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EXECUTIVE SUMMARY 
This workshop brought together experts from diverse disciplines to examine the role of 
microbial microenvironments in environmental biotechnology and to identify pathways for 
advancing research and application. Through structured discussions participants developed a 
shared conceptual framework, articulated aspirational goals, and highlighted critical gaps in 
knowledge and capability. 

Progress hinges on two interconnected priorities: improving system insight and control and 
strengthening interdisciplinary integration. While technological advances remain essential, 
participants emphasized that the most immediate gains will come from enabling skill 
development, collaborative design, and streamlined institutional support. 

Reflections on institutional support underscored the need for proactive matchmaking, flexible 
funding mechanisms for cross-disciplinary projects, and reduced administrative burden. 
Recruitment processes and recognition of non-traditional outputs, such as software and 
experimental infrastructure, were also identified as areas for improvement. 

A skills inventory exercise exposed both strengths and gaps across the community. Expertise 
clustered around modelling, wetlab 
techniques, and microbial ecology, while 
capabilities in industry engagement, 
policy, and communication were notably 
absent yet widely desired. Correlation 
analysis suggests participants aim to 
deepen current expertise, broaden 
capabilities by recruiting collaborators 
with complementary capabilities, and 
selectively expanding into data science, 
infrastructure, and process engineering, 
areas critical for bridging theory and 
application. Overall, realising goals of 
microenvironment understanding and 
control will require not only technical 
innovation but also cultural and 
structural shifts that enable 
collaboration, broaden impact, and 
accelerate translation from concept to 
practice. The promise of, challenges 
regarding, and way forward to achieving 
those goals are presented in Appendix I. 

1 INTRODUCTION 
This report presents the results of an Environmental Biotechnology (EBNet, www.ebnet.ac.uk) 
workshop focused on the microenvironments associated with microbial biofilms, which occur 
in many contexts. Microenvironments are localized zones with chemical, biological, or physical 

Box 1: Microenvironments in Practice 

Microenvironments occur in many different 
practical contexts. Concrete examples from 
participant’s and other activities include: 

• Wastewater treatment, anaerobic 
digestion and biogas production 

• Bio-electrochemical systems, including 
microbial fuel cells 

• Industrial biotechnology, including 
engineering biology and synthetic 
biology 

• Biofouling of medical and industrial 
equipment 

• Experimental model systems of mass 
transport and reactions 

• Natural and engineered systems 
contributing to biogeochemical cycling 
of materials, including nitrogen 

• Plant root ecosystems and soil health 

http://www.ebnet.ac.uk/
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characteristics that differ significantly from larger surrounding environment. Because microbes 
respond primarily to these immediate conditions, microenvironments strongly influence the 
performance of microbially based systems. Understanding and controlling these influences is 
essential for engineering improved systems, aligning with EBNet’s Engineering/Biology theme 
complements broader UK biofilm research and innovation activities, such as those supported 
through the National Biofilms Innovation Centre (NBIC). 

The workshop aimed to: 

1. Develop the above shared definition of “microenvironment”. 
2. Explore the potential if microenvironments were perfectly controllable and measurable. 
3. Identify gaps between current knowledge and the idealized scenario. 
4. Establish priorities for bridging gaps and driving innovation. 
5. Assess institutional support needed, noting strengths and areas for improvement. 
6. Inventory existing skills and identify complementary skills for growth and collaboration. 

2 KEY OUTCOMES AND RECOMMENDATIONS 

A. Outcome Summary 
Defining Microenvironment: Agreed on a working definition emphasizing dynamic, 
heterogeneous conditions distinct from the bulk environment, shaped by microbial interactions 
and challenging to measure or control. 

Application Goals: Envisioned capabilities such as improved process control, enhanced 
reliability, and enabling technologies for waste treatment, resource recovery, and bioprocess 
optimization. 

Knowledge Gaps: Identified three major barriers; linking scales and disciplines, managing 
complexity, and improving methods (including modelling and uncertainty quantification). 

Target Activities: Prioritized co-design between modelling and experimentation, skill 
development, and leveraging existing tools alongside new technologies like microfluidics and 
spatial omics. 

Institutional Support: Called for proactive matchmaking, interdisciplinary funding 
mechanisms, streamlined administration, and recognition of outputs beyond publications. 

Skills Inventory: Revealed strong modelling and experimental expertise but widespread desire 
for growth in data science, infrastructure, and industry collaboration. 

B. Recommendations 

i. Enable Interdisciplinary Collaboration 

• Proactive matchmaking and cross-institute appointments. 
• Funding calls designed for interdisciplinary projects, evaluated by cross-disciplinary 

panels. 
• Small proof-of-concept grants to build capacity and networks. 
• Support targeted training workshops and accessible primers for cross-disciplinary skills. 
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ii. Streamline Administrative Processes 

• Simplify grant submission and reporting. 
• Increase financial flexibility and standardize systems. 
• Facilitate hiring of research software engineers and undergraduate researchers. 

iii. Broaden Impact and Recognition 

• Provide guidance for industry engagement. 
• Recognize non-traditional outputs. 

iv. Integrate Modelling and Experimentation 

• Promote co-design between modelers and experimentalists. 
• Encourage iterative cycles linking in vivo and in silico approaches. 

3 WORKSHOP PROCESS 
The workshop ran over two days (17-18 March 2025) at the Copthorne Hotel, Newcastle, UK. 
Sonia Heaven (EBNet Director) conceived the theme, and Joseph Weaver designed and 
facilitated the event. EBNet funded the workshop in coordination with Newcastle University. 

A. Participant Selection 
Potential UK experts were identified through recommendations, organizer knowledge, and 
structured literature searches of recent relevant work. Based on interest and availability, the 
final group, listed in the front matter, represented a wide range of career stages and subject 
areas. 

B. Opening and Initial Engagement 
The first day began with a welcome and short individual presentations from each participant. 
These presentations provided a high-level overview of the breadth of expertise in the room and 
sparked lively discussion during Q&A. Due to strong engagement, extra time was allotted before 
moving to a late lunch and the first of six group sessions. 

C. Group Sessions 
Sessions consisted of three sub-groups of four members each. Initial groupings were designed 
to mix expertise and career stages; subsequent sessions allowed participants to self-shuffle, 
ensuring broad interaction across the workshop. 

Each session centred on a thematic prompt introduced by the organiser. In the first half, groups 
discussed the prompt and captured ideas on sticky notes, arranging them into clusters on flip 
charts (except for the final session, which used more structured groupings). In the second half, 
groups rotated to review other charts and annotated notable sticky notes with coloured dot 
stickers: 

• Red dots indicated “disagree” or “do not understand.” 
• Other colours (emphasis dots) highlighted importance or interest. 
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While red dots did not necessarily signal disapproval, roughly equal numbers of red and 
emphasis dots suggested contention. Few entries were contentious, indicating broad 
consensus on key themes. These annotations informed the synthesis of results. 

After the first session, participants continued informal discussion over a group dinner. Day two 
comprised the remaining sessions interspersed with lunch and coffee breaks. 

D. Data Capture and Analysis 
Flip charts were photographed and transcribed by the organizer. Sticky notes containing 
multiple items were split into separate entries. Thematic groupings were based on clustering 
and annotations. Emergent themes from each session formed the basis of this report, which 
was circulated to participants for amendment and approval. 

4 WORKSHOP OUTCOMES 

A. Defining ‘The Microenvironment’ 
The first session aimed to establish a shared understanding of “the microenvironment,” 
recognizing that participants approached the term from different perspectives. The prompt was: 

“What do you think of when you think about the ‘microenvironment’” 

While a universal definition remains elusive, the synthesized perspectives suggest a useful 
working definition: 

“A microbial microenvironment is an ecosystem whose chemical and physical 
characteristics are dynamic and heterogeneous across relatively small spatial 
scales. It is distinct from, yet interacts with, the bulk environment, often via mass 
transport processes. Complex emergent behaviours arising from these 
characteristics present unique challenges in measurement and system control.” 

Participants generated forty-three entries, which clustered into four themes. Across these 
themes, definitions relied on both observable and operational characteristics. A notable 
common thread was that the microenvironment was often defined by contrast to the bulk 
environment rather than by intrinsic criteria. One entry stated simply “different from the bulk” 
and received two emphasis dots. 

Theme 1, physical and chemical characteristics, focused heavily on interactions between the 
microenvironment and bulk conditions. Representative terms included “boundary layer” and 
“mass transfer”.  Specific properties mentioned were chemical concentrations such as “EPS 
[extracellular polymeric substances], nutrients, metabolites, O2, pH”.  Some entries, including 
“steep concentration gradients” and “scale of diffusion” attracted red dots, indicating 
uncertainty or disagreement. Similarly, physical properties “density, [mechanical] modulus” as 
well as “Product/substrate limitations” appeared somewhat questionable. 

Theme 2, scale, addressed both spatial and temporal aspects. Some entries noted absolute 
scales such as “Scale range nm->mm” but many focused also on “spatial heterogeneity” and a 
“dynamic and Non-static” temporal nature. Temporal characteristics appeared particularly 
important, with the words ‘dynamic’ and ‘flux’ appearing multiple times, although some related 
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entries drew red dots. Conversely, the idea that the microenvironment itself is not transient and 
“maintains identity for a 'significant' time” appeared questionable with 2 red dots. 

Theme 3, ecology, centred upon biological interactions. A highly emphasised entry, marked 
with 5 dots, represented the overall theme that a microenvironment “emerges through 
interactions between microbial & environment” and is defined by its “spatial/pop[ulation] 
composition” (also highly emphasised with 3 dots). 

Theme 4, control and measurement, concerned either practical abilities to influence the 
microenvironment or to discern empirical features raised in the other themes. One entry 
proposed that the difficulty in measuring the microenvironment is a defining characteristic. 
Although the concept of ‘engineering’ microenvironments appeared in multiple entries, some  
highly emphasized, the idea that the microenvironment performs a desired function was 
strongly questioned (4 red dots). 

 

Figure 1: Word cloud generated from normalised terms in Session A responses 

B. Desired Application Goals and Knowledge Advances 
The second session encouraged participants to “begin with the end in mind” and envision a 
scenario where resources, expertise, and methodology were not limiting. The prompt was: 

“What would be possible with sufficient understanding/control of the microenvironment?” 

From a synthesis of thirty-seven responses, the goal of better understanding the 
microenvironment includes both high aspiration targets as well as well-defined near-term 
functional capabilities. Both depend heavily on better control and reliability of both 
engineered systems and managed natural environments derived from improved system 
insight. Individual entries fell into relevant themes. 

Theme 1, insight concerns an improved ability to better observe and understand the 
microenvironment. Highly emphasized entries included “identifying key/limiting substrates & 
other parameters”, and “cross platform understanding (water <-> soil)”.  The idea of “better in 
silico for experimental screening, hypothesis generation” was contentious and “Transferring 
between scale” received 3 red dots, indicating notable uncertainty. 
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Theme 2, control, was the dominant focus, accounting for forty percent of all entries. This 
theme included abilities arising from better insight, such as “faster reactions”, “more 
controllable outputs” and “better yields”.  Reliability and resilience were recurring sub-themes, 
although one entry of that type “Maximise reproducibility (Batch 2 Batch integration)”, was 
contentious. 

Theme 3, function, related to specific technologies enabled by better insight and control. 
Lignocellulosic degradation was mentioned in multiple highly emphasized entries. Other 
technologies included pharmaceutical breakdown, nitrogen fixation, and alginate recovery. No 
entries in this theme were contentious and only one, regarding methylotrophic methane 
consumption, received a red dot. 

Theme 4, aspiration revolved around general and often self-described “bold claims” that built 
upon the other three themes. Illustrative entries include “Designer microenvironments” and 
“Bold claim 1 Speed up innovation by 1000x”.  One contentious entry was “Exotic structure 
engineering” and the idea of  “Challenging evolutionary stable states” was strongly questioned, 
receiving 5 red dots. 

 

Figure 2: Word cloud generated from normalised terms in Session B responses 

C. Identifying Knowledge Gaps and Technical Barriers 
The third session was designed to uncover why the activities and capabilities envisioned in the 
previous session are not currently feasible. The prompt was: 

“What don’t we sufficiently understand?” 

Participants were asked to explicitly not yet propose solutions towards closing those gaps. 

An overarching issue identified was that integrating knowledge across scales and disciplines 
remains highly challenging. The difficulty lies in the inherent complexity of the systems and 
the need for more robust methods to address that complexity. 

Across all groups, forty-four individual entries were noted, which fell into three major themes. 

Theme 1, linkages and knowledge integration, can be summarised as: “We lack frameworks 
and empirical data to connect micro-scale phenomena to macro-scale system behaviour, and 
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to integrate physical and biological processes, including between real-world systems and 
models.” The inability to relate across scales, from micro to macro, and to bridge models with 
experiments was mentioned repeatedly and often received multiple emphasis dots. The 
difficulty in linking theory with practice was also noted. 

Theme 2, complexity, focused on the fundamental lack of strategies to predict or manage 
complexity.  At a systems level, this gap hinders process control and reliability.  Biological 
heterogeneity and stochasticity were identified as underlying causes. Participants noted we 
lack understanding of how diversity, evolution, and phenotypic variability shape function and 
reproducibility in microbial systems.  

Theme 3, methods, centred on tools and approaches required to manage complexity. At a high 
level, participants noted that increased training in rigorous experimental design would improve 
research quality.  Wider adoption of specific tools, such as spatial transcriptomics, and 
developing new capabilities, such as novel in situ metabolite quantification, were also 
suggested. Modelling issues formed a large subset within this theme. Models often lack 
validated parameters and robust uncertainty quantification. Identifiability and observability 
remain unresolved, limiting predictive power. There were also calls for better dialog between 
modellers and experimentalists, particularly with regards to co-designing for better 
parameterization and validation. 

 

Figure 3: Word cloud generated from normalised terms in Session C responses 

D. Target Activities for Advancing the State of the Art 
The goal of this activity was to identify actions that could close the gaps highlighted in the 
previous session. The prompt was: 

“What do we need to do to close the gaps?” 

Additional guidance included “types of experiments?”, “advances in methods or equipment”, 
and “other issues”.   

While some responses concerned specific technological and methodological advances, nearly 
two-thirds instead emphasized cultivating professional skills in existing technologies and 
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fostering interdisciplinary collaboration as a means of accessing additional capabilities. It is 
evident that while new technologies are always welcomed, enhancing our ability to use and 
access existing methods is at least equally important. 

Theme 1, improved tools and methods, encompassed technological developments aimed at 
enhancing our ability to sense or influence the microenvironment. Specific advances included 
developing microfluidic platforms, single cell culturing, and label-free imaging techniques. 
Broader goals included improving identifying cell phenotypes and observing metabolic 
switching. Some also reflected on experimental philosophy, calling for greater focus on 
application-based experiments while also advocating for more precise targeting and rapid 
execution of exploratory experiments.  

Theme 2, skill development and collaboration, largely focused on enhancing our ability to 
take advantage of existing methods.  Participants called for lowering skill acquisition barriers 
through: targeted workshops, supporting “short, simple ’primers’” to guide learning, including 
cross-discipline jargon “Rosetta stones”. Suggestions included matchmaking via an 
interdisciplinary “buddy system” to encourage cross-domain skill transfer.  There were also calls 
for participants to act as “discipline ambassadors”, using language accessible between 
domains and by seeking interdisciplinary collaborators earlier in project development. 

Theme 3, integrating modelling and experimentation, was best captured by one entry 
illustrating a cyclical diagram connecting the words in vivo and in silico and containing the word 
‘efficient’.  Participants viewed modelling not as an isolated activity but as a tool to make 
experiments more informative and efficient, reflecting a repeated theme of the workshop 
highlighting a desire for more interaction between disciplines. Entries emphasized how models 
can support experiments, particularly by aiding design and interpretation, and highlighted the 
need for co-development between modelers and experimentalists. 

 

Figure 4:   Word cloud generated from normalised terms in Session D responses 
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E. Institutional Support Reflection and Requests 
After envisioning their goals, identifying barriers, and considering ways to overcome them, 
participants were asked to reflect on the support needed to close those gaps. The guiding 
question was: 

“How are/can we be supported in closing gaps?” 

The prompt encouraged attention to both institutional strengths and weaknesses, included 
“soft issues” such as recruitment barriers, and left “institution” broadly defined. 

Most responses centred on interdisciplinary work, specifically on reducing barriers and 
aligning structural support with the recognized need for collaboration. Other prominent 
themes included improving impact, enhancing recruitment, and reducing administrative 
burden. While funding was mentioned, concerns focused on allocation and evaluation rather 
than increasing overall amounts. 

Theme 1, supporting interdisciplinary work, included three specific issues. First, participants 
called for stronger cross-institute appointments and fellowships, as well as active matchmaking 
services to facilitate collaboration rather than relying on passive networks. Second, while it was 
recognised that funding bodies acknowledge the importance of interdisciplinary work, 
execution was seen as lacking. A recurrent frustration was the rigid division of remits in practice, 
such as “Biologists to BBSRC Engineers to EPSRC STOP THIS APPROACH”. Participants 
requested truly cross-disciplinary calls preventing ‘bouncing’ between bodies when working at 
“60% NERC, 40% EPSRC” and further requested assurances that those calls were evaluated by 
cross-disciplinary reviewers. Finally, a poll (3-0) indicated strong preferences for small proof-of-
concept opportunities to build capacity and connections, rather than large-scale grand 
initiatives which presuppose them. 

Theme 2, reducing administrative burden, focused on streamlining processes and providing 
training. Suggestions included continued or improved grant writing and submission support, 
financial flexibility, and connected-together efforts to cut ‘red tape’ and standardise systems. 

Theme 3, recruitment, echoed similar concerns about process efficiency, particularly for hiring 
students and researchers. Participants noted that hiring undergraduate researchers and 
research software engineers specifically could be streamlined. 

Theme 4, enhancing impact, was largely industry focused, with calls for better guidance on 
identifying, engaging and collaborating with industrial partners. One entry, unrelated to industry, 
called for better formal recognition of non-traditional research outputs such as software 
maintenance and primer design. 
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Figure 5:  Word cloud generated from normalised terms in Session E responses 

F. Practitioner Skills Inventory and Matchmaking 
The final activity differed from previous sessions and aimed to produce a skills inventory and 
potential collaborations. Group boards were split into columns labelled ‘Have’, ‘Grow’, and 
‘Collab’. Each group member selected a row and listed relevant skills, techniques, or 
equipment they currently possessed, wished to develop, or hoped to access through 
collaboration.  The prompt was:  

“Three sets of sticky-notes with specific tools, methods, techniques, knowledge: 
• you currently use 
• you would acquire if you had time/budget 
• you would like from collaborators”   

Across all groups, 159 entries were collected and clustered into 10 categories: 

• Modelling & Simulation: Included computational fluid dynamics, agent-based models 
and process level models, with goals ranging from process optimisation through multi-
scale extension, uncertainty estimation, and improving parameter identification. 

• Wetlab Measurement & Techniques: Spanned molecular methods, culturing 
technologies, synthetic biology, and integrating spatial data. 

• Microbial Ecology & Evolution: Focused on microbial interactions and evolutionary 
dynamics in both real-world systems and theoretical contexts. 

• Process Engineering & Startup: Emphasized applied technologies such as algal 
systems, bioelectrical processes, and material recovery, with frequent mention of scale-
up challenges. 

• Infrastructure & Hardware: Highlighted enabling equipment, particularly for high-
throughput automation and micro-scale observation/manipulation (e.g., microfluidics, 
micro-probes). 

• Omics & Bioinformatics: Covered informatics for molecular methods, including 16S 
and metagenomic surveys, genome analysis, and multi-omics approaches. 

• Data Science & Machine Learning: Included traditional data analysis and visualisation 
alongside integration of machine learning. 
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• Communication, Policy, & Training: Encompassed outreach, teaching, and 
engagement with policymakers. 

• Experimental Design:  Focused on improving practices for defining experimental 
parameters, often through model-driven approaches. 

• Collaboration & Industry: Notably absent from participants’ current skill sets but listed 
as a desired area for growth and collaboration, suggesting discomfort or unfamiliarity 
with this domain. 

The absolute tallies (Table 1) do not account for either varying participant verbosity or focus; 
some listed over 20 items, others fewer than 10. Similarly, emphasis varied: some participants 
focused on equipment while others implied equipment access without listing it. Overall, 
individual participants provided balanced amounts of Have, Grow, and Collab items. Individual 
profiles spanned a spectrum from modelling to experimental work and from theoretical to 
applied approaches. No participant claimed expertise in Collaboration & Industry or 
Communication, Policy, & Training, though some expressed interest in these areas, indicated a 
perceived gap in broadening impacts. 

Table 1 Categorized Skills and Capabilities Inventory of Participants 

CATEGORY HAVE GROW COLLAB TOTAL 
Modelling & Simulation 24 5 11 40 
Wetlab Measurement & Techniques 13 5 11 29 
Microbial Ecology & Evolution 8 8 7 23 
Process Engineering & Startup 8 4 8 20 
Infrastructure & Hardware 7 4 3 14 
Omics & Bioinformatics 6 3 1 10 
Data Science & Machine Learning 4 3 2 9 
Communication, Policy, & Training 0 4 3 7 
Experimental Design 1 3 0 4 
Collaboration & Industry 0 1 2 3 
TOTAL 71 40 48 159 

 

 

Figure 6: Word cloud generated from normalised terms in Session F responses 

When normalized for ‘verbosity’, several correlations emerged when grouped into “related 
measures” (have-have) and “development measures” (have-grow, have-collab). Full 



Understanding and Using Biofilm Microenvironments: Multidisciplinary Goals, Gaps, Required Support, and 
Critical Skills Inventories 
 
 

12 

correlations are provided as a data file, but caution is warranted given small sample sizes. For 
example, a strong positive correlation between Omics and Bioinformatics largely reflects one 
participant’s interests rather than an inherent link. We focus instead on broad trends: 

i. Have-Have Correlations 

Few categories showed strong positive correlation. Moderate negative correlations (-0.2 to -0.5) 
were more common, suggesting little conceptual overlap and high specialisation among 
participants. 

ii. Have-Grow Correlations 

Participants generally wished to deepen expertise in areas they already possessed, reflected in 
moderate to high positive correlations (>0.3). Exceptions included Experimental Design, which 
was listed as “had” by only one participant. Many also sought to broaden capabilities 
selectively, with Data Science & Machine Learning, Infrastructure & Hardware, and Process 
Engineering emerging as popular growth areas. These choices suggest interest in staying 
current, expanding technical capacity, and pursuing real-world applications. Negative 
correlations indicate selective expansion rather than indiscriminate growth 

iii. Have-Collab Correlations 

Participants typically sought collaborators outside their own skill sets, shown by mild to 
moderate negative correlations between “Have” and “Collab” within categories. Microbial 
Ecology & Evolution was an exception, as expertise in this area often overlapped with 
complementary specializations. Desired collaborations frequently bridged wet-dry and 
theoretical-applied divides: modellers sought wetlab partners, while wetlab specialists rarely 
sought additional wetlab collaborators. Collaboration & Industry was widely desired across 
domains, reflecting a perceived gap. Interestingly, no participant listed Experimental Design as 
a desired collaborator skill. Process Engineering was the most requested collaboration area. No 
single “Have” category dominated collaboration-seeking. 

Transitivity of collaboration preferences, for the subset where one positive correlation exceeded 
0.20 in at least one direction, varied (Table 2). When positive in both directions, correlations 
were moderately to highly positive; when a negative correlation existed in one direction, it was 
generally small. A notable exception was Infrastructure & Hardware: participants with 
experimental infrastructure showed mild positive correlation with modellers, but modellers 
were strongly negatively correlated with infrastructure. However, modellers strongly favoured 
wetlab collaborators (0.83), suggesting they prioritize broad experimental expertise over 
specific infrastructure. Similar dynamics may explain mild negative correlations for Process 
Engineering & Startup expertise. 
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Table 2: Correlations between Have/Collab pairs where at least one member has a positive correlation 
above 0.20. 

Category X Category Y Have X, 
Collab Y 

Have Y, 
Collab X 

Both Positive    

Omics & Bioinformatics Infrastructure & Hardware 0.94 0.76 

Modelling & Simulation Wetlab Measurement 0.83 0.15 

Process Engineering & Startup  Microbial Ecology & Evolution 0.22 0.33 

    

One Negative    

Omics & Bioinformatics Data Science & Machine 
Learning 0.87 -0.14 

Data Science & Machine Learning Process Engineering & Startup  0.42 -0.10 

Infrastructure & Hardware Process Engineering & Startup  0.29 -0.16 

Infrastructure & Hardware Modelling & Simulation 0.28 -0.49 

Wetlab Measurement & 
Techniques 

Process Engineering & Startup 0.21 -0.20 

    

No Pair    

Data Science & Machine Learning Collaboration & Industry 0.62 NA 

Wetlab Measurement & 
Techniques 

Collaboration & Industry 0.47 NA 

Microbial Ecology & Evolution Communication, Policy & 
Training 0.21 NA 

Process Engineering & Startup  Communication, Policy & 
Training 0.91 NA 

Despite the small participant population, one of the clearest findings is that participants 
overwhelmingly sought collaborators with complementary expertise rather than additional 
specialists within their own domains. This suggests that future networking, funding, and 
community-building activities may be most effective when focused on creating links between 
capability clusters, rather than reinforcing existing disciplinary groupings 

APPENDIX I: POSITION STATEMENT FROM WORKSHOP MEMBERS 
Developing Microenvironment Capability: Calls to Action for Practitioners and Institutes 

Why Microenvironments Matter 

Microenvironments, localized zones within biofilms and other microbial environments that 
differ sharply from their surrounding environment  (see definition in 4A ‘Defining “The 
microenvironment”), govern microbial behaviour and, by extension, the performance of 
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microbially based biotechnologies. Mastering their control is key to improving process 
reliability, efficiency, and unlocking new biotechnological applications. 

The Promise 

The potential impact is transformative. Improved microenvironment sensing, insight, and 
control can accelerate innovation in waste treatment, resource recovery, and bioprocess 
optimization, while enabling new technologies that improve sustainability and resilience. 
Beyond technical advances, fostering collaboration and skill-sharing will create a research 
culture that is agile, inclusive, and capable of tackling complex challenges at the interface of 
biology and engineering. 

The Challenge 

While emerging technologies for measurement and direct control offer exciting possibilities for 
achieving those goals, progress will depend equally on the ability of practitioners to acquire and 
share capabilities. This means not only developing internal skillsets but also forging 
collaborations across disciplines. Practitioners themselves have a critical role to play by 
embracing accessible language, actively seeking collaborators beyond their immediate domain, 
and investing time in skill transfer initiatives by developing as well as participating in workshops 
and shared resources. 

Institutes, whether funding bodies or academic, also have a responsibility to: address 
administrative burdens that consume time and energy, fund structures that favour skill-building 
over grand initiatives, reconcile existing practices in grant evaluation with acknowledged cross-
disciplinary priorities, replace passive networking with active matchmaking, and engender 
confidence for engaging with industry and outreach. 

Our Current Capabilities 

A skills inventory conducted during the workshop revealed deep specialization across varied 
disciplines among practitioners alongside strong interest in growth and collaboration. However, 
gaps remain in recognizing complementary expertise and in communicating across disciplines. 
Addressing these gaps requires cultural as well as structural change.  

The Way Forward 

The path forward is clear: we must invest in people as much as in technology, create structures 
that actively facilitate collaboration, provide practical guidance to pursuing broader industrial 
and outreach goals, and reform funding to address mismatches between recognized needs for 
interdisciplinary work and execution. By doing so, we can accelerate innovation, broaden 
impact, and ensure that microenvironment research delivers on its promise.  
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APPENDIX II: WORKSHOP SESSION DATA 

A. Session A Responses: Defining ‘The Microenvironment’ 
Table S1: Categorised Responses to Session A Prompt 

Group Text Red 
Dots 

Emphasis 
Dots 

Board 
Cluster Category/Theme 

1 Spatial/pop composition 0 3 d Ecology 
2 Between group interactions 0 2 N/A Ecology 
3 Open or Closed? 4 0 a Ecology 

1 Boundary layers 0 1 a Physical & Chemical 
Characteristics 

1 Boundary layers 0 0 a Physical & Chemical 
Characteristics 

2 Boundary layer 0 4 N/A Physical & Chemical 
Characteristics 

1 Scale of diffusion 3 0 e Physical & Chemical 
Characteristics 

1 Mass xfer 0 0 a Physical & Chemical 
Characteristics 

1 Steep concentration gradients 2 2 b Physical & Chemical 
Characteristics 

2 physics (flows, forces) 1 0 N/A Physical & Chemical 
Characteristics 

1 Product/substrate limitations 2 0 c Physical & Chemical 
Characteristics 

2 local regions in the biofilm with local chemistry 0 2 N/A Scale 
3 Maintains identity for a 'significant' time 2 0 c Scale 
3 Interface with macro/bulk 0 0 d Scale 
1 conditions, ambient 0 0 g Scale 
1 Different from the bulk 0 2 e Scale 

2 Microenvironment is not necessary in biofilm. Any environment in micro-
scale such as laminar layer, etc. 4 1 N/A Scale 

1 Scale range nm->mm 0 1 e Scale 
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Group Text Red 
Dots 

Emphasis 
Dots 

Board 
Cluster Category/Theme 

2 Dynamic and Non-static 2 1 N/A Scale 
3 Dynamic perturbations (flux/dynamics) 0 4 a Scale 
3 environmental perturbation flux/dynamics 0 0 d scale 
2 Spatial heterogeneity 0 3 N/A Scale 

1 interior environment,2,0,e 1,3,Micro-environment has benefit for the cells 
inside" 0 6 a Scale 

3 Response of cells to their surroundings 0 2 b Ecology 
3 Area affected & the cell. 0 2 b Scale 
3 Emerges through interactions between microbial & environment 0 5 c Ecology 

3 Performs a desired function 4 0 c Control and 
Measurement 

1 How micro is micro? When is it not interesting -cell scale 1 1 e Scale 

1 Parameters 1 0 g Physical & Chemical 
Characteristics 

2 Mechanical properties (density, modulus etc) 2 0 N/A Physical & Chemical 
Characteristics 

2 EPS, nutrients, metabolites, O2, pH 0 3 N/A Physical & Chemical 
Characteristics 

3 sloughing 0 0 d Physical & Chemical 
Characteristics 

1 engineered system control 1 0 f Control and 
Measurement 

1 can only be controlled indirectly? 0 2 f Control and 
Measurement 

1 xperimental creation 1 0 f Control and 
Measurement 

1 controllable 0 4 f  

3 chemical, quorum sensing, physical 0 0 d Physical & Chemical 
Characteristics 

1 microelectrode electric 1 0 g Control and 
Measurement 

3 Engineered vs. self-organising (microbial) 0 5 a Control and 
Measurement 
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Group Text Red 
Dots 

Emphasis 
Dots 

Board 
Cluster Category/Theme 

3 engineered vs self-organized response 0 0 d Control and 
Measurement 

1 Measurable? 'the difficulty makes it unique' 0 0 f Control and 
Measurement 

 

B. Session B Responses: Desired Application Goals and Knowledge Advances 
Table S2: Categorised Responses to Session B Prompt 

Group Text Red 
Dots 

Emphasis 
Dots Board Cluster Category/Theme 

1 Bold Claim 1 Speed up innovation by 1000x 0 3 Science fiction Aspiration 

1 ~Bold~ Vague Claim Determine control + implement anything 
that is intrinsically possible at scale 1 2 Between fiction and reality Aspiration 

2 Exotic structure engineering 2 2 N/A Aspiration 

1 _Bold Claim_ Develop a form of biological computation that 
would optimise the production of A from feedstock B 0 5 Science fiction Aspiration 

1 Challenging evolutionary stable states 5 0 Scientifically realistic Aspiration 
2 Designer microenvironments 1 3 N/A Aspiration 

2 Fine-scale control of macro-scale outcome via microbe 
manipulation 1 0 N/A Control 

3 tractability & control of particle size distribution (PSD) drive PSD 
to certain shape maintain diverse PSD 1 0 c Control 

3 predict/drive target community & physical structure 0 1 c Control 
3 better synbio control -but a lot of factors 0 1 c Control 
3 better understand how to control bulk env to drive mu-env 0 2 a Control 
2 Faster reactions 0 4 N/A Control 
3 more rational control of emergent properties 1 0 b Control 
2 more controllable outputs 0 2 N/A Control 
2 better yields 0 3 N/A Control 
2 More resilient processes 0 3 N/A Control 

3 better community control for selectivity reaction rate avoiding 
toxic 0 2 c Control 

2 Maximis Reproducibility (Batch 2 Batch integration) 1 1 N/A Control 
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Group Text Red 
Dots 

Emphasis 
Dots Board Cluster Category/Theme 

3 picking right initial conditions 0 1 b Control 
3 process optimization 0 1 c Control 
3 staging process efficiency 0 1 c Control 
3 increased process resilience/reliability 0 1 c Control 

1 Design comm. ideal to break down a given organic Chemical 
structure (pharma lignocell.) 0 4 Between fiction and reality Function 

1 Bespoke degradation of lignocellulose 0 4 Scientifically realistic Function 
1 Nitrogen fixing plant roots 0 5 Scientifically realistic Function 

2 Use methylotrophs in the environment or applied to 
environment to consume CH4 1 0 N/A Function 

3 creating new functions -e.g. alginate recovery 0 1 b Function 
2 Add in a rare taxa (of specific function) & have it stay 2 0 N/A Function 
2 Cross platform understanding (water <-> soil) 1 3 N/A Insight 
2 Transferring Between scale 3 0 N/A Insight 

3 better understanding what's going on in mu-env via bulk 
monitoring 0 0 a Insight 

3 better in silico for experimental screening, hypothesis 
generation 1 1 a Insight 

3 more focused experimental designs 2 0 b Insight 

3 Understanding when mu-env is _NOT_ useful for process 
control 0 0 a Insight 

3 Identifying key/limiting substrate gradients & other parameters 0 0 a Insight 

3 better linkage b/t empirical & mechanistic models -more 
efficient models 0 0 b Insight 

3 improved tools for increased understandings -esp in 
situ/dynamic 0 1 b Insight 

 

C. Session C Responses 
Table S3: Categorised Responses to Session C Prompt  

Group Text Red 
Dots 

Emphasis 
Dots 

Board 
Cluster Theme Sub-Theme 

1 Implications of evolution forces on micro-environment 0 2 N/A Complexity Eco-Evo 
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Group Text Red 
Dots 

Emphasis 
Dots 

Board 
Cluster Theme Sub-Theme 

1 Resilience and lifetime of microenv 1 1 N/A Complexity Eco-Evo 
3 grappling w/founder effects & initial conditions 0 1 c Complexity Eco-Evo 
2 How much can we model/understand complex group behaviours 0 2 N/A Complexity Eco-Evo 

2 Strain vs genus diversity. How much does strain variation contribute 
to function? 0 0 N/A Complexity Heterogeneity 

2 Understanding phenotypic variability 0 2 c Complexity Heterogeneity 
3 more attention to phenotype expression & spontaneous heterogeneity 0 1 a Complexity Heterogeneity 

2 What is the importance of phenotypic heterogeneity in complex 
biofims 1 0 c Complexity Heterogeneity 

3 interplay of physical & taxa interactions 0 3 a Complexity Interactions 
3 pairwise vs higher-order interaction importance 0 2 c Complexity Interactions 
2 Transport in dynamic non-liquid environments 0 3 b Complexity Interactions 
1 Surface effects biofilm attachement 0 2 N/A Complexity Interactions 
2 Lack of control beyond initial conditions 0 5 N/A Complexity Process control 
2 How biofilms (complex) form? Can we make it reproducible? 0 1 N/A Complexity Process control 
2 How to engineer chem systems? 0 0 N/A Complexity Process control 
2 Chem sector variation engineered to natural 3 0 N/A Complexity Process control 
1 Real time feedback control of microenvironment proportions 0 4 N/A Complexity Process control 

2 How to drive/steer complex microbial communities to desired 
function 1 0 N/A Complexity Process control 

3 reproducibility esp. b/t labs & experiments 0 3 a Complexity Reproducibility 
2 How to replicate novel findings (functions) in complex communities 0 2 N/A Complexity Reproducibility 
2 Range and effect of stochasticity 0 2 N/A Complexity Stochasticity 
3 fundamental chaos/stochasticity 0 5 c Complexity Stochasticity 
3 practical <->theoretic 0 1 c Linkages Application-Theory 
3 linking empirical (or abstract) model w/mechanistic 0 1 c Linkages Experimental-Model 
3 modelers & experimentalists not talking enough 0 3 c Linkages Experimental-Model 
1 The link between the macro + microenvironment (eg feedstock) 0 2 N/A Linkages Macro-Micro 
2 Local versus macro system 2 0 N/A Linkages Macro-Micro 
2 Poor understanding of macro<->micro interactions 0 1 b Linkages Macro-Micro 
2 macro <-> micro interactions 0 2 b Linkages Macro-Micro 
3 better link of mu-scale to bulk 0 2 c Linkages Macro-Micro 
3 easier widespread formal Design of Experiments 0 3 a Methods Approach 
3 broader understanding of rigour in sensitivity analysis 0 1 c Methods Approach 
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Group Text Red 
Dots 

Emphasis 
Dots 

Board 
Cluster Theme Sub-Theme 

3 Better experimental tools to observe local phenomenta -e.g. 
measuring metabolites in situ 0 4 a Methods Measurement 

3 ability to do in situ spatially resolved transcriptomics 0 2 a Methods Measurement 
1 Measurement of parameter 0 3 N/A Methods Modelling 
3 understanding how to design for parameter observability 0 2 b Methods Modelling 
3 Not even knowing which parameters matter 0 2 b Methods Modelling 
3 how to estimate parameters from data 0 3 b Methods Modelling 
3 identifiability, observable vs. hidden parameters 0 3 b Methods Modelling 
1 Validation of models (identifiablity) 0 4 N/A Methods Modelling 
1 Credible mu-scale models 1 1 N/A Methods Modelling 
1 Validated parameters for mechanistic models 0 2 N/A Methods Modelling 
3 better model & data sharing 0 2 c Methods Modelling 
2 Research gaps due to methods gap 2 0 N/A Methods Summative 

D. Session D Responses: Target Activities for Advancing the State of the Art 
Table S4: Categorised Responses to Session D Prompt 

Group Text Red 
Dots 

Emphasis 
Dots 

Board 
Cluster Theme/Category 

1 uF Lego blocks 3 2 c Better Tools & Methods 
1 microfluidics of mini-cultures to visualise cell-cell interactions 0 3 c Better Tools & Methods 

3 Better measurement equipment to measure concentrations of 
substances 0 2 g Better Tools & Methods 

2 develop better kit for multiscale measurement 0 5 j Better Tools & Methods 
1 novel high-throughput culturing single-cell 0 0 c Better Tools & Methods 
1 consistent starting communities 0 4 d Better Tools & Methods 

3 create synthetic community to understand interaction between 
bacteria 2 4 a Better Tools & Methods 

1 cellular phenotyping 0 1 e Better Tools & Methods 

1 label free imaging of naturally-occurring (non-fluorescently 
labelled) biofilms 1 0 f Better Tools & Methods 

1 identify who is switching on & why 1 0 f Better Tools & Methods 
3 'Sensing' <something> for biofilm <something> in-situ 0 2 h Better Tools & Methods 
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Group Text Red 
Dots 

Emphasis 
Dots 

Board 
Cluster Theme/Category 

2 pure cell - real life dichotomy 2 0 k Better Tools & Methods 

3 design experiments for better understanding but with much shorter 
time such as kinetics 1 1 b Better Tools & Methods 

3 application driven vs exploratory experiments 0 2 e Better Tools & Methods 
3 Design dynamic experiments to get better understanding 3 0 i Better Tools & Methods 

2 more true cross collaboration -diverse fields -> _early in 
experiment_ 0 2 d Collaboration & Knowledge Sharing 

2 continuous prof. devel. in specific techniques 1 0 a Collaboration & Knowledge Sharing 
2 hold workshops on using tools 0 3 a Collaboration & Knowledge Sharing 
2 focus on reducing barriers to tool adoption and discipline hopping 0 5 b Collaboration & Knowledge Sharing 
2 short, simple but good primers for skills 0 3 c Collaboration & Knowledge Sharing 
2 'buddy system' for skilling up b/t disciplines 0 2 l Collaboration & Knowledge Sharing 
2 'Rosetta stones' to terms & notation 0 0 f Collaboration & Knowledge Sharing 
3 knowledge sharing between different areas and groups 0 3 c Collaboration & Knowledge Sharing 
2 consciously using language accessible to a broad audience 0 1 f Collaboration & Knowledge Sharing 
2 become discipline 'ambassadors' 0 0 l Collaboration & Knowledge Sharing 

2 be bolder adopting new techniques/better advocates of our 
developments 0 1 e Collaboration & Knowledge Sharing 

2 early conversations e.g. analog. to 'consult with the statistician 
_before_ the work' 0 1 a Collaboration & Knowledge Sharing 

1 modelling helps design informative experiments 0 6 a Integrating Modelling & Experimentation 
3 model based design of experiments 0 1 d Integrating Modelling & Experimentation 

2 <drawn in a cyclical diagram containing the word 'efficient'> in vivo, 
in silico 0 1 i Integrating Modelling & Experimentation 

2 experiments towards generalizing model parameters 0 1 h Integrating Modelling & Experimentation 
2 identify best and worst model assumptions 0 1 g Integrating Modelling & Experimentation 
1 modelling biofouling of sensors used for biofilm measurements 0 1 b Integrating Modelling & Experimentation 

1 explicitly model non-idealities (sensor response time) to 
adjust/define operations 0 1 b Integrating Modelling & Experimentation 

2 *characterise interactions between taxa -sequences -statistic -
experiments -models 0 2 l Integrating Modelling & Experimentation 

2 parallel experiments for validation 0 2 m Integrating Modelling & Experimentation 
3 in-silico experiments to validate hypotheses 1 3 f Integrating Modelling & Experimentation 
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Group Text Red 
Dots 

Emphasis 
Dots 

Board 
Cluster Theme/Category 

3 Model reactor synthetic community <something> better 
understanding 1 0 j Integrating Modelling & Experimentation 

E. Session E Responses: Institutional Support Reflection and Requests 
Table S5: Categorised Responses to Session E Prompt 

Group Text Red 
Dots 

Emphasis 
Dots 

Board 
Cluster Theme 

1 recognition for non-traditional outputs e.g. -primers -software 
_maintenance_ 0 3 e Improving Routes to Impact 

1 guerilla work outside institutes using industry & society 1 0 i Improving Routes to Impact 
1 industry creating motive force for solution-focus 0 2 g Improving Routes to Impact 
3 improve collaboration with industrial partners 0 3 f Improving Routes to Impact 

1 Institute of advanced study example of short term cross-discipline 
fellowship 0 2 a Interdisciplinary 

1 cross-institutional appointments - need more 0 2 g Interdisciplinary 
1 More inter-institute mixing 0 3 b Interdisciplinary 
1 is it possible for institutes to facilitate "matchmaking" 0 1 d Interdisciplinary 
1 interdisciplinary proposals -> interdisciplinary reviewers 0 1 g Interdisciplinary 
2 Improve the introduction of cross-interacting research groups 0 3 d Interdisciplinary 
2 Improve knowledge sharing and networking. 0 2 a Interdisciplinary 
2 Good activities for inter-discipline network but could improve 0 3 h Interdisciplinary 
1 supporting people at remit boundaries "60% NERC 40% EPSRC" 0 3 g Interdisciplinary 
3 Biologist to BBSRC Engineers to EPSRC. STOP THIS APPROACH 0 4 b Interdisciplinary 
1 more cross disciplinary calls 0 3 h Interdisciplinary 

1 put your money where you mouth is in supporting interdisciplinary 
proposals 0 3 g Interdisciplinary 

1 VOTE: more small pilot/POC funds (3) vs more grand initiatives (0) 0 3 k Interdisciplinary 
1 encourage closing gap between pure culture & 'real world' 0 2 f Interdisciplinary 
2 Improved cross-disciplinary teaching at BSc/MSc level 0 4 f Interdisciplinary 
3 + interdisciplinary interactions 0 1 g Interdisciplinary 
3 lack-funding <- financial sweet spots 3 0 h Interdisciplinary 
1 recognize synbio is a _subset of_ engineering biology 0 1 c Interdisciplinary 
1 encourage undergrad research as a low stakes way to branch out 0 2 j Recruitment 
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Group Text Red 
Dots 

Emphasis 
Dots 

Board 
Cluster Theme 

2 Good but could be improved is the use of research software engineers 0 2 b Recruitment 
3 improve the recruitment process for PhD and PDRA 0 2 d Recruitment 
2 Better approaches to approaching and reaching suitable candidates 0 3 c Recruitment 
2 Improvement in equitable funding 1 1 e Reducing Administrative Burden 
2 Good support for grant writing and submission 0 1 g Reducing Administrative Burden 
2 Good Job applications and focus on work life balance 0 1 j Reducing Administrative Burden 
2 Good opportunity for early research training 0 3 i Reducing Administrative Burden 
3 financial flexibility 1 2 h Reducing Administrative Burden 
3 How can W.E. reduce the waste of academic time? 0 2 a Reducing Administrative Burden 
3 standard T&Cs 5 0 h Reducing Administrative Burden 
3 Administrative madness 0 1 c Reducing Administrative Burden 
3 Better finance management from university 0 3 e Reducing Administrative Burden 

F. Session F Responses: Practitioner Skills Inventory and Matchmaking 
Table S6: Skills and Capabilities Inventory 

Participant Column Text Theme 
1_1 Have statistics Data Science & Machine Learning 
1_1 Have data viz Data Science & Machine Learning 
1_1 Have coding Data Science & Machine Learning 
1_1 Have microbial ecology Microbial Ecology & Evolution 
1_1 Have community ecology Microbial Ecology & Evolution 
1_1 Have Agent based modelling Modelling & Simulation 
1_1 Have bioinformatics -16S Omics & Bioinformatics 
1_1 Have bioinformatics -genomes Omics & Bioinformatics 
1_1 Grow outreach & engagement Communication, Policy, & Training 
1_1 Grow adaptive learning Data Science & Machine Learning 
1_1 Grow ML Data Science & Machine Learning 
1_1 Grow model driven experiments Experimental Design 
1_1 Grow metagenomics Omics & Bioinformatics 
1_1 Grow multiomics Omics & Bioinformatics 
1_1 Grow synbio Wetlab Measurement & Techniques 
1_1 Collab working w/industrial partners Collaboration & Industry 
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Participant Column Text Theme 
1_1 Collab lab robotics Infrastructure & Hardware 
1_1 Collab scale up Process Engineering & Startup 
1_1 Collab pilot trials Process Engineering & Startup 
1_1 Collab algal & aquaculture Process Engineering & Startup 
1_1 Collab alt feedstocks & products Process Engineering & Startup 
1_1 Collab in situ measurement Wetlab Measurement & Techniques 
1_1 Collab microfluidics Wetlab Measurement & Techniques 
1_2 Have CFD simulations Modelling & Simulation 
1_2 Have Mathematical modelling Modelling & Simulation 
1_2 Have statistical (Bayesian) modelling Modelling & Simulation 
1_2 Grow Experimental parameters -- dependence on factors e.g. environment Experimental Design 
1_2 Grow Experimental parameters -- how accurate? Experimental Design 
1_2 Grow microbiology of biofilms Microbial Ecology & Evolution 
1_2 Grow the micro understanding of biofilm growth and attachment Microbial Ecology & Evolution 
1_2 Collab what is important to include in model / has limited effect? Modelling & Simulation 
1_2 Collab Experimentally-determined biofilm parameters Wetlab Measurement & Techniques 
1_3 Have Replication Experimental Design 
1_3 Have Omics Omics & Bioinformatics 
1_3 Have Community Data Omics & Bioinformatics 
1_3 Grow Additional Measurements Data Science & Machine Learning 
1_3 Grow Robotics Infrastructure & Hardware 
1_3 Grow Scale Up Process Engineering & Startup 
1_3 Collab Additional Measurements Data Science & Machine Learning 
1_3 Collab Microfluidics Infrastructure & Hardware 
1_3 Collab Modelling Modelling & Simulation 
2_1 Have Indoor Controlled Environment Plants Growth Chamber Infrastructure & Hardware 
2_1 Have Anaerobic Reactors Batch/Control Infrastructure & Hardware 
2_1 Have Typical Wet Chemistry Analytical Tools Wetlab Measurement & Techniques 
2_1 Grow Novel biofilm reactors for AD Infrastructure & Hardware 
2_1 Grow Multi-omics tools Omics & Bioinformatics 
2_1 Grow Development of Bioelectrical systems Process Engineering & Startup 
2_1 Collab Steering of microbial communities Microbial Ecology & Evolution 
2_1 Collab Multi-project multi-scale modelling of bioprocesses Modelling & Simulation 
2_1 Collab Nutrient recovery -> Bioprecipitations Process Engineering & Startup 
2_1 Collab Enhanced lignocellulosic material degradation (via Bio-treat) Process Engineering & Startup 
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Participant Column Text Theme 
2_1 Collab Enhanced/Faster Biofilm attachment on carriers Process Engineering & Startup 
2_2 Have Machine learning Data Science & Machine Learning 
2_2 Have data-driven modelling Modelling & Simulation 
2_2 Have process modelling Modelling & Simulation 
2_2 Have process optimisation Modelling & Simulation 
2_2 Have uncertainty estimation Modelling & Simulation 
2_2 Have dynamic simulation Modelling & Simulation 
2_2 Grow knowledge in metabolic network simulation and analysis Modelling & Simulation 
2_2 Grow knowledge in synthetic biology Wetlab Measurement & Techniques 
2_2 Grow running experiments to collect data Wetlab Measurement & Techniques 
2_2 Collab domain knowledge in biofilm microenvironment Microbial Ecology & Evolution 
2_2 Collab experimental data covering a wide range of design space Wetlab Measurement & Techniques 
2_2 Collab running designed experiments to validate models constructed by me Wetlab Measurement & Techniques 
2_3 Have Reaction diffusion systems Modelling & Simulation 
2_3 Have vertex modelling Modelling & Simulation 
2_3 Have agent based models Modelling & Simulation 
2_3 Have multi-scale models Modelling & Simulation 
2_3 Grow *developing 2.5-3d tissue models Modelling & Simulation 
2_3 Grow interactive tissue simulations Modelling & Simulation 
2_3 Grow multiple languages Modelling & Simulation 
2_3 Collab Tissue viscoelastic data Wetlab Measurement & Techniques 
2_3 Collab dual-channel protein staining Wetlab Measurement & Techniques 
2_3 Collab interesting tissue growth data Wetlab Measurement & Techniques 
2_4 Have Some ecological assembly (not writing code!) Microbial Ecology & Evolution 
2_4 Have Bioinformatics Omics & Bioinformatics 
2_4 Have Decentralised water treatment Process Engineering & Startup 
2_4 Have High-rate AD at low temp Process Engineering & Startup 
2_4 Have anoxic culturing Wetlab Measurement & Techniques 
2_4 Have anoxic live imaging Wetlab Measurement & Techniques 
2_4 Have FISH and other imaging Wetlab Measurement & Techniques 
2_4 Have Batch culturing Wetlab Measurement & Techniques 
2_4 Have single cell culturing Wetlab Measurement & Techniques 
2_4 Have mixed culturing Wetlab Measurement & Techniques 
2_4 Have anaerobic digestion Wetlab Measurement & Techniques 
2_4 Have Microbial ecology - qPCR Wetlab Measurement & Techniques 
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Participant Column Text Theme 
2_4 Have Microbial ecology - NAS Wetlab Measurement & Techniques 
2_4 Have Microbial ecology - genomics Wetlab Measurement & Techniques 
2_4 Have Microbial ecology - fingerprinting Wetlab Measurement & Techniques 
2_4 Grow multi-kingdom interactions Microbial Ecology & Evolution 
2_4 Grow single cell sorting Wetlab Measurement & Techniques 
2_4 Collab industry links Collaboration & Industry 
2_4 Collab AI for data integration Data Science & Machine Learning 
2_4 Collab sensors Infrastructure & Hardware 
2_4 Collab Modelling -dynamics Modelling & Simulation 
2_4 Collab Modelling -heterogeneity Modelling & Simulation 
2_4 Collab Modelling -function Modelling & Simulation 
2_4 Collab Modelling -performance/output Modelling & Simulation 
2_4 Collab microfluidics Wetlab Measurement & Techniques 
2_4 Collab image analysis Wetlab Measurement & Techniques 
3_1 Have microbial evolution Microbial Ecology & Evolution 
3_1 Have physics of bacteria & biofilms & colonies Microbial Ecology & Evolution 
3_1 Have mechanistic modelling Modelling & Simulation 
3_1 Have optical imaging Wetlab Measurement & Techniques 
3_1 Grow ecology of microbes Microbial Ecology & Evolution 
3_1 Grow systems other than E. coli Microbial Ecology & Evolution 
3_1 Collab real-world biofilms Microbial Ecology & Evolution 
3_1 Collab microbial communities Microbial Ecology & Evolution 
3_1 Collab applications of biofilms Process Engineering & Startup 
3_2 Have Microbial Ecology/Theory Microbial Ecology & Evolution 
3_2 Have A bit of evolution Microbial Ecology & Evolution 
3_2 Have Basic Modelling Modelling & Simulation 
3_2 Have I.B.M. (not personally) Modelling & Simulation 
3_2 Have metagenomics Omics & Bioinformatics 
3_2 Have Scale-up facilities Process Engineering & Startup 
3_2 Grow Science Policy in this area Communication, Policy, & Training 
3_2 Grow Eco-Evo interface Microbial Ecology & Evolution 
3_2 Grow Model validation Modelling & Simulation 
3_2 Grow Greenhous Gas Emissions Process Engineering & Startup 
3_2 Grow spatial sequencing Wetlab Measurement & Techniques 
3_2 Collab science policy Communication, Policy, & Training 
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Participant Column Text Theme 
3_2 Collab evolution Microbial Ecology & Evolution 
3_2 Collab C.F.D Modelling & Simulation 
3_2 Collab mechanistic Modelling & Simulation 
3_3 Have <obscured> biofilm Microbial Ecology & Evolution 
3_3 Have Practical model identification Modelling & Simulation 
3_3 Have Bayesian Modelling Modelling & Simulation 
3_3 Have Parameter estimation Modelling & Simulation 
3_3 Have model validation Modelling & Simulation 
3_3 Have CFD Modelling & Simulation 
3_3 Have Gas mass-transfer <obscured> N2O Modelling & Simulation 
3_3 Have Particle (soft-solid) settling Modelling & Simulation 
3_3 Have Algal systems Process Engineering & Startup 
3_3 Have photobioreactor operation Process Engineering & Startup 
3_3 Have water resource recovery Process Engineering & Startup 
3_3 Have Trace-organic pollutants Process Engineering & Startup 
3_3 Have bioavailability Process Engineering & Startup 
3_3 Grow Industry-academic nexus Collaboration & Industry 
3_3 Grow Policy development e.g. AMResistance Communication, Policy, & Training 
3_3 Grow Urban-rural water nexus Communication, Policy, & Training 
3_3 Grow Greenhouse gas (N2O) emission control Process Engineering & Startup 
3_3 Collab Pedagogy Communication, Policy, & Training 
3_3 Collab Study program develop. & delivery Communication, Policy, & Training 
3_3 Collab Microbial ecology Microbial Ecology & Evolution 
3_3 Collab physics of bacteria Microbial Ecology & Evolution 
3_3 Collab agent-based modelling Modelling & Simulation 
3_3 Collab Molecular biology Wetlab Measurement & Techniques 
3_4 Have microprofiling with microelectrode Infrastructure & Hardware 
3_4 Have micro-respirator Infrastructure & Hardware 
3_4 Have microplate reader Infrastructure & Hardware 

3_4 Have different types of bioreactors e.g. Bubble Column - CST - commercial 
fermenters Infrastructure & Hardware 

3_4 Have FO/RO Membrane Systems Infrastructure & Hardware 
3_4 Have model biofilm reactor Modelling & Simulation 
3_4 Grow acquire time or budget Infrastructure & Hardware 
3_4 Grow expand microelectrode types for microprofiling Infrastructure & Hardware 
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Participant Column Text Theme 
3_4 Grow Synthetic community study Microbial Ecology & Evolution 
3_4 Grow interaction between microbial activities and inorganics Microbial Ecology & Evolution 

3_4 Collab mathematical models for simple model system + bioreactors (WWT and 
fermentation) Modelling & Simulation 

3_4 Collab Multi-omics from microbiological perspective (WWT and fermentation) Omics & Bioinformatics 
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