-​impro​ves-​decis​ion-​making).

Given this, it is unsurprising that science—which depends on 
conceptual precision and a specialised vocabulary—often feels 
linguistically inaccessible to large segments of society. A nar-
rowing linguistic base amplifies this inaccessibility, hinders 
public understanding of scientific issues, and limits engagement 
in informed decision-making.

In order to protect thinking capacities among nations, there 
needs to be a concerted pedagogical effort, underpinned by un-
fettered political support, to counter further losses of vocabulary 
in adults and enrich it in the young.

2.3   |   Writing and Thinking

Writing compels us to sort and process information, and ex-
tract and organise that which is needed for what is to be com-
municated (https://​doi.​org/​10.​1038/​s4422​2-​025-​00323​-​4). But 
the time spent writing, and the quality of writing in general, 
is in decline (https://​liter​acytr​ust.​org.​uk/​resea​rch-​servi​ces/​
annua​l-​liter​acy-​survey/​). There is a multitude of reasons for 
this (https://​www.​nas.​org/​acade​mic-​quest​ions/​26/3/​stude​nt_​
writi​ng_​strat​egies_​to_​revers_​ongoi​ng_​decli​ne-​2) but one is un-
doubtedly the increasing trend to simplify and abbreviate, for 
example through the pervasive use of emojis in correspondence 

The Demise of Questioning

In spite of exceptions, including the existence of internet 
search engines, questioning, so important for developing 
thinking in early life, becomes increasingly irrelevant with 
age for many people, and even a liability in certain contexts. 
But questioning is not only important for the development 
and maintenance of thinking abilities. It is vital for our un-
derstanding of how things work and what and why changes 
in the world are taking/have taken/will take place, for de-
mocracy and fulfilling our stakeholder responsibilities and 
holding decision makers to account, and for helping the next 
generation acquire the ability to navigate the challenges it 
will face. Society needs a questioning-thinking reset, with a 
conscious effort to elevate the role and importance of ques-
tioning and debate in daily life. This reset begins in school 
where discussions and debates that involve active question-
ing must become normal practice.

Bad Decisions Generally Engender Bad Outcomes

Decisions have consequences: this is their purpose. The 
quality of decisions largely determines the quality of the 
outcomes. The consequences of bad decisions can range 
from the relatively unimportant to the catastrophic; there 
is a litany of historical bad decisions that had disastrous 
consequences for those affected by them, though not nec-
essarily for those who took them (https://​histo​rycol​lecti​
on.​com/​10-​terri​ble-​decis​ions-​made-​world​-​leade​rs-​throu​
ghout​-​histo​ry/​). There is a huge need to minimise the fre-
quency of bad decisions in the world by addressing the 
key elements that influence and determine their qualities 
and consequences, in particular the quality of thinking.
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which, while seemingly cute-humorous and personal, are in re-
ality impersonal short-cuts requiring little thought. They consti-
tute a few familiar standardised highly restricted responses to 
a diverse nuanced spectrum of communications. AI-formulated 
standard response prompts are amplifying this disengagement 
from personal, custom formulations that require thinking; 
they are substitutes for thinking. As a consequence, writing-
promoted thinking is declining.

Not only this: handwriting, as opposed to keyboard writing, is 
correlated with greater brain connectivity which in turn is asso-
ciated with improved memory and learning (Van der Weel and 
Van der Meer  2024; https://​www.​scien​tific​ameri​can.​com/​artic​
le/​why-​writi​ng-​by-​hand-​is-​bette​r-​for-​memor​y-​and-​learn​ing/​). 
But handwriting is a dying art: in many cultures, young peo-
ple are losing the ability to write by hand (https://​www.​thegu​
ardian.​com/​news/​2025/​jan/​21/​signa​ture-​moves​-​are-​we-​losin​
g-​the-​abili​ty-​to-​write​-​by-​hand), and, simultaneously the neuro-
physiological and developmental benefits it brings.

2.4   |   Reading and Thinking

‘Reading develops the imagination. Reading helps you write 
and speak correctly. Reading takes you places you have never 
visited. Reading takes you to a time you have never experi-
enced. Reading introduces you to people you have not met. 
Reading introduces you to new ideas’ (https://​liter​acybl​ooms.​
com/​readi​ng-​is-​think​ing/​). Reading delivers knowledge and 
knowledge empowers. Exercises in the banning and burning 
of books (https://​www.​freed​omtor​ead.​ca/​resou​rces/​banni​ngs-​
and-​burni​ngs-​in-​histo​ry/​; https://​talka​bout.​iclrs.​org/​2019/​12/​
10/​1045/​; https://​www.​psych​iatri​ctimes.​com/​view/​the-​psych​
ology​-​of-​book-​banni​ng-​and-​burni​ng-​how-​the-​conce​pt-​of-​moral​
-​panic​-​can-​infor​m-​our-​under​standing; https://​pen.​org/​report/​
banne​d-​in-​the-​usa-​risin​g-​bans-​threa​ten-​1a/​), often driven by 
‘moral panic’ (Cohen  2011), orchestrated mostly by autocratic 
and controlling actors in self-interest, are not only symbolic acts 
of repression of particular ideas and philosophies; they are ex-
plicit acts of censorship, of repression of independent thinking 
and debate.

Being transported by reading into new situations, other worlds 
and different historical periods, or being confronted with new 
ideas, fuels the imagination and drives creative thinking. But, 
despite the success of e-books and the convenience of reading 
on mobile devices, as well as highly visible author prizes (e.g., 
Nobel Prize; Booker Prize; Pulitzer Prize) and literature fairs 
(e.g., Buchmesse; Feria Internacional del Libro; La fiera del 
libro per ragazzi), reading is declining, and reading-promoted 
thinking is also declining (https://​www.​nytim​es.​com/​2025/​
04/​10/​opini​on/​educa​tion-​smart​-​think​ing-​readi​ng-​tarif​fs.​
html).

An important factor driving this decline is the trend to visualise 
information transfer through short, mostly simple videos propa-
gated via social media, and the intense competition for attention 
inherent in social media (reflected by incessant prompts), which 
is accompanied by reduced attention spans, all of which reduce 
demand for the written word and its stimulatory influence on 
thinking.

Schools (and parents, and society as a whole) urgently need to 
develop strategies, policies and actions to encourage reading 
in children (and adults) and promote discussion about what is 
learned, questioning and debate, and writing.

3   |   Thinking Shapes Identity, Society and the 
Future

Thinking is significantly influenced/biased by upbringing and 
life experiences, beliefs, memory, social-cultural inheritance 
(e.g., Moore and Brown  2022), the impact of ‘influencers’ and 
‘persuaders’ of various types, including but not limited to family 
and friends, information dissemination operations, fashion and 
artificial intelligence-generated messaging. Much of such influ-
ence is based upon preformed assumptions that may or may not 
be valid.

These different variables, and others, and how we learn to 
think, influence thinking in diverse and complex ways, cre-
ating a huge range of individual information handling pro-
cesses. These in turn determine to a considerable extent what 
personalities individuals have, to which groupings they be-
long, which policies and practices they support, and which 
decisions they make.

4   |   Uncritical Thinking and Information 
Credibility

Uncritical thinking is the act of accepting information, for ex-
ample, from family, friends, governments, news outlets, ‘in-
fluencers’ (particularly those followed on social media) and, 
increasingly, from AI services, at face value without signifi-
cant questioning or verification. Credibility is not a priority 
or, if it is, is taken for granted because of its real or assumed 
acceptance by others (Fábián 2015). The personal search for 
truth is abandoned, delegated to others. Much uncritically 
accepted information is simple and easy to understand, and 
hence attractive, but clarity does not guarantee truth. In 
contrast to the thesis of Descartes (https://​www.​brita​nnica.​
com/​biogr​aphy/​Rene-​Desca​rtes/​Medit​ations), we must ac-
cept that truth is not always ‘clear and distinct’ but frequently 
complex, contradictory and incomplete, and thus difficult to 
understand.

Thinking Shapes Individual Identity, Society and the 
Future

The way each of us thinks determines, to a considerable 
extent, who we are, who we will become, what input we 
make into matters that involve us, and hence what impact 
we will have on ourselves and our wellbeing, and that of 
our family, friends, society and the world. The current state 
of geopolitics, including conflicts, trade, societal wellbe-
ing, societal inequalities, sustainable development and so 
forth, is a direct consequence of the way current and past 
world leaders think/thought. As was succinctly expressed 
by Jacobs (2016): ‘The crises confronting civilization today 
are rooted in the way we use our minds—in the way we 
think’.
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Influencers play an increasingly important role in steering 
thinking, opinion building and development of attitudes in the 
population. While some influencers promote beneficial opin-
ions, many do not. The problem escalates as uncritical con-
fidence in what opinion leaders say is a contagious process. 
Moreover, to be fully accepted by friends and colleagues, and 
make progress in society, there is often an underlying obligation 
to think as they think. The enormous and catastrophic impact 
this social contagion has had on wars throughout human his-
tory is well documented.

‘Seeing is believing’ is often assumed to be true, but this has 
never been an absolute criterion: the magician's trade is one 
of creating illusions, of visible events designed to convince the 
viewer that something is true or happening that patently is not—
‘smoke and mirrors’ (Macknik et al. 2008). More recently, digital 
tools to create images and cartoons, coupled with the increasing 
tendency to prefer images over written text to convey informa-
tion and ideas, have opened powerful avenues of persuasion for 
uncritical thinkers. Artificial intelligence is an amplifying fac-
tor in this (Messeri and Crockett 2024).

It is essential to recognise that the uncritical acceptance of 
seemingly fair information can create ‘false foundations’ for in-
tegrating novel knowledge. In the words of an aquatint of the 
Spanish painter Francisco de Goya (1799): ‘The dream of reason 
produces monsters’ (Figure 1).

To address these challenges, we must begin by rebuilding the 
cognitive foundations of society, starting with education. If we 
are to cultivate citizens who are able to resist misinformation, 
engage with complex scientific and societal problems, and con-
tribute thoughtfully to a sustainable future, we must inspire 
already in young children the satisfaction and value of their per-
sonal search for truth and provide them with the tools of critical 
thinking.

5   |   Independent Thinking Versus ‘Groupthink’, 
‘Echo Chambers’ and Indoctrination

Independent thinking and ‘Groupthink’ (Janis  1991) repre-
sent opposite ends of a spectrum of cognitive engagement. 
Independent thinking implies the capacity to evolve different 
perceptions from those held by the majority, a willingness to 
question the opinions, advice and assumptions of others, and 
a capacity to form judgements based on personal experiences 
and acquired information. Independent thinking is essential to 
human creativity, progress, and ethical responsibility. In con-
trast, groupthink constrains and channels thinking, and thereby 
suppresses independent thinking.

5.1   |   Groupthink and Its Echo Chambers

Groupthink occurs when a desire for conformity overrides in-
dividual reasoning, leading to echo chamber groups—groups 
that engage in discussions which reinforce existing beliefs and 
disfavour contrary opinions (confirmation bias) leading to a 
limited perspective and increased polarisation (https://​killa​
codes.​com/​echo-​chamb​ers-​and-​group​think​-​how-​the-​inter​

net-​shape​s-​our-​belie​fs/​), premature consensus, flawed deci-
sions, and suppression of dissent. Groupthink arises for exam-
ple when ‘group members value harmony and coherence above 
critical thought’, often fueled by social pressure or dominant 
narratives (https://​www.​psych​ology​today.​com/​us/​basics/​
group​think​; see also Guilbeault et al.  2021). ‘Indoctrination, 
or forced Groupthink’ is the process of giving repeated in-
structions or information to a person or a population relating 
to an ideology with the express intention of avoiding critical 
analysis. It often implies forms of brainwashing or forced 
forms of socialisation.

External influences on thinking are often shades of propa-
ganda that seek to undermine independent thought and cre-
ate groupthink. How serious this can be is exemplified by the 
promulgation of the discredited assertion that the measles 
vaccine causes autism, and its exploitation to promote vaccine 
hesitancy (https://​time.​com/​51757​04/​andre​w-​wakef​ield-​vacci​
ne-​autism/​; https://​www.​unicef.​org/​monte​negro/​​en/​stori​es/​
mmr-​vacci​ne-​does-​not-​cause​-​autism; https://​www.​dshs.​texas.​
gov/​news-​alerts/​measl​es-​outbr​eak-​2025). Although vaccine 
hesitancy has a range of causes (e.g., see Heidi et  al.  2022; 
Larson  2022; Jäckle and Timmis  2024), groupthink moulded 

FIGURE 1    |    Francisco de Goya y Lucientes (1746–1828)—The 
Dream of Reason Brings forth Monsters (1799). Museum of Fine Arts, 
Budapest. Source: Jacek Halicki. Francisco Goya, Public domain, via 
Wikimedia Commons.

https://killacodes.com/echo-chambers-and-groupthink-how-the-internet-shapes-our-beliefs/
https://killacodes.com/echo-chambers-and-groupthink-how-the-internet-shapes-our-beliefs/
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https://www.psychologytoday.com/us/basics/groupthink
https://www.psychologytoday.com/us/basics/groupthink
https://time.com/5175704/andrew-wakefield-vaccine-autism/
https://time.com/5175704/andrew-wakefield-vaccine-autism/
https://www.unicef.org/montenegro/en/stories/mmr-vaccine-does-not-cause-autism
https://www.unicef.org/montenegro/en/stories/mmr-vaccine-does-not-cause-autism
https://www.dshs.texas.gov/news-alerts/measles-outbreak-2025
https://www.dshs.texas.gov/news-alerts/measles-outbreak-2025
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by anti-vaccination narratives is important. As a consequence, 
vaccinations protecting against common and serious infections 
are in decline and new outbreaks, as exemplified by measles, 
are on the rise (https://​www.​cdc.​gov/​measl​es/​data-​resea​rch/​
index.​html). The World Health Organisation has listed vaccine 
hesitancy as one of the ten threats to global health (https://​
www.​who.​int/​news-​room/​spotl​ight/​ten-​threa​ts-​to-​globa​l-​healt​
h-​in-​2019).

The consequences of vaccine hesitancy are readily quantified in 
terms of morbidity, mortality and the human physical and men-
tal suffering, statistics that need to be considered in context (e.g., 
it is estimated that the measles vaccine prevented 31.7 million 
deaths over a 20-year period https://​www.​who.​int/​news-​room/​
spotl​ight/​histo​ry-​of-​vacci​nation/​histo​ry-​of-​measl​es-​vacci​na-
tion; Venkatesen 2022). The value of vaccines in saving lives and 
preventing human suffering is extensively and rigorously doc-
umented (e.g., see https://​www.​vacci​neseu​rope.​eu/​life-​cours​e-​
immun​isati​on/​value​-​of-​vacci​nation/​; Delport et  al.  2025). One 
report suggests that the economic benefit of COVID-19 vaccines 
amounted to $US 5.2 trillion (Sevilla et al. 2024). As the World 
Health Organisation has pointed out: ‘immunization is the sin-
gle greatest contribution of any health intervention to ensuring 
babies not only see their first birthdays but continue leading 
healthy lives into adulthood’ (https://​www.​who.​int/​news/​item/​
24-​04-​2024-​globa​l-​immun​izati​on-​effor​ts-​have-​saved​-​at-​least​
-​154-​milli​on-​lives​-​over-​the-​past-​50-​years​). This attests to the 
vital importance of routine immunisation schedules for chil-
dren whose immune systems are not yet fully developed, who do 
not yet appreciate and implement hygiene practices that reduce 
transmission of infectious diseases, and thus are particularly 
vulnerable.

Collaterally, and of considerable relevance to this discourse, 
vaccine protection of children from disease improves inter alia 
cognitive functions and academic attainment, that is, thinking 
capacity (Nandi et al. 2019; Nandi and Shet 2020).

Another obvious example of disastrous groupthink is the denial 
of the relationship between greenhouse gas production, global 
warming and extreme weather events (Booker  2018), events 
that also cause major human and environmental catastrophes 
like increases in heat-related deaths, the incidence and sever-
ity of wildfires, major flooding events and landslides, that can 
also be quantified in similar terms of human suffering and en-
vironmental damage. One study estimates that by 2050 global 
warming will have been responsible for 14.5 million premature 
deaths and economic losses amounting to $ 12.5 trillion (World 
Economic Forum 2024). Yet still there is an enormous group of 
deniers, another that is not denying and indeed able to act, but 
procrastinating instead of acting, and still another—the stake-
holders—who fail to hold decision makers to account, all of 
which contribute to the failure to act promptly and adequately 
to reduce greenhouse gas emissions.

These are just two examples of multiple global challenges con-
fronted with ineffective responses because of groupthink, de-
spite the huge amount of evidence supporting causality and that 
constitutes a strong basis for rational thinking and conclusions 
by society.

Behind many groupthink-promoting disastrous decisions are 
other groupthink beliefs, such as the need to discredit everything 
that provides economic benefits, while disregarding the key role 
of the industry and business fabric in human development and 
progress. While economic benefit can indeed be an improper 
argument of persuasion in some instances, its blanket rejection 
as a groupthink mantra contradicts reality. Nevertheless, simple 
and aggressive beliefs are readily propagated.

5.2   |   Independent Thinking

Independent thinkers do not rely on the thoughts and opinions 
of others but seek, evolve and express their own interpretations 
of the world. In contrast to groupthink, independent thinking 
is key to rational discourse and the basis of a high diversity 
of views and ideas that are vital for the mental exploration of 
the widest possible idea/options space, human originality and 
creativity (Monk et al. 2012). Sharing and critically discussing 
thoughts is essential to making new discoveries. The great phi-
losophers, writers and poets, artists, musicians, scientists and 
other original creators, who powered the advancement of hu-
manity were/are almost all independent thinkers.

Independent thinking is vital for personal development, the 
realisation of individual potential, the process of arriving at 
good decisions, and hence for societal progress. The promotion 
of independent thinking is especially important in the educa-
tion of children (https://​www.​kidsf​irsts​ervic​es.​com/​first​-​insig​
hts/​why-​it-​s-​impor​tant-​to-​encou​rage-​indep​enden​t-​think​ing-​
in-​kids). Schools should not simply convey facts but cultivate 
learners who are capable of inquiry, skepticism, and thoughtful 
engagement with complex issues. They should strive to educate 
all children with the power of self-confidence to seek truth, solve 
problems of all levels of complexity and importance, and lever-
age the diversity of individuals to find inspired, imaginative and 
adaptive solutions to unexpected changes, to make appropriate 
and fair decisions. Seeking truth may be a challenge, but it pro-
motes open-mindedness and independence.

5.3   |   The Danger of Artificial Intelligence (AI): 
Suppression of Independent Thinking

There are several forces that suppress independent thinking but 
AI is perhaps one of the most insidious. Its explosive success as 
a provider of information and online discussion partners/query 
handlers/problem solvers (chatbots) is remarkable. Its promise 
of a comprehensive and rational assessment of current knowl-
edge, which it obviously can deliver in an increasing number of 
spheres, has created a service of convenience that is powerfully 
addictive. AI is increasingly replacing, and thereby suppressing 
independent thinking, and in turn influencing the decision-
making process and determining its outcome.

Moreover, as society and family cohesion inexorably declines, 
societal-friend-familial constellations become more fragmented, 
and support networks fade, companionship AI—replacement of 
human contact by chatbots—assumes an increasingly domi-
nant role (https://​www.​youtu​be.​com/​watch?​v=​otAWu​-​bLv0Q​). 

https://www.cdc.gov/measles/data-research/index.html
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https://www.who.int/news/item/24-04-2024-global-immunization-efforts-have-saved-at-least-154-million-lives-over-the-past-50-years
https://www.who.int/news/item/24-04-2024-global-immunization-efforts-have-saved-at-least-154-million-lives-over-the-past-50-years
https://www.kidsfirstservices.com/first-insights/why-it-s-important-to-encourage-independent-thinking-in-kids
https://www.kidsfirstservices.com/first-insights/why-it-s-important-to-encourage-independent-thinking-in-kids
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Since the provision of companionship AI will be a commercial 
operation, and retention of clients will be a priority, it is not un-
likely that chats will be orchestrated to learn to deliver what 
the client wants to hear, and hence act as a source of dubious 
information that reinforces existing biases, as personal echo 
chambers of thought and opinion. The power of AI to replace 
independent thinking is huge. As Rainey and Hochberg (2025) 
have noted ‘From personalised recommendation systems to 
large-scale decision-making frameworks, AI shapes what hu-
mans see, choose, believe, and do’. They predict that AI ad-
diction and control of human behaviour is likely to increase 
through Darwinian evolution of human:AI interactions, a truly 
frightening scenario.

6   |   Rational Thinking and Evidence-Basing

Rational thinking is a process that relies on logic and reason. 
Unlike intuitive thinking, which is fast, automatic, and emo-
tionally charged, rational thinking is analytical, reflective, and 
evidence-based. It prioritises coherence and consistency. It es-
chews hearsay and guesswork, evaluates information, weighs 
alternatives, and demands that ideas, opinions, and policies 
be tested, questioned, and revised in light of new information. 
Rational thinkers do not accept claims at face value; they assess 
the credibility of sources, identify biases, and seek evidence be-
fore reaching conclusions and making decisions (e.g., Grimm 
and Richter 2024; Toplak and Stanovich 2024). Credible sources 
of information, that is, those that are evidence-based, inde-
pendent, transparent, having a well-earned/well-documented 
reputation for rigor, and that furnish reliable high-quality ma-
terials, seasoned with doubts and uncertainties, which are often 
ignored by uncritical thinkers, are actively sought.

In complex, high-stakes contexts—from public health and eco-
nomics to climate policy and technological governance—ra-
tional thinking is not optional; it is essential. When rational 
thinking is replaced by impulsive reasoning, misinformation, 
ideological rigidity, short-termism or seeking personal benefit, 
the results are often catastrophic: poor policy decisions, socie-
tal division, and missed opportunities for innovation or coop-
eration. Rational thinking is an evolutionary gift and one of the 
most powerful human assets. Not to cultivate it and use it to the 
full is a waste of human potential and its capacity to improve the 
human and planetary condition—a dereliction of duty.

Unfortunately, while rational thinking is a uniquely human ca-
pacity, it is not evenly distributed nor spontaneously developed. 
Cognitive science research shows that rationality must be ex-
plicitly taught and nurtured; it does not automatically emerge 
from intelligence or general knowledge (Stanovich 2009). This 
underscores the need to embed rational-thinking skills into the 
fabric of education, not as peripheral ‘critical thinking exer-
cises’, but as central learning objectives across disciplines (see 
also the insightful remarks on the challenges facing science 
made by Adrian Smith, President of the Royal Society, during 
a recent session of the House of Lords Science and Technology 
Committee: https://​www.​parli​ament​live.​tv/​Event/​​Index/​​f574c​
018-​16eb-​4222-​a9c0-​13a21​5e432​2c?_​cldee​=​MTEbx​G9f8Q​
57YOg​n06je​jg6K8​YkV8J​wXfKi​ntWxnO_​9WbrD​ZBZc8​eCec9​
kgtuk​O1&​recip​ienti​d=​conta​ct-​23bef​53e72​05eb1​1a813​000d3​

a7f4a​6b-​57686​95c4d​be46b​9a2c5​1dd10​b8383​92&​utm_​sourc​
e=​Click​Dimen​sions​&​utm_​mediu​m=​email​&​utm_​campa​ign=​
Fello​wship​&​esid=​a799a​16d-​029a-​f011-​b41b-​6045b​dfcc2bb).

One crucial enabler of rational thinking is evidence-basing—the 
practice of grounding decisions and beliefs in data, observations 
and empirical validation. Whether evaluating a health claim, a 
scientific theory, or a public policy, the capacity to distinguish 
between anecdote and evidence is fundamental. Yet many ed-
ucational systems still emphasise rote memorisation—imposed 
‘truths’—and uncritical acceptance over inquiry, skepticism, 
and evaluative reasoning—truth seeking. Microbiology is a fast-
moving discipline with new discoveries being made at a frantic 
pace, some of which upend existing dogmas. An imposed truth 
today can thus be an imposed lie tomorrow, which underscores 
the importance of recognising the uncertainty inherent in con-
temporary knowledge and the need to question its veracity.

A critical element of rational thinking is epistemological literacy, 
the ability to understand how scientific knowledge is produced, 
evaluated and revised (and, in some cases, altogether rejected). 
Evidence-based reasoning requires an understanding of what 
qualifies as knowledge or why certain claims gain acceptance. 
Developing this capacity would allow learners to see Science not 
as a static collection of facts but as a dynamic process shaped 
by experimentation, peer review and theoretical interpretation. 
Without this foundation, students may treat evidence as defini-
tive, rather than provisional and subject to debate (or, again, rejec-
tion). Introducing historical case studies—such as discarding the 
notion of spontaneous generation, the formulation of germ theory 
or the shift to the heliocentric model—can help to make visible 
how scientific consensus forms and changes. Historical examples 
of this sort serve as entry points for understanding the nature of 
Science while they could encourage critical reflection and prepare 
young learners to engage with uncertainty in scientific discourse.

7   |   Systems Thinking

We live in an interconnected world in which biological, so-
cial, technological and environmental systems constantly in-
teract. As John Muir famously said: ‘When we try to pick out 
anything by itself, we find it hitched to everything else in the 
Universe’ (https://​vault.​sierr​aclub.​org/​john_​muir_​exhib​it/​writi​
ngs/​misqu​otes.​aspx). Or, in the words of microbiologist Julian 
Davies  (2009): ‘Everything depends on everything else’. This 
interdependence lies at the heart of systems thinking—an ap-
proach that views problems, processes, and phenomena as com-
ponents of larger, dynamic and interacting systems (Arnold and 
Wade 2015).

Unlike reductionist or ‘silo’ thinking, which isolates variables 
in pursuit of simplicity that can lead to linear solutions, systems 
thinking emphasises relationships, feedback loops, causal com-
plexity and context. When problems are addressed without regard 
for their broader systemic context, interventions can backfire or 
produce unintended consequences—an outcome well captured 
by the ‘Law of Unintended Consequences’ (Merton 1976; see also 
https://​www.​sas.​upenn.​edu/​~​harol​dfs/​540/​hando​uts/​french/​
unint​conseq.​html). For example, treating only the symptoms of 
environmental degradation without addressing the underlying 

https://www.parliamentlive.tv/Event/Index/f574c018-16eb-4222-a9c0-13a215e4322c?_cldee=MTEbxG9f8Q57YOgn06jejg6K8YkV8JwXfKintWxnO_9WbrDZBZc8eCec9kgtukO1&recipientid=contact-23bef53e7205eb11a813000d3a7f4a6b-5768695c4dbe46b9a2c51dd10b838392&utm_source=ClickDimensions&utm_medium=email&utm_campaign=Fellowship&esid=a799a16d-029a-f011-b41b-6045bdfcc2bb
https://www.parliamentlive.tv/Event/Index/f574c018-16eb-4222-a9c0-13a215e4322c?_cldee=MTEbxG9f8Q57YOgn06jejg6K8YkV8JwXfKintWxnO_9WbrDZBZc8eCec9kgtukO1&recipientid=contact-23bef53e7205eb11a813000d3a7f4a6b-5768695c4dbe46b9a2c51dd10b838392&utm_source=ClickDimensions&utm_medium=email&utm_campaign=Fellowship&esid=a799a16d-029a-f011-b41b-6045bdfcc2bb
https://www.parliamentlive.tv/Event/Index/f574c018-16eb-4222-a9c0-13a215e4322c?_cldee=MTEbxG9f8Q57YOgn06jejg6K8YkV8JwXfKintWxnO_9WbrDZBZc8eCec9kgtukO1&recipientid=contact-23bef53e7205eb11a813000d3a7f4a6b-5768695c4dbe46b9a2c51dd10b838392&utm_source=ClickDimensions&utm_medium=email&utm_campaign=Fellowship&esid=a799a16d-029a-f011-b41b-6045bdfcc2bb
https://www.parliamentlive.tv/Event/Index/f574c018-16eb-4222-a9c0-13a215e4322c?_cldee=MTEbxG9f8Q57YOgn06jejg6K8YkV8JwXfKintWxnO_9WbrDZBZc8eCec9kgtukO1&recipientid=contact-23bef53e7205eb11a813000d3a7f4a6b-5768695c4dbe46b9a2c51dd10b838392&utm_source=ClickDimensions&utm_medium=email&utm_campaign=Fellowship&esid=a799a16d-029a-f011-b41b-6045bdfcc2bb
https://www.parliamentlive.tv/Event/Index/f574c018-16eb-4222-a9c0-13a215e4322c?_cldee=MTEbxG9f8Q57YOgn06jejg6K8YkV8JwXfKintWxnO_9WbrDZBZc8eCec9kgtukO1&recipientid=contact-23bef53e7205eb11a813000d3a7f4a6b-5768695c4dbe46b9a2c51dd10b838392&utm_source=ClickDimensions&utm_medium=email&utm_campaign=Fellowship&esid=a799a16d-029a-f011-b41b-6045bdfcc2bb
https://www.parliamentlive.tv/Event/Index/f574c018-16eb-4222-a9c0-13a215e4322c?_cldee=MTEbxG9f8Q57YOgn06jejg6K8YkV8JwXfKintWxnO_9WbrDZBZc8eCec9kgtukO1&recipientid=contact-23bef53e7205eb11a813000d3a7f4a6b-5768695c4dbe46b9a2c51dd10b838392&utm_source=ClickDimensions&utm_medium=email&utm_campaign=Fellowship&esid=a799a16d-029a-f011-b41b-6045bdfcc2bb
https://www.parliamentlive.tv/Event/Index/f574c018-16eb-4222-a9c0-13a215e4322c?_cldee=MTEbxG9f8Q57YOgn06jejg6K8YkV8JwXfKintWxnO_9WbrDZBZc8eCec9kgtukO1&recipientid=contact-23bef53e7205eb11a813000d3a7f4a6b-5768695c4dbe46b9a2c51dd10b838392&utm_source=ClickDimensions&utm_medium=email&utm_campaign=Fellowship&esid=a799a16d-029a-f011-b41b-6045bdfcc2bb
https://vault.sierraclub.org/john_muir_exhibit/writings/misquotes.aspx
https://vault.sierraclub.org/john_muir_exhibit/writings/misquotes.aspx
https://www.sas.upenn.edu/~haroldfs/540/handouts/french/unintconseq.html
https://www.sas.upenn.edu/~haroldfs/540/handouts/french/unintconseq.html


8 of 26 Microbial Biotechnology, 2025

drivers—such as industrial policies, agricultural practices, en-
ergy demands, or the practice of externalisation of costs (‘costs of 
production that someone else pays’: Timmis, Karahan, et al. 2025; 
https://​reali​tysan​dwich.​com/​sacred_​econo​mics_​chapt​er_​10/​; 
https://​www.​imf.​org/​en/​Publi​catio​ns/​fandd/​​issues/​Series/​Back-​
to-​Basics/​Exter​nalities)—may exacerbate the problem or displace 
it elsewhere. The multiplicity of diverse influences that can af-
fect health is explicitly recognised in the One Health paradigm 
(https://​www.​avma.​org/​sites/​​defau​lt/​files/​​resou​rces/​onehe​alth_​
final.​pdf; https://​www.​fao.​org/3/​cc228​9en/​cc228​9en.​pdf) and the 
principle of Health in All Policies, which aims to require all pub-
lic policy deliberations to consider possible health implications of 
potential decisions (https://​iris.​who.​int/​bitst​ream/​handle/​10665/​​
112636/​97892​41506​908_​eng.​pdf). Indeed, because microbes and 
their activities pervasively underpin many aspects of life, health, 
the environment, climate, and so on, and diverse policies can im-
pact microbes and their activities, and those of microbe:higher or-
ganism holobiont activities, it has been argued that consideration 
of potential impacts on microbes becomes a similar requirement 
for public policy deliberations (Timmis, Baquero, et al. 2025).

An important impediment to understanding a phenomenon is 
incorrect assessment of its position and level in the system in 
which it is located. Establishment of causal relationships be-
comes possible only if the phenomenon is classified correctly in 
terms of its relationships to other elements of the system and 
the types of interaction it has with them (e.g., see Kotsyurbenko 
et al. 2020). If secondary interactions are perceived as the main 
ones, or the phenomenon is considered within the framework 
of the wrong system, false conclusions are drawn. Moreover, 
different systems may interact with one another, affecting the 
phenomenon under consideration and adding a higher level of 
complexity. For example, the production of methane by micro-
organisms in wetlands involves the coordinated interaction of 
different groups of microorganisms that live in the absence of 
oxygen. However, in the near-surface aerated layers, methane 
oxidation rather than methane production is the dominant ac-
tivity. If the methane oxidisers of a particular wetland intercept 
most of the methane coming from below, then it might be incor-
rectly concluded that the microorganisms of the wetland gener-
ate very little methane (Kotsyurbenko et al. 2020).

Effective problem solving requires consideration of the entire sys-
tem, in order to discern root causes, potential solutions and their 
potential knock-on effects in other parts of the system (https://​
ccmit.​mit.​edu/​probl​em-​solvi​ng/​). This applies to all manner of 
spheres of activity (see, e.g., World Economic Forum  2021). In 
public health, climate policy, urban planning, and education, un-
derstanding how actions in one domain cascade into others is es-
sential for effective problem solving. Institutions such as MIT and 
the World Economic Forum emphasise systems thinking as a cru-
cial 21st-century skill—one that enables holistic diagnosis, antic-
ipatory decision making, and sustainable solutions (MIT Centre 
for Collective Intelligence 2021; World Economic Forum 2021).

Despite its importance, systems thinking is rarely taught ex-
plicitly in schools. Students are often encouraged to compart-
mentalise knowledge into isolated subjects, rather than see 
interconnections across disciplines. As a result, their ability to 
navigate complexity, reason about causality, and foresee unin-
tended consequences remains underdeveloped.

Microbiology, by its nature, is inherently systemic: microbial 
processes connect soil, water, human health, biotechnology 
and planetary systems. Teaching appropriate topics of soci-
etally relevant microbiology, as is promoted by the International 
Microbiology Literacy Initiative and its teaching resources, pro-
vides a concrete and engaging way to introduce systems con-
cepts—such as interdependence, cycles, thresholds and network 
effects—to learners at an early age. In doing so, it equips stu-
dents with the tools to understand and act within the complex 
systems that define our lives and future.

8   |   Lateral Thinking and Thinking Outside the Box

Systems thinking requires consideration of the whole picture, 
not all of which may be fully comprehended, and hence can be 
challenging. This is especially true of highly complex systems 
and multiple interacting systems. However, even when there is 
good comprehension of the diverse components, rational think-
ing, solutions that work for related problems, and standard routes 
to solutions may not furnish an answer. In such circumstances, 
a solution may be revealed by thinking about the problem 
imaginatively-creatively in a different, unorthodox way, ap-
proaching it indirectly, from a different angle/perspective, seeing 
other options by blocking out the obvious ones, considering solu-
tions to entirely different problems that have nonetheless some-
thing in common with the one confronted, and so forth. Standard 
solution routes are often programmed by long-held assumptions 
which may occasionally channel thinking into unproductive cul 
de sacs, so challenging or setting aside such assumptions may 
open up new solution space to explore. Lateral thinkers are typi-
cally highly imaginative, and some only think laterally.

The ability to think laterally/outside of the box is a highly valu-
able quality that is considered to be responsible for many key 
discoveries in human development and civilisation, and to be a 
defining trait of the human species. However, it needs an open, 
flexible and explorative mind, imagination and independent 
thinking, and may be associated with a higher level of risk. 
Although natural lateral thinkers possess these qualities, others 
can acquire them, for example through nurturing imagination 
infrastructure and problem solving exercises.

Imagination Infrastructure

Critical and systems thinking benefit from what may be 
termed imagination infrastructure—the cognitive, emo-
tional and cultural scaffolding that supports conceptual 
flexibility, perspective-shifting and the capacity to gener-
ate alternative possibilities (Robinson, König, et  al.  2025). 
This infrastructure plays a foundational role in preparing 
learners to engage with complexity, particularly in contexts 
where existing paradigms may no longer be sufficient. In 
an educational setting, nurturing imagination infrastruc-
ture involves cultivating the conditions in which learners 
are able to explore scenarios, consider unintended conse-
quences and develop the mental flexibility to move between 
present challenges and potential futures. It strengthens the 
learner's capacity to analyse, synthesise and construct—to 
envision new arrangements, relationships and responses 
within complex systems. Imagination infrastructure is vital.

https://realitysandwich.com/sacred_economics_chapter_10/
https://www.imf.org/en/Publications/fandd/issues/Series/Back-to-Basics/Externalities
https://www.imf.org/en/Publications/fandd/issues/Series/Back-to-Basics/Externalities
https://www.avma.org/sites/default/files/resources/onehealth_final.pdf
https://www.avma.org/sites/default/files/resources/onehealth_final.pdf
https://www.fao.org/3/cc2289en/cc2289en.pdf
https://iris.who.int/bitstream/handle/10665/112636/9789241506908_eng.pdf
https://iris.who.int/bitstream/handle/10665/112636/9789241506908_eng.pdf
https://ccmit.mit.edu/problem-solving/
https://ccmit.mit.edu/problem-solving/
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9   |   Critical Thinking Is Independent, Rational, 
Evidence-Based, Systems Thinking

Critical thinking unites independent thought, rationality, evi-
dence evaluation, and systems awareness. At its core, it is a 
self-directed, self-correcting process grounded in reason and 
open-mindedness. It requires healthy scepticism—not cyni-
cism—toward information, assumptions, and authority. 
Critical thinkers actively question claims, seek evidence from 
credible sources, examine alternative explanations, and mon-
itor for bias—both in others and within themselves 
(Facione  1990). According to Facione  (1990) (citation from 
Aston 2023), ‘CT [critical thinking] is a liberating force in ed-
ucation and a powerful resource in one's personal and civic 
life… The ideal critical thinker is habitually inquisitive, well 
informed, trustful of reason, open-minded, flexible, fair-
minded in evaluation… [and] honest in facing personal 
biases’.

Critical thinking is directed toward converting reasonable in-
ferences into increasingly solid knowledge. In such a process, 
a personal ‘integrative imagination’ of what is known and what 
is possibly expanding the truth, is an epistemological need in 
which future decision-makers should be educated. A corollary 
of this is that critical thinkers are rarely sure of something, 
since they are cognizant of the possibility that they may not 
have enough evidence. Paradoxically, because of the realism of 
critical thinkers (and scientists)—their lack of self-certainty—
they may be regarded as unreliable by those who are used to/
are self-assured.

9.1   |   Critical Thinking May Counteract 
Neuropsychiatric Issues in the Young Caused By 
(Anti-)Social Media Pressures and Misinformation

Young people are subject to sometimes overwhelming pres-
sures and exposure to social media influence, mis- and dis-
information (https://​www.​unhcr.​org/​innov​ation/​​wp-​conte​nt/​
uploa​ds/​2022/​02/​Facts​heet-​4.​pdf; https://​hbr.​org/​2020/​02/​the-​
era-​of-​antis​ocial​-​socia​l-​media​), and peer pressure, all of which 
can undermine cognitive autonomy (https://​www.​human​etech.​
com/​brain​-​science), and even contribute to anxiety and de-
pression, and sometimes other, more serious, neuropsychiatric 
disorders (Kelly et al. 2018; Mento et al. 2021; see also Timmis, 
Karahan, et al. 2025). While the young may be particularly sus-
ceptible to peer pressures and the impact of influencers, critical 
thinking that encourages healthy skepticism of information and 
evidence-basing of conclusions, along with the ability to under-
stand and regulate emotions, may reduce their vulnerability and 
increase their cognitive resilience—the capacity to resist manip-
ulation, tolerate ambiguity, and make reasoned choices in the 
face of overwhelming input.

In this context, critical thinking becomes not only a cognitive 
asset but also a protective factor—a shield—for problems of 
mental health and civic engagement (Figure 2). It prepares indi-
viduals to navigate uncertainty, evaluate conflicting claims, and 
participate meaningfully in democratic societies. Yet traditional 
curricula often fail to prioritise or integrate critical thinking in a 
sustained, meaningful way.

10   |   The Vital Importance of Critical Thinking for 
Effective Decision-Making at All Levels of Society 
on All Manner of Issues

Our world—the human, biosphere and planetary ecosystem—
is changing at an unprecedented rate and is facing an unprec-
edented number of crises, some of which are existential, that 
require effective responses. But while the responses may, in 
some cases, appear obvious, others are not and, in any case, can 
involve tortuous political deliberations and decisions that are 
often biased by short-term, usually economic, and sometimes 
vested interests (see, e.g., Monbiot and Hutchinson 2024). Such 
bias is often compounded by political polarisation, lobbying, 
prejudice, misinformation and disinformation (Lewandowsky 
et  al.  2017; https://​www.​unhcr.​org/​innov​ation/​​wp-​conte​nt/​
uploa​ds/​2022/​02/​Facts​heet-​4.​pdf; https://​www.​undp.​org/​euras​
ia/​dis/​misin​forma​tion), and hearsay and gossip. Factual distor-
tion may be amplified by social media influencing both decision 
makers and their constituents (Datta et al. 2021; Surjatmodjo 
et al. 2024). These influences degrade the quality of public dis-
course and weaken democratic institutions, making it harder 
for decision makers and citizens alike to act in alignment with 
evidence, long-term outcomes, or shared moral imperatives. 
There is an urgent need for critical thinking—evidence-based 
policy-making and decision-making at the highest level in 
order to accelerate the transition of humanity to a healthier, 
more peaceful and more sustainable developmental trajectory.

Critical Thinking

The critical element of critical thinking implies a healthy, 
reflective scepticism of available information, opinions and 
advice of others, and promotes constant questioning of the 
validity of information and opinions. It seeks evidence from 
credible sources to support ideas and actively explores al-
ternative explanations to those available or newly-proposed 
by others. On one hand, it opens the mind to options—per-
haps even more rational options—that may not be evident 
at first sight. On the other, it seeks to recognise and reject—
to close the mind to—cognitive distortions (personal and 
external biases), propaganda, groupthink, emotional ma-
nipulation, and the noise overload of irrelevant or mislead-
ing information, that interfere with the deliberative process 
and sound judgement. It is also a barrier to the flood of in-
formation and data that dilutes and obscures the key issues 
and information relevant to informed decision-making 
(information pollution: https://​www.​undp.​org/​euras​ia/​dis/​
misin​forma​tion).
Critical thinking is pivotal to good decision-making and 
is essential to valid, transparent, accountable decision-
making and decisions that assume the cloak of legitimacy. 
However, critical thinking ability is not innate; it must 
be cultivated through deliberate practice and educational 
design.

https://www.unhcr.org/innovation/wp-content/uploads/2022/02/Factsheet-4.pdf
https://www.unhcr.org/innovation/wp-content/uploads/2022/02/Factsheet-4.pdf
https://hbr.org/2020/02/the-era-of-antisocial-social-media
https://hbr.org/2020/02/the-era-of-antisocial-social-media
https://www.humanetech.com/brain-science
https://www.humanetech.com/brain-science
https://www.unhcr.org/innovation/wp-content/uploads/2022/02/Factsheet-4.pdf
https://www.unhcr.org/innovation/wp-content/uploads/2022/02/Factsheet-4.pdf
https://www.undp.org/eurasia/dis/misinformation
https://www.undp.org/eurasia/dis/misinformation
https://www.undp.org/eurasia/dis/misinformation
https://www.undp.org/eurasia/dis/misinformation
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It should, however, also be emphasised that not only aspects of 
the ‘harsh world' of such policy making, market economy, sci-
ence and technology, but also various aspects of what is called 
“community goods” such as friendship, belief, trust, collabora-
tion, guidance, constantly need to be subject to critical thinking 
because they evolve and constitute the basis our “good feeling” 
in society’.

11   |   Attitudes-Opinions-Policy Viewed Through 
the Lens of Problem Creation and Solving: Tipping 
the Balance

Almost whenever and wherever people meet socially, con-
versation drifts inevitably to some current problem or other, 
its impact and possible solution, and the problem of enacting 
such a solution: complaining without solving. Many problems 
experienced by humanity are self-inflicted by poor quality 
decisions. Humanity is, for a host of reasons, very prolific at 
creating problems but less able to solve them. The issues are to 
improve the quality of decisions, ensure independent assess-
ment of decisions in order to influence their implementation, 
monitor their success/failure to minimise ongoing, cumula-
tive damage of poor decisions, and repair any damage caused 
as soon as possible after the event and that caused by legacy 
decisions. In all cases, critical thinking provides the means of 
optimising actions.

Humans may be crudely classified into problem creators, prob-
lem solvers and those in-between. The state of the world, nations 
and individuals reflects to a considerable degree the relative pro-
portions of these three categories. Changing their balance might 
make a huge difference. Some problem creators may either not 
know it or, if they do, may not be happy with the situation and 

would prefer to transit out of this category. Some in-betweeners 
would like to be problem solvers if they only knew how. On the 
other hand, it is unlikely that problem solvers would prefer to 
be problem creators. Improvement of critical thinking skills in 
society would provide the cognitive ability for people to become 
problem solvers and hence drive problem reduction.

A contemporary example of the importance of improvement 
of critical thinking skills as a means of achieving favourable 
changes in proportions of societal attitudes is the issue of 
political populism (e.g., Hunter  2024). Whereas some politi-
cians seek to develop and implement policies that improve the 
lives of their constituents, others may seek power, personal 
gain, prestige, or even the worship of acolytes. One means of 
gaining votes is to embrace populist policies, often by misrep-
resenting the root causes of problems so as to promote new 
(own) policies that are different from those in force/promoted 
by others. For example, the catastrophic humanitarian situa-
tion in many parts of the world is driving mass migrations. A 
key populist mantra is that immigration is bad for constitu-
ents because it may place strain on/cause breakdown of infra-
structure, result in the importation of different cultures that 
clash with existing behavioural codes and laws, and increase 
danger to society. In many cases, the cause of immigration 
problems is failure to enact policies that provide adequate 
infrastructure and ensure harmonious integration. Often, in-
adequate infrastructure was already a problem predating im-
migration issues (e.g., https://​www.​cbc.​ca/​news/​canada/​briti​
sh-​colum​bia/​housi​ng-​crisi​s-​immig​ratio​n-​1.​6878540). By stok-
ing fear and unrest in society, particularly among the poorer, 
less fortunate, and least well served members of society, and 
demonising immigrants as competitors for limiting resources, 
infrastructure and employment, populists create a groupthink 
that is anti-humanitarian and gain credence, influence and 

FIGURE 2    |    Parameters influencing the quality of thinking and decision making.

https://www.cbc.ca/news/canada/british-columbia/housing-crisis-immigration-1.6878540
https://www.cbc.ca/news/canada/british-columbia/housing-crisis-immigration-1.6878540
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votes (https://​mixed​migra​tion.​org/​the-​instr​ument​alisa​tion-​
of-​migra​tion-​in-​the-​popul​ist-​era/​; Seiger et al. 2025). Critical 
thinking both fends off misrepresentation and helps people 
identify true causes of problems, so can drive a reduction in 
the proportion of those susceptible to populistic propaganda. 
It may also counter and dis-incentivise narratives moti-
vated by self-interest, self-promotion and desire for unmerited 
prestige.

Critical and system thinkers are problem solvers. They also learn 
from their mistakes which, in building problem-solving skills, is 
generally considered to be at least as important as, if not more so 
than, learning from successes. Improving critical thinking skills 
can change population proportions of groupthinkers to indepen-
dent thinkers and achieve similar benefits in a range of societal 
problems resulting from biased and unwarranted attitudes, such 
as prejudice, stereotyping, discrimination stigmatisation, rac-
ism, xenophobia, misogyny, ageism, neurodiversity, stigmatism 
and sectarianism.

12   |   The Importance of Critical Thinking in 
Navigating Technological Advances

Humanity is experiencing a period of exceptionally rapid tech-
nological advancement that includes the deployment of dis-
ruptive and society-changing technologies such as artificial 
intelligence, gene editing, synthetic biology, digital surveillance 
and quantum computing. These advances can create huge ben-
efits for humanity, in terms of economic development and per-
sonal wellbeing, and yet may erode critical thinking (George 
et al. 2024) and create psychological burdens (Liu et al. 2024). 
However, critical thinking is essential for the ability to anal-
yse complicated discoveries, comprehend how they could af-
fect many spheres including sciences, economics and society, 
and resolve difficult ethical conundrums. By exercising critical 
thinking, we may distinguish between trend progression and 
true breakthroughs, anticipate both the intended and unfore-
seen effects of technological changes, and efficiently assess the 
reliability of information in an era of information overload. It 
also constitutes a defence against lending credibility to ‘novel-
ties’ based on unverified information, thereby contributing to 
the creation of increasingly false mental structures that lead to 
deleterious decisions.

In rapidly evolving digital environments, critical thinking fos-
ters intellectual agility and lifelong learning. It allows individu-
als to update their understanding, learn new tools, and adapt to 
unfamiliar systems while maintaining a stable core of reflective 
judgement. As the shelf life of technical skills shortens, the abil-
ity to reason, assess and decide wisely becomes a lasting advan-
tage—for individuals, organisations and societies.

In the near future, the ability to collaborate with artificial intel-
ligence systems—becoming what may be termed AI-augmented 
strategists—will require technical familiarity and the critical 
and systems thinking skills necessary to steer innovation to-
ward human and planetary wellbeing. Preparing children for 
this world must therefore include the cultivation of conceptual 
flexibility, ethical foresight and the cognitive tools to evaluate 
and co-design with emerging technologies.

13   |   Critical Thinking Must Become a 
Foundational Educational Outcome

From the foregoing, it is evident that a systemic culture of crit-
ical thinking—not only among policymakers, but across entire 
populations is urgently needed. Societies must cultivate citizens 
who are able to engage with evidence, reason through compet-
ing claims, detect misinformation, and hold leaders accountable. 
Effective, evidence-based governance requires an informed and 
critically thinking public. As UNESCO and other global institu-
tions have affirmed, the quality of democratic decision-making 
depends directly on the cognitive capacities of its citizenry. 
Indeed, Rosenberg  (2019) has argued that a lack of education 
frameworks delivering strong cognitive capacity and critical 
thinking in citizenries is the root of rising right-wing populism 
that will eventually displace democracy in favour of autocracy. 
Development of cognitive skills and capacity for independent 
and critical-systems thinking must have the highest priority 
from the earliest stages of education and become a foundational 
educational outcome in schools across the world.

14   |   The Case for Teaching Critical Thinking Early 
in Life

Despite its recognised importance, critical thinking is often 
taught only as part of university/college-level education and, in 
some cases, in higher secondary education. The failure to in-
corporate critical thinking in education much earlier and more 
comprehensively is a missed opportunity with wide-reaching 
negative consequences. There are several compelling reasons 
why teaching critical thinking should be taught from early 
childhood onward:

•	 Young children are very capable of asking complex, some-
times fundamental questions the answers to which may 
provoke further questions. How these may be formulated is 
key to elicitation of satisfactory answers.

•	 Countering the progressive loss of childhood questioning 
and desire to understand and influence

•	 Access and equity: many children do not benefit from a 
university education or indeed attend higher secondary ed-
ucation, so miss out entirely and become a large segment of 
adult society lacking notions of critical thinking.

The Critical Thinking Compass for Navigation of 
Complex Issues

Critical thinking acts as a compass, providing direction 
while one considers issues such as the moral implications 
of AI algorithms, privacy issues or the social effects of bio-
technology. For ethical and knowledgeable interaction with 
technology, it is essential to possess the ability for reflec-
tion, analysis, and well-informed decision-making. A per-
son's ability to prosper in a technology-driven environment, 
where being able to navigate complexity and make solid 
judgements that lead to ethical decision-making is vital, 
may be determined by critical thinking abilities.

https://mixedmigration.org/the-instrumentalisation-of-migration-in-the-populist-era/
https://mixedmigration.org/the-instrumentalisation-of-migration-in-the-populist-era/
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•	 Early relevance: young children are confronted with many 
challenges—including peer pressure, fairness, social con-
flict, digital media content and health-related informa-
tion—for which critical thinking would be highly beneficial. 
Teaching them to reason through options, ask questions, and 
seek evidence empowers them to handle such challenges 
with confidence and care (Zacarian and Silverstone 2020).

•	 Formal education of young children in school, in the sense 
of providing closed information that is considered the ‘truth’, 
may repress the natural curiosity of some children, their joy 
of chance discovery, and acquisition of empirical knowledge

•	 Cognitive plasticity: young brains are highly malleable. 
Early exposure to critical thinking can shape lifelong cog-
nitive habits and improve metacognitive regulation—the 
ability to monitor and adjust one's thinking and actions 
(Kuhn 1999). In contrast, biases and prejudices, being influ-
enced and persuaded by others, the influence of misinfor-
mation, and so on, accumulate with age. Early intervention 
helps build cognitive immunity to such biases.

•	 Mental health resilience: acquisition of critical thinking 
abilities may counter/act as a protective shield against 
anxiety-inducing harmful data pollution, social comparison, 
disinformation and cyber bullying mediated by social media.

To deal optimally and effectively with issues everyone faces 
from a very early age, it is essential to introduce the teaching of 
critical thinking as early as possible.

15   |   The Problem of Teaching Critical Thinking in 
the Young: Conceptual Complexity and Integration 
in Curricula

Critical thinking is a cognitively complex concept and un-
derstanding it is not always easy, even for older children and 
adults (Gelder  2005; Moore  2011; Davies and Barnett  2015; 
Aston  2023; https://​www.​brita​nnica.​com/​topic/​​criti​cal-​think-
ing; https://​www.​skill​syoun​eed.​com/​learn/​​criti​cal-​think​ing.​
html). Different disciplines may also have different perceptions 
as to what it is and hence how it should be taught (Jones 2007). 
In one definition (https://​www.​criti​calth​inking.​org/​pages/​​defin​
ing-​criti​cal-​think​ing/​766), there is an element of volition ‘based 
on intellectual commitment’ and personal behaviour ‘a partic-
ular way in which information is sought and treated’, ‘mode of 
cognition’, which suggests that only a subset of a group/class 
will be able to acquire the capacity for critical thinking. These 
considerations may imply that teaching critical thinking should 
only be done once children have reached a developmental stage 
that allows them to process complex and abstract concepts.

Teaching critical thinking to children thus presents a central 
challenge in education reform: how do we introduce a cogni-
tively complex skill to learners who may not yet be developmen-
tally ready to fully grasp its abstract dimensions? How do we 
deal with the conundrum of needing to teach early in life some-
thing that can only be properly comprehended later? Another 
issue is educational context: how to optimally integrate critical 
thinking into curricula in order to build a robust perception–
awareness of the key elements, how they fit together, and how 

this guides information acquisition and processing, and opin-
ion–judgement–decision formation.

The first issue, the theoretical-abstract nature of critical think-
ing, can be circumvented by focusing on practical examples that 
illustrate the consequences of critical and uncritical thinking in 
diverse contexts of relevance to children. The second issue is the 
choice of a disciplinary framework that provides opportunities 
for discussion of the considerable range of relevant examples 
needed and that enables coherent integration into school cur-
ricula, preferably with added value over and above the intended 
benefit of incorporating critical thinking.

16   |   Microbiology Is Special—Microbiology 
Education in Society Is Vital

16.1   |   Microbiology Is Special

Microbiology occupies a singular position among the disci-
plines: microbes are omnipresent, foundational to planetary 
health, and deeply intertwined with personal well-being. 
Microbiology teaches us the language of life and the laws of 
the microbial world are highly inspirational in understanding 
many problems of living beings. Microbes also provide us with 
a myriad of services and solutions to problems, in addition to 
annoying us with infections. Microbial activities play a cen-
tral role in our well-being, that of all other organisms, and of 
the planet. Microbes have personal significance: they are our 
intimate partners that actively share and influence our every-
day activities from birth to death (and beyond): they share our 
meals and go to the toilet with us, share our leisure activities, 
participate in our romantic activities, and go to bed with us. 
The impact of microbial activities on the world and its citizens 
is huge: thinking about us as individuals-our communities-the 
world and how to orchestrate our well-being through wise deci-
sions, demands knowledge and understanding of microbial pro-
cesses. As a consequence, societally relevant microbiology is of 
exceptional importance to society and must become a core sub-
ject in education. Importantly, microbiology education is very 
special—perhaps unique—in readily providing a multitude of 
examples-situations that learners can recognise as part of their 
everyday lives and life experience, and in revealing the perva-
sive interconnectedness of disparate processes of local, regional 
and global importance.

16.2   |   The Teaching of Societally Relevant 
Microbiology Is Special

Fascinating messages that are transmitted include:

•	 Life began with the microbes who are therefore our ances-
tors and the organisms that, over millions of years, invented 
and developed most of our cellular functions.

•	 Microbes grow on and cover almost all biological surfaces. 
The communities that cover each organism, including 
us, constitute ‘microbiomes’. Our microbiome, which co-
evolved with us and our animal ancestors, helps modu-
late our interactions with the environment, constituting a 

https://www.britannica.com/topic/critical-thinking
https://www.britannica.com/topic/critical-thinking
https://www.skillsyouneed.com/learn/critical-thinking.html
https://www.skillsyouneed.com/learn/critical-thinking.html
https://www.criticalthinking.org/pages/defining-critical-thinking/766
https://www.criticalthinking.org/pages/defining-critical-thinking/766
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functional ‘invironment’ that can be considered a human 
organ, similar to the kidney or the brain.

Microbiomes interact with their host organisms and pro-
vide a wealth of services, such as food digestion, provision 
of key vitamins and other essential nutrients, protection 
against invading pathogens, immune training, and so 
on. When we consume food or take medicines, our gut 
microbes also participate and influence the outcome of 
meals and treatments. Our gut microbiota, which secretes 
molecules that mimic neurotransmitters, is considered 
to be our second endocrine organ (Clarke et al. 2014), is 
implicated in our behaviour and mental health, and may 
contribute to both symptoms and suppression of symp-
toms of neuropsychiatric disorders.

•	 Microbes have an amazing range of metabolic activities that 
enable them to colonise every part of the biosphere (indeed 
they delimit the biosphere), to metabolise almost all mate-
rials that can provide carbon and/or energy, and to produce 
an unimaginable spectrum of chemicals, some with pow-
erful pharmacological activities, including antibiotics and 
anticancer agents, organic building materials, materials, 
enzyme catalysts and degradative activities that have pro-
found consequences for us. They

○	 Support all forms of life, ecosystems and the biosphere
○	 Produce much of the oxygen we breathe, play major roles 

in carbon fluxes that influence global warming and cli-
mate change, have created and maintain fertile soils 
that nourish our food crops, have created carbonaceous 
geological formations we can see (chalk cliffs) and touch 
(once processed into travertine tiles)

○	 Inspire the development of medicines, vaccines, diag-
nostics, diverse therapies, prophylactics, biocompatible 
materials for clinical applications, and personal care 
products

○	 Produce foods, such as bread and cheese, wine and other 
fermentation beverages, food supplements, flavourings, 
and are vital for food security

○	 Provide agrobiochemicals for crop protection and agents 
of soil rejuvenation

○	 Are the main actors in recycling, upcycling and the cir-
cular economy, wastewater treatment, water purifica-
tion, degradation of pollutants (bioremediation), and the 
recycling of wastes into food in space missions

○	 Enable the transition from highly energy consuming 
and highly polluting mining and construction industries 
to environmentally-friendly operations (biomining and 
bioarchitecture)

○	 Are enablers of paleoanthropology and paleopathology 
because microbiomes and pathogens can be detected in 
the remains of our ancient ancestors

○	 Enable commercial activities and thus provide employ-
ment (biotechnology—pharmaceuticals and therapies), 
chemicals, food and drinks industry, agriculture, envi-
ronmental protection, biomining, and biotechnology-
related investment/banking services, news outlets 
(microbial technology is highly innovative with news-
worthy applications in many spheres)

○	 Provide frugal, environmentally friendly solutions to 
problems that can be afforded by and applied in low re-
source settings

○	 Cause disease and deterioration of food and materials, 
but also serve as natural vaccines, fostering our immu-
nological reactions.

These, and many other aspects of microbiology, such as the di-
verse roles of microbes in romance and reproduction—activities 
that significantly preoccupy humans of reproductive age—are 
easily communicated, readily understood and highly appre-
ciated as being personally and societally relevant, also by the 
young (Z. C. Karahan, G. Clarke, J. Perlmutter and K. Timmis, 
in preparation; Robinson, Crino, et al. 2025).

16.3   |   Microbiology Education Is Immersive

Microbiology is practical: many of its messages can be physically 
demonstrated in class experiments in which learners come into 
personal contact with study subjects, encouraging observation, 
questioning, and hypothesis testing. These activities can be fur-
ther enriched by story-driven explorations of microbial behaviour, 
linking scientific processes with narratives of cause and conse-
quence. Class lessons and class experiments may also be comple-
mented by class excursions to experience microbial activities in 
local settings, such as water treatment plants, bakeries, compos-
iting facilities or local natural ecosystems (McGenity et al. 2020).

17   |   Microbiology Education Is Predestined to 
Pioneer the Teaching of Critical Thinking in the 
Young

The immense range of microbial activities that are directly rele-
vant to, and intimately intertwined with, so many aspects of the 
lives, preoccupations and personal and wider interests of learn-
ers, provides an almost unlimited range of ways to personally 
connect the learner with the subject and to illustrate and promote 
discussions of the key elements of critical thinking. Few disci-
plines possess microbiology's capacity to speak simultaneously 
to personal, local, and global levels of inquiry. It naturally evokes 
questions that demand critical thinking: How do we balance mi-
crobial risk and benefit? What role do microbes play in global sus-
tainability? How do scientific claims about microbiomes relate to 
commercial interests? These are not just scientific questions; they 
are civic and ethical ones that stretch and inspire the imagination 
and stimulate thinking at different levels in multiple spheres.

Because of this unique confluence of practicality, pervasiveness, 
and pedagogical richness, microbiology is perfectly-positioned 
to pioneer a new paradigm of science education: one that does 
not merely transmit knowledge, but promotes a global view and 
cultivates thinking citizens—informed, reflective and capable 
of navigating the complex challenges of the 21st century.

18   |   The International Microbiology Literacy 
Initiative (IMiLI)

The IMiLI is a global initiative of microbiologists that aims 
to enable the establishment of a worldwide curriculum in so-
cietally relevant topics of microbiology through the creation 
of a comprehensive collection of teaching resources (Timmis 
et  al.  2019, 2024). IMiLI Regional Centres make available on 
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their websites (https://​imili.​org; http://​www.​imili​-​eah.​com/​
html/​Engli​sh/​Engli​shHome.​html; https://​www.​chava​rrial​
ab.​com/​copia​-​de-​imili​-​cac) the teaching resources in English 
and regional languages, and interface with educators, learners 
and education authorities. Completion of current activities to 
translate the English language teaching resources into Hindi, 
Chinese, Spanish and Portuguese will make them accessible 
to more than 50% of the world population. The philosophy of 
the IMiLI is, like education generally, to provide children with 
the wherewithal they need to realise fully their potential and 
become adults able to live productive lives and effectively deal 
with the challenges they will face by making the best possible 
decisions. For the reasons given above, and others, microbes 
and their activities pervasively influence humans, their wellbe-
ing, activities and aspirations; to fulfill its basic goals, education 
must include societally relevant aspects of microbiology which 
are pivotal considerations in all manner of decisions.

The core of the teaching resources is the class lessons, desig-
nated Topic Frameworks, because they are knowledge frame-
works that can be adapted by teachers to different age groups 
and learning paths (Timmis et al. 2024). Topic Frameworks are 
learner-centric, place topics in the wider context such that issues 
relating to sustainability, stewardship and stakeholder responsi-
bilities are revealed and relevance for decisions becomes apparent. 
Microbiology-relevant global and regional challenges are dis-
cussed, as are microbial technologies for solving/mitigating them. 
Topic Frameworks thus not only teach about microbiology but 
also about the need to improve sustainable development and how 
this can be achieved, awareness of social inequalities and micro-
bial technologies that can reduce asymmetries, global citizenship, 
stakeholder responsibilities. These aspects are reinforced by sug-
gestions of class discussions (https://​imili.​org/​topic​frame​works​).

Topic Frameworks are complemented by the MicroStar Portrait 
Galleries, portraits of microbial ‘stars’, the actors and their ac-
tivities discussed in the Topic Frameworks, Class experiments, 
Class excursions (McGenity et  al.  2020), and more. One type 
of Gallery is the MicroChat Galleries: story-telling dialogues 
(sometimes monologues) that explain in story form some im-
portant aspect of microbiology. One of these is the Critical 
Thinking MicroChat Gallery.

19   |   The IMiLI Pedagogical Framework for 
Teaching Critical Thinking to the Young Through 
Storytelling

The IMiLI Critical Thinking MicroChat Gallery aims to com-
municate the practical components of critical thinking, such 
as the pitfalls and traps that bias or interfere with independent 
thought (see also Wright 2006, for progress traps), and to provide 
examples of what critical thinking, and especially what uncrit-
ical thinking, are and their consequences, through storytelling 
(e.g., see https://​www.​forbes.​com/​sites/​​shane​snow/​2023/​01/​16/​
scien​ce-​shows​-​human​s-​have-​massi​ve-​capac​ity-​for-​susta​ined-​
atten​tion-​and-​story​telli​ng-​unloc​ks-​it/​). Storytelling—especially 
when rooted in real-world problems—offers an age-appropriate, 
cognitively engaging pathway to internalise key principles of 
critical thought, even in the very young (Yaralı and Aytar 2021; 
Hwang et al. 2023; O'Reilly et al. 2024), without the baggage of 

the theory. The connection between problem solving (https://​
ccmit.​mit.​edu/​probl​em-​solvi​ng/​) and critical thinking can also 
be made apparent. For example, stories can illustrate: (1) the 
danger of following the crowd (groupthink and echo chambers), 
(2) how assumptions can lead to wrong conclusions, (3) why ask-
ing ‘why?’ and ‘what if?’ matters, (4) the consequences of unver-
ified claims.

In parallel, involving students in class discussions of examples 
of critical thinking reinforces and mentally embeds principles 
that have been introduced. The same is true of problem-solving 
exercises, which require critical analysis and bridge the gap be-
tween abstract concepts and practical engagement, laying the 
groundwork for more formal critical thinking instruction in 
later years. Both types of exercises engage learners in different 
ways and challenge them to think more deeply about issues, to 
reason and develop their capacity to consider alternative views 
(e.g., Bonwell and Eison 1991; Xu et al. 2023).

By introducing children to microbiological concepts that affect 
daily life—such as food spoilage, hygiene, disease transmission, 
and fermentation—the IMiLI creates real-world contexts for 
critical reflection. Children explore cause and effect, debunk 
misconceptions, and question assumptions—all through engag-
ing stories, inquiry-based learning and problem-solving tasks.

A scaffolded progression across developmental stages can 
maximise the impact of early critical thinking education. This 
progression aligns pedagogical strategies with the learners' cog-
nitive development. Introducing complex reasoning too early, 
without sufficient cognitive scaffolding, may lead to confu-
sion rather than empowerment. Developmental neuroscience 
underscores the importance of matching cognitive tasks with 
children's evolving capacities for abstraction, reflection and syn-
thesis (Gualtieri and Finn 2022). A progressive, age-appropriate 
framework can ensure that foundational skills are introduced 
when they are most likely to be internalised and built upon. 
For example, children aged 6–9 years can focus on structured 
observation, pattern recognition, and asking ‘why’ questions to 
explore cause and effect. Between 10 and 13 years, students can 
engage in simple modelling, explore multiple explanations and 
practice identifying assumptions. From age 14 years onward, 
learners can begin to perform abstract systems analysis, evalu-
ate competing hypotheses and critique knowledge claims. Such 
a tiered approach supports critical and systems thinking skills, 
cultivated in a developmentally coherent and cognitively sus-
tainable approach.

20   |   The Practical Elements of Critical Thinking 
Taught Through MicroChat Stories

What kind of elements of critical thinking can be readily com-
municated with examples in storytelling, complemented by 
class discussion and reflection? There are obviously a number, 
but in Table 1 we list some that are currently being developed 
that we believe to be of considerable importance, mostly asso-
ciated with problem solving and proposed change, several of 
them interconnected. In fact, although presented as separate el-
ements, a number of these are covered by the umbrella issue of 
reality check/due diligence.

https://imili.org
http://www.imili-eah.com/html/English/EnglishHome.html
http://www.imili-eah.com/html/English/EnglishHome.html
https://www.chavarrialab.com/copia-de-imili-cac
https://www.chavarrialab.com/copia-de-imili-cac
https://imili.org/topicframeworks
https://www.forbes.com/sites/shanesnow/2023/01/16/science-shows-humans-have-massive-capacity-for-sustained-attention-and-storytelling-unlocks-it/
https://www.forbes.com/sites/shanesnow/2023/01/16/science-shows-humans-have-massive-capacity-for-sustained-attention-and-storytelling-unlocks-it/
https://www.forbes.com/sites/shanesnow/2023/01/16/science-shows-humans-have-massive-capacity-for-sustained-attention-and-storytelling-unlocks-it/
https://ccmit.mit.edu/problem-solving/
https://ccmit.mit.edu/problem-solving/
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TABLE 1    |    Some elements of critical thinking selected by the International Microbiology Literacy Initiative (IMiLI) to be conveyed through 
storytelling in its Critical Thinking MicroChat Portrait Gallery.*

•	 Action-reaction and Gaia

•	 Agendas and hidden agendas

•	 Anthropocentrism

•	 Appearances can be deceiving (due diligence: verify, verify, verify!)

•	 Benchmarking

•	 Best practice

•	 Bias and misinformation

•	 Bottlenecks/limiting parameters

•	 Change: always ask why (if it ain't broke, don't fix it!)

•	 ChatGPT et al.

•	 Consideration of other points of view

•	 Context and its importance

•	 Correlation and causality

•	 Cost:benefit analyses: is it worth it?

•	 Cost externalisation: a reality check of true costs and who pays

•	 Experience in something is not the same as being good at it (talent-ability-success)

•	 Influencing, influencers and hype

•	 Interconnectivity/interdependencies: silo and systems thinking

•	 Leading by slogan/motto/cliché/platitude: the persuasive power of words

•	 Operating space and activity constraints

•	 Oversight of decision implementation

•	 Others' shoes (imagine being in them)

•	 Paper trail (who said/did what, when, how, in which context?)

•	 Peer pressure: good and bad

•	 Plausibility and reasonable doubt (does it seem too good to be true?)

•	 Portrayal of issues representing shades of grey as black and white

•	 Predictions, action-reaction (the Law of Unintended Consequences)

•	 Preparedness vs. self-fulfilling prophesies

•	 Proportionality

•	 Quality control is essential to the success of decision implementation

•	 Self-certainty is not the same as being right

•	 Situations and people can change

•	 Stakeholder involvement

•	 Success: has it been defined and can it be measured?

•	 Symptoms versus causes

•	 Talking the talk vesus walking the walk

•	 Transparency, accountability and legitimacy

•	 Trust and healthy scepticism: a prickly issue

(Continues)
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To illustrate a few of these examples:

20.1   |   Bottlenecks/Rate-Limiting Parameters

Sometimes a change or solution to a problem is proposed that 
may, at first sight, appear rational or attractive (such as increas-
ing consumption of energy drinks to increase athletic perfor-
mance) when in fact they do not address the key issue (the need 
for more training to increase muscle mass, strength and cardio-
vascular parameters). There are many examples of bottlenecks 
in microbiology, such as eutrophication: the multiplication of 
microalgae in marine and freshwater systems may be limited by 
nitrogen—fertilisation of crops leads to leaching of nitrogen into 
water bodies and removal of the rate limiting parameter—mi-
croalgae can then multiply—this leads to a microalgal ‘bloom’, 
eutrophication and the development of oxygen minimum zones 
(http://​www.​imili​-​eah.​com/​prod-​api/​profi​le/​upload/​2024/​11/​
08/​Bottl​enecks%​20and%​20rate%​20lim​iting%​20par​amete​rs.​pdf).

20.1.1   |   Proposed Class Discussion Topics

Think about and discuss examples of different situations in 
which rate-limiting parameters are obviously important, iden-
tify them and discuss how to reduce/circumvent/remove them.

Some examples:

•	 What is the rate-limiting parameter hindering your favour-
ite football/baseball/hockey team from reaching the top of 
its league?

•	 What is the rate-limiting parameter hindering you person-
ally from doing better at mathematics/geography/and so 
forth?

•	 We all need to help with household chores, right? What is 
the rate-limiting parameter hindering your ability to con-
tribute more?

20.2   |   Change: Always Ask Why (Is It Really 
Needed?)

We all know examples of a new boss who starts to initiate 
changes that seem entirely superfluous (perhaps even harmful), 
changes seemingly for their own sake/putting his/her stamp on 
the management ecosystem map. A more positive example from 
microbiology might be that someone creates an improved vac-
cine that is less expensive and induces a stronger immune re-
sponse, and proposes that it should replace an existing vaccine. 

But the existing vaccine is effective, has good acceptability, and 
its safety has been documented over many years. SO: while con-
tinuous improvement is needed in all manner of things, and a 
new generation of vaccines may be required in future that will 
benefit from the progress inherent in the new vaccine under dis-
cussion, its perceived benefits may not be a compelling reason 
to switch.

Another relevant example relates to the discovery of potent and ex-
pensive antibiotics. Their use cannot be justified in most infections 
that can be successfully treated with old, cheap and safe drugs, 
but a small number of patients might need them to survive. Can 
we justify the search and development of these super-antibiotics? 
Of course, this engages ethical thinking: what is the value of a 
human life? Do elderly, or severely ill people have less value than 
the young? This example introduces children to the importance of 
taking human rights into consideration when making decisions.

20.3   |   Consideration of Alternative Points of View

We always need to consider the possibility that our own percep-
tion may not be correct (the healthy scepticism of critical thinking 
also applies to ourselves!). How to assess this? One good way is 
to consider alternative views as potentially valid and thus worthy 
of consideration. One MicroChat illustrating this principle is a 
monologue by Omi (Omicron variant of SARS-CoV-2) explaining 
why it had unleashed a pandemic, emphasising that we humans 
carry much of the responsibility, so should not demonise zoonotic 
viruses, and that infections are just normal ecological interactions 
that underpin healthy biosphere functions (http://​www.​imili​-​eah.​
com/​prod-​api/​profi​le/​upload/​2025/​05/​08/​We%​20must%​20con​
sider%​20oth​er%​20poi​nts%​20of%​20view%​20Omi.​pdf).

20.3.1   |   Proposed Class Discussion Topics

•	 Do you think that demonisation of Omi and other patho-
gens causing infections is reasonable? Why or why not?

•	 Has learning Omi's point of view changed your opinion of 
pathogens? Why or why not?

•	 Think of examples of where learning another point of view 
has changed your opinion about something and explain why.

•	 Think of examples where putting forward your own opin-
ion to someone, which is different to theirs, might help find 
a better solution. Explain why this might be the case.

•	 Do you think that most decisions that affect other people 
should only be made after different viewpoints have been 
discussed and considered?

•	 Uncoupling from natural checks and balances

•	 Vested interests

•	 Want is not the same as need

•	 Who benefits?

*http://​www.​imili​-​eah.​com/​html/​Engli​sh/​topic​Frame​work.​html?​resou​rceId​=​251&​paren​tId=​184&​first​Title​=​The%​20Mic​roStar%​20Por​trait%​20Gal​lerie​s&​first​Title​
En=​The%​20Mic​roStar%​20Por​trait%​20Gal​lerie​s&​secon​dTitl​e=​The%​20Cri​tical%​20Thi​nking%​20Mic​roCha​ts%​20Gal​lery&​secon​dTitl​e=​&​third​Title​=​, and below.

TABLE 1    |    (Continued)

http://www.imili-eah.com/prod-api/profile/upload/2024/11/08/Bottlenecks and rate limiting parameters.pdf
http://www.imili-eah.com/prod-api/profile/upload/2024/11/08/Bottlenecks and rate limiting parameters.pdf
http://www.imili-eah.com/prod-api/profile/upload/2025/05/08/We must consider other points of view Omi.pdf
http://www.imili-eah.com/prod-api/profile/upload/2025/05/08/We must consider other points of view Omi.pdf
http://www.imili-eah.com/prod-api/profile/upload/2025/05/08/We must consider other points of view Omi.pdf
http://www.imili-eah.com/html/English/topicFramework.html?resourceId=251&parentId=184&firstTitle=The MicroStar Portrait Galleries&firstTitleEn=The MicroStar Portrait Galleries&secondTitle=The Critical Thinking MicroChats Gallery&secondTitle=&thirdTitle=
http://www.imili-eah.com/html/English/topicFramework.html?resourceId=251&parentId=184&firstTitle=The MicroStar Portrait Galleries&firstTitleEn=The MicroStar Portrait Galleries&secondTitle=The Critical Thinking MicroChats Gallery&secondTitle=&thirdTitle=
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20.4   |   Evaluating Predictions 
and Misleading Trends

As has been famously stated in various forms: ‘it is difficult to pre-
dict, especially the future’. One of the difficulties in predicting is 
the need to rely on trends, trends that may not continue. As an 
example, according to the WHO (https://​cdn.​who.​int/​media/​​docs/​
defau​lt-​source/​child​-​growth/​growt​h-​refer​ence-​5-​19-​years/​​heigh​
t-​for-​age-​(5-​19-​years)/​hfa-​boys-​5-​19yea​rs-​per.​pdf?​sfvrs​n=​56a73​
4fa_​4), a typical 11-year-old boy has a height of 143 cm, which in-
creases to 149 cm by the age of 12, so is growing at a rate of about 
6 cm per year. If we predict on the basis of that trend, the boy will 
have a height of 155 cm at the age of 13, 167 cm at 15, 179 cm at 
17, and 191 cm at the age of 19. In fact, the actual numbers are 
156, 169, 175 and 176.5 cm, so higher than predicted at 15 and 
much lower than predicted at 19. The reason, as we all know, is 
that we go through a growth spurt in mid-teens and slowdown in 
late teens, after which we stop growing altogether. So, predicting 
height increases of children on the basis of trends observed over a 
limited period of time does not work because our bodies have their 
own developmental program that ignores mathematical trends.

In weather prediction, trends predicting temperature, wind, or 
rain for tomorrow are frequently accurate, but less so if we con-
sider weeks or months. Weather is the result of a complex and 
stochastic association of factors. The same occurs for predicting 
the emergence of epidemic events.

On the other hand, there are important trends that have excel-
lent predictive value, so we must distinguish those that do from 
those that don't. In microbiology, dose:response curves can have 
excellent predictive value that we rely upon almost religiously. 
In contrast, we may demonstrate that a culture of microorgan-
isms is able to completely degrade a pollutant in a flask under 
controlled laboratory conditions, but not in the environment, 
where several variables will influence the process (e.g., adsorp-
tion of the pollutant into soil particles, out-competition of the 
degrader by other microbes).

20.5   |   Asking ‘Who benefits?’

When people propose a new activity or change in an existing 
one, they may provide a plausible justification, including pos-
sible benefits. However, a proposal may not always be what it 
seems and may hide benefits to others, including the proposer 
for personal gain. It is therefore important to seek further infor-
mation on any other possible beneficiaries (http://​www.​imili​-​
eah.​com/​prod-​api/​profi​le/​upload/​2024/​11/​08/​Who%​20ben​efits.​
pdf).

20.6   |   Action-reaction dynamics

A related key issue is the fact that certain developments do not 
simply take place in isolation and the world continues its busi-
ness as normal; very often, an event will provoke a reaction. 
Action-reaction is nicely encapsulated in the Gaia hypothesis, 
which postulates that the Earth's surface is maintained in a hab-
itable state by self-regulating feedback mechanisms involving 
organisms tightly coupled to their environment (https://​curry.​

eas.​gatech.​edu/​Cours​es/​6140/​ency/​Chapt​er13/​Ency_​Atmos/​​
Gaia_​Hypot​hesis.​pdf). In other words, a change of any signif-
icance may provoke a compensatory reaction to restore an opti-
mal equilibrium, a change that often cannot be foreseen.

Feed-back loops are frequent in biology, and we can conclude 
that in nature, oscillatory behaviours search for a kind of equi-
librium on the basis of coexistence and preservation of diversity. 
Generally, the relationships between hosts and pathogens tend 
to equilibrate. ‘Short-sighted’ microbes are those that, after an 
apparent benefit of multiplying within a host, kill it and, as a re-
sult, may be prevented from reaching other hosts. This impedes 
their propagation and ultimately results in their extinction.

The emergence and spread of antimicrobial resistance is a bac-
terial reaction to the use of antibiotics, which also perturbs 
healthy microbial ecosystems, like human microbiomes.

Another example is provided by tuberculosis caused by the bac-
terium Mycobacterium tuberculosis invading the human lung. 
The initial innate immune reaction of the host is the formation 
of granulomas, clusters of immune cells that wall off the bacte-
ria, thereby limiting their spread. Paradoxically, the granuloma 
may protect the microbe from exposure to other immune de-
fenses. If the infection spreads beyond the granulomas, the host 
again reacts by recruiting macrophages and releasing cytokines 
to contain the infection. In response, the bacterium adapts by 
preventing phagosome-lysosome fusion in macrophages. The 
host then mounts an adaptive immune response, activating T 
cells and producing antibodies. The bacterium counters with 
surface antigen variation. This action-reaction interplay results 
in a complex struggle that determines disease progression, im-
pacting the host's health and immune system equilibrium.

20.7   |   The question of causality

While everything has a cause, a cause generally integrates a 
myriad of sub-causes. For instance, we can interpret the decline 
of Mycobacterium tuberculosis infections and deaths as being the 
result of the discovery of the microbial cause of tuberculosis by 
Robert Koch in 1880, and the development of anti-tuberculous 
drugs around the middle of the last century. However, such a de-
cline started much earlier, around 1850, and should be attributed 
to improvements in human conditions: reduced malnutrition 
and overcrowding (McKeown  1979). In other cases, causality 
is more evident, as exemplified by smallpox vaccination (1786), 
the drop in infant mortality in the first half of the last century 
following the application of rehydration procedures, the effect of 
polio vaccine (1955), or the more recent collapse of Streptococcus 
pneumoniae infections, including antibiotic resistant ones, after 
the introduction of conjugated vaccine in 2000.

20.8   |   Interconnectedness

Intimately related to action-reaction is the issue of interconnec-
tivity, the pervasive and inextricable connectedness/network of 
processes, problems and parameters that affect them, as exem-
plified by the interconnectivity of poverty, hunger, poor health, 
poor access to healthcare, poor education, poor access to proper 

https://cdn.who.int/media/docs/default-source/child-growth/growth-reference-5-19-years/height-for-age-(5-19-years)/hfa-boys-5-19years-per.pdf?sfvrsn=56a734fa_4
https://cdn.who.int/media/docs/default-source/child-growth/growth-reference-5-19-years/height-for-age-(5-19-years)/hfa-boys-5-19years-per.pdf?sfvrsn=56a734fa_4
https://cdn.who.int/media/docs/default-source/child-growth/growth-reference-5-19-years/height-for-age-(5-19-years)/hfa-boys-5-19years-per.pdf?sfvrsn=56a734fa_4
https://cdn.who.int/media/docs/default-source/child-growth/growth-reference-5-19-years/height-for-age-(5-19-years)/hfa-boys-5-19years-per.pdf?sfvrsn=56a734fa_4
http://www.imili-eah.com/prod-api/profile/upload/2024/11/08/Who benefits.pdf
http://www.imili-eah.com/prod-api/profile/upload/2024/11/08/Who benefits.pdf
http://www.imili-eah.com/prod-api/profile/upload/2024/11/08/Who benefits.pdf
https://curry.eas.gatech.edu/Courses/6140/ency/Chapter13/Ency_Atmos/Gaia_Hypothesis.pdf
https://curry.eas.gatech.edu/Courses/6140/ency/Chapter13/Ency_Atmos/Gaia_Hypothesis.pdf
https://curry.eas.gatech.edu/Courses/6140/ency/Chapter13/Ency_Atmos/Gaia_Hypothesis.pdf
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employment, and so forth. Changes—positive or negative—in 
one component may entrain changes in some or all of the oth-
ers (see also Sivaramanan and Kotagama 2022), sometimes in 
unpredictable ways. However, this interconnectedness, and its 
consequences, are frequently ignored, and problems are often 
addressed in isolation, without due consideration of either con-
nectivities or collateral effects—the so-called ‘silo mentality’. 
When confronted with an issue requiring a change, it is essential 
to view it in its wider context and explore relevant connectivities, 
in order to be able to factor potential responses of other elements 
into the deliberations. Systems consideration and thinking are 
key to predicting reactions and developing solutions that can 
yield positive outcomes.

An important example of this is zoonotic infectious diseases: dis-
eases originating in animals that are thought to make up some 
60% of all human infectious diseases and 75% of new or emerg-
ing infectious diseases (Salyer et al. 2017). Activities that bring 
humans into greater contact with wild animals, for example by 
expanding agricultural land into wilderness habitats, ‘wet mar-
kets’ selling wild animals, climate and weather pattern changes 
that alter habitat ranges of animals, or with insect vectors, and 
so forth, create new conditions for transmission of pathogens 
from animals to humans: the One Health paradigm. Another ex-
ample is the use of strong disinfectants in hospitals to kill patho-
gens that may infect patients. In fact, these select strongly for 
disinfectant-resistant microbes and the spread of disinfectant 
resistance to other hospital microbes. Moreover, and crucially, 
disinfectant resistance is often genetically linked to antibiotic 
resistance, so the use of disinfectants in hospitals selects for a 
hospital-specific microbial community—microbiome—that is 

both disinfectant and antibiotic resistant, which is just the con-
trary to what is intended and needed.

20.9   |   Distortion of deliberations: persuasion, 
rhetoric, misinformation, influencing, lobbying

Critical thinking deliberately aims to arrive at conclusions that 
are unbiased, evidence-based and the best possible result under 
the prevailing conditions. It is therefore essential to identify 
any bias, misinformation, undue persuasion/lobbying/rhetoric/
narrative hijacking by dominant characters/etc. and eliminate 
it from the process of arriving at a conclusion. Careful selection 
of reliable information sources is key. The dangers of follow-
ing sources propagating false information can be exemplified 
by the case of the use of oral or parenteral chlorine dioxide or 
sodium chlorite by patients suspected of, or diagnosed as hav-
ing, COVID-19 infections (Chejfec-Ciociano et al. 2022). Even 
though the WHO categorically stated there was no evidence to 
support the use of chlorine to treat COVID-19, and emphatically 
warned that the ingestion or inhalation of these products could 
cause serious adverse effects, the promotion of chlorine use via 
various channels, mostly social networks, convinced many that 
it could be an effective treatment.

20.10   |   Transparency and accountability 
(supported by documentation, where appropriate)

Decisions and solutions to problems can have minor impacts, af-
fecting only one or a few individuals, or major impacts involving 

TABLE 2    |    A reality check for new proposals.

•	 Plausibility: is the proposal plausible? Has sufficient information been provided to judge it? Are sources credible and 
unbiased? Has the wider context–interconnectivity been considered?

•	 Compelling case: are the reasons given, and the evidence presented convincing? Are the underlying assumptions explicit, 
testable and robust?

•	 Alternatives: are there alternative rational proposals that should be considered? Complementarity between new proposals 
should be examined.

•	 Robust cost:benefit analysis: is it worth it? Risk assessment evaluation.

•	 Benchmarking: is the proposed measure significantly better than the existing best available solution?

•	 Influence: is the new proposal likely to foster similar proposals in other fields, or a chain reaction of decisions? If so, what are 
the pros and cons of these influences?

•	 Ethics: does a proposal obey the Kantian Categorical Moral Imperative (https://​open.​libra​ry.​oksta​te.​edu/​intro​philo​sophy/​​
chapt​er/​the-​categ​orica​l-​imper​ative/​​; https://​iep.​utm.​edu/​kantv​iew/​), in that it would also have been made if it were to be 
universally applied, that is, become a universal rule?

•	 Adequate stakeholder involvement: have relevant stakeholders been identified and consulted?

•	 Track record: do you have confidence in the proposer or has a trusted person or expert endorsed the proposal?

•	 Implementation feasibility: is the implementation plan concrete and realistic?

•	 Timetable credibility: is the timetable for implementation and completion plausible?

•	 Measures of success: has ‘success’ of the enterprise been formulated convincingly and measurably, and has success assessment 
been integrated into the implementation plan?

•	 Monitoring and fallback: is there a progress/success monitoring plan and an escape route if it becomes clear that the plan is 
unsuitable?

https://open.library.okstate.edu/introphilosophy/chapter/the-categorical-imperative/
https://open.library.okstate.edu/introphilosophy/chapter/the-categorical-imperative/
https://iep.utm.edu/kantview/
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large populations and/or the ecosystem in which these indi-
viduals are situated. Where a large impact is anticipated, it is 
essential to create an environment of accountability through 
transparency of deliberations and the decision process and, cru-
cially, proper documentation and stakeholder consensus. In sci-
entific research, it is standard operating practice to describe in 
detail the methods employed, to provide access to data and ma-
terials used, and to keep a permanent written record of the work. 
Understanding by other interested parties of how experiments 
are done and evidence produced, and how results are inter-
preted and conclusions reached, are de rigueur. Failed experi-
ments and new evidence does not mean that science is wrong, 
it is how progress is made. Scientific research may thus set the 
bar for transparency and accountability of decisions and actions.

20.11   |   Specification of measures of success 
prior to the implementation of decision/solution 
options

Many decisions-solutions to problems-proposals for new actions 
are simply wrong, either because they are ill-conceived or sim-
ply because the information available at the time was biased or 
insufficient. In such cases, it is crucial to recognise the mistake 
as early as possible, so that corrective action can be taken. This 
requires that unambiguous criteria for success/failure are de-
fined in advance of commencement of the activity. In many in-
stances, measures of success of an action/solution are not clearly 
articulated, which reduces accountability and prejudices ob-
jective retrospective assessment of success/utility/effectiveness 
of an action/policy. In some cases, failure to specify measures of 
success, or at least in terms that can be critically evaluated, is de-
liberate to enable a subsequent claim of success whatever the out-
come. In all cases, it is essential that measurable parameters of 
success/failure be clearly defined in the proposed plan of action, 
a schedule specified to assess success at pre-defined points in 
time by an independent and competent group of stakeholders, 
and a plan articulated for corrective action, should success be 
considered uncertain or unlikely.

Many actions/solutions to problems fail to achieve what they 
were supposed to achieve, even if they happened to be the best 
possible at the time and under the prevailing conditions. While 
this is perfectly normal, it is essential to learn from mistakes in 
order to avoid repeating them, so an analysis by stakeholders of 
what led to failure is invaluable.

The storytelling strategy outlined here—grounded in narrative 
cognition and experiential learning—helps young learners inter-
nalise critical thinking principles in a context they can understand 
and emotionally relate to. It activates sustained attention, empa-
thy, and memory retention, especially when tied to real-world con-
sequences and follow-up discussions (Hughes et al. 2022; Eckardt 
et al. 2024; Maureen et al. 2021). The stories are further enhanced 
by visual aids, guided discussions, and interactive tasks, allow-
ing learners to explore microbiology content while developing 
thinking routines, questioning skills, and bias awareness. These 
examples show that even foundational school science can be a 
launchpad for higher-order thinking, provided the pedagogy is 
aligned with developmental and cognitive science principles.

21   |   Different Considerations of Critical Thinking 
Intertwine and Combine to Contribute to the 
Output

In educational and analytical settings, individual aspects of 
critical thinking—such as questioning assumptions, analysing 
evidence, or anticipating unintended consequences—are often 
presented discretely for clarity and focus. However, in real-world 
reasoning and decision-making, these considerations are deeply 
interconnected and rarely operate in isolation. This interaction 
is not only inevitable but necessary: the effectiveness of one crit-
ical thinking function often depends on the presence or quality 
of others. For example, a well-conducted cost–benefit analysis 
(rational evaluation) may be undermined if the underlying as-
sumptions have not been adequately scrutinised (reality testing), 
or if stakeholder views have been ignored (ethical and contextual 
reasoning). Conversely, identifying a flawed assumption may 
trigger re-analysis of predicted outcomes, timelines, or measures 
of success.

This criteria intertwining is illustrated by the example of the 
consideration of new proposals (Table 2). For example, consid-
eration of plausibility, benchmarking, stakeholder consulta-
tion, implementation feasibility, and so on, function best when 
viewed not as a checklist, but as an interconnected framework 
because:

•	 The plausibility of a proposal is shaped by the credibility of 
sources and the robustness of evidence.

•	 A cost–benefit analysis draws heavily on benchmarking 
and measures of success.

•	 Identifying who benefits might influence judgements about 
the proposer's motives or track record.

•	 Weaknesses in monitoring plans may lead to reassessment 
of timelines or implementation readiness.

The integrated nature of critical thinking parameters is explic-
itly demonstrated through progressive storylines and scaffolded 
tasks. For example, a student might explore a narrative involving 
the proposal of a new hygiene regulation, evaluating it not only 
on scientific grounds (evidence) but also in terms of practicality 
(implementation), equity (stakeholders), and possible resistance 
(action-reaction dynamics). Through such integrated learning, 
students are not just taught what to think critically about—they 
become equipped to think across domains and make system-
level inferences. When they begin to see these elements as parts 
of a dynamic cognitive ecosystem, they are better prepared to 
apply critical thinking to real-world complexity—whether in 
evaluating science-based policies, social dilemmas, or ethical 
controversies.

22   |   Problem-Based Learning

Problem-based learning (PBL) is a pedagogical approach that en-
gages and promotes the development of critical, reflective, and 
systems-oriented thinking in learners by challenging them with 
open-ended, real-world issues and difficulties. The students ac-
tively participate in researching and comprehending these issues, 
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working together to generate solutions, performing research, and 
using critical thinking. Individual students and those working in 
groups may be asked to present more than one possible solution 
to the proposed problem. This learner-centred method encour-
ages deep learning, improves students' problem-solving abilities, 
and readies them for the complicated and unpredictable situa-
tions they could come across in the future. PBL cultivates deeper 
understanding, long-term retention, and the ability to transfer 
knowledge across contexts—all of which are core competencies of 
critical thinking (Xu et al. 2023; Yu and Zin 2023). PBL enhances 
not only problem-solving abilities but also the metacognitive 
awareness needed to evaluate sources, challenge assumptions, 
and justify decisions under conditions of uncertainty. Examples 
include problems based on healthcare scenarios, environmental 
challenges, business strategies and historical analysis:

•	 Online games that mimic real-world problems and pro-
vide students with deeper understanding, critical think-
ing, collaboration, motivation and long-term learning 
include, for example, the blood typing game (https://​
educa​tiona​lgames.​nobel​prize.​org/​educa​tional/​medic​ine/​
blood​typin​ggame/​​) that effectively describes the con-
cept of blood typing and transfusion without the need for 
any chemicals. This also sheds light on what happens if 
a blood transfusion is done with the wrong blood type. 
Learners must make decisions under time constraints, in-
terpret test results, and avoid life-threatening errors. The 
simulation reinforces consequential reasoning—a key 
critical thinking function—without requiring laboratory 
resources.

•	 A community is facing a potential outbreak of an un-
known contagious disease: students are required to 
critically evaluate the available data, consider the impli-
cations of different actions, and propose the most effec-
tive measures.

•	 The role of the use of antibiotics in agriculture, farming and 
aquaculture in the spread of antibiotic resistance to patho-
gens: students are required to gather evidence to support 
their arguments, evaluate opposing viewpoints, and de-
velop well-reasoned arguments.

23   |   Class Discussions, Debates and Reasoning as 
Critical Thinking Practice

Engaging students in reasoned debate and structured discussion 
is a powerful pedagogical method for cultivating critical think-
ing and decision-making by promoting thorough examination 
of diverse perspectives. Through dialogic practices, students not 
only articulate their own arguments but also actively examine 
and respond to competing viewpoints. Engaging with contrast-
ing viewpoints hones analytical skills, encouraging students to 
assess evidence, identify biases, and synthesise information. 
Ultimately, it equips learners to make informed, evidence-based 
decisions, fostering a vital skillset for navigating complex issues 
and contributing effectively to society.

Debate, when facilitated effectively, does more than encour-
age verbal participation—it nurtures analytical clarity, rhetor-
ical precision, and intellectual empathy. Learners are required 

to research positions, anticipate counterarguments, and revise 
their claims based on feedback. This encourages not only cogni-
tive flexibility but also epistemic humility—the recognition that 
one's own viewpoint may be incomplete or flawed.

Classroom discussions similarly provide space for deliberative 
reasoning, allowing students to collaboratively test ideas, ex-
plore ambiguities, and challenge oversimplifications. Over time, 
this supports the development of discursive reasoning habits, 
which extend beyond academic contexts into civic, digital, and 
professional life. Importantly, it encourages questioning and 
counters the trend for natural childhood questioning and curi-
osity to be replaced by an answer-centric mentality.

A particularly relevant application of debate and discussion lies 
in the analysis of media narratives, especially those related to 
science and health. Students may be required to evaluate news 
or documentaries related to microbiology to identify biases, 
evaluate the reliability of sources, and differentiate between 
factual information and misleading interpretations, for exam-
ple coverage of a vaccine-related outbreak like measles. Some 
sources might sensationalise—employing dramatic language 
without substantial evidence and appealing to emotions—for 
example by highlighting rare adverse reactions, thereby foster-
ing vaccine hesitancy. Others may downplay risks, potentially 
overlooking valid concerns. By critically evaluating these per-
spectives, students discern reliable sources from sensationalist 
ones and strengthen their ability to differentiate facts from in-
terpretations. The accuracy of claims can be verified by cross-
referencing information from multiple reputable sources. What 
should be looked for in these resources is well-substantiated 
facts, clear references to scientific studies, and a balanced presen-
tation of both potential benefits and risks. Are alternative view-
points represented? Is the information balanced, or is it skewed 
toward a specific perspective? Is there a discernible agenda? 
Does the information provided appear to be cherry-picking? Is 
anecdotal evidence used to generalise broader trends? Are fear-
based tactics employed? Recognising these techniques is the key 
to identifying sensationalism. It should, however, be recognised 
that finding reliable sources of information is more challenging 
for non-English speakers.

24   |   The Wider Ramifications of Teaching Critical 
Thinking: Advancement of Humanity Through 
Sustainable Practices and Equitable Sharing of 
Resources

Economic growth is often portrayed as the solution to a myriad 
of challenges, including unemployment, cost of living crises, 
poverty, adequate provision of healthcare services, government 
borrowing costs, and so forth (Roser  2021; https://​drodr​ik.​
schol​ar.​harva​rd.​edu/​files/​​dani-​rodrik/​files/​​gcf_​rodri​k-​worki​
ng-​paper​-​1_​-​6-​24-​13.​pdf; Fosu 2017). However, much economic 
growth is fuelled by the input of natural resources that are often 
limiting, or their access is costly or otherwise constraining (e.g., 
have knock-on effects that can increase costs elsewhere, includ-
ing conflicts, and environmental degradation or pollution). The 
popular notion that the natural resources Planet Earth can gift 
humanity are unlimited, as is its ability to tolerate all pollution 
insults, enabling perpetual economic growth, is an illusion 

https://educationalgames.nobelprize.org/educational/medicine/bloodtypinggame/
https://educationalgames.nobelprize.org/educational/medicine/bloodtypinggame/
https://educationalgames.nobelprize.org/educational/medicine/bloodtypinggame/
https://drodrik.scholar.harvard.edu/files/dani-rodrik/files/gcf_rodrik-working-paper-1_-6-24-13.pdf
https://drodrik.scholar.harvard.edu/files/dani-rodrik/files/gcf_rodrik-working-paper-1_-6-24-13.pdf
https://drodrik.scholar.harvard.edu/files/dani-rodrik/files/gcf_rodrik-working-paper-1_-6-24-13.pdf
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(Meadows et al. 1972; Merz et al. 2023). The less popular notion 
that perpetual economic growth is neither possible nor desir-
able (https://​www.​wefor​um.​org/​stori​es/​2022/​06/​what-​is-​degro​
wth-​econo​mics-​clima​te-​change/​ https://​www.​sd-​commi​ssion.​
org.​uk/​data/​files/​​publi​catio​ns/​prosp​erity_​witho​ut_​growth_​re-
port.​pdf), and that policies of conservation of natural resources, 
and strategies to rejuvenate and revitalise the environment in-
stead of exploiting and polluting it, are inevitable for the benefit 
of future generations, are, however, gaining traction (https://​
wedocs.​unep.​org/​bitst​ream/​handle/​20.​500.​11822/​​31813/​​
ERDSt​rat.​pdf?​seque​nce=​1&​isAll​owed=​y; https://​envir​onment.​
ec.​europa.​eu/​topics/​natur​e-​and-​biodi​versi​ty/​natur​e-​resto​ratio​
n-​regul​ation_​en), though unfortunately not rapidly enough in 
the body politic. Notwithstanding natural resource limitations, 
growth in some commercial sectors, especially those that are 
new and characterised by a high degree of innovation, and cor-
responding declines in other, older sectors (accompanied by the 
re-distribution of resources), are natural outcomes of competi-
tive free markets.

The key to making sure that regional/national economies re-
main sustainable and do not stagnate as older industries wane is 
targeting investment to potential growth sectors (e.g., see 
Timmis et al. 2014). While this can be short term, ultimately it 
must also become essential long term strategic policy, that is, by 
providing the necessary education for subsequent generations 
that underpins its ability to fulfil societal needs (World Economic 
Forum 2015).

The key to ensuring that under-resourced economies do not be-
come even less resourced, with global inequalities increasing 
as a result, is equitable sharing of growth industries and their 
economic and wellbeing benefits (https://​www.​unep.​org/​resou​
rces/​globa​l-​fores​ight-​report). Planetary resources belong to all 
of the biosphere, including humanity, not just the few actors 
who are nimble and have the necessary technical and financial 
wherewithal. But the process of equitable sharing involves dis-
cussions, choices and decisions on both sides, and fair decisions 
require a common intellectual language. This in turn requires 
critical thinking ability by all partners for optimal outcomes. 

The teaching of critical thinking, which does not involve sig-
nificant additional costs or investments, is essential in under-
resourced settings; relevant governments must recognise and 
embrace this and take appropriate education policy decisions. 
Succeeding to do so will empower future generations and their 
ability to reduce inequalities.

25   |   Countering Dominant Narratives and 
Leadership by Slogan/Motto/Cliché/Platitude

Although many important decisions are reached through rea-
soned discussion in committtee, some committees fail to reach 
best practice decisions because of a dominant character who de-
termines the narrative. In such cases, the dominant individual 
assumes/imposes a leadership role and subverts the process of 
rational decision-making. The use of slogans, mottos, clichés and 
platitudes, often emotionally-weighted (such as ‘It's right for the 
country’, ‘It's a win-win (-win) situation’), are also used widely 
by leaders to ‘justify’, their decisions and actions, often with little 
or no evidence. In both cases, critical thinking by those who are 
‘led’ can lead to challenges of unreasonable narratives, decisions 
and policies, and injection of common sense into them.

26   |   Concluding Remarks: The Value of Teaching 
Critical Thinking in School (and Other Settings)

We have previously argued that microbes are life because they are 
the origin of and sustain all life (Timmis, Baquero, et al. 2025). 
Here we argue that thinking is living because it is the basis of al-
most all decisions we make, decisions that determine who we are 
and how we conduct our lives, and our interactions with others 
and the environment. Critical thinking is widely considered to 
be essential to objective, evidence-based deliberation, discourse, 
opinion-building, policy development, decision-making and ac-
tioning, and a major bulwark against misinformed and agenda-
led policies and decisions at all levels of society. For humanity 
to attain higher levels of sustainability, well-being and inter-
cultural harmony, and deal with the environmental challenges 
it faces, knowledge and awareness of critical thinking in society 
must increase as early as possible in the lives of its citizens.

While the theory of critical thinking is complex and not read-
ily communicated to young learners, some of its core compo-
nents—including common pitfalls and traps to be avoided—can 
be clearly introduced through storytelling based on person-
ally relatable and readily comprehended examples (Figure  3). 
Contrasting examples of critical thinking considerations with 
non-critical thinking and its consequences, and promoting class 
discussions, debates and problem-solving exercises on such is-
sues, reinforces central principles. In this regard, microbiology 
education offers a uniquely fertile context. Its huge range of top-
ics relevant to life, including children's lives, their health and 
preoccupations, makes microbiology education a perfect frame-
work in which to integrate the teaching of critical thinking. This 
strategy avoids burdening younger members of society with 
complex theory, helps them develop key decision-making and 
stakeholder involvement skills early in life, and makes the the-
ory of critical thinking that comes later in the curriculum more 
familiar and readily understandable. Because microbiology is 

A Radical Change in Human Behaviour, Driven by 
Rational, Critical Thinking, Is Vital to Save the Only 
Known Environment Permitting Life as We Know It

The originality and creativity underpinning new ideas, that 
can lead to innovative products and processes which in turn 
drive economic growth and societal wellbeing, are based 
upon information processing through independent think-
ing. Effective information processing necessitates valid in-
formation that has been subjected to quality control through 
filtering by critical thinking. Independent critical thinking 
is the cornerstone of creativity, originality and innovation 
in all spheres of human endeavour, including art, literature, 
science, policy and business. The teaching of critical think-
ing in school and adult education is of central importance for 
the healthy development of individuals, the advancement of 
humanity and society, and sustainability and prevention of 
degradation and eventual loss of the only known environ-
ment permitting life as we know it.

https://www.weforum.org/stories/2022/06/what-is-degrowth-economics-climate-change/
https://www.weforum.org/stories/2022/06/what-is-degrowth-economics-climate-change/
https://www.sd-commission.org.uk/data/files/publications/prosperity_without_growth_report.pdf
https://www.sd-commission.org.uk/data/files/publications/prosperity_without_growth_report.pdf
https://www.sd-commission.org.uk/data/files/publications/prosperity_without_growth_report.pdf
https://wedocs.unep.org/bitstream/handle/20.500.11822/31813/ERDStrat.pdf?sequence=1&isAllowed=y
https://wedocs.unep.org/bitstream/handle/20.500.11822/31813/ERDStrat.pdf?sequence=1&isAllowed=y
https://wedocs.unep.org/bitstream/handle/20.500.11822/31813/ERDStrat.pdf?sequence=1&isAllowed=y
https://environment.ec.europa.eu/topics/nature-and-biodiversity/nature-restoration-regulation_en
https://environment.ec.europa.eu/topics/nature-and-biodiversity/nature-restoration-regulation_en
https://environment.ec.europa.eu/topics/nature-and-biodiversity/nature-restoration-regulation_en
https://www.unep.org/resources/global-foresight-report
https://www.unep.org/resources/global-foresight-report
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hands-on, locally observable, and experientially rich, it lends 
itself to powerful classroom activities that make invisible pro-
cesses visible and abstract reasoning tangible. Embedding 
critical thinking elements—such as bias detection, evidence 
evaluation, stakeholder analysis, unintended consequences, 
and systems interconnectivity—within microbiology-based sto-
ries, class discussions, and problem-solving exercises, allows 
educators to introduce foundational reasoning skills without 
burdening learners with theoretical abstraction (Figure 3). This 
strategy not only reinforces central critical thinking principles 
but also helps children develop essential decision-making and 
participatory skills early in life, while making later engagement 
with formal critical thinking frameworks more intuitive and 
accessible.

There is currently an epidemic–pandemic of mental health 
issues in the young. One contributing factor may be the con-
stant and confusing bombardment of mixed messages, disin-
formation, distorted information, information overload, and 
algorithm-driven influencer culture—dynamics that have, to 
some extent, replaced the transmission of more uniform, cul-
turally constrained information traditionally flowing through 
parental rearing and education. At a time when youth is increas-
ingly exposed to such cognitive and emotional noise, critical 
thinking offers more than just academic benefit: it can serve 
as a cognitive compass, helping learners navigate a world sat-
urated with conflicting messages. Teaching children to ques-
tion, weigh, and verify information not only fosters cognitive 

resilience but also supports emotional regulation and reduces 
susceptibility to manipulation. In this light, education in critical 
thinking may promote automatic—even unconscious—path-
ways of evidence-based filtering of information and thus serve 
as a partial antidote to the psychological burden of growing up 
in an environment saturated with unreliable narratives.

As mentioned above, even if critical thinking were to be widely 
introduced immediately as a core element into school curricula, 
a vast swath of current society, including many who make de-
cisions and are responsible for policies that affect millions for 
years/decades, would still lack appreciation for critical think-
ing and its vital importance. Adults, like teenagers, are over-
whelmed with misinformation from social networks, further 
amplified by TV and radio, making the development of criti-
cal thinking skills even more urgent for current generations. 
Fortunately, there is a resurgence in adult education and adults 
seeking answers to fundamental questions, so important oppor-
tunities also exist for elevating awareness of critical thinking 
beyond formal education. Of course, the IMiLI stories targeting 
children may not be appropriate for adults, but the principal el-
ements and examples given are readily repurposed by educators 
for different audiences.

While the International Microbiology Literacy Initiative is de-
veloping stories centred on readily comprehended examples 
from microbiology, equivalent stories can be readily developed 
in some other subjects, some of which may illustrate different 

FIGURE 3    |    The problem:solution pathway and its key critical thinking inputs that can be learned through storytelling by the young.
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aspects of critical thinking and thus complement and reinforce 
those being taught in the context of microbiology (Figure  3). 
History, literature, environmental studies, and ethics all offer 
fertile ground for introducing diverse modes of critical rea-
soning. Cross-disciplinary integration will amplify learning, 
reinforce cognitive habits, and normalise critical thinking as a 
societal value.

Introducing practical elements of critical thinking into school 
curricula—starting early and across multiple subjects—will 
bring considerable benefits and significantly raise awareness of 
its pivotal importance, not only among children but also educa-
tors, parents and thence the wider public. And this, in turn, may 
help broaden the horizons and increase the openness of mem-
bers of society, counteract the worsening polarities in society, 
and hence improve both interpersonal relationships and the col-
lective will to build healthier, more cohesive societies.

Author Contributions

Kenneth Timmis created the first draft; all authors provided input that 
resulted in the final draft.

Funding

The authors have nothing to report.

Affiliations
1Institute for Microbiology, Technical University of Braunschweig, 
Braunschweig, Germany  |  2Ramón y Cajal Institute for Health 
Research (IRYCIS), Department of Microbiology, Ramón y Cajal 
University Hospital, Madrid, Spain  |  3Acharya Narendra Dev 
College, University of Delhi, New Delhi, India  |  4Department of 
Biology, Faculty of Sciences, University of Porto and IB2Lab-LAQV-
REQUIMTE—Associated Laboratory for Green Chemistry of the 
Network of Chemistry and Technology, Porto, Portugal  |  5Systems 
Environmental Microbiology Group, the Novo Nordisk Foundation 
Center for Biosustainability, Technical University of Denmark, Lyngby, 
Denmark  |  6Department of Zoology, Gargi College, University of 
Delhi, New Delhi, India  |  7Department of Zoology, Kirori Mal College, 
University of Delhi, Delhi, India  |  8Department of Zoology, University 
of Delhi, Delhi, India  |  9Department of Biotechnology, Helmholtz 
Zentrum Dresden Rossendorf, Dresden, Germany  |  10College of 
Science and Engineering, Flinders University, Bedford Park, South 
Australia, Australia  |  11Escuela de Química, CIPRONA, Universidad 
de Costa Rica & Centro Nacional de Innovaciones Biotecnológicas 
(CENIBiot), San José, Costa Rica  |  12Center for Microbial Ecology and 
Technology (CMET), Ghent University, Ghent, Belgium  |  13Department 
of Microbiology, Universidad de Sevilla, Sevilla, Spain  |  14Department 
of Molecular Biology and Biotechnology, Babeș-Bolyai University, Cluj-
Napoca, Romania  |  15Technology Networks, Suffolk, UK  |  16Vetsuisse 
Faculty, University of Bern, Bern, Switzerland  |  17School of Biomedical 
Sciences, Li Kashing Faculty of Medicine, the University of Hong Kong, 
SAR, Hong Kong, China  |  18Institute of Evolutionary Biology, Faculty 
of Biology, Biological and Chemical Research Centre, University of 
Warsaw, Warsaw, Poland  |  19Higher School of Ecology, Yugra State 
University, Khanty-Mansiysk, Russia  |  20Instituto de Tecnologia 
Química e Biológica António Xavier, Oeiras, Portugal  |  21Department 
of Microbiology and Cell Biology, Montana State University, Bozeman, 
Montana, USA  |  22Institute for Global Food Security, Queen's 
University, Belfast, UK  |  23LEPABE—Laboratory for Process 
Engineering, Environment, Biotechnology and Energy, Faculty of 
Engineering, University of Porto, Porto, Portugal  |  24Centro Nacional 
de Biotecnología, CSIC, Madrid, Spain  |  25Department of Engineering 
Science, University of Oxford, Oxford, UK  |  26Oxford Suzhou Center 

for Advanced Research, Suzhou, China  |  27Department of Medical 
Microbiology, Ankara University School of Medicine, Ankara, 
Turkey  |  28Laboratory of Microbiology, University of Neuchâtel, 
Neuchâtel, Switzerland  |  29The Shmunis School of Biomedicine and 
Cancer Research, Tel Aviv University, Tel Aviv, Israel  |  30Consejo 
Superior de Investigaciones Cientificas, Estación Experimental del 
Zaidín, Granada, Spain

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Data sharing not applicable to this article as no datasets were generated 
or analysed during the current study.

References

Alderson-Day, B., and C. Fernyhough. 2015. “Inner Speech: Development, 
Cognitive Functions, Phenomenology, and Neurobiology.” Psychological 
Bulletin 141: 931–965. https://​doi.​org/​10.​1037/​bul00​00021​.

Arnold, R. D., and J. P. Wade. 2015. “A Definition of Systems Thinking: 
A Systems Approach.” Procedia Computer Science 44: 669–678. https://​
doi.​org/​10.​1016/j.​procs.​2015.​03.​050.

Aston, K. J. 2023. “‘Why Is This Hard, to Have Critical Thinking?’ 
Exploring the Factors Affecting Critical Thinking With International 
Higher Education Students.” Active Learning in Higher Education 25: 
537–550. https://​doi.​org/​10.​1177/​14697​87423​1168341.

Baquero, F. 2023. “Imagining Kant's Theory of Scientific Knowledge: 
Philosophy and Education in Microbiology.” International Microbiology 
26: 445–457. https://​doi.​org/​10.​1007/​s1012​3-​022-​00315​-​z.

Bonwell, C. C., and J. A. Eison. 1991. Active Learning; Creating 
Excitement in the Classroom. ASHE-ERIC Higher Education Report No. 
1. George Washington University, School of Education and Human 
Development.

Booker, C. 2018. “Global Warming: A Case Study in Groupthink. 
The Global Warming Policy Foundation (GWPF) Report.” https://​
thegw​pf.​org/​publi​catio​ns/​new-​study​-​clima​te-​group​think​-​leads​-​to-​
dead-​end/​.

Chejfec-Ciociano, J. M., J. P. Martínez-Herrera, A. D. Parra-Guerra, 
et al. 2022. “A Misinformation About and Interest in Chlorine Dioxide 
During the COVID-19 Pandemic in Mexico Identified Using Google 
Trends Data: Infodemiology Study.” JMIR Infodemiology 2: e29894.

Chouinard, M. 2007. “Children's Questions: A Mechanism for Cognitive 
Development.” Monographs of the Society for Research in Child 
Development 72, no. 1: 58–82.

Clarke, G., R. M. Stilling, P. J. Kennedy, C. Stanton, J. F. Cryan, and T. 
G. Dinan. 2014. “Minireview: Gut Microbiota: The Neglected Endocrine 
Organ.” Molecular Endocrinology 28, no. 8: 1221–1238. https://​doi.​org/​
10.​1210/​me.​2014-​1108.

Cohen, S. 2011. Folk Devils and Moral Panics. 1st ed. Routledge. https://​
doi.​org/​10.​4324/​97802​03828250.

Datta, P., M. Whitmore, and J. K. Nwankpa. 2021. “A Perfect Storm: 
Social Media News, Psychological Biases, and AI.” Digital Threats: 
Research and Practice 2: 1–21. https://​doi.​org/​10.​1145/​3428157.

Davies, J. 2009. “Everything Depends on Everything Else.” Clinical 
Microbiology and Infection 15: 1–4.

Davies, M., and R. Barnett. 2015. The Palgrave Handbook of Critical 
Thinking in Higher Education. Springer.

Delport, D., A. M. Muellenmeister, G. MacKechnie, et  al. 2025. 
“Estimating the Historical Impact of Outbreak Response Immunisation 
Programmes Across 210 Outbreaks in Low and Middle-Income 

https://doi.org/10.1037/bul0000021
https://doi.org/10.1016/j.procs.2015.03.050
https://doi.org/10.1016/j.procs.2015.03.050
https://doi.org/10.1177/14697874231168341
https://doi.org/10.1007/s10123-022-00315-z
https://thegwpf.org/publications/new-study-climate-groupthink-leads-to-dead-end/
https://thegwpf.org/publications/new-study-climate-groupthink-leads-to-dead-end/
https://thegwpf.org/publications/new-study-climate-groupthink-leads-to-dead-end/
https://doi.org/10.1210/me.2014-1108
https://doi.org/10.1210/me.2014-1108
https://doi.org/10.4324/9780203828250
https://doi.org/10.4324/9780203828250
https://doi.org/10.1145/3428157


24 of 26 Microbial Biotechnology, 2025

Countries.” BMJ Global Health 10: e016887. https://​doi.​org/​10.​1136/​
bmjgh​-​2024-​016887.

Eckardt, D., C. Helion, H. Schmidt, J. Chen, and V. P. Murty. 2024. 
“Storytelling Changes the Content and Perceived Value of Event 
Memories.” Cognition 251: 105884. https://​doi.​org/​10.​1016/j.​cogni​tion.​
2024.​105884.

Fábián, G. 2015. “Non-Critical Thinking: What if Not Thinking?” 
Procedia-Social and Behavioral Sciences 186: 699–703. https://​doi.​org/​
10.​1016/j.​sbspro.​2015.​04.​088.

Facione, P. 1990. “Critical Thinking: A Statement of Expert Consensus 
for Purposes of Educational Assessment and Instruction (The Delphi 
Report).”

Fosu, A. K. 2017. “Growth, Inequality, and Poverty Reduction in 
Developing Countries: Recent Global Evidence.” Research in Economics 
71: 306–336. https://​doi.​org/​10.​1016/j.​rie.​2016.​05.​005.

Gelder, T. V. 2005. “Teaching Critical Thinking: Some Lessons From 
Cognitive Science.” College Teaching 53: 41–48.

George, A. S., T. Baskar, and P. B. Srikaanth. 2024. “The Erosion of 
Cognitive Skills in the Technological Age: How Reliance on Technology 
Impacts Critical Thinking, Problem-Solving, and Creativity.” Partners 
Universal Innovative Research Publication 2: 147–163. https://​doi.​org/​10.​
5281/​zenodo.​11671150.

Grant, L. H., A. Y. Pan, Y. Huang, D. A. Gallo, and B. Keysar. 2023. 
“Foreign Language Reduces False Memories by Increasing Memory 
Monitoring.” Journal of Experimental Psychology. General 152: 1967–
1977. https://​doi.​org/​10.​1037/​xge00​01378​.

Grimm, J., and T. Richter. 2024. “Rational Thinking as a General 
Cognitive Ability: Factorial Structure, Underlying Cognitive Processes, 
and Relevance for University Academic Success.” Learning and Individual 
Differences 111: 102428. https://​doi.​org/​10.​1016/j.​lindif.​2024.​102428.

Gualtieri, S., and A. S. Finn. 2022. “The Sweet Spot: When Children's 
Developing Abilities, Brains, and Knowledge Make Them Better 
Learners Than Adults.” Perspectives on Psychological Science 17: 1322–
1338. https://​doi.​org/​10.​1177/​17456​91621​1045971.

Guilbeault, D., A. Baronchelli, and D. Centola. 2021. “Experimental 
Evidence for Scale-Induced Category Convergence Across Populations.” 
Nature Communications 12: 327. https://​doi.​org/​10.​1038/​s4146​7-​020-​
20037​-​y.

Harris, P. L. 2012. Trusting What You're Told: How Children Learn From 
Others. Belknap Press/Harvard University Press.

Heidi, L. J., E. Gakidou, and C. J. L. Murray. 2022. “The Vaccine-Hesitant 
Moment.” New England Journal of Medicine 387: 58–65. https://​doi.​org/​
10.​1056/​NEJMr​a2106441.

Hughes, J. M., J. Oliveira, and C. Bickford. 2022. “The Power of 
Storytelling to Facilitate Human Connection and Learning.” Impact: The 
Journal of the Center for Interdisciplinary Teaching & Learning 11, no. 2.

Hunter, A. 2024. “The Populist Impulse: Cognitive Reflection, Populist 
Attitudes and Candidate Preferences.” Electoral Studies 92: 102868. 
https://​doi.​org/​10.​1016/j.​elect​stud.​2024.​102868.

Hwang, G. J., D. Zou, and Y. X. Wu. 2023. “Learning by Storytelling 
and Critiquing: A Peer Assessment-Enhanced Digital Storytelling 
Approach to Promoting Young Students' Information Literacy, Self-
Efficacy, and Critical Thinking Awareness.” Educational Technology 
Research and Development 71: 1079–1103. https://​doi.​org/​10.​1007/​s1142​
3-​022-​10184​-​y.

Jäckle, S., and J. K. Timmis. 2024. “Esoteric Beliefs and CAM 
Impact SARS-CoV-2 Immunization Drivers, Uptake and Pediatric 
Immunization Views in Germany.” NPJ Vaccines 9, no. 1: 137. https://​
doi.​org/​10.​1038/​s4154​1-​024-​00928​-​7.

Jacobs, G. 2016. “A Brief History of Mind and Civilisation.” Cadmus 2: 
71–110.

Janis, I. 1991. “Groupthink.” In A First Look at Communication Theory, 
edited by E. Griffin, 235–246. McGrawHill.

Jones, A. 2007. “Multiplicities or Manna From Heaven? Critical 
Thinking and the Disciplinary Context.” Australian Journal of 
Education 51: 84–103.

Kant, E. 1787. Critique of Pure Reason. A Revised and Expanded 
Translation Based on Meiklejohn, JMD. Politis, V. (ed), 1993, Everyman's 
Library. Orion and Tuttle Publishing.

Kelly, Y., A. Zilanawala, C. Booker, and A. Sacker. 2018. “Social Media 
Use and Adolescent Mental Health: Findings From the UK Millennium 
Cohort Study.” eClinicalMedicine 6: 59–68.

Keysar, B., S. L. Hayakawa, and S. G. An. 2012. “The Foreign-Language 
Effect: Thinking in a Foreign Tongue Reduces Decision Biases.” 
Psychological Science 23: 661–668. https://​doi.​org/​10.​1177/​09567​97611​
432178.

Kotsyurbenko, O. R., M. V. Glagolev, A. F. Sabrekov, and I. E. Terentieva. 
2020. “Systems Approach to the Study of Microbial Methanogenesis in 
West-Siberian Wetlands.” Environmental Dynamics and Global Climate 
Change 11: 54–68.

Kuhn, D. 1999. “A Developmental Model of Critical Thinking.” 
Educational Researcher 28: 16–46. https://​doi.​org/​10.​3102/​00131​89X02​
8002016.

Larson, H. J. 2022. “Defining and Measuring Vaccine Hesitancy.” 
Nature Human Behaviour 6: 1609–1610. https://​doi.​org/​10.​1038/​s4156​
2-​022-​01484​-​7.

Lewandowsky, S., U. K. H. Ecker, and J. Cook. 2017. “Beyond 
Misinformation: Understanding and Coping With the “Post-Truth” 
Era.” Journal of Applied Research in Memory and Cognition 6: 353–369. 
https://​doi.​org/​10.​1016/j.​jarmac.​2017.​07.​008.

Liu, P., F. Zhang, Y. Liu, S. Liu, and C. Huo. 2024. “Enabling 
or Burdening?—The Double-Edged Sword Impact of Digital 
Transformation on Employee Resilience.” Computers in Human 
Behavior 157: 108220. https://​doi.​org/​10.​1016/j.​chb.​2024.​108220.

Macknik, S., M. King, J. Randi, et al. 2008. “Attention and Awareness 
in Stage Magic: Turning Tricks Into Research.” Nature Reviews 
Neuroscience 9: 871–879. https://​doi.​org/​10.​1038/​nrn2473.

Maureen, I. Y., H. van der Meij, and T. de Jong. 2021. “Evaluating 
Storytelling Activities for Early Literacy Development.” International 
Journal of Early Years Education 30: 679–696. https://​doi.​org/​10.​1080/​
09669​760.​2021.​1933917.

McGenity, T. J., A. Gessesse, J. E. Hallsworth, et al. 2020. “Visualizing 
the Invisible: Class Excursions to Ignite Children's Enthusiasm for 
Microbes.” Microbial Biotechnology 13: 844–887.

McKeown, T. 1979. The Role of Medicine. Princeton University Press.

Meadows, D. H., D. L. Meadows, J. Randers, and W. W. 
Behrens. 1972. The Limits to Growth. Dartmouth Libraties, Dartmouth 
College.

Mento, C., M. C. Silvestri, M. R. A. Muscatello, et al. 2021. “Psychological 
Impact of Pro-Anorexia and Pro-Eating Disorder Websites on 
Adolescent Females: A Systematic Review.” International Journal of 
Environmental Research and Public Health 18: 2186. https://​doi.​org/​10.​
3390/​ijerp​h1804​2186.

Merton, R. K. 1976. Sociological Ambivalence and Other Essays. Simon 
and Schuster.

Merz, J. J., P. Barnard, W. E. Rees, et  al. 2023. “World Scientists' 
Warning: The Behavioural Crisis Driving Ecological Overshoot.” 
Science Progress 106, no. 3: 368504231201372. https://​doi.​org/​10.​1177/​
00368​50423​1201372.

Messeri, L., and M. J. Crockett. 2024. “Artificial Intelligence and 
Illusions of Understanding in Scientific Research.” Nature 627: 49–58. 
https://​doi.​org/​10.​1038/​s4158​6-​024-​07146​-​0.

https://doi.org/10.1136/bmjgh-2024-016887
https://doi.org/10.1136/bmjgh-2024-016887
https://doi.org/10.1016/j.cognition.2024.105884
https://doi.org/10.1016/j.cognition.2024.105884
https://doi.org/10.1016/j.sbspro.2015.04.088
https://doi.org/10.1016/j.sbspro.2015.04.088
https://doi.org/10.1016/j.rie.2016.05.005
https://doi.org/10.5281/zenodo.11671150
https://doi.org/10.5281/zenodo.11671150
https://doi.org/10.1037/xge0001378
https://doi.org/10.1016/j.lindif.2024.102428
https://doi.org/10.1177/17456916211045971
https://doi.org/10.1038/s41467-020-20037-y
https://doi.org/10.1038/s41467-020-20037-y
https://doi.org/10.1056/NEJMra2106441
https://doi.org/10.1056/NEJMra2106441
https://doi.org/10.1016/j.electstud.2024.102868
https://doi.org/10.1007/s11423-022-10184-y
https://doi.org/10.1007/s11423-022-10184-y
https://doi.org/10.1038/s41541-024-00928-7
https://doi.org/10.1038/s41541-024-00928-7
https://doi.org/10.1177/0956797611432178
https://doi.org/10.1177/0956797611432178
https://doi.org/10.3102/0013189X028002016
https://doi.org/10.3102/0013189X028002016
https://doi.org/10.1038/s41562-022-01484-7
https://doi.org/10.1038/s41562-022-01484-7
https://doi.org/10.1016/j.jarmac.2017.07.008
https://doi.org/10.1016/j.chb.2024.108220
https://doi.org/10.1038/nrn2473
https://doi.org/10.1080/09669760.2021.1933917
https://doi.org/10.1080/09669760.2021.1933917
https://doi.org/10.3390/ijerph18042186
https://doi.org/10.3390/ijerph18042186
https://doi.org/10.1177/00368504231201372
https://doi.org/10.1177/00368504231201372
https://doi.org/10.1038/s41586-024-07146-0


25 of 26Microbial Biotechnology, 2025

Milton, J., and J. Treffers-Daller. 2013. “Vocabulary Size Revisited: 
The Link Between Vocabulary Size and Academic Achievement.” 
Applied Linguistics Review 4: 151–172. https://​doi.​org/​10.​1515/​appli​
rev-​2013-​0007.

MIT Center for Collective Intelligence. 2021. “The Importance of 
Systems Thinking in Solving Complex Problems.” https://​ccmit.​mit.​
edu/​probl​em-​solvi​ng/​.

Monbiot, G., and P. Hutchinson. 2024. The Invisible Doctrine. Penguin 
(Allen Lane).

Monk, C., E. Cleaver, C. Hyland, and G. Brotherton. 2012. “Nuturing 
the Independent-Thinking Practitioner: Using Threshold Concepts to 
Transform Undergraduate Learning.” Journal of Pedagogic Development 
2: 10–16.

Moore, R., and R. L. Brown. 2022. “Social Inheritance and the Social 
Mind: Introduction to the Synthese Topical Collection the Cultural 
Evolution of Human Social Cognition.” Synthese 200: 225. https://​doi.​
org/​10.​1007/​s1122​9-​022-​.

Moore, T. J. 2011. “Critical Thinking and Disciplinary Thinking: A 
Continuing Debate.” Higher Education Research and Development 30: 
261–274.

Nandi, A., and A. Shet. 2020. “Why Vaccines Matter: Understanding the 
Broader Health, Economic, and Child Development Benefits of Routine 
Vaccination.” Human Vaccines & Immunotherapeutics 16: 1900–1904. 
https://​doi.​org/​10.​1080/​21645​515.​2019.​1708669.

Nandi, A., A. Shet, J. R. Behrman, M. M. Black, D. E. Bloom, and R. 
Laxminarayan. 2019. “Anthropometric, Cognitive, and Schooling 
Benefits of Measles Vaccination: Longitudinal Cohort Analysis in 
Ethiopia, India, and Vietnam.” Vaccine 18: 4336–4343. https://​doi.​org/​
10.​1016/j.​vacci​ne.​2019.​06.​025.

O'Reilly, C., A. Devitt, and N. Hayes. 2024. “The Story 
Thinking Programme: A Framework for Nurturing Critical 
Thinking in Preschool.” European Early Childhood Education 
Research Journal 33: 576–594. https://​doi.​org/​10.​1080/​13502​93X.​
2024.​2410321.

Rainey, P. B., and M. E. Hochberg. 2025. “Could Humans and 
AI Become a New Evolutionary Individual?” Proceedings of the 
National Academy of Sciences of the United States of America 122: 
e2509122122.

Robinson, J. M., O. L. Crino, A. Camargo, and M. F. Breed. 2025. “Does 
a Microbial-Endocrine Interplay Shape Love-Associated Emotions in 
Humans? A Hypothesis.” MSystems 10: e0041525. https://​doi.​org/​10.​
1128/​msyst​ems.​00415​-​25.

Robinson, J. M., A. König, R. Taylor, et al. 2025. “Navigating the Polycrisis: 
The Transformative Potential of ‘Imagination Infrastructures’.”

Rosenberg, S. 2019. “Democracy Devouring Itself: The Rise of the 
Incompetent Citizen and the Appeal of Right Wing Populism.” In 
Psychology of Political and Everyday Extremism. eScholarship. https://​
escho​larsh​ip.​org/​uc/​item/​8806z01m.

Roser, M. 2021. “What Is Economic Growth? And Why Is It So 
Important.” https://​ourwo​rldin​data.​org/​what-​is-​econo​mic-​growth.

Salyer, S. J., R. Silver, K. Simone, and C. Barton Behravesh. 2017. 
“Prioritizing Zoonoses for Global Health Capacity Building-Themes 
From One Health Zoonotic Disease Workshops in 7 Countries, 2014-
2016.” Emerging Infectious Diseases 23: S55–S64. https://​doi.​org/​10.​
3201/​eid23​13.​170418.

Seiger, F., N. Kajander, A.-H. Neidhardt, et  al. 2025. Navigating 
Migration Narratives—Research Insights and Strategies for Effective 
Communication. Publications Office of the European Union. https://​
doi.​org/​10.​2760/​7999210.

Sevilla, J. P., D. Burnes, J. S. Knee, et  al. 2024. “The Global Health 
and Economic Value of COVID-19 Vaccination.” BMJ Global Health 9: 
e015031. https://​doi.​org/​10.​1136/​bmjgh​-​2024-​015031.

Sivaramanan, S., and S. W. Kotagama. 2022. “Investigation Into the 
Interconnected Nature of Environmental Problems and Identifying 
Keystone Environmental Problems.” Current Science 25: 81–104.

Stanovich, K. E. 2009. What Intelligence Tests Miss: The Psychology of 
Rational Thought. Yale University Press. https://​doi.​org/​10.​12987/​​97803​
00142532.

Surjatmodjo, D., A. A. Unde, H. Cangara, and A. F. Sonni. 2024. 
“Information Pandemic: A Critical Review of Disinformation Spread on 
Social Media and Its Implications for State Resilience.” Social Sciences 
13: 418. https://​doi.​org/​10.​3390/​socsc​i1308​0418.

Susskind, E. 1979. “Encouraging Teachers to Encourage Children's 
Curiosity: A Pivotal Competence.” Journal of Clinical Child Psychology 
8: 101–106.

Timmis, K., F. Baquero, J. K. Timmis, and M. Douglas. 2025. “Microbes 
Are Life, the Biological Core of One Health and Health in All Policies.” 
Microlife 6: uqaf012. https://​doi.​org/​10.​1093/​femsml/​uqaf012.

Timmis, K., R. Cavicchioli, J. L. Garcia, et al. 2019. “The Urgent Need 
for Microbiology Literacy in Society.” Environmental Microbiology 21: 
1513–1528.

Timmis, K., V. de Lorenzo, W. Verstraete, et  al. 2014. “Pipelines for 
New Chemicals: A Strategy to Create New Value Chains and Stimulate 
Innovation-Based Economic Revival in Southern European Countries.” 
Environmental Microbiology 16: 9–18. https://​doi.​org/​10.​1111/​1462-​
2920.​12337​.

Timmis, K., J. E. Hallsworth, T. J. McGenity, et al. 2024. “A Concept 
for International Societally Relevant Microbiology Education and 
Microbiology Knowledge Promulgation in Society.” Microbial 
Biotechnology 17: e14456.

Timmis, K., Z. C. Karahan, J. L. Ramos, et al. 2025. “Microbes Saving 
Lives and Reducing Suffering.” Microbial Biotechnology 18: e70068. 
https://​doi.​org/​10.​1111/​1751-​7915.​70068​.

Toplak, M. E., and K. E. Stanovich. 2024. “Measuring Rational Thinking 
in Adolescents: The Assessment of Rational Thinking for Youth (ART-
Y).” Journal of Behavioral Decision Making 37: e2381. https://​doi.​org/​10.​
1002/​bdm.​2381.

Twenge, J. M., W. K. Campbell, and R. A. Sherman. 2019. “Declines 
in Vocabulary Among American Adults Within Levels of Educational 
Attainment, 1974–2016.” Intelligence 76: 101377.

Vale, R. D. 2013. “The Value of Asking Questions.” Molecular Biology of 
the Cell 24: 680–682. https://​doi.​org/​10.​1091/​mbc.​e12-​09-​0660.

Van der Weel, F. R. R., and A. L. H. Van der Meer. 2024. “Handwriting 
but Not Typewriting Leads to Widespread Brain Connectivity: A High-
Density EEG Study With Implications for the Classroom.” Frontiers in 
Psychology 14: 1219945. https://​doi.​org/​10.​3389/​fpsyg.​2023.​1219945.

Venkatesen, P. 2022. Worrying Global Decline in Measles Immunisation. 
Vol. 3. Lancet Microbe. https://​www.​thela​ncet.​com/​pdfs/​journ​als/​lan-
mic/​PIIS2​666-​5247(21)​00335​-​9.​pdf.

Weigand, E., ed. 2008. Dialogue and Rhetoric (Dialogue Studies). John 
Benjamins Publishing Company.

World Economic Forum. 2015. “The Skills Needed in the 21st Century.” 
https://​widge​ts.​wefor​um.​org/​nve-​2015/​chapt​er1.​html.

World Economic Forum. 2021. “What Systems Thinking Actually 
Means—And Why It Matters Today.” https://​www.​wefor​um.​org/​stori​
es/​2021/​01/​what-​syste​ms-​think​ing-​actua​lly-​means​-​and-​why-​it-​matte​
rs-​today/​​.

World Economic Forum. 2024. “Quantifying the Impact of Climate 
Change on Human Health.” https://​www3.​wefor​um.​org/​docs/​WEF_​
Quant​ifying_​the_​Impact_​of_​Clima​te_​Change_​on_​Human_​Health_​
2024.​pdf.

Wright, R. 2006. A short history of progress. Cannongate Books 
ISBN-13978-1841958309.

https://doi.org/10.1515/applirev-2013-0007
https://doi.org/10.1515/applirev-2013-0007
https://ccmit.mit.edu/problem-solving/
https://ccmit.mit.edu/problem-solving/
https://doi.org/10.1007/s11229-022-
https://doi.org/10.1007/s11229-022-
https://doi.org/10.1080/21645515.2019.1708669
https://doi.org/10.1016/j.vaccine.2019.06.025
https://doi.org/10.1016/j.vaccine.2019.06.025
https://doi.org/10.1080/1350293X.2024.2410321
https://doi.org/10.1080/1350293X.2024.2410321
https://doi.org/10.1128/msystems.00415-25
https://doi.org/10.1128/msystems.00415-25
https://escholarship.org/uc/item/8806z01m
https://escholarship.org/uc/item/8806z01m
https://ourworldindata.org/what-is-economic-growth
https://doi.org/10.3201/eid2313.170418
https://doi.org/10.3201/eid2313.170418
https://doi.org/10.2760/7999210
https://doi.org/10.2760/7999210
https://doi.org/10.1136/bmjgh-2024-015031
https://doi.org/10.12987/9780300142532
https://doi.org/10.12987/9780300142532
https://doi.org/10.3390/socsci13080418
https://doi.org/10.1093/femsml/uqaf012
https://doi.org/10.1111/1462-2920.12337
https://doi.org/10.1111/1462-2920.12337
https://doi.org/10.1111/1751-7915.70068
https://doi.org/10.1002/bdm.2381
https://doi.org/10.1002/bdm.2381
https://doi.org/10.1091/mbc.e12-09-0660
https://doi.org/10.3389/fpsyg.2023.1219945
https://www.thelancet.com/pdfs/journals/lanmic/PIIS2666-5247(21)00335-9.pdf
https://www.thelancet.com/pdfs/journals/lanmic/PIIS2666-5247(21)00335-9.pdf
https://widgets.weforum.org/nve-2015/chapter1.html
https://www.weforum.org/stories/2021/01/what-systems-thinking-actually-means-and-why-it-matters-today/
https://www.weforum.org/stories/2021/01/what-systems-thinking-actually-means-and-why-it-matters-today/
https://www.weforum.org/stories/2021/01/what-systems-thinking-actually-means-and-why-it-matters-today/
https://www3.weforum.org/docs/WEF_Quantifying_the_Impact_of_Climate_Change_on_Human_Health_2024.pdf
https://www3.weforum.org/docs/WEF_Quantifying_the_Impact_of_Climate_Change_on_Human_Health_2024.pdf
https://www3.weforum.org/docs/WEF_Quantifying_the_Impact_of_Climate_Change_on_Human_Health_2024.pdf


26 of 26 Microbial Biotechnology, 2025

Xu, E., W. Wang, and Q. Wang. 2023. “The Effectiveness of Collaborative 
Problem Solving in Promoting Students' Critical Thinking: A Meta-
Analysis Based on Empirical Literature.” Humanities & Social Sciences 
Communications 10: 16. https://​doi.​org/​10.​1057/​s4159​9-​023-​01508​-​1.

Yaralı, K. T., and F. G. Aytar. 2021. “The Effectiveness of Storyline-
Based Education Program on Critical Thinking Skills of Preschool 
Children.” Education and Science 46: 137–159. https://​doi.​org/​10.​15390/​​
EB.​2020.​8698.

Yu, L., and Z. M. Zin. 2023. “The Critical Thinking-Oriented 
Adaptations of Problem-Based Learning Models: A Systematic Review.” 
Frontiers in Education 8: 1139987.

Zacarian, D., and M. Silverstone. 2020. Teaching to Empower: Taking 
Action to Foster Student Agency, Self-Confidence, and Collaboration. 
ASCD.

https://doi.org/10.1057/s41599-023-01508-1
https://doi.org/10.15390/EB.2020.8698
https://doi.org/10.15390/EB.2020.8698

	Scientists' Warning to Humanity: The Need to Begin Teaching Critical and Systems Thinking Early in Life
	ABSTRACT
	1   |   The Quality of Thinking Determines the Quality of Decisions and Their Outcomes
	1.1   |   Decisions guide or influence all facets of human life, including the creation and mitigation of global crises
	1.2   |   Decisions are usually the result of thinking

	2   |   Learning to Think: Development and Maintenance of Thinking Prowess Is Under Threat
	2.1   |   Questioning and Thinking
	2.2   |   Language, Vocabulary and Thinking
	2.3   |   Writing and Thinking
	2.4   |   Reading and Thinking

	3   |   Thinking Shapes Identity, Society and the Future
	4   |   Uncritical Thinking and Information Credibility
	5   |   Independent Thinking Versus ‘Groupthink’, ‘Echo Chambers’ and Indoctrination
	5.1   |   Groupthink and Its Echo Chambers
	5.2   |   Independent Thinking
	5.3   |   The Danger of Artificial Intelligence (AI): Suppression of Independent Thinking

	6   |   Rational Thinking and Evidence-Basing
	7   |   Systems Thinking
	8   |   Lateral Thinking and Thinking Outside the Box
	9   |   Critical Thinking Is Independent, Rational, Evidence-Based, Systems Thinking
	9.1   |   Critical Thinking May Counteract Neuropsychiatric Issues in the Young Caused By (Anti-)Social Media Pressures and Misinformation

	10   |   The Vital Importance of Critical Thinking for Effective Decision-Making at All Levels of Society on All Manner of Issues
	11   |   Attitudes-Opinions-Policy Viewed Through the Lens of Problem Creation and Solving: Tipping the Balance
	12   |   The Importance of Critical Thinking in Navigating Technological Advances
	13   |   Critical Thinking Must Become a Foundational Educational Outcome
	14   |   The Case for Teaching Critical Thinking Early in Life
	15   |   The Problem of Teaching Critical Thinking in the Young: Conceptual Complexity and Integration in Curricula
	16   |   Microbiology Is Special—Microbiology Education in Society Is Vital
	16.1   |   Microbiology Is Special
	16.2   |   The Teaching of Societally Relevant Microbiology Is Special
	16.3   |   Microbiology Education Is Immersive

	17   |   Microbiology Education Is Predestined to Pioneer the Teaching of Critical Thinking in the Young
	18   |   The International Microbiology Literacy Initiative (IMiLI)
	19   |   The IMiLI Pedagogical Framework for Teaching Critical Thinking to the Young Through Storytelling
	20   |   The Practical Elements of Critical Thinking Taught Through MicroChat Stories
	20.1   |   Bottlenecks/Rate-Limiting Parameters
	20.1.1   |   Proposed Class Discussion Topics

	20.2   |   Change: Always Ask Why (Is It Really Needed?)
	20.3   |   Consideration of Alternative Points of View
	20.3.1   |   Proposed Class Discussion Topics

	20.4   |   Evaluating Predictions and Misleading Trends
	20.5   |   Asking ‘Who benefits?’
	20.6   |   Action-reaction dynamics
	20.7   |   The question of causality
	20.8   |   Interconnectedness
	20.9   |   Distortion of deliberations: persuasion, rhetoric, misinformation, influencing, lobbying
	20.10   |   Transparency and accountability (supported by documentation, where appropriate)
	20.11   |   Specification of measures of success prior to the implementation of decision/solution options

	21   |   Different Considerations of Critical Thinking Intertwine and Combine to Contribute to the Output
	22   |   Problem-Based Learning
	23   |   Class Discussions, Debates and Reasoning as Critical Thinking Practice
	24   |   The Wider Ramifications of Teaching Critical Thinking: Advancement of Humanity Through Sustainable Practices and Equitable Sharing of Resources
	25   |   Countering Dominant Narratives and Leadership by Slogan/Motto/Cliché/Platitude
	26   |   Concluding Remarks: The Value of Teaching Critical Thinking in School (and Other Settings)
	Author Contributions
	Funding
	Conflicts of Interest
	Data Availability Statement
	References


