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A B S T R A C T

Today’s workforce must be capable of combining interdisciplinary concepts to meet future challenges and drive 
innovation. University education needs to stimulate such development and lay a foundation for life-long 
learning. One area that calls for interdisciplinary competences is the transition to a circular, bio-based econ
omy that reduces dependence on fossil resources, supports climate-change mitigation, and enables the produc
tion of a broad range of sustainable products. Biotechnology plays a key role in this transition, and we must equip 
the next generation of engineers and scientists with a broad set of skills and knowledge to drive and navigate this 
research- and development-intensive field. Since 2009, we have offered a biennial, third cycle (PhD-level) course, 
titled Industrial Biotechnology for Lignocellulose-Based Processes. This course addresses all aspects from the field 
to the gate in discrete modules, covering biomass structure and analysis, enzyme technology, microbial cell 
factory design, fermentation processes, and associated sustainability and industrial considerations. We here share 
the motivation for creating the course, how it has developed over the years, and how students, teachers as well as 
the research community have benefited from it. We also offer insights on how similar broad and multidisci
plinary courses can be designed in a modular fashion to accelerate advanced education in other critical fields.

Course conceptualization and initiation

Biotechnology continues to be a rapidly evolving field, where new 
knowledge and advanced methodology go hand in hand. The complexity 
of the field creates a growing need for educational formats that can 
integrate advances across multiple scientific and engineering domains. 
Our course—Industrial biotechnology for lignocellulose-based proc
esses—is a five-day course that covers a broad area where progress de
pends on connecting fundamental biology with process engineering, 
sustainability, and system-level thinking. Alongside curiosity-driven 
research, society requires mission-oriented research capable of 
addressing grand challenges such as mitigating climate change and 
reducing dependence on fossil resources. Our course directly contributes 
to this agenda by focusing on the conversion of renewable lignocellu
losic biomass into energy carriers, chemicals, and materials. The course 
structure is designed not only to teach core concepts but also to enable 

mutual learning, as students and invited guest lecturers bring diverse 
expertise and perspectives. In doing so, the course enables networking 
among the students as well as the course instructors. We believe that this 
modular, integrative course concept is broadly transferable to other 
complex research fields, both established and emerging [1].

The course is hosted biennially by the Industrial Biotechnology 
research division at Chalmers University of Technology, Sweden, which 
has grown from a single principal investigator (PI) group established in 
2008 into a collaborative multi-PI research environment with several 
independent research lines. We share laboratory facilities as well as a 
common organizational framework and mission: to advance 
bioeconomy-related knowledge and develop solutions that support 
society’s transition from fossil dependence to a sustainable, bio-based 
future. To develop industrially viable solutions, a broad interdisci
plinary knowledge base is needed. However, in 2008, there was a clear 
lack of postgraduate-level courses fully covering this area. 
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Consequently, we decided to develop an intensive PhD-level course 
designed to serve both our own and external students, as well as the 
wider research community, from academic scholars to industrial em
ployees. The course was designed to give an overview of a wide range of 
topics relevant to the field, but not necessarily in great depth in every 
aspect, as the students entering the course would have highly diverse 
prior knowledge and backgrounds [2]. Moreover, the course was plan
ned to include many opportunities for interactions and mutual learning 
among the course participants, both students and lecturers, with a poster 
exhibition, exercises and social activities.

Evolution of the course content

Lignocellulose is a complex and hierarchical material, chiefly con
sisting of polysaccharides (cellulose and hemicelluloses) and the aro
matic polymer lignin [3]. In a classic biorefinery, the carbohydrates 
(mainly cellulose) are broken down through pretreatment and enzy
matic hydrolysis [4] into the constituent monosaccharides (and 
process-related inhibitors [5]), which are then converted to products, 
such as ethanol, by microbial fermentation [6–9]. Hence, the course 
includes four core modules, covering: I) lignocellulose structure and 
analysis, II) lignocellulose-active enzymes, III) microbial cell factory 
design and IV) fermentation processes. The course begins with an 
introductory lecture to cover how the course modules come together to a 
biorefinery process concept. Throughout the course, examples are given 
how process steps together build an integrated biorefinery process.

The field of bioeconomy-related industrial biotechnology has 
developed tremendously since the course inception in 2009. At its 
launch, there was a strong focus on yeast-based bioethanol production 
from plant cell wall polysaccharides via cellulolytic and hemicellulolytic 
enzymes [10]. Over time, this initial focus has evolved to encompass 
broader biorefinery concepts (Fig. 1). Updates for module I have 
included the use of lignin as a source material, lignocellulosic biomass 
side-streams such as bark [11], and during some years also 
non-lignocellulosic algal biomass. Analytical techniques have advanced 
the ability to understand the composition and structure of the raw ma
terial streams [12]. For module II, updates include redox enzymes for 
lignin degradation, novel oxidative enzymes such as lytic poly
saccharide monooxygenases (LPMOs, [13,14]) and the recently discov
ered metagenomic exo-acting cellulose oxidase CelOCE [15], including 
lectures by lead authors from these studies. As can be seen, the discovery 
of LPMOs coincided with an expansion on Module II (2015 edition), 
which also reflects a resurgence in research on biomass-active enzymes. 
For module III, updates include bacteria and filamentous fungi as cell 
factories [16,17], and new genetic editing tools such as CRISPR/Cas9 
(discovered in 2012 [18]). The fermentation process module (IV) has 
been developed to address key issues for allowing efficient conversion at 
high substrate loadings, which include addressing the challenges with 
inhibitors [19,20]. Emerging topics related to the field, such as sus
tainability aspects of biorefineries [21,22], unconventional bioprocesses 
such as gas fermentation, and business aspects, especially in relation to 
start-up companies, have also become parts of the standard course 

Fig. 1. Course evolution in terms of topics and generic schedule. A) The core pillars of the course (listed after bold numbers) have throughout its history been 
lignocellulosic biomass structure and analysis, lignocellulose-active enzymes, microorganisms and microbial cell factories, and fermentation processes. The size of 
each block here represents their respective proportional lecture and exercise time over the years, and numbers reflect the relative percentage (values below 5% have 
been omitted for clarity). Non-conventional biomass and unconventional biorefining refer mainly to algal biomass, gas fermentation and microbial electro-synthesis. 
B) The generic course schedule includes foundational lectures, primarily in the morning, and one to two exercises per day, as well as inspirational lectures. The 
colored outlines symbolize the main focus for each day (following the legend in A). The red dashed box indicates the time that was spent on teacher-assisted group 
work and presentations on the final day, during 2021 and 2023. Of note, the course duration has gone from six to five days, with the course initially starting on 
a Sunday.
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curriculum over the years. Thus, the course retains the core aspects of 
biotechnological lignocellulose conversion but has a flexibility to adapt 
to recent advances.

Pedagogy and course design

The learning objectives of the course are listed in Box 1, and while 
reaching them partly depends on the students’ backgrounds, even stu
dents with limited prior experience in the field can normally complete 
the course. To be admitted, participants must be engaged in or have 
completed PhD studies or possess comparable industrial experience. 
Background literature, primarily review articles, is shared with students 
several weeks in advance and later referenced during the course, 
ensuring a constructive alignment between preparation and classroom 
discussions [23]. The emphasis of the teaching is on knowledge and 
skills that the students can directly benefit from in their own research 
projects. The teaching is dominated by traditional lectures, but also 
includes active learning elements such as quizzes, mini-problems, dis
cussions in smaller groups, or small individual assignments, to stimulate 
and promote diverse types of learning [24]. While our requirement of 
course participants either performing or having recently performed 
active research in the field, it should be noted that the breadth of the 
course can be overwhelming for some students, especially for junior PhD 
students and those conducting research in areas somewhat peripheral to 
the central course themes. We try to mitigate this challenge by providing 
relevant course literature well in advance of the course, enabling par
ticipants to familiarize themselves with core concepts and terminology 
ahead of time.

The course was originally on-site only. During the pandemic (2021 
edition), it was radically changed, going fully online with a reduction in 
the number of lectures to enable student group work projects (see 
below). The core modules of the course were, however, still retained, as 
well as inspirational talks on state-of-the-art developments. In the 
following years, the course was arranged in a hybrid format, but with 
on-site participation encouraged.

The structure of the course follows the four modules described 
earlier, with each module covered during its own dedicated day (with 
minor occasional deviations due to scheduling constraints) (Fig. 1). The 
fifth day is reserved for future outlooks, the course exam, and a final 
wrap-up. The course combines several key components: conceptual 
lectures that establish the scientific foundation, inspirational lectures 
that highlight cutting-edge research and industrial perspectives, group 
exercises that reinforce learning, formal assessment of student learning, 
and social activities for networking and fun. The intensive format of a 

whole-week course is intentional; condensing the entire curriculum into 
five days of full-time engagement enables focus by limiting the typical 
juggling of experimental work, deadlines, and departmental obligations 
for the students. A drawback of this format can however be seen in a 
reduced energy level for some students during the last day(s) of the 
course. On a positive note, the format does offer a platform to develop 
essential "soft skills" critical for a research career, e.g. networking, peer- 
review, problem-solving, and representing one’s organization in a pro
fessional setting away from the usual support networks of colleagues and 
supervisors.

Foundational and inspirational lectures

The foundational lectures provide key knowledge and concepts for 
each module and are primarily taught by the host university PIs, com
plemented by recurring external lecturers. Additional subtopics, such as 
sustainability, are integrated throughout the schedule to broaden the 
students’ perspectives. While some of these lectures are relatively basic 
for students working directly in the same area, essentially no partici
pants have prior knowledge on all of the topics covered in the course. As 
a result, students often report that sessions and modules outside their 
immediate expertise are among the most valuable, providing a much- 
needed overview of the broader field. Topics that will likely be 
included in the next rounds of the course are new AI-related tools useful 
for biotechnology [25], and emerging products such as bio-active or 
even living packaging materials [26].

The inspirational lectures in the course serve as a complement to the 
core teaching, offering a deeper dive into specific research areas and 
illustrating how the fundamental techniques and concepts are applied in 
cutting-edge academic and industrial R&D. They normally follow the 
foundational lectures, to make the content accessible also for the less 
experienced students. These lectures are of two main types, either pre
sentations by prominent academic researchers on topics complementary 
to the course core focus, or by representatives from commercial actors, 
ranging from research institutes to startups and established companies. 
For the companies, detailed descriptions of processes, product devel
opment, optimization, or scale-up over time, including key challenges 
and how they were addressed, are expected. Clear instructions on the 
expectations (e.g. anticipated level and topics already covered during 
the course, importance of scientific details etc.) aid the invited lecturers 
to provide a good learning experience for the students. For newly invited 
industrial lecturers in particular, we prioritize discussions in advance, to 
align expectations and ensure that the lectures move beyond general 
company presentations and deliver content that is relevant to the course 

Box 1
Learning objectives.

Overarching learning objective:

To develop a broad understanding of the full value chain covered in the course—from raw materials, through biological conversion methods, to 
final products—and to equip students with the ability to critically reflect on the role of biotechnology within the bioeconomy.

Specific learning objectives. After the course, the students should be able to:

I: Describe the complexity and composition of various lignocellulosic biomasses, and explain advanced methods used to characterize them.

II: Describe the main classes of enzymes acting on lignocellulosic biomass, their classification, and fundamental methods to assess their 
activities.

III: Critically compare technologies for microbial cell factory development and different microorganisms as production hosts.

IV: Demonstrate understanding of the theory underlying quantitative assessment of processes used for lignocellulose fermentation and different 
fermentation methods.

V: Describe other facets related to the core concepts, e.g. sustainability, systems perspectives, interdisciplinarity, and industrial perspectives and 
needs.
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objectives. Some inspirational lectures are in the style of storytelling, for 
example describing how a startup company was initiated from a 
research idea and how it has navigated the startup landscape thus far. 
We see that the success of start-up companies originating from Chalmers 
and initiatives to support start-up activities such as the BioInnovation 
institute (BII) in Denmark have increased students’ interest in business- 
related aspects of their own research. These examples provide concrete, 
experience-based, insights into industrial practice, innovation path
ways, and opportunities for translating scientific results into real-world 
impact. The inclusion of different aspects of sustainability helps the 
students to get a better understanding of the potential societal benefits 
and pitfalls, enabling them to identify critical factors for realizing the 
green transition.

The foundational lectures are normally held on-site, while for 
inspirational lectures, online contributions are acceptable, which is 
particularly useful for speakers in other time zones and for reducing 
travel-related environmental impact. To maintain focus and encourage 
interaction, each session is kept concise (45–60 min), with frequent 
breaks in-between to foster informal discussions between students and 
instructors.

Group exercises

The course includes one or two exercises per day, each designed to 
reinforce the material presented in the preceding lectures and support 
contextual understanding (Fig. 1) [23]. The exercises often include 
think-pair-share assignments on given problems to foster discussions 
among the students, followed by joint reporting and whole-class dis
cussion. Examples of topics covered include analytics, enzyme kinetics, 
microbial strain design strategies and calculations based on fermenta
tion process variables, emphasizing direct application of the lecture 
content. Several exercises throughout the years have also been built 
around practical challenges brought directly from the students’ own 
research. These sessions, where students might, for example, describe a 
difficulty in sample preparation or data interpretation, typically spark 
lively discussion and provide valuable feedback from peers and 
instructors.

During the pandemic in 2021, and in the 2023 course edition, the 
exercises were replaced by group projects in which students drafted a 
mock grant application, integrating topics from at least three course 
modules. Each group was paired with a teacher that acted as a mentor 
throughout the process. The projects were assessed through pitch-style 
presentations delivered to the full class at the end of the course, com
plemented by either a written report or a video presentation submitted 
after the course had ended. Although the group projects were generally 
appreciated by the students, in 2025 we returned to exercise-based as
signments, to better directly gauge the students’ grasp of the day’s lec
ture content. Another reason for this reversion was that, despite asking 
the students to agree on the forms of collaboration on the first day, in
dividual contributions to the project often became unbalanced, likely as 
the students had very short time to accommodate to each other’s 
working style.

Exam and additional assessments of learning

On the final day of the course, we assess the students’ learning 
through a traditional written exam (2009–2019) or an online multiple- 
choice question exam (2021–2025) to evaluate understanding of the 
foundational lectures and exercises. Most students pass the exam (≥50% 
correct answers; 30 questions in 60 min), and those who do not are 
offered an additional assignment. Admittedly, such assignments were 
more straightforward to design before the advent of AI-assisted tools. In 
the 2025 course edition, the students could additionally write an 
optional post-course reflective essay in addition to the exam for extra 
credits. This provided an opportunity to consolidate and articulate what 
they have learned from both the course content and the assigned 

literature, scientifically as well as personally. In connection to the exam, 
we also request the students to fill in a course evaluation, where they are 
asked to describe their views of the course content and the different 
modules, list pros and cons, and then the collected information is shared 
among the teachers to guide the planning for the next iteration of the 
course. A common positive and general comment about the course is 
that it covers the full value-chain, from starting material to product, and 
that even students specializing in a certain module topic learn new 
things within that specific field. Data from the last course edition in 
2025 showed an overwhelmingly positive response, with on-site par
ticipants responding with Very satisfied (5 out of 5, 70% of participants) 
or Quite satisfied (4 out of 5, 30% of participants) to the question “How 
would you evaluate your general satisfaction with the course?”. Similar 
high levels of satisfaction have been consistently reported in previous 
years.

Social events

The course curriculum always includes a tour of the laboratories at 
the division of Industrial Biotechnology, and a poster session with pizza 
and refreshments during the first course evening. This setting enables 
students to network, become familiar with one another’s research, and 
further develop their presentation skills. Moreover, a course dinner 
outside of campus is scheduled in the middle of the week. All teachers 
are encouraged to participate in these events, as well as in the joint 
lunches and coffee breaks, to allow for more opportunities for interac
tion, which we believe facilitates the appreciated course atmosphere.

Participants over the years

A total of 342 students working in 27 countries and more than 80 
institutions (universities, institutes and companies) have so far partici
pated in the course (2009–2025) (Fig. 2). While most are university PhD 
students, many postdocs and even PIs have taken the course over the 
years. Typically, a couple of participants from companies join each year. 
Naturally, the majority of the students originate from Swedish in
stitutions (137 participants, 40%), of whom approximately half come 
from the host university. Our neighboring countries Denmark, Norway 
and Finland are also highly represented, as well as European countries, 
including Belgium, the Netherlands, Italy and Spain, but several stu
dents have come from non-European countries such as Brazil and India. 
The student body likely reflects both the networks of the PIs running the 
course and a strong emphasis on biotech (for lignocellulosics) in the 
countries of the participants. Indeed, when students are asked how they 
found out about the course, personal connections are often mentioned, 
and previous years’ students and their supervisors are the best ambas
sadors for next years’ editions. Regarding the students’ backgrounds in 
terms of scientific topic, data from the last course edition where the 
students could give multiple answers, over half of the participants 
responded that they work with enzymes, a third that they work with 
fermentation, yet another a third that they work with microbial strain 
development, and a quarter that they work with bioprocesses or pre
treatment. These proportions have fluctuated somewhat over the years, 
but overall, a substantial number of students have been associated to 
each of the core module topics.

What’s in it for us

The course is not only appreciated by the students but also by us as 
instructors. There are several reasons why we continue to offer it. Firstly, 
the course provides an opportunity to collaborate and strengthen our 
cohesion as a team, both during planning and execution of the course. It 
also gives us a reason to regularly discuss the latest research trends and 
update the teaching materials to ensure that the course remains rele
vant. Secondly, the course offers fantastic opportunities to invite guest 
lecturers from both academia and industry. These lectures not only 
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enrich the course but also help us build and maintain networks and 
collaborations, both new and existing. Finally, perhaps the greatest 
benefit of the course, is the chance of getting to know the students and 
postdocs who participate. In many cases, we have later welcomed par
ticipants back as visiting PhD students or researchers or even as new 
recruits to the division. This underscores the course’s role in fostering 
lasting professional connections and its contribution to integrating 
emerging researchers into our research community, both at Chalmers 
and beyond.

Conclusions and future perspectives

The core aim of this course is to give future specialists in 
lignocellulose-based biorefineries a common understanding of the 
whole biorefinery process, and to favor communication and collabora
tion across the various disciplines. The combination of fundamental 
concepts and state of the art advancements in various fields thus cater 
both students with limited and deep expertise. Striking the right balance 
of depth vs breadth is a challenge. However, the design with intertwined 
lectures and group work and discussions promote engagement, learning 
and analytical thinking [27,28].

We see the modular format of the course being one of its main 
strengths, where the students know clearly what the focus of each day 
will be, and they can prepare accordingly. Furthermore, it is a strength 
when it comes to the course’s adaptability, as each module can be 
adjusted to fit the current research front and focus of the course without 
causing major inconveniences. Consequently, the course has continued 
to evolve over the years, which we believe is why it attracts many stu
dents. We believe this format to be transferable to other similarly broad 
and interdisciplinary research areas, or rapidly changing fields, where a 
modular organization could facilitate dedicated focus and learning in 
select topics [29–31].

As guiding principles to transfer the course concept to other fields, 
we recommend the following key considerations: 

1. Keep the number of core modules of the course to a minimum to 
avoid a fragmented curriculum. We suggest one or maximum two 
modules per day.

2. Arrange modules in a logical sequence, so that overarching termi
nology and concepts can be used throughout the course, such as 
biomass structure and composition in our case. Furthermore, the 
exercises should be closely aligned with their respective module.

3. Integrate fundamental and applied aspects. The foundational lec
tures provide a basis for the applied or inspirational lectures and 
furthermore enable linking theory to practice.

4. Design for future adaptability and continuous renewal. The modular 
structure should facilitate updating of individual modules, and even 
replacement in larger course reorganizations.

5. Foster interactions among the course participants, including both 
structured interactions in exercises and social informal settings, to 
stimulate discussion, networking, and ideally interdisciplinary 
thinking.

We believe that gaining a comprehensive overview of a broader 
research area helps students better frame their own research and fosters 
effective communication across disciplines, where establishing a com
mon language is often a major barrier to collaboration. Equally impor
tant, we believe that our course format has proven effective in 
stimulating curiosity and highlighting the possibilities biotechnology 
offers for a future bioeconomy. These are key elements for cultivating 
the next generation of leaders in lignocellulose-based biorefineries who 
can contribute to the transition toward a circular economy.
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[1] Janíčko M, Šímová Z, McGrath D. Skills of PhD graduates for open science and 
open innovation. Lifelong Learn 2022;12:139–66. https://doi.org/10.11118/ 
lifele20221202139.

[2] Commission E. Research D-Gf, Innovation, Deloitte, Empirica, Brodolini FG. 
Promoting education, training & skills in the bioeconomy – Final report. 
Publications Office of the European Union; 2022. https://biobec.eu/wp-content 
/uploads/2022/10/promoting-education-training-skills-in-the-bioeconomy.pdf.

[3] Cosgrove DJ. Structure and growth of plant cell walls. Nat Rev Mol Cell Biol 2024; 
25(5):340–58. https://doi.org/10.1038/s41580-023-00691-y.

[4] Sulis DB, Lavoine N, Sederoff H, Jiang X, Marques BM, Lan K, et al. Advances in 
lignocellulosic feedstocks for bioenergy and bioproducts. Nat Commun 2025;16(1): 
1244. https://doi.org/10.1038/s41467-025-56472-y.

[5] Wang Y, Zhang Y, Cui Q, Feng Y, Xuan J. Composition of lignocellulose hydrolysate 
in different biorefinery strategies: nutrients and inhibitors. Molecules 2024;29(10). 
https://doi.org/10.3390/molecules29102275.

[6] Steensels J, Snoek T, Meersman E, Nicolino Picca, Voordeckers M, Verstrepen K. 
KJ. Improving industrial yeast strains: exploiting natural and artificial diversity. 
FEMS Microbiol Rev 2014;38(5):947–95. https://doi.org/10.1111/1574- 
6976.12073.

[7] Olsson L, Rugbjerg P, Torello Pianale L, Trivellin C. Robustness: linking strain 
design to viable bioprocesses. Trends Biotechnol 2022;40(8):918–31. https://doi. 
org/10.1016/j.tibtech.2022.01.004.

[8] Wang R, Unrean P, Franzén CJ. Model-based optimization and scale-up of multi- 
feed simultaneous saccharification and co-fermentation of steam pre-treated 
lignocellulose enables high gravity ethanol production. Biotechnol Biofuels 2016;9 
(1):88. https://doi.org/10.1186/s13068-016-0500-7.

[9] Geijer C, Faria-Oliveira F, Moreno AD, Stenberg S, Mazurkewich S, Olsson L. 
Genomic and transcriptomic analysis of Candida intermedia reveals the genetic 
determinants for its xylose-converting capacity. Biotechnol Biofuels 2020;13(1):48. 
https://doi.org/10.1186/s13068-020-1663-9.

[10] Otero JM, Panagiotou G, Olsson L. Fueling industrial biotechnology growth with 
bioethanol. Adv Biochem Eng Biotechnol 2007;108:1–40. https://doi.org/ 
10.1007/10_2007_071.

[11] Ristinmaa AS, Tafur Rangel A, Idström A, Valenzuela S, Kerkhoven EJ, Pope PB, 
et al. Resin acids play key roles in shaping microbial communities during 
degradation of spruce bark. Nat Commun 2023;14(1):8171. https://doi.org/ 
10.1038/s41467-023-43867-y.

[12] Bauer S. Mass spectrometry for characterizing plant cell wall polysaccharides. 
Front Plant Sci 2012;3:45. https://doi.org/10.3389/fpls.2012.00045.

[13] Eijsink VGH, Petrovic D, Forsberg Z, Mekasha S, Røhr ÅK, Várnai A, et al. On the 
functional characterization of lytic polysaccharide monooxygenases (LPMOs). 
Biotechnol Biofuels 2019;12:58. https://doi.org/10.1186/s13068-019-1392-0.

[14] Vaaje-Kolstad G, Westereng B, Horn SJ, Liu Z, Zhai H, Sørlie M, et al. An oxidative 
enzyme boosting the enzymatic conversion of recalcitrant polysaccharides. Science 
2010;330(6001):219–22. https://doi.org/10.1126/science.1192231.

[15] Santos CA, Morais MAB, Mandelli F, Lima EA, Miyamoto RY, Higasi PMR, et al. 
A metagenomic 'dark matter' enzyme catalyses oxidative cellulose conversion. 
Nature 2025;639:1076–83. https://doi.org/10.1038/s41586-024-08553-z.

[16] Meyer V, Basenko EY, Benz JP, Braus GH, Caddick MX, Csukai M, et al. Growing a 
circular economy with fungal biotechnology: a white paper. Fungal Biol Biotechnol 
2020;7(1):5. https://doi.org/10.1186/s40694-020-00095-z.

[17] Davy AM, Kildegaard HF, Andersen MR. Cell factory engineering. Cell Syst 2017;4 
(3):262–75. https://doi.org/10.1016/j.cels.2017.02.010.

[18] Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA, Charpentier E. 
A programmable dual-RNA-guided DNA endonuclease in adaptive bacterial 
immunity. Science 2012;337(6096):816–21. https://doi.org/10.1126/ 
science.1225829.
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