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1. Abstract.

The BRAVE project is the result of a call under the European Commission's 6th
Framework Research and Development Programme in the area of policy-orientated research.
The primary focus assigned to this Specific Support Action was “fo assess the level of risk
and the likely consequences for bees and other closely related pollinators of the introduction
of bee viruses into European bee colonies and ecosystems; and 1o provide advice to the EC on
appropriate protective measures to prevent further incursions and spread.”

Building on initiatives arising from the European Association for Bee Research (EurBee), a
response to this call was formulated by a Steering Committee comprising Dr Michel
AUBERT, AFSSA, France (coordinator); Brenda BALL, Rothamsted Research, UK; Prof.
Ingemar FRIES, Swedish University of Agricultural Sciences, Upsala; Prof. Norberto
MILANI, University of Udine, Italy, and Prof. Robin MORITZ, University of Halle,
Germany. The aims of BRAVE were firstly, to facilitate knowledge and skills transfer
hetween researchers and advisors within the European Research Area of bee virus diseases

~t of closer_contacts and"‘é""llaboraﬁons:ﬂnd~-second1y—-te—identify_u.~._,A___._,____*

tirough theestablishment-ok

significant gaps in the essential scientific knowledge required to support the formulation and
integration of policy on the endemic and emergent diseases of bees. The project duration was
of one year (2005) and the funding provided by the EC has been used for two meetings.

The first scientific meeting held at Sophia-Antipolis, Provence, France, from the 24th to
26th April 2005 was attended by 55 scientists, advisors and policy makers specifically invited
because of their specialist knowledge and skills. Their expertise ranged from insect virology,
virus taxonomy, immunology, epidemiology, disease risk assessment and international trade,
to fundamental and applied research on pollinators and their pathogens. Delegates represented
15 European countries as well as Australia, Canada, Lebanon, Mexico, and the USA, together
with representatives of the European Commission and the OIE (Office International des
Epizooties). Young scientists and students had the opportunity to apply for additional places
which allowed the consortium to go towards a more balanced age and gender participation.
The first sessions of the meeting explored the complex and evolving taxonomy of bee
viruses, covered the range of diagnostic techniques now available for virus detection and
discussion explored the appropriateness of the techniques for particular applications, for
example, the lack of sensitivity of serological techniques may still make them relevant in the
recognition of biologically significant overt virus infections against a background of

inapparent and perhaps unimportant infections revealed by the now available molecular
techniques.

Purther sessions covered aspects of the genetics, physiology and behaviour of honey
bees in relation to their resistance to virus infections. The genetic basis of disease resistance in
bees was explored. Several papers considered the persistence of virus at sub-lethal levels in
honey bees. The question of viruses being "triggered" by mite feeding, the association of virus
infections with other parasites such as Nosema apis, and the possible depression of the honey
bee immune response by exposure o sub-lethal doses of pesticides were also raised.”

The evolutionary epidemiology of virus diseases and their virulence was considered in
relation to the different routes of transmission available within social insect populations and
the degree to which this picture has been changed in the honey bee system by V. destructor.
Current information on the incidence, distribution and impact of honey bee viruses was
reviewed, revealing large gaps in our knowledge. With increasing world trade and movement
of stocks of social and solitary species of bees, this lack of knowledge of the pathogens
present in populations is clearly a crucial deficiency. The management of bee diseases was
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then considered, mainly in relation to V. destructor. The effect of acaricides on the behaviour
and pollinating efficiency of bees, a consideration of economic treatment thresholds and the

development of tolerance in bees to mites and resistance of mites to acaricides were all
covered. '

The final session concerned the current regulatory mechanisms governing the
movement of honey bees into the EU and the assessment of the risk of pathogen introduction
related to trade issues. The recent widespread commercial movement of various bumble bee
species around the world, the virus pathogens of which are virtually unknown, was
highlighted as a cause of concern. It became apparent that at present there is insufficient
knowledge of the distribution of honey bee viruses and it is possible that the introduction of
honey bee viruses to new locations has already occurred, although the implications of this are
still largely unknown.

Every session was followed by a working session which produced short and
comprehensive recommendations for the focus of future research efforts.

"‘he—proceedings—ef—this_meetmg;have bee’nﬁmbﬁshed;—illhey-—iﬂelude_th&scientifm_tcxfgs_ e

j
(more complete than the oral presentations) and the recommendations elaborated by e

working groups and approved in plenary sessions.

A smaller workshop meeting took place later (2-7 September 2005) at which several experts
including consortium of BRAVE, the rapporteurs of the first meeting and selected authors
have prepared a synthesis of current knowledge in the different subject areas have also made
recommendations about the means of achieving the identified research priorities at both the
fundamental and applied levels. This task will be published in the form of a book entitled
"Virology and the Honey Bee" and printed by the European Commission. The work started
during the workshop and have been very well advanced during the following weeks: already
six out of the nine main future chapters of "Virology and the Honey Bee" have been achieved.
Serious personal problems of the co-author of all the 3 remaining chapters have caused some
delay and of course, the whole still requires final editing input (general presentation, table of
indexes, general introduction and conclusion). Anyhow, on the basis of which has already
been achieved, we are now sure that the book will be published far before the end of this year.

The dissemination of the work has been accomplished via the BRAVE website :
hitp://www.entom.slu.se/brave/ (and other linked websites), through scientific and
professional media and using oral and poster presentations during scientific meetings. This
dissemination will be pursued using the same means for publicising and distributing the
proceedings of the first BRAVE meeting and the book "Virology and the Honey Bee".

The European BRAVE project will have produced tangible results : the proceedings of the
BRAVE plenary scientific meeting and the book "Virology and the Honey Bee". Their aim
was to synthesise the current knowledge required for protecting the honey bee and related
pollinator insects from virus diseases and to propose a framework for future research

programmes and integrating European research effort in support of Community policy.
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2. Introduction : the objectives of BRAVE

The objective assigned by the call entitled "Viral diseases of bees" were : nAssessment of the
level of risk and the likely consequences for bees and other closely related pollinators of the
introduction of bee viruses to European colonies of honey-bees and ecosystems and 10
provide advice 10 the EC on appropriate protective. measures to prevent further incursions

and spread.”

The overall aim of the proposed project (Bee Research And Virology in Europe - BRAVE)
were a) to contribute actively to facilitate knowledge and skills transfer by establishing
closer contact and collaboration between researchers and European advisors within the
Research Area of bee virus diseases, and b) to identify significant gaps in the scientific
knowledge required to support the formulation and integration of policy in the field of

enzootic and emerging diseases.

————— practically; BRAVE sought to-achieve this objective by:
a) holding two meetings : -

- a plenary scientific meeting : this first three day meeting gathered together two categories of
experts: 7
o experts with a broad base of skills in insect virology, diagnosis, immunology, disease
epidemiology, international trade, policy formulation and disease risk assessment,
o scientists involved in fundamental and applied research on bees and related pollinator

species.

Within this meeting, We expected that exchanges between both categories of experts and
between bee experts themselves favour novel approaches in apicultural research and take
advantage of recent developments in the general fields of virology and insect immunology.
For this purpose, following key lectures reviewed the more recent knowledge in the broad
world of insects (or invertebrates) in designated subject areas, shorter talks on the same areas
were more precisely restricted to the Honey Bee. After cach session, future research priorities
at the fundamental and applied levels had been proposed and discussed by all participants.

- an expert workshop : using the proceedings and conclusions of the first meeting, the second
three day meeting was a workshop aimed at identifying future research priorities at the
fundamental and applied levels for integrating an Buropean research effort in bee virus

diseases in support of Community policy.

b) creating a web site for communicating the BRAVE contents and the results of the scientific
meeting to the public.

¢) publishing the proceedings and recommendations of the two meetings :

- the proceedings of the plenary scientific meetings consisting in the scientific papers written

by the speakers and the recommendations of the working groups,
- the task issued from the expert workshop under the form of a book which, in addition to

being an overview of current virology status of the honey bee, also proposes a framework for
future research programmes 01 virology and the honey bee.

¢) disseminating the proceedings and the book with appropriate means.
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3. A short history of the project

The BRAVE consortium.
Originally the answer to the call had been build on initiatives already established through

EurBee, an European association of individuals and institutions for bee research whose object
is to foster exchange of information between all European Bee researchers. Prof. Ingemar
FRIES visited Brenda BALL at Rothamsted Research, UK (19 November 2003) and met Dr
Michel AUBERT in Brussels, Belgium (4-5 December 2003). Contacts were pursued via
emails and phone calls with Prof. Norberto MILANI (Udine University, Italy) and Prof.
Robin MORITZ (Universitit Halle-Wittenberg, Germany). They pooled their expertise and
ideas to elaborate the BRAVE proposal which they submitted to the Commission in late
December 2003. :

For their meeting in Brussels (4-5 December 2003), Prof. Ingemar FRIES and Dr Michel
AUBERT have been supported by funds from their own respective institutions.

Starting the project before its approval.
Expecting a positive answer to their submission, all the members of the consortium met in

Callian (France) for two days (25-27 June 2004) for elaborating the scientific programme of
the scientific meeting that was the first part of the submitted project: topics and titles of the
sessions, the key lectures and shorter talks, choice of chairpersons, proposed speakers for key

lectures and shorter talks.
For this first organisational meeting, every member of the consortium has been supported by

funds from their own respective institutions.

To organise this meeting well in advance — even before knowing if the project would be
accepted or not - brought two advantages :

- the earlier the proposed speakers were contacted, the better chance we had of obtaining their
agreement to participate if the proposal were evaluated positively by the Commission,

- the invited speakers had more time to organise their travel: as soon the project was agreed,
they were said to book their plane ticket. As early booking entails lower individual travel
costs, with the same overall budget, we expected to be able to invite more scientists : a)
several key European and non-European scientists (from North America, Australia, South
Africa), and b) non-speaker scientists from new and future EU member states and young
scientists that would not be able to attend otherwise.

Therefore, the following weeks, the consortium made contact with the proposed speakers.
These contacts by emails and phone with all expected participants were intensified as soon as
the official agreement of the project was received from the Commission.

Nevertheless, more direct contacts between the members of the consortium were still required
for finalising the program and to up-date the list of participants of the plenary scientific
meeting. Several members of the consortium took advantage of other planned meetings of bee
researchers such as the EurBee meeting in Udine (19-23 sept 2004) and all the members met
again on the 16 March 2005 in the Institut fiir Zoologie - Martin-Luther-Universitat Halle-
Wittenberg (Halle/Saale, Germany). This allowed the co-coordinator to present to the other
members the current administration of the project regarding financial and other aspects and to

obtain their common agreement.
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The plénary scientific meeting and the workshop meeting.
The plenary scientific meeting was held at Sophia-Antipolis, Provence, France, from the 24th

to 26th April 2005 and the workshop meeting took place later (2-7 September 2005) in
Tourtour also in Provence. Both meetings are detailed in following chapters.

The management task.
As expected, the management task involved by the organisation of the two scientific meetings

and the edition of their proceedings havebeen significant. Fortunately, all participants have
expressed their satisfaction on this management. However, this task will not be described in

the present report.

The proceedings of the scientific meeting.
The invited speakers had been asked well in advance to provide the text of their talk before or

at least when arriving at the meeting in order to facilitate and accelerate the editing of the

proceeding.
——————Jnfact-this-was-net-so-simp {elayed thefinaledition-of the ——— —

proceedings: the last electronic version was sent 10 all participants by email and the printed

version was received in November 2005.

Whereas the BRAVE project is officially closed, the BRAVE work is pursued.

As this will be explained in the chapter on the workshop meeting, today (13 February 2006),

the work undertaken under the BRAVE project, whereas officially closed, is still and will be
" pursued until a) the complete achievement of the book and b) the dissemination of the results:

i.e. a larger dissemination of the proceedings of the scientific meeting and of "Virology and

the Honey Bee", when published.

4. The scientific meeting

4.1. The scientific meeting background.
Honey bee pathology is a large field of study, partly because of the importance of this insect

to pollination of cultivated crops. One advantage of colleagues working on similar topics is
the possibility of exchange of experiences in the field of interest. However, a disadvantage
can also materialise under such circumstances: a large enough group of scientists working on
similar topics may not extend the search for new information outside this group. This may
seriously impair integration of new knowledge in related scientific fields into the field of
honey bee pathology. We believe, that one reason for the slow progress made in honey bee
pathology in general, and bee virology in particular in recent years, is a lack of integration of
progress made in other scientific fields, such as general virology or epidemiology, into honey
bee pathology. The present call was a good opportunity to create common access to the latest
results obtained in insect virology, immunology and epidemiology for the European
researchers specialised in bee diseases.

This inter-disciplinary approach had potential to lift European honey bee pathology research
to new levels. This ambition was manifested through the composition of the scientific meeting -
where the first lecture of session o.1, a.2, B.1, B.2, p.3 and B.5 included overviews of the
general topics of virology, immunology and epidemiology.
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4.3. The participants.

Scientists, advisors and policy makers were specifically invited because of their specialist
knowledge and skills. Their expertise ranged from insect virology, virus taxonomy,
immunology, epidemiology, disease risk assessment and international trade, to fundamental

and applied research on pollinators and their pathogens.

Scientists not selected for delivering a talk, young scientists and students had the opportunity
to apply for additional places. This opportunity had been publicised a) through an
announcement in a plenary session and posters during the first EurBee meeting (Udine — Haly
- 19-23 sept 2004) (see annex 1), b) through the EurBee Pathologists' Group. Newsletter 1,
November 2004 (sent by email by Norman Carreck to a large audience of European
specialists in the honey bee and related species), and b) through the BRAVE web site.

attendi 5 5 tpublications. — —
They were informed that the BRAVE consortium will then rank the applications according to
several criteria; motivation, likelihood of the applicant to participate in future bee research
programmes, with a special attention to balancing as much as possible, the number of
representatives between the Member States and genders. Nineteen complete applications were

__received and 14 were selected according to the above mentioned criteria. Among the selected
participants, six which were not financially supported by their laboratory (students and young
scientists from new EU Member States or from developing countries) were granted full
funding for travel and accommodation costs. Two additional students based in the AFSSA
Sophia Antipolis laboratory participated in the meeting for helping the participants, a task that
allowed them anyhow to attend most of the talks.

The candidates were advised to apply with a letter outlining their personal interest in

List of participants (grey colour indicates invited non-speaker following application):

'First name Family name Organisation

Brenda - BALL Rothamsted Res - UK
Dan HULTMARK Umea Univ. - SW
Denis ANDERSON CSIRO - AustraliaUS

Elke GENERSCH

Tanderinst. Bienenkunde - D

=

Hélene BERTHOUD IALP - CH

Hermann PECHHACKER Bienen Inst. - Lunz - Austria
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Howard NEEDHAM European Commission
Ingemar FRIES SLU - SW
Jay EVANS USDA - Beltsville - USA
Jean-Luc IMLER CNRS Strasbourg - F
Jenny CORY \Agloma Univ, - Sault Ste Marie, Ontario - CAN
Jérdme TROUILLER 'VITA — SWARM (Small or medium entgrprise -UK)
Joachim DE MIRANDA Pen. State Univ. - USA
Keith DELAPLANE Univ. of Georgia - USA
Laurent GAUTHIER Montpellier Univ. - F
Lesley - TORRANCE Scottish Crop. Research - UK
Magali RIBIERE AFSSA -F
Marco LODESANI INA Bologna - 1

Mark BROWN 'Univ. of Dublin - Il
Mark STEVENS TARC Broom's Barn - UK
Max Montpellier Univ. - F

BERGOIN

Michel SOLIGNAC CNRS Gif -F
Michel AUBERT AFSSA - F

Mike BROWN CSL York - UK
Mike CARTER Univ. of Surrey - UK
Neil BOONHAM CSL - UK

Norberto

MILANI

'Udine Univ. -1

Olivier CELLE ' Student from Afssa-Sophia-Antipolis
Peter CHRISTIAN  |Nal Inst. for Biol. Stand. & Control - UK
Peter ROSENKRANZ  [Univ. Hohenheim - D

Pierangelo BERNORIO IEuropean Commission
Randi AAMODT Agric. Univ. Norway - NO

Robert

POSSEE

NERC CEH Oxford - UK
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Robin

MORITZ

Univ. Halle-D

Tamas

BAKONY]

Budapest Univ. - HU

Tina TRENCZEK Giessen - D
Tomoko ISHIBASHI OIE
Violaine Qlivier Student from Afssa-Sophia-Antipolis
Wayne WEHLING APHIS - USA
Wolfgang RITTER CVUA-D
Yanping CHEN USDA - Beltsville - USA

In total, the 56 delegates represented 15 European countries — including 13 Member states
(Austria, Denmark, France, Germany, Hungary, Ireland, Italy, The Netherlands, Norway,
Poland, Spain, Sweden, United Kingdom) and Switzerland, Slovenia — and Australia, Canada,
Mexico, Lebanon and the USA, together with two representatives of the European
Commission (Dr Howard NEEDHAM and Pierangelo BERNORIO) and one representative
(Dr Tomoko ISHIBASHI) of the OIE (Office International des Epizooties). Two
representatives of small or medium enterprises involved in veterinary products for the honey
bee or in bumble bee commercial exchanges were also invited.

4.4, The proceedings.

The proceedings include : .
a) the scientific texts at the basis of the oral presentations done during the meeting — most of

these texts are of a high scientific level and, in any case, far more elaborated than the

corresponding oral presentations, ’
b) the recommendations formulated during the discussion sessions of the working groups then

approved in general sessions.

As explained earlier, the invited speakers had been asked well in advance to provide the text
of their talk before or at least when arriving at the meeting in order to facilitate and accelerate
the editing of the proceeding. '

For producing the proceedings according to the standards of international scientific reviews,
they received a list of recommendations they had to follow. Generally, as a counterpart of
their invitation, almost all the invited scientists produced a paper but the recommendations
were not always so strictly followed. This significantly delayed the edition of the proceedings.
A first edition of the proceedings was sent by email on the 23 October 2005 to all participants.
However, following the receiving of a late paper by a participant, a new edition of the
proceedings had been produced and this new edition was re-sent by email to all participants

on the 2™ of November 2005.

This last edition was sent to the printer, and received in late November 2005. The cover of
this last edition is given in Annex 2 and a complete printed version has been sent together

with the present report to the Comumission.
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4.5, The recommendations.

Whereas the recommendations have been included in the proceedings of the BRAVE plenary
meeting, they are reproduced in this report as they constitute an important result of the

project.

4.5.1. Recommendations of the working group ‘ :
Characterisation of viruses of honey bees and related species and pathogenesis
Rapporteur : Mike CARTER

A Characterisation of viruses of honey bees and related species

1. State of the art. ,
affa

Majoradvances trave takenrplace-im insect-virology-over recent-years: Insect-virology-otters
the most fruitful zone for the discovery of new viruses and replication strategies which in turn
offer the potential for furthering our understanding of cell biology.

Study of bee viruses is advancing with this movement but more remains to be done. These
opportunities for academic progress mean that there is an increasing and world-wide interest

in the subject.

2. Challenges and problems :

- Many bee viruses remain poorly characterised.

- The study of bee viruses is impeded by lack of certified virus-free bees and in-vitro
cultivation systems.

- There is a lack of characterised standard reagents and reference sera.

- Disease burden is underestimated; persistent infections are common but dismissed. Only
gross disruption is detected, less obvious effects (decreased lifespan) must impact on
productivity. Objective measures are required.

- Varroa has changed the rules, opening a new route for infection and possibly altering the
behaviour of viruses by selecting mite-replicating variants. This has increased the significance

of persistent infections. :

3. Actions reagents and techniques required:

- Sequencing of bee viruses should be completed (for those whose sequencing has only being
partly done), or performed and new agents sought,

- PCR procedures should be developed for newly sequenced agents,

- Recombinant antigens are needed to produce standardised antisera and antigens,

- An active (interventionist) approach is required to develop bee cell lines, whereas
considering the numerous attempts with no avail made by numerous workers, this approach is

now rarely encouraged.

B. Pathology and Pathogenesis :
High mutation rate and the organisation of viruses into quasi-species underlies potential for

rapid RNA virus adaptive mutation have implications for host- and tissue tropism. However,

these phenomenon are poorly characterised.
Among the most urgent needs in this area, the group identified :
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- the need to locate virus-infected tissues following naturally acquired, acquired following
parasitism by Varroa, and artificially acquired (following injection or other artificial infection

procedure),
- the need to understand more of the dynamics of virus interaction with Varroa in Apis

mellifera and particularly in Apis cerana, its original host.

4.5.2. Recommendations of the working group
Diagnostics technigues for virus diseases in honey bees
Rapporteur : Mark STEVENS

1. To develop an international database of appropriate diagnostic protocols, methods and tools

such as antibodies and PCR primers.
Further sequencing of bee viruses will allow the opportunity to develop new PCR primer sets

that can be exploited for diagnostics. It will also be necessary to develop standardized

.

PO 54 T AL nroar 1o Qﬂ}?

la—F, 1 1 3 nd sal-wy a
protocots—for—the—collection,—storage—anc initial-proecessing—of-bee samples—priorto—an

diagnostic tests, especially if samples being sent long distances.

2. To undertake a survey of the distribution and impact of the key viruses of bees within
individual countries in order to determine their presence (for any quarantine lists that may be
instigated) and to understand the epidemiology of these viruses.

3. To determine, via the diagnostic methods, the thresholds of detection for specified viruses

and the thresholds at which these viruses cause ‘damage’ to bees. ,
Such methods could be exploited to standardize the terms used within bee virology, for

example, quantification of terms such as ‘unapparent® and ‘latent’.

4. To undertake a series of ring tests among international laboratories to standardize methods
for key viruses and to establish standard operating procedures for each system.

5. To establish a specific working group for KBP/ABPV.

4.5.3. Recommendations of the working group
Genetics, physiology, behaviour
Rapporteur : Robin Moritz

Researches to be developed must be carried out at the individual level or at the colony level.

A. Research need at the individual (bee) level.

Among the most urgent needs the group recommended :

1. screening for genetic variance of resistance to viral diseases in European honeybees,

2. to develop techniques for infecting drones with virus to take advantage of the haplo/diploid

genetic structure of the bee species, :
3. to identify disease resistance genes and their regulation (including the use of candidate

genes from other model systems).

4. to develop molecular tools to assist in selection for virus disease resistance,

5. to study the effects of virus infection on the physiology of host organs (including gene
expression in the host, structure, cell death, endocrine regulation).
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B. Research need at the colony level.
1. Resistance to virus must be studied not only on groups of bee isolated from their hive but

also at the colony level. Whereas simpler, the study at the level of groups of bee isolated from
their hive, cannot be considered as a good model for entire bee colonies for two reasons : (i)
isolated bees die rapidly (either they are infected with virus or not) and (ii) colonies may
develop strategies to overcome virus infections.

2. Any behavioural changes in honeybees induced by virus infections that may affect colonial
traits should be identified : e.g defence, hygienic behaviour, flight behaviour, intracolonial
behaviour of infected and non infected workers.

4.5.4. Recommendations of the working group

Insect Immunity and virus latency
Rapporteur : Brenda BALL, Peter ROSENKRANZ and Jean-Luc IMLER

Fhe—imsect Tesponseto—ifectionIs~ basedonceltular—and humoral—defences—but—differs
significantly from vertebrate systems in the degree to which recognition and memory
contribute to immunity. The haemocytes of the honey bee have been characterised but in
many instances their role and function are incompletely described or understood. Similarly, a
range of antibacterial proteins produced by bees in response to various challenges have been
recognised, but it is not known whether either of these defences systems are activated or
effective against virus pathogens. Additionally to cellular and humoral defences, social
insects can adapt behavioural responses to pathogen challenge at both the individual and
colony level. A detailed investigation and understanding of all kinds of the innate immune
and adaptive behavioural responses of populations, and the different life stages within them,
would make a significant contribution to epidemiological studies.

Many of the viruses of bees persist within individuals at levels that are not readily detectable
and that apparently cause no gross pathology. However, it has been demonstrated
experimentally that these sequestered viruses can be activated and induced to multiply to
lethal levels by a number of diverse triggers. Progress in the elucidation of some of the
physiological and immunological pathways involved in these events has been made in other
insects, facilitated by knowledge of the insect genome and functional approaches (genetics,
transgenesis, RNAI). It is to be hoped that the honey bee genome project will ultimately make
an important contribution in this area.

Insect immunity and virus latency are important fundamental areas that could provide
valuable insights into infection processes and disease epidemiology, but of which at present
we have only limited knowledge and understanding. Because of the close interdependence of
these two areas research, progress would be greatly enhanced by bringing together specialists
in each discipline for the design and undertaking of integrative studies. Some key questions
and priority areas for further investigation were identified.

1. Tnvestigation and characterisation of the response of honey bees to pathogen or other
challenges could initially be based on currently known immune systems and pathways in
other insects. Looking for homologies and differences to model systems would provide a
simple first approach : in particular as infection markers are known for other insects, they

should be looked for in infected honey bees.
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2. The 'geneticaﬂy regulated susceptibility to infection is well documented in Drosophila as
proven by the lethal infection of mutant immuno-deficient individuals infected by
opportunistic bacteria or fungi. The new information on the bee genome should be used in

similar approaches.

3. Are the latent/occult honey bee viruses transcriptionally active and in what form do they
persist; as intact particles or as RNA? What are the main tissues or cells in which these
viruses persist and does this differ with different virus types and different life stages?

4,5.5. Recommendations of the working group

Evolutionary Epidemiology
Rapporteurs : Brenda Ball, Mark JF Brown and Ingemar Fries

1. Research shall be oriented to determine the basic biology of bee virus infections :

—transmissionroutes-and-persistenee-of viruses;

- transmission rates (vertically and horizontally between individuals, colonies, apiaries),

- impact, especially with respect to environmental stress, eg. nutrition, environmental
pollution by pesticides and other xenobiotics, etc.

Whereas some knowledge is available on transmission routes and persistence of some virus
infections, virtually nothing is known about transmission rates. There is an urgent need — for -
quantification of different transmission routes and for much better documentation of the
persistence of virus infections both in the absence and presence of Varroa destructor.

2. Standardised epidemiological surveys should be conducted using appropriate direct
sampling and detection techniques for measuring incidence, prevalence and distribution of

bee virus infections across the EU.

3. Epidemiological and evolutionary models should be created, based on the knowledge
acquired through the researches described in paragraphs 1 and 2, to understand bee/virus
associations and predict their development.

4. Biogeographical studies of virus isolates should be developed to create a phylogeny of
honey bee viruses.

Finally, the group proposed that studies initially may be concentrated on one particular honey
bee virus to produce a detailed understanding of such a system.

4.5.6. Recommendations of the working group
Management of Bee Diseases: Economic Impact
Rapporteur : Keith S. DELAPLANE

1. Successful control of bee diseases and pests will depend on a sound understanding of the
biology underlying the host/pest/parasite relationship.

2. Specific management programs should be built on the principles of Integrated Pest

Management (IPM), stressing reduced reliance on the use of acutely toxic pesticides.
Components of IPM include but are not limited to: development of economic (action)
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thresholds, genetic host tolerance, cultural practices that interfere with parasite life history,
social immune systems, beneficial disease-antagonistic organisms, and semiochemicals that
can be used to trap pests or disrupt their mating. IPM can be expected to delay onset of
economic thresholds and reduce overall use of acutely toxic pesticides.

3. Once economic thresholds are achieved, acutely toxic pesticides should only be used at
lawfully-prescribed rates and in rotation, such that active ingredients are not used
successively for avoiding or at least delaying the onset of resistance of the pest to the active

ingredients.

4. The expected outcomes of [PM-based disease and pest control include, but are not limited
to: reduced residues of acutely toxic pesticides in bee hive products and the environment,
reduced occupational exposure of beekeepers to toxins, prolonged years of useful life for a
limited pool of pesticides, improved reproductive performance of queens and drones, and
increased colony population sizes and productivity.

5. Appropriate response to unknown causes of bee mortality requires establishment of
standardized diagnostic avenues, establishment of regionalized baseline record keeping to
discern historic trends in disease incidence, and beekeeper education programs to improve

accurate diagnoses at the local level.

4.5.7. Recommendations of the working group

Regulatory issues
Rapporteur : Mike BROWN

For taking forward regulatory issues, the group recommended not to include honey bee
viruses in the OIE Codes Terrestrial Animal health code at present, as there is not enough
known about them or their distribution to legislate but it recommended :

1. to conduct delimiting surveys and monitoring programmes within the EU and elsewhere
using recognised standard diagnostic methods and protocols to assist with: improving
information on distribution and status for recognised bee viruses, assessing and identifying
emerging or potential risks. In this way it will be possible to get a “handle” on what we may
be dealing with, what their distribution is and what the economic impact might be.

2. to establish methods to measure pathological effects, impact in general including economic
impacts, and set up studies to fill in identified gaps in knowledge.

3. to collect more detailed data on disease agents; epidemiology of honey bee virus infections
to provide better information both to policy personnel at Commission and Member State
level, for researchers and beekeepers. These information should include definitions and
descriptions of the diseases, tests used, causative agents. {In order to consider legislation it is
necessary to know what dealing with, what the distribution is, what are the disease signs, what

is the impact, how to diagnose and so forth}.

4. to provide better training and education for beekeepers to identify disease problems,
provide information on good husbandry, and information on international trade rules. This
may help to reduce the risks of illegal or uncertified trade in honeybees and any introductions

of exotic pests.
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5. to rapidly investigate the causes of any new significant losses of honey bee colonies when
they occur, and this could be through collaborative efforts across Europe.
Information obtained could be placed on a website, eg OIE but also EU wide website.

5. The expert workshop and the book "Virology and the Honey Bee''.

5.1. The expert workshop background.
The aim of the workshop was to gather a smaller panel of experts to which would be assigned

the task to use the scientific work presented during the scientific meeting to produce an
overview of current virology status of the honey bee and to propose a framework for future
research programmes on virology and the honey bee.

WRMMWW

we had also foresaw to use the experience of the plenary scientific meeting to readjust our
initial project. During the plenary scientific meeting, we (i.e. the consortium members)
gathered several times, and before the end of the meeting, several possible authors were
selected for the quality of their talk, their ability to encompass several scientific approaches
which appeared during the working group discussions and their readiness to participate in our

common objective.

5.2. The participants.
The list of the participants to this second part of the project was as follows :

First name Family name Organisation
Brenda BALL Rothamsted Res - UK
Elke GENERSCH I#nderinst. Bienenkunde - D
Ingemar FRIES SLU - SW
Jean-Luc IMLER CNRS Strasbourg - F
Joachim DE MIRANDA Pen. State Univ. - USA
Magali RIBIERE AFSSA -F
Mark BROWN Univ. of Dublin - Irl
Michel AUBERT AFSSA -F
Mike CARTER Univ. of Surrey - UK
Norberto MILANI Udine Univ. -
Rosie HEILS NERC CEH Oxford - UK
Robin MORITZ Univ. Halle-D

For personal reasons, it had been impossible for Dr Mike BROWN (CSL, York, UK) to attend
the meeting. However, as shown in the following lines, he did participate efficiently in the
book project.
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It is worthwhile to note that this list gathers senior and well recognised scientists and younger
scientists whose initial works and personal commitment are very promising. Additionally,
even if the gender balance is not yet ideal, it is encouraging. .

5.3. The programme and the task.

The participants arrived on the 2nd September and departed on the 7th. The work was intense
during the four complete days. Following a one hour session where the advancement of the
project was discussed, individual authors (or small groups of authors) worked separately on
their respective chapters. At intervals, authors submitted their task to the other contributors
for suggestions and editorial comments. -

At the end of the meeting, the final plan of the book and the editor line were agreed, and all
chapters had been at least partially written according to the following plan :

Title : Virology and the Honey Bee

| Chapter 1. Introduction — by the editors.

Chapter 2. Natural history and distribution of honey bee viruses
— by Magali Ribiére and Brenda Ball

Chapter 3. Molecular characterisation of honey bee viruses
— by Mike Carter and Elke Genersh

Chapter 4. Detection techniques for honey bee viruses
~ by Joachim De Miranda and Brenda Ball

Chapter 5. Impact of virus infection in honey bees
— by Michel Aubert

Chapter 6. Covert infections in honey bees
— by Rosie Hails and Brenda Ball

Chapter 7. Evolutionary epidemiology of virus infections in honey
bees — by Mark Brown and Ingemar Fries

Chapter 8. Innate immunity of insects to infection
- by Catherine Dostert and Jean-Luc Imler

Chapter 9. Honey bee Genomics and Breeding for Resistance to
Virus Infections
— by Robin Moritz and Jay Evans

Chapter 10. Overview of the regulatory framework for apiculture
— by Michael Brown

Chapter 11. Conclusions — by the editors.
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The task had been pursued during the following months. Already six out of the nine main
future chapters of "Virology and the Honey Bee" have been achieved (the titles of those
chapters are written in bold characters in the above box). Serious personal problems of the co-
author of all the 3 remaining main chapters have caused some delay and of course, the whole
book still requires final editing input (general presentation, table of indexes, general
introduction and conclusion). Annex 4 gives an example of one chapter of the future book.

On the basis of which has already been achieved, we are now sure that the book will be
published with the help of the European Commission far before the end of this year.

6. The web-site

The BRAVE website ( http://www.entom.slu.se/brave/ ) has been accessible since the middle
of February 2005 and is still active. Only the "home" page of the site is reproduced below.
__________ . From this page, the reader can have access to the. project background, its objectives, the

consortium, 1he meetngs, publications (ffom where the proceedings of the plenary scientific —

meeting can be downloaded), and links.

. Bes Besearch fnd Vieslogy
. in Eurspa
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7. Impact and dissemination

The present call was an excellent opportunity to create common access to the latest results
obtained in-insect virology, immunology and epidemiology for the European researchers
specialised in bee diseases. Without the support of the European Commumty it would not had
been possible to organise such a meeting using the best experts in insect virology and
immunology world-wide to interact with European (and non-European) experts in bee
diseases.

The inter-disciplinary approach of the BRAVE initiative had the ambition to lift European
honey bee pathology research, in particular the virus research, to new levels.

The scientific community, the first category of stakeholders, have been informed of the
BRAVE project a) through an announcement in a plenary session and posters during the first
EurBee meetmg (Udme - Italv 19-23 sthJDOA) (seﬁ_anncxl),,b)ihroughannauncemenmn ~~~~~~~~~~ .

c iSeases (see annex ,anda ¢ oug Ww¢C

site.

The scientific community will have access to the information provided during the scientific
meeting through the proceedings of this meeting. The great many of the participants provided
high quality papers that have been edited according to standards of international scientific
meetings. An electronic edition (a "pdf’ compressed file) of these proceedmgs have been
disseminated thought email to each participants. They will additionally receive a bound paper
edition by surface mail.

Moreover, the proceedings can be downloaded from the BRAVE website and more paper
exemplars will be distributed during the next "EurBee" meeting that will be held in Prague

(Czech Republic) 10-14 September 2006.

The second category of stakeholders were the policy makers. The BRAVE project had the
ambition to shed light on the controversy where some veterinary officers and bee specialists
suggest that viruses should not be included in trade regulations, while others claim that
because of the possible economic impact of some bee viruses, inclusion should be considered.
It was a great advantage to host during the scientific meeting two representatives of the EC
and one of the OIE for the appropriateness of the discussion held on international trade

measures for health pr_otecﬁon of bees.

The third category of stakeholders were the bee keepers and more generally the whole
apicultural industry. Viruses which were known for many years as inapparent infections only
are now causing colony deaths due to the introduction of the Varroa parasite. This mite
transmits viruses directly into the haemolymph of bees during its feeding. The feeding
activities of the mite also triggers virus replication, where latent, non-lethal infections may
develop into overt infections causing massive bee mortality. The increase in prevalence of
some infections has introduced turmoil and large economic losses into the honey bee industry

: unexplained bee colony mortality, and residues in hive products due to misuse of acaricides
are two important consequences from the Varroa mite and associated virus infections. The
dissemination of new understanding on the role of viruses in bee populations in Europe will
be directly beneficial for the apicultural industry, whereas it may be difficult to measure this

benefit,
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Annex 1

Poster on the BRAVE SSA during the first EurBee meeting (Udine — Italy - 19-23 sept 2004
calling for application to attend the BRAVE scientific meeting.

‘Scientific conf’rance
- Sophia-Antipolis
24 to 26 April 2005.

Research -
And
Virology in
Europe

: The BRAVE Sfeermg Comm:ﬂee will rank pplications according to several criteria
" motivation; ‘probability: for the ‘applicant. to. participate efficiently /in o bee: resear‘ch» ;
- ‘;progr‘cmme durmg the foilowmg years, Mehber' State and gender bclcmce -

- Selected parhcapanfs not sipported. by “their !aborm‘ory (young scientists fmm hew EU :
Member States particularly) will be granted totally or partially for travel/accommodation  :
dccording to their ranking and ,funds avai iable for The pr‘o jec? (we are shli nego?tafmg wrth :

the European Commvssmn}

before 315 December'2004
{preferably)
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Annex 2

Front cover of the proceedings of the plenary scientific meeting.
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Annex 3

Announcement of the BRAVE project

in the international scientific review APIDOLOGIE 36 (1) January-March 2005

(impact factor = 1.241)

T Ty A AT T .
TH FRAMEWORK PROGRANIV

PRIORITY 6

BRAVE (Bee Research And Virology in Europe)

This project within the 6th framework R&D Programme Policy -oriented research (Specific
Support Action} was officially initiated on the 1st Jan 2005. The overall aim of BRAVE is fo
identify the research needs for protecting European Apicutture and ecosystems against viral
diseases

Approximately twenty different viruses have been described in bees so far but the patho-
genicity has only been described partly for some of them. The consequences of bee virus
infections have been underestimated and as in other food producing systems, apiculture is
confronted fo emerging and infroduced pests and pathogens.. Due to international exchanges
of bees, exotic viruses may be introduced into the EU.

The aim of BRAVE s o organise

1. A sclentific meeting : organised in Sophia-Antipolis (24 to 26 April 2005), it will gather:
a) international experts with a broad base of skifls in insect virology, diagnosis, immunology,
disease epidemiology, intemaﬁonai trade, policy formulation and disease risk assessment,

and
b) internationally recognised scientists involved in fundamental and applied research on bees

and related pollinator species.
Exchanges between both categories of experts should favour novel approaches in apicultur-

al research and take advantage of recent developments in the general fields of virology and
insect immunology. )

2. A scientific workshop. Based on the procesedings of the meeting, several experts will sub-
sequently meet and propose research priorities at the fundamental and applied levels. Their
aim will be to put in place the framework for integrating an European research effort in beé
virus diseasss in support of the European Community policy.

Michel AUB.ERT {coordinator), Brenda BALL, Ingemar FRIES, Norberto MILANI and
Robin MORITZ {(members of the Steering Committee).

ROTHAMSTED
RESEARCH
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Annex 4

as an example of a chapter of the future book "Virology and the Honey Bee",
the chapter 7

Evolutionary epidemiology of virus infections in honey bees
— by Mark Brown and Ingemar Fries

is joined as a "pdf" file to the present report.
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EVOLUTIONARY EPIDEMIOLOGY
OF VIRUS INFECTIONS IN HONEY BEES

Mark J.F. Brown and Ingemar Fries
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Evolutionary epidemiology of virus infections in honey bees

1.Introduction

The field of evolutionary epidemiology aims to understand how
parasites and hosts interact over ecological and evolutionary time. One
key aspect of this aim is to determine why different parasites damage
their hosts to different degrees. In other words, why are some parasites
apparently benign, whilst others cause rapid mortality? The traditional
view of parasite virulence suggested that over evolutionary time parasites
should decrease the amount of harm that they would do to their hosts
(reviewed by Bull, 1994; Lenski and May, 1994). However, over the last 25-
30 years, numerous theoretical and empirical investigations have demon-
strated that this simplistic view is incorrect. This body of work relies upon
the insight (or assumption) that parasite virulence is related to parasite
fitness through its effects on increasing or decreasing the probability of
transmission. Consequently, in contrast to the traditional view, we should
expect parasites to exhibit a level of virulence that maximises their own
reproductive success within a complex ecological, epidemiological and
evolutionary world. A large number of factors related to the biology of
parasites, hosts and their interaction have been suggested to play a role in
the evolution of such parasite-optimal virulence. In Section 2 we provide
a general review of investigations into these factors. In Section 3 we fo-
cus on the biology of honey bees in order to highlight host-specific traits
that have implications for parasite virulence in this system. In Section 4,
we bring these two themes together and ask what levels of virulence we
might expect to find in viral parasites/diseases of bees, and whether our
knowledge is sufficient to explain the levels of virulence that we observe,
especially with respect to the recent involvement of the ectoparasitic mite,
Varroa destructor. We end with a summary of our general points and pro-
vide perspectives on where future research into the evolutionary epidemi-
ology of viruses in bees might best be directed.

2.Evolution of virulence - important parameters/models

2.1. Defining terms

The terms ‘virulence’ and ‘parasite’ mean many things to different
people. In order to provide focus and avoid confusion, we start by defining

these terms.

2.1.1. What is virulence?
Parasite virulence encompasses a wide variety of effects. A
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broad definition of virulence would encompass any changes caused
by a parasite in its host that reduce the evolutionary fitness of said
host. This could include mortality, morbidity, and partial or com-
plete castration. These terms themselves encompass a wide vari-
ety of parasite effects. For example, host mortality could increase if
(i) parasites release toxins within their hosts that induce mortality,
(ii) parasites successfully compete for internal (and essential) host re-
sources, (iii) parasites manipulate host behaviour to enhance their own
transmission. At the broader level, whether a parasite causes mortality,
morbidity or castration (or some combination of these factors) has impli-
cations for the evolution of virulence (Day, 2002). Nevertheless, the major-
ity of theoretical models treat virulence as being equivalent to additional
host-mortality. This should be borne in mind when extrapolating the re-
sults of such models to biological systems.

While an understanding of virulence relies on treating it as an adap-
tation to maximise parasite transmission, it should be noted that virulence
need not be an adaptive result of host-parasite evolutionary epidemiol-
ogy. Virulence may be non-adaptive if it occurs after transmission has
occurred (e.g., HIV), if it results from parasites invading atypical host
tissues (e.g., poliomyelitis virus), or if a host-parasite relationship is novel
(e.g., Varroa destructor in Apis mellifera, see Section 4).

2.1.2. What is a parasite?

Parasitism can be defined as an ecological relationship between individu-
als from two species, where one lives in or on and obtains resources from
and consequently damages the other. Consequently, the term ‘parasite’ en-
compasses organisms as diverse as viruses and arthropods. From the per-
spective of theoretical models, parasites are often divided into micro- and
macroparasites. Microparasites include viruses, bacteria, fungi and pro-
tozoa, and are assumed to have significantly faster generation times and
significantly higher reproductive rates than their hosts. In contrast, mac-
roparasites include the metazoa (animals) and are assumed to have much
slower generation times and lower reproductive rates than microparasites.
This division is theoretically important because micro- and macropara-
sites are modelled in different ways, and biologically important because it
has implications for the evolution of virulence. It should be noted that the
majority of the models discussed below are aimed at understanding the
evolutionary epidemiology of microparasites. Finally, we note that we use
the terms ‘parasite, ‘pathogen’ and ‘disease’ interchangeably throughout

this chapter.
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2.2. Transmission routes and the evolution of virulence

Parasites vary in how they get from one host to another. Horizontal
transmission, which involves the infection of one individual by another
through direct or indirect transfer of the parasite, is probably the most
common route of transmission. However, vertical transmission can play
an important role in the propagation of parasites from one generation to
the next. Unsurprisingly, the type of transmission used by a particular
parasite — horizontal, vertical, direct, indirect, immediate or delayed — has
consequences for the amount of damage done to the host.

2.2.1. Horizontal transmission

Imagine a host-parasite system where the parasite does little harm
to its host and is horizontally transmitted. What should we expect to
happen over ecological and evolutionary time? Parasite fitness relies on
transmission to new hosts, and thus any parasite strain or mutation that
transmits more rapidly to new hosts will be ecologically and epidemio-
logically more successful, and will eventually replace other strains in the
population. However, enhanced transmission cannot come for free. The
majority of theoretical models (see references throughout) assume that
enhanced transmission is the result of a higher reproductive rate of the
parasite — that is, the parasite is producing more propagules or infective
stages more rapidly than its competitors. To do this, the parasite needs to
take more resources from its host and, thus, should have a higher viru-

transmission increases
faster than linear linearly with the virulence

slower than linear

Figure 1. The graph shows three possible relationships between virulence {which
is assumed to be due fo parasite reproduction) and transmission. Natural selec-
tion to increase parasite transmission inexorably leads to the evolution of higher

virulence.
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Optimal
virulence

virulence

Figure 2. Host mortality constrains the evolution of virulence. The graph illustrates
what happens when host mortality, either background mortality or due to parasite vir-
ulence, is incorporated into the model illustrated in Fig. 1. Because host mortality acts
as a brake on parasite transmission, the relationship between virulence and transmis-
sion reaches an optimum where transmission is maximised, and thus an intermediate

level of virulence is selected for.

lence, or impact on its host. This relationship can be modelled as a curve
whereby parasite reproduction or transmission increases with increasing
virulence (Fig. 1). However, an increase in parasite virulence may also re-
sult in increased host mortality, which in most cases truncates transmis-
sion. Thus, the relationship between parasite reproduction, transmission
and virulence is constrained by host mortality (Fig. 2). This logic under-
pins the trade-off models for the evolution of virulence which assume that
parasite virulence evolves as a result of selection for enhanced transmis-
sion (parasite fitness).

It should be noted that this result comes with a number of caveats.
First, evidence for a positive relationship among parasite reproduction,
virulence and increased transmission is rare, although it is beginning to
accumulate (Ebert, 1994; Ebert and Mangin, 1997; Lipsitch and Moxon,
1997; Mackinnon and Read, 1999; Messenger et al., 1999). Second, it re-
lies on the assumption that the host and parasite populations are at equi-
librium (see Section 2.3.2). Nevertheless, evidence from serial passage
experiments, where the trade-off between virulence and transmission
is removed, provides strong evidence to support the idea that horizontal
' transmission selects for higher virulence (Ebert, 1998).

2.2.2. Vertical transmission

Vertically transmitted parasites rely on passing from one generation
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to the next through successful reproduction of the host. In solitary organ-
isms, this generally involves trans-ovarial transmission, while in social
insects it generally implies transmission via new queens (but see Section
3 for the honey bee case). It is easily seen that, in strong contrast to hori-
zontal transmission, vertical transmission should select for lower levels of
virulence. Any vertically-transmitted parasite that decreases the fitness
of its host will decrease its own reproductive success (as the number of
offspring carrying it will be reduced). Consequently, natural selection will
favour parasites which cause less harm to their hosts (have lower viru-
lence), leading eventually to the evolution of completely benign parasites
(or commensals). While there are exceptions to this general rule, e.g., Wol-
bachia-like organisms that manipulate host offspring sex-ratio, or even
host functional gender, to increase their representation in the next genera-
tion, the prediction is a strong one.

2.2.3. Mixed horizontal and vertical transmission

" If horizontal transmission selects for higher virulence and vertical
transmission selects for lower virulence, what should we expect in para-
sites that rely on both modes of transmission? An initial verbal predic-
tion was that there should be a continuum of virulence, ranging from
low virulence in mainly vertically-transmitted parasites, to high virulence
in mainly horizontally-transmitted parasites. A classic study of fig wasps
and their nematode parasites provided apparently strong support for this
prediction (Herre, 1993). However, more recent theoretical work has made
the picture more complex. Lipsitch et al. (1996) modelled the interaction
between horizontal and vertical transmission as it relates to virulence and
parasite epidemiology. They examined two scenarios — one where higher
rates of vertical transmission did not have to be correlated with increas-
ing virulence, and one where higher vertical transmission came as a re-
sult of higher virulence. In the first case, they found that parasite strains
showing vertical transmission coupled with low virulence dominated the
parasite population (i.e., vertical transmission leads to lower virulence).
In addition, they demonstrated that as rates of horizontal transmission
increased (due to increased host density) horizontal transmission also se-
lected for lower virulence. This surprising result emerges directly from
the epidemiological parameters of their model. Host individuals could
only contain single-strain infections and thus, as horizontal transmis-
sion increased in frequency the host population approached saturation by
the parasite. At this point, vertical transmission becomes the dominant
mode of transmission and lower virulence is selected. In the second case,
the parasite population became dominated by strains of higher virulence

7
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using horizontal transmission (horizontal transmission leads to higher
virulence). However, as Lipsitch et al. (1996) noted, there are important
caveats to their conclusions. First, they assumed an absence of multiple
infections within hosts (see Section 2.4). Second, they assumed a fixed
host population where prevalence levels for the parasite would increase
and (potentially) saturate across time (see Section 2.3.2). Thus, it remains
unclear exactly what levels of virulence we should predict for parasites
which utilise both horizontal and vertical transmission.

2.2.4. Direct vs. indirect horizontal transmission

Horizontal transmission can be direct, requiring close physical
proximity of the infected and uninfected individuals, or indirect, requir-
ing a vector of some kind. Human malaria is a classic example of a para-
site that uses indirect horizontal transmission, travelling between hosts
via mosquitoes. Ewald (1983, 1994) was the first to propose that indirect
transmission has implications for the evolution of virulence. He suggested
that transmission of vectored parasites may be enhanced by the fact that
virulence need not trade-off with parasite reproduction. The argument
runs as follows: assume that a parasite causes morbidity (reduced locomo-
tion) in its host. While this would reduce parasite transmission for directly
horizontally transmitted parasites - by lowering the potential contact rate
with susceptible individuals - for vectored parasites it might even increase
transmission as transmission is determined by vectors rather than by con-
tact rate. Consequently, the trade-off between virulence and transmission
(caused by increased parasite reproduction within the host) may be lost,
and thus we would expect higher virulence in vectored parasites. This
verbal argument is logically appealing and some empirical evidence exists
to support it. However, there are also vectored parasites that exhibit low

“virulence. Recent theoretical work by Day (2001, 2002) has suggested that
Ewald’s hypothesis only follows under very restricted conditions and, in
fact, that there is no a priori reason to assume that vectored and directly
transmitted parasites should differ in their level of virulence (but see Sec-
tion 2.3.3.1).

An alternative approach to understanding virulence in vector-born
parasites and diseases starts by noting that, because vectors actively
search out new hosts, such parasites/diseases undergo frequency depend-
ent transmission (O'Keefe, 2004). Despite fundamental biological and
theoretical differences between mass action and frequency-dependent
transmission, models of the latter still do not suggest that higher virulence
should be expected in vector-born diseases.
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2.2.5. Long-lived free-living propagules — the curse of the pharaoh?

The death of Lord Carnarvon from a mysterious disease after open-
ing the tomb of Tutankhamen has inspired the suggestion that parasites
with long-lived propagules will evolve high virulence. The verbal argu-
ment is based on the trade-off model, and runs that by avoiding the cost
of virulence (that is, host death and the end of transmission), such para-
sites are free to evolve higher virulence. Bonhoeffer et al. (1996) explored
this argument using a theoretical model and showed that, for most situ-
ations, parasite virulence should be independent of propagule longevity.
However, if the host-parasite system is not at equilibrium and the parasite
propagule dynamics are faster than those of the hosts, then increased
longevity predicts higher virulence. More recent studies, incorporating
mixed infections (see Section 2.4) and spatial structure in the host popu-
lation (see Section 2.3.3) make the picture even more complicated.

2.3. Epidemiology and the evolution of virulence

The epidemiology of a parasite depends upon features of the host
population and on the ability of the parasite to exist in single- and/or
multiple-infections. These factors interact fundamentally with modes of
transmission in determining parasite spread and prevalence within a host
population, and the level of virulence to which a parasite might be ex-
pected to evolve.

2.3.1. Host demography

A key feature of host populations that interacts with both parasite
epidemiology and the evolution of virulence is the background host mor-
tality rate. The general expectation is that when hosts are long-lived, para-
sites should have low virulence (that is, parasite-related host mortality
should be low or take a long time to occur). In contrast, when hosts are
short-lived, parasites should have higher virulence (Lenski and May, 1994).
This result comes directly out of the trade-off model (see Section 2.2.1). As
host lifespan declines, parasites have decreased opportunities for trans-
mission and thus the optimal virulence increases as a correlate of selec-
tion for increased transmission. This theoretical prediction has recently
been supported experimentally in a study that manipulated transmission
in the nuclear polyhedrosis virus of the gypsy moth (Cooper et al., 2002).

Unfortunately, and as with most other aspects of the evolution of
virulence, the situation is not quite that simple. Recent work by Williams
and Day (2001) has emphasised the fact that increased host mortality only
automatically selects for higher virulence if background mortality and
parasite-induced mortality are additive. If different causes of mortality
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are not additive, which is the case when virulence is context-dependent
(e.g., Brown et al.,, 2000, 2003), then reduced host longevity may or may
not select for higher virulence, depending upon the exact relationship be-
tween background mortality rates and parasite-caused mortality. Never-
theless, in most cases it seems likely that this relationship is such that
some increase in virulence will be selected for. Further complications re-
sult if multiple infections are taken into account (see Section 2.4).

2.3.2. Host population size

While the majority of the models discussed above assume that host
populations are at a stable equilibrium, this is not necessarily true for
many biological systems. Hosts may exhibit constant growth, or cyclical
patterns of growth and decline. The latter pattern can be found in both
annual, e.g., bumble bees, and perennial species, e.g., honey bees. This has
a number of implications. First, predictions about the evolution of viru-
lence that emerge from models relying upon equilibrium dynamics may
riot be applicable to more natural biological systems. Second, many para-
sites and diseases which appear at first sight to be endemic may more ac-
curately be described as epidemic diseases, with patterns of rapid spread
and then rapid decrease within the host population.

Of the models described above, only a few refer to systems which are
not at equilibrium. Bonhoeffer et al. (1996) (see Section 2.2.5) compared
the results of their analyses between host-parasite relationships in equilib-
rium and disequilibrium. They found that there was a significant effect of
disequilibrium, with predictions for the relationship between propagule
longevity and virulence depending upon whether the host or parasite was
cycling faster in the system. Similarly, Lenski and May (1994) showed that
in an epidemic (disequilibrium) system, where either the parasite is invad-
ing a new host population or the susceptible host population is constantly
growing, higher levels of virulence evolve than in an endemic (equilib-

rium) system.

2.3.3. Host population structure - spatial

The epidemiological models that underlie most of our understand-
ing of host-parasite dynamics, both in ecological and evolutionary time,
depend upon the mass action principle with respect to transmission. Ba-
sically, they assume that transmission is a function of the numbers of
infected and susceptible individuals in the host population. This ignores
the fact that most host populations exhibit some form of spatial structure.
This is especially true for social insects, where high levels of population
structure (caused by division of labour) occur within colonies (Schmid-

10
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Hempel, 1998). Only a few studies have examined the potential effect of
host population structure on the epidemiology and evolution of parasites.

2.3.3.1. Structure and direct vs. indirect horizontal transmission

Boots and Sasaki (1999) used a lattice model to represent a spa-
tially-structured host population. When parasite reproduction was local
(that is, bound to the host) but transmission was global, they found that
virulence evolved as expected under standard epidemiological models.
However, as transmission became more locally restricted (modelling the
situation where parasitised hosts are more likely to infect near- over far-
neighbours) the predicted level of virulence similarly declined. This sug-
gests that vectored diseases/parasites may indeed exhibit higher levels of
virulence than directly transmitted parasites (see Section 2.2.4). However,
and perhaps more importantly, it suggests that quantitative predictions
about the level of parasite virulence derived from mass action or non-spa-
tially explicit models are likely to be too high. Similar results were found
by O’Keefe (2004) when spatial structure and frequency-dependent trans-
mission were combined.

2.3.3.2. Structure and free-living propagules

Kamo and Boots (2004) examined the problem of the curse of the
pharaoh (see Section 2.2.5) in spatially explicit populations (lattice mod-
els). While they found some situations in which propagule longevity corre-
lated positively with virulence (see Section 2.5), in general they concluded
that there was no evidence for the curse of the pharaoh and that in fact
higher virulence may be selected for by shorter rather than longer-lived

infective stages.

2.3.4. Host population structure — genetic

As well as being physically structured, host populations can exhibit
genetic structure. This may be driven by low levels of offspring disper-
sal producing ‘islands’ of high genetic relatedness within the population
(social insects provide an extreme example of this situation). The ability
of parasites to infect and reproduce in hosts is assumed to be based on
interactions between host and parasite genotypes (Schmid-Hempel, 1998).
Consequently, host genetic population structure may influence both the
spread and prevalence of parasites, as well as the evolution of virulence.
Regoes et al. (2000) predicted that in a system with two host types, para-
sites should either evolve to be generalists, with correspondingly low levels
of virulence, or to be specialists, exhibiting higher virulence on each host
type. Gandon et al. (2002) examined the situation where host resistance
varies (presumably due to genetic variation). In their model, if only sin-

11
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gle infections occurred there was no effect on the evolution of parasite
virulence (but see Section 2.4). While recent empirical work suggests a
relationship (in ecological time) between the epidemiology and impact of
parasites and genetic heterogeneity in social insects (bumble bees: Shykoff
and Schmid-Hempel, 1991; Liersch and Schmid-Hempel, 1998; Baer and
Schmid-Hempel, 1999, 2001; honey bees: Tarpy, 2003), the evolutionary
implications for parasite virulence remain untested.

2.4. Single vs. multiple infections

As with all organisms, parasites compete with conspecifics for re-
sources, i.e., hosts. If a host can only contain one infection at a time, then
this competition occurs in the arena of transmission and underlies the
evolutionary relationship between horizontal transmission and higher
virulence (see Section 2.2.1). However, if multiple infections can infect a
given host individual, competition will take place among parasite strains
within a host. This has immediate implications for the epidemiology and
evolution of the parasite. D

Multiple infections are most likely when parasite prevalence is high,
the probability, of transmission is high, or when parasites mutate within
their host (see Section 2.5). High host density, spatially structured popula-
tions and the coexistence of vertical and horizontal transmission may all
contribute to increasing prevalence and probability of transmission. Con-
sequently, the theoretical predictions described in Sections 2.2.1, 2.2.3,
2.2.4, 2.3.3 and 2.3.4 may all be modified by multiple infections.

Parasite competition via multiple infections can take two forms. Su-
per-infection occurs when one parasite enters an already infected host and
displaces its current parasite (superior competitiveness). Co-infection oc-
curs when 2 or more parasites (or parasite strains) can occupy a single host
at one time. In this case, competition for host resources will occur among
those parasites. Both of these types of competition may lead to increases in
the expected level of virulence. Parasites which utilise host resources most
rapidly are likely to outcompete their conspecifics — this result is simply the
extension of standard ecological competition theory. If virulence correlates
with an increase in the rate of host resource use, then this competitive
process should inexorably lead to an increase in parasite virulence.

Only a few theoretical studies have concentrated on the impact of
single vs. multiple infections on the evolution of virulence (Claessen and
de Roos, 1995; May and Nowak, 1995; van Baalen and Sabelis, 1995; Leung
and Forbes, 1998; Gandon et al., 2001). In general, these studies predict
that multiple infections should lead both to higher virulence (Claessen
and de Roos, 1995; May and Nowak, 1995; van Baalen and Sabelis, 1995;
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Leung and Forbes, 1998 ) and competitive exclusion among the para-
site strains (Van Baalen and Sabelis, 1995; Leung and Forbes, 1998). In
contrast to these theoretical predictions, Taylor et al. (1998) showed that
mixed infections of rodent malaria exhibited higher virulence, but that
this was not due to higher parasite reproduction. Even more surprisingly,
Ebert and Mangin (1997) found results suggestive of the idea that mixed
infections could lead to lower virulence in a microsporidian parasite of
invertebrates. Gandon et al. (2001) used a theoretical model to show that
this unexpected result could occur in a host-parasite system with super-
infections. Because high rates of host mortality reduce the likelihood of
multiple infections (by reducing contact rate and thus the opportunity for
transmission), in a system with multiple infections virulence should be
higher under low rather than high host background mortality rates. This
prediction reverses the relationship among horizontal transmission, viru-
lence and host mortality described in Section 2.3.1.

In other studies, Lipsitch et al. (1996) acknowledged that parasites
with mixed horizontal and vertical transmission would evolve to higher
virulence in the presence of multiple infections. Similarly, Gandon (1998)
suggested that if mixed infections could occur then long-lived parasite
propagules would be associated with higher virulence (see Section 2.2.5).
Finally, one explanation for the empirical results of Herre (1993), previous-
ly taken to support the idea of a virulence continuum between horizontal
and vertical transmission (see Section 2.2.3) is that higher virulence was
driven by competition among nematodes in mixed or multiple infections.

This view of multiple infections is driven by the idea that within-
host competition occurs through resource exploitation. However, parasites
may compete more directly. Massey et al. (2004) showed that bacteria may
compete directly via bacterial-specific toxins, making mixed infections
less virulent than single infections. Obviously, to understand the impact
of mixed or co-infections on the evolution of virulence we need a good
biological understanding of how parasites interact within hosts.

2.5 Biology of the infection

So far in this review, the biology or epidemiology of parasite infec-
tions within hosts has been treated to a large degree as a black box. Most
epidemiological models of parasite virulence assume that the production
of transmission stages within infected hosts and the contact rates between
infected and uninfected hosts are constant over the course of an infection
(reviewed in Day, 2003). )

The most obvious case where such an assumption is invalid is when
parasites are semelparous, that is, host death is required for parasite trans-
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mission. Ebert and Weisser (1997) showed that in such cases parasite viru-
lence (the timing of host death) should be higher (earlier host death) when
carrying capacity within the host is low (i.e., when parasite growth and
reproduction within the host is limited) or when host mortality rates are
high (mirroring the general relationship between background host mortal-
ity and virulence, see Section 2.3.1). Kamo and Boots (2004) applied the
idea of semelparous parasite reproduction to the relationship between lon-
gevity of free-living propagules and virulence, and found that in a spatially
explicit model (see Section 2.3.3.2) this was the only scenario under which
both high virulence and high propagule longevity would co-evolve.

Day (2001, 2003) has examined within-host parasite biology in more
detail. He has shown that when transmission occurs at an early stage
within the lifespan of an infection (Day 2001) or if there is a timelag be-
tween the onset of transmission and the onset of the effects of parasite
virulence (Day 2003) we should predict higher virulence.

An additional aspect which was examined by Bonhoeffer and Now-
ak (1994) was the effect of parasite mutation within individual hosts. They
developed a model to look at the role of intra-host mutation and competi-
tion among parasite strains in the evolution of virulence. They found that
intra-host competition generated a virulence polymorphism in the para-
site population, shifted mean virulence beyond the optimal level for para-
site transmission, and also that the parasite could evolve to intermediate
levels of virulence even in the absence of a trade-off between transmission
rate and virulence. Their model is particularly appropriate for viral dis-
eases with high mutation rates and long infection periods.

From this work, it seems clear that incorporating details of the with-
in-host biology of infections into epidemiological models will be an impor-
tant step in understanding the evolutionary epidemiology of parasites.

2.5.1 Behaviour and transmission

Our focus in this chapter precludes an in-depth coverage of the
impacts of parasites on host behaviour, and the obvious implications of
such changes for either enhancing or controlling the spread of parasites
(Schmid-Hempel, 1998). Nevertheless, such changes (due to host-manip-
ulation by the parasite or adaptations of the host) are an integral part
of the biology of host-parasite interactions. For example, sacbrood virus
changes the behaviour of infected bees in a way that reduces further viral
transmission (Chapter 2; Bailey and Ball, 1991). While such changes in
behaviour may be implicit within transmission parameters in theoretical
models, their inclusion as explicit factors may well lead to different dy-
namics and predictions for the evolution of virulence.

14
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2.5. Mixed species infections

The vast majority of empirical and theoretical work has examined
the epidemiological and evolutionary properties of host-parasite systems
through single-species interactions. However, hosts can support many
different parasite species at the same time. How these parasites interact,
directly and indirectly, and impinge on each other’s epidemiology and evo-
lution, is an area that remains to be explored. Interactions among mixed
infections within hosts may increase the population of both parasites, de-
crease one and increase the other, or decrease the population growth of
both (Cox, 2001). If virulence and transmission are the result of increased
parasite reproduction then such interactions have obvious implications
for parasite population dynamics and virulence in both ecological and ev-
olutionary time. Recent work on insect pathogens has suggested that even
otherwise avirulent parasites can play an important role when in mixed
infections (Thomas et al., 2003). Similar results have been found for vi-
ruses and mite interactions in honey bees (reviewed in Schmid-Hempel,
1998, pp. 27-31; see Section 4 below). ST

2.6. Discussion

It should now be clear that a large number of factors play a role
in the evolutionary epidemiology of host-parasite relationships. Virulence
is a key feature of such relationships, and its management is a key aim
of evolutionary parasitologists. Despite this array of potential causal fac-
tors in the evolution of virulence, it may still be possible to make some
preliminary generalisations. Firstly, from the parasite perspective, hori-
zontal transmission and mixed (co-)infections are likely to result in the
evolution of higher virulence. Secondly, from the host perspective, a high
background host mortality rate and rapidly growing populations will also
select for higher virulence in parasites. In contrast, spatially and geneti-
cally structured host populations appear, in general, to select for lower
levels of virulence. Finally, vectored diseases may evolve to higher levels of
virulence, but there is probably no reason to expect diseases that rely on
free-living propagules for transmission to have higher levels of virulence
than directly transmitted parasites and diseases. All of these factors turn
out to be relevant in understanding honey bee viruses.

3.The honey bee as a host

Diseases in honey bees have been studied intensively within colo-
nies and much is known about the intra-colonial spread and virulence of

15



Chapter 7

a variety of parasites. However, only a few attempts have been made to
discuss honey bee epidemiology from the colony level perspective (Royce
and Rossignal, 1990; Schmid-Hempel, 1998; Fries and Camazine, 2001).
Here we outline why epidemiological studies in honey bees must consider
both individual-level and colony-level parasite reproduction and transmis-
sion if we are to understand and manage levels of virulence in parasites
of honey bees.

The field of evolutionary epidemiology is rapidly expanding (see Sec-
tion 2 above) as it has become apparent that an understanding of how
parasite virulence evolves may also enable the management of disease
processes to decrease virulence. However, in spite of the importance of
this emerging field, the perspectives provided by evolutionary epidemiol-
ogy have only recently been applied to social insects. The works of Paul
Schmid-Hempel (e.g. Schmid-Hempel, 1995, 1998, 2001) have developed the
framework for understanding the evolution of social insect hosts and their
parasites. In this section we apply these ideas to honey bees to determine
how the biology of Apis mellifera relates to their interaction with parasites.
A search in the BIOSIS data base for the years 1945-2005 revealed only
one relevant hit when searching for the combination “epidemiology” and
“honey bees” (using the term ‘epizootiology’ produced no relevant hits).
The application of evolutionary epidemiological considerations to honey
bees and their parasites may shed new light on our understanding of viru-
lence in this system. While we concentrate below on A. mellifera, and later
on their viral infections, most of our discussion is equally relevant for
other species of honey bee as well as for parasites other than viruses.

In this section we discuss the biology and reproductive system of the
honey bee, delineating its reproduction at both the individual and colony
levels. We then discuss the consequences of this reproductive system for
horizontal and vertical transmission of parasites within as well as between
colonies. We also comment on the consequences of the spatial structure of
the host, at both levels, for parasite transmission.

3.1. Within colony reproduction

During the foraging period in temperate climates, a colony of hon-
ey bees normally consists of one queen bee, 20-50 thousand worker bees
and a few hundred drones. The queen bee is the only reproducing female
within the colony and has the capacity to produce over 2000 eggs per day
under optimal conditions. The determination of offspring caste and sex is
a result of two different mechanisms:

(i) worker bees are normally the product of fertilised eggs where
the hatched larvae receive brood food (glandular secretions from young
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bees) diluted after about three days post-hatching with pollen and nectar.
If these larvae were to receive brood food only, the ovaries would develop
fully and the hatching bee would develop into a queen bee. Thus, caste
determination is based on nutrition during larval development.

(ii) drones are normally the result of unfertilized eggs (arrhenotoky).
However, it is not non-fertilization per se that produces drones. Honey
bees (and probably most haplodiploid hymenopteran insects) have a sex-
determining system with are multiple alleles at the sex locus. The gene re-
sponsible for sex determination (the complementary sex determiner, csd),
has recently been identified in the honey bee (Beye et al., 2003). Heterozy-
gosity at this locus results in females. When there is only one functional
allele present at this locus as a result of homozygosity (fertilized eggs) or,
as in the case of honey bees, hemizygosity (unfertilized eggs), the result-
ing individual is a male. Adult diploid males are never found in colonies,
however, since they are detected as young larvae and eaten by the nurse
bees. It has been estimated that a large bee population may hold around
15-20 sex alleles-————"" " :

Thus, within a colony there is both sexual and parthenogenetic re-
production. Because the queen will be mated (mostly on a single occasion)
with some 15 or so different drones, the genetic composition of the colony
becomes complex. As meiosis does not occur during spermatogenesis in
haploid drones, each drone produces genetically identical sperm. This
produces groups of super-sisters within the colony with a relationship co-
efficient of 0.75 when they have the same “father”. These groups of super-
sisters are then related to one another by 0.25, as normal half-siblings.

While within colony reproduction is essential for colony growth and
survival, the colony as a ‘super-organism’ (Moritz and Southwick, 1992)

also has to reproduce.

3.2. Colony-level reproduction

The Darwinian fitness of a honey bee colony requires reproduction
not only at the individual level, but also at the colony level. Honey bees
are super-organisms that consist of individual units (bees) that have no
function or survival capacity when removed from their colony context.
Conceptually, this can be compared to taking simple neurons in the brain
out from their brain context. Individual (dumb) bees become a function-
ing (smart) colony when integrated. The simple (dumb) neurons become
a thinking (at best) brain when integrated into the whole. In many social
Hymenoptera, colony-level reproduction occurs with the release of new
queens that found new colonies from scratch; the system in honey bees is
quite different (and also seen in a few swarm-founding wasps and ants).

17



Chapter 7

Colony level (super-organism) reproduction in honey bees occurs when
the colony swarms, that is, reproduction occurs by colony fission. When
honey bees divide by swarming, the first swarm issued normally contains
the old laying queen and subsequent swarms, if any, contain unmated
queens. Although there is great variation in swarm sizes, each swarm
issued can be expected to depart with 50-60% of the adult bee popula-
tion (Winston, 1987). There is an age-related tendency to depart with the
swarm, with younger workers dominating the swarm, although all age
categories of bees will be represented (Muszynska, 1976; Winston, 1987).
This mode of reproduction by colony fission has obvious implications for
parasite transmission and is likely to be important for the evolution of
parasite virulence (see Section 3.4 below).

3.3. Potential routes for parasite transmission

It is obvious from the description above that the transmission of
parasites in honey bees must occur both within and between colonies. Un-
surprisingly, given the complexity of honey bee biology, a variety of routes
are potentially available, each of which may have implications for parasite
virulence. There is the potential for vertical and horizontal transmission
both among individuals and among colonies. Below we discuss these dif-
ferent modes of transmission within the sections for intra- colony and
inter-colony transmission respectively.

3.3.1. Intra-colony transmission

Inside the colony, transmission can be either horizontal or vertical.
Although recent evidence suggests a potential role for vertical transmis-
sion of deformed wing virus via eggs (transovarial transmission; Chen et
al., 2005), the vast majority of intra-colony transmission appears to be
horizontal in nature. In general, queens are rarely carriers of parasites
and when they do become infected they are replaced by bees through su-
persedure (where a young queen is raised and starts laying eggs before the
old queen disappears from the colony). As discussed in Section 2, hori-
zontal transmission can take a variety of routes, each of which has im-
plications both for the epidemiology of the parasite within the honey bee
colony and the evolution of virulence. There is evidence for both direct
(adult-to-adult, adult-to-larvae) and indirect transmission of parasites in
honey colonies, with indirect transmission occurring both via vectors and
relatively long-lived propagules (Bailey and Ball, 1991).

The spatial structure of the host may largely determine transmis-
sion. The honey bee has within colony spatial structure both at the level
of brood — where the comb imposes structure — and at the level of the
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adult population — where division of labour imposes structure on interac-
tion patterns and the location of individuals. Theoretical work has identi-
fied the potential importance of such structure for parasite transmission
(Schmid-Hempel, 1998; Pie et al., 2004). Currently, there are no specific
data on whether colony comb structure and position of the brood influ-
ence transmission in honey bee colonies. However, there is some evidence
to suggest that the age-dependent division of labour in honey bees may
have an impact on transmission. Sacbrood virus (SBV) propagates in the
hypopharyngal glands of adult bees without causing disease symptoms,
and the larvae become infected as they feed on the gland secretions (Bai-
ley, 1969). Cleaning activities (cleaning out of diseased brood) and feeding
activities of young bees overlap in the age dependent sequence of tasks
performed by bees (Winston, 1987). Thus, division of labour is likely to
increase virus transmission rates in the case of SBV as nurse bees also be-
come contaminated with virus particles as they clean out diseased larvae.
In addition, there may even be a host response to reduce transmission,
since infected adult bees are less likely to engage in feeding activities than
non-infected bees (Bailey & Fernando, 1972).

3.3.2. Inter-colony parasite transmission

Mirroring the situation of intra-colony transmission, parasite trans-
mission between colonies can be both horizontal and vertical in nature.
Horizontal transmission may occur in a variety of ways, including:

1. Drifting. Although the colony entrance is effectively protected by
guards against intruders in search of food stores, bees often enter
the wrong colony within apiaries by accident. Drifting of bees may
even occur over large distances between apiaries, in particular with
drones that are readily accepted by any colony during some part of
the season (Pfeiffer and Crailsheim, 1998). Any bee that is infected
by parasites or carries infective propagules may then transfer dis-
ease to new colonies.

2. Robbing. When nectar sources become scarce while flying condi-
tions prevail, honey bees will attempt to rob the stores of other colo-
nies. If colonies cannot effectively defend the hive entrance they will
soon succumb to intruders. Colonies may be weak for a variety of
reasons, and disease may be a key reason for such weakness. Rob-
bing out of infected colonies is an effective mechanism of parasite
transmission, with even mite infestations being effectively trans-
ferred in this manner (Sakofski, 1990).

3. Contact with infectious material from the environment. This trans-
mission route is limited to parasites that can survive outside of the

19




Chapter 7

host environment and may occur perhaps via flowers during forag-
ing (as is the case for the trypanosomatid Crithidia bombi in bumble
bees; Durrer and Schmid-Hempel, 1994) or via abandoned nest sites.
This survival capacity is extreme for the brood disease American
foulbrood (AFB) caused by the spore forming bacterium Paenibacil-

Table |. List of common honeybee pathogens, trivial names, mode of intercolony trans-
mission and virulence. + or +++ under transmission indicates which mode of trans-
mission is estimated to be most important for. moulding the host-parasite relationship
under natural conditions; signs in parentheses indicate the impact of apicuiture on
transmission. Virulence is estimated from apicultural data (adapted and reworked from

Fries and Camazine, 2001).

Pathogen Transmission Virulence
rGroup Latin name Trivial name z}:(r):;;i Vi;?-, lﬁﬁgﬁ:rél Clzmy
Protozoa Ndsema apis gl;::rsnea (:;) 'P(:)J' Benign Benign

Veharosbs Aesta b r bk Benen
Fungi f:;g"s"hae’a Chalkbrood gy Letl Benign
Aspergillus Stonebrood N T Lethal Benign
flavus (+4) )
Bacteria Za;:;bac:llus Q)r&znrgzg 1 (+:+) -ri:)-!- Lethal Lethal®
elioricis  Bacpemiod 14 Lot ey
Vius  ABPY e SV SR i
oy Demeds e an SO
Mites Acarapis woodj  Tracheal mite (:;) 4'(:;' Benign Bf:gg:[?
e Vameamie (LGS B SRR

2 Only severe effects when vectored by varroa mites
3 Only severe where the mite has been recently infroduced or after owerwintering in cool

temperate regions (McMullan and Brown, 2005)

Colony level virulence may be an apicultural phenomenon - this needs to be investigated

4 Only severe where the mite has been recently introduced and/or where mite control re-

moves selective pressure from being virulent
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lus larvae. Nest sites where the bees have succumbed to AFB may

be infectious for decades and infected nest sites are not avoided by

swarming bees (Ratnieks and Nowakowski, 1989).

Other routes of inter-colony horizontal transmission, such as con-
tact between infected and uninfected individuals from different colonies
during foraging, are probably of minor importance in general, although
they may be involved in the transfer of spiroplasma (Clark, 1977).

While spatial structure of the host may be likely to influence within
colony transmission (see Section 3.3.1), it must certainly have an effect
on colony level transmission. In a natural system, honey bees are likely
to appear as scattered units with suitable nest sites limiting colony den-
sity, as compared to the apicultural context where beekeepers crowd colo-
nies together in apiaries. At least some evidence suggests the existence
of different levels of parasite transmission depending upon the density
and distribution of honey bee colonies. Adult bees from wild colonies in
areas without beekeeping rarely carry detectable levels of AFB spores,
" “whereas bees from wild colonies in areas with beekeeping are often con-
taminated by AFB spores (Hornitzky et al, 1996), indicating an effect of
colony density on transmission. Furthermore, a clear correlation has been
demonstrated between colony density and the incidence of chronic paraly-
sis, suggesting an influence of colony density on virus transmission (Bai-
ley et al., 1983). Intuitively, inter-colony transmission of parasites in the
honey bee system must be dependent on the spatial structure of the host
but published data demonstrating this causal effect are, again, lacking.
Unpublished data on AFB strongly support the hypothetical influence of
colony density on transmission; colonies within apiaries containing clini-
cally diseased neighbour colonies contract detectable spore levels in their
honey and on adult bees faster than colonies at different distances from
this apiary, with the distance from the diseased apiary determining the
horizontal transmission rate (Fries & Kérpela, unpublished data).

While vertical transmission may be relatively unimportant within
colonies, it is another matter entirely for inter-colony transmission. As
stated earlier, colony reproduction in honey bees is by fission, and thus
vertical transmission may occur when a swarm leaves an infected colony.
Transmission may be via either infected workers, or the transfer of in-
fected material (e.g., honey) from the maternal hive to the new colony’s
nest site. Consequently, vertical transmission has the potential to play a
major role in the spread and maintenance of parasites within honey bee
populations.

In Table I we list some common parasites of honey bees. The table
also includes assumed main routes for disease transmission between colo-
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nies, i.e., how new colonies are most likely to contract the respective dis-
ease agents. Very little data exists on this topic for honey bee diseases in
general but it is obvious from the reproductive biology of honey bees that
swarming must be an important route for pathogens to become trans-
mitted to new host colonies (Fries and Camazine 2001). All the parasites
mentioned in Table I are either carried inside or outside of bees, or can be
isolated from adult bees from infected colonies.

3.4. Implications of transmission for parasite evolutionary epide-
miology in honey bees
From the parasite’s viewpoint, it must overcome three distinct fit-
ness hurdles in order to reproduce and disperse to new honey bee hosts:
1. The parasite must infect an individual (and usually must be able to
multiply within this new host).
2. The parasite must be able to infect additional individuals within the
_ colony to maintain itself either endemically or epidemically.
3. The parasite must successfully gain access to new colonies.
In terms of fitness, the successful transfer of a parasite’s offspring to
a new colony is a critical step in its life history. If a parasite fails to achieve
a foothold in another host colony, it will not increase its reproductive fit-
ness, regardless of how prolific it has been within the original host colony.
Thus, the first two hurdles (intra-individual and intra-colony transmis-
sion) are important aspects of parasite fitness only to the extent that they
contribute to more efficient inter-colony transmission (hurdle 3). Thus,
for the parasite there are two trade-offs: (i) between growth/reproduction
within and the consequent impact on individual bees vs. transmission
among bees, and (ii) spread and impact within colonies vs. transmission
among colonies.

4.Understanding virulence levels of honey bee viruses

In section 2.1.1 we listed various ways of defining virulence. Here
we begin by explaining how we define virulence in viral diseases of honey
bees. Our benchmark for virulence is host mortality, of either individual
infected bees or colonies. We use mortality for the sake of simplicity, but
note that many parasites cause morbidity (that is, they lower host fitness
without causing mortality), and thus the absence of mortality in any given
honey bee/virus system should not be taken to mean the absence of an
impact of the virus on honey bee colonies. While using mortality as a
metric may seem to be straightforward, the presence of covert infections
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(see Chapter 6) puts a serious wrinkle into the picture. Let us take three
hypothetical situations: (i) the virus is present in 80 out of 100 colonies at
any point in time and always leads to colony death, (ii) the virus is present
in the same number of colonies but only 1 of the 80 colonies dies due to
the virus, (iii) the virus is present in the same number of colonies but in
79/80 colonies as a covert infection and the single colony with an overt
infection dies. [Given our current level of knowledge, each of these situ-
ations is equally likely to be true for any given virus] In the first case the
virus clearly has high virulence, while in the second case, even though it
causes colony mortality (and thus, in that colony, has high virulence), at
the population level the virus exhibits low virulence. What about the third
case? If covert and overt infections are all part of one viral population,
then our conclusion from the second case applies. However, if overt and
covert infections are effectively independent, perhaps due to quasispecies
and mutation (see Chapter 3), then the virus must be redefined as having
high virulence. We can make the same argument at the level of individual
- bees:. Clearly, to define viral virulence accurately we need to know the level -
of prevalence, the level of mortality associated with it, and the relationship
between covert and overt infections. At present, we do not know this for
any honey bee virus. Consequently, our definitions of parasite virulence at
this point in time are best guesses based on incomplete data.

4.1. In the absence of Varroa destructor

As detailed in section 3, honey bee colonies represent multi-level sys-
tems as far as the evolution of viral virulence is concerned. At each level,
different factors may drive the evolution of virulence, and between levels
these factors may act either in concert or in opposition.

At the lowest level, we have viral infections within individual bees.
Assuming an overt infection, selection should act to favour those viral
strains that replicate most rapidly. Given the presence of mutation and
quasispecies, the theoretical prediction is clear (Bonhoeffer and Nowak,
1994) and we should expect the evolution of highly virulent viral strains at
the level of the individual bee.

The next level up is the evolution of viral infections within indi-
vidual colonies. At this point, trade-offs between within-host growth and
between-host transmission appear. If transmission within colonies is ver-
tical, this should select strongly for low levels of viral virulence and act
in opposition to selective forces at the intra-individual level. However, we
believe that despite recent evidence (Chen et al., 2005) the vast majority
of intra-colony transmission, especially during overt infections, must be
horizontal in nature. Studies have demonstrated horizontal transmission
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of viral infections from workers to brood and workers to workers, and at
least in the case of sacbrood virus this seems to be sufficient to explain
the maintenance of infections within colonies (Bailey and Ball, 1991). The
simple expectation from section 2 is that horizontal transmission should
select for higher virulence leading to some optimum level of virulence that
maximises the trade-off between within host reproduction and between
host transmission. However, spatiogenetic structure within honey bee col-
onies (section 3.3.1) should lead to a reduction in this optimum (section
2.3.3, 2.3.4). Even if covert infections act as the equivalent of long-lived
propagules, this should make no difference to patterns of virulence (sec-
tion 2.7). What about host-biology? As detailed in section 3.1, honey bee
colonies go through an annual cycle of growth and decline. During the
growth phase, a rapidly increasing host population should lift the upper
constraint on virulence (section 2.3.2). Interestingly, an increase in back-
ground host mortality levels is also expected to lift this upper constraint
(section 2.3.1), and so when colonies are growing and actively foraging, vi-

ruses should be selected for higher virulence. In contrast, as colony birth-—

rate and foraging decrease in the autumn, selection should act to drive
down the level of virulence as the opportunities for transmission decrease.
So, when looking at the evolution of virulence within colonies, we should
expect relatively high levels of virulence - based on the predominance of
horizontal transmission among bees and viral competition within bees
— to be selected. An additional, but important factor, is the presence of
multiple viral species, or virus’ and other parasites, within individual bees
and colonies (see Chapter 2). For example, the chronic bee paralysis-virus
associate reduces the virulence of CBPV, and the impact of black queen
cell virus is intimately associated with co-infection by the microsporidian,
Nosema apis (Bailey & Ball, 1991). How such interactions may modify the
evolution of viral virulence will probably turn out to be system-specific,
but at present we lack sufficient empirical data about the biology of these
interactions to make any specific predictions.

The final level may be termed colony-level selection, and refers to
our expectations for the evolution of viral virulence in a population of
colonies. Theory suggests that the key point at this level is the relative
importance of horizontal versus vertical transmission in maintaining the
virus within the honey bee population. While opportunities for horizon-
tal transmission among colonies are likely to be high in managed apiar-
jes (e.g., Hornitzky, 1998), where high colony densities result in a large
amount of drifting among hives (section 3.3.2), nothing is known about
the potential for horizontal transmission among colonies in natural popu-
lations. However, given the likely distribution and density of wild colonies,
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vertical transmission during fission events to offspring swarms should be
the dominant mode of transmission. If this is true then there should be
strong selection at the colony-level for low virulence in viral pathogens, as -
highly virulent pathogens will either kill off their host colony prior to fis-
sion (and thus have no opportunity for transmission) or will reduce their
growth to the point that they are unable to swarm (with similar impacts
on transmission). Given that maintenance of the virus in the honey bee
population ultimately depends upon inter-colony transmission, vertical
transmission as the dominant route should result in viruses that have
little or no effect at the colony level. In fact, unless there is some hori-
zontal transmission among colonies, theory suggests that viruses should
ultimately be expected to evolve to be commensals. Both acute paralysis
virus and slow paralysis virus, which prior to the advent of Varroa mites
were never associated with disease, provide evidence for such a scenario.
However, the existence of generally low, but still noticeable in some cases
(e.g. CPV), colony level impact from virus infections (in the absence of Var-
roa destructor) suggests that some horizontal transmission among natural
colonies must take place.

What about the presence of covert infections? If covert infections rep-
resent the equivalent of a reservoir for the virus, i.e., they act to maintain
the virus in the same way that a seedbank maintains plant species in the
absence of adult plants, then the dynamics may be substantially different.
In this case, overt infections may well represent epidemic rather than en-
demic diseases, perhaps triggered by particular environmental conditions
(e.g., bad weather or low food availability) or host contexts (e.g., overcrowd-
ing within a hive). CPV represents a potential example of such a system
(Allen and Ball, 1996). In natural populations, where opportunities for
horizontal transmission are likely to be low, such an epidemic might rage
through a colony, resulting in colony death, but would be unlikely to spread
through the honey bee population (that is, it would be an intra- rather than
inter-colony epidemic). However, in the managed system where opportuni-
ties for horizontal transmission are high, such an epidemic might well run
through the larger honey bee population, causing mass colony mortality
before dying down. Thus, at the population-level, viral impact may simply
be a phenomenon of honey bee management. For evidence of such dynam-
ics related to V. destructor infestation, see Chapter 2.

Table II summarises what is known about transmission and viru-
lence in viral pathogens of bees. In contrast to Table I, here we report only
known modes of transmission, or the absence of such data, rather than
estimations based on host bioclogy. We do this deliberately, in the hope that
it will inspire research into viral transmission routes. We have catego-
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rised virulence based on the assumption that if a virus has been known to
cause mortality it has high virulence - thus, we ignore the complications
of covert maintenance and parasite prevalence in the host population. It
can be seen that, under natural conditions, viruses can vary in their level
of virulence. However, it should be noted that even for those viruses that
exhibit severe virulence (e.g., CPV), killing individual host bees as well as
colonies, for much of the time the virus is maintained within the host pop-
ulation in an inactive state. Thus, high prevalence may not translate into a
major impact on honey bee populations even for these viruses. The main
feature that can be taken home from Table II is that we know remarkably
little about inter-colony transmission of viruses. Consequently, it is un-
clear how selective forces acting at inter- and intra-colony levels interact
to determine virulence in these viral pathogens. However, the presence of
variation in virulence (at the individual and colony levels) across honey
bee viruses indicates that variation in modes of transmission within and
among colonies is likely to be shaping the evolution of virulence in these

‘host-parasite systems.. I

4.2. In the presence of Varroa destructor

The current increasing virus problems facing apiculture are caused
by the introduction of an exotic parasitic mite, Varroa destructor, into Eu-
ropean honey bee, Apis mellifera, populations. The mite probably feeds on
adult bees by piercing through the ventral membranous inter-segmental
connections on the bee abdomen and sucking up haemolymph (Bowen-
Walker & Gunn, 2001). During the reproductive phase of the mite it feeds
on bee pupae by piercing through the pupal skin (Bailey & Ball, 1991). The
feeding activity of the mite probably triggers replication of certain virus
infections in individual bees and bee larvae. The mite then acts as a vector
for virus transmission between adult bees and brood, thereby fundamen-
tally changing the routes of within colony virus transmission of all virus
types that replicate upon injection into bee haemolymph (see Table IT and
Chapter 2 for more details). As overt infections develop within colonies,
inter-colony virus transmission rates probably also increase. Indeed, high
rates of between colony horizontal transmission of deformed wing virus
(DWV) have been demonstrated when mite free colonies with undetecta-
ble levels of DWV infections (using serology) develop overt virus infections
within a few months after being introduced into a heavily mite infested
and DWYV infected apiary (Nordstrém et al., 1999). To complicate the mat-
ter further, this virus may even replicate in the mite (Yue and Genersch,
2005). Vector borne pathogens in general are often severe to the host, but
benign to the vector (e.g.malaria) (Ewald, 1993). Clearly, the introduction
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of V. destructor has fundamentally changed the transmission routes for
some honey bee viruses. Because of the novelty of this change it is not yet
clear what the outcome will be of these changes in modes of transmission
of certain viral infections. Predictions based on evolutionary epidemio-
logy theories suggest that more virulent variants may evolve where the
virus is vectored by the mite — vectoring removes the contraint of host
mortality and dramatically increases rates of horizontal transmission,
both of which enhance the fitness of virulent strains that emerge within
individual host bees. Given the potential for rapid mutation and mutant
swarms in RNA viruses, it seems likely that these viruses have already
evolved away from their pre-mite state. Because beekeepers remove the
selective disadvantage of being virulent at colony level, by removing the
vector through mite control measures, the current problems with virus
induced colony mortality are likely to continue, or even increase, unless
mite tolerant stock and/or virus resistant stock is developed. Experiments
using natural selection demonstrate that honey bee populations infested

" by V. destructor and infected by DWV can not only survive , but increase - -

in fitness, after initial high levels of mortality (Fries et al.,, 2005). Actually,
honey bee populations that do survive mite infestations — and associated
virus infections - exist in several locations where man has not interfered
(Rosenkranz, 1999). As a caveat, we note that mite-related virulence may
be analogous to the case of Polio in humans, and thus a non-adaptive
expression of virulence, but even if this was initially true, the evolutionary
potential of RNA viruses suggests that virulence should rapidly evolve in
this system in the ways outlined above.

The honey bee — mite — virus association probably offers an oppor-
tunity to study evolutionary epidemiology in the field. As demonstrated in
natural systems, although mite infested colonies are likely to succumb to
virus infections if left untreated, the species A. mellifera is unlikely to per-
ish without the involvement of apiculturists. Hypothetically, by studying
transmission routes and transmission rates of virus infections within and
between colonies we should be able, not only to understand the epidemiol-
ogy involved, but also to follow the evolutionary process as the host-para-
site system co-evolves. Without data on basic epidemiological parameters
such as transmission routes and transmission rates (at the individual bee
level as well as at the colony level), however, it will remain impossible to
model and understand the system. With at least some data it would be pos-
sible to adapt current evolutionary epidemiology models to the complex
two-level transmission system of honey bees. It is increasingly clear that
theoretical models have helped in understanding epidemiology in other
systems and may suggest interesting possibilities for the management of
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disease development and the evolution of virulence in pathogens (see Sec-
tion 2). For the honey bee system, this remains to be done.

5. Summary

Evolutionary epidemiology of parasites and diseases in social insects
in general, and honey bees specifically, is in an early stage of development.
While theoretical models about the evolution of virulence abound we have
two major hurdles to jump before we can understand the evolutionary in-
teraction between viruses and honey bees. Firstly, we are severely lacking
in good data on the true impact of viruses on their honey bee hosts and
on how viruses are transmitted within colonies and between colonies, in
both natural and managed systems. These data need to be collected and
we indicate below in more detail what we believe the important factors
are. Secondly, we need models which represent the hierarchical host sys-
tem that honey bees present to viral parasites.

Important empirical questions that must be addressed mclude

(i) the mode of transmission within colonies (horizontal vs. vertical)

(i) the mode of transmission between colomes (in both managed and
natural systems)

(iii) the relative rates of transmission by different modes within and be-
tween colonies

(iv) the frequency of multiple-infections (both of viral strains and viral
species) within individual bees and individual colonies

(v) evidence for the presence or absence of competition/enhancement
among viral strains and species, and between viruses and other co-
existing pathogens {e.g., BQCV and Nosema apis)

(vi) the relationship between parasite reproduction within a host and
its potential transmission

(vii) the relationship between covert and overt infections

(viii) the impact of the virus on individual bees and individual colonies

Once we understand the biology of the bee-virus systems at this level
we should be able to parametrise a model to determine which of these fac-
tors control the levels of virulence in bee viruses. And this, in turn, will
help us to know which factors to manipulate if we hope to manage their

virulence.
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