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sustainable enzymatic production of C1 chemicals
from carbon dioxide
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Marleen Hallamaa, a Jan Deska, a Malin Bombergc and Silvan Scheller*b

Research at the frontiers of science is getting increasingly specialised. At the same time, major global

challenges require the cooperation and innovation of different research fields. One solution for

enhancing scientific discovery and innovation within this landscape is to form research consortia that

bring together expertise from different disciplines. Such multidisciplinary efforts are also highly

recognized and increasingly enforced by funding agencies. Within this landscape, we established

a research consortium consisting of three partners to explore environmental acid-tolerant formate

dehydrogenases as novel biocatalysts for formic acid production from CO2. Taking our ambitious project

on biocatalytic CO2 valorisation as a case study, we reflect on the realities of forming a research

consortium, highlighting some of the related theoretical and technical issues, as well as its intrinsic

positive and valuable nourishing effect on researchers. Finally, we offer some constructive criticism and

practical advice to other scientists willing to embark on complex scientific projects through collaborations.
Sustainability spotlight

Anthropogenic carbon dioxide emissions have led to a massive increase in its atmospheric levels with severe consequences on climate change and global
warming. In this perspective, we reect on the circular utility of CO2 as an abundant resource to store energy. Primarily, we delve on a metagenomic approach to
discover new enzymes able to bind/convert CO2 at low temperature/pH (SDG 15), and to use C1 entities in chemical valorization based on an eco-friendly
enzymatic approach (SDG 12, SDG 13). With a strong emphasis on the opportunities and challenges regarding the multidisciplinary approach rather than
the scientic details of the underlying complex project, this article aims to encourage other researchers to include partnerships in their projects (SDG 17).
1. Introduction

One of the main virtues, and problems, of modern science is
specialisation. Whilst the scientic community is blessed to
have many talented researchers able to solve wide-spread and
niche problems alike, the tendency is for those researchers to be
highly specialised in their elds. This circumstance is equally
a catalyst for the progress of science and the inhibitor that stalls
the speed of discovery. Nowadays, our community faces
increasingly complex challenges, and these challenges will only
be resolved by the joint hard work of highly specialised scien-
tists, together. Funding bodies and governmental programmes
begin to see the value of multidisciplinary work, and
researchers are constantly being encouraged to form
partnerships.
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One of the most prominent threats to humanity is global
warming. The current worldwide carbon dioxide (CO2) emis-
sions from fossil fuel use remain excessive and the natural
capacity for photosynthetic CO2 assimilation continues to be
outstripped.1–5 Thus, the prospect of CO2 utilisation will not
only help achieve more tolerable atmospheric CO2 levels, but it
will provide a carbon source that is large enough to substitute
fossil carbon sources. In this quest to access CO2 as a carbon
source, it is crucial that we get inspiration from nature. The last
decade has seen an active development on the eld of synthetic
biology, with cutting-edge technologies designed to bio-
catalytically convert CO2 emissions into high value-added
chemical products such as formic acid (HCOOH).6,7 Formic
acid can be further transformed into high-value chemicals.8,9

Soon, we encountered our rst challenge: specialisation.
From a chemist's perspective, biocatalytic research is oen
constrained in terms of commercial availability, considerably
limiting the scope of experimentation, and failing to adequately
answer key questions or deliver novel solutions and data.
Although the situation can be improved by producing a broader
collection of enzymatic species, the necessary scientic skills,
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d4su00274a&domain=pdf&date_stamp=2024-10-26
http://orcid.org/0000-0002-9899-671X
http://orcid.org/0009-0005-3915-911X
http://orcid.org/0000-0003-4622-2365
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4su00274a
https://pubs.rsc.org/en/journals/journal/SU
https://pubs.rsc.org/en/journals/journal/SU?issueid=SU002011


Perspective RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 0

1.
11

.2
02

5 
03

:0
8:

35
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
know-how, and infrastructure do not always coexist within
a purely chemistry-based research group. At the same time,
from the biologist's perspective, the idea of taking formic acid
and being able to obtain other molecules might seem unsur-
passable. As a solution, entering a formal collaborative part-
nership, with researchers from various other academic and
technical disciplines, is a proven approach for addressing any
theoretical or research shortcomings frequently associated with
a highly ambitious and complex project and highly specialised
researchers.

In this perspective article, we consider the benets and
limitations of forming a consortium, starting with the fact that
funding bodies and research agencies are beginning to see the
value of this kind of multidisciplinary work, and researchers are
constantly being encouraged to form partnerships. In our view,
we understood that taking this approach would carry a high
degree of conceptual risk, as our proposed project involved
highly ambitious and challenging research with a good deal of
scientic uncertainty and unpredictability. Even so, by pursuing
this ‘high risk-high gain’ strategy, both researchers and funding
agencies alike, certainly expected that the anticipated outcome
would clearly outweigh the element of risk and possible failure
of the research. Take our project as a case study.
2. Research description and
objectives

In 2019, the Research Council of Finland (formerly the Academy
of Finland) issued a special call aimed at proposals that could
strengthen Finnish scientic competence and competitiveness
in the utilisation of green chemistry technologies for industrial
manufacturing of products from captured CO2 emissions.10 As
scientists interested on the topic, we prepared a proposal, and
thus, ‘ExtremoForm: extremophile microorganisms as a source
of highly productive enzymes for CO2 reduction to formic acid
and other C1 fuels and platform chemicals’ was born. With
academic and scientic partners from the VTT Technical
Research Centre of Finland Ltd, Aalto University, and the
University of Helsinki; three disciplines were involved: envi-
ronmental metagenomics, expression of enzymes and chemical
catalysis (Fig. 1).

Our main collective aim was to procure a selection of
enzymes – formate dehydrogenases (FDHs) – that are acid-
tolerant and active in low temperature conditions, and with
a strong preference for CO2 reductase catalysis. These novel
FDHs represent a sustainable green alternative, because they
rely on abundant non-toxic molybdenum and tungsten, instead
of late transition metals such as rhodium that are typically used
by classical chemical catalysts. Via enzymatic promiscuity, we
focused on the direct production of formic acid for the envi-
ronmentally friendly generation of high value-added chemicals
and fuels. Notably, we focus on formic acid, and not formate, to
avoid the problem of having to provide a counter ion for each
formate produced. In addition, formic acid can be used to
address the problematic transport and storage of hydrogen (H2)
for the renewable energy industry.
© 2024 The Author(s). Published by the Royal Society of Chemistry
To advance this outcome, our ve strategic targets were laid
out as follows: (i) to screen and uncover metallo-FDH bio-
catalysts that efficiently reduce CO2 to formic acid at zero degree
temperatures and under extremely acidic conditions (pH < 3),
(ii) to attain a fundamental understanding of the molecular
mechanisms behind the low temperature activity and high acid
stability of the FDH biocatalysts, (iii) to improve the perfor-
mance of the FDH biocatalysts by using a combination of
directed evolution and semi-rational protein engineering and
design, (iv) to characterise the properties of the FDH bio-
catalysts by applying the same conventional methods used for
chemical catalysts, and (v) to broaden the reaction specicity of
the existing FDH biocatalysts for the formation of alternative
products such as formate esters and formamides.
3. Scientific premise and background
3.1 CO2 emissions and formic acid

Combustion of hydrocarbon-containing materials has led to
a massive increase in atmospheric CO2 emissions, with current
global atmospheric CO2 concentrations at 421.47 ppm (March
3rd, 2024), and a steady yearly increase of 2.4 ppm on average
since 2012.11 There is a pressing need for the development of
more sustainable and clean energy concepts, and although in
recent years, most efforts to ease CO2 accumulation have
focused on developing new energy efficiency and sequestration
technologies,12 the obvious abundance of this greenhouse gas
has also come to represent a readily available, cheap, and
renewable source of C1-carbon for producing various value-
added chemicals such as formic acid.13

Molecular hydrogen (H2) is emerging as a carrier of renew-
able fuel,14 but its necessary compression or liquefaction is
highly energetically demanding, resulting in a costly and
hazardous procedure.15 Alternatively, formic acid is oen touted
as a promising H2 carrier, as it achieves a higher volumetric
density and is liquid under standard temperatures and pres-
sures, making its handling more economical and much safer
(Fig. 2).16

For its role as a liquid H2 carrier, formic acid can be acquired
through the catalytic hydrogenation of CO2 emissions.17 In
addition to its role as a stabilised form of H2 fuel, formic acid is
also viewed as an economically valuable platform feedstock for
producing numerous other higher value-added chemicals
within the circular bioeconomy (Fig. 3).18

Achieving formic acid production directly from CO2 and H2

is a rather challenging reaction, as it requires expensive cata-
lysts and harsh conditions to yield high conversion rates.19–22

Thermodynamically, formate formation is favourable at pH = 7
(eqn 10); but under standard conditions (pH = 0, eqn 1), under
which formic acid is produced, the equilibrium favours CO2

formation. This equilibrium, however, is temperature depen-
dent, and low temperatures favour formic acid production. At
0 °C, 50 bar CO2 and 150 bar H2, the maximal formic acid
concentration that can be produced is ca. 3 M.23–26

CO2(g) + H2(g) = HCOOH(aq) DG˚ = +15.3 kJ mol−1 (1)
RSC Sustainability, 2024, 2, 3264–3275 | 3265
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Fig. 1 In ExtremoForm, each consortium participant brought their unique expertise and resources to the research: environmental genomics and
microbial sampling from extreme habitats, anaerobic biochemistry and recombinant protein expression, and molecular characterisation of
enzymes through enzyme design and engineering for applied biocatalysis and organic synthesis; ideally – to maximise outcomes–the cycle can
then be perfected and re-started with the help of computational tools and artificial intelligence learning. Created with https://BioRender.com.

Fig. 2 Hydrogen presents a hazard for transportation. Instead, formic
acid can easily store hydrogen, facilitating transport, and offering
a viable H2 delivery method. This occurs through a very convenient
hydrogenation–dehydrogenation cycle.
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CO2(g) + H2(g) = HCOO−
(aq) + H+ DG˚0 = −3.5 kJ mol−1 (10)

The severity of the reaction conditions can be diminished
by using a less energy-demanding biocatalyst: a formate
dehydrogenase that is active at low temperature, unlike other
catalysts cited in literature.24 So far, there are several reports
that the production of formic acid from CO2 can proceed
enzymatically through FDH, either as a whole cell biocatalyst
or as an immobilised or free enzyme.27–31 However, with the
higher expected accumulation of formic acid at lower
temperatures, FDH will likely be susceptible to protein dena-
turation by the ensuing low pH environment and so to main-
tain its catalytic activity would require a highly acid stable
nature (Fig. 4).
3266 | RSC Sustainability, 2024, 2, 3264–3275
3.2 Formate dehydrogenase as a biocatalyst to promote CO2

reduction

FDH is the biological catalyst responsible for the interconver-
sion between formate and CO2. Although always part of an
equilibrium, most FDH enzymes evolved to preferentially
catalyse the formate oxidation, but some FDHs are reportedly
more active in catalysing CO2 reduction.28,32 Kinetic parameters
are dependent on the corresponding redox cofactors of the
enzyme (oxidants or reductants), the KM values, as well as
process parameters that help shiing the equilibrium in
a particular direction.33,34

FDHs, constitute a very heterogeneous group of enzymes
regarding cellular location, functional specialisation and
structural organisation.35 For example, as formate can act as an
energy source in hydrogenotrophic methanogens (e.g. Meth-
anococcus sp.), cytosolic FDH will facilitate the conversion to
CO2 via the methanogenic pathway.36 On the other hand, in
Gram-negative bacteria, membrane-bound periplasmic FDH
serves to funnel electrons to the quinone pool in the periplasm,
where the generation of protons powers the proton-motive force
that enables energy to be conserved.37,38 For this article, the
classication according to structural organisation is the most
relevant. Here, there are two separate types of FDH, charac-
terised by the absence or presence of a metal ion in the active
site.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The processes involved in formic acid (formate) bioeconomy. Formate can be obtained through different methods and from different
sources and is ultimately transformed into high-value chemicals affording huge economic benefits. Given its complexity, it is not possible to
develop any new work into the formate bioeconomy without including more than one research discipline, allowing for multidisciplinary
advancements in a reasonably timely manner. This image has been adapted from Yishai et al. (2016).18
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Non-metallo FDH are commonly observed in aerobic hosts,
and so taken to be oxygen tolerant.39,40 Nicotinamide adenine
dinucleotide (NAD+), or in some rare instances nicotinamide
adenine dinucleotide phosphate (NADP+),41 is generally used as
the cofactor for the redox catalysis reaction. The formate
oxidation reaction is typically favoured among non-metallo
FDHs,42 and these enzymes have been frequently used in
cofactor recycling for cascade enzymatic reactions.43 As a caveat,
however, the lower catalytic activity of non-metallo FDH, the
prohibitive cost of NAD+ and the high lability of NADH in acids,
are obvious disadvantages for practical CO2 reduction applica-
tions, and for that reason this class of FDH also tends to be
viewed as a less viable option.44,45
Fig. 4 Concentrations of dissolved formic acid in equilibrium with CO
equilibrium favours formic acid formation, which in turn, creates amore a
low temperatures, such as enzymes (FDH).

© 2024 The Author(s). Published by the Royal Society of Chemistry
By contrast, metallo FDHs exhibit much greater variation
based on metal content, subunit composition, quaternary
structure, cellular localisation, active-site residues, O2 sensi-
tivity, and physiological function. True to its name, metallo
FDH can contain either molybdenum (Mo) or tungsten (W)
within its active site.46 Although there is still some debate, it is
accepted that the reaction mechanism in metallo FDH can
accommodate a range of electron donor–acceptor cofactors,
including articial cofactors.46–48

In the quest to develop novel CO2 reducing biocatalysts,
growing research interest has been drawn to the metallo FDHs.
In a head-to-head comparison of turnover activity, metallo FDH
clearly outperforms the nonmetal-containing enzyme, making
2 and hydrogen at different temperatures. At lower temperatures, the
cidic environment. But would require a catalyst that is able to operate at

RSC Sustainability, 2024, 2, 3264–3275 | 3267
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it the far better option for potential applications as a CO2

reductase. Still, practical sticking points with the metallo FDHs
continue to be their poor and difficult recombinant expression
in E. coli, and their short-lived ability to retain full activity due to
O2 sensitivity.49–51 In this perspective, we will focus on our work
with metallo FDHs.
4. Research implementation and
impact

To accomplish our objectives, we structured the scope of the
research project into three work phases (enzyme discovery,
enzyme performance, and molecular understanding) to foster
the transdisciplinary exchange of scientic ideas and knowl-
edge between consortium members. These three phases,
although mostly linear in nature, also provided the opportunity
for all members to start working in parallel while waiting for
more information and results from the other teammembers. In
this way, each team developed their areas of expertise while
updating, complementing and informing the other parts of the
consortium. Exceptionally high levels of constant communica-
tion were crucial for the advancement of the project. It is
important to clarify, that whilst the project has now been
nished, the authors are still in the process of preparing
publications for their results.
Fig. 5 Schematic of a typical metagenomics workflow. DNA is
extracted from selected samples and sequenced. The raw sequence
data is analysed, and the genes of interest are identified, allowing for
their synthesis, transformation and expression under the required
laboratory conditions. The workflow leads to further experimental
procedures for enzymatic molecular understanding. Created with
https://BioRender.com.
4.1 Enzyme Discovery

Despite the omnipresence of microorganisms in nature, only
a small fraction of these can be readily cultured in the labora-
tory.52,53 This leaves most of the genetic potential within these
natural microbial populations unexplored when traditional
culture-based methods are used. Metagenomics is an effective
approach for revealing the untapped reservoir of microbial and
genomic biodiversity in various environments.54–56 The typical
metagenomics workow begins with collecting samples from
the subject environment, followed by isolating the DNA. DNA
extraction is much less discriminating than cultivation-
dependent approaches, allowing for a more comprehensive
representation of the collective genome, or ‘metagenome’, of
the microbial community in an environmental sample. Aer
isolation, the metagenome is fragmented and then undergoes
high-throughput DNA sequencing. Genes encoding possible
novel biological functions are identied from the sequence data
by computer algorithms comparing with known genes and
proteins (Fig. 5).

To discover FDH biocatalysts that are naturally cold adapted
and highly acid-tolerant, the researchers at VTT conducted
a comprehensive metagenomics survey of the microbial
communities in two acidic environments. By selecting an
environment that is both sufficiently unique and extreme, and,
most importantly, that also reects the sought-aer properties
of the enzyme we aimed to signicantly expand the overall gene
pool and thereby enhance the possibility of discovering FDH
enzymes with the desired physical and catalytic properties that
were hereto unknown.
3268 | RSC Sustainability, 2024, 2, 3264–3275
The metagenomic approach considerably expanded the
available gene pool, yielding to the discovery of novel FDH
genes, encoding both metallo and non-metallo FDHs. These
newly identied genes represent a wide diversity of microor-
ganisms, as well as enzyme structures and cellular locations,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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supporting our aim to cover as much functional diversity as
possible.

4.2 Protein production and enzymatic performance

In continuation to the metagenomic analysis, these new metal-
containing FDHs were explored for their potential to act as
stable catalysts that can convert CO2 and H2 to formic acid for
industrial applications. Different fdh genes were selected from
the novel FDH gene pool; a selection made to represent as wide
a protein level and taxonomic level as possible. In this way, it
could be established which of the discovered variants could be
expressed for activity screening.

Overexpression of the enzymes was designed to test different
plasmids, vectors, expression conditions and genetic
modications.57–61 Given that the extremophiles in this study
were derived from cold and acidic environments, their enzy-
matic activity was tested at different pHs and temperatures.

To address and circumvent the linearity of the project,
parallel work involving other oxygen-sensitive, metal-dependent
FDHs was developed to study the enzymatic active site and how
its modication affects enzyme performance. At this stage, most
of the experimental work was carried out with a formate dehy-
drogenase from E. coli K12, following Li's protocol.61–65

The procedure is outlined in Fig. 6. A key aspect of the
analytical work was to establish the activity of these enzymes
with articial electron donors, such as methyl and benzyl viol-
ogens. These compounds afforded an efficient method for
measuring enzymatic activities, given their unique colorimetric
properties.66,67

In this project, only modication through rational design
was attempted. However, we believe that best results will be
obtained through a combination of both directed evolution and
rational design. Ideally, if more time was granted, an in-depth
study comparing these two parallel lines of work (enzymes
from metagenome analysis and available enzymes) would be
carried out to extract the precious information. As we stand,
those avenues of investigation might have to be saved for future
endeavours.

4.3 Molecular understanding and catalytic applications

This phase of the project delivered what might be perceived as
the most practical results in terms of CO2 capture and chemical
transformation, since it focused on the optimisation of bio-
catalysis to extend the synthetic product scope.

To date, most large-scale efforts have centred around the
conversion of CO2 to economically valuable small molecules.
Two strong contenders in these processes are methanol and
ethanol, which can be easily used as a fuel, as a precursor for
more complex fuels or as a building blocks towards other
valuable chemicals.68–70 Nowadays, most of the CO2 used as
a raw material is converted to fertilisers in the agrochemical
industry through urea manufacture.71,72

In chemical terms, carbon dioxide is an electrophilic, but
rather stable molecule. Contrary to what might be expected, it
is, nonetheless, quick to react with basic compounds;73 or with
highly reactive substrates or under harsh conditions.74 Milder
© 2024 The Author(s). Published by the Royal Society of Chemistry
chemical methods continue to be developed.75 In terms of
biocatalysis, three common enzymes are used in the incorpo-
ration of carbon dioxide: carbonic anhydrase for the formation
of hydrogen carbonate, RuBisCO in the photosynthetic pathway
and formate dehydrogenase to obtain formate.76

It is the latter option that was taken as a stepping-stone to
delve into the biocatalysis-synthetic organic chemistry inter-
face. Thus far, the use of FDH to produce compounds other
than formate has been practically nonexistent, besides the non-
natural reduction of nitrate to nitrite reported by Hartmann
et al., and the formic ester cleavage introduced by Frölich.77,78

Given that amines show a strong affinity for electrophiles –

including CO2;79,80 the prospect of formylation reactions of
amines through FDH was explored. In this way, we hoped to
combine disciplines to achieve a wider range of substrates for
FDH for the direct synthesis of interesting organic compounds
and to provide a milder alternative to conventional carbon
dioxide trapping methods (Fig. 7).

The production of C1-derived platform chemicals for the
development of new amides would not have been possible – or
would have been much slower – if not for the combination of
knowledge on enzyme promiscuity, enzyme engineering and
synthetic organic chemistry. Once again, the inherent value of
the consortium approach and its different skill sets is brought
back to the limelight. Through the collaboration, it became
possible to not only focus on the discovery and development of
new CO2-xating FDHs (a relevant aim on its own), but we could
also delve further into the synthetic value of CO2 in chemistry.
At the same time, the linearity of the project did also play a part
in the slow deliverance of results from all parts. Withmore time,
the overall benets of the consortium would easily exceed the
downsides, which for this case, were mostly schedule-based.
5. The consortium approach: lessons
learned
5.1 The researchers' perspective

In view of our experience, we would like to present this
perspective as a case study for the benets, and drawbacks, of
working in the highly collaborative environment that ensued
the creation of the project. Besides the success of producing
novel FDHs and sustainable new methods for formic acid
biosynthesis, the most valuable outcome was the considerable
personal and professional growth experienced. Each partner
was able to do individual research, and results were enhanced
by the overarching input from the network.

This multidisciplinary environment fostered the develop-
ment of transferable skills; such as team working, presentation
and communication skills. In this way, monthly meetings and
work presentations were supplemented with a well-established
knowledge transfer scheme: from bachelor students to prin-
cipal investigators, everyone was willing to offer their unique
perspective on the project, and to share their unique set of
skills.

While communication throughout the programme was
always present and abundant, the much-needed
RSC Sustainability, 2024, 2, 3264–3275 | 3269
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Fig. 6 After the metagenomic workflow showed in Fig. 5, a different skill set is needed. This figure displays a protein engineering procedure,
starting with a PCR (for protein engineering through DNA mutations) and ending with activity assays. Most of the procedure needs to be carried
out inside an anaerobic chamber. The enhanced mutations selected through the activity assays can then be used to expand the synthetic scope,
serving as a bridge between the metagenomics field and the organic synthetic chemistry area. Created with https://BioRender.com.
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multidisciplinary approach was, however, demanding. The
whole project was muchmore ambitious than initially expected,
and in reality, working together was not always possible. The
physical separation constituted a clear disadvantage for
building active connections amongst the researchers. Addi-
tionally, each round of the project required learning cycles from
all its members, along with good doses of willingness and the
ability to reach out. The challenging nature of the project
3270 | RSC Sustainability, 2024, 2, 3264–3275
marked its fast-learning rhythm: a hectic pace that was only
made bearable by the constant help and support from all the
network members.

At the same time, the intrinsic nature of ExtremoForm
translated into a linear timeline: the results from the meta-
genomic analysis were needed for the enzyme performance
assays, which were needed for the development of the molec-
ular understanding phase. Contingency measures were applied,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Carbon dioxide sequestration through formate dehydrogenase to obtain a range of valuable chemicals. Nowadays the excessive amounts
of atmospheric CO2 constitute a threat to society. By using biocatalytic methods to transform those harmful greenhouse gases into valuable
chemicals would constitute a rather elegant and efficient solution to the problem.
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such as working with readily available enzymes and organisms,
but they do not distract from the fact that time was a very
important factor and that it was very clearly insufficient.

With regards to time, the most glaringly obvious issue was
the 2020 coronavirus pandemic. While perhaps consortia in
other elds have a wider choice of workplace (bio)chemistry is
very limited on the possibilities for remote work. Unfortunately,
the pandemic severely hindered our ability to work in situ,
especially during the lockdown stage, meaning that most
experiments got a considerable delay from the original plan.
Not only that, but working in shis meant that direct commu-
nication with other teams was severed, and we relied mainly on
the digital approach – oen a lot more convoluted than needs
be. The long time that took to get back to in-person meetings
was another setback. However, despite all the difficulties, we
can say that through collaboration and learning, we have
delivered some outstanding research, the results of which we
hope will be published separately.

In addition, ExtremoForm also allowed for the development
of different branches of work, including two master theses,
undergraduate-level participation and bachelor projects. The
massive amounts of data produced, not directly related to the
original project, can be used in the future, especially focusing
on IA development of new methods, closing the cycle and
starting a new iteration (Fig. 1).

Clearly, ExtremoForm presented a project that was expo-
nentially more complex than initially thought, mainly because
biology is rather less predictable than chemistry. Not only is it
not a guarantee that a metagenomic analysis will produce
a good match for what is needed, but even if it does, it is a very
plausible possibility that it is not feasible to translate the
© 2024 The Author(s). Published by the Royal Society of Chemistry
ndings into a real laboratory setting. For this reason, we
believe that these difficult endeavours should be taken step-
wise, from easy to difficult, and taking time to focus on learning
cycles, allowing for the ambition to produce its fruit. Despite the
hardship, one thing has become apparent: forming a consor-
tium has always been advantageous. In this sense, the imple-
mentation of collaborations on a practical level – as opposed to
the more theoretical networking approach prevalent in confer-
ences and other sporadic encounters – leads to more grounded
science. We now know how each member works, which will no
doubt be of benet in future challenges.
5.2 The consortium managers' perspective

We would like to offer some constructive criticism and some
practical advice from the managerial angle, so future consortium
leaders can benet from our experience (Fig. 8). Consortium
leaders (management) should plan thoroughly and well-ahead of
time. In this stage it is important to consider the big picture and
examine how the consortium will address the project and full
the research description submitted for the funding application.
Be realistic with regards of ambitious research, identify possible
bottlenecks and set hard deadlines for specic deliverables; be
prepared to continue with an alternative plan in case of negative
results, unexpected issues, or other practical inconveniences.
Having these “relief” course of actions will result in an efficient
and well used time, and possibly to higher quality publications.
Flexibility with research will be necessary: the timeline will likely
need to be adjusted as the project advances, so this must be re-
ected upon in the planning stage.

Project design is no menial task. On top of the management-
related advice in the previous paragraph, here are some specic
RSC Sustainability, 2024, 2, 3264–3275 | 3271
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Fig. 8 Proposed checklist for the consortium manager, with categories including management of the project, project design and communi-
cation throughout the duration of the consortium. This checklist is based on our practical experience, and aims to provide with some practical
advice to future leaders.
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tips to consider. As we have mentioned all through section 5,
the timeline of the project requires attention. In ExtremoForm
we worked with a very sequential project that resulted in high
linearity, less time efficiency, and a number of lost opportuni-
ties. Funded projects have very limited time for oen very
ambitious research, so make sure your proposal has a carefully
studied structure, giving each partner enough room to start
early on, and to carry out parallel work. Do not forget to
consider external factors, like the weather or growth seasons,
which funding bodies do not usually take into account. Here in
Finland, for example, the collection of samples and outdoor
work in general can be very restrictive during wintertime,
translating into delayed lab work. In our case, sample collection
needed to be done early on, but could not be carried out during
the rst few months. We suggest, if you nd yourself in the
same position, that you plan for alternative work, for example,
start with the analysis of previous data so experiments can start
as soon as specimens arrive.

Ideally, a consortium should afford high-quality publica-
tions. In order to facilitate this, project design should include
plenty of accessible branches: smaller divisions of work that will
result in fast, easier-to-attain results. If at all possible, including
these at the beginning of the research project will also help to
ramp up towards the more challenging parts of the project and
will generally increase morale, given that results (publications)
have already been granted from the start. As stated, Extremo-
Form was incredibly ambitious in its entirety and these “side
works” were only included towards the end, when the pressure
was really high, and researchers were fully immersed in more
3272 | RSC Sustainability, 2024, 2, 3264–3275
demanding work. One of the main values of collaborations is
having different workers with different skills; therefore, it is
possible to have someone working on the low hanging fruits
whilst others focus on the most ambitious parts, which also
helps with linearity.

The previous subsection highlights the importance of
communication. This is a very crucial point for the success of
any collaboration: plenty of meetings are needed, but always
keeping the same structure can make them overwhelming and
inefficient for the participants. We found that, although we had
very frequent presentations and discussions, these became
draining because everyone needed to be involved all the time.
Instead, opt for shorter, more specic gatherings (researchers to
discuss practical details with each other and leaders to arrange
management separately) and for variety (include retreats, days
away or even conference-style poster presentations).

One factor that requires some deliberation is how to imple-
ment management itself, and we cannot offer a clear answer. Is
micromanaging an asset to science? It will depend on each
specic team, and on each individual researcher. It takes time
to know your colleagues, and the best approach is to keep an
open mind, and again, be ready to be exible. One thing that we
all agree on is that too many restrictions on the work or on the
timeline schedule heavily diminish academic creativity, so
nding a good management style will determine how the group
blossoms.

As a visual aid, Fig. 8 was designed to facilitate the compli-
cated role of the consortium manager, and it is based in
everything that was discussed up to this point.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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6. Conclusions

All funding agencies, individual researchers and academic
institutions are all pointing towards an undeniable reality: an
isolated researcher will never accomplish as much as someone
who is in touch with different experts, from different elds,
promoting an open, and constructive, communication of
science. And while perhaps not everyone has the opportunity to
form an official bond (i.e., funded consortium) with other elds,
collaboration – official or unofficial – should always be
encouraged. By merging our different skills, it was possible to
create a more complete, and thus realistic, picture of a very
complex plan, and has led to high quality-albeit incomplete at
this stage-science. Along the way, we have encountered many
problems and challenges, and in the hope that others can
benet from our insights, we have prepared this article.
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F. Jiang, Z. Jin, F. Joos, E. Kato, R. F. Keeling, D. Kennedy,
K. Klein Goldewijk, J. Knauer, J. I. Korsbakken,
A. Körtzinger, X. Lan, N. Lefèvre, H. Li, J. Liu, Z. Liu,
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