
 
 
 

Évaluation indépendante du risque écologique lié au lâcher à petite échelle d'une 
souche mâle stérile Anopheles coluzzii 

Contexte 

En septembre 2015, l'Organisation du Commonwealth pour la recherche scientifique et 
industrielle (CSIRO) a publié une étude sur les risques écologiques liés aux études de 
laboratoire en milieu confiné d'une souche d’Anopheles gambiae mâle stérile génétiquement 
modifiée1. CSIRO est l’Agence fédérale australienne pour la recherche scientifique et est l'un 
des plus grands organismes mondiaux pour la recherche scientifique, et aussi l'un des plus 
diversifiés2. L'expertise multidisciplinaire de CSIRO se décline dans tout un éventail de 
disciplines scientifiques, elle a notamment une équipe spécialiste en évaluation quantitative 
de risque écologique qui a fait ses preuves dans ce domaine3. L'étude de risque réalisée en 
2015 par CSIRO avait été commandée par la FNIH (Fondation des Instituts Nationaux de la 
Santé aux États-Unis) afin d'obtenir une évaluation externe des risques liés aux activités 
proposées avec la souche de moustiques mâles stériles en milieu confiné. Les conclusions 
de l'étude de risque de 2015 confirmaient celles de Target Malaria, telles que présentées dans 
les dossiers de soumissions réglementaires du projet, et la souche de moustiques mâles 
stériles a été importée en novembre 2016 dans l'insectarium de l'Institut de Recherche en 
Sciences de la Santé à Bobo-Dioulasso, au Burkina Faso. Depuis l'importation initiale, la 
souche de moustiques mâles stériles a fait l'objet de rétrocroisements continus avec une 
souche locale de moustiques du Burkina Faso ; des analyses poussées ont permis d'établir 
ses caractéristiques et de générer des données supplémentaires afin de mieux éclairer les 
considérations de sécurité et de performance. 

L'étude de CSIRO concernant les risques du lâcher à petite échelle 

La prochaine phase de recherche proposée pour la souche de moustiques mâles stériles 
consiste en un lâcher à petite échelle, au Burkina Faso, qui permettra de générer plus de 
données de terrain sur le comportement et le cycle biologique de la souche dans 
l'environnement naturel. Ceci contribuera au développement d'un outil de lutte antivectorielle 
contre le paludisme lors de phases ultérieures de la recherche. CSIRO a donc été chargé par 
la FNIH de procéder à une étude de risque en rapport avec le lâcher à petite échelle [de 
moustiques mâles stériles], en partant du rapport 2015 et en prenant en compte les données 
générées lors d'expérimentations réalisées en milieu confiné à l'insectarium du Burkina Faso 
depuis novembre 2016. La méthodologie utilisée dans l'étude de risque de CSIRO était 
fondée sur les principes d'évaluation quantitative du risque écologique, évaluation qui passe 
par l'utilisation structurée d'outils décisionnels probabilistes afin de retracer les trajectoires de 
cause à effet et de quantifier les probabilités de résultats spécifiques. Bien que le projet de 
lâcher en question ne fasse pas intervenir des moustiques modifiés porteurs de la technologie 
du « gene drive », la méthodologie d'étude de risque de CSIRO se conforme aux 
recommandations récentes de l'Académie nationale américaine des sciences, de l'ingénierie 
et de la médecine (NASEM) pour les applications de gene drive4. Elle offre donc une 

 

1 https://targetmalaria.org/wp-content/uploads/pdf/target-malaria-risk-assessment-sterile-males-plus- 
executive-summary.pdf 
2 https://www.csiro.au/en/Research 
3 http://people.csiro.au/H/K/Keith-Hayes 
4 http://nas-sites.org/gene-drives/ 

 
 
 

3 



 
 
 
excellente occasion d'intégrer des outils d'évaluation quantitative du risque à un stade précoce 
de la recherche. L'étude de risque examine les données et éléments fournis par Target 
Malaria et intègre un processus consultatif structuré faisant intervenir des experts 
indépendants. Le rapport de l'étude de risque écologique, finalisé en mai 2018, est un 
exemple exhaustif d'une étude quantitative de risque, mise à disposition dans le domaine 
public, concernant un lâcher à petite échelle délibéré et contrôlé de moustiques 
génétiquement modifiés (mais non porteur de la technologie du ‘gene drive’). 

L'étude de risque concernant le lâcher de la souche de moustiques mâles stériles de CSIRO 
est fondée sur des paramètres issus des préoccupations des communautés locales ; celles- 
ci ont trait aux perceptions des risques pour l'environnement et la santé humaine et ont été 
rassemblées lors d'activités d'engagement des communautés sur les sites d'étude. Les sept 
paramètres spécifiques définis dans le rapport d'étude de risque peuvent être regroupés en 
quatre domaines concernant le potentiel de : 

• Transmission accrue de la maladie, 
• Survie des moustiques génétiquement modifiés relâchés ou de leur descendance au- 

delà des délais anticipés, 
• Persistance et propagation de la construction génétique dans la population cible et au 

sein d'espèces étroitement apparentées, 
• Résistance accrue aux insecticides des moustiques femelles génétiquement modifiées 

relâchées, par rapport à la population sauvage. 

Globalement, CSIRO a conclu que les résultats de l'étude de risque n'indiquaient pas la 
nécessité de mesures supplémentaires de gestion des risques, hormis les activités de 
surveillance déjà planifiées par le projet. Il importe de noter que les calculs réalisés dans 
l'étude de risque ne tenaient pas compte de l'élimination des moustiques femelles sauvages, 
qui se poursuit par le biais des activités routinières du programme de surveillance de Target 
Malaria. Le nombre de moustiques femelles capturées dans la population locale sur le site 
du lâcher, dans le cadre des captures de surveillance, dépasse largement le nombre potentiel 
de moustiques femelles qui seraient susceptibles d'être introduit par inadvertance lors du 
lâcher. Il s'agit d'une considération pertinente pour l'estimation des risques, notamment celui 
de transmission de la maladie qui dépendrait du nombre de moustiques femelles présents, 
mais cette considération ne rentrait pas dans le périmètre des calculs réalisés par CSIRO 
pour cette étude de risque. 
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EXECUTIVE SUMMARY
In September 2015, the Commonwealth Science and Industrial Research Organisation
(CSIRO) assessed the human health and environmental risks associated with a hypotheti-
cal escape of transgenic Dominant Sterile Male Anopheles gambiae mosquitoes, designa-
ted Ag(DSM)2, from insectaries in Western Africa. Target Malaria used the risk assessment
to support an application to import and rear these mosquitoes at the Institut de Recherche
en Sciences de la Santé insectary in Bobo-Dialousso, Burkina Faso.

In November 2016, Target Malaria imported under permit Ag(DSM)2 eggs into a contained
facility within the insectary. The insectary backcrosses Ag(DSM)2 females with male An.
coluzzii mosquitoes born to gravid females originally sourced from a village in the Kou valley.
The backcrossing replaces the genetic background of the original Ag(DSM)2 eggs with
that of the wild-type mosquitoes, designated here as Ac(WT). The trangenic mosquitoes
are subsequently designated Ac(DSM)2 to reflect the introgression of the Dominant Sterile
Male construct into the An. coluzzii genetic background.

Target Malaria propose to conduct a controlled field release of between 2,000 and 10,000
male Ac(DSM)2 mosquitoes marked with fluorescent dust, and an equivalent number of
males Ac(WT) mosquitoes as comparators, in Bana village in the Kou Valley, approximately
25 km west of the insectary. The primary purposes of the field release are to: (i) generate
data on the daily survival rate of released Ac(DSM)2 males and to assess their movement
from a defined release point; and (ii) strengthen local capacity in the handling, release and
recapture of laboratory reared mosquitoes including through the establishment and valida-
tion of standard operating procedures and internal systems for the oversight of regulatory
compliance.

Data generated from the field release will further inform an understanding of how outcomes
from indoor contained use experiments can be extrapolated to a field entomology context.
Additionally, although Ac(DSM)2 does not incorporate a gene drive mechanism, data on
the population dynamics and dispersal behaviour of male Ac(DSM)2 collected from a field
release will serve to further demonstrate and develop the methodology and mathematical
models needed to support an environmental risk assessment to standards recommended
for gene drive applications (National Academies of Sciences, Engineering and Medicine,
2016; Australian Academy of Sciences, 2017).

This report documents the results of a risk assessment conducted by the CSIRO to estimate
the ecological and human-health risks associated with the proposed field release. The
report is not a complete evaluation of all potential risks. Some potential risks, such as the
risks to social endpoints identified in Burkina Faso’s legislation, are not addressed in this
analysis.

At the beginning of the assessment, CSIRO and Target Malaria agreed to base the risk
calculations on a controlled release of 5,000 male Ac(DSM)2 mosquitoes at the beginning
of the wet season (July). The field release requires regulatory approval and is contingent
on the insectary generating a sufficiently large population of male Ac(DSM)2 mosquitoes.
The actual release date, and number of mosquitoes released, may therefore change, but
the number released will not exceed 10,000. Target Malaria have also stipulated that their
female separation protocols will limit the incidental release of female Ac(DSM)2 mosqui-
toes to no more than 5 for every 1,000 male Ac(DSM)2 mosquitoes released. The risk
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assessment assumes that this condition will be met.

In November 2016, the CSIRO asked Target Malaria’s stakeholder engagement team to col-
late the local community’s concerns about the field release to help identify risk assessment
endpoints. The community subsequently identified four human health concerns and five
environmental concerns that were deemed to have plausible Adverse Outcome Pathways.
These concerns are represented in seven risk assessment endpoints that form the basis of
this risk assessment:

1. The probability that the Dominant Sterile Male construct will increase the vectorial ca-
pacity of female Ac(DSM)2 mosquitoes for three pathogens - P. falciparum, o’nyong’nyong
virus and lymphatic filariasis - relative to Ac(WT) mosquitoes, and thereby increase
the probability of these diseases being transmitted following the controlled field rele-
ase.

2. The probability that incidentally released female Ac(DSM)2 mosquitoes will vector a
novel blood-borne pathogen.

3. The survival of incidentally released female Ac(DSM)2 mosquitoes, and their transge-
nic offspring, expressed as the probability distribution of the time taken (measured in
days after the release) for the expected number of Ac(DSM)2 females to drop below
one.

4. The survival of released male Ac(DSM)2 mosquitoes again expressed as the proba-
bility distribution of the time taken for the expected number of Ac(DSM)2 males to
drop below one.

5. The probability that the Dominant Sterile Male construct will spread and persist in
local populations of wild-type An. coluzzii.

6. The probability that the Dominant Sterile Male construct will spread and persist in
local populations of wild-type An. gambiae or An. arabiensis.

7. The probability that the Dominant Sterile Male construct will make female Ac(DSM)2
mosquitoes less susceptible (more resistant) then female Ac(WT) mosquitoes to com-
monly used insecticides in the region for which insecticide resistance has been repor-
ted in Anopheles mosquitoes.

The first two endpoints examine the potential for female Ac(DSM)2 mosquitoes to transmit
P. falciparum or other pathogens, and are directly linked to human safety. The third endpoint
examines how many female Ac(DSM)2 mosquitoes are in the environment, and how long
they are likely to persist, assuming no fitness disadvantages other than that caused by male
sterility. The potential for female Ac(DSM)2 mosquitoes to transit pathogens depends on
how many there are in the environment. The potential for impacts on non-target organisms
also depends on how long they persist in the environment. The third endpoint is therefore
relevant to the potential for human health and ecological impacts.

The fourth endpoint examines how long male Ac(DSM)2 mosquitoes are likely to persist
in the environment, assuming all male mosquitoes are sterile. The potential for impacts
on local populations of An. coluzzii, and any subsequent knock-on effects, depends on
how long Ac(DSM)2 male mosquitoes persist in the environment. The fourth endpoint is
therefore relevant to the potential for human health and ecological impacts.

CSIRO I-PpoI RA Part 2 Risk report | 3



The fifth and sixth endpoints examine how likely it is that the transgene would spread in the
species complex into which it is being released. This is not considered harmful per se, but it
would be unexpected, and would trigger additional assessment as to whether it might lead
to environmental harm. These two endpoints are therefore conservative.

The last endpoint examines the probability that female Ac(DSM)2 mosquitoes are more
resistant to the insecticides that are commonly used in the controlled field release region.
Enhanced resistance to insecticide could confer a strong fitness advantage and could the-
refore increase the probability that female Ac(DSM)2 mosquitoes will survive in the en-
vironment. The last endpoint is therefore relevant to the potential for human health and
ecological impacts.

In accordance with recent recommendations by the National Academies of Science, En-
gineering and Medicine, and the Australian Academy of Sciences (National Academies of
Sciences, Engineering and Medicine, 2016; Australian Academy of Sciences, 2017), the
risk calculations in this analysis are quantitative and based on informative priors elicited
from domain experts, updated wherever possible with data from field or laboratory observa-
tions. The risk assessment also discusses the possibility of non-target effects attributable
to the field release.

The results of the risk assessment for each of the seven endpoints are summarised in Ta-
ble 6.1. The initial vectorial capacity analysis calculates the relative risk of pathogen trans-
mission by female Ac(DSM)2 after 29 backcrosses, compared to female Ac(WT) mosqui-
toes in the field (that is without any laboratory habituation) assuming an equal vector to
human host ratio for the duration of time that female Ac(DSM)2 mosquitoes are in the envi-
ronment. Under these circumstances the probability of increased transmission of P. falcipa-
rum, o’nyong’nyong virus and lymphatic filariasis, attributable to the effect of the transgene,
is predicted to be 0.29, 0.33 and 0.13 respectively. This means there is a 71%, 67% and
87% chance respectively that Ac(DSM)2 females will have a lower potential to transmit
these pathogens than wild type females.

Depending on the time of the controlled field release, the population of wild An. coluz-
zii female mosquitoes in Bana village is anticipated to be about 400 to 2,000 times larger
than the population of Ac(DSM)2 females (allowing for the transgenic offspring of the initial
incidentally released population). If this difference between the two vector populations is ac-
counted for by assuming that the female Ac(DSM)2 population is 1,000 times smaller than
the wild female population, then the probability of an increase in the transmission of P. fal-
ciparum, o’nyong’nyong virus or lymphatic filariasis, during the time that female Ac(DSM)2
mosquitoes are in the environment, is predicted to be 0.03, 0.05 and 0.03 respectively.

Accounting for the relatively small numbers of Ac(DSM)2 females that may be incidentally
released also reduces the probability that the Ac(DSM)2 mosquitoes will vector a novel
blood borne pathogen. A fault tree analysis conducted by Hayes et al. (2015) conclu-
ded that the median probability of this event, conditioning on a release of 5,000 female
Ag(DSM)2 mosquitoes, would be lower than 5.2 × 10−7. Assuming that the elicitations con-
ducted for Ag(DSM)2 are transferable to Ac(DSM)2, and accounting for the smaller number
of females released reduces this median probability to a value of 1.3× 10−8, under the most
conservative calculation method.

The analysis completed here predicts that male and female Ac(DSM)2 mosquitoes released
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during the controlled field trial will die out over the course of the succeeding wet and dry
seasons. The field release is not therefore predicted, and is not intended, to have any
noticeable effects on local populations of predominately An. coluzzii mosquitoes.

A simple model of female population dynamics, with an initial population of 25 Ac(DSM)2
females, predicts that the expected number of female Ac(DSM)2 mosquitoes (allowing for
offspring from the initial incidentally released population) will drop below one individual
about 65 days after the release. The 90% central credible interval of this prediction is
between 6 and 152 days. A detailed spatio-temporal model of male dispersal and survival,
with an initial population of 5,000 Ac(DSM)2 males, predicts that it will take 10 days for the
expected number of Ac(DSM)2 male mosquitoes to drop below one individual, assuming all
5,000 mosquitoes are sterile. The 90% central credible interval of this prediction is between
6 and 20 days. This predicted survival is too short, and the associated population sizes too
small, to cause any noticeable effect on non-target organisms or ecosystem processes.

Hayes et al. (2015) used fault tree analysis to calculate the probability that the Dominant
Sterile Male construct will spread in local populations of An. gambiae in a year following an
accidental release of 5,000 Ag(DSM)2 females and 5,000 Ag(DSM)2 males. This risk as-
sessment amends these calculations by updating (in a Bayesian sense) the prior probability
that the construct will fail to sterilise individual mosquitoes. The change in target species
from An. gambiae to An. coluzzii, however, requires that we assume that all other events
in the fault tree analysis, except the probability of construct failure, are transferable bet-
ween the two species. This assumption is reasonable given the high levels of dependency
between the two species in the original analysis.

This assessment predicts that the probability of the construct spreading in local populations
of An. coluzzii in a year following a controlled release of 5,000 Ac(DSM)2 males has a
median value of 8.9 × 10−4 (under the more conservative fault tree calculation strategy).
The equivalent probability of the construct spreading in local populations of An. gambiae or
An. arabiensis has a median value of 0.002 (again under the more conservative calculation
strategy). This latter value, however, does not account for the low proportion of hybrids
observed in Target Malaria’s field samples, and is therefore likely to be an overestimate.

Simulation studies indicate that there is a 30% chance that male Ac(DSM)2 mosquitoes
will be present in the vicinity of Bana if they are not observed in three sequential days of
observation, with Mark Release Recapture equivalent survey effort, implemented ten days
after the controlled field release. This is because capture efficiencies are typically less
than a few percent, hence the absence of target (in this case Ac(DSM)2) mosquitoes in
a sample does not provide a great deal of confidence that the target population is in fact
absent from the survey site. This probability is a slight underestimate because these studies
were unable to include the offspring of incidentally released female Ac(DSM)2 mosquitoes,
approximately one-quarter of which will be male Ac(DSM)2.

The simulation studies also indicate that the absence of male Ac(DSM)2 mosquitoes in
samples collected several months after the field release provide better assurance that
Ac(DSM)2 mosquitoes are indeed absent. This is because the simulation model predicts
that the male Ac(DSM)2 mosquito population will decline with time. Conversely, if samples
collected three months after the field release return true positives for the presence of the
transgene, then this would signal that the risk assessment predictions may be incorrect.
The analysis would draw the same conclusions if the small number of Ac(DSM)2 males
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born to female Ac(DSM)2 mosquitoes were included.

This risk assessment predicts that the probability of horizontal gene transfer of the Dominant
Sterile Male construct causing potential impacts on the fertility of any specific Eukaryote
(including humans) following the controlled field release will be lower than the probability
of horizontal gene transfer to any eukaryote calculated by Hayes et al. (2015), and will
therefore be less than 1.2 × 10−10.

An analysis of the results of insecticide susceptibility experiments, conducted to World He-
alth Organisation standards, indicates that female Ac(DSM)2 mosquitoes are either no less
susceptible (Fenitrothion and Bendiocarb, because mortality is 100% and almost 100%
respectively), somewhat more susceptible (Alpha-cypermethrin and Lambda-cyhalothrin)
or much more susceptible (Permethrin, Deltamethrin and Dichlorodiphenyltrichloroethane)
than female Ac(WT) mosquitoes. These results indicate that there is no evidence that fe-
male Ac(DSM)2 mosquitoes are more resistant to these insecticides than their wild-type
counterparts.

Seven endpoints were evaluated in this risk assessment based on plausible Adverse Out-
come Pathways (AOPs) for both potential human health and environmental risks derived
from local community concerns. Overall only two endpoints - the potential for an increase
in the transmission of P. falciparum, o’nyong’nyong virus or lymphatic filariasis, and for the
potential spread of the Dominant Sterile Male construct in sexually compatible species - are
identified as having median risks higher than 1 × 10−6. The assessment in these two areas
assumes that 25 female Ac(DSM)2 mosquitoes are incidentally released as an artefact of
the manual sorting process. This, however, is considered to be a maximum threshold, and
Target Malaria are seeking to release fewer females. If in fact the number of incidentally
released female Ac(DSM)2 is lower than 25 then this would reduce the risk estimates. If
no female Ac(DSM)2 are incidentally released then the transmission risks would be condi-
tional on the failure of the Dominant Sterile Male construct and would be several orders of
magnitude lower than the values reported here.

The risk assessment accounts for the very small contribution that the incidental releases
would make to the overall female population (by assuming their vector to host ratios will be
1000 times smaller) and reveals that the potential transmission risks occur for a relatively
short period of time, and are likely to be highly localised. The modelling does not account
for Ac(DSM)2 mosquitoes that are removed by survey methods used at the proposed site,
and does not account for additional male Ac(DSM)2 mosquitoes that are born to incidentally
released females. Neither of these mechanisms however, will make a significant difference
to the risk calculations because recapture rates are anticipated to be very low and very few
Ac(DSM)2 males are expected to be born at the proposed release site. The possibility that
the risk models and calculations are incorrect warrants surveys for Ac(DSM)2 mosquitoes
after the proposed field release. Target Malaria are planning to conduct these surveys in the
months following the proposed field release. Otherwise the risk results do not indicate the
need for additional risk management measures. It should also be noted that the removal of
wild female mosquitoes through surveillance and monitoring undertaken by Target Malaria,
or any ongoing vector control activities, could reasonably be expected to incrementally re-
duce the risk of disease transmission as a consequence of reducing the vector population
in the proposed release area, however the potential impacts of these activities are outside
the scope of this risk assessment.
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1 INTRODUCTION
KEY POINTS

1. In September 2015, CSIRO assessed the human health and environmental
risks associated with a hypothetical escape of transgenic Dominant Sterile
Male Anopheles gambiae mosquitoes, designated Ag(DSM)2, from insectaries
in Western Africa.

2. Target Malaria used the risk assessment to support an application to import
and rear Ag(DSM)2 mosquitoes at the Institut de Recherche en Sciences de la
Santé insectary in Bobo-Dialousso, Burkina Faso.

3. Target Malaria imported Ag(DSM)2 eggs under permit into a contained facility
within the insectary in November 2016. The insectary has since successfully
maintained a contained transgenic colony by continually backcrossing transge-
nic females with a synchronously maintained wild type colony established with
gravid female An. coluzzii mosquitoes.

4. The continual backcrossing replaces the genetic background of the original
Ag(DSM)2 eggs with that of the wild-type mosquitoes. The transgenic mosqui-
toes are subsequently designated Ac(DSM)2 to reflect the introgression of the
Dominant Sterile Male construct into the An. coluzzii genetic background.

5. Upon receipt of regulatory approval, Target Malaria propose to release between
2,000 and 10,000 male Ac(DSM)2 mosquitoes, and an equivalent number of
Ac(WT) mosquitoes as comparators, in Bana village.

6. Target Malaria and Institut de Recherche en Sciences de la Santé have con-
ducted (almost continuous) monthly entomological surveys in Bana, Sourou-
koudingan, and Pala since July 2012, and have completed five Mark Release
Recapture experiments in Bana village.

7. In Bana, female Anopheles gambiae s.l. account for 77.8%, of all samples with
male Anopheles gambiae s.l. accounting for 21.4%. Their numbers peak in
September/October towards the end of the wet season (May to October) and
are lowest in December/January toward the middle of the dry season (Novem-
ber to April). Molecular analysis reveals that 90.5% of the An. gambiae s.l.
mosquitoes captured in Bana are An. coluzzii. Very low (0.4% of sub-samples)
rates of hybridisation occur between the species in the An. gambiae complex.

8. The results of an analysis of the first four Mark Release Recapture experiments
suggest that the male mosquito population in Bana village may reach 100,000
- 500,000 in the wet season, and decline by an order of magnitude to 10,000 -
50,000 in the dry.

9. Target Malaria have stipulated that their sex separation protocols will limit the
incidental release of Ac(DSM)2 females to no more than 5 for every 1,000 deli-
berately released Ac(DSM)2 males. All subsequent analysis assumes that this
condition will be met.
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1.1 Project background and objectives
In February 2014, the CSIRO was engaged by the Foundation for the National Institutes
of Health (FNIH) to conduct an independent assessment of the risks associated with a
hypothetical escape from African insectaries of Anopheles gambiae mosquitoes genetically
modified to be male-sterile (and to express two fluorescent marker genes) by the β2-Ppo2
construct (Klein et al., 2012; Windbichler et al., 2008).

The initial CSIRO risk assessment (Hayes et al., 2015, available at http://targetmalaria.
org/resources/), submitted to FNIH in September 2015, quantifies the risk of five asses-
sment endpoints using fault tree analysis and carefully structured elicitation of experts’ be-
liefs, expressed as subjective probability statements. The assessment was used by Target
Malaria to support a biosafety application for the importation and rearing of β2-Ppo2 trans-
genic mosquitoes, hereafter referred to as the Ag(DSM)2 strain1, into a contained facility in
Burkina Faso.

Regulatory approval was subsequently granted and Ag(DSM)2 eggs were imported into
Burkina Faso under permit in November 20162. These male-sterile mosquitoes are the first
stage in the development pathway of a new genetic-control technology intended to provide
a durable and cost-effective tool for reducing the burden of malaria in the Africa by reducing
transmission of the malaria parasite. Currently there are no plans to use these mosquitoes
as a Sterile Insect Technique. Their primary purpose is to provide a mechanism to study
the effect of transferring the transgene into local (African) genetic backgrounds, and to allow
Target Malaria to conduct a controlled field release of trangenic mosquitoes.

Following completion of the initial risk assessment, FNIH approached CSIRO to provide an
independent assessment of the risks associated with the next stage of the development
pathway for this new technology, namely a small scale, reproductively-contained, field re-
lease of male Ac(DSM)2 strain3 mosquitoes in Burkina Faso. The objective of this project
is to estimate the ecological and human-health risks associated with this controlled field
release.

The primary purposes of the field release are to: (i) generate data on the daily survival
rate of released Ac(DSM)2 males and to assess their movement from a defined release
point; and (ii) strengthen local capacity in the handling, release and recapture of laboratory
reared mosquitoes including through the establishment and validation of standard operating
procedures and internal systems for the oversight of regulatory compliance.

Data generated from the field release will further inform an understanding of how outcomes
from indoor contained use experiments can be extrapolated to a field entomology context.
Additionally, although Ac(DSM)2 does not incorporate a gene drive mechanism, data on
the population dynamics and dispersal behaviour of male Ac(DSM)2 collected from a field
release will serve to further demonstrate and develop the methodology and mathematical
models needed to support an environmental risk assessment to standards recommended
for gene drive applications (National Academies of Sciences, Engineering and Medicine,

1An. gambiae Dominant Sterile Male phenotype
2Since then, the facility has operated successfully with no accidental escape of Ac(DSM)2 mosquitoes

(pers comm J. Mumford, Target Malaria, 2nd November 2017)
3This nomenclature reflects the introgression of the Dominant Sterile Male construct into the wild-type ge-

netic background by back-crossing female Ag(DSM)2 mosquitoes with locally collected wild-type An. coluzzii
males.
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2016; Australian Academy of Sciences, 2017).

This risk assessment is designed to support a regulatory application for the controlled field
release. The risk assessment endpoints reflect the results of the hazard analysis conducted
by Hayes et al. (2015), and community-identified concerns associated with the persistence
of the genetic construct in the environment, pathogen transmission, horizontal gene transfer
and effects on non-target organisms. The scope of the risk assessment is restricted to the
risks associated with the use of Ac(DSM)2 mosquitoes in the field trial. The scope extends
to activities within the insectary that maintains the Ac(DSM)2 strain only to the extent that
these activities are relevant to the probability or consequences (losses) of these risks.

1.2 Report structure
This report is divided into six sections. The remainder of this first section provides con-
textual information on the location of the controlled field release and the lineage of the
mosquito strain that will be released. This section also highlights some of the results of
previous field studies conducted by Target Malaria at the release site that are pertinent to
the risk assessment.

Section 2 documents the results of the consultation process conducted by Target Malaria’s
stakeholder engagement team, at CSIRO’s request, to identify any concerns that the local
community may have about the controlled field release. This section describes the concerns
that are addressed by the risk assessment, and those that are not, provides a rationale for
this choice and concludes with a summary of the risk assessment endpoints.

Target Malaria does not plan to release female Ac(DSM)2 mosquitoes during the field trial.
It acknowledges, however, that the sex separation protocols that it will implement prior to the
field release may not be 100% effective. This leaves open the possibility that a small number
of female Ac(DSM)2 mosquitoes will be incidentally released with the males. Section 3 of
this analysis therefore considers disease transmission by female Ac(DSM)2 mosquitoes,
including the possibility that they may transmit novel blood-borne pathogens.

Many of the local communities’ concerns are contingent on the spread and persistence
of the sterile male construct in the environment. Section 4 addresses the mechanisms
by which male and female Ac(DSM)2 mosquitoes could survive following the controlled
field release. This section describes the model of dispersal and survival developed for
male Ac(DSM)2 mosquitoes, and the separate model developed for the survival of female
Ac(DSM)2 mosquitoes that might be incidentally released during the field trial. It also ad-
dresses the probability that the construct will spread through local populations of wild type
mosquitoes, and the probability that Ac(DSM)2 female mosquitoes have enhanced resis-
tance to insecticide treatments.

Section 5 draws on the results of the previous section to assess the extent to which impacts
on non-target organisms may or may not be anticipated following the field release. The
report concludes in Section 6 with a discussion of the results. The models, analysis met-
hods and risk calculations associated with each part of the risk assessment are described
in detail in Appendix A.
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1.3 Contextual information
1.3.1 Entomological surveys and controlled field release sites

The Ac(DSM)2 mosquitoes are housed in a secure insectary run by the Institut de Recher-
che en Sciences de la Santé (IRSS) in Bobo Dioulasso, 356 kms south west of Ouagadou-
gou, the capital of Burkina Faso (Figure 1.1). Subject to regulatory approval, the controlled
field release is proposed to take place in Bana village in the Kou valley, approximately 25
km west of the insectary. This village is one of three villages – Bana, Souroukoudingan and
Pala – that have been entomologically characterised by Target Malaria and the IRSS since
2012 (Target Malaria, unpublished data). Souroukoudingan village has also been identified
as a possible alternative site for the field release.

Bana village comprises 315 houses grouped into 65 extended-family compounds (known
as “concessions”). Houses typically consist of one or two rooms, constructed with beaten
earth walls and corrugated tin roofs. At the time of a local census in October 2014, 380
people were estimated to live in the village (Epopa et al., 2017). About one kilometer to
the west of the village is a second settlement, Bana market, consisting of an additional 68
concessions. The two settlements are separated by an intermittent river. The next nearest
villages to Bana are Dindresso, some 5 km to the east, and Souroukoudingan, 5.8 km to
the west (Target Malaria, unpublished data).

Target Malaria and IRSS have conducted almost uninterrupted monthly entomological sur-
veys at four sites in Burkina Faso since July 2012. The entomological surveys use four
capture methods: (i) Pyrethroid Spray Catches (PSC) inside houses; (ii) sweep netting of
swarms; (iii) Human Landing Catches (HLC); and, (iv) larval habitat exploration. Mosqui-
toes are identified morphologically to genus, and all An. gambiae s.l. mosquitoes preserved
for subsequent molecular analysis.

The entomological surveys reveal that in Bana (village and market) female Anopheles gam-
biae s.l. account for 77.8%, of all samples with male Anopheles gambiae s.l. accounting
for 21.4%. Three other species – An. rufupes, An. funestus and An. flavicosta – have also
been captured in Bana but together they account for only 0.5% of all samples collected to
date. Anopheles gambiae s.l. numbers peak in September/October towards the end of the
wet season (May to October) and are lowest in December/January toward the middle of the
dry season (November to April) (Figure 1.2).

Molecular analysis of a sub-sample (usually between 30 to 50 individuals) of captured An.
gambiae s.l. mosquitoes is performed according to the method described by Fanello et al.
(2002). The results indicate that the vast majority (90.5%) of male and female mosquitoes
captured in Bana are An. coluzzii (formerly An. gambiae M form). An. gambiae s.s.
mosquitoes account for 8.8% of the sub-samples, while An. arabiensis accounts for only
0.3%. Hybridisation between the three species occurs at low rates (0.4%). Hybrids have
only been detected in December, March, May and June in Bana (Figure 1.3) when mosquito
numbers are at their lowest, possibly because alternative mates are hard to find at this time
(Target Malaria, unpublished data).
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Figure 1.2: Summary of entomological surveys conducted by Target Malaria and IRSS
between July 2012 and February 2015 in Bana Marché, Bana Village, Pala and Sourou-
koudingan (Data provided courtesy of Target Malaria). The monthly counts of morphologically
identified mosquitoes captured during the entomological surveys show that the population of the dominant
species – An. gambiae s.l. (An.gsl) – increases from May to October (the wet season) and then decreases
from November to February. In Bana Village and Bana Marché, mosquitoes from the Culex genus are re-
latively more abundant towards the end of the dry season (February, March and April) but otherwise these
mosquitoes, and all other species of Anopheline mosquitoes, are comparatively rare.
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Figure 1.3: Summary of the molecularly identified mosquitoes subsampled from the ento-
mological survey samples (Data provided courtesy of Target Malaria). Molecular identification
confirms that the vast majority of mosquitoes identified morphologically as An. gambiae s.l. (An.gam) are
An. coluzzii (An.col). Molecular methods are also able to identify the occurrence of hybridisation between An.
arabiensis (An.ara), An. gambiae s.s. and An. coluzzii. In Bana village and and Bana Marché hybrids are rare
and appear to occur only in December, March, May and June when populations of Anopheline mosquitoes
are relatively low.

CSIRO I-PpoI RA Part 2 Risk report | 13



1.3.2 Strain establishment, maintenance and release

The Ac(DSM)2 strain is maintained by constant back-crossing of hemizygous transgenic
females, with wild type An. coluzzii males, sourced from a synchronously maintained wild
type colony (Figure 1.4). The wild-type colony was started in the IRSS insectary in October
2014 by collecting over 100 gravid An. coluzzii females from a village in the Kou valley,
western Burkina Faso (Target Malaria, unpublished data).

The genetic identity of the females that laid eggs used to establish the colony was confir-
med as An. coluzzii by PCR amplification of single nucleotide polymorphisms within the
internally transcribed spacers ITS1 and ITS2 (Wilkins et al., 2006). The colony’s identity
was tested again by genetically identifying 5 randomly selected larvae hatched from the
founding egg family, and its purity through time is confirmed by genetically identifying 25
males and 25 females randomly selected from the wild type An. coluzzii colony every fifth
generation (Target Malaria, unpublished data).

The Ac(DSM)2 colony was started in November 2016 by importing Ag(DSM)2 eggs from
Perugia, Italy, into approved facilities within the IRSS insectary. Ag(DSM)2 female pupae
from these founding eggs were subsequently mixed with Ac(WT) male pupae to allow the
emerging adults to breed. The resulting backcross between transgenic females and wild
type males creates a mixed population containing approximately half hemizygous transge-
nic and half non-transgenic individuals. Transgenic individuals can be visually identified
because they express DsRed (red florescence) in the nerve tissues, which is evident in the
larvae’s optic lobe. The hemizygous transgenic males also express eGFP florescence in
their testes which is visible in the male larvae’s abdomen.

The Ac(DSM)2 colony is maintained in a two-step procedure that manually separates Ds-
Red positive L3 or L4 larvae, and then manually identifies females from amongst this group
by visual inspection of the terminalia of individual Ac(DSM)2 pupae (Target Malaria, unpu-
blished data). Ac(DSM)2 female pupae are then mixed with wild type male pupae sepa-
rated from the wild type colony in a similar manner (Figure 1.5). This process of constant
backcrossing ensures that the Ac(DSM)2 strain is maintained but also quickly replaces the
original Ag(DSM)2 genetic background with the local wild type genetic background.

Following at least three backcrosses, Target Malaria performed a series of experiments to
confirm the specificity and sensitivity of the fluorescent markers, and to compare key cha-
racteristics (insecticide resistance, sexual sterility, mating competitiveness and life history
traits) of male and female Ac(DSM)2 mosquitoes against their wild-type comparators.

Target Malaria initially planned to conduct the controlled field release in July 2018 by which
time the wild type colony will have been raised under contained laboratory conditions for
62 generations and backcrossed into the Ac(DSM)2 line 29 times. The field release, ho-
wever, is contingent on the insectary generating a sufficiently large population of male
Ac(DSM)2 mosquitoes and receipt of regulatory approval. The actual release date may
therefore change.
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The field release will involve releasing male Ac(DSM)2 mosquitoes and male Ac(WT) com-
parators. Both groups will be dusted with fluorescent powder as per the methods described
in Epopa et al. (2017). The field release will occur sometime between the beginning of the
wet season and the middle of the dry season. At this stage it is unclear how many mosqui-
toes will be released because this depends on the insectary’s ability to scale-up production
of mosquitoes to the requisite number. The minimum useful release size, however, is con-
sidered to be 2,000 Ac(DSM)2 and 2,000 Ac(WT) mosquitoes. The maximum release size
has been set at 10,000 Ac(DSM)2 and 10,000 Ac(WT) mosquitoes. For the purposes of
this analysis we assume that 5,000 Ac(DSM)2 male mosquitoes will be released.

Target Malaria will implement sex separation protocols and testing procedures on the mosquito
batch earmarked for release, and as a result have stipulated that they will release no more
than 5 Ac(DSM)2 females for every 1,000 Ac(DSM)2 males released. All subsequent ana-
lysis assumes that this condition will be met.

1.4 Risk assessment scope
The risk assessment endpoints (Section 2) have been determined by local community con-
cerns, and the scope of the assessment is restricted to the deliberate controlled field re-
lease of male Ac(DSM)2 mosquitoes, and the incidental field release of female Ac(DSM)2
mosquitoes. The risk assessment does not address the effect of the subsequent Mark Re-
lease Recapture experiment, or the monthly entomological surveys conducted by Target
Malaria after the controlled field release, on the risk assessment predictions. The risk as-
sessment assumes that any vector control activities in the proposed release location, such
as the use of insecticide treated bed nets, will continue to be implemented after the control-
led field release but does not consider the effect of these activities on the risk predictions.
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2 COMMUNITY CONCERNS AND RISK ENDPOINTS
KEY POINTS

1. In November 2016, CSIRO asked Target Malaria’s stakeholder engagement
team to collate the local community’s concerns about the field release to help
identify risk assessment endpoints.

2. The community identified four human health concerns and five environmental
concerns with plausible Adverse Outcome Pathways (AOPs). These concerns
are reflected in seven risk assessment endpoints.

3. The first two endpoints address the relative difference between the pathogen
transmission capacity of female Ac(WT) and female Ac(DSM)2 mosquitoes (for
P. falciparum, o’nyong’nyong virus and lymphatic filariasis) and the possibility
that female Ac(DSM)2 mosquitoes may vector a novel blood-borne pathogen.

4. The third endpoint is the time taken for the expected number of Ac(DSM)2
females (including their offspring) to fall below one individual.

5. The fourth endpoint is the time taken for the expected number of Ac(DSM)2
males (assuming complete sterility) to fall below one individual.

6. The fifth and sixth endpoints are the probability that the construct will spread
in local populations of An. coluzzii and other sexually compatible Anopheline
species in a year following the controlled field release.

7. The last endpoint is the probability that the female Ac(DSM)2 strain experien-
ces lower rates of mortality than the female Ac(WT) strain when exposed to
commonly used insecticides under standardised experimental conditions.

8. The assessment predicts that the probability of horizontal gene transfer (HGT)
of the Dominant Sterile Male causing potential impacts on human fertility follo-
wing the field release will be lower than the probability of HGT to any eukaryote
calculated by Hayes et al. (2015), and therefore remains less than 1.2 × 10−10.

9. The risk assessment considers the plausibility of effects on non-target orga-
nisms following the field release in light of the predicted survival of Ac(DSM)2
male and female mosquitoes.

10. The risk calculations in this assessment are quantitative and all assumptions
are clearly stated. The assessment adopts a transparent and coherent appro-
ach to uncertainty, and uses informative priors elicited from domain experts,
updated wherever possible with data from empirical observations.

11. In some instances the informative prior and currently available data are insuffi-
ciently aligned to allow the update to occur. In these instances the assessment
of risk is solely based on the informative prior.

2.1 Community concerns and values
Target Malaria maintains an active stakeholder engagement strategy in Bana that provi-
des for information exchange, complaint management, and community involvement in the
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project’s progress and field activities. In November 2016, the CSIRO asked Target Mala-
ria’s stakeholder engagement team to collate a list of any concerns that the community had
about the field release in order to help identify appropriate endpoints for the risk asses-
sment. A local team working in consultation with in-country Target Malaria partners subse-
quently surveyed stakeholders in Bana (and Mali) in December and recorded a number of
health- and environment-related concerns.

2.1.1 Human-health concerns

The human-health concerns expressed by the community can be divided into two catego-
ries: (i) those in which an Adverse Outcome Pathway (AOP) is plausible (irrespective of its
probability); and (ii) those in which the AOP is implausible. The community identified four
human health concerns with plausible AOPs:

• Will the Ac(DSM)2 mosquitoes have a better capacity to transmit pathogens?
The CSIRO risk assessment addresses this concern by assessing the relative capa-
city of female Ac(DSM)2 mosquitoes to transmit three known mosquito-vectored pat-
hogens; P. falciparum, o’nyong’nyong virus and lymphatic filariasis (Section 3.1). The
assessment also addresses the related possibility that female Ac(DSM)2 mosquitoes
may vector novel blood-borne pathogens (such as Hepatitis and Ebola).

• Could there be a potential impact on human fertility following a bite from a fe-
male mosquito from the sterile male strain? The 15 base pair I-PpoI target site is
present in the large subunit rRNA gene of all eukaryotes but in humans the target site
does not reside on a sex chromosome. This AOP is plausible but it requires horizontal
transfer of the genetic construct from the mosquito into a human germ cell, and pos-
sibly mutation of the construct to target gene sequences that influence human fertility.
Hayes et al. (2015) concluded that the median probability of horizontal gene transfer
of the genetic construct to any non-target eukaryote in a year following the accidental
release of 10,000 Ag(DSM)2 mosquitoes was 1.2× 10−10. This probability will be furt-
her reduced for the field trial because the number of mosquitoes released will likely
be less, and because of the additional steps necessary for impacts on human fertility
to occur.

• Could other disease emerge from the decrease of mosquitoes? The AOP for
this concern presumes that the field release will cause wild mosquito populations to
diminish, as occurs for example in traditional Sterile Insect Technique (SIT) releases.
The field release, however, will not be repeated and will only introduce a relatively
small number of sterile mosquitoes into the wild population. The AOP is nonetheless
plausible. Section 4 therefore addresses the survival of Ac(DSM)2 male and female
mosquitoes following the controlled field release.

• Will the Ac(DSM)2 mosquitoes impact other aspects of human health?. This
concern is ambiguous. In addition to the potential impacts discussed previously it is
plausible that the release could create stress or anxiety in the community. This risk
will be managed by Target Malaria’s Stakeholder Engagement team by monitoring
complaints regarding the release during (for example) the collection of consent forms,
and is not addressed further in this assessment.

In addition to these concerns, community members in Bana also identified a number of
issues that whilst legitimate have less plausible AOPs. The first of these relate to the poten-
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tial for toxicity or allergic reaction to the I-PpoI protein. Stakeholders asked if humans could
get sick from eating animals bitten by female mosquitoes from the sterile male strain. The
I-PpoI protein, however, has no toxic or allergic properties and is not present in mosquito
saliva or carcasses (Target Malaria, unpublished data). There does not therefore appear to
be a plausible mechanism for toxicity to humans.

Secondly, community members expressed concern around the possibility of mental dis-
order as a result of a bite from a female mosquito of the sterile male strain. Whilst it is
possible that the field release could cause anxiety and stress within some parts of the local
community (see above) we could not envisage a plausible AOP for this concern at this time.
Stakeholders also raised concerns about the impact of the gene editing technique used for
sterile male on human health. The risk assessment maintains its focus on the human health
issues discussed previously because this concern appears to be addressed by them.

2.1.2 Environmental concerns

In addition to the human-health issues, the survey of stakeholder concerns also identified
five environmental issues with plausible AOPs:

• What is the risk of sterility not being complete and the males being able to re-
produce and therefore persist? Section 4 of this report calculates the posterior
probability of incomplete sterility. This posterior probability is subsequently used to
update the fault tree analysis developed by Hayes et al. (2015) to calculate the proba-
bility that the construct will spread in local populations of An. coluzzii or An. gambiae.

• How can the non-persistence of a flying animal be monitored? Target Malaria
plan to monitor the released cohort of Ac(DSM)2 mosquitoes through an intensive
Mark Release Recapture experiment designed to confirm the expected mortality and
disappearance rate of that cohort. They also plan to monitor for the possibility of sub-
sequent generations in the months after the release with a monitoring effort equivalent
to that used in the monthly entomological surveys.

• Do the Ac(DSM)2 mosquitoes have a lower susceptibility to insecticides? Section 4
of this report calculates the posterior probability that Ac(DSM)2 strain has a lower
mortality rate (higher resistance) than the Ac(WT) strain when exposed to a number
of commonly used insecticides, using non-informative priors and experimental data.

• What is the risk of sterility affecting all mosquito species? This concern has
two plausible AOP’s. The first is through vertical transmission of the I-PpoI gene via
hybridisation between Ac(DSM)2 mosquitoes and other sexually compatible Anophe-
line species. This issue is addressed in Section 4. The second is via horizontal gene
transfer of the Dominant Sterile Male construct to sexually incompatible species of
mosquitoes.

• Will the field release affect non-target species? Section 4 of the report examines
the predicted survival of Ac(DSM)2 male and female mosquitoes. Section 5 of this
report uses this analysis to comment on the possibility of non-target effects following
the controlled field release.

Community members also identified three further issues. The first is related to the concern
about impacts on non-target species, and was expressed in terms of the risk of an “unba-
lance in nature” because of the reduction of An. coluzzii following the field release. This
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concern appears to be related to effects on non-target species and this is addressed in
Section 5.

The second issue centered around the potential difference between the imported strain and
local mosquitoes, and was expressed in terms of any “new issues” that may result because
of this difference. The imported strain will be backcrossed with local wild type mosquitoes at
least 29 times prior to release (Figure 1.4). We therefore anticipate that the main differences
between the field release mosquitoes and their wild type equivalents will be the presence of
the Dominant Sterile Male construct and the effects of habituation to laboratory conditions.
Wherever possible these issues are explicitly addressed in the risk assessment.

Finally community members expressed concerns about the “stability of the modification”.
This concern could be related to several possibilities including: (i) the construct fails to ste-
rilize male mosquitoes; (ii) the construct is mobile and can be excised from its target locus
in the genome; (iii) the construct mutates between generations; or (iv) it is not possible to
phenotypically identify Ac(DSM)2 mosquitoes because the DsRed marker fails. The first
possibility is addressed in Section 4. The second and third possibilities can contribute to
horizontal gene transfer and the fourth relates to the possibility of false negative identifica-
tion in the laboratory, in the Mark Release Recapture experiment following the field release
or in any subsequent post-release monitoring. Target Malaria have investigated the second
and third possibility and found no evidence for mobilisation of the construct in 178 indepen-
dent tests and no evidence for failure of the DsRed construct in 215 individual tests (Target
Malaria, unpublished data). Furthermore, after the field release and Mark Release Recap-
ture experiment is completed, the presence of Ac(DSM)2 mosquitoes will be detected by
molecular and phenotypic methods.

2.2 Risk assessment endpoints
The measurement endpoints for this risk assessment are informed by the plausible AOPs
identified by the community, and the hazard analysis and endpoints identified by Hayes
et al. (2015). The measurement endpoints for this risk assessment are:

1. Probability of an increase in the vectorial capacity of Ac(DSM)2 mosquitoes relative
to Ac(WT) for P. falciparum, o’nyong’nyong virus and lymphatic filariasis.

2. Probability that the Ac(DSM)2 mosquitoes will vector a novel blood-borne pathogen
in a year following the field release.

3. The time taken for the expected number of Ac(DSM)2 females (including their off-
spring) to fall below one following the incidental release of a small (less than 25)
founding population of female Ac(DSM)2 during the controlled field release.

4. The time taken for the expected number of Ac(DSM)2 males (assuming complete
sterility) to fall below one following the intentional release of 5,000 male Ac(DSM)2
mosquitoes during the controlled field release.

5. The probability that the Dominant Sterile Male construct will spread in local populati-
ons of wild type An. coluzzii in a year following the field release.

6. The probability that the Dominant Sterile Male construct will spread in local popula-
tions of wild type An. gambiae s.s, or An. arabiensis in a year following the field
release.
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7. The probability that the female Ac(DSM)2 strain experiences lower rates of mortality
than the female Ac(WT) strain when exposed to commonly used insecticides under
standardised experimental conditions.

Following this analysis, the risk assessment considers the possibility of non-target effects,
including the possibility that other diseases will increase due to suppression of local popu-
lations of An. coluzzii, in light of the predicted survival of the female and male Ac(DSM)2
mosquitoes released during the field trial, and the predicted probability that the construct
will spread through wild type mosquito populations.

Hayes et al. (2015) predicted that the probability of horizontal gene transfer of the Domi-
nant Sterile Male construct to any eukaryote, following the accidental release of 10,000
Ag(DSM)2 mosquitoes, would have a median probability of 1.2 × 10−10. This assessment
predicts that the probability of impacts on human fertility following the controlled field rele-
ase will be lower than this.

2.3 Expert opinion, risk assessment and Bayesian inference
The objective of the proposed controlled field release of male Ac(DSM)2 mosquitoes is to
develop local capacity in the maintenance, handling and re-capture of Ac(DSM)2 mosqui-
toes, as a pre-cursor to the development and application of a self-sustaining genetic control
methodology for malaria and possibly other mosquito vectored diseases. Importantly, the
field release, related field surveys and laboratory experiments, also provide an opportunity
to develop and apply probabilistic risk assessment methodologies for novel genetic control
techniques within a staged-release protocol as advocated by the World Health Organisation
(World Health Organisation, 2009, 2014) and the National Academies of Science Engineer-
ing and Medicine (National Academies of Sciences, Engineering and Medicine, 2016).

A key challenge to probabilistic risk assessment for a novel technology is the lack of empi-
rical information on its safety and reliability. Classical actuarial approaches to probabilistic
risk assessment are not possible because the technology’s operational history is limited
or its potential adverse outcomes occur at a very low frequency (Rasmussen, 1981). At
least initially, the risk assessment must rely on expert opinion, and in these circumstances
probability theory can be used to coherently express experts’ degrees of belief in uncertain
outcomes (Kaplan and Garrick, 1981). Furthermore, Bayes theory describes the correct
way to incorporate data into expert-based risk predictions and update them as operating
experience develops (Apostolakis, 1981, 1990).

Bayes theory enables assessors to make and update probabilistic risk predictions for no-
vel technologies in a manner entirely consistent with the scientific process of prediction,
observation and (in)validation. Challenges and choices surface, however, when this met-
hod is implemented within the staged-release protocols advocated for novel genetic control
technology. Bayesian probabilistic risk assessment updates expert judgements, elicited as
prior probability distributions, with data generated by experimental observations. The ex-
perimental observations and expert elicitation, however, must be independent and carefully
aligned for this process to work.

The prior opinion available to this risk assessment includes the elicitation performed pre-
viously in the first assessment and the elicitations performed during the course of this as-
sessment. In all cases the elicitations focus on the most directly relevant outcomes – that
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is outcomes that occur in the field following a deliberate, accidental or incidental release
of Ac(DSM)2 mosquitoes. The data available to this risk assessment consists of a mix-
ture of field experiments with wild type strain An. coluzzii and laboratory experiments with
Ac(DSM)2 and Ag(DSM)2 strain mosquitoes. The two sources of information are indepen-
dent for all the risk assessment endpoints but their degree of alignment varies across the
endpoints (Table 2.1).

Misalignment between the priors and data occurs because: (i) the prior and data do not
refer to the same species for a given endpoint; or (ii) laboratory outcomes are thought
to be very sensitive to experimental protocols and likely not representative of outcomes
that would have occurred in the field. Vectorial capacity parameters, including mortality,
are particularly vulnerable to this problem (Aguilar et al., 2005; Brady et al., 2013), and
dependence between mortality rate and age (Clements and Paterson, 1981) is a further
complication. In this risk assessment we have responded to these issues in the following
way:

• For the transmission efficiency from human to vector (vectorial capacity endpoint) we
do not update the informative prior with evidence from the laboratory observations on
the grounds that the laboratory information is not sufficiently representative of field
conditions.

• For female mortality (vectorial capacity endpoint) we update the informative prior for
Ac(WT) with data from field observations collected in the first Mark Release Recap-
ture experiment.

• For male mortality and dispersal distance (survival of Ac(DSM)2 males) we assume
that Ag(WT) and Ac(WT) are equivalent and update the informative priors for Ag(WT)
with data from field observations of Ac(WT) collected in the Mark Release Recapture
experiments.

• When updating priors for endpoints with multiple models (multiple informative priors)
we assume that the prior probabilities of each model are equal, and use Bayesian
model averaging (Kass and Raftery, 1995; Wasserman, 2000), with weights given by
the model evidence w j = Pr

(
Model j|Data

)
, in order to calculate a mixture posterior

distribution.

• For male mortality and dispersal we assume that the model weights calculated for
male Ac(WT) apply also to male Ac(DSM)2 and perform simulations for the dispersal
and survival of male Ac(DSM)2 using a weighted average of informative priors.

• For the probability that the construct fails to sterilise male Ac(DSM)2 mosquitoes
(spread of the construct through local populations) we assume that the laboratory
outcomes are representative of field outcomes and update the informative prior with
data from laboratory observations.
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Another important facet of this risk assessment is the use of Bayesian model averaging du-
ring the calculation of the posterior distribution. Bayesian model averaging assigns weights
to experts’ informative priors according to how well their predictions agree with observed
data. In the results that follow these weights are calculated during the Bayesian update of
the expert’s informative priors for the dispersal and daily probability of mortality for male
wild type mosquitoes, the daily probability of female wild type mosquitoes and the probabi-
lity that the construct will fail sterilise male mosquitoes when introgressed into An. coluzzii
and An. gambiae. All of these prior distribution were collected in the analysis conducted by
Hayes et al. (2015).

The calculations and expert weights for the wild type female mortality rate are described
in detail in Section A.2. For the male dispersal and survival modelling the calculations and
expert weights are described in Section A.4.8. For the probability of construct failure the
calculations and weights are described in Section A.5.

The risk assessment subsequently applies the Bayesian model average weights to each of
the expert’s informative priors about the dispersal and mortality of Ac(DSM)2 mosquitoes in
order to simulate the behaviour of male Ac(DSM)2 upon release. This approach assumes
that experts who make predictions about wild type mosquitoes that are closer to the truth
also make better predictions about Ac(DSM)2 and Ag(DSM)2 strains. The analysis also as-
sumes that in all other respects (chemotaxis and catchability) male Ac(DSM)2 mosquitoes
behave in an identical fashion to male Ac(WT) mosquitoes.
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3 CAPACITY TO VECTOR BLOOD-BORNE PATHOGENS
KEY POINTS

1. The first endpoint focusses on the prevalent malaria parasite Plasmodium falci-
parum, the potentially emergent o’nyong’yong virus (ONNV) and the neglected
tropical disease lymphatic filariasis (Wuchereria bancrofti).

2. Independent domain experts provided probabilistic assessments of parame-
ters that govern the pathogen transmission potential of Ac(DSM)2 and local
Ac(WT) mosquitoes in the Sudanian zone of Burkina Faso and the neighbou-
ring Sudano-Guinean zone.

3. The Ac(DSM)2 strain was assessed when positive (hemizygous) for the DSM
construct, and Ac(DSM)2 females were assessed for different numbers of back-
crosses with Ac(WT) males. Experts also considered the effects of genetic
founder effects, drift, and selection that might arise from the establishment and
maintenance of the Ac(DSM)2 and Ac(WT) strains in the laboratory.

4. An initial analysis calculates the relative risk of pathogen transmission by
Ac(DSM)2 at backcross 29 compared to Ac(WT) at laboratory generation F
= 0, assuming equal vector to human host ratio. Under these circumstances
the predictive priors indicate that the probability of increased transmission of P.
falciparum, o’nyong’nyong virus and lymphatic filariasis, attributable to the ef-
fect of the transgene, is 0.28, 0.3 and 0.14 respectively. This means that across
the three pathogens there is about a 70% chance that Ac(DSM)2 at backcross
29 will have a lower transmission capacity than Ac(WT) at F = 0.

5. Evidence of adult female Ac(WT) mortality rate in Bana Village from the
first Mark Release Recapture experiment enables a Bayesian update of the
daily probability of mortality, and hence the transmission capacity calculations.
The predictive posterior probability of increase transmission of P. falciparum,
o’nyong’nyong virus and lymphatic filariasis is 0.29, 0.33 and 0.13 respectively.

6. If the female Ac(WT) population is 1000 times larger than the population of
female Ac(DSM)2, the predictive prior probability of increased transmission at-
tributable to the incidental release of Ac(DSM)2 females drops to 0.04, 0.05
and 0.04 for P. falciparum, o’nyong’nyong and lymphatic filariasis respectively.
The predictive posterior probability of increased pathogen transmission, during
the time that female Ac(DSM)2 mosquitoes are in the environment, drops to
0.03, 0.05 and 0.03 respectively.

7. Amending the results of the fault tree analysis conducted by Hayes et al. (2015)
to reflect the probability of contacting an infected individual given an incidental
release of 25 female Ac(DSM)2 mosquitoes, reduces the median probability of
transmitting a novel blood-borne pathogen from 5.2 × 10−7 to 1.3 × 10−8 under
the Aggregate First Then Convolute (AFTC) calculation method.

8. A conservative assessment that allows for the possibility that laboratory habitu-
ated Ac(DSM)2 mosquitoes may survive longer in the field than G3 mosquitoes
slightly increases the median probability from 1.3 × 10−8 to 1.5 × 10−8 under the
AFTC strategy.
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3.1 Known blood-borne pathogens
Anopheline mosquitoes are known to vector a number of blood-borne pathogens. During
the initial project scoping Target Malaria requested CSIRO to focus on the prevalent malaria
parasite Plasmodium falciparum, the potentially emergent o’nyong’yong virus (ONNV) and
the neglected tropical disease lymphatic filariasis (Wuchereria bancrofti) because:

• Plasmodium falciparum: Anopheles coluzzii is one of the primary vectors of malaria
in Africa (Sinka et al., 2012). Burkina Faso and Mali both had more than 50% parasite
rate for Plasmodium falciparum in 2010 (Noor et al., 2014).

• O’nyong’nyong virus (ONNV): as an alphavirus, ONNV is unique in its ability to be
vectored to high epidemic levels by Anopheles mosquitoes (Powers, 2014). ONNV is
a potentially re-emergent disease with major epidemics having occurred in East Africa
in 1959 and 1996 (Corbet et al., 1961; Williams et al., 1965; Lanciotti et al., 1998).
Evidence of ONNV transmission occurrence has been found in countries that neig-
hbour Mali and Burkina Faso such as Ghana, Côte d’Ivoire and Senegal (Woodruff
et al., 1978; Posey et al., 2005).

• Lymphatic filariasis: this neglected tropical disease, which is vectored by Anophe-
line mosquitoes, occurs in both Burkina Faso and Mali (Lindsay and Thomas, 2000;
Gyapong et al., 2002).

Anopheline mosquitoes are also known to vector other viruses, namely West Nile virus,
Rift Valley Fever virus and Tataguine virus, which Target Malaria determined to be out of
scope. West Nile Virus is maintained in nature in a cycle between birds and mosquitoes but
infections are primarily due Culex species (Rossi et al., 2010).

Rift Valley Fever (RVF) is most commonly observed in domestic animals but epizootic out-
breaks can lead to infections in humans (Flick and Bouloy, 2005). RVF is most preva-
lent in eastern and southern Africa. It is relatively rare in Burkina Faso and Mali (https:
//www.cdc.gov/vhf/rvf/index.html) but is considered to have 66% - 99% chance of
occurring in Mali, and a 10%-66% chance of occurring in Burkina Faso, during the 2017
wet season (Food and Agricultural Organisation of the United Nations, 2017).

Tataguine virus (TV) causes symptoms that are similar to malaria but much milder, and is
likely under-reported because patients may not report to medical authorities (Fagbami and
Tomori, 1981). TV has been isolated from An. gambiae in Burkina Faso (Tomori, 2001) but
its prevalence is unknown (possibly due to its mild symptoms).

3.1.1 Informative priors

This analysis addresses the parameters associated with the well-known basic reproduction
number (R0) and the closely related vectorial capacity (Table 3.1). These parameters un-
derlie some of the most commonly used analyses and modelling approaches applied to
vector-borne pathogen transmission. The list of parameters addressed by each expert in
the elicitation session were determined by the individual’s domain knowledge, expertise and
experience. Experts were asked to address only those parameters that they believed were
within their domain of expertise, and to omit questions which they did not feel comfortable
responding to.

Each elicitation was carefully structured to document each expert’s domain experience, ex-
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Table 3.1: Parameters subject to expert elicitation.

Parameter Definition Varies by pathogen?

a Number of bites on humans per day per mosquito No

q Daily probability of mortality of female mosquitoes Yes∗

b Transmission efficiency from female mosquitoes to humans Yes

c Transmission efficiency from humans to female mosquitoes Yes

τ Duration of extrinsic incubation period in days Yes

∗Mortality rate may vary for female mosquitoes infected with lymphatic filariasis.

pertise and commentary, supported wherever possible with reference to established theory
and scientific literature. The elicitation method deliberately allows for uncertainty that may
arise from knowledge gaps or variability in a target parameter. This information is used to
develop a probabilistic (Bayesian) model (see Section A.1.1 for technical detail). Where
relevant, independent data is available, the model can coherently assimilate it and update
the expert’s contributed assessments.

Prior to the start of the elicitation each expert was required to sign two copies of an ethics
document, and given the opportunity to review the project’s objectives, together with a des-
cription of the Dominant Sterile Male construct and details of the planned field release.4

The elicitation session began with a presentation on probabilistic risk assessment that in-
cluded examples of common heuristic biases and example problems to enable the expert
to practice and become comfortable with the elicitation procedure.

3.1.2 Scope and parameter definitions

The parameters addressed in the elicitation are defined in Table 3.1. The human feeding
rate (a) and daily probability of mortality (q) are assumed independent of disease pathogen.
The daily mortality rate may vary for female mosquitoes infected with lymphatic filariasis,
and is related to other traditional indices of mosquito mortality such as the daily probability
of survival p or the daily mortality rate µ:

p = 1 − q
µ = − log(1 − q).

The extrinsic incubation period (τ), transmission efficiency from vectors to humans (b) and
transmission efficiency from humans to vectors (c) may also vary with pathogen.

All parameters were assessed with respect to a pre-determined spatial and temporal scope.
The spatial scope was defined by Target Malaria to be the Sudanian zone of Burkina Faso
and the neighbouring Sudano-Guinean area. Insecticide treated nets were assumed to

4This information was provided to each expert two weeks in advance of the elicitation in the form of a pre-
elicitation document (Appendix B) and background information document compiled by Target Malaria. The
experts were asked to reviewed these materials carefully and were allowed to refer to them throughout the
elicitation.
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have been deployed at each release site. The elicitation focused on how vectors were
predicted to behave in the field environment outside of controlled laboratory conditions.

The parameters in Table 3.1 were defined as annual averages for non-aestivating mosqui-
toes. Aestivating mosquitoes were excluded from the scope of the elicitation. The precise
date of the controlled field release is uncertain, and although the release was initially plan-
ned to occur at the beginning of the wet season in Burkina Faso, released mosquitoes may
in theory survive and reproduce into and beyond the following dry season.

3.1.3 Populations and lineages

The laboratory population of Ac(DSM)2 was originally sourced from the laboratory G3 strain
(Figure 1.4). The genetic composition of the original G3 strain appears to be a mixture of An.
gambiae and An. coluzzii. Prior to backcrossing with Ac(WT), the genetically engineered
lineage is referred to as Ag(DSM)2.

The Ac(DSM)2 lineage began by crossing male Ac(WT) with female Ag(DSM)2 (Figure 1.5).
For the Ac(DSM)2 strain experts were asked to consider scenarios that vary the number
of backcrosses with the Ac(WT) lineage. For the Ac(WT) strain the genetic composition
of the local wild type population within the laboratory production facility may diverge from
the local field wild-type population with each generation through loss of genetic diversity
and adaptation to the laboratory environment (Aguilar et al., 2005) . Experts were therefore
asked how values for the target parameter may depend on the number of generations that
Ac(WT) was maintained in the laboratory.

3.1.4 Definition of the relative risk assessment endpoint

The risk assessment endpoint for known blood-borne pathogens is defined as the probabi-
lity of an increase in the pathogen transmission potential of Ac(DSM)2 mosquitoes relative
to Ac(WT) for P. falciparum, o’nyong’nyong virus and lymphatic filariasis.

We assess the potential for pathogen transmission using the basic reproduction number,
which for the Ross-Macdonald model5 of malaria transmission is defined as

R0 =
a2bcme−µτ

rµ
=

a2bcmpτ

−r log p
,

where r is the recovery rate of humans from infectiousness and m is the vector to human
host ratio (see Smith and McKenzie, 2004, for review). If R0 < 1 then the disease free
equilibrium of the Ross-Macdonald model is stable such that the disease cannot remain
established in the long term if introduced into a susceptible population.

In this analysis we define a relative risk index R as the ratio of the basic reproduction
number of the female Ac(DSM)2 mosquitoes that will be released – that is the Ac(DSM)2
mosquitoes at backcross 29 (F = 62) over the local wild population – that is Ac(WT) at
F = 0 (i.e. without any laboratory habituation):

R =
RGE

0

RWT
0

=
µWT a2

GEbGEcGEe−µGEτGE

µGEa2
WT bWT cWT e−µWT τWT

, (3.1)

5The closely related vectorial capacity omits the human related parameters – that is the human recovery
rate r and the host to vector transmission efficiency c
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where we use the notation GE to indicate Ac(DSM)2 at backcross 29 (F = 62), and WT
to indicate Ac(WT) at F = 0. Note also that the human recovery rate is assumed to be
unchanged and therefore cancels out of Equation (3.1).

IfR < 1 then there is decreased relative risk attributable to the Ac(DSM)2 strain. Conversely,
if R > 1 then there is increased risk of pathogen transmission associated with the Ac(DSM)2
strain during the time that it is present in the environment. Comparisons could also be made
using other choices of backcross, number of generations in the laboratory or strains but here
we focus on the endpoint that compares the local wild population to Target Malaria’s initial
Ac(DSM)2 release plan.

3.1.5 Human feeding rate

Five external experts predicted the human feeding rate for female Ac(DSM)2 and Ac(WT)
mosquitoes at each of the elicitation’s design points (Section A.1.1). The statistical models
fitted to their prior beliefs for the comparison relevant to the relative risk endpoint defined
above are summarised in Figure 3.1. These results indicate that four out of the five experts
believe that wild type mosquitoes bite humans about once every two to three days. One of
the experts indicated that the wild type human feeding rate could be higher because An.
coluzzii are aggressive but cautious and hence may bite the same human multiple times in
order to complete a meal.

The predictive priors for Ac(DSM)2 reflect three of the experts’ beliefs that the Ac(DSM)2
strain mosquitoes will feed on humans at the same rate as the wild type. Two experts, ho-
wever, suggested that the human feeding rate will be slightly lower due to the domestication
effects of the laboratory. For example, laboratory reared mosquitoes may be less likely to
search for a blood meal because they don’t need to in the laboratory.

3.1.6 Extrinsic incubation period

The predictive priors for the duration of the extrinsic incubation period for Ac(WT) at F = 0
and Ac(DSM)2 at backcross 29 for P. falciparum, o’nyong’nyong and lymphatic filariasis are
shown in Figures 3.2, 3.3 and 3.4 respectively.

Four experts responded to the elicitation for P. falciparum. The experts held similar views,
indicating that the extrinsic incubation period is highly dependent on the ambient tempera-
ture and for wild-type mosquitoes in the release site would likely range from about 9 to 18
days. Overall the experts did not believe that this parameter would change dramatically in
the Ac(DSM)2 strain, with one expert suggesting that the Ac(DSM)2 strain may not provide
as good a host for the parasite as the wild type, hence the extrinsic incubation period may
be a day or two longer.

Only one expert was able to respond to the elicitation for this parameter for o’nyong’nyong.
The model of this belief shows the extrinsic incubation period for wild type mosquitoes in the
range of about 4 to 27 days, with a median value of 11 days at the time of planned release.
The expert indicated that the range could be somewhat narrower for the Ac(DSM)2 strain
and the model suggests a similar median value of 11 days.

Three experts responded to the elicitation for lymphatic filariasis, and again noted that the
extrinsic incubation period in wild type mosquitoes varies with temperature. In this case,
however, the external experts held almost identical beliefs. The model fitted to their elicita-
tion shows the extrinsic incubation period for wild types at the release site falling between
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Figure 3.1: Predicted prior distributions for human feeding rate The individual priors (dashed
lines) indicate that four out of five experts believe that wild An. coluzzii will bite about once every 2 to 3 days.
One expert believes it could be higher because the mosquitoes may need to make multiple bites to complete
a blood meal. The experts’ opinions are more variable for the Ac(DSM)2 strain but 3 out of the 5 experts
do not believe that the human feeding rate will change, whilst 2 believe it will be lower than wild type due to
domestication effects caused by laboratory rearing. The linear pool (solid line) is a weighted average of the
experts’ opinions. In the absence of data each expert is a given an equal weight.
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about 9 and 18 days, with a median value of 13 days at the time of the planned release.
All of the experts elicitations indicated similar responses for the Ac(DSM)2 strain, with the
fitted model showing the same median value as the wild type.

3.1.7 Transmission efficiency

The predictive priors for the transmission efficiencies – vector to human host and human
host to vector – for P. falciparum, o’nyong’nyong and lymphatic filariasis are shown in Figu-
res 3.5, 3.6 and 3.7 respectively. Both transmission efficiency parameters b and c in Equa-
tion (3.1) lie on the range (0,1). It is clear from these figures that the level of agreement
between the experts about the value of these parameters is generally lower than that asso-
ciated with the vectorial capacity parameters described previously.

For P. falciparum in wild type mosquitoes, the low level of agreement between the experts
means that the fitted linear pool predictive prior for the vector to host, and human host to
vector, transmission efficiency could almost be described by a uniform distribution on the
parameter’s range – that is the value could lie anywhere on the range (0,1) with almost
equal probability. For the Ac(DSM)2 strain, the linear pool of the model fitted to the experts’
beliefs suggests that transmission efficiencies are a little less variable, and values less than
0.5 somewhat more probable.

This level of uncertainty is consistent with the experts’ commentary that P. falciparum host
to vector transmission efficiency is dependent on the dynamics of infection within the human
host population, where infectiousness could exhibit substantial heterogeneity and temporal
change. The experts also noted that laboratory data generated by membrane feeding as-
says will vary depending on the details of the laboratory protocols, for example, the specific
levels of gametocytes present in the infected blood.

Only one expert was able to respond for o’nyong’nyong virus. The statistical model fitted
to this expert’s elicited beliefs suggests that transmission efficiencies from vector to host
and host to vector are generally quite high, with a median value of 0.8 and 0.6 respecti-
vely in Ac(WT) and Ac(DSM)2 strain mosquitoes. In this context, the expert commentary
emphasises that the host to vector transmission efficiency is dependent on the strain of
o’nyong’nyong virus and the level of viremia. The literature also suggests that laboratory
observations of transmission, as evidenced by presence of virus in the salivary glands,
might be sensitive to the choice of experimental protocol.

For lymphatic filariasis, the model fitted to the experts’ response to the elicitation for vector
to human host transmission efficiency indicates that two of the three experts who responded
believe that the efficiency will be well below 0.1 for both the Ac(WT) and Ac(DSM)2 strains.
One expert suggested that efficiency could be higher but the commentary that accompanied
this elicitation (and succeeding out-of-session follow-up) does not provide a clear reason
why this might be the case. In the absence of empirical data, the equally weighted linear
pool places twice as much emphasis on the probability that vector to host transmission
efficiency will be less than about 0.04.

The fitted model of human host to vector transmission efficiency for lymphatic filariasis also
indicates that the efficiency will be less than 0.1 but in this instance the level of agreement
between the three experts is high, and the linear pool predictive prior places almost no pro-
bability mass on transmission efficiency’s greater than 0.1 for either Ac(WT) or Ac(DSM)2
strain mosquitoes.
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Figure 3.2: Predictive prior distributions for P. falciparum extrinsic incubation period (EIP)
in days. The individual priors (dashed lines) indicate that the four experts who responded to this parameter
held similar views. The statistical model fitted to their beliefs indicates that the extrinsic incubation period
for Ac(WT) and Ac(DSM)2 will be similar, and likely vary between 9 and 18 days depending on the ambient
temperature. The linear pool (solid line) is a weighted average of the experts’ opinions. In the absence of data
each expert is a given an equal weight.
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Figure 3.3: Predictive prior distribution for o’nyong’nyong extrinsic incubation period (EIP)
in days. The statistical model fitted to this experts’ beliefs (dashed line) indicates that the extrinsic incubation
period in wild type mosquitoes will lie in the range of 4 to 27 days with a median value of 11 days at the time
of the planned release. The model for the Ac(DSM)2 strain reflects the experts’ belief that the overall range
in the Ac(DSM)2 strain will be narrower but with a similar median value of 11 days. The linear pool, which
is identical to the individual prior, is not shown here because only one expert was able to respond to this
parameter.
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Figure 3.4: Predictive prior distributions for lymphatic filariasis extrinsic incubation period
(EIP) in days. These individual priors (dashed lines) indicate that the three external experts who responded
to this parameter held almost identical views. In wild type mosquitoes the model fitted to the experts’ beliefs
suggests that the extrinsic incubation period will lie somewhere between 9 and 18 days with a median value
of about 13 days at the time of the planned release. For the Ac(DSM)2 strain, the model reflects the experts’
beliefs by indicating that the range will be slightly narrower, but with a similiar median value of 13 days. The
linear pool (solid line) is a weighted average of the experts’ opinions. In the absence of data each expert is a
given an equal weight.
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Figure 3.5: Predictive prior distributions for P. falciparum vector to host transmission ef-
ficiency (top) and host to vector transmission efficiency (bottom).The individual priors (dashed
lines) fitted to the experts’ response to the elicitation reflect a low level of agreement between the experts
for the transmission efficiencies (vector to host and host to vector) for wild type strains. This low level of
agreement is consistent with the expert commentary that P. falciparum transmission efficiency is highly varia-
ble from place to place and between the seasons. The level of agreement for the Ac(DSM)2 strain mosquitoes
is slightly better and the fitted model suggests that transmission efficiencies may be slightly lower, but the over-
all level of uncertainty remains relatively high. The linear pool (solid line) is a weighted average of the experts’
opinions. In the absence of data each expert is a given an equal weight.
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Figure 3.6: Predictive prior distributions for o’nyong’nyong virus vector to host transmission
efficiency (top) and host to vector transmission efficiency (bottom). Only one expert was able to
respond to the elicitation for o’nyong’nyong virus, and the model fitted to their response suggests that vector
to host transmission efficiency will be relatively high (median value of 0.8 ) for both Ac(WT) and Ac(DSM)2
strains. Similarly, the model fitted to the expert’s host to vector response indicates moderately high (median
value of 0.6 ) efficiency for both strains. The linear pool is not shown here because it is identical to the
individual prior.
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Figure 3.7: Predictive prior distributions for lymphatic filariasis vector to host transmission
efficiency (top) and host to vector transmission efficiency (bottom). The individual priors (dashed
lines) show that two of the three experts who responded to the lymphatic filariasis transmission efficiency
elicitation believe that the vector to host efficiency is very less than 0.1 and this is reflected in statistical model
fitted to their beliefs. The remaining expert, however, indicated that it could be as high as 0.4 and 0.3 in the
Ac(WT) and Ac(DSM)2 strains respectively. For the host to vector transmission efficiency the experts’ beliefs
were more closely aligned and the fitted model suggests that this will almost certainly be less than 0.1 for both
Ac(WT) and Ac(DSM)2 strains. The linear pool (solid line) is a weighted average of the experts’ opinions. In
the absence of data each expert is a given an equal weight.
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3.1.8 Daily probability of mortality

The predictive priors for the daily probability of survival6 for Ac(WT) (F = 0) and Ac(DSM)2
(backcross 29) are shown in Figure 3.8. Figure 3.9 shows the predictive priors for only
those experts who responded to the elicitation for lymphatic filariasis. These elicitations
are separated because mortality rate may vary substantially for female mosquitoes infected
with lymphatic filariasis, whereas malaria and o’nyong’nyong infection were believed to not
substantially affect the mosquitoes’ mortality rate.

The predictive priors for mosquitoes that are uninfected with lymphatic filariasis reflect the
fact that most experts (four of the five that responded to the elicitations) believe that daily
survival probability of wild strain mosquitoes would likely fall in the range of 0.9 to 0.95,
whereas one expert suggested it is more likely to be around 0.8.

One of the experts expressed the belief that the probability of daily survival of the Ac(DSM)2
strain could be higher than the wild type strain because insectary procedures, such as
manual handling of mosquitoes, may select for strong individuals and this might lead to
more robust laboratory individuals at release. Their predictions were uncertain, however,
and also allows for the possibility that environmental conditions could still favour Ac(WT).

One of the experts also noted that the stress experienced by Ac(DSM)2 mosquitoes during
transportation to the field release site may increase their mortality rate once released into
the field. The wide range of views expressed during the elicitation is reflected in the sub-
stantial uncertainty in the predictive prior distributions for daily probability of survival of the
Ac(DSM)2 strain (right hand side of Figure 3.8).

The predictive prior probability of survival for mosquitoes infected with lymphatic filaria-
sis conditions only on those experts that contributed a mortality estimate specifically for
mosquitoes infected by lymphatic filariasis (Figure 3.9). Both experts who responded to
this pathogen agreed that infection increases the daily probability of mortality but their opi-
nion about the magnitude of increase are quite different. Both also agreed that the mortality
of Ac(DSM)2 strain mosquitoes infected with lymphatic filariasis will be substantially higher
than the wild type strain.

Evidence of the daily mortality of female Ac(WT) mosquitoes at F = 0 is available from the
empirical data collected during the first mark release recapture experiment, conducted as
part of a larger study that focused primarily on male mosquitoes (Epopa et al., 2017). This
empirical data enables the risk assessment to calculate the model evidence (Section A.1.2)
which in turn allows the assessment to calculate the Bayesian model average predictive
posterior distribution of the probability of daily mortality for female mosquitoes (Section A.1.3).
The model evidence weights the contribution of each expert’s prior to the average predictive
posterior according to how well their prior predicted the data.

Figure 3.10 shows the predictive prior posterior distributions for the daily probability of sur-
vival for Ac(WT) (F = 0) and Ac(DSM)2 (backcross 29) with and without lymphatic filariasis
infection. The analysis of the Mark Release Recapture data conducted here suggests that
the daily probability of survival for wild strain mosquitoes7 that are not infected with lymp-
hatic filariasis is lower than that predicted by all of the experts, but quite close to the values

6Note: the daily probability of survival p is defined as one minus the daily probability of mortality q
7Mosquitoes in the first Mark Release Recapture experiment were collected as larvae from the field, raised

to adults in the laboratory and then dusted before release
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Figure 3.8: Predictive prior distributions of the probability of daily survival for mosquitoes
that are not infected with lymphatic filariasis. The models fitted to the experts’ individual responses
(dashed lines) for wild strain mosquitoes reflect the fact that four of the five experts who responded were fairly
confident that the daily survival probability would be greater than 0.8. The remaining expert indicated that it
was likely to be about 0.8. Three of the five experts believed that female Ac(DSM)2 mosquitoes would expe-
rience higher mortality (lower survival) than Ac(WT) mosquitoes once released into the field. One, however,
indicated that survival may be higher because handling of mosquitoes in the laboratory could select for strong
individuals. The linear pool (solid line) is an equally weighted average of the experts’ opinions.
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Figure 3.9: Predictive prior distributions of the probability of daily survival for mosquitoes
uninfected with lymphatic filariasis (LF) (top) and those infected with lymphatic filariasis
(bottom). The individual priors (dashed lines) for mosquitoes infected with lymphatic filariasis are singled out
here because infected mosquitoes infected may experience higher rates of mortality. The individual expert’s
predictive prior distributions for uninfected mosquitoes are the same as those shown in Figure 3.8 but the
linear pool is different because it incorporates only those experts who responded to lymphatic filariasis. The
predictive priors for wild type mosquitoes infected with LF reflect a difference of opinion between the two
experts who responded. One believed that the infection has quite a dramatic effect on survival, whilst the
other believes the effect is smaller. Both experts believed that if the female Ac(DSM)2 mosquitoes are infected
with lymphatic filariasis in the field then their daily probability of survival will be lower than the wild types. The
linear pool (solid line) is an equally weighted average of the experts’ opinions.

42 | CSIRO I-PpoI RA Part 2 Risk report



Figure 3.10: Predictive prior and posterior probability of daily survival for Ac(WT) at F = 0
and Ac(DSM)2 at backcross 29 without (top) and with (bottom) lymphatic filariasis infection.
Data and empirical estimates of daily survival rates of dusted, wild type, female mosquitoes enables the risk
assessment to calculate a posterior distribution of daily survival probability for the wild type strain. The pre-
dictive posterior distribution of daily survival shown here (solid line) is a Bayesian model average of the expert’s
individual posterior distributions. The Bayesian model average approach gives more credence to (places a
higher weight on) expert’s priors that are closer to actual outcomes, and here we assume that experts who
make better predictions about Ac(WT) mosquitoes will also make better predictions about Ac(DSM)2 mosqui-
toes (Appendix A.1). As a consequence the predictive posterior distributions of daily survival probability for
female Ac(WT) and female Ac(DSM)2 mosquitoes, with and without lymphatic filariasis infection, suggest that
survival rates will be lower than those predicted by the linear pool prior (dashed line). In the case of female
Ac(WT) mosquitoes without lymphatic filariasis infection, the median daily survival probability drops from 0.9
to 0.7 .
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predicted by the expert who a priori believed it to be about 0.8. The predictive posterior
distribution therefore shows a reduction to a median value of 0.7 from a median value of 0.9
under the linear pool prior.

The predictive posterior distribution for the daily probability of survival of female Ac(DSM)2
mosquitoes that are not infected with lymphatic filariasis also places a higher probability on
lower values of survival than the linear pool because the expert who predicted lower values
of survival for the female Ac(WT) mosquitoes has been given a higher weight in the pos-
terior calculation of the Ac(DSM)2 strain – i.e. the risk assessment has applied the model
evidence derived from the analysis of wild type data to the Ac(DSM)2 strain calculations on
the assumption that experts who make predictions about female Ac(WT) mosquitoes that
are closer to the truth will also make better predictions about female Ac(DSM)2 mosquitoes
(see Appendix A.1).

Similarly, the predictive posterior distribution for the daily probability of female Ac(DSM)2
mosquitoes that are infected with lymphatic filariasis (bottom row of Figure 3.10) places
more emphasis on lower values of daily survival probability than the linear pool because of
the change in weight allocated to the experts’ informative priors.

3.1.9 Relative risk results

Figure 3.11 shows the predictive prior and posterior distributions of the base 10 logarithmic
ratio of the basic reproduction number for Ac(DSM)2 at backcross 29 versus Ac(WT) at
F = 0 for the three known blood borne pathogens – P. falciparum, o’nyong’nyong virus and
lymphatic filariasis. The assessment uses the base 10 logarithm of the ratio to help present
the results: the base 10 logarithm of 1 is 0 so positive values of the ratio on the base
10 logarithmic scale mean that the basic reproduction number of the female Ac(DSM)2
mosquitoes is higher than that of the female Ac(WT) mosquitoes, and conversely, negative
values mean that the basic reproduction number of the female Ac(WT) mosquitoes is higher
than that of the female Ac(DSM)2 mosquitoes.

The risk of Ac(DSM)2 at backcross 29 having a higher capacity to transmit pathogens than
Ac(WT) at F = 0 is given by the area under the probability density function to the right
of the dashed vertical line – i.e. the area where the ratio of the reproduction number on
the base 10 logarithmic scale is positive. If this area is smaller than the area to the left
of the dashed vertical line, as is most clearly seen with lymphatic filariasis, then female
Ac(DSM)2 mosquitoes are predicted to have a lower transmission capacity than female
Ac(WT) mosquitoes. If the areas on either side are roughly similar then so are the odds of
pathogen transmission.

The results of this assessment, assuming that the vector to human host ratio m is the same
for both Ac(WT) and Ac(DSM)2, are as follows:

• P. falciparum: the prior probability of an increased risk of pathogen transmission is
P(R > 1) = 0.28 and the posterior probability is P(R > 1|y) = 0.29.

• O’nyong’nyong: the prior probability of an increased risk of pathogen transmission
is P(R > 1) = 0.3 and the posterior probability is P(R > 1|y) = 0.33.

• Lymphatic filariasis: the prior probability of increased risk of pathogen transmission
is P(R > 1) = 0.14 and the posterior probability is P(R > 1|y) = 0.13.

Note that the change between the predictive prior and posterior probabilities reported here
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Figure 3.11: Prior and posterior probability distributions for the base 10 logarithm of the
ratio of R0 for Ac(DSM)2 at backcross 29 versus Ac(WT) at F = 0 for P. falciparum, (top
left), ONNV (top right) and lymphatic filariasis (bottom left). The area under the probability density
curves to the right of the dashed vertical line gives the realtive risk of Ac(DSM)2 at backcross 29 having a
higher capacity to transmit pathogens than Ac(WT) at F = 0, assuming equal host to vector ratio (parameter
m in the basic reproduction number). The area under the probability density curves to the left of the vertical
dashed line gives the relative risk of Ac(WT) having a higher vectorial capacity than Ac(DSM)2. These results
indicate that the relative risk of female Ac(WT) mosquitoes having a higher pathogen transmission capacity
than the female Ac(DSM)2 mosquitoes is about 0.70 for P. falciparum and o’nyong’nyong, and about 0.9 for
lymphatic filariasis.
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reflects the posterior update of the daily probability of mortality of the Ac(WT) strain, and
the change in weight given to the experts when calculating the Bayesian model average of
the posterior probability of daily mortality for the Ac(WT) and Ac(DSM)2 strains.

The Ross-Macdonald model forms the theory that guides modern models of vector-borne
disease transmission (Reiner et al., 2013). The model is widely applied despite a number
of important assumptions (Smith et al., 2012), including the assumption that the human
host and vector populations remain static. The initial analysis presented here assumes that
the vector to human host ratio m is the same for both Ac(WT) and Ac(DSM)2 and so this
parameter cancels out in the quantity R (along with the recovery rate from infectiousness
in the human host population, r). The index R thereby shows the relative risk posed by an
equivalent number of mosquitoes for each strain.

The quantity R can also be used to assess the consequences of letting the vector to human
host ratio for the two mosquito strains – that is mGE/mWT in Equation (3.1) – vary. Epopa
et al. (2017) suggest that the population of male Ac(WT) in Bana village varies from between
100,000 - 500,000 in the wet season to between 10,000 - 50,000 during the dry season.
The results of the entomological surveys also suggest that female Ac(DSM)2 are more
numerous than males (Figure 1.2). If we conservatively assume, however, that males and
females occur in equal numbers in Bana village, then the number of incidentally released
Ac(DSM)2 females (stipulated to be less than 25) will be in the order 400 - 2,0000 times
smaller then the local wild population depending on the time of the controlled field release8.

Accounting for the larger Ac(WT) population will decrease the risk of transmission attribu-
table to female Ac(DSM)2 mosquitoes. For example, if the female Ac(WT) population is
1000 times greater than the female Ac(DSM)2 population then the relative ratio of R0 for
the two populations is divided by 1000 because mGE/mWT = 0.001. Under this situation the
predictive prior probability of increased pathogen transmission attributable to the incidental
release of Ac(DSM)2 females is 0.04, 0.05 and 0.04 for P. falciparum, o’nyong’nyong virus
and lymphatic filariasis respectively, whilst the predictive posterior probability is 0.03, 0.05
and 0.03 respectively. Note that the three orders of magnitude change in the vector-host
ratio does not lead to a three-order magnitude reduction in risk of disease transmission
because the quantity P(R > 1) is a non-linear function.

3.2 Novel blood-borne pathogen
Hayes et al. (2015) define a novel blood-borne pathogen to be any blood-based pathogen
that has not previously been documented to be vectored by An. gambiae and in this context
includes diseases such as Ebola and Hepatitis (Section 2). We apply this same definition
here to An. coluzzii.

Hayes et al. (2015) used Fault Tree Analysis to estimate the probability that a G3 strain
mosquito would transmit a novel pathogen in a year following an accidental escape of
10,000 mosquitoes from an insectary. The analysis subsequently examined if and how
Ac(DSM)2 strain mosquitoes would differ from the G3 strain, and concluded that on the
basis of a linear pool of expert opinion the risk would be the same or lower than that for G3.

8Here we have allowed for the possibility that the Ac(DSM)2 female population may increase if incidentally
released at the beginning of the wet season (see Section 4.2) but have not accounted for the Ac(WT) or
Ac(DSM)2 female mosquitoes that are removed from the population by any sampling conducted after the
controlled field release
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The fault tree focused on two primary pathways: (i) biological transmission where the patho-
gen is delivered in a malaria-like fashion via the saliva of the mosquito; and (ii) mechanical
transmission where the pathogen is delivered via adhesion to the proboscis or via simple
transport of contaminated blood between infected and uninfected individuals. We again
note that whilst mechanical transmission of blood-borne pathogens has been previously
documented in hematiphagous flies (see for example Vickerman, 1973; Hoch et al., 1985;
Desquesnes and Dia, 2003) and mosquitoes (see for example Chamberlain and Sudia,
1961; Motha et al., 1984) we are unaware of any documented cases involving An. coluzzii.

In this analysis we assume that the experts’ commentary and analysis regarding the effect
of the construct in the G3 genetic background is transferable to the effect of the construct
in the An. coluzzii genetic background. We also assume that the experts’ responses for
the G3 analysis are transferable to the Ac(WT) strain reared under laboratory conditions
for 62 generations, with the exception of the probability that female mosquito will contact an
infected human or vertebrate (fault tree event FT2000), and the probability that the mosquito
survives the pathogen’s incubation period (fault tree event FT2021).

In light of the previous analysis of female mortality, we allow for the possibility that experts
may have allocated a higher probability to FT2021 by conservatively setting the probability
of this event to 1 for all experts. The analysis also amends FT2000 to condition on the inci-
dental release of 25 female mosquitoes rather than the accidental release of 5000 females
mosquitoes that the original elicitation was conditioned on. To do this we assume a similar
prevalence of novel blood-borne pathogens in the host populations and adjust the original
elicitations for FT2000 (p) to be a probability of contact per mosquito (p∗)

(1 − p) = (1 − p∗)5000

p∗ = 1 − (1 − p)
1

5000 (3.2)

so that the probability of at least one mosquito contacting an infected individual in a year
following an incidental release of 25 female mosquitoes is 1 − (1 − p∗)25. Figure 3.12 illus-
trates the effect of applying Equation (3.2) to the linear pool prior elicited by Hayes et al.
(2015).

The results of the amended fault tree analysis, accounting for the change in the number
of female mosquitoes released and the possibility of increased survival are shown in Fi-
gure 3.13 for the two calculation strategies Aggregate First Then Convolute (AFTC) and
Convolute First Then Aggregate (CFTA)9.

The reduction in the number of incidentally released females has an overwhelming influence
on the overall probability of transmitting a novel blood-borne pathogen, reducing the median
probability from 5.1× 10−7 to 7.6× 10−9 under the AFTC strategy, with a similar two order of
magnitude reduction under the CFTA strategy.

A conservative assessment that allows for a higher probability of survival slightly increases
this median probability to 1.3×10−8 under the AFTC strategy and 7.2×10−9 under the CFTA
strategy. Assuming that the experts’ response to the Ac(DSM)2 versus G3 assessment are
transferable, the assessment predicts that the probability of a female Ac(DSM)2 mosquito

9See Hayes et al. (2015) for further details of the fault tree analysis methods and differences between
these two computational strategies.
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Figure 3.12: Informative prior probability that a female mosquito will contact a human or
vertebrate infected with a novel blood-borne pathogen (initially elicited by Hayes et al., 2015)
amended for n = 25 incidentally released females. The top left panel shows the original informative
priors (and the linear pool) fitted to the experts’ response to the probability of contacting an infected individual
given an accidental escape of 5,000 female mosquitoes. The top right panel shows the probability of contact
with an infected individual per female mosquito derived by applying Equation (3.2) to random samples drawn
from the original linear pool prior. From this the probability of contact with at least one infected individual given
25 incidentally released female mosquitoes can be calculated (bottom left panel).
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Figure 3.13: Updated fault tree analysis for the probability of vectoring a novel blood borne
pathogen. The left hand panel shows the original results of the fault tree analysis (in grey) for two computa-
tion strategies – Aggregate First Then Convolute and Convolute First Then Aggregate. The updated analysis
that accounts for a reduction in number of females released from 5,000 to 25 is shown in black. The right
hand panel show the same information except this time the probability that the female mosquitoes will survive
the pathogen’s incubation period has been conservatively set to 1 to allow for the possibility of a higher daily
probability of survival than was elicited by Hayes et al. (2015)..
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transmitting a novel blood-borne pathogen in a year following the field trial will be the same
or less than this.
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4 TRANSGENE SPREAD AND PERSISTENCE
KEY POINTS

1. A simple model of female population dynamics, with an initial population of 25
Ac(DSM)2 females, predicts that the expected number of Ac(DSM)2 female
mosquitoes (including offspring from the initial incidentally released population)
will drop below one individual about 65 days after the release.

2. A detailed spatio-temporal model with an initial population size of 5,000
Ac(DSM)2 males predicts that the expected number of Ac(DSM)2 male mosqui-
toes (assuming males are not fertile) will drop below one individual 10 days after
the release.

3. The median posterior probabilities of the catch efficiency of Pyrethroid Spray
Catches, pots and swarm samples range from 0.5% to 3.5%. These values are
not unusual and are typical of catch efficiency reported elsewhere, and they
will influence the probability that post-release monitoring will detect Ac(DSM)2
mosquitoes.

4. Simulations based on the male dispersal and survival model indicate that there
is a 30% chance that male Ac(DSM)2 mosquitoes will still be present in Bana
if they are not observed in three sequential days of Mark Release Recapture
equivalent survey effort implemented ten days after release.

5. The updated median probability of spread of the construct in local populations
of An. coluzzii drops from a prior value of 1.4×10−3 to a posterior value of 8.9×
10−4 under the Aggregate First Then Convolute calculation strategy, assuming
all other elicitations in the fault trees for An. gambiae and An. coluzzii are
transferable between the two species.

6. The updated median probability of spread of the construct in local populations
of An. gambiae or An. arabiensis increases from a prior value of 1.7 × 10−6 to
a posterior value of 7.6× 10−6 under the Aggregate First Then Convolute calcu-
lation strategy. Under the Convolute First Then Aggregate strategy it increases
from a prior value of 3.0 × 10−5 to a posterior value of 2.1 × 10−3. The increase
is more marked because a change occurs in the number of experts responding
to the updated events in the fault tree and this has a more pronounced effect
on the overall results under this strategy.

7. The risk estimates for spread of the construct in local populations of An. gam-
biae or An. arabiensis are likely an overestimate because the analysis is una-
ble to update the prior probability of hybridisation to reflect the low proportion
of hybrids seen in the entomological survey samples taken from Bana Village.

8. Female Ac(DSM)2 are either no less susceptible (Fenitrothion and Bendi-
ocarb, because mortality is 100% and almost 100% respectively) somew-
hat more (Alpha-cypermethrin and Lambda-cyhalothrin) or much more (Per-
methrin, Deltamethrin and Dichlorodiphenyltrichloroethane) susceptible than
female Ac(WT) to insecticides.
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4.1 Spread and persistence pathways
The survival and geographic dispersal of Ac(DSM)2 mosquitoes, or the persistence and
spread of the construct into other non-target species, is a necessary event in many of the
plausible Adverse Outcome Pathways identified in Section 2, and hence a key factor in
the likelihood of adverse events associated with the field trial. The Dominant Sterile Male
construct can persist and spread in the environment through four mechanisms:

• Female release pathways: Target Malaria has stipulated that no more than 5 Ac(DSM)2
females will be released for every 1,000 Ac(DSM)2 males. Female Ac(DSM)2 mosqui-
toes are hemizygous fertile. If these females mate with wild type An. coluzzii males
half of their offspring will be transgenic, and approximately half of these individuals
will be female and therefore capable of passing the Dominant Sterile Male construct
on to their offspring. Ac(DSM)2 females may also mate with other sexually compa-
tible Anopheline species in the field opening the possibility for introgression of the
construct into a non-target species.

• Male release pathways: Male Ac(DSM)2 mosquitoes are hemizygous sterile. Follo-
wing the initial dispersal of the deliberately released Ac(DSM)2 males, the Dominant
Sterile Male construct can only persist and spread if it fails to sterilize transgenic male
mosquitoes that might arise from three possible sources: (i) the deliberately released
male Ac(DSM)2 population; (ii) Ac(DSM)2 males born to Ac(DSM)2 mothers in the
field; or (iii) transgenic males born to transgenic mothers of another sexually compa-
tible species.

• Enhanced resistance to insecticide: If insecticide resistance emerges it will exert a
positive selection pressure, particularly on female mosquitoes in areas where insecti-
cide treated bed nets are widely used. If female Ac(DSM)2 mosquitoes are more
resistant to insecticides than female Ac(DSM)2 mosquitoes then this selection pres-
sure would contribute to the persistence and spread of the Dominant Sterile male
construct through female and male pathways.

• Horizontal gene transfer pathways: the genetic construct could persist and spread in
populations of other eukaryotes and non-eukaryotes through horizontal gene transfer
mechanisms.

Based on the analysis conducted by Hayes et al. (2015), this assessment predicts that the
probability of horizontal gene transfer following the controlled field release will be less than
1.2 × 10−10. This probability is too small to warrant further attention, hence this pathway is
not addressed any further in this analysis.

The following subsections model the female and male release pathways to estimate the sur-
vival (and dispersal in the case of males) of the released populations of Ac(DSM)2 mosqui-
toes. The probability of hybridization with sexually compatible species, and the probability
of increased insecticide resistance are addressed as part of the female pathways. The
probability of introgression of the construct into local wild type populations, and local popu-
lations of sexually compatible species, is addressed under the male pathways by amending
the fault tree analysis conducted by Hayes et al. (2015).
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4.2 Female release pathways
4.2.1 Incidental release of Ac(DSM)2 females

If Ac(DSM)2 females are incidentally released during the field trial then vertical transfer of
the genetic construct is most likely to occur through mating with Ac(WT) males in the field.
The likelihood of this event decreases as the number of females released declines because
the probability of the Ac(DSM)2 female population becoming extinct through demographic
stochasticity increases as population size decreases (Pimm et al., 1988). The challenge
in this context, however, is that stochastic spatio-temporal models of female population
dynamics are complex and difficult to accurately parameterise with the relatively limited
amount of information on female An. coluzzii dynamics.

In light of these constraints, the risk assessment developed a simple model of Ac(DSM)2
females population dynamics that does not include demographic stochasticity or related Al-
lee effects. The model, described in detail in Section A.2, assumes a seasonally fluctuating
birth rate, a constant mortality rate and no net annual population growth, and is paramete-
rised using the observed time series of female An. gambiae s.l. abundance (Figure 4.1).

Figure 4.2 shows the summary statistics (median, 5th and 95th percentiles) of 5,000 mo-
del simulations of the expected number of Ac(DSM)2 females following the controlled field
release. The model predicts that on average the population will steadily decline, although
some simulations allow the population to grow through the wet season before collapsing
with the onset of the dry season. Given the parameterisation and model assumptions, the
median model prediction is that the expected number of Ac(DSM)2 female mosquitoes will
drop below one individual about 65 days after the release.

4.2.2 Hybridisation with sexually compatible species

The incidental release of fertile Ac(DSM)2 females opens the possibility of vertical transmis-
sion of the genetic construct to other sexually compatible species within the An. gambiae
complex. The probability of vertical transmission to species outside of this complex is con-
sidered to be virtually nil (pers. comm. Nora Besansky, 2nd March 2015) because:

• the closest relatives outside of the An. gambiae complex are species within the Pyre-
tophorus series, only one of which, An. christyi, is known from Africa. An. christyi is a
highland species occurring mainly between 4,700 and 8,000 feet in eastern and cen-
tral Africa. It has not been recorded in any of the entomological surveys conducted
by Target Malaria in Burkina Faso (Figure 1.2).

• a Target Malaria commissioned analysis of genetic introgression between the sequen-
ced genomes of An. gambiae complex species and An. christyi, using the methods
described in Fontaine et al. (2015), found no evidence of gene flow between An.
christyi and any other member of the complex.

Within the An. gambiae complex hybridisation rates are typically low. F1 hybrids between
the two most closely related species (An. gambiae s.s. and An. coluzzii) are only thought
to occur in about 0.1% of samples (pers. comm. Nora Besansky, 2nd March 2015), an
assertion supported by the results of the Bana entomological surveys that detected hybrids
in only 0.4% of samples (Figure 1.3). The small predicted population of Ac(DSM)2 females,
together with the low rates of hybridisation, suggests that hybridisation will not be a highly
probable event in the spread and persistence pathways.
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Figure 4.1: Time series of male and female An. gambiae s.l. abundance in Bana Village
between July 2012 and February 2015 (Data provided courtesy of Target Malaria). The
abundance of male (dashed line) and female (solid line) An. gambiae s.l. (An.gsl) mosquitoes exhibits strong
seasonal fluctuations, increasing during the wet season and declining during the dry. These observations are
used to parameterise a simple model of female Ac(DSM)2 population dynamics that matches this seasonal
cycle in abundance by assuming birth rate varies seasonally whilst death rate remains constant.
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Figure 4.2: Simulations of Ac(DSM)2 female abundance following an incidental release of
25 Ac(DSM)2 females at the beginning of the wet season in Bana Village. This plot shows that
95% of the simulations of a temporal model of Ac(DSM)2 female survival predict that the expected number of
females will drop below one individual 150 days after the planned field release. The median prediction is that
the expected Ac(DSM)2 female population will drop below one individual after 65 days.
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4.2.3 Insecticide resistance

In 2016 and 2017 Target Malaria conducted insecticide resistance tests on an An. gam-
biae Kisumu strain housed in the IRSS insectary’s original bioassay laboratory, and on the
Ac(WT) and Ac(DSM)2 strains housed in a separate confined laboratory. In each case
susceptibility tests with 3-5 day old, non blood-fed adult females were carried out with se-
ven active ingredients (Alpha-cypermethrin, Bendiocarb, Dichlorodiphenyltrichloroethane
(DDT), Deltamethrin, Fenitrothion, Lambda-cyhalothrin and Permethrin) according to inter-
nationally recognised testing procedures (Target Malaria, unpublished data).

The insecticide susceptibility tests were performed in seven separate batches comprising
four treatment replicates, each consisting of 20 to 25 mosquitoes, and two control replicates
with an equivalent sample size. The number of alive and dead mosquitoes at the end of
each test was recorded and converted into probability of death per replicate. An initial
exploratory data analysis shows high levels of survival in the 14 control replicates and
signs of resistance10 to Alpha-cypermethrin, Dichlorodiphenyltrichloroethane, Deltamethrin,
Lambda-cyhalothrin and Permethrin in Ac(WT) strains (Figure 4.3).

In this analysis we focus on the Ac(WT) and Ac(DSM)2 strains and seek to quantify the
probability that the Ac(DSM)2 strain has a lower susceptibility (higher resistance) to any
of the active ingredients. The analysis uses a Bayesian hierarchical model (described in
detail in Section A.3), with weakly informative priors, to calculate the risk endpoint R – that
is the posterior predictive difference in the probability of mortality of female Ac(DSM)2 and
Ac(WT) mosquitoes under laboratory conditions:

R =
(
pGE

i − pWT
i

)
where pGE

i is the probability of mortality for the Ac(DSM)2 strain under insecticide treatment
i, and pWT

i is the equivalent probability of mortality for the wild type strain. Positive values
of the risk endpoint indicate that the Ac(DSM)2 strain has a higher susceptibility (higher
probability of mortality) to the insecticide treatment than the wild type strain. Negative
values indicate the reverse. The results of this analysis are summarised in Figure 4.4.

The analysis shows that the probability of Ac(DSM)2 mortality in the controls is slightly
lower than Ac(WT) (median difference is −0.0049). For Bendiocarb and Fenitrothion the
difference in the median probability of mortality between the two strains is 1.84 × 10−4 and
8.43 × 10−10 respectively because both of the these treatments are almost (in the case of
Bendiocarb) and totally (in the case of Fenitrothion) 100% effective.

For the remaining insecticide treatments Ac(DSM)2 appears to be more susceptible than
Ac(WT) with median differences of 0.19, 0.24 and 0.13 for Permethrin, Deltamethrin and Di-
chlorodiphenyltrichloroethane respectively, and lower but still positive differences for Alpha-
cypermethrin and Lambda-cyhalothrin. The evidence therefore suggests that female Ac(DSM)2
mosquitoes will be just as, or more, susceptible than their wild counterparts to these insecti-
cide treatments.

10According to the World Health Organisation protocol mortality rates below 80% are considered to be
indicative of insecticide resistance (World Health Organisation, 2016)
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Figure 4.3: Results of insecticide resistance tests conducted to World Health Organisa-
tion standards in the IRSS insectary on adult female Ac(WT) and Ac(DSM)2, and on an
An. gambiae strain housed in a separate laboratory (Data provided courtesy of Target Ma-
laria). This plot shows the contrast between the proportion of dead mosquitoes in the experiment’s control
groups (top left panel) compared to the proportion of dead mosquitoes under each of the seven insecticide tre-
atment groups. The levels of mortality in the wild type strain varies from 100% in the Fenitrothion treatment,
to less than 50% in three of the four Deltamethrin replicates. Observations of mortality below the dashed
horizontal line are indicative of insecticide resistance according to the World Health Organisation protocol.
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Figure 4.4: Posterior predictive difference in the probability of mortality between female
Ac(DSM)2 and female Ac(WT) mosquitoes. If the posterior predictive difference in mortality is positive
then this indicates that female Ac(DSM)2 mosquitoes are more susceptible (experiences higher levels of
mortality) than female Ac(WT) mosquitoes to the insecticide. Negative values indicate the reverse. These
results indicate that Ac(DSM)2 females are just as, or more, susceptible to insecticide than their Ac(WT)
counterparts.
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4.3 Male release pathways
4.3.1 Spread and survival of sterile males

Target Malaria have completed five Mark Release Recapture experiments in Bana village,
and have published analysis of data from the first four (Epopa et al., 2017). The experi-
ments used swarm sampling, Pyrethroid Spray Catches (PSC) and humidified clay pots to
recapture mosquitoes dyed with one of three colours (Figure 4.5). The results of the analy-
sis of the first four experiments suggest that the male mosquito population in Bana village
may reach 100,000 - 500,000 in the wet season, and decline by an order of magnitude to
10,000 - 50,000 in the dry season. The analysis also indicates that recapture rates are low
(0.3% to 1.7%), but well within the limits typically reported in the literature, and that male
mosquito dispersal distance varies from about 40m to 550m (Epopa et al., 2017).

The availability of empirical data on wild type male dispersal and mortality, and catch ra-
tes, from these Mark Release Recapture experiments, together with the planned size of
the controlled release of male Ac(DSM)2 mosquitoes, warrants a more thorough analysis
of the dispersal and survival of the male Ac(DSM)2 population. The risk assessment the-
refore developed a hierarchical, Bayesian spatio-temporal model to predict the survival and
geographical dispersal of male Ac(DSM)2 mosquitoes in Bana following the field release.
The model also enables a simulation-based analysis of the probability that post-release mo-
nitoring will detect male Ac(DSM)2 mosquitoes. Here we provide a summary of the results
of this analysis for Target Malaria’s initial post-release monitoring plan.

The model is described in detail in Section A.4, but essentially consists of: (i) a partial diffe-
rential equation that describes the unobserved (latent) process of male mosquito dispersal
and mortality in time and space; and, (ii) a two-stage observation model that accounts for:
a) the variation in the number of mosquitoes in the vicinity of a trap given the expected
population size; and, b) the variation in mosquito counts given the number of mosquitoes
in the vicinity of a trap and the probability of capture. The model is parameterised with in-
formative priors (derived from the literature and Hayes et al. (2015)) and weakly informative
priors. Posterior estimates of the model parameters are derived where possible using the
Mark Release Recapture data.

From a risk assessment perspective the key issue following the release is the expected
time to extinction. This event underlies many of the community concerns (Section 2) and
is a key determinant in the probability of non-target effects (Section 5). For the purposes
of the risk assessment we define extinction to have occurred when the expected number
of mosquitoes, denoted λt(θd) = E [n(te)] falls below one individual. The expected number
of mosquitoes is given by the spatio-temporal process model, which is dependent on the
model parameters θd.

It is important to note that the predicted number of mosquitoes in the vicinity of a trap
is a modelled as a Poisson process with mean λt(θd) – that is the expected number of
mosquitoes in the vicinity of the trap (Equation (A.18)). This Poisson process will still lead
to simulated observations of mosquitoes in the observation model (Equation (A.17)), albeit
in very low numbers, when the expected number of mosquitoes falls below 1. The definition
of extinction used here is simple and easy to communicate but it is not meant to preclude
alternative choices in other analyses.
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Figure 4.6 captures the key risk-relevant result from the posterior simulations of male
Ac(DSM)2 dispersal and survival. The results of the posterior simulations indicate that
the 90% central credible interval for the time taken for the expected number of Ac(DSM)2
mosquitoes to fall below one individual, following a controlled field release of 5000 individu-
als, is 6 to 20 days, with a median value of 10 days.

In this context it is important to note that the posterior estimates of mosquito trap efficiencies
are consistent with the values reported in the literature (see for example Guerra et al., 2014).
The posterior distributions for the Pyrethroid spray catches, pot and swarm catches suggest
that catchabilities range from 0.5% to 3.5%. This will reduce the power of any planned post-
release monitoring strategy, and thereby make it harder to confirm that the male Ac(DSM)2
population is actually extinct.

Simulations based on the male dispersal and survival model developed here, for example,
indicate that there is a 30% chance that male Ac(DSM)2 mosquitoes will be still be present
in the vicinity of Bana, even if they have not been observed after three sequential days of
observation with equivalent survey effort11 ten days after the initial release. If, however,
three days of equivalent survey effort fails to detect male Ac(DSM)2 mosquitoes 30 days
after the release, then the model predicts that there is 95% chance that the probability of
male Ac(DSM)2 mosquitoes still being present in the vicinity of Bana is less than 0.003
because the model predicts with a high probability that the expected number of mosquitoes
in the vicinity of Bana village will be less than one individual at this time.

4.3.2 Probability of construct failure

The results of the analysis described in Section 4.3.1 assume that the male mosquitoes
are sterile. As a result there is no birth term in the reaction component of Equation (A.14)
(Section A.4). Hayes et al. (2015) elicited informative priors for the probability that the Do-
minant Sterile Male construct will fail in the field (thereby allowing fertile Ac(DSM)2 males)
as part of an analysis that the construct is able to persist and spread in the environment
through vertical transmission to local populations of An. gambiae, An. coluzzii or An. ara-
biensis.

During the development and testing of the Dominant Sterile Male construct, Target Malaria
conducted a number of sterility trials with Ag(DSM)2 to test the efficacy of the construct
(Windbichler et al., 2008; Klein et al., 2012). These trials were continued after the initial risk
assessment was completed in order to increase the sample size. Target Malaria have also
conducted additional sterility trials with Ac(DSM)2 in the IRSS insectary (Target Malaria,
unpublished data).

For the purposes of this analysis, CSIRO and Target Malaria collated the results of all of the
sterility trials completed to date. These results are summarised in Figure 4.7 which shows
the male experimental treatments – that is: (i) Ac(DSM)2 males mated with Ac(WT) females
(top row); and, (ii) Ag(DSM)2 males mated with laboratory G3 strain females (bottom left
panel)12. Also shown are the experimental controls – that is (i) Ac(WT) males mated with
Ac(WT) females (middle row); and, (ii) G3 strain males mated with Ag(DSM)2 females and
G3 strain females (bottom right panel).

11Equivalent to the effort expended in the first four Mark Release Recapture experiments
12The results for Ag(DSM)1 have been excluded from this analysis because the Dominant Sterile Male

construct is different
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Figure 4.6: Simulations of Ac(DSM)2 male abundance following a controlled release of
5,000 male Ac(DSM)2 mosquitoes in Bana village. This plot shows that 95% of the simulations of
a spatio-temporal model of Ac(DSM)2 male dispersal and survival predict that the expected number of males
will drop below one about 20 days after the controlled field release.
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Figure 4.7: Summary of sterility experiments conducted with male and female Ag(DSM)2
and Ac(DSM)2 strain mosquitoes under laboratory conditions. All experiments involving male
Ac(DSM)2 mosquitoes mated to female Ac(WT) mosquitoes (top row) have resulted in no observations of
hatched eggs or larvae (N obs = 0), whereas when male Ac(WT) mosquitoes are mated to female Ac(WT)
mosquitoes hundreds to thousands of hatched eggs or larvae are observed (middle row). On three occassions
matings between male Ag(DSM)2 mosquitoes and female G3 strain mosquitoes have led to 8 hatched eggs
or larvae (bottom left panel) none of which subsequently survived to adulthood.
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Figure 4.8: Linear pool prior and mixture posterior for the event that the construct fails to
sterilise An. coluzzii (left) and An. gambiae (right). The linear pool priors shown here (dashed
line) were collected by Hayes et al. (2015), and have been adjusted to a probability of failure per mating to
allow for a Bayesian update using laboratory trials of the efficacy of the Dominant Sterile Male construct. The
posterior prediction (solid line) is a Bayesian model average that weights the contribution of each expert’s
prior according to how well they predicted the data. The analysis shown here assumes that the construct’s
efficacy in the field will be the same as that observed laboratory conditions. Note that the linear pool prior for
An. coluzzii is masked here by the mixture posterior.
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The summary statistics from the sterility trials conducted to date with Ac(DSM)2 and Ag(DSM)2
mosquitoes are as follows: (i) control matings between wild type (or transgenic) females
and non-transgenic control males (median number of matings = 50) lead to large numbers
of fertile eggs (median n = 1.14 × 103), and hence larvae or hatched eggs (median n =
272); (ii) none of the matings between Ac(DSM)2 males and Ac(WT) females (total = 888)
have resulted in any observations of larvae or hatched eggs; and, (iii) matings between
Ag(DSM)2 males and G3 strain females (total = 2086) have led to a total of 8 larvae or
hatched eggs from y = 3 observations of apparent construct failure. None of these larvae,
however, survived to adulthood.

The availability of these experimental observations allows the risk assessment to calculate
the Bayesian posterior probability of construct failure, which we subsequently use to update
the fault tree analysis for the probability that the construct will spread into local populations
originally completed by Hayes et al. (2015) using informative priors. The Bayesian inference
is described in detail in Section A.5.

The results of the analysis for An. coluzzii are summarised in Figure 4.8. These results
suggest that the median posterior probability of construct failure in one or more Ac(DSM)2
males, following the release of 5,000 males, will be 2.5 × 10−4.

4.3.3 Probability of hybridisation with compatible species

The results of the entomological surveys point to very low rates of hybridisation between
An. coluzzii, An. gambiae and An. arabiensis in Bana Village, and during the wet season
(when mates are plentiful) hybrids are absent from the field samples (Figure 1.3). These
results suggest that the prior probabilities elicited from experts by Hayes et al. (2015) may
be too high. We do not believe, however, that it is possible to derive a posterior distribution
for this event in the fault tree analysis because the elicitations do not condition on the time
of release and the large fluctuations in the wild populations that this entails.

It is also difficult to adjust the hybridisation priors for the small number of incidentally re-
leased females in the same way that the other priors have been adjusted (Section 3.2)
because the elicitations were conditioned on the release of male and female mosquitoes
but they do not distinguish between that component of the prior attributable to the release of
the Ag(DSM)2 females and that component attributable to the release of Ag(DSM)2 males.

4.3.4 Bayesian update of FT50 and FT51

Hayes et al. (2015) used fault tree analysis to examine the probability that the construct
will spread in local populations of An. gambiae in a year following an accidental release
of 5,000 Ag(DSM)2 females and 5,000 Ag(DSM)2 males (FT50). The same approach was
used to calculate the probability that the construct will spread in local populations of An.
coluzzii or An. arabiensis under the same conditions.

In this assessment we re-examine two events in the fault tree analysis completed by Hayes
et al. (2015). The first is the event: “Given that genetically modified males carrying the
construct are viable, what is the probability that the construct allows some fertile males (not
all are sterilised)?” for the construct in An. coluzzii. The informative priors here can be
replaced with the posterior estimates described above. The change in target species13,

13The target species in the initial risk assessment was Ag(DSM)2. The target species in this risk asses-
sment is Ac(DSM)2.
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however, requires that we assume that all other events in the fault tree analysis, except
the probability of construct failure, are transferable between An. coluzzii and An. gambiae.
This assumption is reasonable given the high levels of dependency between the original
analysis for the two species (see Appendix D of Hayes et al., 2015).

The second events is: “Given that genetically modified males carrying the construct are
viable, what is the probability that the construct allows some fertile males (not all are steri-
lised)?” but this time for the construct in An. gambiae. The informative priors here can be
replaced with the posterior estimates described above for An. gambiae, assuming again
that all other events in the fault tree analysis, except this one, are transferable between the
two species.

In the original analysis the event “Given that there are compatible species in the vicinity,
what is the probability that Coluzzii hybrids will be formed, following a catastrophic release
of all 10,000 mosquitoes?” are probably too high and therefore not transferable to An.
gambiae hybrids, but as noted above it is not clear how to sensibly adjust the informative
priors for this event.

The results of the analysis are summarised in Figure 4.9. The change in the median risk
and the width of the credible intervals reflects the effect of the updated posterior for the pro-
bability of sterility. For An. coluzzii the median probability of construct failure (per mating)
changes from a prior value of 4.51 × 10−8 to a posterior value of 5 × 10−8. As a conse-
quence there is very little difference between the original and updated results of the fault
tree analysis. For example, under the Aggregate First Then Convolute strategy the median
probability drops slightly from 1.39 × 10−3 to 8.87 × 10−4. Note that the number of experts
who responded to the events within the fault tree that have been updated has changed and
this also has a small effect on the results.

For An. gambiae the change in the median probability of construct failure (per mating)
increases from a prior value of 1.31 × 10−6 to a posterior value of 6.55 × 10−4. As a result
of this the probability of the construct spreading in local populations of An. gambiae or
An. arabiensis is predicted to increase from a median value of 1.82 × 10−6 to a median
value of 8.02 × 10−6 under the Aggregate First Then Convolute strategy. The magnitude of
this increase is not as large as the increase between the prior and posterior probability of
construct failure because the change in probability is mediated by the other events within
the fault tree.

For An. gambiae or An. arabiensis, the change in median probability reported in Hayes
et al. (2015) and this one is larger under the Convolute First Then Aggregate strategy –
the median increases from 3.12 × 10−5 to 1.96 × 10−3 – because the number of experts
who answered the updated events, and their weights, has changed between the two risk
assessments, and the effect of this change is more pronounced under this strategy.
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Figure 4.9: Updated fault tree analysis incorporating the posterior probability of construct
failure in An. coluzzii and An. gambiae. These plots summarise the effect of updating the fault tree
analysis conducted by Hayes et al. (2015) for the spread and persistence of the construct in local populati-
ons of An. coluzzii (left panel) and An. gambiae or An. arabiensis (right panel) for two types of fault tree
calculation strategies (Aggregate First Then Convolute and Convolute First Then Aggregate). The updated
analysis incorporates the results of laboratory trials on the efficacy of the Dominant Sterile Male construct.
The analysis assumes that the efficacy of the construct in the field will be the same as that observed under
laboratory conditions and that all events in the fault tree analysis (other than the probability of construct fai-
lure) are transferable between Ac(DSM)2 and Ag(DSM)2. The results for An. gambiae or An. arabiensis are
conservative and do not reflect the low rate of hybridisation observed in field samples collected from Bana
village.
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5 NON-TARGET EFFECTS
KEY POINTS

1. There are a number of plausible Adverse Outcome Pathways for non-target
effects following the controlled field release but all of these require the released
mosquitoes to disperse and survive, or the Dominant Sterile Male construct to
spread and persist, over spatial and temporal scales that are large enough for
permanent or transient effects.

2. The spatio-temporal footprint of the planned field release is predicted to be very
small and this mitigates the possibility of non-target effects.

3. This risk assessment predicts that there is a 95% chance that the expected
number of Ac(DSM)2 males will drop below one individual 20 days after the
controlled field release. This predicted survival is too short, and the associ-
ated population size too small, to cause any noticeable effect on non-target
organisms or ecosystem processes.

4. If 25 Ac(DSM)2 females are incidentally released at the start of the wet season,
the risk assessment predicts that there is a 95% chance that the expected num-
ber of Ac(DSM)2 females (including offspring of the initial incidentally released
population) will drop below one individual 150 days after the controlled field
release. The predicted decline in the population of Ac(DSM)2 females preclu-
des the possibility of significant effects on non-target organisms or ecosystem
processes.

5. If the construct’s performance in laboratory tests are indicative of its perfor-
mance in the field, then the median posterior probability that male Ac(DSM)2
mosquitoes will be fertile (per individual mating) is 4.51 × 10−8 with a 90% cen-
tral credible interval of [2.76 × 10−11, 2.05 × 10−5]. This equates to a median
probability that all 5,000 Ac(DSM)2 males will be sterile and therefore unable
to pass the construct on to sexually compatible species of 0.9998.
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5.1 Persistence and adverse outcomes pathways
In the context of synthetic gene drives the National Academies of Sciences, Engineering
and Medicine (2016) define non-target effects as, “a direct, unintended, short- or long-term
consequence for one or more organisms other than the organism intended to be affected by
an action or intervention”. There are a number of plausible Adverse Outcomes Pathways for
non-target effects associated with the deliberate field release, many of which are reflected
in the community’s concerns:

• Horizontal gene transfer: horizontal transfer of the Dominant Sterile Male construct to
non-target species may have adverse effects by changing (for example) the behavi-
oural characteristics or fitness of the non-target host.

• Vertical gene transfer: transmission and spread of the construct to non-target but
sexually compatible species within the An. gambiae complex could impose a fitness
effect on these species (although this may be a desirable side-effect).

• Knock-on effects of permanent suppression: if the construct remains functional whilst
spreading through target or non-target species, and thereby causes a permanent
reduction in their abundance, then this could have knock-on effects through the food-
webs and ecosystem processes that these species form part of.

• Knock-on effects due to partial suppression: temporary suppression of target or non-
target species could lead to changes in host-vector dynamics (such as the loss of herd
immunity or changes in the prevalence of existing pathogens) and/or alter population
dynamics by pushing species into alternative, possibly non-reversible, stable states.

• Evolutionary consequences: Long term persistence of the construct may have unin-
tended consequences on evolutionary host-pathogen or predator-prey relationships.

A common thread that underlies all of these pathways is the persistence and spread of
the transgene, through vertical or horizontal transmission, over spatial and temporal scales
that are large enough for permanent or transient effects on non-target species. The spatial
and temporal scales over which Ac(DSM)2 males and females are predicted to spread
and persist, however, are relatively small, and need to be put in the context of current
conventional mosquito-control practice, such as the use of insecticide treated bed nets.

The limited spatio-temporal footprint of the field release mitigates the possibility of non-
target effects following the field release. In the first instance this analysis predicts that the
probability of horizontal gene transfer of the Dominant Sterile Male construct to non-target
eukaryotes and non-eukaryotes following the field release is too small to be a practical
concern in this context.

The detailed model of Ac(DSM)2 male dispersal and survival developed for this risk asses-
sment predicts that there is a 95% chance that the expected number of Ac(DSM)2 males will
drop below one individual 20 days after the controlled field release (Section 4.3.1). Whilst
it is still possible for small numbers of mosquitoes to be observed when the expected value
of the population is less than one, this predicted survival is too short, and the associated
population size too small, to cause any noticeable effect on non-target organisms or ecosy-
stem processes. Importantly the uncertainty in the models predictions can be resolved with
further analysis of Ac(DSM)2 male recapture rates following the field release.

A detailed (and necessarily complicated) analysis of female survival and spread is difficult
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to justify given the small number of Ac(DSM)2 females that may be incidentally released.
The simple analysis conducted here suggests that if 25 Ac(DSM)2 females are incidentally
released at the start of the wet season, their expected number will decline to median es-
timate of less than one individual 65 days after the release (Section 4.2). The expected
number of Ac(DSM)2 females falls below one individual about 150 days after the release
with 95% certainty. Again these predictions preclude the possibility of significant effects on
non-target organisms or ecosystem processes.

These predictions are contingent on the models and assumptions described in the previous
sections of the report. An important consideration in this context is the predicted efficacy of
the Dominant Sterile Male construct. The male dispersal and survival model, for example,
assumes that all male Ac(DSM)2 mosquitoes are sterile and therefore sets the birth rate of
Ac(DSM)2 males to zero. This assumption seems reasonable in light of the analysis and
data collected to date.

If the construct’s performance in laboratory tests are indicative of its performance in the
field, then the median posterior probability that male Ac(DSM)2 mosquitoes will be fertile
(per individual mating) is 4.51×10−8 with a 90% central credible interval of [2.76×10−11, 2.05×
10−5]. This equates to a median probability of 0.9998 that all 5,000 Ac(DSM)2 males will
be sterile. In other words, the risk assessment predicts there is about a 0.02% chance that
there will be at least one fertile Ac(DSM)2 male among the 5,000 released.
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6 DISCUSSION
KEY POINTS

1. There is about a 70% chance that female Ac(DSM)2 mosquitoes will have a
lower capacity than female Ac(WT) moquitoes to transmit P. falciparum and
o’nyong’nyong virus, and about a 90% chance for lymphatic filariasis, assuming
equal vector to human host ratios.

2. Accounting for the likely difference in vector to host ratios at the time of the
controlled field release reduces the probability that the incidental release of
Ac(DSM)2 females will cause an increase in the transmission of these patho-
gens, during the time that Ac(DSM)2 female mosquitoes are present in the
environment, to values in the range 0.03 to 0.05.

3. Accounting for the small number of females released reduces the median
probability of them transmitting a novel blood-borne pathogen to a value of
1.3 × 10−8

4. The median probability of released Ac(DSM)2 females and males becoming
effectively extinct – that is the expected population size falling below one indivi-
dual – is predicted to be about 65 days and 10 days respectively.

5. The probability that the construct will persist and spread in local populations of
An. coluzzii, and in An. gambiae or An. arabiensis in a year following a release
of 5,000 Ac(DSM)2 males is predicted to have a median value of 8.87 × 10−4

and 1.96 × 10−3 respectively (using the more conservative fault tree calculation
strategies). The latter value, however, does not account for the low proportion
of hybrids observed in Target Malaria’s field samples, and is therefore likely to
be an overestimate.

6. Simulation studies suggest that the probability of an extant population of male
Ac(DSM)2 mosquitoes becomes less than 0.005 if male Ac(DSM)2 mosquitoes
are not seen for three successive days in samples collected with Mark Release
Recapture equivalent sampling effort at least thirty days after the release.

7. The posterior probability that the construct will fail (per mating) for male
Ag(DSM)2 mosquitoes has a median value of 6.5 × 10−4 and a 90% credible
interval of [2.0 × 10−4, 1.6 × 10−3].

8. Laboratory tests with female Ac(DSM)2 indicate that these mosquitoes have
the same or higher susceptibility to insecticides that are commonly used in the
release region for which insecticide resistance has been reported in Anopheles
mosquitoes.

9. One of the lessons of this assessment is that within a staged-released strategy
it is important to ensure that the risk assessment endpoints, elicitations and
field/laboratory data align as closely as possible.
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6.1 Quantitative risk estimates
The results of the risk assessment for each of the seven endpoints are summarised in Ta-
ble 6.1. The first risk assessment endpoint addresses the possibility that the construct mo-
difies the vectorial capacity of female Ac(DSM)2 mosquitoes for P. falciparum, o’nyong’yong
and lymphatic filariasis. The endpoint refers directly to the first of the community’s concerns,
and is expressed here as a vectorial capacity index – that is the base 10 logarithm of the
ratio of the basic reproduction number of female Ac(DSM)2 at backcross 29 over that of
the local wild type females at laboratory generation F = 0, conservatively assuming in the
first instance equal vector to human host ratios for the two strains. Negative values of this
quantity indicate that the pathogen transmission potential of female Ac(DSM)2 mosquitoes
is lower than that of female Ac(WT) mosquitoes, whereas positive values indicate increased
transmission potential of Ac(DSM)2 mosquitoes.

The summary quantiles of the vectorial capacity index indicate that the bulk of the index’s
probability density (about 70%) lies below zero for all three pathogens, with about a 30%
chance that the vectorial capacity of the Ac(DSM)2 strain is higher for P. falciparum and
o’nyong’nyong, and about a 15% chance for lymphatic filariasis. These figures should be
interpreted as the risk attributable to the Dominant Sterile Male construct, for equal vector
to human host ratios, for the duration of time that Ac(DSM)2 female mosquitoes are present
in the environment.

At the time of field release, however, the wild type population is likely to be at least three
orders of magnitude larger than the population of incidentally released females, which redu-
ces the risk attributable to the field release activities, but not by three orders of magnitude
because the probability that the index is greater than zero is a non-linear function. For P.
falciparum, for example, accounting for the difference in vector to human host ratio reduces
the probability of an increase in P. falciparum transmission, during the time that Ac(DSM)2
females are present in the environment, to 0.03.

Accounting for the relatively small numbers of Ac(DSM)2 females that may be incidentally
released also reduces the probability that the female Ac(DSM)2 mosquitoes will vector a
novel blood borne pathogen. A fault tree analysis conducted by Hayes et al. (2015) conclu-
ded that the median probability of this event, conditioning on a release of 5,000 Ag(DSM)2
mosquitoes, would be lower than 5.2 × 10−7. Assuming that the elicitations conducted for
Ag(DSM)2 are transferable to Ac(DSM)2, and accounting for the smaller number of females
released reduces this median probability to a value of 1.3×10−8 under the most conservative
calculation strategy.

Many of the communities concerns regarding the planned field release are contingent on
the spread and survival of Ac(DSM)2 mosquitoes. The models for female survival, and
male dispersal and survival, developed for this risk assessment predict that the released
Ac(DSM)2 mosquitoes will have a small spatio-temporal footprint: the median probability of
released females and males becoming effectively extinct is predicted to be about 65 days
and 10 days respectively. These predictions, and the relatively small population sizes of
Ac(DSM)2 mosquitoes, mitigate against the possibility of non-target effects attributable to
the field release.

The male and female survival models assume inter alia that all Ac(DSM)2 males are sterile
by: (i) not including a birth rate in the reaction terms of the male model; and, (ii) imposing
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Log10 ratio of vectorial capacity relative to Ac(WT)

5% 50% 95%

P. falciparum −9.5 −1.49 2.44

ONNV −12.6 −3.33 1.79

Lymphatic filariasis −8.75 −1.18 3.14

Vector novel blood-based pathogen

5% 50% 95%

AFTC estimate 7.54 × 10−13 1.32 × 10−8 1.29 × 10−5

CFTA estimate 1.86 × 10−13 7.17 × 10−9 3.37 × 10−5

Survival of Ac(DSM)2 females given release of 25 female Ac(DSM)2

5% 50% 95%

First day expected number
of females < 1

6 71 152

Survival of Ac(DSM)2 males given release of 5,000 male Ac(DSM)2

5% 50% 95%

First day expected number
of males < 1

6 10 20

Spread and persistence of construct in An. coluzzii

5% 50% 95%

AFTC estimate 3.34 × 10−7 8.87 × 10−4 0.64

CFTA estimate 9.88 × 10−8 2.24 × 10−4 0.17

Spread and persistence of construct in An. gambiae or An. arabiensis

5% 50% 95%

AFTC estimate 2.28 × 10−10 8.02 × 10−6 0.03

CFTA estimate 5.82 × 10−8 1.96 × 10−3 0.1

Difference in the probability of mortality between Ac(DSM)2 and Ac(WT)

5% 50% 95%

Alpha-cypermethrin −0.0028 0.076 0.23

Bendiocarb −0.017 1.84 × 10−4 0.023

DDT 0.026 0.13 0.32

Deltamethrin 0.092 0.24 0.39

Fenitrothion −8.27 × 10−4 8.43 × 10−10 0.0011

Lambda-cyhalothrin −0.029 0.027 0.16

Permethrin 0.048 0.19 0.43

Table 6.1: Risk estimates for seven endpoints following the deliberate release of 5,000 male
Ac(DSM)2 mosquitoes, and the incidental release of 25 female Ac(DSM)2 mosquitoes, in
Bana village in Burkina Faso at the beginning of the wet season. Risk calculations perfor-
med by fault tree analysis show results for two computational strategies (labelled AFTC and
CFTA). Column headings 5%, 50% and 95% refer to the 5th, 50th and 95th quantiles.

CSIRO I-PpoI RA Part 2 Risk report | 73



a fitness cost of 0.5 on Ac(DSM)2 females in the female model. This assessment updates
the probability of construct failure by collating the results of all the sterility trials conducted
to date on Ag(DSM)2 and Ac(DSM)2 males. The Bayesian update takes a conservative
stance by treating the number of matings (not the number of eggs) as the sample size in
these trials, and also accounts for change in assessment unit between the prior elicitation
conducted by Hayes et al. (2015) and the likelihood.

If the performance of the Dominant Sterile Male construct in the laboratory is the same as
its performance in the field, then the results of this analysis suggest that there is a median
probability of 4.51 × 10−8 that the construct will fail to sterilise individual males. Updating
the equivalent event in the fault tree analysis conducted by Hayes et al. (2015), and as-
suming that in all other respects the elicitations performed for Ag(DSM)2 are transferable
to Ac(DSM)2, this analysis predicts that the probability that the construct will persist and
spread in local populations of An. coluzzii in a year following a release of 5,000 Ac(DSM)2
males has a median value of 8.9e − 04.

The equivalent probability for spread and persistence in local populations of An. gambiae or
An. arabiensis using the more conservative of the two fault tree calculation methods is 2e−
03. The later estimate, however, does not reflect the low probability of hybridisation in Bana
Village indicated by the low proportion of hybrids (0.4%) in the entomological surveys, and
is therefore likely to be an overestimate because the informative priors collected by Hayes
et al. (2015) suggested that the median probability of hybrids being formed between An.
coluzzii and An. gambiae, following the accidental release of 5,000 Ag(DSM)2 mosquitoes,
was 0.76.

Simulation studies suggest that the absence of male Ac(DSM)2 mosquitoes in samples col-
lected with a few days of Mark Release Recapture equivalent survey effort in the months
after the field release, provides a better assurance that male Ac(DSM)2 mosquitoes are
indeed absent, than observing the same result in the days that immediately follow the field
release. This is because the male dispersal and survival model predicts that the popu-
lation of Ac(DSM)2 mosquitoes will decrease with time, and because mosquito capture
efficiencies are typically less than a few percent, hence the absence of target (in this case
Ac(DSM)2) mosquitoes in a sample does not by itself provide a great deal of confidence that
the target population is in fact absent from the survey site. Conversely, if samples collected
in the three months following the field release return true positives for the presence of the
transgene, then this would signal that the risk assessment predictions may be incorrect.

6.2 Lessons and future analysis
The analysis completed here predicts that male and female Ac(DSM)2 mosquitoes released
during the field trial will die out over the course of the succeeding wet and dry seasons. The
field release is not therefore predicted, and is not intended, to have any noticeable effects
on local populations of predominately An. coluzzii mosquitoes.

The primary purposes of the field release are to: (i) generate data on the daily survival
rate of released Ac(DSM)2 males and to assess their movement from a defined release
point; and (ii) strengthen local capacity in the handling, release and recapture of laboratory
reared mosquitoes including through the establishment and validation of standard operating
procedures and internal systems for the oversight of regulatory compliance.
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Data generated from the field release will further inform an understanding of how outcomes
from indoor contained use experiments can be extrapolated to a field entomology context.
Additionally, although Ac(DSM)2 does not incorporate a gene drive mechanism, data on
the population dynamics and dispersal behaviour of male Ac(DSM)2 collected from a field
release will serve to further demonstrate and develop the methodology and mathematical
models needed to support an environmental risk assessment to standards recommended
for gene drive applications (National Academies of Sciences, Engineering and Medicine,
2016; Australian Academy of Sciences, 2017).

This risk assessment places considerable emphasis on Bayesian methods. This is not the
only paradigm for probabilistic risk assessment but it is well suited to scientific assessments
for novel technologies. Elsewhere (see for example Hayes et al., 2013) we have also ar-
gued the merits of a staged-release strategy for genetic control strategies, consistent with
World Health Organisation recommendations for transgenic mosquitoes (World Health Or-
ganisation, 2009, 2014).

One of the lessons of this assessment is that within a staged-released strategy it is im-
portant to ensure that the risk assessment endpoints, elicitations and field/laboratory data
align as closely as possible. The relevance of the available data to the risk endpoints, and
informative priors, can vary substantially.

This issue is highlighted in the vectorial capacity analysis (Section 3.1). The available evi-
dence for vectorial capacity parameters varies from laboratory experiments on transmission
efficiency that are possibly relevant to field conditions, to laboratory observations of longe-
vity that are probably not representative of field outcomes to field-based observations that
are unquestionably relevant.

Target Malaria’s capacity to generate unquestionably relevant observations with future more
persistent, dispersive genetic control products will likely be constrained. These constraints
can be managed in part by judicious choice of endpoints and by further elaboration of
expert elicitation to allow (for example) for a specific analysis of the expected responses
under laboratory versus field conditions. The most relevant endpoints would typically be
those that refer to outcomes in the field but laboratory endpoints and comparisons may
form testable go/no-go benchmarks in their own right.

The Bayesian approach to probabilistic risk assessment provides a transparent and cohe-
rent process for amending expert beliefs in light of empirical observations. It is important,
however, that the Bayesian updates are performed with data sources that are independent
of the sources that an expert uses when forming their opinions and subjective risk estima-
tes.

To facilitate this process future risk assessment and elicitations procedures should adhere
to three principles:

• If data are relevant to a laboratory-based endpoint (for example insecticide resistance
under internationally recognised testing procedures) or a field-based endpoint (for
example pathogen transmission under field conditions), then the experts should not
be allowed to examine it prior to or during an elicitation because it will be incorporated
into the analysis via the likelihood.

• Wherever possible experts should be provided with finalised protocols that describe
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the laboratory or field protocols that are used to collect data prior to, or during, an
elicitation.

• If data are irrelevant to the endpoint, but somehow still “speak to” parameters asso-
ciated with the endpoint (for example estimates of the basic reproduction number for
other diseases) then experts may examine it prior to an elicitation and include the
results in their probabilistic assessments.

Again these principles presume close communication between project teams and risk as-
sessment teams to ensure that relevant information on, for example, field or experimental
protocols can be made available to experts in pre-elicitation documentation.
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Appendix A TECHNICAL DETAILS

A.1 Vectorial capacity: known blood-borne pathogens
A.1.1 Predictive prior distributions

The structure of statistical model used to generate the predictive prior distributions is set
in advance to allow for interactions between predictive terms. The model is initially para-
meterised by expert opinion followed by independent empirical data as available. Table A.1
summaries the predictors that are inputs into the model.

Table A.1: Model predictors.

Covariate Description

uF number of Ac(WT) generation (in situ)

uB number of backcrosses between Ac(WT) and Ac(DSM)2

uGE binary indicator for genetically engineered strain (GE) (Ag(DSM)2, Ac(DSM)2)

uWT binary indicator for Ac(WT)

For a given target parameter, the elicitations occur at pre-specified design points. A design
point can be thought of as a scenario that is defined by the choice of strain or lineage, for
example, G3 or Ag(DSM)2. In some cases, it may include a numeric covariate for number
of generations in the laboratory for Ac(WT) and the number of backcrosses for Ag(DSM)2.

Each expert’s assessment of a target parameter at a given design point is modelled by a
probability distribution. A generalised linear model framework then permits prediction at
other combinations of generation or backcrosses,

θ = G(η) (A.1)
η = Xβ, (A.2)

where G(·) applies a monotonic link function g(·) to each entry in the d-dimensional vector η.
The model design matrix X is derived from a log-linear model with predictors that allow for
interactions between Ac(WT) and Ac(DSM)2 through different levels of backcrossing and
different levels of laboratory adaptation. The unknown coefficients β are assumed to have
a multivariate normal distribution.

The human feeding rate and the extrinsic incubation period parameters have positive sup-
port, (0,∞), and use the log link,

ηi = g(θi) = log θi, (A.3)

where θi is the target parameter assessed for the ith design point. The inverse link is then gi-
ven by, θi = g−1(ηi) = eηi , which is an exponential relationship between the target parameter
and the linear predictor.

All other parameters (transmission efficiency and the probability of daily mortality) are boun-
ded (0, 1) and use the complementary log-log link function,

ηi = g(θi) = log(− log(1 − θi)), (A.4)
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Table A.2: Elicitation design points presented to the experts for parameterisation of the
first-order model Each column heading identifies the covariate to which it is associated in
Eq. (A.5) and Table A.1.

G3 GE WT B F

1 0 0 0 0

0 0 1 0 0

0 0 1 0 70

0 1 0 0 0

0 1 0 70 70

0 1 0 5 70

0 1 0 35 35

where θi is the probability of transmission or daily mortality. The complementary log-log
function assumes an exponential relationship between the hazard rate14 and the linear pre-
dictor.

On the link-transformed scale, the model is given by

η =βG3 + βWT uWT + βGEuGE (A.5)
+ βFuF + uGE (βGE:FuF + βBuB + βF:BuFuB)

The first line of Eq. (A.5) addresses the main effects of the three source strains: G3,
Ag(DSM)2 and Ac(WT). The second line of Eq. (A.5) addresses the effect of laboratory
habituation and backcrosses. The model allows for interactions between Ac(WT) and
Ac(DSM)2 through different levels of backcrossing and laboratory adaptation by Ac(WT).
This model has 7 unknown parameters.

The number of laboratory generations for the wild type lineage extends from the source
wild population (F = 0) to the 70th generation in the laboratory (F = 70). The feasible
region of the full factorial obtained from Table A.1 (considering as feasible points every 5th
generation or backcross) has the following constraints. There is no genetically engineered
wild-type lineage. For Ac(DSM)2 the number of backcrosses cannot exceed the number of
generations of Ac(WT) because the wild-type colony was established before backcrossing
began (Figure 1.4). Also, if there are no backcrosses then there is no contribution of the
wild-type strain to G3 and so uF = 0 in that case.

With these constraints, a D-optimal design is given by Table A.2. With a generation time
of 3 weeks, the 17th generation is about a year’s duration for a laboratory lineage, the 35th

generation about two years, and the 70th generation about four years. 100 generations is
about 5 years and 9 months.

The model design matrix X is given in Table A.3. Letting Xs denote the design matrix with
columns normalised to unit length, the condition number of X>s Xs is 217.86. An elaborated

14Also known as the hazard function or force of mortality, the hazard rate is roughly interpretable as the
probability of an event, such as death or transmission, occurring given a small increase of the linear predictor.
For example, the increment may be due to a small increase in the number of generations for Ac(WT) and/or
number of backcrosses for Ac(DSM)2.
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Table A.3: Model matrix for the elicitation design. Each column heading identifies the
covariate to which it is associated in Eq.(A.5).

(Intercept) WT F GE B F:GE F:GE:B

1 0 0 0 0 0 0

1 1 0 0 0 0 0

1 1 70 0 0 0 0

1 0 0 1 0 0 0

1 0 70 1 70 70 4900

1 0 70 1 5 70 350

1 0 35 1 35 35 1225

design matrix was required for mortality under the lymphatic filariasis model, where morta-
lity was allowed to vary depending on whether or not the vector was infected. To account for
this variation, a full interaction model was specified with model matrix given by Table A.4.

The elicited priors at the design points are not sufficient for the purpose of the risk analysis,
hence a model-based approach that allows for predictions at different levels of backcros-
sing and laboratory generation is developed (Hosack et al., 2017). The model adopts a
conditional mean prior approach wherein the elicited responses contributed by an expert
for a given parameter are assumed conditionally independent given the covariate values
(Bedrick et al., 1996).

The model construction (Section A.1.1) assumes that on the linear predictor scale all para-
meters are adequately described by a Gaussian distribution, and so a Gaussian distribution
on this scale is elicited at each design point (see Hosack et al., 2017, for methodological de-
tails). A vector of elicited means m and diagonal covariance matrix V are thereby obtained
on the linear predictor scale.

The elicited location parameter and covariance matrix that model the expert’s opinion for
the unknown coefficients β is given by,

µ =
(
X>V−1X

)−1
X>V−1m,

Σ =
(
X>V−1X

)−1
,

with p(β) ∼ N(µ,Σ).

The risk assessment endpoint is a comparison of the vectorial capacity of Ac(DSM)2 at
backcross 29 with the local wild population Ac(WT) at generation F = 0. If the predictive
design point for this comparison is given by the matrix U, then the predictive prior asses-
sment of the parameter θ′ is obtained by,

p(g(θ′)|U) = N(Uµ,UΣU>),

where g(·) is the vectorised link function.
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A.1.2 Predictive posterior distribution and model evidence

If data y is collected at a particular design point defined by the matrix W, then the posterior
assessment is obtained by,

p(θ|W, y) =
p(y|θ)p(θ|W)

p(y|W)
,

where from the previous equation, p(g(θ)|W) = N(Wµ,WΣW>).

The model evidence p(y|W) =
∫

p(y|θ)p(θ|W)dθ, is the probability of the observed data
at design point W arising from the expert’s predictive assessments assumed conditionally
independent given the design matrix X.

The model’s link functions are non-linear (Section A.1.1), so a straightforward analytical ex-
pression for the above integral is unobtainable. Instead a Monte Carlo method is used. An
importance sampler generates j = 1, . . . , J draws from the posterior p(θ|W, y) and additio-
nally estimates the model evidence p(y|W).

The predictive posterior assessment of the target θ′ at design point U conditional on the
observed data y at design point W is given by,

p(θ′|U,W, y) =

∫
p(θ′|θ,U,W)p(θ|W, y)dθ.

The integral is approximated by first drawing J posterior samples
{
θ j

}
from p(θ|W, y), then

drawing J predictive posterior samples
{
θ′j

}
from p(θ′|θ j,U,W), where η = g(θ) and η′ = g(θ′)

with p(η′|η j,U,W) conditionally Gaussian.

A priori, each expert’s contributed probability model Mi, i = 1, . . . , I, is weighted equally,
P(M1) = P(M2) = . . . = P(MI). The prior prediction is the mixture distribution,

p(θ|I) =

I∑
i=1

p(θ|Mi)P(Mi).

The posterior mixture is given by the Bayesian model average (BMA),

p(θ|y, I) =

I∑
i=1

p(θ|y,Mi)P(Mi|y), (A.6)

with
P(Mi|y) =

p(y|Mi)P(Mi)∑I
i=1 p(y|Mi)P(Mi)

, (A.7)

where p(y|Mi) is the model evidence for the ith expert.

Similarly, the predictive posterior mixture for unobserved θ′ is given by,

p(θ′|y, I) =

I∑
i=1

P(Mi|y)
∫

p(θ′|θ)p(θ|y,Mi)dθ.
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A.1.3 Predictive posterior distribution for daily probability of mortality

In the first Mark Release Recapture experiment three groups of female mosquitoes were
collected in the wild, raised in the laboratory, marked with three different coloured dyes, and
then concurrently released and monitored for recaptures using pyrethioid spray catches
(PSC) inside houses. Swarm sampling and clay pot monitoring stations were also deployed
but these methods recovered too few recaptures to include in this analysis.

To analyse the female PSC catch data we developed a simple mark recapture model that
assumes a binomial observation error and age independent exponential decay,

yk(t) ∼ Binomial(γ, bnk(t)c)
nk(t) = nk(t − 1)p,

with unknown recapture probability γ, unknown daily survival probability p, k = A, B,C
(the three different dyes) and initial release sizes n(0) = [1197, 1158, 1182]>. The expert
elicitations provide the priors for p. The exponential decay model is a simple model that
is appropriate given the sparse recaptures and cleanly maps into the assumptions of the
Ross-Macdonald model. Clearly relevant population dynamic mechanisms such as nega-
tive density dependence and environmental stochasticity are not represented by the expo-
nential decay model or the most common formulations of the Ross-Macdonald model. As
such, the models are viewed as abstract, measurable representations of complex biological
processes.

A logit normal prior was placed on the recapture probability γ that allowed 0.25 probability
that the recapture probability was below 1% and 0.25 probability that the recapture proba-
bility was greater than 10%. This prior matches the median and the interquartile range for
Anopheles summarised in a recent survey of Mark Release Recapture experiments (Guerra
et al., 2014). Aspiration and human baited catches predominated in the studies surveyed by
Guerra et al. (2014), and it is possible that the prior for the PSC method may be overly op-
timistic. The recapture probability of each method could incorporate context-specific expert
opinion if this were made available.

An importance sampling estimator generated 1 million samples from the posterior distribu-
tion associated with each expert. The minimum effective sample size was 5.79 × 105. The
importance sampling estimate also approximated the model evidence (Section A.1.2). The
mixture prior and posterior for the daily probability of survival of Ac(WT) at F = 0 are plotted
in Figure 3.10. The prior and mixture posterior for the recapture probability are plotted in
Figure A.1. The posterior is tightly concentrated relative to the prior. The posterior estima-
tes for the daily probability of survival and the recapture probability are dependent, but the
posterior of the recapture probability remains concentrated despite the difference in opi-
nion expressed by the experts for the probability of daily mortality, a priori. The estimated
posterior population size by day is shown in Figure A.2.
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Figure A.1: Prior and mixture posterior probability of recapture probability for Ac(WT) at
F = 0.
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Figure A.2: Posterior estimated median (solid lines) and central 90% CI (dashed lines) for
the populations of released Ac(WT) at F = 0 for three concurrent releases marked by red
dye (Group A), blue dye (Group B) and green dye (Group C) by day.
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A.2 Female survival
The analysis adopts a simple model of Ac(DSM)2 females population dynamics following
the field release:

dN(t)
dt

= (ν(t) − µ) N(t) =⇒
dN(t)

dt
− (ν(t) − µ) N(t) = 0 (A.8)

where N(t) is the female population size at time t, ν(t) is the time-dependent female birth
parameter, and µ is the time-constant female mortality rate. Again we recognise that the
model is simple and does not represent population dynamic mechanisms such as negative
density dependence, Allee effects, environmental stochasticity or demographic stochasti-
city. The birth rate in the model is allowed to vary with time in order to mimic the observed
seasonal fluctuations in mosquito abundance. In particular, the female birth-rate is defined
to be a cyclical parametric function of time:

ν(t) = α0 +

M∑
j=1

[
α j cos

(
2π
365

jt∗
)

+ β j sin
(

2π
365

jt∗
)]

where M is finite (and typically of the order of 1, 2, or 3), t∗ is the day-of-the-year (1 . . . 365),
and α j and β j are regression coefficients to be estimated from available data. This function
is cyclic as ν(t) = ν(t + 365), which is necessary for multi-year processes and α0 can be
considered to be an ‘average’ birth rate for the entire year (as all the sine and cosine terms
sum to zero over the year).

The model – that is Equation (A.8) – is a first-order, linear, inhomogeneous, function with
the following analytical solution:

log (N(t)) = log(N0) + (α0 − µ)t +

M∑
j=1

[
365
2π

α j sin
(

2π
365

jt∗
)

+
365
2π

β j

(
cos

(
2π
365

jt∗
)
− 1

)]
(A.9)

and on the log scale, is a linear function of the coefficients α and β. This function can
therefore be fit to entomological survey data (Figure 4.1) as a generalised linear model with
log-link function and a suitable observation model.

To perform this regression we assume that the mosquito population is stable – that is there
is no net annual population growth or decline over yearly and longer time scales – hence
the average birth rate for the entire year is equal to the time constant mortality α0 = µ and
the term (α0 − µ)t in (A.9) disappears.

The regression analysis explores two alternative observation models

N(t) ∼ Poisson (λt)
N(t) ∼ NegBinomial (λt, k) (A.10)

and five models for the unobserved (latent) process

log (λt) = log (η0) +

M∑
j=1

[
365
2π

α j sin
(

2π
365

jt∗
)

+
365
2π

β j

(
cos

(
2π
365

jt∗
)
− 1

)]
(A.11)

where M = 1, · · · , 5 and the intercept η0 is an unknown function of population size, survey
effort and detection probability. AIC and BIC indicate that the best fitting model is the Nega-
tive Binomial observation model, with three cyclical latent components (M = 3) (Figure A.3).
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Figure A.3: Predicted mean (black line) and approximate 95% confidence interval (grey
polygon) for the Negative Binomial regression model fitted to the monthly entomological
survey data from Bana Village (black dots).

CSIRO I-PpoI RA Part 2 Risk report | 91



In the absence of any information on the birth rate of Ac(DSM)2 females in the field, we
assume that the average birth rate of accidentally released Ac(DSM)2 females in the field
is one half of the Bayesian updated mortality rate of wild type females (Figure 3.10). This
approach assumes that all accidentally released Ac(DSM)2 females mate only with Ac(WT)
males, and imposes a fitness cost due to the transgene of 0.5 relative to 1 for wild type
females.

The analysis simulates the survival of Ac(DSM)2 females following the field release using
model (A.9) with µ = µAc(DS M)2 given by the posterior distribution for Ac(DSM)2 at backcross
29 (Figure 3.10), α0Ac(DS M)2 = −µWT/2 (as described above) and the mean and standard
deviation of the regression coefficients α and β estimated with (A.11). The model does not
account for any density dependent effects on birth or death rates. The simulation is seeded
with an initial population size N0 = 25, released on the 1st July 2018.
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A.3 Insecticide resistance
The data, number of dead mosquitoes y out of N tested, and structure of the susceptibi-
lity tests suggest a hierarchical Binomial model, which we estimate by introducing weakly
informative priors

yi ∼ Binomial (Ni, pi) (A.12)
logit(pi jk) = αi + βix + η jk

αi ∼ Normal (0, 10)
βi ∼ Normal (0, 2)
η jk ∼ Normal (0, 2) .

Here x is an indicator function taking the value 1 for the Ac(DSM)2 strain mosquitoes, αi

is a treatment level effect for the i = 1, · · · , 8 treatments (including the control), βi is the
transgene interaction coefficient and η jk is random effect for the j = 1, · · · , 6 replicates
within batches k = 1, · · · , 7.

We use Hamiltonian Monte Carlo methods to draw samples from the posterior distribution
of the parameters given the data. This was performed using the R packages rstan and
rethinking, with 2 independent chains of 100,000 iterations each (the first 2,000 of which
are warm up) to derive the joint posterior of the model coefficients conditional on the obser-
vations p

(
αi, βi, η jk|y

)
.

Table A.5 summarises the posterior distribution of the treatment effect and transgene inte-
raction coefficients. Figure A.4 and Figure A.5 show the prior and posterior distributions
for the treatment and transgene effect coefficients respectively. Table A.6 summarises the
posterior distribution of the random effect coefficients.

Diagnostics for the treatment effect and transgene interaction coefficients (Table A.5), and
the random replicate effect coefficients (Table A.6) indicate that the number of effective
samples (n eff) is sufficient for reliable inference, and the Rubin convergence diagnostic
(Rhat) does not indicate signs of non-convergence in the MCMC chains.

The posterior distributions of the transgene interaction coefficients suggest that the Ac(DSM)2
strain experienced lower mortality (better survival) in the control than the Ac(WT) strain (alt-
hough the evidence for this is not strong), but equal or higher mortality in all of the other
treatments, particularly DDT, Deltamethrin and Permethrin. There is no suggestion within
the posterior distributions that Ac(DSM)2 strain has lower mortality (higher resistance) to
insecticides than Ac(WT).

The summary statistics of the posterior distributions of the replicate effect coefficients do not
indicate any significant bias in any of the replicates except for first replicate of the Permethrin
test (w[25]). Here the model suggests some significant additional mortality occurred beyond
that expected due to the treatment or transgene effect.

To calculate the probability of a change in insecticide resistance attributable to the genetic
construct (the risk endpoint R) we calculate the difference in the posterior probability of
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Table A.5: Posterior treatment and transgene effect coefficient summary

Mean StdDev lower 0.95 upper 0.95 n eff Rhat

a[1] -4.88 0.75 -6.38 -3.44 93502 1

a[2] 1.14 1.03 -0.87 3.16 61722 1

a[3] 5.55 1.52 2.64 8.60 117061 1

a[4] 1.15 1.03 -0.89 3.15 59414 1

a[5] 0.02 1.02 -2.00 2.00 60578 1

a[6] 12.75 5.18 4.40 23.27 129809 1

a[7] 2.15 1.05 0.11 4.25 65702 1

a[8] 1.00 1.03 -1.02 3.02 62405 1

bGMOT[1] -1.29 0.77 -2.83 0.18 196000 1

bGMOT[2] 0.59 0.38 -0.15 1.35 196000 1

bGMOT[3] 0.11 1.26 -2.41 2.59 196000 1

bGMOT[4] 1.06 0.42 0.24 1.91 196000 1

bGMOT[5] 1.27 0.34 0.61 1.94 196000 1

bGMOT[6] 0.24 1.92 -3.58 3.98 196000 1

bGMOT[7] 0.45 0.50 -0.54 1.41 196000 1

bGMOT[8] 1.70 0.49 0.77 2.67 196000 1
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Table A.6: Posterior random effects coefficient summary

Mean StdDev lower 0.95 upper 0.95 n eff Rhat

w[1] 0.72 1.20 -1.71 3.0 196000 1

w[2] -0.94 1.58 -4.06 2.1 196000 1

w[3] -0.04 1.03 -2.05 2.0 62627 1

w[4] 1.13 1.05 -0.93 3.2 64289 1

w[5] -0.95 1.03 -2.95 1.1 62342 1

w[6] -0.15 1.03 -2.15 1.9 62488 1

w[7] -0.93 1.59 -4.12 2.0 196000 1

w[8] -0.94 1.58 -4.15 2.0 196000 1

w[9] 0.13 1.95 -3.68 4.0 196000 1

w[10] 0.12 1.94 -3.62 4.0 196000 1

w[11] 0.13 1.94 -3.67 4.0 196000 1

w[12] 0.14 1.95 -3.66 4.0 196000 1

w[13] -0.96 1.58 -4.18 1.9 196000 1

w[14] 0.90 1.22 -1.55 3.2 196000 1

w[15] -0.52 1.05 -2.59 1.5 61902 1

w[16] 0.80 1.09 -1.32 2.9 64608 1

w[17] 0.35 1.07 -1.75 2.4 63974 1

w[18] -0.61 1.05 -2.64 1.5 61758 1

w[19] 0.89 1.22 -1.57 3.2 196000 1

w[20] -0.94 1.58 -4.11 2.0 196000 1

w[21] -0.45 1.04 -2.50 1.6 63978 1

w[22] -0.18 1.05 -2.21 1.9 64806 1

w[23] 0.52 1.06 -1.57 2.6 65687 1

w[24] 0.15 1.05 -1.91 2.2 64793 1

w[25] 2.23 0.93 0.38 4.0 131151 1

w[26] 0.84 1.22 -1.59 3.2 196000 1

w[27] -0.07 1.06 -2.13 2.0 65873 1

w[28] 0.45 1.08 -1.65 2.6 67627 1

w[29] -0.67 1.06 -2.76 1.4 65459 1

w[30] 0.34 1.08 -1.78 2.4 68065 1

w[31] -0.96 1.58 -4.10 2.0 196000 1

w[32] 1.80 1.03 -0.22 3.8 196000 1

w[33] 0.06 1.10 -2.09 2.2 72834 1

w[34] 0.43 1.12 -1.73 2.6 75453 1

w[35] -0.95 1.07 -3.08 1.1 68856 1

w[36] 0.52 1.11 -1.66 2.7 72940 1

w[37] -0.91 1.59 -4.11 2.0 196000 1

w[38] -0.99 1.57 -4.14 1.9 196000 1

w[39] -0.91 1.46 -3.77 1.9 196000 1

w[40] 0.95 1.66 -2.24 4.2 196000 1

w[41] -0.79 1.46 -3.64 2.1 196000 1

w[42] 0.95 1.66 -2.25 4.3 196000 1
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Figure A.4: Posterior probability of insecticide treatment coefficients αi (relative effect on
log odds scale)
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Figure A.5: Posterior probability of transgene interaction coefficients βi (relative effect on
log odds scale)
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mortality between Ac(DSM)2 and Ac(WT)

R =
(
pGE

i − pWT
i

)
(A.13)

pGE
i = g−1

(
αi + βi + η jk

)
pWT

i = g−1
(
αi + η jk

)
where g−1(.) is the inverse link function (inverse logit), and αi, βi are drawn from the joint
posterior distribution for each treatment.
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A.4 Spread and survival of sterile males
A.4.1 Latent process model

The spread and survival model is a partial differential equation that combines reaction terms
(death of male mosquitoes) with advection and diffusion terms (attraction to swarm locations
and random dispersal)

λt = δ2
[
λss −α · ∇s (λU(s))

]
− µλ. (A.14)

with the following boundary conditions (Neumann reflecting conditions):

∂λ

∂s
= 0 (A.15)

∇s is the spatial gradient, and the model parameters are:

λ: The expected number of mosquitoes present at time t at location s = (easting, northing).
This is the solution to the partial differential equation. The partial derivatives are de-
noted λt (with respect to time) and λss (with respect to location).

δ2: The diffusion coefficient (m2.day−1), assumed to be the same in all directions.

α The relative importance of chemotaxis (m−1.R−1). Male mosquitoes are assumed to
be attracted to swam locations in order to breed with female mosquitoes who are
attracted to residences possibly by CO2. The R in the units is a measure of reward
and for female mosquitoes could be related to a concentration of CO2. Large values
of α imply that the movement of males mosquitoes is dictated mostly by chemotaxis
whereas a zero value implies that all movement is diffusion.

σ: The range of attraction of the swarm sites (m). The parameter measures the distance
at which the male mosquitoes notice (or “smell”) a particular swarm site.

µ: The daily mortality rate of male mosquitoes (day−1), related to the daily probability of
mortality q by the expression µ = − log (1 − q)

The term U(s) , x(s)>β in Equation (A.14) is a utility function that describes how attractive
a location s is to male mosquitoes in terms of the environmental covariates x(s) and a
coefficient β. The model uses the known swarm locations in Bana village as the center of
the attraction area. In general β is the relative weight of the advection fields – that is the
relative influence of multiple attractants. Here we assume only one attractant (swarm sites),
hence the advection field is unidimensional and β = 1.

The attraction to swarms site is assumed to decrease exponentially with distance, and is
modelled using a squared-sum exponential decay kernel with range parameter σ:

x(s) =
∑
s`∈L

exp
[
−

(s − s`)2

σ

]
(A.16)

where L lists the known swarm locations.

The observations (counts) of male mosquitoes is modelled as a two step process that re-
flects variation in counts given probability of capture and variation in the probability of cap-
ture given the number of mosquitoes in the vicinity of a capture device (trap). The counts in
a trap are assumed to follow a Binomial distribution:

yr,c|nr, θc ∼ Binomial(nr, pc) (A.17)
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where nr is the number of trappable mosquitoes in the vicinity of a trap, and pc represents
the trap’s “efficiency” - that is what proportion of trappable mosquitoes it actually captures,
which will be device dependent (and also dependent on the process model’s grid resolu-
tion). The number of mosquitoes in the vicinity of a trap is assumed to follow a Poisson
distribution

nr|λt(θd) ∼ Poisson(λt(θd)) (A.18)

where λt(θd) is the expected number of mosquitoes given by Equation A.14. The model is
deterministic so its parameters θd entirely define nr.

The posterior distribution of the process (θd) and observation model (θc) parameters given
the observations from the Mark Release Recapture experiments is obtained by integrating
over the possible Poisson outcomes (and their respective probabilities):

π(θd, θc|y) ∝
∏

c

∏
r

[∑
nr

π(yr,c|nr, θc)︸        ︷︷        ︸
data

π(nr|λt(θd))︸        ︷︷        ︸
process

]
π(θd),π(θc)︸        ︷︷        ︸

priors

(A.19)

The prior distribution for the observation model parameters π(θc) - the trap device specific
efficiency pc in Equation (A.17) - are difficult to specify because catchability in the context
of the model is related to the resolution of the model grid over which numerical solutions to
Equation (A.14) are calculated. The analysis used a uniform distribution of the range [0, 1]
for PSC and pots, and a beta distribution with parameters 5, and 10 for swarm netting.

The prior distributions for the dispersion parameter (δ2) is based on expert knowledge, and
has been obtained through expert elicitations for An. gambiae (see Hayes et al., 2015, for
details). The model’s parameter was not directly elicited. The experts all indicated that a
log-normal distribution was appropriate for dispersal. We standardised the time frame (to a
seven day period), so that all experts’ opinions could be combined. Overall, the idea is to
use the relationship between the dispersal distance (r) and the diffusion (δ):

δ2 =
r2

4t
(A.20)

A.4.2 Chemotaxis parameters

There are two chemotaxis related parameters. The first relates to the relative attractiveness
of a zone of interest (α, units being m−1R−1, where R is a measure of reward, typically a
CO2 concentration level). The second relates to the distance at which a mosquito “smells”
that particular area (also called range, denoted σ, units being m). Finding prior information
on these parameters proved difficult for the particular setting of this model, in particular for
α. For that reason we chose a distribution spanning multiple orders of magnitude, from 1%
(1st percentile) to 140% (99th percentile).

For the range σ, the searched the published literature for chemotaxis observations with
mosquitoes and other arthropods. Values cited in the literature range from 3m (McIver
and McElligott, 1989) to 18m for single baiting experiments, to values over 36m for double
baiting experiments (Gillies and Wilkes, 1972), with values as high as 40m (Zhu et al.,
2015, unpublished study results). We fit a log-normal distribution to this prior (Figure A.7),
with parameters listed in Table A.7, that provided positive probability across all of these
possibilities.
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Figure A.6: Elicited prior for dispersal (left plot) and resulting linear pool prior for diffusion
(right plot) for Ag(WT) male.
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Figure A.7: Weakly informative prior distributions for chemotaxis parameters: range (right
plot) and attraction (left plot) parameters. The unit R stands for Reward, and could be a
CO2 concentration or anything susceptible to attract male mosquitoes.
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Name θ1 θ2 mean q01 q05 q95 q99

α -2 1 0.22 0.01 0.03 0.70 1.39

σ 2 1 12.18 0.72 1.43 38.28 75.67

Table A.7: Summary statistics of the chemotaxis parameters prior distributions

A.4.3 Mortality rate

An informative prior distribution for the daily probability of male mortality, from which the
diffusion coefficient prior can be derived, was collected by Hayes et al. (2015). During that
elicitation, experts answered the mortality question using different metrics. In particular
experts provided either a daily probability of mortality, or a daily probability of survival. Both
were converted to daily probability of mortality and then converted to the mortality rate
parameter used in the PDE model (Figure A.8).

A.4.4 Catchability parameters

The number of mosquitoes likely to be caught in a trap, for a given a trap effort and release
parameters, is unknown because the trap catch rates are unknown. That is, we don’t know
how many mosquitoes a trap will catch given a known number in the proximity of the trap.
This is encompassed in a catchability parameter, defined as the probability of catching a
mosquito given that it was in the locality of the trap at the time of sampling. The catchability
of a mosquito is sometimes referred to as the detectability (see for example Martin et al.,
2005). This is represented in the analysis by the parameters pCFR, pPS C and pS warm. The
prior and posterior estimates of these parameters are model dependent and grid scale de-
pendent – the values of these parameters will depend on, and vary by, the resolution of the
grid used to numerically solve the PDE. As a result it is important that all model predictions
on made on the same grid resolution as that used to update the priors distributions. The
priors we used for these parameters are uniform between 0 and 1 for spray catches and
clay pots, and beta with parameters 5 and 10 for the swarm catches (meaning on average
one third of the mosquitoes in the swarm are caught).

A.4.5 Bayesian inference

Inference about the parameters can be made using the data from Mark Release Recapture
experiments described by Epopa et al. (2017). During the first four experiments mosquitoes
were released two hours before swarming (around 4pm), at three different locations (see
Table A.9), on 4 different dates (see Table A.8). Swarm sampling subsequently occurred
during the evening (not specified, but we assume the sampling occured between 7pm and
9pm). Pyrethroid Spray Catches (PSC) were conducted in compounds in the following
morning and Clay pots were laid overnight, and collected in the morning (6am-7am). A
fifth experiment was also performed, but only at one location with a much larger number
of mosquitoes. We use this experimental data to validate the posterior predictions of the
model.

Estimating the parameters of a linear Partial Differential Equation using data can be achie-
ved using frequentists or Bayesian approaches (McGoff et al., 2015; Chkrebtii et al., 2016).
Hierarchical Bayesian models (BHM Wikle, 2003; Ruggeri et al., 2017) have been success-
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Figure A.8: Elicited prior for daily mortality (left plot) and resulting (linear) prior for mortality
parameter (right plot).
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MRR Release date

1 2013-10-09

2 2014-05-07

3 2014-09-04

4 2015-04-09

Table A.8: Summary of the MRR release dates

fully applied to linear systems for many years, and the risk assessment adopts this appro-
ach. A Bayesian Hierarchical Model is classically written:

π(θ, λ|y) ∝ π(y|λ)︸ ︷︷ ︸
data

π(λ|θ)︸ ︷︷ ︸
process

π(θ)︸︷︷︸
prior

(A.21)

where θ refers to the set of parameters of the PDE model and the trapping efficiency, λ
refers to the output of the PDE model given a set of parameter values, and y refers to
the MRR observations. More specifically, the data have been collected out of 12 releases
(r = 1, . . . , 12), and from 3 different collection techniques (c = 1, . . . , 3). Assuming indepen-
dence, the posterior distribution can be re-written:

π(θd, λr, θc|y) ∝
∏

c

∏
r

[
π(yr,c|nr, θc)︸        ︷︷        ︸

data

π(nr|λ(θd))︸       ︷︷       ︸
process

]
π(θd)︸︷︷︸

prior

(A.22)

In the present situation, we consider y as the observed count in a given trap. Because a
trap only catch a portion of the mosquitoes available at a given location, a natural model is
the Binomial distribution:

yr,c|nr, θc ∼ Binomial(nr, pc) (A.23)

where nr represent the number of mosquitoes available in the trap area, and pc represents
the ”trap efficiency”, which will be catching method dependant. In this study we do not
parametrize false positive and false negative probabilities as they are assumed to be equal
to 0 (Epopa et al., 2017).

The analysis subsequently assumes that the number of mosquitoes available to the trap is
distributed as a Poisson distribution, with parameter λt(θd):

nr|λt(θd) ∼ Poisson(λt(θd)) (A.24)

where λt(θd) is the output of the PDE model described in Eq. A.14. Because this equation
defines a deterministic model, θd entirely defines nt.

To evaluate the log-likelihood, we simply integrate over the possible Poisson outcomes (and
their respective probabilities):

π(θd, θc|y) ∝
∏

c

∏
r

[∑
nr

π(yr,c|nr, θc)︸        ︷︷        ︸
data

π(nr|λt(θd))︸        ︷︷        ︸
process

]
π(θd)︸︷︷︸

prior

(A.25)
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MRR Release site Longitude Latitude Number released

1 A -4.4724 11.2347 1146

1 B -4.4755 11.2342 1158

1 C -4.4718 11.2318 1103

2 A -4.4724 11.2347 1878

2 B -4.4755 11.2342 1655

2 C -4.4718 11.2318 1734

3 A -4.4724 11.2347 1665

3 B -4.4755 11.2342 1673

3 C -4.4718 11.2318 1684

4 A -4.4724 11.2347 2107

4 B -4.4755 11.2342 2013

4 C -4.4718 11.2318 1953

5 C -4.4724 11.2347 5992

Table A.9: Summary of the MRR release location coordinates

0 1 2 3 4 6

PSC 704 8 1 0 1 0

Pot 2483 13 0 0 0 0

Swarm 1930 67 14 6 1 1

Table A.10: Occurence of number of mosquitoes per trap per catching method

A.4.6 Evaluating the PDE model

The dispersal and survival model does not have an analytical solution and we therefore
evaluate it using numerical integration methods with daily time steps across a grid of locati-
ons. Here we used the R-package ReacTran (Soetaert and Meysman, 2012) to perform the
integration. ReacTran uses a finite-differencing method to solve PDE’s, which is common
and well-established approach (see for example Soetaert and Herman, 2008). The basic
premise is that the continuous space, where the PDE is defined, can be well-approximated
by a discrete grid. Defining the grid is a compromise between computational efficiency
and numerical accuracy. Coarse grid resolution is computationally efficient but numerically
inaccurate and fine grids are the reverse. For this analysis, we developed a compromise
solution by defining a reasonably fine grid around the release area (where most mosqui-
toes will stay) whereas outside this area we allow a coarser grid as the boundaries are
approached. The grid used for computation is shown in Figure A.1. We define the ’inner’
area (where the grid is finest) to be three times the range of the spatial coordinates of the
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swarms. The boundary of the outer area is such that each spatial coordinate is seven times
the range of the swarms. There are a total of 100 cells in the easting direction and 150 cells
in the northing direction, which corresponds to (roughly) square cells in the finest (inner)
grid. Figure A.9 presents the used grids in the solver.

A.4.7 Sampling algorithm

Given the large time required to run a single simulation, parallelization may be considered,
in which case rejection or importance sampling methods (see Liu, 2004) can be used. The
acceptance rate for these methods, however, is strongly dependent on the choice of pro-
posal distribution, and a better option is often to use a random walk metropolis-hastings
algorithm instead (Gelman et al., 2014, describe a number of simulation algorithms). A final
improvement to the sampling can be achieved by using adaptive methods such as the adap-
tive metropolis presented in Haario et al. (2001). The acceptance rate being higher, it does
converge in less iteration to the required posterior distribution. Details of the algorithms are
presented in the Appendix section.

A.4.8 Posterior distributions and model evidence

Collecting field data for the wild type male mosquito allows us to update the prior distribution
for the different parameters and also allows us to measure how well the prior distribution
matches the observed data. Ultimately, this allows us to weight the prior from each expert.
The theory is often referred to as model evidence (Robert, 2007) and its measure is called
the Bayes factor (Kass and Raftery, 1995). Essentially, if we have a collection of models,{
M1, . . . ,Mm

}
, and a dataset D, then we can calculate the probability of a model given the

data:

p(Mk|D) =
p(D|Mk)p(Mk)∑
` p(D|M`)p(M`)

(A.26)

The main difficulty is often to calculate the likelihood term:

p(D|Mk) =

∫
p(θ|Mk)p(D|θ,Mk)dθ (A.27)

as it requires a fairly large integration over the parameter θ. In our context, each model is a
different expert opinion on the prior distribution for a parameter θ, so we can write:

p(D|Ek) =

∫
πk(θ)L(D|θ)dθ (A.28)

where πk(θ) is the prior distribution of θ given by expert Ek, and L() is the likelihood of
observations D given the parameter θ. A useful approximation to that quantity is proposed
in Kass and Raftery (1995):

p(D|Ek) =
√

(2π)d

√
|Σ̃|L(D|θ̃)πk(θ̃) (A.29)

where θ̃ is the MAP and Σ̃ is the Hessian approximation of the covariance matrix. Using
these notations, and assuming a uniform prior on the experts, we finally have:

p(Ek|D) =
p(D|Ek)∑
` p(D|E`)

(A.30)
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Figure A.9: Grid resolution and swarm locations. The black dots are the cell centers (as
used in the PDE solver) and the red crosses are the known swarm locations.
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Figure A.10: Grid resolution, swarm locations and catches. The panel on the left shows
the raw data at GPS scale accuracy. The black crosses on the left hand plot are the known
swarm locations. The coloured dots show the location of observed catches (colour codes
refer to the total number of observed mosquitoes over time; blue = 0, green = 1, orange =
2, red = 3). The red lines on the left hand plot shows the grid used in the PDE solver. The
right hand plot shows the same data aggregated to the spatial grid scale. The grey dots in
the right plot represent the grid center in the PDE solver. The coloured dots show the total
number of observed mosquitoes over time (with the same colour code as the left hand plot).
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Mortality parameter

Using the previous equations we can calculate the weight of each expert’s mortality prior
against the data. The weights are presented in Table A.11. Experts 1 and 2 have similar
low weights, indicating that the data does not support their priors. The prior from expert 3,
however, is much closer to the observed data and assigned a relatively high weight.

MortExpID Weight

1 1.22 × 10−22

2 2.37 × 10−26

3 1.00 × 100

Table A.11: Weights of the experts’ priors for mortality.

Dispersal parameter

The same results are presented for the dispersal parameter in Table A.12. With only two
experts, we can see that expert 1’s prior performed better than expert 2’s.

DiffExpID Weight

1 0.839

2 0.161

Table A.12: Weights of the experts’ priors for diffusion.

A.4.9 Posterior and correlation

The posterior distributions presented in this section are the posterior distributions obtained
after the model selection step, as described in the previous section.

Figure A.11 presents histograms and correlation plot for the 4 main PDE parameters (mor-
tality µ, diffusion δ2, and chemotaxis attraction α and range σ). Comparing with the priors
(see Figure A.13) we see that uncertainty has been reduced and the posterior distribution
has mass centred in different location to priors.

Diffusion coefficient

Compared to the broad prior elicited, the posterior distribution of the diffusion coefficient has
a narrower distribution, center around almost the same mode but with much less variance.

Mortality coefficient

The summary statistics for the mortality parameter µ posterior distribution are given in Table
A.14. For consistency with the existing literature, we also report the transformed posterior
summary statistics of daily mortality, in A.15. The figures reported in these table are con-
sistent with the figures reported in Epopa et al. (2017).
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Figure A.11: Histograms and correlation plots for the PDE parameters posterior distributi-
ons. The bottom left plots density plots of the accepted samples and the top right plot are
the accepted sampled coloured by likelihood value.
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Figure A.12: Histograms and correlation plots for the PDE parameters posterior distributi-
ons. The bottom left plots density plots of the accepted samples and the top right plot are
the accepted sampled coloured by likelihood value.
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Figure A.13: Prior and posterior distributions for the 4 PDE parameters (and their units).
The mortality posterior relates to the wild type males captured during the MRR experi-
ments in Bana. We assume that the other parameters are identical for Ac(WT) males and
Ac(DSM)2 males.
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Dist Mean Pctl5 Pctl95

Prior 7.66 × 104 1.79 × 100 2.70 × 105

Posterior 1.25 × 102 1.10 × 102 1.41 × 102

Table A.13: Summary statistics of the diffusion.

Mortality.rate Mean Pctl5 Pctl95

Prior 4.88 × 10−1 2.11 × 10−1 8.63 × 10−1

Posterior 2.05 × 10−1 1.34 × 10−1 2.90 × 10−1

Table A.14: Summary statistics of the mortality.

A.4.10 Model validation

A classic approach to evaluate the prediction abilities of a model is to test it against existing
data that were not used for the inference. We present in Figure A.14 a comparison between
the observed recaptures in MRR 5 and the simulations from the PDE model with the inferred
posterior distributions from MRR 1 to 4. Contrary to the previous experiments, the release
from MRR 5 occured on 1 location only (contrary to the 3 release sites of the previous
MRRs), and with a much larger number of mosquitoes as seen in Table A.9.
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Figure A.14: Plot of the true observations (crosses) and the expected number of catches
(solid line) from the simulated model. The shaded area represents the 90% credible interval
for the number of catches at the specified location. It is expected that the red crosses falls
within the orange polygon.
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Daily.survival Mean Median Pctl5 Pctl95

Prior 0.63 0.63 0.42 0.81

Posterior 0.82 0.82 0.75 0.87

Table A.15: Summary statistics of the daily survival for wild type males in Bana.

0 1 2

PSC 137 1 0

Swarm 236 13 2

Table A.16: Frequency of number of observed mosquitoes per catching method for MRR
experiment 5.
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A.5 Probability of construct failure
In this analysis we treat each mating as an independent trial of the construct and assume
that observations of construct failure y has a Binomial distribution with probability of failure
per trial θ∗. We assume that all of the females in each experiment were successfully mated
and hence use the number of females (N female in Figure 4.7) as the number n of indepen-
dent experimental trials. This choice is conservative relative to other possibilities, such as
treating the number of eggs (N eggs in Figure 4.7) as the sample size.

If we aggregate across experiments within each of the two treatments Ag(DSM)2 and
Ac(DSM)2 and assume that the efficacy of the construct under field conditions will be the
same as that under laboratory conditions then the posterior distribution of the probability
construct failure for Ag(DSM)2 and Ac(DSM)2 is given by (Section 2.3 Christensen et al.,
2011)

p
(
θ j|y j, n j, α j, β j

)
=

p
(
y j|θ j, n j

)
p
(
θ j|α j, β j

)
∫

p
(
y j|θ j, n j

)
p
(
θ j|α j, β j

)
dθ

=
Γ
(
n j + α j + β j

)
Γ
(
y j + α j

)
Γ
(
n j − y j + β j

)θy j+α j−1
j

(
1 − θ j

)n j−y j+β j−1
(A.31)

where j = 1, 2 is an index for Ag(DSM)2 and Ac(DSM)2 respectively, n1 = 2086, n2 = 888,
y1 = 3, y2 = 0 and p

(
θ j|α j, β j

)
are the informative priors collected for An. gambiae and An.

coluzzii by Hayes et al. (2015).

The posterior distribution of the probability of construct failure is available through Monte
Carlo methods by accounting for the different unit of analysis between the prior and the
likelihood Equation (3.2):

p (θ∗|yi) ∝ π (θ∗) p (yi|θ
∗)

p (yi|θ
∗) ∼ Binomial (ni, θ

∗)
π (θ) ∼ Beta (α, β)

θ = 1 − (1 − θ∗)
1

5000 (A.32)

where θ∗ is the probability of a construct failure (fertile male) per individual male mating.

We derive the posterior distribution p (θ∗|yi) for each expert using JAGS implemented through
the rjags package, using 2 independent chains of 100,000 iterations each (the first 1,000
of which are warm up). Back transforming the posterior probability of construct failure per
mosquito allows enables the analysis to derive a posterior probability (for each expert) of
some mosquitoes being fertile given a release of 5,000 Ag(DSM)2 males.

The mixture posterior is again calculated as a Bayesian model average to create a weighted
average from each expert’s posterior distribution. To calculate the model evidence p(Mi j|y j)
requires an estimate of the marginal likelihood (Equation (A.27)) which in this instance is
achieved using an importance sample approximation:

p(D|Ek) ∼
1
N

N∑
i=1

πk(θ∗i )L(D|θ∗i )
gk(θi)

(A.33)
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Table A.17: Model evidence weights for expert’s prior distributions for the probability of
construct failure per mating for Ac(DSM)2 mosquitoes,

Expert ID Weight

1 0.34

2 0.33

3 0.33

where gk(.) is a proposal (or instrumental) distribution tailored to provide samples efficiently
from each expert’s transformed prior, typically a Beta density with a slightly higher mean
and variance than their transformed prior, L(D|θ∗i ) is the likelihood of the binomial model,
and πk(θ∗i ) is the transformed Beta prior for θ∗ given by

c (θ∗ − 1)c(b−1)

B(a, b)
[
1 − (1 − θ∗)c]α−1 (1 − θ∗)(c−1) (A.34)

where c is the conversion factor (in this instance 1
5000 ) and α, β are the parameters of the

Beta distribution fitted to the expert’s elicited responses by Hayes et al. (2015).

The weights for the experts who responded to the elicitation for An. coluzzii are shown in
Table A.17 and the weights for the experts who responded for An. gambiae are shown in
Table A.18.
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Table A.18: Model evidence weights for expert’s prior distributions for the probability of
construct failure per mating for Ag(DSM)2,

Expert ID Weight

1 3.4e-07

2 6.9e-13

3 2.3e-01

4 1.3e-07

5 1.5e-03

6 3.5e-04

7 1.6e-03

8 5.7e-22

9 4.9e-03

10 9.5e-14

11 9.4e-10

12 9.5e-04

13 7.6e-01
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Background

The Foundation for the National Institutes of Health (FNIH) has commissioned an indepen-
dent risk assessment of plans for the next stage of field testing by the Target Malaria project,
which aims to develop and share new, cost-effective and sustainable genetic technologies
to modify mosquitoes and reduce malaria transmission. In February 2014 the Foundation
for FNIH engaged the Australian Commonwealth Science and Industrial Research Organi-
sation (CSIRO) to quantitatively assess any potential environmental and human health risks
associated with an accidental release of genetically modified mosquitoes from insectaries
in three African nations. This work supports a larger international effort, led by Dr. Austin
Burt at Imperial College London, to develop genetic methods to eliminate malaria vectors in
Africa (http://targetmalaria.org/).

Dr. Burt and his colleagues are investigating the use of nucleases to move newly intro-
duced traits, such as reduced reproductive capacity, through a mosquito population quickly.
The project’s ultimate goal is to develop nuclease-based constructs as a flexible, robust, po-
werful, and safe system to drive useful traits through populations of mosquitoes that transmit
malaria. As a first step, they have developed a genetically engineered male sterile mosquito
line, which they would like to use as a test strain in an African setting.

The CSIRO team recently completed the first part of a quantitative risk assessment pro-
cedure that has identified 5 key scientific issues potentially associated with the accidental
escape of the sterile male mosquitoes from insectaries within African research facilities:

1. An increase in the incidence of malaria around the insectaries due to the GM construct
2. An increased capacity of mosquitoes to vector a new blood-borne pathogen
3. Spread of the genetic construct in the target mosquito species, Anopheles gambiae
4. Spread of the genetic construct in non-target Eukaryotes
5. Spread of the genetic construct in Prokaryotes

This risk assessment was conducted to support an application for permission to import the
sterile male line into secure (PC2) facilities in Burkina Faso. A technical report is available
on the web1. Permission to import the male sterile line for contained use was granted in
Burkina and currently is being sought in Mali.

The second part of the risk assessment investigates risk associated with a planned re-
lease of the sterile male mosquitoes at defined site(s) in Burkina Faso and potentially Mali.
Although the intent is for a potential release of sterile males, with low probability it is possi-
ble that some female mosquitoes may also accidentally be released. Any released female
is expected to have an equal chance of being a transgenic or non-transgenic individual.

A key aspect of this second part requires incorporation of expert knowledge and empi-
rical data from laboratory experiments about Anopheles gambiae sensu lato disease trans-
mission of Plasmodium falciparum, lymphatic filariasis and O’nyong’nyong virus. CSIRO will
use structured elicitation procedures to quantify the risk associated with each in a way that
will coherently assimilate expert knowledge with empirical data, where the latter is availa-
ble. We are asking you to partake in these risk elicitation exercises in order to provide an
independent assessment of risk.

FNIH, CSIRO and Imperial believe that your participation in the risk assessment is an
important component of the overall process because you can provide an independent opi-
nion and help guard against the potential for inadvertent motivation bias among the project
participants.

1http://targetmalaria.org/wp-content/uploads/pdf/target-malaria-risk-
assessment-sterile-males-plus-executive-summary.pdf
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1 Welcome to the expert elicitation session
This document provides more information about the upcoming expert elicitation session. Details
are provided here on the overall approach and methods. It should be read in conjunction with
the background material document distributed with this Pre-elicitation document. Please contact
the CSIRO facilitators if you have further questions or would like to request information about
specific details.

1.1 Goal of this elicitation session

The goal of this elicitation session is to assess the relative risk of vector borne disease transmis-
sion following a planned release of transgenic, dominant male-sterile Anopheles coluzzii mosqui-
toes of the Ac(DSM)2 lineage (Table 1.1). Although the intent is for a potential release of sterile
males, with low probability it is possible that some female mosquitoes may also accidentally be
released.

This elicitation session addresses the risk of disease transmission for 3 vector-borne diseases:

1. Plasmodium falciparum,

2. O’nyong’nyong virus,

3. Lymphatic filariasis.

You will only be asked to address diseases for which you are a recognised expert. Disease risk
will be evaluated using well-established parameters of vector-borne disease transmission for the
lineages described in the background material that accompanies this document (summarised in
Table 1.1). More information about the relationships among these lineages, or strains, will be
discussed below.

Table 1.1: Summary table of strains described in the background material.
Label Description
Ac(WT) local A. coluzzii wild-type
G3 original laboratory strain
Ag(DSM)2 G3 lab strain with GE sterile male construct
Ac(DSM)2 Ag(DSM)2 with Ac(WT) introgressed

The parameters that will be addressed are those associated with the well-known basic repro-
duction number (R0) and the closely related vectorial capacity. These parameters underlie some
of the most commonly used analyses and modelling approaches applied to vector-borne disease
transmission. The list of parameters that will be addressed in this elicitation session will depend
on your domain knowledge, expertise and experience. The parameters addressed at your dis-
cretion may include those listed in Table 1.2. Please consider which parameters are appropriate
for you to assess in the elicitation session. Depending on your experience and background, this
may be a subset or all of the transmission parameters.

The elicitation session will use a structured approach to document your expert assessment ba-
sed on your domain experience, your expertise, theory and scientific literature. We will record
any commentary that you wish to document while contributing your assessment. The method
deliberately allows for uncertainty that may arise from knowledge gaps or variability in a target
parameter. This information will be used to develop a probabilistic (Bayesian) model (see Appen-
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Table 1.2: Parameters subject to expert elicitation.

Parameter Definition Varies by disease?
a Number of bites on humans per day per mosquito No
q Daily probability of mortality of female mosquitoes Yes∗

b Transmission efficiency from female mosquitoes to humans Yes
c Transmission efficiency from humans to female mosquitoes Yes
τ Duration of extrinsic incubation period in days Yes

∗Mortality rate may vary for female mosquitoes infected with lymphatic filariasis.

dix A for technical details about the model structural form). Where empirical data is available, the
model will coherently assimilate these data to efficiently update your contributed assessments
with this independent source of information.

1.2 Session expectations

The elicitation session has been designed to tackle a challenging problem, and it depends on
collaboration and cooperation with you, the expert. For this session, you will be asked to contri-
bute your knowledge and expertise while responding to presented scenarios. The quality of the
elicitation depends on a collegial, open-minded and focused atmosphere.

The elicitation stages are as follows:

1. Ethics forms (one copy to sign for our records, one copy for your records),

2. Review project brief: scope, description and background,

3. Education on probabilistic risk analysis and expert assessments,

4. Practice examples,

5. Start elicitation session.

The goal is to elicit a probabilistic description that is a reasonable approximation of your asses-
sment. This is a cooperative effort that requires us to work within the confines of a model while
seeking to describe your opinion. You will be given opportunity to trial out responses, and revise
as necessary given graphical and numerical feedback. We’ll always ask for your confirmation
before finalising any given response.

A few guidelines to remember while participating in the session:

• Practice patience. The problem is new and challenging. It will take some thought and
work to assess and talk about, which can take time. Occasionally, points will need to be
considered again (and even again).

• If you feel that you are not sufficiently knowledgeable to address a particular parameter
please let the session facilitator know.

• Ask questions of the session facilitators. Assessing expert opinion is a communication
exercise, and please ask if you are unsure about what’s being asked of you. We much
prefer to address any confusion as it arises.

Thank you for agreeing to participate!

Pre-elicitation document: Engineered Nucleases Part II | 3
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2 Parameter definitions
The human feeding rate (a) and daily probability of mortality (q) are assumed independent of
disease pathogen (Table 1.2). The extrinsic incubation period (τ ), transmission efficiency from
vectors to humans (b) and transmission efficiency from humans to vectors (c) may vary with
disease.

Human feeding rate: The human feeding rate (a) is the average number of bites on humans
per day per mosquito.

Daily probability of mortality: The daily probability of mortality q is closely related to other
traditional indices of mosquito mortality such as the daily probability of survival p or the
daily mortality rate µ:

p = 1− q
µ = − log(1− q).

Based on expert feedback from the Part I elicitation sessions and the model structure
(Appendix A), this elicitation session will target the daily probability of mortality, q, if ad-
dressed.

Transmission efficiency from female mosquitoes to humans: Probability that an uninfected
and susceptible human becomes infectious after being bitten by an infectious mosquito.
This parameter may vary with the disease.

Transmission efficiency from humans to female mosquitoes: Probability that an uninfected
and susceptible mosquito becomes infectious after biting an infectious human. This para-
meter may vary with the disease.

Duration of the extrinsic incubation period: Number of days from when a mosquito ingests
an infected bloodmeal to the time that the mosquito becomes infectious. This parameter
may vary with the disease.

The parameters are defined with respect to the spatial and temporal scope of the elicitation
exercise as described in the background document and Section 3 below. It is assumed that
insecticide treated nets have been deployed to the release site.

3 Scope of elicitation
The background material that accompanies this document describes the basic set of assumpti-
ons that will form the foundation for the elicitation session. Please review these materials care-
fully. We will also be able to refer to the background material during the course of the session.

Spatial scope

The spatial scope of the elicitation considers a release location at one of the sites in either
Burkina Faso or Mali as described in the background document.

Temporal scope

The parameters in Table 1.2 will be defined as annual averages for non-aestivating mosquitoes.
Aestivating mosquitoes are excluded from the scope of the elicitation. Mosquitoes from the
insectary will potentially be released at the beginning of the wet/end of the dry season in Burkina
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Faso. Released mosquitoes may in theory survive and reproduce into and beyond the following
dry season.

4 Populations and lineages
For the wild type An. coluzzii, Ac(WT), the genetic composition of the local wild type population
within the laboratory production facility is expected to diverge from the local field wild-type popu-
lation with each generation (Figure 4.1). You will be asked how values for the target parameter
may depend on the number of generations that the wild type An. coluzzii, Ac(WT), is contained
in the laboratory.

Figure 4.1: The potential exists for rapid loss of genetic diversity from a colonised wild population.
Above figure and caption (redacted for public release) from Aguilar et al. (2005).

The laboratory population with the genetically engineered sterile male construct, Ac(DSM)2, was
originally sourced from the G3 strain (Figure 4.2). The genetic composition of the original G3
strain appears to be a mixture of A. gambiae and A. coluzzii. Prior to backcrossing with Ac(WT),
the genetically engineered lineage is referred to as Ag(DSM)2. The Ac(DSM)2 lineage begins
by backcrossing Ac(WT) into Ag(DSM)2. For Ac(DSM)2, you will be asked to consider scenarios
that vary the number of backcrosses with the Ac(WT) lineage.
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Inferring risk for potential Ac(DSM)2 release by backcross number

For a given parameter, you will be asked to respond to a series of questions to capture the
dependencies among the lineages (Table 1.1). More specifically, you will be asked to assess
disease transmission parameters for the following backcross numbers: 0, 5, 35, 70. With a
roughly approximated generation time of 3 weeks, then 5 backcrosses corresponds to about
3.5 months of backcrossing in the insectary. 35 backcrosses will be about 2 years and 70
backcrosses about 4 years. Similar numbers of generations will be considered for the Ac(WT)
lineage.

Empirical data from ongoing experiments conducted by the Target Malaria project will be included
(where available) in the risk analysis as a formal Bayesian update to your assessment out of
session. Expert assessments may be otherwise conditioned on empirical data from independent
sources. Please note that the information derived from the expert assessment can also assist
future predictions based on relevant empirical data, if these were to become available at a later
date.

References
Aguilar, R., Dong, Y., Warr, E., and Dimopoulos, G. 2005. Anopheles infection responses; labo-

ratory models versus field malaria transmission systems. Acta Tropica, 95:285–291.
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A Technical details: parametric model
For a given target parameter, the elicitations will occur at pre-specified design points. A design
point can be thought of as a scenario that is defined by the choice of strain or lineage, for
example, G3 or Ag(DSM)2. In some cases, it may include a numeric covariate for number
of generations in the lab for the wild type strain, Ac(WT), and the number of backcrosses for
Ag(DSM)2. Expert assessments for a target parameter at a given design point is modelled by
a probability distribution. A generalised linear model framework then permits prediction at other
combinations of generation or backcrosses,

θ = G(η) (A.1)

η = Xβ, (A.2)

where G(·) applies a monotonic link function g(·) to each entry in the d-dimensional vector
η. The model design matrix X is derived from a log-linear model with predictors that allow
for interactions between Ac(WT) and Ac(DSM)2 through different levels of backcrossing and
different levels of laboratory adaptation by Ac(DSM)2. The unknown coefficients β are assumed
to have a multivariate normal distribution.

The human feeding rate and the extrinsic incubation period parameters have positive support,
(0,∞), and use the log link,

ηi = g(θi) = log θi, (A.3)

where θi is the target parameter assessed for the ith design point. The inverse link is then given
by, θi = g−1(ηi) = eηi , which is an exponential relationship between the target parameter and
the linear predictor. All other parameters (transmission efficiencies and the probability of daily
mortality) are bounded (0, 1) and use the complementary log log link function,

ηi = g(θi) = log(− log(1− θi)), (A.4)

where θi is the probability of transmission or daily mortality. The complementary log log function
assumes an exponential relationship between the hazard rate2 and the linear predictor.

2Also known as the hazard function or force of mortality, the hazard rate is roughly interpretable as the probability
of an event, such as death or transmission, occurring given a small increase of the linear predictor. For example, the
increment may be due to a small increase in the number of generations for Ac(WT) and/or number of backcrosses
for Ac(DSM)2.
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Assessing vectorial capacity risks to support the controlled 
environmental release of a genetically engineered sterile male strain of 
An. coluzzii. 
 

Background information 
Research objective 
Malaria is a mosquito-borne parasitic disease that continues to exact an enormous public 
health toll despite ongoing and intensive control efforts. Estimates of malaria-related deaths 
in 2010 ranged from 655,000 [1] to over 1.2 million [2], with the majority of deaths occurring 
among African children under 5 years of age.  These figures decreased to a range of 235,000 
to 639,000 deaths in 2015, a reduction of 22% since 2010 [3]. The international Roll Back 
Malaria partnership, which includes WHO, UNICEF, UNDP and the World Bank, has pledged 
a goal to “eradicate malaria worldwide by reducing the global incidence to zero through 
progressive elimination in countries.” Yet it is acknowledged widely that this goal will require 
developing new tools and control methods [4].   
 
Controlling mosquito vectors is one of the most effective ways to reduce the transmission of 
disease in endemic areas. Mosquitoes of the Anopheles gambiae species complex, found in 
Africa, are highly efficient malaria vectors. Target Malaria is focusing on the use of enzyme-
based genetic approaches to dramatically diminish the population size of An. gambiae sensu 
lato mosquitoes in Africa, starting in three countries; Burkina Faso, Mali and Uganda.  

 
The ultimate aim of the Target Malaria research project is development of a self-sustaining 
population suppression technology that will reduce numbers of vector mosquitoes over 
successive generations, until they are unable to sustain malaria transmission [5,6]. Because 
the nucleases are spread by the mosquitoes themselves, this technology offers potential 
advantages of being able to target difficult-to-reach segments of the vector population and of 
offering protection without relying on people to change their behavior or have access to health 
care for malaria treatment. Such a tool should provide area-wide, durable and low-cost 
protection, and be a valuable aid for malaria eradication when used in conjunction with other 
malaria control tools.   

Appendix C Background material
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The genetic construct 
 
The genetic construct inserted into the mosquito comprises of a homing endonuclease 
enzyme and two fluorescent marker proteins. The Homing Endonuclease Gene I-Ppo-I 
encodes a protein that renders male mosquitoes sterile. The genetic modification also involves 
genes encoding Green and Red fluorescent proteins inserted in the construct as marker genes 
to identify those individuals that express the genetic modification. The green fluorescent 
protein is fused to the I-Ppo-I gene, and driven by the B-tubulin promoter, so that expression 
is testes specific. The genes are introduced in “trans” in a construct that is bounded by 
untranslated inverse terminal repeats from the non-autonomous piggyback vector.  The figure 
below shows the linear construct insert in the mosquitoes. The transformation was 
accomplished via a conventional binary system in which the transposase necessary for the 
insertion event is supplied in trans and is not in the final insertion.  
 
 

 

 

 

 

The I-PpoI HE protein 
The genetic construct that is the subject of this risk assessment uses a naturally occurring HE 
gene called I-PpoI to cleave and inactivate genomic targets in Anopheles mosquitoes. The I-
PpoI HE was first identified as a strain-specific optional intron in the large subunit (28S) rRNA 
gene of the acellular slime mold Physarum polycephalum [7]. The I-PpoI protein is a 163 
residue, 17.8 kDa protein with a pI of 8.1 that in its active form is a homodimer of 35.6 kDa [8].  

 
The I-PpoI target gene sequence in P. polycephalum is within the large subunit (28S) rRNA 
gene that is present in ~300 copies and located on extrachromosomal nuclear plasmids [7].  
The I-PpoI nuclease binds and cleaves this 15bp target site in Physarum to generate cohesive, 
4 base pair, 3ʹOH single-stranded ends [9, 10]. Catalytic activity requires a divalent cation, 
Mg2+, in each of the two active sites located at the center of the pseudo-palindromic 
homodimer structure [8, 11]. In contrast to many HE proteins, I-PpoI is an efficient catalyst in 
that target site cleavage and product release are not rate-limiting as they are for other HE 
proteins. The target site specificity of I-PpoI has been defined by a combination of site-directed 
mutagenesis as well as random mutagenesis followed by sequential enrichment [10, 12].  
 

Heterologous expression of I-PpoI in Anopheles 
The 15 bp I-PpoI target site is present in the large subunit rRNA gene of all eukaryotes [7, 13]. 
I-PpoI has been expressed to generate DNA double strand breaks in the large subunit rRNA 
genes of a range of organisms including budding yeast [14], human cells [15, 16], Anopheles 
gambiae [17, 18] and Aedes aegypti  [19]. I-Ppo-I is not a toxin per se, and appears to share 
high levels of sequence homology with endonucleases from the order Bangiales, which 
contains the highly consumed seaweed, nori [20].  High level continuous expression of I-PpoI 
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is toxic at a cellular level, which is not surprising as many simultaneous DNA breaks are likely 
to lead to chromosomal fragmentation, loss and cell death even in organisms with extremely 
efficient DNA double strand break repair. This is the most likely explanation for the local toxicity 
of I-PpoI when expressed in Anopheles cell lines [7]. Transient expression of I-PpoI is better 
tolerated, as human and other eukaryotic cells have an efficient DNA break repair machinery, 
and can repair small numbers of DNA double strand breaks to restore chromosomal integrity 
regardless of whether a repair template is present. A majority of these repair events are likely 
to be error-free, and the result of simple re-ligation of the 4 bp overhanging cohesive ends 
generated by I-PpoI cleavage. This “regenerates” the I-PpoI target site which is again cleavage 
sensitive and restores chromosomal integrity.    

 
The Target Malaria project uses I-PpoI to disrupt the An. gambiae s.l. large subunit rDNA 
genes, which in An. gambiae s.l. are found on the X chromosome (Figure 1) [17, 18]. In some 
approaches under exploration by the project, the desired activity of the HE depends on its 
ability to home. However, in the subject of this risk assessment, homing is not expected to 
occur, nor is it required to achieve the desired effect. Rather, the sterile male technology 
described here depends solely upon the ability of the I-PpoI HE to cleave its target sequence 
within the rDNA repeats on the X chromosome.   
 

 
Figure 1: Location of the ribosomal DNA repeats in the Anopheles gambiae s.l. genome. 

Each of approximately 350 rDNA repeats consists of the 18S, 5.8S and 28S rDNA genes. Each 28S 
gene copy contains an I-PpoI target site sequence. The location of the rDNA cluster relative to the 
centromere (black oval) is indicated. However, the exact location and nature of the centromere as well 
as the second heterochromatic and poorly defined arm of the X chromosome are currently unknown. 
Evidence exists that in some populations and/or members of the An. gambiae complex rDNA genes 
exist on the Y chromosome [P. Papathanos, personal communication, and 21]. 

Testing pathway 
The Target Malaria project is proceeding in a stepwise manner with safety as a top priority, 
beginning with a 1st generation version of the technology that renders male mosquitoes sterile 
(and thus unable to pass the new transgene into the local mosquito population). An 
intermediate, or 2nd generation, version has been developed that will pass the nuclease gene 
on to future generations in a self-limiting manner (i.e., without recurrent releases the gene is 
expected to gradually disappear from the population). The ultimate desired product is a 3rd 
generation version that will be self-sustaining (i.e., the nuclease gene will spread rapidly 
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through contiguous interbreeding Anopheles populations). Testing is initially conducted within 
standard laboratory cages in an insectary at Imperial College London. Promising strains and 
lines are subsequently tested in large indoor environmentally-controlled cages at the Polo 
d’Innovazione di Genomica Genetica e Biologia, Perugia, Italy. Contingent upon regulatory 
approval, those that continue to show promise are tested first in containment (laboratories and 
purpose-built insectaries) in Africa, prior to small-scale controlled field releases. 

 
The subject of this risk assessment exercise is the 1st generation of the technology: dominantly 
sexually sterile male An. gambiae s.l. The sterile male construct has several genetic elements 
including the I-PpoI HE fused to a green fluorescent marker gene (eGPF::I-PpoI), a second 
fluorescent marker gene, DsRed, on a promotor(3x3P) which is expressed in the eye tissue, 
and the inverted terminal repeats of the non-autonomous piggyBac vector. The creation of the 
strain is further described in Windbichler et al, 2008 [22].  The strains developed and tested in 
London and Perugia was created in an An. gambiae G3 genetic background 
(https://www.vectorbase.org/organisms/anopheles-coluzzii/g3). Two transgenic male sterile 
lines, β2-Ppo1 (called Ag(DSM)1) and β2-Ppo2 (called Ag(DSM)2), were created. 
 

Importation of the sterile males in Africa 
In October 2015, Target Malaria submitted a regulatory application requesting the importation 
and contained use of the Ag(DSM)2 sterile male strain into ACL2 facilities in a partner 
institution, the Institut de Recherche en Sciences de la Santé (IRSS) in Burkina Faso.  
Approval of the dossier was granted and since November 2016 until the present (May 2017), 
the Burkina team has been introgressing the Ag(DSM)2 strain into the local wild-type 
background (An. coluzzii, termed Ac(WT), rather than G3 which is an An. gambiae x An. 
coluzzii hybrid) and repeating studies previously performed in Polo-GGB and Atlanta at the 
CDC. The introgressed strain is known as Ac(DSM)2 to reflect the An.coluzzii background.   
The next stage in the step-wise approach is to submit a regulatory application for a small-scale 
controlled field release. The purpose of this controlled field release is to transfer knowledge 
and build operational and technical capacity in Africa.   

 

Maintenance of male sterile strains 
Because males that carry the transgene are sexually sterile, the transgene must be maintained 
by selecting transgenic females and backcrossing them every generation to wild type males. 
Often this is done in a two-step process; selecting all transgenic individuals in the larval stage 
and then, from among these, selecting females in the pupa stage. The resulting progeny in 
each generation consist of a Mendelian ratio of 50% males and 50% females. In addition, 
since mothers are hemizygous for the transgene, 50% of the progeny inherit the transgene 
and 50% will not. Thus, in each generation transgenic females (identified via the fluorescent 
maker), which make up 25% of the progeny, are identified to be again crossed to wild-type 
males to parent the following generation. 

 
To avoid inbreeding depression, the wild males to which transgenic females are crossed come 
from an independent wild-type colony. In London and Perugia, the wild-type strain is G3, a 
widely used laboratory strain. In African countries, each laboratory has developed their own 
wild-type strain from mosquitoes that are collected in the vicinity of the potential release sites. 
These colonies will be subject to genetic analysis to ensure that they are of only one 
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species/type and material will be preserved for more detailed genetic analysis. A Standard 
Operating Procedure (SOP) has been developed for both the maintenance of the sterile male 
strain and the wild-type colonies. Repeated backcrossing of the Ag(DSM)2 transgenic strain 
shipped to African collaborators with the local strain will gradually replace the G3 genetic 
background with that of the locally originated strain. 

   

Lineage of the Burkina Faso mosquitoes 
The contained use experiments that have been conducted in the laboratory at IRSS all use 
the Ac(DSM)2 strain. The strain Ac(DSM)2 is maintained in the insectary by introgressive 
backcrossing of transgenic Ac(DSM)2 females with the wild-type males of the strain names 
Ac(WT) as described above. This backcross (BC) leads to a mixture of transgenic offspring 
(characterized by the presence of the transgene with DsRed detectable marker) and non-
transgenic offspring (with absence of the DsRed marker). While both male and female DsRed 
mosquitoes contain the same transgene, sterility is only expressed in the testis of the male 
mosquitoes whose sperm is expected to be non-fertile. As of May 2017, introgression has 
occurred in 9 generations (see schematic below).    

 
Schematic of Strain lineages
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Contained release of the sterile males in Africa 
Two villages in western Burkina Faso, and two villages in Mali have been selected as potential 
sites for this study due to accessibility to partner facilities, ecological confinement, 
entomological and stakeholder engagement characteristics. These villages have been 
entomologically characterised by Target Malaria teams since 2012.  
 

Spatial Scope Burkina Faso 
The villages are located within 30 km of Bobo Dioulasso in the Sudanian zone of Burkina 
Faso. This region has two contrasting seasons: a dry season from November to April and a 
rainy season from May to October.  Total annual rainfall is approximately 1000 mm and 
temperature varies between 22°C and 42°C. Two winds are dominant in the region: the 
harmattan, a hot dry wind that blows from the Sahara and dominates between January and 
April, and the monsoon, a cool wet wind that dominates between May and October.  The area 
has mostly savanna vegetation; predominantly wooded savanna with variation depending on 
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human agricultural occupation. The main crops are maize, sorghum, millet and ancillary cash 
crops such as sesame and peanuts. Vegetable growing (onion, cabbage, tomato, eggplant, 
carrot, chili, lettuce, potato and green bean) is practiced along rivers and adjacent to natural 
ponds. For the most part, agricultural production is dependent on rainfall, which results in wide 
inter-annual fluctuations in yields.  
 
There is also pastoral livestock grazing with moderate numbers of cattle, sheep, goats, pigs 
and poultry. Animals are kept both in the village and in the peripheral area where there are 
seasonally-inhabited mixed agro-pastoral outlying farms.  
 
The lay-out of each village has been well-documented by the Target Malaria project with the 
positions of compounds, houses and larval habitats mapped using Geographic Information 
Systems. The locations of male swarms within the village areas have also been recorded as 
part of the regular baseline surveys, which will ensure efficient recapture data from a field 
release study. 
 
Anopheles coluzzii, formerly known as the M form of An. gambiae and locally as ‘Mopti,’ occurs 
in the same habitat and regions as An. gambiae and overlaps substantially with Anopheles 
arabiensis. It has been reported that An. arabiensis occurs in Bobo-Dioulasso where the 
Target Malaria insectary is located [23]. 
 
Detailed molecular analysis of the mosquitoes captured in both villages by the regular surveys 
has revealed that occasional hybridisation between An. coluzzii and An. gambiae does occur.  
These hybrids have only been found in the dry season when mates are likely to be hard to 
find. In the season proposed for release studies no hybrids have been found and mates of 
either species are available.  
 

Spatial Scope Mali 
The villages in Mali are located in the Sudano-Guinean area, to the north of the capital 
Bamako. The climate is of Sudanese type, with high variability of temperatures during the 
year, including the lowest (18ºC) are observed in January and highest in May (38ºC). The 
monsoon, sea wind, and the harmattan, continental wind, follow one another throughout the 
year. There was observed a rainy season (May to October) and a dry season divided into: 
cool dry season (November to January) and hot dry season (February to May). The 
vegetation is the type of grassland with some gallery forests along the Niger River. Large 
trees such as shea (Vitellariaparadoxa), the Néré (Parkiabiglobosa), mango, orange, and 
shrubs cover an herbaceous layer. The fauna mainly consists of small mammals including 
rabbits, hedgehogs (hérissons) etc. Reptiles are represented by lizards, scorpions and a few 
venomous species (vipers, cobras, snake etc.) 

Regular surveys are being conducted in the villages, similar to those in Burkina Faso. 

Planned Release 
Contingent upon regulatory and ethical approvals plus community and individual consents (as 
appropriate), MRR studies will be performed to demonstrate the ability to estimate the daily 
survival rate of males of the Ac(DSM)2 sterile male strain and to assess their movement within 
the area of the ‘release village’.  MRR studies are standard entomological tools to estimate 
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population size.  MRR studies have been conducted with wild-type mosquitoes in one of these 
villages for 2 years. 
 
MRR with male Ac(DSM)2 will be performed during the rainy season, when conditions are 
likely to be more favourable for the survival of mosquitoes reared under laboratory conditions 
(June-October). There is a preference for the earlier part of the rainy season during which 
there is less plant cover and a below-peak natural mosquito population size which may 
facilitate discrimination of released individuals in recapture efforts. Exact timing will be 
dependent on when permission is given by the regulators. 

The aim is to release up to a maximum of 5,000 transgenic Ac(DSM)2 male mosquitoes over 
the study period. All released males will be laboratory-produced at IRSS in Burkina Faso 
through mass-rearing of the Ac(DSM)2 strain. To ensure adequate numbers and improve 
survival and dispersal estimates, hemizygous transgenic Ac(DSM)2 males will be released 
with a known proportion of their sibling males from the back cross that do not carry the sterile 
trait i.e. a total release of up to 10,000 males with approximately 50% transgenic. The output 
of insectary rearing is a naturally occurring 50:50 ratio of transgenic and non-transgenic 
siblings.  Handling (which may damage the mosquitoes) is reduced by only sorting for sex 
(male) and not for positive transgene.  The released individuals are all marked externally with 
fluorescent dust, so the non-transgenic siblings provide a comparator in the release that can 
be discriminated from both the released transgenic mosquitoes and the local unmarked wild 
population. Whilst the aim is to release only males, there is a small potential that some females 
may be released alongside the males (<5 females per 1,000 adults released).  It is expected 
that any such females would consist equally of transgenic and non-transgenic individuals. 

Safety considerations 
Persistence of sterile male construct 
Experiments and modeling are being conducted to determine whether the male sterile HE 
transgene disappears as predicted in the absence of positive selection. This will also be a 
primary objective of the sterile male strain field releases, when approved. This anticipates 
risks that might result from the accidental release of hemizygous transgenic females into the 
environment. It also assumes that short persistence of the transgene in the environment 
decreases risk. 
 

Life history – Avidity and oviposition 
Mosquitoes held in the contained laboratories in Burkina Faso are being tested for blood-
feeding avidity and oviposition characteristics (including numbers of eggs laid and egg 
hatching rate). Previous work on the effect of the transgene in the G3 background showed 
no significant differences in egg laying or egg hatching observed between transgenic and 
the G3 background strain, but reduced adult male emergence, longevity and 
competitiveness in the transgenic strain was observed [24]. 

Insecticide resistance  
Mosquitoes held in the contained laboratories in Burkina Faso are being tested for insecticide 
resistance and compared to wild population comparators from the potential release area and 
the vicinity of the insectary, using standard WHO insecticide resistance test kits. There is no 
expectation that rearing procedures would provide selective pressures for insecticide 

140 | CSIRO I-PpoI RA Part 2 Risk report



 8

resistance.  Further tests are planned covering the full range of insecticide groups for which 
resistance has been reported in each country.   

Persistence 
In studies conducted in Perugia using Ag(DSM)1 and Ag(DSM)2, transgenic females were 
released into populations containing wild-type (An. gambiae G3 strain) comparator females 
and males at rates of 100%, 50% and 20%. Eggs were collected weekly from these continuous 
populations (i.e. not discrete generations) and random samples of larvae were scored for the 
presence of the transgene and returned to the cage. Experiments were discontinued when 
two successive ovipositions contained no transgenic individuals in a sample of 200. Data for 
each line are shown in Figure 2 in comparison with predictions of a model of the decline in 
frequency of the transgene. 
 

       Figure 2.  Model predictions and observations of transgene frequency in unselected 
populations. The modeled frequency expected of the transgene in the experimental populations 
when seeded at different frequencies and the observations for either GMM line. The gray bands 
show the 95% central quantile intervals of the model trajectories. The dashed and solid black lines 
represent the experimental results for three replicates of two treatments with Ag(DSM)2 and the 
single experiments at three treatment levels with Ag(DSM)1. http://www.mdpi.com/2075-
4450/7/4/47. 
 

Vector competence for ONNV and P. falciparum 
Studies are being performed in the US to compare the ability of the Ag(DSM)2 and wildtype 
G3 strains to transmit Plasmodium falciparum (at NIH in Bethesda) and O’nyong’nyong virus 
(ONNV; at the University of Texas). P. falciparum is the malaria parasite relevant to the release 
areas in Africa and ONNV is the most significant of the few arboviruses transmitted by 
Anopheles species.  The Anopheles gambiae complex is also a primary vector of Lymphatic 
filariasis in West Africa, however studies [25] have shown very high variability of transmission 
from infected mosquitoes and therefore provided no meaningful metric to provide a reliable 
indication of filarial transmission in testing. 
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Risk assessment 
The sterile male construct in An. gambiae has been the subject of a formal hazard analysis, 
complemented by an extensive literature review, to identify potential hazards associated with 
an accidental release from the African insectaries. From this analysis a set of high priority 
hazards have been taken forward into a quantitative risk assessment (report available from 
http://targetmalaria.org/resources/). 

 
CSIRO has now been engaged to update this risk assessment to support an application to the 
relevant African authorities to permit a small-scale field release of the Ac(DSM)2 mosquitoes. 
As a member of the independent expert group, you are being asked to contribute to certain 
parts of this risk assessment as detailed in the letter and documentation that accompanies 
this report. Your independent contribution forms an important part of the overall risk 
assessment methodology.  

 
In this instance, CSIRO is requesting your contribution to account for any potential changes 
in vectorial capacity of female transgenic An. colluzzi mosquitoes – i.e. female Ac(DSM)2 
mosquitoes that may be accidentally released along with the planned release of male 
Ac(DSM)2. You will be asked to participate in a formal indirect elicitation methodology that has 
been specifically designed to account for potential differences between Ag(DSM)2 and 
Ac(DSM)2 mosquitoes, and for any potential ‘habituation’ or ‘domestication’ that occurs as a 
result of the insectary rearing processes. 

 
The elicitation will begin with a formal period of training followed by a series of questions 
directed at vectorial capacity parameters in relation to three blood-borne diseases: malaria, 
ONNV and Lymphatic filariasis. You will only be approached to answer in relation to the 
diseases in which you are a recognised expert. 
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