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A quantitative risk assessment method for
synthetic biology products in the environment
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ABSTRACT

The need to prevent possible adverse environmental health impacts resulting from synthetic biology (SynBio) prod-
ucts is widely acknowledged in both the SynBio risk literature and the global regulatory community. To-date, how-
ever, discussions of potential risks of SynBio products have been largely speculative, and the limited attempts to
characterize the risks of SynBio products have been non-uniform and entirely qualitative. As the SynBio discipline
continues to accelerate and bring forth novel, highly-engineered life forms, a standardized risk assessment frame-
work will become critical for ensuring that the environmental risks of these products are characterized in a consistent,
reliable, and objective manner that incorporates all SynBio-unique risk factors. In their current forms, established risk
assessment frameworks - including those that address traditional genetically modified organisms - fall short of the
features required of this standard framework. To address this gap, we propose the Quantitative Risk Assessment
Method for Synthetic Biology Products (QRA-SynBio) — an incremental build on established risk assessment methodol-
ogies that supplements traditional paradigms with the SynBio risk factors that are currently absent, and necessitates
quantitative analysis for more transparent and objective risk characterizations. We demonstrate through a hypothet-
ical case study that the proposed framework facilitates defensible quantification of the environmental risks of SynBio
products in both foreseeable and hypothetical use scenarios. Additionally, we show how the quantitative nature of
the proposed method can promote increased experimental investigation into the true likelihood of hazard and expo-
sure parameters and highlight the most sensitive parameters where uncertainty should be reduced, ultimately lead-
ing to more targeted SynBio risk research and yielding more precise characterizations of risk.
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1. Introduction

The synthetic biology (SynBio) risk literature widely acknowledges
the need to prevent possible adverse environmental health impacts
resulting from SynBio products (Frank et al., 2015). Commonly raised
concerns include the potential for SynBio organisms to persist in the en-
vironment, become invasive, disrupt food webs, transfer genetic mate-
rial via vertical gene flow or horizontal gene transfer, and impact
biodiversity and ecosystems (Epstein and Vermeire, 2016). Addition-
ally, there is apprehension that combining sequences in a new biological
organism may result in an organism whose risk profile could be higher
than that of the contributing organisms or sequences (Giese and von
Gleich, 2015; Howard et al., 2017). Though discussions of these con-
cerns are generally in accord, they comprise <5% of the literature in
the SynBio physical and social sciences research domains (Trump
et al., 2019). Furthermore, such discussions are often speculative be-
cause the experimental data to definitively support or refute these con-
cerns are limited (Edwards, 2014; Bates et al., 2015).

In the absence of robust empirical risk data, public interest groups
have recommended applying the precautionary principle to any com-
mercialization of SynBio products until specific biosafety mechanisms
can be developed to keep pace with SynBio advances (Howard et al.,
2017). Others have added that it is necessary to increase public funding
of research on the ecological risks of SynBio (Konig et al., 2013). The out-
puts from additional risk research will not validate or refute the ecolog-
ical concerns on their own, however - they must be synthesized into a
reliable and objective characterization of risk using tools from risk as-
sessment. This goal is confounded by the fact that traditional biosafety
risk assessment tools have yet to be updated to address the significant
challenges that SynBio poses to the current biosafety framework
(Schmidt et al., 2009; Ahteensuu, 2017). Additionally, there is uncer-
tainty as to which established risk assessment framework to apply to
SynBio products, since traditional methods are generally deemed suffi-
cient for legacy genetic engineering approaches but viewed as ill-
equipped for deciding whether a new SynBio technique or application
is safe for humans, animals and the environment (Schmidt et al.,
2009). These obstacles prompted the European Commission (EC) to
call for the standardization of risk assessments for SynBio (Howard
etal, 2017).

At present, no risk assessment method exists to quantify the envi-
ronmental risk of SynBio organisms. Numerous risk factors have been
identified for the release of SynBio organisms to the environment, but
few attempts have been made to quantify the frequency of their occur-
rence. Instead, environmental risk of SynBio products is typically con-
sidered qualitatively, where the probability of an adverse outcome is
expressed as more or less likely than a comparative scenario (e.g., a
non-modified analog) based on qualitative measures such as complex-
ity, uncertainty, presence or absence of engineering controls, or the
number of participants in the SynBio discipline (National Academies
of Sciences, Engineering, and Medicine, 2017). It has been argued that

Table 1
Evaluation of applicability of established risk assessment frameworks to SynBio.

SynBio can simply leverage risk management solutions that have been
established for the use of genetically modified organisms (GMOs;
Breckling and Schmidt, 2015). The foremost example of a GMO risk
management solution that is potentially translatable to SynBio is the
EC's directive for environmental risk assessment, or “e.r.a.”, which re-
quires an assessor to provide authorities with extensive information in
order to characterize the risk of deliberately released GMOs (EU
Commission, 2001). However, the overall synthesis and interpretation
of the information provided is qualitative and inherently subjective.
The e.r.a also excludes parameters that the SynBio risk literature has
highlighted as influential in characterizing the risk scenario such as ef-
fects from off-target gene edits and efficacy of intrinsic biocontainment
measures. Thus, the e.r.a is only partially applicable to SynBio and may
not be sufficiently transparent and objective to allay public concerns re-
lated to the environmental implications of SynBio products. Three scien-
tific committees of the EC also examined this issue and concluded that
existing risk assessment approaches for GMOs are generally applicable
to SynBio, but “combining genetic parts and the emergence of new
properties...will require improving existing methodologies”
(SCENIHR, SCHER, and SCCS, 2015; Howard et al., 2017).

Here, we propose improving upon existing methodologies by devel-
oping a standard, quantitative risk assessment framework that accounts
for all risk factors relevant to the characterization of environmental risk
of SynBio products. Our proposed framework, called the Quantitative
Risk Assessment Method for Synthetic Biology Products (QRA-SynBio), is
an incremental build on established risk assessment methodologies
(listed in Table 1) that supplements traditional paradigms with the
SynBio risk factors that are currently absent. The method requires all pa-
rameters to be quantified resulting in an absolute risk characterization.
While quantification may have significant uncertainty associated with it
initially because quality data with a high degree of certainty are limited,
we anticipate that this method will promote increased experimental in-
vestigation into the true likelihood of hazard and exposure parameters
and will highlight the most sensitive parameters where uncertainty
should be reduced, ultimately leading to more targeted SynBio risk re-
search and yielding more precise characterizations of risk.

We demonstrate through a hypothetical case study that the pro-
posed framework facilitates defensible quantification of the environ-
mental risks of SynBio products in both foreseeable and hypothetical
use scenarios. Such a tool is expected to be invaluable to regulators of
SynBio products in the United States, such as the U.S. Department of Ag-
riculture (USDA), U.S. Environmental Protection Agency (EPA), and the
U.S. Food and Drug Administration (FDA). Examples of SynBio products
that are produced now or that could be submitted to regulatory agen-
cies for consideration in the near future include: gene drive engineered
eukaryotic organisms (e.g., for control of infectious disease vectors such
as mosquitos), engineered microorganisms (e.g., for bioremediation),
engineered cell-free technologies (e.g., for advanced chemical produc-
tion), and engineered viral systems (e.g., phages for elimination of path-
ogens from water) (Warner et al., 2019). While current regulation is

Framework Does it promote a quantitative and Can it accommodate all SynBio Can it accommodate a broad array of ~ Does it account for all risk
objective characterization of risk? ~ products as potential ecological environmental receptors and factors applicable to
hazards? endpoints? SynBio?
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often deemed sufficient for addressing today's SynBio products (van
Doren and Heyen, 2014), products in the near future are expected to
be highly varied, less familiar, and use a much broader set of model or-
ganisms (National Academies of Sciences, Engineering, and Medicine,
2017). Therefore, regulators need to proactively adjust their risk assess-
ment paradigms to think beyond the relative simplicity of GMOs to the
more multifaceted and complicated discipline of SynBio. The QRA-
SynBio method helps in this regard, moving SynBio-focused risk assess-
ment beyond the high-level, qualitative discussions of biosafety and
biosecurity to a more transparent and objective quantitative risk char-
acterization, and taking a step toward answering the EC's call for stan-
dardization of risk assessments for SynBio.

2. SynBio environmental risk factors

Numerous environmental risks of SynBio products have been identi-
fied or hypothesized and discussed in the SynBio risk literature, includ-
ing increased virulence and target host range (Konig et al., 2016),
impacts to biodiversity by outcompeting native organisms or through
propagation of homogeneity in the gene pool (Breckling and Schmidt,
2015), aid to detrimental organisms by serving as a host for pathogens
(Epstein and Vermeire, 2016), production of toxic compounds or me-
tabolites (Konig et al., 2013), and destruction of habitat, biogeochemical
cycles, essential nutrient sources, or food webs (Tucker and Zilinskas,
2006). These risks ultimately stem from risk factors that may either
apply to all organisms released to the environment, such as an
organism's response to environmental stressors, or may be unique to
SynBio products, such as an organism's response to off-target gene
edits or failure of an intrinsic biocontainment mechanism.

In risk assessment, it is critical to identify the applicable risk factors
for an organism because they directly impact the hazard and exposure
parameters in a given release scenario. The key risk factors identified
in the literature that have the potential to impact a SynBio organism
are organized into three overarching categories and discussed below.
It is important to emphasize that these are factors that modify the risk
scenario - i.e., the ‘hazard’ and ‘exposure’ elements of the risk equation
- and not factors that contribute to the genetic modification of the or-
ganism itself.

2.1. Category 1: response to the genetic construct

The potential for a SynBio product to cause harm to the environment
is influenced by how the product responds to its genetic modification.
There are several key risk factors in this category that may contribute
to environmental risk, including:

2.1.1. Expression of the genetic construct

Direct expression of the genes encoded by the genetic construct may
contribute to an increase in pathogenicity or virulence, a result demon-
strated by the intentional genetic manipulation of the avian influenza
virus H5N1 which increased its transmissibility in mammals (Falkow,
2012) and the unintentional increase in virulence of a mousepox virus
through the addition of the interleukin-4 gene to the viral genome
(Jackson et al., 2001). Additionally, expression of certain enzymes may
result in an increase in toxic metabolites that can affect habitats
(Konig et al., 2013), or could affect quorum sensing pathways.

Fitness, or an organism's ability to survive and reproduce, may also
be affected by alterations in protein expression. For example, some ge-
netically modified bacteria have been shown to compete poorly with in-
digenous communities in the long run due to the extra energy demands
imposed by the synthetic construct (Cases and de Lorenzo, 2005), while
others have demonstrated comparable fitness to wild-type organisms
(Sayler and Ripp, 2000). Similarly, multicellular organisms may experi-
ence selective advantage or disadvantage if the genetic construct alters
the formation of tissues (Breckling and Schmidt, 2015).

2.1.2. Disruption to cellular processes/integrity (interactions)

The presence or expression of the genetic construct has the potential
to disrupt essential cellular processes through perturbations to cell reg-
ulatory processes or alterations of molecular interactions. Chen et al.,
2009 underscore the uncertain effects that disruptions such as gene ex-
pression and splicing have on the behavior of biological circuitry and
systems which may ultimately impact the fitness of a modified organ-
ism, cautioning that synthetic devices will perturb cellular functions
and that there are also likely to be both parasitic interactions between
synthetic components of the cell as well as unpredictable interactions
with natural elements of the host (Chen et al., 2009). Similarly,
Breckling and Schmidt warn that the interaction potential of the molec-
ular entities should not be downplayed, emphasizing that it is naive to
believe that it is possible to add a genetic construct to a cell without af-
fecting its integrity in a significant way. The authors point out that it is
important to identify any disruptions which could become the potential
starting point of a cause-effect chain which gives rise to undesirable or
harmful results (Breckling and Schmidt, 2015).

2.1.3. Mutation (stability)

The presence or expression of the synthetic construct may impact
genetic stability and ultimately affect the rate of divergence from the
wild-type organism. SynBio products may undergo undirected muta-
tions and recombination as a result of inherent mutation rates of the
host organism or chassis, response to environmental stressors in the
ecosphere (Breckling and Schmidt, 2015), or induced mutation from
gene editing that results in internal stress from the foreign construct
and subsequent attempts to reject the modification (Dan-Cohen,
2016). Pésfai et al. emphasize that even in a well-characterized microbi-
ological chassis like E. coli, synthetic constructs are not always tolerated,
and mutagenesis serves as the organism's defense against expression of
products that are deleterious. Specific genes and plasmids have shown
to be very unstable when propagated in standard E. coli hosts as a result
of DNA elements like insertion sequence elements, transposases, defec-
tive phages, integrases, and site-specific recombinases that are dissem-
inated throughout the genome (Pésfai et al., 2006). The phenotypic
outcomes of these possible mutations must also be considered, as unde-
sirable consequences related to fitness, transport, virulence and other
hazard and exposure parameters have been raised for SynBio plants
(Birchler, 2015), animals (FDA, 2015; FDA, 2016), and microorganisms
like bacteria and viruses (Konig et al., 2013).

2.14. Gene transfer/flow

A SynBio product may respond to its genetic modification by altering
its tendency to pass genetic information to other organisms, either
through horizontal gene transfer (HGT) or vertical gene flow. HGT is a
behavior commonly exhibited by prokaryotes as a mechanism to ac-
quire new traits and ensure resilience in the face of environmental
change (McDaniel et al., 2010). Studies have found that 81% of genes
in an average bacterial genome and 60% of genes in cyanobacteria
have been affected by HGT at some point in their history (Dagan et al.,
2008; Dagan et al., 2012). Through conjugation, transformation, trans-
duction, and the use of gene transfer agents (GTAs), bacteria and ar-
chaea rapidly gain and lose certain genes (Zamani-Dahaj et al., 2016).
HGT also occurs in eukaryotic species, although this form of heritable
exchange is believed to occur at much lower frequencies than is ob-
served in prokaryotes (Schwartz et al., 2014; Crisp et al., 2015). In
some modified marine bacteria, GTA-mediated gene transfer frequen-
cies have been shown to range from 6.7 x 107> to 4.7 x 10" (unitless)
under ecologically relevant conditions, values a thousand to a hundred
million times higher than prior estimates of HGT in the oceans
(McDaniel et al., 2010). Other transfer frequencies have been shown
to range from 10~ to 10> for modified plasmids transferred via conju-
gation from introduced bacteria to indigenous organisms in a bioreme-
diation scenario (Neilson et al., 1994).



The rate at which SynBio organisms transfer synthetic constructs to
indigenous organisms can also be influenced by the amount and activity
of promiscuous plasmids and mobile genetic elements (Cases and de
Lorenzo, 2005). Additionally, SynBio organisms do not necessarily
need to be living in order for their DNA to be available to indigenous or-
ganisms. Post-mortem, the cell-free synthetic DNA can persist in the en-
vironment and remain functional and passively transferable even after
exposure to harsh conditions (Moe-Behrens et al., 2013; Schmidt and
Pei, 2015).

HGT typically occurs when a prokaryote achieves the physiological
state of competence, which is associated with the organism's stationary
phase and often induced by stressors such as high cell density, waste
buildup, or nutrient limitation. A key concern is that when released to
the environment, a SynBio organism is likely to face stressful conditions
and therefore more likely to become competent and exchange genetic
material with the surrounding community in an effort to adapt (Vos
et al., 2015). This genetic exchange could potentially impact either the
SynBio organism or the indigenous organism's development, behavior,
or pathogenicity depending on which organism is the recipient of the
impactful genetic material (Konig et al., 2013). For example, researchers
have demonstrated the ability to confer pathogenic properties upon lab-
oratory strains of E. coli through the experimental introduction of genes
from other species (Ochman et al., 2000). The spread of virulence or re-
sistance factors in an uncontained environment could adversely affect
susceptible species through changes in population disease dynamics.
Additional concerns related to HGT include the potential for SynBio or-
ganisms to transfer intrinsic biocontainment mechanisms (e.g., kill
switches) to indigenous species and trigger die-offs, or to affect the bio-
diversity of the ecosystem by driving genetic homogeneity or conferring
selective advantages to a small subset of species (Vos et al., 2015).

In vertical gene flow, a parent organism passes genetic material to its
offspring. For SynBio organisms, a primary concern is that the implica-
tions of the synthetic modification may not become evident directly
and immediately after the transformation event in the laboratory, but
rather may be forwarded through inheritance and amplified autocata-
lytically in the course of subsequent generations where it causes effects
in new and unforeseen contexts (Breckling and Schmidt, 2015).

2.1.5. Intrinsic biocontainment

The presence of intrinsic biocontainment mechanisms such as
engineered kill switches, auxotrophic dependence, and incorporation
of xeno-nucleic acids (XNA) - and the efficacy and failure rate of these
controls - will significantly impact a SynBio organism's ability to persist
in the environment. The principle aims of intrinsic biocontainment are
to (1) control growth of the SynBio organism in the research laboratory
or after an unintentional environmental release, and (2) prevent HGT
from a SynBio organism to a natural one (Howard et al., 2017). Con-
trolled cell growth is typically addressed using either (i) engineered
auxotrophy, which renders the organism dependent on a particular
compound that is essential for its growth but that it is incapable of syn-
thesizing on its own or accessing outside of the controlled environment,
or (ii) genetic safeguards like kill switches and vector suicide strategies
that restrict or terminate the organism's viability in defined environ-
ments (Chan et al., 2016). Biocontainment to prevent HGT is largely the-
oretical at this time, but “semantic firewalls” have been proposed in
which SynBio organisms possess chromosomes made from non-
natural nucleic polymers called XNA rather than traditional DNA and
RNA, such that they cannot be read or duplicated by indigenous organ-
isms that possess only natural DNA and RNA polymerases (Konig et al.,
2013). Other strategies include use of unnatural amino acids or codon
reassignment (Schmidt and Pei, 2015; Torres et al., 2016).

Reviews of intrinsic biocontainment strategies point out that while
many engineered safety locks show promise, there is no single reliable
safeguard technology at present (Epstein and Vermeire, 2016). Sponta-
neous mutations and positive selection pressures enable SynBio organ-
isms to ‘escape’ fail-safe mechanisms by destroying the genetic switch

or bestowing immunity against a lethal gene, thereby allowing the or-
ganisms to propagate outside of their contained environment
(Ahteensuu, 2017; Moe-Behrens et al., 2013). Chan et al. noted such
events in a stability study of their ‘Deadman’ and ‘Passcode’ kill switch
circuits which showed reduced killing efficiency over time as they
were short-circuited or inactivated by mutations (Chan et al., 2016).
The National Institutes of Health (NIH) recommends that escape rates
not exceed a threshold frequency of 1078 (i.e. one cell per 10® cells;
NIH, 2016), however few independent genetic safeguards meet this
limit, and these limits may also be challenging to demonstrate, depend-
ing on the detection limit of the assay used. In a review by Moe-Behrens
et al., fourteen published escape rates were identified ranging from
10~°to 10~* (for systems tested under laboratory conditions and in en-
vironmental microcosm models), four of which (29%) met or surpassed
the 1078 threshold (Moe-Behrens et al,, 2013).

Intrinsic biocontainment methods are rapidly improving, however,
and redundant safeguards and combinations of two or more safeguards
linked in an independent manner have shown promise of escape fre-
quencies lower than those demonstrated by stand-alone mechanisms.
Cai et al. demonstrated an escape frequency of <10~ '° when two mech-
anisms were independently combined compared to the <107 fre-
quency provided by each mechanism individually, and Gallagher et al.
demonstrated overlapping safeguards that limit escape frequencies to
<1.3 x 1072 (Cai et al., 2015; Gallagher et al., 2015). Additionally, an
unnatural amino acid biocontainment mechanism has shown escape
frequencies that reached <4.4 x 10~ ! (Ravikumar and Liu, 2015).

2.2. Category 2: response to the gene editing process

The potential for a SynBio product to cause harm to the environment
is also influenced by how the product will respond to the gene editing
technique used and how this response will modify hazard and exposure
parameters. Unintended alterations made to the genome, called ‘off-tar-
get’ gene edits, are the key risk factors in this category that may contrib-
ute to environmental risk:

2.2.1. Off-target gene edits

Off-target gene edits may impact an organism's integrity similar to a
mutation event. Accidental activation or disabling of genes, disruption
of critical pathways, facilitation of translocation events, and removal of
nonessential genes can all affect genomic stability and ultimately im-
pact an organism's ability to cause harm in the environment. The fre-
quency of off-target events depends in part on the gene editing tool
employed, where the three most commonly tools cited in the SynBio lit-
erature are zinc finger nucleases (ZFNs), transcription activator-like ef-
fector nucleases (TALENs), and RNA-guided nucleases like the CRISPR/
cas systems (Fu et al., 2013).

CRISPR/Cas9 is widely touted as the most precise of the genome-
editing technologies, exhibiting a high specificity and inducement of
only several - rather than thousands - of off-target mutations in an en-
tire genome (Hruscha et al., 2013; Kim et al., 2015). However, Zhang
et al. point out that even CRISPR/Cas9 can have a high frequency of
off-target activity (>50%) and that in some instances off-target cleavage
can occur on DNA sequences with up to three to five base pair mis-
matches with a portion of the RNA-guide sequence (Zhang et al,,
2015). Fu et al. corroborate these findings, noting that single and double
mismatches are tolerated to varying degrees depending on their posi-
tion along the guide RNA-DNA interface, and that off-target edits can
occur at sites harboring up to five mismatches from the intended on-
target site (Fu et al., 2013).

2.3. Category 3: response to environmental stressors
The potential for any organism, including SynBio products, to cause

harm to the environment is heavily influenced by how the product
will respond to environmental conditions in the specific release



scenario. Thus, the key risk factor in this category that may modify haz-
ard and exposure parameters and ultimately contribute to environmen-
tal risk is not SynBio-unique, but must be accounted for in any SynBio
risk assessment:

2.3.1. Environmental stress-response

Conditions of the receiving environment relative to the SynBio
organism's development conditions, including nutrient availability,
temperature, humidity, pH, competition, biological community, preda-
tion, and other biotic and abiotic factors can elicit complex changes in
the organism's ability to grow, allocate energy, perform essential func-
tions, or regulate gene activity (Cases and de Lorenzo, 2005). Breckling
and Schmidt point out that genes can change their activity and even
the gene products of a given set of genes can differ depending on varia-
tions in the surrounding ecological context. Additionally, biotic and abi-
otic stressors may have a different effect when interfering with a SynBio
organism, as compared to the conventional complement (Breckling and
Schmidt, 2015). Environmental stressors can also impact mutation rate
and rate of HGT, as mutation rate is in part determined by the fidelity of
the replication and repair machinery of the cell and can be elevated di-
rectly by extrinsic stress factors, and HGT is in part determined by the
genetic regulation of competence (Vos et al., 2015).

To-date, the above-mentioned risk factors for a SynBio organism are
generally understood and acknowledged in the literature, but are pri-
marily discussed in a qualitative manner. We are unaware of any pub-
lished efforts to quantify the impacts of these risk factors and
incorporate them into an objective risk characterization for a SynBio
product. This may be partially due to the fact that there is no standard
framework for performing a quantitative risk assessment for SynBio
products. Such a framework would not only help establish a more ro-
bust and transparent characterization of risk than current qualitative
methods afford, but would also serve as a placeholder that illustrates
for researchers where data gaps lie, thereby encouraging the perfor-
mance of laboratory studies to close those gaps with quantitative data.
Existing risk assessment paradigms can provide a valuable foundation
for developing a quantitative risk assessment methodology for SynBio
products without starting anew, but they must be adapted to address
risk factors relevant to SynBio products.

3. Existing risk assessment paradigms and their applicability to
SynBio

We examined five established, biologically-relevant risk assessment
frameworks (Table 1) for their applicability to environmental risk as-
sessment for SynBio products and found that no single framework is
suitable on its own for standardization and inclusion of all SynBio prod-
ucts. A single, standardized framework is feasible, but existing risk as-
sessment paradigms require modification to achieve this objective.

The ideal standard framework should meet four essential criteria:
(1) it must be quantitative to ensure greater objectivity and transpar-
ency, (2) it must be able to accommaodate all SynBio products as poten-
tial ecological hazards, (3) it must be able to accommodate a broad array
of environmental receptors and endpoints, and (4) it must account for
all of the aforementioned environmental risk factors applicable to
SynBio. Evaluation of the applicability of the five risk assessment frame-
works to SynBio is depicted in Table 1. Frameworks received ‘Yes," ‘Par-
tially,” and ‘No’ designations denoting their ability to address the four
essential criteria.

3.1. Human health risk assessment (chemical risk assessment)

EPA defines Human Health Risk Assessment (HHRA) as “the process
to estimate the nature and probability of adverse health effects in
humans who may be exposed to chemicals in contaminated environ-
mental media, now or in the future” (U.S. EPA, 2018). The HHRA meth-
odology is divided into four steps: Hazard Identification, Dose-Response

Assessment, Exposure Assessment, and Risk Characterization (NRC,
1983). The Risk Characterization is the final step that integrates qualita-
tive information, quantitative information, and information about un-
certainties from the preceding three steps into an estimate of the
likelihood of an adverse human health outcome (Fowle and Dearfield,
2000). This risk estimate is typically quantitative, particularly when
used to inform chemical policy decisions. Traditionally, the sole ‘recep-
tor’ in HHRA is a human or human population; however, the chemical
risk assessment method can be extrapolated to ecological receptors in
both the eukaryotic and prokaryotic domains. Additionally, chemicals
and radiation are the only hazardous entities considered in HHRA;
there is no consideration of biological hazards and therefore no consid-
eration of SynBio risk factors.

3.2. Ecological Risk Assessment (ERA)

In its Framework for Ecological Risk Assessment, EPA sets forth risk as-
sessment guidelines for evaluating the adverse effects of stressors on
ecosystems and components of ecosystems (Norton et al.,, 1992). EPA
notes that the framework is conceptually similar to the approach used
for HHRA, but highlights the following three key areas of distinction:

1) ERA can consider effects beyond those on individuals of a single spe-
cies and may examine a population, community, or ecosystem.

2) There is no single set of ecological values to be protected; values are
selected from a number of possibilities based on both scientific and
policy considerations.

3) ERA considers nonchemical as well as chemical stressors.

Additionally, in ERA, the Hazard Identification and Dose-response
Assessment are combined in an ‘Ecological Effects Assessment’ phase,
and the term “Dose-response” is replaced by “stressor-response” to ac-
count for nonchemical stressors that may not be measured in doses. The
final characterization of risk can be expressed as a qualitative or quanti-
tative estimate depending on available data, however EPA notes that in
most instances, the likelihood of an adverse environmental outcome is
expressed in a qualitative statement (Norton et al.,, 1992).

The ERA framework is intended to be flexible while providing a log-
ical and scientific structure to accommodate a broad array of stressors
(i.e., chemical and nonchemical). EPA specifies, however, that the
framework focuses exclusively on physical and chemical stressors and
that discussion of “accidentally or deliberately introduced species, ge-
netically engineered organisms, or organisms used to control horticul-
tural or agricultural pests” is intentionally excluded. The ERA
framework has the underpinnings to accommodate all SynBio products
as potential ecological stressors but purposefully omits this class of en-
vironmental hazards by not considering the capacity of these products
to reproduce and interact with the natural environment. Accordingly,
there is no consideration of SynBio risk factors in ERA.

3.3. Quantitative Microbial Risk Assessment (QMRA)

Quantitative Microbial Risk Assessment (QMRA) is used to estimate
the risk of adverse health consequences resulting from exposure to a
pathogen (Haas et al., 2014). The QMRA framework is structurally iden-
tical in framework to HHRA, however the hazard, exposure, dose-
response, and risk characterization steps are focused on microorgan-
isms rather than chemicals, and each step accounts for the properties
of living organisms (CAMRA, 2018).

The QMRA dose-response assessment utilizes various functional
forms (such as the exponential or Beta-Poisson model) to describe the
probability of infection or illness from a given dose of pathogens based
on a quantal response of, typically, vertebrate animals exposed to vari-
ous doses of a pathogen during experimental trials (Haas, 2015). This
approach differs from HHRA carcinogen/non-carcinogen approaches
for dose-response modeling that make use of uncertainty factors and



other extrapolation approaches for low doses that are difficult to ob-
serve under experimental conditions (Haas et al., 2014). Additionally,
QMRA does not normalize microbial doses per unit receptor
bodyweight.

While QMRA has not been formally applied for assessment of SynBio
risks, it has been used to compare the risk from various strains of the
same bacteria such as Mycobacterium avium. This demonstrates its util-
ity in developing independent dose-response models for the same bac-
teria, and/or applying modifying factors for existing dose-response
models to extrapolate among disparate microbial strains, exposure
routes, sub-populations, or other characteristics of interest in a risk as-
sessment where exact chassis information is not available (Hamilton
etal, 2017).

The concluding risk characterization is intended to be quantitative in
QMRA and is expressed as a probability of a given health endpoint oc-
curring in the population at risk.

Traditionally, the sole ‘receptor’ in a QMRA is a human or human pop-
ulation, however the microbial risk assessment method could presumably
be extrapolated to ecological receptors in both the eukaryotic and pro-
karyotic taxa. For example, the dose-response data upon which the orig-
inal Beta-Poisson dose-response model was derived is for the tobacco
mosaic virus in plants (Furumoto and Mickey, 1967a; Furumoto and
Mickey, 1967b; Haas, 1996). Furthermore, “third generation” and beyond
approaches have been proposed to account for intermediate molecular
events that could be combined with a “key events dose-response frame-
work,” as well as other approaches to more granularly address the inter-
action of microorganisms with host physiological systems and to couple
dose-response with dynamic disease transmission models that could
serve to better characterize downstream SynBio impacts compared to
earlier static approaches (Haas, 2015).

Microorganisms are generally the only hazardous entities consid-
ered in a QMRA; there is no consideration of multicellular biological
hazards. However, applying this approach to multicellular taxa such as
fungi and algae has been recommended (Haas, 2015). Others have sug-
gested that meta-omics data could be incorporated into microbial risk
assessments either to prioritize targets or model the impacts of the mi-
crobial community on the risk scenario (Cocolin et al., 2018). These au-
thors are unaware of studies that apply QMRA to genetically modified
microorganisms or that incorporate SynBio risk factors into the risk
assessment.

3.4. Environmental risk assessment genetically modified organisms (e.r.a)

The European Parliament and the Council of the European Union
adopted directive 2001/18/EC in 2001, which outlines provisions for
the deliberate release of genetically modified organisms (GMOs) into
the environment (EU Commission, 2001). In Annex II, the directive out-
lines principles for an environmental risk assessment (e.r.a) which is
intended to “identify and evaluate potential adverse effects of the
GMO, either direct and indirect, immediate or delayed, on human health
and the environment which the deliberate release or the placing on the
market of GMOs may have.” The ‘receptors’ in the e.r.a. include all eco-
logical endpoints ranging from individual organisms to populations
and communities. The e.r.a. also considers any genetically modified or-
ganism that may pose an environmental hazard including single- and
multicellular organisms. The six steps in the e.r.a. are:

1) Identification of characteristics which may cause adverse effects

2) Evaluation of the potential consequences of each adverse effect, if it
occurs

3) Evaluation of the likelihood of the occurrence of each identified po-
tential adverse effect

4) Estimation of the risk posed by each identified characteristic of the
GMO(s)

5) Application of management strategies for risks from the deliberate
release or marketing of GMO(s)

6) Determination of the overall risk of the GMO(s)

Within these six steps, the directive prompts the assessor to qualita-
tively consider several SynBio risk factors including the synthetic
construct's effects on gene transfer, phenotypic and genetic instability
(i.e. mutation), virulence and toxicity factors, and the relative magni-
tude of these alterations compared to a non-modified analog under cor-
responding conditions of the release or use. The characterization of risk
in Step 4 is estimated by combining the likelihood of the adverse effect
occurring and the magnitude of the consequences if it occurs; the pa-
rameters and the concluding risk characterization are represented
qualitatively.

In Annex III, the directive outlines the information required in the
notification to the national competent authority. Extensive information
is collected pertaining to the GMO, conditions of release, the receiving
environment, and interactions between the GMO and the environment.
Much of this information is inherently quantitative (e.g., generation
time, median infective dose, level of expression of the construct, etc.),
however, this quantitative data is not required to be used to form a
quantitative characterization of risk in the e.r.a. described in Annex II.

3.5. Risk assessment for animal biotechnology

In its report Animal Biotechnology: Science-Based Concerns, the Na-
tional Research Council (NRC) of the National Academies presents find-
ings of human and environmental risk issues stemming from products
of animal biotechnology (National Research Council, 2002). The report
describes animal biotechnology implications for food safety, the envi-
ronment, and animal health and welfare. The NRC committee cautions
that “potential impacts on the environment from the escape or release
of genetically engineered organisms was the committee's greatest
science-based concerns associated with animal biotechnology.” The en-
vironmental concerns focus primarily on risks of transgene spread
through vertical gene transmission followed by natural selection, with
some discussion of horizontal gene transfer.

While the committee states that the traditional four-step risk assess-
ment structure of hazard identification, exposure assessment, dose-
response assessment, and risk characterization do not apply well to ge-
netically engineered (GE) organisms in the environment, it goes on to
outline its risk analysis process in five analogous steps:

1) to identify the potential harms regardless of likelihood,

2) to identify the potential hazards that might produce those harms,

3) to define what exposure means for a GE organism and the likelihood
of exposure,

4) to quantify the likelihood of harm given that exposure has occurred,
and

5) to multiply the resulting probabilities to prioritize risk.

The output of the committee's overall assessment of environmental
concern is a risk ranking of GE animals according to ‘level of concern,’
where level of concern is determined through a product of the variables
“fitness of the GE organism,” “ability to escape and disperse,” and “sta-
bility of the receiving environment.” The resulting product is scaled
qualitatively, ranging from low to high. In evaluating these variables,
the committee accounts for several SynBio risk factors, including how
a transgenic construct leads to production of novel products, how it in-
fluences mega-mutations that instantaneously and substantially change
the phenotype of the organism, and how it enhances existing traits like
growth rate, the ability to adapt to a wider range of environmental con-
ditions, and the ability to spread. Importantly, the committee describes
the importance of understanding the magnitude to which the
engineered construct modifies these factors relative to wild-type
comparators.

The ‘receptors’ in the NRC report include all ecological endpoints
ranging from individual organisms to populations and communities.



GE animals are the only hazardous entities considered; there is no con-
sideration of engineered microbial or plant hazards.

4. Proposed framework: Quantitative Risk Assessment for Synthetic
Biology Products (QRA-SynBio)

The five established risk assessment frameworks examined above
are partially applicable to SynBio, but none can function independently
as a standardized framework for the quantitative risk assessment for
SynBio products. To achieve this end, we propose an incremental build
on these paradigms, leveraging the components that enable fulfillment
of the four essential criteria and account for all SynBio risk factors. The
model we propose, called the Quantitative Risk Assessment Method for
Synthetic Biology Products (QRA-SynBio), utilizes the Hazard Identifica-
tion, Exposure Assessment, Dose-Response Assessment, and Risk Char-
acterization steps common to several of the established risk assessment
paradigms. The key addition to these steps is the SynBio Modifying Fac-
tors Assessment (Fig. 1). Each step of the method is described below.

4.1. Step 1: hazard identification

The objective of the Hazard Identification step in the QRA-SynBio
method is to identify the SynBio organism and the spectrum of adverse
environmental health outcomes associated with it. Proper identification
of the SynBio organism requires an understanding of its closest compar-
ators, host chassis organism, donor organism, SynBio construct form
and function, and suitable surrogates and proxies for hazard and expo-
sure data. Identification of the adverse environmental health outcomes
first requires an inventory of all environmental receptors that may be
impacted by the SynBio product. Potential effects on all levels of biotic
and social organization must be considered (Breckling and Schmidt,
2015). Next, adverse health outcomes must be identified which may re-
sult from exposure to either direct or indirect hazard mechanisms. Direct
hazard mechanisms are those that result from direct exposure to the
SynBio product and are more likely to be immediate (e.g., infectivity/
virulence, production of toxic chemicals, gain or loss of function of spe-
cific genes, etc.). Indirect hazard mechanisms are those that result from
indirect interaction with the SynBio product and are more likely to be
delayed (e.g., impacts to biodiversity, destruction of habitat or essential
nutrient sources, aid to detrimental organisms, etc.) (EU Commission,
2001). Lastly, the Hazard identification step requires the risk assessor

to prioritize the possible environmental receptor and adverse health
outcome combinations and select a single combination for which risk
will be calculated. There are likely to be multiple environmental recep-
tor and adverse health outcome combinations, but only one can be se-
lected at a time for quantitative risk assessment. However, many
combinations will utilize the same or very similar hazard and exposure
parameters which can be leveraged in subsequent risk assessments for
other environmental receptor and adverse health outcome
combinations.

If there is limited hazard data for the SynBio product, empirical tests
must be performed for potential adverse environmental health out-
comes or assumptions must be made using surrogates and proxies. If
it is unclear whether the SynBio product behaves like a comparator or
surrogate, benchmarking tests must be performed to establish the rela-
tive behavior of the synthetic organism compared to the surrogate. Nat-
ural comparators, host chassis organisms, and donor organisms may not
always be available, as part of SynBio is concerned with new kinds of bi-
ological systems and pre-life forms (Ahteensuu, 2017; EU Commission
(EC), 2015). In such cases, empirical tests must be performed for poten-
tial adverse environmental health outcomes, shifting the risk assess-
ment from a more prediction-based assessment to more empirical
testing (Konig et al., 2013).

4.2. Step 2: risk parameter quantification

Step 2 of the QRA-SynBio method consists of three sub-steps which
focus on the identification and quantification of the risk parameters
through: a) Exposure Assessment, b) Dose-response Assessment, and
¢) SynBio Modifying Factors Assessment.

4.2.1. Step 2a: exposure assessment

The objective of the Exposure Assessment step in the QRA-SynBio
method is to determine the extent of a receptor's exposure in terms of
number of SynBio organisms encountered. First, the assessor must de-
fine the scenario of interest and the point of exposure (in space and
time) at which the environmental receptor is exposed to the SynBio
product. The assessor must also determine whether the intended use
of the SynBio product requires containment, and describe the degree
of containment. Next, the assessor must list the exposure parameters,
or all of the factors that contribute to the number of SynBio organisms
to which the environmental receptor is exposed. These may include
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Fig. 1. Quantitative Risk Assessment Method for Synthetic Biology Products.

(Adapted from Trump et al., 2018.)



extrinsic or intrinsic biocontainment, initial dose, growth rate and die-
off rate, mutation rate, rate of gene transfer, heritability of the synthetic
genotype, environmental travel time, partition effects, organism mobil-
ity, encounter or intake rate of environmental receptor, transmissivity,
change in receptor genetic function (an intermediate health endpoint),
and receptor survival, activity, and competitiveness (an intermediate
health endpoint).

To establish a quantitative characterization of risk, the exposure pa-
rameters must be translated into an equation for dose, which quantifies
the number of SynBio organisms, intact genetic constructs, or active
amount of protein or nucleic acids encountered. Where possible, each
exposure parameter should be represented by a distribution rather
than a point value to represent variability and uncertainty, and a
Monte Carlo simulation should be carried out to determine the likely
range of potential exposure doses.

4.2.2. Step 2b: dose-response assessment

The objective of the Dose-response Assessment step in the QRA-
SynBio method is to characterize the relationship between the number
of SynBio organisms encountered and the occurrence of the adverse en-
vironmental health outcome which includes undesirable phenotypes.
This step requires dose-response curve-fitting of real or surrogate data
from the SynBio organism and the environmental receptor and subse-
quent determination of the best-fit dose-response equation. In deter-
mining the best-fit dose-response equation, it is important to note
whether the endpoint effect requires multiplication in the host, in
which case a traditional dose-response function from QMRA may be ap-
plicable (e.g., beta-poisson, exponential, etc.). If the endpoint effect does
not require multiplication in the host then a dose-response function
from chemical risk assessment may be appropriate. Uncertainty must
also be characterized for the dose-response curve and the best-fit equa-
tion parameters.

4.2.3. Step 2c: SynBio modifying factors assessment

The objective of the SynBio Modifying Factors Assessment step in the
QRA-SynBio method is to identify the risk factors that impact a SynBio
organism's hazard and exposure parameters in the scenario of interest
and quantify their impact (Fig. 2). These factors include the elements
from Categories 1-3 described earlier: response to the genetic

construct, response to the gene editing process, and response to envi-
ronmental stressors. As mentioned previously, these risk factors pertain
to modification of the risk scenario, not the organism.

When quantifying the SynBio organism's response to the genetic
construct, a risk assessor must consider how the effects of expression
of the genetic construct, disruption to cellular processes and integrity
(i.e., internal interactions), mutation and stability, horizontal gene
transfer and vertical gene flow, and intrinsic biocontainment modify
the hazard and exposure parameters. Similarly, when quantifying the
SynBio organism's response to the gene editing process or to environ-
mental stressors, a risk assessor must consider how off-target gene
edits and environmental stress-response modify the hazard and expo-
sure parameters, respectively.

4.3. Step 3: risk characterization

The objective of the Risk Characterization step in the QRA-SynBio
method is to estimate the magnitude, variability, and uncertainty of
the risk of the adverse environmental health outcome in the exposed
area. This step requires calculating the probability of an adverse health
outcome using outputs from the Exposure Assessment (dose) and
Dose-response Assessment (best-fit dose-response equation and pa-
rameters). Uncertainty associated with the risk characterization (quar-
tile range, etc.) must be presented and a sensitivity analysis should be
performed to determine which parameters have the greatest impact
on the variability of the risk characterization. All assumptions made dur-
ing the risk assessment (e.g., real data vs. surrogate data, environmental
conditions, etc.) must be presented and discussed.

In a risk assessment for a SynBio product, the risk assessor will face
one of two conditions pertaining to knowledge of the product; they
will either (1) have perfect information about the stressor and its ad-
verse outcomes, or (2) have imperfect information and must utilize sur-
rogate or proxy data. In the first scenario, the risk assessor may use
established frameworks such as QMRA or ERA because the SynBio Mod-
ifying Factors Assessment will not be necessary; these factors are al-
ready accounted for in the empirical measurements for the hazard and
exposure parameters. In the second scenario, which is the more likely
scenario in the near-term, the risk assessor must modify - either in-
crease or decrease — the risk parameters to more accurately characterize

Organism response to...

Genetic Construct

* Expression of genetic construct .
* Disruption of cellular processes
*  Mutation (stability)

¢ Gene transfer/flow

* Intrinsic biocontainment

Gene Editing Process

Off-target gene edits

Environmental Stressors

* Stress-response (abiotic/biotic)

Modifies...

Risk = Hazard x Exposure

Fig. 2. Modifying Factors assessment for a SynBio product. The solid boxes represent categories of risk factors that are unique to SynBio products. The dotted box represents a category of
risk factors that applies to all organisms released to the environment, including SynBio products.



Table 2
Mock data for Step 1: hazard identification.
Hazard mechanism Hazard mechanism Receptor/Outcome
type
Direct Infectivity/Virulence Rainbow trout/mortality
Production of toxic chemicals No evidence
Indirect Impacts to biodiversity No evidence
Destruction of habitat or No evidence

nutrient source
Aid to detrimental organisms Soil bacteria community,

infection by phage/die-off

risk; this modification is inherently relative, comparing the SynBio or-
ganism to the selected surrogate.

5. Hypothetical case study

The following hypothetical case uses mock data to demonstrate how
the QRA-SynBio method (Fig. 1) can be applied to a SynBio product. In
this case, the hypothetical SynBio product is an engineered Pseudomo-
nas putida S-313 (P. putida S-313) soil bacterium that has been geneti-
cally modified to contain a synthetic genetic construct that codes for
multiple enzymes that can perform a step-wise conversion of the
perfluorinated chemical 6:2 fluorotelomer sulfonate (6:2 FTS) into be-
nign degradation products. In the scenario of interest, the SynBio prod-
uct will be used in ex situ bioremediation of contaminated soil that has
been excavated and transported to a nearby treatment facility. The
decontaminated soil is sterilized and returned to the excavation site
where the environmental exposure occurs.

5.1. Step 1: hazard identification

The first step in the QRA-SynBio method is Hazard Identification,
which seeks to identify the SynBio organism and the spectrum of ad-
verse environmental health outcomes associated with it. The SynBio
product in this case is P. putida S-313 and, in evaluating the closest com-
parator, host chassis, and donor construct, the risk assessor for this case
concludes that related wild-type Psuedomonas sp. can serve as reason-
ably representative surrogates for the SynBio product when necessary.
In this hypothetical case, the risk assessor has limited empirical hazard
or exposure data for the SynBio product and will rely on surrogate
data to fill knowledge gaps.

The assessor considers the potential adverse environmental health
outcomes resulting from exposure to the SynBio product and generates
a list of potential environmental receptors and associated adverse
health outcomes in the scenario of interest. The assessor identifies
that wild-type P. putida S-313 is known to infect Rainbow Trout

Table 3
Mock data for Step 2a: exposure assessment.

(Oncorhynchus mykiss), leading to mortality (Altinok et al., 2006), and
concludes that this is likely to be the most significant environmental re-
ceptor and adverse health outcome combination at the affected site
(Table 2). The assessor chooses “Rainbow Trout/mortality” as the “re-
ceptor/outcome” combination for which risk will be quantified in this
hypothetical case.

5.2. Step 2a: exposure assessment

The objective of the Exposure Assessment step in the QRA-SynBio
method is to determine the extent of a receptor's exposure in terms of
number of SynBio organisms encountered. In this hypothetical case,
the assessor defines the scenario of interest as the SynBio product
being released to the environment when the decontaminated soil -
which has been incompletely sterilized after ex situ bioremediation -
is returned to the excavation site. The SynBio product then transports
via groundwater flow to a nearby pond inhabited by Rainbow Trout
where it proceeds to infect the trout as they swim through (referred
to here as a “swim-through”) the contaminated water.

To quantify the receptor's exposure to the SynBio product, the asses-
sor identifies the relevant exposure parameters and their associated
data (hypothetical) listed in Table 3 and develops the equation for
dose shown in Eq. (1). Because the risk assessor has limited empirical
exposure data for the SynBio product, they must rely on surrogate
data to populate many of the exposure parameters. The assessor repre-
sents many of the exposure parameters as distributions in order to
properly account for uncertainty and variability in parameter values.

Equation for daily dose (CFU/day) of SynBio product encountered by
a Rainbow Trout once the SynBio product has reached the lake.

1 1
_ gxt -
Doseflx—lozx(lJra) xpxsquu (1)

where,

Dose = Number of CFUs of SynBio product taken up by a Rainbow
Trout each day after the SynBio product has reached the lake.

I = Initial remediation inoculum (CFU per cm?).

z = Sterilization efficiency (Log;o reduction per treatment).

a = Asexual inheritance rate of the synthetic construct (unitless).

g = SynBio product growth rate (generations per day).

= Environmental travel time to lake (days).

P = Soil-water partition coefficient (CFU per cm? soil/CFU per cm?
water).

s = SynBio product encounter rate for Rainbow Trout (“Swim-
throughs” per day).

q = SynBio product intake rate for Rainbow Trout (cm® of water per
“swim-through”).

Parameter Unit

Initial remediation inoculum CFU?/cm?
Biocontainment (extrinsic) - sterilization efficiency
Growth rate/die-off rate

Environmental travel time to lake Days
Asexual inheritance rate of synthetic construct Unitless

Partition coefficient (air, soil, water, flora/fauna)

Encounter rate of environmental receptor

Intake rate of environmental receptor

Transmission rate (percentage of “swim-throughs”
resulting in uptake)

Biocontainment (intrinsic) - e.g., kill switch

Rate of gene transfer (transformation, conjugation,
transduction)

Unitless

Transfers/day

Logo reduction per treatment
Generations/Day (doubling time)

“Swim-throughs”/day
cm?/"Swim-through”

Logo reduction per day

Hypothetical Distribution

value/Range

10° Point

8.0-9.0 Uniform (Min = 8.0; Max = 9.0)

1.0+ 0.1 Normal (Mean = 1.0; Std. Dev. = 0.05)
8.0-9.0 Uniform (Min = 8.0; Max = 9.0)
1.0 Point
CFU per cm® soil/CFU per cm® water  1000.0-2200.0:1.0 Beta (Min = 1000.0; Max = 2200.0; Alpha = 1.5;
Beta = 4.0)
1-7 Lognormal (Mean = 3; Std. Dev. = 1)
90.0-110.0 Uniform (Min = 90.0; Max = 110.0)
0.1 Point
0 Point
0 Point

@ CFU = Colony Forming Units.
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Table 4
Mock data for Step 2b: dose-response assessment.

Best-fit model Equation k (best-fit value)

k (distribution)

Exponential P=1—exp(—k=d) 6.93E-03

Lognormal (Location = 1.46E-03; Mean = 8.15E-03; Std. Dev. = 4.33E-03)

Where, P = probability of mortality, d = average exposure dose, and k = dose-response parameter specific to the hypothetical SynBio product.

u = Transmission rate (percentage of “swim-throughs” resulting in
uptake of SynBio product; unitless.

The assessor also documents the following assumptions that were
made when developing the exposure model:

* Escape of the SynBio product from the contained treatment facility is
only via material returned to the site; there is no escape to the area
of concern via:

o Attachment and subsequent shedding from worker clothing/body
o Treatment facility waste stream (solid, liquid, air)

o Transported material

o Ambient air as aerosol

* There is no intrinsic biocontainment mechanism contributing to die-
off.

The SynBio product has a 100% asexual inheritance rate of the syn-
thetic genetic construct; all subsequent generations retain the genetic
construct and there is no reversion to wild-type during multiplication
in the host.

There is no horizontal gene transfer of virulence factors from the
SynBio product to native organisms so no native organisms become
infective to the Rainbow Trout.

The SynBio product in the returned soil control volume is planktonic
and transports via a plug-flow manner (no plume, no loss to soil sur-
face, no partition to air) in the direction of groundwater flow.
Concentration of SynBio product is uniform (complete mixing) in all
control volumes (soil and water)

The SynBio product's die-off rate in water is proportional to its growth
rate in soil such that the soil-growth—partition-to-water—death-in-
water cycle maintains a steady-state concentration.

5.3. Step 2b: dose-response assessment

The objective of the Dose-response Assessment step in the QRA-
SynBio method is to characterize the relationship between the number
of SynBio organisms encountered and the occurrence of the adverse

environmental health outcome. The assessor in this case does not
have real-world dose-response data for the SynBio product and instead
uses surrogate data from a study in which Rainbow Trout were dosed
with wild-type P. putida S-313. The assessor then determines that the
endpoint effect requires multiplication in the host and that the best-fit
equation in this hypothetical example is the exponential model. The
mock data statistics for the best-fit parameter are shown in Table 4.

54. Step 2c: SynBio modifying factors assessment

The objective of the SynBio Modifying Factors Assessment step in the
QRA-SynBio method is to identify the risk factors that impact a SynBio
organism's hazard and exposure parameters in the scenario of interest
and quantify their impact. The risk assessor in this hypothetical example
examines the SynBio product's response to the genetic construct, the
gene editing process, and the environmental stressors in the scenario
of interest. The assessor determines how these risk factors either in-
crease or decrease the hazard and exposure parameters in the risk
quantification.

The assessor finds evidence that three of the exposure parameters
must be adjusted to account for expected differences between the
SynBio product and the wild-type surrogate data resulting from the
SynBio modifying factors (Fig. 3, Table 5).

Modifying these three exposure parameters results in a net decrease
in the dose distribution (Fig. 4). Oracle Crystal Ball 11.1.2.4.850
(interfaced with Microsoft Excel 2010) was used to perform the
Monte Carlo simulation (10,000 trials) and the best-fit distribution for
dose according to Anderson-Darling statistics was determined to be
the lognormal distribution (Location = 0.1; Mean = 3.0; Std. Dev. =
2.9). The assessor in this hypothetical example used this distribution
in Step 3: Risk Characterization.

The assessor also finds evidence that the hypothetical SynBio prod-
uct is less pathogenic to the Rainbow Trout than wild-type P. putida S-
313 and adjusts the distribution for the dose-response parameter (k)
based on the evidence (Fig. 5, Table 6). The assessor in this hypothetical
example used the adjusted distribution in Step 3: Risk Characterization.

Dose =1 X
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Fig. 3. Three exposure parameters were adjusted to account for expected differences between the SynBio product and the wild-type surrogate data resulting from the SynBio modifying factors.

Table 5

Mock exposure data for Step 2¢: SynBio modifying factors assessment. SynBio modifying factors result in three adjusted exposure parameters.

Parameter Modification Modified value/Range Modified distribution

Growth rate/die-off rate Decrease 0.5 4+ 0.05 Normal (Mean = 0.5; Std. Dev. = 0.025)

Environmental travel time to lake Increase 9.0-10.0 Uniform (Min = 9.0; Max = 10.0)

Partition coefficient (air, soil, water, flora/fauna) Decrease 800.0-2000.0:1 Beta (Min = 800.0; Max = 2000.0; Alpha = 1.5; Beta = 4.0)
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Fig. 4. Modification of the three exposure parameters results in a net decrease in the dose distribution for the SynBio product. Panels A and B show the dose distribution before and after the

SynBio modifying factors are applied, respectively.

5.5. Step 3: risk characterization

The objective of the Risk Characterization in the QRA-SynBio method
is to estimate the magnitude, variability, and uncertainty of the risk of
the adverse environmental health outcome in the exposed area. In this
example, the assessor performs a Monte Carlo assessment combining
the results from the exposure assessment and dose-response assess-
ment into the exponential model to quantify risk of Rainbow Trout mor-
tality. The risk statistics and uncertainty are shown in Table 7, which
also illustrates that by incorporating the SynBio modifying factors, the
assessor in this hypothetical scenario derived a reduced risk
characterization.

The assessor also performs a sensitivity analysis which reveals that
the sterilization efficiency (z), SynBio product encounter rate for Rain-
bow Trout (s), and the dose-response parameter specific to the hypo-
thetical SynBio product (k) contribute most to variability in risk
outcome, with 66.5%, 12.7%, and 11.2% of the output variability being at-
tributed to these three inputs, respectively. This result suggests that fo-
cusing further data gathering efforts to reduce uncertainty for these
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three input parameters will have the greatest impact on improving
the precision of the forecasted risk of Rainbow Trout mortality.
The QRA-SynBio method illustrated above for P. putida S-313 can be

Fig. 5. The dose-response data and resulting curve were adjusted to account for expected
differences between the SynBio product and the wild-type surrogate data resulting from

the SynBio modifying factors. Uncertainty is determined through bootstrapping.

applied to any SynBio product with its own unique risk parameters and
parameter values. These SynBio products can span eukarya, bacteria,
and archaea domains and can include single-cellular and multicellular
organisms as well as viruses and cell-free materials.
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Table 6

Mock dose-response data for Step 2c: SynBio modifying factors assessment. SynBio modifying factors result in an adjusted dose-response parameter (k).

Parameter Modification

Modified value/Range

Modified distribution

Dose-response parameter (k) Decrease 6.93E-05

Lognormal (Location = 1.90E-05; Mean = 8.10E-05; Std. Dev. = 2.50E-05)

6. Conclusion

As demonstrated above, the QRA-SynBio method is an incremental
build on established risk assessment paradigms. It utilizes the tradi-
tional Hazard Identification, Exposure Assessment, Dose-Response As-
sessment, and Risk Characterization steps, and adds the SynBio
Modifying Factors Assessment to account for SynBio-specific risk fac-
tors. The objective of this proposed method is to move the SynBio risk
assessment field beyond high-level, qualitative discussions of biosafety
and biosecurity and promote detailed, quantitative characterizations
of the environmental risks of SynBio products that acknowledge and in-
corporate the factors that make SynBio products unique.

A key challenge for the QRA-SynBio method is that it relies on quan-
titative data for the SynBio modifying factors which, at present, are lim-
ited and highly uncertain. More empirical data are needed to quantify
the differences in risk parameters between SynBio products and wild-
type surrogates, inform the magnitude of parameter adjustments, and
support assumptions made during the risk assessment. Moe-Behrens
et al. emphasize that determining the behavior of a SynBio product in
relevant microcosms is essential, and that scientists are perfectly capa-
ble of measuring differences between synthetic versus wild type organ-
isms (Moe-Behrens et al., 2013). Ideally such microcosm studies would
be conducted for all hazard and exposure parameters in a risk scenario,
but the priority should be to conduct them for the most impactful pa-
rameters as identified by sensitivity analysis. The QRA-SynBio method
can quantify the sensitivity of risk parameters, thereby helping to direct
experimental investigation toward data gaps and parameters where un-
certainty should be reduced. The QRA-SynBio method can also be used
to address data gaps by “reverse QRA” in which an assessor specifies a
risk level and back-calculates the magnitude of modifying factors re-
quired to yield that risk level (e.g., how many off target gene edits
yield a 10% adverse response).

The concept of a quantitative risk assessment framework that accu-
rately captures the novel properties of SynBio products was discussed in
a March 2018 workshop hosted by the US Army Engineer Research and
Development Center's Environmental Laboratory which included
SynBio technical experts, regulators, risk assessors, and community en-
gagement experts (Trump et al., 2018). Participants emphasized the im-
mediate need for benchmarking studies that show relative differences
between synthetic and wild-type behaviors as well as adapted protocols
for identifying potential adverse environmental health outcomes. Par-
ticipants also identified a need to develop a method for prioritizing re-
ceptor/adverse health endpoint combinations (e.g., Rainbow Trout/
mortality) for risk quantification, and recommended that the public
and other potentially affected stakeholders should have input into
which receptor/endpoint pairings are relevant. It was suggested that
such stakeholder participation may lead to increased trust in the conclu-
sions of a risk assessment and may, in turn, foster broader acceptance of

Table 7
Summary of descriptive statistics of log;o risk (10,000 trials) of Rainbow Trout mortality
per daily exposure once the SynBio product has reached the lake.

Logio mortality risk: before
applying modifying factors

Log;o mortality risk: after
applying modifying factors

Minimum —2.20 —4.93
1st Quartile —1.06 —4.03
Median —0.79 —3.78
Mean —0.66 —3.62
3rd Quartile —0.54 —3.53
Maximum 0.00 —2.14

SynBio technologies. The workshop participants also emphasized that
any risk assessment framework proposed specifically for SynBio prod-
ucts must be flexible because it may require frequent adaptation as
the discipline continues to advance at such a rapid pace.

The QRA-SynBio method described and demonstrated here is flexi-
ble, objective, and transparent, and can accommodate all SynBio prod-
ucts as potential ecological hazards and any environmental receptor
and health endpoint. It is also an incremental build on previous risk as-
sessment approaches rather than a dramatic shift that eschews
preexisting methods, an attribute which increases its potential for adop-
tion by regulatory agencies because of the institutional difficulty those
agencies face in crafting and implementing any new oversight or risk as-
sessment mechanisms. Refinement will be necessary as the framework
is applied to a variety of SynBio products, but the QRA-SynBio method
has the potential to be the standard risk assessment framework that
the synthetic biology discipline is currently missing.
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