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a b s t r a c t
Rational lifestyle engineering has improved performance of microbial cell factories in Industrial Biotechnology.
However, few innovations make it through the Valley of Death to market implementation. To gain insights into the
views of industry and academia on key bottlenecks and opportunities to reach market implementation, interviews
were conducted with industrial and academic participants, helping us gathering the characteristics that any cell
factory and bioprocess must have as well as commonly recognised opportunities.
We found that academics are limited by technical factors, whereas industry is restricted by technical, sectordependent and societal ones, leading to misalignments of interest which often result in miscommunication and
missed cooperation opportunities. Although both consider that academia must perform curiosity-driven research,
there is pressure for short-term industrial applications, which widens the Valley of Death in Biotechnology. In
this context, start-ups could be the answer to traverse this valley more eﬀectively, particularly when embedded
in adequate innovation ecosystems.

1. Introduction
The demand for industrial production by micro-organisms is increasing rapidly. In 1990, the global market value of industrial enzymes was close to a billion USD, crossed the two billion USD mark
in 2005 (Binod et al., 2013), was valued at over four and a half billion USD in 2016 and is expected to reach over six billion USD in
2022 (MarketsandMarkets 2016). Nowadays, bacteria, yeasts, fungi, and
micro-algae are used in the industrial production processes of food, enzymes, vitamins, pharmaceuticals, biofuels, bioplastics, bio-insecticides,
nanocomposites for electronic devices and a large variety of chemicals
and enzymes with industrial value (Arora et al., 2020, Danielson et al.,
2020, Rastegari et al., 2020). The reasons to widely apply a diverse
set of micro-organisms are manifold; they represent a broad biochemical diversity, increase the feasibility of large scale production, can pro-
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duce sustainable products or reduce processing time, require low energy input, increase cost eﬀectiveness and can be selected for nontoxicity (Singh et al., 2016, Gupta et al., 2004, Adrio and Demain, 2010,
Diggins, 1999, Dien et al., 2003, Nogi and Yano, 2008, Povolo and
Casella, 2003, Mielenz, 2001, Rogers and Kadner, 2019, Vuyst and
Leroy, 2007). However, as heavily as the current biotechnology industry
depends on production by microbes, production methods are by far not
as stable as desired due to the biological variability of micro-organisms
(Pilyugin and Waltman, 2003). Many external factors aﬀect the production capacity of micro-organisms, including temperature, pH, oxygen, ion and carbon source availability, cell density, and bioﬁlm formation (DiCesare et al., 2016, Niess et al., 2017, Olughu et al., 2019,
Sporer et al., 2017, Reniere, 2018, Kampers et al., 2019, Steen et al.,
2013, Lai et al., 2019, Nikel, 2013, de et al., 2018). All factors combined, this often results in a high variability in yield, product proﬁle or
selectivity.
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For industrial production purposes and within a given range of desired products, it might be ideal to select only one micro-organism as
the general production platform, tailoring it for speciﬁc needs. By focusing research and resources on a single microbe, the microbial toolkit
would increase, production would stabilize, and production costs would
decrease as more universal bioreactor set-ups could be used. An ideal industrial microbial workhorse must be safe to work with (preferably generally regarded as safe, or GRAS), genomically accessible, metabolically
and environmentally ﬂexible, resistant to external industrial stress factors, able to grow on cheap medium, and capable to produce a high variety of products with high and stable yields à la carte (upon appropriate
tailoring) (de Lorenzo et al., 2021). The ﬁeld of systems and synthetic
biology potentially oﬀers rational solutions to these requirements. By
restructuring the genome and the metabolism of micro-organisms, microbes found in nature can be perfected to produce any à la carte product
of interest in a safe way. Whereas random evolution and selection are
common methods to increase productivity, yield or performance of a
species, in silico systems and in vivo synthetic biology oﬀers the tools
to not only adapt micro-organisms to gain novel characteristics in a directed way, but to create them. This goes far beyond the engineering
of metabolic pathways for production of compounds and extends to reprogramming the lifestyle of microbes to operate outside of their natural
boundaries.
An example of research conducted in academia to improve microbial workhorses for robust biocatalysis is one reported by Sandberg and
colleagues, who aimed to render the industrially relevant Escherichia
coli more resilient to temperature ﬂuctuations (Sandberg et al., 2014).
In this study, E. coli K-12 MG1655, which has an optimal growth temperature at 37°C, was subjected to adaptive laboratory evolution to improve strain performance at 42°C, its upper critical growth temperature. Through rational engineering procedures, Kampers et al. recently
(2020) reported a robust, rational process to increase tolerance to temperature shifts in both prokaryotes and microbial eukaryotes up to 42°C
(patent WO2020094828A1). Another example is the lifestyle adaptation of the industrially applied Pseudomonas putida, which was enriched
with three heterologous genes to better survive micro-oxic conditions
through oxygen gradients (Kampers et al., 2019). Xu and colleagues
characterized an acid-tolerance response system and its regulatory circuit, required for E. coli exponential growth at pH 4.2 via transcriptome
analysis-guided engineering (Xu et al., 2020), whereas Du et al. made
use of adaptive laboratory evolution to improve E. coli’s growth rate at
pH 5.5 (Du et al., 2020). Robustness of microbes has been thoroughly
studied during the last years, attempting, and in many cases achieving, micro-organisms with optimized growth rates, increased tolerance,
increased product yields and titres, and expanded metabolizable substrates (Sandberg et al., 2019, Mohedano et al., 2022, Olsson et al.,
2022). So far, however, most of these examples are not applied in industry.
The large gap for academic research to advance from the technological prototyping at laboratory scale to actual commercialization in
industry is generally referred to as the “Valley of Death” (Frank et al.,
1996, de Lorenzo and Couto, 2018, Linton and Xu, 2021). In biotechnology, including pharmaceuticals and therapeutic medical device development, it has been estimated that only one in 5,000 to 10,000 innovations survive the long route from the initial ﬁndings to product
commercialization (Stremersch and Van Dyck, 2009, Ding and Eliashberg, 2002, Schoonmaker et al., 2013). This reﬂects a large break between results from academic research and industrial product development. The diﬀerent levels of product and process development are
known as technology readiness levels, or TRLs (Table 1) (Sandberg et al.,
2014, Fruehauf et al., 2020). Academic research generally ranges between TRL 1 to 3, while industry generally covers TRL 8 and 9. At TRL
4 to 7, the discovery process is often considered too applied for academic funding, whereas the industrial sector still considers it too risky
to fund for market implementation (Baglieri et al., 2018). As academics
introduce scientiﬁc innovations, they often limit their research to proof-

of-principle. Industry, on the other hand, needs marketable production
rates, yields and titres that allow for a competitive business model.
Even though this seems rather straightforward, the implications are farreaching.
Some reasons that new technology does not survive this Valley of
Death include cumbersome contracting or procurement of technology
requirements, lack of exposure, lack of entrepreneurial management,
lack of adequate funding for further development, and the lack of a
strong link between technology development eﬀorts and industrial deployment (Stremersch and Van Dyck, 2009, Ding and Eliashberg, 2002,
Schoonmaker et al., 2013, Fröhling and Hiete, 2020). To decrease the
amount of research that does not bridge the Valley of Death, funding
agencies now often demand a direct collaboration between academia
with industrial partners. Still, the Valley of Death remains as large as
ever. Because of a perceived lack of systemic exploration of the factors
that inﬂuence the Valley of Death, we aim to gain insight into this pressing matter by exploring the distance between academia and industry by
conducting in-depth interviews amongst practitioners. Speciﬁcally, we
aimed to ascertain I) what factors inﬂuence the choice for an industrial micro-organism and II) opportunities to close the distance between
academia and industry.
2. Methods
A qualitative and exploratory study was performed to gain a comprehensive insight into the perception of industry and academia by conducting in-depth interviews amongst practitioners. To this end, we approached multiple industrial and academic experts to assess their perceptions on how to increase chances of research surviving the Valley
of Death. Results were validated in consultation with representatives of
two Technology Transfer Oﬃces (TTO).
2.1. Recruitment and procedure
Recruitment took place by gathering a convenience sample based on
our direct network and visited conferences. A list was devised of possible participants, from which 15 companies were selected based on their
location, European Union or the USA, and ﬁeld of research, pharmaceuticals, food, industrial chemicals, or production organism development. Some companies selected covered a combination of these ﬁelds
or were multinationals. A variety of large and small and new and established companies were selected carefully from each continent, to determine the eﬀect of a diﬀerent regulation in industrial applications of
bacteria (GMOs in particular) and over diﬀerent companies from different sectors. Biotechnology was the main activity of the participating
companies, but the biotechnological background and knowhow was diverse. While most companies possessed their own in-house expertise, a
few others obtained knowledge from external collaboration with other
entities like academia. Chief executive oﬃcers or chief technical oﬃcers were mainly approached to ensure the most overhead view on proceedings and the clearest perspective on the general aim, ﬂexibility and
workings of the company. In three cases, we were redirected to someone else within the company. Of the ﬁfteen companies approached, nine
agreed to participate, ﬁve did not answer, and one declined participation
citing conﬁdentiality over proprietary information. Of the nine companies that agreed, one decided to withdraw from participating as they
could not obtain consent from their legal department after receiving the
transcripts. The distribution of companies over continent and ﬁeld are
shown in Table 2.
Of the convenience sample, 4 European universities (from Germany,
the Netherlands, Spain and Switzerland) were selected based on their
diverting expertise, similarly to companies. All universities approached
agreed to participate. Three of the academic participants had present or
past experience in working at a company. All participants were engaged
in collaborations with multiple industrial sectors. The distribution of all
the participants over continent and ﬁeld are shown in Table 2.
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Table 1
Technology Readiness Levels (TRLs) as instated by NASA (Sauser et al., 2006).
TRL

Deﬁnition

1
2
3
4
5
6
7
8
9

Basic principles observed and reported
Technology concept and/or application formulated
Analytical and experimental critical function and/or characteristic proof-of-concept
Component validation in laboratory environment
Component validation in relevant environment
System/subsystem model or prototype demonstration in relevant environment
System prototype demonstration in relevant environment
Actual system completed and qualiﬁed through test and demonstration
Actual system proven though successful operation

Table 2
Participants in the interviews: the ﬁeld occupied by participating companies and academics, and their location.

Industry
Academia

EU
USA
EU + Switzerland

Pharmaceuticals

Food

Chemicals

1
1

1

1
1

Development of
production platforms

Combination

Total

1
1
1

1
1
2

5
3
4

Potential participants were approached up to three times via email to
make an appointment. If possible, interviews were conducted in person,
otherwise face-to-face through Skype, WebEx or Bluejeans, according to
the participants preference. During one interview, the camera of the participant failed, and the interview was done by voice only. Both through
e-mail and at the start of each interview the aim and methodology of the
research was explained to the participants. Before the start of each interview, participants were presented with written information and contact
details, and were asked to sign a declaration of consent. Interviews were
conducted over a period of 8 months, from April to November 2019. After 8 interviews, the content of answers started to show overlap with
previous interviews indicating data saturation.

a positive spin, to focus more on solutions rather than on problems. A pilot interview with an expert working both in industry and academia was
then held, indicating that the qualitative face-to-face interviews oﬀered
the expected in-depth information and clarity for both the participant
and the interviewer, as it allowed for elaboration on speciﬁc topics, insight into technical diﬀerences or company aims. Special care was taken
during the interviews to make sure there was a consensus of participants
on deﬁnitions and terms used, by asking follow-up questions. Each interview was conducted by two members of the research team. The 13
interviews lasted on average 41 minutes, ranging from 26 to 54 minutes.

2.2. Interviews

With the participants’ verbal and written consent, all interviews were
audio-taped and transcribed (intelligent verbatim style). The data was
pseudonymized. When necessary, audio ﬁles were used to conﬁrm transcripts and to listen to excerpts within their original context. Transcripts
and speciﬁc quotes used from each transcript were shared with the participants to consent upon prior to analysis. All participants responded,
and minor editorial changes were made.
Data was processed using the six steps for qualitative data analysis
(Braun and Clarke, 2006). All analyses were done by the two interviewers, LK and EAG. In the ﬁrst step, transcripts were made and carefully
read. In the second step, codes were formulated manually using the research questions. Thirdly, the transcripts were coded using the formulated top-down codes, and where necessary deriving new codes from the
data. The processing of the transcripts was conducted via inductive category formation using QCAmap (Fenzl and Mayring, 2017), according
to a thematic content analysis (Braun and Clarke, 2006, Burnard, 1991).
The interviewers discussed their respective individual top-down and
bottom-up codes to deﬁne a ﬁnal set of codes. In the fourth step, all
codes were clustered into the research questions: A) Choice of Production Platform, and B) Opportunities between Industry and Academia. In
step ﬁve and six, recurring themes found to aﬀect multiple codes were
derived from the data and deﬁned carefully. The nine themes found
pertain either one or both research questions. The themes also led to
the establishment of an overarching topic: all themes found relate to
a diﬀerence in aims of industry and academia. To support the themes
found, direct quotes are provided in the result section, selected to represent participants’ opinions, views and experiences. Table 3 presents an
overview of the clusters, codes and derived themes.

2.3. Recording and analysis of data

Based on literature and experience (Kampers et al., 2019,
Rosemann and Molyneux-Hodgson, 2019, Chen et al., 2009, Gong et al.,
2018, Franden et al., 2018, Kampers and Volkers, 2019), a topic list was
built to guide the interviews:
1 Choice of production platform was addressed by questions such
as which production organism is used now, what factors may inﬂuence the choice for a production organism, including limitations
or possible restrictions, company and set-up ﬂexibility and what a
production organism would need for the participating companies to
switch.
2 Opportunities between industry and academia was addressed by
questions including common ground, diﬀerences, challenges, opportunities, interesting ﬁelds of research, impact of science in industry,
and collaboration. To this end, we included the presentation of a
simpliﬁed overview of industrial production from the Design-BuildTest-Learn (DBTL) cycle (Carbonell et al., 2018) via laboratory scale
to industrial production scale, where participants could indicate the
main bottlenecks which indirectly represent the main short-term research opportunities for academia (Figure 1). Figure 1 was used to
stimulate in-depth discussion on challenges and opportunities, allowing us to construct a plan to navigate the Valley of Death.
Prior to data collection, the interview questions were discussed with
an expert working in academia and working closely with industry, from
which adjustments were made. Adjustments were focused on making the
questions more open-ended and general to prevent bias and allow for a
more in-depth discussion by leaving room for follow up questions. The
use of appreciative inquiry in the questions (Cooperrider et al., 2003)
encouraged and inspired the participants to answer according to their
own perspectives, ideas and experiences, as opposed to following a strict
interview structure. In practice, this means that questions are asked with

2.4. Consultation with TTO representatives
Technology transfer programs aim to assist and empower researchers
to take their ideas to the next levels by stimulating, supporting and accel3
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Fig. 1. Overview of industrial development and production process. The schematic covers the main steps between the DBTL-cycle and the industrial production
scale.
Table 3
Themes, research questions and codes of transcriptions. Top-down codes were formed before coding, bottom-up codes were derived during transcription.
Themes

Top-down codes

Bottom-up codes

Research Question 1: Choice of production platform
• I) Characteristics of microbial production
• What production platform is used
• Characteristics of used production platform
platform
• II) Industrial process and set-up ﬂexibility
• Flexibility on industrial set-up
• III) Regulations
• IV) Public perception
Research Question 2: Opportunities between industry and academia
• V) Genome engineering
• Opportunities and developments
• VI) Scale-up
• Distance between industry and academia
• VII) Increase strain robustness
• Impact of industry on academia
The aims of industry and academia
• VIII) Curiosity-driven versus solution-based
• What production platform is used
• Characteristics of used production platform
research
• IX) The rise of small companies
• Flexibility on industrial set-up
• Opportunities and developments
• Distance between industry and academia
• Impact of industry on academia

• Limitations on choice of production platform
• External inﬂuences on choice of production

platform

• Personal or company aim
• Inﬂuence of industrial experiences

• Limitations on choice of production platform
• External inﬂuences on choice of production

platform
• Personal or company aim
• Inﬂuence of industrial experiences
• Communication

erating (sometimes through brokering seed- and soft-funding) the application of promising research outcomes from an early stage. Technology
transfer oﬃces (TTO) and other innovation-oriented vehicles may provide a powerful impulse to potential entrepreneurs who want to evaluate, estimate and capitalize curiosity-driven and innovative ideas on the
market. To validate the data, representatives of a Dutch and a Danish
TTO were consulted to discuss the biotechnological innovation process
and the Valley of Death.

data management. The aims and methods of the study were explained to
the participants beforehand. All participants provided informed consent
and agreed to publication of the anonymized data.

2.5. Data protection and transparency

3.1. Choice of production platform

Identities of participants and interview data remain protected, stored
in secure university locations according to the local protocols for safe

Four main themes pertain the choice for a certain production organism: I) Characteristics of microbial production platform, II) Industrial

3. Results
The main results are presented in line with each of the greater themes
(Table 3).
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Table 4
Factors aﬀecting the choice of production platform with representational quotes from participants from industry (I) or academia (A), indicated by their numerical
identiﬁer.
Factor
I. Characteristics of microbial
production platform
Titre-rate-yield
Toolbox availability

Genomic accessibility

Product of interest

Expertise available

Production of unwanted
side-products
Fundamental interests

II. Industrial process and set-up
ﬂexibility
Investment requirements
Choice of industrial setup

Downstream processing
Complete industrial process
Stage of development

III. Regulations
GMO regulation
Safety regulations
IV. Public perception
Social acceptability

Halal or Kosher

Representative Quote

Source

“The micro-organism itself is not so relevant, the whole picture should be okay. Generally speaking, you can say that for any
fermentation process you need to have a good titre, a good rate and a good yield, so the famous try-numbers, titre-rate-yield.”
“I think trying to predict and overcome toxicity problems of given molecules to given organisms is very diﬃcult. Trying to
adapt one organism to secrete something where another does it more naturally is very diﬃcult. I don’t see why you would do
it, I think it is a better strategy to develop the broadest range of tools for diﬀerent organisms including extremophiles.”
“Genetic accessibility, wealth of available data, free available data.”
“If a host is genetically accessible we can start to metabolically engineer it from day one, that is preferred to do six or nine
months of method development to even get DNA inside the cell.”
“[The main advantage] is that we don’t have to worry about the genetic tools.”
“The higher the cell complexity is, the more advanced the product should be. This statement somehow mimics necessary R&D
expenses that need to be covered by cost calculations.”
“These microbes have not been evolved to make a 100 grams per litre of compounds A or B, so we typically start with a
selection where we screen diﬀerent hosts for tolerance towards the products.”
“Everybody needs to be trained on the new host, and please don’t forget that as soon as you have transferred something to a
production line, there will be lots of questions coming up in the aftermath. For instance, downstream processing matters need
to be checked and must fulﬁl given constraints, too. That requires experts who care for those questions.”
“We produce ﬂavour and fragrance ingredients (...) they should smell and taste in the right way afterwards, after puriﬁcation,
so what we have to avoid is oﬀ odours.”
“There is this fundamental interest in understanding how new insights, new activities in new networks emerged under natural
conditions because if we are able to domesticate the corresponding mechanisms then we should be able to reproduce them in
the laboratory and make them work much faster and much more eﬃciently. The basic questions that we are interested in are
not limited to [microorganism], it just happens that [microorganism] is a very good experimental system to address them.”

I.2

“It depends on the numbers, and on the cost, but changes in bioreactor setup of course mean that you have to either build or
ﬁnd another bioreactor.”
“[The producer] might want a semi-continuous process. The cell may have high productivity but it dies after a week; they will
swap that out to something that has a lower productivity but can last for three weeks in a continuous or semi-continuous
culture. It’s all about space-time yield for low value products.”
“There is also the downstream processing part. In essence, you need to separate your product equally simple from the broth as
you can do with established hosts.”
“If your fermentation is going too fast, faster than the downstream can handle, you’re creating a bottleneck.”
“[Producers] will like small changes where they don’t have to invest in new capital (...) but if it’s a process that’s not been
implemented at pilot scale then they’re more likely to make a radical change as long as it’s consistent with their engineers’
understanding of what the eventual process will look like.”

I.3

“If you’re heading for products of food, feed, ﬂavour or fragrance markets, you may face severe opposition regarding the use of
recombinant strains, per se.”
“All proteins that are produced for food and feed, they have to apply to EFSA or FDA regulations, and the more similar you can
do a process, the more easy it is to get permission.”

I.9

“Sometimes the social acceptability of it as well. I mean you might ﬁnd that Klebsiella or Salmonella would be good hosts to
make something and you could use perfectly viable lab strains. But they might prefer Lactobacillus because it’s a food grade
organism and public perception ultimately might be very diﬀerent.”
“It’s not just GMO regulations, it’s not just FDA and what have you, it’s also these kinds of considerations [like halal or kosher]
that must be taken into account. So you really have to think through all the consequences if you want to introduce a new
microbe in your process and make other products.”

I.5

process and set-up ﬂexibility, III) Regulations, and IV) Public perception (Table 4).
The factors that inﬂuence the choice of production platform in industry and academia can be divided into technical factors, such as the
characteristics of the production platform and industrial process and setup ﬂexibility; sector-speciﬁc factors like regulations; and social factors,
including public perception. Many of these technical, sector-based and
social factors restrict a company when choosing a production host. As
they must keep the end-user in mind throughout the entire development
and production process, products must be made as cost-eﬀective, fast,
environmentally-friendly and safe as possible (Hallagan et al., 2020).
For academia, mostly technical factors play a role when deciding to
work with a speciﬁc micro-organism. These boil down to availability
of a suitable genetic and biochemical toolbox, genomic accessibility,
product of interest and fundamental interests. Only the latter is speciﬁc
to academia, the rest is shared with industry. This means that academics
are freer to work with any micro-organism, even with microbes that
cannot be applied (yet) to industrial processes.

I.5

A.6
I.12
A.11
A.9
I.12
I.9

I.3
A.10

I.5

I.9
I.2
I.5

I.4

I.2

3.2. Opportunities between Academia and Industry
To determine what the main future opportunities are, participants
were asked for future research of interest, the main bottlenecks in their
production process and possibilities, and what current scientiﬁc progress
they expected to have most future impact (Figure 2).
From this overview, three main technical themes emerged: V)
Genome engineering, VI) Scale-up, and VII) Improved robustness. These
will be discussed in more detail below.
3.2.1. Genome engineering
When presented with Figure 1, most industrial participants identiﬁed
(parts of) the DBTL-cycle as the main opportunity for improvement.
“You test [a new design], you ﬁnd something out and then you have
to design, you get a lot of data, you get some results, you don’t understand them, and you have to analyse. The learn part is the bottleneck
because all the other things are automatable or scalable to some extent, so the learning bit is not.” Interviewee 3
5
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Fig. 2. Venn diagram of research areas of interest per ﬁeld. A schematic overview of the research areas indicated as interesting by academia (left, purple) and industry
(right, orange). Overlapping research of interest is in the middle. Per subject, the identiﬁer of each participant is indicated. Identiﬁers of academic collaborators are
printed in bold.

For industry, the possibility to aﬀordably construct an entire genome
combined with the rise of novel tools such as CRISPR-Cas for genome
engineering signiﬁcantly ease this bottleneck.

“You can develop the most sophisticated CRISPR system, the most
sophisticated recombineering, the most sophisticated reactions, you
can do wonderful things in the lab: if you cannot scale them up, then
industry will not be interested, period.” Interviewee 10

“On the build side [of the DBTL-cycle] there’s a lot of change. Synthetic DNA is becoming cheaper and cheaper by the day, sequencing
is becoming cheaper by the day, CRISPR is like 6 years old and [recently] there was a new version released that really put the whole
town plus all of the genetic engineering upside down. [...] It’s just
changing the timelines and the ability so much.” Interviewee 12

From an industrial point of view, there are few diﬀerent reasons why
scale-up can be a bottleneck, besides technical diﬃculties:
“The availability of equipment is actually the whole bottleneck.
There is not a lot of pilot facilities in the US, so either you build
your own or you go to Europe for piloting. That’s non-trivial. I think
there’s a lot of synbio companies that are mostly comprised of genetic
engineers or metabolic engineers that have never seen a large-scale
fermenter and a large-scale production process including puriﬁcation. So, if you start a scale-up trajectory without people that know
what they’re doing then it’s going to be a bottleneck. But if you have
a team, [...] then you should be able to do that in a pretty smooth
trajectory. There’s always going to be surprises and hiccups. What
I’ve also seen is that lots of synbio companies have very aggressive
timelines, probably due to their investors pushing really hard, and
then they are going to take short-cuts and that’s going to blow up
in your face. There is not a technical bottleneck, but it’s more of a
managerial bottleneck at that point.” Interviewee 12

For academia, such tools pose promising ways to improve upon fundamental research, which is required for understanding strain design.
“I would hope that it will accelerate the way at which we can generate industrially meaningful strains, and it will expand the extent
of manipulation that we can achieve. So rather than looking at one
gene or one pathway, we should hopefully be able to look at one entire section of metabolism in one go, and this would hopefully have
a very good inﬂuence on the strain design that we want to achieve.”
Interviewee 6

3.2.2. Scale-up
To reliably scale-up results obtained under lab-conditions to industrial scale is challenging at best. Scaling-up was recognised as the second
main bottleneck. Even in academia, the importance of reliable scale-up
to bridge the Valley of Death was recognised:

3.2.3. Improved strain robustness
When asked directly, all participants indicated that the robustness
of their used or preferred production platform could be improved. Reasons for improving robustness circle back to scale-up without fail, since
6
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industrially used production organisms are grown in conditions that are
strictly controlled.

and in the interest of society, and this is perfectly ﬁne. Just remember
that the big artist in the Renaissance were sponsored by the popes, by
the emperors and so, and [the artists] had to produce things that [the
sponsors] liked. I think this is not completely shocking that we are
constrained by the ideas of our sponsors. I think that our challenge
[...] has a point even of enjoyment. It is how you connect your own
personal interest and our own curiosity with these big demands that
your sponsors have for your research.” Interviewee 10

“Robustness in an industrial sense is that it is operationally robust:
meaning it is not very sensitive to infections, it is not very sensitive to minor variations that you always have in the conditions of
the process, e.g., due to scale. So, there should be some tolerance in
the microbes to slight variations in the process conditions, which of
course we try to control that as much as possible.” Interviewee 2

Industry thus does not approach academia with questions, but rather
shops around for interesting opportunities they can easily adapt and
apply. This indicates that they rely heavily on research performed in
academia to make large strides in innovation.
Industry indicates this when ﬁnding new investment opportunities:

In the few cases in which robustness was not recognised as an issue, it was solely because the production platform of interest already
performed optimally at large scale:
“We experience our micro-organism is very robust under the conditions that are relevant to us, that is industrial fermenters, so we don’t
see a need for further improvement there.” Interviewee 3

“The biggest opportunities lie in the combination for a company like
us, or a hospital research group for example, that have developed
something novel, something proprietary, but [they, academia] have
no understanding of the hurdles they’ll face or the means to demonstrate its viability to be a competitive product in the market. Because
that’s what’s going to be necessary to attract investment. To give it
a chance of survival.” Interviewee 5

Robustness is thus only deemed important to aid production platforms to perform reliably on industrial scale. This link was made again
by academics:
“Fluctuations on large scale are much more prominent then on small
scale, and constant performance through larger ﬂuctuations in large
scale most probably could be improved.” Interviewee 6

The clear distinction between technical, sector-driven and social factors inﬂuencing main research choices and deﬁnition of opportunities
can be derived from the diﬀerence in the main aim of each ﬁeld. Where
industry looks for applications and adaptable solutions to day-to-day
problems, academics aim to discover answers to fundamental questions
without being limited by end-user demands. Communication to align
these diﬀerent aims towards one goal is vital:

Overall, the long- and short-term innovation interests of academia
and industry align very well. However, there exist diﬀerences in interest. In industry, research interests are often very practical, focused on
an increase in titre-rate-yield. Subjects included the use of a diﬀerent
C-source, separated growth- and production cycles, and easing downstream processing. Amongst academics, research interests are of a more
fundamental or futuristic nature. These included for example the development of new fermentation concepts, expanding of research to global
scale and studying evolution.

“First of all, there has to be good communication, because academia
works in a completely diﬀerent way to industry. Industry is all about
timelines, deadlines, deliverables, project management, progress towards measurable output. Academia is about testing, discovery, interesting products, interesting processes, new methods, means of discovering where science can go.” Interviewee 5

3.3. The aims of industry and academia
All nine themes together lead to the overarching main topic: a diﬀerence in aim between industry and academia. Two themes proved of vital
importance as they inﬂuence both research questions: VIII) Curiositydriven versus solution-based research, and IX) the rise of small companies.

3.3.2. The rise of small companies
Small companies that arise from academia to commercialise promising academic ﬁndings are called start-ups. Start-ups do not only focus on
the academically recognised technical factors; they include the sectorbased and social factors that might inﬂuence the successful industrial
introduction of their product, focusing speciﬁcally on TRL 4-7.
Some see start-ups as a natural way to close the gap between
academia and industry, by presenting interesting research ready for
commercialisation on a silver platter:

3.3.1. Curiosity-driven versus solution-based research
The precarious balance between curiosity-driven and solution-based
research, the latter mainly with industrial application in mind or on
stakeholders’ demand, can be deﬁned most clearly by looking at the collaborations between academia and industry. All participants, both from
industry and academia, indicated current involvement in collaborative
projects. However, these collaborations are not necessarily initiated by
industry nor based on industrial interests. By academics, it was more
described as follows:

“It’s those partnerships in between, it’s the networking and the identiﬁcation of viable product opportunities that are emerging from either academic groups, hospital groups, virtual companies and then
the partnerships that takes that feasibility demonstration onto viability. That’s where the opportunity is. Bridging that gap from feasibility to viability. Because that’s what derisks it, and brings in funding to take it forward. I think otherwise so many things can sit in
academia, very interesting, very exciting, and probably more so in
Europe than in the United States, and they just don’t see the light of
day because they haven’t taken the next step and that’s where certainly a company like ours, but other small companies can come in
and make that diﬀerence.” Interviewee 5

“It’s rarely the case that somebody [from industry] comes to me and
says “This is something that you should work on”, but of course you
talk to people at conferences, at seminars, and you try to understand
what the problems are, and you try to ﬁnd out if you can solve some
of these problems with the tools that you have available. But it’s a
bit of a balance, I try to make sure that a substantial part of our
activities does not have a direct line. In a way, it’s curiosity driven.”
Interviewee 6
Collaborations between academia and industry are not based on a
demand-supply model, but rather on academics trying to ﬁll existing or
predicted gaps in industry. All academic partners did indicate a strong
inﬂuence on their work from industry, even if not directly. However, a
way to deal with this potential struggle was explained:

Other interviewees indicate that the rise of start-ups widens the communicative and collaborative distance between academia and industry.
However, they do understand why companies prefer dealing with startup companies over academics:
“What we observe is that all these new developments, new technologies and everything, is mostly the business of small companies. The
big companies just become very conservative. [...] Big companies

“We are driven by curiosity and obviously we have to frame our
curiosity and our personal interest in the interest of our sponsors,
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prefer to deal with smaller companies than dealing directly with scientists, and the reason [...] is that scientists have too big a mouth.
That means that the moment you have discovered something interesting you immediately start spreading the word, and this is something that the companies don’t like at all.” Interviewee 10

expression were identiﬁed as main bottlenecks by both industrial and
academic participants.

4.2. The rise of start-ups
The distance between academia and industry arises from the diﬀerence in their perspectives. Where academia focuses on understanding
a micro-organism on a fundamental level, industry always looks at the
entire production process. Industry works on solving the problems of
today, academia focuses on the problems of tomorrow. Simultaneously,
both parties need each other for funding, direction, creativity, innovation and exploring boundaries. Both parties also agree that better communication would improve cooperation and increase opportunities for
process or product development towards actual market introduction.
As earlier indicated, academia works mostly at TRL 1-3 while industry tends to focus on TRL 8-9. To bridge this gap, a solution may have
naturally emerged: start-up companies. Rather than direct translation of
academic research and technology transfer to industry, companies have
emerged directly from academia, which, when successful, are often acquired by larger companies of investment groups. Start-up companies
are closely linked to both industry and academia. They are set up to
operate in TRL 4-7, more willing to take risks, and to use a versatile
production platform. The continuous process of using novel advanced
technologies to build a ﬁrm has moved to the heart of the innovation
strategy (Etzkowitz and Zhou, 2017). By presenting the best, most lucrative results achieved in academia on a silver platter, start-ups attract
initial funding and stir commercial interest. This trend currently courses
through many diﬀerent sectors. A well-known example of the once-startup turned multinational IT company is Facebook, which has acquired
multiple start-ups (Brueller et al., 2015).
In the early twentieth century, government-funded science fostered a
ﬁrst academic revolution. Entrepreneurial science, where collaborations
were formed with industry, chimed in the second academic revolution
(Etzkowitz et al., 1998). Nowadays, government funded research often
demands collaborations with industrial partners, as seen in European
projects such as EmPowerPutida, P4SB or IBISBA (Calzolari et al., 2014,
Renda and Massimiliano, 2012). Such collaborations limit publication
opportunities: scientiﬁc excellence is often measured by their publications, industry can only allow publications results concerning TRL 1-3
due to patenting potential, creating a natural stop of research performed
by academics (Box 1). The swift rise of start-ups has chimed in a third
academic revolution, where securing the IP of novel discoveries will
grow in importance. This impacts the role of academia, which is pushed
towards faster development of more applied research.

3.4. Consultation with TTOs
The consultations with TTOs conﬁrmed the results described and
contributed to contextualising our data interpretation and resulting discussion. In particular, the TTOs provided a richer view of the transitions
and processes involved. Of common note was the observation that such
transitions may be more likely to succeed when embedded in or supported by adequate innovation ecosystems, which can entail innovation
incubators, accelerators, or non- and for-proﬁt commercial foundations.
Unsurprisingly, availability of seed- and soft-funding was seen as a key
factor, along with entrepreneurial know-how and exposure.
4. Discussion
4.1. The importance of technical, sector-based and societal factors
Three groups of factors were recognised when considering the choice
of micro-organisms currently applied in industrial biotechnology: technical, sector-based and social. Current host systems widely applied include bacteria, yeasts, ﬁlamentous fungi and unicellular algae. Industrially applied strains all come with their own strengths and drawbacks
(Adrio and Demain, 2010, Demain and Vaishnav, 2009, Rosano and Ceccarelli, 2014). Technical factors that inﬂuence the choice for production
platform comprise, among others, the ability to produce complex chemicals, growth rate, the ability to perform post-translational modiﬁcations
and the use of cheap medium components. Sector-based factors include
the used micro-organism to be a natural producer of the product of interest, the cultivation and production process to ﬁt within the complete
industrial process, or familiarity with working with a speciﬁc strain from
out the company history. Societal factors for the wide application of
these production hosts include public familiarity, an environmentally
sustainable production process and the safety status of a species.
Academic participants only cited technical reasons for the selection
of a micro-organism such as ease to work with, genomic accessibility
and wealth of publicly available data. In industry, sector-based factors
and social inﬂuences derived from demands of the end-user or regulations applied by the government also strongly inﬂuence choices made.
Despite this, the main innovation opportunities identiﬁed are of a technical nature: genome engineering, predictability, stability, scale-up, and
increased strain robustness. Any innovation not making it through the
Valley of Death thus occurs when the societal and sector-based aspects
come in play.
Changing the production organism used in an established industrial
process is considered a radical industrial shift, which heavily depends
on research. Adapting an existing production process is expensive, requires speciﬁc scientiﬁc knowledge and takes time to develop and test.
As changing a production platform is generally bound to aﬀect the industrial setup, the gain in yield and characteristics has to be substantial to make up for the investment costs. Additionally, microbes with
more interesting traits which better produce speciﬁc substances are being discovered every day. It is thus not surprising that there is a lot of
research focused not on ﬁnding the perfect production host for speciﬁc
purposes, but on the de novo design and construction of one, either by
making a cell including only traits speciﬁcally selected, or by re-wiring
and streamlining an existing production microbial platform.
Computational methods are paving the way towards big data processing, enabling the on-demand production host design in any genomically available species. Despite this, implementation and testing of many
diﬀerent designs through the DBTL cycle and unpredictability of gene

Box 1. Other limitations in Technology Transfer.
Although the main focus here is on problems, limitations and miscommunications occurring during the attempt to traverse the Valley of Death, there are many reasons for academics to not even attempt to bring their innovation to the market. Being driven by the
need to teach, conduct research, write papers, and ﬁnance their efforts, there is simply no incentive for marketing. Not only does the
trajectory cost time and resources better spent elsewhere, but the
rewards are also highly limited. Risk of failure is simply too high
(de Lorenzo and Couto, 2018). In addition, academics must decide
themselves which innovations are worth pursuing, and which they
think will not make it across the Valley of Death. Communication
in these early phases is highly limited: there is a constant pressure in academia to publish or risk their research being scooped
or outdated.
Many academic institutions are now providing aid in the form
of patenting oﬃces, start-up support and technology transfer experts (Ellwood et al., 2020), but still a strong incentive is required
to pursue innovation application.
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All academic and some industrial participants have indicated a growing distance between academia and industry, aﬀecting the communication and collaborations. Some have indicated this growing distance to
be worrisome: as start-up companies present commercialised techniques
that can be quickly integrated in any company, they mask the years of
university-driven research and development that occurred before forming the start-up. Industry then much rather obtains the techniques or
products from the start-up company directly than investing in the necessary academic research.
TTOs and other innovation agents (such as non- and for-proﬁt foundations) support the creation of spin-oﬀs and start-ups, which are positioned in a higher level of circularity in their businesses when compared
with bigger corporations, rendering them a logical bridge between discovery and application. TTOs and other innovation agents contribute
to educate in entrepreneurial skills including ﬁnances and social abilities to provide the means for the development and often implementation of a solid business model, fostering entrepreneurial exposure and
assisting with funding opportunities (e.g., through seed funding or investors). Alternatively, new spin-oﬀ companies can emerge from larger
corporations that acquire academic IP to capitalise company creation
with a new team of professionals. In any case, traversing the Valley of
Death is a long journey that needs a multistakeholder eﬀort and support from many associated organisations and institutions. In terms of
circular economy, for example, policy makers can be among the biggest
innovation drivers e.g., through regulation or measures that stimulate
the development of products and processes for more sustainable solutions.
The natural rise of start-ups and spin-oﬀs should be seen as an
opportunity. This type of companies can ease the transition of academic research to actual industrial application, closing the Valley of
Death by forming an independent bridge between academia and industry (Takata et al., 2020, Gilding et al., 2020, Gatto and Re, 2021). It
also opens up room for academics to focus on what they do best: education and research. It was earlier recognised (Bauer and Cohen, 2012)
that having opportunities in academia to translate their research effectively into concrete products beneﬁts academic institutions, faculty
members, industry, and society (Etzkowitz et al., 1998, Patermann and
Aguilar, 2018). A case could be made for collaborations to include of
the possible development of start-ups from their inception, which might
lead to more attention to promising results and how to grow them into
market applications from an early point on.

factors such as the intrinsic characteristics of the production platform,
industrial process and set-up ﬂexibility, sector-based factors such as regulations, and social factors such as public perception are important inﬂuences. To ensure that research innovation makes it through the Valley
of Death to market commercialisation, these factors must be considered
early on.
Universally recognised research topics of interests are genome engineering, scale-up, and improved strain robustness. The main cause for
lack of market introduction are the vastly diﬀerent TRLs that academia
and industry operate on. Industry mostly focuses on solution-based research e.g., to improve the titre-rate-yield, whereas academia generally
focuses on curiosity-driven, fundamental research, vast steps removed
from industrial application. Neither party really wants this to change,
while both indicate a need for improved communication to avoid lost
opportunities (Ellwood et al., 2020). As conﬁrmed by the technology
transfer oﬃces, start-ups, in particular when embedded in advanced innovation ecosystems, can serve as the bridge over the Valley of Death,
connecting feasibility to viability, acting as an active broker between
academia and industry to set-up, sharpen, develop and fund innovation
to implementation.
While we believe this to be an important factor, it is well worth
bringing other crucial aspects to our attention which were not explicitly
covered during our interviews. First and foremost, there is a worrisome
need for getting, and maintaining, venture capital. This ﬁnancial model,
whose strengths have been articulated by both academia and industry,
and that appears to be a bright spot for a global innovation landscape
(Bloom et al., 2020), has also several limitations. Potential bottlenecks
include very restrictive requirements, low number of investors and a
seemingly decrease in active corporate governance by venture capital
funds, which due to the ever-growing, intense competition, oﬀer more
entrepreneur-friendly contracts, sometimes even in detriment of their
own interest (Lerner and Nanda, 2020).
Lastly, we would like to add that both start-ups and established companies have the power to beneﬁt from the sound knowhow present in
academia in the shape of consultancy. Accordingly, consulting activities
of leading researchers could be considered another tool to the academic
world and the biotech industry in all its forms.
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4.3. Strengths and limitations of the study
After approximately eight interviews, data saturation occurred: little
new information was obtained. This indicates a good reﬂection of the
target community. The large spread of diﬀerent companies over diﬀerent biotechnology sectors, of diﬀerent sizes and spread over diﬀerent
locations allowed to reasonably generalise the ﬁndings so that the universal (or at least related to the Western world) bottlenecks, challenges
and opportunities could be easily recognised. In addition, data was validated and conﬁrmed by two TTO representatives. An alternative interesting approach to this research could be to assess the subtle diﬀerences
from companies in diﬀerent continents, expanding on not only sectorial
but also cultural and market-related diﬀerences. A larger sample would
be more reﬂective of the continental community, including academic
instances from other continents than Europe.
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5. Conclusions
Funding
Within industrial biotechnology, research on suitable production
platforms is paramount. Existing production platforms are improved,
or new ones are developed. From an academic point of view, accessibility, and ease to work with, along with scientiﬁc interest, are the main
reasons to choose one speciﬁc micro-organism. For industry, technical
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