
 

 

ABSTRACT 

NDOH, CHRISTINA E. Does Technology or Expertise Matter? An Exploration of Attitudes 
and Opinions on Synthetic Biology Policy and Governance Needs. (Under the direction of 
Dr. Jennifer Kuzma). 
 
 This dissertation explores risk perceptions of synthetic biology from expert groups 

through elicited feedback on risk analysis and governance needs. Because synthetic biology 

(SB) is an emerging technology field, uncertainty around human health and environmental 

effects of the technologies exist. To better characterize potential human health and 

environmental effects and weigh potential governance strategies, expert feedback was 

elicited through policy Delphi study methods. These expert opinions and stated needs for risk 

analysis and governance were collected using upstream oversight assessment, then compared 

using theories of risk perception. Mixed-method analysis of the data were conducted to look 

for cultural cognition and psychometric influences, and for trends within and between 

‘disciplinary culture’ groups. This work comprises four studies that vary either the 

disciplinary group or technology application to see which factors influence risk perceptions 

of SB applications. The first article explores the regulatory regime for a specific SB case 

study, comparing expert perceptions of risk analysis and governance needs for the 

technological application to the existing regulatory framework; the second article explores 

‘disciplines as cultures’, holding the SB constant to look for the varying risk perceptions, and 

then governance and policy needs, stated by disciplinary groups; the third looks at elicited 

expert opinions of four SB applications from a multidisciplinary group; and the fourth looks 

at concept mapping from two groups, SB experts and non-experts, who share common 

expertise on environmental justice. The area of expertise is viewed as each group’s cultural 

cognition, and varying attitudes and perceptions of risk and governance needs are explored.   
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Chapter 1: Introduction to Attitudes on Risk and Governance Needs of Emerging 
Technologies: Case Studies in Synthetic Biology 

 
The governance of emerging technologies provides multiple challenges for regulatory 

agencies. These regulatory bodies are generally better suited to react to technologies that are 

well established in the marketplace, as opposed to proactively regulating emerging 

technologies (Kuzma et al., 2008a; Sarewitz, 2011; Marchant, 2013). The high levels of 

uncertainty that accompany emerging technologies is often at odds with the need to make 

decisions based on predictable outcomes, making it difficult to assess the risks and benefits 

from a given application of an emerging technology.  A promotional approach for 

governance would encourage innovation and the entry of emerging technologies in the 

marketplace, whereas a precautionary approach would delay product or application use until 

better information on the risks and benefits were obtained (Marhcant, 2001). These two 

approaches largely depend on whether one choses to avoid false negative or false positives of 

risks of the technologies compared to baseline risks.  These choices are dependent not just on 

scientific information, but also on other risk and technological acceptance factors.   

This work explores how different groups perceive risks from technologies, how 

features of the technology itself affect group viewpoints, and finally how these viewpoints 

affect attitudes towards governance.  To begin, this chapter briefly reviews concepts of 

governance and governing emerging technologies, previous studies on risk perception and 

technological attitudes, and the case study of synthetic biology (SB) as an example of 

emerging technologies.  This work not only contributes to scholarly and practical discussions 

of risk analysis and governance needs for SB, it also adds to research in the field of risk 
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perception. This will be done through four individual, yet related, articles that discuss a 

regulatory analysis for one specific SB application, ‘disciplinary groupings’ and their effect 

on risk perception for the same specific case study of SB, influences on risk analysis and 

governance needs based on varying technological applications of SB, and cultural groups as a 

factor in governance needs for SB. By better understanding these influences on risk 

perception and governance needs, as well as the needs themselves, scholars and practitioners 

can better understand different viewpoints on risk governance for SB and how these 

viewpoints affect governance recommendations. 

Governance Models 

To better understand the aims of governing emerging technologies, it is needed to 

first define governance, and offer suggestions of what is considered ‘good governance.’ 

Governance includes the actions of the government as well as those of the public, which 

when combined, make decisions on matters of concern (Brinkerhoff & Brinkerhoff, 2002). In 

this regard, both formal and informal actions influence governance, including regulations, 

consumer choice, and non-profit advocacy.  ‘Good governance’, however, is a more 

subjective term, and as such, open to debate. Good governance has been argued as having the 

following foundational components of legitimacy: democratic tradition, results-based 

orientation, order and stability, systemic structural integrity, deliberative channels and 

procedural rigor (Esty, 2006). Good governance has also been described as governance 

methods that help mitigate unrepresentativeness of the public and inefficiencies in 

distribution of goods and services found in traditional governance models (Weiss, 2000). 

Perspectives about good governance for this work were examined through the elicitation of 
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opinions about governance needs and elements of good governances from SB from multiple 

expert groups. ‘Good governance’, from the perspective of mitigating unrepresentativeness, 

is explored in greater detail in article 4, Early Inclusion of Environmental Justice 

Communities in Synthetic Biology Governance Discussions.!

An introduction to various models of governance provides a framework for potential 

strategies that one might employ when thinking about oversight needs for emerging 

technologies.  Larmour described three prominent models of governance; hierarchical, 

market, and community, and discussed potential failure that may occur within each model 

(1997). Markets were described as providing order through decentralized exchanges of goods 

and services, but subject to failures based on the commonly known economic limitations of 

markets: asymmetrical information, not enough actors, transactional costs, need for public 

goods, and negative externalities. Hierarchy models of governance were described as top-

down policies coming from defined, centralized entities. Hierarchical systems can fail due to 

competing interests that can occur either horizontally within or between organizations, 

differing organizational goals, sub-categorization to the point of diminished efficiencies, and 

lack of accountability due to narrowly defined objectives. Lastly, Larmour describes 

community models of governance as being built on cooperation and mutual respect for actors 

and traditions. In community models, failures occur due to differing beliefs and failed 

reciprocity.  

Governance models have also been described as collaborative. Ansell and Gash 

(2007) described a collaborative governance model, where public agencies work together 

with stakeholders, and seek to build consensus on a specific governance topic. The key 
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aspects of collaborative governance include (1) an effort lead by public agencies, that (2) 

pulls in non-state public participants and, (3) allows the participants to contribute toward the 

decision-making process, while (4) seeking to build consensus. Collaborative governance has 

elements of both hierarchical governance structures and communities, since the initial 

engagement originates from a public agencies, but also requires public engagement, as is 

common in community models.  

Typologies of governance models are useful to classify factors that help distinguish 

between model options. Hall’s 2011 governance typology provides a 2x2 matrix of four 

known governance models: hierarchical, markets, networks and communities. Networks, are 

added to the three governance models described by Larmour, and each of the four options are 

measured on axes that describe the actors involved (either public or private) and the steering 

mechanisms (either hierarchical or nonhierarchical). Networks are described as public-

private partnerships that involved horizontal transfer of information and bargaining and 

negotiation. Hall’s typology is shown in Table 1-1. 

 
 

Table 1-1. Hall's 2011 Typology of Governance 

 
! Public'Actors' ! Private'Actors!
Hierarchical'Steering'
!

Hierarchies)
Nation!state!and!
supranational!
institutions!

Markets)
Marketization!and!
privatization!of!state!
instruments!

Non6Hierarchical'Steering'
!

Networks)
Public88!private!
partnerships!
!

Communities)
Private88!Private!
partnerships!
communities!
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Expert preferences towards these various governance models will be explored 

through-out this dissertation. Generally, we believe that psychometric factors related to the 

technology itself (Slovic et al., 1984) and cultural cognition beliefs held as part of a cultural 

identity (Douglas and Wildavsky, 1982; Kahan and Braman, 2006) will influence overall 

perceptions of risk from emerging SB technologies. Risk perceptions will in turn, influence 

governance and risk analysis preferences expressed by experts.  

Governing Emerging Technologies 

 Another important concept of this work is understanding how governance of 

emerging technologies differs from other governance needs. In addressing the governance 

needs of emerging technologies, one difference comes from the higher levels of uncertainty 

associated with an emerging or developing technology (Morgan, 2005). This high level of 

uncertainty leads to governance strategies in anticipation of potential future outcomes of an 

emerging technology.  

Anticipatory governance seeks to evaluate, and potentially make recommendations on 

best practices for managing and governing emerging technologies prior to the technology 

being widely introduced into the public sphere (Guston and Sarewitz 2002; Kuzma et al., 

2008a; Quay, 2010; Guston, 2014). One goal of anticipatory governance is, through upstream 

discussion and analysis, to prepare for emerging technologies and thus minimize potential 

negative externalities that could occur based on unknown risks associated with the 

technology’s deployment. Given that there may be considerable uncertainty in a pre-

dissemination technology, anticipatory governance often involves evaluating multiple factors 

that could have impacts on society, and similarly will likely involve evaluating multiple end-
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point scenarios for the technology (Kuzma and Tanji, 2010). No single alternative needs to 

be fully developed for anticipatory governance to be successful; instead, the consideration of 

potential outcomes, in a manner that allows for thoughtful contemplation by decision makers 

is a useful tool in and of itself. Anticipatory governance can also be used as a tool to promote 

early public engagement around a technology (Macnaghten, 2008). 

Anticipatory governance can be seen as an umbrella concept, under which many 

practical tools are held. Methods for promoting and achieving anticipatory governance 

include concepts such as real time technology assessments (Guston & Sarewitz, 2002), 

upstream public engagement (Macnaghten, 2008) and upstream oversight assessment (UOA) 

(Kuzma et al., 2008b).  These methods for anticipatory governance are discussed through-out 

this dissertation with an emphasis on UOA, which was used as the practical framework for 

analysis in this study. This work builds upon the literature in anticipatory governance by 

using a UOA assessment for SB as part of an overarching look at potential governance needs 

for these technologies, and by evaluating expert’s incorporation of anticipatory governance 

strategies in discussion regarding SB.   

Discussions on the governance of emerging technologies have followed several recent 

developments such as nanotechnology, genetically modified foods, and now SB. 

Nanotechnology governance has been discussed and debated by scholars for the last several 

decades (e.g. Abbot et al., 2012; Kuzma et al 2008; Weick et al., 2013; Sylvester et al., 2009; 

Powell et al., 2008). Similarly, scholars have more recently engaged in conversations on 

appropriate regulation and governance of SB (Bryson & Mannix, 2000, Kuzma and Tanji 

2010; Pauwels, 2013). This dissertation contributes to the literature as, to our knowledge, the 
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first SB governance study using social-science mixed methods to address questions of 

appropriate governance and risk analysis needs. 

Risk Perception Theories and Incorporation 
 

Since anticipatory governance deals with high levels of uncertainty around the 

technology, recommendations on governance needs must be made without fully developed 

risk and benefits models. Instead, we rely on expert opinions to help for governance 

strategies based on potential outcomes (Morgan, 2005). The viewpoints of the person making 

a governance recommendation will no doubt be affected by experiences, interests and 

knowledge specific to that person. In looking at perceptions of risk, scholars have explored 

several theories that seek to explain perceptions that are based on factors other than the actual 

riskiness (i.e. harm from a dose or exposure) of an application. Two popular, and at times 

contrary, theories of risk perception are cultural cognition of risks and psychometric theories.  

Cultural cognition of risk perception states that an individual’s affiliation with 

cultural groups will determine which types of hazards resonate with that individual. Four 

cogitative groups were identified by Douglas and Wildavsky to describe common 

affiliations; egalitarian, hierarchists, individualists, and fatalists (1982). Egalitarians, with 

their strong beliefs in equality for all people, are naturally sensitive to risk involving 

technology and the environment. Individualists, who seek to minimize government intrusion, 

will be sensitized to risk involving war or other threats to markets. Hierarchists support law 

and order, and will be sensitive to anything that would pose a risk to either of those areas. 

Fatalists, with their view of inevitability of all events, will not be sensitive or supportive of 

any of the risks of concern for other groups (Sjoberg, 2000).  
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Douglas and Wildavsky’s cultural theory of risk asserts that a person’s perception of 

risk is shaped by the cultural ideas that the person holds. As a result of these cultural ideas 

and values, individual become sensitized to some risks and desensitized to others. This over 

or under sensitizing can lead individuals to focus in on some risks, while other risk remain 

hidden in their blind spots.  

 Cultural cognition of risks as presented by Kahan and Braman (2006) builds upon 

cultural theory of risk, but adds several dimensions not included in Douglas and Wildavsky’s 

initial model. First, there is a difference in how worldviews are measured. Kahan’s model of 

cultural cognition uses continuous attitudinal scales to measure where an individual falls on 

the hierarchy-egalitarianism scale and the individualism-communitarianism (solidarism) 

scale. Those who have a low group (individualistic) worldview, expect individuals to be self-

resourceful, and have little expectation of group support. Those who have a high grid 

worldview (hierarchical) expect that resources be divided based on characteristics specific to 

a given social order; conversely, low grid (egalitarian) individuals expect resource allocation 

to be equitable, and not consider any social ordering. The inclusion of these to scales was 

constructed to remedy two flaws in the initial Douglas and Wildavsky model; (1) the lack of 

internal validity and (2) the initial use of separate scales for each bipolar attitudinal choices 

allowed respondents to score high on multiple competing scales. The second adjustment was 

inclusion of factors that allow for greater emphasis on social and psychological impacts on 

one’s beliefs about risk to include more of the cultural components involved with shaping 

risk perceptions.   
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Psychometric theories, a second risk perception theory explored in this work, focuses 

on properties inherent to the technology as influential (Slovic et, al, 1984). The psychometric 

paradigm provides a rationale for how risk perceptions are formed with the lack of a clear 

knowledge about a given hazard. Psychometric theory states that risks can be psychologically 

determined by an individual’s subjective measures of the hazard (Jenkin, 2006). 

The degree of familiarity that one has with a given technology will influence the 

affect that psychometric factors play in determining the perceived risks from that technology. 

Individuals with strong background knowledge of the technology or with experiences that 

influence conclusions on the technology are less likely to be swayed by psychometric factors 

(Slovic et al., 1984). Conversely, those with little prior opinion or experience of a given 

technology, are more likely to be influenced by the framing of the technology, as presented 

by someone else. Psychometric factors of risk perception include (1) the number of 

individuals likely affected by the risk, (2) the ‘dread factor’ or sense of vulnerability 

associated with a given risk, (3) the level of autonomy over exposure to a given risk, which 

Slovic calls the ‘voluntary factor’, and (4) the overall level of ‘unknown’ information on the 

risk.  The cultural cognition theory and psychometric paradigm will be explored in greater 

detail in chapters 3 and 4, respectively. 

Dissertation Research Focus 
 

The work in this dissertation is intended to continue the discussions on governance 

needs for SB technologies.  It uses UOA (Kuzma et al. 2008) with cases of SB and a policy 

Delphi (Landetta, 2006) to fulfill a practical need to identify governance issues associated 

with SB prior to technology development and deployment.  It is one of the first studies to use 
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diverse case studies to do so, as governance issues will be dependent on the product and its 

sector (Kuzma and Tanji 2010).  From a theoretical perspective, it probes the differences in 

the case studies and how they may relate to risk and technological perception among experts 

using the psychometric paradigm of risk perception theory as a starting point.  It also 

explores how experts from different disciplinary ‘cultures’ view the case studies using the 

cultural cognition theory as a starting point.  Finally, it discusses whether the technologies or 

cultural disciplines affect the model of governance preferred using the hierarchical or 

networked models of governance presented in the literature. There is no assumption made as 

to the efficacy, or inefficacy, of the current governance of SB in the United States, but 

instead, this work attempts to elicit expert opinions of oversight needs for SB.  

 This work is done through four related, but independent articles that look at different 

facets of SB risk analysis and governance needs from a policy and gap analysis standpoint, at 

expert attitudes about SB from theoretical standpoints of risk and technological perception 

theory, and at perceptions of environmental justice (EJ) experts, who bring different 

perspectives and priorities to SB governance discussions. Both policy analysis and theoretical 

cultural standpoints are explored in this work.  

In the first article (chapter 2), expert opinion on a specific SB development, 

engineered Mesorhizobium loti for nitrogen fixation in cereal crops, are examined for risk 

analysis needs.  The risk analysis needs identified by experts are then compared to what is 

required for formal regulation of organisms similar to the one in the case study. Here we 

explore whether current Environmental Protection Agency (EPA) data requirements measure 

up to the visions of the experts, or if experts are recommending changes or broadening for 
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the existing regulatory framework.  The specific risk analysis (RA) needs preferences stated 

by experts are then explored in relation to current anticipatory governance literature.  

In the second article (chapter 3), expert opinion on the same specific SB 

development, engineered Mesorhizobium loti for nitrogen fixation in cereal crops, are 

examined for risk analysis and governance preferences to explore whether risk perceptions 

differ among cultural disciplinary groups using a cultural cognition framework.  Experts are 

grouped along two proposed ‘disciplinary culture’ axes; ‘academic discipline’ and ‘expert 

position’. The two axes are explored to see if this cultural groupings for differing views of 

risk perception and of governance needs.  

The third article (chapter 4), examines expert opinions on four differing SB 

applications to see whether differences arise due to the SB technology features themselves.  

Influence diagram models and other study data for each of the four case studies will be 

compared to one another to look at psychometric influences (often features of the 

technological risk itself) that may shape risk perceptions based on the specific technology 

applications.  Common psychometric characteristics as identified by Slovic et al. (1984) will 

be used as starting points to develop a typology of the case studies, their features that fit the 

psychometric paradigm and other features, and compare expert risk governance perceptions.   

Lastly, in article four (chapter 5), expert opinions from EJ advocates on SB RA needs 

will be explored and compared to the larger SB expert group. The starting hypotheses for this 

work is that EJ advocates bring a specific set of cultural worldviews that differs from other 

groups with SB policy or technology expertise.  EJ attitudes towards SB will be compared in 

chapter 5 to the views stemming from the SB experts from the Delphi study in chapters 2, 3, 
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and 4.  EJ advocate positions will be compared to the general SB expert group and 

explanations based on cultural groups will be explored. Influence diagram models created by 

the EJ expert groups will be compared to the SB expert influence diagrams that were 

presented in chapter 4.  

This collection of articles explores nuanced questions related to risk perception and 

risk analysis and governance needs for SB stated by varying expert groups. Each articles 

connects to the previous one in the series in a continuing thread of discussion. The first 

article introduces SB technologies, and provides a practical framework for analysis of the 

current regulatory system. The second article then connects by looking at the same SB 

technology, but dividing the expert group into different disciplinary cultures which are 

explored for differing risk perceptions and governance preferences. The third article regroups 

the experts into one large body, but varies the technological applications so that psychometric 

risk factors can be explored. Finally, article four explores the same four SB technologies, but 

from the perspective of non-subject matter experts. Abstracts for each of the articles are 

provided to give a brief overview of objectives, methods, and findings.    

Abstract for Article 1: Expert opinions of Governance and Risk Assessment Needs for 
Genetically Modified Mesorhizobium loti for nitrogen fixation in cereal crops 
 

Emerging technologies and applications in the field of synthetic biology (SB) pose 

oversight challenges for federal agencies, which are typically better equipped to regulate 

established technologies (Kuzma et al., 2008a; Sarewitz, 2011; Marchant, 2013) and 

applications for which risks and benefits have been well documented through post-

technology deployment studies (Huang & Xu, 2009; Quay, 2010). By contrast, the typical SB 
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application carries many unknowns in terms of how the application will affect human health 

and the natural environment once released. Compounding this difficulty are the 

expansiveness of the SB category and the variety of technologies to which the term “SB” is 

applied (Kuzma & Tanji, 2010).  In order to better inform and focus discussions on risk 

governance for SB, this article evaluates potential governance and risk analysis data needs, as 

identified by experts for the case of one emerging SB technology: plant nitrogen fixation for 

rice crops using highly genetically engineered Mesorhizobium loti (M. loti).  This study can 

contribute to a more tangible understanding of risks, benefits, and regulatory challenges that 

may be encountered as SB applications are deployed.   

This article draws on responses to interview and survey questions from a Delphi 

study in order to examine expert perceptions of governance needs for SB, including risk 

assessment and appropriate oversight. In order to inform governance policy from a practical 

perspective, the elicited expert opinions are compared to the current regulation of genetically 

engineered microbes under the TSCA program, which is the regulatory authority under 

which genetically modified M. loti will likely fall. This work suggests that future governance 

regimes should draw on elicited expert opinions in order to incorporate into their frameworks 

a broader complement of factors related to risk and harm.   

 

Abstract for Article 2: Exploring ‘Expert Cultures’ for Assessing a Synthetic Biology 
Technology 
 

Understanding the perceptions of risk that experts hold can highlight potential needs 

for diversity of input in risk governance discussions. For emerging technologies, expert 
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elicitation can be used to evaluation governance options in the face of uncertainty. However, 

understanding commonalities and differences in governance approaches which may be 

attributable to expert group characteristics can potentially illustrate biases that are inherent 

within a given group.  

Scholars have called for proactive strategies for governance and regulation 

considerations for synthetic biology (SB), an area of emerging technologies (Gutmann, 2011; 

Tait, 2012; Mandel & Marchant, 2014). In order to better inform and focus discussions on 

risk governance for SB, this article evaluates potential governance and risk analysis options, 

as identified by diverse expert groupings, for one case study of an emerging SB technology: 

plant nitrogen fixation for rice crop using genetically modified Mesorhizobium loti (M. 

loti).  A policy Delphi was used to elicit expert opinions on this technology, with an 

overarching goal of providing a more tangible understanding of risks, benefits and regulatory 

challenges that may be encountered as SB applications are deployed.  The policy Delphi 

allows experts to iteratively deliberate on multiple policy and governance options to address 

complex problems, such as SB (Turnoff, 1970).  By using a modification of cultural 

cognition theory (Kahan and Braman, 2006), we set out to test whether groups of experts, 

from different group perspectives or ‘cultures’, hold distinguishable attitudes towards 

important risk governance issues and data needs.  For this, we build on previous literatures of 

“cultures of disciplines” (Becher, 1994; Valimma, 1998), and other studies that have shown 

different disciplinary groups to highlight different governance issues associated with 

nanotechnology, another example of an area of emerging technologies (Kahan, et al., 2009; 
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Besley et al., 2008).   We also examine the relative position of experts in relation to 

technological developments, by identifying them as either ‘upstream’ or ‘downstream’.  

This article examines similarities and differences among expert perceptions of risk 

and appropriate regulatory oversight of the case study based on data collected during the 

policy Delphi study. To our knowledge, this is the first study that systematically explores 

anticipatory governance for SB using mixed social-science methods. 

Abstract for Article 3: Psychometric Influences on Synthetic Biology Governance needs for 
varying Technological Applications 
 

For governance of emerging technologies, decisions must be made despite varying 

levels of uncertainty (Morgan, 2005). This study provides an in-depth analysis of the risk 

assessment data and information needs and governance issues identified by expert panelists 

as a means of testing whether the inherent properties and features of a technological 

application lead to different priorities for experts. Specifically, we test whether various 

emerging synthetic biology (SB) technologies evoke differing perceptions of risks using 

psychometric theory, which generally considers the inherent features of a technology as 

influencing an individual’s perception (Slovic et al., 1984). 

In order to elicit experts’ perception of risk, a policy Delphi was conducted. During 

this policy Delphi, experts were able to state preferences for risk analysis and governance 

needs of four emerging SB applications. Data were provided via interviews, quantitative and 

qualitative surveys, and in-person interaction that included large and small group discussion 

and activities. One of the group activities employed was the use of influence diagrams to 

consider ideal governance structures for the four SB technologies. Tools, such as influence 
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diagrams, are often used in risk analysis to think through relationships and/or identify options 

for moving forward (Morgan, 2005). In this case, the diagrams were used to highlight 

similarities and differences in risk analysis and governance preferences among the case 

studies.  The psychometric paradigm of risk perception considering features of each of the 

cases was then considered in examining the comparisons of the influence diagrams and other 

data collected for the case studies to further develop the theory in the context of SB.  We find 

that psychometric properties of a given SB technology do influence experts’ perceptions of 

risk. At the conclusion of this work, we propose a model for evaluating SB technologies that 

considers psychometric properties of the technology.   

Abstract for Article 4: Early Inclusion of Environmental Justice Communities in Synthetic 
Biology Governance Discussions 
 

Conversations to date around governance needs for synthetic biology (SB) have 

predominately involved scientific experts with either knowledge of the regulatory systems, 

genetic engineering or related sciences, or policy or legal experts or with experience in the 

field of SB or similar emerging technologies (Lentzos et al., 2008).  Although there has been 

some work done to gauge general public perceptions on SB and regulatory needs (Pauwels, 

2013), the particular attitudes of environmental justice (EJ) communities have not been 

formally explored.  As such, this work seeks to explicitly elicit SB governance and risk 

analysis needs from environmental justice (EJ) community members. To our knowledge, this 

work is the first to include EJ experts in SB governance discussions. 

Practically, a goal of this work is to begin the conversation around governance and 

policy-making needs for SB with EJ experts. This was done by soliciting participants 
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involved with EJ work within the state of North Carolina to provide feedback on four case 

studies of emerging SB technologies.  All four case studies have potential environmental 

release applications and considerations for human and environmental health. These 

considerations are often core to environmental justice communities, who will look not only at 

those factors, but also at the disparate treatment that may occur in communities that have 

been historically marginalized (Doyle, 1994; Bullard, 2003; Mohai et al., 2009). This work 

will also contribute to research on risk perception as it is assumed that members of a common 

community, such as EJ, will hold some shared worldviews that will influence perceptions of 

risk.  

From a theoretical perspective, this article not only elicits opinions on SB needs from EJ 

experts, but also compares those needs to the concerns stated by experts in the general field 

of SB to see if EJ attitudes diverge from SB experts and if so, how they differ.  An important 

practical outcome of this article is to further contribute to governance needs for SB 

applications by potentially highlighting risk assessment variables that have been overlooked 

by SB experts who may not have familiarity with EJ specific needs. In addition, this work 

purposefully includes EJ members in these discussions of SB governance needs.  

We found similarities in the SB expert group and EJ expert group, in that both groups 

perceived greater risks from some technologies than others, and that there were similarities in 

the technology seen as riskiest. However, we also found that the primary focus for 

governance needs differed between the two groups. EJ experts focused more on broader 

issues of inclusion in the governance process, transparency, and availability of information.  
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Chapter 2 (Article 1): Synthetic Biology Case Study- Expert opinions of Governance 
and Risk Assessment Needs for Genetically Modified Mesorhizobium loti for nitrogen 

fixation in cereal crops 
 

Abstract 

Emerging technologies and applications in the field of synthetic biology (SB) pose 

oversight challenges for federal agencies, which are typically better equipped to regulate 

established technologies (Kuzma et al., 2008a; Sarewitz, 2011; Marchant, 2013) and 

applications for which risks and benefits have been well documented through post-

technology deployment studies (Huang & Xu, 2009; Quay, 2010). By contrast, the typical SB 

application carries many unknowns in terms of how the application will affect human health 

and the natural environment once released. Compounding this difficulty are the 

expansiveness of the SB category and the variety of technologies to which the term “SB” is 

applied (Kuzma & Tanji, 2010).  In order to better inform and focus discussions on risk 

governance for SB, this article evaluates potential governance and risk analysis data needs, as 

identified by experts for the case of one emerging SB technology: plant nitrogen fixation for 

rice crops using highly genetically engineered Mesorhizobium loti (M. loti).  This study can 

contribute to a more tangible understanding of risks, benefits, and regulatory challenges that 

may be encountered as SB applications are deployed.   

This article draws on responses to interview and survey questions from a Delphi 

study in order to examine expert perceptions of governance needs for SB, including risk 

assessment and appropriate oversight. In order to inform governance policy from a practical 

perspective, the elicited expert opinions are compared to the current regulation of genetically 

engineered microbes under the Toxic Substances Control Act (TSCA) program, which is the 



 

19 

regulatory authority under which genetically modified M. loti will likely fall. This work 

suggests that future governance regimes should draw on elicited expert opinions in order to 

incorporate into their frameworks a broader complement of factors related to risk and harm.   
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 Introduction 

The governance of emerging technologies creates multiple challenges for regulatory 

agencies, which are generally better suited to reacting to technologies that are well 

established in the marketplace, as opposed to proactively regulating emerging technologies 

(Kuzma et al., 2008a; Sarewitz, 2011; Marchant, 2013). The high levels of uncertainty that 

accompany emerging technologies is often at odds with the need to make decisions based on 

predictable outcomes; thus, the risks and benefits from a given application of an emerging 

technology are difficult to assess.  SB is an example of an emerging technology for which 

governance strategies must be developed despite many unknowns. Some scholars have 

advocated for multi-faceted governance strategies that consider type of SB technology 

(Kuzma & Tanji, 2010), while other scholars have advocated for more precautionary 

approaches for SB technologies broadly (Marchant, 2001). One strategy for developing 

appropriate risk assessment policies is to incorporate expert elicitation within the larger 

framework of governance. By drawing on the expertise of a broad group, we can identify 

potential gaps in the existing regulatory framework and make recommendations for inclusion 

of additional evaluation criteria.  

Case Study: Genetically Modified M. Loti 
 

This work uses a specific application within SB, genetically modified M. loti for 

extending nitrogen fixation to non-legumes, as the focus for expert deliberation on 

governance and data needs. Kuzma and Tanji (2010) suggest that greater progress in SB 

governance can be made by focusing conversations on specific applications. The use of 

genetic engineering applications on plant microbes, for the purpose of extending nitrogen 
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fixation to non-leguminous plants, has been studied for many decades (Charpentier & 

Oldroyd, 2010; Wang et al., 2013). The process entails multiple genetic manipulations, 

which make possible a successful new symbiotic relationships wherein microbes that already 

have the ability to fix nitrogen can interact with a plant that does not already possess the 

ability to host the microbe (Wang et al., 2013).  The symbiotic relationship between legumes 

and bacteria in the rhizobium genera is naturally occurring, and rhizobium are the only 

bacteria known to have this symbiosis with legumes (Charpentier & Oldroyd, 2010). The 

benefits of the relationship to both organisms are the ready availability of food supplies and 

of host sites for the bacteria.  

For the symbiotic relationship to be established, a multi-step process must take place 

between the two organisms (Santi et al., 2013, Oldroyd & Dixon, 2014). First, the legume 

secretes flavonoids into the soil, which are detected by the rhizobium. Then, the rhizobium 

secretes Nod-factor in response to its recognition of the flavonoids. The Nod-factor, once 

recognized by the legume, leads to the creation of nodules in the plant root hairs. These 

nodules become host sites for the bacteria, and the rhizobium colonize within the nodules. 

Once the bacteria have infected the plant host and colonized in the root nodules, the 

symbiotic exchange of essential nutrients begins (Beatty & Good, 2011, Oldroyd & Dixon, 

2014).  The plants are able to provide the bacteria with needed organic matter, and in 

exchange, the bacteria are able to provide the plant host with ammonium. In contrast to 

atmospheric nitrogen, ammonium provides a readily available source of nitrogen that the 

plant is able to uptake. The genetic engineering process is shown in Figure 2-1.  
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Figure 2-1. Potential genetic engineering for M. loti  

  
 
 
The goal of genetic engineering for symbiosis is to extend the symbiotic ability to 

cereal crops such as rice, wheat, and maize. Known benefits of this technology include 

decreasing global nitrogenous fertilizer demands and increasing crop yields for cereals. 

Together these benefits could potentially offset the environmental degradation caused by 

fertilizer application and thus provide a partial solution to global hunger.  Indeed, the need 

for a readily available source of nitrogen has been shown to be a limiting factor in climates 

that would otherwise support cereal crop growth (Oldroyd & Dixon, 2014).  

Once the Nod-factor has been recognized by the host plant, at least eight genes are 

involved in root nodule symbiosis (RNS) (Oldroyd & Dixon, 2014). These eight common 

symbiotic components (SYM) are thought to have common ancestry with arbuscular 

mycorrhizal (AM) symbiosis.  Cereal crops possess AM genetic materials, and they are 

thought to have had an ancient symbiotic relationship with other soil bacteria that also 

www.glycoforum.gr.jp/science/word/saccharide/SA-A02E.html 
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provided essential nutrients (Charpentier & Oldroyd, 2010). Given that cereals already 

possess genetic material that could be used for SYM pathways, and given that the rhizobia 

needed for the symbiotic relationship already colonize in the soil where cereals exist, there 

has been considerable hope that a series of genetic modifications could lead to the successful 

symbiosis of cereals and nitrogen-fixing bacteria. Also, given the global significance of rice 

crops in diets, the potential for extending the symbiosis to rice has been studied by many 

scholars (Oldroyd & Dixon, 2014; Beatty & Good, 2011). 

Upstream Oversight Assessment 
 

Our practical framing for this work is the use of upstream oversight assessment 

(UOA), a technique that has been developed for the advanced consideration of technology 

through case studies to explore risk, regulatory, and societal issues in advance of 

technological deployment (Kuzma et al., 2008b). UOA seeks to highlight potential oversight 

challenges for a given emerging technology by grounding conversations and analysis in case 

studies of that technology. Selection of a relevant case study is a key component in UOA. 

The case study used in this article, highly genetically engineered bacteria for nitrogen 

fixation in non-legumes, is an ongoing research effort in SB. This case was selected due to its 

clear regulatory path and similarity to other technologies that have undergone TSCA review, 

both of which should make the technology more familiar to the expert group.  The genetic 

engineering applications that have undergone similar review are for genetically modified 

bacteria that were designed to extend nitrogen-fixation to soybeans. Genetic engineering 

technologies are similar to SB technologies, but have less complex genetic manipulations, 

less gene insertion, and do not include synthetically constructed parts (Hoffman, 2012). A 
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continuum between ‘natural’ and ‘synthetic’ as the terms relate to genetic engineering and 

SB is shown in Figure 2-2. 

 

 

 

 

Figure 2-2. Continuum of SB and genetic engineering 

 
 
One prominent researcher in the area of SB, Christopher Voigt of the Massachusetts 

Institute of Technology, has been researching nitrogen fixation technology as a method for 

minimizing fertilizer application by making it possible for crops that previously relied on 

nitrogenous fertilizer applications to rely now on nitrogen production from engineered 

bacteria (Charpentier & Oldroyd, 2010). The Voigt lab is also researching two additional 

http://2011.igem.org/Team:KULeuven/Law&Patents 
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pathways for achieving nitrogen fixation in non-leguminous plants, both of which involve 

engineering the plant instead of the bacteria. Because the two different genetic manipulations 

(plant or bacteria) would likely be subject to different regulatory regimes, it is necessary to 

focus on just one of the two routes for the UOA. This article focuses on the genetic 

manipulation of the soil bacteria.  

This article examines nitrogen fixation for non-legumes by looking at similar 

technologies that have been developed and how those technologies traversed within the 

existing regulatory system. Examining similar technological deployments will provide 

guidance as to the likely regulatory route for this emerging technology, and will allow for an 

analysis of the current system in providing oversight as compared to data needs that the 

experts believe are important. Then, this article brings in expert opinions on oversight needs 

for this specific case study. The expert opinions of risk analysis (RA) needs are then 

compared to the regulatory regime that will be faced by nitrogen fixation of non-legumes 

using genetically modified SB bacteria.   

Regulatory Approaches for Biotechnology in the US 
 

The U.S. regulatory system for governing biotechnology developed in response to 

public concerns over genetic engineering applications that were emerging in the 1970s. The 

Biotechnology Science Coordinating Committee (BSCC) was formed in 1985 with the 

objective of providing oversight for biotechnology research and products (Bryson & Mannix, 

2000).  In 1986, the Coordinated Framework for Regulation of Biotechnology was published 

by the Office of Science and Technology Policy, providing guidance for applying existing 

statutory authority to regulation of genetically engineered organisms (Proposal for a 
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coordinated framework for regulation of biotechnology, 1984). This framework divided the 

responsibility for regulating and overseeing genetically engineered organisms among three 

federal agencies, the United States Department of Agriculture (USDA), the Environmental 

Protection Agency (EPA), and the Food and Drug Administration (FDA). Three primary 

goals of the coordinated framework were to use existing statutory authority to address 

regulation of genetically modified organisms (GMOs), to focus regulation on the product 

being created rather than on the process used to create the technology, and to avoid 

“manufacturing” new risks, as these products are outgrowths of existing known systems.  A 

summary of jurisdiction and statues by agency is show in Table 2-1. 

 

Table 2-1. Summary of Biotechnology Regulatory Authority by Agency 

 

Agency Jurisdiction Statue 

USDA Plant pests, plants, veterinary 
biologics 

Federal Plant Pest Act (PPA) –
1957, 2000 

FDA Food, feed, food additives, 
veterinary drugs, human drugs, 
medical devices 

Federal Food, Drug, and Cosmetic 
Act (FFDCA) – 1958 

EPA Microbial and plant pesticides,  
novel microbes 

Federal Insecticide, Fungicide, 
and Rodenticide Act (FIFRA)—
1947 

Toxic Substances Control Act 
(TSCA)--1976 
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As shown in Table 2-1, both the USDA and the EPA have jurisdiction over the 

regulation of plants, with the USDA covering plants and plant pests and the EPA covering 

plant pesticides. In cases where a product is both a plant pesticide and a plant pest, the USDA 

and EPA are expected to work together in regulating the product, with the EPA serving as the 

lead agency. The FDA also can review food products on a voluntary basis. In other cases 

where there may be authority overlap, the coordinated framework designates a lead agency. 

As the authors of the coordinated framework noted in their introduction, this policy was 

expected to evolve as experiences from industries and regulatory agencies provided 

feedback; however, over 25 years later, the overall policy remains unrevised.  As Gilna et al. 

(2014) pointed out in their overview of the history of the coordinated framework, agencies’ 

guidance and policies have been revised over time, not due to changes in the laws, but due to 

changes in interpretations of those laws (Kuzma and Tanji, 2010; Kokotovich and Kuzma, 

2014).   

Biotechnology Regulation by the EPA under TSCA 
 

The EPA’s authority for regulating biotechnology is administered through two 

statutory programs, FIFRA and TSCA. The TSCA program at the EPA regulates “microbial 

products of biotechnology,” and as such, it is the focus for this work (U.S. EPA, 2013b). 

Multiple activities are initiated under the EPA’s TSCA authority for regulating microbial 

products. Depending on the phase of development and the developer’s desired outcomes, one 

of three primary “approvals” may be sought: microbial commercial activity notices (MCAN), 

test market exemption applications (TMEA), or TSCA environmental release applications 
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(TERA).  These applications must be submitted by a developer to the agency prior to the 

deployment or market introduction of regulated products. 

The EPA’s TSCA program requires an MCAN application prior to starting 

commercial activity. MCAN applications are required for any "new" microorganisms that are 

intended to be manufactured for commercial applications (U.S. EPA, 2013b). Examples of 

microorganisms that have undergone MCAN reviews include industrial enzymes and 

microbes for agricultural practices such as biofertilizers, biosensors, and biofuels. MCANs 

are generally applicable to “new” intergeneric microorganisms.  The EPA defines 

intergeneric microorganisms as “those formed from organisms in different genera … or those 

microorganisms formed with synthetic DNA not from the same genus” (U.S. EPA, 2013b). 

The EPA’s decision to only look at intergeneric microorganisms has led some scholars to 

question whether there is the potential for regulatory concern around intrageneric gene 

transfer (J. Craig Venter Institute, 2014). 

     MCANs do not require approval from the EPA, although the agency has broad authority 

to restrict production of certain technologies if deemed appropriate. Once the EPA receives 

an MCAN from a manufacturer, the agency has 90 days to review the application. When the 

EPA completes a review of an MCAN, it will “drop” the application from review, indicating 

that the petitioner can proceed with producing the microbial product. Once the application 

has been dropped from review, the product that was the subject of the application can be 

produced and sold in the United States (U.S. EPA, 2013a).  Before manufacturing begins, the 

manufacturer is required to submit a Notice of Commencement (NOC). The EPA does 

reserve the right to request additional information during the review period if it determines 
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that more information is needed to make a decision regarding the safety of the product. 

Additionally, if the EPA determines that the product in question poses significant risk, the 

agency may limit the production of the product. This limitation is typically done through a 

Significant New Use Rule (SNUR). As the name suggests, a SNUR is issued when a product 

is determined to constitute a significant new use. The SNUR may limit the production 

capacity of the manufacturer, restrict other manufacturers from making the same product 

without first seeking agency approval, or place other restrictions on the manufacture of the 

new biotechnology. The SNUR is the only process under TSCA regulation that allows for a 

notice-and-comment period, providing a formal opportunity for public input. 

     For a manufacturer who only plans to produce limited quantities of a microorganism for a 

test marketing analysis, a TMEA may be appropriate. This application requires similar 

information submission as the MCAN, but it also requires that the manufacturer provide 

information on the intended test market. This includes the maximum number of people 

expected to be exposed and the planned marketing activities. This process does have a 

shortened review window of 45 days, compared to the 90 days required for an MCAN. At the 

end of a TMEA review, the EPA will either approve or deny the request.  

The TERA, like the MCAN, is generally applicable to “new” intergeneric 

microorganisms used for R&D purposes that are to be released into the environment. TERAs, 

however, do require EPA approval before a microorganism can be released into the 

environment (U.S, EPA, 2013b). Taxonomic designation must be provided for both the donor 

organism and recipient microorganism. TERAs have a shorter review timeline than MCANs, 

with the EPA having 60 days to respond to an application. The short window is intended to 
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expedite research needs and prevent delays to the process that could come with lengthy 

regulatory review (U.S. EPA, 2013b). As with an MCAN, the TERA review window can be 

extended if the agency determines that more information is needed to make a decision on the 

safety of a product. Exemption provisions are available for applications that involve 

microorganisms for which the EPA has determined that additional information is no longer 

needed. Bradyrhizobium japonicium and Sinorhizobium melloti, other nitrogen fixing-

bacteria that have been genetically modified and released into the environment, are both 

eligible for exemptions, provided that certain field test parameters are met (Wozniak, 2007). 

To date, these are the only two organisms for which an exemption exists, and testing must be 

conducted on ten acres or less. Additionally, the manufacturer of the organism is responsible 

for conducting a determination of risks, notifying employees and others to whom the 

organism is distributed, and maintain records of the modified organism to maintain eligibility 

for the TERA review exemption.  

The EPA uses information provided on the TERA to conduct risk assessments of the 

microorganism. The manufacturer must provide at least the following information: 

• Phenotypic information, which may include biochemical and physiological 
traits 

• Genotypic information, such as the introduced genetic material and the 
method used to construct the microorganism  

• Signed statement certifying intent to manufacture  

• R&D activities conducted to date  

• Knowledge of related microorganisms previously reviewed by EPA 

• Major intended application 

• Location and properties for area of environmental release  
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This work will review TERA information provided from reviews of genetically 

modified nitrogen-fixing bacteria, and compare those findings to stated expert needs for risk 

analysis and governance of modified M. loti. As noted previously, the previous TERA 

applications for genetically modified nitrogen-fixing bacteria represent close genetic 

engineering technologies to the SB case study of modified M. loti.  

Methodology  

Case Study Selection 
 

This work evaluates risk analysis and governance needs for SB applications by 

grounding the conversation in a specific application, through the use of UOA techniques. The 

UOA analysis consisted of scanning public R&D databases to look for SB cases in early 

development. The areas of focus for these case studies were limited to agriculture, 

environment, and industry. A thorough review of emerging SB applications was conducted as 

part of larger research study, and after vetting and input from a small group of experts in the 

SB communities, four emerging case study were selected. Ten case studies were presented to 

the experts, and each individual provided feedback on the suitability of the case study for 

presentation to study participants, as well as feedback on the overall accuracy of the case 

study description.  From the ten case studies presented to the case study review group, four 

were selected for closer consideration: biomining using engineered microbes, cyberplasm, 

de-extinction, and the case that is the focus of this work, nitrogen fixation using engineered 

plant microbes.  

After the case studies were selected, more detailed descriptions were written by 

research staff using interview data from the technology developers and available literature. 
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These case study descriptions were then shared with the recruited expert panel to elicit 

feedback on governance needs for each case study specifically, as well as for SB holistically. 

This evaluation focuses on the case study of nitrogen fixation for cereal crops through a 

symbiotic relationship with genetically modified M. loti. Of the four cases, this technology 

was one of the closest to development.   

Delphi Process 
 

Once the four case studies were selected, study participants were given 2 page 

summaries for each technology, and asked to complete four rounds of a policy Delphi. The 

Delphi method has been used for many decades to obtain group consensus from experts using 

iterative controlled intensive questionnaires (Landeta, 2006). This method has been used 

extensively in social science research for its ability to reduce groupthink, dominance by 

strong personalities, and inhibition, all of which can hinder group decision-making processes. 

The Delphi method has been used often in natural and social sciences, and the validity of the 

tool for forecasting and supporting decision-making has been upheld by scholars (Landeta, 

2006). A policy Delphi differs from the traditional Delphi methods in that it seeks to uncover 

a range of policy options, as well as the pros and cons of those options (Turnoff, 1970). In 

this study, a policy Delphi was used to uncover a range of SB risk analysis and governance 

needs from participants through iterative individual and group reflections. 

Experts in the field of SB were identified by using web database searches; 

researching authors of relevant peer-reviewed literature, key policy reports and publications; 

participants of key national studies or groups; and prior knowledge and experience from the 

project team. 187 experts were identified and asked to participate in the study, with a goal of 
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recruiting 50 participants. In total, 48 experts responded willing to participate in the study, 

and were invited to participate in the four rounds of this Delphi study. However, not all 

participants were able to complete each round of the Delphi. Data from experts who 

participated in the Delphi study were obtained through interviews, surveys, and in-person 

interactions conducted by researchers on the Delphi Study team. The interviews asked 

questions on governance and risk analysis needs for SB in general and for the four specific 

case studies, including nitrogen fixation using engineered plant microbes. 

From round one of this Delphi study, interview data were available for 38 

participants. Participants were asked to following questions in regards to risk analysis and 

governance needs for genetically modified M. loti:  

1. What are the potential impacts on health and the environment associated with 

the SB applications?   

2. How important are these impacts in a broader societal context?   

3. What are the types of data and information needed to assess the risks and 

benefits? 

4. What are the associated uncertainties with this application and how might they 

affect oversight?  

5. How can risk analysis methods be used in the face of such uncertainties? 

6. How might existing statutes and organizations be involved in oversight?  

7. Does the SB application warrant new or modified oversight approaches and if 

so, how should oversight change?   

8. What are the pros and cons of different governance options for the cases? 
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9. What might be the broader societal issues surrounding oversight and how can 

they be addressed through research, public policy, or engagement?  

The complete list of interview questions asked of the experts is located in Appendix A, all of 

which were provided to experts in advance of the interview. After all interviews were 

complete, interview transcriptions were imported into nVivo software for coding and 

analysis. Constant comparison methods (Boeije, 2002) and iterative thematic coding were 

employed to review the transcribed data and find consistent themes discussed by the experts. 

Naturally, some themes emerged around the questions that were asked, as would be assumed 

for baseline coding within constant comparative methods.  Additionally, many subthemes 

emerged around expert opinions of risk analysis and governance needs for genetically 

modified M. loti.  

Once the initial coding of the data was complete, interview segments related to risk 

analysis and governance for the nitrogen fixation case study were exported, and the text was 

sub-coded for emerging data and information needs. Then, sub-thematic coding was done to 

group specific risk analysis and governance needs by category. Finally, the themes from the 

interview data were compared to existing RA methodology used in the TERA evaluation.  

In round two of the policy Delphi, expert were asked to respond to survey questions 

that continued to probe opinions of risk analysis and governance needs for the four SB case 

studies. Survey questions included semantic scales ratings for governance needs, Likert 

scales related to risk perception of the technology, and ordinal ranking of RA governance 

needs. This work includes the ordinal ranking of RA needs as part of the comparison of 

expert stated needs to current governance options. Experts were provided the following list of 
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RA needs, and ask to rank them from 1-17, with 1 being top priority, and 17 being lowest 

priority. The list of RA needs is provided in Table 2-2. 

 
 

Table 2-2. RA needs provided for ordinal ranking 

Biopersistence Environmental trade-offs 
with using other 
technologies 

Pathogenicity Route of exposure to 
other organisms 

Competitiveness with 
other organisms 

Genetic Stability 
 

Regulation of tools 
 

Toxicity and 
biogeochemical cycling 

Disposal 
 

Horizontal Gene 
Transfer 
 

Regulatory approval 
process 
 

Other 
 

Ecological System 
Effects 

Life-Cycle 
 

Route of exposure to 
humans 

 

Economic trade-offs 
with using other 
technologies 

Organism tracking in 
situ 
 

Route of exposure to 
other organisms 

 

 
 
 

Reviews of Similar TERA Applications to Determine Existing Regulatory Practices 
 

This study contains data from two primary sources: TERA applications requested 

from the EPA and the policy Delphi that was conducted to elicit expert opinions on SB 

governance needs for nitrogen fixing bacteria and three other emerging technologies. While 

the policy Delphi was being conducted, we also reviewed TERA applications in order to 

identify similar technologies for comparison to risk analysis and governance issues identified 

by the expert. The EPA publishes on its website a complete listing of all TERA applications 

received for Biotechnology Programs under the Toxic Substance Controls Act (TSCA) (U.S. 

EPA, 2013a). The site has summary information for all submissions, beginning in 1998, 

when TERAs became required, to the present. Information on the website shows applications 
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by year for MCANs, TERAs, and TMEA. For TERAs, the case number, date received, 

modified microorganism, decision, and decision date are all available in tabular format. 

Summary pages for each case are linked to the case number shown in the TERA table.  

The summary pages for each case provide information on the technology overview, 

regulatory background, risk assessment summary, and conclusions. Not all summary sections 

are provided for each case, and the conclusion is the only section provided for all 

applications.  Each section provides approximately one paragraph of text, and the regulatory 

background, when included, is standard language repeated for each case. Summaries are 

generally one-half to one page in length. Upon review of the summary information provided 

for each of the TERA applications, it was found that six of the thirty applications received 

were for microbial nitrogen-fixation technologies. The risk assessments for those six 

applications were requested from the EPA’s docket office. 

Individuals seeking detailed information on the risk assessment for the TERA must 

submit a docket request either via email or phone. Only non-confidential business 

information (CBI) from the TERA application can be provided to public requesters. Often 

CBI data are distinguishable by ‘black-out’ or redacted sections in a document. In this case, 

most of the report is intact, with small sections missing from the ‘control treatments’ section 

which provides data on genetic composition of one of the modified organisms. Additionally, 

specific data on the field diagrams, and identifying information for the laboratory conducting 

analysis of samples, and security information for the site were all redacted. An estimated less 

than five percent of all TERA data requested were considered CBI. The TERA applications 

for technologies using modified Bradyrhizobium japonicum were requested, as these 



 

37 

organisms are in the same order as the M. loti, and were also genetically modified in an 

attempt to improve nitrogen fixation in crops. Requested non-CBI risk assessments for the 

six TERA applications for Bradyrhizobium japonicum are shown in Table 2-3. 

 
 
Table 2-3. EPA TERA Applications for Bradyrhizobium japonicum 

TERA number GM organism EPA Decision 
R98-0001 Bradyrhizobium 

japonicum strain Bj 5019 
Approved 

R98-0002 Bradyrhizobium 
japonicum strain JH 359 

Approved 

R98-0003 Bradyrhizobium 
japonicum strain TN 119 

Approved 

R99-0002 Bradyrhizobium 
japonicum strain Bj 5019 

Approved 

R99-0003 Bradyrhizobium 
japonicum strain TN 119 

Approved 

R00-0001 Bradyrhizobium 
japonicum strain 
Bj61A273KS 

Approved 

 
 
 
Once the risk assessments were received, the documents were reviewed and analyzed. 

Data from the assessments were compiled to see which specific risk assessment parameters 

were considered. The data were reviewed for consistency among the risk assessments and for 

explanations of areas of inconsistency. EPA staff reported that the risk assessment for R99-

003 was thought to have been damaged during a flood of one of the EPA buildings, and, as 

such, was not provided (C. Matthews, personal communication, August 15, 2014). 

Upon review of the risk assessment documents, data elements were compared to the risk 

analysis elements that were thematically coded from the entire body of expert interviews as 
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“needed for risk analyses.” Elements from either the risk assessment documents or the expert 

dataset were included in the analysis. Areas where expert needs overlapped with existing risk 

assessment considerations were noted, and the qualitative data from the experts in those areas 

of overlap were examined to look for specific requests beyond what is included in the current 

risk assessment framework. Areas missing for the EPA requests, but present in the expert 

interviews, were also described. 

Results and Discussion 

Summary of Related TSCA Biotechnology Applications 
 

As of the date of analysis of this study (December 5, 2014), the EPA has received 30 

applications under the TERA program. TERA applications are most applicable to this case 

study because environmental release would be required to help test the efficacy of the 

engineered plant microbe. Of those 30 applications, 27 were approved for environmental 

release. The remaining 3 applications were all received from the same submitter in the same 

year, but all were ‘suspended from review’ pending additional information. In addition, the 

EPA has received 64 MCAN applications and 1 TMEA application since the biotechnology 

program’s inception.  Figure 2-3 shows the number of submissions received per year for each 

program. 
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Figure 2-3. Biotechnology Applications under TSCA provisions 

 

Overall, there has been an increase in MCAN requests over the life of the program. The 

TMEA has only been requested once, and given the similarity to the MCAN program, yet 

limited production capacity for the applicant, manufacturers have possibly decided that this 

route is not the most prudent use of resources. A submitter requesting a TMEA would 

subsequently need to request an MCAN if the test market proved fruitful and the submitter 

decided to increase production of the microorganism.  

TERA applications received were somewhat steady in the beginning years of the 

program, but after six years of no activity, there was a surge in applications, to a total of 

seven in 2013. If increased submission of TERA applications continues with this trend, EPA 

may find resource constraints to be a challenge in completing the reviews in the required 60-

day window.  
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Because this case study of the genetically modified M. loti is an agricultural 

application, a TERA application would be the expected first stage in the regulatory process, 

preceding the testing of the product for viability in the open environment. One-fifth of the 

TERA applications received by the EPA are related to nitrogen-fixation technologies. 

However, all of the nitrogen-fixation applications received were submitted between 1998 and 

2000, with no TERA activity around this application in the last fourteen years. TERA 

applications grouped by technology are shown in Figure 2-4. 
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Figure 2-4. TERA Applications by Technology 
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Once a TERA is submitted, the EPA uses information from the application to conduct 

a risk assessment. Given that these products generally represent advances in biotechnology, 

portions of the applications are often considered CBI, meaning that public access is restricted 

to certain information on the technology. 

All of the nitrogen fixation-related TERA applications received by the EPA were for 

Bradyrhizobium japonicum strains in soybean trials. The strains were being evaluated for 

their ability to increase nodulation and/or provide higher rates of nitrogen fixation, with each 

trial being for a different modification to a parental strain. A summary of the genetic 

modifications for each strain is shown in Table 2-4.  

 

Table 2-4. Summary of Genetic Modification from nitrogen fixing bacteria from TERA 
reviews 

Modified Strain (TERA 
applications number) 

Parental Strain Phenotypic Information 

BJ 5019 (R98-001) USDA 110 
 

More nodules on soybean in 
presence of other strains 
 

JH 359 (R9-002) JH (USDA 110 selected for a 
spontaneous Rif-r) 
 

Higher symbiotic nitrogen-
fixation with or without 
molybdenum 
 

TN 1192 (R98-003) USDA I 11o (a mannitol non-
utilizing variant of USDA 110) 
 

More nodules and higher 
nitrogen fixation 
 

BJ 5019 and TN 119(12)  
(R99-002) 

BJ 5019 and JH 359 Same objectives as R98-001- 
R98-003 

BJ 5019 and TN 119(12) 
(R99-003) 

Unknown Unknown 

61A273KS (R00-0001) BJ 61A273 Yield enhancement derived 
from symbiotic nitrogen-
fixation 
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All the applications probably originated from the same submitter, as the later three 

applications reference the first three extensively, and the same three parental strains are used 

in all of the trials. However, based on the information provided by the EPA, there is no way 

to determine the submitter for any of these biotechnology applications, which presents a 

potential transparency and right-to-information concern. Whereas the name of the submitter 

is not explicitly listed as CBI, it is not provided on the EPA website, or in the non-CBI 

version of the TERA.  

Review of Related TERA Applications 
 

The first section of the TERA risk assessment focuses on known information about 

the parental strains and the mutant strain being tested: 

Taxonomic Designation of the Strain—identification of the parental strain that is to be 

genetically modified.  

Mutagenesis—the gene being introduced as well as key characteristics of the genetic 

material; also included are phenotypic selection and information on competitiveness with the 

natural strain and antibiotic resistance. 

Pathogenicity and toxicity—summary of known effects based on the parental strain(s) 

and any expected changes based on the modification being made to the microorganism. 

Ecological effects—summary of known pathogenicity, virulence, infectivity, or 

toxicity to mammals, fish, insects, or other invertebrates; summary of the biogeochemical 

process; effects on other microorganisms; effect of the target organism; effects on non-target 

hosts, known substrate range; xenobiotic contaminant and metabolites; and resident antibiotic 

production levels. 
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Survival and Fate—natural habitats and geographic distribution of the parental 

strains; laboratory survival studies; environmental conditions known to effect the survival, 

multiplication, or dissemination of the microorganism (such as pH, soil texture, wind, 

percolation). 

Detection Methods and Limits—summary information on the methods used and 

detection limits associated with the microorganism. 

Gene Exchange—known information on genes exchanged between the natural 

population (parental strain) and other organisms. 

The remainder of the application, which is focused on the field trial, includes 

information on the objective of the trial, risks and benefits associated with the trial, the start 

and duration of the trial, and physical conditions of the site to be used. The risks and benefits 

are both brief qualitative statements of the known or anticipated risks and benefits associated 

with the parental strain and the modified strain.  Area and location of the sites to be tested is 

also provided; however, the exact test-site location information was not provided in the non-

CBI versions of the documents. For each test site the following characteristics are provided: 

Site History—previous planting history; fertilizer, fungicide, insecticides, herbicide 

use, irrigation. 

Surface and groundwater—proximity to nearest source and ground water 

characteristics. 

Soil analysis—includes pH, texture, percent organic matter, and cation exchange 

capacity and classification. 
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Topography—includes the name of the flood plain area, slope, wind speed and 

direction, and annual rainfall. 

Non-Target Human and Non-Human Populations—proximity to human populations, 

dwellings, wooded areas, and animal inhabitants. 

In all five sets of documentation received, site history information was provided for 

the three years prior to the application submission. For surface and groundwater 

characteristics, the applicants had the option to list ten physical characteristics for each site. 

Each TERA application involved multiple test sites.  Sixteen of the sites listed in the various 

applications specified no surface or groundwater characteristics, but seven of the sites listed 

at least one characteristic. All sites provided distance to the closest drinking water site and 

the closest surface water body. The distances from the sites to the closest drinking water sites 

ranged from 100 yards to approximately one mile, and the distance to the closest surface 

water body ranged from 600 feet to 2 miles. Although it is unclear how these proximities are 

used within the risk analysis.  

Most soil characteristics and classification information was provided for all sites, with a 

few sites having one or two characteristics listed as unknown. All sites provided topographic 

information and non-target human and non-human population information. Only two of the 

sites provided a town or station name in the risk assessment information. A few sites listed a 

distance to the nearest human population instead of a town name, but most of the sites did not 

have any information provided. The distance to the nearest human population is useful for 

considering how the EPA considers risk exposure, but generally the distance as listed did not 

provide enough information to allow the public to know whether a field trial was being 



 

45 

conducted in close proximity to an area of interest. In some instances, the name of the closest 

town or municipality was provided, but for the majority of sites, only a distance to the nearest 

human population was provided. The lack of specific geographic data for the field trials may 

pose an informed consent problem for nearby residents, who may be unaware of potential 

risks associated with the field trials. A summary of site-specific geographic data from the 

TERA applications for microbial nitrogen fixation technologies is shown in Table 2-5.   

 
Table 2-5. Geographic Location Information from Microbial Nitrogen Fixation technologies 
TERA applications 

Site Nearest occupied 
dwelling 

Distance to nearest 
human pop. density 
(pop.) 

Nearest wooded area 
(major animals) 

1 1700 ft. 2.5 mi (500) 1500 ft. (Deer, 

squirrels, raccoons) 

2 800 ft.  1 mi (2000) 2000 ft. (Deer, 

squirrels, groundhogs) 

3 1000 ft.  Within city limits 

(12,000) 

1 mi. (Deer, 

groundhogs) 

4 1000 ft.  > 5000 ft. (500) 500 ft. (Deer, squirrels, 

groundhogs) 

5 1500 ft.  4 miles (750) 300 ft. (Deer, squirrels, 

groundhogs) 

6 1000 ft.  4.5 miles (3500) 600 ft. (Deer, 

groundhogs, rabbits) 

7 0.5 mi. Morrisonville (500) 0.5 mi. (Deer, squirrels) 

8 0.5 mi.  Morrisonville (500) 1 mi. (Deer, squirrels) 
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Comparison of TERA Applications to Expert-stated RA Needs 
 

Expert opinions on risk governance data and information needs for genetically 

modified M. loti were elicited during the interviews and surveys conducted during the Delphi 

study. During the interviews, participants were asked the following three questions in regards 

to RA: 

1. What are the types of data and information needed to assess the risks and benefits 

of this emerging SB application? 

2. What are the uncertainties associated with this application, and how might they 

affect oversight?  

3. How can risk analysis methods be used in the face of such uncertainties? 

 The risk analysis need that was most often stated during the experts’ interviews was 

‘gene flow’ and ‘gene transfer’ from genetically modified M. loti after introduction into the 

natural environment or microbial population. One expert expressed the following concern 

regarding gene flow, “I think the potential negative impacts on the environment are basically 

similar to the GM debate questions about genetic drift, gene transfer, what happens if these 

microorganisms move past the species that they’re being targeted at and have interactions 

with other species that were unforeseen.” Other risk assessment needs that mentioned 

frequently by the experts included the need for information on competitiveness of the GMO, 

and the need for life-cycle assessments.  

 When referencing ‘competitiveness’ as an RA concern, one expert draws upon 

experience with another bacteria with fix-nitrogen capabilities, and observes, “The perfect 

example is the USDA bradyrhizobium japonicum 110, a naturally occurring bradyrhizobium, 
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but they introduced this thing out into the environment, you know, onto soybeans and then 

they found that it was a super, super, super competitive strain, but it wasn’t a very good 

nitrogen fixer.  And so they actually have something that outcompetes all the other rhizobia, 

but it’s not very good at helping the plants grow.”  

 Life-cycle assessments seek to capture the full range of impacts from a given 

technology from the time of its conception until the end of the useful life, and ultimately 

through disposal (Hellweg & Canals, 2014).  Experts’ mention of this RA need is a 

broadening of the traditional risk assessment framework, as the TERA process looks at the 

present impacts of microbe, but does not consider future impacts such as disposal. One expert 

notes in regards to life-cycle analysis, “I think here you will view the life cycle assessment 

vision.  So you are not really—you’re not only, you know, computation [of] a few genes and 

changing the plant to that extent, you are engineering it and using it for a specific purpose 

and so it’s going to follow a specific travel in that—according to that life cycle vision and I 

think you need to be careful about, you know, what’s going to be the impact at different end 

points.”  Three statements indicated that the existing risk assessment framework for 

traditional organisms is sufficient for GMOs, with one expert noting, “I think the typical risk 

analysis could probably handle this.”  Risk analysis needs that emerged from interview data 

are shown in Figure 2-5. 
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When looking at the expert ranking of RA need we see that biopersistence was ranked 

as the most important consideration. Gene transfer, competitiveness, two of the most 

frequently discussed themes in the interviews, were also highly ranked in the round two 

survey. Competitiveness was ranked 3rd of 17 criteria, and gene transfer was ranked 4th. By 

contrast, life-cycle assessments is prioritized much lower with an overall ranking of 11th of 

17. This is perhaps due to the small number of references for any interview data theme for 

RA needs. For example, life-cycle analysis was the fourth most referenced theme, but only 

had 3 references. The ordinal ranking for all RA needs is shown in Table 2-6.  
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Figure 2-5. Counts of Risk Analysis Needs for GM M. loti stated by study participants 
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Table 2-6. Ordinal ranking of RA needs 
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8! Pathogenicity!

9!
Organism!tracking!
in8situ!!
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13!
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16!
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cycling!

17! Other!
 
 
 
Discussion 

Of the sixteen specific risk analysis needs stated by the experts, nine are already 

included in the risk assessment framework used by the EPA in TERA reviews. The Venn 

diagram in figure 2-6 shows three categories of risk assessment criteria: the criteria used by 

the EPA that were not suggested by experts, the criteria suggested by experts but not 
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Figure 2-6. Venn diagram of Expert Stated Needs from RA & Existing TERA RA 

included in the current RA process, and the criteria suggested by experts that are already 

included in the TERA process. 

 

  

RA Criteria 
only in TERAs 
Site history 
Surface & 
groundwater 
Soil analysis 
Topography 
Detection 
methods & limits 

Criteria in TERA and 
Expert Stated Needs 
Taxonomic designation 
of strain 
Pathogenicity & toxicity 
Ecological effects 
GMO interaction w/ 
environment 
Survival & fate 
Gene exchange 
Non-target human & 
non-human 
Gene transfer/ gene flow 

RA Needs Stated by 
Experts Only 

Biodiversity impacts 
Allergenicity 
Cost-benefit analysis 
Long term health & 
ecological effects 
Animal feeding trials 
Systems approach 
Real-time technology 
assessment 
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The seven additional factors listed by the overall expert group are biodiversity impacts, 

allergenicity, cost-benefit analysis, long-term health and ecological impacts, animal feeding 

trials, systems approach, and real-time technology assessment.   

Looking at the entire group of experts and at similar technological developments that 

have undergone the current regulatory system, a comparison emerges between experts’ 

discussion of needs and the existing regulatory framework. This comparison sheds light on 

the question, “Are the experts bringing new needs to the process, or stating needs that are 

already being met?” As shown in the Venn diagram in figure 2-6, nine of the sixteen risk 

assessment needs identified for genetically modified plant microbes are already included in 

the current risk assessment framework. Additionally, the U.S. EPA considers six additional 

factors that were not mentioned by the expert panel. The seven criteria that the experts 

mentioned that go beyond the current scope of risk assessments are biodiversity impacts, 

allergenecity, cost-benefit analysis, long-term health and ecological effects, animal feeding 

trials, systems approach, and real-time technology assessment. In short, the experts are 

indicating agreement with the majority of the parameters included in the existing RA 

framework used in the EPA’s TERA program, but they are also calling for new or broadened 

methodology and approaches for risk analysis and governance of genetically engineered 

microbes. The current reviewers of TERA applications are primarily toxicologists that have 

experience in Federal government. This study includes TERA reviewers in the expert 

population, but also includes a far more diverse expert group that represents multiple 

academic disciplines and organizational affiliations. The more diverse group of experts is 
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likely contributing to the broadening of the RA framework with more diverse methods being 

suggested for incorporation.  

Biodiversity, though listed as a primary consideration for risk assessment needs by 

the expert group, is considered a potential benefit of SB by some experts (Rech, 2012; 

Redford et al., 2014). Additionally, the concern of potential dual-use of SB, for having both 

benevolent and malevolent applications (Smith, 2013) was not mentioned by the experts as a 

potential RA need.  

Overall, the study participants are calling for a broadening of the current RA 

framework to include considerations that include additional human and environmental effects 

resulting from the technology. One limitation of this work is the lack of transparency in the 

current TERA review process makes it difficult to determine exactly how some of the 

parameters are included in the RA framework. Interviews of key staff who conduct the 

TERA reviews would provide additional information regarding which data are withheld 

during public requests and which data are not collected by the EPA.  A practical observation 

is that an increase in transparency of the review process may help alleviate some of the 

existing concerns around evaluating this technology.  

This work contributes to the field of RA by identifying tangible RA risk framework 

articulated by experts through a UOA application.  Future studies could explore other 

emerging SB technologies and their likely regulatory routes and explore expert opinions of 

the governance and risk analysis needs for those technologies.  
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Chapter 3 (Article 2): Risk Perceptions of Emerging Technologies: Exploring ‘Expert 
Cultures’ for Assessing a Synthetic Biology Technology 

 
Abstract 

Understanding the perceptions of risk that experts hold can highlight potential needs 

for diversity of input in risk governance discussions. For emerging technologies, expert 

elicitation can be used to evaluation governance options in the face of uncertainty. However, 

understanding commonalities and differences in governance approaches which may be 

attributable to expert group characteristics can potentially illustrate biases that are inherent 

within a given group.  

Scholars have called for proactive strategies for governance and regulation 

considerations for synthetic biology (SB), an area of emerging technologies (Gutmann, 2011; 

Tait, 2012; Mandell & Marchant, 2014). In order to better inform and focus discussions on 

risk governance for SB, this article evaluates potential governance and risk analysis options, 

as identified by diverse expert groupings, for one case study of an emerging SB technology: 

plant nitrogen fixation for rice crop using genetically modified Mesorhizobium loti (M. 

loti).  A policy Delphi was used to elicit expert opinions on this technology, with an 

overarching goal of providing a more tangible understanding of risks, benefits and regulatory 

challenges that may be encountered as SB applications are deployed.  The policy Delphi 

allows experts to iteratively deliberate on multiple policy and governance options to address 

complex problems, such as SB (Turnoff, 1970).  By using a modification of cultural 

cognition theory (Kahan and Braman, 2006), we set out to test whether groups of experts, 

from different group perspectives or ‘cultures’, hold distinguishable attitudes towards 



 

54 

important risk governance issues and data needs.  For this, we build on previous literatures of 

“cultures of disciplines” (Becher, 1994; Valimma, 1998), and other studies that have shown 

different disciplinary groups to highlight different governance issues associated with 

nanotechnology, another example of an area of emerging technologies (Kahan, et al., 2009; 

Besley et al., 2008).   We also examine the relative position of experts in relation to 

technological developments, by identifying them as either ‘upstream’ or ‘downstream’.  

This article examines similarities and differences among expert perceptions of risk 

and appropriate regulatory oversight of the case study based on data collected during the 

policy Delphi study. To our knowledge, this is the first study that systematically explores 

anticipatory governance for SB using mixed social-science methods. 
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Introduction 

At first glance, the term ‘SB’ appears somewhat of an oxymoronic label. The word 

biology is usually defined as the study of life and living organisms, whereas synthetic is often 

defined as something not of natural origin or alternately as something that is fake or not 

genuine. A lay understanding of the term could lead one to believe that SB is a combination 

of living and artificial or unnatural components. However, if instead, a definition of synthetic 

that looks at ‘synthesis of parts’ is used, a more common scientific understanding of SB can 

be achieved. Synthetic biology, like other emerging technologies, has been ascribed different 

definition by different scholars (Wang et al., 2013, Pauwels, 2013, Smith, 2013). One 

commonly used definition of SB is the extraction of living parts for organisms that are then 

inserted into other organisms to create a ‘new’ organisms with parts from the donor and 

recipient (Benner & Sismour, 2005).  Synthetic biology has also been described as “the use 

of computer assisted, biological engineering to design and construct new synthetic biological 

part” (Hoffman, 2012).  

One goal of this work is to explore if perceptions of risk analysis and governance 

needs for a case study in SB, nitrogen fixing bacteria, differ among cultural disciplinary 

groups of experts. We propose two axes for disciplinary cultures as potentially influencing 

experts’ perception of risks. The first axis is the broad academic disciplinary grouping of 

either ‘natural scientists’ or ‘social scientist’, and the second axis is expert positioning of 

either ‘upstream’ or ‘downstream’ in relation to the technological development. Cultural 

cognition hypothesis, as presented by Kahan and Braman (2006), looks at risk perception on 

the basis of group and grid preferences. Group represents an individual’s view on 
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individualistic or communal a society should be. Grid represents an individual’s view on 

structuring within society. Those with a high grid view expect hierarchical structuring, 

whereas those with a low grid view will expect egalitarian structuring. In this chapter, we 

adapt cultural cognition theory to include academic disciplines as cultures, and group experts 

by positioning with the technology to see if recognizable patterns of attitudes and opinions 

emerge.  

The case study used in this article, genetically modified bacteria for nitrogen fixation 

in non-legumes, is an ongoing research effort in SB.  One prominent researcher in this area, 

Christopher Voigt, at the Massachusetts Institute of Technology has been researching this 

technology as a method for minimizing fertilizer application by allowing crops that 

previously relied on nitrogenous fertilizer applications to now rely on nitrogen production 

from engineered bacteria (Charpentier & Oldroyd, 2010). The Voigt lab is also researching 

two additional pathways for achieving nitrogen fixation in non-leguminous plants; both of 

which involve engineering the plant instead of the bacteria. Since the two different genetic 

manipulations (plant or bacteria) would likely have different risk governance issues, we 

focus on the genetic manipulation of the soil bacteria.  

Differences in expert group perspectives with regard to RA needs and oversight, 

obtained from the 48 experts who participated in the policy Delphi study, are evaluated under 

a modified frame of cultural cognition theory. Cultural cognition of risk, as it influences 

attitudes about the needs for governance of genetically modified M. loti are explored, and the 

question ‘Does the expert group culture affect the views on riskiness of the genetically 

modified M. loti?’ is addressed.   
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This study first reviews relevant literature in the fields of anticipatory governance and 

risk perception. Next methods used for determining the case study of interest, elicited expert 

opinions via a Delphi study, and analysis of expert governance needs and risk perception data 

are explained. Finally, results from qualitative and quantitative responses from the experts 

are discussed, along with implications for this work in helping to inform risk and governance 

discussions for emerging technologies in the area of SB. 

Literature Review 

Risk Analysis and Governance 
 

Risk analysis includes the ‘traditional model’ of scientific risk assessment employed 

by many federal agencies generally involves human dose-response metrics that are used to 

determine acceptable levels of risk based on exposure to a particular concern (National 

Research Council Staff, 1993, DeSesso & Watson, 2006). In risk assessment methods for 

genetically engineered plant microbes, human exposure and environmental sensitivities are 

given a static analysis, and subsequently, a determination on risk is made. Traditionally, RA 

has come after the technology development process and when products are nearing the 

market (Wareham & Nardini, 2015). 

In the case of emerging technologies many scholars have called for more proactive 

governance approaches (Gutmann, 2011; Tait, 2012; Mandell & Marchant, 2014). 

Anticipatory governance seeks to evaluate, and potentially make recommendations on best 

practices for managing and governing emerging technologies prior to the technology being 

widely introduced into the public sphere (Guston and Sarewitz 2002; Kuzma et al., 2008a; 

Quay, 2010; Guston, 2014). In addition, anticipatory governance strategies have been used as 
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a tool to promote early public engagement around a technology (Macnaghten, 2008). One 

goal of anticipatory governance is, through upstream discussion and analysis, to prepare for 

emerging technologies and thus minimize potential negative externalities that could occur 

based on unknown risks associated with the technology’s deployment. Given that there may 

be considerable uncertainty in a pre-dissemination technology, anticipatory governance often 

involves evaluating multiple factors that could have impacts on society, and similarly will 

likely involve evaluating multiple end-point scenarios for the technology (Kuzma and Tanji, 

2010).  

Anticipatory governance can be seen as an umbrella concept, under which many 

practical tools are held. As part of anticipatory governance, in Guston and Saerwitz’s 2002, 

real-time technology assessment (RTTA), an argument is made for moving beyond the 

traditional static risk assessment model, and instead, adopting a more adaptive system that 

allows for ‘real-time’ societal and ethical implications of an emerging technology, such that 

‘upstream’ experts can incorporate this feedback into the design of a technology. RTTA also 

provides a mechanism for making incremental changes, thus potential providing iterative 

feedback on the effectiveness of each step. Similarly, the use of upstream oversight 

assessment (UOA) encourages experts to think beyond the traditional RA framework when 

considering potential data, information, and regulatory oversight needs of an emerging 

technology (Kuzma et al. 2008b). Both UOA and RTTA can be thought of as approaches to 

anticipatory governance.   

Our practical framing for this work is the use of UOA, which has been defined as the 

advanced consideration of technology case studies to explore risk, regulatory, and societal 
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issues (Kuzma et al., 2008b). Defining the emerging technology is a critical step in 

conducting a UOA. Once the emerging technology is defined, selecting a representative case 

study within the technology help to ground conversations. Whereas a rigid definition is not 

required, boundaries for the technology that help determine potential oversight needs must be 

developed in order to have a fruitful discussion of options. Upstream oversight assessments 

are conducted by analyzing a case study from an emerging technology to “highlight oversight 

issues” by thinking through the potential deployment of the technology in society and how 

that technology fits into the current regulatory landscape (Kuzma et al., 2008). Case studies 

are a way for anticipatory governance strategies such as UOA to proceed with discussions of 

specifics and to make progress in highlighting issues associated with emerging SB 

applications (Kuzma and Tanji, 2010). 

Another part of anticipatory governance philosophy is to capture a wider range of 

voices earlier in technological development.  For example, in Stirling’s 2008, Science, 

Precaution, and the Politics of Technical Risk, the inclusion of precautionary and 

participatory approaches is argued as complimentary components to the traditional ‘science-

based’ risk assessment. Stirling argues that the incorporation of precautionary and 

participatory principles, such as expanded RA methods and increased public engagement, 

can improve democratic legitimacy and provide a more comprehensive decision-making 

process. Stirling notes ‘deliberate attention to potential blind spots’ as one of several key 

features of a precautionary approach. Whereas, this work does not explicitly seek to promote 

a precautionary approach, we do deliberately investigate potential blind spots in RA and 
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governance needs assessments by evaluating commonalities in perceptions that are shared 

amongst ‘disciplinary culture’ groups.  

In order to collect data on expert group risk perceptions and governance preferences, 

expert elicitation methods were employed. These methods are particularly germane in 

emerging areas, such as SB, for which data and information are scarce and uncertainty is 

high (Otway and von Winterfeldt, 1992). Whereas these methods have been used and 

accepted in policy decision-making (Morgan, 2005; Swor & Cater, 2011), we must be 

cautious to recognize potential cognitive biases and overconfidence of the expert group 

(Morgan, 2014).  

Another key element of risk analysis and governance needs evaluations is considering 

how different groups or individuals conceptualize risk.  Because severity of the risk is a 

component of risk assessment, severity brings to the discussion attitudes about what is 

important, severe, or worth paying attention to.  Thus, the risk perception that an individual 

or group brings to deliberations is an important part of risk governance. Cultural cognition of 

risk perception would argue that we each bring our own world views to our evaluations of 

risk and hazards that are based on experiences, culture (Kahan and Braman, 2006) and 

potentially situations (Ng and Rayner, 2010).  

Theories on Risk Perception 
 

For emerging technologies, such as engineered plant microbes, little data or 

information exists with regard to risk governance needs. Thus, experts’ opinions become a 

valuable source of governance strategies and potential outcomes related to the technology. 

Including risks and benefits viewpoints of the person making a governance recommendation 
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will be affected by his or her experiences, interests and knowledge specific to that person. 

The notion of ‘Where you stand depends on where you sit’, also known as Mile’s law (Miles, 

1978), captures the inherent bias that one might expect to influence decision-making 

processes. In looking at perceptions of risk, scholars have explored several theories that seek 

to explain perceptions that are based on factors other than the actual riskiness (harm from a 

dose or exposure) of an application. One prominent theory of risk perception is the cultural 

cognition hypothesis.  

Cultural cognition looks at the characteristics of a group to which an individual 

belongs to explain part of that individual’s worldview. This worldview will in turn influence 

the perception of risk that the individual holds (Kahan, and Braman, 2006).  Cultural 

cognition theory proposes that an individual’s affiliation with cultural groups will determine 

which types of hazards resonate with that individual. Four cognitive groups were identified 

by Douglas and Wildavsky to describe common affiliations; egalitarian, hierarchists, 

individualists, and fatalists (1982). Egalitarians, with their strong beliefs in equality for all 

people, are naturally sensitive to risk involving technology and the environment. 

Individualists, who seek to minimize government intrusion, will be sensitized to risk 

involving war or other threats to markets. Hierarchists support law and order, and will 

generally be sensitive to anything that would pose a risk to either of those areas. Fatalists, 

with their view of inevitability of all events, will generally not as be sensitive or supportive 

of any of the risks of concern for other groups (Sjoberg, 2000). Thus, Douglas and 

Wildavsky’s cultural theory of risk asserts that a person’s perception of risk is shaped by the 

cultural ideas that the person holds. As a result of these cultural ideas and values, individual 
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become sensitized to some risks and desensitized to others. This over or under sensitizing can 

lead individuals to focus in on some risks, while other risk remain hidden in their blind spots. 

In the context of expert elicitation, this theory may support the idea that experts’ cultural 

groups could leave them blind to recognizing certain risks, and over-sensitized to other risks.  

 Cultural cognition of risks as presented by Kahan and Braman (2006) builds upon 

cultural theory of risk, but adds several dimensions not included in Douglas and Wildavsky’s 

initial model. First, there is a difference in how worldviews are measured. Kahan’s model of 

cultural cognition uses continuous attitudinal scales to measure where an individual falls on 

the hierarchy-egalitarianism scale and the individualism-communitarianism (solidarism) 

scale. Those who have a low group (individualistic) worldview, expect individuals to be self-

resourceful, and have little expectation of group support. Those who have a high grid 

worldview (hierarchical) expect that resources be divided based on characteristics specific to 

a given social order; conversely, low grid (egalitarian) individuals expect resource allocation 

to be equitable, and not consider any social ordering. The inclusion of these to scales was 

constructed to remedy two flaws in the initial Douglas and Wildavsky model; (1) the lack of 

internal validity and (2) the initial use of separate scales for each bipolar attitudinal choices 

allowed respondents to score high on multiple competing scales. The second adjustment was 

inclusion of factors that allow for greater emphasis on social and psychological impacts on 

one’s beliefs about risk to include more of the cultural components involved with shaping 

risk perceptions.  
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Case Study: Genetically Modified M. Loti 
 

Kuzma and Tanji (2010) argue that discussions regarding SB in general are too broad 

for evaluation of anticipatory governance options. As such, this work uses a specific 

application within SB, genetically modified M. loti for extending nitrogen fixation to non-

legumes, as a method for grounding conversation in UOA in SB.  The use of genetic 

engineering applications on plant microbes so that nitrogen-fixation can be extended to non-

leguminous plants has been studied for many decades (Charpentier & Oldroyd, 2010; Wang 

et al., 2013). The process involves multiple genetic manipulations before a successful new 

symbiotic relationship between microbes that already has the ability to fix nitrogen can 

interact with a plant that does not already poses the ability to host the microbe (Wang et al., 

2013).  

The symbiotic relationship between legumes and bacteria in the rhizobium genera is 

naturally occurring, and rhizobium are the only bacteria known to have this symbiosis with 

legumes (Charpentier & Oldroyd, 2010). The benefits of the relationship to both organisms 

are readily available food supplies, and host sites for the bacteria. For the symbiotic 

relationship to be established, there is a multi-step process that must take place between the 

two organisms (Santi et al., 2013, Oldroyd & Dixon, 2014). First the legume will secrete 

flavonoids into the soil, which are detected by the rhizobium. The rhizobium will secret Nod-

factor, in response to the recognition of the flavonoids. The Nod-factor, once recognized by 

the legume, leads to the creation of nodules in the plant root hairs. These nodules become the 

host site for the bacteria, and the rhizobium colonize within the nodules. Once the bacteria 

have infected the plant host, and colonized in the root nodules, the symbiotic exchange of 
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essential nutrients begins (Beatty & Good, 2011, Oldroyd & Dixon, 2014).  The plants are 

able to provide the bacteria with needed organic matter, and in exchange, the bacteria are 

able to provide the plant host with ammonium. In contrast to the atmospheric nitrogen, 

ammonium provides a readily available source of nitrogen that the plant is able to uptake. An 

overview of this symbiotic relationship is shown in Figure 3-1.  

 
 

 

 

 

Figure 2-1. Overview of symbiotic nitrogen fixation in legumes 

 
 

The genetic engineering goal for symbiosis is to extend this ability to cereal crops, 

including rice, wheat and maize. Some benefits that have been discussed around this 

technology include decreasing global nitrogenous fertilizer demands, increasing crop yields 

for cereals, which could potentially lead to less environmental degradation due to fertilizer 

application and a partial solution to address global hunger needs. Having a readily available 

http://www.shigen.nig.ac.jp/shigen/news/n_letter/2009/newsletter_v5_n8En.html 
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source of nitrogen has been shown to be a limiting factor in climates that would otherwise 

support cereal crop growth (Oldroyd & Dixon, 2014). 

There are at least eight genes that are involved in root nodule symbiosis (RNS) once 

the Nod-factor has been recognized by the host plant (Oldroyd & Dixon, 2014). These eight 

common symbiotic components (SYM) are thought to have common ancestry with 

arbuscular mycorrhizal (AM) symbiosis.  Cereal crops poses AM genetic materials, and are 

thought to have had an ancient symbiotic relationship with other soil bacteria that also 

provided essential nutrients (Charpentier & Oldroyd, 2010). Given that there is already 

genetic material that cereals poses that could be used for SYM pathways and that the rhizobia 

needed for the symbiotic relationship already colonize in the soil where cereals exist, there 

has been considerable hope that a series of genetic modifications could lead to the successful 

symbiosis of cereals and nitrogen fixing bacteria. Also, given the global significance of rice 

crops in diets, the potential for extending the symbiosis to rice has been studied by many 

scholars (Oldroyd & Dixon, 2014; Beatty & Good, 2011). 

This case study, represents an emerging technology in SB that is nearer-term and 

where similar genetic engineering technologies have been developed (U.S. EPA, 2013).  As 

such, we would expect this case study to be more familiar to experts and easier to understand 

than SB technologies where close alternatives do not exist. Those similar technologies also 

provide experts with a potential baseline for regulatory review, public concern, and other 

governance and data needs.  
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Methodology  

Integration of Case Study and Delphi Method 
 

As previously mentioned, this case study evaluates risk analysis and governance 

needs for SB applications by grounding the conversation in a specific application. The UOA 

analysis consisted of scanning public R&D databases to look for SB cases in early 

development. The areas of focus for these case studies were limited to agriculture, 

environment, and industry. A thorough review of emerging SB applications was conducted as 

part of larger research study, and four emerging case study were selected, after vetting and 

input from a small group of experts in the SB communities. Ten case studies were presented 

to the experts, and each individual provided feedback on the suitability of the case study for 

presentation to study participants, as well as feedback on the overall accuracy of the case 

study description.  From the ten case studies presented to the case study review group, four 

were selected; biomining using engineered microbes, cyberplasm, de-extinction, and nitrogen 

fixation using engineered plant microbes.  

After the case studies were selected, more detailed descriptions were written by 

research staff using interview data from the technology developer and available literature. 

These case study descriptions were then shared with the recruited expert panel to elicit 

feedback on governance needs for each case study specifically, as well as for SB holistically. 

This evaluation focuses on the case study of nitrogen fixation for cereal crops through a 

symbiotic relationship with genetically modified M. loti. The case study was one of the cases 

closest to development, and thus most understandable to the experts for cultural group 

comparisons.   
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The Delphi method has been used for many decades to obtain group consensus from 

experts using iterative controlled intensive questionnaires (Landeta, 2006). This method has 

been used extensively in social science research for its ability to reduce group think, 

dominate personalities, and inhibition; all of which can hinder group processes. The Delphi 

method has been used often in natural and social sciences, and the validity of the tool for 

forecasting and supporting decision-making has been upheld by scholars (Landeta, 2006). A 

policy Delphi differs from the traditional Delphi methods by seeking to uncover a range of 

policy options, and pros and cons of those options (Turnoff, 1970). In this study, a policy 

Delphi was used to uncover a range of SB risk analysis and governance needs from 

participants through iterative individual and group reflections. 

Once the initial coding of the data was complete, the interview segments that related 

to risk analysis and governance for the nitrogen fixation case study were exported, and the 

text was sub-coded for emerging data and information needs. A cross-tab analysis of the 

primary dataset looking at area of expertise and expert position, and themes related to risk 

was run to look at nodes that were coded for ‘plant microbes’. The academic area of 

expertise was provided by participants who self-identified relevant fields. Expert position of 

either upstream or downstream was determined by conducting searches of CVs or other 

published information in order to determine the expert role in SB development. A cross-tabs 

analysis was then done in nVivo to show risk analysis and governance sub-themes stratified 

by area of expert grouping.  
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Expert Elicitation 
 

The selected case study was used to probe expert opinions and assess attitudes about 

data and information needs, governance issues, and visions for this technology society.  Early 

in this study, an initial list of potential participants was compiled by using web database 

searches; researching authors of relevant peer-reviewed literature, key policy reports and 

publications; participants of key national studies or groups; and prior knowledge and 

experience from the project team. The total list of potential participants contained 187 

experts. 

 Experts were initially contacted via email to alert them of the upcoming study, 

request their participation, and provide a study overview, IRB consent form and an expert 

identification sheet. The expert identification sheet allowed recruited participants to self-

identify area of expertise and organizational affiliation. Once expert identification sheets 

were returned, and contacted experts indicated their willingness to participate, further 

recruitment efforts were conducted to reach underrepresented affiliations based on the 

existing pool of participants. The recruitment process continued in this iterative manner over 

a period of several months.  In total, 48 experts responded willing to participate in the study, 

and participated in at least one round of the study. Of the 187 experts recruited for the study, 

113 or approximately 60%, represented natural science fields of study, and 74, or 

approximately 40%, had social science backgrounds and/or experience. For the 48 who 

agreed to participate in the study, 20 or approximately 42% had natural science backgrounds, 

while the other 28, or approximately 58%, had social science backgrounds, given a group of 
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participants that was fairly similar in disciplinary background to the overall recruited 

population.   

A 2 page case study was sent to the study participants to provide them with 

background on this emerging technology. This case study was vetted for accuracy by a set of 

SB experts, who were not participants in this study. Data from experts who participated in 

the Delphi study were obtained through interviews, surveys, and in-person interactions 

conducted by researchers on the Delphi Study team. The interviews asked questions about 

governance and risk analysis needs for SB in general, and also for the four specific case 

studies, one of which was nitrogen fixation using engineered plant microbes. 

Interview data were available for 38 participants from round one of this Delphi study. 

The complete list of interview questions asked of the experts is located in Appendix A. 

Experts were provided with a list of questions related to SB generally and for each of the 

specific case studies in advance of the interviews. The interviews were conducted via skype 

and telephone, and audio files from the interviews were sent to a service for transcription. 

Transcribed data were then imported into nVivo software for coding and analysis. Constant 

comparison methods (Boeije, 2002) and iterative thematic coding were employed to review 

the transcribed data and find consistent themes discussed by the experts. Naturally, some 

themes emerged around the questions that were asked, as would be assumed for baseline 

coding within constant comparative methods.  However, many other subthemes emerged 

around expert opinions of risk analysis and governance needs for genetically modified M. 

loti.  
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Survey data from 29 participants from round two of the policy Delphi were available 

for analysis of ‘disciplinary cultures’. Given the small number of participants for which data 

were available, experts were compared along the two axes, of upstream vs. downstream, and 

natural science vs. social science, but were not grouped into a dual-axes categories, such as 

‘upstream- natural scientists’.  

The second round of the Delphi study consisted of a survey with quantitative and 

open-ended questions that were based on initial themes that emerged from the interviews. 

The second round survey can also be found in Appendix A.  The round two survey posed 

questions to the expert panel on potential risks and uncertainty associated with each of the 

four cases studies, and asked experts to provided scaled responses to questions such as, “How 

beneficial are engineered plant microbes to the environment?”  Experts were also able to give 

feedback on the governance structures that they deemed most appropriate, and which entities 

are, or should be, primarily responsible for oversight of the technology. These questions 

helped to further elicit expert opinions of governance, risk analysis, and data needs for 

regulating engineered plant microbes, such as M. loti.  

Selected questions from the round two survey are included in this analysis on expert 

opinions on governance needs for regulation of genetically engineered plant microbes. The 

following background information and questions are excerpts from the survey: 

Background: Many plant microbes are being researched for their ability to assist in 

crop production. One such example, the bacterium Mesorhizobium loti is being 

engineered to improve nodulation signaling for rice crops, thus allowing the two to 

enter into a symbiotic relationship where the M.loti colonize the newly formed 
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nodules of the rice crop and provide a readily usable form of nitrogen. For the 

following survey questions, please assume that Engineered Plant Microbes are to be 

used in situ with open-release for agricultural purposes.  

Respondents were given the option to answer on a Likert scale of 1 to 10, with 1 representing 

the lowest response possible, and 10 representing the highest.  

1. How certain or uncertain are the risks of engineered plant microbes? 

2. How likely is engineered plant microbes to be commercially developed and used 

in the next 15 years? 

3. How potentially hazardous is engineered plant microbes to human health? 

4. How potentially hazardous is engineered plant microbes to the environment? 

5. How manageable are the potential hazards of engineered plant microbes? 

6. How beneficial is engineered plant microbes to human health? 

7. How beneficial is engineered plant microbes to the environment? 

8. What might be the level of public concern regarding the risk of engineered plant 

microbes? 

9. To what degree are the potential hazards of engineered plant microbes 

irreversible? 

In addition, experts were asked to give an ordinal ranking to a list potential issues for 

risk research concerning engineered plant microbes that could fix nitrogen for cereal crops. 

The list of options included the following: 

1. Biopersistence 

2. Competitiveness with other 

organisms 

3. Disposal 

4. Ecological System Effects 

5. Economic trade-offs with using 

other technologies 

6. Environmental trade-offs with 

using other technologies 

7. Genetic Stability 

8. Horizontal Gene Transfer 
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9. Life-Cycle 

10. Organism tracking in situ 

11. Pathogenicity 

12. Regulation of tools 

13. Regulatory approval process 

14. Route of exposure to humans 

15. Route of exposure to other 

organisms 

16. Toxicity and biogeochemical 

cycling 

17. Other

 

Experts could also select ‘other’ and provide additional items to be considered in the ranking. 

Items were ranked between 1 and 17, with 1 being a risk consideration with highest priority, 

and 17 being a risk consideration with lowest priority.  

Additionally, experts were asked, “On the following semantic scales, please rate the 

governance approach that you feel is best for engineered plant microbes (nitrogen-fixing 

bacterial symbiont).”  Each semantic scale had 10 options between each pair of bipolar 

adjectives as shown: 

• Precaution- Promotion 

• Networked governance systems- Hierarchical governance systems 

• Mandatory governance initiative- Voluntary governance initiatives 

• Open public input- Closed Public Input 

• Mandatory labeling of SB products- Voluntary labeling of SB products 

• Open access to IP- Closed access to IP 

• Natural science analysis- Multidisciplinary analysis 

• Assessment of economic impacts in RA- Assessment of ethical considerations in 

RA 
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Expert Groups 

The expert groupings, used in this study as ‘cultures’, pertain to the individual’s 

relative position to the technology development and to the academic disciplinary group that 

matches the individual’s education and/or expertise. The differing cultures of the expert 

groups can be thought of as the frames of reference that expert bring to their evaluation of 

problems, such as risks from an emerging technology. Disciplinary cultures have been found 

to have unique characteristics in terms of research methods, curricula, and problem solving 

methodology (Becher, 1994).  Natural sciences have been found to promote more linear 

methods than social sciences, and also have been found to promote hierarchical methods 

more (Neumann et al., 2002). 

 Expert position was considered as either ‘downstream’ or ‘upstream’ of the 

technology. Downstream experts are those involved with evaluation of the technology, 

policy, or societal concerns involved with the technological application. Examples of 

downstream scientists would include lawyers and risk scientists shown in Figure 3-2.  In 

contrast, upstream experts are involved with the technology or social science innovation or 

creation, like the ethicists and natural scientists shown in Figure 2.  

Academic disciplinary groups were divide between natural scientist/scholars and 

social scientists/scholar.  Becher (1994) describes how disciplinary groups are seen as 

culturally different from one another in areas of curricula, research, norms, and practices.  

Biglan (1973) identified four primary typology, within academia, ‘hard sciences’, ‘soft 

sciences’, ‘sciences’, and ‘applied sciences’.  ‘Hard sciences’ is a label for natural sciences, 

and ‘soft science’ is a label for humanities and social sciences The ‘pure’ and ‘applied’ labels 
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are focused on fields that involved theoretical study within a given field, versus those that 

involve practitioner roles within the field. The ‘pure’ and ‘applied’ labels do not translate to 

‘upstream’ and ‘downstream’ labeling, as scientists can be an innovator or evaluator 

regardless of the nature of a theoretical or applied focus. For example, in this study, we have 

both upstream and downstream experts in the field of public administration, an applied 

science. By combining academic groupings and expert position (upstream or downstream) 

groups, we used the typology of expert grouping shown in Figure 3-2. 

 
 

 

Figure 3-2. Expert Grouping by Position and Academic Discipline 
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Results 

Interview Data by Expert Disciplinary Groups 
 

Expert opinions on risk governance data and information needs for genetically 

modified M. loti were elicited during the interviews and surveys conducted during the Delphi 

study. Participants were asked the following three questions during the interview with regard 

to RA: 

o What are the types of data and information needed to assess the risks and 
benefits? 

o What are the associated uncertainties with this application and how might 
they affect oversight?  

o How can risk analysis methods be used in the face of such uncertainties? 
 

The risk analysis need stated most by experts was around gene flow and gene transfer 

from genetically modified M. loti after introduction into the natural environment or microbial 

population. Other risk assessment needs that were repeatedly mentioned by the experts 

included the need for human health metrics of toxicity, allergenicity, and pathogenicity. 

Another risk criteria that was highly mentioned was competitiveness of the microbe in the 

environment. There were three statements that the existing risk assessment framework for 

traditional organisms is sufficient for GMOs. A cross-tabs analysis of sub-themed risk 

analysis needs that emerged from interview data categorized by disciplinary culture are 

shown in Figure 3-3. 
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Figure 3-3. Counts of Risk Analysis Needs Expressed by Expert Types 

 

A diversity of opinions around risk analysis needs emerged. Figure 3-3 shows the top 

RA needs identified by expert groups, which included any RA criteria mentioned more than 

twice during the study interviews. In total count of references for top RA needs, ‘downstream 

experts’, (technology and policy evaluators), listed 32 concerns compared with 21 needs 

identified by ‘upstream experts’, (technology and policy innovators). When looking at 

natural scientists, we see 36 RA were needs identified compared to 17 from the social 

scientists. The RA criteria mentioned most mentioned was gene transfer, with a total of 28 

references. This was mentioned most by natural scientist with 10 total references and least by 

social scientist with only 4 mentioned. For upstream and downstream experts both groups 
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mentioned gene transfer 7 times. When comparing downstream to upstream expert 

preferences for human health metrics downstream experts made significantly more references 

to allergenicity, toxicity, and pathogenicity than upstream experts with a total of 15 

references compared to only 3 from the upstream experts. Similarly, natural science experts 

mentioned human health concerns more than social science experts with 14 references 

compared to 4.  

When looking at RA methods, three alternatives were mentioned by the experts, life-

cycle analysis, real-time assessments, and systems approaches. Life cycle approaches and 

system approaches were mentioned the same number of times by experts in all four groups, 

with 2 and 1 references per group respectively. Real-time assessment were referenced most 

by social scientists with a total of 4 references, followed by 2 references from both upstream 

and downstream experts, and no references from natural scientists. 

Quantitative Survey Results by Expert Disciplinary Group 
 

In addition to the data obtained during the interviews, experts were also asked to 

complete surveys containing quantitative and scaled questions, and give an ordinal ranking of 

risk assessment elements listed on the survey. As noted before, survey data regarding 

‘disciplinary culture’ and risk and governance needs were available for 29 of the expert 

participants. Those 29, experts were fairly evenly split with 14 ‘upstream’, and 15 

‘downstream’.  There was a similar split between natural and social scientists with 16 and 13 

in each group, respectively.  

Ordinal Rank Data. First, we explore the ordinal ranking of RA needs data that were 

provided by experts. To give an overall group ranking to risk assessment items ranked 
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individually by experts, values within each expert group were averaged, and overall rank for 

each criteria was shown for each expert group. The ranking of RA needs, as identified by 

each disciplinary culture, is shown in Table 3-1.  

 

Table 3-1. Ordinal Ranking of RA needs by Expert Groups 

 
 

All Experts1 
(n=29) 

Downstrea
m (n=14) 

Upstream 
(n=15) 

Social 
(n= 16) 

Natural 
(n=13) 

1. Biopersistence 1 1 1 1 1 
4. Ecological 
System             
Effects 2 2 3 1 4 
2. 
Competitiveness 3 3 4 3 3 
8. Horizontal 
Gene Transfer 4 5 2 5 2 
7. Genetic 
Stability 5 4 6 4 5 
6. Environmental 
trade-offs 6 9 5 6 6 
5. Economic 
trade-offs 7 11 7 7 7 
11. Pathogenicity 8 7 8 9 9 
10. Organism 
tracking in-situ  9 12 9 14 8 
3. Disposal 9 7 12 8 12 
9. Life-Cycle 11 13 11 10 11 
13. Regulatory 
approval process 12 14 9 13 10 

 
 
 
 

                                                
 
1 The numbers shown by each ‘RA need’ correspond with the numbering shown in the list of RA needs 
provided in the methodology section for this article, with full descriptions of each need. Ordinal rankings where 
the expert disciplinary group deviated from the overall group ranking are highlighted. 
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Table 3-1 Continued. 
 
15. Exposure other 
organisms 13 6 15 11 15 
14. Exposure to 
humans 14 10 14 12 14 
12. Regulation of 
tools 15 16 13 15 13 
16. Toxicity and 
biogeochemical 
cycling 16 15 16 16 16 
17. Other 17 17 17 17 17 

 

 

When looking at the top three RA needs identified by each of the expert groups, we 

see that there is consistency amongst groups for the top three priorities. Biopersistence was 

ranked as the most important criteria for all expert groups, with the social scientists ranking 

both biopersistance and ecological system effects as equally most important. Other RA 

considerations that were ranked in the top three for any expert group include horizontal gene 

transfer and competitiveness with other organisms. The same four RA needs were ranked in 

the top three for each expert group, additionally, these four needs are the highest ranked 

overall when looking at the combined dataset for all experts.  

Overall, the disciplinary groups showed fairly consistent ranking of RA needs. 

Ranked values were highlighted in instances where an expert group’s ranking of RA needs 

differed from the overall group ranking by more than two. For downstream experts we find 

that 12 of the 17 RA needs are similar to the overall group ranking, with differences of two 

or less. For upstream and social science experts we see similarity in 15 of 17 of the RA needs 
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ranking compared to the overall group, and for natural science experts, similarity across 16 of 

the 17 RA needs.  

We also see some agreement between the ranking of RA needs from this ordinal data, 

and the most frequently mentioned RA themes from the interview data. ‘Gene transfer’ was 

the most mentioned RA theme during interviews, and also was ranked in the top three RA 

needs. Competitiveness, another RA need ranked in the top three, was also mentioned 

frequently during the expert interviews.  

Based on theories of disciplinary cultures (Becher, 1994; Valimma, 1998), it might be 

hypothesized that factors that involve expanding the traditional RA framework, such as 

considering environmental and economic trade-offs, would be favored by social sciences that 

are more accepting of multiple frameworks. However, those considerations were ranked the 

same for both natural and social scientists. Although downstream scientist ranked both of the 

concerns slightly lower than did other groups. Not surprisingly, the ‘route of exposure to 

other organisms’ and ‘route of exposure to humans’ was ranked higher for downstream 

scientist than for upstream scientists.  In fact, the ranking for ‘route of exposure to other 

organism’ from downstream scientists differed from the overall ranking more than any other 

RA need ranking. This differential in upstream and downstream scientists’ prioritization of 

exposure supports previous findings that downstream scientists are more concerned about 

potential environmental and human health effects from emerging technologies than their 

upstream counter-parts (Powell, 2007). Disposal is another RA need where we see some 

variation in expert rankings. Upstream and natural scientists have the lowest ranking of this 
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consideration (12 of 17), while downstream and social scientists have higher rankings (7 of 

17, and 8 of 17, respectively).  

Semantic Scale Data. As previously mentioned, experts were also asked questions on 

governance model preferences for this case study and inclusion of expanded RA criteria, by 

asking for responses on semantic scales for eight bipolar pairs.  Expert preferences are on a 

scale of 1 to 10, with 1 representing complete agreement with the bipolar option listed first in 

the pairing, and 10 representing complete agreement with the bipolar option listed second in 

the pairing.  

Of the eight semantic scales included in this study, two relate to governance models 

that could be employed, three relate to information accessibility of the SB technology, two 

relate to risk assessment methods, and one relates to control of governance systems.  

The two scales related to governance models include ‘precaution of use’ versus 

‘promotion of use’, and ‘networked governance’ versus ‘hierarchical governance’.  

Precautionary approaches will ask the question, ‘Is this technology safe?’, whereas 

promotional approaches will consider the question, ‘Does the technology has known risks?’ 

(Stirling, 2008). Networked models of governance will include participation by a diversity of 

stakeholders, while hierarchical models will rely primarily on central government to make 

regulatory decisions (Hall, 2011). Given the bias towards assumed riskiness of a technology, 

we expect that upstream scientists would express less preference for precautionary 

approaches than social scientists. Similarly, we would expect upstream scientists to have 

greater preferences towards networked models of governance that would allow more diverse 

stakeholder participation. 
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‘Open processes to public input’ versus ‘closed processes to public input’, 

‘mandatory labeling of SB products’ versus ‘voluntary labeling of SB products’, and ‘open 

intellectual property versus ‘closed intellectual property’ are the three scales related to  

information availability for this technology. Processes that are more open to public input may 

improve public engagement, which is one of the goals of promotional governance strategies. 

We expect that downstream scientists, who have less ‘investment’ in the technology to have 

greater preferences for open processes and open IP. Both mandatory labeling requirements 

and open intellectual property (IP) requirements will improve consumer access to 

information regarding SB. Potentially, upstream experts may promote voluntary labeling of 

SB technologies due to concerns over communicated risk from the added label to consumers 

(Siegrist & Keller, 2001).  

The scales related to risk assessment methods include ‘natural science consensus of 

risk/benefits’ versus ‘multidisciplinary consensus of risk/benefits’ and ‘assessment of 

economic impacts’ versus ‘assessment of ethical impacts’. We expect that social scientist 

would favor multidisciplinary inclusion as this allows for greater participation in the process, 

and is more consistent with social science methods that encourage more open-ended and 

collaborative methods of problem solving (Neumann et al., 2002).  Similarly, we expect 

social scientists to indicate greater preferences for ethical impacts, as these are also a 

broadening of the current RA framework, which would favor monetized effects over ethical 

effects.  

The last scale, ‘mandatory governance systems’ versus ‘voluntary governance 

system’ relates to control over the technology. In voluntary governance systems, technology 
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creators or innovators will maintain more control over new developments, as they face less 

regulatory hurdles that would constraint product development. As such, we expect that 

upstream experts would prefer voluntary governance initiatives over mandatory initiatives. 

Figure 3-4 shows the average score for each semantic scale by expert group, and gives the 

overall average from all experts.  

 

 

Figure 3-4. Semantic Scales by Expert Groups 

   

Semantic scales data are also shown in tabular format with standard deviations and 

ranges for each group are shown in Table 3-2. 
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Table 3-2. Semantic Scale Data by Expert Group 

 
 All Experts (n=29) Downstream (n=14) Upstream (n=15) Social Scientist (n=16) Natural Scientist (n=13) 

 
Mean 

Std. 
Dev. Range Mean 

Std. 
Dev. Range Mean 

Std. 
Dev. Range Mean 

Std. 
Dev. Range Mean 

Std. 
Dev. Range 

Precaution - 
Promotion 5.8 2.8 9 4.9 2.4 9 6.6 2.9 8 4.5 2.4 9 7.3 2.4 7 

Network-
Hierarchical 5.2 3.0 9 5.4 2.7 8 5.1 3.4 9 5.6 2.5 8 4.8 3.6 9 

Mandatory-
Voluntary 3.2 2.4 9 2.9 2.0 7 3.4 2.7 9 2.9 1.9 7 3.5 2.7 9 

Open-Closed 3.9 2.6 8 3.3 2.3 7 4.5 2.8 8 2.7 1.8 6 5.3 2.7 8 

Mandatory Label-
Voluntary Label 5.3 3.2 9 4.1 2.9 9 6.4 3.0 9 4.1 2.8 9 6.8 3.0 9 

Open IP-Closed 
IP 4.3 2.3 8 3.6 2.0 7 4.9 2.5 8 3.6 1.7 5 5.1 2.7 8 

NatSci-
Multidisciplinary 6.3 3.2 9 5.9 3.3 9 6.6 3.1 9 6.9 3.2 9 5.5 3.0 9 

Economics-Ethics 5.4 2.7 9 5.9 2.8 8 4.9 2.5 9 6.4 2.7 8 4.3 2.2 6 
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When looking at precautionary approaches versus promotional approaches we find 

that on average, downstream experts prefer precautionary approaches more than upstream 

experts, which is consistent with our hypothesized preference. We also find that social 

scientists prefer precautionary approaches more than their natural science counterparts, who 

have the least preference for precautionary approaches.  

For networked versus hierarchical governance preferences, we see that the overall 

expert group is neutral in preference, and the same neutrality is echoed in each disciplinary 

group. Additionally, there is a  slightly higher preference for hierarchy in the social science 

group, which is contrary to hypothesized difference that were expected between the natural 

and social scientists given the natural scientists’ disciplinary preferences of hierarchical 

methods.  

All groups expressed a preference for mandatory governance strategies with 

downstream and social scientist both having the strongest preference for mandatory 

governance, and upstream and natural scientists having the least preference for mandatory 

governance. Whereas the group overall seemed neutral in preferences for mandatory labeling 

versus voluntary labeling, the individual groups showed slight differences in preferences. 

Downstream and social scientists both showed slight preferences for mandatory labeling 

requirements with scores of 4.1, and upstream and natural scientists showing slight 

preferences for voluntary labeling with scores of 6.4 and 6.8, respectively. The upstream 

scientists group and natural scientist, which would include the technology developers, show 

the least preference for mandatory labeling requirements. As hypothesized, these technology 
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innovators may be concerned that labeling requirements will communicate risk to consumers 

(Siegrist and Keller, 2011) 

All groups expressed preference for openness for both process and IP. Social 

scientists expressed the greatest preferences for open processes with an average score of 2.7, 

while natural scientist expressed the least preference for open process with a score of 5.3. 

Downstream scientist showed slightly greater preferences for open processes than their 

upstream counterparts. The same preferences were echoed for open IP versus closed IP, with 

downstream showing slightly higher preferences for open IP than upstream scientists, and 

social scientists having higher preferences for open IP than natural scientists. The lesser 

preference for open processes and IP by upstream scientists may be expected due to their 

closeness to the technology development, and potential desire to protect their own 

intellectual property. Additionally, the higher preference for open processes and IP by 

downstream experts could stem from their experiences with evaluating the technology and 

need for information for the evaluations.  

Experts were also asked their preference over which group should be responsible for 

assessing the technology with choices of natural scientists only conducting the assessments 

or having assessments conducted by multi-disciplinary experts. Overall, the total expert 

group indicated slight preferences for multi-disciplinary inclusion in technology assessment.  

Upstream experts showed slightly higher preferences for multi-disciplinary inclusion than the 

downstream counterparts. Not surprisingly, social scientists showed greater preference for 

multi-disciplinary inclusion than their natural scientist counterparts.  
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 Finally, experts were asked to indicate their preference between economic 

considerations for RA and ethical considerations. The social scientists expressed greater 

preference for ethical considerations than did their natural scientist counterparts, who 

expressed slight preference of economic considerations over ethical. Additionally, the 

downstream scientists expressed lower preferences for economic considerations than their 

upstream counterparts. Similar to the findings with open IP preferences, the upstream higher 

preference for economic considerations may be influenced by their closeness to the 

technology development.     

Risk Perception Data.  As stated in the methodology section for this article, experts 

were asked 9 questions regarding risk perceptions for engineered plant microbes. 

Respondents were able to respond to questions with scores from 1 to 10. The following four 

risk variables were recoded, so that for all variables, higher scores indicate increased risk 

perceptions; uncertainty of risk, manageability of the technology, benefits to humans, and 

benefits to the environment. The remaining five risk variables of likely development, 

potential hazard to human health, potential hazard to the environment, level of public 

concern, and reversibility of risks, were coded from 1-10, as scored by study participants. In 

Figure 3-5 we see perceptions of risks for each expert grouping.  
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Figure 3-5. Risks and Benefits Ratings by Expert Group 

 

Average values for risk data by expert group, along with standard deviations and range are 

shown in Table 3-3. 
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Table 3-3. Risk Data by Expert Groups 

 
All experts (n=29) Downstream (n=14) Upstream (n=15) Social (n=16) Natural (n=13) 

 
Mean 

Std. 
Dev Range Mean 

Std. 
Dev Range Mean 

Std. 
Dev Range Mean 

Std. 
Dev Range Mean 

Std. 
Dev Range 

Certainty 5.4 2.0 8 5.7 2.2 8 5.1 1.7 5 5.9 2.1 8 4.8 1.6 5 

Development 7.4 1.7 7 7.1 1.9 7 7.7 1.4 5 6.9 1.9 7 8.0 1.2 4 

Haz_Humans 4.1 1.8 7 4.2 1.9 7 4.0 1.6 6 4.4 1.9 7 3.7 1.5 6 

Haz_Enviro. 5.3 1.4 6 5.7 1.6 6 5.0 1.0 4 5.9 1.3 6 4.7 1.2 4 

Unmanageability 5.6 2.1 9 6.1 2.1 9 5.1 2.0 6 6.3 2.0 9 4.7 1.9 6 

Benefit_Humans 5.4 2.0 8 5.0 1.4 5 5.9 2.3 8 5.3 1.5 6 5.6 2.4 8 

Benefit_Enviro. 4.8 2.0 8 5.4 1.4 5 4.2 2.3 8 5.4 1.7 6 4.0 2.1 7 

Public Concern 6.9 1.7 6 6.8 1.8 6 7.1 1.7 6 7.1 1.4 5 6.8 2.0 6 

Irreversibility 5.9 1.6 6 6.4 1.5 6 5.3 1.4 5 6.1 1.6 6 5.5 1.5 5 
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When looking at uncertainty of risk for engineered plant microbes, we find that social 

scientists believe the risks to be slightly less certain with an score of 5.9, and that natural 

scientists have slightly lower perceptions of uncertainty with a score of 4.8. We also find 

downstream scientists to be slightly less certain of risk than upstream scientists.     

All four expert groups see this technology as likely to be developed within the next 

15 years, with natural and upstream scientists expressing highest scoring of likely 

development with score of 8.0 and 7.7, respectively. Upstream experts showed higher 

expectation of near-term development than downstream scientists, and natural showed higher 

expectation that social. This higher expectation from upstream and natural scientists could be 

due to greater experience with other genetically engineered microbes in the environment.  

When looking at hazards and benefits of this technology to humans and the 

environment, we see the entire expert group perceives the hazards to environment as greater 

than the hazards to human health, but the benefits to human health greater than the benefits to 

the environment. Downstream scientist perceive hazards to both the environment and humans 

to be slightly greater than hazard perceptions from the upstream scientists, and social 

scientists perceive hazards in both areas greater than their natural science counterparts. On 

the contrary, environmental benefits were perceived as higher by downstream and social 

scientists, than by the upstream and natural counterparts. However, upstream scientists 

assigned slightly higher human health benefits than did downstream scientists, and natural 

scientist gave slight higher human health benefits than social scientist.   

Downstream scientist expressed greater concern over manageability of this 

technology than did upstream scientists, and social scientist expressed greater concern than 
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the natural scientist counterparts. Similarly, downstream and social scientists expressed 

greater concern than upstream and natural science groups regarding concerns over 

irreversibility of effects from this technology.  

When asked about public perceptions of risk for this technology, all groups expected 

moderate public concern. Downstream experts expressed slightly greater perceptions of 

public concern than did upstream experts, and social scientist expressed greater concern than 

natural scientists. !

Discussion 

There has been limited work on the study of ‘disciplinary culture’ as a factor in risk 

perception. Through interviews of a small sample of scientists (n=20), Powell (2007) was 

able to show preliminary findings that disciplinary cultures of ‘upstream’ and ‘downstream’ 

expert position can influence risk perceptions. Specifically, downstream scientists are 

generally more concerned with human health and environmental risks from nanotechnology, 

another field of emerging technologies. Powell also suggests that experts who are ‘upstream’ 

in the developmental process perceive less uncertainty with the technology, than their 

‘downstream’ counterparts.  When evaluating the expert responses to the risk questions, we 

see results that support Powell’s findings.  In this study, downstream experts also had greater 

uncertainty in risk perceptions as well as greater perceptions of potential human and 

environmental hazards than did upstream scientists.  

In addition, this work also found differences in risk perceptions between natural 

science disciplines and social science disciplines.  Our natural science experts stated lower 
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expected human and environmental hazards than did our social science experts, but also 

stated lower concerns regarding irreversibility of environmental affects and unmanageability 

of this technology. Additionally, we found that preference in governance models is 

influenced by both academic background and expert positioning. This dataset, though limited 

in size, supports ‘disciplinary cultures’, as a component affecting risk perceptions, similar to 

our ‘cultural cognition’ groups.  

Preliminary analysis also suggests that the two ‘axes’ for ‘disciplinary culture’ 

studied in this work of ‘discipline’ and ‘position’ both influence perceptions of risk and 

governance needs for this technology. Future research could probe the relative influence of 

each of these axes in overall perceptions of risks. Additionally, more specific measure of 

cultural cognition could be done at a later time by administering a scaled test specific to 

cultural cognition to the same experts who participated in this study.  

One limitation of this work is the lack of targeted testing of the standard cultural 

cognition paradigm of group and grid preferences. Future studies that include specific 

measure of cultural cognition factors, in addition to disciplinary group factors could be tested 

to explore the relative influence of each component in risk perception. Corley et al., (2009) 

tested nanotechnology policy opinions of expert nonscientists, using explicit measures of 

some cultural cognition factors. They found that academic disciplinary grouping may 

influence experts’ opinions regarding regulatory needs for nanotechnology, thus providing 

some support for cultural cognition influences in risk perception of emerging technologies.  

From a theoretical perspective, this work seeks to begin a discussion on whether 

expert opinions of RA needs for SB are more aligned with the standard cultural cognition 
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paradigms of group and grid preferences, or with disciplinary culture. Practically, this work 

can help provide a framework for understanding how inclusion or exclusion of expert groups 

may bias or limit strategies for anticipatory governance.   
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Chapter 4 (Article 3): Risk Perceptions of Emerging Technologies- Psychometric 
Influences on Synthetic Biology Governance Needs for varying Technological 

Applications 
 
Abstract 

For governance of emerging technologies, decisions must be made despite varying 

levels of uncertainty (Morgan, 2005). This study provides an in-depth analysis of the risk 

assessment data and information needs and governance issues identified by expert panelists 

as a means of testing whether the inherent properties and features of a technological 

application lead to different priorities for experts. Specifically, we test whether various 

emerging synthetic biology (SB) technologies evoke differing perceptions of risks using 

psychometric theory, which generally considers the inherent features of a technology as 

influencing an individual’s perception (Slovic et al., 1984). 

In order to elicit experts’ perception of risk, a policy Delphi was conducted. During 

this policy Delphi, experts were able to state preferences for risk analysis and governance 

needs of four emerging SB applications. Data were provided via interviews, quantitative and 

qualitative surveys, and in-person interaction that included large and small group discussion 

and activities. One of the group activities employed was the use of influence diagrams to 

consider ideal governance structures for the four SB technologies. Tools, such as influence 

diagrams, are often used in risk analysis to think through relationships and/or identify options 

for moving forward (Morgan, 2005). In this case, the diagrams were used to highlight 

similarities and differences in risk analysis and governance preferences among the case 

studies.  The psychometric paradigm of risk perception considering features of each of the 

cases was then considered in examining the comparisons of the influence diagrams and other 
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data collected for the case studies to further develop the theory in the context of SB.  We find 

that psychometric properties of a given SB technology do influence experts’ perceptions of 

risk. At the conclusion of this work, we propose a model for evaluating SB technologies that 

considers psychometric properties of the technology.   
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Introduction 

When new technologies emerge, their potential risks are highly uncertain. 

Policymakers who are responsible for regulating new technologies often turn to expert 

elicitation as a method for generating appropriate policy and governance options (Morgan, 

2005). Although one might expect that experts’ perceptions of a given technology’s risks 

would be dependent upon the “actual” risks of that technology, the reality is that risk 

perception may be shaped by individuals’ own biases (Kahan and Braman, 2006). For 

example, an individual who is desensitized to environmental risks will perceive relatively 

low risk from technologies that may have environmental impacts. The question of whether 

and how experts’ biases contribute to their perceptions of the risks associated with specific 

emerging technologies was investigated through the use of cultural cognition theory in 

chapter 2 of this dissertation. In this chapter we test whether specific emerging technologies 

evoke differing perceptions of risks using psychometric theory, which generally considers the 

features of a technology as influencing individual’s perceptions (Slovic et al., 1984). By 

using the psychometric paradigm as a potential model for how experts consider risks, this 

work can address needs for risk assessment data, explore patterns and influences that may be 

associated with perceived risks based on psychometric properties of technology, and identify 

governance issues as articulated by an expert panel.   

This work builds upon two bodies of literature: the research on anticipatory 

governance and psychometric theory. As a strategy to elicit data for anticipatory governance 

approaches, a policy Delphi was employed to elicit expert perceptions of risk for emerging 

technologies in the field of synthetic biology (SB). The results of the policy Delphi were used 
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to evaluate differentials in expert stated preferences based on the specific technological 

application being considered.  

This study tests whether two factors of the psychometric paradigm, ‘unknown’ factor 

and ‘uncontrollability’ or ‘dread’ factor associated with the technology, will influence 

experts’ perceptions of the risks associated with four emerging synthetic biology (SB) 

applications. As an emerging technology SB carries uncertain risks and benefits. Similarly, 

by comparing the various needs that are expressed in each of the cases, common themes and 

notable contrasts can be identified. By comparing expert perceptions’ of risk for four case 

studies of emerging SB technologies, we can test the influences of psychometric theory on 

risk perception. 

Policy Delphi 
 
The primary instrument for eliciting expert opinions in this work is a policy Delphi. 

This technique for structured deliberation and discussion, a variation on traditional Delphi 

methods, seeks to uncover a range of policy options and the pros and cons of those options 

(Turnoff, 1970). In this study, a policy Delphi was used to uncover a range of SB risk 

analysis and governance needs, as expressed by participants through iterative individual and 

group reflections. As part of the policy Delphi, upstream oversight assessment (UOA) was 

used to help practically frame the SB case studies for the participating experts. UOA is an 

anticipatory governance strategy that looks at risks, societal implications, and regulatory 

options for case studies of technology that are far enough along in development to provide 

general information on the technology, but that have not yet been widely deployed in the 

market (Kuzma et al., 2008b). UOA seeks to highlight potential oversight challenges for a 
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given technology by grounding conversations and analyses in case studies of emerging 

technologies (Kuzma et al., 2008b). 

Overview of Case Studies 
 

For this investigation, experts were provided with short descriptions of four case 

studies of emerging SB technologies. The case studies were designed to ground 

conversations in what could otherwise potentially be an unending list of possible SB 

technologies. Short synopses of each of the four case studies are given below. The full 

description of each case study, as provided to the experts, can be found in Appendix B.  

Biomining . Biomining is the use of biological technologies to process ore that 

contains metals. Bacteria and other microorganisms have been engineered to carry out two 

distinct processes in mining, bio-oxidation and bioleaching. Both of these processes have 

predominately been done with the use of chemical additives in the mining process. In bio-

oxidation, acidophilic bacteria are sprayed onto metal ore to oxidize metal sulfates, making 

the ore more easily penetrable; the improved penetration of chemicals can liberate the desired 

metals. In the bioleaching of ore, biological materials are used to solubilize the metal, 

creating a liquid that contains the desired metals that can easily be separated from the ore 

(Moskvitch, 2012). The use of genetically engineered microbes in this process may impact 

the mining industry by providing an alternative to the chemical processes used in most 

current mining practices.  

Cyberplasm. . Cyberplasm is a micro-biological robot designed to sense and detect 

medical information from within the human body (NSF, 2015). This hybrid “organism” 

integrates mammalian, bacterial, and yeast cells into a detection “device” for sensing and 



 

99 

possibly remediating pathogen infections. The device is modeled after the sea lamprey, a 

parasitic fish that has a relatively simple nervous system. Cyberplasm will contain synthetic 

muscles that will propel the device through the body, as well as visual receptors for sensing 

light. Cyberplasm projects have been funded by the NSF with the hope that these projects 

could benefit healthcare systems by enabling more accurate detection of medical illnesses 

and more targeted drug delivery. Another potential application for cyberplasm is for 

environmental sensing and remediation of contamination. Both applications were presented 

to experts in the developed case study materials.  

De-extinction. De-extinction combines the genetic material from extinct organisms 

with the carrying capabilities of similar species in order to bring back recently extinct species 

(Heidari, 2013). The process of de-extinction would begin with the recreation of genetic 

material from the extinct species, either through sequencing or gene editing of related 

species. This would be followed by insertion of the DNA into a cloned cell of a closely 

related species. Researchers have attempted to bring back the passenger pigeon using the 

closely related band-tailed pigeon as a surrogate. This project may be able to restore some 

species that have recently become extinct, leading to impacts on the ecosystems where these 

species are introduced.  

Engineered Plant Microbes. The use of engineered plant microbes involves genetic 

manipulation of bacteria so that those bacteria can produce readily available nitrogen for 

plants that would otherwise need an applied nitrogenous fertilizer for nutrients (Wang et al., 

2013). Some bacteria already exist in symbiotic relationships with legumes and are able to 

provide readily available nitrogen sources for those plants. However, scientists are studying 
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pathways to extend these symbiotic relationships to non-legumes such as rice. Genetically 

modified Mesorhizobium loti is thought to be a likely candidate for this process (J. Craig 

Venter Institute, 2014). The technology of genetically engineering microbes is thought to 

have potential impacts on food production and fertilizer consumption. A successful 

deployment of this technology could decrease demand for nitrogenous fertilizers and increase 

food production if associated costs of production are lowered.  

Literature Review 

Anticipatory Governance 
 

Historically, governance models have taken a linear approach and been developed in 

a step-wise manner (Sabatier, 2007). In recent years, however, this linear approach has been 

challenged by governance models that seek to anticipate and prepare for risks and technology 

more broadly.  In Guston and Saerwitz’s 2002 Real-time Technology Assessment (RTTA), 

an argument is made for moving beyond the traditional static risk assessment model and 

instead adopting a more flexible system to help deal with the uncertainty that arises from 

many emerging technologies. RTTA also provides a mechanism for making incremental 

changes, thus potentially providing iterative feedback on the effectiveness of each step. 

Similarly, the use of UOA encourages experts to think beyond the traditional RA framework 

when considering potential information and oversight regulatory needs of an emerging 

technology (Kuzma et al. 2008b). Both UOA and RTTA can be thought of as approaches to 

anticipatory governance.   

One purpose of anticipatory governance philosophy is to capture a wider range of 

voices at an earlier stage in technological development.  For example, Stirling (2008) argued 
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in Science, Precaution, and the Politics of Technical Risk that precautionary and 

participatory approaches are complimentary components of traditional “science-based” risk 

assessment. Stirling argued that the incorporation of precautionary and participatory 

principles could improve democratic legitimacy and encourage a more comprehensive 

decision-making process.   

Psychometric Theory 
 

As previously noted, anticipatory governance strategies often employ expert 

elicitation. A key consideration in risk analysis and governance needs evaluations is how 

risks are conceptualized by expert groups for an emerging technology. The severity of risk is 

one component of risk assessment, so it is important to consider when determining what is 

important, or worthy of resource allocation for a given technology. Factors influencing risk 

perception include (1) the number of individuals likely affected by the risk, (2) the “dread 

factor” or “uncontrollability” which gives a sense of vulnerability associated with a given 

risk, (3) the level of autonomy over exposure to a given risk, which Slovic calls the 

“voluntary factor,” and (4) the overall level of ‘unknown’ information on the risk.   

This work categorizes four SB applications along two axes from Slovic et al.’s work, 

a vertical “unknown” axis and a horizontal “uncontrollability” axis. The vertical axis 

provides an estimate for the overall level of information known about the technology, while 

the horizontal axis gives a measure of how controllable the risks from a given technology are. 

The dread factor, or uncontrollability axis, indicates the degree to which a risk invokes a 

feeling of dread within an individual. The dread factor was found by Slovic et al. to be most 

closely related to individuals’ overall perception of a risk, so those with a higher dread factor 
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also have a higher overall perceived risk. Similarly, the unknown factor was found to have 

the next greatest influence on overall perception of risk. Key observations for 

uncontrollability and unknown factors are shown in Figure 4-1.  

 

 

 
 
 
Based on Slovic et al.’s typology, the case studies are categorized as follows: (a) 

Cyberplasm is a high-unknown, low-uncontrollability case because the effects are unknown 

due to the developmental stage of the technology and lack of trial data, but the controllability 

is high due to human control on introduction and spread of the organism. This technology is 

a non-replicating biological robot that would need to be ingested by the individual seeking 

medical care or placed in a controlled manner for environmental sensing and remediation. (b) 

De-extinction is a high-unknown, high-uncontrollability SB technology. Again, due to 

limited data and lack of successful cases where cloned extinct species have been viable, there 

is very little data on the risks and benefits of this technology, making it highly unknown. It 

Unknown 

Uncontrollabilit
y 

Figure 4-1. Characteristics of hazard factors (Slovic et al., 1987) 
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would also be high for a dread factor, as the controllability of a successful cloning would be 

low if the species were released in the wild. If, however, individuals were presented with a 

case study where species were to be bred in containment, the uncontrollability factor may be 

lower. (c) Plant microbes are categorized as a low-unknown, high-uncontrollability 

technology. The natural analog to this technology, nitrogen-fixing microbes that exist in 

symbiotic relationships with legumes, is fairly well understood. There is some concern 

around how a genetically modified species of plant microbe may compete and transfer 

genetic materials in the natural environment, which could lead to higher levels of 

uncontrollability of this technology. In addition, this technology is designed for wide-spread 

agricultural application, contributing to its uncontrollability. (d) Biomining is an example of 

a low-uncontrollability, low-unknown technology. This application is already in use, so there 

is greater certainty around potential risks and benefits, and presumably the ore and solution 

used in the mining operation could be contained, leading to higher controllability of the 

technology. It should be acknowledged that there is the potential for leaching of the solution 

used for biomining into the natural environment, and this could lead to higher levels of 

uncontrollability and unknown.  

The typing of the four case studies along the two key parameters on Slovic et al.’s 

psychometric influences is shown in Figure 4-2.  
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Figure 4-2. Slovic's typology and technology case study typing (Cummings et al., 2015) 

 
 
Psychometric Attributes and Risk Perception 
 

The psychometric paradigm, this work’s theoretical foundation, provides a rationale 

for how risk perceptions are formed when clear knowledge about hazards is lacking (Slovic 

et al., 1984). This is often the case for SB technologies where there are significant unknowns 

around the risks and benefits. For instance, the cyberplasm case study represents a 

technology that is well in advance of deployment. Likely there are only a few experts in the 

world who have significant knowledge of how cyberplasm is actually created, and even those 

experts will have limited knowledge of actual risks and benefits given that the technology has 
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yet to be deployed. Our study asked experts specific questions on risk analysis needs.  Risk 

analysis includes risk assessment, risk perception, information integration, decision-making 

approaches, risk communication, and risk management strategies (NSF, 2002). Psychometric 

theory states that risks can be psychologically determined by using subjective measures of 

the hazard (Sjoberg, 2000; Jenkin, 2006). 

Specifically, we seek to test whether psychometric attributes of specific SB 

applications influence experts’ perceptions of the risks associated with those applications. 

The two psychometric attributes tested are the uncontrollability/dread of the technology and 

the degree of unknown associated with the technology. According to psychometric theory, 

we would expect that greater risk would be perceived from a technology whose risks are less 

controllable and around which there are greater unknowns.   

Scholars recognize that when dealing with the governance of emerging technologies, 

decisions must be made despite varying levels of uncertainty (Morgan, 2005). Tools such as 

influence diagrams and mind-maps are often used in risk analysis to think through 

relationships and identify options for moving forward (Davies, 2011). In this study, mind-

maps were used to highlight similarities and differences among the case studies. Then, to 

further develop the theory in the context of SB, features of each of the cases were considered 

in examining the comparisons among case studies. At the conclusion of this chapter, as a 

guide to future study and theoretical work, a model for ideal governance that considers 

psychometric properties of a SB technology is presented. This work builds upon previous 

suggested governance approaches that vary based upon specific SB applications (Kuzma and 

Tanji, 2010). 
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Methodology 

Expert elicitation methods, like those used in the work, are commonly used in 

situations where advanced decisions must be made with limited information, or in emerging 

areas for which data and information are scarce and uncertainty is high (Otway and von 

Winterfeldt, 1992). This study elicited opinions on SB from a diverse set of experts, who 

self-identified their disciplinary group and organizational affiliation. Academic disciplinary 

groups represented include chemical, molecular, and biological engineering; policy; law; 

ethics; philosophy; sociology; science, technology and society (STS); ecology; 

environmental science; and toxicology. In addition to academic affiliations, participants also 

had affiliations with industry, government and non-profit organizations.  

The primary method for collecting data for this study was a policy Delphi. Selected 

participants were invited to participate in the four rounds of the Delphi. The goal of a policy 

Delphi is to allow for a diversity of opinions to be expressed in a semi- anonymous manner, 

so that policy options can be brought before the group to encourage and spur conversation 

and idea generation. Unlike a traditional Delphi, where consensus is a goal, the policy Delphi 

seeks to generate multiple options and ideas for policy and regulation.  

As part of this policy Delphi study, upstream oversight assessment (UOA) was used 

to identify technologies that were far enough along in development that their specific details 

could be discussed, but not so far along that they had been widely deployed. These 

technologies helped to ground the experts’ conversations, and they served as a basis of 

comparison for variations in the risk governance and policy needs stated by the experts. The 

UOA analysis consisted of scanning public R&D databases to look for SB cases in early 
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development. The areas of focus for these case studies were agriculture, environment, and 

industry. After a thorough review of emerging SB applications was conducted, ten case 

studies were presented to a select group of SB experts, and each individual provided 

feedback on the suitability of the case study for presentation to study participants, as well as 

feedback on the overall accuracy of the case study description.  Ultimately four cases were 

selected for inclusion in this study: biomining using engineered microbes, cyberplasm, de-

extinction, and nitrogen fixation using engineered plant microbes.  

An initial list of potential participants was compiled by using web database searches, 

researching authors of relevant peer-reviewed literature, reading key policy reports and 

publications, consulting participants of key national studies or groups, and referring to prior 

knowledge and experience from the project team. The total list of potential participants 

comprised 243 experts with a diverse set of academic expertise and professional affiliations. 

In total, 48 experts responded willing to participate in at least one portion of the study. After 

the case studies were selected, more detailed descriptions were written by research staff using 

interview data from the technology developer and available literature. These case study 

descriptions were then shared with the recruited expert panel to elicit feedback on 

governance needs for each case study specifically, as well as for SB as a whole.  

For decades, the Delphi method has been used to obtain group consensus from 

experts using iterative controlled intensive questionnaires (Turnoff, 1970; Landeta, 2006). 

This method has been used extensively in social science research for its ability to reduce 

groupthink, moderate dominant personalities, and overcome inhibition, all of which can 

hinder group processes of learning, discovery, and communication. The Delphi method has 
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been used often in natural and social sciences, and scholars have upheld the validity of the 

tool for forecasting policy options and supporting decision-making (Landeta, 2006). In this 

study, a policy Delphi was used to uncover a range of SB risk analysis and governance needs 

from participants through iterative individual and group reflections, but not to derive 

consensus. This is consist with the use of a policy Delphi to generate a list of potential 

options (Landeta, 2006).  

The data, collected through the four rounds of this Delphi study, included interviews, 

surveys, and in-person interactions conducted by researchers on the Delphi Study team. This 

study uses data from the first three rounds of the study, including interview data, round two 

survey data, and small group exercises from a face-to-face workshop.  

The first round of the study solicited information via interviews with experts. 

Interview data were available for 38 participants from round one of this Delphi study. The 

complete list of interview questions asked of the experts is located in Appendix A. Experts 

were provided with a list of questions related to SB generally and for each of the specific 

case studies in advance of the interviews. Transcribed data were then imported into nVivo 

software for coding and analysis. Constant comparison methods (Boeije, 2002) and iterative 

thematic coding were employed to review the transcribed data and find consistent themes 

discussed by the experts. Four coders were involved and estimated inter-coder reliability is 

eighty-percent. Naturally, some themes emerged around the questions that were asked, as 

would be assumed for baseline coding within constant comparative methods. However, many 

subthemes emerged around expert opinions of risk analysis and governance needs for the 

four case studies. Interview data, were initially coded based on the dominant themes that 



 

109 

emerged from the dataset. Once the initial coding of the data was complete, the interview 

segments that related to risk analysis and governance for each of the case study were 

exported, and those data were sub-coded for emerging data and information needs. An 

analysis of the risk analysis and governance needs that emerged based on each case study 

was done. For all of the survey data, responses were also categorized based on case study, 

and individual responses to questions for each case were averaged and compared to the 

overall scoring for all case studies combined.  

The second round of the Delphi study consisted of a survey with quantitative and 

open-ended questions that were based on initial themes that emerged from the surveys. The 

complete second-round survey can also be found in Appendix A. The round-two survey 

posed questions to the expert panel on potential risks and uncertainty associated with each of 

the four cases studies, and it also asked experts to provided scaled responses to questions 

such as, “How beneficial is [this specific technology] to the environment?” The questions 

were repeated for each of the four case studies. Experts were also able to give feedback on 

the governance structures that they deemed most appropriate, and on which entities were 

primarily responsible for oversight of the technology.  

Questions in round two that were used in this study include responding to Likert 

scales of 1 to 10, with 1 representing the lowest response possible, and 10 representing the 

highest. For all of the questions, respondents were asked to give separate responses for each 

of the four case studies.  

1. How certain or uncertain are the risks of [specific case study]? 
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2. How likely is [specific case study] to be commercially developed and used in 

the next 15 years? 

3. How potentially hazardous is [specific case study] to human health? 

4. How potentially hazardous is [specific case study] to the environment? 

5. How manageable are the potential hazards of [specific case study]? 

6. How beneficial is [specific case study] to human health? 

7. How beneficial is [specific case study] to the environment? 

8. To what degree are the potential hazards of [specific case study] irreversible? 

 

The experts were also asked to respond to the following semantic scales, with 10 options 

between each pair of bipolar adjectives: 

• Precaution – Promotion 

• Networked governance systems – Hierarchical governance systems 

• Mandatory governance initiative – Voluntary governance initiatives 

• Open public input – Closed public input 

• Mandatory labeling of SB products – Voluntary labeling of SB products 

• Open access to IP – Closed access to IP 

• Natural science analysis – Multidisciplinary analysis 

• Assessment of economic impacts in RA – Assessment of ethical 

considerations in RA 

These survey data were imported into SPSS and grouped and analyzed based on SB 

technological application. Expert responses were compared across each of the four case 

studies. 

The third round of the study included an in-person workshop for study participants. 

Participants engaged in small and large group discussions, as well as group exercises for 
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mind-mapping for ideal governance structures for each of the technologies, and identification 

of key challenges and opportunities for SB governance.  

Mind-Mapping Data Collection 
 

During the third round of the Delphi, participants were able to provide visual 

representation of the ideal governance needs for SB technologies using mind-maps. Mind-

mapping tools help illustrate complex ideas in a free-form, non-linear manner (Davies, 

2011). By using mind-mapping techniques in policy discussion, experts can graphically 

create policy options in a ‘brainstorming’ environment. Experts who attended the workshop 

were asked to complete a mind-map in small groups that showed ideal governance needs for 

one of the four SB case studies. Experts were assigned to groups that focused on a specific 

SB technology, with the intent of creating small groups of approximately 6 participants who 

represented diverse academic background and affiliations.  Participants drew mind-maps on 

posters, and those data were entered into Analytica software for digital representation. The 

primary goal of the mind-map was to provide visual feedback on the differing approaches to 

risk analysis and governance needs based on a specific SB application. These mind-maps 

were then compared to assess differing governance approaches based on the technological 

application.  

Many different mapping tools have been used by academics and educators in order to 

illustrate and group ideas and concepts in a cohesive manner. Mind-maps, concepts maps, 

influence maps, and argument maps represent a few of the alternatives currently in use 

(Davies, 2011). These maps allow for collaborative visualization of solutions to complex 

problems. Collaborative modeling efforts also allow for inclusion of values, local knowledge 
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and scientific integration (Cockerill et al., 2009), as opposed to traditional RA methods that 

primarily consider only scientific knowledge. Cockerill et al. specifically apply the term 

“collaborative modeling” to efforts such as this one, that bring together a multidisciplinary 

group to explore policy options. Mapping tools, like other models, are designed to help 

simplify a range of alternatives or possibilities and to make complex topics easier to 

understand.   

Results 

Summary of Questionnaire Data 
 

Semantic Scale Data. The first set of quantitative data explored in this work are the 

finding from the semantic questions asked of the study participants. These questions allowed 

experts to express preferences between bi-polar themes in governance. Data from the 

semantic scales in round 2 are reported by average score for each case study, and an overall 

average of all case studies in Figure 4-3. The survey instrument contained 10 radio buttons 

between bi-polar pairs. These options were coded to represent values between 1 and 10, with 

1 representing complete preference of the bi-polar term to the left of the options and 10 

representing complete preference of the term to the right. For example, with the semantic 

scale for precautionary approaches in governance versus promotional approaches, and score 

of ‘1’ would indicate that an expert expressed complete preference for precautionary 

approaches, while a score of ‘10’ would be complete preference of promotional approaches. 

Scores of ‘5’ or ‘6’ indicate ambivalence in preferences between the two poles.  

Data shows highest variability between case studies along the precaution-promotion scale 

(variance =1.28), with experts preferring a precautionary approach for de-extinction and 



 

113 

cyberplasm, but preferring a promotional approach for biomining and plant microbes. The 

mandatory-voluntary scale has the least variance (0.144), with experts having preferences for 

mandatory regulation of all the technologies. However, despite stating a preference for a 

precautionary approach for cyberplasm and de-extinction, those technologies have the 

highest scores along the mandatory-voluntary scale, with experts stating slightly less 

preference for mandatory regulation of these two technologies compared to the other two 

technologies.  Whereas the overall preference for regulation is for mandatory requirements 

with an average across all technologies of 3.77, the labeling preference is slightly in favor of 

voluntary with a value of 5.78. Cyberplasm is the only technology that experts indicate 

should have mandatory labeling requirements (4.88). Biomining is over 2 points away from 

cyberplasm with a voluntary labeling preference average of 6.97.  

Along the natural-multidisciplinary scientist scale and the economic-ethical 

consideration scale, all four technologies clustered towards the higher ends of the poles 

indicating preferences for inclusion of multidisciplinary scientists in the analysis and 

preference for inclusion of ethical considerations. Three scales clustered with values towards 

the lower end of the pole, mandatory-voluntary regulation, open-closed regulation, and open 

IP-closed IP. These scores indicate preferences for mandatory regulation, open regulatory 

process, and open IP information.  

When asked about governance structure, experts expressed a slight preference for 

networked instead of hierarchical structures when looking at the total of all the technologies. 

When asked about cyberplasm, there was a slight preference towards networked structures, 



 

114 

while plant microbes elicited a slight preference towards hierarchical structure.  All semantic 

scale data grouped by technological application are shown in Figure 4-3.  

 

  

Figure 4-3. Semantic Scale Data by Technology 

 
 

Risk Perceptions Data. In addition to semantic scale data, this work also explores 

participants responses to the risk questions posed in the study. Experts were asked to rate risk 
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along 9 different variable for each of the four case studies, on a scale of 1 to 10 with 10 being 

the highest value.  The risk variables asked of experts were, certainty of risk, likely 

development of the technology in the next 15 years, human health risks, environmental risks, 

manageability of the risks, benefits to human health, benefits to the environment, likely 

public concern, and irreversibility of the hazards associated with the technology.  

Regarding the first variable, certainty of risk, the experts stated that there was some 

uncertainty around the risk of these SB technologies, with an average score of 5.7. Plant 

microbes were scored as having the least amount of uncertainty of risks (4.5), while 

biomining was scored as having the greatest amount of uncertainty (7.0).  

For the second variable, likely development, these case studies were on average 

deemed as likely to be developed with an overall score of 4.2. This risk dimension has the 

greatest amount of variance (3.77), with plant microbes and biomining deemed as highly 

likely to be developed within the next 15 year, with average scores of 6.4 and 5.3 

respectively, and cyberplasm and de-extinction deemed as less likely to be developed, with 

average scores of 2.4 and 2.8 respectively. 

The third variable was human health and environmental health.  When asked how 

potential hazardous these technologies may be to human health and to environmental health, 

experts indicated that the technologies overall could potentially be more hazardous to the 

environment than to human health. However, cyberplasm was the only technology where 

human health hazards were considered to potentially be greater than environmental health 

hazards. This perception of risks is not surprising giving the medical application for 

cyberplasm. Overall, the average value for perceived human health risks for each case studies 
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was close to the average across all the technologies. Plant microbes had the lowest perceived 

human health risk (3.1), followed by biomining (3.6), de-extinction (3.6), and cyberplasm 

(4.0).  For environmental risks, there was a greater disparity in perceptions. Cyberplasm was 

seen as the least risky, with an average score of 4.5, and de-extinction was seen as most risky 

with a score of 6.7. Plant microbes was given an average environmental risk perception of 

5.4, and biomining had an average score of 6.0. De-extinction, the case study typed with high 

uncontrollability and high unknowns was perceived as having the highest environmental 

risks.  Biomining, however, would be expected to have the lowest environmental risk 

perception, but instead has the second highest overall average. This may be explained by 

trust concerns over the mining industry and known historical environmental concerns. This is 

illustrated in one expert’s comments, “Sometimes it’s not clear [who would benefits from the 

technology] and so then people don’t trust the development of that technology.  So I would 

say I could see something with bio-mining, some people might be against it because they’d 

say, “Oh, it’s just another way the industry is trying to exploit, you know, the environment.” 

The fourth variable was benefits to humans and to the natural environment. On 

average, the technologies were thought to have somewhat greater benefits for the 

environment than for human health. Plant microbes was scored as having both the highest 

human and environmental benefits. In contrast, de-extinction was rated as having both the 

lowest human health and environmental benefits.  

Public concern was the highest rated of all 9 factors with an average score of 6.36. 

Three of the technologies cluster together with scores near 7, with biomining rated lower 

with an average score of 4.97.  
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Fifth, the experts were asked about the controllability of the technologies. When 

asked about manageability and irreversibility of the risks associated with all four 

technologies, experts indicated that on average, risks were slightly unmanageable (5.5) and 

slightly irreversible (5.4). De-extinction and plant microbes were perceived to be the least 

manageable technologies, as well as the having the most irreversible risks. Both of these 

finding support the typology of these case studies as highly uncontrollable. Conversely, the 

expert perception of cyberplasm and biomining being more manageable and having less 

irreversibility of risks both support typology of lower uncontrollability.  

 The entire set of risk perception data, grouped by technological application, is shown 

in Table 4-1. 

 

Table 4-1. Mean scores of Risk Perception Data (from SRES paper, Cummings et al.) 
 SB application 

 Biomining Cyberplasm De-extinction Plant Microbes 
Uncertainty of risk info 
 

7.0 
 

6.1 
 

5.2 
 

4.5 
 

Hazard to human health 
      

3.6 
 

4.0 
 

3.6 
 

3.1 
 

Hazard to environment 
 

5.1 
 

3.5 
 

5.7 
 

4.4 
 

Manageability 
      

3.7 
 

4.2 
 

5.4 
 

4.7 
 

Irreversibility 
      

4.2 
 

3.7 
 

4.8 
 

4.8 
 

Commercial development 
     

5.3 
 

2.4 
 

2.8 
 

6.4 
 

Not beneficial to human health 
      

6.0 
 

5.7 
 

7.6 
 

5.4 
 

Not beneficial to environment 
      

5.4 
 

6.1 
 

6.8 
 

4.9 
 

Public concern 
 

4.0 
 

5.7 
 

5.9 
 

5.8 
 

Overall Risk 44.1 41.4 47.8 43.8 
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The overall riskiness of a technology was determined by summing the components of 

risk for each case study. Risk measures for ‘manageability of risks’, ‘benefit to human 

health’, and ‘benefit to the environment’ values were reverse coded. The ‘uncertainty of 

risks’ for a given technology was also reverse coded. When looking at the overall risk for 

each of the technologies, we find that de-extinction has the highest overall rating, and 

cyberplasm has the lowest overall rating. Based on our typology, and Slovic et al.’s factors, 

we do expect to see the highest risk for de-extinction, but we did not see our expected 

typology of biomining as least risky. In fact, this technology was given the second highest 

human health risk score.  

Summary of Relevant Interview Data 
 

Dominant RA Themes. Experts were asked about perceptions of risks for each of the 

four case studies during their phone interviews in round one of the Delphi. As stated 

previously, interview data were coded for emergent dominant themes. The full description 

for each of the coded themes used in this article can be found in Appendix C.  Codes for ‘RA 

needs’, while a dominant themes, is only a subset of all the themes that were coded from the 

expert interviews.  The ‘RA needs’ theme was then sub-coded to evaluate the specific RA 

needs being expressed by the experts for each of the case studies.  

 Dominant RA themes mentioned by the experts include unknown future ecological 

risks, pathogenicity/allergenicity/toxicity, additional data needed for RA, gene transfer in the 

environment, traditional RA methods are sufficient, unknown long term health effects, 

environmental assessment needed, competitiveness, real-time data needs, and life cycle 

analysis needs. Environmental assessments were discussed for all four case studies, with 
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plant microbes having the most references (4), and cyberplasm and de-extinction having only 

1 reference. Gene transfer (7) and competitiveness (4) were discussed most in the context of 

plant microbes. The dominant RA themes shown in Figure 4-4, can be grouped into one of 

three primary concerns, environmental concerns, human health concerns, and methodological 

concerns.  

 

 
Figure 4-4. Dominant RA themes by Technology Type 

 
 

Environmental Concerns. Environmental mobility of the GMO, impacts on 

biodiversity, GMO interaction with the environment and unknown future environmental risks 

were broadly grouped as ‘environmental concerns’. Environmental concerns were extracted 

for each of the case studies so that language between technologies could be compared.  

Environmental concerns were referenced most for biomining (18 times) and plant 

microbes (16), while cyberplasm and de-extinction each had 11 references. One expert noted 
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the following environmental concerns for biomining, “I would want to see studies on what 

effects they have on insects, fish, and mammals on the assumption that they might well get 

off site and could affect those populations negatively.”  

When looking at sub-themes within environmental concerns, biomining had the most 

references to unknown future ecological risks (11), while gene transfer was mentioned most 

for plant microbes (7), and mentioned least for de-extinction (1). Environmental assessments 

were discussed most for plant microbes (4) and biomining (3), and least for cyberplasm and 

de-extinction, with one reference for each.  The desire for additional environmental 

assessments is illustrated in the following quote for plant microbe technology: “Well once 

again my interests are the survival of the organisms, and their intended environment, what 

they actually do, the mechanisms in which they accomplish their particular task, [and] 

dispersal away from the site of introduction.” Select quotes on environmental concerns 

discussed for each of the technologies is shown in Table 4-2.  

 

Table 4-2. Select quotes on RA concerns related to the environment 

RA concerns related to the environment 
Bioming 

I would want to see studies on what effects they have on insects, fish, and mammals on the 
assumption that they might well get off site and could affect those populations negatively. 
You could have concerns about environmental impacts in general, just in terms of ecosystem 
disruptions or things like that, we’ll get into their contained - other release - loss of containment, 
things like that.  
Well, for something like horizontal gene transfer, the best that I can probably say even doing kind of 
as much science as I could realistically do, is what’s the likelihood of horizontal transfer?  Or what’s 
the likelihood that this engineered organism is able to invade an existing microbial community?  And 
so “A”, there’s going to be a lot of uncertainty around those numbers.  I can tell you perhaps how 
likely a sequence is to horizontally transfer in a laboratory between the engineered strain and tape 
strain from the environment, but that’s  not quite the same as saying how likely it is to transfer in an 
actual mine under the mine’s conditions.  That’s hard to replicate. 

Cyberplasm 
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Table 4-2 Continued. 
 

These types of organisms like most sort of drugs are going to be in essence excreted out of the 
human body and wind up in—in waste water treatment facilities, and potentially into the larger 
ecosystem. 
So the potential impacts on health and environment are that this would be a truly synthetic organism 
with essentially no known predecessor and therefore it’s hoped an environmental risk assessment 
will be starting de novo. And our current risk assessment paradigms don’t do it that effectively. 
I think the biggest uncertainty here is if the genetically modified bacteria in yeast would be able to 
replicate in the environment, what particular hazards those might have.  I think generally speaking, 
the technology itself will be very challenging for it to work on its own and not be terribly robust, so 
it wouldn’t—it would be very easy to kill the organism I guess is another way to put it.  So I think 
the risk of it getting out of the—into the environments is fairly low, but it’s possible there would be 
an unintended or unanticipated ability for the microbial single cells, bacteria and yeast may be able 
to do well and spread into the environment and cause unanticipated consequences.$

 
De-extinction 

And so in essence what you’re doing is—is similar to introducing an alien species into an ecosystem, 
and how that species once it’s reintroduced interacts with the current ecosystem I think is still an 
open question, and could have potential serious implications both positive and negative depending 
on what those interactions are.   
So if a particular bird went extinct 100 years ago there’s an assumption that putting it back into that 
particular environment will not be problematic because that was its natural habitat. The problem is 
that the natural habitat has changed dramatically in the last 100 years, in the case of this imagined 
bird, but it changes constantly and it’s never really stable. So what we need is much more 
information about the interconnections, linkages, etc., within particular ecological systems in order 
to assess the risks of reintroducing the new species, which, for all intents and purposes, where de-
extinct species are essentially new. 
There are tried and true risk analysis methods out there for evaluating the invasive potential and the 
ecological impacts of introduced species into the environment.  

Plant Microbes 
And if the unintended consequence is we also create super weeds, or we kill off all of the pollinators, 
the risks in some respects can far outweigh the benefits I think. 
Can we predict the ecology, how will our organism interact with other microbes, with other plants, 
with insects, with everything that it might face out in the field? 
Well once again my interests are the survival of the organisms, and their intended environment, what 
they actually do, the mechanisms in which they accomplish their particular task, dispersal away from 
the site of introduction. 

 

Human Health Concerns. For ‘human health concerns’, text that was coded as 

carcinogenicity, allergencity, toxicity, pathogenicity or unknown future health risks were 

combined. The text was then grouped by technological application. ‘Allergenecity’, 

‘toxicity’, and ‘pathogenicity’ were mentioned most cyberplasm. One expert commented in 
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regards to cyberplasm technology, “As far as the human health, it’s probably—no of course 

it’s an FDA type thing, and I don’t know exactly what type of risk analysis methods that they 

use, but I assume it would be for like toxicity and pathogenicity, allergenicity potential and 

that sort of thing.” The greater number of references to human health is not surprising given 

that this is the only technology designed as a medical application for humans. There is the 

potential for ingestion of engineered plant microbes after their introduction to the soil, but 

this pathway is not as direct as the ingestion of cyberplasm in medical applications. These 

codes were mentioned five times for plant microbes, four for biomining, and not at all for de-

extinction. The reference counts decrease as the technology becomes further removed from 

human consumption.  

 Whereas there were no mentions of ‘allergencity/pathogenicity/toxicity’ codes for de-

extinction, this technology has the most references (6) for unknown human health effects. 

The technology with the fewest references for human health effects was plant microbes with 

only one reference. Representative quotes on human health concerns, grouped by 

technological application, are shown in Table 4-3.  

 
 
Table 4-3. Select quotes on RA concerns related to human health 

RA concerns for human health  
Bioming 

And finally, any potential human health risks or issues with the biomining organism should also be 
assessed much like exposure to any chemical compounds using in mining would be assessed.  There 
should be a similar level of assessment in terms of any potential human health impacts of exposure to the 
microorganisms used in biomining. 
Organisms are living and can replicate, et cetera, but they also creating by-products all the time so you 
would have both of those issues to deal with.  As far as impact on human health I would think that it 
would have – it would be the same concerns we have for the environment which is the impact of these 
organisms and their by-products in ways that we wouldn't anticipate their integration into the ecosystem.  
They're getting into water tables, et cetera, that then come in contact with humans.   
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Table 4-3 Continued 
 

You would need to understand what the concerns about toxicity or other impacts could be.  So you 
would need to assess the toxicity of the organisms or the materials themselves.  You would need to 
understand the disposal—the containment and disposal mechanisms.  How does this material get—can it 
get handed—handled in a way that limits exposure?  And then finally you would need to—to try to make 
that risk assessment using both the exposure and toxicity assessment. 

Cyberplasm 
I think that you are most likely going to have to come up with some type of modeling situation in order 
to potentially try to evaluate the interactions that this type of application might have within a human—
within a human system. If they are designed to be reproducing, I think then it becomes a combination of 
those types of things and risks associated with modeling of infectious diseases. 
Once again, that’s very difficult to answer because it depends on the particular application.  But if it’s of 
course a human application, then it would be toxicity, and pathogenicity, even allergenicity of the 
survival of the—the survival of the microorganisms in the human system.$

 
As far as the human health, it’s probably—no of course it’s an FDA type thing, and I don’t know exactly 
what type of risk analysis methods that they use, but I assume it would be for like toxicity and 
pathogenicity, allergenicity potential and that sort of thing. 
De-extinction$
From a health standpoint, you have the potential to reintroduce or introduce new zoonotic diseases and 
other types of viruses that may come along with the original DNA of these extinct species that in some 
cases haven’t evolved with—with humans and some of these other animals, and—and other systems that 
you’re reintroducing these species to.$
Of course there are human health implications as well I guess, you know—we do have avian bird flu’s 
and that sort of thing, and it could have some human health adverse effect as well.$

Yeah, so the biggest uncertainty is bringing back a virus.  It’s the stuff of sci-fi, you know, movies and 
stuff like that but it’s a real concern.  There’s a lot of DNA in our bodies right now that we have no idea 
where it came from, and it looks a lot like it came from viruses.  And this is a part of evolution and 
ecology that we still have not figured out.$
Plant Microbes$
The impacts on health I think—the positive side of that is just from a straight sort of nutrient standpoint 
where you’re going to be able to produce more food for more people.  I think the potential negative 
impacts on health is that I don’t think we really sort of gotten a handle on potential long term health 
effects of manipulating staple food crops using genetic engineering.$
You know, again, you know, I would want to see both, you know, mesocosms being used as one of the 
ways of—of assessing, but I would, you know, I would want to see feeding trials with the corn and wheat 
produced this way.  You know, I would want to do analysis of what happens when you rotate another 
crop into this, and so—and I would want good toxicology tests being done.  So that’s more than they do 
in—in any of this stuff now.$
But I would want to see real assessment of each microorganism to see whether it causes increased allergy 
in humans and animals, whether they cause—whether they help trigger cancers, or other—or other 
problems.  $
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Methodological Concerns. For ‘RA methodology concerns’, text that was coded as 

traditional RA sufficient, life-cycle analysis, real-time assessment, environmental 

assessment, or additional data needed for RA, were combined in a query and then sorted by 

discussion on the technological applications. The code ‘traditional RA methods are 

sufficient’ is not a methodological concern, but instead, somewhat of an ‘anti-concern’ as 

experts are registering that they do not have apprehensions with the current methods.  As one 

expert summarized in relation to plant microbe technology, “I think [for] this particular 

applications the risk analysis methods are appropriate, and yeah I have some degree of 

comfort that it’s actually the way to go for these particular organisms.”   

Methodology concerns were mentioned most for cyberplasm (14), followed by 

biomining (12), plant microbes (9), and last de-extinction (4). Whereas not a direct 

methodological concern, the need for additional data was often mentioned in connection with 

improving RA. This is shown in one expert’s comments on cyberplasm technology, “I mean, 

you just need a lot of data to be able to define the risk, I mean the assessment of risk.  So risk 

analysis method depend very heavily on the data that you’re going to [use to] evaluate the 

risk—the context where you’ll evaluate the risk.  So again, the more of the data you have, the 

more confident you are your risk analysis is going to work.” The ‘need for additional data’ 

was expressed eight times for cyberplasm, four for biomining, three for de-extinction, and 

once for plant microbes. 

 The need for environmental assessments was mentioned most for plant microbes (4), 

followed by biomining (3), and one reference for both cyberplasm and de-extinction. 

Expanding the current RA methodology to include real time data was mentioned for all four 
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technologies with plant microbes having two references, and the other three technologies 

having one reference each. Real-time assessments of technology allow for incremental 

feedback of a technology post deployment, in ‘real-time’ (Guston & Saerwitz, 2002). Part of 

the underlying rationale for employing real-time assessments is the inherent uncertainty and 

unknowns that accompany emerging technologies. Similarly, the references to life-cycle 

analysis was another broadening of the traditional RA methods discussed by the expert 

group, in a manner that employs continued assessment of a technology. Life-cycle 

assessment (LCA), as somewhat implied by the name, seek to evaluate the environmental 

impacts of a technology from “cradle-to-grave” (Hellweg & Canals, 2014).  

In contrast to broadening of the current RA methods, some experts expressed that the 

traditional RA methods would be appropriate for addressing these technologies. Biomining, 

which is the technology closest to market deployment, had the most references for the 

traditional RA methods being appropriate (7). Plant microbes had four references for existing 

RA methods being sufficient, and cyberplasm had three references. De-extinction was the 

only technology where no experts stated that the traditional RA methods would be sufficient. 

Selected quotes related to methodological concerns are shown in Table 4-4, grouped by 

technological application.  
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Table 4-4. Select quotes on RA concerns related to methodology 

RA methodology concerns 
Biomining 

I think, you know, a typical or standard risk analysis methods could easily add—
could easily address these issues.   
There’s always some sort of judgment [for risk evaluation]—professional 
judgment as to how safe or risky something is.  There really is no way to ever 
quantitate things with microorganisms in terms of, you know, actual number, but 
it’s a qualitative evaluation.  But with this particular application of bio-mining I 
think it’s not too worrisome. 
You’d need data to do any calculations, and then in some models of risk analysis 
there is a process for iteration and adaptive analysis between – to update the 
thinking about your conceptual models and your hazards, and your levels of risk as 
you gather more information based on what’s happening out in the environment.  
So risk analysis also provides a way to bring back in real world outcomes from the 
application of synthetic biology and re-incorporate them into the risk analysis 
process to check and see whether your risk analysis was – see whether any part of 
your risk analysis needs to be modified to incorporate new information.  

Cyberplasm 
So I think the risk analysis again, let’s assume that they’re not reproducing, then I 
think the risk analysis methods are those similar to drug treatments.  And I think 
they would be very applicable. 
I mean, you just need a lot of data to be able to define the risk, I mean the 
assessment of risk.  So risk analysis method depend very heavily on the data that 
you’re gonna evaluate the risk—the context where you’ll evaluate the risk.  So 
again, the more of the data you have, the more confident you are your risk analysis 
is gonna work.   

 
I mean you may want to think about the life cycle question linked this application 
too.  But maybe it’s less relevant than in the case of bio-mining. 

De-extinction 
One of the things that is lacking, but is also the case with some developments with 
biotechnology, is a more refined understanding of how that particular ecosystem 
works in a sense. So if we are going to start reintroducing species that have not 
existed in that particular setting for some decades now then we need very detailed 
information about how that ecosystem currently works, currently operates, and 
what are the potential imbalances that might occur by introducing a new species.  
So a risk analysis, you know, I don’t know where you start with something like 
that until you have some data…as to what might happen. 
A huge amount of data, I mean whether it is say the passenger pigeons, whether 
they had any diseases or something that they could currently spread to existing bird 
species, or even other types of animals out in the environment.   
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Table 4-4 Continued. 
 

Plant Microbes 
So for there to be a robust series of risk assessments, and the risk assessment 
governance framework in this particular domain we would also need developing 
instruments that would allow us to see in real-time whether one of these organisms 
has propagated or not, which isn’t too creative. 
Well the normal risk paradigm of looking at all potential hazards to human health, 
the environment, and weigh it against the exposure, the fate of the organism, the—
the root of exposure to humans or to other organisms in the environment, the 
horizontal gene transfer.  It—again, it’s going to be a qualitative type of evaluation 
rather than a quantitative, but I think the normal paradigm— or actually there is 
a—even—even though different countries do have different—slightly different 
frameworks, I mean usual risk analysis methods have all of those components.  
And they may not be perfect, but it’s a—I think this particular—these particular 
applications the—the risk analysis methods are—are appropriate and yeah I have 
some degree of comfort that it’s actually the way to go for these particular 
organisms.  It should be good. 
I think here you—you will view the life cycle assessment vision.  So you are not 
really—you’re not only, you know, computating a few genes and changing the 
plant to that extent, you are—you are engineering it and using it for a specific 
purpose and so it’s going to follow a specific travel in that—according to that life 
cycle vision and I think you need to be careful about, you know, what’s—what’s 
going to be the impact at different end points?  So I would say here you would 
need to open this notion of risk analysis to a life cycle vision. 

 
 
 
Mind-mapping diagrams 
 

During the in-person workshop, experts were divided into groups and asked to create 

mind-maps that illustrated ideal governance systems for each of the SB technologies. The 

small groups were intentionally created with diversity in expert academic and organizational 

affiliations. We acknowledge that many factors will influence perceptions of risk from these 

technologies, and subsequently governance recommendations, but by creating groups 

similarly diverse across academic and organizational affiliation, we seek to minimize the 

effects of these variables in this study.  As such, we expect that some of the differences seen 
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in the mind-mapping of ideal governance for these technologies will be related to the 

inherent differences of each SB case study.  

For each mind-map, a central objective or multiple objectives were identified by each 

group. The objective (or objectives) provided the primary goal that the ideal governance 

strategy for the SB technology was seeking to achieve. Each objective was connected to 

variables, and in some cases sub-variables, that show the primary considerations identified by 

the expert groups for achieving the stated objectives.  

Biomining 
 

The primary objective identified by the group working on biomining was for risk 

analyses to be multidimensional. This group included risk and benefits consideration, 

environmental effects modeling, shared-responsibility, flexibility and adaptation, and process 

transparency as key variables that contribute to a multi-dimensional RA. National security 

interests was listed as a variable for consideration in process transparency and professional 

societies were listed as a variable for shared responsibilities/ self-regulation. Flexibility and 

adaptation, as shown in the biomining group’s diagram, included a predictable regulatory 

path and consideration of international regulations. The juxtaposition of a ‘predictable 

regulatory path’ as a component of ‘flexible and adaptive’ systems should be explored to 

determine how those two elements could work in concert with one another. The 

recommendation for additional adaptability and flexibility as part of the ideal governance 

model is contrary to other experts’ beliefs that flexibility is in fact a strength of the 

overarching SB regulatory system (Kuzma et al., 2009).  
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This group’s model has many components of the traditional RA process including 

environmental effects modeling, risk and benefits consideration, process transparency and 

shared responsibility. One component that expands the current RA framework is flexibility 

and adaptation, with a ‘predictable regulatory path’ as a sub-variable. The other sub-variable 

calls for consideration of international regulations, and is not explicitly part of the existing 

RA framework. Overall, this group’s diagram suggest that the traditional RA framework is 

appropriate for regulation of genetically engineered microbes in biomining. The same belief 

that the traditional RA framework is appropriate was echoed in the expert interviews with 

one participant noting, “I think, you know, a typical or standard risk analysis methods could 

easily add—could easily address these issues.” Statements that the traditional RA framework 

was appropriate were made more for this technology than any other during the expert 

interviews. The mind-map for biomining is shown in Figure 4-5.  
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Figure 4-5. Mind-map diagram for Biomining 

 
 
Cyberplasm 
 

The mind-map for cyberplasm illustrates three primary governance objectives 

identified by the experts. ‘Regulations/laws’, ‘society’, and ‘science’ are shown as three 

complementary components of governance. In contrast to the biomining model, which 

focused only on multidimensional risk analysis (a sub-component of science and regulation), 

the cyberplasm model puts societal considerations as a primary objective. The society 

objective node considers the following variables: trade-offs, communication, funding 

sources, and benefits. Benefits are considered as a component of the risks and benefits 

consideration in the biomining model, but in the context of a multidimensional RA, this is 

likely meant to be an economic analysis. For the cyberplasm model, the inclusion of benefits 
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as a variable for societal considerations likely extends beyond economic analyses, and 

instead may include qualitative preferences expressed by society.  

‘Regulations/laws’ as an objective includes coordination amongst agencies and 

market speed as variables. Both of the variables express a desire for broadening the current 

RA framework. Coordination amongst agencies is somewhat achieved through the delegation 

of authorities in the Coordinated Framework, although coordination is done under limited 

circumstances where multiple regulatory agencies have a stake in a given technology (Bryson 

and Mannix, 2000). This group advocated for larger scale coordination across all 

biotechnologies. The inclusion of market speed as a variable is one that is not explicitly 

considered in the current regulations, but that has been discussed by scholars as a problem 

that needs addressing for the current RA framework to be more effective (Kuzma et al., 

2009).  

The science objective includes RA methods as a primary variable. This variable 

matches with the primary concern expressed in the biomining model. However, the 

cyberplasm group’s model expands the traditional RA methodology to include life-cycle 

considerations and high uncertainty. In the expert interviews, high level of uncertainty 

around this technology were mentioned more than for any other technology. Life-cycle 

analysis needs were mentioned only for this technology and for plant microbes during expert 

interviews. The Cyberplasm mind-map is shown in Figure 4-6.  
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Figure 4-6. Mind-map diagram for Cyberplasm 

 
 
De-extinction 
 

For de-extinction, experts identified governance as the primary objective, but 

indicated two distinct periods where governance systems are needed: pre-release of the 

species in the environment, and post-release. This is the only technology where iterative 

monitoring, as seen through the pre- and post- release governance objectives, was the 

primary focus; although ‘real-time’ approaches was presented as a primary variable in the 

plant microbe mind-map.  

The focus for governance was on pre-release of the species into the environment, with 

post-release having less focus, but serving as a feedback component into future pre-release 

considerations. Two key variables, ‘legal authority’ and ‘stakeholder buy-in’, were identified 

as inputs for governance broadly. Adding stakeholder buy-in as a primary variable for 

governance is unique to this technology, and indicates that experts possibly expect public 
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concern over whether or not this technology should come to fruition. Although public 

concern values from the quantitative data showed that de-extinction was close to the overall 

average value for all the case studies, this technology does have the highest expected public 

concern value when compared to the other three case studies.  

The pre-release model objective considers learning and adaptation, risk and benefits 

analysis, ethical, religious, and cultural considerations, and science considerations. Unlike 

models for the other technologies, de-extinction is the only technology where we see societal 

concerns of ethics, religion, and culture explicitly mentioned. The risk and benefits analysis 

includes certainty, transparency, and flexibility as input variables, and science considerations 

includes ecological disruptions as an input.  

The post-release model objective primarily provides output for feedback into the 

model. From post-release observations, and monitoring are key outputs. The monitoring 

output then provides feedback to the learning and adaptation variable, which is an input for 

the pre-release governance model component. This iterative analytical approach helps 

achieve the stated need for additional data for de-extinction technology. This technology 

didn’t have the most frequent mentions for uncertainty on the whole, but did have the 

greatest uncertainty around health concerns. With other technologies, experts were able to 

reference methods for assessing human health, such as toxicity, pathogenicity, and 

allergenicity, but there were no similar references for this technology. Potentially the lack of 

knowledge around appropriate assessment tools could be contributing to the greater 

unknowns around health concerns. Figure 4-7 shows the mind-map created for de-extinction 

technology.  



 

134 

 
Figure 4-7. Mind-map diagram for De-extinction 

 
 
Engineered Plant Microbes 
 

The mind-map for plant microbes has ‘adaptive governance systems’ as the primary 

objective node. Adaptive governance has two primary inputs, ‘real-time systems approaches’ 

and ‘standardization of biological parts’, and one primary output of reactive and proactive 

designs. The input of standardized biological approaches is also illustrated as an output of 

adaptive governance. The primary objective of ‘adaptive governance’ is similar to the 

iterative ‘pre- and post- release governance’ objectives seen in the de-extinction mind-map, 

and is also echoed in the ‘learning/adaptive’ variable for de-extinction. Biomining also 

includes a variable for ‘flexible/adaptive’ considerations for multidimensional RA, indicating 

that flexibility and adaptation are priorities across SB technologies overall, and not specific 

to a given case study.  
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 All other variable nodes in the model are inputs or outputs of the real-time systems 

approach variable. This variable received input from a loop that includes information, 

inclusion and vigilance. The inclusion variable links to ‘societal goals’/’how do we do this’, 

which in turn incorporates democracy and transparency. An input for the societal goals 

variable is incentives, which incorporates research challenges, intellectual property, taxes, 

certification, and subsidies. This configuration gives real-time/systems approach great 

influence in the model as twelve sub-variables, or 80% of the modeled inputs, connect to this 

one primary variable. The strong prioritization of real-time data indicates that this variable 

may be more important to this technology than to others. This concern was also seen in the 

interview data with one expert stating, “So for there to be a robust series of risk assessments, 

and the risk assessment governance framework in this particular domain we would also need 

developing instruments that would allow us to see in real-time whether one of these 

organisms has propagated or not…” 

Since adaptive governance is the primary objective, this model focuses on iterative 

learning and inclusion of societal goals more than any other model. This is the only model 

that does not include risk and/or benefits analyses. Similar to the de-extinction model, this 

model has a strong incorporation of iterative learning built in to the process, and incorporates 

societal considerations in the model. The plant microbe technology mind-map is shown in 

Figure 4-8.  
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Figure 4-8. Mind-map diagram for Plant Microbes 

 
 
Discussion 

By looking at the commonalities and differences expressed between the survey 

response, interview data, and mind-mapping exercises, we can explore how the psychometric 

properties of a specific technology influence expert perceptions of risk.  

Biomining 

The biomining case study represents a technology that is hypothesized to have low 

uncontrollability and low unknown factor. This classification would lead to an expectation 

that biomining would be perceived by experts to have lower risks than the other technologies 

presented. The results support this from some aspects of the semantic data where biomining 

was given the highest score for promotional governance strategies and also given the greatest 
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preference towards economic considerations instead of ethical considerations. Potentially 

experts do not see as many ethical concerns with this technology due to a lower perception of 

overall riskiness. This technology was also given the highest preference towards voluntary 

labeling, although given that this technology relates to the mining industry, it may be that 

labeling was not seen as a practical option. This technology was also given the highest score 

for mandatory regulation, indicating that there is some perception of risk for this technology 

that needs regulatory control.  

When looking at the risk perception data, biomining was thought to have the most 

manageable risks and the least amount of public concern. It was also thought to be one of the 

more reversible technologies, second only to cyberplasm. This technology was seen as 

having the least certainty in risk, with the greatest difference from the overall average of any 

technology.  The hypothesized low uncontrollability of the technology was supported by the 

experts in their relatively lower scoring of irreversible effects and higher scoring of 

manageability of the technology.  

The interview data also indicates experts are concerned about overall uncertainty with 

risks for this technology where ‘future unknown ecological risks’ were discussed more for 

this technology than any other. However, despite the greater expression of unknowns, this 

technology was also most discussed in terms of the traditional RA framework being 

sufficient, with one expert noting that “this particular application…is not too worrisome”. 

The mind-mapping diagram suggests that the group working on this technology saw greater 

certainty and lower uncontrollability with this technology since the governance strategy 

illustrated most closely resembles the current framework. There is mixed response related to 
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the hypothesized typing of this technology as ‘low-unknown’ and’ low-uncontrollability’ 

with the mind-map and semantic scale data supporting the hypothesis, but the risk survey 

data refuting it. Perhaps influences from past experiences around similar technology are 

affecting risk perceptions. One expert alludes to these historical concerns with the following 

quote, “I think environmental issues and concerns regarding any type of mining operation is 

important.  There are definitely many examples from prior technologies used, I’m thinking of 

things like mercury used for gold mining and other heavy metal mining that caused 

significant environmental damage and human health damage.”  

A key component of Slovic et al.’s psychometric theory is that the factors, including 

unknowns and uncontrollability, hold true for technologies where knowledge of hazards is 

lacking. Given the similarity in potential risks from mining efforts, booming efforts, and 

biomining using genetically modified microbes, it could be argues that knowledge of hazards 

is not fully lacking for this technology. This may also contribute to the lack of fit of the 

proposed typing with the expert perceptions of risk. 

Cyberplasm 

Cyberplasm is hypothesized to be a technology case study that is highly unknown, but   

that has low uncontrollability. When looking at the semantic scale data, the hypothesized 

high unknown is supported through relatively high preferences for precautionary governance 

strategies; cyberplasm was ranked second behind de-extinction for preferring precaution. 

However, when asked about voluntary versus mandatory regulation, cyberplasm was closest 

to the voluntary end of the spectrum. It was also scored lower than the other technologies on 

a scale where networked governance strategies were compared to hierarchical. This support’s 
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the expected typology on Slovic et al.’s axes, as experts lower risk perception would be 

related to lower  uncontrollability. This lower risk perception could potentially lead to 

preferences for less formal governance structures needed.  

The risk perception data indicate that experts see this technology as less certain than 

plant microbes and de-extinction, which would be expected to indicate high levels of risk 

perception. Indeed, human health risk were expressed as greatest for this technology, but this 

technology is more directly applicable to human health than any of the other case studies. 

This technology was thought to have the lowest environmental risk. Experts did indicate high 

controllability by stating this technology has the most reversible hazards, and by scoring this 

technology as second highest with manageable risks.  

The mind-map for cyberplasm indicates that experts prefer a broadening of the 

traditional RA framework for this technology.  There is also an expressed desire to elevate 

societal involvement to the same status as science and regulation.  This is the only 

technology where experts also expressed interest in the inclusion of life-cycle analysis, which 

could potentially offset some of the unknowns associated with the technology by evaluation 

of the technology over time. Expert interview data indicate the highest perceptions of 

uncertainty for this technology.  Expert quotes such as, “I mean, you just need a lot of data to 

be able to define the risk”, illustrate both the uncertainty, and the expressed desire for 

additional data, associated with this technology.  When talking about human health concerns, 

experts’ use of RA language is specific and consistent, with multiple experts calling for 

toxicology, allergenicity, and pathogenicity studies.  

 



 

140 

De-extinction 

De-extinction was typed as a high-unknown, high-uncontrollability technology. 

Based on this hypothesized typing, we would expect expert perceptions of risk to be high. 

Indeed, this technology was scored as most appropriate for a precautionary approach, and 

most appropriate for pulling in ethical consideration when conducting assessments. It was 

also scored with the greatest preference towards inclusion of multi-disciplinary scientist in 

assessments instead of solely natural scientists. Experts also expressed clear preferences for 

open public input and open IP sharing.  

Experts scored this technology as having the greatest potential risk to environmental 

health, and the second greatest risk to human health. The benefits to both human health and 

the environment were scored lowest for this technology, providing an interesting, and 

typically undesirable, combination of relatively high risks and low benefits. This technology 

has the highest perceived public concern and irreversibility, and the lowest manageability, all 

of which we support low controllability of the technology, and generally fit the hypothesized 

typing.  

The mind-map for de-extinction shows significant broadening of the current RA 

framework, and seeks to incorporate iterative learning into the model. There is also inclusion 

of societal concerns, likely due to the perceived high risks and low benefits of this 

technology. The interview data show no references to traditional components of health 

analysis such as carcinogenicity, allergencity and toxicity, despite this technology having the 

greatest number of references to unknown long term health effects. This concern over health 

effects, without being able to provide specificity as to the type of effects would support a 
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typing of ‘high unknown’ for this technology. As with cyberplasm, experts expressed the 

need for “huge amounts of data” to better conduct RA. Overall, these risk perceptions 

expressed by the experts matched the typed placement for this technology as ‘high-unknown’ 

and ‘high-uncontrollability’. 

Plant Microbes 

Lastly, plant microbes was hypothesized to be a low-unknown, high-uncontrollability 

typing. Presumably, this typology would lead to a moderate risk perception since low-

unknowns reduces risk perception, while high-uncontrollability increases risk perception. 

Plant microbes was scored as being slightly more appropriate for promotional governance 

strategies, with an average score that was second highest of all the technologies. This 

technology was ranked in the middle of the group for mandatory regulations as well as 

mandatory labeling requirements, both potentially indicators of experts seeing the associated 

risks as moderate when compared to  the other case studies.  

Plant microbes was scored as having the lowest human health risks and second lowest 

environmental health risks, while having the highest benefits for both humans and the 

environment. The low risk, high benefit perception of this technology is in direct contrast to 

the high risk, low benefit perception of de-extinction. Public concern was rated fairly high for 

this technology, like the other technologies. This technology did have a relatively high 

scoring for irreversibility, and relatively low score for manageability of the risks, both of 

which would be consistent with high-uncontrollability of a technology, and support our 

hypothesized typing.  
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The mind-map for plant microbes included a variable for incentives that incorporated 

several sub-variables for how to provide incentives. These variables, in many ways, provide 

control over the development of the technology. This is arguably a logical outcome for 

modeling governance for a technology with high perceived uncontrollability. Additionally, 

the heavy emphasis of the mind-map on ‘real-time assessment’ supports a typology of this 

technology as highly unknown. The ‘unknowns’ of this technology can potentially be 

mitigated through the continued assessment that would be provided with real-time data. The 

interview data highlights potential positive human health outcomes from this technology of 

being able to “produce more food for more people”, and general comfort that the existing RA 

framework is appropriate for this technology. There is concern expressed over potential 

environmental effects such as “superweeds”, and off-site migration, but this technology 

represented the least expression of unknown human and environmental effects of any of the 

case studies. Overall, the typing of low-unknowns, high-uncontrollability hypothesized for 

this technology is supported by the expert perceptions of risk.  

Conclusions 

The experts generally had greater perceptions of risks around, de-extinction, the 

technology hypothesized as more uncontrollable and unknown. De-extinction was given the 

highest overall risk score in response to the eight risk questions posed, and was also given 

one of the more complex mind-maps with inclusion of societal considerations and iterative 

analysis with the pre- and post- release analyses. Biomining, the technology assumed to be 

on the other end of the risk spectrum with ‘low-uncontrollability’ and ‘low-unknowns’, did 

not see as much ‘fit’ with the hypothesized typing. Whereas the mind-map visually showed 
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preferences for less complex governance systems, the risk ratings were in contrast, relatively 

high for this technology.  Again, some of this variation in risk perception may be attributable 

to known historical concerns with the mining industry in general. Potentially, the actual 

known risks associated with mining in general, may be influencing the perceived risks from 

the emerging technology of biomining.  

For plant microbes and cyberplasm, we generally found moderate levels of concern 

around the risks associated with technologies as compared to the other case studies. This 

finding is consistent with the ‘low-unknown’, ‘high-uncontrollability’ typology for plant 

microbes, and the ‘high-unknown’, ‘low-uncontrollability’ typology for cyberplasm. In 

general, with the exception of the biomining technology, the presumed typology for each of 

the case studies were confirmed by expert responses to each round of the Delphi study.  

One practical application of this work is to examine the various mind-maps created 

by the expert groups, and proposed a combined model that incorporates key variables for 

ideal governance. We also seek to provide differentiated governance path for technologies, as 

the breadth of technologies covered under the SB umbrella does not easily lend to a ‘one –

size fits all’ approach. In Kuzma and Tanji’s 2010 work, governance strategies that varied 

from preventative to promotional were presented based on different SB applications. This 

model seeks to further expand on work that calls for refined SB analysis (Guston and 

Saerwitz, 2002; Marchant, 2013) by suggested different regulatory paths based on the risk 

perception factors of ‘uncontrollability’ and ‘unknowness’ of a given technology.  By 

combining key priorities identified by experts for each technology, and incorporating 
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decision nodes that consider uncontrollability and unknowns, we offer the following 

expanded governance and RA model shown in Figure 4-9.  

 

 

Figure 4-9. Proposed SB regulatory model 

 
 

This expanded model consolidates expert feedback on the needed governance and RA 

considerations for SB technologies. By including the two key parameters from Slovic et al.’s 

typology, this model provides needed flexibility between technologies, and moves beyond 

the current one-size fits all structure that is commonly employed.  By allowing two primary 

options based on uncontrollability and unknowns of a given technology, the RA framework 
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can be expanded when needed, and kept similar to the existing framework for technologies 

that are not thought to warrant additional analyses.  

For technologies that are thought to have low uncontrollability and low unknowns, 

this model suggested a multi-dimensional RA as the primary objective. This models mirrors 

the simplified analysis suggested in the biomining mind-map. The multi-dimensional RA, or 

simplified model, still has input options for societal considerations, environmental effects 

modeling, and self-regulation, all of which could allow for flexibility and expansion of the 

current RA framework if needed.  

Technologies that have either high-uncontrollability and/or high-unknowns, this 

model suggests a more adaptive RA framework. Inclusion of variables such as ‘real-time 

assessment’ and ‘life-cycle analysis’, help achieve adaptability goals by allowing additional 

data to flow into the RA in an iterative manner. As with the multi-dimensional RA, the 

adaptive RA incorporates societal concerns as an objective. Market pacing, transparency, and 

risk/benefit analysis are input variables for both ideal governance pathways. 

This expanded model can help appropriately address risks from a given technology, 

while considering resources limitations, by keeping a simplified model for some 

technologies. From a practical policy perspective, the ability to employ simplified methods 

for some technologies and more sophisticated methods for others can help address resource 

constraints faced by some regulatory agencies (Marchant, 2013). We offer this preliminary 

model as a framework for consideration of RA evaluation needs on a case-by-case basis for 

SB technologies.    
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A limitation of this work are the risk perception and governance framework that each 

of the participants hold and how those beliefs may influence the mind-map diagrams. 

Analyzing these data would further test our assumption that the differences in governance 

preferences are driven by the SB technologies. A future study that explores the governance 

and risk perception needs of each member in the case study specific groups could assess if 

individual perceptions are contributing to ideal governance preferences stated in the mind-

maps.   
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Chapter 5 (Article 4): Early Inclusion of Environmental Justice Communities in 
Synthetic Biology Governance Discussions  

 
Abstract 
 

Conversations to date around governance needs for synthetic biology (SB) have 

predominately involved scientific experts with either knowledge of the regulatory systems, 

genetic engineering or related sciences, or policy or legal experts or with experience in the 

field of SB or similar emerging technologies (Lentzos et al., 2008).  Although there has been 

some work done to gauge general public perceptions on SB and regulatory needs (Pauwels, 

2013), the particular attitudes of environmental justice (EJ) communities have not been 

formally explored.  As such, this work seeks to explicitly elicit SB governance and risk 

analysis needs from environmental justice (EJ) community members. To our knowledge, this 

work is the first to include EJ experts in SB governance discussions. 

Practically, a goal of this work is to begin the conversation around governance and 

policy-making needs for SB with EJ experts. This was done by soliciting participants 

involved with EJ work within the state of North Carolina to provide feedback on four case 

studies of emerging SB technologies.  All four case studies have potential environmental 

release applications and considerations for human and environmental health. These 

considerations are often core to environmental justice communities, who will look not only at 

those factors, but also at the disparate treatment that may occur in communities that have 

been historically marginalized (Doyle, 1994; Bullard, 2003; Mohai et al., 2009). This work 

will also contribute to research on risk perception as it is assumed that members of a common 
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community, such as EJ, will hold some shared worldviews that will influence perceptions of 

risk.  

From a theoretical perspective, this article not only elicits opinions on SB needs from 

EJ experts, but also compares those needs to the concerns stated by experts in the general 

field of SB to see if EJ attitudes diverge from SB experts and if so, how they differ.  An 

important practical outcome of this article is to further contribute to governance needs for SB 

applications by potentially highlighting risk assessment variables that have been overlooked 

by SB experts who may not have familiarity with EJ specific needs. In addition, this work 

purposefully includes EJ members in these discussions of SB governance needs.  

We found similarities in the SB expert group and EJ expert group, in that both groups 

perceived greater risks from some technologies than others, and that there were similarities in 

the technology seen as riskiest. However, we also found that the primary focus for 

governance needs differed between the two groups. EJ experts focused more on broader 

issues of inclusion in the governance process, transparency, and availability of information.  
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Introduction 

Early engagement and inclusion of environmental justice (EJ) communities, in policy 

discussions, is one of the primary tenants of the EJ movement (Bullard, 2003; U.S. EPA, 

2015, Mohai et al., 2009). Whereas the EJ movement focused largely on remediation and 

mitigation actions in the 1980’s and 90’s (McGurty, 2007), scholars and advocates have 

transitioned in recent years to focusing on prevention of environmental harms and proactive 

engagement (Dalemarre et al., 2014; Gracia et al., 2011).  

Governance discussions for emerging technologies, such as synthetic biology (SB), 

provide opportunities for early inclusion of EJ communities in thinking through governance 

and risk assessment needs for human and environmental health. This early engagement and 

inclusion is important due to existing disparities in environmental risk (Doyle, 1994; Bullard, 

2003; Mohai et al., 2009), and because these community members’ status as members of 

marginalized populations generally subjects them to added environmental stresses.  

This study proactively seeks to bring EJ experts into discussions of governance and RA 

needs for SB, an example of an area of emerging technologies. We propose that by including 

EJ advocates in early governance and RA needs discussions of SB, we can further develop 

best practices for inclusion of marginalized communities, assess whether and how EJ experts 

broaden governance and RA needs as compared to needs identification from SB experts, and 

determine whether risk perception theories help to explain the framing of governance and RA 

needs presented by EJ experts.  To our knowledge, this work is the first research effort aimed 

at early inclusion of EJ communities in SB governance conversations.  
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This study seeks to answer the following questions: How do EJ experts think about 

governance and RA strategies for risk management of SB technologies? Do EJ experts 

consider risks and benefits differently from SB experts? Do EJ advocates bring forth 

considerations that broaden the current RA framework from (a) the current regulatory system 

and (b) the regulatory approach suggested by SB experts? We hypothesize that incorporating 

opinions from marginalized communities will expand the risk analysis model, transforming it 

from the traditional utilitarian approach to one that considers the potential distribution of 

harms. Further, we hypothesize that these values will differ from those predominantly 

expressed by SB experts.  

Literature Review 

Environmental Justice Early History 
 

Environmental justice (EJ) provides a key practical framing for this work. To understand 

the significance of including EJ communities in governance strategies for emerging 

technologies, one should understand the history, growth, and goals associated with EJ. 

Following the birth of the Civil Rights movement in the 1950s and 1960s, environmental 

justice concerns came to be recognized as national issues (Bullard, 2003).  In recounting the 

history of environmental justice, many scholars look at the Warren County, NC hazardous 

waste landfill siting as one of the earliest publicized cases of environmental injustice.  The 

hazardous waste landfill was created to hold soil contaminated with PCB from an intentional 

spraying of the pollutant over hundreds of miles of roadway (History: Warren County, NC, 

n.d.).  This egregious action was committed by a private entity seeking to avoid their 

financial obligations that come with proper disposal of hazardous wastes.  What was already 
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an environmental tragedy became a hotbed of environmental justice issues when the decision 

was made to dispose of the hazardous waste in a landfill in a county with high minority and 

low income populations (Bullard, 2003).  After residents of Warren County voiced concerns 

over the site selection, further analysis showed that the location selection was not appropriate 

for several geological reasons.  The landfill site became contaminated due to inappropriate 

landfill design and geological conditions that allow for infiltration of landfill run-off.  The 

concerns voiced by community members were reiterated by several environmental 

organizations, and these concerns were taken to national media outlets.   Once the situation 

garnered national attention, the EJ movement had officially received a platform.  

Defining Environmental Justice 
 

The Environmental Protection Agency (EPA) defines environmental justice as  

fair treatment and meaningful involvement of all people regardless of race, 

color, national origin, or income with respect to the development, 

implementation, and enforcement of environmental laws, regulations, and 

policies. EPA has this goal for all communities and persons across this Nation. 

It will be achieved when everyone enjoys the same degree of protection from 

environmental and health hazards and equal access to the decision-making 

process to have a healthy environment in which to live, learn, and work. (U.S. 

EPA, 2015) 

This definition sets two primary objectives, the first being fair treatment, and the second 

being meaningful involvement.  Fairness is being defined as “the same degree of protection 

from environmental and health hazards and equal access to the decision-making process”.  
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This is both a procedural and outcome based objective. The scope of concern is not clearly 

defined, but can be expected to be contextually dependent on a case by case basis.  For 

example, a regulatory office within EPA may consider source locations when writing a 

regulation specific to a given industry, whereas a compliance office may consider the 

frequency of monitoring in a given location as the scope of concern.  The characterization of 

unfairness seems more an aspiration than goal in EPA’s definition.  For everyone to have the 

same level of protection seems somewhat unrealistic given that geological and economic 

factors will always make some areas more attractive to potential polluters.  It is likely that the 

only way to see the same level of protection across the nation is to see zero levels of 

pollution, which is virtually impossible within any culture.   EPA does not distinguish the 

root causes(s) of fairness in its definition, but likely also assumes that theses causes are 

contextually dependent.  This definition, while not particularly ideal for an academic 

exercise, provides an appropriate goal for national level environmental policy, as it 

incorporates goals and objectives from many EJ advocates and scholars (Doyle, 1994; 

Bullard, 2003; Mohai et al., 2009).   

The goals of EJ activists are, first, to mitigate inequities in environmental conditions 

that exist due to social and economic conditions, and second, to ensure that all populations 

have adequate participation in political and social processes that influence environmental 

outcomes (Mohai et al., 2009). Many of the concerns faced by environmental justice 

populations are mirrored by concerns faced with any marginalized community.  In Voice, 

trust, and memory: Marginalized groups and the failings of liberal representation, Williams 

(1998) provides four defining characteristics of a marginalized group: 
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1) Marginalized groups are marked by patterns of social and political 

inequality that is structured along group lines;  

2) Membership is typically not voluntary;  

3) Membership is usually not mutable; and  

4) Usually societal or cultural norms have ascribed a negative meaning to 

these groups.   

The problems associated with environmental harms in marginalized communities are 

often compounded by other disparities areas such as health and income (Brulle & Pellow, 

2006; Gee & Payne-Sturges, 2004).  Marginalized groups, as discussed in this paper, are 

those whose interests are often not considered in the public realm.  The groups’ lack of 

power is a key criterion, perhaps the most important criterion, in considering those who 

suffer from environmental injustice as marginalized groups. In the context of this study, 

those problems can be further compounded by disparate access to information on emerging 

technologies. Research suggests that membership in a marginalized community is associated 

with environmental inequity and has typically been shown to increase the likelihood for 

inequitable environmental benefits (Gee & Payne-Sturges, 2004; Mohai et al., 2009). 

Granted, marginalized status is certainly not the only factor in environmental inequity, and 

the potential for inequity exists within any subgroup.  

Williams’s definition of marginalized groups includes exposure to social and political 

inequality, which we consider to be intertwined with environmental inequality. Assuming 

that social and political inequality do in fact translate to environmental inequality, the 

discussion of marginalized populations is an important component in the exploration of an EJ 

framework. Pellow, Weinberg, and Schnaiberg (2001) define environmental racism, the key 
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problem that EJ advocates seek to mitigate, as “when the poor and people of color bear the 

brunt of the nation’s (United States’) pollution problem.”  In The Environmental Justice 

Movement: Equitable Allocation of the Cost and Benefits of Environmental Management 

Outcomes, Pellow et al. (2001) consider the historical basis associated with an area as a 

critical root cause of environmental injustice.   

Another important goal of EJ advocates is the ‘meaningful’ inclusion of all parties 

with valid interests in a given environmental action (EPA, 2015; Pellow et al., 2001).  This 

component has both normative and positivist implications.  The question of whether there 

can be environmental equity in the absence of meaningful participation by all parties, 

including marginalized groups, is quite complex.  It is unlikely that equity in environmental 

harms can be achieved in such circumstances because issues of consumer choice and 

preference will allow individuals to make trade-offs as to how much environmental risk or 

harm they are willing to endure.  For example, noise pollution from airports is undesirable, 

but some individuals are willing to endure it in exchange for more affordable housing. Even 

if it were practical to resolve environmental concerns without all interests involved, the 

possibility would remain that those interests not involved in the decision-making process 

would not be adequately represented, and EJ would not be achieved.  In some cases, what 

one group might consider to be an undesirable land use or an unacceptable environmental 

load is seen by another group as a lucrative economic opportunity that is worth the associated 

environmental harms.  
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Good Governance and Governance Models 
 

Governance includes the actions of the government as well as those of the public, 

which when combined, make decisions on matters of concern (Brinkerhoff & Brinkerhoff, 

2002). Both formal and informal actions influence governance, including regulations, 

consumer choice, and non-profit advocacy.  “Good governance,” a more subjective term, has 

been argued as having the following components: democratic tradition, results-based 

orientation, order and stability, systemic structural integrity, deliberative channels, and 

procedural rigor (Esty, 2006). Good governance has also been described as the use of 

governance methods that help mitigate unrepresentativeness of the public and inefficiencies 

in distribution of goods and services found in traditional governance models (Weiss, 2000). 

The latter definition focuses directly on populations, such as EJ communities, that may have 

been historically underrepresented or marginalized.  As will be discussed, certain components 

of good governance are highly relevant to EJ community incorporation in governance and 

RA discussions. 

For this work, it is helpful to introduce various models of governance in order to 

provide a framework for potential remedies that one might seek when thinking about 

oversight needs for emerging technologies. Larmour (1997) described three prominent 

models of governance, hierarchical, neoliberal/market, and community, and identified the 

limitations of each. Hierarchal models of governance, which are characterized by top-down 

policies codified by defined, centralized entities, can fail due to competing interests within or 

between organizations, differing organizational goals, sub-categorization to the point of 

diminished efficiencies, and lack of accountability due to narrowly defined objectives. In the 
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second governance model, neoliberal/market governance, order comes through decentralized 

exchanges of goods and services; this model is subject to failure based on the commonly 

known economic limitations of markets: asymmetrical information, insufficient actors, 

transactional costs, need for public goods, and negative externalities. This model relies 

primarily on market preferences to provide oversight, with an assumption that ‘good’ or 

beneficial products and services will remain in the market, and that ‘bad’ or harmful ones 

will not survive.  

Finally, Larmour describes community models of governance as being built upon 

cooperation and mutual respect for actors and traditions; in this model, failure can occur due 

to differing beliefs and failed reciprocity. This model may include small scale deliberation, 

and often focuses on local actors (Choi, T. & Robertson, P. J. 2014). Community based 

models are thought to be of particular benefit in environmental applications as the local 

individuals involved are believed to bring site specific knowledge that may help solve 

complex environmental problems while bringing about more equitable environmental 

outcomes (Lemos & Agarwal, 2006). 

Another governance model that has been described is the collaborative model, 

wherein public agencies work together with stakeholders to build consensus on a specific 

governance topic (Ansell & Gash, 2007). The key aspects of collaborative governance 

include (1) an effort led by public agencies that (2) pulls in non-state public participants and 

(3) allows the participants to contribute to the decision-making process, while (4) seeking to 

build consensus. Collaborative governance has elements of both hierarchical governance 
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structures and communities because, although the initial engagement originates from public 

agencies, it also requires public engagement, as is common in community models.  

 In Hall’s (2011) description of governance models, he discusses not only 

hierarchical, market, and community governance, but also a fourth category, network 

governance. We see collaborative aspects in network models as there may be connections 

between public agencies and various stakeholder groups. Hall measures each of the four 

models on axes that describe the actors involved (either public or private) and the steering 

mechanisms (either hierarchical or nonhierarchical). Networks are described as public–

private partnerships that involved horizontal transfer of information as well as bargaining and 

negotiation. Hall describes several key concepts for each of the four governance models that 

help further explain the typology. Select concepts that are relevant to this dissertation are 

shown in Table 5-1. 
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In this study, we expect that EJ experts would express preferences for community and 

network models of governance, and that this preference would be more pronounced than in 

the SB expert group. Whereas deference and legitimacy are often granted to technical 

experts, such as those in SB, marginalized groups, such as EJ, must often seek platforms for 

their concerns to be heard. As such, governance models that support broad inclusion of 

Table 5-1. Key governance concepts from Hall's typology 

Key Concepts 
by Governance 
Types 

Hierarchy Communities Networks Markets 

Governance/ 
policy 
Themes 
 

Hierarchy, 
control, 
compliance  

Complexity, 
local 
autonomy, 
devolved 
power, 
decentralized 
problem-
solving 
 

Networks, multi-
level governance, 
steering, 
bargaining, 
exchange 
and negotiation 
 

Markets, 
bargaining, 
exchange 
and negotiation 
 

Policy standpoint Top: 
policymakers; 
legislators; 
central 
government 
 

Bottom: 
implementers, 
“street-level 
bureaucrats” 
and local 
officials 

Where negotiation 
and bargaining 
take place 
 

Where bargaining 
take place 
between 
consumers and 
producers 
 

Underlying 
model of 
democracy 
 

Elitist  Participatory Hybrid/stakeholder, 
significant role 
given to interest 
groups 

Consumer-
determined; 
citizen 
Empowerment 
 

Primary policy 
instruments 
 

Law  
Regulation 

Self-regulation 
Public 
meetings/town 
hall 
 

Self-regulation  
Accreditation 
schemes 

Privatization 
of state bodies 
Economic 
incentives to 
encourage 
desired 
behaviors 
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stakeholder perspectives can help by proposing platforms for all parties. Collaborative 

models have been shown to allow for broad inclusion of diverse stakeholder populations in 

policy decisions (Berardo et, al, 2014).  Methods such as community-based participatory 

research (CBPR) have been used to allow marginalized communities input in both 

environmental and health policy and research discussions (Ritchie et, al, 2013; Heaney et al., 

2011). 

Methodology 

Data for this study were elicited from two groups: EJ experts and SB experts. Both 

expert groups were presented with case studies for the four selected SB technologies. The 

two expert groups’ preferences for governance approaches for each of the technologies were 

compared to see if the inclusion of EJ experts broadened the discussion on RA needs for SB 

technologies.  

 The SB expert group data was collected as part of a larger policy Delphi study on SB 

technologies2. Those experts were part of a multi-round study that collected quantitative and 

qualitative data via interviews, surveys, and in-person interaction. EJ experts were solicited 

in order to provide a comparison to the SB expert group, as well as to initiate early 

engagement of EJ communities in SB discussions and begin preliminary analysis of how 

inclusion of EJ experts can broaden the scope of governance discussions for emerging 

technologies. The data collection from the Delphi study is discussed in greater detail in 

chapter 3 of this dissertation. 

                                                
 
2 SB expert data was collected during a four round policy Delphi study entitled, Looking forward to Synthetic 
Biology Regulation, Jennifer Kuzma, PI 
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 The target population for EJ experts was limited to North Carolina, a state with a 

known history of EJ concerns and considered by many scholars to be home to the EJ 

movement within the United States (Doyle, 1994; Bullard, 2003).  In order to recruit 

participants for this study, web searches for EJ advocacy groups were conducted, and 

organizations that listed EJ as part of their efforts were contacted. The N.C. Environmental 

Justice Network was contacted as well, and recruitment information was sent to their listserv. 

The study primarily focused on local organizations, as opposed to national ones that had 

local chapters in North Carolina.  In total, 46 potential study participants were contacted, and 

from those, 8 EJ experts agreed to participate in the study and the one-day workshop. In 

addition to these EJ experts, 4 other participants with interests in EJ also joined the study, 1 

faculty and 3 graduate students.  

Within the EJ expert group, there was representation from each of the three primary 

regions in North Carolina, including the western, central, and eastern regions. The majority 

of the EJ experts (6) were from the central part of the state, there was one representative from 

the western part, and one from the eastern part. This is somewhat analogous to population 

densities within the state of North Carolina, where most areas of higher population densities 

are found in the central part of the state, and the eastern and western part have lower 

population densities (Bureau of Census, 2011). Mecklenburg County, where Charlotte, NC is 

located provides the one exception, although located in the western part of the state, this area 

has some of the highest population densities. 

Additionally, the group represented a variety of organizational affiliations, including 

federal government EJ programs, EJ law firms, EJ community groups, and EJ lobbying 
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groups. The organizational affiliation was largely dominated by community groups. Four of 

the EJ experts represented local advocacy/community groups. We purposively sought to have 

a larger number of community groups, as this was the primary audience of interest. In 

addition to the four advocacy group participants, there was 1 member from a legal group, 1 

from a government organization, 1 environmental lobbyist, and 1 academic.  

 EJ study participants were asked to complete a pre-workshop survey, attend a one-

day in-person workshop, and complete a post-workshop survey. In the pre-workshop survey, 

participants were asked to rank the importance of items related to information, transparency, 

funding, and research of SB. In addition, EJ experts were asked to answer several open-

ended values questions for SB, as well as to provide an ordinal ranking of risk analysis needs 

for SB. The pre-workshop survey is provided in Appendix D.  

Before attending the workshop, EJ experts were given supplemental reading materials 

to acquaint them with the topic of SB. During the opening session of the workshop, several 

SB-related presentations were provided, including an overview of SB in general, segments on 

the four specific case studies, and an overview of the current SB regulatory landscape. The 

four cases studies presented were for the following technologies, engineered microbes that 

help liberated metal from mined ore; cyberplasm, an engineered biological micro-robot used 

in medical detection and environmental sensing; de-extinction, which combines genetic 

materials from recently organisms with that of closely related species, to bring back recently 

extinct species; and finally engineered plant microbes that are designed to promote nitrogen 

nutrient creation and uptake in non-legumes. Full descriptions of each of the case studies are 

presented in Appendix B.  
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EJ experts were also presented with an overview of mind-mapping practices, 

including the goals of and guidelines for the mind-mapping exercise that was incorporated 

into the workshop. During the workshop, EJ experts participated in group discussions on the 

governance and RA needs for SB. In small groups, they were asked to create mind-maps for 

each of the four case studies, and then individually identified the key barriers and challenges 

for SB governance. Participants also completed an identical post-workshop ordinal ranking 

of RA needs for SB. This article focuses on the data collected from the mind-maps and on the 

participants’ lists of key challenges and opportunities.  

The mind-mapping techniques, as used in this study, are described in greater detail in 

chapter 4 of this dissertation. The overarching goal of the mind-mapping exercise was to 

allow participants to create a graphical illustration of key governance concepts for SB 

technologies.  During the mind-mapping stage of the workshop, study participants were 

placed in small groups and assigned to consider governance and RA needs for one of the four 

case studies. Each group was then asked to present its mind-map to the entire room. Later in 

the day, commonalities and differences amongst the maps were discussed. The completed 

mind-maps were diagrammed using the program Analytica, which enabled the digital 

reconstruction of key elements from participants’ hand-drawn illustrations. Once maps were 

in Analytica, they were compared first to other maps created by the EJ expert groups, and 

then to mind-maps created by SB experts who were given the same task during a previous in-

person workshop.  

In addition to the mind-mapping, each study participant was asked to list one key 

challenge and opportunity associated with SB. For challenges and opportunities that were 
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listed by multiple EJ experts, these items were listed once in the compilation, with a number 

indicating the frequency.  

The mind-maps and lists of key challenges and opportunities were then compared 

within the EJ expert group to determine whether differing technologies led to different 

emphasis on certain governance concepts. Additionally, those data were compared between 

the EJ experts and the SB experts to discover whether the two groups had different areas of 

focus.  

Results 

One of the qualitative data sources for this study was the listing by study participants 

of key challenges and opportunities for SB governance. Each participant was able to write 

out a key challenge and opportunity, and then share those identified areas with the larger 

group during a discussion period. When asked to provide the primary challenge that SB 

governance strategies would need to address, the themes shown in Table 5-2 were identified.  
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Table 5-2. Key Challenges and Opportunities for SB Governance identified by EJ Experts 

Key Challenges 
Theme Times referenced Subthemes 
Information  4 Informed consent 

Language development towards technical 
understanding of SB Asymmetry challenges 
Technical knowledge production 

Early Engagement 3 Input on SB development 
Approval of SB technology 
Community/Public Input 

Balance of Power 2 Who has power 
Regulatory input balanced with corporate participation 

Cultural Considerations 1  
Key Opportunities   
Theme Times referenced Subthemes 
Creation of Policies that 
incorporate diverse stakeholder 
perspectives 

  

4 Due to novel/emerging nature of SB technology, less 
entrenched positions held 
DIY pathways provide broader inclusion in technology 
development 
Policy input from international communities 
Influx of community oriented experts, decision 
makers 

Incentives 2 Desired projects and policies 
Community participation and legal response 

Creation of action-focused 
solutions 

1  

Changes in political climates 1  
Transparent, open knowledge 
sharing between interested, 
affected stakeholders 

1  

Entrepreneurship 1  

 

Information and early engagement were identified most often as key challenges for 

SB governance, both of which are key tenets of EPA’s EJ goals of meaningful involvement 

of marginalized communities (U.S. EPA, 2015).  Information concerns included, informed 

consent, language development towards technical understanding of SB, asymmetrical 

information, and technical knowledge production. During large group discussions, 

participants noted concerns that “there are efforts made to suppress information [of 

environmenal harms], and that “money can be used to influence the flow of information.” In 
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both statements we see not only concern over information availability, but also concerns over 

the ability to trust the information presented.  

Early engagment, one of the goals of this workshop was also presented by EJ experts 

as a key challenge. One participant succintenly expressd the desire for early engagement in 

environmental issues by noting, “In working with EPA, we wanted collaborative governance, 

but its nature isn’t community facilitated strategy.” Additionally, another particpant offered a 

strategy to help imporve early engagement, “part of giving voice to communities is helping 

them speak the language that’s easy for agencies and gov’t to receive.” By educating EJ 

communities on ‘regulatory speak’, agencies may be able to increase EJ participation in 

current input channels. Participants also identified power balances and cultural 

considerations as other key challenges for SB governance.  

The key opportunity listed most frequently was the incoporation of diverse 

stakehholder parties in the creation of relevant policies for SB. Again, the primary focus of 

this group was on meaningful involvement in the regulatory process, revealing that a priority 

for this group was the inclusion of EJ communities in regulatory and governance processes. 

One participant expressed concerns over how the involvement process is conducted by 

observing, “what does that [informed consent] truly mean? It’s not just being at the table, but 

providing a structure that empowers and values the input of the communities.” Other key 

opportunites that were identified for SB governance included incentives, creation of action-

focused solutions, changing political climates, knowledge-sharing, and entrepreneurship.  
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Concept Maps 
 

During the workshop, participants were divided into small groups and asked to create 

mind-maps to illustrate governance needs for one of the four SB technologies presented in 

this study. The purpose of the mind-maps was to provide visual representations of key needs 

and considerations for SB governance; the maps showed variables of interest and how they 

connected to governance objectives. For each mind-map, a central objective or multiple 

objectives were identified by each group. The objective (or objectives) provided the primary 

goal that the governance strategy for the SB technology was seeking to achieve. Each 

objective was connected to variables, and in some cases sub-variables, that show the primary 

considerations identified by the expert groups for achieving the stated objectives.  

This study looks at the mind-maps from the EJ experts, and the mind-map created by 

SB experts during the policy Delphi study. The SB expert group was also asked to illustrate 

ideal governance needs for the four SB case studies. Similarly, the SB experts indicate 

primary objectives and variables of influence.  Mind-maps from the two expert groups (EJ 

experts and SB experts) were compared for each technological application.  

Biomining. The mind-map for biomining technologies focused on information as the 

primary objective for governance needs (fig. 5-1). This objective is consistent with 

meaningful involvement goals of EJ proponents. This also supports ‘information’ as the most 

frequently mentioned challenge identified by EJ experts in this study. The ‘information’ 

objective included variables for ‘costs’, ‘uncertainty’, ‘impacts’, ‘public perception’, 

‘synergistic effects’, and ‘system consequences’. The ‘system consequences’ variable is the 

only one with sub-variables. Factors shown as influencing ‘system consequences’ include 



 

167 

ecological effects, geological effects, socio-economic considerations, and legal concerns. 

‘Workers’ are labeled as an input for ‘socio-economic considerations’. This group was the 

only one to explicitly mentioned workers as a variable for consideration. The mind map for 

biomining also incorporated uncertainty, public perception, and socio-economic 

considerations. By contrast, the SB experts from the policy Delphi study identified 

multidimensional RA as the primary objective for the governance needs for biomining (fig. 

5-2). The SB experts’ preferences for governance needs for all four case studies through 

mind-maps and other data are explored in great detail in chapter 4 of this dissertation.  

Both groups included similar numbers of primary variables and second variables, 

with EJ experts identifying 6 primary variables and 5 secondary variables, and SB experts 

identifying 5 primary and 4 secondary variables. Both groups included environmental effects 

and costs consideration. EJ experts identified both workers and socio-economic 

considerations as variables that contributed to the technology’s system consequences. 

Overall, the groups’ models were similar in terms of complexity, but they had different 

primary objectives. The SB experts’ focus on multi-dimensional RA was similar to the focus 

of the currently regulatory regime that primarily included scientific evaluation of risk 

assessment (Stirling, 2008). As such, the variables of interest also reflected components of 

the existing regulatory regime.  
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Figure 5-1. EJ Experts Mind-map for Biomining 

 
 
 
 

 
Figure 5-2. SB experts’ Mind- map for Biomining 
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Cyberplasm. For cyberplasm, EJ experts identified ‘EJ governance’ as the primary 

objective for governance needs (fig. 5-3). This objective receives input from a diverse group 

of stakeholders, including ‘local’, ‘state’, and ‘federal regulatory bodies’, ‘public health 

agencies’, ‘legal partners’, and ‘community partners’. Additionally, an ‘industry’ variable 

was connected to both public health agencies and to communities. These variables focus the 

primary inputs for EJ governance on participation from a diverse group of stakeholders. This 

is reflected in the models of democracy that Hall shows for community and networked 

governance.  

SB experts identified 3 key objectives for governance needs for cyberplasm: science, 

regulation and laws, and society (fig. 5-4). Those 3 objectives were influenced by 7 primary 

variables and 2 secondary variables. The science objective incorporated traditional RA 

methods, but also expanded the traditional model to include life-cycle analysis. Similarly, the 

regulation/laws objective mirrored the existing process with some expansion, but included 

variables for coordination of agencies (part of the existing framework), and consideration of 

market speed (an expansion of the current system).  The society objective, as a key variable 

for governance, was arguably the greatest departure from the current system. Variables that 

included trade-offs, communication, and funding sources represented new considerations for 

governance strategies. 

 Both groups included society and communities in their models, expanding 

governance needs to include more stakeholders. The models were similar in the number of 

overall variables, with EJ experts identifying 10 and SB experts identifying 9. Despite the 

similarities in the complexity of the models created by the EJ and SB experts, the focus of the 
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models varied significantly. Whereas both groups included societal considerations, EJ 

experts made this only focus of the model, with SB experts making the inclusion part of a 

three-objective approach. Another difference in the mind-maps between expert groups is the 

EJ experts’ inclusion of ‘compliance’ as a sub-variable. This inclusion may underscore some 

of the practical, local knowledge that community members can bring to policy discussion. 

The EJ experts likely recognize that great policies without adequate compliance and 

enforcement will offer little environmental benefit. One group of SB experts included 

‘enforcement’ as a variable for de-extinction technology.  

 
 

 
Figure 5-3. EJ Experts’ Mind-map for Cyberplasm 
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Figure 5-4. SB Experts’ Mind-map for Cyberplasm 

 
 

De-extinction. For the de-extinction exercise, both EJ experts and SB experts created 

maps that included more variables than the maps for the other three technologies. The de-

extinction technology was the only one of the four case studies in which both groups 

included multiple objectives. EJ experts included 6 primary variables and 13 secondary or 

tertiary variables, for a total of 19 overall variables (fig. 5-5). SB experts included a total of 

12 variables, with 8 primary variables or outputs and 4 secondary variables (fig. 5-6). 

 The primary objectives identified by EJ experts were infrastructure and impacts, 

while SB experts focused on governance strategies that were bifurcated between pre- and 

post-release of the organism into an environment. These multiple objectives and the 

additional variable considered suggested that experts from both groups potentially saw 

greater governance or system complexity needs for de-extinction than for any of the other 

technologies. The ‘infrastructure’ objective has variables for ‘regulation’, ‘community 
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involvement’, and ‘patents’. The patents variable has ‘how to fill gaps?’ as a sub-variable. 

While community involvement has ‘translating impacts and community engagement’ as a 

sub-variable. The desire for translation of impacts is supports the earlier mentioned key 

challenge of ‘early engagement’ mentioned by the EJ experts. The ‘regulations’ variable 

considers ‘appropriate agencies’ as a sub-variable. An interesting variable included in the EJ 

de-extinction map is the ‘lobbyists’ variable that influences both regulations and community 

involvement.  

 One of the primary variables that influenced infrastructure objectives in the EJ 

experts’ mind-map was community involvement. SB experts also included societal 

consideration through an ethical/religious/cultural variable. Again, the ‘community 

involvement’ variable supports community governance preferences from EJ experts.  

 
 

 
Figure 5-5. EJ Experts’ Mind-map for De-extinction 
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Figure 5-6. SB Experts’ Mind-map for De-extinction 

 
 

Plant Microbes. For plant microbes, EJ experts identified community input as the 

primary objective of concern (fig. 5-7). This objective was influenced by 4 primary variables, 

which had a total of 7 secondary variables. Of all of the mind-maps, this one focused most on 

the potential impacts of the technology on the community, with health implications, trade-

offs, and ecological concerns being primary variables included in the model. Communication 

was also listed as a key variable for influencing community input. Many of the listed 

variables supported the existing regulatory paradigm, with the inclusion of human health 

metrics and ecological assessments. The decision to include a ‘trade-offs’ variable broadened 

the overall RA framework from what was considered necessary by the SB experts.  
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SB experts listed an adaptive governance system as the primary objective for 

governance needs for plant microbes (fig. 5-8). This objective had 3 primary variables and 10 

secondary variables. Inclusion and societal goals were incorporated as variables in the overall 

model, including some elements that were similar to the key objective identified by EJ 

experts. Of course, the inclusion was at a different level of importance because the EJ experts 

placed community input as the primary objective.  

 
 

 
Figure 5-7. EJ Experts’ Mind-map for Plant Microbes 
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Figure 5-8. SB Experts’ Mind-map for Plant microbes 

 
 
Discussion  

 When examining how EJ experts think about governance and RA strategies for risk 

management of SB technologies, we saw that community involvement was a key element 

echoed by most of the EJ groups. For three of the four technologies in this study, community 

involvement was either the primary objective of or a primary variable in the process, with 

biomining being the one exception.  Another key consideration from EJ experts was 

information, specifically the transparency, communication, and availability of information. 

These information-related considerations were listed most often as key challenges, and they 

were included as the primary objective on the biomining mind-map.  To this end, some 

similarity was observed in the SB governance variables considered by EJ and SB experts, but 
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different levels of emphasis were placed on the various factors. Community involvement and 

information were mentioned by both groups, but these concerns were more central in the 

mind-maps for EJ experts.  

The individual SB case studies do seem to having varying perceptions of risk for the 

experts, as the de-extinction group created the most complex mind-map, with more variables 

than any other technology. This was similar to findings with the SB expert group, who also 

created more complex mind-maps for de-extinction, a technology where risks are seen as 

more uncertain and uncontrollable.  

There are also some salient themes that were expressed by EJ experts regardless of 

the SB technology. For example, concerns of marginalized populations being excluded from 

public processes was shown through ‘inclusion’ as a dominant theme in all of the EJ experts’ 

mind-maps.  The inclusion of marginalized populations in the regulatory process, especially 

at the levels of involvement suggested by EJ experts, would indeed mean a broadening of the 

existing regulatory framework. These findings suggest, as expected, that opinions from 

marginalized communities will expand the risk analysis model from the traditional utilitarian 

approach to one that considers potential harms borne by the few.  

Practical Lessons Learned 
 

One practical objective of this study was to begin early inclusion efforts for EJ 

communities in governance discussions of emerging technologies within SB. This workshop 

is the first such effort that we are aware of, that specifically elicited feedback on SB 

governance needs from EJ experts. As such, it is important to reflect on feedback from EJ 

experts on the workshop, survey metrics, and overall interaction with the research project.  
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One expert expressed that the workshop would have been improved by highlighting 

regulatory strategies that could be used for EJ initiatives. During the one-day workshop, we 

did provide a regulatory overview for SB governance, but we assumed that most experts 

would be familiar with EJ regulatory options. Given that SB experts have different levels of 

familiarity with relevant regulatory regimes, it is also reasonable to expect that EJ experts 

would have different levels of familiarity with relevant EJ policies and regulations. We agree 

with the feedback that future workshops or similar efforts should include a brief overview of 

the existing EJ regulatory landscape. 

Another concern raised by some of the EJ experts was the relevance of some of the 

survey materials used in this study. In an effort to mirror the methodology used with SB 

experts, the same list of RA needs was provided to the EJ experts for ordinal ranking. Two 

participants, both from the same organization, decided not to complete the pre- or post-

survey as they did not believe that the questions were relevant to EJ.  All other participants 

completed the survey, but several expressed concern as to the relevance of ordinal ranking of 

RA needs.  Our primary oversight in using this same methodology is the continued focus 

primarily on the technical science, whereas this study has illustrated that inclusion of 

information and public input are key concerns for EJ communities. We also agree with the EJ 

experts that future SB discussions and research targeted at EJ communities should develop 

different survey questions. Reviewing data there were found in this study could serve as a 

framework for developing more appropriate survey questions.  

The small sampling of EJ experts is one limitation of this work. Despite the desire for 

a more robust sampling of EJ experts in NC, the practical lessons learned are translatable to 
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future larger focus groups of EJ or other non-SB experts. Future work on early engagement 

on governance needs for SB could be done in other known are with EJ concerns or on a 

larger scale such as a regional or national level.   

This research supports the fields of EJ from the perspective of inclusion in 

governance discussions. It also further risk perception research, by comparing perception of 

risk both within the group of EJ experts and between EJ experts and non-EJ experts. While 

dominant themes were observed within the EJ experts’ governance needs for SB, variations 

were observed based on the technological application. When comparing the EJ group to SB 

experts, we see similarities in SB governance overall, but with different emphases on factors 

that are most salient to the group’s core values of inclusion in the process and information-

sharing. Future studies on early inclusion should involve EJ experts in the development of 

survey metrics that are more relevant to the communities, as well as information on existing 

EJ policies and regulation.  
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Chapter 6: Conclusions for Anticipatory Risk Governance of Cases of Synthetic Biology 
 

This body of work set out to explore how the perceptions of experts and stakeholders 

can help to identify governance and risk analysis (RA) needs for synthetic biology (SB), a 

technological area with very little data and information, and a high degree of uncertainty. We 

specifically explored how expert perceptions of governance and RA needs differ from the 

current oversight frameworks in place by examining the likely regulatory route for one 

specific SB technology, and comparing it to stated expert preferences for governance and 

RA. We then explored how different expert groups vary in their perceptions of risk for a 

single SB technology by looking at academic backgrounds and expert positioning as key 

variables.  Next we examined how the psychometric properties of an SB technology will 

affect risk perceptions by asking expert opinions on governance and RA needs regarding four 

different case studies of emerging SB technologies. Finally, we looked at the inclusion of 

North Carolina environmental justice (EJ) stakeholders and experts in early discussions on 

SB governance and RA needs, and compared their stated preferences with those of a mixed 

national and international SB expert group.  

Key Findings from Each Article   

Article 1- Key Findings 
 

In exploring perceptions of risk for emerging SB technologies across different case 

studies and different expert groups, we were able to consider several key research areas. 

First, we considered if experts in the SB realm believe the current governance and RA 

framework to be sufficient by evaluating how their recommendations for SB governance 

compare to what is already being done for a specific case study, engineered plant microbes 
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for nitrogen fixation. We then looked for the intersection of the two data sets, the expert 

stated needs and current governance framework, to determine if the experts suggested a 

broadening of current methods and frameworks.  

In this first article we saw that experts are generally calling for a broadening of the 

RA framework in order to fully evaluate and understand the risk associated with genetically 

modified Mesorhizobium loti (M. loti). Genetically engineered M. loti has an overarching 

goal of seeking to extend nitrogen producing symbiotic relationships to non-legume plants. 

The expert community did echo many of the criteria already included in the TSCA 

environmental release application (TERA), an existing regulatory route for evaluation of 

genetically modified microbes. Specific criteria mentioned by the experts that would 

broadened the current RA framework included biodiversity impacts, allergenicity, cost-

benefit analysis, long term health and ecological impacts, animal feeding trials, systems 

approaches, and real-time data assessments. These additional criteria suggest that broadly the 

group of experts perceive the risks from genetically modified M. loti to be outside of what 

could be addressed by the existing regulatory framework.  

Article 2- Key Findings 
 

We then considered whether a modified form of the cultural cognition theory, as 

defined by Kahan and Braman (2006), influenced risk perception of one constant SB 

technology. Disciplines and expert positioning were argued to be ‘cultures’ with justification 

from previous work in the literature.  The cultural cognition research grouped scholars as 

being members in either a social science or natural science academic discipline and as either 

an upstream creator or downstream evaluator of SB technology or policy.  
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When considering multiple datasets that experts provided on risk and governance 

needs for M. loti, we found that risk perceptions for this technology differ based on academic 

disciplines and expert positioning. By holding the genetically modified M. loti as a constant, 

and looking at expert grouping in two different categories, we saw that those upstream of the 

technology, also referred to as the technology or policy ‘innovators’, have lower perceptions 

of risk than those who are downstream evaluators. Additionally, the natural scientists had 

lower overall perceptions of risk from the technology than did their social science 

counterparts. This work helps to support limited findings from studies on another emerging 

technology, nanotechnology, that expert position and academic discipline do influence 

perceptions of risk (Powell, 2007).  

Article 3- Key Findings 
 

By next looking at varying SB technologies and preferences for governance and RA 

needs and stated risk perceptions, we explored whether two key principles in psychometric 

theory literature, ‘uncontrollability’ and ‘unknownness’ of a technology  (Slovic et al., 1984) 

were able to help predict experts responses regarding ‘riskiness’ of a technology. This third 

article found psychometric properties of an SB technology can also influence perceptions of 

risk by experts. Specifically, the parameters of ‘unknownness’ and ‘uncontrollability’ of a 

technology were found to have influence. This article explored risk perceptions for four 

emerging SB technologies; engineered microbes for use in biomining; cyberplasm- a 

genetically engineered micro-robot created for human and environmental health detection; 

de-extinction technologies that seek to bring back recently extinct species by inserting 

genetic material into closely related species, and; genetically modified M. loti, aimed at 
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encouraging non-legumes to create symbiotic relationships with nitrogen producing 

engineered bacteria.  For three of the four cases studies, experts’ perceptions of risk 

supported our hypothesized typologies along the unknown and uncontrollable axes. De-

extinction, which was hypothesized as a technology with high unknownness and 

uncontrollability, was consistently rated as riskiest and in need of most complex governance 

strategies, when compared to the other three technologies. However, biomining, the 

technology hypothesized to have low unknownness and uncontrollability, was given 

relatively high ratings of risk by experts. We believe these high risk perceptions to be 

contributable to the known and perceived riskiness of related technologies in the mining 

industry.   

Article 4- Key Findings 
 

Finally, in the comparison between the EJ experts’ and SB experts’ risk perceptions, 

we were able to explore how, and if, the inclusion of non-subject matter experts can enrich 

governance and RA discussions for emerging technologies. This article explored how expert 

perceptions of risk for SB technologies a specific group, EJ advocates in North Carolina, 

compared to those of experts focused specifically on SB at the national and international 

levels. We found that EJ experts echoed SB experts’ perceptions of certain technologies 

having greater risks than others. Specifically, de-extinction technology was given the most 

complex governance system assignment from both EJ and SB experts, indicating the most 

concern about risk.  This supported the hypothesized typology of this technology being 

‘riskiest’ due to high unknowns and uncontrollable elements of the technology.  
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The EJ experts did however focus on different governance priorities than the SB 

experts, favoring inclusion and information as top priorities for governance strategies. The 

inclusion of EJ experts provided a broadening of the RA and governance needs discussion by 

their placing greater emphasis on community and stakeholder input.  

Theoretical and Practical Implications 

From a theoretical perspective, these works continue discussions in several areas. 

First, we see continued support of cultural cognition as a factor of risk perception. The data 

in the study support hypothesis that groupings, such as academic discipline and expert 

position, will affect an individual’s perception of risk (Powell, 2007). In the area of 

psychometric theory, we again see continued support for the use of Slovic’s ‘unknownness’ 

and ‘uncontrollability’ as key variables in understanding the risk perceptions for a given 

technology. The one technology that did not consistently support its hypothesized typology 

was biomining. Interview data suggests that historical knowledge of similar technologies, 

and previous environmental hazards associated with those similar technologies may have a 

greater influence on risk perception than the low ‘unknown’ and ‘uncontrollability’ of the 

technology. Negative information known for similar technologies may outweigh the 

hypothesis that some of the other technologies are ‘riskier’ due to potentially greater areas of 

unknown and uncontrollability.  

As far as practical implications are concerned, we are able to offer several suggestions. 

One consistent theme across all four articles is expert desire for broadening of current RA 

and governance frameworks. This desire is consistent with other literature that has shown 

preferences for more robust RA and governance models for emerging technologies (Guston 
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and Saerwitz, 2002; Kuzma et al., 2008b). Another practical outcome from this dissertation is 

the start of dialogue around the inclusion of EJ communities in policy discussions for SB 

technologies. To our knowledge, this work is the first to explicit solicit EJ experts’ opinions 

and preferences for RA and governance needs for SB.  

Future Research Opportunities and Considerations  

This work highlights several areas that may help scholars in understanding expert 

perceptions of risk, and subsequently policy recommendations for emerging technologies. 

After considering the seminal question of this work, ‘Does technology or expertise matter in 

expert perceptions of risk for emerging technologies?’, we can now say ‘yes’ to both, and ask 

further questions. First, can we measure the influence that each of these areas have on risk 

perception, and second we can compare the relative influence of cultural cognition and 

psychometric properties to see where the greater influences on risk perception lay.  Both of 

these questions and considerations provide fruitful areas for further research in the area of 

risk perception and governance preferences. Continued work in these areas would allow for 

inclusion of questions specific to both cultural cognition and psychometric theory, thus 

bolstering findings. Additionally, future work could allow for larger expert groupings, and 

hopefully studies with greater statistical power as the SB expert community grows. 

Lastly, this work lays a foundation and illustrates a need for greater inclusion of EJ 

and other marginalized communities in early discussion of emerging technologies. We were 

able to show that these experts brought in different considerations and emphasis to ideal RA 

and governance models.  
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Overall, this work focuses attention on who and what is being ‘brought to the table’ 

for RA and governance discussions for SB. Whether looking at academic discipline, expert 

position, or mainstream versus marginalized populations, we see that the ‘who’ at the table 

will influence that ‘what’ in discussions. We also see that the ‘what’ influences the 

discussion of needs. This type of knowledge compels us, as scholars, to carefully consider 

who we invite to policy and governance discussions for emerging technologies, and 

hopefully encourages us to cast a wide and diverse net for inclusion across groups, as well as 

present a range of types of applications of technology specific enough for discussion when 

we have this diverse group.  
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Appendix A: Sloan Delphi Study Materials 

Round 1- Interview Questions 
 
Case Study Specific Questions: 
First, let’s discuss each of the case studies. We will proceed through this set of questions for 
the first case study (XXX) and then repeat the questions for each of the other two cases.  
Concerning case study one (XXX):  
• What are the potential impacts on health and the environment associated with the SB 
applications?   
• How important are these impacts in a broader societal context?   
• What are the types of data and information needed to assess the risks and benefits? 
• What are the associated uncertainties with this application and how might they affect 
oversight?  
• How can risk analysis methods be used in the face of such uncertainties? 
• How might existing statutes and organizations be involved in oversight?  
• Does the SB application warrant new or modified oversight approaches and if so, how 
should oversight change?   
• What are the pros and cons of different governance options for the cases? 
• What might be the broader societal issues surrounding oversight and how can they be 
addressed through research, public policy, or engagement?  
 
General questions: 
Next, let’s turn to discussing some general questions about the field of synthetic biology.  
• What ethical issues for synthetic biology are similar to issues in other fields like genetic 

engineering and nanotechnology?  
• What ethical issues for synthetic biology are different from issues in other fields like 

genetic engineering and nanotechnology?  
• What emerging ethical issues will synthetic biology likely face in the future? 
• What regulatory challenges for synthetic biology are similar to previous technologies?  
• What regulatory challenges for synthetic biology are different from previous 

technologies?  
• What emerging regulatory issues will synthetic biology likely face in the future? 
• Do you feel that current oversight systems for Genetically Engineered Organisms are 

adequate for living organisms resulting from Synthetic Biology? Why or why not?   
•  Do you feel that current and risk analysis protocols for Genetically Engineered 

Organisms are adequate for living organisms resulting from Synthetic Biology? Why or 
why not?  
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Definition of Synthetic Biology: 
Next, let’s turn to discussing how synthetic biology is defined. As you are aware, there have 
been many discussions surrounding what is, and what is not, synthetic biology. 
• From your expertise, what characteristics differentiate synthetic biology from other fields 

such as nanotechnology or genetic engineering?  
• Is there a definition of synthetic biology that you feel encompasses the field? If so, what 

is that definition?  

 
Round 2 Survey Questions 
Sloan Policy Delphi: Round 2 
 
Q1 Sloan Policy Delphi: Round 2This survey questionnaire refines the prominent themes and 
findings of the Round 1 interviews conducted in previous weeks. Some of the survey items 
pertain to the four specific case studies, while others address synthetic biology governance 
more generally. The preliminary results from this survey will be used to frame and guide 
discussion in our upcoming June workshop. Please complete the survey prior to May 26th. A 
reminder: all responses will be kept confidential. Data will only be used in aggregate form 
and no individual responses will be reported. Should you have any questions or concerns 
please feel free to contact the project team at kuzma_research@ncsu.edu.  
 
Q139 Please write your name below (we will only use this internally to track response rates 
and your responses will not be publicly linked to your identity in any way). 
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Q2  The following survey items pertain to biomining.      BACKGROUND: The most 
common bacteria Acidithiobacillus ferrooxidans has been used in biomining programs. At. 
Ferrooxidans and relatives are able to solubilize arsenopyrite minerals, and in the process, 
release trapped gold.   For the following survey questions, please assume that biomining is to 
be conducted in situ with open-release in mining programs. 
 
Q137 How certain or uncertain are the 
risks of biomining? 
! Completely Uncertain (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Certain (10) (10) 
 
Q4 How confident are you about your 
answer to the previous question? 
! Completely Unconfident (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Confident (10) (10) 
 

Q11 How likely is biomining to be 
commercially developed and used in the 
next 15 years? 
! Completely Unlikely (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Likely (10) (10) 
 
Q12 How confident are you about your 
answer to the previous question? 
! Completely Unconfident (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Confident (10) (10) 
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Q13 How potentially hazardous is 
biomining to human health? 
! Completely Unhazardous (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Hazardous (10) (10) 
 
Q14 How confident are you about your 
answer to the previous question? 
! Completely Unconfident (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Confident (10) (10) 
 
Q15 How potentially hazardous is 
biomining to the environment?  
! Completely Unhazardous (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Hazardous (10) (10) 
 

Q16 How confident are you about your 
answer to the previous question? 
! Completely Unconfident (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Confident (10) (10) 
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Q17 How manageable are the potential 
hazards of biomining? 
! Completely Unmanageable (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Manageable (10) (10) 
 
Q18 How confident are you about your 
answer to the previous question? 
! Completely Unconfident (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Confident (10) (10) 
 
Q19 How beneficial is biomining to 
human health? 
! Completely Not Beneficial (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Beneficial (10) (10) 
 

Q20 How confident are you about your 
answer to the previous question? 
! Completely Unconfident (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Confident (10) (10) 
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Q21 How beneficial is biomining to the 
environment? 
! Completely Not Beneficial (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Beneficial (10) (10) 
 
Q22 How confident are you about your 
answer to the previous question? 
! Completely Unconfident (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Confident (10) (10) 
 
Q23 What might be the level of public 
concern regarding the risks of biomining?  
! Completely Unconcerned (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Concerned (10) (10) 
 

Q24 How confident are you about your 
answer to the previous question? 
! Completely Unconfident (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Confident (10) (10) 
 
Q52 To what degree are the potential 
hazards of biomining irreversible?  
! Completely Reversible (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Irreversible (10) (10) 
 
Q26 How confident are you about your 
answer to the previous question? 
! Completely Unconfident (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Confident (10) (10) 
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Q35      The following survey items pertain to 
Cyberplasm.             BACKGROUND: Cyberplasm integrates engineered bacteria, yeast, and 
mammalian cells to undertake device-like functions capable of sensing and treating 
pathogens within plants and animals or for other functions involving environmental sensing 
and remediation.         For the following survey questions, please assume that cyberplasm is 
to be used for medical and environmental sensing and treatment.     
 
Q36 How certain or uncertain are the risks 
of cyberplasm? 
! Completely Uncertain (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Certain (10) (10) 
 
Q37 How confident are you about your 
answer to the previous question? 
! Completely Unconfident (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Confident (10) (10) 
 

Q38 How likely is cyberplasm to be 
commercially developed and used in the 
next 15 years? 
! Completely Unlikely (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Likely (10) (10) 
 
Q39 How confident are you about your 
answer to the previous question? 
! Completely Unconfident (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Confident (10) (10) 
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Q40 How potentially hazardous is 
cyberplasm to human health? 
! Completely Unhazardous (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Hazardous (10) (10) 
 
Q41 How confident are you about your 
answer to the previous question? 
! Completely Unconfident (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Confident (10) (10) 
 
Q42 How potentially hazardous is 
cyberplasm to the environment?  
! Completely Unhazardous (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Hazardous (10) (10) 
 

Q43 How confident are you about your 
answer to the previous question? 
! Completely Unconfident (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Confident (10) (10) 
 
  



 

204 

Q44 How manageable are the potential 
hazards of cyberplasm? 
! Completely Unmanageable (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Manageable (10) (10) 
 
Q45 How confident are you about your 
answer to the previous question? 
! Completely Unconfident (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Confident (10) (10) 
 
Q46 How beneficial is cyberplasm to 
human health? 
! Completely Not Beneficial (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Beneficial (10) (10) 
 

Q47 How confident are you about your 
answer to the previous question? 
! Completely Unconfident (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Confident (10) (10) 
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Q48 How beneficial is cyberplasm to the 
environment? 
! Completely Not Beneficial (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Beneficial (10) (10) 
 
Q49 How confident are you about your 
answer to the previous question? 
! Completely Unconfident (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Confident (10) (10) 
 

Q50 What might be the level of public 
concern regarding the risks of 
cyberplasm?  
! Completely Unconcerned (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Concerned (10) (10) 
 
Q51 How confident are you about your 
answer to the previous question? 
! Completely Unconfident (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Confident (10) (10) 
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Q138 To what degree are the potential 
hazards of cyberplasm irreversible?  
! Completely Reversible (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Irreversible (10) (10) 
 

Q53 How confident are you about your 
answer to the previous question? 
! Completely Unconfident (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Confident (10) (10) 
!  
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Q54  The following survey items pertain to 
Deextinction.         BACKGROUND: Deextinction is the cataloguing and engineering of the 
genomes of extinct species genomes with the purpose of re-creating these species using 
extant analogues.  One such project seeks to bring back the Passenger Pigeon whose DNA 
is surrogated by the extant Band-tailed pigeon in order to account for the degradation and 
evolutionary divergence of the Passenger Pigeon's harvested genome.        For the following 
survey questions, please assume that Deextinction is to be conducted in situ with open-
release in reintegration programs. 
 
Q55 How certain or uncertain are the risks 
of deextinction? 
! Completely Uncertain (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Certain (10) (10) 
 
Q56 How confident are you about your 
answer to the previous question? 
! Completely Unconfident (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Confident (10) (10) 
 

Q57 How likely is deextinction to be 
commercially developed and used in the 
next 15 years? 
! Completely Unlikely (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Likely (10) (10) 
 
Q58 How confident are you about your 
answer to the previous question? 
! Completely Unconfident (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Confident (10) (10) 
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Q59 How potentially hazardous is 
deextinction to human health? 
! Completely Unhazardous (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Hazardous (10) (10) 
 
Q60 How confident are you about your 
answer to the previous question? 
! Completely Unconfident (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Confident (10) (10) 
 
Q61 How potentially hazardous is 
deextinction to the environment?  
! Completely Unhazardous (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Hazardous (10) (10) 
 

Q62 How confident are you about your 
answer to the previous question? 
! Completely Unconfident (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Confident (10) (10) 
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Q63 How manageable are the potential 
hazards of deextinction? 
! Completely Unmanageable (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Manageable (10) (10) 
 
Q64 How confident are you about your 
answer to the previous question? 
! Completely Unconfident (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Confident (10) (10) 
 
Q65 How beneficial is deextinction to 
human health? 
! Completely Not Beneficial (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Beneficial (10) (10) 
 

Q66 How confident are you about your 
answer to the previous question? 
! Completely Unconfident (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Confident (10) (10) 
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Q67 How beneficial is deextinction to the 
environment? 
! Completely Not Beneficial (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Beneficial (10) (10) 
 
Q68 How confident are you about your 
answer to the previous question? 
! Completely Unconfident (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Confident (10) (10) 
 

Q69 What might be the level of public 
concern regarding the risks 
of deextinction?  
! Completely Unconcerned (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Concerned (10) (10) 
 
Q70 How confident are you about your 
answer to the previous question? 
! Completely Unconfident (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Confident (10) (10) 
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Q71 To what degree are the potential 
hazards of deextinction irreversible?  
! Completely Reversible (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Irreversible (10) (10) 
 

Q72 How confident are you about your 
answer to the previous question? 
! Completely Unconfident (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Confident (10) (10) 
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Q73  The following survey items pertain to Engineered Plant Microbes (Nitrogen-fixing 
bacterial symbionts).      BACKGROUND: Many plant microbes are being researched for 
their ability to assist in crop production.  One such example, the bacterium Mesorhizobium 
loti is being engineered to improve nodulation signalling for rice crops, thus allowing the two 
to enter into a symbiotic relationship where the M. loti colonize the newly formed nodules of 
the rice crop and provide a readily usable form of nitrogen.      For the following survey 
questions, please assume that Engineered Plant Microbes are to be used in situ with open-
release for agricultural purposes.   
 
Q74 How certain or uncertain are the risks 
of engineered plant microbes? 
! Completely Uncertain (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Certain (10) (10) 
 
Q75 How confident are you about your 
answer to the previous question? 
! Completely Unconfident (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Confident (10) (10) 
 

Q76 How likely is engineered plant 
microbes to be commercially developed 
and used in the next 15 years? 
! Completely Unlikely (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Likely (10) (10) 
 
Q77 How confident are you about your 
answer to the previous question? 
! Completely Unconfident (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Confident (10) (10) 
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Q78 How potentially hazardous 
is engineered plant microbes to human 
health? 
! Completely Unhazardous (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Hazardous (10) (10) 
 
Q79 How confident are you about your 
answer to the previous question? 
! Completely Unconfident (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Confident (10) (10) 
 

Q80 How potentially hazardous 
is engineered plant microbes  to the 
environment?  
! Completely Unhazardous (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Hazardous (10) (10) 
 
Q81 How confident are you about your 
answer to the previous question? 
! Completely Unconfident (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Confident (10) (10) 
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Q82 How manageable are the potential 
hazards of engineered plant microbes? 
! Completely Unmanageable (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Manageable (10) (10) 
 
Q83 How confident are you about your 
answer to the previous question? 
! Completely Unconfident (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Confident (10) (10) 
 
Q84 How beneficial is engineered plant 
microbes to human health? 
! Completely Not Beneficial (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Beneficial (10) (10) 
 

Q85 How confident are you about your 
answer to the previous question? 
! Completely Unconfident (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Confident (10) (10) 
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Q86 How beneficial is engineered plant 
microbes to the environment? 
! Completely Not Beneficial (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Beneficial (10) (10) 
 
Q87 How confident are you about your 
answer to the previous question? 
! Completely Unconfident (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Confident (10) (10) 
 

Q88 What might be the level of public 
concern regarding the risks of engineered 
plant microbes?  
! Completely Unconcerned (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Concerned (10) (10) 
 
Q89 How confident are you about your 
answer to the previous question? 
! Completely Unconfident (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Confident (10) (10) 
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Q90 To what degree are the potential 
hazards of engineered plant 
microbes irreversible?  
! Completely Reversible (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Irreversible (10) (10) 
 

Q91 How confident are you about your 
answer to the previous question? 
! Completely Unconfident (1) (1) 
! 2 (2) 
! 3 (3) 
! 4 (4) 
! 5 (5) 
! 6 (6) 
! 7 (7) 
! 8 (8) 
! 9 (9) 
! Completely Confident (10) (10) 
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Q92 For the following questions please only list 2-5 items in bullet form. 
 
Q93 What issues related to biomining do you foresee as being important in terms of potential 
impacts on human health?  
 
Q95 What issues related to biomining do you foresee as being important in terms of potential 
impacts on the environment? 
 
Q97  What issues related to biomining do you foresee as being important in terms of 
potential impacts on society?  
 
Q98  What other observations or suggestions do you have in terms of research needs for 
assessing potential hazards of biomining?  
 
Q99 What existing research areas do you believe may be particularly useful in helping to 
inform the question about potential EHS hazards posed by biomining? 
 
Q100  What novel research areas do you believe may be particularly useful in generating 
information to inform the question about potential EHS hazards posed by biomining? 
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Q103 What issues related to cyberplasm do you foresee as being important in terms of 
potential impacts on human health?  
 
Q104 What issues related to cyberplasm do you foresee as being important in terms of 
potential impacts on the environment? 
 
Q106  What issues related to cyberplasm do you foresee as being important in terms of 
potential impacts on society?  
 
Q107  What other observations or suggestions do you have in terms of research needs for 
assessing potential hazards of cyberplasm?  
 
Q108 What existing research areas do you believe may be particularly useful in helping to 
inform the question about potential EHS hazards posed by cyberplasm? 
 
Q109  What novel research areas do you believe may be particularly useful in generating 
information to inform the question about potential EHS hazards posed by cyberplasm? 
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Q140 For the following questions please only list 2-5 items in bullet form. 
 
Q110 What issues related to deextinction do you foresee as being important in terms of 
potential impacts on human health?  
 
Q111 What issues related to deextinction do you foresee as being important in terms of 
potential impacts on the environment? 
 
Q113  What issues related to deextinction  do you foresee as being important in terms of 
potential impacts on society?  
 
Q114  What other observations or suggestions do you have in terms of research needs for 
assessing potential hazards of deextinction?  
 
Q115 What existing research areas do you believe may be particularly useful in helping to 
inform the question about potential EHS hazards posed by deextinction? 
 
Q116  What novel research areas do you believe may be particularly useful in generating 
information to inform the question about potential EHS hazards posed by deextinction? 
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Q141 For the following questions please only list 2-5 items in bullet form. 
 
Q117 What issues related to engineered plant microbes do you foresee as being important in 
terms of potential impacts on human health?  
 
Q118 What issues related to engineered plant microbes do you foresee as being important in 
terms of potential impacts on the environment? 
 
Q120  What issues related to engineered plant microbes do you foresee as being important in 
terms of potential impacts on society?  
 
Q121  What other observations or suggestions do you have in terms of research needs for 
assessing potential hazards of engineered plant microbes?  
 
Q122 What existing research areas do you believe may be particularly useful in helping to 
inform the question about potential EHS hazards posed by engineered plant microbes? 
 
Q123  What novel research areas do you believe may be particularly useful in generating 
information to inform the question about potential EHS hazards posed by engineered plant 
microbes? 
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Q101 Many groups, agencies, and organizations have been discussed as playing significant 
roles in developing and governing synthetic biology applications. The list below highlights 
some of the groups discussed in our first round of interviews; however this is by no means an 
exhaustive list of potential stakeholders.   On a scale of 1-10 (where 1= no responsibility, and 
10= complete responsibility) to what degree should each of the following groups be 
responsible for oversight and governance of synthetic biology applications?  

 No 
responsibility 

(1) (1) 

2 
(2) 

3 
(3) 

4 
(4) 

5 
(5) 

6 
(6) 

7 
(7) 

8 
(8) 

9 
(9) 

Complete 
responsibility 

(10) (10) 

Government 
agencies (1) !  !  !  !  !  !  !  !  !  !  

Industry 
leaders (2) !  !  !  !  !  !  !  !  !  !  

University 
researchers 

(3) 
!  !  !  !  !  !  !  !  !  !  

Institutional 
Review 
Boards 

(IRBs) (4) 

!  !  !  !  !  !  !  !  !  !  

Environment
al groups (5) !  !  !  !  !  !  !  !  !  !  

The public 
(6) !  !  !  !  !  !  !  !  !  !  
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Q129 On a scale of 1-10 (where 1= no responsibility, and 10= complete responsibility) to 
what degree should each of the following groups be responsible for improving information 
for decision-making of synthetic biology applications?  

 No 
responsibility 

(1) (1) 

2 
(2) 

3 
(3) 

4 
(4) 

5 
(5) 

6 
(6) 

7 
(7) 

8 
(8) 

9 
(9) 

Complete 
responsibilit
y (10) (10) 

Government 
agencies (1) !  !  !  !  !  !  !  !  !  !  

Industry 
leaders (2) !  !  !  !  !  !  !  !  !  !  

University 
researchers (3) !  !  !  !  !  !  !  !  !  !  

Institutional 
Review 

Boards (IRBs) 
(4) 

!  !  !  !  !  !  !  !  !  !  

Environmental 
groups (5) !  !  !  !  !  !  !  !  !  !  

The public (6) !  !  !  !  !  !  !  !  !  !  
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Q130 On a scale of 1-10 (where 1= no responsibility, and 10= complete responsibility) to 
what degree should each of the following groups be responsible for funding the collection of 
information, research, or natural science data for evaluating synthetic biology applications?  

 No 
responsibility 

(1) (1) 

2 
(2) 

3 
(3) 

4 
(4) 

5 
(5) 

6 
(6) 

7 
(7) 

8 
(8) 

9 
(9) 

Complete 
responsibility 

(10) (10) 

Government 
agencies (1) !  !  !  !  !  !  !  !  !  !  

Industry 
leaders (2) !  !  !  !  !  !  !  !  !  !  

University 
researchers (3) !  !  !  !  !  !  !  !  !  !  

Institutional 
Review 

Boards (IRBs) 
(4) 

!  !  !  !  !  !  !  !  !  !  

Environmental 
groups (5) !  !  !  !  !  !  !  !  !  !  

The public (6) !  !  !  !  !  !  !  !  !  !  
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Q102 For each case study, which agency, group, or specific organization should have the 
most central authority for governance?  

Biomining (1) 

Cyberplasm (2) 

Deextinction (3) 

Engineered plant microbes (Nitrogen-fixing bacterial symbionts) (4) 
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Q124 Below is a list of potential issues for risk research concerning biomining. Please rank 
order the items below according to their prioritized need for inclusion in risk research 
concerning biomining. The highest rank ("1") will be the most pressing need while lower 
ranks reflect a lesser priority for risk research. Note: You can "drag and drop" the items into 
the desired order. 
______ Biopersistence (1) 

______ Competitiveness with other organisms (2) 

______ Disposal (3) 

______ Ecological system effects (4) 

______ Economic trade-offs with using other technology (5) 

______ Environmental trade-offs with using other technology (6) 

______ Genetic stability (7) 

______ Horizontal gene transfer (8) 

______ Life cycle (9) 

______ Organism tracking in situ (10) 

______ Pathogenicity (11) 

______ Regulation of tools (12) 

______ Regulatory approval process (13) 

______ Route of exposure to humans (14) 

______ Route of exposure to other organisms (15) 

______ Toxicity and biogeochemical cycling (16) 

______ Other: please specify in the comment box below (17) 

 
Q125 If you selected "other" above, please specify your addition.  
 
  



 

226 

Q131 Below is a list of potential issues for risk research concerning cyberplasm.Please rank 
order the items below according to their prioritized need for inclusion in risk research 
concerning cyberplasm. The highest rank ("1") will be the most pressing need while lower 
ranks reflect a lesser priority for risk research. Note: You can "drag and drop" the items into 
the desired order. 
______ Biopersistence (1) 

______ Competitiveness with other organisms (2) 

______ Disposal (3) 

______ Ecological system effects (4) 

______ Economic trade-offs with using other technology (5) 

______ Environmental trade-offs with using other technology (6) 

______ Genetic stability (7) 

______ Horizontal gene transfer (8) 

______ Life cycle (9) 

______ Organism tracking in situ (10) 

______ Pathogenicity (11) 

______ Regulation of tools (12) 

______ Regulatory approval process (13) 

______ Route of exposure to humans (14) 

______ Route of exposure to other organisms (15) 

______ Toxicity and biogeochemical cycling (16) 

______ Other: please specify in the comment box below (17) 

 
Q132 If you selected "other" above, please specify your addition.  
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Q133 Below is a list of potential issues for risk research concerning deextinction.Please rank 
order the items below according to their prioritized need for inclusion in risk research 
concerning deextinction. The highest rank ("1") will be the most pressing need while lower 
ranks reflect a lesser priority for risk research. Note: You can "drag and drop" the items into 
the desired order. 
______ Biopersistence (1) 

______ Competitiveness with other organisms (2) 

______ Disposal (3) 

______ Ecological system effects (4) 

______ Economic trade-offs with using other technology (5) 

______ Environmental trade-offs with using other technology (6) 

______ Genetic stability (7) 

______ Horizontal gene transfer (8) 

______ Life cycle (9) 

______ Organism tracking in situ (10) 

______ Pathogenicity (11) 

______ Regulation of tools (12) 

______ Regulatory approval process (13) 

______ Route of exposure to humans (14) 

______ Route of exposure to other organisms (15) 

______ Toxicity and biogeochemical cycling (16) 

______ Other: please specify in the comment box below (17) 

 
Q134 If you selected "other" above, please specify your addition.  
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Q135 Below is a list of potential issues for risk research concerning engineered plant 
microbes (nitrogen-fixing plant symbionts).Please rank order the items below according to 
their prioritized need for inclusion in risk research concerning engineered plant microbes 
(nitrogen-fixing plant symbionts). The highest rank ("1") will be the most pressing need 
while lower ranks reflect a lesser priority for risk research. Note: You can "drag and drop" 
the items into the desired order. 
______ Biopersistence (1) 

______ Competitiveness with other organisms (2) 

______ Disposal (3) 

______ Ecological system effects (4) 

______ Economic trade-offs with using other technology (5) 

______ Environmental trade-offs with using other technology (6) 

______ Genetic stability (7) 

______ Horizontal gene transfer (8) 

______ Life cycle (9) 

______ Organism tracking in situ (10) 

______ Pathogenicity (11) 

______ Regulation of tools (12) 

______ Regulatory approval process (13) 

______ Route of exposure to humans (14) 

______ Route of exposure to other organisms (15) 

______ Toxicity and biogeochemical cycling (16) 

______ Other: please specify in the comment box below (17) 

 
Q136 If you selected "other" above, please specify your addition.  
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Q126 In previous work, Kuzma et al. (2009), identified 28 criteria for oversight assessment. 
Each item is paired with the foundational question that addresses each criterions purpose 
concerning oversight assessment.   Using the list of criteria below, please identify the top ten 
most important criteria for evaluating an oversight system of Synthetic Biology.   Then 
please rank order your top ten list where 1= most important and 10= tenth most important 
criteria.  You may add additional criteria if your favourite are not on the list.  If you do, 
please provide a one sentence description and include them in the ranking.        Development    
D1 Impetus: What were the driving forces?    D2 Clarity of subject: Are the technologies, 
processes, and products to be overseen well defined?    D3 Legal grounding: How explicit are 
the statutes or rules on which the oversight framework is based?    D4 Public input: Is there a 
process or opportunities for the public to contribute to discussions or decisions about whether 
certain products, processes, or trials should be approved?    D5 Transparency: Are options 
that agencies or other decision-making bodies are considering known to the public?  D6 
Financial resources: How sufficient were the funds provided to the developers of the 
framework?    D7 Empirical basis: To what extent was scientific or other objective evidence 
used in designing the review or oversight process central to the framework?     Attributes  A8 
Legal basis: How explicit are the statutes or rules on which specific decisions within the 
oversight framework are based?    A9 Data requirements and stringency: How 
comprehensive are the safety and other studies required for submittal to authorities?    A10 
Post-market monitoring: Is there a science-based and systematic process for detecting risks 
and benefits after commercial release, field trials, or clinical trials?    A11 Treatment of 
uncertainty: Is uncertainty accounted for qualitatively or quantitatively in data and study 
submissions?    A12 Empirical basis: To what extent is scientific or other objective evidence 
used in making decisions about specific products, processes, or trials?    A13 Compliance and 
enforcement: To what extent does the system ensure compliance with legal and other 
requirements and to what extent can it prosecute or penalize noncompliers?    A14 
Incentives: Are the stakeholders in the system encouraged to abide by the requirements of the 
system?    A15 Treatment of intellectual property: How does confidential business 
information, trade secrets, or intellectual property get treated in applications for approval?    
A16 Institutional structure: How many agencies or entities with legal authority are involved 
in the process of decision making within the framework?    A17 Flexibility: Can products or 
trials undergo expedited review when appropriate?    A18 Capacity: Is the system well 
prepared and equipped to deal with the approvals of trials, products, or processes?    A19 
Public input: Is there a process or opportunities for stakeholders to contribute to discussions 
or decisions about whether certain products, processes, or trials should be approved?    A20 
Transparency: Are options that agencies or other decision-making bodies are considering 
known to the public?    A21 Conflict of interest: Do independent experts conduct or review 
safety studies? Are conflicts of interest disclosed routinely?    A22 Informed consent: To 
what extent does the system supply theamount and type of information so that people can 
make informed decisions about what they will accept?     Evolution  E23 Extent of 
change: To what extent has the system changed over time?     Outcomes:   O24 Public 
confidence: To what extent have public opinions changed during the evolution of the system?    
O25 Research and innovation: Has the system enhanced and supported research either on 
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environmental health and safety or in the development of products?    O26 Health and 
safety: Does the oversight system impact health in positive ways?    O27 Distributional 
health impacts: Are the health impacts equitably distributed?    O28 Environmental 
impacts: Does the oversight system impact the environment in positive ways?         

1st (1) 

2nd (2) 

3rd (3) 

4th (4) 

5th (5) 

6th (6) 

7th (7) 

8th (8) 

9th (9) 

10th (10) 
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Q127 On the following semantic scales, please rate the governance approach you feel is best 
for biomining. 

 1 (1) 2 (2) 3 (3) 4 (4) 5 (5) 6 (6) 7 (7) 8 (8) 9 (9) 10 
(10) 

Precaution of 
biomining 

use:Promotion of 
biomining use (1) 

!  !  !  !  !  !  !  !  !  !  

Networked 
governance 

systems:Hierarchical 
governance systems 

(2) 

!  !  !  !  !  !  !  !  !  !  

Mandatory 
governance 

initiatives:Voluntary 
governance 

initiatives (3) 

!  !  !  !  !  !  !  !  !  !  

Open process to 
public input:Closed 
process (e.g. federal 
register, and public 

hearings) (4) 

!  !  !  !  !  !  !  !  !  !  

Mandatory labelling 
of SB 

products:Voluntary 
labelling of SB 

products (5) 

!  !  !  !  !  !  !  !  !  !  

Open intellectual 
property (e.g.open 
sharing of resarch 
resources):Closed 

intellectual property 
(e.g. proprietary 

research) (6) 

!  !  !  !  !  !  !  !  !  !  

Natural science 
consensus on risks 
and benefits (e.g. 

traditional risk 
assessment):Multi-

!  !  !  !  !  !  !  !  !  !  
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disciplinary 
consensus on risks 
and benefits (e.g. 

inclusion of 
humanites and social 

sciences and other 
interested parties in 
decision-making) 

(7) 
Assessment of 

economic impacts in 
risk-benefit 

analysis:Assessment 
of ethical 

considerations in 
risk-benefit analysis 

(8) 

!  !  !  !  !  !  !  !  !  !  
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Q142 On the following semantic scales, please rate the governance approach you feel is best 
for cyberplasm. 

 1 (1) 2 (2) 3 (3) 4 (4) 5 (5) 6 (6) 7 (7) 8 (8) 9 (9) 10 
(10) 

Precaution of 
cyberplasm 

use:Promotion of 
cyberplasm use (1) 

!  !  !  !  !  !  !  !  !  !  

Networked 
governance 

systems:Hierarchical 
governance systems 

(2) 

!  !  !  !  !  !  !  !  !  !  

Mandatory 
governance 

initiatives:Voluntary 
governance 

initiatives (3) 

!  !  !  !  !  !  !  !  !  !  

Open process to 
public input:Closed 
process (e.g. federal 
register, and public 

hearings) (4) 

!  !  !  !  !  !  !  !  !  !  

Mandatory labelling 
of SB 

products:Voluntary 
labelling of SB 

products (5) 

!  !  !  !  !  !  !  !  !  !  

Open intellectual 
property (e.g.open 
sharing of resarch 
resources):Closed 

intellectual property 
(e.g. proprietary 

research) (6) 

!  !  !  !  !  !  !  !  !  !  

Natural science 
consensus on risks 
and benefits (e.g. 

traditional risk 
assessment):Multi-

!  !  !  !  !  !  !  !  !  !  
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disciplinary 
consensus on risks 
and benefits (e.g. 

inclusion of 
humanites and social 

sciences and other 
interested parties in 
decision-making) 

(7) 
Assessment of 

economic impacts in 
risk-benefit 

analysis:Assessment 
of ethical 

considerations in 
risk-benefit analysis 

(8) 

!  !  !  !  !  !  !  !  !  !  
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Q143 On the following semantic scales, please rate the governance approach you feel is best 
for deextinction. 

 1 (1) 2 (2) 3 (3) 4 (4) 5 (5) 6 (6) 7 (7) 8 (8) 9 (9) 10 
(10) 

Precaution of 
deextinction 

use:Promotion of 
deextinction use (1) 

!  !  !  !  !  !  !  !  !  !  

Networked 
governance 

systems:Hierarchical 
governance systems 

(2) 

!  !  !  !  !  !  !  !  !  !  

Mandatory 
governance 

initiatives:Voluntary 
governance 

initiatives (3) 

!  !  !  !  !  !  !  !  !  !  

Open process to 
public input:Closed 
process (e.g. federal 
register, and public 

hearings) (4) 

!  !  !  !  !  !  !  !  !  !  

Mandatory labelling 
of SB 

products:Voluntary 
labelling of SB 

products (5) 

!  !  !  !  !  !  !  !  !  !  

Open intellectual 
property (e.g.open 
sharing of resarch 
resources):Closed 

intellectual property 
(e.g. proprietary 

research) (6) 

!  !  !  !  !  !  !  !  !  !  
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Natural science 
consensus on risks 
and benefits (e.g. 

traditional risk 
assessment):Multi-

disciplinary 
consensus on risks 
and benefits (e.g. 

inclusion of 
humanites and social 

sciences and other 
interested parties in 
decision-making) 

(7) 

!  !  !  !  !  !  !  !  !  !  

Assessment of 
economic impacts in 

risk-benefit 
analysis:Assessment 

of ethical 
considerations in 

risk-benefit analysis 
(8) 

!  !  !  !  !  !  !  !  !  !  
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Q144 On the following semantic scales, please rate the governance approach you feel is best 
for engineered plant microbes (nitrogen-fixing bacterial symbionts). 

 1 (1) 2 (2) 3 (3) 4 (4) 5 (5) 6 (6) 7 (7) 8 (8) 9 (9) 10 
(10) 

Precaution of 
engineered plant 

microbes (nitrogen-
fixing bacterial 

symbionts) 
use:Promotion of 
engineered plant 

microbes (nitrogen-
fixing bacterial 

symbionts) use (1) 

!  !  !  !  !  !  !  !  !  !  

Networked 
governance 

systems:Hierarchical 
governance systems 

(2) 

!  !  !  !  !  !  !  !  !  !  

Mandatory 
governance 

initiatives:Voluntary 
governance 

initiatives (3) 

!  !  !  !  !  !  !  !  !  !  

Open process to 
public input:Closed 
process (e.g. federal 
register, and public 

hearings) (4) 

!  !  !  !  !  !  !  !  !  !  

Mandatory labelling 
of SB 

products:Voluntary 
labelling of SB 

products (5) 

!  !  !  !  !  !  !  !  !  !  

Open intellectual 
property (e.g.open 
sharing of resarch 
resources):Closed 

intellectual property 
(e.g. proprietary 

research) (6) 

!  !  !  !  !  !  !  !  !  !  
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Natural science 
consensus on risks 
and benefits (e.g. 

traditional risk 
assessment):Multi-

disciplinary 
consensus on risks 
and benefits (e.g. 

inclusion of 
humanites and social 

sciences and other 
interested parties in 
decision-making) 

(7) 

!  !  !  !  !  !  !  !  !  !  

Assessment of 
economic impacts in 

risk-benefit 
analysis:Assessment 

of ethical 
considerations in 

risk-benefit analysis 
(8) 

!  !  !  !  !  !  !  !  !  !  
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Q128 Please indicate the level of importance to each item below where 1= "not important at 
all", and 10= "completely important." 

 Not 
important 
at all (1) 

(1) 

2 
(2) 

3 
(3) 

4 
(4) 

5 
(5) 

6 
(6) 

7 
(7) 

8 
(8) 

9 
(9) 

Completely 
important 
(10) (10) 

Even if there 
are no net 
positive 
societal 
benefits, 

how 
important is 
it to advance 
research in 
the areas of 
synthetic 

biology? (1) 

!  !  !  !  !  !  !  !  !  !  

How 
important is 

it that all 
stakeholders 
should have 

decision 
making 
power 

concerning 
definitions 
of risks in 
synthetic 

biology and 
its 

applications? 
(2) 

!  !  !  !  !  !  !  !  !  !  

How 
important is 
it to share 

information 
among 

stakeholders 
involving 

intended use 

!  !  !  !  !  !  !  !  !  !  
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of synthetic 
biology 

applications? 
(3) 

How 
important is 

it that 
publicly 

funded SB 
applications 
be readily 

available to 
all 

populations 
regardless of 
economic or 

social 
status? (4) 

!  !  !  !  !  !  !  !  !  !  

How 
important is 

it that 
privately 

funded SB 
applications 
be readily 

available to 
all 

populations 
regardless of 
economic or 

social 
status? (5) 

!  !  !  !  !  !  !  !  !  !  
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Q145 How favorable do you feel the public at large will be toward each of the case studies? 
1= "completely unfavorable", 10= "completely favorable".  

 Completely 
unfavorable 

(1) (1) 

2 
(2) 

3 
(3) 

4 
(4) 

5 
(5) 

6 
(6) 

7 
(7) 

8 
(8) 

9 
(9) 

Completely 
favorable 
(10) (10) 

Biomining 
(1) !  !  !  !  !  !  !  !  !  !  

Cyberplasm 
(2) !  !  !  !  !  !  !  !  !  !  

Deextinction 
(3) !  !  !  !  !  !  !  !  !  !  

engineered 
plant 

microbes 
(nitrogen-

fixing 
bacterial 

symbionts) 
(4) 

!  !  !  !  !  !  !  !  !  !  
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Q146  For the following questions please list up to three items in bullet form.What 
characteristics of biomining will be most concerning to the public?  
 
Q147 What characteristics of cyberlasm will be most concerning to the public?  
 
Q148 What characteristics of deextinction will be most concerning to the public?  
 
Q149 What characteristics of engineered plant microbes (nitrogen-fixing bacterial 
symbionts) will be most concerning to the public?  
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Q150 To what degree should public engagement efforts be funded to host the following types 
of events where 1= "no funding" and 10= "a great deal of funding". 

 No 
funding 
(1) (1) 

2 (2) 3 (3) 4 (4) 5 (5) 6 (6) 7 (7) 8 (8) 9 (9) A great 
deal of 
funding 

(10) 
(10) 

Town hall 
meetings 

(1) 
!  !  !  !  !  !  !  !  !  !  

deliberative 
polls (2) !  !  !  !  !  !  !  !  !  !  

Science 
Cafes (3) !  !  !  !  !  !  !  !  !  !  

Informal 
science 

education 
(e.g. 

museum 
exhibits) 

(4) 

!  !  !  !  !  !  !  !  !  !  

consensus 
conferences 

(5) 
!  !  !  !  !  !  !  !  !  !  

citizen 
juries (6) !  !  !  !  !  !  !  !  !  !  
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Q151 This completes the 2nd round of the Policy Delphi. Thank you very much for your 
participation. We look forward to seeing you in Raleigh in June! 
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Appendix B: Case Study Descriptions 

Biomining 

 
 Precious metal mining is a global trade that despite technological improvement 

continues to be a costly, labor-intensive, and hazardous process.  Biomining, a new 

extraction technique, is being evaluated by researchers in hope of diminishing the monetary, 

environmental, and human health hazards associated with precious metal mining. This 

cheaper, more energy-efficient process involving bacteria and other microorganisms is 

currently being employed in mines around the world including Australia, Chile, Ghana, 

South Africa, and parts of Central Asia. Reports suggest that the industrial adoption of this 

technique is likely to continue to increase on a global level.    

Biomining entails two distinct processes: biooxidation and bioleaching.  Biooxidation 

enriches metals by mobilization and removes metal sulfides from ores that contain precious 

metals.  Bioleaching is the solubilization of metals.  In the case of biomining, the technique 

employs acidophilic bacteria to oxidize metal sulfides.  In this process crushed ore is sprayed 

with sulfuric acid which simulates growth of manufactured acidophilic bacteria.  These 

bacteria oxidize insoluble metals like copper, nickel, cobalt, and zinc and convert them to 

soluble, liquid metal.  The liquid product comprised of dissolved metals drain to the bottom 

of the ore heap and are then subjected to electrolytic processing and converted to pure, solid 

form.   

 Synthetic biologists have engineered microorganism populations that yield 

characteristics like differentiation, memory, and pattern forming. These cell signaling and 

cellular communication techniques, engineered specifically for metal extraction may make 

biomining a feasible alternative to traditional mining.  For example, research has been 

conducted on A. ferrooxidans, an extracellular polymeric substance (EPS) that is crucial for 

bioleaching, which leads to increased redox potential and increased leaching rates for iron.  

As of today, approximately 20% of the world’s copper production comes from 

bioleaching, and the potential exists for a high number of metals to be extracted from 

biomining methods.  These methods are cheaper than traditional mining techniques, and they 
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are significantly easier on the environment as there are fewer CO2 emissions and corrosive 

acid pollution leftovers at mining sites.  Perhaps most important, using microorganisms to 

extract metal from ore may be significantly safer than traditional mining techniques as more 

than 12,000 people die in mining accidents annually.   

 Laboratory researchers are working on synthetic biological engineering techniques 

that can introduce specific traits (like the cell signaling techniques mentioned above) to 

microorganisms specifically for metal extraction.  Universal BioMining (San Francisco, CA) 

is a leading industrial entity that applies synthetic biology to the mining field by designing 

biopolymers to capture metal particles from waste water, fungi, and raw mineral ore.  

BioSigma (Santiago, Chile) is currently employing biomining techniques to several Chilean 

copper mines and expects to grow in global biomining.  Other industrial firms employing 

biomining and bioleaching practices include GeoBiotics (Colorado, U.S., working with 

Caraiba copper project in Brazil), BHP Billiton (Melbourne, Australia, working with Chilean 

copper and nickel projects), Mintek (Johannesburg, South Africa, working with gold 

mining), and BacTech (Toronto, Ontario). 

 While there are certain advantages to biomining and bioleaching, there are also risks 

associated with the technology.  For instance, high levels of impurities in the concentrate 

material pose disposal risks because of sulfur content in the residue and acid-generating 

wastes left over from dissolving the ore.  This is a primary environmental risk insofar as the 

failure to capture and contain metal-bearing acid solutions could impact groundwater sources 

and disrupt other ecosystem-specific conditions.  Additionally, there are economic risks 

associated with bioleaching as it is a fairly slow process in comparison to mining and 

smelting, and this slow rate of production could be considered incompatible with bottom-line 

economic models adopted by the mining industry.   

 
Cyberplasm 

 
“Cyberplasm” is the term dubbed by researchers funded jointly by the National 

Science Foundation (NSF) and the UK’s Engineering and Physical Sciences Research 
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Council (EPSRC) that describes the convergence of synthetic biology, biomimicry, 

nanotechnology, and robotics to construct a micro-scale robot designed to be capable of 

sensing and treating pathogens within plants and animals or for other functions involving 

sensing and remediation (e.g. environmental chemicals).   Cyberplasm is a biohybrid that 

integrates engineered bacteria, yeast, and mammalian cells to undertake device-like functions 

modeled after the sea lamprey. The sea lamprey is serving as the model organism to create 

Cyberplasm as it swims and has a primitive nervous system that is relatively easy to mimic.   

Biomimetic, synthetic muscles are designed to initiate undulatory movement and 

propel the robot through water while synthetic sensors derived from yeast cells report 

environmental signals. Visual receptors couple the electronics for sensation and actuation 

through light signals.  This combination serves as a basic electronic nervous system.  The 

“electronic brain” signals muscle cells to move.  For example, mammalian muscle cells could 

be used as actuators engineered to have the minimal cellular machinery required for 

excitation and contraction and are coupled with rhodopin to respond to light.  These cells are 

fueled by microbial cells that produce glucose from environmental chemicals.  The muscle 

cells use the glucose and convert it to ATP in the mitochrondria, combining power 

generation with actuation.  Hydrogel is the filler that is the material that moves as plasm. 

The movement of Cyberplasm is based on something called a central pattern 

generator (CPG) for swimming. The CPGs are connected through inhibitory synapses and 

excitatory synapses to generate a swim motor program that alternates on two sides and 

propagates from anterior to the posterior. This pattern is designed to propagate waves of 

muscle contraction that underlie forward swimming. The CPG neurons will be activated from 
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commands received from the bioengineered sensor cells via a light reporter and photodiode. 

The sensor cells will be electrically isolated from but adhered in close proximity to a 

photodiode. 

The project originated from a “sandbox” designed by the NSF and EPRSC to produce 

transformative ideas with a low probability of succeeding.  The event brought together 

scientists with big ideas in synthetic biology to develop them and compete for funding.  The 

Cyberplasm project was chosen as one of the 5 that would be funded.  It is an example of a 

conceptual and complicated interdisciplinary synthetic biology project.  Work is now being 

done on the parts of the artificial organism.  Researchers have speculated that in the long-

term, Cyberplasm could eventually impact the healthcare industry by improving the 

biosensors and drug delivery systems through cellular machines. However, they also note 

that the main aim of the project is to provide heuristic value to “impact the imagination of the 

general public, the private sector, and education in general” (NSF grant #0943343).    

Regardless, potential benefits are foreseen should the project succeed.  Oversight and risk 

analysis for such a synthetic biology project is likely to be difficult given the convergent 

nature of the technologies used and the broad possibilities for deployment.   Public education 

may also lead to public reaction to such a novel application of SB that borders on creating 

artificial organisms, not just cells. 

 
Cyberplasm is being research by a variety of university researchers including Joseph 

Ayers, Chris Voigt, Vladimir Parpura, Daniel Frankel, and Yong-Bin Kim.  The NSF initially 

funded the $750,000 Collaborative Research grant (#0943343) in 2009. 
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De-extinction 

 
While some synthetic biology projects aim to create new life, others are attempting to bring 

life back to how it was prior to human involvement. One such technology titled “de-extinction” is 

taking shape through the convergence of disciplines including synthetic biology, cloning, genetic 

engineering, and stem cell research. Put simply, de-extinction will recreate endangered and extinct 

species. Stewart Brand, editor of the Whole Earth Catalog describes the exigence of the de-extinction 

plan noting that “[h]umans have made a huge hole in nature in the last 10,000 years… [and] we have 

the ability now, and maybe the moral obligation, to repair some of the damage.”  

The plan of de-extinction technology is two-fold: First, to catalog the genomes of a great host 

of species around the world, and second to help restore organisms and habitats damaged or destroyed 

by human activity. 

Projects like Genome 10K aim to assemble a genomic zoo—a collection of DNA sequences 

representing the genomes of 10,000 vertebrate species, approximately one for each vertebrate genus. 

The project is making use of a variety of technologies including DNA extraction, amplification and 

sequencing, phylogenetic and population genetic analysis, and bioinformatic approaches to whole-

genome analysis in order to record such genetic diversity with the hope that the catalog will serve as 

an unprecedented resource for the life sciences and for worldwide conservation efforts.   

Other projects are going beyond cataloging and recoding genetic information and are trying 

to actively recreate endangered and extinct species. One recent example is the recreation of a gastric-

brooding frog embryo, from which the primary species became extinct in 1983.  Scientists were able 

to complete somatic cell nuclear transfer, by implanting a cell nucleus of a preserved gastric brooding 

frog sample into a living egg from a distantly related great barred frog. The scientists deactivated the 

living egg nuclei and replaced them with dead nuclei from the extinct frog’s preserved egg, which 
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subsequently began to divide and grow to early embryo stage.  Other projects include the recreation 

of an extinct variety of wild mountain goat in 2010. The goat died minutes after being born. Also, 

Harvard geneticists are currently working to bring back the passenger pigeon, which has been extinct 

since 1914.  

Many researchers are investigating de-extinction technologies. Beth Shapiro, an evolutionary 

biologist at UCSC is sequencing of Passenger Pigeon DNA extracted from museum specimens and 

making comparisons to determine compatibility with its closest relative, the Band-tailed Pigeon. 

George Church at the Harvard Wyss Institute is also working with the Passenger Pigeon project. 

Other notable organizations, including the National Geographic Society and Revive and Restore, are 

supporting de-extinction scientists worldwide to build a roster of potentially revivable species to 

enrich the fields of conservation and ecology. Internationally, the Tauros Foundation in the 

Netherlands is facilitating a project with Rewilding Europe and European Wildlife to restore Aurochs, 

an ox that stands up to six feet tall at the shoulder and became extinct around 1630.  Project Lazarus 

intends to revive particularly exotic, extinct species, and researchers Michael Archer and David 

French are working on refinements of somatic cell nuclear transfer in order to do so.  

Many cloned animals have complications and die quickly—an ethical problem likely to 

continue with reviving extinct animals. Altered habitats to return to is anther practical and ethical 

issue. There is also the fear that revived species could negatively impact other current species or 

habitats. Some species may have the potential to become invasive or serve as vectors for disease.  

Ecologists suggest that endogenous retroviruses residing in genomes of extinct species may be 

problematic as well. Lastly, some conservationists are concerned that bringing back extinct species 

would be resource intensive, and in an environment where resources are already scarce, may detract 

from efforts to prevent extinctions.  
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Engineered Plant Microbes 

 
Increasing world populations are leading to greater need for new and improved food 

crops. The challenge is how to meet these needs in an environmentally sustainable way. 

Some scientists and technologists are turning to microorganisms as a possible avenue for 

improving large-scale agriculture.  

A wide diversity of microorganisms colonize on plants. Thousands of microbes can 

be found living on the stem, leaves, and roots of most plants, and they can also be found 

within plant’s intercellular spaces. These microorganisms can have a profound effect on food 

crops as microbe interactions can either benefit or harm plants depending on the encounter. 

For instance, densely colonized soil contains beneficial fungi and rhizobia which 

symbiotically associate with roots and provide plants with mineral nutrients and fixed 

nitrogen, respectively, in exchange for carbon. By contrast, plants are constantly exposed to a 

range of fungal, bacterial and viral pathogens, as well as harsh environmental conditions, and 

have evolved unique defense mechanisms to fight these infections and events.  

Some scientists and technologists propose to employ techniques from the field of 

synthetic biology to catalogue and engineer microorganisms with desired characteristics. The 

proposed engineered microorganisms are designed to manifest a variety of outcomes in food 

production including improved plant growth, yield, and efficacy, and protection from a 

variety of plant pathogens and environmental conditions.  Developers of the engineered 

microorganisms claim that their products will be more environmentally friendly than 

traditional chemical fertilizers and pesticides and that the engineered microorganisms will 

also reduce the need for soil fertilizers. Current projects are focusing on corn and wheat 

applications which represent multi-billion dollar markets worldwide.  

This emerging field of study involving the cataloguing and engineering of plant microbes 

is primarily being developed by private industry. Dr. Craig J. Venter’s company Synthetic 

Genomics Inc (SGI) formed the agricultural biotechnology company Agradis in 2011, which 

was subsumed in part by the Monsanto Company. In the acquisition, Monsanto acquired the 
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company’s name as well as its research and development sites in La Jolla, California and 

Monterrey, Mexico.  

This agricultural biotechnology may lower costs and improve plant production. Yet to 

be evaluated are the potential risks of such engineered plant microbes. Demonstrable safety 

will need to be assessed as use of this technology is predicated upon open-release of the 

engineered plant microbes into food crops. As the international debate over genetically 

modified organisms informs us, we need to be mindful of cross-pollination with native 

species, the possible disruption of ecosystems and the introduction of non-native and perhaps 

deleterious resistances. Potential for uptake, migration, and crosstalk of engineered plant 

microbes may substantiate needs for life cycle assessment.  
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Appendix C: Definitions for codes related to RA 

 
RA sub-code Definition 
Additional data 
needed for RA 

References to additional data needed to conduct or further risk 
assessment methodology 

Allergenicity References to a technologies ability or potential ability to cause 
an allergic reaction or sensitization 

Competitiveness Concerns related to an organisms ability to compete in an open 
environment 

Environmental 
Assessment Needed 

References to the need for environmental assessments 

Gene Transfer References to concerns related to unintended transfer of genetic 
material, often in the open environment 

Life-cycle analysis References to life-cycle analysis methodology or collection of 
data in ‘life-cycle’ scenarios 

Pathogenicity References to a technologies ability or potential ability to produce 
a disease(s) 

Real-time data References to real-time assessment methodology or collection of 
data in ‘real-time’ scenarios 

Toxicity References to a technologies ability or potential ability to be toxic 
Traditional RA 
sufficient 

References that the traditional/current RA methodologies are 
sufficient to handle SB technologies 

Uncertainty References to uncertainty of risks associated with the technology 
Unknown future 
ecological risks 

References to areas where there may be ecological risks 
associated with SB tech but that the risk is yet unknown or cannot 
be anticipated (subset of uncertainty theme).  
 

Unknown long term 
health effects 

References to areas where there may be long term health effects 
associated with SB tech but that those effects are yet unknown or 
cannot be anticipated (subset of uncertainty theme).  
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Appendix D: EJ Study Survey Materials 

Early Inclusion of Environmental Justice Communities in Governance of Emerging 
Technologies- 

Synthetic Biology Case Studies 
Pre-Survey  

 
Ethical Considerations and Inclusion 

1. How important is it that all stakeholders should have decision making power concerning 
definitions of risks in synthetic biology and its applications? 

 
Very Important     1 2 3 4 5 Not Important At 

All 
   ⇫ ⇫ ⇫ ⇫ ⇫ 

 
2. If there are net positive benefits associated with a synthetic biology application, how 
important is it to advance that research?  
 

Very Important     1 2 3 4 5 Not Important At 
All 

   ⇫ ⇫ ⇫ ⇫ ⇫ 
 
3. Even if there are no net positive societal benefits, how important is it to advance research 
in the areas of synthetic biology?  
 

Very Important     1 2 3 4 5 Not Important At 
All 

   ⇫ ⇫ ⇫ ⇫ ⇫ 
 
4. How important is it to share information among stakeholders involving intended use of 
synthetic biology and its applications?  
 

Very Important     1 2 3 4 5 Not Important At 
All 

   ⇫ ⇫ ⇫ ⇫ ⇫ 
 

5. How important is it that the technology be readily available to all populations regardless 
of economic or social status if the technologies are publically funded?  
 

Very Important     1 2 3 4 5 Not Important At 
All 

   ⇫ ⇫ ⇫ ⇫ ⇫ 
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6. How important is it that the technology be readily available to all populations regardless 
of economic or social status if the technologies are privately funded?  
 

Very Important     1 2 3 4 5 Not Important At 
All 

   ⇫ ⇫ ⇫ ⇫ ⇫ 
 
 
7. What additional ethical values should be taken into consideration when defining risk and 
benefits of a synthetic biology and its applications?  

 

 

Early Inclusion of Environmental Justice Communities in Governance of Emerging 
Technologies- 

Synthetic Biology Case Studies 
Guiding Value-Ethical Questions for Workshop 

 

  
1. What are the ethical implications concerning information sharing among stakeholders involving 

intended use of synthetic biology and its applications?  
 
 
 
 
 

 
2. Which stakeholders should have decision making power concerning regulations (projects, trials, and 
processes) in synthetic biology and its applications? 
 
 
 
 
 

 
3. How should access to synthetic biology be defined or decided? 
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4. What ethical values should be taken into consideration when defining risk and benefits of synthetic 
biology and its applications?  
 

 
 
 
 

 

5. What stakeholders should have decision making power concerning definitions of risks in synthetic 
biology and its applications? 
 

 
 
 
 

 
  
  
Ordinal Rankings of Risk Analysis needs 
Please rank order the following items (1-17) according to their prioritized need for risk research concerning 
synthetic biology applications: 
 

Biopersistence Ecological 
system 
effects 

Genetic stability Route of exposure 
to other organism 

Horizontal 
gene transfer 

Life cycle Competitiveness 
with other 
organisms 
 

Route of exposure 
to humans 

Organism 
tracking in 

Regulatory 
approval 

Environmental 
trade-offs with 

Pathogenicity 
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situ process using other 
technology 

Regulation of 
tools 

Disposal Economic trade-
offs with using 
other technology 

Toxicity 
biogeochemical 
cycling 

Other: Please 
Specify 

   

 


