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ABSTRACT

	Aims: This study aimed to assess the potential risks associated with the environmental release of genetically modified Metarhizium pingshaense (Mp-Hybrid) for malaria vector control, using a structured and systems-based risk assessment approach.
Study design: A cross-sectional study based on structured expert elicitation was conducted to evaluate risk-related factors associated with Mp-Hybrid deployment.
Place and duration of study: The study was conducted in Burkina Faso between march 2023 and January 2024, involving experts from national research and academic institutions.
Methodology: A total of 30 risk-related factors, including biological hazards, transmission modifiers, operational risks, and socio-economic factors, were identified through literature review and expert consultation.
Nineteen experts assessed the probability of occurrence and magnitude of consequences for each factor using a scoring scale from 0 to 10. Scores were normalised and combined using a risk function (R = P × C). Variability among responses was used as an indicator of uncertainty. Comparative analyses were conducted to assess differences between experts with and without specific knowledge of Metarhizium.
Results: The overall risk associated with the release of Mp-Hybrid was estimated to be low (mean risk score: 0.118). Most factors were characterised by low probability estimates, although some were associated with moderate potential consequences, particularly those related to ecological interactions and system-level factors.
The probability of successful infection of malaria vectors was high, suggesting strong potential effectiveness of the intervention. Differences between expert groups were observed mainly in consequence assessments, with non-specialists assigning higher severity scores.
Conclusion: The findings suggest that genetically modified Metarhizium pingshaense may represent a promising complementary tool for malaria vector control with a relatively low perceived risk profile. However, uncertainties remain, particularly regarding long-term ecological and epidemiological effects.
A cautious and phased implementation, supported by robust monitoring, regulatory oversight, and community engagement, is recommended. Further empirical studies are needed to validate these findings and support evidence-based decision-making.
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1. INTRODUCTION 
Vector control is a major global public health priority for controlling insect-borne diseases such as malaria, dengue, and chikungunya. According to the World Health Organization, these diseases affect millions of people annually, resulting in substantial morbidity and mortality (World Health Organization, 2024). In the face of increasing resistance of vectors to conventional insecticides, it has become imperative to explore innovative approaches for the effective management of vector populations (Ranson & Lissenden, 2016).
In Burkina Faso, the use of Metarhizium pingshaense for vector control has been considered due to its entomopathogenic properties. However, previous studies, including that of Scholte et al. ((Scholte et al., 2005)), have highlighted limitations of certain natural Metarhizium strains, such as low virulence and limited environmental persistence. To overcome these limitations, a genetically modified strain, Metarhizium pingshaense Mp-Hybrid, was developed (Lovett et al., 2019). This modified strain demonstrated enhanced virulence and entomopathogenicity under laboratory and semi-field conditions (Lovett et al., 2019). Although release trials of Mp-Hybrid are being considered, the lack of empirical data on its long-term effectiveness and ecological impacts continues to raise significant uncertainties.
The genetic engineering of entomopathogenic fungi such as Metarhizium spp. represents a major advance in biological control by improving their efficacy and specificity against insect vectors (Bilgo et al., 2018; Ortiz-Urquiza & Keyhani, 2013). Genetic modifications may enhance the production of insecticidal toxins or increase fungal resistance to adverse environmental conditions (Fang et al., 2011). Lovett and St. Leger ((Lovett & St. Leger, 2018)) further demonstrated that the origin of hybrid strains may influence their performance in terms of virulence and environmental persistence. Nevertheless, the deliberate release of genetically modified organisms (GMOs) into the environment raises concerns regarding potential risks to human health, ecosystems, and biodiversity (Romeis et al., 2008; Snow et al., 2005).
In the absence of empirical data specific to the environmental release of Mp-Hybrid, a structured expert elicitation approach was employed to estimate potential risks. This method enables informed assessment of key parameters by collecting judgements from subject-matter experts (Martin et al., 2012). Raybould and Quemada ((Raybould & Quemada, 2010)) also emphasised the importance of rigorous risk assessment to ensure the sustainable adoption of Bt crops in developing countries, an approach equally applicable to GMOs used in vector control.
This study aims to provide a comprehensive risk assessment associated with the release of genetically modified Metarhizium in the context of vector control. By combining expert perspectives from multiple disciplines, this work seeks to deliver a balanced evaluation of potential risks to inform decision-makers and stakeholders involved in vector control management.

2. material and methods 

2.1. Conceptual framework for risk assessment
This study adopted a structured environmental risk assessment framework inspired by established approaches for genetically modified organisms (GMOs), integrating hazard identification, likelihood estimation, consequence assessment, and risk characterisation (Snow et al., 2005; Wolt et al., 2009).
Risk was defined as a function of the likelihood of occurrence and the magnitude of potential consequences. In the absence of empirical field data on the environmental release of genetically modified Metarhizium pingshaense (Mp-Hybrid), a structured expert elicitation approach was employed to quantify these components, as recommended for emerging technologies with high uncertainty (Martin et al., 2012; Wiser et al., 2016).
In contrast to conventional risk assessments focusing solely on biological hazards, this study adopted a systems-based approach, incorporating a broader range of factors including biological hazards, transmission modifiers, operational risks, and socio-economic considerations. This approach is consistent with recent perspectives emphasising the importance of integrating ecological, behavioural, and governance dimensions in risk analysis (Turschwell et al., 2023).

2.2. Identification and structuring of risk-related factors
An extensive literature review was conducted to identify potential risks associated with the environmental release of genetically modified Metarhizium, drawing on studies related to entomopathogenic fungi, GMOs, and biological control systems (Bilgo et al., 2018; Lacey et al., 2015; Ortiz-Urquiza & Keyhani, 2013; Raybould, 2009; Romeis et al., 2008).
An initial list of factors was compiled and subsequently refined during a multidisciplinary expert workshop. Experts contributed to the identification of additional factors, clarification of definitions, and grouping of similar elements.
A total of 30 risk-related factors were retained for the elicitation process. These factors extended beyond strictly defined biological hazards to capture the complexity of vector control systems and indirect pathways influencing risk outcomes.
To improve conceptual clarity, the factors were classified into four categories:
· (i) core biological hazards, 
· (ii) vector biology and transmission modifiers, 
· (iii) intervention performance and system risks, 
· (iv) socio-economic and behavioural factors. 
This broader inclusion reflects a systems-based perspective, recognising that indirect and behavioural factors can significantly influence the effectiveness and risk profile of vector control interventions (Turschwell et al., 2023).
In addition, the probability of successful infection of malaria vectors by Mp-Hybrid was assessed as a key performance indicator (KPI), given its central role in determining intervention effectiveness (Lovett et al., 2019).

2.3. Expert selection
A purposive sampling strategy was used to recruit experts with relevant expertise in entomology, ecology, biotechnology, and public health.
A total of 19 experts participated in the study, including five with in-depth knowledge of Metarhizium. The inclusion of both specialists and non-specialists aimed to capture diverse perspectives and to assess the influence of expertise on risk perception, as recommended in expert elicitation studies (Burgman et al., 2011; Cooke, 1991; Martin et al., 2012).
Participants were affiliated with recognised research and academic institutions in Burkina Faso.

2.4. Elicitation procedure
The elicitation protocol followed established best practices for structured expert judgement (Martin et al., 2012; O’Hagan et al., 2008; Wiser et al., 2016).
Each expert independently assessed:
· the probability of occurrence of each factor, 
· and the magnitude of its potential consequences. 
A scoring scale ranging from 0 to 10 was used and subsequently normalised to a 0–1 scale for analysis.
To reduce cognitive biases such as anchoring and overconfidence, experts were first asked to provide minimum and maximum plausible estimates before reporting their best estimate, and were given the opportunity to revise their responses (Coppersmith et al., 2009; Morvan & Jenkins, 2017; O’Hagan et al., 2008).
Clear definitions and guidance were provided to ensure consistency across participants.

2.5. Risk quantification
For each factor, individual expert estimates of probability (P) and consequence (C) were aggregated using mean values.
Risk scores were calculated using the formulation: .
This approach, although simplified, is widely used in comparative risk ranking and provides a transparent basis for evaluating multiple factors (O’Hagan et al., 2008; Turschwell et al., 2023).
An overall risk score was calculated as the mean of individual factor risk scores.

2.6. Uncertainty and variability
Variability among expert responses was assessed using variance and standard deviation, providing an indication of uncertainty associated with expert judgement (Wiser et al., 2016).
Given the exploratory nature of the study, formal probabilistic modelling was not conducted. Missing data were handled by calculating means based on available responses.

2.7. Comparative analysis between expert groups
To examine the influence of domain-specific expertise, responses from experts with in-depth knowledge of Metarhizium were compared with those from other participants.
Statistical analyses followed standard procedures, including normality testing and the use of Student’s t-test or non-parametric alternatives where appropriate, with a significance threshold of p < 0.05 (Field, 2013).


3. results and discussion

3.1 Results

3.1.1 Hazard identification
Nineteen (19) experts (researchers and academic staff) participated in the risk assessment of the release of GM Metarhizium. Among them, five (5) reported having in-depth knowledge of Metarhizium.
An initial literature review identified 36 potential hazards associated with the environmental release of GM Metarhizium. This list was expanded during an expert workshop, where 26 additional hazards were proposed, resulting in 62 initial hazards. To improve the practicality of expert elicitation, similar hazards were grouped into 29 thematic categories.
Additionally, the probability of infection of malaria vectors by GM Metarhizium was assessed using the same elicitation procedure. Although this is not a hazard, it represents a critical success condition for the proposed technology and was therefore included as a distinct parameter.
The final list submitted to experts comprised 30 items: 29 potential hazards and one key event related to the effectiveness of Metarhizium.
Table 1: Summary of expert expertise on Metarhizium
	Expertise level
	No in-depth knowledge
	In-depth knowledge

	Experts
	14
	5



3.1.2 Occurrence of malaria vector infection
Vector infection is the key step enabling GM Metarhizium to effectively contribute to reducing malaria transmission. Once infection is confirmed and optimised, the technology could become an essential and sustainable tool for vector control. Experts estimated a high probability of vector infection following the release of GM Metarhizium, with an overall probability of 0.784.
Table 2 : Probability of occurrence of malaria vector infection
	
	Experts with limited knowledge
	Experts with in-depth knowledge
	Overall probability

	Probability of occurrence
	0.750
	0.880
	0.784



3.1.3 Risk calculation
3.1.3.1 Probability
Risk assessment involved estimating the probability of hazards occurring following the release of GM Metarhizium. The overall probability was low (0.286). Twenty-five hazards had low mean probability estimates, while four had moderate probabilities. The hazard “monitoring” exhibited the highest probability for both expert groups.


Figure 1 : Ranking of identified risks according to their probability of occurrence.
The hazards are displayed on the y-axis, ranked in descending order of probability, while the probability values are shown on the x-axis. This graph highlights the hazards most likely to occur according to expert opinion.
3.1.3.1 Consequences
Expert opinions regarding consequences resulted in a low overall consequence score (0.4). Estimated mean consequences ranged from low (16 hazards) to moderate (13 hazards). For experts with in-depth Metarhizium knowledge, “malaria vector competence” had the highest consequence score (0.56), whereas “blood meal” was highest among non-specialists (0.579).


Figure 2 : Ranking of identified hazards according to their consequences. 
Hazards are displayed on the y-axis, ranked in descending order of consequences, while consequence values are displayed on the x-axis. This graph provides an overview of the hazards with the greatest potential impact according to experts.

3.1.3.3 Risk score
Combining probability and consequence estimates yielded hazard severity levels. Overall, the 29 hazards associated with GM Metarhizium release presented low probabilities and low consequences, resulting in a very low overall risk (0.118). Risk levels ranged from very low (12 hazards) to moderate (17 hazards). “Monitoring” showed the highest risk (RHS = 0.202).
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Table 3: Ranking of hazards according to risk score and specific criteria (Probability and Consequence)
This table presents the hazards identified in relation to the release of genetically modified Metarhizium, ranked according to their Risk Score (RHS) and their respective rankings based on Probability (P) and Consequence (C). Columns include the variance (V) and standard deviation (SD) of the risk score, as well as the overall ranking of hazards according to RHS, P, and C. The overall risk score (OVERALL RISK) is shown at the bottom of the table.
	Hazards
	RHS
	V
	SD
	P
	C
	RHS_rank
	P_rank
	C_rank

	Monitoring
	0.239
	0.041
	0.202
	0.653
	0.367
	1
	1
	24

	Ecology
	0.209
	0.011
	0.104
	0.389
	0.537
	2
	5
	3

	Mp-Hybrid fitness
	0.190
	0.005
	0.071
	0.489
	0.389
	3
	2
	16

	Household control
	0.180
	0.004
	0.067
	0.474
	0.379
	4
	3
	20

	Horizontal transfer to an invertebrate
	0.174
	0.002
	0.048
	0.384
	0.453
	5
	6
	9

	Mosquito density
	0.158
	0.001
	0.026
	0.379
	0.416
	6
	7
	14

	Loss of non-target organisms
	0.151
	0.016
	0.125
	0.311
	0.487
	7
	10
	6

	Geographic distribution range
	0.144
	0.004
	0.063
	0.426
	0.337
	8
	4
	27

	Avoidance strategies
	0.138
	0.000
	0.019
	0.358
	0.384
	9
	8
	17

	Perceptions
	0.135
	0.000
	0.022
	0.353
	0.384
	10
	9
	18

	Malaria transmission
	0.130
	0.037
	0.192
	0.250
	0.521
	11
	16
	5

	Tourism
	0.129
	0.007
	0.082
	0.305
	0.421
	12
	12
	13

	Workforce availability
	0.124
	0.004
	0.063
	0.311
	0.400
	13
	11
	15

	Transmission of other pathogens
	0.120
	0.058
	0.240
	0.216
	0.556
	14
	18
	1

	Need for control
	0.108
	0.004
	0.067
	0.284
	0.379
	15
	14
	21

	Effectiveness of mosquito control
	0.105
	0.028
	0.167
	0.226
	0.463
	16
	17
	8

	Ecological niche
	0.102
	0.002
	0.045
	0.289
	0.353
	17
	13
	26

	Economic effects
	0.099
	0.005
	0.071
	0.268
	0.368
	18
	15
	23

	Vector competence of non-malaria vectors
	0.098
	0.065
	0.255
	0.182
	0.542
	19
	24
	2

	Emergence of new diseases
	0.091
	0.021
	0.146
	0.216
	0.422
	20
	19
	12

	Degradation of natural habitats
	0.086
	0.040
	0.201
	0.184
	0.468
	21
	23
	7

	Malaria vector competence
	0.082
	0.074
	0.272
	0.153
	0.537
	22
	28
	4

	Nuisance biting
	0.072
	0.039
	0.197
	0.163
	0.442
	23
	26
	10

	Buildings
	0.071
	0.012
	0.110
	0.200
	0.356
	24
	20
	25

	Insecticide resistance
	0.069
	0.039
	0.197
	0.158
	0.437
	25
	27
	11

	Feeding frequency
	0.069
	0.021
	0.145
	0.179
	0.384
	26
	25
	19

	Blood meal
	0.064
	0.011
	0.104
	0.189
	0.337
	27
	21
	28

	Host preference
	0.058
	0.007
	0.082
	0.189
	0.305
	28
	22
	29

	Healthcare services
	0.042
	0.036
	0.190
	0.111
	0.379
	29
	29
	22

	OVERALL RISK
	0.118
	
	
	
	
	
	
	





Note:
RHS: Risk Hazard Score; V: Variance; SD: Standard deviation; P: Probability; C: Consequence; RHS_rank: Hazard ranking based on RHS; P_rank: Hazard ranking based on probability; C_rank: Hazard ranking based on consequence.
3.1.4 Comparison of risk scores according to expert knowledge
Comparisons between experts with and without in-depth Metarhizium knowledge revealed notable differences. As shown in Figure 5, no statistically significant differences were observed between groups for probability estimates (p = 0.5238) or overall risk scores (p = 0.4586). However, consequence scores assigned by non-specialist experts were significantly higher than those of specialists (p = 0.0020). This suggests that familiarity with the organism influences perception of potential consequences without affecting overall risk assessment, highlighting the importance of technical expertise in biotechnology risk analysis.
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Figure 3 : Comparison of risk parameters between experts with in-depth knowledge of Metarhizium and those without such knowledge.
The box plots show the probability, consequence, and overall risk scores, comparing two groups of experts: those with in-depth knowledge of Metarhizium (blue) and those without such knowledge (black)

3.2. Discussion
3.2.1. Effectiveness of Mp-Hybrid and implications for vector control
The primary objective of releasing genetically modified Metarhizium pingshaense (Mp-Hybrid) is to reduce malaria transmission through infection and mortality of mosquito vectors. In this study, expert elicitation indicated a high probability of successful infection of malaria vectors, suggesting that Mp-Hybrid could represent an effective complementary tool for vector control.
These findings are consistent with previous experimental studies demonstrating the capacity of genetically modified Metarhizium strains to infect and kill Anopheles mosquitoes under laboratory and semi-field conditions (Fang et al., 2011; Lovett et al., 2019). 
The high estimated probability of infection supports the biological plausibility of the intervention and its potential contribution to integrated vector management strategies, particularly in settings where insecticide resistance is widespread (Ranson & Lissenden, 2016).
However, effectiveness alone does not determine suitability for deployment. The potential risks associated with environmental release must be carefully considered alongside expected benefits.

3.2.2. Interpretation of risk estimates under uncertainty
The overall risk associated with the release of Mp-Hybrid was estimated to be low. However, this finding should be interpreted with caution, as it reflects expert judgement rather than empirical evidence.
Expert elicitation is a recognised approach for informing decision-making under uncertainty (Martin et al., 2012; Wiser et al., 2016), particularly in the early stages of technological development. Nevertheless, such approaches are inherently subject to cognitive and methodological limitations, including biases and variability in expert opinion (Coppersmith et al., 2009; O’Hagan et al., 2008).
The relatively low probability scores assigned to most factors suggest that experts consider adverse events unlikely. However, the presence of moderate consequence scores for several factors indicates that potentially significant impacts cannot be excluded. This asymmetry between likelihood and consequence is typical in emerging risk assessments and justifies a precautionary and adaptive management approach.

3.2.3. Ecological and evolutionary considerations
Ecological risks, including potential impacts on non-target organisms and ecosystem functioning, remain central concerns in the environmental release of genetically modified biological control agents. Although experts assigned relatively low probabilities to these events, their potential consequences were considered moderate, reflecting uncertainty regarding long-term ecological dynamics.
Studies on entomopathogenic fungi suggest a degree of host specificity, but also highlight the importance of evaluating non-target effects under realistic ecological conditions (Bilgo et al., 2018; Lacey et al., 2015). Risk assessments of genetically modified organisms have similarly emphasised the potential for indirect ecological effects, including trophic interactions and ecosystem service disruption (Romeis et al., 2008).
The possibility of horizontal gene transfer, environmental persistence, and unintended interactions with non-target species represents a key area of uncertainty. While such events are considered rare, their potential ecological implications justify precautionary approaches in risk assessment (Keese, 2008).
Evolutionary processes represent a critical dimension of risk that is often difficult to quantify. The potential for mosquito populations to develop resistance to Mp-Hybrid, or for the fungus itself to evolve increased persistence or altered virulence, could affect both efficacy and safety.
Similar concerns have been raised in the context of insecticide resistance and genetically modified crops, where selection pressures can lead to unintended evolutionary outcomes (Bravo et al., 2011; Tabashnik et al., 2010; Thomas & Read, 2016). Although experts in this study assigned relatively low probabilities to resistance development, the long-term nature of these processes suggests that they should not be overlooked.
Continuous surveillance and integration of resistance management strategies will therefore be essential components of any deployment framework.

3.2.4. Implications for malaria transmission dynamics
A critical aspect of this assessment concerns the potential impact of Mp-Hybrid on malaria transmission. While the intervention is designed to reduce transmission, several elicited factors explored scenarios in which transmission dynamics could be altered in unintended ways.
Experts generally considered the likelihood of increased malaria transmission or enhanced vector competence to be low. However, these scenarios were associated with moderate consequence scores, indicating that their potential impact could be significant if they were to occur.
Changes in mosquito behaviour (such as host preference, biting frequency, or ecological niche) could theoretically influence human-vector contact rates and thus transmission patterns. 
Although current evidence does not suggest that fungal infection increases vectorial capacity, these pathways remain biologically plausible and should be investigated in future empirical studies.
Additionally, the potential for changes in the transmission of other pathogens highlights the need to consider broader epidemiological impacts beyond malaria alone (Thomas & Read, 2016).

3.2.5. Role of human behaviour and system-level factors
An important contribution of this study is the inclusion of behavioural and socio-economic factors within the risk assessment framework. These elements are often overlooked in conventional biosafety assessments but can substantially influence the real-world effectiveness and risk profile of interventions.
Changes in community perceptions, protective behaviours, and household-level control practices may either enhance or undermine the benefits of Mp-Hybrid deployment. For example, a perceived reduction in malaria risk could lead to decreased use of preventive measures such as bed nets, potentially offsetting intervention gains.
System-level factors, including monitoring capacity, regulatory oversight, and implementation quality, were also identified as critical determinants of risk. These findings align with broader perspectives emphasising that the success of public health interventions depends not only on biological efficacy but also on governance and social acceptance (Turschwell et al., 2023).


3.2.6. Influence of expert knowledge on risk perception
The comparison between experts with and without in-depth knowledge of Metarhizium revealed that while probability estimates were similar across groups, non-specialists assigned significantly higher consequence scores.
This finding is consistent with previous studies on expert elicitation, which suggest that domain-specific expertise can influence perceptions of severity more than likelihood (Burgman et al., 2011; Shrader-Frechette, 1993). Specialists may have greater confidence in the biological constraints of the system, whereas non-specialists may adopt a more precautionary perspective when evaluating potential impacts.
These differences highlight the value of including diverse expertise in risk assessments, as well as the importance of transparently communicating uncertainty and assumptions underlying expert judgements.

3.2.7. Limitations of the study
Several limitations should be acknowledged. First, the study relies on expert elicitation in the absence of empirical field data on the environmental release of Mp-Hybrid (Morgan & Henrion, 1990; Wiser et al., 2016). While this approach is appropriate for emerging technologies, it is inherently subject to uncertainty and potential biases, including anchoring, overconfidence, and selection bias.
Second, the sample size of experts was relatively small and geographically concentrated, which may limit the generalisability of the findings. Broader inclusion of international experts and stakeholders could provide a more comprehensive perspective.
Third, the use of a simplified risk formulation (R = P × C) does not fully capture the complexity of ecological and epidemiological systems, nor does it explicitly account for uncertainty distributions or extreme scenarios (Wolt et al., 2009).
Finally, although a systems-based approach was adopted, interactions between factors were not explicitly modelled, and cumulative or cascading effects may therefore be underestimated.

3.2.8. Implications for policy and future research
Despite these limitations, the study provides valuable insights to inform decision-making regarding the potential deployment of genetically modified Metarhizium for malaria vector control.
The findings suggest that the technology presents a relatively low perceived risk when accompanied by robust monitoring, regulatory oversight, and community engagement. However, given the uncertainties identified, a cautious and phased approach to implementation is recommended.
Future research should prioritise:
· controlled field trials to validate expert estimates, 
· long-term ecological monitoring, 
· investigation of evolutionary dynamics and resistance development, 
· and integration of quantitative risk modelling approaches (Wolt et al., 2009). 
In addition, stakeholder engagement and risk communication strategies will be essential to ensure public acceptance and responsible deployment.


4. Conclusion
This study provides a structured and systems-based assessment of risks associated with the potential use of genetically modified Metarhizium pingshaense for malaria vector control. While multiple risk-related factors were identified, the overall risk profile was estimated to be low based on expert judgement under conditions of uncertainty.
However, this finding should be interpreted with caution given the absence of empirical field data. The results highlight the importance of robust risk management frameworks, long-term ecological monitoring, and sustained community engagement to ensure safe and effective implementation.
By integrating biological, epidemiological, and socio-behavioural dimensions, this study contributes to advancing risk assessment approaches for emerging biotechnologies in public health. It also provides a useful basis for informing biosafety policies and guiding future research, particularly in relation to field validation and long-term system dynamics.
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Supplementary Table S1. Classification and definition of risk-related factors associated with the release of genetically modified Metarhizium pingshaense (Mp-Hybrid)

 A. Biological Hazards (Direct adverse biological effects)
	No
	Risk-related factor
	Definition

	1
	Loss of non-target organisms
	The release of Mp-Hybrid leads to infection and reduction or disappearance of beneficial or edible non-target organisms (e.g. pollinators, larvae).

	2
	Degradation of natural habitats
	The introduction of Mp-Hybrid alters environmental compartments (soil, water, air), potentially reducing environmental quality.

	3
	Emergence of new diseases or allergies
	Exposure to Mp-Hybrid results in new health conditions (e.g. allergies or infections) in humans or animals.

	4
	Horizontal transfer to invertebrates
	Mp-Hybrid is transmitted from infected mosquitoes to other invertebrate species.

	5
	Insecticide resistance
	Mosquitoes exposed to Mp-Hybrid develop increased resistance to chemical insecticides.

	6
	Increased fitness of Mp-Hybrid
	Genetic modification enhances survival, reproduction, or persistence of Mp-Hybrid in the environment.

	7
	Expansion of geographical range
	Mp-Hybrid spreads beyond its intended release area and colonizes new environments.

	8
	Ecological disruption
	The release of Mp-Hybrid causes adverse ecological effects, including habitat alteration and disruption of ecosystem services (e.g. pollination, decomposition).



B. Vector Biology and Transmission Modifiers (Mechanistic factors influencing disease dynamics)
	No
	Risk-related factor
	Definition

	9
	Malaria vector competence
	Infected mosquitoes become more efficient at transmitting Plasmodium due to physiological or biological changes.

	10
	Malaria transmission
	The rate of malaria transmission increases due to changes induced by Mp-Hybrid in mosquito or parasite dynamics.

	11
	Competence for other pathogens
	Infected mosquitoes become more efficient vectors of other pathogens (viruses, bacteria, parasites).

	12
	Transmission of other pathogens
	The transmission rate of non-malaria pathogens increases due to ecological or biological changes.

	13
	Mosquito density
	The population density of mosquitoes increases due to changes in survival, reproduction, or population dynamics.

	14
	Ecological niche shift
	Infected mosquitoes expand or shift their ecological niche (e.g. from domestic to outdoor environments).

	15
	Host preference
	Infected mosquitoes feed on a wider range of host species compared to non-infected mosquitoes.

	16
	Feeding frequency
	Infected mosquitoes take blood meals more frequently due to physiological or behavioural changes.

	17
	Blood-feeding behaviour
	Infected mosquitoes show increased preference for human blood compared to non-infected mosquitoes.

	18
	Increased nuisance biting
	Human exposure to mosquito bites increases due to behavioural or ecological changes.



C. Intervention Performance and System-Level Risks
	No
	Risk-related factor
	Definition

	19
	Effectiveness of vector control
	The introduction of Mp-Hybrid reduces the effectiveness of existing mosquito control strategies.

	20
	Need for increased control
	Additional or more intensive vector control interventions are required following Mp-Hybrid release.

	21
	Household-level control changes
	Households modify their mosquito control practices and expenditures in response to Mp-Hybrid.

	22
	Monitoring capacity
	Insufficient systems are in place to effectively monitor the spread and impacts of Mp-Hybrid.



D. Socio-economic and Behavioural Factors
	23
	Risk perception
	The population develops inaccurate perceptions regarding malaria risk (e.g. belief that malaria is eliminated).

	24
	Behavioural avoidance strategies
	Individuals modify behaviours (e.g. reduced outdoor activities, increased insecticide use) due to Mp-Hybrid presence.

	25
	Healthcare costs
	Community healthcare costs increase due to indirect effects associated with Mp-Hybrid release.

	26
	Workforce availability
	Labour availability is affected due to behavioural or health-related changes linked to Mp-Hybrid.

	27
	Economic impacts
	The introduction of Mp-Hybrid affects economic sectors such as tourism, labour markets, or local businesses.

	28
	Property value impacts
	Real estate or property values are affected in areas where Mp-Hybrid is present.

	29
	Tourism impacts
	Tourism activities decline due to perceptions or concerns related to Mp-Hybrid.




Additional Parameter (Not a risk factor)
	Infection of malaria vectors
	Probability that Mp-Hybrid successfully infects malaria vectors, representing a key indicator of intervention effectiveness rather than a hazard.




image2.emf
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Changes in host preference

Expansion of geographic range

Increased human blood-feeding behaviour

Ecological niche shift

Property value impacts

Monitoring capacity 

Economic impacts

Increased health care costs

Increased need for vector control

Household-level control changes

Risk perceptions

Increased feeding frequency

Behavioural avoidance strategies

Increased fitness of Mp-hybrid 

Workforce availability impacts

Changes in mosquito population density

Tourism impacts

Emergence of new diseases or allergies

Increased insecticide resistance

Increased nuisance biting

Horizontal transfer to invertebrates

Reduced effectiveness of vector control

Degradation of natural habitats

Loss of non-target organisms

Increased malaria transmission

Increased malaria vector competence

Ecological disruption

Increased competence for other pathogens 

Increased transmission of other pathogens

Consequences

Risk-related factors

Moderate

Low



image3.png
P-value : 0,5238

. Pralue : 0,0020

4L | =B

o 5 s T

~ * Consequence

. Peralue : 0,4586

r NOTE

» — Experts with in-depth knowledge

— Experts without in-depth knowledge





image1.emf
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Increased health costs

Increased malatia vector competence

Increased insecticide resistance

Increase nuisance biting

Increased feeding frequency

Increased competence for other pathogens

Degradation of natural habitats

Changes in host preference

Increased human blood-feeding behaviour

Property value impacts

Emergence of new diseases or allergies

Increased transmission of other pathogens

Reduced effectiveness of vector control

Increased malaria transmission

Economic impacts

Increased need for vector control

Ecological niche shift

Tourism impacts

Workforce availability impacts

Loss of non-target organisms

Risk perception

Behavioural avoidance strategies

Changes in mosquito population density

Horizontal transfer to invertebrates

Ecologcal disruption

Expansion of geographical range

household-level comtrol changes

Increased fitness of Mp-hybrid

Monitoring capacity 

Probability

Moderate

Low

Risk-related factors



